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ABSTRACT 

Traditionally, energetic materials’ energy output has been limited to being controlled via 

formulations and, once an energetic material is manufactured, dynamic change of energy output 

during combustion is difficult. These limitations are specific to all types of energetic materials, 

including propellants and pyrotechnics. Thus, a new robust method is needed to control energetic 

materials' energy release. This work explores microwave interactions with energetic material 

multiphase flames through interaction with the gas-phase of an energetic material to address these 

limitations. This dissertation discusses three studies on microwave enhancement of combustion of 

both composite solid propellants and Mg-based pyrotechnics. First, solid propellant flames were 

studied in microwave fields at atmospheric pressure. Through doping of the composite solid 

propellant with alkali metal (i.e., sodium nitrate, NaNO3), flame ionization and free-electron 

population were able to be enhanced, allowing more efficient collisional microwave energy 

transfer to the flame and higher steady-state propellant burning rate enhancement of up to 60%.  

The second study examined the use of microwave energy to modulate the light emission intensity 

and/or light emission color of a pyrotechnic flame. Microwave field interaction with pyrotechnics 

comprised of magnesium (Mg) fuel and an oxidizer (alkali-nitrate of sodium, potassium, or 

cesium) is studied. Light emission enhancement of up to 120 % in the visible range is 

demonstrated, which has little effect on flame emission chromaticity. The third investigation area 

explored the color-shifting abilities of an Mg/PTFE pyrotechnic with low free-electron 

populations. Color shifting was demonstrated in the diffusion flame of the pyrotechnics, where 

this emission enhancement primarily occurs from excitation of molecular electronic transitions 

and continuum emission. Gray body continuum temperature fits showed an increase in flame 

temperatures of ~100-300 K. These studies illustrate the many different mechanisms through 
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which microwave energy can interact with the multiphase flame environment of energetic material 

and several different useful combustion responses produced from microwave illumination. 
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CHAPTER 1.  INTRODUCTION 

1.1. Motivation 

Energetic materials are solid or liquid materials that undergo spontaneous and highly 

exothermic reactions [1]. They are classified into three main groups: propellants, explosives, and 

pyrotechnics. They have been particularly important in applications such as space propulsion, 

construction, as well as numerous military applications. Traditionally, energetic materials’ energy 

output is controlled via formulations and, once an energetic material is manufactured, dynamically 

changing energy output is difficult. Unlike a gas-phase or liquid-phase fuel/oxidizer combustion 

system, in which fuel and oxidizers are mixed in a combustion chamber or burner and can be 

controlled by changing the flow rate of fuel/oxidizer, most energetic materials are premixed 

composite materials comprised of solid fuel and solid oxidizers. This makes dynamic tuning of 

their combustion difficult, as all of the input parameters controlling the regression rate of an 

energetic material’s burning surface—enthalpies of reaction and burning rates in the gas-phase and 

at the burning surface—cannot be augmented during the combustion process. The lack of dynamic 

tunability has led to the proliferation of countless different energetic material formulations to suit 

a wide variety of purposes. The wide variation of formulations has led to limitations in versatility, 

manufacture complexity (i.e., widely varying mechanical properties that require a combination of 

manufacturing processes), and supply complexity. To fully understand these limitations of 

energetic materials, particularly within the energetic material subclasses of solid propellants and 

pyrotechnics, a review of these two types of energetic materials is provided in the following 

sections. 
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1.1.1. Solid Propellants 

Solid rocket motors have many applications, such as rocket boosters, earth to orbit launch 

vehicles, munitions, and model rockets. This is due to a solid rocket motor’s simplicity and 

reliability, where only a motor casing, nozzle, solid propellant grain, and ignition system are 

needed. Moreover, solid rocket motors have the highest thrust-to-weight ratios, resilience, and 

long-term storability compared to other rocket propulsion systems such as liquid or hybrid 

propulsion. Due to their high thrust-to-weight ratio and storability, solid rocket motors continue to 

be used despite their lack of on-command thrust control or shutdown/restart abilities. Unlike liquid 

rocket engines or hybrid rocket engines, which can control thrust by altering the liquid fuel or 

oxidizer flow rate, the energy release history of a solid rocket motor is defined by both its chemical 

composition and pre-defined grain geometry. This is because solid propellant is a pre-casted solid 

composite, where fuel and oxidizer are mixed and casted before implementation into the motor. 

As such, a solid rocket motor’s performance cannot be changed post-production making throttling 

difficult.  

Several techniques have been explored to address the lack of solid propellant throttling 

ability. 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 use 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). 

These methods all enable modulation of solid rocket motor thrust by altering the burning rate of a 

solid propellant, resulting in an increase in the solid rocket motor chamber pressure and an increase 
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in thrust. Although the previous application of these techniques provided a means of controlling 

or throttling motor thrust, more robust and capable techniques are desired. While the need and 

utility of throttled solid rocket motors are apparent, throttling implementation is challenging, and 

there are currently no known throttleable rocket motors within service within the U.S. 

1.1.2. Pyrotechnics 

The light emission spectrum and color purity of pyrotechnics are of particular importance 

in the field of visible light-emitting pyrotechnics. Specifically, meeting dominant wavelength, 

color purity, and light-emission requirements are commonly achieved by tailoring the pyrotechnic 

composition through the addition of various colorant additives (e.g., nitrate salts of barium, 

sodium, or strontium) [6]. Typically, pyrotechnics are formulated to achieve one of several goals, 

including signaling, illumination, or optical obscuration (e.g., through either strobe light emission 

or smoke production). The wide variety of applications met by pyrotechnics complicates 

manufacturing and implicates how a service person and/or aircraft/vehicle use the different 

pyrotechnics for various purposes. The optimization of light-emission properties through 

formulation and manufacturing can be laborious and, like solid propellants, offers no real-time 

method to control light emission brightness or color once a formulation is selected and pyrotechnic 

articles have been fabricated. Moreover, light-emission design through formulation is further 

constrained due to the environmental and toxicological hazards of some currently utilized 

colorants and additives (e.g., perchlorates, heavy-metals, strontium additives, and barium 

additives, to name a few) [7]. The development of pyrotechnics with dynamically tunable light-

emission characteristics may solve some of the aforementioned pyrotechnic limitations while 

improving the color purity and light output of more environmentally friendly compositions. 
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1.1.3. A New Approach: Microwave Control of Energetic Materials 

Microwave energy deposition to energetic material flames may provide a more robust 

pathway to address dynamic control, specifically in propellants and pyrotechnics. Microwave 

fields have been used previously to enhance gas-phase flame combustion in burners [8,9]. 

However, microwave field interactions with energetic material combustion have yet to be 

explored. By extension, microwave field interactions with a solid propellant's gas-phase flame may 

enable propellant burning rates to be modified. By modifying a solid propellant's burning rate, the 

thrust of a solid rocket motor can be controlled. In the field of pyrotechnic light emission, 

microwave field interactions may lead to a new way to modify visible light intensity and color 

switching by depositing energy into visible light-emitting molecular or atomic transitions, where 

typically these transitions are at lower population states. Below, several unique ideas of integrating 

microwaves-based control of energetic combustion for propellant and pyrotechnics are discussed.  

For the research field of solid propellants, microwave energy deposition may provide a 

robust solution to throttling solid rocket motors. Unlike pintle-throttling techniques, microwave 

enhancement requires no moving parts. It can be simplified by utilizing the motor casing as an in-

situ waveguide, which requires only the addition of a microwave source, power supply, and 

pressure coupling. At microwave frequencies, circular and rectangular waveguide geometries (10s 

of cm) are on the order of combustor geometries for solid rocket motors, where these solid rocket 

motors can be 10-100s of cm in diameter. Also, cutoff frequencies for microwave field propagation 

are on orders of 1-10s of cm in an air environment, allowing the fields to propagate down a solid 

rocket motor. Furthermore, most energetic materials are transparent at microwave frequencies [10–

12], which means propagation of the field can occur through the material with minimal heating of 

the unburned condensed phase. Electromagnetic field control of propellant combustion may 

provide the advantages of pintle nozzle control without the temperature limits and aerodynamic 
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losses associated with pintles, enabling throttle control of higher performance propellant 

formulations (e.g., aluminized composites).  

Microwave illuminated pyrotechnics may provide a new approach to simplification of 

pyrotechnic production through enabling multiple light output modes (strobe vs. continuous 

emission; shifting of dominate color) from a single pyrotechnic formulation and may reduce the 

use of environmentally and toxicologically harmful additives from pyrotechnics by depositing 

energy into atomic/molecular electronic transitions that emit at visible wavelengths. By depositing 

microwave energy into pyrotechnic flames, several interactions are expected to occur: increased 

flame species temperatures [13], enhanced light emission [14], and shifting of visible color through 

enhancement of excited molecular/atomic populations that emit photons [15]. The spectral purity 

and dominant wavelengths of high performing pyrotechnics rely on additives like perchlorates and 

chlorinated organic compounds, which typically deepen the flames' color from the metastable 

formation of metal chloride species that readily emit photos [16]. Additionally,  heavy metals like 

barium and strontium have been added to pyrotechnics flames to produce green and red flame 

emission [6]; however, these metal combustion products are cardiotoxic [16]. By utilizing 

microwave energy to deposit energy into pyrotechnic plumes, enhancement of molecular/atomic 

excited state populations may be possible, enabling flame emission in color ranges that are not 

possible in normal pyrotechnic combustion. An example of enhancing molecular electronic 

transition under an electric field (at 10 kHz frequency) has been previously demonstrated in et al. 

Zhang [17], where boron combustion product, BO2, emission increased with electric field strength. 

Such additives like boron, have been used to produce environmentally friendly pyrotechnics with 

green emission as a replacement for barium containing pyrotechnics [18]. By enhancement of BO2 
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emission, high color purity may be achieved in these “green” pyrotechnics, wherein color purity 

decreased for the boron based pyrotechnic when compared to the barium based pyrotechnic [18].  

1.2. Literature Review 

Over a few decades, several research groups have investigated the interaction of 

combustion products with an electric field. This review will cover previous work on the plasma-

based enhancement of energetic materials, condensed-phase interaction between energetic 

materials and microwave fields, and gas-phase field interactions of combustion products. 

1.2.1. Gas-Phase Microwave Plasma Enhancement 

Plasma-based combustion enhancement of energetic materials has been previously 

demonstrated using electrothermal-chemical (ETC) launchers, resulting in improved ignition 

flame spread, pressurization rate, and increased global propellant burning rate of solid gun 

propellants [19,20]. ETC 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 [21]. 

Burning rate enhancement can occur from advective effects, chemical kinetic effects, and non-

advective heat transfer enhancement [19]. Non-advective heat transfer effects, in particular, have 

been the topic of many studies, and it has been proposed [22] 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 effect, 

commonly referred to as plasma ablation in literature [23], is supported by experimental 

observation of varying degrees of burning rate enhancement in propellants of differing optical 

opacity [24] and observation of evidence of particle reaction ahead of the steady-state condensed-

phase preheat region within quenched, optically transmissive articles [25]. Burning rate 

enhancement during post plasma quenching times has also been found to be formulation dependent 
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[26]. Additionally, the effects of the formation of a plasma sheath at the burning surface have also 

been shown to affect the propellant burning rate [23].  

With such techniques, recent studies have shown burning rate enhancements of up to 35% 

are possible [27]. Further enhancement has been demonstrated in compositions with higher solid 

loading fractions [22]. However, burning rate enhancement techniques used in ETC launchers are 

limited to single plasma injections using a capillary plasma, and plasma volume is limited (10’s of 

centimeters in length) [28]. While well-suited to gun propellant ignition applications, this 

technique is inappropriate for rocket motors or pyrotechnics, requiring scalable and sustained or 

periodic flame enhancement.  

1.2.2. Condensed-Phase Microwave Enhancement 

In contrast to ETC-supported plasmas, the transparency of many energetic material 

ingredients to electric fields at frequencies of 0.1 to 20 GHz [10–12] suggests that electromagnetic 

field attenuation by the condensed-phase of many energetic materials is low and that the use of 

microwave fields may enable long-duration, uniform plasma generation of large, complex grain 

shapes. Previous studies on microwave heating of non-metalized energetic materials have found 

that efficient microwave energy deposition to a condensed-phase of energetic materials frequently 

requires the incorporation of additives having high microwave absorbers (high microwave loss 

tangent, tan δ, or the ratio of field losses to field propagation) [29,30]. Microwave loss in energetic 

materials containing metal fuels (particle sizes on the order of nm to μm) is expected to be higher 

due to eddy current heating [31], which for spherical metals is a function of the particle size and 

microwave penetration depth [32,33]. Moreover, a study on modeling microwave heating of metal 

particles coated with an oxide shell shows that electric field heating depends on the oxide shell 

properties (low conductivity), while magnetic field heating from eddy current generation is only 

dependent on the metal core properties [34]. However, metal or metal oxide heating simulations 
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at higher temperatures suggest magnetic field heating slows down once the Curie temperature is 

reached [35]. 

Another loss mechanism that may occur in energetic material is heating of condensed-

phase reactants (e.g., solid phase metal powder reactants or liquid metal agglomerate flame species 

and carbonaceous product species) via Maxwell-Wagner polarization [31,36] (charge build-up due 

to difference in permittivity and conductivity in a dielectric); which is due to propellants and 

pyrotechnics containing metal particles in a matrix of dielectrically transparent materials.   

1.2.3. Alkali Enhancement of Electron Populations 

Coupling of microwave energy to a gas-phase flame's background electron population 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 increase 

fuel flexibility of gas-phase flames [8,9]. 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 [37].  

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, the 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 more 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 energetic 

materials, flame number densities at atmospheric pressure, the electron-neutral collisions are 

expected to be on the order of 1011 per second [38]. This was confirmed by BOLSIG+ simulations 
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for a typically propellant formulation, showing an average of 4.5×1011 collisions per second over 

the relevant range of reduced field strengths. Comparing this to a microwave field frequency 

(~1.8×1010 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 [39,40]. In achieving more 

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 by adding 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 [41].  

1.3. Objectives 

The collection of microwaves assisted combustion research has suggested the possibility 

for combustion enhancement of energetic materials. This research aims to examine the possibility 

of microwave-assisted combustion for energetic materials, more specifically in the field of 

propellant and pyrotechnics. 

As such, the current and future objectives of this research are as follows: 

• Demonstrate the control of propellant burning rate output through the study of electric 

field interaction with the gas-phase flame. This includes exploring strategies to increase 

microwave deposition to the gas-phase flame and mechanism behind burning rate 

enhancement 

• Explore the control and enhancement of light emission intensity of a pyrotechnic flame. 

This includes an investigation into free-electron populations and alkali metals for 

enhancement of visible emission transitions. 
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• Examine microwave interaction with pyrotechnic flames with lower electron densities 

to deposit energy into visible molecular electronic transitions for the switch of color 

emission. These molecular transitions are at lower populations and are readily available 

to deposit microwave energy for enhancement of emission, which results in color 

switching.  

• Examine the partitioning of microwave energy absorption to different locations and 

species within an energetic material flame. 

These objectives were addressed utilizing multiple different microwave cavities within a 

2.46 GHz field. Optical diagnostic equipment, including high-speed video, high-speed video two-

color pyrometry, and emission spectroscopy were used to examine burning rates, flame 

temperatures, and the presence of particular species and their electron transitions within energetic 

material flames.  

1.4. Document Organization 

Chapter 1 provides a brief motivation and background of the work and describes the organization 

of the document. 

 

Chapter 2 describes the experimental methods used in this work. This includes information on 

both the single-mode and multimode microwave resonant cavities used, optical diagnostics, 

manufacturing of propellant and pyrotechnics, chemical equilibrium calculation data used to aid 

in interpreting experimental results, and data post-processing steps. 

 

Chapter 3 investigates microwave supported plasma enhancement of the burning rate of solid 

propellants containing sodium nitrate dopant. This chapter studied the effects of adding aluminum 
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and/or sodium into a propellant flame in a single modal resonate cavity with high-speed video 

observation and a UV/VIS/NIR spectrometer to measure Na electronic temperatures.   

 

Chapter 4 describes the microwave field interaction with pyrotechnics containing alkali-nitrate 

oxidizers. This chapter studied the effects of microwave illumination on the pyrotechnic flame 

luminosity and chromaticity in a multimodal resonant cavity using both color high-speed video 

and UV/VIS/NIR and IR emission spectroscopy. 

 

Chapter 5 illustrates experiments, including studies on microwave deposition to a pyrotechnic 

flame (Mg/PTFE) with lower electron densities, to achieve shifting of color. This chapter studied 

the mechanism in which microwave energy is being deposited into flame by measuring condensed-

phase temperatures in an Mg/PTFE multiphase flame. 

 

Chapter 6 gives an overview of the dissertation's main findings and discusses the future direction 

of the research. 
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CHAPTER 2. EXPERIMENTAL METHODS 

In this chapter, an overview of the optical diagnostic techniques that have been applied to 

study microwave combustion of energetic materials is discussed. These techniques include 

emission spectroscopy and high-speed imaging of emission. Flame temperature measurements 

were acquired using several different methods, including volumetric gray body temperature fitting 

of VIS/IR emission spectra, two-color pyrometry, and two-line temperature ratio of atomic species. 

Finally, the characterization of the microwave field in which combustion occurs is discussed.  

2.1. Microwave Cavities 

In this work, several different configurations were utilized to study microwave interactions 

with energetic material combustion. These include a single modal cavity and a multimodal cavity. 

All cavities' electric field strengths were measured and simulated to achieve an estimate of field 

strength and field shape, which is described below. 

2.1.1. Single Mode Cavity 

Microwave-enhanced propellant combustion experiments were conducted in a single-

mode, impedance-matched, resonant microwave cavity fitted with a flow-through microwave 

applicator (Figure 2.1a). Cavity energy is supplied by a circulator-protected 870 W, 2.46 GHz CW 

magnetron (National 2M107-825) launched into a WR-284 (Figure 2.1a) waveguide cavity and 

propagated in a TE10 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 
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combustion exhaust, the applicator is modified by the insertion of 19.81 mm thick press-fit PTFE 

blocks on both sides of the applicator. The propellant and flame structure is positioned within the 

microwave applicator atop a PTFE stand. 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. To compensate for presence of the PTFE blocks 

within the cavity, COMSOL Multiphysics 5.0 [1] 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), 

which is given by  

 𝑄 = 𝜔
𝑊

𝑃𝑀𝑊
=

𝜔

∆𝜔3𝑑𝐵
,   2.1 

 

where ω is the angular frequency, W is the energy stored within the cavity, 𝑃MW is the 

steady-state power delivery of the magnetron, and ∆ω3dB is the 3 dB width of the cavity resonance 

[2]. The Q-factor was determined to be ~985 for an unloaded cavity, shown in  

Figure 2.2.  

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 

waveguide resonant cavity, the analytical solution of Maxwell’s equations for a transverse electric 

field mode (TE10) can be used to calculate electric field maximum strength, |𝐸𝑦|max [3], 

 |𝐸𝑦|𝑚𝑎𝑥  =  
𝐴10

𝜀

𝜋

𝑎
  2.2  

or 
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 |𝐸𝑦|𝑚𝑎𝑥
2 = 4

𝑃𝑀𝑊 𝜂

𝑎𝑏
 

1

√1−(
𝑓𝑐
𝑓

)
2
, 2.3 

 

where 𝐴101 is the amplitude of the electric field in mode TE10, 𝜀 is the permittivity of the air,  η is 

the transverse mode impedance, 𝑓𝑐 is the cutoff frequency of the waveguide, 𝑓 is the frequency of 

the magnetron, 𝑎 is the width of the cavity, 𝑏 is the height of the cavity, and 𝐸𝑦 is the electric field 

strength of the single pass (non-resonant condition). For a resonant cavity condition, TE101, the 

stored energy, 𝑊, can be calculated by the following equation, 

 𝑊 =  
|𝐴101|2

𝜀
(

𝜋

𝑎
)

2 𝑎𝑏𝜆𝑔

8
, 2.4 

 

where 𝐴101 is the amplitude of the electric field in mode TE101, and  𝜆𝑔 is the waveguide 

wavelength for TE101 mode. Combining equations 2.1, 2.2, and 2.4, the resonate cavity electric 

field maximum strength, |𝐸𝑄|
𝑚𝑎𝑥

can be derived,  

 |𝐸𝑄|𝑚𝑎𝑥
2 =

4𝑄𝑃𝑀𝑊

𝜋𝑓𝜀𝑎𝑏𝜆𝑔
.  2.5 

 

 
Figure 2.1: (a) Schematic of the experimental setup of the microwave resonant cavity. This 

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) COMSOL 5.0 simulation of 

microwave applicator test section electric field distribution with no energy stored in the system 

(lower bound electric field strength). The RMS electric field strength within the propellant flame 

volume is ~24-108 kV/m. 
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Figure 2.2: Resonant wavelength Q-factor measurements of WR284 cavity using a VNA.  

 

The root-mean-square (RMS) electric field strength is estimated as ~108 kV/m at cavity 

test conditions for the WR284 applicator. 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 electric field strength of the 

experiment can be made from a consideration of the case where no energy is stored in the cavity 

(equation 2.1). The RMS electric field strength in the cavity test location is estimated as ~24 kV/m. 

Therefore, we estimate the RMS electric field strength of the microwave resonant cavity 

experiment is between 24-108 kV/m. 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. To visualize the mode 

of the resonate cavity, a numerical simulation (COMSOL Multiphysics) was conducted on the 

modified geometry in the microwave waveguide pass-through test section with an input port 

(Figure 2.1c) and impedance boundary condition on the other port. The PTFE blocks and gas 

inflow/outflow choke ports were included in this simulation to match the experimental setup. 
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2.1.2. Multimode Cavity 

A multimode microwave cavity (Figure 2.3, ~23x33x33 cm cavity) 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 pyrotechnic was placed in an electric field antinode atop a 

microwave-transparent PTFE block. The location of the field antinode was verified both 

experimentally and by numerical simulation. Experimentally, the electric field antinode location 

was found by imaging a liquid crystal film placed at various locations within the unloaded cavity 

during microwave application. The electric field distribution within the cavity was also determined 

by modeling the cavity using COMSOL Multiphysics 5.1. An estimate of the electric field strength 

in the volume occupied by the pyrotechnic flame was measured via dielectric heating of a 100 cm3 

volume of water according to the National Bureau of Standards procedure [4], yielding an average 

electric field strength of 2.1 ± 0.1 kV/m within the antinode of interest.  

 
Figure 2.3: Distribution of the mean electric field strength simulated using COMSOL within the 

microwave chamber. The red circle indicates the pyrotechnic flame location, which is located at 

an electric field antinode with an average field strength of 2.1 ± 0.1 kV/m in a volume of 100 cm3. 
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2.2. Combustion Diagnostics 

In this section, the optical diagnostics tools used to study multiphase flames will be 

discussed. These include high-speed imaging, two-color pyrometric imaging, and ultraviolet (UV), 

visible (VIS), and infrared (IR) spectroscopy. 

2.2.1. High-Speed Imaging 

High-speed imaging of multiphase combustion was taken using either (1) a monochromatic 

high-speed camera (Phantom IR300 or Photron Fastcam SA-X2) or (2) a high-speed color camera 

(Phantom v7.0 color camera). Imaging was achieved with various lens including (1) high 

magnification (Infinity K2 microscope lens) and lower magnification (Nikon 50 mm lens). 

Moreover, backlighting was utilized to observe multiphase particles in the flame. Exposure and 

acquisition rates will be noted in each figure acquired with the high-speed cameras. 

2.2.2. Two-Color Pyrometer Imaging 

Due to the high degree of condensed-phase products within multiphase metal flames, a 

significant portion of light emitted is from gray body emission of soot, metallic oxide products, 

and other high-temperature condensed-phase products (i.e., MgF) [5,6]. A reasonable estimate of 

the flame temperature may be made from gray body emission radiometric techniques.  

Previous work on condensed-phase temperature measurements of multiphase flames 

includes measurements on Mg/PTFE pyrotechnic flames and aluminized solid propellants. For 

Mg/PTFE condensed-phase flames temperatures measurements, loose powder beds of Mg/PTFE 

(33/67 wt.%) were ignited in air and condensed-phase flame temperatures have been determined 

from gray body fitting of near-infrared continuum emission, where time-averaged temperatures 

were 2020 K, which is substantially lower than CEA predicted adiabatic temperature of ~2690 K 

[6]. Flame temperatures of Mg/PTFE pyrotechnics with Viton fluorocarbon binders have been 

studied as well. Near-IR spectra of rich Mg/PTFE/Viton (57/33/10 wt.%) pyrotechnic pellet 
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combustion in air fitted with a gray body spectrum was reported with temperatures ranging from 

1900 K to 2250 K  [7]. However, Mg/PTFE combustion flame temperature has not been studied 

on a spatial scale. By selecting two wavelength bands with relatively high gray body continuum 

signal while avoiding molecular or atomic band emission, video pyrometry can be used to spatially 

and temporally resolve temperatures of the condensed-phase products of the flame [8–10]. On the 

other hand, aluminized multiphase phase combustion has been previously studied on a spatial scale 

with two-color pyrometry [8,10], where average particle temperatures of aluminum agglomerates 

were 2640 K.   

In order to calculate the temperature of the emissive condensed-phase products, Wien’s 

approximation is utilized,  

  𝐼𝑤(𝜆, 𝜖, 𝑇) =
2ℎ𝑐2𝜖

𝜆5 𝑒−
ℎ𝑐

𝜆𝑘𝑇, 2.6 

 

where 𝐼𝑤 is the measured intensity, ℎ is Planck’s constant, 𝑐 is the vacuum speed of light, k is the 

Boltzmann constant, 𝜖 is the emissivity of the gray body emitter, λ is the wavelength, and T is the 

emitter temperature. Wien’s approximation introduces an error of approximately 20 K at 3500 K 

when compared to Planck’s law at the selection of 700 and 905 nm bands [8]; a similar degree of 

uncertainty is present at the two wavelengths of 690 nm and 905 nm used in this study, and the 

ratio is shown in Figure 2.4a. By taking the ratio between two different colors using Wien’s 

approximation, the equation simplifies to 

  Tg (Iλ1
, Iλ2

, λ
1
,λ2) =

hc

k

λ2-λ1

λ1λ2
(ln(𝑅(Iλ1

, Iλ2
)) -5  ln (

λ1

λ2
))

-1

. 2.7 

 

The gray body temperature, 𝑇g, can then be calculated knowing only the intensity ratio at the two 

respective wavelengths, assuming constant emissivity for the two wavelengths selected.  
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Figure 2.4: (a) Calculated spectral intensity ratio (690 nm / 905 nm) of a gray body emitter. (b) 

Uncalibrated, dark background-corrected intensity ratios (690 nm / 905 nm), measured with the 

pyrometer, compared to the calculated, relative intensity ratios measured with calibrated 

spectrometer. The slope of the linear curve fit (R = .99) represents the optical correction factor 

ratio, measured and computed over the temperature range of 1500-2100 K. (c) Registration 

calibration images of the two-color pyrometer detectors, where the left images (green and red 

channel overlays) are unregistered, and the right images are registered. 

 

In order to obtain absolute intensity ratio 𝑅(Iλ1
, Iλ2

), both dark background subtraction and 

detector response/optical path losses calibrations are needed. Detector dark background levels 

were measured by sampling 50 frames before experiments, and the resulting average background 

levels were subtracted from the experiment data, such that 𝐼𝑐 = 𝐼uc − 𝐼dark, where 𝐼𝑐 is the 

background corrected intensity, 𝐼uc is the uncorrected intensity, and 𝐼dark is the dark background 

level intensity. To correct for detector response and optical path losses, a quartz-tungsten-halogen 

lamp was used to produce a known gray body temperature. The temperature of the lamp was 

measured using the HR4000 spectrometer (volume measurement of the filament) and calculated 

with the same procedure. Calibration measurements were taken simultaneously with both the 

spectrometer, to obtain gray body temperatures, and the two-color pyrometer, to obtain pixel 

intensity from 100 image pairs (i.e., summing intensities over the entire detector and time-

averaging). Using the temperature measured from the spectrometer and the averaged pixel 

intensities of each detector, an optical correction factor ratio, 𝜂2 𝜂1⁄ , can be calculated, such that  

 𝜂2 𝜂1⁄ = 𝑅𝑐𝑎𝑙(Iλ1
, Iλ2

)  𝐼𝜆1

𝑐 𝐼𝜆2

𝑐⁄ , 2.8 
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where 𝑅𝑐𝑎𝑙(Iλ1
, Iλ2

) is the calculated intensity ratio from the gray body temperature measured using 

equation 2.7. From this, the absolute intensity ratio 𝑅(Iλ1
, Iλ2

) was calculated from 

 𝑅(Iλ1
, Iλ2

) =
𝜂2𝐼𝜆2

𝑐

𝜂1𝐼𝜆1
𝑐 . 2.9 

 

The ratio of the uncalibrated ratio signal to the calibrated ratio signal can be seen in Figure 2.4b, 

where the linear slope equals the optical correction factor. 

Two Andor Zyla 5.5 sCMOS monochrome cameras (12-bit depth, 5.5 megapixels, 20 Hz, 

9 µs exposure) were utilized for two-color video pyrometry of the pyrotechnic flames, where the 

schematic diagram of the two-color video pyrometer is shown in Figure 2.5. The pyrometer imaged 

the combustion event through a Faraday cage screen. Briefly, light entered a negative lens 

(Thorlabs, 25 mm Ø, N-BK7 plano-concave lens, -75 mm focal length) and then through a Nikon 

50 mm primary macro lens (.11 magnification, ~2 cm depth of field). The image was then split 

using a non-polarizing beam splitter, where each path includes a bandpass filter (690 nm ± 10 nm 

FWHM, Thorlabs FB690-10; 905 nm ± 10 nm FWHM, Thorlabs FL905-10, respectively) prior to 

incidence on the detectors. The bandpass filters were selected based on analysis of emission spectra 

to verify the absence of molecular/atomic emission spectral features at these two wavelengths. 

A custom MATLAB program was utilized to post-process the data by overlapping the two 

channels and taking the image ratio. Briefly, using images of a registration target (Figure 2.4c), 

the pixels of the secondary detector were spatially remapped to the primary detector. Before 

experimentation, dark images were acquired on each detector, and background levels were 

averaged and subtracted from the corresponding experiment value to obtain the background-

corrected intensity. Pixels with low signal levels were then omitted from the temperature 

calculation using an intensity threshold of four standard deviations above the average dark noise 
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value, which was calculated using dark images on an individual pixel basis. Saturated pixels were 

additionally omitted from the calculation. It was observed that most signal filtering occurred 

around the exterior edge of the flame envelope; a high degree of filtering in this region was due to 

a combination of (1) high spatial temperature gradients in this region, slight pixel to pixel 

misalignment, and low signal intensities in the 905-nm detector channel. The absolute intensity 

ratio of pixels having acceptable intensity was calculated using equation 2.9. From the absolute 

intensity ratio, the spatial temperature distribution was determined from equation 2.7. 

 
Figure 2.5: Schematic of the two-color pyrometer, which includes a negative lens, a 50 mm Nikon 

compound lens, a 50/50 beam splitter, bandpass filters, and cameras. 

 

2.2.3. Emission Spectroscopy 

To monitor the UV/VIS/NIR spectral emission, an OceanOptics USB4000 spectrometer 

(200 to 900 nm, 25 μm slit, ~100Hz) or an OceanOptics HR4000 (200 to 1100 nm, 10 μm slit, 

~100 Hz) was used with an OceanOptics multimode fiber (400-1000 µm diameter, P400-0.25-SR). 

The 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. Before 

testing, the UV/VIS/NIR spectrometer was calibrated using a deuterium tungsten-halogen light 

source (OceanOptics, DH-2000-CAL, 300-1050 nm) to correct for detector responsivity and 
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achieve relative spectral irradiance measurements. From the raw spectra acquired (units of counts), 

relative spectral irradiance, 𝐼𝑝,𝑟 (arb. units), was calculated,  

 𝐼𝑝,𝑟(𝜆, 𝑡𝑖) =  
𝐶𝑝(𝑆𝑝−𝐷𝑝)

𝑡𝑖𝑛𝑡 𝐴 𝑑𝐿𝑝
 2.10 

 

where 𝐶𝑝 is the calibration file for the lamp (µJ/counts), 𝑡int is the integration time of the 

spectrometer (s), 𝑑𝐿𝑝 is the wavelength spread on each pixel (pixel/nm), 𝐷𝑝 is the uncalibrated 

dark noise of the detector (counts/pixel), λ is the wavelength center on each pixel (nm), ti is the 

time at the start of each acquisition (s), 𝐴 is the collection area (cm2), and  𝑆𝑝 is the acquired 

uncalibrated spectrum (counts/pixel). Due to the collection area being unknown during 

experimental, the calibration is reported as units of relative irradiance (arb. units), where the 

spectrometer fiber is stationary during testing.  

Emission spectra were post-processed using MATLAB to correct for dark noise level and 

detector responsivity. From calibrated spectra, measures of total spectral emission were calculated 

as  

 𝐼𝑡(𝜆) =
1

𝑚𝑠𝐹𝑠
∑ 𝐼𝑝,𝑟(𝜆, 𝑡𝑖)

𝑛
𝑖=1 , 2.11 

 

where 𝐼𝑡 (𝜆) is the total relative spectral irradiance per gram pyrotechnic for the entire burn (arb. 

units per gram), 𝑚𝑠 is the pyrotechnic article mass, and Fs is the spectrometer sampling frequency 

(1/s). A measure of total emission is calculated by numerically integrating 𝐼𝑡𝑜𝑡𝑎𝑙(𝜆) over all the 

wavelengths between 400 to 880 nm. Emission outside of this spectral range suffered low signal 

to noise levels and was omitted from the analysis. 

To capture the infrared emission spectra, a Spectraline ES200 IR spectrometer (1.2 to 5.5 

μm, 1,320 Hz, ~0.03 μm 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 
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distance. This sampling volume was positioned 25 mm above the pyrotechnic sample. As such, 

unlike visible spectra, which are representative of entire flame emission, IR emission spectra are 

from a small volume above the pyrotechnic article and not representative of the whole flame. Prior 

to use, the IR spectrometer was calibrated using a black 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. 

2.2.4. Flame Emission Chromaticity 

The dominant visible wavelength emission from pyrotechnic flames was calculated for 

comparison on a CIE 1931 chromaticity diagram using data acquired with a VIS spectrometer. In 

doing so, the procedure of Ref. [11] was followed. Briefly, tristimulus values for each spectrum in 

the time series were calculated,  

 𝑋𝑖(𝑡𝑖) = ∫ 𝐼𝑖(𝜆, 𝑡𝑖)𝑥̅(𝜆)𝑑𝜆
∞

𝜆=0
 2.12 

 𝑌𝑖(𝑡𝑖) = ∫ 𝐼𝑖(𝜆, 𝑡𝑖)𝑦̅(𝜆)𝑑𝜆
∞

𝜆=0
 2.13 

 𝑍𝑖(𝑡𝑖) = ∫ 𝐼𝑖(𝜆, 𝑡𝑖)𝑧̅(𝜆)𝑑𝜆
∞

𝜆=0
, 2.14 

 

where 𝑋𝑖(𝑡𝑖), 𝑌𝑖(𝑡𝑖), and 𝑍𝑖(𝑡𝑖) are the tristimulus values of the relative spectral irradiances, 

𝐼𝑖(𝜆, 𝑡𝑖) in the time series, and 𝑥̅(𝜆), 𝑦̅(𝜆), and 𝑧̅(𝜆) are the CIE 1931 two-degree field of view 

color-matching functions, which is shown in Figure 2.6. 

The chromaticity coordinates, 𝑥𝑖(𝑡𝑖) and 𝑦𝑖(𝑡𝑖) of each spectrum in the time series are then 

calculated as 

 𝑥𝑖(𝑡𝑖) =
𝑋𝑖(𝑡𝑖)

𝑋𝑖(𝑡𝑖)+𝑌𝑖(𝑡𝑖)+𝑍𝑖(𝑡𝑖)
 2.15 

 𝑦𝑖(𝑡𝑖) =
𝑌𝑖(𝑡𝑖)

𝑋𝑖(𝑡𝑖)+𝑌𝑖(𝑡𝑖)+𝑍𝑖(𝑡𝑖)
 . 2.16 

 

The chromaticity coordinates are plotted on a CIE 1931 diagram shown in Figure 2.7, where the 

color of the figure represents the visible color, and the dotted line represents a gray body emitter. 

Highly purity colors are points on the curved edge of the diagram. 
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Figure 2.6: CIE 1931 standard observer color matching functions. 

 
Figure 2.7: CIE 1931 color space chromaticity diagram with gray body emission dominant color 

plotted for temperatures from 1000 to 5000 K.  Blue numbers at the extent of the diagram represent 

the wavelength of emission in nanometers. Highly pure colors are represented by locations near 

the extent of the diagram, while spectrally uniform (i.e. ‘whiter’) colors are nearer the locus of the 

plot.  

 

2.2.5. Volumetric Gray Body Temperature Measurements 

Volumetric gray body temperature can be calculated from calibrated spectra from the 

emission of condensed-phase flame products using a UV/VIS/NIR spectrometer. Volumetric gray 

body temperature measurements of spectra were calculated using a MATLAB program, where 
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continuum emission (400-850 nm, with no atomic or molecular features) was fitted to Planck’s 

Law using a minimization function to find both emissivity and temperature, similar to the 

procedure described in et al. Terry [12]. The emissivity values calculated from the spectral fits are 

not real values due to the relative intensity calibration of the spectrometer (i.e., the solid angle is 

unknown). Emission spectra had to meet a minimum integrated intensity value to consider for a 

gray body fitting. An example of an arbitral fit is shown in Figure 2.8. 

 
Figure 2.8: Example of calibrated emission spectra fitting procedure using custom MATLAB 

fitting program. 

 

2.2.6. Sodium Two-line Temperature Measurement 

Spectroscopic measurements (UV/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 with 

a 50 mm diameter achromatic lens onto a 200 µm multimode fiber coupled to the spectrometer. 

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 
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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 [13]. 

The temperature measurement resulting from the 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) [14], a Boltzmann 

distribution giving the population fraction can be used to infer the electronic temperature of sodium 

TNa 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 by 

 
𝑆𝑛,𝑚

𝑆𝑗,𝑖
=

𝜂(𝜆𝑛,𝑚)

𝜂(𝜆𝑗,𝑖)

𝑄𝐸(𝜆𝑛,𝑚)

𝑄𝐸(𝜆𝑗,𝑖)

∑ 𝐴𝑚,𝑛𝑔𝑚𝑒−𝐸𝑚 𝑘𝐵⁄ 𝑇𝑁𝑎 
𝑛

∑ 𝐴𝑗,𝑖𝑔𝑗𝑒
−𝐸𝑗 𝑘𝐵⁄ 𝑇𝑁𝑎 

𝑗

, 2.17 

 

where gj is the degeneracy of state j, Aj,i is the spontaneous emission rate from state j, Ej is the 

energy of the upper state, and kB is the Boltzmann constant. Constant factors η and QE 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 λj,i. The spontaneous emission 

coefficients and degeneracies are taken for sodium [15,16] 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 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, 
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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 η, QE, A, and g, as constant between the two cases. This inferred 

temperature represents the change in the distribution of the states of electronic sodium, and we 

assume these states are in LTE to infer a temperature.  

2.3. Manufacture of Energetic Material Experimental Articles 

In this section, steps for manufacturing propellants and pyrotechnics are discussed. 

2.3.1 Propellant Manufacture 

To investigate the mechanism of alkali doping of the flame, both unaluminized and 

aluminized composite propellants containing quantities of NaNO3 dopant ranging from 0 wt.% to 

16 wt.% were manufactured. The propellant formulations, shown in Table 2-1, consisted of 

aluminum (~35 µm, Valimet-H30), ammonium perchlorate (AP, 200/90 µm, 80/20 coarse/fine wt. 

%, Firefox Chemicals), sodium nitrate (NaNO3, Firefox Chemicals), and an hydroxyl-terminated 

polybutadiene (HTPB) binder system. Prior to propellant fabrication, NaNO3 was milled and 

sieved to achieve particle sizes of < 75 µm, and propellant solids were dried under a roughing 
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vacuum at 50 ºC 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 isophorone diisocyanate (IPDI) 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 all greater than 95% of theoretical maximum density (TMD). For combustion 

experiments, propellant strands' surfaces were inhibited to prevent flame spread down the sides of 

the burning strands. 

Table 2-1: Formulations of all solid propellants manufactured for the effect of alkali doping on 

burning rate study. 

HTPB  

(wt. %) 

Coarse 

AP (wt. 

%)  

Fine AP 

(wt. %) 

Al   

(wt. %) 

NaNO3 

(wt. %) 

12 70.4 17.6 --- --- 

12 57.6 14.4 --- 16 

12 58.4 14.6 15 --- 

11.6 56.3 14.1 14.5 3.5 

12 45.6 11.4 15 16 

 

2.3.2 Pyrotechnic Manufacture 

The pyrotechnic formulations used in the alkali-nitrate dopant study consisted of 

magnesium (Firefox; 190-325 mesh), one of three different alkali nitrate oxidizers, and the epoxy 

binder (Epon-813/Versamid-140; H98C83O14N4). All compositions were formulated for 

stoichiometric combustion to achieve maximum equilibrium flame temperatures. Alkali nitrate 

oxidizers used in formulations consisted of one of the following: sodium nitrate (NaNO3, Hummel 
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Croton Inc., MIL-S-322C, Grade B); potassium nitrate (KNO3, Hummel Croton Inc., MIL-P-

156B); or cesium nitrate (CsNO3, American Elements Engineering), in which Table 2-2 show the 

pyrotechnic formulations. The epoxy binder used was a two-part thermoset-epoxy consisting of 

70 wt. % Epon-813 and 30 wt.% Versamid-140. All pyrotechnic compositions were hand-mixed 

in a grounded pan using a metal spatula in 10 g or fewer quantities. 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 acrylic lacquer to prevent flame spread down the pellet's 

sides.  

Table 2-2: Formulations of pyrotechnics used in the alkali-nitrate study. 

 

Mg   

(wt. 

%) 

NaNO3 

(wt. 

%) 

KNO3   

(wt. 

%) 

CsNO3 

(wt. 

%) 

Epoxy 

(wt. 

%) 

45.6 49.4 --- --- 5 

42.8 --- 52.2 --- 5 

28.5 --- --- 66.5 5 

 

The pyrotechnic formulation used in the Mg/PTFE study is a 1:1 by weight ratio of 

magnesium (Firefox, 190-325 mesh) and PTFE (Sigma Aldrich, 35 μm). The pyrotechnic 

composition was hand-mixed with a metal spatula within an electrically-grounded pan in quantities 

of less than 10 g. The fuel and oxidizer were mixed until homogeneous and brushed through a 100-

mesh sieve. To achieve the desired consolidation density, reactive compositions were shim-pressed 

in a 6-mm diameter die to a nominal length of 9 mm using a Carver 12-ton press with a dwell time 

of approximately 10 seconds. Densities of the resulting pellets were approximately 98% TMD 

(theoretical mass density). Pellets were inhibited with acrylic lacquer to prevent flame spread down 
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the sides of the pellet.  

2.4. Chemical Equilibrium Calculations 

Chemical equilibrium calculations were performed on all formulations tested in this work. 

The NASA Chemical Equilibrium with Applications (CEA) code [17] was used to make 

thermochemical predictions at sea-level atmospheric conditions (1 atm) to mimic testing 

conditions. Moreover, CEA gives insight into both gas-phase and condensed-phase products, 

which are used to infer microwave absorption. All calculations were conducted with ion chemistry 

enabled. Table 2-3 lists properties of reactants not given in CEA. 

Table 2-3: List of reactants properties not listed in NASA CEA code. 

Reactants 
Chemical 

Formulation 

Heat of 

Formation 

(kJ/mol) 

Epon-813/ 

Versamid-140 

epoxy (70/30 wt. 

%) 

H98C83O14N4 -3,666 

PTFE C2F4 -810 
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CHAPTER 3. MICROWAVE PLASMA ENHANCEMENT OF MULTIPHASE FLAME: 

ON-DEMAND CONTROL OF SOLID PROPELLANT BURNING RATES 

Stuart J. Barkley, Keke Zhu, Joel E. Lynch, James B. Michael, Travis R. Sippel 

Modified from a manuscript published in Combustion and Flame. 

3.1. Abstract 

The technique is enabled through novel alkali metal doping, which provides increased 

levels of ionization and allows efficient microwave energy deposition to the flame structure and 

subsequent perturbation of the steady-state propellant burning rate. Three potential modes of 

energy deposition are identified in composite propellants: (1) plasma-enhancement promoted by 

the presence of sodium, (2) absorption by high-temperature metallic oxide products, and (3) direct 

absorption of energy by the propellant condensed-phase reactants. Equilibrium calculations are 

used to identify propellant compositions with high free-electron populations. Experimental 

emission spectroscopy and imaging of the microwave-enhanced propellant flame structure show 

evidence of these mechanisms. Propellant burning rates can be increased by up to 60% through 

the application of 1 kW, continuous 2.46 GHz microwave radiation. Propellant doping with 3.5% 

by weight of sodium nitrate shows significant improvement in the effectiveness of microwave 

application in modifying the propellant burning rate. This technique provides high levels of 

dynamic propellant combustion control from a solid-state system. The on-demand control of 

energetic material burning rates through low-level doping and microwave irradiation is a 

promising technique which could lead to the development of a new class of ‘smart’ dynamically 

controllable energetic materials. 

3.2. Specific Aims 

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 
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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 examine the effects of alkali doping and 

microwave plasma seeding on microwave absorption, flame structure, and burning rate 

enhancement, and (3) explore the mechanisms through which microwave energy couples with and 

is deposited to a composite solid propellant flame structure.  

3.3. Results and Discussion 

3.3.1. Equilibrium Chemical Calculations 

Equilibrium calculations conducted with varying propellant reactant composition and 

sodium dopant levels (Figure 3.1) 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 NaNO3 

loadings as compared to free-electron concentrations. By 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 (Isp, the thrust generated dived by the propellant mass flow rate), 

determined for typical motor pressures of 1000 psi. Replacement of 16 wt. % AP with NaNO3 in 

a 15 wt. % aluminized propellant (Table 3-1) is found to reduce Isp by 11 s from 262 to 251 s. At 

lower dopant levels, replacement of 3.5 wt. % of AP with NaNO3 reduces Isp by only 2 s. While 

higher equilibrium free-electron concentrations are accessible with NaNO3 dopant addition beyond 

16 wt. %, the associated decrease in ISP performance is significant.  
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Figure 3.1: 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 (c) (mol. % of chamber products) as a 

function of propellant formulation. Calculations are conducted at 1 atm pressure. Each corresponding datum point indicates a 

corresponding formulation experimentally investigated and shown in Table 3-1. 
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Table 3-1: Solid propellant formulations with corresponding equilibrium predictions of electron mole fraction, equilibrium specific 

impulse (ISP), adiabatic flame temperature (Tflame,ad), and experimentally observed atmospheric pressure propellant burning rate 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 calculated/measured at 1 atm pressure. Burning rates (rb) are 

reported as the average and standard deviation of three experiments. 

Formulation, 

balance HTPB 

NaNO3 

Dopant 

(wt. %) 

Electron  

Fraction 

(mol. frac.) 

ISP  

(s) 

Tflame, ad 

(1 atm),     

(K) 

Burning Rate 

without 

Microwave 

(mm/s) 

Burning Rate 

with 

Microwave  

(mm/s) 

Burning Rate 

Enhancement 

AP 

(88 wt. %) 
0% 1.11x10-10 251 2713 1.17±0.008 1.20±0.031 3.0% 

AP/NaNO3 

(72/16 wt. %) 
16% 8.65x10-7 240 2664 0.624±0.028 0.753±0.047 20.7% 

AP/Al 

(73/15 wt. %) 
0% 2.13x10-7 262 3031 1.07±0.039 1.17±0.027 10.1% 

AP/Al/NaNO3 

(70.4/14.5/3.5 

wt. %) 

3.5% 7.54x10-6 260 3032 0.988±0.017 1.26±0.015 27.5% 

AP/Al/NaNO3 

(57/15/16 wt. %) 
16% 2.03x10-5 251 3011 0.522±0.012 0.847±0.006 62.3% 
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3.3.2. Propellant Formulation Design 

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 NaNO3 dopant were manufactured.  

3.3.3. Microwave Effects on Flame Structure and Plasma Formation 

Experiments were conducted for the range of formulations presented in Table 3-1. For 

these experiments, with estimated RMS electric field strengths of 24-91 kV/m, visible light 

emission was significantly enhanced during microwave application for all propellant formulations. 

In Figure 3.2, image sequences are shown for each propellant formulation burning both with and 

without microwave field application. For propellants without microwave enhancement (Figure 3.2, 

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 

(Figure 3.2, right and supplementary video in APPENDIX, video 1), 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.  

Propellants without NaNO3 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 Al/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 
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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 [1]. 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. 

 
Figure 3.2: 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 a microwave field. 

 

In comparing emission image sequences of undoped AP and Al/AP propellants, there are 

several distinct differences in microwave coupling regions that occur with the addition of 
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Figure 5.2: (a) Time-integrated UV-VIS emission spectra from Mg/PTFE combustion with and 

without microwave irradiation (averages of three trials each). Microwave irradiation increases 

emission from molecular bands (MgO and MgF), atomic bands. Gray body fits represent average 

temperatures from entire burn durations. (b) Time-resolved gray body temperature fits of visible 

spectra were taken from three experimental trials both with and without microwave irradiation. 

The boiling temperature of MgF2 at 1 atm is indicated by a dashed line. 

 

With microwave illumination, significant enhancement of molecular, atomic, and gray 

body continuum emission was observed (Figure 5.2a, red). The majority of microwave-induced 

emission enhancement occurs from molecular electronic transitions. The MgF/MgO/Mg UVA 

band emission is increased by a factor of 30. Microwave emission enhancement of the MgO green 

bands also occurs, and several other molecular spectral features that are not observable without 

microwave illumination were detected, including MgO red bands (470-690 nm). Enhancements of 

atomic emission from Mg, Na, Li, and K (aforementioned transitions) along with the UVB 

transition of Mg (285 nm) were also observed. As a result of the microwave field, an increase in 

gray body continuum emission results in an increase in the condensed-phase product temperature 

of ~130 K, as seen in the gray body continuum fits in Figure 5.2a. Finally, the time- and 

wavelength-integration of the UV/VIS/NIR Mg/PTFE flame emission during combustion (260 nm 

to 900 nm) shows that microwave illumination results in an increase in total emission output of 

90% (Figure 5.2b). 
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the flame volume is 2400 K, which is a total increase in temperature of 130 K with microwave 

deposition to the flame. 

5.3.6. Microwave Light Emission Enhancement Mechanism 

Energy transfer to the primary (premixed) flame, secondary (air entrainment) flame, and 

to the condensed-phase reactants occurs primarily by three different mechanisms. The interaction 

of microwave fields with the primary flame of Mg/PTFE produces a significant enhancement of 

continuum light emission. A similar effect was observed as a result of microwave illumination of 

sodium-nitrate doped aluminized composite solid propellant flames [6]. The dielectric thermal 

runaway of aluminum oxide—exponential temperature dependence of dielectric loss [7]—was 

proposed as the mechanism for continuum emission enhancement in aluminized propellant 

products. 

In the present work, anaerobic equilibrium calculations suggest the primary flame produces 

the condensed-phase product species MgF2(l) and carbon. MgF2 exists in the liquid phase at 

anaerobic combustion temperatures (Tadiabatic, anaerobic = 2360 K), which is just below the MgF2 

volatilization temperature (Tboil= 2533 K). While dielectric thermal runaway is commonly 

observed in ceramics, the dielectric loss and dielectric temperature sensitivity of MgF2 at high 

temperature are unknown. Regardless, the potential for dielectric microwave heating of the MgF2 

condensed-phase is limited due to the adiabatic flame temperature being in close thermal proximity 

to the MgF2 volatilization temperature. Conversely, carbon microwave absorption is known to be 

high [8] and has a high sublimation temperature (Tsublimation = 3915 K). Due to the anaerobic 

conditions of the primary flame, carbon is stable and expected to efficiently absorb microwave 

energy. Therefore, it was expected that observed continuum enhancement and measured flame 

temperature increase of ~150 K from microwave illumination (Figure 5.2, Figure 5.7, and Figure 

5.8) was a result of dielectric heating of carbon condensed-phase products. 
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Microwave heating of the condensed-phase pyrotechnic reactants may also occur and 

increase light emission intensity. While PTFE reactants are low dielectric loss materials even at 

elevated temperatures [10], magnesium can be heated via eddy current [11] because the particle 

sizes are on the order of microwave penetration depth (orders of nm to μm). [12,13] Microwave 

heating of condensed-phase reactants could increase instantaneous luminosity through an 

enhanced burning rate. However, microwave heating of condensed-phase magnesium is expected 

to be small, as separate efforts on microwave sintering of Mg indicate heating rates are ~17 K/min 

(1 kW microwave field), which is lower than microwave heating rates of many other metals [14]. 

The dominant microwave absorption mechanism within the three combustion wave regions 

(primary flame, secondary flame, and reactants) are summarized in Table 5-2. 

Table 5-2: Summary of microwave absorption and microwave-enhanced light emission 

characteristics of Mg/PTFE combustion wave regions. 

Combustion 

Wave Region 

Dominant MW 

Absorption 

Mode 

MW 

Absorption 

Species 

Characteristic 

Light Emission 

Enhancement 

Light 

Emission 

Species 

Primary Flame Dielectric C(s) 
Continuum 

(spectral, red) 
C(s) 

Secondary Flame 

(air entrainment) 
Electronic 

e-, forming 

MgF+, Mg+ 

Spectral, 

UVA/blue/green 

MgO(g), 

MgF(g), Mg(g) 

Reactants Eddy current Mg(s) 

Uniform 

luminosity 

enhancement 

N/A 

 

5.4. Conclusions 

This effort explored the ability to enhance the combustion of Mg/PTFE pyrotechnics 

utilizing a microwave field to deposit energy into the flame and dynamically control emission 

color and light intensity. Results indicated that microwave illumination increases UV/VIS/NIR 

light emission by ~90%. Microwave enhanced light emission includes both enhanced gray body 

and molecular/atomic electronic emission. Flame volume is shown to increase with microwave 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1. Conclusions 

This work explored the use of microwave fields to deposit energy into gas-phase flames of 

energetic materials with the intention of controlling combustion. Specifically, the purpose of this 

work was to (1) investigate the burning rates of solid propellants, (2) enhance light-emission from 

pyrotechnics, and (3) demonstrate the color-switching capabilities of pyrotechnics.  

 In the first study, the effect of increased free-electron populations on the burning rate of 

solid propellants and microwave field coupling was explored. By adding an easily ionizing atomic 

species (Na in the form of NaNO3) and increasing the flame temperatures via the addition of 

aluminum metal fuels, thermal ionization of Na increased, resulting in higher free-electron 

populations. This resulted in plasma anchoring to the burning surface and increased microwave-

induced burning rate enhancement of up to 62%. From these findings, three main mechanisms of 

energy deposition into the propellant and its combustion plume are proposed. First, microwave 

supported plasma flame enhancement resulted in increased field coupling to the flame via electron-

neutral collisions. Na electronic temperatures increased by ~1000 K, which verified that plasma 

was formed.  The second proposed mechanism was the dielectric heating of aluminum oxide 

products, where aluminum particles exhibited increased continuum radiation as well as increased 

diffusion flame sizes. This suggested that aluminum oxide condensed-phase product temperatures 

increased, which was hypothesized to be a result of strong microwave energy absorption of 

aluminum oxide at high temperatures. Finally, heating of the condensed-phase reactant matrix may 

result in burning rate enhancement. However, the time-uniformity of burning rate measurements 

for all propellant strands suggest microwave flame interactions are predominantly responsible for 

enhancements, and volumetric microwave heating of the condensed-phase reactant matrix is small 
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in comparison to energy absorption by the gas-phase (significant MW absorption by condensed-

phase reactants would result in an increase in burning rate over time). These results have significant 

implications for the enhancement of metal combustion efficiency. Further, these results may be 

applicable to areas outside of energetic materials. Specifically, this work found that doping a flame 

increased field coupling, which may of interest to areas focused on microwave-assisted 

combustion. 

 In the second study, pyrotechnic light enhancement was demonstrated in a microwave 

field. Three alkali nitrate formulations (NaNO3, KNO3, and CsNO3), all with high free-electron 

populations, increased the total visible emission in the presence of a microwave field. The 

formulation that demonstrated the greatest microwave light emission enhancement was 

Mg/NaNO3 (up to 120% light emission enhancement). This primarily occurred from the lowest 

energy electronic transition of the respective dopant alkali atom. While little visible color change 

was observed, continued excitation of low-energy alkali transitions was observed after 

extinguishment. Some emission enhancement from molecular species was also observed in the IR 

wavelengths. These findings have implications for the development of increased brightness 

emitters, improved pyrotechnic light emission efficiency, advanced pyrotechnic strobes, and the 

development of on-command tuneable light emission pyrotechnics. Further, the development of 

tuneable pyrotechnics may allow for multi-role use, simplify pyrotechnic supply and loadout, and 

enable new pyrotechnic functionalities.  

 The final study investigated microwave light emission enhancement of pyrotechnics with 

low free-electron populations. Specifically, Mg/PTFE combustion was explored in a microwave 

field. Similar to the alkali nitrate pyrotechnics, Mg/PTFE demonstrated an increase in visible 

emission (up to 90%.). Emission enhancement primarily occurred from the excitation of molecular 
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electronic transitions as well as the continuum emission. Excitation resulted in a shift of color that 

mainly occurred in the diffusion flame. Temperature measurements showed that microwave 

irradiation resulted in a temperature increase (~100-300 K). Unlike alkali-containing pyrotechnics, 

it was found that microwave irradiation of Mg/PTFE resulted in a blue shift in flame color due to 

preferential light emission enhancement from MgO, MgF, and Mg. Blue light emission 

enhancement was found to be spatially localized to the diffusion flame envelope in which 

secondary combustion of the fuel-rich pyrotechnic with surrounding air occurs and where local 

flame temperatures are highest. It is hypothesized the blue emission enhancement occurs from 

electron energy transfer to molecular and atomic Mg species. Similar to findings from the first 

study, energy deposition was hypothesized to occur in three ways. First, the increased frequency 

of electron-neutral collisions resulted in higher populations of excited state atomic and molecular 

species. Second, dielectric/eddy current heating of the condensed-phase resulted in an increase in 

continuum emission. Finally, dielectric/eddy current heating of the reactants resulted in indirect 

energy absorption to the reactant composite matrix. This final study has implications for 

microwave control of flame color.  

6.2. Future Work 

Future work should focus on the following areas: 

(1) An investigation of gas-phase interactions of solid propellants at higher pressures. Gas-

phase microwave energy deposition is expected to decrease at higher pressure as reduced 

field strengths will decrease due to an increase in number density. This includes a burning 

rate study at higher pressure and integration of a magnetron into a sub-scale solid rocket 

motor test stand to measure generated propulsion or Isp.  

(2) Exploring efforts in depositing energy into the condensed-phase of propellants. Gas-

phase interactions were the primary focus of this work. However, strategies to target 
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microwave energy absorption to the condensed-phase should also be explored as they may 

provide more robust combustion control, in particular when the flame is extinguished. One 

such strategy includes adding embedded conductive metal wires, in which these metals 

wire will heat via eddy currents. An embedded conductive medium can be heated from 

microwave-induced eddy current flows on surfaces of the conductive phase in order to 

effect either local heating near the burning surface or bulk heating of the conductive 

structure.  

(3) Investigate different molecular species for color switching of pyrotechnics. This 

includes BO2 and BO emission, where these transitions emit in the green region of the 

visible spectrum. This may provide a more environmentally friendly (toxicity) alternative 

to BaCl emitters. 

(4) Exploring high field-strength, pulsed microwave field energy deposition into gas-phase 

energetic material flames. In particular, high field-strength, pulsed fields are of interest for 

their demonstrated ability to avoid parasitic break- down and their ability to deposit energy 

through other modes. The development of energetic materials with engineered microwave 

energy deposition target features within flame structures offers the potential for a new class 

of energetic materials whose combustion may be controlled in a dynamic, ‘on-command’ 

fashion. Application-specific analyses of energy requirements will place important 

limitations on the utility of the technique. The targeted deposition to local flame structures 

evident in this work could enable control of a number of energetic material and propulsion 

devices, for example, throttling or thrust controllable solid rocket motors, active 

combustion stabilization systems, and pyrotechnics with dynamically controllable light 

emission. 
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APPENDIX VIDEO LINKS 

Chapter Three: Microwave Plasma Enhancement of Multiphase Flame: On-Demand 

Control of Solid Propellant Burning Rates 

Video 1 - Video showing the time dynamic of the plasma generated for each formulation and high 

magnification videos of Al agglomerates near the burning surface under a pulsed microwave field. 

Link: https://tinyurl.com/s6b426l 

Chapter Four: Microwave-Assisted Modulation of Light Emission Intensity in Alkali-

Pyrotechnic Plumes 

Video 2 – Video showing microwave illumination of all three pyrotechnics (Mg/NaNO3, 

Mg/KNO3, and Mg/CsNO3,) in a 60 Hz microwave field. Also, the video shows microwave post-

combustion excitation of a Mg/NaNO3 pyrotechnic emission.   

Link: https://tinyurl.com/yynbbqn9 

Chapter Five: Microwave Switching of a Magnesium/Teflon Pyrotechnic Flame Color, 

Intensity, and Temperature 

Video 3 – Time-resolve two-color pyrometer images and color video of a Mg/PTFE pyrotechnic 

combustion with and without microwave field.   

Link: https://tinyurl.com/y2vytydr 

 

 


