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1. Executive Summary

The aim of this project is to investigate strategies with which to efficiently deposit microwave
energy to the flame structure of a propellant to enable dynamic control of propellant energy
release rate and new functionalities. Specifically, techniques to interface microwave energy with
either (1) the gas phase flame or (2) the propellant condensed phase are explored.

Microwave energy deposition to the gas phase was found to be possible by either (1) increasing
the electron number density of the gas phase flame in order to establish within the flame a weak
microwave induced plasma (WMIP) or (2) to deposit energy to high-temperature metal oxide
combustion products, whose dielectric loss increases exponentially with temperature (e.g.
aluminum oxide). With respect to WMIP, it was found that doping of an energetic material with
reagents producing strongly electro-positive species (i.e. alkali metals in form of metal nitrates of
sodium, potassium, or cesium) within the flame, were effective. Experiments conducted on
composite solid propellant demonstrated throttling enhancement of burning rate by up to 60% at
atmospheric pressure. Simulations of a 1-D planar flames show that electromagnetic shielding of
the flame/s inner core can be significant and is exacerbated by high alkali concentrations (i.e.
high electron number density). An optimum dopant level, relative to the size of the flame in
order to achieve microwave field penetration of the flame core. A new two-photon laser induced
fluorescence scheme with an order of magnitude improvement in signal to noise ratio was also
demonstrated and used to explore the WMIP initiation process in propellants.

Techniques involving microwave interaction with condensed phase reactants have demonstrated
the ability to highly localize microwave energy absorption and to accelerate burning rates by
multiple orders of magnitude. The development of nanoscale thermites with thermally switchable
microwave absorptivity is demonstrated through wrapping of thermite clusters with graphene
oxide (GO). It was found that thermites wrapped in GO are highly microwave reflective and are
not microwave-ignitable under high-power microwave irradiation for long durations (up to 60
seconds). Heating of these thermites was found to lead to GO reduction and as a result, drastic
changes in the thermites’ microwave absorptivity, which enabled microwave-ignition of the
thermites in as short as 200 to 300 ms. The development of such materials, with thermally
switchable microwave absorption properties may prevent parasitic microwave energy loss within
the bulk condensed phase of an energetic material and enable highly localized microwave loss to
the energetic material burning surface. Application of microwave fields to wired propellants (i.e.
propellants with spatially graded electrical conductivity) has been demonstrated as a technique
with which to achieve multiple orders of magnitude dynamic control over propellant burning
rate. A burning rate enhancement of 700% has been demonstrated in use of graphite wires in AP
composite propellant where the radius of the wire is matched to the microwave skin thickness.

Taken together, these techniques demonstrate the high degree of utility that can be enabled in
design of energetic materials with electromagnetic function. However, this research program also
demonstrates that the development of efficient, electromagnetically active energetic materials
will require a number of considerations new to the field of energetics. Electromagnetically
‘smart’ energetic materials have several applications, including development of throttled solid
rocket motors, enhanced propellant ignition and flame spread, and dynamically controlled light
emission pyrotechnics, among others.

Page 5 of 83
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2. Background and Project Motivation
2.1. Motivation

Solid propellants are used in a variety of propulsion applications where high thrust-to-weight
ratios and resilient, stable systems are required. Due to their high mass fraction, motors derived
from solid propellants find applications in launch vehicles and munitions but are used despite a
lack of on-command thrust control or throttling. Unlike liquid rocket engines or hybrid rockets
engines, which can dynamically control thrust by altering the liquid fuel or oxidizer flow rate,
solid rocket motors typically use a pre-defined grain geometry that cannot be altered after
production. Moreover, the burning rate of a solid motor, while predictable, often produces an
unsteady or noisy thrust output, which can introduce unwanted vibration or structural loading
[1]. Finally, ignition and extinction of solid rocket motors are difficult to achieve in practice, and
direct throttling of the thrust in most solid motors is severely limited by high pressures and high
temperatures in the combustion chamber.

In order to address these limitations, several techniques to control or extinguish thrust have been
explored. These include global pressure control (e.g. pintle nozzles or rapid depressurization
quench) [2], lab-scale demonstrations of infrared laser irradiation of the burning surface [3],
local pressure and velocity perturbations in the combustor through tailored combustor geometry
[4], and the wuse of hydroxylammonium nitrate (HAN)-based formulations having
voltage-sensitive burning rates [5]. Some possible limitations of these techniques include lower
propellant mass fractions (pintle nozzles), lower specific impulse/flame temperature formulations
(HAN and pintle), highly specific formulations (HAN), and difficulty in scaling to motor
configurations (laser irradiation). Although previous application of these techniques provided a
means of controlling or throttling motor thrust, more robust and capable techniques are desired.

Microwave coupling to energetic materials, as their flames are highly metal-liaden and they
frequently contain a high quantity of alkali metal, provides an intriguing environment for (1)
study of microwave interactions with alkali metals (e.g. sodium) and metalloids (e.g. aluminum)
within flames and (2) for control of light emission, with applications including enhanced
brightness battlefield illuminants, dynamically controlled strobe formulations, and ‘smart’ flares
with dynamically controlled color or color ratio. Conventional strategies require tailoring the
composition to include various colorant additives (e.g., nitrate salts of barium, sodium, or
strontium), selection of formulations with unsteady combustion, or other methods to achieve the
desired wavelength, color purity, and intensity [6]. This approach can be laborious and offers no
real time control. Moreover, light-emission design through formulation can result in hazards, as
many colorants and additives commonly used today (e.g., perchlorates, heavy-metals, strontium
additives, and barium additives) produce toxic or environmentally hazardous products [7]. New
strategies are needed for producing high color purity and high radiance emitters, while also
reducing fabrication complexity and the use of hazardous or regulated emitter ingredients.

2.2. Gas-Phase Microwave Plasma Enhancement

Plasma-based combustion enhancement of energetic materials has been previously demonstrated
using electrothermal-chemical (ETC) launchers, which result in improved ignition flame spread,
pressurization rate, and global propellant burning rate of solid gun propellants [8,9]. ETC
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plasmas are generated by the electrical explosion of a conductive filament, subsequent ablation
of a filament liner, and electrical discharge through the resulting plasma. The electron
temperature of the resulting plasma has been estimated to be ~1.4 eV [10]. Burning rate
enhancement can occur from advective effects, chemical kinetic effects, and non-advective heat
transfer enhancement [8]. Non-advective heat transfer effects, in particular, have been the topic
of much study, and it has been proposed [11] that for spectrally transparent propellants, increased
enhancement results from radiation absorption within the propellant matrix, leading to
decomposition of the propellant condensed phase ahead of the burning front. This hypothesis is
supported by experimental observation of varying degrees of burning rate enhancement in
propellants of differing opacity [12], and observation of evidence of particle reaction ahead of
the steady state condensed phase preheat region within quenched, optically transmissive articles
[13]. Burning rate enhancement during post plasma quenching times has also been found to be
formulation dependent [14]. Additionally, the effects of formation of a plasma sheath at the
burning surface have also been shown to be important [15].

With such techniques, recent studies have shown burning rate enhancements of up to 35% are
possible [16]. Further enhancement has been demonstrated in compositions with higher solid
loading fractions [11]. However, burning rate enhancement techniques used in ETC launchers are
limited to single plasma injections using a capillary plasma (a single shot technique) in a limited
volume (10’s of centimeters in length) [17]. While well-suited to gun propellant applications, this
technique is inappropriate for rocket motors, which require a scalable and sustained plasma
discharge.

These techniques draw heavily from historical efforts to enhance and control hydrocarbon flames
using sub-breakdown electric fields, a well-reviewed topic within plasma-assisted combustion
research [18,19]. In particular, high-frequency electric fields (e.g., MHz and above at
atmospheric pressures), have been used to improve igniters and enhance flame speed [18]. In
these gas-phase systems, field energy is primarily deposited to free electrons, the only charged
species able to gain and transfer momentum in phase with the alternating electric field. The
intricate balance of electron heating and relaxation by atomic and molecular collisions is
characterized by the Boltzmann equation, ultimately enabling non-equilibrium populations of
excited state neutrals [20-22]. Herein, we refer to this approach as weak microwave induced
plasma (WMIP), which is similar to conventional MIP but generated by relatively weak
(sub-breakdown) electric fields. For alkali-energetic materials, early research confirmed that
visible and near-infrared (VIS/NIR) emission is dominated by spontaneous emission from
electronically excited alkali atoms [23-27], making the WMIP approach relevant for these
systems. While direct electron collisions are thought to be the primary pathway for producing
excess alkali emitters, indirect production by collisions with other excited molecules, like
electronically-excited metastable nitrogen, may play a role [28].

Beyond gas-phase flames, energetic materials and their multiphase products have demonstrated a
variety of pathways for electric-field enhancement. Application of microwave fields to
aluminized solid propellants containing low ionization energy dopants (e.g., NaNO; 16 wt.%)
have been shown to increase the atmospheric pressure burning rate by up to 60%. The ability of
the WMIP hypothesis to be applied to these materials was bolstered by direct measurements of
non-equilibrium sodium temperatures [29]. Still, the burning rate enhancement of a propellant
can also result from microwave energy transfer through other mechanisms, including (1)
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dielectric thermal runaway of metallic oxide combustion products [30], and (2) dielectric heating
of the condensed-phase propellant reactants. Microwave energy transfer to condensed phase
reactants of energetic materials containing electrically conductive phases (e.g. metal fuels) is
expected to be higher due to eddy current heating [31], which, for metal spheres, is a function of
the particle size and microwave penetration depth [32]. In order to improve microwave
absorption of most non-metallized energetic materials [33—35], additives with high dielectric loss
have been included [36,37].

2.3. Alkali Enhancement of Gas Phase Flame Electron Population

Coupling of microwave energy to the background electron population of a gas phase flame is
possible using the high strength electric fields of pulsed microwave sources. The resulting
plasmas have been shown to improve combustion limits, open additional kinetic pathways, and
provide increased fuel flexibility of gas phase flames [38]. Sub-critical, non-breakdown
operation of pulsed fields enables selective microwave coupling to high ionization and low
density regions of the flame and has been shown to increase local flame temperature, flame
speeds, and improve flammability limits of premixed gaseous flames [39].

The field strength required to achieve efficient energy coupling to the flame can be reduced by
increasing the background level of ionization within the flame. In such a manner, efficient
coupling can be achieved by microwave radiation from sources generating lower field strengths
such as a conventional continuous wave (CW) magnetron. In order to achieve efficient energy
coupling to a weakly-ionized flame environment, there is a requirement that the applied field
frequency be less than the electron-neutral collision frequency (ion-neutral and ion-electron
collisions can be assumed to be negligible due to the slow rate). For the applicable propellant
flame number densities at atmospheric pressure, the electron-neutral collisions are expected to be
on the order of 10" per second [40]. This was confirmed by BOLSIG+ simulations showing an
average of 4.5x10" collisions per second over the relevant range of reduced field strengths.
Comparing this to the microwave field frequency (~1.8x10'" radians/sec), application of radio
frequency and microwave fields can result in efficient electron-neutral collisional energy
transfer, as scattering processes sufficiently randomize electron trajectories before field reversals
counteract the added momentum [41]. In targeting efficient coupling, one approach is to increase
the free electron population and thereby promote increased electron production rates with applied
fields. This can be achieved through the addition of low-ionization threshold materials which
exhibit significant thermal ionization at propellant flame temperatures. This increase in electron
concentration has been previously demonstrated in a fuel lean hydrogen-oxygen flame doped
with an alkali metal [42].

In this work, we demonstrate the use of alkali metal doping for efficient, moderate field-strength
microwave energy deposition to the flame, which results in significant combustion enhancement.
We identify mechanisms responsible for burning rate enhancement, including plasma
enhancement, microwave energy absorption by condensed phase aluminum oxide features, and
direct microwave energy absorption by the propellant condensed phase. Specifically, this effort
aims to (1) explore the effects of dopant addition on equilibrium flame electron populations and
propellant performance, (2) experimentally explore the effects of alkali doping and microwave
plasma seeding on microwave absorption, flame structure, and burning rate enhancement, and
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(3) explore the mechanisms through which microwave energy couples with and is deposited to a
composite solid propellant flame structure.

2.4. Microwave Enhancement of Energetic Material Light Emission

While both the gaseous and condensed phases provide pathways for energy deposition via
high-frequency fields, there are significant obstacles to realizing enhancement with microwaves.
Chiefly, the microwave frequency range (~1-10 GHz) resides below typical plasma frequencies
for adiabatic combustion of alkali energetic materials (~0.1-1 THz), which limits microwave
penetration to the outer regions of energetic material plumes where air entrainment reduces the
temperature, alkali density, and electron density. Additionally, to sustain a non-equilibrium
population of emitters, the electron-alkali excitation rate must exceed the efficient
alkali-molecular quenching processes [43]. Finally, while the high concentrations of alkali
species may be expected to yield substantial increases in the alkali atomic emission, this may be
offset by self-absorption of emitted radiation which has been well documented in sodium lamps
and alkali-energetic materials [23-27,44]. Self-absorption is mitigated by resonant atomic
broadening, which shifts emission wavelengths to regions far from line center with less
absorption [44]. Thus, the degree of light emission enhancement that can be expected from
application of an electromagnetic field to an alkali energetic material flame remains an open
question.

Modeling of emission in alkali-magnesium energetic materials has been performed, but only
under the strict conditions of Boltzmann (electronic), Saha (ionic), and Planck (optical)
equilibrium [23-26]. Still, relaxing these assumptions has become common-place in plasma
modeling [45], and provides a framework for inclusion in energetic material emission models.
First, Boltzmann non-equilibrium, both in the electron and excited-state alkali species, must be
accounted for. Rate coefficient data for alkali excitation and quenching in molecular gases is well
known [43], and the rates of electron-alkali excitation and super-elastic collisions can be
computed using a Boltzmann solver with the appropriate electron-alkali cross-section data [46].
Second, deviations from Saha equilibrium sufficient to cause electrical breakdown are possible
but are not typically desired for free-space combustion enhancement. Finally, Planck
non-equilibrium, the imbalance of absorption and emission, while inevitable, requires solution of
the radiation-transfer equation.

2.5. Alkali Metal Detection and Thermometry Techniques

Optical measurement techniques based on alkali seeding have been investigated in a variety of
combustion and flow environments. Sodium D-line reversal methods and sodium/potassium
laser-induced fluorescence (LIF) intensity ratios have been applied to measure high temperature
and shock-heated environments [47]. Single-photon laser-induced fluorescence of sodium was
used to determine quantitative sodium distributions during coal combustion [48]. In addition,
sodium fluorescence of the D-line transition has been used to measure velocity in gaseous jets by
relying on the Doppler shift of sodium atoms [49], and with an inverse flow-tagging by the
depletion of ground state sodium by laser-induced ionization [50]. Although these techniques
have been successfully employed, they often require corrections in high optical density
environments due to the resonant excitation and collection of the fluorescence signal.
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For single-photon D-line excitation, both the laser excitation and emission take place at identical
wavelengths and interference is difficult to avoid. Sources of interference include signal
trapping, strong attenuation of the incoming laser beam, and re-fluorescence [51]. Signal
trapping refers to the absorption of emitted photons before reaching the detector and leads to a
decrease in signal yield. Overcoming laser absorption also becomes challenging in high optical
density regions and requires significant corrections. In addition, for resonant excitation and
detection schemes, re-fluorescence can lead to an effective elongation of the observed
fluorescence lifetime and spatial broadening of the features of interest. A final complication,
which is exacerbated in multiphase flows, is the inability to discriminate using optical filters
because the fluorescence signal and scattering signal are at the same wavelength. These features
of single-photon resonant excitation and detection of atomic species limit the applicability of
single-photon LIF approaches in high-concentration gas phase systems, and are particularly
challenging in multiphase combustion systems where particle and droplet scattering are
prevalent.

To mitigate these issues, multiphoton techniques have been studied extensively for combustion
environments using N atom [52], H atom [53], and O atom [54,55] where two-photon absorption
allows interrogation with readily-accessible wavelengths. Other multiphoton approaches have
been used for detection of and other small molecules using resonance-enhanced multi-photon
ionization (REMPI) [56] and microwave scattering from REMPI [57]. More recently, picosecond
and femtosecond laser excitation has shown promise for reducing interference from
photo-dissociation of other molecules, and allows for much lower laser fluence due to the high
peak power of the pulse [58,59]. Recently, two-photon excited fluorescence has been used in
optically dense atomizing sprays for improved imaging contrast [60]. These multi-photon
techniques allow access to additional transitions as the quantum mechanical selection rules allow
changes of angular momentum B B= 0 and @ B=% 2, instead of the normal single-photon
selection rule (@ B=1 1). In addition, for atoms including sodium, this typically results in
spontaneous emission from the excited state to additional intermediate electronic states, allowing
for wavelength discrimination between the excitation and emission wavelengths. Sodium
two-photon laser-induced fluorescence has been explored by Weiland et al. [S1] and Allen et al.
[61] for flames seeded with alkali salts. Weiland et al. [51] investigated two different two-photon
excitation schemes (3s—4d and 3s—5s) and reported the ionization loss, amplified spontaneous
emission (ASE), and quenching to other states. They did not, however, investigate excitation to
the 3d state with a two-photon process. This process is potentially advantageous as a
spontaneous transition from 3d-3p is expected, in comparison to the 3s—4d excitation which has
been reported with a relatively low quantum yield [51].

2.6. Microwave Interactions With the Energetic Material Condensed Phase To Induce
Ignition

Microwave heating of most non-metalized energetic materials (e.g. ammonium nitrate,
ammonium perchlorate, tetryl, PETN, RDX, HMX, TNT, and others) is inefficient, and
microwave ignition of these energetics occurs on timescales of tens of seconds to minutes [35].
The slow dielectric heating rate of many energetics is due to the non-polar molecular structure
(low dielectric loss) and/or low electrical conductivity of many energetic molecules [34,35,62].
In order to accelerate electromagnetic heating, several studies have proposed the inclusion of
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microwave absorptive susceptor materials, such as silicon carbide (SiC), graphite, or carbon
nanotubes (CNT) [62,63]. The addition of micron-sized graphite flakes to nanoscale aluminum
(n-Al)/nanoscale iron (II) oxide (n-Fe,O;) thermites to enhance microwave heating (3.3 GHz,
170 W) was investigated by Crane et al. [37]. The authors found that 10 wt.% addition of
graphite flakes increased microwave heating of the thermite by approximately 100 K min™.
However, heating rates were found to be less pronounced at higher graphite concentrations
because of increased bulk electrical conductivity, which decreased the depth of microwave
penetration in the energetic (skin depth).

Interaction of electric fields with bulk electrical conductors are typically ignored due to a
conductor’s small skin depth. However, granular metal particle packs, which are typically found
in energetic materials, are well known to exhibit significant microwave energy absorption when
the particles are smaller than the wavelength of the field, resulting in conduction losses at
particle surfaces due to eddy currents or magnetic induction heating [31]. A modelling study by
Biswas et al. recently showed microwave heating of metal particles coated with an oxide shell
results in electric field dominated heating in the low conductivity oxide shell, while magnetic
field dominated heating occurs in the metal core [64]. In an experimental and modeling study
[65], micron-sized Al/Fe;O, thermites were ignited using low continuous power microwave
fields (2.1 GHz, 100 W), using an antenna electrode to produce electric field strengths of ~2000
kV m™ at the electrode tip, which produced experimental ignition delays of approximately three
seconds. Consequently, the authors proposed that microwave absorption was mostly induced by
the electric field component, causing formation of a localized hot spots within the oxide shell due
to a thermal runaway instability. Furthermore, a recent experimental study on microwave ignition
of n-Ti/ polyvinylidene fluoride energetic suggested that ignition is mainly due to electric field
absorption of the oxide shell [66].

2.7. Dielectric Properties of Granular Composites And Energetic Materials

The complex permittivity of a material is given in real and imaginary components, where the real
permittivity (¢’) indicates the energy storage potential of the material and the imaginary
component (€”) indicates the dielectric loss of the medium. For a homogenous material, the
dielectric properties are dependent on the material phase and lattices structure [67]. When an
electromagnetic field is applied to a homogenous medium, atoms, molecules, free charge and
defects rearrange position during temperature- and frequency-dependent material relaxation.
Such properties are important to understanding (1) the thermal response of the condensed phase
of an energetic during RF/microwave radiation exposure and (2) the effects of presence of a
condensed phase (e.g. attenuation and impedance mismatch) on the field distribution within the
non-condensed phase. In a propellant combustion application, while gas-phase absorption effects
will occur, as a first step, one may first consider a non-participating gas medium. In doing so, to
understand the effects of presence of a perfectly dielectric absorbing propellant condensed phase
medium on field distribution and thermal response, the Helmholtz and heat equations (1), (2) are
considered, where E is the electric field, o is angular frequency, p is density, ¢ is speed of sound,
k is the thermal conductivity, T is temperature, and q,” is volumetric heat generation.
Furthermore, the volumetric heat generation due to permittivity loss within the RF/microwave
field can be written as in equation (3). Condensed phase heating is important from a practical
standpoint in order to develop microwave enhancement combustion models and to develop
microwave power application regimes.
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Regarding microwave absorption in the condensed phase, previous studies on S-band and
X-band microwave absorption of metal filled polymer composites have measured the dielectric
properties of micron size metal filled particulate composites, and show that the microwave loss
tangent (tan(d)) within metal particulates is strongly sensitive to particle size and composition
[68]. Particle type and size has been shown to be important in determining metal particle energy
absorption [69]. Metal particles are known to couple well with S- and X-band microwave
radiation and can heat through eddy current mechanisms, with smaller metal particle sizes
interacting more effectively with microwaves. While the interaction of high explosives (HMX,
RDX, TNT) materials with microwaves has been investigated by measuring the dielectric
properties via cavity perturbation of various formulations [33], only very limited literature exist
on the dielectric properties of different composite propellants ingredients (e.g. AP, HTPB) [35].
Further, no measured bulk properties of composite propellant formulations or models thereof
currently exist in open literature. In order to advance microwave-seeded plasma throttling
enhancement of composite solid propellant combustion, it is necessary to measure and be able to
predict the microwave properties of the composite solid propellant condensed phase. An
investigation is needed to explore condensed phase propellant properties in order to enable
RF-thermal modeling and designing of resonant propellant strand cavities and motor
configurations that efficiently utilize microwave energy to throttle combustion.

2.8. Microwave Interactions With Graphene Oxide and Reduced Graphene Oxide
Composites

Efficient electromagnetic heating of interfaces can be accomplished with the use of nanoscale
materials. Graphene, in particular, is unique for its high electrical and thermal conductivity and
high charge mobility, all of which result from its unique sp?, tightly packed carbon lattice
structure [70]. Consequently, graphene is a good absorber of alternating electric fields,
particularly at microwave frequencies, due to Maxwell-Wagner polarization effects [71].
However, when graphene is oxidized, forming graphene oxide (GO), additional
oxygen-containing groups present on the graphene lattice inhibit charge localization and electron
mobility, resulting in low microwave absorptivity and high reflectivity [72]. The ability to reduce
GO to r-GO through chemical and thermal methods [70] presents an opportunity to dynamically
control the microwave absorption of materials. As reduction progresses, charge concentration
and electron mobility are improved, thus resulting in higher absorption [73]. Moreover, reduction
of GO to r-GO results in lattice defects, which upon electric field application, result in defect
polarization/relaxation and group electronic dipole relaxation losses. As a consequence, defects
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should also result in better microwave absorption, field penetration, and impedance matching
characteristics of r-GO as compared to defect-free graphene [72-74].

Reduced graphene oxide coatings have been employed in a number of studies to improve
absorption within composites containing nanoscale metallic oxides [75-78]. In all of these
previous works, the authors demonstrated increased loss tangent or reduced reflection with
addition of 10 to 30 wt.% of r-GO. In particular, the addition of r-GO to nanoscale Fe;O,-based
composites has been shown to reduce microwave reflection loss from -6 dB to -38 dB [75].
Hollow spheres of Fe;O, wrapped within r-GO sheets have shown enhanced complex
permittivity and stronger absorption properties in the frequency ranges of 2 to 18 GHz [78]. The
enhanced microwave energy absorption properties of r-GO can be used to produce nanoparticles
through microwave shock heating (1600 °C heating in 100 ms) on an r-GO substrate [79]. In
material fabrication, many of these studies have utilized the intra-surface forces of graphene
nanomaterials in suspension to form coatings around particles. Specifically, graphene materials
can be crumpled / wrapped due to surface tension effects when in suspension within an
evaporating liquid droplet [80]. These properties of r-GO/GO may be exploited in synthesis and
may enable the ability to alter the microwave ignition properties of nanoscale energetic
materials.

2.9. Burning Rate Enhancement of Wired Solid Propellants

To address problems of slow propellant burning rates (low thrust), several techniques to enhance
propellant burning rate solid rocket motor combustion and thrust have been explored. By adding
conductive wires into propellants, burning rate can be further enhanced. Metal wires cast into
propellant produce a more favorable thermal conduction pathway for transport of heat generated
by the propellant flame to the condensed phase propellant [81-83]. Inert metal wire materials
that have been tested in propellants include graphite, copper, silver, steel, tungsten, molybdenum,
brass, and platinum [84-86]. Adding conductive inert wires into propellants can decrease the
overall propellant performance [87] if volume and mass fractions are high [88] and do not add
further energy to the propellant. Conductive structures can produce large metal agglomerates that
have slow energy release and can have deleterious two-phase flow and stability effects. To
address this problem, reactive metal foils have been studied, the combustion of which leads to
more rapid flame spread and decreased slag formation as compared to inert metal wires [89].

The degree of temperature rise achievable within an embedded wire depends on the thermal
diffusivity and melting point of the wire as well as other properties. With traditional inert wire
enhancement, all heat supplied to the wire is transported from the combustion wave at the
burning surface. As such, selective control of heat distribution within the wire and dynamic
control of burning surface are not possible. However, by adding energy to a wire by
non-combustion methods, it may be possible to further enhance burning rate. Specifically, wires
can be resistively joule heated through DC voltage bias application. At non-static frequencies,
current flow within the wire becomes localized to the wire skin, where electric field is
non-trivial, and heating occurs by eddy current flow. Unlike traditional inert wire enhancement,
the AC field induced current density within wires is improved as wire diameter is reduced and
wire perimeter/cross-section ratio is increased, suggesting that AC field enhancement techniques
may reduce the volume fraction of a motor comprised of inert wires and may also reduce wire
agglomerate effects. Heating is readily achieved through eddy current flow within the exterior
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skin of a number of conductive materials within high frequency oscillatory electric fields at
microwave frequencies.

3. Research Aims

The overall aim of this effort is to develop strategies to dynamically control the energy output of
an energetic material through interface of a solid propellant and its flame with microwave energy
and is graphically described in Fig. 1. Specifically, the effort is divided into two thrusts (1)
investigation of strategies to microwave-control propellant combustion through use of energetic
material dopants to couple microwave energy to the propellant gas phase flame, resulting in
weak microwave-induced plasma (WMIP) effects, including burning rate control and flame
optical emission modulation (color shifting and brightness modulation); and (2) the development
of condensed phase nanoscale ingredients and geometric control of propellant condensed phase
conductivity in order to localize microwave energy absorption spatially within the energetic
material condensed phase in order to rapidly effect changes in energetic material energy release
rate.

MW Controlled Energetics: Targeted Energy Transfer Enabling Dynamic Control
Travis Sippel, James Michael (ISU)
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Figure 1. Conceptual description of the effort. The effort ais to fundamentally explore methods to interact, using
microwave energy, with the combustion of a solid propellant--either in the gas phase of a propellant flame or to
focus and localize microwave energy absorption to the energetic material condensed phase in order to achieve rapid
change in and control of energy release rate.
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With respect to methods of interface with the propellant gas phase, the effort specifically
explores the potential to interface microwave energy with the gas phase flame through either (1)
inclusion of additives that will increase the electron population of the gas phase flame, allowing
microwave deposition of energy to the gas phase, or (2) addition of metals to the energetic
material that through oxidation, will produce metal oxides that have high dielectric absorptivities
at high temperature, allowing microwave absorption of energy to high temperature flame
regions. These studies, respectively, focus on the use of sodium nitrate, NaNO3, as a material to
increase the quantity of free electrons within the flame or the use of metals (i.e. aluminum,
magnesium) in order to produce high temperature, microwave-absorptive metal oxides within the
gas phase flame and product plume.

With respect to methods of interface of microwave energy with the condensed phase of an
energetic material, exploiting the unique electrical properties of graphene oxide (GO) and
reduced graphene oxide (rGO) is considered as a means to achieve dynamic control of
microwave absorption. Specifically, nanoscale thermites of a model Al/Fe203 formulation are
fabricated and wrapped with GO coatings. It is demonstrated that wrapping of the thermites with
GO is highly efficient at preventing microwave ignition of the thermites under illumination of a
high power microwave field. It is further shown that the microwave absorptivity of such
thermites can be thermally switched by heating them, leading to rapid ignition of the thermites
under illumination by a microwave field. Such thermites, as additives within a solid propellant,
may enable localization of microwave energy to the high-temperature burning surface of a
propellant. The rapid modification of the temperature profile at the burning surface of a
propellant has been shown to enable both burning rate acceleration and propellant
extinguishment.

4. Experimental and Computational Methods

4.1. Simulation and Numerical Methods

4.1.1. Equilibrium Chemical Calculations

Chemical equilibrium calculations were conducted on composite solid propellant and energetic
material formulations to identify stoichiometries producing favorable translational temperatures,
ion and electron populations, and condensed-phase flame products. The NASA Chemical
Equilibrium with Applications (CEA) code [90] was used to make thermochemical predictions
for (1) 68 MPa chamber pressure conditions and ideal expansion to 1 atm (propellants) and (2)
atmospheric pressure combustion (10 wt.% excess air) energetic material combustion. In
energetic material calculations, the assumed heat of formation of the epoxy binder
(Epon/Versamid; HggCy30,,N,) was -3,666 kJ-mol™'. All calculations were conducted with ion
chemistry enabled.

4.1.2. Microwave-Enhanced (VIS/NIR) Emission Model

Comprehensive modeling of microwave-enhanced energetic materials is a formidable challenge.
A high-fidelity approach would require coupling radiation-transfer, electric field propagation,
chemically reacting fluid dynamics, and non-equilibrium electron kinetics, covering a vast range
of timescales over multiple dimensions. As a first step, we introduce a collisional-radiative
model with the minimum components needed to capture the proposed WMIP effect for atomic
alkali emission in quasi-steady state over plasma and optical timescales (=0.5 — 508 B.[This
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requires solving a radiation transfer equation where both the emission rate and probability of
radiation escape vary as a function of distance into a model plume. The emission coefficient
varies according to a kinetic rate balance regulated by the local electric field strength, which in
turn is determined from the penetration characteristics of an applied microwave field. The result
is a spectrally-integrated solution for radiance emitted perpendicular to the plume surface. Ratios
of radiance with and without applied fields are then directly compared to ratios of irradiance in
experiments computed in Eqn. 1.

Four key assumptions were necessary to simplify the dimensions and number of required
parameters; the rationale for these assumptions are discussed in Appendix A. They are: (1)
Except for alkali species, the plume is treated as a homogenous and quiescent post-combustion
zone with a prescribed temperature and alkali mole fraction deviating from CEA equilibrium,
with a hard interface to the ambient environment; (2) the microwave field does not significantly
perturb the plume from Saha equilibrium or increase the plume temperature; (3) Planck
equilibrium is maintained within the plume such that only a minor fraction of radiation escapes
and is ultimately detected; and (4) the rates of alkali absorption and emission are negligible
compared to kinetic pathways. As heat and mass transfer from entrained air are expected, the
plume temperature 0 and alkali mole fraction are left as parameters to represent the

conditions for the outer layer of the plume, averaged over time and plume surface.

For a single atomic alkali transition or doublet, the resulting radiance is a convolution integral of
the rate of radiant energy emission and the frequency-integrated probability of photon escape
from the plume. Integrating from the plume center line (s=L) to the edge (s=0), this takes the
base form,

A= [eR R B B 4)
0

where: [ is the normalized plume depth described graphically in Fig. 2, Blis the radiance (

g ) at the surface of the plume; €(B) is the volumetric emission coefficient ( g )
at a given depth; B is the width of the plume slab; and B(B) is the transmittance, or normalized
probability of photon escape to Bl = 0. A sample configuration is shown in Fig. 2, where the
field strength, transmittance, and emission coefficient all decline until a critical depth B = 6, or
skin depth, where the field effect becomes negligible.
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Figure 2. Example configuration of the homogenous plume model with an incident electric field propagating left to
right, perpendicular to the plume surface. Radiance is computed at surface, B = 0, simulating light available for
detection.

The derivation of transmittance is described in Appendix B, which relies on the presence of
resonant line broadening reviewed by de Groot and Vliet [44], and the frequency-averaged
escape factors reviewed by Drawin and Emard [91]. The result depends only on the depth, B and
the wavelength A.

1
2 A A
A(E) = [ 24/4112 , @ F (5)

For Eqn. 4, the integration of @ < A/4m can be neglected, as . The emission coefficient is
obtained by

_ hv
€@ =10, 4

772
L(17 \ »

= ? ?
2 B\ 8, el 12} 4nD2 ©)

where ’1 is the coefficient for spontaneous emission, 1 is the ratio of ground to excited
state degeneracies, vis the photon frequency, 12 is the oscillator potential, and 2 is the

non-equilibrium excited-state alkali population. The emission coefficient for sodium and
potassium doublets were computed as single transitions. For cesium, only the higher-energy
transition, Cs 6P(3/2), was measured and simulated. The local 5 population is obtained using

assumption (4), which neglects emission and absorption in the steady-state rate balance

B(B)=0, _ (7)
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where ) is the ground state alkali density, and are the respective rate coefficients for
alkali-neutral excitation and quenching, + and _ are the same but for alkali-electron rates,
s the mole fraction of molecular background gas, and is the mole fraction of free
electrons. ) is defined through the parameter for alkali mole fraction he electron mole

fraction,@ [ is obtained through Saha equilibrium, and is set by CEA equilibrium

calculations. Out of necessity, the quenching rate of all molecular species is assumed to match
that of molecular nitrogen, which is already a sizeable fraction of the mixture. Because all the
alkali-molecule interactions are treated as alkali-nitrogen, the effect of air entrainment on Eqn. 7

is contained implicitly in the free parameter and its relationship with

At flame and energetic material temperatures, the quenching rate approaches the thermal

limit

(8)

where o, is a cross section specific to each alkali, and I, s the effective reduced mass of the

alkali species with N, [43]. The complementary excitation rate is then constrained by the

requirement of detailed balance. Using Maxwell-Boltzmann statistics, an Arrhenius expression
for can be obtained

I 1
=|o[——1|7 o B (BT : (9)
TR T

The electron-alkali rate coefficients + and _ are determined from the BOLSIG+ code,

which uses a two-term approximation to the Boltzmann equation to solve for the non-equilibrium
electron energy distribution with an applied field effects [46]. Cross-sections for equilibrium
products are obtained from the LXCat database for N, [92], CO [93], and Mg [92], which are
used to approximate non-alkali combustion products. Alkali cross sections for elastic, excitation,
and ionization are obtained for sodium, potassium, and cesium [94-96]. The resulting rates are
computed as functions of the reduced root-mean square (RMS) electric field (2 Ounits of Td)

and fitted to quadratic and logarithmic functions of electric field magnitude® @) once total
number density inside the plume 0 is known.

2
b, =000 +8,80+0, =2, +8,n2 8 q@ 2 (10)
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The microwave field solution B(B) is computed using Fresnel equations for an electric field in air
incident on an absorbing medium:

2(8) = B(0)|~ ]z (@rm ) (11)

where B(0) is the incident RMS electric field magnitude, determined from the parameter for
applied reduced field @ !..l !.% in the cavity outside the plume. The magnitude of the
complex index of refraction |u0| and attenuation coefficient o, are calculated for plume
conditions using the equations for collisional plasmas listed by Laroussi [97], where electron
collision frequency is estimated from BOLSIG+ results.

A complication of using the BOLSIG+ solver is that + curve fits are typically invalid below

10 to 20 Td. This occurs when the field strength becomes negligible and thermal electrons
become the dominant source of excitation. The reduced field where this transition occurs

(defined as ( O9]*), can be obtained by inspection of Eqn. 10. The skin depth @ = § of this

transition to a zero-field regime is found by manipulation of Eqn. 11.

[D(..': i %\.:")( i )] (12)

Where the minimum skin depth for is & = A/4m=0. Then Eqn. 4 for total radiance can be solved
piecemeal with Eqn. 5-12 by isolating the zero-field emission term €(8):

[}
B= [ (DR BE @)D A DA (13)
A/4m 8

Finally, the ratio of radiance with and without microwave application can be obtained as

8
[ e(m B(@)a [
— A/4m 8 , (14)

€(0) [ B(m
A/4m

i
where the primary unknown parameters are i e and s

=
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4.2. Materials Manufacture

4.2.1. Mg-based Energetic Material Manufacture

The energetic material formulations used in this study consisted of magnesium (Firefox; 190-325
mesh), one of three different alkali nitrate oxidizers, and the aforementioned epoxy binder. All
compositions were formulated for stoichiometric combustion in order to achieve maximum
equilibrium flame temperatures. Alkali nitrate oxidizers used in formulations consisted of one of
the following: sodium nitrate (Hummel Croton Inc., MIL-S-322C, Grade B, Mg/NaNO,/epoxy:
45.6/49.4/5 wt.%); potassium nitrate (Hummel Croton Inc., MIL-P-156B, Mg/KNO,/epoxy:
42.8/52.2.4/5 wt.%); or cesium nitrate (American Elements Engineering, Mg/CsNO;/epoxy:
28.5/66.5/5 wt.%). The epoxy binder used was a two-part thermoset-epoxy consisting of 70 wt.
% Epon-813 and 30 wt.% Versamid-140. All energetic material compositions were hand-mixed
in a grounded pan using a metal spatula in quantities of 10 g or less. First, the fuel and binder
were hand-mixed until homogeneous. Oxidizer was then blended into the fuel/binder
pre-mixture. The composition was again hand-mixed until homogeneous. To achieve the desired
consolidation density, reactive compositions were shim-pressed in a 6 mm diameter circular die
to a nominal length of 9 mm using a Carver 12-ton press and a dwell time of approximately 10
seconds. Prior to combustion, pellets were inhibited with an acrylic lacquer to prevent flame
spread down the sides of the pellet.

4.2.2. rGO and GO Wrapped Thermite Synthesis

Ten variations of r-GO/GO thermite composites were studied. The effects of r-GO loading on the
thermite composite was first investigated using four different loadings of 0, 10, 20, and 30 wt.%
of r-GO. The effects of selectively encapsulating either fuel or oxidizer with r-GO (30 wt.%) was
also studied. Lastly, the effects of thermal reduction of GO (30 wt.%) to r-GO thermite
composite was studied, where thermal reduction occurred at different time intervals (0, 5, 10, 15
minutes).

Reagents were from the following sources: GO and r-GO (Goographene), n-Al (Novacentrix, 80
nm), n-Fe,0; (Mach I, 3 nm), ethylene glycol (Fisher Scientific), and acetone (Fisher Scientific).
To create the baseline thermite (0.5 g, 0 wt.% GO/r-GO), n-Al (0.15 g) and n-Fe,O; (0.35 g)
were sonicated (Branson Digital Sonifier S-450) in acetone (20 mL) for 1.5 minutes. The
composite was transferred to an electrostatic dissipative puck and dried at roughing vacuum.

To prepare the GO wrapped thermite composite, GO (0.15 g for 30 wt.%) was sonicated in
ethylene glycol (EG, 20 mL) for 3.5 minutes with a small quantity of surfactant. The dried
baseline nano-thermite (0.105 g of n-Al and 0.245 g of n-Fe,O;) was sonicated into the EG
mixture for 3.5 minutes. The mixture was then washed with acetone, centrifuged, and dried at
roughing vacuum for a minimum of 4 hours. The same procedure was used to prepare the r-GO
thermite composite, with varying amounts of r-GO (10, 20, or 30 wt.%) and thermite mass ratio
held constant (3 to 7, n-Al to n-Fe,0;). To create the thermite formulations that selectively
encapsulated only either fuel or oxidizer in r-GO, either n-Al or n-Fe,O; was first sonicated,
washed, and dried using the aforementioned procedure. After the selectively encapsulated fuel or
oxidizer was produced, the mixture was sonicated with either n-Fe,O; or n-Al, respectively, in an
acetone solution and dried at roughing vacuum.

To study thermal tuning of microwave absorptivity, GO thermites (30 wt.%) were thermally
reduced. The GO/thermite composite (0.3 g) was placed in an aluminum tray was heated under
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argon in a tube furnace (Across International, STF1200). The furnace temperature was ramped at
75 °C min™ to 400 °C, at which time the temperature was held constant for (1) 5 minutes, (2) 10
minutes, or (3) 15 minutes. The chosen reduction temperature of 400 °C is close to the 350 °C
optimal reduction temperature of GO [98]. Composites were cooled under argon to room
temperature prior to removal from the furnace.

4.2.3. Wire Propellant Manufacture

Prior to wired propellant fabrication, a survey of different potential wire materials was
conducted. Parameters of particular interest include the wire diameter and skin penetration depth,
ds, which together determine the wire cross-section in which eddy currents flow, the wire
resistivity, wire melting temperature, and wire cross-section thermal mass—the product of wire
density, specific heat, and square of wire diameter. Wire materials considered include aluminum,
copper, graphite, silicon, and silicon carbide. Wires of copper and graphite were selected for this
study based on commercial availability in diameters relevant to the study. Properties of copper
and graphite wires used in this study are shown in Table 1. Wires were placed onto borosilicate
glass windows (~22 by 22 by 0.1 mm) and a thin layer of composite solid propellant was cast
onto the glass surface, encapsulating the wire as shown in Figure 3a. The propellant formulation
consisted of 76 wt. % bimodal distribution of ammonium perchlorate (4:1 coarse to fine ratio,
200 pm and < 90 um, Firefox Chemicals) and 20 wt. % of hydroxyl-terminated polybutadiene
(HTPB) binder system. The binder system consisted of R45 monomer (Firefox Chemicals),
isodecyl pelargonate (IDP, Firefox Chemicals) plasticizer, HX-878 bonding agent (tepanol,
Firefox Chemicals), and IPDI isocyante curative (Firefox Chemicals). The propellant
formulations were mixed for three hours in a dual planetary mixer and deaerated at room
temperature and under roughing vacuum for 30 minutes. Following casting, propellant was cure
for seven days at 60 °C in an explosion proof oven. Before casting, a borosilicate glass view
window and wire were placed in the mold. After curing, propellant strands were taken out of the
molds. Measured densities of cured propellants were greater than 95% of theoretical maximum
density (TMD). For combustion experiments, the surfaces of propellant strands were inhibited to
prevent flame spread down the sides of the burning strands. Images of the wire propellant strands
can be seen in Fig. 3b-e.

Table 1. Listing of wire materials used, dimensions, and properties: wire diameter, Dwire; wire length, pMW;
melting temperature, Tmelt; skin depth at 2.45 GHz, Js; and wire thermal mass per unit length, pCDwire2 for a 1
mm _diameter wire.

. . pCD,;..
Wire Wire Diameter Fl}es1st1v1ty T mert Séﬂ n Depth (J/m/K)
. mw@ 2.45 GHz s @ 2.45 GHz L=
Material (mm) (©x10%m) (K) (um) Dyire=0.5
mm)
Copper 0.5 1.69 1358 1.3 344
Graphite 1.0: 0.5:0.3 1375 4300* 37.7 1.57

*Temperature indicates volatilization temperature of carbon

4.2.4. 3D Printed UV-Cured Propellant Manufacture with Functionalize Energetic Wires

To demonstrate the ability to microwave heat embedded wires, and to demonstrate use of 3D
printing, which could be used to shape conductive structures into antennas with selectable
bandwidth and directionality within propellant, UV curable AP composite propellants containing
thermally cured, graphite nanoparticle doped propellant wire structures using a Hyrel Engine SR
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3D printer. The binder system used in photocurable propellants was a urethane acrylate epoxy
(Illumabond urethane acrylate 6115). The AP/binder matrix surrounding the energetic wire
antenna comprised of 75 wt.% of fine AP and 25 wt. % of UV-curing epoxy. In order to print
energetics wires with higher amounts of graphite nanoparticles, a thermally cured binder system
was utilized because of the inability to cure with the UV curing epoxy due to the high optical
density. The energetic wire propellant was comprised of 40 wt.% fine AP, 20 wt.% graphite
nanoparticles

Photo curable propellants were mixed using the aforementioned procedure and placed into two
different extrusion heads (KRA-5 and EMO-15). Both extruders were equipped with 1 mm,
17-gauge nozzles. The energetic wire of 1 mm diameter was printed first and was then
surrounded by the photo-curable AP composite propellant, generating the same geometry of the
solid wire propellants combustion articles. The photo-curable propellant was cured during the
printing process using a bank of 370 nm LEDs applied for 30 seconds during the infill process
after printing of every other layer. the propellant was bonded to borosilicate windows using the
UV-epoxy and were placed in cure for seven days at 60 °C in an explosion proof oven to ensure
the energetics wires were cured. An image of the printed propellants can be seen in Figure 3g.

(@) \wire Material 23 mm (b) 0.5 mm copper (c) 0.3 mm graphite (d) 0.5 mm graphite  (e) 1.0 mm graphite  (g) 1.0 mm energetic wire
23 mm f
Window e ‘
Propellant "

Figure 3. (a) Model of propellant strand with wire used during test. Backlight images of propellants with (b) 0.5 mm
copper wire, (c) 0.3 mm graphite wire, (d) 0.5 mm graphite wire, (e) 1.0 mm graphite wire, and (f) 1.0 mm energetic
wire comprised of graphite nanoparticle doped propellant within a 3D printed, photocured propellant matrix.

4.2.5. Propellant Fabrication for Dielectric Property Measurement

Each propellant formulation was modified by using different sizes of ammonium perchlorate
(AP, 200 pm, < 90 pum Firefox Chemicals), sodium nitrate (NaNO;, Firefox Chemicals) and
aluminum (Al, 30 um, Valimet) particles. Ammonium perchlorate and Al were used as-received
(manufacturer specified sizes), while sodium nitrate was milled and sieved into size distributions
(<75 pum) prior to use.

The propellants in this study were produced in batches of 800 g and formulations for propellants
are shown in Table 1. Propellants utilized a HTPB binder system consisting of R45 monomer
(Firefox Chemical), isodecyl pelargonate (IDP, Firefox Chemical) plasticizer, desmodour
curative, and HX-878 (tepanol) bonding agent (RCS Rocket Motor Parts). Prior to mixing,
ingredients were dried in an oven at 60 °C. Propellants were mixed for three hours in a six-quart
dual planetary mixer. Propellant was deaerated at room temperature for 30 minutes at vacuum
pressure and was cast using 3D printed rectangular casting molds and molds were placed in an
explosion proof oven at 60 °C (140 °F) for a week to cure. The dimension of cured S-band
propellant blocks was 7.264 x 3.450 cm (2.860 x 1.360 in) with length of 2.912 cm (1.1465 in).
After curing, the propellant was finished to appropriate dimensions to be installed inside a
WR-284 waveguide for dielectric measurement.

Table 1. Propellant formulations used in this study to investigate effects of NaNO3, AP, and Al particle size.
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P I C ition (wt. %)

Formulation NaNO; cAP fAP Al HTPB
(<5 pm) (200 pm) (<90 pm) (30 pm)

fNaNO;, bimodal AP 35 49.2 12.3 17 14

cAP, fine NaNO, 3.5 61.5 - 17 14

4.3. Microwave Combustion Cavities

4.3.1. Microwave Cavity Simulation

A tuned, impedance-matched microwave applicator for use in atmospheric pressure propellant
strand combustion experimentation was designed in COMSOL 5.1 Multiphysics. The cavity was
designed to operate at TE,;, mode with a short and one lambda waveguide wavelengths WR-284
waveguide. Within the cavity, a 7 mm diameter propellant strand having as-measured
homogeneous dielectric properties serves as the test article. The strand is positioned
concentrically within a 32 mm ID by 36 mm OD quartz tube. The cavity was optimized to have
minimum loss throughout and the strand was placed in the E-field antinode for maximum
heating.

4.3.2. Resonant Microwave Combustion Cavity

Microwave-enhanced propellant combustion experiments were conducted in a single-mode,
impedance-matched, resonant microwave cavity fitted with a flow through microwave applicator
(Fig. 4a). Cavity energy is supplied by a circulator-protected 870 W, 2.46 GHz CW magnetron
(National 2M107-825) launched into a WR284 waveguide cavity and propagated in a TE,
resonant mode. The cavity is impedance matched to the load using a three-stub tuner, and
calibrated, rectifying Schottky diodes (Pasternack PE8003) are used to monitor forward and
reflected microwave power via a high-speed oscilloscope (Tektronix MSO 70404C). The
microwave applicator is a choke-modified rectangular waveguide section containing two optical
access ports in the E-plane and gas inflow/outflow choke ports in the H-plane (Gerling Applied
Engineering). To prevent exposure of microwave components to corrosive propellant combustion
exhaust, the applicator is modified by insertion of 19.81 mm thick press-fit
polytetrafluoroethylene (PTFE) blocks on both sides of the applicator. The propellant and flame
structure are positioned within the microwave applicator atop a PTFE stand and to improve
flame observation, smoke is evacuated from the cavity by an air co-flow produced by light
vacuum application to the top applicator choke. The cavity is terminated by a sliding short
circuit, which is adjusted to generate a standing wave electric field antinode at the
propellant/flame location, as shown in Fig. 4b. To compensate for presence of the PTFE blocks
within the cavity, COMSOL Multiphysics 5.0 was used to simulate the unloaded cavity and
select the length of the sliding short circuit. To match cavity impedance to that of the propellant
load, a half-length propellant strand (~1 cm) was placed in the cavity and the stub tuner was
adjusted to minimize reflection. The quality factor (Q-factor) of the unloaded microwave
resonant cavity was measured utilizing a vector network analyzer (VNA, Anritsu MS46322A
Shockline) and was determined to be ~80.

Electric field strengths within the waveguide test section were estimated with analytical solutions
of Maxwell’s equations and a numerical solution of the exact cavity geometry. For the
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waveguide resonant cavity consisting of WR284 waveguide, the analytical solution of Maxwell’s
equations for a transverse electric field mode (TE,,,) can be used to calculate field strength [99].
The root-mean-square (RMS) E-field strength is estimated as 91 kV/m at cavity test conditions
within an adiabatic temperature, 3.5 wt. % NaNO;-doped, aluminized propellant flame (1 kW
magnetron output power, Q-factor of 80, 1 atm pressure, T,;=3032 K). This E-field is cast as a
reduced electric field by normalizing by the neutral gas number density, as estimated from the
adiabatic flame temperature and pressure, giving an upper bound for E/N of 38 Td (10?' V m?).
This upper limit estimate of field strength is based upon measurements of an empty cavity. The
cavity with a propellant strand partially inserted gives a similar Q factor. A lower bound (e.g.
worst case) estimate of the E-field strength of the experiment can be made from consideration of
the case where no energy is stored in the cavity. A numerical simulation (COMSOL
Multiphysics) was conducted on the modified geometry in the microwave waveguide
pass-through test section with an input port (TE,, mode, 1 kW of power) (Fig. 4c). PTFE blocks
and gas inflow/outflow choke ports were included in this simulation in order to match the
experimental setup. The RMS electric field strength in the cavity test location is estimated as ~38
kV/m (~16 Td at previously noted experimental conditions). Therefore, we estimate the RMS
E-field strength of the microwave resonant cavity experiment is between 38-91 kV/m (~16-38
Td for the atmospheric pressure propellant flame environment). This bounded estimate is
relevant to times during plasma kernel formation and early growth only, as the formation of a
large plasma is expected to act as an energy sink and would effectively spoil the quality of the
cavity resonator.

For combustion experiments, ~2 cm long propellant strands were positioned such that the
burning surface was located at the top of the applicator and over the duration of an experiment
(typically ~10 s duration), the burning surface would traverse the entire E-field plane.
Formulations of these propellants were chosen based upon free electron flame populations
predicted from CEA equilibrium calculation results. Propellant strands were ignited by a one
second duration, ~30 W CO, laser illumination. Immediately following CO, laser illumination,
the microwave field was modulated on and data acquisition was started. Light diagnostics
included direct emission observation via high speed video (Phantom ir300 with 50 mm Nikon
lens at 1 kHz acquisition rate) and high magnification backlit observation (Photron Fastcam
SA-X2 with Infinity K2 microscope lens at 12.5 kHz acquisition rate and 0.293 ps exposure).
Measurements of microwave-enhanced and unenhanced propellant burning rate were made from
analysis of high speed video. High magnification backlit imaging was used to observe
microwave field effects on the combustion of burning aluminum agglomerates within the
propellant flame structure. Spectroscopic measurements (VIS-IR, Ocean Optics USB4000 at 5
Hz) were made of flame emission to estimate sodium temperature by a two-line emission
technique. The two emission bands for Na I at 589 and 818 nm were collected simultaneously
and filtered with two long-pass Schott glass filters (Thorlabs, FGL590 and FGL610). Light
emission was imaged onto a 200 um multimode fiber with a 50 mm diameter achromatic lens
and coupled to the spectrometer. During combustion experiments, forward and reflected diode
power measurements were used to monitor time-dependent microwave absorption of the
propellant flame. As burning surface regression of a propellant strand causes insertion length of
the propellant within the microwave applicator to change over the duration of a combustion
experiment, the microwave absorption of the condensed phase (no flame) was measured as a
function of propellant insertion length. These measurements were then compared with online
absorption measurements taken from burning propellants to estimate the respective microwave
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absorption of the condensed phase and the flame structure over the duration of combustion
experiments.

(a) Side View (b) Top View ()
Ventilation
Spectrometer
CO;Laser pessssssssasssasy Propellant E{) um Fiber
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Fig. 4. (a) Schematic of experimental setup of the microwave resonant cavity, which includes a circulator-protected
magnetron launch, forward and reflected directional coupler with diodes, a three-stub tuner to match propellant
load impedance, a flow-through propellant combustion microwave applicator, and a sliding short circuit. (b) The top
view of the combustion applicator shows optical access on both sides, where a high-speed camera and spectrometer
collected data on burning rate and combustion flame emission. (¢) COMSOL 5.0 simulation of microwave
applicator test section E-field distribution with no energy stored in the system (lower bound E-field strength). The
RMS E-field strength within the propellant flame volume is ~38-91 kV/m.

4.3.3. Multimodal Microwave Combustion Cavity

A multimode microwave cavity (Fig. 5a) connected to an 870 W, ~2.46 GHz magnetron and a
high-voltage power supply modulated at 60 Hz (50 % duty cycle) was used for experiments. The
energetic material was placed in an electric-field (E-field) antinode atop a microwave-transparent
polytetrafluoroethylene (PTFE) block. The location of the field antinode was verified both
experimentally and by numerical simulation. Experimentally, the E-field antinode location was
found by imaging a liquid crystal film placed at various locations within the unloaded cavity
during microwave application. The E-field distribution within the cavity was also determined by
modeling the cavity using COMSOL Multiphysics 5.1 (Fig. 5b). The E-field strength in the
volume occupied by the energetic material flame was estimated via dielectric heating of a 100
cm’® volume of water according to the National Bureau of Standards procedure [100], yielding an
average electric field strength of 2.1 + 0.1 kV/m within the antinode of interest. Samples were
microwave-ignited using an electromagnetically absorbing thin film (polyester/vapor deposited
aluminum film), which was placed on the top of energetic materials and heated until ignition. For
baseline experiments (without microwave), the energetic material composition was ignited
directly using a hot wire ignition source.
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Figure 5. (a) Schematic of the experimental setup of the microwave cavity. Experiments were monitored with a color
high-speed camera and two spectrometers (VIS/NIR and IR). (b) Distribution of the mean electric field strength
simulated using COMSOL within the microwave chamber. The red circle indicates the location of the energetic
material flame, which is located at an E-field antinode with an average field strength of 2.1 £ 0.1 kV/m in a 100 cm3
volume of water:

4.3.4. Alkali-seeded Combustion Burners

A premixed flat flame and an aluminized solid propellant flame, shown in Figure 6(a)-(b), were
used to characterize the fluorescence behavior. The premixed flat flame burner, shown in Figure
6(a) was modified from the design of Hartung et al. [101]. All burner parts were fabricated from
brass and the burner was cooled with a copper cooling tube brazed to the outer surface of the
burner. The flame was established on the top plate of the burner, which consisted of 0.8-mm
diameter holes resulting in a total open area of 35 percent. The plenum of the burner was filled
with 2-mm glass beads. The premixed flame was established over the central portion of the
burner using flow rates of 1 standard liter per minute (SLPM) of natural gas and 3 SLPM of air
for an equivalence ratio of ¢ = 0. 8. The sodium-seeded flame in the burner is shown in Figure
6(a). Sodium was seeded into the gas-phase flames using an aerosol droplet seeder (TSI Aerosol
Generator 3760) with sodium chloride dissolved in water at concentrations of ~360 g/L,
respectively. Gas flow rates were metered with Alicat mass flow controllers with an accuracy of
1% and calibrated with a dry volume flow meter (MesalLabs Defender 530+). The gas flow rate
of the aerosol seeder was measured by a Cole-Parmer flow meter. The sodium concentrations in
the gas-phase flame is shown in Table 2 based on the measured flow rates for adiabatic chemical
equilibrium using NASA Chemical Equilibrium with Applications (CEA) [90].

The aluminized solid composite propellant was manufactured using the same procedure as
described by Barkley et al. [29] and consisted of 14.5 wt.% aluminium ( 35 , H-30, Valimet Inc.),
70.4 wt.% ammonium perchlorate (4:1 wt. 200 to <90 ratio, Firefox Enterprises LLC), 11.6 wt.%
hydroxyl terminated polybutadiene binder system (HTPB), and 3.5 wt.% (>75 , Firefox
Enterprises LLC). The was dried at 100 and roughing vacuum and then ball-milled and sieved to
<75 prior to mixing and casting. The propellant formulations were mixed for three hours in a
dual planetary mixer and deaerated at room temperature and under roughing vacuum for 30
minutes. Strands were cast into 6-mm diameter cylinders using polyethylene molds and allowed
to cure for seven days at 60 in an explosion proof oven. After curing, propellant strands were cut
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to 20-mm lengths. The equilibrium sodium concentration from CEA at atmospheric pressure is
shown in Table 2 for the sodium-doped propellant flame, and the adiabatic flame temperature is
3032 K.

Table 2. Mixture compositions and predicted equilibrium atomic sodium concentrations for the gas-phase and
propellant flames.

Premixed gas-phase flames
Burner Matural Gas Air Solvent/NaNOs Predicted equilibrium
(SLPM) {SLPM)  concentration (g/LL)  Na Concentration (PPM)
Premixed 0.5 5.6 H>0/360 g/L 50

Composite propellant flame
Al {wt.%) NaNOsz (wt.%) APMHTPB (wt.%) Predicted equilibriumiNa PPM)
14.5 3.5 0712 2510

4.4. Combustion Diagnostics

4.4.1. Laser-induced Fluorescence Measurements

The nanosecond laser-induced fluorescence system used for all excitation schemes is shown in
Figure 6(c). A 10-Hz Spectra-Physics Quanta-Ray Nd:YAG laser, operating at ~200 mJ/pulse at
532 , was used to pump a Continuum ND 6000 dye laser with Exciton Rhodamine 640 dye for
the 3s—3d excitation of sodium (685-), yielding approximately 20 mJ/pulse. A portion of the dye
laser output (10%) was used to monitor wavelength with a HighFinesse Wavemeter WS-6. A +
125-mm focal length lens was used to focus the remainder of light (90%) at the center of the
flame for LIF characterization experiments, and a +400- plano-convex cylindrical lens was used
to generate a sheet with a thickness of 0.6 mm (10/90 width) and 10 mm height for planar
imaging experiments. A fast-gated intensified charge-coupled device (ICCD) camera (Princeton
Instruments, PI-MAX 2) with a 55-, /1.2 Nikon objective lens was set orthogonal to the laser
sheet to image the fluorescence. And for the higher magnification PLIF imaging, an Infinity CF2
lens was placed in front of ICCD camera. A 1-inch diameter 820 bandpass filter (Thorlabs,
FB820-10, 10 FWHM) was used to detect the 818 fluorescence emission and the ICCD gate was
set to a duration of 10 . A digital delay generator (Stanford Research Systems, DG-535) was used
to synchronize the laser and camera systems. For the other two-photon excitation 3s—4d at 578 , a
mixture of Rhodamine 610 and Rhodamine 640 was used.
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Figure 6. (a) Sodium-seeded premixed flame and (b) sodium-doped aluminized solid propellant flame. (c) The
dye-laser excited fluorescence signal was collected with an fast-gate intensified CCD (ICCD) with monitoring via a
wavemeter (WM) and ion probe, depicted in inset (d).

For two-photon excitation, a significant degree of ionization and amplified spontaneous emission
were expected due to the high sodium levels present in these flames and the low ionization
threshold for sodium. Weiland et al. [51] reported data on several two-photon excitation schemes
of atomic sodium, but they did not address some of the challenges presented by the high
concentrations in sodium-doped propellant flames. In addition, the 3s—3d excitation was not
examined. The experimental setup for the measurement of ASE, ionization, and fluorescence is
detailed in Figure 6(d). For these tests, the laser was focused to a focal beam waist of 900 with a
+200- plano-convex spherical lens. Single-shot monitoring of the laser energy, ASE,
fluorescence, and ionization signals was performed with a boxcar integrator (Stanford Research
Systems 250) and data-acquisition system (National Instruments, BNC2110). The boxcar
integrator was triggered at 10 Hz, and the gated analog signals were captured for each shot by the
data acquisition system to allow for correlations between signals. The laser energy was
monitored using a photodiode, and the output of the boxcar integrator was calibrated against a
power meter. Fluorescence emission for these test was collected with a +60- plano-convex
spherical lens onto a photomultiplier tube (PMT, Hamamatsu, H10722-20). An 820 ultra-narrow
filter (Alluxa 820-2006) and RG780 longpass filter were used for the PMT. To collect
forward-propagating amplified spontaneous emission (ASE), a dichroic mirror (Semrock,
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FF801-Di02) was used to reflect the excitation laser and transmit the 818 ASE signal. For
collection, the expanding ASE signal beam was focused onto a photodiode (Thorlabs, DET36A)
using a +150-mm plano-convex spherical lens and filtered with an 820-nm bandpass filter
(Thorlabs, FWHM 10 nm).

Finally, to monitor laser-induced ionization, an ionization probe was constructed similar to that
developed by Cool et al. [102] for use in low-pressure flames. The probe layout is shown in
Figure 6(d), where the anode is a 0.8- diameter spherical bead of platinum on the end of a piece
of 0.4-mm diameter platinum wire. A ceramic insulator was used to shield the anode except for
the bead end, and the cathode consisted of a platinum wire wound around the first insulator and
enclosed by a second coannular ceramic insulator. The probe was set ~2 from the laser focus in
the premixed flat flame. The ionization signal was detected with a Tektronix MDO3054
oscilloscope and an attenuating voltage probe (Tektronix P6139B, 10 ). Acquisitions were
AC-coupled to minimize the contribution from the flame ionization signal (a constant voltage
offset). For the boxcar integrator measurement, a 1-kHz high-pass filter (100 and 1.5 ) was used
to replace the voltage probe.

4.4.2. Sodium Two-line Thermometry

Utilizing the spectra collected during non-microwave- and microwave-enhanced propellant
combustion experiments, the electronic temperature of sodium was estimated based on a pair of
emission lines at 589 and 818 nm. Emission at 589 and 818 nm (3p-3s and 3d-3p transitions,
respectively) are a result of the electronic excitation of Na by inelastic collisions with atomic and
molecular species as well as free electrons. For the applied RMS electric field strength of ~30-90
kV/m, a typical free electron temperature in the microwave plasma might be ~0.5 to 1 eV [103].
The temperature measurement resulting from comparison of the emission strengths of these two
lines should lie between the translation and electron temperature for the system. For spontaneous
emission from the two transitions considered, the total emission intensity can be written as the
product of the spontaneous emission rate, the degeneracy, and the population fraction in the
upper state for the transition. Assuming local thermal equilibrium (LTE) [104], a Boltzmann
distribution giving the population fraction can be used to infer the electronic temperature of
sodium Ty, by using the signal intensity ratio for spontaneous emission from two transitions
corresponding to transitions from state j to i and state n to m. The ratio between signals is given

E
2

71(7\ E{)\
)

[ ?= ? 15
pololc! n(k% a ' ( )
0,97

where g; is the degeneracy of state j, 4;, is the spontaneous emission rate from state j, E; is the
energy of the upper state, and k; is the Boltzmann constant. Constant factors # and QF represent
the optical collection efficiency and quantum efficiency, respectively, which are constant for each
line transition j,i or n,m tied to the respective transition wavelength /4. The spontaneous
emission coefficients and degeneracies are taken for sodium [105,106] for the given transitions.
By writing the ratio of emission bands, factors including the emission collection efficiency, filter
transmission functions, and sensor quantum efficiency can be neglected. This was particularly
important due to the relative differences in emission intensity between the 589 nm and 818 nm
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features. The 589 nm emission was attenuated via filtering to allow both features to fit well
within the dynamic range of the spectrometer sensor. Spectra were collected during the entire
duration of the propellant burn and the integrated emission over each band was taken as the total
band intensity. The broadband contribution from blackbody emission due to condensed phase
products was baseline subtracted and the intensity of both 589 nm and 818 nm bands were
calculated by integrating emission from the two peaks.

Sodium two-line temperature experiments were conducted on burning propellant strands exposed
to a 200 ms duration microwave pulse at 1 Hz during the 10 s duration propellant combustion
event. The intensity ratios were calculated for each acquisition frame, and were used to
determine an average intensity ratio for microwave-irradiated and unirradiated flame conditions.
The average signal ratio for the unirradiated case was used to establish a baseline emission peak
ratio associated with an estimated temperature given by the adiabatic flame temperature (3032
K). When the microwave was then switched on, the change in the ratio was used to estimate a
new temperature by taking the factors 7, QF, A, and g, as constant between the two cases. This
inferred temperature represents the change in distribution of the states of electronic sodium and
we assume these states are in LTE to infer a temperature.

4.4.3. Mg-based Energetic Material Light Emission Measurements

A Phantom v7.0 color complementary metal-oxide semiconductor (CMOS) camera and Canon
zoom lens were used to capture high-speed video of the energetic material combustion (500 Hz,
10 to 100 ps exposure). To monitor the VIS/NIR spectral emission, an Ocean Optics USB4000
spectrometer (200 to 900 nm, 25 pm slit, 600 lines/mm, ~100Hz, 10 ms integration time) was
used with an OceanOptics multimode fiber (400 um diameter, P400-0.25-SR). Light was
collected onto the fiber end using a cosine corrector (OceanOptics, CC-3-UV-S) to capture a
large field of view within the white (optically reflective) microwave cavity. Prior to testing, the
VIS/NIR spectrometer was calibrated using a deuterium tungsten-halogen light source
(OceanOptics, DH-2000-CAL) to correct for detector responsivity and achieve relative spectral
irradiance measurements. Emission spectra were post-processed using MATLAB to correct for
dark noise level and detector responsivity. From calibrated spectra, measures of time-integrated

spectral emission were calculated as
1

= Z 0" ’ (16)

POOOBER [

wherel ‘7\) is the time-integrated relative spectral irradiance per gram energetic material

for the entire burn (arb. units per gram), m,,,,,. 1s the energetic material article mass, F; is the
spectrometer sampling frequency, @ (A, Bl) is the relative spectral irradiance, 4 is wavelength, and

t; is experimental time. A measure of time-integrated emission is calculated by numerically

integrating _(A) over all wavelengths between 400 to 880 nm. Emission outside of this
PIRPRRE]

spectral range suffered low signal to noise levels and was omitted from the analysis.

The dominant visible wavelengths from the energetic material flame emission were calculated
for comparison on a CIE 1931 chromaticity diagram. In doing so, the procedure of Ref. [107]
was followed. Briefly, tristimulus values for each spectrum in the time series,
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were calculated, where , , and are the tristimulus values of the relative spectral

irradiances in the time series, and ()\), ([21), and 7\) are the CIE 1931 two-degree field of
view color-matching functions. The chromaticity coordinates, and of each spectrum

in the time series are then calculated as

= F= | (4

To capture the infrared emission spectra, a Spectraline ES200 IR spectrometer (1.2 to 5.5 um,
1,320 Hz, ~0.03 pum resolution) was used. The collection angle of the spectrometer is 0.5 degrees
and captured an approximately 0.5 mm wide by 6 mm tall area at the experimental distance. This
sampling volume was positioned 25 mm above the energetic material sample. As such, unlike
visible spectra, which are representative of entire flame emission, IR emission spectra are from a
small volume above the energetic material article and not representative of the entire flame. Prior
to use, the IR spectrometer was calibrated using a gray body source placed at the experimental
observation distance to produce measures of absolute irradiance. IR emission was post-processed
in MATLAB to calculate time-integrated emission. The rise time of the E-field is expected to be
short (on the order of milliseconds or less), which is much shorter than UV/VIS instrumentation
that is used to assess the degree of light emission enhancement.

4.4.4. Wrapped Thermite Microwave Ignition Delay Measurement

Microwave ignition delays of thermites were measured in a single-mode, impedance-matched,
resonant microwave cavity fitted with a microwave combustion applicator. Cavity energy was
supplied by a circulator-protected 2.46 GHz continuous-wave (CW) magnetron (National,
2M107-825, 1 kW output), which was powered by a DC power supply (Glassman High Voltage
Inc., LT5R400, 1.8 kW output). The field was launched into a WR284 waveguide cavity and
propagated in a TE,, resonant mode. The cavity is impedance matched to the load using a
three-stub tuner, and calibrated, rectifying Schottky diodes (Pasternack PE8003) were used to
monitor forward and reflected microwave power via a high-speed oscilloscope (Tektronix MSO
70404C). The microwave applicator consisted of a modified rectangular waveguide section
containing two optical access ports in the E-plane and gas inflow/outflow choke-modified ports
in the H-plane (Gerling Applied Engineering, GA6002A). To prevent exposure of microwave
components to thermite combustion products, the applicator is modified by insertion of two
19.81 mm thick press-fit polytetrafluoroethylene (PTFE) blocks on both sides of the applicator.
To prevent contamination of the cavity, smoke is evacuated from the cavity by light vacuum
application to the top applicator choke. The cavity is terminated by a sliding short circuit, which
is adjusted to generate a standing wave electric field antinode at the thermite location. To match
cavity impedance to that of the thermite composite load, an empty PTFE bowl was placed in the
cavity and the stub tuner was adjusted to minimize reflection. The quality factor (Q-factor) of the
unloaded microwave resonant cavity was measured utilizing a vector network analyzer (VNA,
Anritsu MS46322A Shockline) and was determined to be ~985. The electric field strengths are
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estimated to be from ranges of 38 to 108 kV m™. Additional details of the experimental setup are
available in Ref. [29].

For each ignition delay experiment, each thermite composite (~ 20 mg) was placed in a PTFE
bowl, which was positioned atop a PTFE stand in the microwave applicator. A new PTFE bowl
was utilized in each experiment to avoid any contamination from previous thermite combustion.
Thermites were microwave illuminated till ignition and microwave illumination was continued
for ~5 s after ignition. For thermite formulations where no ignition occurred, the sample was
continually microwave illuminated for up to ~60 s at which time the field was turned off.

Emission from the thermite ignition and combustion was observed by a photo diode (Thorlabs,
DET10A) and a high-speed camera (Phantom ir300 with Nikon Micro-NIKKOR 60mm £/2.8D
lens at 500 Hz acquisition rate). Image magnification was ~63 pixel cm™, with a corresponding
field of view of 9.5 by 12.7 mm®. To measure ignition delay, the photo diode and rectifying
Schottky diodes were acquired via high-speed oscilloscope and a custom MATLAB program was
used to measure the difference in rise time. Ignition delay was defined as the difference between
the 50% rise of the forward power diode measurement and first light emission measured as 10%
increase in voltage signal of the photo diode (maximum 5 V). The microwave, high speed
camera, and oscilloscope utilized a digital delay generator (Berkley Nucleonics Corp., Model
575) to trigger all events. Experiments on all formulations were performed in triplicate.

4.5. rGO, GO-wrapped Thermite Characterization

Scanning electron microscopy (SEM) images were taken of thermite composites to characterize
the physical wrapping of the r-GO sheets on the nanoparticles using a FEI Quanta 250 FE-SEM
microscope, with accelerating voltage of 10 kV at working distances of 300 um to 600 nm.
X-ray photoelectron spectroscopy (XPS) analysis of neat r-GO and GO powders, and thermally
reduced GO/thermite composites was conducted using a Kratos Amicus X-ray photoelectron
spectrometer to determine the extent of GO reduction as a function of heat treatment time.

Thermal decomposition behavior of the composites, and their precursors was analyzed using
simultaneous thermogravimetric analysis (TGA) and differential-scanning calorimetry (DSC)
with coupled mass spectroscopy (MS) of evolved gas. TGA and DSC data was collected using a
Netzsch STA449 F1 Jupiter DSC/TGA instrument while MS data from mass/charge ratios of 10
to 100 were collected with a MS module (Netzsch QMS 403 C Aecolos) connected to the
DSC/TGA instrument by a borosilicate capillary transfer line. Prior to running trials, the
DSC/TGA furnace was evacuated and argon purged twice. Each trial was conducted in an inert
environment, using a constant flow (20 mL min") of UHP argon, and was calibrated using an
empty crucible to mitigate artifacts from the instrument. Four different materials were evaluated
including the individual components n-Al/n-Fe,O; thermite, GO, washed GO, and thermites
wrapped in GO. Five to fifteen milligrams of each sample were added to an alumina crucible and
heated from 100 to 750 °C at a rate of 10 °C min™'.

4.6. Dielectric Property Measurement

Calibration and measurement procedures were followed based on the National Institute
Standard and Technology (NIST) standard for transmission line dielectric properties
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measurement [108]. Prior to dielectric property measurement, the VNA was calibrated with
WR-284 sliding short and waveguide section via the short-short-short-thru (SSST) method to
establish the reference planes. Composite propellant test articles were placed into WR-284
waveguide sample holder. An Anritsu Shockline MS46322A vector network analyzer was used
to measure S parameters (S;; and S,,) at 0.002 GHz intervals from 2.30 GHz to 2.65 GHz (Fig.
7,8). Propellant articles are assumed to be perfectly dielectric, with real permittivity (1’) of unity
and imaginary permittivity (1) of zero. This is because the propellant under test only contains
AP, NaNO; Al, and HTPB, all nonmagnetic material. From these measurements the real and
imaginary parts of the permittivity, loss tangent and conductivity are obtained utilizing the
Nicholson-Ross-Weir (NRW) model [109,110] and Damaskos MUEPSLN post processing
software. The NRW method is commonly used to measure dielectric properties of low-loss
materials over broadband frequency ranges [110]. Dielectric properties were additionally
determined from accurately machined samples of Teflon and compared to literature values to
verify both dielectric measurement techniques, and instrumentation calibration.

Figure 7. Schematic of propellant test article in waveguide transmission measurement. Propellant test articles are
2.912 cm long (~A/4 at ~2.7 GHz).

Anritsu Shockline
Vector Network

Computer
Analyzer

2 ?

—

WR -284 Waveguide
Section

Figure 8. Experimental setups for measuring dielectric properties using the cavity perturbation technique with a
vector network analyzer.
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1. 5. Results

5.1. Gas Phase Microwave-Energetic Material Flame Interaction

5.1.1. MW Supported Plasma Enhancement of Composite Solid Propellant Combustion

5.1.1.1. Equilibrium Chemical Calculations

Chemical equilibrium calculations were conducted to identify formulations resulting in high
equilibrium electron populations. The NASA Chemical Equilibrium with Applications (CEA)
code [90] was modified to perform ternary compositional calculations. Calculations were
performed with ionic chemistry enabled and at the 0.101 MPa, pressure condition of the
experiments conducted in this work. The code was used to calculate atmospheric pressure
adiabatic flame temperature (T, a4), €quilibrium ion/electron concentrations, and equilibrium
specific impulse (Igp), which is a measure of the thrust efficiency of a rocket. Specific impulse
calculations were conducted with a chamber pressure of 6.89 MPa and an expansion ratio of 68
to match typical solid rocket motor conditions. Calculations were conducted for a range of
propellant formulations, varying the weight percentage of aluminum (Al), ammonium
perchlorate (AP), and sodium nitrate (NaNO;) dopant from 0 to 90 percentage by weight (wt. %)
and using a fixed 12 wt. % hydroxyl-terminated polybutadiene (HTPB) binder.

Equilibrium calculations conducted with varying propellant reactant composition and sodium
dopant levels (Fig. 9) indicate that Na ion concentration and free electron concentration are
optimized for formulations containing ~22 wt. % aluminum, where the highest adiabatic
propellant flame temperatures occur and are expected to produce the greatest level of sodium
thermal ionization. However, Na ion concentrations are maximized at lower NaNOj; loadings as
compared to free electron concentrations. Holding aluminum content constant at 15 wt. %, the
overall effect of dopant addition is a reduction in flame temperature and a subsequent decrease in
specific impulse (I,), determined for typical motor pressures of 1000 psi. Replacement of 16 wt.
% AP with NaNO; in a 15 wt. % aluminized propellant (Table 1) is found to reduce I, by 11 s
from 262 to 251 s. However, at lower dopant levels, replacement of 3.5 wt. % of AP with NaNO;
reduces I, by only 2 s. While higher equilibrium free electron concentrations are accessible with
NaNO; dopant addition beyond 16 wt. %, the associated decrease in Igp performance is
significant. However, low dopant additions present an advantageous opportunity to increase free
electron populations within propellant flames at the cost of only a small specific impulse
reduction.
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Figure 9. Equilibrium calculation of adiabatic flame temperature (a), Na ion concentration (mol. % of chamber
products) as a function of propellant formulation weight percentage (b) and calculation of free electron
concentration (mol. % of chamber products) as a function of propellant formulation (c). Calculations are conducted
at 1 atm pressure. Each corresponding datum point indicates a corresponding formulation experimentally
investigated and shown in Table 1.

5.1.1.2. Electron-Neutral Energy Absorption Calculations

In order to estimate the effect of sodium dopant on microwave energy absorption pathways,
solutions to the Boltzmann equation were approximated for a swarm of electrons moving
through a representative gas. To select a gas mixture, a constant enthalpy, constant pressure (1
atm) CEA equilibrium calculation was conducted for the aluminized propellant with 3.5 wt. %
NaNO;. The equilibrium product mixture was then simplified to create a model gas that could be
simulated using a single database of electron cross-section data. To this end, the
equilibrium-predicted product species OH, Al,O;, Cl, NaCl, AIOH, and AIC] were excluded
from the mixture, leaving Na, CO, H,, H,O, HCI, N,, H, CO,, O, and O,. The reduced gas
composition, reflecting 86.2 mol. % of the CEA-predicted product composition, was then used as
an input to the BOLSIG+ software package (Ref. [46], released March 2016), where the Triniti
database was selected for the necessary elastic and inelastic cross-section inputs [92]. The
complete description of this mixture, as well as the relevant CEA and BOLSIG+ inputs, are
available in a supplementary data file. The product atomic sodium mole fraction in the CEA
calculation was 0.245 mol. %, which corresponds to 0.284 mol. % in the representative mixture.
Simulations were conducted over a range of reduced fields between 5 to 100 Td. To produce a
conservative estimate of high-energy electron processes, electron-electron and super-elastic
collisions were neglected, thereby eliminating the need for ad hoc estimates of electron and
excited state species concentrations. Neutral gas temperature had a negligible effect on the
relevant inelastic processes. Rotational energy absorption was neglected for the high range of
reduced field in question.

Results of the BOLSIG+ simulations are displayed in Fig. 10. The electron energy loss rates for
each inelastic collision pathway were weighted by the target species mole fraction and grouped
into vibrational, electronic, and ionization pathways. All non-sodium species were grouped
together. Analysis of the BOLSIG+ data showed that the most favorable targets for vibrational
energy coupling were, in decreasing order, H,O, CO, HCI, H,, and N,. Additionally, the trend
lines for ionization suggest that a mole fraction of only 0.284% atomic sodium is capable of
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absorbing significantly more field energy for the purposes of ionization than the rest of the gas
mixture. Sodium excitation and ionization is expected to be more favorable than other species
due to the low electronic and ionization energies, and over the range of 40-80 Td, the absorption
of field energy into electronic excitation is dominated by inelastic electron collisions with atomic
sodium. This significant increase in ionization is observed in experiments, to be discussed in the
experimental results to follow. Additional simulations neglecting sodium confirmed that the
energy absorption rates for the remainder of the gas mixture were not significantly modified by
the presence of sodium.
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Figure 10. Electron energy loss rates, normalized by number density, are shown over a range of simulated reduced
field strengths. Sodium pathways are plotted individually, with the remaining species (CO, H2, H20, HCI, N2, H,
CO2, O, and O2) summed together. RMS field strength at each reduced field value is reported using the temperature
and pressure conditions described in Table 1 to obtain ideal gas number density. The grey region indicates the
estimated range of reduced fields observed in the following experiments.

5.1.1.3. NaNO3-Doped Propellant Design and Manufacturing

Five different composite propellant formulations were designed based upon CEA equilibrium
calculations of Na ion and electron concentrations. To investigate the mechanism of alkali
doping of the flame, both unaluminized and aluminized composite propellants containing several
degrees of NaNO; dopant were manufactured. The propellant formulations, shown in Table 3,
consisted of aluminum (~35 pm, Valimet-H30), AP (200/90 um, 80/20 coarse/fine wt. %,
Firefox Chemicals), NaNO; (Firefox Chemicals), and an HTPB binder system. Prior to
propellant fabrication, NaNO; was milled and sieved to achieve particle sizes of < 75 um and
propellant solids were dried under roughing vacuum at 50 °C for one day. The binder system
consisted of R45 monomer (Firefox Chemicals), isodecyl pelargonate (IDP, Firefox Chemicals)
plasticizer, HX-878 (tepanol, Firefox Chemicals) bonding agent, and IPDI isocyante curative
(Firefox Chemicals). The propellant formulations were mixed for three hours in a dual planetary
mixer and deaerated at room temperature and under roughing vacuum for 30 minutes. Strands
were cast into 6-mm-diameter cylinders using polyethylene molds and allowed to cure for seven
days at 60 °C in an explosion proof oven. After curing, propellant strands were cut to ~2 cm
lengths. Measured densities of cured propellants were greater than 95% of theoretical maximum
density (TMD). For combustion experiments, the surfaces of propellant strands were inhibited to
prevent flame spread down the sides of the burning strands.
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Table 3. Solid propellant formulations with corresponding equilibrium predictions of electron mole fraction ([e-]),
equilibrium specific impulse (ISP), adiabatic flame temperature (Tflame,ad), and experimentally observed
atmospheric pressure propellant burning rate (rb) with and without microwave enhancement. All formulations
contain ~12 wt. % HTPB binder. Specific impulse (ISP) is computed with a chamber pressure of 6.89 MPa with an
expansion ratio of 68. All other data are computed/measured at 1 atm pressure. Burning rates (rb) are reported as
the average and standard deviation of three experiments.

Formulation, NaNO; [e] Thame, ad Ty T Iy
balance HTPB ?Vs[pz;;; (mol. frac.) Tsp () a (altér)n), “(]ignl\j;;v V(Vrgrl\r/ll/:\)/ Enhancement
55 Ijvlt). v 00 L11x107 251 2713 1.17:0.008  1.20£0.031 3.0%
( 7@?1/16\131.002 : 16%  8.65x107 240 2664 0.624:0.028 0.753£0.047  20.7%
3 Aal : 0%  213x107 262 3031 1.07£0.039 11740027 10.1%
(mﬁﬁ/ﬁ%?& yy 3% TSHI0° 260 3032 0.988£0.017  1.26:0.015  27.5%
( LAt , 16%  203x10°  25] 3011 0.522460.012  0.847£0.006  62.3%

5.1.1.4. Microwave Effects on Flame Structure and Plasma Formation

Experiments were conducted for aluminized and unaluminized formulations of varying NaNO;
content. For these experiments, with estimated RMS electric field strengths of 38-91 kV/m,
visible light emission was significantly enhanced during microwave application for all propellant
formulations. In Fig. 11, still image sequences are shown for each propellant formulation burning
both with and without microwave field application. For propellants without microwave
enhancement (Fig.11, left), the structures and emission intensities of flames from all propellant
formulations appear uniform over the three-millisecond duration of the image sequences. Under
microwave application (Fig. 11, right, and in supplementary video), flame emission intensity
increases by ~4-13 times for all the propellant formulations. In comparing image sequences of
microwave-enhanced flames, the advantageous effects of dopant addition in promoting

ionization and electronic state populations and enhancing overall microwave coupling are
demonstrated.
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Figure 11. Still frame image sequences of the combustion emission of all formulations without (left) and with (right)
microwave field application. Frames are shown with an inter-frame spacing of 1 ms. False coloring is used to
indicate emission intensity. Camera exposure and aperture settings are the same for each formulation with and
without microwave.

Propellants without NaNO; dopant exhibit periodic plasma formation and emission
enhancement. Energy deposition to these propellant flames suggests that even without a dopant,
the flame temperatures are high enough, local electron populations are high enough, and
densities are low enough to allow the rapid ionization of products and the formation of transient
localized plasmas. The periodic emission seen in AP and AI/AP formulations without sodium
dopant addition suggests the local electric field strength is only sufficient to sustain a plasma for
short durations. One possible and significant source of electrons within undoped, unaluminized
flames is from impurities in the propellant ingredients. Emission spectra (not shown) from
microwave-irradiated, undoped, unaluminized AP composite propellant flames indicate calcium,
potassium, and sodium atomic species and CaCl molecular species from the combination of the
impurities with flame species [111]. Enhanced flame regions in undoped propellants are also not
anchored with respect to the burning surface and can be seen translating away from the burning
surface with the product flow. Finally, the periodic nature of these emission features suggests that
other effects like field-induced polarization or local field enhancement due to local structures
such as aluminum agglomerates may be important.

In comparing emission image sequences of undoped AP and AI/AP propellants, there are several
distinct differences in microwave coupling regions which occur with the addition of aluminum to
the propellant formulation. Within unaluminized AP propellants, kernel formation and growth
are observed to occur within the propellant gas phase as shown by the diffuse structure of the
luminous region during microwave field application. Within aluminized AP composite
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propellants, significant emission enhancement can be observed from long vertical structures. The
unique emission enhancement structure of aluminized propellants that results from microwave
irradiation is suggestive of either ionization of atomic aluminum (5.99 eV ionization energy) or
aluminum diffusion flame structures via another mechanism. Addition of NaNO; dopant in
microwave-irradiated propellant strands is found to stabilize emission enhancement by anchoring
plasma regions close to the propellant burning surface. Enhanced near-burning surface anchoring
was observed to be improved in propellants with increased NaNO; dopant concentration and/or
with aluminized formulations. The most effective anchoring was observed in 15 wt. %
aluminized propellants containing 16 wt. % NaNO; dopant, which have the highest
equilibrium-predicted free electron population of all experimentally investigated formulations.

Estimates for the Na electronic temperature were made using the ratio of two Na spontaneous
emission lines in aluminized, 3.5 wt. % NaNOs;-doped propellant flame with and without
microwave enhancement. From the emission ratio, the sodium temperature difference was
calculated from the 818/589 nm ratio, as previously described. Briefly, the mean of the ratio
without microwave application was assigned a temperature corresponding to the adiabatic flame
temperature calculation. To determine a temperature increase, the baseline ratio was calculated
for the situation with no microwave application. The emission ratio during the application of the
electric field was then measured, as shown in Fig. 12. The measured 818/589 nm ratio of a
propellant flame is approximately 4 times higher as a result of microwave irradiation, indicating
an increase of sodium electronic temperature of ~1000 K. In addition, the absolute emission
intensity increased by a factor of ~4 for the 589 nm emission and ~16 for the 818 nm emission.
The increase in the relative rate of emission from these states suggests both an increase in
temperature and a potential increase in the processes resulting in population of the excited states
of atomic sodium. These processes likely consist of inelastic collisions of sodium with excited
atomic and molecular species as well as inelastic collisions with electrons. The increase in
equilibrium-predicted electron population (without microwave irradiation) and the
microwave-induced sodium temperature enhancement indicate the important role of an alkali
dopant such as sodium in lowering the threshold for microwave absorption and initial plasma
formation in the propellant flame.

Collectively, these results suggest that electron populations within both aluminized and
unaluminized composite solid propellant flames, regardless of whether a dopant is used, are high
enough to couple with and allow energy deposition from a ~38-91 kV/m, 2.46 GHz E-field, and
that energy deposition results in significant excitation of electronic states and emission
enhancement. While the enhancement from undoped propellants appears periodic and
unanchored, addition of either or both sodium nitrate dopant and aluminum to a propellant more
effectively anchors plasma-enhanced regions near the propellant burning surface. Application of
a microwave field to a sodium-doped propellant flame results in significant increases in sodium
temperature and sodium emission intensities. Both of these observations suggest that microwave
irradiation results in large increases in free-electron populations and an increase in excitation of
electronic states of sodium, which occur through inelastic collision with electrons and excited
neutrals. Although absolute electron number density is not estimated, these results are consistent
with the formation of a low density plasma controlled by the application of the microwave field.

Plasma enhancement has been shown to play an important role in other reacting systems, where
the processes can be classified as mainly thermal (where populations are in LTE) and
non-thermal, where certain species may be far from equilibrium and may result in the activation
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of additional important kinetic pathways [112]. These pathways may well be important for the
propellant microwave-enhancement but are not directly observed on the timescales in this
experiment. Ultimately, the burning rate enhancement is largely due to thermal feedback from
the various energy deposition mechanisms to the propellant burning surface. However, the
individual processes resulting in thermal energy transfer may be rate-limited by processes which
deviate from thermal equilibrium and include the production of significant radical populations.
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Figure 12. (a) Time history of line intensity ratio shown with the microwave absorption during a propellant burn
with a 20% duty cycle modulated microwave field. (b) Average inferred sodium electronic temperature of
aluminized, doped composite propellant (Al/AP/NaNO3-3.5%) with and without microwave enhancement. Banded
temperature regions indicate temperature ranges corresponding to +/- one standard deviation of measured sodium
band emission intensity ratios for three propellant strand combustion experiment.

5.1.1.5. Oxide Thermal Runaway Dielectric Absorption

From image sequences of microwave-enhanced propellant combustion (Fig. 13), energy
deposition to aluminized propellant flames differs from unaluminized propellants significantly.
In the aluminized AP propellant without dopant (AI/AP/HTPB), connected vertical
emission-enhanced features are observed. The typical aluminum agglomerate flame structure
consists of a molten aluminum droplet/agglomerate, an attached lobe of aluminum oxide, a
diffusion flame, and a condensed aluminum oxide smoke trail. High magnification imaging of
the aluminum diffusion flame of an undoped propellant flame (Fig. 13 and supplementary video)
show that with field application, increased luminosity and emission is observed in both the
aluminum oxide condensed smoke and the aluminum oxide lobe attached to the burning
aluminum agglomerate. Field application results in growth of the aluminum diffusion flame
envelope in small aluminum agglomerates (~100 um diameter and smaller), indicating faster
liquid aluminum volatilization rates due to increased heat transfer to the aluminum through
conduction (contact with the oxide lobe) and radiation (feedback from the oxide smoke
envelope).

The image series in Fig. 13 and supplemental video shows increased aluminum oxide luminosity
of approximately 2 times as a result of energy absorption. This increase in graybody luminosity
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suggests increases in the aluminum oxide condensed phase product temperatures, which is
hypothesized to result from strong dielectric microwave energy absorption by the aluminum
oxides products. While the microwave-frequency dielectric absorption (tan 8) of aluminum oxide
at room temperature is low (tan 6 = 0.0003), at elevated temperature the dielectric absorption
increases exponentially due to electron promotion to valence shells. At an elevated temperature
of 1500 K, the loss tangent of aluminum oxide is 300 times higher than at room temperature
[113,114]. In an aluminized propellant combustion environment, where the surface of an
aluminum agglomerate is at the aluminum boiling temperature (~2740 K, 1 atm) and aluminum
diffusion flame temperatures are in excess of this temperature, microwave energy deposition to
oxide products is expected to be even more efficient. The efficient deposition of microwave
energy to aluminum oxide in a thermal runaway condition is similar to behavior demonstrated in
several oxides [113,114]. As burning aluminum particles are convected away from the propellant
burning surface, microwave energy deposition is localized in the hot aluminum oxide products
and this process continues until the hot products convect out of the microwave cavity.

Within a composite solid propellant, the ability to enhance the temperature of the high emissivity,
high specific surface area oxide product smoke of burning metals is of high utility, as radiation
heating of a propellant burning surface is significant. The maximum oxide smoke temperature
that can be achieved through microwave irradiation enhancement is limited thermodynamically
by the oxide boiling temperature (3250 K, Al,O;, 1 atm). Thermodynamic scaling of these
limiting conditions to a 2.03 MPa rocket motor environment with 900 K propellant burning
surface temperature [115] and ~5000 K oxide volatilization temperature shows the energy
envelope for sensible enthalpy enhancement of aluminum oxide is large. The nanoscale oxide
smoke from aluminum diffusion flames within composite solid propellants are high flux emitters
which re-radiate energy to the propellant burning surface and may provide significant,
microwave-controlled enhancement to the propellant burning rate.

No MW
9.6 ms

< Mw >
24mS| 48ms| 7.2ms

l
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Figure 13. Two representative high magnification image sequences of microwave combustion enhancement of a
small (~150 um, top panel) aluminum agglomerate and large (~600 um, bottom panel) agglomerate near the
burning surface of an AI/AP/NaNO3-3.5% propellant with microwave field modulation at 60 Hz. The average pixel
intensity of images in the bottom panel approximately doubles as a result of microwave application.
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5.1.1.6. Microwave Energy Partitioning and Burning Rate Enhancement

The two previously described mechanisms (plasma formation and energy deposition to the gas
phase, and dielectric loss to aluminum oxides) are expected to result in enhancement of
composite solid propellant burning rate through improved heat feedback to the burning surface.
In addition, it is expected that some microwave energy may be deposited directly to the
condensed phase of the composite solid propellant through both dielectric loss and for
aluminized propellants, Maxwell-Wagner losses [116]. The total amount of incident microwave
irradiation absorbed by both the propellant flame and condensed phase is apparent from
comparing both forward and reflected power measurements over the duration of a propellant
combustion experiment (Fig. 14(a, b)). Energy absorption remains high over the duration of the
experiment (~60-90% absorption) but decreases as propellant combustion progresses, which is
due to either cavity detuning or reduced condensed phase loss (Fig 17(a)).

In order to quantify the partitioning of microwave energy deposition to either the gas phase flame
or directly to the propellant condensed phase, measurements of the condensed phase absorption
of AI-AP-NaNO;-3.5 wt. % propellant were taken as a function of strand height within the
microwave applicator cavity. These were compared to online absorption measurements of the
same propellant burning within the cavity (Fig. 14(b)). During experiments, however, it was
observed that for some formulations, flame spread occurred down the sides of latex-coated
propellant strands, resulting in nonplanar burning surfaces and artificially enhanced burning
rates. Flame spread is likely due to either/both dielectric absorption of the latex inhibitor or
plasma erosion of the surface. To prevent flame spread, propellant strands were burned within
the 0.38 mm thick polyethylene tubes in which they were cast. The complex permittivity of
polyethylene is relatively low (0.0005 at 1 GHz) and thermal loss to the polyethylene tube is low.
As a result, there is only ~5% difference in burning rates between latex-coated (uninhibited) and
polyethylene-coated (inhibited) propellant combustion rates (Fig. 14b).

Considering the partitioning of energy to the flame or condensed phase (Fig. 14b), at the
beginning of propellant strand burn experiments (strand height ~2 cm), absorption is high and is
observed to decrease as the burning surface regresses. The absorption of the condensed phase
remains high (~60%) from the beginning of the burn until strand height has regressed to ~1 cm
and then decreases. A local absorption maxima of all burning propellant strands (flame present)
were observed at a height of ~1 cm, which could be due to the shift in the cavity resonance
during the burn, as the cavity was optimized for maximum quality using a half-height propellant
strand. In comparing absorption of both the condensed phase and propellant with flame, roughly
20-25% of the incident microwave energy is deposited to the propellant flame structure and 40 to
60% is deposited to the condensed phase, while the remainder is reflected.
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Figure 14. (a) Typical forward and reflected microwave power measurements taken during Al-AP-NaNO3
combustion. (b) Typical microwave absorption measurements from three experiments conducted with an
AI-AP-NaNO3 3.5 wt. % propellant as a function of propellant strand height within the cavity for both propellant
condensed phase (no flame, with and without polyethylene inhibitor tube) and burning propellant (flame and
condense phase present in microwave cavity). The propellant height was measured with respect to the bottom of the
optical viewing window. (c) Typical measurements of burning surface location as a function of time for all
formulations under microwave field application.

The burning rates of composite solid propellant formulations studied in this effort were measured
both without and with microwave irradiation through direct measurement of the regression
surface location in time (Fig. 14(c)). In measurement of burning surface location with time, no
acceleration of burning rate in time is observed in the formulations, which suggests microwave
absorption directly by the condensed phase is not primarily responsible for burning rate
enhancement. Average burning rates of propellants both with and without microwave irradiation
are shown in Table 3. A decrease in unenhanced burning rate from the addition of NaNO; is
observed in both the unaluminized and aluminized propellants. We attributed this to presence of
a nitrate oxidizer. Slow burning rates of ammonium nitrate (AN) composite propellants are
pervasive, and AN propellants suffer from excessively high low pressure deflagration limits
(above 1 MPa); reasons for slow burning rates are myriad and are described in a review by Jos
and Mathew [117]. We expect some of the same complications with sodium nitrate composite
propellants. The microwave burning rate enhancement of undoped, unaluminized propellant was
3%, and addition of 16 wt. % dopant increased the percent microwave burning rate enhancement
to 20.7%. Aluminized propellants without dopant exhibited a 10.4% microwave burning rate
enhancement as a result of microwave irradiation. Addition of 3.5 wt. % dopant to the
aluminized propellant increases microwave burning rate enhancement to 27.4%, and further
addition of dopant (16 wt. %) results in a 62.3% burning rate enhancement.

In considering the percentage burning rate enhancement observed with all propellants, we
observe that the degree of burning rate enhancement possible under conditions of the
experiments is increased by both addition of sodium nitrate dopant and addition of aluminum to
the propellant formulation. These findings are supportive of the proposed microwave energy
deposition mechanisms, shown in Fig. 15, as (1) sodium nitrate addition increases the
equilibrium flame free electron pool, enabling more efficient plasma support within the flame
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and leads to plasma anchoring nearer to the burning surface, (2) energy deposition to aluminum
oxide smoke features can enhance burning rate directly through enhanced thermal irradiation of
the burning surface or indirectly through aluminum agglomerate burning rate enhancement, and
(3) dielectric heating of the condensed phase can lead to preheating and increases in the surface
regression rate.

Microwave-Plasma Flame Enhancement Oxide Thermal Runaway Absorption
High local temp | Oxide Smoke o~ Disloctric MW
= duces Na* ions . : absorption in oxides
—f pro MW Dielectric k d
(e) and free electrons Absorption & (smoke and cap)
which absorb E- 4-“-’{ ;Shakn;:eirjat o
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Figure 15. Illustration of proposed mechanisms for burning rate enhancement. Plasma kernel seeding occurs in
regions of high local flame temperature (high ion and free electron density) due to electron-neutral collisions and
subsequently grows through the flame volume. Energy can also be deposited through dielectric absorptions to high
temperature aluminum oxide features (oxide smoke and oxide cap) within aluminum droplet diffusion flames.
Condensed-phase heating can contribute to the burning rate enhancement through dielectric absorption
mechanisms.

5.1.2. MW Interaction With High Alkali, Mg Containing Energetic Material Flames

5.1.2.1. Equilibrium Chemical Calculation

The predicted adiabatic flame temperature (T ,gih.ic) and prevalent ion and neutral product species
of the three energetic material formulations investigated are shown in Table 4. Stoichiometric
formulations of Mg/alkali nitrate systems were found to maximize predicted free electron and
ion concentration due to high flame temperature. In addition to maximizing free electron
populations, the predicted equilibrium products contain several neutral atomic gas species with
low ionization and low energy electron transitions (e.g. Na, K, Cs, Mg). From the list of major
atomic gas-phase species, transitions with the highest spontaneous emission rates are listed in
Table 5. Only Mg I (517.8 nm) and Na I (589.2 nm) are transitions with high spontaneous
emission rates that are in the visible spectrum, while Cs I (852.1 nm) and K I (767.6 nm) are
transitions with high spontaneous emission rates in the NIR spectrum. Equilibrium calculations
indicate that combustion products at adiabatic flame temperature consist of both vapor-phase and
condensed-phase species. Contrary to gas phase species, condensed phase species are expected to
undergo sensible enthalpy change proportional to species’ dielectric loss characteristics when
subjected to microwave illumination. The product composition also consists of 1.0 to 3.1 mol.%
vapor phase MgO and 31.2 to 35.2 mol.% MgO,.,. As discussed previously, the presence of both
condensed phase and gas phase species are important in consideration electric field interaction,
as energy absorption by condensed phase is typically by dielectric modes and energy absorption
by gas phase species typically occurs by electronic modes. The major neutral gas-phase species
shown in Table 4 were used in the 1-D microwave-enhanced emission model.
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Table 4. Equilibrium predictions of adiabatic flame temperature and prevalent charged/neutral combustion species
of experimental compositions using CEA. Calculations assume atmospheric pressure with 10 wt.% air, and the most
prevalent species are noted. For the emission model in Sections 2.5 & 3.4, the gas mixture was derived from
normalizing the most prominent gases.

Formulation Mg/NaNO;/epoxy Mg/KNO;/epoxy Mg/CsNOs/epoxy
(45.6/49.4/5wt. %) (42.8/52.2/5 wt. %) (28.5/66.5/5 wt. %)
Tagiavatic (K) 3088 3055 2943
Cations (mol.%) Na’-0.03 K"-0.10 Cs"-0.17
e (mol.%) 0.03 0.10 0.17
Neutral Gas- 64.8 65.4 68.6
Phase species Na - 15.7 N,-159 N, - 18.1
(mol.%) N,-15.6 Mg-153 Mg-15.1
Mg-13.4 K-14.2 Cs-123
CO-17.1 CO-79 CO-114
Condensed-phase MgO,.,-35.2 MgO,.,-34.5 MgO,.,-31.2

species (mol.%)

Table 5. Electronic transitions of prevalent gas-phase atoms observed in Mg/alkali-nitrate flames [118].

Spontaneous

. Wavelength .. Emission Transition
Species (nm) Transition Rate, Energy

Aki (108 s-l) (eV)

Csl 852.1 6s-6p 0.328 1.455
Nal 819.1 3p-3d 0.495 1.514
KI 767.6 4s-4p 0.385 1.615
Nal 589.2 3s-3p 0.615 2.104
Mg | 517.8 3s3p-3s4s 1.040 2.394

5.1.2.2. Microwave Effects on Flame Structure

Image sequences (Fig. 16) and the supplemental video show an example of the effect of
modulated microwave illumination on the flame structure of a Mg/KNOs/epoxy energetic
material. Without microwave illumination, the primary flame intensity varies with a visible
flame height between 1 to 1.5 cm. With microwave illumination, flame emission and size
modulate in phase with the application of electromagnetic field (60 Hz duty cycle). During the
microwave illumination period emission intensity increases and the flame volume grows. The
emission region grows to 3 to 4 cm in height from the burning surface. The emission
enhancement of the flame is expected, in part, from the high alkali metal content of the
formulations, which results in emission from low-lying electronic states [23-27]. For all
formulations tested, microwave field application increased both the visible flame volume and
emission intensity.
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Figure 16. Image sequence of the Mg/KNO3/epoxy energetic material combustion with (top) and without (bottom)
microwave illumination, where the microwave field is sinusoidally modulated at 60 Hz. During the microwave

illumination period, flame growth and emission increase can be seen above the main flame. Both images are taken
with the same exposure and frame rate (20 us, 500 Hz).

For all energetic material systems evaluated, sustained visible light emission after energetic
material flame extinguishment was also observed. The resulting post-combustion emission,
shown in Fig. 17, occurs near the top of the multimodal cavity at a probable E-field antinode.
The post-combustion products continue to emit periodically in phase with the 60 Hz microwave
field modulation for long durations of time (~10 s or longer after energetic material
extinguishment).
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Figure 17. Image sequence of the microwave field enhancement of Mg/NaNO3/epoxy post-combustion products
where the microwave field is sinusoidally modulated at 60 Hz. The energetic material article is out of view in these
images.

5.1.2.3. VIS/NIR Spectral Emission Enhancement

Time-resolved VIS/NIR emission spectra from combustion of Mg/NaNO,/epoxy energetic
materials are shown in Fig. 18. As compared to non-microwave illuminated conditions,
significant atomic emission enhancement is detected. For the Mg/NaNO,/epoxy system,
enhanced emission was observed at the expected atomic emission lines at 589 nm (Na I, 3p-3s),
819 nm (Na I, 3d-3p), 568 nm (Na I, 4d-3p), 615 nm (Na I, 5s-3p), 670 nm (Li I, 2p-2s), 766 nm
(K I, 4p-4s), and 850 nm (Cs I 6p(3/2)-6s). Emission from Li I, K I, and Cs I seen in the
Mg/NaNOs/epoxy system is likely due to contamination in the microwave cavity from prior
experiments.

The typical combustion duration for each energetic material experiment was approximately four
seconds with microwave illumination and five seconds without microwave illumination.
Emission from the sustained post-combustion plasma can be seen in the right panel of Fig .18
between experiment times of approximately five to fifteen seconds. The post-combustion
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emission from the Mg/NaNO;/epoxy system is primarily from atomic sodium emission (Na I,
3p-3s). This effect was also observed in the other two alkali-nitrate energetic material
formulations, but to a lesser extent. In all formulations, atomic emission enhancement primarily
occurs from the lowest energy electronic transition of the respective dopant alkali atom. By
inspection of Eqns. 7 and 9, it is apparent that without substantial electron-alkali excitation or
continual heat transfer to maintain plume temperature, sustaining non-equilibrium excited-state
alkali population 2 is not possible. The long-duration sustained emission is therefore strong

evidence that WMIP is directly responsible for generating increased excited-state alkali species,
especially for post-combustion periods where the ratio of intensities is nearly infinite.
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Figure 18. Time histories of Mg/NaNO3/epoxy energetic material combustion emission from the baseline condition
(no microwave, left) and with microwave illumination (right). Continuous emission from the atomic species long
after energetic material extinguishment can be seen (~5 to 15 seconds) as a result of microwave illumination of
combustion products. Spectra intensities are normalized based on detector exposure time such that intensities of the
two experimental trials are relative to each other.

Microwave illumination of other Mg/alkali nitrate energetic material systems resulted in atomic
emission enhancements similar to Mg/NaNO; formulations. These results are summarized in
time-integrated, VIS/NIR spectral irradiance measures of the three energetic material
formulations (Fig. 19a). Similar to the sodium nitrate-based formulation, the majority of
emission enhancement observed in both the potassium and cesium nitrate energetic material
formulations was due to enhanced emission from low energy electronic transitions from excited
state alkali neutrals (Mg/KNOs/epoxy: K I, 4p-4s, and Mg/CsNO,/epoxy: Cs I, 6p(3/2)-6s). As
expected, resonant broadening and self-absorption of the alkali resonance-line continuum is
apparent (Fig. 19) without microwave illumination. Self-absorption also occurs in microwave
illuminated emission from all formulations, though is not apparent in time-integrated spectra of
Fig. 19a due to the additional emission contribution of the microwave-supported plasma that
occurs after energetic material extinguishment. Self-absorption and resonance broadening can be
more clearly seen in typical time-resolved emission spectra from Mg/NaNOs/epoxy (Fig.19b).

Other, lower intensity peaks are also observed that correspond to additional electronic transitions
of the alkali metals. These emission features are noted in Fig. 19a. Some atomic emission
enhancement is also observed from contaminant alkali species that are present in the multimode
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microwave cavity which are excited during combustion and microwave illumination (e.g. Li, Na,
K, and Cs). Even though equilibrium-predicted Mg populations are similar to those of alkali
metals and spontaneous emission rates are even higher, little Mg I emission is observed for
conditions with and without microwave illumination at the two transitions of interest (383.5 nm,
3s3p-3s3d and 517.8 nm, 3s3p-3s4s, shown in Table 5). We postulate that the higher transition
energy of Mg I and shorter lifetime of Mg vapor due to oxidization contribute to lower Mg I
emission. Additionally, little gray body continuum emission enhancement is observed in
VIS/NIR spectra even with high predicted concentration of condensed phase MgO; it is expected
that within the combustion plume, microwave absorption primarily occurs to the gas phase
plasma.

For energetic material formulations investigated in this effort, microwave energy is expected to
be preferentially absorbed electronically to the gas-phase through inelastic electron-neutral
collisions rather than dielectrically by the condensed-phase reactants. Some dielectric heating of
the condensed phase does occur, however, as demonstrated by microwave-based auto-ignition of
energetic material articles which can be achieved after ~40 seconds of microwave illumination.
Assuming energetic material article microwave heating is spatially uniform and assuming
autoignition occurs between 467 °C and 565 °C [119], and neglecting convective losses, we
estimate the average microwave absorption of condensed phase reactants is 6.0 W to 7.3 W.
Much of the condensed phase reactant heating is expected to be a result of microwave loss in the
metal nitrate. Studies on microwave sintering of Mg particles have found Mg heating to be slow
(17.1 K/min, 1.0 kW multimodal cavity) [120]. The dielectric loss of the metal nitrate reagents
used in this effort are expected to be higher than Mg particle heating, as the microwave heating
rate of ammonium nitrate to ignition has been reported in literature to be on the order of minutes
(178.8 K/min, 1.1 kW single mode cavity) [35].
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Figure 19. (a) Time-integrated, relative spectral irradiance of each energetic material during combustion, both with
and without microwave illumination in arb. units per gram energetic material reagent. Species responsible for
strong electronic transition features observed in VIS/NIR emission are noted. Increased emission from atomic
transitions can be seen with illumination. Some atomic emission enhancement is also observed from contaminant
alkali species that are present in the multimode microwave cavity which are excited during combustion and
microwave illumination (e.g. Li, Na, K, and Cs). Spectra intensities are all relative and spectra from each
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Sformulation are offset for clarity. (b) Typical emission spectral features from Mg/NaNO3/epoxy energetic material
combustion with and without microwave.

5.1.2.4. VIS/NIR Emission Enhancement Mechanism

In order to compare the proposed model to experimental results, integration of the spectral
irradiance from 400 to 880 nm in Fig. 19 was used to produce an estimate of the ratio of
time-integrated irradiance with and without microwave exposure (green dots, Fig. 19a).
Surprisingly, this emission enhancement was found to correlate positively with shorter
wavelength, higher energy, transitions. The energetic material with the highest alkali transition
energy, NaNO;, yielded a ratio of 2.2, or 120% increase in time-integrated irradiance when
microwaves were applied. Potassium and cesium cases experienced an average of 50% and 20%
irradiance enhancements, respectively. These results were compared directly to simulated ratios
of radiance computed using Eqn. 14.

Given the challenges in grounding simulation parameters (gas temperature @, field strength
suitable parameter set exists that can replicate all three alkali enhancement ratios simultaneously.
Such a case was found for reduced field strength of 42 Td, plume temperature of 2725 K, and an
alkali fraction of 6 vol.%, and is within experimental margin of error for all alkali species (blue
dots, Fig. 20a). This serves as an initial demonstration of consistency for the WMIP model for
energetic material emission enhancement. For comparison purposes, we also present calculations
for the same case but with a gas temperature near CEA equilibrium temperatures (red dots, Fig.
20a).

and alkali mole fraction Ei)ﬁrrnly in measurements, we instead show that a

As the reliance of Eqn. 14 on wavelength (or transition energy) could not be obtained by simple
inspection of Eqn. 4-13, the various wavelength dependencies within the model were artificially
perturbed from line center 7&21 to identify the dominant terms (solid and broken lines, Fig. 20a).

To simplify the results, wavelength parameters A and 7\+ were used to group terms with similar
effects on emission enhancement. Specifically, the A group followed the experimental trend of
diminishing enhancement with increasing wavelength, whereas 7\+ opposed it. From initial
calculations, it was immediately clear that only the wavelength dependence of (Eqn. 9)
contributed to A . The A+ term contained all other wavelength dependencies, including: (1)

calculation of transmittance via optical depth (Eqn. 5), (2) spontaneous emission coefficient
(Eqn. 6), and (3) cross-sections for electron-alkali excitation, where cross-section curves were
artificially shifted in energy space to correspond to an alternate transition energy (Ae = ‘

The procedure for altering cross-sections does not account for hypothetical changes in
cross-section shape, however the curves are roughly comparable across alkali species,
independent of transition energy. Finally, both 7\+ and A were also varied together to show the

cumulative sensitivity to wavelength.

With the results displayed in Fig. 20a, a preliminary hypothesis can be constructed to explain
why WMIP emission enhancement in the VIS/NIR range is maximized for alkali species with
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shorter wavelength (higher-energy) transitions. Photons with shorter wavelengths (Eqn. 5) have a
diminished probability of escape, which restricts the effect of any enhancement. Likewise, alkali
species with an increased energy threshold for electron-alkali excitation collisions + plainly

counters the ability of an electric field to promote non-equilibrium emitters. The same can be
said for emission coefficient, which increases the baseline emission rate independent of the
microwave field by the third power of wavelength (Eqn. 6). Despite these effects, the model for
enhancement is most sensitive to neutral-alkali excitation rate (Eqgn. 9), which falls off

exponentially for transition energies above the gas thermal energy (& 0 ~0.25 eV).
The net effect is that falls off faster with lower wavelength than + (whose rate is
field-driven and not limited by equilibrium Maxwell-Boltzmann statistics). Hence, + develops
a proportionally larger effect than on emitter population 2 (and hence, emission rate €)
through Eqn. 7.

To further reinforce that this result is independent of parameter selection, simulations at
line-center wavelength were conducted across a wide domain of parameter space (

= [2400, 30008 @ l... [0.05, 0.2], ... .l' =[20, 45] Td), and the eight

combmatlons were plotted in the background of Fig. 20a. These show that the general trend
between the alkalis hold for all but one case. The extraneous limit with very low enhancement

was a result of strong shielding properties ( = 30002 @ .l.i 0.20, ™ !. ll !. 5 =20 Td).

To show the parameter space in more detail, the intensity ratio solution computed in Fig. 20a for
sodium was expanded in Fig. 20b over a broad range of temperature and field strength values

(matching the above limits, but with l. .- 0. 06). Contours representing the experimental mean

and standard deviation are shown, identifying a locus of temperature and field strength values
that provide high-quality fits. This demonstrates that the enhancement for sodium is consistent
with relatively weak microwave fields (<30 Td), provided the plume temperature is significantly
lower than equilibrium temperature (B 0<<3000 This is also consistent with the intense

enhancement observed during the cool post-combustion time period shown in Figure 20, where a
large reduction in thermal energy, 2.8, in Eqn. 9 can diminish o @ change consistent with a

shift to a higher energy (lower wavelength) transition.

While the proposed WMIP model appears consistent with experiments, it is not free of
limitations. Most immediate to the wavelength sensitivity analysis, the evaluation of rate
coefficients may be incomplete, as: (1) the wavelength dependence of alkali cross-sections are
only crudely approximated; and (2) the two-term Boltzmann approximation may carry
significant error for high-pressure molecular discharges. These limitations require further review.
For the model, the lack of a well-prescribed temperature distribution, field strength, and alkali
mole-fraction prevents rigorous validation, and the homogenous plume assumption must be
tested against spatially-resolved temperature and radiance data. These limitations reinforce the
need for further investigation with more capable numerical methods and improved diagnostics.
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Figure 20. (a) Model results for ratio of radiance with and without applied microwave is shown (Eqn. 14). A best fit
solution was found for incident RMS field strength of 42 Td, alkali mole fraction of 6 vol.%, and temperature of
2725 K (blue). A high temperature case representative of CEA equilibrium conditions is also shown (red). Each case
is plotted at line center 7\21, with perturbations in wavelength showing the local sensitivity from several terms in

Eqgn. 3-15 producing positive change with wavelength (A+) , the single term producing negative change (A ),
and total change (A_0 m+. Experimental frequency-integrated irradiance ratios are also plotted, with error bars

representing the standard deviation of three trials (green). Lastly, a set of eight simulations are shown covering the
practical limits across the three major parameters (gray). (b) The enhancement ratio in (a) is computed for sodium
over a range of temperature and field strength values. Contours representing the corresponding experimental value
plus/minus one standard deviation are overlaid with simulations, along with the fitted temperature and field
strength.

5.1.2.5. Microwave Effects on Luminosity and Chromaticity

Emission from the Mg/NaNO,/epoxy time-series spectra were plotted on chromaticity diagrams
(Fig. 21) for three conditions: baseline energetic material combustion without microwave
illumination, energetic material combustion with microwave illumination, and microwave
illumination of post-combustion products. Fig. 21 shows high color purity for all three
conditions. Emission for all three conditions is dominated by the 589 nm Na I emission (3p-3s
transition, Fig. 21) and Fig. 21 furthers shows that all three conditions produce light emission of
similar dominant wavelength. With respect to the subtle trends in emission, with microwave
illumination, emission becomes more monochromatic and follows the 589 nm emission line.
This effect is particularly evident in emission post-extinguishment. Color purity of the
post-combustion plasma light emission is found to vary more than either of the other two
conditions, which may be due to the low intensity of post-combustion emission, and
amplification of noise during calculation of the dominant color (spectrometer integration time
during experiments was optimized for sampling during the combustion period rather than the
post-combustion period). The chromaticity analysis of the Mg/NaNO,/epoxy formulation
suggests overall that emission color of the energetic material produced from microwave
enhancement is similar to that of the baseline energetic material emission. The potassium and
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cesium-based systems were not analyzed because their primary emission bands are outside the
visible spectrum.
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Figure 21. CIE 1931 chromaticity diagram showing time-resolved color and purity of emission from
Mg/NaNO3/epoxy energetic materials (1) without microwave illumination, (2) with microwave illumination, and (3)
emission acquired from microwave illumination of combustion products post-extinguishment. Graybody emission at
2725 K and the Illuminant E point is indicated on the diagram. The dash line represents dominant wavelength of
589.2 nm of varying color purity.

5.1.2.6. IR Emission Enhancement

Measures of time-averaged IR spectral irradiance of each alkali-nitrate formulation (Fig. 22)
showed that emission enhancement resulting from microwave illumination of the three
formulations extended beyond the visible spectrum and into the IR. Specifically, enhancement of
emission from Na I (0.947 um), K 1(1.048, 1.177, and 1.415 um), and Cs I (1.358, 1.469, 3.010,
3.490, and 3.614 um) electronic transitions were observed. Additionally, slight emission
enhancement of the CO, (~4.2 to 4.8 um) and H,O (~2.5 to 3.0 um) IR emission bands were
observed for all formulations.

Similar to the visible enhancement results (Fig. 19), little gray body continuum emission
enhancement was observed in the near infrared as a result of microwave illumination. This is in
contrast to the high concentration of equilibrium-predicted condensed-phase products within the
flame (Table 4, 31.2 to 35.2 mol.%) and the high equilibrium flame temperatures of
compositions (2943 to 3088 K). In similar studies involving microwave illumination of
aluminized AP composite propellants containing NaNO3 dopant [29], continuum emission
enhancement of alumina products from aluminum agglomerate diffusion flames was observed as
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a result of the exponentially temperature-dependent increase in aluminum oxide microwave
absorptivity (i.e. microwave loss tangent) that has been observed by others [30]. The high
temperature increase in microwave absorptivity, referred to as ‘thermal runaway’ in microwave
sintering literature, is observed in many ceramics as a result of a shift in heating mechanism from
dielectric at low temperatures to eddy current heating at high temperature due to increased
charge mobility at higher temperatures [121]. In the aforementioned propellant study, aluminum
oxide exists in liquid phase, where its acts as an ionic conductor due to enhanced charge mobility
[122]. Consequently, application of an electric field to liquid aluminum oxide can result in more
efficient energy absorption and conversion to heat. Conversely for the MgO products within
energetic material flames of this study, the MgO remains in solid phase due adiabatic flame
temperatures that are lower than the melting point of MgO. Dielectric absorption of solid MgO
products may be inefficient at energetic material flame temperatures, as little continuum
emission enhancement is observed.

12 T . :

8 === No Microwave CO2
c ——Microwave
%’ 10+ ® Nal —L—
© + KI
= 4 Cs|
i 8t
Sw
gz
25 6
0o

[
==
©
[H]
e
T 2
2 Mg/CsNO, /-

O — Y S — - AL

1 3 4

Wavelength (im)

Figure 22. Time-integrated, infrared total spectral irradiance of each Mg/alkali nitrate/epoxy energetic material
with and without microwave illumination. Species of significant electronic atomic and molecular emission
enhancements observed are noted. Irradiance values for each formulation are offset for presentation purposes.

5.1.3. Two-photon Planar, Laser-induced Fluorescence (PLIF) of Microwave-supported Plasmas
In Sodium-doped Flames

The subsequent sections present results for two-photon excitation of atomic sodium in gas-phase
flames and multiphase propellant flames. First, a comparison of fluorescence emission at 818
between the 3s—4d excitation and 3s-3d excitation was carried out to assess the potential
signal-to-noise and fluence dependence in gas-phase flames. Ionization excitation spectra are
then presented, and a rate-equation model is compared to the fluence dependence of two-photon
excited fluorescence (3d—3p), amplified spontaneous emission, and ionization specifically for the
3s-3d excitation. This scheme is then demonstrated for sodium distribution mapping at the
near-surface of a composite solid-propellant flame.

Page 54 of 83
DISTRIBUTION A: Distribution approved for public releas


https://paperpile.com/c/41oGra/81CiR
https://paperpile.com/c/41oGra/Niu1X
https://paperpile.com/c/41oGra/NpHxg

MW Enhancement of Composite Propellant Flames FA9550-17-1-0167
lowa State University

5.1.4. Comparison Between Two-photon Excitation Schemes

A direct comparison of two-photon 578 and 685 excitation was carried out using the
sodium-doped premixed flat flame burner to directly compare fluorescence emission from the
same states (3d—3p) at 818 . The emission at 818 was compared for both two-photon excitation
schemes, and is presented in Figure 23. For the two-photon 578 excitation, the detected
fluorescence does not originate directly from the excited 4d state. Instead, the 818 emission
originates from the 3d state and relies on collisional or non-radiative energy transfer for
excitation following the two-photon pumping to the 4d state. This excitation, which was
previously considered by Weiland et al. [51], may be non-optimal due the indirect excitation
pathway. As an alternative, two-photon excitation at 685 was evaluated—Ileading to a directly
excited fluorescence transition at 818 . The fluence dependence of the 818 fluorescence is shown
in Figure 23 for both two-photon excitation schemes. The symbols and error bars show the mean
integrated signal and variance, respectively, for 500 laser shots. The fluorescence resulting from
685 excitation shows an order of magnitude increase in signal over the 578 excitation, which is a
result of the direct fluorescence emission from 3d—3p state. For two-photon excited laser-induced

fluorescence an [ dependence is often expected, but sodium exhibits significant deviations even
at low excitation fluence. As reported by Weiland et al., fluorescence fluence variation yielded
power-laws of 1.0 for 3s—4d excitation. The results shown in Figure 23 result in power-law fits
of @ = 0.38 for 685 excitation (3s—3d) and @ = 0.88 for 578 excitation (3s—4d) [51]. The
significant deviation from quadratic dependence can be attributed to loss mechanisms of ASE
and ionization, which will be discussed in the subsequent sections.
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Figure 23. Left: Sodium energy level diagram depicting two-photon excitation strategies from the ground state
(3s—3d and 3s—4d), indicated with solid lines. Possible detection wavelengths directly or indirectly populated are
shown as dashed lines (4d—3p and 3p-3s). Right: Lasr fluence-dependence of the fluorescence signal at 818 for
two-photon excitation at 685 and 578 in the premixed sodium-seeded flame.

5.1.5. Resonance-enhanced Multiphoton lonization In Sodium

To examine loss mechanisms detrimental to the fluorescence yield, both ionization and amplified
spontaneous emission occurring during the multi-photon excitation process were evaluated.
Laser-induced ionization was measured using the ionization probe as detailed in Figure 24 and
collected using a boxcar integrator. The ionization excitation spectrum near the two-photon
3s—4d transition (578 ) is shown in Figure 24 for fluences of 1.4 and 16.7 . Symbols indicate the
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average total ion probe signal averaged over 500 laser shots. For the low fluence case (red
symbols), the laser-induced ionization is absent when tuning far from the two-photon resonance,
while significant REMPI signal is collected on-resonance. For the high fluence case (black
symbols), the off-resonant signal is significant, made evident by the increased width of the
excitation line and the non-zero baseline at a signal of 5 . At the peak, the signal increases by a
factor of ~4 over the off-resonant contribution. In comparison, the signal ratio on- and
off-resonance for the low fluence condition is ~60. In both cases, the on-resonance ionization is
readily measurable and likely represents a significant loss mechanism. This will be discussed
further in the next section using a rate-equation model.
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Figure 24. Multi-photon ionization spectra for the 3s—4d (578 ) two-photon transition for two different fluences. 1.4
(red) and 16.7 (black).

5.1.6. Two-photon Rate Equation Model

To further evaluate the relationship between laser energy, fluorescence, ionization, and amplified
spontaneous emission, 685 excitation was monitored in the sodium-doped flat flame burner and
compared with a one-dimensional model capturing ASE and ionization effects. For these
comparisons, the fluence was varied while monitoring fluorescence (collected with a
photomultiplier tube), ionization level (detected by the ion probe) and amplified spontaneous
emission (collected with a photodiode) using a boxcar integrator as previously described. Due to
the limited number of available channels, each of the three signals was collected simultaneously
in pairs while monitoring the laser energy on a shot-to-shot basis.

In order to assess the losses in the fluorescence signal due of multi-photon ionization,
fluorescence, and ASE processes, the following section presents a rate-equation model capturing
these effects. Rate equation models have been used to represent atomic systems, as previously
described by Amorim et al. [123,124] for atomic oxygen and Zhao et al. [125] for atomic
hydrogen. These models captured the growth of ASE and the fluence dependence of the
two-photon fluorescence signal.

Page 56 of 83
DISTRIBUTION A: Distribution approved for public releas


https://paperpile.com/c/41oGra/dWHVp+BlnJf
https://paperpile.com/c/41oGra/YiAIj

MW Enhancement of Composite Propellant Flames FA9550-17-1-0167
lowa State University

For atomic sodium, a four-level system was considered with number densities corresponding
to the following: 1 to Na(3s), 2 to Na(3p), 3 to Na(3d), and to . The processes

incorporated in the rate equation model include two-photon excitation, ionization from the
excited 3d state, and emission and quenching from the 3d state. Atoms in the excited state can
either absorb another photon resulting in ionization, spontaneously emit a photon to proceed
back to the intermediate 3p state, undergo collisional quenching, or participate in amplified
spontaneous emission for the 3d—3p transition. The stimulated emission wave was considered for
a given laser focusing geometry and incorporated using a one-dimensional numerical model and
a rate equation system similar to that implemented by Zhao et al. [125] and Amorim et al.
[123,124] for atomic oxygen. The rate equations involving the four population number densities
5 Were:

1 a13¢
= (B —=a |22 + 3 (r 7 ule

@, B, @, hv, + 2(2,1 + 2,1) + 0.8, (19)
_ 32lll o,

- 3(3,2 + 3,2) a 2(2,1 + 2,1) t e o, a, - 2 ’ (20)
_ ) s % by L e,
_(1__.3}h —3 +I +I +l .. 3—2, (21)
and

o_ ¢
LI (22)

=

3 hv'

Here, B and h are the speed of light and Planck’s constant, respectively; (|)is the excitation laser
pulse irradiance, and Vv, is the frequency of the pump laser. The degeneracy for each level is

the Einstein spontaneous emission coefficient from level Eto Bis l. .and l. ALe colhs1onal

quenching rates estimated from Fourkas et al. [126]. The two-photon absorption cross section is

a, and the photoionization cross section from the 3d state is o, The rate of loss due to ASE

incorporates the stimulated emission rate l te linewidth of the stlmulated emission (Av %and

[' is the overlap integral of absorption transition and ASE radiation line shape profile. We
consider I' = 0.5 as constant [127] and Av = 1 [124]. The stimulated emission coefficient is

related to the spontaneous emission rate through 5y = 0, 2 / 8mhv”.

In order to account for the traveling gain of the stimulated emission wave, two transport
equations are included for the stimulated emission in the forward and backward directions and
were solved simultaneously with the rate equations. The forward and backward stimulated
emission transport equations are given by

3,2 :
_( (3_2)+.3.324 )hv
(23)
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For each element in the domain of interaction, the solid angle for the forward (Q and backward
(Q stimulated emission is written in terms of the height of the beam focusing (@), the

approximate beam thickness ([), and the total length of the region (B):

AQ, =B 0 E ) E(Eﬂ_ )) (25)
and
a0, =00 880 (e t()) 26)

The two-photon excitation and ionization cross sections for 685- excitation were unavailable in
literature. In order to estimate these cross sections, the approach of Zhang et al. [57,128] was
followed, where time-dependent perturbation theory was used to model a resonance-enhanced
multiphoton ionization (REMPI) process involving 3s—5s excitation and subsequent ionization of
sodium. This model showed good agreement with microwave radar REMPI measurements of
ionization [128], and the same procedure is used here to calculate the 3s—3d two-photon
excitation cross section. To summarize the approach, the two-photon cross section can be
expressed in terms of a two-photon process by considering excitation through an intermediate
virtual state [57,128—130]. The two-photon excitation cross section is given by

2

a, . = (21'[)(21'[0()2(21'[\) 22
- ! Ve, 72+ 44
27)

Here, B Bland @ Blare the ground and final states and @ Phare the the intermediate states. The
frequency difference v, orresponds to the energy difference between the ground and

intermediate state, v, — )/h. In the expression, a is the fine-structure constant (

~ 1/137.036), vis the frequency of the exciting incident laser, and Yy the natural linewidth

of the intermediate state given by the inverse of the spontaneous emission rate. In (27), we sum
over 10 intermediate states given by allowable transitions from the ground state (3s—3p, 3s—4p,
etc.).

The dipole transition matrix element for two states B Bland @ Blis related to the Einstein
spontaneous emission rate % [129,131]:

2
?

7 ! r 2 l
= (2 B+ 1)( X —t88 O

7|

0.667020° B8

o=

(. BBR. )

(28)
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Here, each state is denoted by the orbital angular momentum (B and @), the spin angular
momentum (@ and @), the total angular momentum (Pland ) and the Brcomponent of the total

angular momentum (2 _and E? Flis the energy gap between two states in units of Rydberg, o

is the transition energy in , and @, is the Bohr radius (5. 2918 X 10" ).

The ionization cross section from the excited state of an alkali atom can be approximated as
[128]

o = 8x10_* ~
aag " (wvp g’

where [ is the net charge on the ion, B _1is the ionization potential for the atom in the excited

state, [ is the Rydberg constant (13.60569 B §land hvis the photon energy.

The state data and rate constants incorporated in the rate equation model are summarized in
Table 6, based on relevant selection rules and standard reference data [132]. The calculated
ionization cross section from the 3d state and the two-photon cross section for 3s—-3d excitation
are given.

Table 6. Rate constants used in the 1D model including ionization and stimulated emission loss processes.
Parameters Values Units  Reference

a3 (3s —3d)  1.180x 1072 cm*/W  calculated

Tion (3d) 1.418x 1077 em?  calculated
Az2 (3d -3p)  5.14x 107 s} [38]
As 1 (3p=3s)  625x 107 s~ [38]

0 (3d.3p) 1.63 % 10° 5! [32]

The model was evaluated in comparison with the sodium-seeded gas phase flame experiments,

where the number density of ground state Na atoms was assumed to be 2.0 X 10" as estimated
from equilibrium calculations. The experimental focusing was incorporated using a
one-dimensional domain with a length of 60 mm and diameter of 0.9 mm for calculation of the
solid angle, (), in the stimulated emission transport equations. No other free parameters exist in
the model, and these experimental inputs were estimated from the experiment for the subsequent
comparison of model and experiment. The system of equations was integrated using a hyperbolic
partial differential equation solver [133]. Using the coupled equations, the time-dependent
fluorescence emission from the domain and the total ASE intensity are given by

Bloc @,F) (30)

and
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SES)

A comparison of the measured and calculated fluorescence, ASE, and ionization are shown in
Figure 25 for a range of laser fluences. The experimental measurements were not calibrated for
absolute photon or ion yield, so the modeled results were scaled for comparison to the
experimental data. The model values (ion number density, total integrated fluorescence intensity
of the 3d-3p transition, and integrated stimulated emission) are normalized to the experimental
values at a fluence of 90 . For each experimental measurement, the symbols indicate the mean
value and the error bars indicate the variance across 2000 laser shots.

Intensity (Arb.)

Fluence (mJ;’cmg)

Figure 25. Comparison between 1D model and experimental measurements of two-photon excited LIF, ionization,
and stimulated emission. Points indicate mean values over 2000 laser shots from the experimental measurements
and lines indicate the model result, which has been normalized to experimental values at 90 for comparison. Error
bars indicate the typical variance for each series.

The model and experiment show similar trends across the range of fluences considered. Fitting a
power law for the experimental and model data for fluorescence showed powers of 0.88 and 1.35
with the fluence, respectively. The rapid increase of ASE at low fluence and the trend of
increasing ionization are captured by the model. For the ionization yield, there is significant
deviation between experimental and modeled results at low fluence which is attributed to the low
signal-to-noise of the ion probe measurement. It should be noted that the experimental
measurement of ionization should not be interpreted quantitatively, as the significant effects of
ion transport and recombination at atmospheric pressures limit quantitative interpretation.
However, the rate equation model captures the overall variation of the desired fluorescence
signal and the parasitic loss processes of ionization and ASE. These experimental and rate
equation model results reveal potential limitations for quantitative imaging using two-photon Na
LIF.

The fluorescence signal fluence dependence departs significantly from a @ = 2 power law, even
at very low fluence. This behavior is dominated by single-photon ionization of the 3d state of
sodium. In addition, the saturation of the two-photon transition is readily achieved (at a fluence
of 44 ) when other losses are not present. The rate equation model showed losses due to ASE
were dominated by both ionization losses and saturation of the two-photon transition.
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The modeled results highlight several significant challenges for quantitative measurement of
sodium concentration by two-photon excited fluorescence. However, two-photon excitation has
the advantage of avoiding resonant fluorescence emission of particle scattering and high
concentration fluorescence trapping. In addition, the novel 3s—3d excitation allows for detection
from directly-excited 3d state which has higher fluorescence yield than 3s—4d excitation. This
scheme has the potential for improved signal-to-noise ratio detection of fluorescence in
multiphase combustion systems due to improvement of fluorescence yield, which will be
discussed in the next section.

5.1.7. Two-photon LIF In Solid Propellant Flames

Sodium-doped composite propellant flames, which have recently been studied for active
modulation of the burning rate with microwave fields [29], present multiple challenges for
imaging. The propellant flame environment is highly luminous due to electronic emission from
atomic and molecular species and continuum emission from condensed phase products, contains
numerous scattering particles and drops, and has high atomic vapor concentrations. To minimize
signal trapping, avoid scattering interferences, and avoid strong emission from the lowest-lying
state of atomic sodium, the two-photon excitation at 685 (3s—3d) was employed with detection of
fluorescence at 818 (3d-3p).

As detailed in the experimental description, a laser sheet was formed above the burning
composite solid propellant strand to examine the two-dimensional structure of atomic sodium at
the propellant burning surface. In these propellant formulations, the distribution of atomic
sodium vapor controls the regions of interaction with electric fields due to thermal ionization of
Na in the high-temperature flame. The laser sheet was propagated from left to right, so for
certain geometries, only the nearside sodium distribution was visible in the fluorescence images.

Two representative planar two-photon excited fluorescence images are shown in Figure 26. The
upper panel (a) shows the result for two-photon excitation at 578 (3s—4d) and detection at 818
—the scheme previously investigated by Weiland et al. [51]. Panel (b) shows the result for the
directly-excited spontaneous emission at 818 from the 3d state for two-photon excitation at 685
(3s—3d). As in the gas phase flame results, the overall signal yield at 818 is significantly
improved for excitation at 685 . Both images are shown on a logarithmic color scale to better
display features across the entire dynamic range. Figure 26(a) shows the result for 578 excitation
at a fluence of 52 . A profile along the white line was chosen to highlight a region with little
particle interference. The signal-to-noise ratio (SNR), defined as the mean signal level in the
highlighted box divided by the standard deviation of the signal over the same area in the image (
B= p/o) was approximately 10. In Figure 27(b) the sodium distribution above the
propellant burning surface is shown using two-photon excitation at 685 with a fluence of 55 .
The image quality is superior, with a SNR of 112 within the highlighted box. Again, the signal
along a vertical line was plotted on a linear-scale in the right panel. Small fluctuations in signal
visible across the line plot are due to particle interference. This scheme (3s—3d excitation at 685 ;
detection of 3d-3p at 818 ) offers the possibility of mapping atomic sodium concentration in
high density, multiphase environments such as aluminized composite propellant flames.
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Figure 26. Comparison of 578- (3s—4d) and 685- (3s—3d) excited two-photon planar laser-induced fluorescence of
doped aluminized composite propellant flame. Detection for both fluorescence emission wavelengths was at 818 nm,
with (a) 578 excitation at a fluence of 52 and (b) 685 excitation at a fluence of 55 . Both images show a logarithimic
color scale and fluorescence intensity line profiles are shown to the right.

To illustrate the utility of mapping the Na distribution in the multiphase combustion
environment, a series of high-magnification two-photon excited Na LIF images are shown in
Figure 27(a). With this magnification, in comparison with Figure 26, significant spatial variation
in the Na vapor distribution is evident immediately above the burning surface (the dark region).
This local variation is attributed to the formulation of the composite propellant. In manufacture
of the propellant, (<75 ), oxidizer (bi-modal AP 90-200 ), and metal particles (Al, 30 ) are mixed
in powder form and then cast. This results in crystals dispersed through the composite propellant.
The two-photon LIF imaging indicates local decomposition of the leads to local high
concentration pockets of Na formed from decomposition at the burning surface. Further
downstream, the Na distribution viewed via two-photon excited LIF is more uniform, as the Na
vapor advects and mixes with other evolved products from the burning surface.

For qualitative comparison with the two-photon fluorescence imaging near the burning surface, a
set of representative emission images are shown in Figure 27(b) from plasma formation in
propellant during microwave illumination of the flame using the procedure of Barkley et al. [29].
During this experiment, microwave field application resulted in plasma formation and increased
burning rates of the composite propellant. The emission images show regions of plasma kernel
formation above the burning surface, indicated by locally bright, filamentary regions which
extend towards the burning surface. In atmospheric-pressure flames, this plasma formation is
restricted to regions of high local free electron concentration and low density (high temperature).
In comparing these filamentary structures to the two-photon LIF from sodium near the burning
surface, it appears that plasma initiation and energy deposition to the flame is spatially
non-uniform and controlled by local variations in the atomic sodium concentration. The
two-photon excited fluorescence scheme allows for near-surface qualitative mapping of the
sodium distribution in the multiphase propellant flame. The confirmation of high local Na
concentration regions near the burning surface via this two-photon excitation scheme (Figure
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27(a)) provides a mechanistic pathway for near-surface energy deposition in the propellant flame
structure—in regions of both high local temperature and local Na concentration.

(b)

10

Figure 27. Images of the sodium distribution in -doped, aluminized composite propellant flames (a) near the burning
surface with 685 (3s—3d) two-photon planar laser-induced fluorescence. In panel (b), typical filamentary structures
formed during the application of the microwave field are shown, observed here by increased sodium emission
intensity at 589 . The plasma filament formation is highlighted with the boxes in (b).

The potential signal loss due to ionization and ASE should be considered in the evaluation of Na
LIF results from the propellant flame. Although the ionization probe could not be used in the
multiphase propellant flame, a photodiode was used to evaluate ASE at 818 in the forward
direction. The photodiode was placed after the laser sheet and filtered with a dichroic
beamsplitter and bandpass filter at 818 , as described for the gas-phase flame experiments. For
the increased sodium concentration in the propellant flame, ASE was observed even at fluences
which did not exhibit any detectable gas-phase flame ASE. The presence of ASE on such strong
oscillator strength transitions (alkali atoms) is likely unavoidable at these very high atomic
concentrations. No signal depletion in the fluorescence images was evident in the test burner (at
a lower concentration), but these effects have not been quantified.

The images presented in Figs. 26-27 indicate the sodium distribution in propellant flames with
alkali-dopant concentration of 3.5% wt.. From these results, variations in the local sodium
concentration are evident, but the quantitative interpretation is challenging. Although the rate
equation modeling and gas-phase flame studies showed power laws of B = 0.8 — 1.3,
depending on fluence, additional data were taken with varying sodium concentration in
gas-phase flame (6.25 and 50 ) to evaluate the ability for relative concentration imaging. In these
flames, the mole fractions of 2.1 ppm and 12.5 ppm corresponded to a mean flame signal ratio of
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1 to 4.32. This suggests that with careful calibration, it may be possible to use the presented
two-photon excitation scheme for relative quantitative measurements of the sodium
concentration. However, the dynamic propellant flame environment limited the quantitative
concentration determination. Nevertheless, the variation in local concentration in these flames is
clearly evident for the novel two-photon excitation and detection scheme presented (3s-3d
excitation, with detection for the 3p-3d fluorescence).

5.2. Material Techniques For Microwave Interaction With The Energetic Material
Condensed Phase

5.2.1. Microwave Ignitable, GO-wrapped Thermites With Thermally Switchable Microwave
Ignitability

5.2.1.1. Microscopic Characterization

The synthesis of GO and rGO-wrapped thermites and their unique, switchable microwave effects
are described graphically in Figure 28. The morphologies of the r-GO/GO thermite composites
were examined by SEM using compositional backscatter detection. As seen in Figure 28a, the 30
wt.% r-GO thermite composite completely encapsulates the thermite nanoparticles. Clusters of
r-GO wrapped thermite are very large, on the order of ~10 to ~100 um (not shown) and are
comprised of r-GO-wrapped clusters of n-Al/n-Fe,O;. Figure 28b-c shows the morphology of
thermites with selectively encapsulated n-Al (Figure 28b) or n-Fe,O; (Figure 28c). In these
micrographs, particles of either n-Al or n-Fe,O; are observed to be excluded from the r-GO
wrapping. Lastly, Figure 28d shows GO wrapped thermite composites, where most of the
thermite appears to be surrounded by the GO sheets. However, the boxed region in this
micrograph indicates possible presence of high atomic weight thermite features that are not
coated. Considering the use of a two-step sonication and wash process used to fabricate GO
wrapped thermite composites and the presence of small n-Fe,O; particles surrounding the n-Al
particles, we expect the identified region may contain particles having incomplete GO coating.
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Figure 28. Left: lllustration of synthesis of r-GO or GO-wrapped n-Al/n-Fe203 thermites with thermally switchable
microwave ignitability. Through thermal treatment, GO is reduced to form r-GO, which enhances the microwave
absorptivity of the wrapped thermite and facilitates ignition. Right: SEM images of (a) r-GO-wrapped n-Al/n-Fe203
thermite (30 wt.% r-GO) (b) r-GO-wrapped n-Al with n-Fe203 (c) r-GO-wrapped n-Fe203 with n-Al and (d)
GO-wrapped thermite with a box to indicate incomplete GO coating.

5.2.1.2. Thermal Characterization

DSC/TGA histories for n-Al/n-Fe,O; thermites, GO, and GO-wrapped thermites heated in argon
at 10 °C min"' are shown in Figures 29a-b. Both GO and GO-wrapped thermites exhibit an
exotherm at 212 °C, which is assigned to GO disproportionation and is reported by others
[134,135]. At this temperature, oxygenated functional groups of GO are destroyed in redox
reactions corresponding to both heat release and a mass loss of 20% (GO) or 10% (GO-wrapped
thermite). This is further confirmed by mass spectroscopy of the DSC/TGA purge exhaust gas
flow, which shows simultaneous rise in CO, CO,, and H,O concentration (Figure 29c). At
temperatures above disproportionation, neat GO displays no remarkable features, but both the
thermite and the GO-wrapped thermite exhibit a series of thermal features that are hypothesized
to be a result of phase changes of Al and Fe,O; and/or oxidation of aluminum by Fe,O;.
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Figure 29. TGA (a) and DSC (b) of n-Al/n-Fe2O3 thermite, GO, and GO-wrapped thermite (30 wt.% GO) with mass
spectrometry of significant evolved products for GO-wrapped thermite (c).

Page 65 of 83

DISTRIBUTION A: Distribution approved for public releas


https://paperpile.com/c/41oGra/5j8WI+wkJ4R

MW Enhancement of Composite Propellant Flames FA9550-17-1-0167
lowa State University

Turning attention to the unwrapped thermite, a small, broad exothermic feature around 300 °C
occurs, which is assigned to the crystallization of amorphous Fe,O; to y-Fe,O; [136]. Though not
observed here, a more ordered crystallization (y-Fe,O; to a-Fe,Os) has also been observed by
others in Fe,O; at 350 °C and continues until 450 °C to 550 °C [137]. The onset temperature and
observed heat release of this phase change has been noted to vary significantly based on external
conditions due to its weak activation energy. The next thermal feature of the unwrapped thermite
onsets near 500 °C, where a broad exothermic feature corresponds to the end of the a-Fe,O,
crystallization and the onset of crystallization of amorphous Al,O; to y-AlL,O; [138,139]. An
exotherm near this temperature is frequently observed in thermites containing n-Al and is
attributed to enhanced species transport at the Al/oxide interface caused by densification-induced
cracking in the oxide shell during crystallization [140]. The thermite reaction then begins to
occur according to,

3+|Z%+@-Ah (1)

where reaction progress is limited by reactant transport [141], and continues until the remaining
aluminum melts, exhibiting an endotherm at ~660 °C. The absence of sharp mass losses and
evolved gases observed in TGA and MS data within this temperature range seems to further
support the hypothesis of exothermic phase changes and a condensed phase thermite reaction.
The DSC/TGA traces of GO-wrapped thermites indicate that the presence of GO significantly
enhances heat release of the stoichiometric thermite. The exothermic crystallization of Fe,O; at
300 °C is observed. However, the GO-wrapped thermite displays a broad exothermic feature that
begins at 350 °C and continues through ~565 °C, after which a sharp exotherm centered at 585
°C is observed. The sharp exothermic feature is related to the reaction of the GO carbon skeleton
with an oxidizer [134,135,142], such as Fe,O;, and has been observed in Al/CuO nanothermites
containing multilayer graphene as well [143]. It has also been suggested that GO could promote
the dissociation of oxygen through the formation of small amounts of Al-C species, catalyzing
the oxidation of aluminum [134,142]. The broad exothermic feature appears very similar to the
one observed in the unwrapped thermite but with a much lower temperature onset (~100 °C
lower). While other studies have also found an enhancement of the thermite reaction at ~550 °C
due to the addition of graphene, this is the first evidence, to the authors knowledge, of a
reduction in the onset temperature of the thermite reaction due to the presence of graphene. A
similar effect has been observed in Al/CuO nanothermites containing multilayer graphene
platelets and was hypothesized to be a result of enhanced thermal conductivity caused by
multilayer graphene inclusion, which increases the rate of heat diffusion between particles
[141,143]. In the present study, for the case of DSC/TGA of GO-wrapped Al/Fe,O;
nanothermites, the authors believe it is plausible that the presence of GO wrapping helps trap
evolved gas species (e.g. CO, H,O, CO,), improving oxidizer availability for aluminum
oxidation and the thermite reaction. This hypothesis is supported by literature that describes GO
and r-GO being used as impermeable layers in various gas and molecular filtering applications
[144,145], though they are typically used in multiple layers to further decrease permeability.
Regardless of mechanism, this enhancement of energy release and reduction in reaction
temperature warrant additional investigation to determine both the degree of enhancement and
the mechanisms responsible.
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5.2.1.3. Ignition Delay of rGO Wrapped Thermites

Microwave ignition of all r-GO wrapped thermites and the baseline thermite (0 wt.% r-GO) was
observed in the resonant cavity. Figure 30 shows typical image sequences of the microwave
ignition process for both the baseline thermite and an r-GO wrapped thermite composite (30
wt.% r-GO). Ignition of the thermites appeared to be a result of localized hot spots, which can be
seen in visible emission prior to bulk ignition (time of first light, #;). In the baseline thermite, the
subsequent reaction generates heat and accelerates the redox cycle until full ignition of the
thermite occurs at an average time of ~4.34 s during microwave exposure for three trials, which
Figure 31 shows a typical ignition delay measurement of the baseline thermite. However, in 30
wt.% r-GO wrapped thermite composite formulations, microwave ignition is an order of
magnitude faster than the baseline thermite (0.43 s) and flame spread occurs much faster than all
other formulations once a hot spot is formed (Figure 30).

tr+ 0 [ms] tr + 10 [ms] te + 20 [ms]

t, + 30 [mS] ts + 2 [s]

Baseline
Thermite

tFL = ""430 [5]

r-GO Thermite
(30 wt. %)

tr, = ~017[s] e

r-GO-wrapped

n-Al Thermite n-Fe,0; Thermite

I,:L = ""'1 53 [S]

r-GO-wrapped

Figure 30. Image sequences of the microwave ignition (20 mg) of (a) pure n-Al/n-Fe2O03 thermite, (b) r-GO
composite thermite (30 wt.% r-GO), (c) r-GO selectively wrapped n-Fe203 with n-Al (30 wt.% r-GO), and (d) r-GO
selectively wrapped n-Al with n-Fe203 (30 wt.% r-GO) in a single-mode resonant microwave cavity. Time of first
light (tFL) indicates the first frame of an image sequence where emission is observed in the camera.
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Figure 31. Typical time series from a test of microwave illumination of 0.2 g of baseline (no GO or r-GO wrapping)
in the resonant microwave cavity. A time series of microwave forward and reflected power is shown with the
photodiode signal to indicate the ignition delay.

For both thermites, bulk ignition is followed by high intensity emission which is maintained until
the microwave field is shut off (~5 s after ignition). This high emission reaction region is diffuse
(Figure 30) and characteristic of the electric field antinode shape [29,146] rather than a buoyancy
driven energetic material flame. Based on prior studies of microwave enhancement of aluminized
composite solid propellants [29] and energetic material flares [146], where emission
enhancement of atomic metal and aluminum oxide condensed combustion products were
observed, this region represent a plasma kernel formation in the gaseous thermite products.
Based on prior studies, the high flame temperatures and electronically excited flame zone and
products begin to couple with the electric field and microwave energy is deposited to the flame
zone by 1) electronic and 2) dielectric loss mechanisms, which creates a weak plasma enhanced
flame zone [29,146].

Average microwave ignition delays as a function of r-GO content are shown in Table 7. Baseline
thermites (0 wt.% coating) exhibited an average microwave ignition delay of ~4.34 s. Ignition of
the baseline thermite is expected to occur primarily due to electric field, as suggested in Meir et
al. [65], Fe,O; heating through an induction loss mechanism is lower than dielectric heating for
large particles (orders of 100 pm) [147], and induction losses are expected to be negligible for
the experimental conditions studied, as magnetic field amplitude is lowest at the electric field
antinode for a transverse electric field mode. Moreover, nano-size particles have been shown to
heat faster, due their higher specific surface area, which results in a greater volume of the
particles that interact with the electric field [148].

By wrapping the thermite with r-GO, an increase in ignition delay is observed with higher
amounts of r-GO, which is summarized in Table 7. With 30 wt.% r-GO, an average microwave
ignition delay of ~0.43 s was observed. The shorter ignition delay in r-GO wrapped thermites
may be a result of an increase in dielectric losses from interface polarization between r-GO and
the thermite, and residual functional groups of r-GO, creating polarization centers [77].
Decreasing the amount of r-GO results in an increase of average ignition delay of 1.27 s for 20
wt.% r-GO and 1.37 s for 10 wt.% r-GO, as shown in Table 7. In a previous study by Xu. et al.
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[78], measurement of microwave attenuation within paraffin containing r-GO wrapped Fe,O;
nanoparticles showed that dielectric losses increases with added weight percentage of r-GO.

Selectively choosing to encapsulate either n-Al or n-Fe,O; with r-GO (30 wt.%) resulted in
longer microwave ignition delays (1.53 s and 1.33 s, respectively) when compared to the 0.43 s
ignition delay of the fully encapsulated thermite of the same composition (Table 7). Shown in
Figure 30, after microwave ignition (greater than 2 s), thermites with selectively wrapped n-Al or
n-Fe,O; exhibited longer combustion times than either the baseline (0 wt.% r-GO) or the r--GO
wrapped n-Al/n-Fe,O; composite. We hypothesize that a selective r-GO coating of either n-Al or
n-Fe,0; inhibits fuel/oxidizer transport during reaction.

Table 7. Average ignition delay and standard deviation of three trials of the baseline thermite, r-GO wrapped
thermite formulations, selectively r-GO wrapped thermite, GO wrapped thermite, and heat-treated GO wrapped
thermite in the single-mode resonant microwave cavity. Reported averages and standard deviations are from 3 trials
of each formulation.

Average Ignition

Material Delay [s]
r-GO Thermite Composite (10 wt.% r-GO) 1.37£0.33
r-GO Thermite Composite (20 wt.% r-GO) 1.27 £0.23
r-GO Thermite Composite (30 wt.% r-GO) 0.43 +0.37

r-GO wrapped n-Fe,0; with n-Al (30 wt.% r-GO) 1.33+0.13

r-GO wrapped n-Al with n-Fe,0; (30 wt.% r-GO) 1.53+0.33

Thermite (30/70 wt.% ratio n-Al to n-Fe,05) 4.34+0.45
Untreated GO Thermite Composite (30 wt.% GO) >60?

Heat-Treated GO Thermite Composite (30 wt.% GO, 5 min) 1.28 £0.26

Heat-Treated GO Thermite Composite (30 wt.% GO, 10 min) 0.24 +£0.25

Heat-Treated GO Thermite Composite (30 wt.% GO, 15 min) 4.88 +1.85

9 4 out of 6 trials had no ignition after 60 s, and 2 out 6 trials had ignition delay averaging ~4.3 seconds.

5.2.1.4. Thermal Switching of Thermite Microwave Ignitability

The heat-treated GO wrapped thermite composites (30 wt.% GO) were microwave ignited under
the same conditions as the r-GO wrapped thermites. Untreated GO wrapped thermites exhibited
no ignition after 60 seconds of microwave illumination in four out of six experiments (Table 7).
In these formulations, when ignition did occur, it did so after an average time of ~4.3 s—an
ignition delay time similar to that of baseline thermite (no wrapping). We hypothesize the reason
for this drastic difference in ignition delay times for the same material is a result of incomplete
GO wrapping of the thermite, which was observed in SEM images (Figure 29d). In the majority
of GO-wrapped thermite microwave ignition experiments, ignition inhibition is a result of
oxygen-containing groups present on the graphene lattice, which inhibit charge localization and
electron mobility, resulting in low microwave absorptivity and high reflectivity [72].

By thermally treating GO wrapped thermites, reduction of the GO occurs, which causes a
decrease of ignition delay times. Ignition delay experiments indicate that the optimum heat
treatment time in argon at 400 °C for GO-wrapped thermites is between 5 to 15 minutes. GO
composite thermites with 5-minute heat treatments exhibit average ignition delays of ~1.28 s. By
increasing the heat treatment time to 10 minutes, the thermite ignition delay is further reduced to
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~0.24 s, which is a shorter ignition delay time than that of thermites wrapped in vendor-supplied
r-GO (Table 7). The reduction in ignition delay times resulting from increasing the heat treatment
from 5 to 10 minutes is a result of further GO reduction, as confirmed by XPS of heat-treated
thermites (Figure 32), which show that increasing heat treatment duration from 5-minute to
10-minute produces an increase in Cls to Ols atomic ratio consistent with graphene reduction
[74]. However, increasing the heat treatment duration from 10 to 15 min produced an increase in
average ignition delay to 4.88 s and associated decrease in Cls to Ols atomic ratio from 1.18 to
0.84. The 15 min heat treatment ignition delay times are similar to the baseline thermite (4.34 s).
This increase in ignition delay and associated decrease in Cls to Ols atomic ratio are consistent
with graphene lattice damage occurring during extended heat treatment beyond 10 minutes
duration.

16
~——15-min Heat Treatment
—— 10-min Heat Treatment

147 5-min Heat Treatment

——Neat r-GO
12+ — MNeat GO - i
) C1s/O1s O1s
S510¢ Ratio Cls .
g 118 A Jﬁ/‘“‘“’“
&, g 1
= I
£ 0.70 e ,ﬂf
o - et e {
fis]
= 0.84 _ .
,\ L]
2.42 =
e i 1
1.61 =l SR | oy
0 ——— SR AL DOt i
100 200 300 400 500 600

Binding Energy [eV]

Figure 32. X-ray photoelectron spectroscopy of neat r-GO/GO powder and heat treated, GO-wrapped thermite
formulations. XPS data for each heat treatment condition are offSet for presentation.

5.2.2. Microwave Burning Rate Modulation of Wired Propellants Through Eddy Current Loss
Mechanisms

5.2.2.1. Wire Propellant Combustion Experiments

The method through which burning rate can be microwave modulated within wired propellants is
described in Figure 33. Wire propellant experiments were conducted in a microwave single mode
resonant cavity with field strengths of 38-91 kV/m. Under microwave application, significant
increase of wire heating is observed, which results in burning rate enhancement. In Figure 33,
still images sequences are shown of the four different wires tested with and without microwave.
For the wire propellants burned without microwave application, acceleration of burning rate near
the wire is observed as a result of increased heat transport within the wire. When a continuous
microwave field is applied to the propellant, the burning rate of the propellant near the wire
increases significantly. The resulting burning rate increase is a result of both aforementioned
improved thermal transport and eddy current heating of the wire. Other heating mechanisms,
discussed in Ref. [29] including direct coupling to background electron populations resulting in
higher temperature plasmas feeding back to the burning surface may be possible. Condense
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phase dielectric heating of the composite propellant could be another mechanism, however
previous study suggested that dielectric heating should be low [29,34,35,149].
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Figure 33. Left: Phenomenological description of microwave burning rate modulation of wired propellants. Right:
Light emission still image sequence of wire propellant strands burning without (left) and with (right) microwave
field application. False coloring is used to indicate emission intensity. Camera exposure and aperture settings are
the same for each formulation with and without microwave.
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Eddy current heating occurs when an alternating field is applied to a conductive material and
induces a flowing current through the resistance of the conductor, which results in energy
dissipation in the form of heat. As frequency increases, eddy current heating will increase
quadratically, where the electromagnetic field fully penetrates the material resulting in no skin
effects [150]. However, in the case of fast alternating fields such as microwave frequency, full
penetration of the field into the wire does not occur, as skin depths are smaller than wire
diameters, resulting in lowering power dissipation when compared to the quasi-static condition,
but will still increase at higher field frequency. Moreover, eddy current heating increases as
electrical resistivity decreases. Experimental results show for 0.5 mm diameter wires, that the
copper wire has a higher degree of burning rate enhancement (138%) than graphite wire (95.7%)
(Table 8). This may be a result of copper having both a lower electrical resistivity of
approximately 800 times and higher thermal conductivity when compared to graphite. However,
with lower electrical resistivity, the field penetration depth decreases, as seen in Table 7, which
may result in lower heating in the wire core. As the wire diameter decreases, the burning rate
enhancement near the wire increases. Comparing a 1 mm and 0.3 mm graphite wire propellant
burning rates enhancement, the degree of enhancement increases by 10 times, from 62.5% to
700%, respectfully. The increased burning rate enhancement occurring with decreased graphite
wire diameter are expected to be a result of a combination of decreased thermal mass of the 0.3
mm wire and higher field penetration depth per volume.

Page 71 of 83
DISTRIBUTION A: Distribution approved for public releas


https://paperpile.com/c/41oGra/xfKUe+aIb4L+6m2yI+Wh589
https://paperpile.com/c/41oGra/4ratg

MW Enhancement of Composite Propellant Flames FA9550-17-1-0167
lowa State University

Table 8. Wire propellant material with corresponding wire diameter, experimentally observed atmospheric pressure
propellant burning rate with and without microwave enhancement measured at the flame front near the wire, and
burning rate enhancement percentage. Burning rates are reported as the average and standard deviation of three
experiments.

Wire No Microwave Microwave Burning Rate
Wire Material Diameter Burning Rate Burning Rate g
Enhancement (%)
(mm) (cm/s) (cm/s)
Copper 0.5 0.37+0.14 0.88 = 0.04 137.8
Graphite 0.3 0.17+£0.02 1.36 £ 0.24 700
Graphite 0.5 0.23 +0.08 0.45 +0.05 95.7
Graphite 1 0.24 + 0.06 0.39+0.01 62.5

5.2.2.2. Functionalized, Wired Energetic Combustion Experiments

To further investigate eddy current heating, functionalized energetic wire propellants were tested
at the same conditions. Under atmospheric pressure without microwave enhancement, the
propellant strand burned approximately linearly for 8 seconds (Figure 34). Conductive heat
transfer down the wire is expected to be lower as compared to the solid wired propellant
conditions because little increase in burning rate near the wire can be observed in the baseline
case (without microwave). This is due to higher conductivity nanographene particles being
encapsulated in a matrix of AP and HTPB. However, under microwave field application, the
propellant burning near the energetic wire increases significantly. In Figure 34, a burning surface
pocket can be seen in the microwave case at 0.8s, which is a result of microwave energy heating
of the energetic wire. This is expected to be a result from eddy current heating of the nanoscale
graphite in the energetic wire. In this case, eddy current heating can be more uniform due the
graphite being several orders of magnitude smaller than the skin penetration depth and the
RF-transparency of AP and binder surrounding the nanographene allows for microwaves to be
transmitted. It was not possible to determine a burning rate enhancement due to the high optical
density of the graphite propellant blocking emission.
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Figure 34. Light emission still image sequence of UV-Cured Propellant Manufacture with Functionalize Energetic
Wires strands burning without (right) and with microwave field application. False coloring is used to indicate
emission intensity. The yellow circle indicates a burning surface pocket formed near the energetic wire. Camera
exposure and aperture settings are the same for each formulation with and without microwave.

Page 72 of 83
DISTRIBUTION A: Distribution approved for public releas



MW Enhancement of Composite Propellant Flames FA9550-17-1-0167
lowa State University

5.2.3. Dielectric Property Measurement of AP Composite Solid Propellants

5.2.3.1. Dielectric Property Measurement

A summary of the results for all room-temperature data collected is given in Figure 35. The
transmission line method was collected continuously from 2.3 GHz to 2.65 GHz. The data
overlays cAP fNaNO;, BiAP fNaNO;, and Teflon (standard), as a function of frequency. In the
transmission line setup, Teflon measured real permittivities of 1.97 are within a 5% error of the
actual value [109], validating experimental configuration and analytical techniques. The average
real and imaginary permittivities of CAP fNaNO; propellant articles is 5.83 and 0.228,
respectively and average BiAP fNaNO; real and complex permittivities are 5.87 and 0.266
respectively. The loss tangent for both materials is <<1, which is considered to be a low-loss
medium and good dielectric. Furthermore, BiAP fNaNO; is more susceptible to microwave
heating. This is expected to be a result of crystal interface. This is due to the number of interfaces
within the bimodal AP propellant having more binder crystal interfaces. However this is a small
difference between the two propellant dielectric properties, which changing the aluminum
loading should change dielectric properties considerably more [69].
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Figure 35. Graph of Teflon, CAP fNaNO3, and BiAP fNaNO3 real and imaginary permittivity, loss tangent, and
conductivity as a function of frequency measured at room temperature.
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5.2.3.2. COMSOL Cavity Simulation

Initial COMSOL simulations of a loaded single-mode resonant microwave cavity operating at
2.45 GHz have been developed. This model will be modified by insertion of propellant strands
having as-measured or modeled microwave properties. The cavity was designed to model the
continuous microwave generator setup, seen in Figure 36. In this setup, a 1 kW magnetron
outputs into WR-284 waveguide to a Gerling Universal Applicator, with a quartz tube holder of
OD 36 mm. In this setup, propellant will be burnt under 2.45 GHz microwave field. To
understand the field strength in the condense phase of this setup (preiginiton), a model with the
quartz tube and propellant strand in the cavity and a model with the propellant strand and without
the quartz tube is shown in Figure 36. It is shown that field strength is ~40% lower with the
quartz tube (36.3 kV/m) as compared to without the tube (59.1 kV/m). However in a propellant
strand configuration, it is noted that burning propellant without a quartz tube is not feasible.
COMSOL was also utilized to run RF heating of both types of propellants, in the same cavity.
Results from this simulation can be seen in Table 9. As expected, bimodal AP fine NaNO;
heating was greater due to its higher imaginary permittivity. Heating in a quartz tube and without
in the waveguide of coarse AP fine NaNO; and bimodal AP fine NaNO; was 351.09 K and
394.16 K and, 358.73 K and 407.44 K respectively.
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Figure 36. Comsol simulation of propellant-loaded single-mode resonant microwave cavity with 36 mm OD quartz
tube (left) and without quartz tube (right). Multiple slices show the E-field strength (V/m) through the propellant
center axis. Both simulations are shown for measured dielectric properties of the bimodal AP, fine NaNO3
propellant formulation.

Table 9. Simulated loaded cavity reflection loss and isotropic, temperature-invariant heating times to heat propellant
articles to an average temperature of 100 °C

VYSWR AT in 20 s of MW Heating (K)
Propellant No Quartz Quartz Tube No Quartz Quartz Tube
BiAP, fNaNO; 1.229 2.259 407.44 358.73
cAP, fNaNOQO, 1.226 2.256 394.16 351.09
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6. Summary and Conclusions

This effort demonstrates a number of methods through which the energy release rate of a solid
propellant can be dynamically controlled through exploiting materials effects to localize
microwave energy absorption to either the gas phase flame or the condensed phase reactants.

With respect to the gas phase, it was found that doping of an energetic material with reagents
producing strongly electro-positive species (i.e. alkali metals in form of metal nitrates such as
sodium nitrate) within the flame, in order to substantially increase the electron population of the
flame was an effective means to enhance microwave absorption of the gas phase and to further
increase the degree to which the electric field component of a microwave-frequency field can
throttle the burning rate of a solid propellant. While the dielectric loss of aluminum oxide is quite
low at room temperature, the exponential dependence of its loss coefficient with temperature was
found to lead to observable light emission enhancement from aluminum oxide combustion
product plumes during microwave modulation, suggesting that efficient microwave absorption
may also occur in high temperature metal oxides within the combustion plume. These modes of
energy transfer all lead to increased energy feedback to the burning surface and have been
demonstrated to enable up to a 60% enhancement in propellant linear burning rate. The
mechanism of microwave interaction with energetic material flames has been studied in
simulation of a 1-D planar flame. It was found that electromagnetic shielding of the flame/s inner
core can be significant and is exacerbated by high alkali concentrations (i.e. high electron
populations). This suggests an optimum dopant level to achieve microwave field penetration to
the flame core exists. The alkali doping technique was further demonstrated as a means with
which to modulate the optical light emission intensity (brightness) of a pyrotechnic flame. A new
two-photon laser induced fluorescence scheme with significantly greater signal to noise in
comparison to single photon techniques has been demonstrated on gas phase alkali-doped and
composite propellant flames. In alkali-doped composite solid propellant flames, the technique
shows that plasma flame kernel formations occur near the propellant burning surface and result
from localized areas of high sodium concentration.

Methods focusing on microwave interaction with condensed phase reactants have demonstrated
the ability to highly localize microwave energy absorption and to accelerate burning rates by
multiple orders of magnitude. The development of nanoscale thermites with thermally switchable
microwave absorptivities has been demonstrated through wrapping of nanoscale thermite clusters
with either graphene oxide (GO) or reduced graphene oxide (rGO). It was found that thermites
wrapped in GO are highly microwave reflective and are not microwave-ignitable under the
influence of steady state, high-power microwave fields for long durations of time (up to 60
seconds of microwave irradiation). Heating of these thermites was found to lead to GO reduction
and as a result, drastic changes in the thermites’ microwave absorptivity, which enabled
microwave-ignition of the thermites in as short as 0.2 to 0.3 seconds. The development of such
materials, with thermally switchable microwave absorption properties may prevent parasitic
microwave energy loss within the bulk condensed phase of an energetic material and enable
highly localized microwave loss to the energetic material burning surface. Application of
microwave fields to wired propellants (i.e. propellants with spatially graded electrical
conductivity) has been demonstrated as a technique with which to achieve multiple orders of
magnitude dynamic control over propellant burning rate. A burning rate enhancement of 700%
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has been demonstrated in use of graphite wires in AP composite propellant where the radius of
the wire is matched to the microwave skin thickness.

Taken together, these techniques demonstrate the high degree of utility that can be enabled in
design of energetic materials with electromagnetic function. However, this research program also
demonstrates that the development of efficient, electromagnetically active energetic materials
will require a number of considerations. Electromagnetically ‘smart’ energetic materials have
several applications, including development of throttled solid rocket motors, enhanced propellant
ignition and flame spread, and dynamically controlled light emission pyrotechnics, among
others.
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