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ABSTRACT

Historically, hypergolic propellants have utilized fuels based on hydrazine and its
derivatives due to their good performance and short ignition delays with the commonly used
hypergolic oxidizers. However, these fuels are highly toxic and require special handling
precautions for their use.

In recent years, amine-boranes have begun receiving attention as potential alternatives to
these more conventional fuels. The simplest of these materials, ammonia borane (AB, NH3BH3)
has been shown to be highly hypergolic with white fuming nitric acid (WFNA), with ignition
delays as short as 0.6 milliseconds being observed under certain conditions. Additionally,
thermochemical equilibrium calculations predict net gains in specific impulse when AB based
fuels are used in place of the more conventional hydrazine-based fuels. As such, AB may serve as
a relatively less hazardous alternative to the more standard hypergolic fuels.

Presented in this work are the results of five major research efforts that were undertaken
with the objective of developing high performance fuels based on ammonia borane as well as
characterizing their combustion behavior. The first of these efforts was intended to better
characterize the ignition delay of ammonia borane with WFNA as well as investigate various fuel
binders for use with ammonia borane. Through these efforts, it was determined that Sylgard-184
silicone elastomer produced properly curing fuel samples. Additionally, a particle size dependency
was observed for the neat material, with the finer particles resulting in ignition delays as short as
0.6 milliseconds, some of the shortest ever reported for a hypergolic solid fuel with WFNA.

The objective of the second area of research was intended to adapt and demonstrate a
temperature measurement technique known as phosphor thermography for use with burning solid

propellants. Using this technique, the surface temperature of burning nitrocellulose (a
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homogeneous solid propellant) was successfully measured through a propellant flame. During the
steady burning period, average surface temperatures of 534 K were measured across the propellant
surface. These measured values were in good agreement with surface temperature measurements
obtained elsewhere with embedded thermocouples (T = 523 K). While not strictly related to
ammonia borane, this work demonstrated the applicability of this technique for use in studying
energetic materials, setting the groundwork for future efforts to adapt this technique further to
studying the hypergolic ignition of ammonia borane.

The third research area undertaken was to develop a novel high-speed multi-spectral
imaging diagnostic for use in studying the ignition dynamics and flame structure of ammonia
borane. Using this technique, the spectral emissions from BO, BO2, HBO,, and the B-H stretch
mode of ammonia borane (and its decomposition products) were selectively imaged and new
insights offered into the combustion behavior and hypergolic ignition dynamics of ammonia
borane. After the fuel and oxidizer came into contact, a gas evolution stage was observed to
precede ignition. During this gas evolution stage, emissions from HBO; were observed, suggesting
that the formation of HBO» at the AB-nitric acid interface may help drive the initial reactant
decomposition and thermal runaway that eventually results in ignition. After the nitric acid was
consumed/dispersed, the AB samples began burning with the ambient air, forming a quasi-steady
state diffusion controlled flame. Emission intensity profiles measured as a function of height above
the pellet revealed the BO/BO».based emissions to be strongest in the flame zone (corresponding
to the highest gas temperatures). Within the inner fuel-rich region of the flame, the HBO, emission
intensity peaked closer to the fuel surface after which it unexpectedly began to decrease across the

flame zone. This is seemingly in contradiction to the current understanding that HBO> is a stable
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product species and may suggest that for this system it is consumed to form BO; and other boron
oxides.

The fourth area of research undertaken during this broader research effort investigated the
use of ammonia borane and other amine borane additives on the ignition delay and predicted
performance of novel hypergolic fuels based on tetramethylethylenediamine (TMEDA). Despite
these materials being in some cases only sparingly soluble in TMEDA, solutions of ammonia
borane, ethylenediamine bisborane, or tetramethylethylenediamine bisborane in TMEDA resulted
in reductions of the mean ignition delays of 43-51%. These ignition delay reductions coupled with
the significantly reduced toxicity of these fuels compared to the conventional hydrazine-based
hypergolic fuels make them promising, safer alternatives to the more standard hypergolic fuels.
Attempts were made to improve these ignition delays further by gelling the TMEDA, allowing for
amine borane loadings beyond their respective solubility limits. Moving to these higher loadings
had mixed results however, with the ignition delays of the AB/EDBB-based fuels increasing
significantly with higher AB/EDBB loadings. The ignition delays of the TMEDABB-based fuels
on the other hand decreased with increasing TMEDABB loadings, though the shortest were still
comparable to those found with the saturated fuel solutions.

The final research area that was undertaken was focused on scaling up and developing fuel
formulations based on ammonia borane for use in a small-scale hypergolic hybrid rocket motor.
Characterization of the regression rate behavior of these fuels under motor conditions suggested
the fuel mass flow rate was driven primarily by the thermal decomposition of the ammonia borane.
This mechanism is fundamentally different from that which governs the regression rate of most
conventional solid fuels used in hybrid rockets as well as that of ethylenediamine bisborane, a

similar material in the amine borane family of fuels. Understanding this governing mechanism
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further may allow for its exploitation to enable high, nearly constant fuel mass flow rates
independent of oxidizer mass fluxes. If successful, this would enable further optimization of the
design for rocket systems utilizing these fuels, resulting in levels of performance that rival that of

the more conventional hydrazine-based fuels.
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1. INTRODUCTION

1.1 Motivation

Since their discovery in the early 1930s, hypergolic propellants have been a mainstay of
liquid rocket systems. This class of propellants consists of combinations of fuels and oxidizers that,
upon contact, self-ignite through heat generated by chemical reactions between the fuel and
oxidizer. This can simplify the overall complexity of rocket systems employing these propellants
due to the elimination of a dedicated ignition source. While a wide range of fuel and oxidizer
combinations exhibit this property, only a select few have offered the physical properties and
performance necessary to make them viable in fielded rocket systems.

While these propellants can be reliable and improve the versatility of systems using them,
they are generally toxic and highly hazardous to handle. As such, there remains a significant drive
to develop novel fuels and oxidizer that offer comparable (or better) performance without the
drawbacks of the standard hypergolic propellants. Unfortunately, few viable alternatives have been
found due to the complexity of the reactions governing hypergolic ignition making it difficult to

predict the hypergolic characteristics of fuels/oxidizers based on their physical/chemical properties.

1.2 Objectives

The primary objective of both the previously performed work and the proposed work
discussed here is to develop and characterize high-performance ammonia borane based solid fuels
for use in hypergolic hybrid rocket motors. This will be achieved by progressing from small scale
hypergolic ignition experiments (to better characterize ammonia borane) to lab scale hybrid motor
testing. The regression rate and surface combustion behavior of these fuels under typical motor

conditions will also be characterized using an optically accessible hybrid motor configuration.
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Additionally, as ammonia borane is the simplest fuel in the broader amine-borane family
of fuels, better understanding its combustion behavior may provide additional insights into the
behavior of amine-boranes in general. As such, an additional objective of this work is to
develop/adapt various diagnostic techniques (e.g., phosphor thermometry, multi-spectral imaging,
etc.) to offer novel insights into the combustion behavior and, more importantly, the hypergolic

ignition dynamics of these fuels.

1.3 Organization

The remainder of this document has been broken up into several chapters to aid in
organizing the major aspects of this work. Chapter 2 is a literature review covering the major topics
relevant to the previously performed work and proposed future research efforts.

Chapters 3 through 7 cover the major research efforts that have been previously undertaken
in the course of this work. Chapter 3 summarizes the initial efforts undertaken to further
characterize the hypergolic behavior of ammonia borane in addition to investigating several
different fuel binders for potential use with ammonia borane. The objectives of the work covered
in chapter 4 was to investigate the feasibility of adapting phosphor thermography for use with
homogeneous solid propellants. While not strictly relevant to the overall topic of this work, it
served as an initial step towards further adapting this technique for use with hypergolic hybrid
propellants. Chapter 5 covers a novel high-speed multi-spectral imaging technique used to
investigate the ignition dynamics and flame structure of ammonia borane. Chapter 6 covers
experimental efforts investigating the impacts of ammonia borane (and other amine borane
additives) on the ignition delay and predicted performance of TMEDA (a less hazardous
alternative to hydrazine). Chapter 7 discusses and presents efforts undertaken to scale up and test

fuel grains based on ammonia borane in a hypergolic hybrid rocket motor operating with white
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fuming nitric acid as the oxidizer. Finally, Chapter 8 provides a brief overview of the major

conclusions obtained during this work as well as some suggestions for future research directions.

19



2, BACKGROUND

2.1 Hypergolic propellants

Unlike conventional liquid bi-propellant systems that require the use of a dedicated ignition
system, hypergolic propellants are uniquely capable of self-ignition upon contact between the fuel
and oxidizer. Not only does this capability reduce the overall complexity of any systems employing
these propellants (by not requiring a separate ignition system), but it also makes these systems
capable of reliable reignition for more complex flight profiles.

For most systems actively fielding hypergolic propellants, the oxidizers most commonly
used are typically based on nitric acid, nitrogen tetroxide (NTO, N204), or some combination of
the two. While concentrated hydrogen peroxide (i.e., high-test hydrogen peroxide) exhibits
hypergolic ignition behavior with a number of different fuels, the self-decomposition it undergoes
(forming oxygen and water) can introduce long-term storage concerns. On the fuel side, these
systems typically utilize a fuel based on hydrazine or its derivatives (e.g., monomethyl hydrazine,
unsymmetrical dimethylhydrazine). The non-cryogenic nature of these propellants makes them
storable for long term use (i.e., maneuvering systems for satellites/spacecraft) or for missile
systems that are kept in launch-ready status for extended durations. While these fuels and oxidizers
offer good performance and have been well characterized, the health hazards associated with them
has led to considerable research into potential alternatives that maintain (or improve) performance
while being safer to handle. To date however, a limited understanding of the fundamental chemical
kinetics that govern hypergolic ignition processes has hindered the development of viable
alternatives [1, 2].

When evaluating the performance of novel hypergolic propellant combinations, one of the

more pertinent parameters to consider is the ignition delay (i.e., how long it takes for ignition to
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occur after the fuel and oxidizer come into contact). This parameter is particularly relevant for
liquid bipropellant hypergolic propellants, as they begin mixing upon contact. If the ignition delay
of a given propellant combination is too long, an excessive amount of fuel and oxidizer can
accumulate and mix within a motor’s combustion chamber. Once ignition does occur, the rapid
ignition and combustion of the accumulated propellants results in a large pressure spike
(commonly referred to as a “hard start”). Depending on the magnitude of this pressure spike, in
some cases this can result in damage occurring to the combustion chamber or potentially even an
explosion. While short ignition delays are generally ideal (particularly for reaction control systems
used for attitude control), care must be taken to ensure that the fuels and oxidizers do not
impinge/combust too close to the injector as this can result in damage to the injector assembly.

This can often be mitigated through careful injector design, however.

2.2 Amine-boranes

Amine-boranes, as their name suggests, are a family of compounds that consist of a base
amine that has been complexed with borane (BH3) adducts [2, 3]. It has been demonstrated
previously that the complexation of amines with borane adducts can result in dramatic
improvements in the ignition delay of these materials compared to the base amine material [2]. For
example, while ammonia is not hypergolic with white fuming nitric acid (WFNA), ammonia
borane has been shown to be highly hypergolic with WFNA, with sub-millisecond ignition delays
being reported in some cases [2-6]. Additionally, converting an amine to its corresponding amine-
borane can help mitigate some of the safety hazards associated with them, as many amine boranes
are air-stable solid materials compared to the base amines that are generally liquid/gaseous

materials [2, 3, 7].
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Amine-boranes were first considered for use as hypergolic fuels by Gao and Shreeve in
2012, where they evaluated ammonia borane, hydrazine borane, and hydrazine bisborane as
additives for ionic liquid hypergolic fuels [8]. However, boranes (and other boron hydrides) have
long been considered for use in propulsive applications, most notably during the 1940s and 1950s
for potential high energy jet fuels [9]. Likewise, the hypergolic properties of amine-based materials
(including hydrazine and other related materials) have been investigated extensively since the early
years of liquid rocket propellant research [1, 2, 10]. Much of the amine-borane hypergolic
propellant work that followed Gao and Shreeve’s initial work has been performed at Purdue
University. Ramachandran et al. and Pfeil Et al. investigated a number of different amines and
their corresponding amine-boranes to better characterize the hypergolic nature of these fuels [2,
3]. Following this initial work, Pfeil et al. proceeded to further investigate ethylenediamine
bisborane (EDBB) for use as a hypergolic solid fuel, eventually culminating a series of small scale
motor tests being performed with WFNA as the oxidizer [7, 11]. Triethylamine borane (TEAB, a
liquid amine borane) has also been shown considerable promise with ignition delays (with WFNA)
comparable to MMH with RFNA [12-14] .

While it is the simplest compound in the amine-borane family of fuels, ammonia borane
(NH3BH3) appears to be one of the more promising fuels for potential use in propulsion
applications. First synthesized by Shore and Perry in 1955, ammonia borane has historically been
studied primarily for its potential use as a solid-state hydrogen storage medium [15-18]. While
only containing 19.6% hydrogen by mass, the higher density of ammonia borane (being a solid
material) results in a higher hydrogen density than liquid hydrogen itself without requiring

cryogenic storage systems.
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Despite all the research related to ammonia borane since it was first synthesized, its
hypergolic ignition behavior has only recently been reported. Initial ignition delay experiments
performed by Gao and Shreeve reported ignition delays with WFNA on the order of 80
milliseconds [8]. However, Ramachandran et al. found consistent ignition delays of 2 milliseconds
for AB when tested with WFNA [2]. Further studies of the ignition delay of AB with WFNA have
been more consistent with the results reported by Ramachandran et al., with ignition delays as
short as 0.6 milliseconds being observed in some cases [2-6].

One of'the issues that has prevented additional studies of ammonia borane in solid and hybrid
propellant systems is the fact that AB is incompatible with many of the fuel binders commonly in
use. Lee et al. investigated using ammonia borane in a HTPB-AP composite propellant and found
that adding AB prevented the propellant from curing properly [19]. Lee argued that the AB was
likely reacting with the isocyanates and, as a result, preventing the full crosslinking of the HTPB.
Considering this, Weismiller et al. incorporated ammonia borane into paraffin wax (a
thermoplastic material) to successfully prepare fuel grains for use in a hybrid motor with gaseous
oxygen [20]. While the addition of 10% AB (by mass) to the fuel grain improve the fuel’s
regression rate slightly, 20% and 50% AB loadings resulted in net decreases in the regression rate
compared to the baseline paraffin grains [20]. Despite this however, the tests performed with these
fuel grains resulted in high combustion efficiencies (e.g., greater than 90%) for all the tested

loadings of AB.

2.3 Hybrid propellants

As their name suggests, hybrid propellants are a class of rocket propellants that occupy a
sort of middle ground between conventional solid and liquid propellants. Unlike these more

conventional propellants where the fuel and oxidizer exist in the same physical state, the fuel and
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oxidizer for hybrid propellant systems are stored in separate physical states. For “classical” hybrid
configurations (with a typical hybrid motor configuration shown in Figure 1, the fuel is typically
a solid whereas the oxidizer is a liquid/gas. “Reverse” hybrids (i.e., a solid oxidizer and

liquid/gaseous fuel) have been investigated, though work along these lines has been relatively

limited.
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Figure 1: Typical hybrid rocket motor schematic [21]

The phase difference between the fuel and oxidizer makes hybrid systems inherently safer
than solid/liquid systems as the fuel and oxidizer cannot mix intimately should a failure occur.
Additionally, depending on the exact fuel composition used, the relatively inert nature of the solid
fuels wused for these systems greatly reduces the hazards associated with
manufacturing/transporting the fuel grains. In comparison to liquid bi-propellant systems, hybrid
systems are also simpler as only one flow system is required instead of the two required for liquid
bi-propellants. Hybrid propellants can also offer improved versatility relative to solid propellants
as the oxidizer can throttled as needed for more complex flight profiles and, in some cases, shut
off entirely.

Hybrid propellants aren’t without their drawbacks, however. While having the fuel and
oxidizer in different physical states makes these systems safer, it does limit the rate at which the
two can interact during normal operations. Additionally, the solid fuels used in hybrid systems
generally suffer from relatively slow regression rates resulting in low fuel mass flow rates.

Compensating for these low fuel regression rates generally requires complex multi-port grain
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geometries (e.g., Figure 2), increasing the complexity of grain manufacturing. As these grains
cannot be burned to completion due to the potential for fuel slivers being ejected from the grain
and potentially clogging the nozzle, some fraction of the fuel mass is retained, effectively
increasing the system inert mass. Depending on the required thrust profile, these complex multi-
port grain designs may also have poor bulk densities due to the empty volume required for the

initial fuel surface area.

Figure 2: Example multiport hybrid fuel grain design before (A) and after (B) firing [22]

As the fuel and oxidizer are stored separately for hybrid motors, the mechanics that govern
the regression rate are much different than those of solid propellants. The burning rate of solid
propellants is primarily dependent on pressure (though other factors can play a role as well) as per
the relation,

r =aP"
where r is the burning rate, P is the chamber pressure, and a/n are empirically obtained coefficients

for a given propellant formulation [23]. For hybrid propellants however, as the oxidizer is injected
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into the combustion chamber separately from the fuel, the combustion behavior is largely diffusion
controlled.

Early work by Marxman, Wooldridge, Muzzy, and others in the 1960’s resulted in a
boundary-layer heat-transfer-limited model for the flame structure/combustion behavior of hybrid
propellants [24-27]. An illustration of the proposed combustion model can be found in Figure 3.
Within the boundary layer, distinct oxidizer and fuel rich regions form in the upper and lower
regions of the boundary layer respectively, with the flame zone being situated between the two.
As the name suggests, the regression rate for the heat-transfer-limited model is strongly dependent
on the rate at which heat is transferred to the solid fuel through convection [21, 24, 26, 27]. For
hybrid propellants that do not exhibit significant thermal radiation, the regression rate for the heat-

transfer-limited model was expressed by Marxman, Wooldridge, and Muzzy to be
2\ —0-2
ps7 = 0.036G%8 <E> Bo23

where py is the solid fuel density, 7 is the regression rate, G is the local mass flux, x is the distance
from the leading edge of the fuel grain, p is the viscosity of the oxidizer gas flow, and B is the
mass transfer number/blowing coefficient for the system. As the regression rate is largely
dominated by the mass flux G, this relation is often simplified to the form

7 =aG"
where a and n are empirical constants associated with a given propellant formulation/system

configuration.
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Figure 3: Hybrid propellant flame structure [23]

While Marxman’s heat-transfer-limited model predicted regression rates that were in good
agreement with experimental results for relatively simple systems, it did not account for the
pressure dependencies observed for under certain experimental conditions [28]. Smoot and Price
performed a series of slab burner hybrid experiments with a variety of fuel and oxidizer
combinations as well as varying operating conditions [28-32]. Following a similar analysis as
Marxman et al. and incorporating the effects of condensed species at the wall, Smoot and Price

developed regression rate equations

) GO8Y /uy02 AB
f=003( (;) In [1 + (Pr2/3>]
' Go-8 1y 0-2 AB
r=0.023 H (B) In [1 + (W)]

for turbulent boundary layer and fully developed boundary layer cases respectively [21, 28, 29].
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As with Marxman’s results, Smoot and Price’s regression rate equation predicted the
regression rate to scale with mass flux to the 0.8 power. While this was in good agreement with
experimental results for low mass fluxes, Smoot and Price found that for higher mass fluxes and
low pressures, the regression rate behavior begins to diverge from the predicted G2 behavior,
becoming largely flux independent. Within this high mass flux regime, the regression rate was
found to increase with pressure for a given mass flux until the value predicted by the G relation
is reached [28]. While the exact behavior varied depending on the fuel/oxidizer used, the trends
observed by Smoot and Price were generally similar to the results shown in Figure 4. To better
reflect this behavior, Smoot and Price suggested the empirical relation for the regression rate,

. abG%8pn
"= aG98 + ppn

where P is the motor chamber pressure and a/b/n are empirical constants corresponding to a

particular fuel/oxidizer formulation.
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Figure 4: Regression rate behavior as a function of mass flux and burner pressure for butyl
rubber grains with gaseous fluorine [28]
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The exact cause for this pressure dependence at high mass fluxes has resulted in
considerable debate within the hybrid propellant research community [21, 33]. While the
explanations offered varied from system-to-system (and researcher to researcher), the cause of this
pressure dependency is generally argued to fall into one of three categories: 1) heterogeneous
surface reactions due to the oxidizer reaching the solid fuel, 2) gas phase chemical kinetics, and 3)
some combination of 1) and 2) [21]. For hypergolic hybrid propellants, where liquid oxidizer often
impinges directly on the fuel surface, the potential role of surface reactions on the fuel regression
rate is particularly relevant. Experimental studies of hypergolic hybrid have shown to some extent
evidence of heterogeneous surface oxidation, though direct observations of this behavior have yet
to be made [7, 28, 29, 31, 34-36]. The pressure threshold below which the regression rate of solid
fuels shows a pressure dependence varies considerably in the literature with mass flux and
fuel/oxidizer composition [28-31, 33-37]. In practice however this pressure threshold is generally

thought to be somewhere in the range of 150-250 psia [28, 29, 31, 37].

2.4 Phosphor Thermography

While embedded thermocouples have been historically used for measuring the surface
temperature of burning solid propellants, they suffer from significant thermal lag, making them
unsuitable for studying combustion phenomena requiring fast temporal responses. Additionally,
by virtue of their physical size, thermocouples have an averaging effect which can introduce
additional errors when investing thin reaction/combustion zones. While these effects can be
mitigated to some extent by reducing the size of the thermocouple, doing so can result in
material/reliability issues.

In more recent years, a technique known as phosphor thermography has been receiving

increased attention as a potential alternative to other more established techniques. Phosphor
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thermography is an optical temperature measurement technique that makes use of the temperature
dependent emissions or decay time of excited thermographic phosphor particles. Generally, these
materials consist of a ceramic host material (e.g. Al2O3, Y203, ZnO, etc.) that has been doped with
rare-earth or transition metal activator ions (e.g. Cr™>, Eu™, etc.) [38]. When these particles absorb
energy from an excitation source (typically a laser), the rate at which the activator ions return to
their ground state is controlled by competing radiative and non-radiative processes. As the name
implies, the radiative energy transfer mechanism corresponds to the emission of a photon. For the
non-radiative transfer mode, the absorbed energy is transferred between different energy modes,
resulting in a net change in the particle’s internal energy. This corresponds to a change in the
populations of the vibrational levels for the ground and excited states which in turn affects the
strength/position of the allowed spectral lines [39]. Like pyrometry and other optical temperature
measurement techniques, phosphor thermography is a relatively less intrusive technique. As this
technique requires adding phosphor particles to the system of interest, the concentration of
phosphor particles used will determine how much the system is affected.

Most applications using phosphor thermography for performing temperature
measurements use either the lifetime decay or intensity ratio methods. As its name suggests, the
lifetime decay method makes use of the fact that the intensity of the phosphor emissions decays

roughly exponentially according to,

1(t) = Iy exp (— ;), (D

where I is the initial emission intensity, I(t) is the time dependent intensity, t is the time, and 7 is
the decay time constant of the phosphor [40]. As the temperature of the phosphor particles
increases, the lifetime of the phosphor emission decreases. By recording the decay at a number of

different known temperatures, the exponential decay curves can be fit to a measured intensity
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lifetime curve and provide the corresponding temperature. While this method is generally
considered more accurate than the intensity ratio method, it is often limited to point measurements
unless a detector system with adequate time resolution is utilized [40].

For the intensity ratio method, the intensity of two different spectral bands relevant to the
emission spectrum of a given phosphor are measured after which the ratio of these intensities is
taken [38]. The exact spectral bands (and corresponding optical filters) used will vary greatly
depending on the type of phosphor used. As the emission spectrum of thermographic phosphor
particles varies with temperature, the resulting ratio of the spectral band intensities will also be
temperature dependent. By measuring the ratio of the intensities from these spectral bands at a
variety of known temperatures, a calibration relationship can be obtained which can then be used
to convert measured intensity ratios into temperature. The exact relationship between the intensity
ratio and temperature as well as the useful temperature range for a given phosphor can be modified
slightly for a given system by varying the spectral bands used.

Depending on the type of detector used, this technique can be used to perform zero, one,
or two-dimensional temperature measurements [38]. When used for performing two-dimensional
temperature measurements, a single camera or detector with a filter wheel can be used to record
one image after the other if the test case is static, slowly varying, or repeatable. However, this
approach is often inadequate for more dynamic test cases as slight changes in the surface
temperature (and thus the phosphor emissions) between laser pulses/frame acquisitions can cause
the measured temperature to vary from the actual temperature. As such, it’s necessary to utilize a
two-detector configuration to ensure that the two recorded images are captured at the same moment
in time. Alternatively, a single detector equipped with a stereoscope or image doubling system can

be used so the two filtered images are captured on a single detector at the same time [40].
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Maintaining proper alignment between the acquired images is critical for obtaining useful results
with this technique, particularly for systems with spatial temperature variations. If the phosphor
emissions from different locations on the sample surface are used for obtaining the intensity ratio,
the resulting temperature can differ greatly from the actual temperature.

Depending on the application and expected temperature range, the type of phosphor
appropriate for obtaining temperature measurements will vary. For high temperature applications,
it is often preferred that the phosphor used will emit at shorter/bluer wavelengths of light to reduce
interference occurring from blackbody radiation [40]. Phosphors emitting at shorter wavelengths
typically have shorter lifetimes as well, enabling them to be used in experiments requiring high
temporal resolution. This also enables shorter exposure times to be used to reduce the influence of
background emissions, for example from hot gases or particles above a surface, on the measured
intensities [41]. Sarner et al. investigated several different blue emitting phosphors of which zinc
and gallium doped zinc oxide (ZnO:Zn and ZnO:Ga respectively) were shown to be highly
temperature sensitive for temperatures between room temperature and 950 K [42]. ZnO:Ga was
successfully utilized by Casey et al. to visualize hot spot formation and growth around non-reacting
crystals of octahydro 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) within a simplified plastic
bonded explosive when subjected to ultrasonic excitation [43].

Phosphor thermography has been successfully demonstrated previously for use in
measuring the surface temperatures of burning solid fuels. Goss et al. presented one of the earliest
successful attempts to use this technique for this purpose with their work measuring the surface
temperature of a plastic material as it decomposed via laser heating [44]. Later, Vander wal et al.
used this approach to measure the surface temperature of the ash layer of a burning charcoal

briquette as well as other thermally thin fuels (ashless filter paper, Kimwipes, etc.) [45]. More
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recently, this technique has been adapted by Omrane et al. to measure the burning surface
temperature of various construction materials (low-density fiberboard, poly(methyl methacrylate),

etc.) [46-49].
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3. CHARACTERIZATION OF THE HYPERGOLIC IGNITION DELAY
OF AMMONIA BORANE

3.1 Introduction

Historically, hypergolic propellant systems have utilized fuels based on hydrazine and its
derivatives (e.g. monomethyl hydrazine, unsymmetrical dimethyl hydrazine, etc.). While these
fuels are well characterized and offer the performance generally required for these systems, they
are highly toxic and hazardous to handle prior to use. As such, there is a strong motivation to
develop alternative fuels that offer similar (or better) performance while being less hazardous than
the fuels currently in use.

Hypergolic hybrid propellants using less toxic fuels have the potential to improve the
safety, reliability, and versatility of rocket systems. Unlike conventional solid propellants, hybrid
propellants can be throttled and, in some cases, quenched and reignited as required. This makes
them suitable for applications requiring more complex mission or flight profiles. The fact that the
fuel and oxidizer exist in different physical states makes hybrid systems inherently safer than liquid
systems as the phase difference prevents rapid mixing in the event a failure should occur.

One fuel of interest as a hypergolic solid fuel is ammonia borane (NH3BH3) [2, 3, 8]. Under
typical atmospheric conditions, ammonia borane is a stable solid material with 19.6 percent
hydrogen by mass. Though much of the research related to ammonia borane has focused on its
potential as a solid-state hydrogen storage medium [15, 17, 18], its high hydrogen density makes
it an attractive fuel for use in rocket systems also. Though it was first synthesized by Shore and
Parry in 1955 [16], the hypergolic behavior of ammonia borane has only recently been reported by
Gao and Shreeve [8]. Initial results published by Gao and Shreeve suggested ignition delays on

the order of 80 milliseconds when tested with white fuming nitric acid (WFNA). However, further
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investigation by Ramachandran et al. found consistent ignition delays as short as 2 milliseconds
when used with WFNA [2]. These are some of the shortest ever reported for solid hypergolic fuels
and could enable ammonia borane to serve as a viable replacement for existing hypergolic liquid
fuels.

In the time since it was first synthesized, new synthesis methods have been developed that
have the potential to improve the yield of ammonia borane production while simultaneously
helping to reduce the cost of synthesis. Ramachandran et al. recently published a water promoted
synthesis procedure that produced high yields of ammonia borane with the potential for use in
large scale production [50]. At the same time, this procedure is both more cost efficient and safer
than previous synthesis methods. These recent developments make ammonia borane more feasible
for use in hybrid propulsion systems. The objective of this work is to further characterize ammonia
borane as a solid fuel for use in hypergolic hybrid propulsion systems, particularly the ammonia
borane produced using this latest novel synthesis method. Efforts devoted to finding a fuel binder
that successfully cures with AB as well as the resulting ignition delays with AB incorporated into

this binder are also presented.

3.2 Experimental Methods
3.2.1 Fuels

Much of the ammonia borane used in this study was prepared at the H. C. Brown Center
for Borane Research at Purdue University. For comparison, commercially available ammonia
borane purchased from Sigma-Aldrich was tested also.

A number of different fuel binders were investigated for use with ammonia borane. Prior
to the addition of ammonia borane, the different binder components were mixed together (aside

from RTV silicone, which was supplied premixed). Polybutadiene acrylonitrile (PBAN) and
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carboxyl terminated polybutadiene (CTPB) binders were mixed with Der-331 liquid epoxy resin
and cured at 140°F. Hydroxyl terminated polybutadiene (HTPB) polymer was mixed with
isophorone diisocyanate (IPDI) and allowed to cure at room temperature. The commercially
available epoxies (specifically Loctite brand 2-hr epoxy and Epoxies, etc. brand flexible epoxy)
were mixed with equal parts resin and hardener. Sylgard®-184 silicone elastomer was prepared
using a 10:1 base:curative ratio and cured at room temperature for 48 hours.

Ammonia borane composite fuel pellets were prepared by first mixing the Sylgard®-184
base and curative components in a 10:1 ratio by mass. After hand mixing the binder for several
minutes, the ammonia borane was gradually added to the mixture and mixed again by hand. Once
the ammonia borane was sufficiently wetted by the binder, the mixture was then mixed further on
a Resodyn LabRAM resonant mixer for 3 minutes at 80G’s acceleration. The mixture was then
placed in a vacuum chamber operating at approximately 0.2 psi for 10 minutes to remove any
entrained air in the mixture. When mixed at high solids loading (80% by mass), the Sylgard®-
184-AB mixture was too dry to be cast-cured into molds. To enable ignition delay testing of high
solids loading Sylgard®-184-AB pellets, the mixture was split into roughly 0.25-gram samples
and pressed into near maximum density 1 cm diameter pellets for 3 minutes at 10000 psi output
pressure using a hydraulic press and pellet press die. After pressing, the pellets were cured for

several days at room temperature prior to testing.

3.2.2 Ignition Delay

White fuming nitric acid (WFNA) ignition delay testing was performed using the
experimental set up shown in Figure 5. All tests were performed at ambient conditions in air. The
99% purity WFNA used in these tests was purchased from Sigma-Aldrich and was dropped using

a 100pl gastight syringe positioned approximately 17.8 cm above the AB samples. AB samples
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were placed either on a graphite burn plate or in a PTFE crucible and positioned under the tip of
the syringe so that the WFNA droplet fell directly onto the AB. Upon completing a test, any
residual AB and WFNA was cleaned from the plate/crucible using deionized water to prevent
contamination of future tests. Drop tests were recorded using a color Phantom v7.3 camera and
illuminated using a 3x4 array of Cree XLamp XP-G Star LEDs. The ignition delay was defined as
the time that passed from when the oxidizer droplet first came into contact with the fuel to when

the first visible light was observed as illustrated in Figure 6.
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Figure 5: WFNA drop test experimental configuration
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Figure 6: Initial contact between AB and oxidizer droplet (left), First visible light (center),
Flame spreads to surrounding particles (right)

Nitrogen tetroxide (NTO) ignition delay tests were performed using a similar experimental
set up. Gaseous NTO was allowed to flow into a custom Graham style condenser with cooling

water flowing through the coolant jacket. After cooling and condensing the liquid NTO to
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approximately 5 °C, a small valve was opened, releasing a single drop of liquid NTO that then

impacted the ammonia borane powder.

3.3 Results and Analysis
3.3.1 Effects of synthesis method on ignition delay

Much of the ammonia borane used later in this study was prepared using the novel water
promoted synthesis method developed by Ramachandran et al. [50]. As such, it was necessary to
characterize the ammonia borane produced using this method in comparison to other methods.
Specifically, ammonia borane produced using the water promoted synthesis method was compared
with an ammonia promoted synthesis method [51] as well as a conventional synthesis method [52].
To reduce the effects of varying particle size on ignition delay, the AB used for these initial tests
was sieved into two particle size ranges: 45<D<150 um, and D>150 pm. These particle size ranges
were selected to provide a comparison with previously published work by Pfeil et al. [3]. To
provide the most accurate comparison between the different synthesis methods, the primary focus
of these initial tests was comparing the ammonia borane in the 45-150 um particle size range. As
the synthesis method used to produce it was unknown, the ammonia borane purchased from Sigma-
Aldrich was used as provided to provide only a rough comparison with the other synthesis
methods.

Ignition delay drop tests were performed using the experimental configuration shown in
Figure 5. The results of these tests can be found summarized in Table 1. It was observed that the
different synthesis methods produced ammonia borane with comparable ignition delays. However,
surprisingly the commercially available AB had ignition delays consistently much shorter than the

other synthesized AB.
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At first glance, the Sigma-Aldrich AB appeared to be mostly larger particles. However, it
was later observed that while there were some large particles in the Sigma-Aldrich supplied AB,
many of these particles were aggregates of much finer particles. Representative images obtained
using a Hirox KH-8700 optical microscope showing this contrast can be seen in Figure 7. For
comparison, optical microscope images of the AB synthesized at Purdue can be seen in Figure 8.
The number weighted particle size distributions were then obtained through use of ImageJ open-
source image processing software. These size distributions (seen in Figure 9), show that the AB
purchased from Sigma-Aldrich was heavily skewed towards particles much finer than the sieved
AB tested while the Purdue synthesized AB had a wider distribution. The number weighted
distributions were then converted to volume weighted distributions by assuming the AB particles
to be roughly spherical. As there were a small number of relatively large particles in both samples,
the volume weighted distributions tended to skew more towards larger particles even though most
of the particles were smaller. In addition, as the optical microscope images show that the particles
are irregular in shape, the spherical particle assumption likely overestimated the volume for the
larger particles. In any case, as the different types of sieved AB synthesized at Purdue University
produced similar ignition delays for particles within the same particle size range, this would
indicate that the shorter ignition delays observed with the Sigma-Aldrich AB was potentially a

result of the finer particles present in the tested samples.
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Table 1 AB-WFNA ignition delay testing results

. Particle size .M.e?m Standard Number
AB synthesis method range (um) 1gnition deviation (ms)  of tests
ge delay (ms)
<d<
Ramachandran et al. [52] » d>d 1 51050 2(5)8 Ii/f* i
Ramachandran et al. [51] 45d<>d 1<51050 155. 1070 Ii/(f* i
Ramachandran et al. [50] 45d<>d 1<51050 322 ;3; g
Sigma-Aldrich Unsieved 1.83 0.29 3
(commercial)

*As only a single test was successfully performed for these particle size ranges, the
standard deviation could not be calculated
and the mean listed is the actual ignition delay for that particular test

200 Micron

200 Micron

Figure 7: Optical microscope images of ammonia borane purchased from Sigma-Aldrich
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Figure 8: Optical microscope images of ammonia borane synthesized at Purdue University
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Figure 9: Number weighted particle size distributions (left), Volume weight particle size
distributions (right)

3.3.2 Nitrogen tetroxide ignition delay testing

As nitrogen tetroxide (NTO) is one of the more commonly used hypergolic oxidizers, a set
of ignition delay tests were performed with AB and condensed NTO. Prior to testing, the ammonia
borane used for these tests was sieved into the same particle size ranges used for the WFNA

ignition delay tests. The results of these tests are listed in Table 2. While there was significant
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variation between tests, in general ignition delays were much longer when NTO was used in place
of WFNA. One possible explanation for this trend may be that the reaction mechanism between
AB and NTO is inherently slower than that of AB and WFNA. This would only be compounded
by the fact that the NTO was chilled to 5°C to keep it condensed while the WFNA was tested at
room temperature, possibly slowing the rate of the chemical reactions between the AB and NTO.
In any case, the longer ignition delays resulting from the AB-NTO combination would increase

the risk of hard starts if used in an actual rocket motor. As such, no further tests were performed

using NTO.
Table 2 AB-NTO ignition delay testing results
Particle Mean Standard Number
AB synthesis method  size range ignition deviation
of tests
(um) delay (ms) (ms)
Ramachandran et al.  45<d<150 102.67 58.07 3
[50] d>150 57.59 49.97 3

3.3.3 Particle Size Dependency

Previous work published by Bernard et al. found that the ignition delay for single particle
solid-liquid hypergolic systems was directly proportional to the square root of the initial particle
diameter for the fuels tested (p-phenylenediamine and furfuraldazine) [53]. However, Ranjendran
et al. observed an inconsistent trend for several different thiocarbohydrazone based fuels (e.g.
Benzaldehyde thiocarbohydrazone, furfuraldehyde thiocarbohydrazone, p-hydroxybenzaldehyde
thiocarbohydrazone, etc.) with some having ignition delays remaining roughly constant with
changing particle size while others had increasing ignition delays for smaller particle sizes [54].

Additional ignition delay tests were performed to determine if the ignition delay of

ammonia borane shows a similar dependency on particle size. Ammonia borane samples (both
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synthesized at Purdue and purchased from Sigma-Aldrich) were sieved into the much more precise
particle size ranges: D<45 um (-325 mesh), 45<D<90 pum (-170 +325 mesh), 90<D<150 pm (-100
+170 mesh), 150<D<212 pum (-70 +100 mesh), and D>212 pum (+70 mesh). To ensure adequate
amounts of the smaller particles were available for testing, some of the ammonia borane was
ground using a mortar and pestle prior to sieving.

Ignition delay tests were again performed using the experimental configuration shown in
Figure 5. To improve repeatability between tests as well as promote better contact between the
ammonia borane and WFNA droplet, the AB was placed in a small PTFE crucible prior to each
test. To help mitigate some of the effects of the WFNA absorbing moisture from the ambient air
over time, the testing order for the different particle sizes was randomized. After performing a test
for a given particle size range, a different size range was used for the following test until three tests
were performed for each of the particle size ranges.

The results of the particle size dependency testing can be found summarized in Table 3 and
representative ignition delay tests can be seen in Figure 10 and Figure 11. For AB from both sources,
a general trend of ignition delays increasing with increasing particle size was observed. As the
Purdue synthesized AB had a higher degree of variation between tests, this trend is more clearly
observed with the Sigma-Aldrich AB which was more consistent. Sieving into similar size ranges
helped to reduce the difference in ignition delay observed between the two types of AB during
initial testing. However, the ignition delays of the commercial AB were generally still shorter than
the Purdue synthesized AB, with some ignition delays being as short as 0.6 milliseconds for the
D<45 um particles. As the particle size distribution obtained for the Sigma-Aldrich AB (Figure 9)
showed that much of the commercial AB was on the order of 5-20 um, it’s possible that the Purdue

synthesized AB was simply not ground to the same extent prior to sieving. This would result in
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the Purdue AB being relatively larger than the commercial AB while still passing the 325 mesh
(45 um) sieve.

For both types of AB tested, the most significant test-to-test variation was found to occur
for the D>212 pum particles. This may have resulted from some smaller particles clumping into
larger aggregates prior to sieving resulting in both large particles and aggregates of small particles

in the samples tested. Regardless, almost all the samples ignite in less than 10 ms on average.

Table 3 AB-WFNA ignition delay particle size dependency results

Particle Mean Standard Number
AB synthesis method  size range ignition deviation
of tests
(um) delay (ms) (ms)
D<45 4.400 5.200 3
45<D<90 4.133 1.419 3
R hand t al.
amac ?go]r ML 90<p<1s0 4533 1.943 3
150<D<212 8.133 4.496 3
D>212 22.200 20.117 3
D<45 0.733 0.231 3
' . 45<D<90 1.467 0.115 3
Sigma-Aldrich 90<D<150 3.000 1.562 3
(Commercial)
150<D<212 4.000 1.000 3
D>212 6.133 2.686 3
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Figure 10: Image sequence of typical ignition delay test of AB powder with WFNA (Sigma-
Aldrich, D<45 micron).

Figure 11: Image sequence of typical ignition delay test of AB powder with WFNA (Sigma-
Aldrich, D>212 micron).

3.3.4 Fuel Binder Compatibility Testing

For ammonia borane to be used in a conventional hybrid propellant system, it must first be
mixed with a fuel binder to create a fuel grain with adequate mechanical properties. One of the
major issues that has prevented further study of ammonia borane in solid and hybrid propellant

formulations is that ammonia borane is incompatible with many of the fuel binders commonly
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used in propellant formulations [3]. Lee et al. investigated using ammonia borane in a typical
HTPB-AP composite propellant and found that adding ammonia borane to the propellant
formulation resulted in the propellants failing to cure [19]. Lee suggested that the ammonia borane
interfered with the crosslinking process used to cure the HTPB. Weismiller et al. successfully
performed small scale motor tests using paraffin wax as a binder for ammonia borane, though the
mechanical properties of paraffin may make it less than ideal for use as a fuel binder [20].

In an attempt to find a more suitable binder for use with ammonia borane, a series of binder
compatibility tests were performed with a number of different binders. A list of the different
binders tested as well as the results of the tests can be found in Table 4. Initial compatibility tests
were performed at relatively high solids loadings (i.e., above 50 percent). However, it was
observed that for these higher solids loadings incompatibilities present were often obscured by the
low amount of binder in the mixtures. When these same mixtures were tested at lower solids
loadings (i.e., 10-20 percent), the incompatibilities became more obvious and thus all further

compatibility testing was performed at low solids loadings.

Table 4 Binder compatibility testing results

Binder Notes
HTPB, cured with IPDI Did not cure
PBAN, cured with Der-331 Cured with small VOidS? foamed at low solids
loading
CTPB, cured with Der-331 Cured with small VOldS? foamed at low solids
loading
Epoxies, etc. black flexible Cured with small voids, foamed at low solids
epoxy loading
RTV Cured with small voids
Loctite 2-hr epoxy Cured
Sylgard®-184 Cured
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One of the first compatible binders found was the commercially available Loctite brand
2-hour epoxy which produced properly curing fuel samples. However, the filler materials present
in this epoxy (silica, calcium carbonate, etc.) would likely hurt performance of any hybrid motor
using this formulation and thus alternatives were pursued. Further study revealed that Sylgard®-
184 silicone elastomer cured properly with ammonia borane at low solids loadings when cured at
room temperature. However, when elevated temperature cures were attempted at 140°F, bubbles
and voids were observed in the cured samples. Thus, all samples used in this study were cured at

room temperature.

3.3.5 Fuel Pellet Ignition Delay Testing

Ignition delay tests performed on the prepared Sylgard®-184-AB pellets used the
experimental configuration seen in Figure 5. The Sylgard-AB pellets were prepared using AB
synthesized at Purdue University using the previously discussed water-promoted synthesis method
[50].The AB particle size was varied for the Sylgard®-184-AB pellets to determine whether the
previously observed particle size dependency on ignition delay persisted when the AB was mixed
with a binder. The results of these tests can be found tabulated in Table 5. For comparison, several
ignition delay tests were also performed on pressed 100% AB pellets. However, these pellets were
difficult to ignite, with some requiring several drops of WFNA before ignition would occur. As
this behavior made it difficult to obtain an accurate ignition delay, these results were not included

here.
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Table 5 Sylgard®-184-AB pellet ignition delay results

AB particle Mean Standard

: — - Number
Sample type size range 1gnition deviation of tests
(um) delay (ms) (ms)
D<45 44 19.95 4
Syl(gggf/@lﬁg'AB 150<D<212 33 26.06 3
o SO11dS
: 35.4 37.22 5
loading) Unsieved*
19 7.35 4

*The two numbers listed result from the inclusion (upper) and omission (lower)

of a 101 ms ignition delay result for one of the unsieved AB pellets tested

Unlike the results observed for loose AB, the mean ignition delays of the Sylgard®-184-
AB pellets did not show much of a trend between particle size and ignition delay, as might be
expected. There was also a relatively high degree of variation in ignition delay between similar
pellets, even those using AB sieved to specific particle size ranges. One possible cause for this
behavior is varying amounts of binder on the surface of the different pellets. If there is less exposed
AB on the surface due to there being excess Sylgard®-184 on the surface, the rate at which the
reactions leading to ignition can occur would decrease.

For the Sylgard®-184-AB pellets tested, ignition was generally accompanied by an intense
green flame from the borane oxidation as the pellet burns with the WFNA. After a short period
(typically less than 1 second, though the exact duration varied from pellet to pellet), the flame
intensity decreased significantly, likely corresponding to the pellet beginning to burn in the
ambient air. A typical image sequence showing this transition is shown in Figure 12. A significant

amount of condensed phase products accumulated on the surface of the pellets during the burns.
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285.0 ms

Figure 12: Image sequence of typical ignition delay test of Sylgard®-184-AB pellet with
WFNA

When neat Sylgard®-184 and pressed AB pellets were burned in ambient air, both also
showed condensed phase accumulation on the surface of the pellets. Given the high percentage of
silicon in the Sylgard®-184 polymer, the condensed products produced on the burning Sylgard®-
184 pellet is likely silicon dioxide (i.e., SiO, silica). In the case of the pressed AB pellets,
thermochemical equilibrium calculations performed with AB and WFNA in CHEETAH 7.0 [55]
thermochemical code predicted the formation of solid boron nitride (BN) which may not be

adequately removed from the surface at lower pressures/oxidizer mass fluxes. This would imply
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that the condensed phase products observed here was likely some combination of silica and other
boron-nitrogen compounds. In a hybrid motor, this accumulation may result in reduced regression
rates as the accumulated material may reduce the rate at which the oxidizer can react with fresh
fuel. Earlier work published by Weismiller et al. reported high combustion efficiencies (> 90%)
for paraffin-AB fuel grains tested in a small hybrid motor with gaseous oxygen for solid loadings
as high as 50% [20]. However, the authors also reported condensed phase product accumulation
similar to what was observed here which may have caused the reduced regression rates reported
for higher AB loadings [20]. Further study would be required to determine if similar combustion
efficiencies would be achievable for a Sylgard®-184-AB fuel grain (with 80% AB by mass) used

in a motor configuration.

3.3.6 Theoretical Performance

The theoretical performance of ammonia borane and other commonly used hypergolic fuels
with WFNA can be found in Figure 13. These results were obtained using CHEETAH 7.0
thermochemical code [55] assuming an initial chamber pressure of 68 atm and perfectly expanded
to atmospheric pressure. These results assumed equilibrium conditions (i.e., the composition was
allowed to change throughout the system instead of being “frozen” at a given state). As ammonia
borane would require a fuel binder to be practical in a rocket system, also included is the predicted
performance of an 80% ammonia borane, 20% Sylgard®-184 fuel mixture. The assumed
properties of Sylgard®-184 and ammonia borane for these theoretical performance calculations
can be found in Table 6. The properties for Sylgard®-184 were taken directly from the CHEETAH

7.0 library while the properties for AB were previously reported by Pfeil et al. [3].
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Table 6: Intrinsic properties for fuel components used for theoretical
performance calculations

Fuel component Chemical AHr
formula (cal/mol)
Sylgard®-184 C2HsO1S1; -1.20E+05
Ammonia borane NH3;BH3 -1.60E+04

These results indicate that using ammonia borane in place of hydrazine and its derivatives
in hypergolic systems could result in a net increase in specific impulse if used with WFNA.
Another noteworthy trend observed here is the dual peak behavior of the ammonia borane-based
fuels. Unlike the other fuels that have a single optimal oxidizer to fuel (O/F) ratio, the AB based
fuels maintain high performance over a much wider range of operating conditions. Chemical
equilibrium calculations performed using CHEETAH 7.0 indicate the lower O/F peak corresponds
to the complete oxidation of boron leaving much of the hydrogen not oxidized, resulting in a lower
average molecular weight in the exhaust products. Likewise, the higher O/F peak corresponds to
the complete oxidation of both the boron and hydrogen, resulting in a higher chamber temperature.
As the operating condition shifts towards higher O/F ratios, the increasing flame temperature helps
to counteract the effects of the increasing average molecular weight. In the context of an actual
rocket system, this could help to maintain high levels of performance during periods of varying

oxidizer flow rate.
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Figure 13: Theoretical performance of various hypergolic fuels with WFNA

While performing the theoretical performance calculations discussed previously, it was
noted that for certain test cases (particularly the relatively fuel-rich ones), there was a relatively
high percentage of condensed phase products predicted. While these products were treated the
same as gaseous species when calculating the theoretical specific impulse, in a real system they
would result in two-phase flow losses. As these losses cannot be estimated from thermochemical
codes alone due to their non-equilibrium state, it is often necessary to obtain these estimates

experimentally. The following relation was used to obtain a preliminary estimation of these losses

Isp,TPFL =1-X) = Isp €Y

where IsptprL 1s the estimated specific impulse when accounting for two-phase flow losses, X is

the overall condensed product mass fraction, and Isp is the ideal specific impulse [56].
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The effects of including these losses for the 80% AB, 20% Sylgard case shown previously
in Figure 13 can be seen in Figure 14. As one would expect, the condensed phase mass fractions
are significant for the fuel-rich cases due to a lack of oxidizer leading to incomplete combustion.
As aresult, the specific impulse adjusted for two-phase flow losses decreases significantly in these
regions. For the more stoichiometric and oxidizer-rich cases where the condensed phase mass
fraction is lower, impact of two-phase flow losses is much less significant. In spite of this however,
the performance of the AB-Sylgard system is still comparable to the other liquid hypergolic fuels

(albeit for a smaller O/F range).
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Figure 14: Estimated effects of two-phase flow losses on the theoretical performance of an
80% AB, 20% Sylgard®-184 fuel mixture with WFNA

As this approximation assumes that the condensed phase products contribute nothing to
the specific impulse, it effectively serves as a worst-case estimate. In reality, the actual effects of
two-phase flow losses are greatly dependent on the real-world behavior of the system in

question. If any condensed agglomerates are relatively small and sufficiently accelerated by the
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flow, they will contribute to the specific impulse of the rocket. Without a more informed
understanding of how the AB-Sylgard fuel mixture behaves in a rocket motor, it is difficult to

refine this estimate further.

3.4 Conclusions

The ignition delay of ammonia borane produced using a new high-yield scalable synthesis
procedure was measured and compared with other established synthesis methods. Tests performed
with WFNA resulted in comparable ignition delays for AB sieved into similar particle size ranges.
Generally, the different types of ammonia borane tested all produced ignition delays shorter than
10 milliseconds with WFNA, making it potentially viable for use in hypergolic rocket systems.
The development of newer, higher yield synthesis methods with the potential for larger scale
production capabilities also makes AB more feasible to use in larger scale motor systems. When
ignition delay tests were performed on ammonia borane powder with nitrogen tetroxide, ignition
delays typically longer than 50 milliseconds were measured, likely indicating that NTO is not a
suitable oxidizer for ammonia borane in a hypergolic hybrid system.

While comparing the ignition delays of ammonia borane produced using different synthesis
methods, it was observed that AB purchased and used as provided by a commercial supplier
produced ignition delays consistently shorter than the other AB tested. Further testing indicated
that this was likely a result of a particle size dependency on the ignition delay for ammonia borane.
When AB sieved into multiple particle size ranges was tested, a trend of ignition delays increasing
with increasing AB particle size and vice versa was observed. For the finer AB particles tested,
ignition delays as short as 0.6 milliseconds were measured, some of the shortest ever reported for

a solid fuel hypergolic system.
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Ignition delay tests of ammonia borane using Sylgard®-184 silicone elastomer as a fuel
binder were also performed with WFNA. Unlike the earlier results obtained with loose AB powder,
no clear trend was observed with respect to the ignition delay of pressed Sylgard®-184-AB pellets
with different particle size ranges. These tests show that the Sylgard®-184-AB formulation may
be viable for use in a hypergolic hybrid system as the mean ignition delays were less than 50
milliseconds. However, if the condensed phase product accumulation that was observed on the
surface of the burning Sylgard®-184-AB samples tested here is still present when tested in a motor
configuration, an alternative binder may need to be utilized in place of Sylgard®-184 to achieve
high combustion efficiencies. In addition, for it to be practical for use in larger scale fuel grains at
high solid loadings, the formulation must be modified to improve the mixture rheology sufficiently

enough to enable cast-curing.
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4. SURFACE TEMPERATURE MEASUREMENTS OF BURNING
SOLID PROPELLANTS USING PHOSPHOR THERMOGRAPHY

4.1 Introduction

In the field of combustion research, there are few physical quantities as informative as
temperature with regards to obtaining an improved understanding of the combustion behavior of a
system. Besides being a state variable, it plays a major role in the thermochemical and heat transfer
processes taking place. In the context of energetic materials (e.g., propellants, explosives, etc.),
knowledge of the burning surface temperature for the material in question is often crucial in
developing an understanding of its combustion behavior, including unsteady combustion. Heat
feedback to the surface and thus the rate at which pyrolysis occurs is strongly influenced by the
surface temperature (or, more specifically, the relationship between the surface and flame
temperatures). In addition, obtaining accurate measurements for the surface temperature is often
critical for validating and improving the results obtained from models for the deflagration of
energetic materials, and yet these measurements are highly uncertain [57].

Surface temperature measurements are often performed using embedded thermocouples
and through other less intrusive optical methods. Historically, thermocouples have been used to
successfully measure the surface temperature of both homogeneous (e.g., single/double base
propellants, HMX, RDX, etc.) and heterogeneous (e.g., ammonium perchlorate-based composite)
propellants [58-61]. While they are often simple to implement, thermocouples are generally
considered to be intrusive to the system of interest and suffer from large uncertainties, especially
for surface measurements. Depending on the material used for the thermocouple, they can in some
cases act as a catalyst for other unintended reactions to occur. Thermocouples are also subject to

thermal lag, making them unsuitable for studying combustion phenomena where fast response
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times are required. By virtue of their physical size, thermocouples have an averaging effect which
can introduce additional error in situations involving thin reaction/combustion zones. Reducing
the size of the thermocouple can help mitigate some of these issues, though this can introduce
additional material and reliability issues.

As a less intrusive alternative to thermocouples, measurements of the infrared radiation
emitted from the surface of a burning propellant can in some cases be used to optically measure
surface temperatures [62-65]. From Planck’s law, the spectral radiance emitted by a blackbody is
dependent largely on the wavelength of light being considered as well as the temperature of the
emitting body. By measuring the spectral radiance emitted in a finite wavelength range, the
temperature can be obtained. For non-blackbody sources however, the spectral radiance is also
dependent on the emissivity of the emitting surface, a quantity that itself is also dependent on both
temperature and wavelength [66]. If information about the emissivity of the material of interest
isn’t available or can’t be obtained experimentally, this technique cannot directly be used with
confidence. If the emissivity is assumed to be relatively wavelength independent (i.e., the gray
body assumption), the spectral radiance emitted then becomes roughly dependent on temperature
only. For situations where this assumption is valid, the temperature of the emitting surface can be
obtained by taking the ratio of the spectral radiance in two (or more) different spectral bands [66].
As the emissivity is assumed to be wavelength independent, taking the ratio of the spectral
radiances will cause the emissivity terms to cancel, leaving a relation dependent on temperature
only [66]. The validity of the gray body assumption typically varies with the surface conditions
and material composition of the surface in question. As such, the technique can only be used to
accurately measure surface temperatures with materials for which the gray body assumption is

valid. In addition, infrared emission-based surface temperature measurement techniques in general
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are highly susceptible to interference from soot and gas phase emissions in combustion
environments [62]. If these effects aren’t adequately mitigated (which may not always be possible),
they can cause the measured temperature of the burning propellant surface to differ greatly from
the actual temperature. This can sometimes be accomplished through careful selection of the
spectral bands used for the ratio to ensure that there is not significant overlap with the higher
temperature flame-based emissions.

More recently, a technique known as phosphor thermography has been receiving attention
as a potential alternative to the other temperature measurement techniques commonly used when
studying the combustion behavior of energetic materials. Based on the temperature-dependent
luminescence properties of so-called thermographic phosphors, this technique has been well
established as a semi-intrusive means to measure surface temperatures while lacking some of the
shortcomings encountered with other optical techniques. The objective of this work is to apply and
demonstrate phosphor thermography to measure the surface temperature of burning nitrocellulose
(NC), a homogeneous solid propellant used extensively in single, double, and triple-base

propellants.

4.2 Experimental Configuration

The overall experimental setup used in this study can be seen in Figure 15. For the
experiments performed here, ZnO:Ga was used because of its good temperature sensitivity for the
surface temperatures expected based on thermocouple data for nitrocellulose [58]. Phosphor
particles were excited using the third harmonic (355nm) output of a Continuum Precision II
Nd:YAG laser operating at 10 Hz. Before each test (and before each set of images recorded at each
temperature during calibration), the laser power was monitored to ensure that the laser power did

not vary significantly between tests. A pair of FLIR monochrome Blackfly (BFLY-U3-23S6M-C)
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CMOS cameras was used to record the resulting phosphor emissions. For the working distances
used here (approximately 21.6 cm), the spatial resolution of these cameras was approximately 26
um per pixel. Syncing between the cameras and the laser system was achieved using a Stanford
Research Systems model 535 delay generator. To improve the uniformity of the laser beam profile,
an Edmund Optics 5-degree FWHM UV holographic diffuser was positioned as close as possible
to the calibration/test sample without blocking the cameras’ view of the sample.

Calibration Oven

| 355 nm

500nm shortpass and Calibration sample

425 nm longpass filters

Flip mount
Test Cell P 394nm UV holographic
bandpass == diffuser
—| filter 500nm shortpass and

CMOS
Cameras

425 nm longpass filters
Pellet holder —| CMOS gp
Cameras

UV holographic diffuser
394nm bandpass filter

Figure 15: Experimental configuration

Following the earlier work on the zinc oxide based phosphors published by Sérner et al., a
394 nm +/- 5 nm bandpass filter was used with a 425 nm longpass filter (both purchased from
Edmund Optics) for the initial tests performed [42]. However, the technical limitations of the
cameras used here (particularly the 50 ps minimum exposure times) caused this configuration to
be susceptible to interference due to chemiluminescence from the propellant flame. As the
emission lifetime of ZnO:Ga is below 1 ns, the cameras were capturing for several time durations
orders of magnitude longer than necessary to capture the ZnO:Ga emission. While this did not
noticeably affect the signals recorded in the 394 nm bandpass channel, the 425 nm longpass signal

was affected significantly because of the excess chemiluminescence captured during the 50 us
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exposure time. The use of other cameras with better potential for time gating (i.e., intensified
cameras) was not practical here due to both budgetary constraints and physical constraints
associated with the test vessel used to contain the nitrocellulose combustion products. As the
phosphor emissions were imaged through the same small window in the test vessel that the 355
nm laser enters, the form factor of the cameras had to be kept relatively small to prevent blocking
the laser. Shifting the cameras further away from the sample (to allow larger form factor cameras
to be used) would have negatively impacted the spatial resolution of the system.

Using an Ocean Optics USB2000 spectrometer, the emission spectrum of a burning 95%
nitrocellulose, 5% ZnO:Ga (by mass) sample when excited with a 355 nm laser was recorded
(Figure 16). As the flame emissions from the burning nitrocellulose are relatively weak below 500
nm, a 500 nm shortpass filter was added to the 425 nm longpass filter channel for subsequent
experiments to filter out the majority of the chemiluminescence. As seen in Figure 17, the shortpass
filter was positioned before the longpass filter to prevent the formation of an etalon due to
reflections between the two filters (with regards to the chemiluminescence). With the addition of
the 500 nm shortpass filter, the resulting interference due to chemiluminescence was mitigated to

the point where the chemiluminescence signal was on par with the inherent camera noise.
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Figure 16: Emission spectrum of a 95% NC, 5% ZnO:Ga (by mass) pellet burning in
nitrogen while excited by a 355 nm laser
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Figure 17: Arrangement of optical filters used to reduce chemiluminescence in 425 nm
longpass channel

To reduce the effects of changing camera perspective and to help maintain alignment when
transitioning from calibration to actual testing, the two cameras were mounted on an optics rail
which was then moved between the two positions as one unit. The holographic diffuser was also
mounted to this rail to make sure that the distance from the diffuser to the test sample (and thus

the laser fluence) was consistent when transitioning from calibration to solid propellant testing.
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After the cameras were aligned using a dot card target, minimal adjustments were made to the
focus of the cameras so their object planes remained consistent. While this configuration does
introduce some perspective effects (due to the different viewing angles of the cameras), the
alignment of the cameras in the region of interest (i.e., the object plane/sample surface) is well
maintained, reducing the impact of these effects on the resulting temperature measurements. As
there was a slight difference in filter substrate thickness and index of refraction, final camera
alignment was performed with the filters in place.

Post processing of the recorded images was performed using a Matlab script. The basic
workflow used to convert recorded raw images to useful temperature measurements is illustrated
in Figure 18. Prior to calculating the intensity ratio, a flat field correction was applied to the raw
images to account for pixel-to-pixel variations on the camera sensors as well as any differences

between the two cameras. The flat field correction used was,

C_(R—D)*M
~  F=D '

(2)
where R is raw image, C is the corrected image, D is a dark image (i.e., an image recorded with
no light incident on the sensor), F is a flatfield image, and M is the average value of F-D for all
pixels. The illumination for the flatfield image was provided using a Newport model 70677
integrating sphere that was illuminated with light in the range of 390-410nm. To account for
camera noise and shot-to-shot variations, a series of approximately 500 dark and flatfield frames

were recorded separately for both cameras. These frames were then averaged together to provide

the dark and flatfield frames used for applying the flat field correction.
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Figure 18: Post processing workflow used to convert raw images (left-most images) into
useful temperature measurements (right-most image)

4.2.1 Calibration

Calibration samples were prepared using a 95% NaCl, 5% ZnO:Ga mixture and pressed
into square 6x6 mm pellets using a pellet press die for 3 minutes at 10,000 psi. NaCl was used for
the calibration samples instead of nitrocellulose due to safety concerns associated with the heat-
sensitive nature of nitrocellulose. The surface temperature of burning nitrocellulose was estimated
through embedded thermocouple measurements to be approximately 250°C, though the NC will
begin to rapidly degrade once heated to approximately 190°C [58, 67]. As such, calibrating to
250°C (and beyond) necessitated using an alternative calibration material better suited for the
temperature range (NaCl in this case). A Mellen Microtherm box furnace with optical access ports
was used to heat the calibration samples. The calibration sample was placed in the furnace and
oriented so that the flat surface was perpendicular to the incoming 355nm laser and located the
same distance away from the cameras as the dot card target used. For each temperature
measurement, the furnace temperature was increased by approximately 15-25°C and allowed to

stabilize. After the furnace internal temperature had stabilized (as measured using an Omega
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HH1384 thermocouple reader and a K-type probe thermocouple in contact with the sample), a
sequence of at least 500 images were recorded using both cameras. An additional thermocouple
probe identical to the one in contact with the sample was also installed in the furnace, both to
compare with the sample thermocouple (to check for malfunctions) and to measure the furnace air
temperature to help determine when thermal equilibrium had been reached. The calibration process
continued until the recorded phosphor signal in the 394nm bandpass filter channel became too dim
to measure without increasing the laser power or changing the camera settings. For the system
used here, this generally occurred at approximately 635 K.

To account for changes in laser power over time, the laser power before each image set
was measured and adjusted as necessary. For the tests performed here, the laser energy was held
constant at 60 mJ per pulse (measured before the diffuser). After passing through the diffuser, this
corresponds to a laser fluence of approximately 7.7-7.9 mlJ/cm? at the sample located
approximately 21.6 cm away from the diffuser. This laser power was chosen by systematically
increasing the laser power until the room temperature phosphor signal was sufficiently strong even
with the camera lens apertures closed sufficiently, to help suppress the flame chemiluminescence.
It was demonstrated previously by Abram et al. that the intensity of zinc oxide based phosphors
increases with laser fluence [68]. By closing the camera apertures and increasing the laser power
to compensate, the interference from chemiluminescence encountered during the later solid
propellant testing was reduced while keeping the recorded phosphor signal roughly constant. As
Abram et al. reported that the emission spectrum and resulting intensity ratios of zinc oxide based
phosphors are laser fluence dependent, this same fluence was used for both calibration and solid

propellant testing [68].
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The average intensity ratio for each temperature was obtained by first applying the
appropriate flat field correction to the recorded raw images from each camera. The intensity ratio
for each frame was then obtained by taking the ratio of the corrected combined 425 nm longpass-
500 nm shortpass and 394 nm bandpass filter images (i.e., 425 nm longpass+500 nm shortpass /
394 nm bandpass). Each of the 500 frames were then averaged together to produce an average
intensity ratio frame for each calibration temperature. The resulting average intensity ratio for each
calibration temperature was then obtained by taking the spatial average across the surface of the
calibration sample (excluding the edges where perspective effects reduced the quality of the

alignment).

4.2.2 Solid propellant testing

For the testing performed here, high nitration percentage (approx. 13.3-13.5%)
nitrocellulose (NC) was used. To match the phosphor concentration used during calibration, 0.75g
mixtures with 95% NC, 5% ZnO:Ga by mass were prepared. These mixtures were then pressed
for 3 minutes at approximately 10,000 psi to form cylindrical 1 cm diameter, 0.69 cm long pellets.
Attempts to use lower concentrations of ZnO:Ga (i.e., 1% and below) resulted in non-uniform
distributions of the ZnO:Ga particles throughout the pressed NC pellets as evidenced by spatial
variations in the recorded phosphor emission intensity on the pellet surface. This was likely caused
by poor mixing between the NC and ZnO:Ga due to the relatively low density of the NC (prior to
pressing) making it difficult to adequately disperse the phosphor particles throughout the mixture.
Increasing the phosphor concentration to 5% by mass resulted in greater uniformity of the recorded
surface phosphor emissions. For comparison, the earlier work performed by Goss et al. (one of the
few other reported instances of phosphor particles distributed volumetrically throughout a test

sample) used phosphor concentrations of 12.5% by mass [44].
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To keep the burning surface of the pellet stationary and in-focus relative to the cameras, a
spring-loaded pellet holder was used. After loading the 1 cm diameter pellets into the pellet holder,
a 30-gauge (0.254mm) tungsten wire was used to keep the front surface of the pellet flush with the
front face of the pellet holder. Prior to each test, the small test cell used to contain the combustion
products was filled with nitrogen to enable more direct comparisons with measurements obtained
previously by Klein et al. with embedded thermocouples [58]. The pellets were ignited using a 32-
gauge nichrome wire held in place on the surface using the tungsten wire and heated using an

adjustable benchtop DC power supply.

4.3 Results
4.3.1 Calibration

Thermocouple data published previously by Klein et al. for 13.15% nitrated nitrocellulose
plus 1 percent ethyl centralite showed surface temperatures of approximately 523 K for strands
burned in nitrogen at ambient pressure [58]. Similarly, Aristora and Leipunskii reported surface
temperatures of 525 +/- 48 K by estimating the amount of heat present in the surface layers of
extinguished nitrocellulose [69]. In contrast, Powling and Smith reported an average surface
temperature of 577 K for 12.2% nitrated NC by measuring the infrared emissions produced by the
burning sample [62]. However, Powling and Smith also reported that the formation of
carbonaceous products on the surface of the burning samples made it difficult to obtain surface
temperature measurements for pure nitrocellulose [62]. These products may have interfered with
the IR emissions produced by the burning NC, possibly resulting in the higher surface temperatures
recorded.

The plot in Figure 19 shows the intensity ratio vs temperature trend obtained during the

calibration process. For comparison (and to verify that the addition of the 500 nm shortpass filter
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did not affect the measured intensity ratio), a second calibration was performed without the 500
nm shortpass filter. As expected, the intensity ratios with and without the 500 nm shortpass filter
were almost identical until the upper limit of the calibrated temperature range (where the ZnO:Ga
emissions beyond 500 nm become more significant) was reached. The relative sensitivity for this

system (shown in Figure 19 as a function of temperature) was calculated from the following relation,

o 1 dlg
rel = 1o dT’

(3)
where Sre is the relative sensitivity, Ir is the measured intensity ratio, and T is temperature. The
calibration data shows that for the configuration used here, the measured intensity ratio is relatively
less sensitive to changes in temperature when close to room temperature (Srel=0.61 %/K). Once
the temperature begins increasing however, the intensity ratio becomes increasingly sensitive to
changes in temperature, with a peak sensitivity of 1.83 %/K occurring at T=523 K, after which the
relative sensitivity begins decreasing. These results show that at the surface temperatures expected
for burning nitrocellulose (approximately 523 K), the intensity ratio is most sensitive to changes
in temperature (albeit marginally so) compared to the rest of the calibrated temperature range [58].

In any case, the reference thermocouple data for burning nitrocellulose shows that the temperature

range used for calibration was appropriate.
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Figure 19: Intensity ratio and the relative sensitivity of the intensity ratio, during the
calibration process, as a function of temperature

4.3.2 Solid propellant testing

A typical average surface temperature vs time plot obtained by taking the average surface
temperature across most of the face of the pellets tested can be seen in Figure 20. The edges of the
pellet were not included in these calculations as these values were more susceptible to perspective
effects due to the geometry of the camera array. More specifically, the different viewing angles of
the cameras caused a slight portion of the pellet side walls to be imaged. As these regions aren’t
imaged by both cameras, any resulting temperature measurements would be non-physical and as
such were excluded. The regions near the horizontal tungsten hold-down wire and the vertical
ignition wire were also not included. For the shown test, ignition occurred approximately two
seconds after the ignition wire began heating the surface. Prior to this, no noticeable laser induced
heating on the pellet surface was observed. Before the sample was heated by the wire, the average
temperature measured across the pellet surface was approximately 296 K. This is in good
agreement with the ambient room temperature at the time of testing and suggests that the intensity

ratio vs temperature relation obtained during calibration was applicable despite NaCl being used
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in place of NC during calibration. The initial surface heating during the pre-ignition phase due to
the ignition wire can be observed by the initial increase in surface temperature prior to ignition.

An image sequence corresponding to this test can be found in Figure 21.
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Figure 20: Average surface temperature across the entire pellet surface for representative
NC pellet burning in nitrogen obtained using phosphor thermography.

By taking the time average of the previously obtained spatially averaged surface
temperatures for the duration where the pellet surface is fully burning (e.g., approx. 3.7 to 6.2
seconds for the pellet shown in Figure 20), the average burning surface temperature was found to
be approximately 534 K. This is in good agreement with the values expected based on
thermocouple data (523 K) [58]. The slightly higher surface temperature measured here could
potentially be a result of the slightly higher nitration percentage of the NC used (13.3-13.5%) in
comparison to the reference data (13.15%), or errors in the thermocouple measurements in the
previous work due to heat loss. As the flame temperature of nitrocellulose increases with
increasing nitration percentage, one would expect the corresponding heat feedback to the surface

(and thus the surface temperature) to increase as well [70]. As the pyrolysis/burning rate is
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dependent on temperature, this is consistent with the higher burning rates associated with higher

NC nitration percentages [57, 70].
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Tavg =294.2 K Tavg =2955 K Tavg =301.1 K

Ignition
‘D & Wire

Hold- doWn /

wire
Time= 1.50 sec.
Tavg = 302.0 K

250 300 350 400 450 500 550 600 650

Surface Temperature (K)

Figure 21: Image sequence showing the surface temperature of a representative
nitrocellulose pellet burning in nitrogen

The NC pellets tested here exhibited locally unsteady burning behavior over the course of

the pellet burns. The NC on the surface of the pellets burned off in layers, exposing the fresh
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material beneath it. This behavior can be seen in Figure 21, where there are regions of relatively low
surface temperatures on the surface of the fully ignited pellet corresponding to the freshly exposed
material. This is likely the cause of the oscillatory behavior observed in the average surface
temperature time history seen in Figure 20. This is further supported by the plot shown in Figure 22
showing the average surface temperature of a smaller region (30 x 30 pixels) on the pellet surface,
specifically during the time period after ignition has occurred. This region is indicated by the white
box shown in the first (time=0sec.) image in Figure 21. The error bars in this plot represent the
standard deviation for the pixels within the 30x30 pixel region. As the surface temperature is
averaged across a much smaller area compared to Figure 21, the degree to which the surface
temperature fluctuates can be more readily estimated. When these results were compared to the
raw images recording during this test, it was observed that the largest standard deviations (e.g.,
time=3.1 sec. in Figure 22) occur when the pellet was burning non-uniformly in the region of
interest. When the pellet was burning more uniformly (e.g., time =5.1 sec. in Figure 22) in the 30x30
region, the standard deviation is much lower. The contour plot of the temperature history of a
vertical strip of 50 pixels seen in Figure 23 shows this oscillatory trend more generally. The 50
pixels used for this plot are indicated by the vertical white line shown in the first image in Figure
21. As the system used here was only operating at 10 Hz, it is difficult to accurately determine the
frequency of oscillation. However, the results seen in Figure 20, Figure 22, and Figure 23 seem to
suggest a frequency of about 3-5 Hz. As the nitrocellulose used here had a cotton like consistency
(as opposed to a granulated powder), the arrangement of the NC fibers likely varied throughout a
given pellet. This would presumably affect the rate at which the different parts of the pellet burned

and help explain the unsteady nature seen here.
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Figure 22: Average surface temperature of a region of 30x30 pixels for a burning NC pellet
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Figure 23: Temperature profile plot along a vertical line of pixels on pellet surface as
shown in Figure 21

The unsteady burning observed here may also simply be a result of self-oscillatory behavior
commonly observed with burning solid propellants [71]. This type of behavior has been previously
reported with a variety of different types of propellants including (but not limited to) HMX,

double-base propellant, and AP composite propellants [72-76]. Unlike acoustic instabilities which
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are generally higher frequency in nature, self-oscillatory burning generally results in lower
frequency oscillations and is directly related to the intrinsic properties of the propellant of interest
[73, 76]. Following basic QSHOD (Quasi-Steady, Homogeneous, One-Dimensional) theory for
solid propellant combustion, it can be shown that the characteristic frequency of a propellant

surface (fs) can be estimated from,

Es rb2
fs = (RTS>(X_C 4)

where Eg is the activation energy of the condensed phase, R is the universal gas constant, T is the
propellant surface temperature, 1}, is the propellant burning rate, and a. is the propellant’s thermal
diffusivity [77]. Using the parameters listed in Table 7 and the previous relations, the surface
characteristic frequency was calculated to be 0.68 Hz. The likely cause for this relatively low
frequency (compared to the 3-5 Hz observed here) is that the burning rate listed in Table 7 was an
average burning rate estimated from the initial pellet length and approximate burn duration. As the
pellets were relatively short in length (approx. 0.69 cm in length), there may not have been
sufficient time for the burning rate to reach steady state, resulting in an inaccurate average burning
rate estimate. As the characteristic surface frequency scales with the square of the burning rate,
any errors in this measurement will significantly affect the calculated frequency. In any case, this

calculated frequency is still on the same order of magnitude as the oscillations observed here.
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Table 7: Properties used to estimate characteristic frequency of condensed
phase and surface zones

Parameter Value Source

a. (cm”2/s) 1.79 [78]
Eg (kcal/mol)  46.5 [79]
T (K) 534  Measured

r,(mm/s) 1.67  Measured

4.3.3 Uncertainty analysis

The accuracy of the results obtained here is highly dependent on several factors including (but
not limited to) the inherent accuracy of the reference thermocouples used to monitor the
temperature within the calibration oven and the variations in laser fluence from pulse-to-pulse. For
the standard K-type thermocouples used here, the uncertainty is within £2.2 K or +£0.75%
(whichever is greater) of the actual temperature. For the upper temperature limit of the calibration
performed here (approximately 635 K), the max uncertainty due to the reference thermocouple
would be approximately +4.76 K. As discussed previously, the emissions of the various zinc oxide
based phosphors are dependent on the incident laser fluence used to excite them [68]. While a
consistent average laser fluence was used for both the calibration and the solid propellant testing
performed, fluctuations in laser pulse energy will lead to some inherent degree of uncertainty in
the temperature measurements. These effects were estimated through consideration of the
measured temperature fluctuations for a sample at a steady temperature. As seen in Figure 24, for
a sample at room temperature (i.e., approx. 296 K), these fluctuations were approximately £3-4 K
about the mean temperature measured across the entire sample surface during this duration. At the
upper temperature limit for the performed calibration (i.e., 635 K), these fluctuations were closer

to +2 K. Taking the root sum of the squares for the uncertainties at the lower and upper limits of
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the calibrated temperature range yields overall uncertainties on the accuracy of £4.6 K and £5.2 K

respectively.
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Figure 24: Surface temperature fluctuations due to pulse-to-pulse laser energy fluctuations

The precision of the system used here was estimated by determining the standard deviation
in 10 arbitrarily selected regions of 5x5 pixels where the temperature was relatively uniform during
a representative pellet burn. This was done both for regions close to room temperature and for
those at elevated temperatures (approximately 575 K). For regions close to room temperature, the

standard deviation was approximately +5.4 K whereas for hotter regions it was approximately

+13.4 K.

4.4 Conclusion

Using a system operating at 10 Hz, the surface temperature of a burning nitrocellulose
pellet was successfully measured using phosphor thermography. This is the first reported instance
of phosphor thermography being used to measure the surface temperature of a burning energetic

material. ZnO:Ga was selected for the work performed here as it offered good temperature
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sensitivity in the temperature range of interest while also emitting at shorter wavelengths. Average
surface temperatures were measured to be approximately 534 K which is in good agreement with
previously published thermocouple data (approximately 523 K) [58]. The slightly higher
temperatures seen here may be a result of the slightly higher nitration percentage of the
nitrocellulose used (approx. 13.3-13.5%) in contrast with the 13.15% NC used for the reference
thermocouple data, or from errors in the thermocouple measurements.

Preliminary efforts in using this technique were met with difficulties due to the technical
limitations of the detector system used here. The flame chemiluminescence produced by the
burning propellant samples caused interference with the recorded phosphor signal in the 425 nm
longpass channel due to the relatively long exposure times (compared to the lifetime of ZnO:Ga).
Combining a 500 nm shortpass filter with the 425 nm longpass filter previously in use was found
to reduce the flame interference on the recorded phosphor emissions to the point that it was on par
with the random camera noise. This enabled surface temperature measurements to be made
successfully despite the low cost of the cameras used here (relative to much more expensive
intensified cameras). As expected, the addition of the 500 nm shortpass filter did not noticeably
affect the measured intensity ratios due to the lack of ZnO:Ga emissions at wavelengths longer
than 500 nm for the temperature range considered here. These results demonstrate the importance
of mitigating the effects of chemiluminescence when using phosphor thermography to measure
surface temperatures through a flame, be it through time gating or through careful phosphor/filter

selection.
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3. HIGH-SPEED MULTI-SPECTRAL IMAGING OF THE
HYPERGOLIC IGNITION OF AMMONIA BORANE

5.1 Introduction

Unlike more conventional liquid propellant combinations (e.g., liquid oxygen (LOX)-RP-
1, LOX-liquid hydrogen, etc.) that require a dedicated ignition system, hypergolic propellants are
uniquely capable of self-ignition upon contact between the fuel and oxidizer. Typically, systems
employing these propellants will utilize a hydrazine-based fuel (e.g., monomethyl hydrazine,
unsymmetrical dimethylhydrazine, etc.) with an oxidizer based on nitric acid (e.g., white/red
fuming nitric acid) or nitrogen tetroxide (NTO). These commonly used hypergolic propellants
have the added benefit of being easily storable without the use of cryogenic systems.
Unfortunately, the more commonly used propellants are also highly toxic and require additional
safety precautions for their safe handling. Considering this, there remains a strong motivation to
develop alternative fuels and oxidizers for these systems to reduce the hazards associated with
handling these propellants while maintaining (or improving) system performance. To date,
however, few potentially viable alternatives have been developed due to a fundamental lack of
understanding of the chemical kinetics and molecular structure that govern hypergolic reactions
[1, 80].

First synthesized by Shore and Parry in 1955, ammonia borane (NH3BH3s, AB) is a solid
material that is stable for typical atmospheric conditions [16]. Given its relatively high hydrogen
density (19.6% by mass), it has received considerable attention as a potential solid-state hydrogen
storage medium [15, 17, 18]. More recently, however, AB and other amine-borane fuels (e.g.,
ethylenediamine bisborane, triethylamine borane, etc.) have begun receiving increased attention

for potential use as alternatives to existing hypergolic fuels [3, 11, 14, 80]. AB has been shown to
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be highly hypergolic with white fuming nitric acid (WFNA), with ignition delays of approximately
2-10 milliseconds being commonly reported for the neat material [3-6, 80]. Even with the addition
of a fuel binder to improve the mechanical properties of prepared fuel samples, ignition delays less
than 50 milliseconds are typical with WFNA (though delays in the range of 10-20 milliseconds
are not uncommon) [4, 5]. Theoretical performance calculations comparing AB with the more
common hydrazine-based fuels (with WFNA as the oxidizer) also predict a net gain in specific
impulse across a wide range of operating conditions [3, 4]. Considering that AB is also less
hazardous to handle (compared to the other hypergolic fuels commonly in use), it could potentially
serve as a viable alternative to the more conventional hydrazine-based fuels. Better quantification
and imaging of AB combustion is needed to understand the dynamics of the hypergolic ignition of
this fuel.

To date, much of the prior work regarding AB’s use as a fuel in rocket applications has
primarily involved characterizing its hypergolic characteristics and, to a lesser extent, its more
general use as a fuel in various propellant formulations [3-6, 8, 19, 20, 80]. However, little to no
work has been published in the open literature regarding the fundamental combustion behavior of
AB. As AB is the simplest fuel in the amine-borane family of fuels, obtaining a more detailed
understanding of its combustion behavior would be beneficial for understanding the behavior of
these fuels in general and potentially help inform future fuel formulation/synthesis efforts.

While mostly qualitative in nature, chemical/spectral imaging (i.e., imaging of specific
spectral bands corresponding to emission from a known chemical species) can help provide a
general understanding of assorted combustion processes. Advancements in camera technology
(particularly with respect to infrared cameras) have significantly improved the temporal

capabilities of this technique enabling its use for studying more dynamic combustion phenomena.
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To date, this technique has been successfully utilized for studying general hydrocarbon combustion
with an emphasis on internal combustion engines, but it has not been applied to study boron
combustion previously [81-86]. Studies of the combustion behavior of boron particles has provided
some quantitative information regarding the emission bands of boron compounds though few
spectroscopic studies in the gas phase and at high temperatures have been conducted. A list of
some select emission bands reported for various boron oxides can be found in Table 8.
Spectroscopic studies of AB have also reported several bands occurring at 8562 nm, 4348 nm, and
3058 nm, corresponding to B-N, B-H, and N-H stretch vibrational modes respectively [87, 88].
The simplicity of AB from a molecular standpoint (containing only boron, nitrogen, and hydrogen
atoms) leads to a relatively small set of major product species. Thermochemical equilibrium
calculations performed for AB burning with air predict primarily N2, H>O (or H>O and H> for more

fuel rich cases) and an assortment of boron oxides, the most prominent of which being HBO».

Table 8: Selected boron oxides and reported emission/absorbance bands

Species Lines (nm) Sources
BO 367.9,384.9,403.7, 436.3, 461.2 [89, 90]
452,471, 494.1, 519.6, 545.7,
BO: 579 1 [89-91]
B20> 5291.01 [92]
B203 7142.86 [93]
HBO 3510, 5503.58, 13262.60 [94, 95]
HBO: 2702.70, 4878.05 [93, 96]

The objective of this work is to utilize simultaneous visible and mid-infrared spectral
imaging to study the combustion behavior of AB for the first time. This technique was used to help

characterize the behavior of AB during a hypergolic ignition process with reagent grade nitric acid,
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as well as the quasi-steady case of AB burning with air. For these two cases, multi-spectral imaging

of BO, BO», HBO», and the B-H stretch mode of AB was performed.

5.2 Experimental methods
5.2.1 Spectral imaging

To determine if there were any interfering species emitting in the spectral ranges used for
the spectral imaging tests, the emission spectra emanating from a pressed AB pellet burning in
air was measured in both the visible and mid-infrared spectral ranges. Measurements in the
visible wavelength range were performed using an Ocean Optics USB2000 spectrometer. The
emission spectra in the mid-infrared was obtained using an Andor Shamrock 500i-A-R-SIL
spectrograph coupled to a Telops FAST M2k high-speed mid-infrared camera. For the
configuration used during these tests, a diffraction grating yielding a spectral bandwidth of 1068
nm and resolution of 5.8 nm was used.

Simultaneous visible and infrared spectral imaging was performed using the camera
arrangement shown in Figure 25. Imaging of HBO, and the B-H stretch mode emissions of AB (and
potentially its decomposition products) was performed using a Telops FAST M2k high-speed
camera with a 4850 nm (100 nm FWHM) and 4275 nm (75 nm FWHM) bandpass filter,
respectively. For BO and BO;, which exhibit strong emission bands in the visible wavelength
range, a monochrome Phantom V2012 high speed camera was used. Selective imaging of BO and
BO; emission was achieved using a436 nm (10 nm FWHM) and 546 nm (10 nm FWHM) bandpass
filter, respectively. An unfiltered Phantom V5.1 color camera was used to provide a point of
reference to the two filtered cameras in use. Temporal syncing between the cameras was achieved
using a Stanford Research Systems model 535 delay generator. To enable proper spatial alignment

of the visible and infrared cameras, a custom alignment target consisting of a polished steel plate
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with an array of holes drilled and filled with furnace cement was used. The relatively high
emissivity of the furnace cement compared to the polished steel plate provided adequate contrast
between the two for the hole pattern to be distinctly visible in the infrared after briefly heating it

with a propane torch.

5.2.2 Hypergolic ignition experimental configuration

For the tests performed here, neat AB pellets prepared by pressing bulk AB powder at
approximately 10,000 psi for 3 minutes in a 1 cm pellet press die were used. The AB used for
this work was prepared at Purdue University using a water-promoted synthesis method [97]. A
fuel binder was not used for these samples to prevent the formation of carbon containing gaseous
species (as AB does not contain carbon) whose emission might interfere with the species of
interest here. This was particularly important for imaging the mid-infrared emission from HBO>
and the B-H stretch mode of AB, as the wavelengths of their emission bands overlap with those
of CO and COo, respectively.

The hypergolic ignition drop tests were performed using the experimental configuration
shown in Figure 25. For these tests, a 100 pl gastight syringe was used to dispense individual
droplets of reagent grade nitric acid (70% concentration) onto an AB pellet positioned directly
beneath the syringe tip. The syringe height was kept at a constant 7.62 cm for the tests
performed. Attempts to use higher concentration nitric acid (i.e., WFNA) were unsuccessful due
to the rapid heat release by the interactions between the AB and WFNA causing film boiling of
the WFNA. This resulted in an insulating vapor layer that prevented further reactions between
the oxidizer droplet and fuel surface in addition to causing the droplet to be ejected from the
surface. While it is less representative of what would be used in a typical hypergolic system, the

reduced reactivity of the 70% nitric acid (relative to WFNA) sufficiently slowed the rate of heat
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release/gas production to enable consistent pellet ignition. A halogen work light was used to
provide additional illumination of the oxidizer droplet prior to it impacting the pellet surface. A
photoresistor was used with a Melles Griot HeNe laser as a break-beam sensor to trigger the

cameras to begin recording when the oxidizer droplet was approximately 4.3 cm above the pellet
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surface.
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Figure 25: Experimental configuration for studying hypergolic ignition and combustion
behavior of AB.

5.3 Results

The measured visible and an excerpt of the infrared emission spectra measured are shown
in Figure 26. The emission recorded in the visible wavelength range consisted of several emission
bands, the most prominent of which occurring at approximately 493, 518, 548, and 579 nm. These
bands are consistent with what has been reported previously for studies of burning boron particles
and are commonly attributed to BO» [89, 90]. Additionally, two relatively weak emission bands at
approximately 405 and 436 nm were observed, corresponding to bands previously reported for BO
[89, 90]. The 405 nm emission may also be due in part to the B-X electronic system of BOo,

however [98]. The grating used to obtain the IR emission spectra yielded a spectral bandwidth of
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1068 nm, thus the flame spectra had to be obtained in intervals of 1068 nm. The spectra shown in
Figure 26 was obtained with the spectrograph centered on approximately 5000 nm, roughly
corresponding to the previously reported B=O stretch band of HBO» [93, 96]. The emission spectra
in this spectral range was dominated by a strong emission feature with a peak wavelength of
approximately 5000 nm. To enable comparison with the absorbance spectra of HBO» reported
previously by Hanst et al., the emission spectra measured here and the previously reported
absorbance spectra were normalized with respect to their peak emission intensity/absorbance [93].
After normalizing these results, the overall shape of the respective spectra is in good agreement,
with the most significant deviation occurring at wavelengths towards the upper end of the spectral
range considered (i.e., 5400+ nm). As the most sensitive spectral range of the Telops FAST M2k
infrared camera used for these tests is 1.5-5.4 um, this deviation is likely due to the decreased
response of the camera at these wavelengths. In any case, these results suggest that the emission
in the 4750-4950 nm wavelength range (used later in the spectral imaging tests) is produced by
HBO,. Attempts to record emission from the B-H and N-H stretch bands of AB with this
configuration were unsuccessful due to absorbance by CO; in the ambient air and weak emission

signals, respectively.
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Figure 26: Measured visible (left) and infrared (right) emission spectra emanating from an
AB-air diffusion flame.
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During the hypergolic ignition tests, a similar ignition sequence was observed for the
samples tested with a representative image sequence shown in Figure 27. After the droplet
impacted and spread across the pellet surface, gas evolution was typically observed within 10-20
milliseconds of contact between the pellet surface and the nitric acid droplet. The reddish-brown
gas observed at this point suggests some degree of nitric acid decomposition may be occurring as
part of this process, likely through the following global reaction,

4 HNO;3; — 2H,0 + 4NO, + 0,, (D
as evidenced by the reddish-brown gas produced (NO2). The onset of gas evolution generally
resulted in most of the remaining liquid nitric acid being dispersed from the pellet surface. Ignition
generally followed the onset of gas evolution within 5-8 milliseconds, with the initial ignition
kernel being located on/near the pellet surface. Supplementing the visible imaging with the
infrared imaging of HBO: (see Figure 28) demonstrates this more clearly, with distinct ignition
zones being observed. Despite the reduced reactivity of the 70% nitric acid used here (compared
to WFNA), the ignition delays observed were still typically in the range of 17-26 milliseconds.
The ignition kernel then rapidly propagated through the gas phase, resulting in an intense (though
short-lived) flame extending several centimeters beyond the pellet surface. After the excess
oxidizer from the nitric acid droplet was consumed, the fuel pellets began burning with the ambient

air, forming a diffusion-controlled flame.
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Figure 27: Representative image sequence of the hypergolic ignition of AB with reagent
grade nitric acid.
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Figure 28: Simultaneous visible (unfiltered) imaging (top) and infrared imaging of HBO:
(bottom) during the hypergolic ignition of AB.

Representative image sequence sets comparing the simultaneous emission of BO2/HBO>
and AB/BO during the initial ignition period can be found in Figure 29. The first image set in each
sequence corresponds to the first frame with visible flame emission (i.e., “first light”) recorded by
the unfiltered high-speed camera. As seen in Figure 28 and Figure 29, HBO> emission can be
observed prior to the first observed visible flame emission, with a localized rapid increase in the
HBO, emission intensity occurring at the eventual ignition site. However, faint HBO> emission
was observed as early as the onset of gas evolution. Studies related to boron combustion have
suggested that at lower temperatures, HBO> will form preferentially instead of the more fully
oxidized B203 [99-101]. These results may suggest that part of the heat generated by the initial
reactions between the nitric acid and AB prior to ignition is due to the formation of HBO» at the
AB-nitric acid interface. This localized heat release would then contribute to further decomposition
of the AB/nitric acid, leading to the eventual evolution of gas. Once ignition has occurred and the
flame begins propagating, the emission from BO and BO; are observed throughout the flame, with

peak emission intensities occurring in the propagating flame front. The location of the peak HBO»
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emission intensity observed during this time period appears to lag slightly behind the flame front

(i.e., closer to the pellet surface).

HBO, BO, AB BO
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Figure 29: Representative image sequences comparing the emission intensity from HBO:
and BO:2 (Left) and AB and BO (Right) during the hypergolic ignition of AB.

The plots shown in Figure 30 were obtained by taking the average pixel count of 5
horizontally adjacent pixels at each vertical position along the pellet center line for the filtered
cameras. Since only a single filter could be used for each camera for a given test, the data shown
in the plots was taken from multiple tests once the excess oxidizer had been consumed/dispersed

and a relatively steady diffusion flame was observed. For the data shown in the plot, images of
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BO, and HBO; emission were obtained simultaneously. This is also the case for the images of AB
and BO emission. Once the flame transitioned into a diffusion-controlled flame, a thin flame front
formed approximately 3-4 mm above the pellet surface with the BO/BO> emission being strongest
within this region. As the BO band considered here is weak compared to the BO, band, the
measured BO emission was generally of similar magnitude to the recorded background emission.
Following basic diffusion flame theory, it can be assumed that the location of the flame front
corresponds to the location of the maximum flame temperature/peak heat release, where the local
conditions are roughly stoichiometric [102]. This may suggest that BO/BO; are formed primarily
at higher temperatures, though further study is required to determine if the behavior observed here

is simply due to the strong temperature dependence of the electronic transitions responsible for

emission.
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Figure 30: BO2, HBO2, BO, and AB emission intensities as a function of height for an AB
pellet burning with air (left) and a representative image of an AB-air diffusion flame (right)
with the white line representing the pixels used for the intensity profile.

The emission intensity from HBO: is strongest within the inner flame zone of the AB-air
diffusion flame, with the peak emission intensity occurring 1-2 mm lower than the peak visible
flame emissions (i.e., BO2). The HBO, emission intensity then drops off gradually across the flame
front until becoming too weak to measure approximately 6 mm above the pellet surface. While the

decrease in emission intensity outside of the flame envelope is expected (due to the lower
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temperatures within this region), the decrease prior to reaching the flame front is unexpected. Prior
studies of the combustion behavior of boron (and boron-based fuels) have suggested that HBO» is
a relatively stable combustion product, often acting as an energy trap by preventing the full energy
release associated with complete oxidation of boron to B2O3; [99-101]. Assuming the HBO>
produced in the inner flame zone was stable, the emission intensity would be expected to increase
within the flame front, where the local gas temperature is highest. As the opposite trend is
observed, this may suggest that the HBO» produced in the inner flame zone is being consumed to
some extent, possibly to form BO> and other boron oxides, such as B2Os. This may indicate that
boron combustion via boranes may proceed to more complete combustion than is typical for more
conventional boron fuels. Alternatively, this may suggest the mole fraction of HBO> simply
overshoots its equilibrium concentration initially, after which it decays to its equilibrium
concentration. In any case, further study of both the flame temperature profile and the other boron
oxides not considered here (e.g., BoO2, B203, etc.) is necessary before these explanations can be

stated conclusively.

5.4 Conclusion

High speed multi-spectral imaging was successfully utilized for studying the combustion
behavior of AB during a hypergolic ignition process with reagent grade nitric acid. This is the first
time this technique has been applied to study boron combustion, and also it is unique in that both
visible and IR multi-spectral imaging were employed together. Assorted optical filters were used
to selectively image the emissions from BO, BO2, HBO», and the B-H stretch mode of AB (and
potentially its decomposition products). Visible imaging demonstrated that the ignition process
consisted of a separate gas evolution step preceding ignition by several milliseconds. HBO>

emission was observed as early as this initial gas evolution step, suggesting the rapid formation of
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HBO; even at lower pre-ignition temperatures. The heat release associated with the formation of
HBO, by the initial reactions between the AB and nitric acid may provide the energy necessary for
the further decomposition of the AB and nitric acid. Once ignition occurred, the flame was
observed to propagate as a seemingly premixed flame, with BO and BO> emissions being strongest
in the propagating flame front.

Following the consumption/dissipation of the nitric acid, the flame emission intensity
decreased substantially, corresponding to the AB pellets beginning to burn with the ambient air.
At this point, a thin flame front formed 3-4 millimeters above the pellet surface, with the BO/BO>
emissions occurring primarily in this narrow region. The peak HBO»> emission occurred between
the pellet surface and visible flame front, with the peak intensity occurring 1-2 millimeters below
the flame front. The drop off in HBO:, emission intensity observed within the flame zone
potentially suggests some degree of conversion from HBO> to BO» and other boron oxides. This
observation seems contradictory to the common understanding that HBO is a stable product
species, preventing the full heat release achieved through the full oxidation of boron to B2Os. This
may indicate that boron combustion via boranes may proceed to more complete combustion than

is typical for more conventional boron fuels.
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6. PERFORMANCE ENHANCEMENT AND IGNITION DELAY
SUPPRESSION OF TMEDA USING AMINE-BORANE ADDITIVES

6.1 Introduction

Unlike more conventional liquid propellants that require a dedicated ignition source,
hypergolic propellants are uniquely capable of self-ignition upon contact between the fuel and
oxidizer. Besides reducing system complexity by eliminating the need for an ignition system, these
propellants can also enable reliable reignition for more complex mission profiles. Historically,
most liquid rocket systems utilizing hypergolic propellants have used fuels based on hydrazine and
its derivatives (e.g., monomethyl hydrazine, unsymmetrical dimethylhydrazine, etc.). While these
fuels have been well characterized and offer high specific impulses, they are toxic and require
special handling precautions. As such, there remains a strong motivation to develop alternative
fuels that are less hazardous without sacrificing system performance. However, a lack of
understanding with regards to the chemical kinetics that govern hypergolic ignition has resulted in

few viable alternatives [1, 2].

Tetramethylethylenediamine (TMEDA) has been investigated as a less hazardous
hypergolic fuel. Ignition delays of 15-20 milliseconds have been commonly reported for TMEDA
with white fuming nitric acid (WFNA) [103-105]. Likewise, 2-N,N-dimethylaminoethylazide
(DMAZ), aliquid organic azide fuel, was developed specifically to serve as a hypergolic fuel with
performance characteristics comparable to monomethylhydrazine and other hydrazine-based fuels.
While the predicted specific impulse for this fuel with the common hypergolic oxidizers is
comparable to the more conventional fuels, the ignition delay of DMAZ with nitric acid based
hypergolic oxidizers was unfortunately too long to be viable [104, 106].. While the performance

of these fuels individually are insufficient to serve as viable replacements for the conventional

90



fuels, it has been shown that blends of TMEDA and DMAZ can result in ignition delays shorter
than those found with either fuel separately [103, 104, 106]. Stevenson et al. found that fuels blend
of approximately 20-40% DMAZ to 80-60% TMEDA by weight resulted in ignition delays of 9
milliseconds with WFNA, compared to 14 and 26 milliseconds for TMEDA and DMAZ alone

[104].

In more recent years, amine-boranes (i.e. amine materials that have been complexed with
borane adducts) have been receiving increased attention for use in propulsion applications [2, 7].
Besides their high hydrogen densities, these materials have been shown to be highly hypergolic
with WFNA [2-4, 7, 11, 13, 107, 108]. Various researchers have investigated the ignition delays
of a number of different amine-borane materials with WFNA to better characterize the general
hypergolic behavior of this class of materials [2, 3, 7]. The authors found that for all of the 16
different amine/amine-borane materials studied, the complexation of the amine materials with the
borane adducts resulted in substantial improvements in the ignition delays [2]. This is illustrated
most clearly with ammonia borane (AB, the simplest amine-borane material), where the base
amine (ammonia) is not hypergolic while the corresponding amine-borane showed ignition delays
of 2.0 milliseconds [2, 7]. When added to ionic liquid hypergolic fuel candidates (e.g. 1-butyl-3-
methylimidazolium dicyanamide (bmimDCA), 1-butyl-1-methyl pyrrolidinium dicyanamide
(PyrrisDCA), etc.), ammonia borane, hydrazine borane, and hydrazine bisborane were shown to
greatly reduce the ignition delays relative to that of the base ionic liquid [107]. Additionally, Li et
al. demonstrated that the addition of triethylamine borane (TEB, a liquid amine-borane) to
bmimDCA could result in ignition delays of 3-4 milliseconds with TEB mass fractions as low as
20% [109]. The objective of this work is to investigate the effects that amine-borane additives have

on the ignition delay of TMEDA based fuel mixtures when tested with WFNA.
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6.2 Experimental Methods
6.2.1 Fuels

For this work, the amine-boranes of interest were ammonia borane, ethylenediamine
bisborane (EDBB), tetramethylethylenediamine bisborane (TMEDABB), and triethylamine
borane. The AB, EDBB, and TMEDABB used here were prepared using the synthesis methods
described previously [7, 11, 50]. The triethylamine borane (assay 97%), TMEDA (assay 99%),
and fumed silica (0.2-0.3 um average aggregate size) used here were purchased from Sigma-

Aldrich.

For the tests performed here, the fuel formulations of interest each fell into one of three
categories: 1) saturated solutions with solid amine-boranes, 2) physical mixtures of TMEDA and
TEB (the only liquid amine-borane under consideration), and 3) gelled TMEDA-based fuel
mixtures with excess solid amine-boranes (i.e., beyond the saturation limit). The preparation
method varied slightly depending on the fuel type. In general, the assorted fuel mixtures used here
were prepared by first massing out the respective assorted fuel components into 20 ml glass vials,
after which the mixtures were briefly mixed by hand. Following this initial hand mix, the fuel
mixtures were mixed further using a Fisher Scientific analog vortex mixer (model no. 02-215-365)
for approximately 1 minute to disperse any additives (e.g., amine-boranes, fumed silica, etc.)
within the TMEDA. For the physical mixtures of TMEDA and TEB, no further action was

necessary to prepare the fuel blends.

For the saturated fuel mixtures, after the solid amine-boranes were adequately dispersed
throughout the TMEDA, these fuel mixtures were set aside for approximately 12 hours to allow
the amine-boranes to dissolve. If the solid particulates fully dissolved during this time, further

amounts of the amine-boranes were added. This process was repeated until excess solid
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particulates remained after several hours. At this time, the mixtures were then filtered through a
0.45 pm syringe filter to remove any remaining solid particulates, resulting in clear, particulate-

free solutions.

For the gelled fuels, after mixing and dispersing the solid additives within the TMEDA,
the fuel mixtures were gelled by partially submerging the fuel vials in a Cole-Parmer 8890
ultrasonic cleaning bath for 5 minutes. For the solid amine-boranes under consideration, gelled
fuel mixtures with 5%, 10%, and 15% amine-borane loadings (by weight) were prepared according
to the formulations listed in Table 9. Additive loadings beyond 15% were impractical for use due
to the mixtures being too viscous to mix properly using the method used here. Additionally, a
baseline TMEDA gel (i.e., with no added amine-borane materials) was also tested to help
determine what effects (if any) the gelling process has on the ignition delays. To help maintain
relatively consistent gel properties as solid loading increased, the TMEDA-fumed silica ratio was
maintained at 19:1 for each of the gel mixtures. Representative samples of the baseline TMEDA
gel as well as a representative example of the various gelled fuels with solid amine-borane
additives are shown in Figure 31. As seen in Figure 31, the consistency of these fuels once fully
set was that of a stiff gel when not subjected to an external stimulus, enabling the suspension of
solid particles. When subjected to a shearing force, the gelled fuel mixtures became relatively free

flowing, demonstrating the shear-thinning behavior of these materials.
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Table 9: Fuel formulations used to prepare the TMEDA-based gelled fuels
with solid amine-borane additives.

Fuel component Weight percentages (%)
TMEDA 90.25 85.5 80.75
Fumed silica 4.75 4.5 4.25

Additive 5 10 15

W

Figure 31: Representative baseline TMEDA gel sample (left) and gelled fuel sample with
15% TMEDABB by mass (right).

6.2.2 Ignition delay

The ignition delay of the fuel mixtures of interest was investigated using the hypergolic
ignition drop test apparatus shown in Figure 32. Prior to each test, the fuel mixtures were loaded
into square (12.7 mm by 12.7 mm) acrylic cuvettes and the sample mass recorded to improve the
test-to-test consistency. The 99% WFNA used for these tests was purchased from Sigma-Aldrich
and dispensed using a gastight 100 pL syringe positioned horizontally approximately 12.7 cm
above the fuel. The purity of the WFNA was maintained for each set of tests by transferring the
WEFNA from its original container into smaller glass vials under an argon environment, with each

vial being used for a single set of tests [108]. The ignition delay tests were recorded using a high-
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speed V5 color phantom camera operating at 2500 frames per second. A pair of halogen work-
lights was used to provide additional illumination of the falling oxidizer droplet prior to it
impacting the fuel sample. The ignition delay for each test was defined as the amount of time that
passed between the initial contact between the fuel and oxidizer to the first visible flame emissions.
This is illustrated for a representative ignition delay test with triethylamine borane and WFNA in

Figure 33.

Oxidizer syringe
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Figure 32: Hypergolic ignition drop test experimental configuration
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Figure 33: Representative ignition delay test between triethylamine borane and WFNA
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6.3 Results and analysis
6.3.1 Saturated fuel solutions

Given the increased complexity inherent to a gelled fuel formulation (with regards to
propellant processing/loading/feed systems), a series of ignition delay tests was performed with
saturated solutions of AB, EDBB, and TMEDABB in TMEDA. If the impacts of these fuels on
the ignition delay are significant even at low dissolved mass fractions, these saturated solutions

could be used directly in conventional liquid bipropellant systems.

The results of the hypergolic ignition delay experiments with the TMEDA-based saturated
fuel solutions are listed in Table 10. Also included are the approximate solubility limits for each
of the three additives in TMEDA. For these fuel mixtures, the addition of the AB, EDBB, and
TMEDABB resulted in the ignition delay for these mixtures decreasing significantly relatively to
TMEDA. The addition of these materials in general also seemed to increase the overall flame
intensity following ignition as shown in Figure 34. Of the three materials tested, TMEDABB and
AB resulted in the largest improvements to the mean ignition delays (51.2% and 50.8% reduction
respectively) while EDBB was slightly less beneficial (43% reduction). This similarity in mean
ignition delays is particularly noteworthy given that the typical ignition delays that have been
reported previously for AB and EDBB (approximately 2.0 and 2.9 ms respectively) are much

shorter than have been reported for TMEDABB (approximately 26.2 ms) [3, 4, 11].
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Table 10: Estimated additive solubility limits (weight percentages) and ignition delay
results for saturated solutions with dissolved solid amine boranes in TMEDA.

Estimated solubility = Mean ignition Standard Number
Fuel type
limits (wt. %) delay (ms) deviation (ms) of tests
TMEDA N/A 20.34 4.24 7
TMEDA-TMEDABB 10-12 9.93 1.72 6
TMEDA-AB 1-3 10.00 1.57 4
TMEDA-EDBB 1-3 11.60 1.99 4

Figure 34: Representative image sequences comparing hypergolic ignition of TMEDA (top)
with the saturated TMEDA-AB fuel solution (bottom) with WFNA.

6.3.2 TMEDA-TEB fuel blends

Unlike AB, EDBB, and TMEDABB, which are solid amine-boranes, TEB is a liquid

amine-borane material. Earlier studies of the hypergolic nature of TEB with WFNA have reported
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ignition delays rivaling that of the more conventional hydrazine-based fuels, with ignition delays
of approximately 3-4 milliseconds being typical [13, 109]. As discussed previously, fuel mixtures
of TMEDA and DMAZ (both liquid hypergolic fuels) have been shown to result in ignition delays
shorter than either fuel individually [104]. As both TMEDA and TEB are liquid fuels, they could
potentially be used in a wide variety of relative weight ratios without encountering the rheological
issues inherent to the gelled fuels with high solid wt. fractions. This would potentially enable the

hypergolic performance of these fuel mixtures to be optimized for a given application.

The ignition delay results for TMEDA-TEB based fuel blends as a function of the relative
fuel weight fractions are shown in Figure 35. In addition to neat fuel samples of TMEDA and TEB,
fuel blends of 80-20, 60-40, 40-60, and 20-80 TMEDA-TEB (by mass) were tested. As shown in
the plot, the addition of 20% TEB by mass resulted in the mean ignition delay decreasing by
approximately 6-7 milliseconds. Beyond this weight percentage however, the ignition delay
appeared to be relatively insensitive to the addition of further TEB until the 60% TEB weight
percentage is achieved. At this point, a further decrease in ignition delay was observed, with the
mean ignition delays for the 20-80 TMEDA-TEB fuel mixture being shorter than that of TEB itself.
This behavior is roughly consistent with the earlier results reported by Stevenson et al. for fuel
blends of TMEDA and DMAZ, where the ignition delay of particular fuel mixtures could result in

ignition delays shorter than expected for either of the individual fuel constituents [104].
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Figure 35: Ignition delay results for varying weight ratios of TMEDA-TEB with WFNA.

While performing the ignition delay experiments with the TMEDA-TEB based fuel
mixtures, it was observed that over time, the color and consistency of the mixtures transitioned
from a colorless/pale yellow liquid to an opaque/cloudy white slurry like consistency. This
behavior was most prominent for mixtures with roughly 1:1 TMEDA:TEB by mass (e.g., 60-40
and 40-60 TMEDA-TEB), where in some cases the mixtures would crystalize within 30 minutes
of mixing. Gently stirring the crystalized mixtures with a stainless-steel spatula in some cases
would return the material to a more fluid state though this was generally short-lived. For relatively
TMEDA/TEB rich mixtures, the onset of this behavior was more delayed, with these mixtures

remaining free flowing for several hours after mixing.

Briefly heating the fuel mixtures to approximately 60-70 °C caused the remaining liquid
constituents to evaporate, leaving behind a white solid material. Hydrogen, carbon, and boron
NMR analysis of this solid material resulted in the shifts listed in Table 11. Comparing the obtained

NMR spectra to previously published results published previously by Chitsaz et al. suggested that
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the white solid formed was most likely TMEDABB [110]. This indicates that a trans-borylation
reaction occurred between the TMEDA and TEB, resulting in TMEDABB and triethylamine. As
such, while the hypergolic performance of the TMEDA-TEB mixtures was competitive with the
more conventional hydrazine-based hypergolic fuels, the ready formation of TMEDABB suggests

that TMEDA and TEB based fuel blends are likely unsuitable for practical use.

Table 11: NMR spectral shifts measured during analysis of white solid produced by
reaction between TMEDA and TEB.

Shifts (ppm)
1H NMR 0.97-2.14 (1.52) 2.65 (2.59) 3.16 (3.11)
13C NMR 52.89 (53.2) 58.91 (59.3)
11B NMR -11.06 (-10.0)

Values listed in () are reference values published previously by Chitsaz
et al. [110] for TMEDABB

6.3.3 TMEDA-based gelled fuel mixtures

The results obtained for the ignition delay testing performed with the assorted TMEDA
based gels are summarized in entries A, B, and C of Figure 37 with the mean ignition delays for
each mixture summarized in entry D. Included for reference in these plots are the ignition delay
results obtained for neat TMEDA as well as the saturated TMEDA solution for each additive. In
general, compared to the neat TMEDA and saturated TMEDA solutions, the gelled fuels showed
a higher degree of test-to-test variation in ignition delays. This is most likely due to the fuel pool
and oxidizer droplet mixing less readily/consistently due to the increased viscosity of the gelled
fuels. This behavior is illustrated in Figure 36, comparing the mixing behavior of TMEDA and

gelled TMEDA upon contact with the WFNA droplet. As the drop test experimental configuration
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does not fully reflect the injection/mixing dynamics present in actual liquid bipropellant rockets

however, these mixing issues would likely be less prominent in a more realistic system.

Figure 36: Representative image sequences demonstrating the differences in mixing
behavior between the WFNA droplet and TMEDA (top) and gelled TMEDA (bottom)

For the gelled fuel mixtures with AB and EDBB, the shortest mean ignition delays were
obtained for the 5% additive wt. percentage samples. Beyond this weight loading however, the
mean ignition delays began to increase, with the ignition delays for the 15% wt. percentage
samples in some cases being significantly longer than that of TMEDA itself. The TMEDABB fuels
seemed to contradict this behavior however, with the longest ignition delays occurring for the 5%
wt. percentage case. Increasing the TMEDABB weight percentage to 10% and 15% improved the
ignition delays further, with the ignition delay for certain samples being shorter than those of the
saturated fuel solutions discussed previously. Given the higher solubility limit for TMEDABB in
TMEDA compared to AB and EDBB, this may suggest that the addition of these materials reduces
the ignition delays until the solubility limit is reached. If the excess (i.e., non-dissolved) solid
particles do not react sufficiently on the relevant time-scales, they may serve as thermal sinks,

effectively slowing the rate at which the system temperature increases and, consequently, slowing
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the rate at which ignition occurs. These effects would likely be further exacerbated by the mixing

issues resulting from the higher fuel viscosities inherent to these gelled fuels.
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Figure 37: Ignition delay results for gelled TMEDA fuel mixtures with AB (A), EDBB (B),
and TMEDABB (C) additives. The mean ignition delays for each of the gelled fuel mixtures
are summarized in entry D.
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6.3.4 Theoretical performance

The theoretical performance for some of the fuels/fuel blends of interest with WFNA were
investigated using NASA CEA thermochemical code [111, 112]. For these calculations, a chamber
pressure of 68 atm with perfect expansion to atmospheric pressure and “equilibrium” conditions
were assumed. The relevant intrinsic properties for the various fuels considered here can be found

in Table 12.

Table 12: Intrinsic properties of reactants used for thermochemical equilibrium

calculations
. Density AHy Chemical
Material (g/cc) (kJ/mol) formula Source
Tetramethylethylenediamine
(TMEDA) 0.775 2.5104 CsHi6N2 [113]
Ammonia borane (AB) 0.7799 -66.9 NiB1Hs [3]
Ethylenediamine bisborane
(EDBB) 0.8317 -145.9 C:H14B2N2 [3]
Tetramethylethylenediamine
bisborane (TMEDABB) 0.930 -100.0 CsH2:B2N2 [106]
Triethylamine borane (TEB) 0.777 -198.6 CsHisB1N1 [109]
Fumed Silica (FS) 2.2 -910.69 SiO: [6]
White Fuming Nitric Acid [111,
(WFNA) 1.503 -173.013 HNO:; 112]

The predicted specific impulse as a function of oxidizer-to-fuel ratios (O/F) for some of
the amine-boranes under consideration here in comparison to TMEDA and the more conventional
hydrazine-based hypergolic fuels with is shown in Figure 38. Unlike more conventional fuels,
which typically have a single peak with respect to specific impulse (as a function of O/F ratio),
amine-borane fuels (particularly those with high boron weight percentages) commonly exhibit dual
peak behaviors [3, 4, 11]. This behavior is illustrated most clearly with AB (as seen in Figure 38),

with peaks occurring at O/F ratios of approximately 1 and 3.5. These peaks correspond to the
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complete oxidation of boron for the lower O/F peak and the complete oxidation of the boron and
hydrogen for the higher O/F peak [4, 7]. In contrast, TEB and TMEDABB (with lower boron
weight percentages of 9.4% and 15.03% respectively compared to AB’s 35.02%) exhibit a single
broader peak. The wide range of O/F ratios offering high levels of performance inherent to these
fuels could help maintain high levels of performance during throttling periods. This potential
benefit is particularly relevant for maneuvering and attitude control systems characterized by

highly transient operation.
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Figure 38: Theoretical performance for TMEDA and the amine-borane fuels under
investigation in comparison to the more conventional hydrazine-based fuels.

Theoretical performance calculations were also performed for some of the saturated fuel
solutions and gelled fuel mixtures discussed previously. For each of these fuel mixtures, the peak
specific impulse (Isp) and density specific impulse (plsp) was calculated and tabulated in Table 13.
Given the long-term stability concerns associated with the TMEDA-TEB fuel mixtures, these fuel

mixtures were not included in these calculations. For the saturated TMEDA fuel solutions, the
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“lower limit” and “upper limit” entries correspond to the lower and upper estimates for the
solubility of AB/EDBB/TMEDABB in TMEDA. Given the relatively low solubility limits of AB
and EDBB in TMEDA, these fuel solutions offer only a marginal improvement in specific impulse
in comparison to TMEDA. The slightly higher solubility limit for TMEDABB resulted in the
specific impulse of this solution surpassing that of the AB/EDBB solutions. While the specific
impulse of these fuels with WFNA is not sufficient to make them competitive with the more
standard monomethylhydrazine-nitrogen tetroxide (NTO) combination (Is, = 289 s), the density
specific impulse of these fuels is much more competitive (plsp = 344 g-s/cm?® for MMH-NTO) [6,
23]. This suggests that these fuels may be best suited for volume-limited applications. However,
if these fuels are similarly hypergolic with the more energy dense hypergolic oxidizers (e.g., red
fuming nitric acid, NTO, etc.), the specific impulse of these fuels (compared to MMH) would be

much more competitive.

Table 13: Predicted performance of TMEDA-based fuel mixtures with WFNA

AB EDBB TMEDABB
_ 3 pIsp (g- pISp (g-
Fuel type Lp(s)  plsp(g-s/cm’) Lsp () s/em?) Ly (5) s/cm?)
TMEDA (no ¢4 5 339.8 268.5 339.8 268.5 339.8
additives)
Saturated
solution  268.7 339.9 268.6 339.9 268.9 3422
(lower limit)
Saturated
solution  268.9 340.2 268.7 340.2 269.0 342.6
(upper limit)
o) o gies
5% additive ¢ 5 339.0 2669 3389 266.8 3393
wt. % gel
o) i
10% i(l)ddlthe 268.0 339.8 267.3 339.5 267.1 340.5
wt. % gel
o) e
15% additive -, ¢q ¢ 340.6 267.6 340.2 267.4 3417

wt. % gel
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For the gelled fuels, the inclusion of the inert fumed silica offsets the gains in specific
impulse that could be achieved through higher additive loadings. While the I, of the 15% AB
gelled fuel slightly surpasses that of the TMEDA for similar conditions, the remaining gelled fuels
all underperform TMEDA by 1-2 seconds of Is,. Further improvements to the specific impulse
would likely necessitate switching to an alternative, non-inert gelling agent (e.g., hydroxypropyl
cellulose (HPC)) [114, 115]. Additionally, further optimization of the gel rheology by varying the
gellant loading as well as the additive particle size could potentially enable higher additive
loadings, improving the overall energy density of the fuel. It has also been shown that reactive
nanoscale particles can also act as pseudo-gellants in some cases, reducing the need for inert
gelling agents [116-118]. Gelling the fuels increased the density specific impulse slightly at the
15% additive loadings, though the increased ignition delays for the AB/EDBB gels would likely
make these formulations impractical for use. These marginal increases in density specific impulse
are likely too small however to warrant the added complexity of the gelled fuels, particularly when

compared to the much simpler TMEDA fuel solutions offering similar benefits.

6.4 Conclusions

The impacts of adding assorted amine-borane materials to TMEDA were investigated and
characterized. For TMEDA -based saturated fuel solutions, the addition of AB/EDBB/TMEDABB
resulted in the measured ignition delays decreasing by approximately 43-51% relative to that of
TMEDA itself. While all three materials resulted in comparable mean ignition delays, the lower
solubility limits of AB and EDBB in TMEDA (compared to TMEDABB) suggests that these

materials are more effective at improving the ignition delays, particularly at lower weight fractions.
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The addition of triethylamine borane to TMEDA resulted in some of the most significant
improvements in ignition delay for the assorted amine-boranes investigated here. However, the
stability of the TMEDA-TEB fuel mixtures appears questionable, given the ready formation of a
white solid material even at room temperature. NMR analysis of this material suggests that it is
likely tetramethylethylenediamine bisborane, formed through a trans-borylation reaction between
the TMEDA and TEB. Consequently, triethylamine borane is likely unsuitable for use as an

additive in fuel formulations with TMEDA and other amine compounds.

In general, the minimum ignition delays measured for the gelled TMEDA fuels with the
three solid amine-boranes was at best comparable to those measured for the saturated (i.e. non-
gelled) TMEDA solutions. Increasing the amine-borane weight fraction beyond their respective
solubility limits offered diminishing returns with regards to decreasing the ignitions delays and,
for the AB/EDBB mixtures, increased the ignition delay. This may suggest that the solid particles
are not reacting fully on the relevant time scales and potentially acting as heat sinks, slowing the
rate at which the system temperature increases. Additionally, the increased viscosity of the gelled
fuel mixtures (compared to the non-gelled fuels) likely prevented the oxidizer droplet from readily
mixing with the fuel, further slowing the rate of reaction. However, as the drop test experimental
configuration used here does not reflect the injection and mixing dynamics present in liquid rocket

engines, these mixing issues would likely be less prominent in a more realistic configuration.

Theoretical performance calculations suggest that for volume-limited applications (where
density specific impulse becomes more relevant), the TMEDA-based fuel mixtures investigated
here are competitive with the more standard MMH-NTO combination. Given the inert nature of
the fumed silica used to prepare the gelled fuels, these fuels offered little to no benefit in specific

impulse compared to TMEDA itself. Switching to an alternative, non-inert gelling agent would
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likely improve the predicted performance of these materials. In addition, switching to nanoscale
reactive particles for these additives could reduce the inert gelling agent weight fraction necessary
to gel these fuels, further improving the energy density of these fuels. Considering their relative
simplicity and consistently short ignition delays, the saturated TMEDA fuel solutions appear to be
the most promising fuels investigated in this work. If these fuels result in similar ignition delays
with other hypergolic oxidizers (e.g., RENA, NTO, etc.), their predicted specific impulse would
be much closer to MMH-NTO. If this is indeed the case, these fuels could potentially serve as
much safer, drop-in replacements for the highly toxic hydrazine-based fuels, greatly reducing the

health hazards associated with handling these fuels.
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7. PERFORMANCE OF AMMONIA BORANE-BASED FUELS IN
HYPERGOLIC HYBRID ROCKET MOTORS

7.1 Introduction

While they offer high specific impulse values and short ignition delays when used in
hypergolic propellant systems, hydrazine and other hydrazine derivatives (e.g., monomethyl
hydrazine, unsymmetrical dimethyl hydrazine, etc.) are highly toxic. Despite the strong motivation
to find a less toxic alternative, few viable alternatives have been developed due to a lack of
understanding of the fundamental chemical kinetics governing the hypergolic behavior of these
propellants [1, 2].

Recently, amine-boranes have begun receiving increased attention as potential alternatives
to the more conventional hydrazine-based fuels [2-4, 11]. One amine-borane of interest for use as
a solid fuel in hypergolic hybrid systems is ammonia borane (AB). The high hydrogen density of
ammonia borane (19.6 percent hydrogen by mass) makes it a particularly attractive fuel candidate
due to hydrogen’s low molecular weight. More importantly, ammonia borane has been shown to
be highly hypergolic with white fuming nitric acid (WFNA) with ignition delays as short as 1-2
milliseconds [2-4, 107]. In addition, thermochemical equilibrium calculations performed with
CHEETAH 7.0 thermochemical code predict higher specific impulse values when ammonia
borane-based fuels are used with WFNA in place of the typical hydrazine-based fuels [55]. As
seen in Figure 39, ammonia borane also shows a dual-peak behavior which would allow for high

specific impulse values across a wide range of O/F ratios.
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Figure 39: Theoretical performance of a variety of hypergolic fuels with WFNA assuming
chamber pressures of 68 atm and perfectly expanded to atmospheric pressure

To date, ammonia borane has yet to be tested in a hybrid rocket motor with any of the
commonly used hypergolic oxidizers in the open literature. Much of the prior work investigating
ammonia borane for use in solid and hybrid propellant formulations has been hindered by
compatibility issues with many of the binders commonly used in propellant formulations [3, 4].
Lee et al. reported that the addition of AB to a HTPB-AP composite propellant resulted in the
binder failing to cure due to the AB interfering with the HTPB crosslinking process [19]. Similar
compatibility issues were also present when AB was mixed with polybutadiene acrylonitrile
(PBAN) and carboxyl terminated polybutadiene (CTPB) binders (though these issues were less
obvious at higher solids loadings) [4]. As an alternative to these more conventional binders,
Weismiller et al. made use of paraffin wax to successfully prepare fuel grains loaded with ammonia
borane [20]. When tested in a small scale hybrid motor with gaseous oxygen, combustion
efficiencies upwards of 90% were reported for AB loadings of up to 50% by mass [20]. The

objective of this work is to further investigate the performance of ammonia borane-based fuels
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when used in hybrid rocket motors, particularly when used with hypergolic oxidizers like white

fuming nitric acid.

7.2 Experimental Methods
7.2.1 Fuel Grain Preparation

The ammonia borane used here was synthesized at Purdue University at the H.C. Brown
Center for Borane Research using a water promoted synthesis method described previously [50].
To improve the mechanical properties of the prepared fuel grains, EnviroTex Lite® epoxy was used
as a fuel binder. This epoxy-based binder was shown previously by Clements et al. result in
properly curing samples at high AB solids loadings [5, 108]. An 80% AB solids loading (by
weight) was used for these fuel grains as this AB loading was also shown previously by Clements
et al. to offer the lowest mean ignition delays while still offering predicted performance that
surpasses that of the standard hydrazine-based fuels [5, 108]. The Ammonia borane-based fuel
grains were prepared by first mixing the EnviroTex Lite® resin and hardener components in a 1:1
ratio by mass. This epoxy mixture was then mixed by hand for several minutes after which the AB
was gradually added and mixed by hand. Once all the AB was added and sufficiently wetted by
the binder, a Resodyn LabRam resonant mixture was used to mix the mixture further for 5 minutes
at 80 G’s acceleration.

As the AB-epoxy mixture was too dry to be cast-cured into molds at the high solids
loadings used here, the mixture was pressed into 12.7 mm ID, 25.4 mm OD fuel grain segments
using a hydraulic press and custom press die. The press die was loaded with enough of the AB-
epoxy mixture to result in fuel segments approximately 50.8 mm long. These segments were
pressed in two S5-minute-long intervals at approximately 4000 psia applied pressure, with half of

the total segment mass being added before each interval to help minimize density gradients along
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the segment length. After pressing, these segments were cured for several days at room
temperature. Examples of typical pressed fuel grain segments can be found in Figure 40. Once the
segments were cured, the fuel grains were assembled by first aligning the segments end-to-end on
a 12.7 mm acetal mandrel with a thin layer of epoxy applied between each layer. A light layer of
epoxy was then applied to the outer surface of the segments to secure them in a 25.4 mm ID, 50.8
mm OD phenolic tube liner. The front face of the head-end fuel grain segment recessed 6.35 mm
from the head-end of the phenolic tube liner so that this face is in line with the face of the injector.
This process was used to prepare both 152.4 and 304.8 mm long fuel grains. Before each test, the

inner port of each fuel grain was sanded to remove any excess epoxy on the fuel surface.

Figure 40: Representative pressed AB-epoxy fuel grain segment

7.2.2 Hybrid Rocket Combustor

The hybrid rocket motor used for this study (shown in Figure 41) is comprised of several
modular stainless-steel sections. This allows the same post combustion chamber and nozzle
assembly to be used for both the 152.4 and 304.8 mm-long fuel grains that will be tested. Graphite
nozzles with 45° half angle converging sections and varying throat diameters were used for this
system. The throat diameter of the graphite nozzles used for each test was set based on the target

chamber pressure and expected fuel/oxidizer flow rates. To improve the flow characteristics and
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help prevent the nozzle from clogging due to any potential condensed phase products, a small

diverging section (not pictured in Figure 41) was added to each of the nozzles used.

Graphite Nozzle

Post combustion chamber

Phenolic Tube Liner

Fuel Grain Segments

Figure 41: Hybrid rocket motor used for investigating the performance of ammonia
borane-based fuel grains

The WFNA used for these tests was supplied to the motor using a simple pressure-fed
flow system as shown in Figure 42. Bulk nitrogen gas was used to pressurize the WFNA prior to
testing. To provide a stable oxidizer flowrate to the motor, a stainless-steel cavitating venturi was
used (throat diameter 0.4318 mm). This had the added benefit of helping to isolate the flow system
upstream of the venturi from any significant pressure fluctuations that may result during these tests
(particularly during ignition transients). The upstream/supply pressure was varied using a Tescom
ER-3000 electronic regulator to allow for different WFNA flowrates (and as a result oxidizer-to-
fuel ratios) to be achieved. For these tests, a Spraying Systems Co. 1/8GG-316SS1 FullJet cone

spray nozzle installed in the head end of the combustion chamber was used as an injector.
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Figure 42: Simplified plumbing and instrumentation diagram (P&ID) for flow system used
to supply WFNA to hybrid motor

During each test, the motor chamber pressure was monitored using a GE UNIK 5000
pressure transducer. In addition, a Druck PMP1260 pressure transducer installed upstream of the
cavitating venturi was used to monitor the WFNA pressure. The oxidizer mass flow rate (rh,y) for

each test was determined from the relation,

tilox = Aventuri Caventuriv 28Pwena (Prenturi — Py)
where Ayenturi 1 the venturi throat area, Cq yentyri 15 the discharge coefficient of the venturi, g is
gravitational acceleration, pwpna 18 the density of WENA, Penturi 1S the venturi upstream
pressure, and P, is the vapor pressure of WFNA.

The overall test matrix completed over the course of this work is outlined in Table 14. A
total of 5 tests were completed here, with the first test intended to verify the hypergolic ignition of
the fuel in this motor configuration. To reduce the risk of over pressurization, the nozzle throat
diameter for this test was intentionally oversized. To date, there has been no regression rate data
published in the open literature for the AB-based fuel formulation used here. To provide an initial

estimate of this parameter, the regression rate data obtained previously with this same hybrid motor
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for fuel grains based on ethylenediamine bisborane (EDBB) with WFNA was used [7]. After
completing the first full duration hot fire test (test no. 2), the regression rate estimates were revised
based on the regression rate measured during this test. The objective of the tests that followed (test
no.’s 3-5) were then intended to investigate the influence of the oxidizer mass flux on the fuel

regression rate for a target steady state operating pressure of 250 psia.

Table 14: Test matrix for hybrid motor tests

Fuel WFNA - s o
Test Test grain Saiik WFNA  WFNA Initial oxidizer Target steady Nozzle throat

duration

(s)

Flow rate volume mass flux  state chamber Test objective

length pressure (gls) (ml) (kg/mzs) pressure (psia) diameter (in)

(in) (psia)

Verify ignition of fuel grain in
1 3 6 400 11.65 25 92 14.7 11/32  motor configuration with
oversized nozzle throat
Compare estimated regression
rates to measured (average)

2 7 12 400 11.65 57 92 100 5/32 : :
regression rate, refine
estimates for future tests

3 7 12 600 14.27 70 113 250 13/64
Measure chamber
conditions/fuel regression rate

4 7 12 800 1648 81 130 250 BB or given oxidizer flow rate:and
nozzle throat diameter (based
on estimated fuel regression
rates)

5 7 12 400 11.65 57 92 250 3/16

7.3 Results and Analysis

For each of the motor tests performed, the experimental characteristic velocity (C*) was
determined based on the following relation,

. AmPc Ay
my + My, Mg+ mey

fo tbpc (t)dt

where Ay, is the nozzle throat area, m¢/m,y are the total amounts of fuel/oxidizer consumed during
each test, P.(t) is the chamber pressure as a function of time, and ty, is the test duration [56]. The

integral in this equation was numerically integrated using the trapezoidal rule based on the
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measured chamber pressures and the time between each successive data point. The test/burn
duration was estimated from videos taken during each test based on the amount of time that passed
from when the first visible smoke/flame/etc. was observed from the motor to when the motor/fuel
grain quenched. For the chamber pressure data, the “start” of the burn was defined as the time
when the chamber pressure reaches 10 percent of the peak chamber pressure achieved. The fuel
mass consumed during each test was obtained by measuring the mass of the fuel grain before and
after each test. Using the average chamber pressure and the oxidizer/fuel flow rates, the
theoretical/ideal C* was obtained from NASA CEA [111, 112]. The delivered C* efficiency (n.+)
was then determined from the relation,

*
C exp
C*tn

T’C* =

where C*,y, is the experimentally determined C* value and C*j, is the theoretical C* value

obtained from NASA CEA for the experimental operating conditions.

The results for each of the tests performed during this test campaign are outlined in

Table 15. For each test case listed in the table, two separate average chamber pressure
entries are listed, corresponding to the average chamber pressure during the full burn duration
(Pcep) and the peak/steady state conditions (P.gs). The difference in these time frames is

illustrated for test 2 in Figure 43.
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Table 15: Summary of motor performance parameters for each of the motor tests

performed
Test number 1 2 3 4 5
Fuel grain length (cm)  15.24 31.15 30.40 30.40 30.25
M, (g/5) 11.65 11.65 14.27 16.48 11.65
Gox (kg/m?s) 91.96 91.96  112.67 130.12  91.96
tpurn (5) - 10.41 10.31 10.95 10.50
Pruer (8/cm?) 0.7716  0.7574  0.7693  0.7674  0.7724
Fuel mass consumed (g) 21.30 49.83 47.95 47.83 46.90
Percentageof fuel mass 5, 5, 5976 5720 5729 56.00
consumed (%)
Mgy (2/5) - 4.79 4.65 4.37 4.47
Favg (Mm/s) - 0.39 0.38 0.36 0.37
O/F - 2.43 3.07 3.77 2.61
P, (psia) - 197.38  118.65 116.53  120.30
P, (psia) - 339.25  252.02 22075  277.10
C’ exp. (m/5) - 126557 1106.56 1193.94 1267.06
N - 0.75 0.66 0.74 0.75
Thrustg (Ibf) - 8.95 8.50 9.55 7.22
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Figure 43: Representative chamber pressure time history showing difference between the
full burn average pressure (P.;;) and the peak/steady state operating pressure (P )

For the five tests performed, hypergolic ignition of the fuel grains was successfully
achieved in all test cases. As shown in Figure 44, the initial ignition corresponded to a spike in the
chamber pressure, after which the chamber pressure gradually increased to its steady
state/operating pressure over the course of 3-4 seconds. During this period, the chamber pressure
exhibited small scale (i.e., 2-5 psia) pressure oscillations with an oscillatory frequency that
typically ranged from 20-35 Hz before eventually dampening out as the motor reached its
operating pressure. High speed video recorded during this period showed the exhaust plume
varying in intensity, with the motor appearing to quench and reignite periodically until the motor
reached its operating pressure. At this time, the exhaust plumes stabilized, and well-defined shock
diamonds were observed. Examples of the exhaust plume structure during the transient and steady-

state phase can be found in Figure 45.
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Figure 44: Representative chamber and injector pressure traces during the initial ignition
phase (data for test no. 4 shown)

Figure 45: Image sequence showing motor exhaust plume during the transient ignition

period (top) and during steady-state operation (bottom)
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For the first full duration hot-fire test (test no. 2), the fuel mass flow rate was much higher
than expected based on the estimates from the tests performed previously with EDBB-based fuel
grains. As shown in Figure 46, the measured chamber pressures for this test were significantly
higher than the 100 psia chamber pressure predicted based on regression rate estimates for the
work performed previously with EDBB. Unexpectedly, the chamber pressure during the steady
burning phase (i.e., Time=67.1 s to 70.5s in Figure 46) exhibited two periods of relatively constant
pressure, with a sharp jump/discontinuity separating the two. The higher chamber pressure after
the jump may have resulted from a higher oxidizer mass flow rate, potentially due to the pressure
drop across the cavitating venturi being too low to maintain cavitation in the venturi throat. For
most properly performing cavitating venturis, a pressure drop of at least 15% is considered the
minimum necessary for proper cavitation to occur [119]. For this test, this corresponds to an
injector pressure (measured downstream of the venturi) of approximately 340 psia. As the injector
pressure was at most 332-333 psia prior to the jump, the venturi was likely cavitating properly
during this initial phase. Following the jump however, the injector pressure ranged from 380-385
psia, suggesting the venturi was no longer cavitating, leading to the higher oxidizer mass flow rate
and chamber pressure observed during this period. Given the gradual decrease in chamber pressure

leading to the jump, the exact cause of this discontinuity is unclear.
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Figure 46: Chamber pressure, injector pressure, and venturi upstream pressure vs time for
test no. 2

As shown previously in

Table 15, for each of the full hot-fire tests performed (i.e., tests number 2 through 5), the
measured C* efficiencies (7+) ranged from 66 to 76 %. These relatively low 1.+ values suggest
the incomplete combustion of the fuel and oxidizer. Low combustion efficiencies can in many
cases result from non-optimal combustion chamber design (e.g. low residence times, poor
injection/mixing, heat loss to the combustor walls, etc.) [23]. Additionally, the formation of
condensed-phase product species can result in further reductions in the overall combustion
efficiency. These issues can in many cases be remedied through further optimization of the

combustion chamber design for a given fuel and oxidizer combination.
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For all the tests performed during this test campaign, examination of the nozzle and post
combustion chamber following each test revealed that a considerable amount of condensed-phase
products had accumulated on the surfaces of the post combustion chamber and nozzle.
Representative images showing this behavior can be seen in Figure 47. As these products do not
contribute to the chamber pressure while still counting towards the total fuel mass consumed, their
formation was likely a contributing factor to the low C* efficiencies encountered here. However,
it is unknown if the formation of these products occurred during regular motor operations or during
the nitrogen purge period that followed each test. This issue is convoluted further through the
potential ejection of condensed phase material from the fuel grain during this purge period. In
some cases (such as the test case shown in Figure 47), larger chunks of material were observed in
the converging section/throat of the nozzle. This ejected material would introduce additional error

in the fuel mass consumed and consequently result in reduced C* efficiencies.

Figure 47: Representative images showing accumulation of condensed phase products on
surface of post combustion chamber and nozzle

Unlike the more conventional solid fuels used in hybrid rockets, where the fuel surface
regresses as it is consumed during motor operation, the AB-epoxy fuels used here exhibited

considerable swelling during the tests performed. As a result, even though approximately 56-60%
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of the fuel mass was consumed, the fuel port diameters remained roughly constant or in some cases
decreased compared to the pre-fired port diameters. In addition, the fuel surface along the length
of the fuel grain was highly irregular, with certain sections swelling more than others.
Representative images taken down the ports of different fired fuel grains can be found in Figure
48. As a result of these issues, obtaining regression rate measurements using direct measurements
of the port diameter was not practical, as doing so would result in inaccurate (or negative)

regression rates.

Figure 48: Representative images of the post-fired ports of different AB-epoxy fuel grains
(A: test no. 3, B: test no. 4, C: test no. 5)

To enable comparison with EDBB-epoxy and other solid fuels, the “effective” regression
rate (i.e. the regression rate of the fuel had it regressed like a more conventional fuel) was estimated
for each of the tests performed. For each of the fuel grains used, the mass, length, inner diameter,
and outer diameter were measured for each fuel grain segment to determine the average fuel
density. The effective final port diameter was than determined based on the final fuel mass and the
average fuel grain density. From this effective port diameter, the change in fuel grain web thickness
was calculated, after which the effective regression rate was calculated by dividing the change in

web thickness by the burn duration.
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The effective regression rates for each of the tests performed are plotted as a function of
oxidizer mass flux in Figure 49. The values listed in parentheses next to each data point are the
average chamber pressures measured for each test case. Also included in the plot are the results
obtained previously for EDBB-epoxy (80% EDBB by wt.) with WFNA using the same hybrid
combustor used here [7]. As shown in the plot, the regression rates of the AB-based fuels rivaled
the highest regression rates measured for the EDBB-based fuels. This is made more noteworthy
based on the fact that the EDBB-based fuels grains used in this earlier study had a series of 8 2.54
mm slots cut around the circumference of the port, resulting in a higher fuel surface area relative
to the simple center perforated grain used here [7]. In addition, unlike the regression rate behavior
of the EDBB-based fuels, which varied considerably from test-to-test, the effective regression rate

of the AB fuels was almost constant across all four tests performed.
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Figure 49: Effective regression rate data for AB-Epoxy fuel grains with WFNA in

comparison to EDBB-Epoxy with WFNA (Pfeil) [7]. The values listed in parentheses for
each data point are the average chamber pressures during the full burn duration

Unlike more conventional solid fuels, whose regression rates generally scales with the

oxidizer mass flux, the AB-based fuels exhibited little to no dependence on the oxidizer mass flux
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for the range of mass fluxes used here. In addition, the regression rate behavior of these fuels also
showed no significant dependence on chamber pressure in notable contrast to that of the EDBB-
based fuels. This may suggest that the mechanism governing the mass flow rate of the AB-based
fuels is fundamentally different from that of the foam layer theory by Pfeil for EDBB, where the
chamber pressure strongly influenced regression rates [7].

Given the typical range of fuel consumed during each test (approximately 56-60%), the
thermal decomposition of the AB may be one of the major factors driving the fuel mass flow rate.
Thermogravimetric analysis (TGA) of ammonia borane by Frueh et al. has shown that AB will
undergo a significant mass loss of approximately 65% when heated from 98 °C to approximately
200-250 °C [120]. Further heating of the AB did not result in additional mass loss until a
temperature of 1170 °C was reached, at which point an additional mass-loss phase occurred [120].
As the fuel grains used here consisted of 80% AB, assuming the fuel grain reached temperatures
0f200-250 °C, the AB contributions to the mass loss would be expected to be approximately 52%.
The remaining mass loss would then be due to the epoxy component of the fuel grains being
consumed as a more conventional solid fuel. As this thermal decomposition likely continued to
some extent during the purge period, this would also have contributed to the low C* efficiencies
discussed previously. This was demonstrated most clearly for the first test performed, where (as
shown in Figure 50), the fuel continued burning with the ambient air for almost a full minute during

the purge phase despite the WFNA flow shutting off after 3-4 seconds.
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Figure 50: Image sequence from test no. 1, where thermal decomposition of the fuel grain
resulted in the fuel continuing to burn for approximately 50-55 seconds after oxidizer shut-
off

7.4 Conclusions

The performance of ammonia borane-based fuel grains in a hypergolic hybrid rocket motor
was successfully characterized for the first time in the open literature. For each of the 5 tests
performed, hypergolic ignition of the fuel grain was achieved in all cases with no evidence of hard-
starts occurring. However, the rate at which the pressure built up within the combustion chamber
was generally slow, with the combustor taking 3-4 seconds to reach steady-state operating
conditions in some cases. Further optimization of the injector spray (increasing the fuel surface
area wetted by the WFNA) and overall combustor design may help reduce the duration of this
start-up transient period.

In comparison to the earlier reported results for EDBB-based fuels with WFNA in a
hypergolic hybrid motor, the AB-based fuels used here exhibited regression rates that, at slowest,
rivaled the fastest observed for the EDBB-based fuels. Unlike these EDBB-based fuel grains
however, the regression rate of the AB-based fuel grains showed little-to-no dependence on both
chamber pressure and oxidizer mass flux. Instead, the fuel mass flow rate appears to be driven
largely by the thermal decomposition of the ammonia borane. In each case, the total amount of

fuel consumed was on par with the mass loss expected for the thermal decomposition of ammonia
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borane heated beyond 200-250 °C. Investigations of the thermal profiles present in the fuel grain
during motor operation is necessary to confirm this, however.

Assuming the thermal decomposition of AB is indeed the phenomena governing the fuel
mass flow rate, it may introduce additional design/operation limitations to hybrid rockets utilizing
ammonia borane-based fuels. Depending on the temperatures reached in the fuel grain, residual
heat present in the fuel grain after the motor has extinguished may result in continued
decomposition of the fuel. While this would likely not affect simpler flight/mission profiles with
a single burn phase, flight profiles requiring shut-off and restart capability may necessitate shorter
burn durations and careful grain design to limit the internal temperatures reached by the fuel. In
addition, full consumption of the fuel may be impractical if this necessitates heating the fuel to
beyond 1170 °C to initiate the final thermal decomposition step for the AB, introducing potential

“dry” weight to any systems using these fuels.
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8. CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Through the course of the various experimental efforts discussed throughout this
dissertation, ammonia borane has been investigated for use as a potential fuel for use in hypergolic
hybrid rocket systems. Using a small-scale hypergolic ignition drop test configuration, the ignition
delay behavior of AB was characterized with white fuming nitric acid. For the neat material, a
particle size dependency on the ignition delay was observed, with finer particles resulting in
ignition delays as short as 0.6 milliseconds, some of the shortest ever reported for hypergolic solid
fuels. To enable future testing efforts, a survey of available fuel binders was performed, and a
series of compatibility tests performed to find a binder compatible for use with AB. Of the binders
investigated, Sylgard-184 ® (a silicone elastomer based formulation) was found to result in
properly curing fuel samples when mixed with AB. When tested with WFNA, these fuel samples
resulted in ignition delays typically between 20-40 milliseconds, suggesting that this formulation
may be suitable for use in a hypergolic hybrid rocket motor.

As a means of potentially investigating the surface chemistry and combustion behavior of
AB when reacting with WFNA (and other hypergolic oxidizers), the feasibility of using phosphor
thermography to measure the surface temperature of reacting AB was investigated. As a proof-of-
concept study, this technique was adapted for use in measuring the surface temperature of burning
nitrocellulose (a homogeneous solid propellant). Using a system operating at 10 Hz, the average
surface temperature across the burning propellant surface was measured to be approximately 534
K. These values were in good agreement with reference thermocouple data published previously

for nitrocellulose (T=523 K). This demonstrated the viability for using phosphor thermography to
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study the surface temperatures of energetic materials, particularly for measurements obtained
through a flame.

As an additional means of studying the combustion behavior and ignition dynamics of AB,
a novel high speed multi-spectral imaging technique was developed. Unlike earlier spectral
imaging efforts published elsewhere which focused primarily on studying hydrocarbon
combustion, this work investigated the use of several boron based species (e.g. BO, BO,, HBO»,
and the B-H stretch mode of AB and its assorted fuel decomposition products). Using a
combination of a high speed visible and IR camera, simultaneous emissions from two species could
be obtained, with the potential for additional species to be obtained simultaneously using
additional cameras or more elaborate imaging configurations. This technique was used to study
the hypergolic ignition of AB with 70% nitric acid as well as the quasi-steady case of AB burning
with air. During the ignition period, emissions from HBO:> were observed during the initial gas
evolution state (prior to ignition), suggesting the rapid formation of HBO> even at pre-ignition
temperatures. The heat release resulting from the formation of HBO> at the AB-nitric acid interface
may help provide the energy necessary to decompose the AB/nitric acid as well as drive the thermal
runaway eventually resulting in ignition. Once nitric acid was consumed/dispersed and the AB
pellets began burning with the ambient air, a quasi-steady diffusion flame formed. Intensity
profiles for the various species during this time revealed that the BO/BO> emissions were strongest
in the flame zone, where temperatures are expected to be the highest. Unexpectedly, the HBO»
emissions reached their peak values within the inner (fuel rich) region of the flame, after which
they gradually dropped off across the flame zone. This is seemingly contradictory to the current
understanding that HBO: is a stable product species, as the emission intensity would be expected

to increase with temperature assuming the concentration remains roughly constant. Further
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investigation of the temperature profiles in these flames as well as the emissions of the other boron
oxides not investigated here (e.g. B20», B203, etc.) is necessary to say this conclusively, however.

Given the short ignition delays for ammonia borane (and other amine-boranes), a side study
investigating the impacts of adding these materials to tetramethylethylenediamine (TMEDA), was
performed with the interest of providing an additional use case for these materials beyond hybrid
rockets. For this work, ammonia borane, ethylenediamine bisborane, tetramethylethylenediamine
bisborane, and triethylamine borane (a liquid amine-borane) were considered. Mixtures of
TMEDA and TEB resulted in the shortest ignition delays as short as 3-4 milliseconds, shorter than
those found for either fuel individually. Unfortunately, these fuel mixtures do not appear to be
suitable for long-term use, as reactions between the TMEDA and TEB would result in the
formation of TMEDABB over time. Despite being only sparingly soluble in TMEDA in some
cases, the three solid amine boranes (AB, EDBB, and TMEDABB) resulted in the ignition delay
of these solutions being 43-51% shorter than that of TMEDA itself. Gelled TMEDA fuel
formulations with 5, 10, and 15% solid amine-borane by mass were also prepared and tested to
allow for additive loadings beyond their respective solubility limit. For AB and EDBB however,
increasing the additive loading beyond the solubility limit resulted in longer ignition delays. For
TMEDABB, increasing the additive loading seemed to decrease the ignition delays, though the
shortest ignition delays were still on par with the saturated TMEDA solutions. While their
predicted performance with WFNA was less than that of the hydrazine-based fuels, the simplicity,
reduced toxicity, and short ignition delays of the saturated TMEDA solutions could enable them
to serve as safer alternatives to the standard hypergolic fuels currently in use.

Finally, using a small scale hybrid rocket motor, the behavior of fuel grains based on AB

was characterized when tested with WFNA under typical motor conditions. For each of the tests
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performed, hypergolic ignition of the fuel grain was achieved successfully in all cases. However,
the duration of the pressure buildup phase was longer than expected, with most tests requiring 3-4
seconds before reaching the steady-state/operating pressure was reached. Additionally, the C*
efficiencies measured during the tests performed generally ranged from 66 to 76%, suggesting
incomplete combustion of the fuel and oxidizer. These issues could likely be remedied in part
through further optimization of the combustion chamber and injector design, however. In general,
the fuel mass flow rates were much higher than expected based on earlier results obtained for
EDBB-based fuel grains using this same hybrid combustor. Additionally, the regression rate of the
AB-based fuels used here seemed to be independent of both the oxidizer mass flux and chamber
pressure. The fuel mass flow rate instead appears to have been largely driven by the thermal
decomposition of the AB, with the mass consumed for each test being on par with values expected
for AB heated to approximately 200-250 °C. Further study of the thermal profiles in the fuel grain

during motor operation is necessary to confirm this, however.

8.2 Future work

Over the course of this broader research effort, several potential areas for future research
were identified but were not pursued as part of this work due to time constraints or simply being
beyond the scope of this work. If pursued, these potential avenues for future research would help
build upon the work described throughout this document and provide additional information
regarding ammonia borane based hypergolic fuels as well as the broader amine-borane family of
fuels.

As discussed in chapter 4, phosphor thermography has been shown to be a viable means of
measuring surface temperatures for burning solid propellants. While the experimental system used

for this work was limited to 10 Hz repetition rates, this technique could also be adapted for use
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with higher repetition rate laser/detector systems, significantly improving the temporal resolution
of these measurements. This technique has recently been adapted for use with a burst-mode laser
system capable of 10-100 kHz laser repetition rates [121]. These repetition rates would result in
temporal resolutions of 0.1 and 0.01 milliseconds, respectively. For most practically viable
hypergolic propellants, the fuel and oxidizer are rapidly heated to combustion temperatures
generally within 10-20 milliseconds following contact between the two. Utilizing phosphor
thermography in conjunction with burst-mode laser systems could enable new insights into the
ignition dynamics of ammonia borane as well as hypergolic hybrid propellants in general.

As discussed in chapter 7, the fuel mass flow rate of the ammonia borane based fuels used
here appears to be governed primarily by the thermal decomposition of the ammonia borane. As
this behavior is fundamentally different from that of more conventional solid fuels used in hybrid
rockets, further investigation of this behavior is warranted. As only a relatively small range of
oxidizer mass fluxes and chamber pressures was investigated during the test campaign discussed
in chapter 7, characterizing the behavior of these fuels across a wider range of operating conditions
would help confirm or reject the theorized thermal decomposition governing mechanism.
Supplementing these efforts with the use of an optically accessible hybrid rocket motor (such as
the optical cylindrical combustor (OCC) utilized previously by Shark et al.) would allow for direct
observation of the fuel grain under motor operating conditions [122].

Finally, methyl-substituted amine-boranes have been shown elsewhere to be highly soluble
in methanol and other common solvents [ 123, 124]. To date, these materials have been investigated
primarily for hydrogen storage applications. As such, the hypergolic nature of these materials has
yet to be investigated. Given the high predicted solubility limits of these materials in methanol

(56.6% for monomethylamine borane and 84.0% for dimethylamine borane), fuel solutions based
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on these materials could serve as novel liquid hypergolic fuels that are less hazardous than the
more conventional hydrazine-based fuels. In addition, it has been shown that eutectic solid
mixtures of monomethylamine borane with ammonia borane can dramatically improve the
solubility of these materials compared to either material alone [123, 124]. Given the high predicted
performance of ammonia borane, this could help improve the predicted performance of these fuel
solutions by both improving the overall AB mass fraction while also reducing the total solvent
weight fraction. Given the low melting temperatures of these eutectic mixtures (approximately 38-
42 °C), there exists the potential to eliminate the use of lower energy solvents, assuming these
materials are stable at these elevated temperatures. If sufficiently hypergolic and thermally stable,
these MMAB-AB eutectic mixtures have the potential to serve as high performance fuels in both
conventional hypergolic hybrid and liquid rocket systems, with predicted performance that rivals

(or surpasses) the standard MMH-NTO hypergolic combination (as shown in Figure 51).
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Figure 51: Predicted performance of various proposed hypergolic fuels based on methyl-
substituted amine boranes (Note: all calculations performed with WFNA unless otherwise
noted).
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APPENDIX A: HYBRID COMBUSTOR PLUMBING AND
INSTRUMENTATION DIAGRAM
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Figure A.2: Labview VI used to run hypergolic hybrid motor tests
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Figure A.3: Instrumentation and valve list for hypergolic hybrid motor flow system
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APPENDIX B: HYPERGOLIC HYBRID ROCKET MOTOR TEST
PROCEDURES

==
LSION

WFNA hybrid motor test procedures

Originator: Michsel Baer
Responsible Professor: Stewen Son
Authorized: Michael Baier

TABLE OF CONTENTS

GEMERAL SAFETY INFORMATION

SECTIOM 1: PRE-Test Checklist

SECTION 2: Fuel Grain Losding

SECTION 3: Ouxidizer Loading

Section &: Motor Test Firing

Section 5: Test Completion and Stand Safing
Section §: Emergency Procedores

Hazards, Mitigation, and PFE

1: High Pressure System: Safety glasses, face shield, fencing, remote operation, burm, warning signs
2: WFNA Handling: Nitrile glowes, safety glasses, Tace shield, tyvek coveralls with boots, water hose
safety shower, arm protectors, ower gloves

3: Fire Hazard: Fire extingui . Bmce shizld, water hoss

4: Hazardous solid fuels: safety giasses, nitrile glowes, Iab cost

ACTONYIMS

TC Test Conductor: In chanee of afl aspects of the test. Directs test operstions through uze of the test procedures

= Test F‘“'_-“Er: Pfrr\orns afl test stand reiated a:ct.'r\fﬁe: uso-c-iur.:c with loading propellants and pressurant ases
Receives instructions from the Test Conductor during operation of the test procedures.
Data System Operator: Responsibse for the instalistion and operabifty of all instrumentation and controk

Dso consistent with the reguirements for sach test. Dperates the computer control snd dats acguisition system during
tasks

o Site Sur:.h;: R,:spon:»:'.:llz far 'n.:urins all best site :ur:ry equipment is i_r-pln:\e and functioning properly. Is
Responsible for s pine the site cizar of unauthorized pessonnel during test operations

Motor Operations

At feast three people must be present during testing operations. If andy thre= people are present, the 030 snd 3AF duties can be satisfied by one person
I:lurinS propeiiant qudﬂ;."l.;nln-a-dinE procedures, two test parsonnel must be present in the fast call whiks ath’ﬂd-:i.e. e :SD."ﬂF: mionitors from the
cantrol room.

Coordinabe with those performing experiments in ZLE and the biast room in ZL4 to ensure peopie sre not using that building during motor operation

SECTION 1: PRE-Test Checklist Ly O PEISORNEL: IT, TOF, SAF, DG
PPE- cilowes, Safety Glaicees, Lab cost
1.000 SAF Werify acoess to the safety shower and flush until clean water fiow's from shower
1.00d SAF Verify CO2 fire extineuisher is in place in test cell hall way
1.002 SAF Werify parden hose w/spray nozzie is in piace in t-cefl and pressunzed with weter
1.003] SAF verify Stepladcer is gresent in test o=l
L1.004] T verify all t2st plars sre presznt and comaletz
1003 s Werify the test articie is 'snr._nllec__:l:r the test pian anc e n_ppnupn'ate crawings
1.006 Os0 Verify instrumentstion and controls are patched per test plan
1.007 Os0 Etart cordrod room Do-rr::u..'te.'[i‘l'rut :Jrr\entlfrJr\ninE]
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1029 TOP/DS0  [Cycle WENA cump valve Fy-Dump-0L
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1032 Hmzmﬂmmntﬁm iz checked qmﬂgmmkmque or Wug wissalhy
1033 Werify all remote controfled vahves are in their conrect power off position
1
1034 TOP/DS0  [verify WFNA run valve PV-Run-00 CLOSED
1.D35|r TOR DS '.I'triflll OENA du.rnp walveE F'-'-I:lurnp-[:il CLOSED
L03E] TOP/DS0  |Verify WA vent valve FU-vent-02 OPEN
1037 TOPSDS0  |Verify N2 alectronic resuistor isolstion vahkee PY-ER-03 CLOSED
1038 TOP CLOSE test stand manisal isolation vabie MY-WFRNA-L
1.035; TOP Pusition 3 gabion buciet filled with water uncer iine downsiream of WFNA Dump walve FV-Dump-0l
SECTION 2: Fuel Grain Loading D PERSONNEL- 11, TOF. 441
P Safery wlames, nitrile girer, Les e, Feoe shiskd
| NOTE: Personnel entering test call should wear PPE appropriate for handiing fuei grains
1mi SAF Clenr E-cell of all urnecoesary oersonmel and close t-cell hullwu-ll door
5 ool AR Turm om outsice and inside waming ights
Verify the noazie snd venturi match the furnent test olsn, record venturi and nozzie throstfexi
2002 TC dimmieters oo test data chest
b Ensure correct O-rinzs are instafi=d on graohite nozzée for ciement test and properdy luoricated
| Attach aft motor section to main motor section using grade B botts and grade B nuis, torque bofts o
.00 | TOP BEil'_ﬂ:i_b_d'_________ e B
2000 ToOP Sand fised grain port with 100 grit sand paper in fume hood
3 } TORITE I.I.I:rsh ﬁ.r:larnmfnh:nullc mnd measdare L0 of I"u:1Eru|ncmtu'.nm't, recaord on test data sheet
Inzert fusd grain into msin motor chamiber, ensaring that the heed end of the phenolic tube is fush
with the injector piate (Mote: the hend end of the fuel grein should be the one with the fiesl grein
2007| TOP recessed 0:2% inches from the end of the phenolic tube]
I.DDE. ToR Add BT sillicons fo forsmnd and aft Iipsuf;ustmmbnu:im Chmmoer
Mzt hezd end Foof post comoustion champer with aft end [ip of phenalic tuse, alizn drifisd hode in
piast comaustion chambar with port in aft motar saction for chamib-ar aressure t Er, Chamn
L.009 TP eRcess ATV " 1 |
lD:LD, ToR inzert heed end lip of graphite nozzie into aft end lip of post combustion chemaer
l.D:Lti Top Verify pozzie retainer plate sead o-rings are in piace and costed with vaciuem greass
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I A1tBCN ROz retEiner PIACE t0 AFt MOtor S2CHON LSing ErACE 5 BOTS &nd grA0e 8 nuts, torque oot i
2052 TOF B8 im-dt
2,043} ToP Position rockek motor exhaust guide pip= at exit of rodket motor
2.044 TOP Pince water shest penertor st =xit.0f rocket motar edhaust guide pipe, aktach weter hoses
2049 DEQ Acguire 2ero data
SECTIOMN 3: Oxidizer Loading LY D PERSONNEL- T, TOF, 445, (i

[ Lafety plomes, aiirls ghrees, fyees coeerals wibzobs, peafie
pramasie hood, reer gevm, B protecion, NO2 dets chor

3000 | TOP Looz=n 1,2" AN fitimg sbowe main WENA tank
| Ensure o water hose with B soray nozzie is connected to 8 weter fsucet, pressurized, and resdy for uss
3,00t | SAF in case of am owdizer soil
| Pimce 23 galion oucket with waber next o test stana
3.002| TOR
3003 TOP Oaen door in t-cell comtrol to catside of huii:i'ﬂ;
Plac= Iu"stmuusuiulfunlmru: t-cell mnd D om 1o indooe flow from rrur.t-:f:luiu:\-:rLE out through
3004 TQP tegt__i:t-'ﬁauﬁe goar
200m! Omadizer lebdurlg}'!.mmﬂ,g
3008 TOP Frop open coor from t-cell hallwey to oeastsida of ZLA ak the rasr of the buih:i'r.;
Exit the Duilding and ensure no personnel-are performing ary work outside nesr the south sice of ZL-3
i.Dﬂ".'; ZAF ur n:ul'lrl Euﬂm:l! I:Ir nL- .
3008 | SAF PIHDE wurmrﬁ sl'nruuu-cz nehlnu: Jurm unr. nu‘tm{-nell
Secure chains in ares outside of test ozl {Ohain 1: betwe=n Surm and shiaping container, Chain 2:
3005 SAF Detween shipping contsiner and ZLA-|
| TUrm SR itaror Bnd anterior T-l:zllwuminsliﬁm_s
3.0i0] SAF

Dom proper PRE for handling of nitric acid including Tywek suit. spproorists sze aver poats, nitrile
3041 TORITC  |eloves, sahety gl fare shield, chemical resistant over mioves, and arm orotectors

Place sradusted cylinder aporopeiste for amount of oxidizer needed for current test in 2L4 1158 fume
3042 TOPITC higog

5003 TORFTE Positian steo indcer near main WENA tank fior use I:.UrinE poue l!‘iIIinE

Diotain WFNA botte from Z14 £138 fridge and carefully move into 1158 fume hood Wote: if oottle has
not been opened befare, open first in fume Bood behind barmher o protect test personme in case the
3044 ToPfTC  |etieras sef-pressurized

Showly open the oridizer bottis §d =nd carefully meesure out the amount of ouidizer nesded for test
into gracuated cylinger, record wolume of ouigizer on best dats shest, carefully apply parefiim to co=n
end of sraduated Cylinder.

3.083] TORITC

Reolece & on omdizer pottie, wipe down Doktle externior with kem-wipes wetbed with O watber, ooy and
3016/ TORTC  Ipiace in zipioc bag, ard return Sottie to 1158 fridee

Exit the Duilding with the WFNA sradusted cilinder and carefully walk along the exbenor of ZL4 to the
3047 TORTC  ftest o=l Carefully plaoe the pradusted cyfinder on the table in test cell.
3018 TORTC  |Rinse and dry gloves with water and shop towels
2018 TORSTC  |Dom umm.'e preszure Rooos and connest ta supoeed mir ines in T-ceil haway
3020/ SAF Tum an sup:hzu Bi rFurr'p inTid e.nlr'r' Bl

Whien ready to boad caidizer, Iift the loosened bubing from the AN fithng above oxidizer tank and
3.028 TOPITC  |s=cure with bungie straps
3023 TR Inzert gizss funmnel in coen '.'il.'tr|5 or upstream mde of main WFNA tank
_-— TGR/TE Verify Fuin walve [FV-Run-00] and Dump valve [PW-Duma-01] sre both closed

Operstor 1: stand on step iadder i necessery to ensure that WFNA iz not being poured at eye level,
Coerator I take gradusted cyinder from t2ole and carefully pess to opmtur.. Ensure sprey nozzle
2.024| TOPRITC 8nd niese is resdy for use in the svent of oxidizer spill

Operator 1: Remove p-trufilrn from cpening of sradusted cyinger and SLOWLY pour 'WFNA from
graduated cpiinder into giass funnel, meking sure bo not overfill funmel while the WFNA flows from the
funmel inko tank. Cnce fully transterred to tenk, pass gracusked cylinder io operator 1. Operetor 2:

3.0 TopfTC  [oerehuly mub "n:rEe and rinze 5nd|.a1.l=d |:'|llm-d=r|n 3 E" flon buciet filled with water
1 Ht'l:l.ﬂn'\t-‘. w55 funnEl fram main WENA tANE, Mnse with DI water to remowe nrur resids WENZ, puq.z
3026 TOPTC  josnehully in water buckst
Clean upramy spaled oxidizer with & kim wipe and putin an appropriste water sounce for ister
3.027| TORITC neutraliration
| Rinse gloves in 3 galion oucket of water, dry sloves with kim wipesS shop towels and collect waste for
3.028 | TOPITC  [ister newiraliztion/cizposal

Discornact :|IJI1"IE 51:r||p.-. rer H-:FE-"hIhIﬂE !H!IT":‘P:.' ur.m 1 l' J.H I'I‘|.1HE l:|I1 I.:F-H' =nol Dr “'FN--
TOPRITC ‘tank and -:urel"ulllf tlsl‘lt!ﬂ I'I‘l‘bﬂ:‘ with wrersh

:
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'.!.'ip-e dovarn tub-Tns Extarior with kimwioe snd O wetsr snd piscs iimwip-e:'n nppmpriutz WRLEr sourpe

3.030| TORTC
2ol JRWRC.  JCRe fur bkt ublng: s secke: e iy Srowh S il s i
3032/ TORTC H:'r.:eElwstﬂ 5 pallon bucket of water, dry with shop towels
Mote: From this point until the conclusion of the current test, all personned should remain cear of
ToR  |OFEN test stand mancel soltion valve MV-&FNA-1
.—;,.;Fh_ I rzmni:i-r.»s personned from T-Cedl

SAF Close daor from T-cell haiwey to rear side of building fie. towerds the barm|

TOP Turm on Water to water sheet s=perstor

SAF |Tumoftpostivepresuteoump

b i ey Exia

TOR/TC

I FFE fnrb:dlrguudlzarn‘mynwi:la removed

Section 4: Motor Test Firing

PO D PERSOMEEL- TE. TOP, 47, [5G

FPL Glowm, Goggiles, Lab coat, §ate Shiold, hesring prctecion

&.000| D50 -.lnr\l camera .-El'bI'HSfﬂpl:'Etlrﬂ propery
.‘liﬁ:r_L s,.;.j: : Enzure Lh.ul: n-u-an.l is in the Slust rocm nn-d i:iﬁc:'m.'eh' |:I1n|n |n r'rnnt urblnst n:u:r"n dn:!nr
| Plac= :ut:tfmumnfmntn’.dunrtn T-cell hallwey, Oose the door that separates the T-cell ang T-cell
4.002| SAF controd reom from ke rest of Z1-4
| ey ooty s iiee) couicrnes Ery preclog cr iy i cooniion coftise. e
D0 I:LI:IEE '-lﬂ'-ut '\.ruh.z P'l"-'l.'u'rt-ﬁ
D50 |OFEN NE elecronic resulstor isoietion valve S4-ER-03
Ewt khe Duilcing sng make certsin the test ares is ciear [keeping clesr of srea betwesn motor and
4,006 SAF burm|
2007 | oS0 START acquiring data in labvies Vi
Ao SN ol paseme aeek 1
4,008 '..'En"ly sl personmel prmnrm lppmp:n‘h: hﬂrm; prml:lh:-n
4040 oso ZET ERZD00 et prezzure im lmoview Wi to desined test condition
Note: it set pressure overshools due to presence of check vetve, cyoie vent walve PY-Vent-02 it
4041 | oS0 system resches desired pressure
4012 | T Werify ventur inlet pressure corresponds to cesired test condition via FT-WFHA-OB
2.013] oS0 WHEN READY TO PERFORM TEST: OPEN WFNA run vase Py-Run-00
Upan cnmpﬁ:ﬁan of test ['om:n Tobar I:ILEHI:I'IE.'..I"W:FN#. !-sfl_"rfr'tumljmtdl-,EFl' ERIOND o purge
FI‘LHIJI'E[!I:I:I.JS-HJ. stop rﬁ:un:linﬁ dats, beep WFHA run valve FY-Run-00 open for 10 minutes o
4054 [eiin] g il WEMNAMWEFHA fumes
NOTE: in the event of EXPLOSION or FAILWRE of the test articke, OPEN the WRNA dumip whve PY-
Dump-01 to dump remesining WFNA into 5 gallon bucket filled with water under the test stamd.
Purge the system for 10 minuies and oontact Scott Meyer or 8 professor immediabedy.
£.049)
L0HE SAF Turm off waming siren
2047 oS0 Afvar n\:mple'lir.‘s hi‘h'alpurﬁe, CLIOGEE WRNHA ron vaive Py-Fur-00
Cycie WFNA Sump wnive Py-Dum p-01 several times to dump any residusl WENA retsined between T-
4058} o500 fitting and dump vahe.
Cycl= run waive PY-Run-00 and leave open for 8 minute at f=ast 3 imes. F o vepor/smoke is cosered
after 3ih oycle, continue the procedures. Otherwise, continue cpoling unkil vepor/smake is po longer
4059 oS0 observed
2020 osa “erify there = no smoke or fumes exhausting from mokor pozzie via video cameras
d:.l]i‘J. __.I:I'EIJ. Close WFI‘IIAFJI:I '-I'_HM‘.;W—_'R-UI‘HI!:I
“anaz) pso  |UrescEdasen
4023/ 050 CLOSE M2 electronic re=ulator isolsbon valve PY-ER-03
4024/ D50 Ooen vert valve Py-vent-G2
Dan proper PRE for handing of nitric scid inchuding Tyvek suit, aopropriste fangs over boots, rérile
- p— gloves, safety piazses, positive pressure hood, chemical resistant over gloves. and arm protectors
Remave chain from: in front of T-ced door, open test cell soor and confirm there is no smoke or fumes
4026 SAF coming from maotar nozzle
a027 TOp Turm aff water Supply to water sheet peneratar
4,028 SAF Riemgwe sefety chain from béast room door
4029 SAF Turm off inside and cutside waming lighis
4_:1_3_?1_ TP i Mu'r: -e:lha-.lst 'U|U=J'F-=toaﬁow Booes tl_|!1b-c|rL. nn-"n-:bur nnnl: re'lnln_zl"_gﬂtfv R L
2031 INOTE: surnenqmu WENA may still be present nzmen. pnznuuc tube And motor howsing
o lcrecs rar Bary acid at anEs ano i necessary, mpe e usr.E hmmpz ana Jlunt in 3 galion Bucket of
'I.'E_!'P‘. wateEr -, - -
I e E;:nra-’ve *:ru-h-sdrll:nm uﬁ:rlunpe :m.'l: uﬂa-:h:s l:he nuul: r:tuu:l-;rpcu.-ue m th: nu-d't of Ih: m-utur,re-"nm i iy
4033 TOP nozzie retminer oisks
2034 TOR Disconnect dets cable on chamber FT [PT-CC-08]
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=033

Re=move boits from intermediste flange lomted Detween the noczle retainer plate and the main
comiushor flanze [La. the secbon housing the fuel prain} and remove the aft motor section

:FGP‘
2036] TOP Rz v oIz nst combustion cham :l!l'jf'l.IElFH- I:rrr'
£.037] TOP Place nozzle in Ziploc e moeled with current test number
Using kimwipe and Dl weter, wipe cown interior/=aterior of motor. Fiace wsed kimwipes in 3 gallon
2.038] TOP huﬂ:et n wutnr
- 5-m.5 l:rn'nn n: and Dl weber, 'mpl_- ==1 n:tt:nurnfph:r\-ulu: tuine. Fiace used kimmwipes in 3 galion 1
4035 TOPF buckat of wut:r
Weigh post-fire fuel grain mass and measure approgmate center port dismeter (it practical), record
20400 TOP omn test dats shest
2,044 TOP Flu-:le_r.lzl__g_r_ain in n';!!pg_ua_ﬁ Iapeied with tess oste and number
4,042 TP Ursores injector from injector flange
£.043| TOP Disazcemble apd cisan injector
TOP Reascembie and install injector back in injector Nanpe
TOP Tum off large industnal fan
1o Ensure valves are in their approgpriste de-snerszed states
nsq Tum ul‘fln:.'tn.lml:ﬂmhun-am: mlu: = power
Doso S‘buF r.he .ar:men' .a:nu ne-'mn: n:|r nﬂttﬂ[lﬂr :Iz.nu s-a.ﬁr'-s'!
D=0 Turmi un.mhumer*tu‘hnﬂ =ndl .rd'u: FOWEr
I more tests are to be condocted, retarn o SECTION: 1. 17 test senes i compisted, procesd to
4,090} SECTIOM: 3
091 MELD FEISONKEL - BC8, SAF, 150
FPE: Glowei, Gogates, Lab coat, ¥ ace Shisid
D0 TOP Turm o e industriad fan
T ey . —— - e i
3004 | D50 Werily vahes are in their approgriste de-enespized states
s.002) DEs0 OFEN NI slecironic resulstor isoletion valve PV-ER-03
30030 DED Set ERIOMD pressure bo 200 po and vend for S minubes throush vent vahes Po-yert-0i2
004 D=0 Set ERIO00 pressure to O psi
_J.IJD_:E TOP Rzmtaach 8T motor ::mnn to rrlum mCAST SECtian and | En Eolts
JI:HJIE: ij:\e hlL'E ﬂumhrulerll':ul:-e m.le_ru.ﬁ: u!'..!l.l't ll"|:l1:Dl" se!:hn-n
1007} CLozz :'-Tstem ﬂil?vg_.-lzn le_Eh_:l_I!-_F_ru:ur\: e sl vake MV-N2-035 I}
5008 1] 5=t ERIO00 pressure ta 50 psi to slowly Sheed off residuad system pressure vis went vaive PY-Went-02
3005} D50 Once residusd line pressure resches approdmately 200 psi, s=t ER3000 pressore ta
=04 050 CLOSE M2 alectronic rl-_:ulntnrimluliﬂrl walve PY-ER-03
S.04L| DEo Werify wvalhes are in their approgrists de-energized states
3012| TOF UNLOWAD Pneumstic vahe sctuakion suoply pressure resulstor MR-2-03 Lo 30 psiz
3.043) TOP y=nt residual fine pressure vis manual veive in T-ceil controd room
3.014| DSOSTOP  |Werify system pressure has Deen propery wented down to stmospharic pressure
3043} TCPM UNLOAD Pneumats vaboe a.cl'uutinr.su:phll pressure :r-_-aul-u'tur MR-NZ-03
5,046 TOF CLOSE test stand manual isoiation wehe MV-WFNA-1
3057} SAF Anpounce the test ool iz sefe and coen to el DErIonR
3045} D50 Turm off valve and instrumentation power
5.045| oS50 Shutdown idview
3020} DE0 Turm off 5O chasss

Section 6: EMERGENCY PROCEDURES

WELERE 2 L

5004 |

[E.!.LL fire department st 5-1-1

iN CASE OF SEVERE INJURY:

5.002 IF smioulanos trestment is necessary, disl S-2-1

ﬁ._ﬂl:gl: TRAMSFOAT injured parvy away from sres orgy if in canger of further injury

5002 | SEI'_LlﬁE I:L'.Tt cell ares, rI'F!.I'U]l P\:‘SS?:'I!

5003/ if test cull cennot e safely secured, mordtor wntil appropriote safety persannel sre present
5008/ Contsct Scakt Meyer and any sppropriste professors

MEDICAL CARE INFORMATION

Purdue Liniversity Student Hestth Canter

Prone: 7E3-434-1714

Location: Corner of Liniversity st. ang Stacfum Ave. [ness ARMSCRiWTHR|

IU Health Arnett Hospitad
Prane: 763442 2000
Loostion: 163 McCarty Ln
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