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ABSTRACT

Pfeil, Mark A. Ph.D., Purdue University, December 2014. Solid Amine-boranes as High
Performance Hypergolic Hybrid Rocket Fuels and Their Combustion Behavior in a
Hypergolic Hybrid Combustor. Major Professor: Stephen D. Heister/Steven F. Son.
Hypergolic hybrid rockets have the potential of providing systems that are simple, reliable,
have high performance, and allow for energy management. Such a propulsion system can
be applied to fields that need a single tactical motor with flexible mission requirements of
either high speed to target or extended loitering. They also provide the possibility for
alternative fast response dynamic altitude control systems if ignition delays are sufficiently
short.

Amines are the traditional fuel of choice when selecting a hypergolic combination as these
tend to react readily with both nitric acid and dinitrogen tertroxide based oxidizers. It has
been found that the addition of a borane adduct to an amine fuel tends to reduce the ignition
delay by up to an order of magnitude with white fuming nitric acid (WFNA). The borane
addition has resulted in fuels with very short ignition delays between 2-10 ms – the fastest
times for an amine based fuel reacting with nitric acid based oxidizers. The incorporation
of these amine-boranes, specifically ethylenediamine bisborane (EDBB), into various fuel
binders has also been found to result in ignition delays between 3-10 ms – the fastest times
again for amine based fuels.

xvii
It was found that the addition of a borane to an amine increased theoretical performance of
the amine resulting in high performance fuels. The amine-borane/fuel binder combinations
also produced higher theoretical performance values than previously used hypergolic
hybrid rockets. Some of the theoretical values are on par or higher than the current toxic
liquid hypergolic fuels, making amine boranes an attractive replacement. The higher
performing amine-borane/fuel binder combinations also have higher performance values
than the traditional rocket fuels, excluding liquid hydrogen. Thus, amine-borane based
fuels have the potential to influence various area in the rocket field.

An EDBB/ferrocene/epoxy fuel was tested in a hypergolic hybrid with pure nitric acid as
the oxidizer.

Hypergolic ignition occurred repeatably and with short combustor

pressurization times of under 100 ms. The regression rate of the fuel exhibited never before
observed high pressure dependence regression rates. The presence of a foam like layer on
the fuel surface provides an adequate explanation for the observed combustion behavior
with a calculated regression rate that depends on pressure raised to the 2nd power.
Extrapolation of this theory indicates that amine-borane based fuels could produce high
regression rate fuels.
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CHAPTER 1. INTRODUCTION

1.1

Introduction

Ignition of rockets was one of the main problems faced by early rocket researchers in the
United States which was resolved upon the discovery of hypergolic propellant
combinations [1]. Hypergolic ignition involves a process of two chemicals that when they
come in contact ignite spontaneously with no outside stimuli. Not only did the discovery
of hypergolic propellants solve the ignition problems faced by early engineers, it also
greatly simplified their rockets by removing complicated ignition systems. The resulting
rockets were very reliable and had the extra benefit of inflight restartability. Other methods
to ignite rockets have been developed since these early days including pyrotechnics, torch
igniters, or some other complicated ignition system that generally requires resources
available at the launch site. These methods have become quite reliable but are typically a
single use method making it difficult to restart the motor in flight. They also tend to add
extra hardware, weight, and complexity to the system, drawbacks that are not found in
hypergolic systems. Hypergolic ignition is thus still the preferred method of operation.

Since the discovery of hypergolic propellants, they have been implemented in a wide range
of applications from military use to satellite operation to launch vehicles. The most
common hypergolic propellant combinations include liquids based on nitric acid and/or
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dinitrogen tetroxide (NTO) as the oxidizer and a form of hydrazine as the fuel. These
propellants have been used in the Russain R-36 and the United States Titan II
intercontinental ballistic missiles and various tactical missiles for military use due to their
reliability, long term storability, and quick response necessary for military operation.
Satellites and space vehicles that require fast response and accurate thrust maneuvering use
these propellants due to their short ignition delays, high performance, and temperature
stability. Launch vehicles have used them too: the United States Titan II, the Russian
Proton and Tsyklon, and the Chinese Long March 1-4 launch vehicles. Despite the
advantages of these nitric acid/NTO/hydrazine hypergols, there are efforts to replace them
as they are toxic; especially hydrazine based fuels.

When developing a new hypergolic oxidizer/fuel combination, various parameters are
important including performance, ignition delay, storability, temperature stability, toxicity,
and reactivity. High performance is necessary for any rocket application. Low ignition
delays, under 10 ms for liquid propellants, are required or hard starts will result that tend
to lead to and what the industry calls rapid self-disassembly of the hardware. Many systems
that use hypergols tend to be stored for a long time and undergo a wide range of temperature
changes thus long term storability and temperature stability are required. Low toxicity and
reactivity are desirable to reduce the impact on humans and the environment and reduce
complexity of the system.

The requirements listed can become limiting factors to any new hypergolic combination.
Thus, combinations that use the same fuels but hydrogen peroxide as the oxidizer are not
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usually considered despite their higher performance as hydrogen peroxide has a high
freezing point, decomposes over time, and can detonate. Fluorine based combinations,
usually resulting in the highest theoretical performance, are not used as fluorine is toxic,
very corrosive, and difficult to handle.

Hypergolic hybrid rockets are a class hypergolic systems that typically use a liquid oxidizer
and solid propellant. They provide the same advantages as liquid hypergolic propellants
but use less hardware and are simpler, resulting in even more reliable rockets and increased
system range. The solid fuel flow rate is typically limited by the surface area and heat feed
back to the solid fuel making it difficult for the hypergolic propellants to mix intimately in
large quantities and produce hard starts.

Table 1.1 provides a summary of hypergolic hybrid combinations tested in a combustor.
Of those considered, toxicity, low melting points, and/or air sensitivity are common
attributes making these systems unattractive to implement. For these reasons, there have
been very limited flight tests using these materials [2, 3]. In Table 1, theoretical specific
impulse (Isp) (calculated using a chamber pressure of 68.05 atm perfectly expanded to
atmospheric conditions) and density specific impulse (ρIsp) of these systems is compared
to the standard liquid hypergol combination of monomethylhydrazine (MMH) and
dinitrogen tetroxide (NTO). Values for several of the materials are not provided as the heats
of formation were not available. In general, the hybrid systems are inferior to NTO/MMH
that has Isp and ρIsp values of 288.4 s and 344.2 sg/cm3 respectively at an O/F of 2.2. Such
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limitations have historically made hypergolic hybrid rockets less attractive compared to
their liquid counterparts, and new hypergolic hybrids without these drawbacks are needed.

5

Table 1.1 Hypergolic hybrid rocket oxidizer and fuel combinations that have been used in experimental rocket combustors.
Melting/
Heat of
Ignition
ρIsp,
C*,
Fuel Type
Oxidizer
O/F Isp, s
Softening
Comments
Formation
Delay, ms
sg/cm3 m/s
Point, K
Reference
Unknown
Tagaform [2, 4]
WFNA
150
3.7 259.8 363.5 1487
346
[2]
Toxicity
Unknown
Sagaform A [5]
RFNA
5
408
Toxicity
30% p-Toluidine / 70% pWFNA
110-122
3.4 255.7 352.3 1466
317
Toxic
[7]
Aminophenol [3, 4, 6]
RFNA/96%
Metatoluene Diamine/Nylon
Hydrogen
371
Toxic
[6, 8, 9]
Peroxide
Lithium Aluminum
90% Hydrogen
Unstable in
0.9 304.9 332.9 1760 378-423
[7, 11]
Hydride/Polyethylene [10]
Peroxide
Air/Toxic
Manganese Dioxide/Sodium
90% Hydrogen
0.2-No
Unstable in
Borohydride/Polyethylene
5.4 268.6 359.3 1567 378-453
[7, 11]
Peroxide
Ignition
Air/Toxic
[12, 13]
Difurfurylidene
Unknown
Cyclohexanone/Polyisoprene
RFNA
45-255
418
Toxicity
[14-16]
Aniline
99% RFNA/1%
Formaldehyde/Magnesium
Ammonium
1134-4800
423
Toxic
[17-20]
Vanadate

5
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1.2

Ignition Delay

The desired ignition delay limit for safe operation of a hypergolic hybrid motor is not clear
as the ignition mechanisms controlling hybrid motors is different than liquids. Hard starts
occur in hypergolic liquid propellant systems when too much oxidizer and fuel mix in a
chamber before combustion is initiated resulting in over pressurizing. Overfilling the
combustion chamber in a hybrid motor with excess oxidizer is possible; however, the
amount of fuel is limited by the surface area of the fuel grain making it difficult produce
excess amounts of uniformly mixed oxidizer and fuel. It is thus possible that ignition
delays longer than 10 ms are acceptable for safe motor operation. If hybrids are to replace
hypergolic systems that are used for dynamic altitude control, they will need to meet a 10
ms ignition delay criterion.

The ignition delay of the hypergolic hybrid motors which have been tested are provided in
Table 1.1. Most of the combinations have ignition delays above 10 ms making them unfit
for dynamic altitude control systems but potentially feasible for safe motor operation.
Those

that

are

under

10

ms

include

the

manganese

dioxide/sodium

borohydride/polyethylene and Sagaform fuels. It is suspected that Sagaform uses lithium
borohydride to achieve the low ignition delays as its predecessor, Tagaform, used this
additive to reduce ignition delays to 2 ms [2, 21]. Thus, unstable, toxic metal hydrides are
in part responsible for the low ignition delays. Those motors that have not used metal
hydrides obtained ignition delays that are five or more times higher than the 10 ms
threshold. This caused several of the motors to use a pyrotechnic igniter [18] or another
source for ignition [8, 14].
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Prior research has uncovered other solid additives that are hypergolic with hydrogen
peroxide and nitric acid based oxidizers. With hydrogen peroxide, ignition delays between
1-10 ms [8, 22] have been observed, and with nitric acid and dinitrogen tetroxide based
oxidizers, ignition delays vary between 1.5-150000 ms [4, 15, 16, 19, 23-34]. The
incorporation of these additives into fuel binders tends to increase ignition delays to 0.2 ms
to not hypergolic for hydrogen peroxide combinations [12, 22, 35] and to 2 ms to not
hypergolic for nitric acid based oxidizer combinations [2, 4, 5, 16, 19, 26, 32-34, 36].

The most notable of the additives used for achieving hypergolic ignition with hydrogen
peroxide or nitric based oxidizers are metal hydrides. In powder form, several metal
hydrides when mixed with hydrogen peroxide or WFNA have achieved ignition delays
between 1-10 ms [4, 8, 22, 25, 37]. Many of these substances contain borohydride resulting
in ignition delays between 1-8 ms, suggesting that the borohydride is a promoter of
hypergolic ignition.

While the ignition delays of metal hydrides are promising, a major drawback typical of
many of the metal hydride additives is that they are not stable at atmospheric, especially
humid, conditions. Such stability issues make them difficult to manufacture in large
quantities or implement in hybrid rocket systems [38] and have led to poor performance,
presumably due to fuel grain degradation over time [39]. Additionally, some metal
hydrides are pyrophoric and toxic which further complicates fuel grain production and use.
These limitations are likely why many of the fuels that incorporate metal hydrides have not
been used more extensively.
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A common trend for most motors listed in Table 1.1 is an amine based fuel component.
When reacting with nitric acid base oxidizers, solid amine additives have achieved ignition
delays between 27-4000 ms [23-25] while incorporation of these additives into fuel binders
have resulted in ignition delays from 110 ms to not hypergolic [4, 26]. Notably, it is the
combination of the amine based materials with a metal hydride in a solid fuel matrix reacted
with WFNA or hydrogen peroxide that have achieved the shortest ignition delay times of
2-59 ms [2, 4, 8].

The chemistry responsible for hypergolic ignition of amine based materials is generally
understood [40]. Amines have NR3 groups where R can be hydrogen or some other
chemical. These NR3 groups have a lone pair of electrons that readily attract a H+ from an
acid resulting in a Lewis acid-base reaction. The products of this reaction are a salt, a
strong oxidant, and heat generation. The addition of heat accelerates the reaction between
the amine and the acid increasing the amount of heat released while the oxidizer reacts with
the fuel generating more heat resulting in a runaway reaction and ignition.

The chemistry behind the hypergolic ignition behavior of metal hydride materials has not
received much attention. Metal hydrides are a combination of a metal with a positive
charge and a hydride group with a negative charge resulting in a material similar to a salt.
It is thus possible that a strong acid, with a stronger positive charge, will remove the hydride
from the metal and react resulting in heat production and hydrogen generation. The
generated hydrogen will then tend to rapidly react with the oxidizer resulting in even more
heat generation, faster reactions, and subsequent ignition.
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1.3

Regression Rate

Utilization of hypergolic hybrids, or oxidizer and fuel combinations that heterogeneously
react exothermically at room temperature, have resulted in hybrid rockets with high fuel
regression rates [2, 4, 8-10, 12, 17, 41-43]. Metal hydrides or amine based materials
combusting with hydrogen peroxide, WFNA, RFNA, or fluorine are the most notable
hypergolic combinations that have produced high regression rates. Metal hydrides based
systems have led to 60-400% increase in regression rates [10, 12, 41] compared to the
traditional gaseous oxygen and hydroxyl-terminated polybutadiene (HTPB) system [44].
Amine based fuels have resulted in 40-650% [2, 4, 8, 9, 17] increase. These results are
displayed in Figure 1.1. Several of these hypergolic combinations have higher regression
rates than even paraffin, a fuel that has been cited many times as having high regression
rates.

Regression Rate, mm/s

10
10

1

10

0

10

-1

10

0

10

1

10

2

Oxidizer Flux, g/cm2s
Hypergolic Combinations
95% Lithium Aluminum Hydride/5% Polyethylene - Hydrogen Peroxide [10]
Tagaform - WFNA [4]
30% p-Toluidine/70% p-Aminophenol - WFNA [4]
Lithergol (Metatoluene Diamine/Nylon) - WFNA [9]
91% Aniline Formaldehyde/9% Magnesium - 99% RFNA/1% Ammonium Vanadate [17]
Aniline Formaldehyde - 99% RFNA/1% Ammonium Vanadate [17]
90% LiH/10% Butyl Rubber - Fluorine [50]
Butyl Rubber - Fluorine [50]
Non-Hypergolic
Combinations
.
HTPB - Gaseous Oxygen [44]
Parrafin - Gaseous Oxygen [45]

Figure 1.1 Regression rates of hypergolic oxidizer/fuel combinations compared to
HTPB/gaseous oxygen and paraffin/gaseous oxygen.
One theory suggests that the higher regression rates are caused by heterogeneous reactions
occurring during combustion between the solid fuel and oxidizer [14]. This theory is
plausible as regression rates of 0-440% higher than gaseous oxygen/HTPB [44] were
obtained by flowing liquid oxidizer over solid fuel resulting in heterogeneous reactions in
the absence of combustion [46, 47], regression rates similar to those obtained during
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combustion. If correct, identifying oxidizer/fuel combinations with fast heterogeneous
reaction kinetics could then yield high regression rates.

While studies are lacking in the literature that link high regression rates with heterogeneous
reactions, studies do exist that indicate that heterogeneous reactions can occur in hybrid
motors. These separate studies were conducted to explore the shift from classical diffusion
limited regression rates to kinetically limited, pressure dependent, rates; a behavior
common in hypergolic hybrid combinations [9, 14, 42, 46, 48]. Such behavior was first
noted by Smoot et al. [42, 49, 50] and attributed to the appearance of heterogeneous
reactions at the fuel surface between the fluorine oxidizer and fuel, a hypergolic
combination. Since then, researchers have developed three hypotheses to explain these
findings: heterogeneous reactions at the surface [14, 42, 48-52], gas phase kinetics [53],
54, 55], or the combination of the two [56]. While there is some theoretical evidence that
pressure dependence is caused in part by heterogeneous reactions at the surface, direct and
detailed physical observations and measurements of this phenomena are absent in the
literature. Definitive experimental evidence for gas phase kinetics is also lacking.

1.4

Motivation

While ignition delays for several hypergolic hybrid motors and solid fuels are acceptable,
they tend to use toxic and/or air unstable fuels, presenting a significant drawback to
implementation of hypergolic hybrid rocket systems. It is thus important to identify solid
additives and binder systems that can achieve short ignition delays while reducing toxicity
and achieving long term storability at atmospheric conditions. Once identified, it is
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important to characterize the combustion behavior of these additive/binder systems in a
hybrid combustor in order to validate fast ignition in a motor configuration and to identify
mechanisms controlling combustion behavior.

1.4.1

Amine-boranes

A class of materials that have the potential to achieve the desired characteristics of a
hypergolic hybrid fuel are amine-boranes. They are amine based chemicals that are
typically hydrogen dense and are somewhat similar to many of the metal hydrides in that
they have a borane (BH3), whereas the metal hydrides have a tetrahydroborate (BH4). The
high hydrogen content would suggest that amine-boranes could be a high performance fuel
due to the low molecular weight of hydrogen and hydrogen combustion products. The
hydrogen content could also promote better combustion due to its high diffusive and kinetic
properties. This may be why Weismiller et al. observed an increase in C* efficiency of a
hybrid rocket motor when adding ammonia borane to paraffin reacting with gaseous
oxygen [57]. Other experimental work indicates that small quantities of amine-boranes
can notably influence combustion behavior [57-61].

Amine-boranes, for which data is available, tend to be hypergolic with short ignition delays
of 4-80 ms for powder samples [26, 27] and 64-1264 ms for powders cast in fuel binders
when reacted with RFNA/WFNA [26]. It appears that the borane adduct tends to lower
the ignition delay compared to their amine counterparts. Liquid ammonia is not hypergolic
with WFNA [62], and the ignition delay of trimethylamine is not reported.

Their

counterparts ammonia borane and trimethylamine-borane, both air stable and not toxic,
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have ignition delays of 80 [27] and 8 [26] ms respectively. These would indicate that other
amine-borane adducts could achieve fast ignition delays; however, these are only a few
examples and further research needs to be done in this area.

Despite the positive results obtained when using several amine-boranes as hypergolic
additives and combustion modifiers, relatively little work has been done to fully investigate
amine-boranes. It is unknown if amine-boranes will always provide low ignition delays,
or if the materials already investigated happened to be anomalies. Their combustion
behavior in a hypergolic hybrid rocket environment is an area that has received no attention
making it difficult to determine how useful they could be as an actual rocket propellant. It
is our intent to study more thoroughly these materials, investigating their hypergolic
ignition behavior and the mechanisms controlling combustion.

1.4.2

Objectives

The purpose of my research is to provide insight into the hypergolic ignition and
combustion behavior of solid amine-boranes as a hybrid rocket fuel. Particular emphasis
will be made using EDBB as a hypergolic hybrid rocket fuel additive. This will be
accomplished through the following objectives:


Validate theory that the addition of the borane adduct to an amine will result in
shorter ignition delays



Evaluate the performance potential of the amine-boranes in a hybrid rocket system



Identify a binder system compatible with amine-boranes that will allow for short
ignition delay hypergolic hybrid fuels
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Characterize the ignition behavior of hypergolic hybrid fuel in a rocket combustor



Characterize the combustion mechanisms controlling the combustion behavior of
the hypergolic fuel in a hybrid rocket combustor

The chapters that follow will discuss the methods used and the results obtained to achieve
these objectives. Specifically, the amine-boranes used in this experiment and the fuel
binder system will be discussed in CHAPTER 2.

CHAPTER 3 will discuss the

experimental methods used to achieve these objectives. In CHAPTER 4, the results of the
small scale experiments investigating hyerpgolic ignition behavior, theoretical
performance, and general combustion behavior at atmospheric conditions will be presented.
CHAPTER 5 will present the results obtained from the hypergolic hybrid combustor
including ignition and general combustion behavior. CHAPTER 6 will provide an in-depth
analysis of the combustion behavior providing analytical methods to explain the observed
combustion behavior.

CHAPTER 7 will provide some concluding thoughts and

suggestions for future work.
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CHAPTER 2. FUELS

2.1

Amine-boranes and Amines

The amine-boranes used in these experiments were produced by the group of Professor
Ramachandran in the Purdue Chemistry department. The amines were purchased from
commercial sources and were purified by distillation if liquid or recrystallization if solid
before use. The purification process was also performed by Professor Ramachandran’s
group. All of the amine-boranes were in solid form while amine materials were either
liquid or solid. A list of these materials is provided in Table 2.1, and images of the amineboranes are provided in Figure 2.1.
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Table 2.1 A list of amine-boranes and amines used in these experiments and some related properties.
Hydrogen Boron
Molecular
Fuel
Phase
Toxicity
Air Stability
wt.%
wt.%
Formula
EDBB
16.1
24.6
C2H14B2N2
Powder
Irritant
Stable1
Ethylenediamine
13.4
C2H8N2
Liquid
Toxic
Not Stable
Cyclohexylamine-borane
14.3
9.6
C6H16BN
Powder
Cyclohexylamine
13.3
C6H13N
Liquid
Toxic
Not Stable
N,N-Dimethylpiperazine-bisborane
14.2
15.2
C6H20B2N2
Powder
Dimethylpiperazine
12.4
C6H14N2
Liquid
Harmful
Stable
N-Methylpiperazine-bisborane
14.2
16.9
C5H18B2N2
Powder
N-Methylpiperazine
12.1
C5H12N2
Liquid
Toxic
Hygroscopic
Tetramethylethylenediamine15.4
15.0
C6H22B2N2
Powder
bisborane
Tetramethylethylenediamine
13.9
C6H16N2
Liquid
Toxic
Sensitive
Trimethylamine-borane
16.6
14.8
C3H12BN
Powder
Irritant
Stable
Trimethylamine2
15.3
C3H9N
Gas
Toxic
Sensitive
Piperazine-bisborane
14.2
19.0
C4H16B2N2
Powder
Piperazine
11.7
C4H10N2
Powder
Harmful
Hygroscopic
2,6-Dimethylpiperidine-borane
14.3
8.5
C7H18BN
Powder
2,6-Dimethylpiperidine
C7H15N
Liquid
Irritant
Stable
n-Propylamine-borane
16.6
14.8
C3H12BN
Powder
Propylamine
C3H9N
Liquid
Toxic
Sensitive
Piperidine-borane
14.3
10.9
C5H14BN
Powder
Piperidine
C5H11N
Liquid
Toxic
Stable
Ammonia Borane
19.6
35.0
H6BN
Powder
Irritant
Stable1
Ammonia2
17.8
H3N
Gas
Toxic
Stable
1

Label
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Based on our observations of the materials synthesized. 2.Not used in these experiments but listed as a reference.
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Figure 2.1 Images of the powders used in these experiments corresponding to Table 2.1.
Two procedures were utilized for the preparation of EDBB powder as discussed by
Ramachandrand et al. [63]. The former involved the nucleophilic displacement of dimethyl
sulfide from commercial borane-methyl sulfide (BMS) in solvent. The amine-borane
produced by this protocol was coarse powder and will hereafter be referred to as EDBB A
powder. The latter procedure involved the nucleophilic displacement of ammonia from a
tetrahydrofuran (THF) solution of ammonia borane synthesized according to the procedure
described by Ramachandran and Gagare [64]. The EDBB prepared by this protocol
appeared more crystalline and fine and will hereafter be referred to as EDBB B powder.
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The latter procedure was applied for large-scale production of EDBB due to the air- and
moisture-stability of ammonia borane compared to the extreme care necessary in handling
BMS, as well as the low human olfactory threshold of stenchy dimethyl sulfide. This
powder was stored at atmospheric conditions for over 2 years before use in these
experiments demonstrating long term stability of EDBB.

The other amine-boranes used in this study were prepared using a similar method as that
used to produce EDBB or as described elsewhere [65, 66].

2.1.1

Toxicity and Air Sensitivity

The toxicity and air sensitivity can greatly influence the implementation of a material, and
it is suspected that these factors are a reason why hypergolic hybrids have not been used
frequently, as discussed in CHAPTER 1. The toxicity and air stability of the materials
used in these experiments is provided in Table 2.1 and comes from material safety data
sheets (MSDS) provided by the Sigma-Aldrich website [67]. Trimethylamine was not used
in these experiments but is listed for a reference.

Many of the amine materials are either classified as harmful or toxic. Most of them are not
air stable either. While many of the amine-boranes have not been classified, those for
which the toxicity and stability is known provide interesting trends. These materials tend
to indicate that the addition of the borane adduct to the amine tends to make the material
not toxic and only an irritant. Furthermore, the air stability of amines improve when a
borane is added resulting in air stable chemicals. However, dimethylamine (not used in
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this study), classified as harmful, becomes toxic when converted to dimethylamine-borane,
indicating that the trends observed above might not always hold true.

2.2

Powder Characterization

The equipment to measure particle size distributions requires the index of refraction of the
powder. Therefore, the index of refraction of EDBB was first obtained following the
procedures outlined by Saveyn et al.[68] and Malvern Instruments Ltd. [69] and using a
Fisher Scientific (model #334620) refractometer, see Figure 2.2, with anhydrous methanol
as the solvent. In short, measurements are made of a pure solvent and then of mixtures of
the solvent and the material being investigated. The index of refraction varies linearly with
the concentration of material in the solvent until the solution is saturated. This linear trend
can then be extrapolated to the pure substance of the material being investigated in order
to determine its index of refraction. This method was applied to EDBB B powder/methanol
mixtures giving the results provided in Figure 2.3. The extrapolation of this data to 100
wt.% EDBB yields an index of refraction of 1.868.

Figure 2.2 A Fisher Scientific (model #334620) refractometer used to measure the index
of refraction.
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Figure 2.3 Refractive index of EDBB/methanol mixtures as a function of EDBB B
concentration.
Particle size distributions of the two EDBB A and B powders were measured based on a
volume % basis using a Malvern Mastersizer Hydro 2000 P with hexanes as the dispersant.
Both A and B powders exhibit a relatively single modal distribution, see Figure 2.4. The
majority of the particles for the EDBB A powder are between 100-2000 m with the
highest volume % around 475 m. The size of particles for the EDBB B powder is
generally smaller falling between 10-500 m with the highest concentration around 40 m.
Both powders show a small percentage of particle sizes below these ranges; the EDBB B
powder having some nano sized particles.
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Figure 2.4 EDBB particle size volume distribution for both EDBB A and B powders.
A Hirox KH-8700 optical microscope, see Figure 2.5, was used to take high resolution
images of both EDBB powders. Images of the EDBB powders indicate relatively clear,
crystalline particles, as indicated in Figure 2.6. The angled facets and protruding surfaces
of the EDBB A particles provide a clear indication of the crystalline structure of these
particles. Crystalline structures are also apparent in the EDBB B powder. The EDBB A
particles generally appear to be somewhat rectangular or elongated in one direction while
the EDBB B particles are irregular. These images also provide general sizing of the
particles indicating that the EDBB A powder size is on the order of 100 m while the
EDBB B powder is an order of magnitude smaller; sizes that confirm the results made by
laser diffraction measurements.

22

Figure 2.5 A Hirox KH-8700 optical microscope used to make optical measurements of
the powders.
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200 m
(a)

50 m
(b)
Figure 2.6 Optical microscopy images of (a) EDBB A and (b) EDBB B powders.
Electrostatic discharge (ESD) sensitivity experiments were performed with 0.003-0.004 g
of confined EDBB B powder in air, per the standard MIL-STD-1751 [70]. The standard
threshold of 250 mJ was discharged onto the prepared sample. A reaction or “Go”
condition was characterized by any visible or audible reaction.
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The standard method for testing ESD sensitivity resulted in no reactions for 10 separate
experiments for EDBB B powder. As very little oxidizer, air in this case, was in the
confined space, it was not likely that the EDBB powder would react; therefore, seven of
the experiments were repeated with unconfined powder in the conductive cup allowing air
to surround the sample. All of the unconfined experiments resulted in a reaction consisting
of a green flash followed by smoke generation. This suggests that EDBB powder is
susceptible to electrical energy discharge; however, reaction leading to ignition will not
occur unless an adequate oxidizing environment is available. It is thus suggested that
EDBB powder be handled appropriately to reduce accidental ignition.
2.3

Fuel Matrices

The EDBB powder was incorporated into solid fuel matrices for further characterization.
The fuel matrices consisted of pressed pellets and mixtures of EDBB and binder cured into
a pellet. The binders used were HTPB, R-45, Sylgard 184, dicyclopentadiene (DCPD),
paraffin, Permatex High-Temperature RTV Silicone, and Envirotex-Lite epoxy.

All

binders that required combining several chemicals were well mixed by hand before
introducing any amine-borane.

The HTPB typically consisted of 86.4 wt.% R-45, 5.9 wt.% dioctyl adipate, and 7.7 wt.%
isophorone diisocyanate. Other R-45 curatives were implemented including 9.5 wt%
Isonate™ 143L (with 90.5 wt.% R-45), 11.9 wt.% Desmodur® N 3200 (with 88.1 wt.% R45), and 11.5 wt.% Desmodur E 744 (with 88.5 wt.% R-45). The ratios were calculated
such that all of the OH bonds in the binder would be properly cross-linked providing for a
complete cure of the binder system. These binders were cured at 333.2 K for 120 hours.
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The DCPD consisted of 99.74 wt.% dicyclopentadiene, 0.19 wt.% triphenylphosphine, and
0.08 wt.% Grubbs 1st generation catalyst. To mix DCPD, specific steps were used to
produce consistent binder properties.

As the monomer of DCPD is solid at room

temperature, it was first placed at 333.2 K for several minutes to cause it to melt. The
amount of monomer was then measured out and triphenylphosphine was added and mixed
until dissolved. The Grubbs catalyst was placed in a 1 dram vile and dissolved in toluene.
This solution was added to the monomer/triphenylphosphine solution (the 1 dram vile
being rinsed out with toluene to ensure all of the Grubbs catalyst was transferred) and then
stirred vigorously by hand (for at least one minute) until the mixture turned amber in color.
At this point, fuel additives could be introduced into the DCPD uncured binder. These
binders were cured at 333.2 K for 24 hours.

Both Sylgard 184 and Envirotex-Lite epoxy required equal volume quantities for resin and
hardeners and were thus prepared accordingly. Sylgard required curing at 333.2 K for 48
hours; however, Enirotex-Lite epoxy cured at room temperature in 24 hours. Permatex
High-Temperature RTV Silicone came premixed from the vendor and began curing on
contact with air at room temperature, becoming fully cured in 24 hours.

The pressed pellets consisted of EDBB mixed with various quantities of fuel binders. The
uncured binder and EDBB were first hand mixed to wet the EDBB to protect from
accidental ignition during mixing. Mixtures were then placed on a Resodyn LabRam
acoustic mixer, see Figure 2.7, and mixed at 50-80% power for 10 minutes. If the amount
of EDBB compared to fuel binder was high enough that all of the EDBB could not be
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wetted by hand mixing, the mixture was put under argon before mixing on the Resodyn
mixer. Pressed pellets were produced by applying up to 109.2 MPa on the mixture in a 10
mm diameter stainless steel die, Figure 2.8, using a Carver press, Figure 2.9. The powder
was pressed for 10 minutes and then removed producing cylindrical fuel pellets from 1-5
mm long. The pellets were either left to cure at atmospheric conditions or elevated
temperatures depending on the binder type.

Figure 2.7 A Resodyn LabRam acoustic mixer used to mix powders and binders.

Figure 2.8 A 10 mm diameter die used for pressing fuel pellets.
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Figure 2.9 The Carver press used to press fuel mixtures.
Powder EDBB cast into fuel binders followed similar procedures as the pressed pellets up
to mixing on the Resodyn. After being mixed, the material was put under vacuum to
remove any entrained gas. The material was then transferred to 12 mm diameter cylindrical
molds or left in a flat, open container. These materials were allowed to cure either at
atmospheric or elevated temperatures.
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The combinations of EDBB B powder and binders are provided in Table 2.2. The casting
method of these fuels depended on the viscosity of the resulting mixture: mixtures that had
low enough viscosity to be poured, mixtures that had the appearance of play dough that
could not be poured nor pressed but could be molded by hand, see Figure 2.10, and
mixtures that were viscous enough or powder like that could be pressed, see Figure 2.11.
Table 2.2 Fuel binders used with EDBB as the hypergolic fuel additive.
Binder
% Binder Casting Method
Notes
HTPB
70
Poured
Partially Cured/Small Voids
HTPB
60
Poured
Partially Cured/Small Voids
HTPB
50
Molded
Partially Cured/Small Voids
Partially Cured/Few Large Voids
HTPB
42
Molded
Resulting in Fuel Sections with No Voids
HTPB
20
Pressed
Partially Cured/No Voids
R-45
18
Pressed
DCPD
40
Molded
Did Not Cure
Sylgard
20
Pressed
Did Not Cure
Sylgard
70
Poured
Did Not Cure
Paraffin
70
Pressed
Pressed by Hand/Solidified
Paraffin
50
Pressed
Pressed by Hand/Solidified
RTV
70
Molded
Cured
RTV
50
Molded
Cured
RTV
20
Pressed
Cured
Epoxy
70
Poured
Cured
Epoxy
50
Molded
Cured
Epoxy
40
Molded
Cured
Epoxy
30
Pressed
Cured
Epoxy
20
Pressed
Cured
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Figure 2.10 A mixture of 50% EDBB/50% RTV after being mixed on the Resodyn.

(a)
(b)
Figure 2.11 A mixture of 80% EDBB/20% RTV after being mixed on the Resodyn (a)
and then pressed in the carver press (b).
Samples of EDBB and HTPB composites resulted in gas generation during the curing
process producing voids in the cured sample. Such behavior was observed with all four
HTPB curatives used in this study. One particular ration of 42 wt.% HTPB/58 wt.% EDBB
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did produce several sections with no voids allowing for some experimentation. Cured fuel
samples exhibited variations of structural characteristics over time from firm and flexible
to soft and deformable composites. Once soft, no further changes in the composite were
observed. This behavior led to the designation of partially cured. These characteristics
suggest that EDBB is not compatible with the isocynate curatives used to crosslink the R45 resin.

Both DCPD and Sylgard 184 did not cure when mixed with EDBB. The R-45 did not cure
either, but it was not expected to cure. It was used as an additive in low concentrations
with EDBB to form pressed pellets.

Paraffin, epoxy, and RTV were the best fuel binders that were able to either solidify or cure
when mixed with EDBB. Paraffin was used briefly but not pursued as it has a low melting
temperature and resulted in long ignition delays compared to other binders, see Section 4.1.
The RTV binder received more use; however, it suffers from having filler (silicon oxide
and iron oxide) already in the binder reducing its potential performance. Epoxy was used
the most as it was the binder that had the highest potential theoretical performance that also
consistently cured with the EDBB additive.

2.4

Rocket Combustor Fuel Grain

The fuel grain composition selected for use in the hybrid rocket combustor consisted of 80
wt.% EDBB, 1 wt.% ferrocene, and 19 wt.% Envirotex-Lite epoxy. The epoxy binder was
used due to its compatibility with EDBB, processability, and higher performance than other
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binders that had similar qualities. Eighty wt.% of EDBB was selected as this produced
reasonably short ignition delays, see Section 4.1.3, while allowing for as much EDBB as
possible in the fuel grain. The objective was to study EDBB as a hypergolic fuel; therefore,
as little binder as necessary to produce a structurally sound fuel grain was implemented.
One wt.% ferrocene was added to the mixture mainly to provide a more bimodal particle
size distribution while no detracting from the hypergolicity of the fuel; ferrocene itself is
hypergolic. The bimodal particle distribution enabled better mixing and processing of the
material, whereas EDBB by itself could be difficult to mix at such a high concentration
due to its small particle size.

Mixing of the grain consisted of first mixing the epoxy resin and hardener at equal volume
ratios (54.2 wt.% resin to 45.8 wt.% hardener) and then mixed for two minutes by hand.
The epoxy, ferrocene, and EDBB were combined and mixed by hand to wet the particles.
The mixture was placed under argon and then mixed on the Resodyn LabRam for two 10
minute intervals at 65% power, producing the mixture shown in Figure 2.12. The mixture
was then placed in a cylindrical die, see Figure 2.13, and pressed on the Carver press at
88.6 MPa for two five minute intervals. Only enough material was pressed each time to
produce around 80 mm long segments. A resulting fuel, shown in Figure 2.14, typically
had an outer diameter of 37.6 mm and an inner diameter of 12.7 mm. The fuel grains were
then allowed to cure at room temperature for 48 hours.
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Figure 2.12 A mixture of 80 wt.% EDBB/1 wt.% ferrocene/19 wt.% epoxy after being
mixed on the Resodyn LabRam mixer for a total of 20 minutes.

Figure 2.13 The cylindrical die used to press EDBB/ferrocene/epoxy fuel grains.
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Figure 2.14 A EDBB/ferrocene/epoxy cylindrical fuel grain that has been pressed.
Striations on side of fuel grain due to pushing grain out of pressing die.
The 80 mm long fuel segments were epoxied into phenolic tube liners for total fuel grain
lengths of 152 mm or 304.8 mm long. The resulting overall fuel grain properties are
presented in Table 2.3. The average theoretical mass density (TMD) were all above 94 %
indicating that the fuel grains had little to no voids.
Table 2.3 Fuel grain properties that were used in the hybrid rocket combustor.
Avg. Inner
Avg. Outer
Avg.
Avg. Density, Avg. %
Mass, g
Diameter, mm Diameter, mm Length, mm
g/cm3
TMD
128.233
12.7
37.6
158.3
0.826
95.0
127.910
12.7
37.6
158.4
0.821
94.4
256.264
12.7
37.6
314.8
0.828
95.3
256.288
12.6
37.5
318.5
0.820
94.3
255.513
12.7
37.5
316.4
0.824
94.8
127.368
12.6
37.6
151.7
0.854
98.3
255.087
12.7
37.5
310.2
0.841
96.7
It was determined after the first combustor experiment that the amount of surface area
available on the fuel grain port was too low, causing low fuel flow rates. Thus, the
subsequent fuel grains were sawed with a 2.54 mm diameter rod saw to produce 8 slots

34
with a depth of 2.54 mm from the initial fuel port surface, see Figure 2.15. Production of
the slots occurred before the fuel grains were epoxied into the phenolic cartridges.

Figure 2.15 Eight slots that were cut into the fuel grains after curing using a 2.54 mm
diameter rod saw.
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CHAPTER 3. EXPERIMENTAL METHODS

3.1

Hypergolic Droplet Ignition Experiment

The ignition behavior and ignition delay time of both powder and solid fuel samples were
studied using a droplet ignition apparatus, see Figure 3.1.

A droplet of 99% WFNA,

purchased from Sigma Aldrich, was dropped from a syringe at a height of 127 mm onto
either a pile of loose powder or cylindrical sections of the solid fuel matrices. The
subsequent ignition delay was measured as the interval between initial droplet contact with
the fuel surface to first visible light emission. The droplets of WFNA in this experiment
had an average diameter of 2.91 ± 0.02 mm. The powders were either used as synthesized
or sieved using 45 and 150 µm sieves to produce uniform particle distributions. Various
fuel surfaces were used including pressed surfaces for pressed pellets, surfaces cut with a
razor blade, and surfaces sanded with 100 grit sandpaper. The rectangular Teflon base on
which the fuel sample was placed was cleaned between each experiment to prevent cross
contamination. Ignition delays and images were recorded through the use of a high speed
color Phantom v7.3 camera and a Nikon 28-105 mm lens. A 3x4 array of Cree XLamp
XP-G Star LED lights were used for illumination.
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Figure 3.1 Droplet ignition experiment for measuring hypergolic ignition delay and
observing ignition behavior.
3.2

Intrinsic Properties Experimental Methods

The amine-boranes densities were measured 10 times using an AccuPyc II 1340
Pycnometer using helium gas pressurized to 0.17 MPa following the ASTM standard B923
[71].

The heat of combustion of the amine-borane powders were measured using a Parr 1281
bomb calorimeter, see Figure 3.2. Prior to burning in the bomb calorimeter, fuel pellets of
about 0.3 g were made by pressing powder in a cylindrical die with a diameter of 10 mm.
Pellets were pressed at 110.3 MPa for 10 minutes using a Carver press. Three pellets of
each material were then combusted in a pure oxygen environment in the bomb calorimeter.
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Figure 3.2 A Parr 1281 bomb calorimeter to measure the heat of combustion.
Condensed phase products were observed in the sample holder after bomb calorimeter
operation. The heat from these condensed phase products is not fully measured by the
bomb calorimeter because they do not come into contact with the wall, yielding a lower
limit for the heat of combustion measurements. Because of this, several of the amineboranes were also combusted in a loose powder form contained in a sectioned Kimtech
Science kimwipe, which resulted in a reduced amount of condensed phase products in the
sample holder, and thus improved accuracy. The heat of combustion of the kimwipes were
measured separately and removed from the combined heat of combustion of the powder
and kimwipe to determine the value for the loose powder.
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The heats of formation of the amine-boranes were determined using the heat of combustion
values measured and assuming complete reaction after the following manner,
1

5

1

𝐶𝑎 𝐻𝑏 𝐵𝑐 𝑁𝑑 𝑂𝑒 (𝑠𝑜𝑙𝑖𝑑) + (𝑎 + 4𝑏 + 4𝑐 − 2𝑒) 𝑂2 (𝑔𝑎𝑠) →
𝑎𝐶𝑂2 (𝑔𝑎𝑠) + 12(𝑏 + 𝑐)𝐻2 𝑂(𝑙𝑖𝑞𝑢𝑖𝑑) + 12𝑑𝑁2 (𝑔𝑎𝑠) + 𝑐𝐻𝐵𝑂2 (𝑠𝑜𝑙𝑖𝑑) (3.1)
coupled with,
∆𝐻𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = 𝐻𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 − 𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + ∆𝑛𝑅𝑇

(3.2)

where ∆𝐻𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 is the heat of combustion, 𝐻𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 is the heats of formation of the
reactants, 𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 is the heats of formation of the products, ∆𝑛 is change of moles of gas
from reactants to products, 𝑅 is the ideal gas constant, and 𝑇 is the temperature in the bomb
calorimeter. This method does not account for the energy not measured by the bomb
calorimeter from the condensed phase HBO2 products. Equations 3.1 and 3.2 were thus
modified to account for this unmeasured heat resulting in the following equations,
1

3

1

𝐶𝑎 𝐻𝑏 𝐵𝑐 𝑁𝑑 𝑂𝑒 (𝑠𝑜𝑙𝑖𝑑) + (𝑎 + 4𝑏 + 4𝑐 − 2𝑒) 𝑂2 (𝑔𝑎𝑠) →
𝑎𝐶𝑂2 (𝑔𝑎𝑠) + 12𝑏𝐻2 𝑂(𝑙𝑖𝑞𝑢𝑖𝑑) + 12𝑑𝑁2 (𝑔𝑎𝑠) + 12𝑐𝐵2 𝑂3 (𝑙𝑖𝑞𝑢𝑖𝑑)

(3.3)

and,
𝑇

∆𝐻𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 = 𝐻𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 − 𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + ∆𝑛𝑅𝑇 + 𝑛 ∫𝑇 𝐵2𝑂3 𝐶𝑃 𝑑𝑇(3.4)
where 𝑛 is the number of moles of B2O3 in the products, 𝑇𝐵2 𝑂3 is the temperature the B2O3
products achieved in the bomb calorimeter, and 𝐶𝑃 is the heat capacity. Liquid phase B2O3
products were assumed in this calculation as that is what equilibrium calculations in both
Cheetah 6.0 [72] and NASA CEA [73] predict will be present in the condensed phase at
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the elevated combustion temperatures. The 𝐶𝑃 value for B2O3 as a function of temperature
was obtained from the NIST Chemistry WebBook [7]. The upper limit for 𝑇𝐵2 𝑂3 could
theoretically achieve 2100 K before transitioning to gaseous products at the bomb
calorimeter pressure of 2.76 MPa according; thus, this temperature was used in the
calculations.

The two sets of Eqns. 3.1 and 3.2 and Eqns. 3.3 and 3.4 provide limits for determining the
heat of formation. While it is difficult to determine what quantity of boron products remain
in the sample holder when burning a pressed pellet, assuming all the products remain in
the sample holder and using Eqns. 3.3 and 3.4 can provide an upper limit of what the heat
of formation could be. Equations 3.1 and 3.2 can be used to determine the lower limit of
the heat of formation under the assumption that all of the boron products leave the sample
holder and their heat is transferred to the bomb calorimeter wall. The method using a
kimwipe to burn loose powder mentioned earlier can be used with Eqns. 3.1 and 3.2
resulting in some rise of the lower limit of the heat of formation.

3.3

Opposed Burner Experiment

Fuel pellets were combusted with oxygen at ambient pressure in an opposed flow burner
apparatus designed after a Penn State experiment [74], see Figure 3.3, to observe
combustion behavior. The fuel pellet holder was 12 mm in diameter and was placed 10
mm below the exit plane of a flow conditioning nozzle. Gaseous oxygen was regulated by
an Omega FMA-A2317 flow meter and subsequently passed through the flow conditioning
nozzle to impinge on the fuel surface. An Omega LD620-25 linear variable displacement
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transducer (LVDT) was placed underneath the fuel pellet to record its displacement and
thus regression rate. A 30 gauge tungsten wire was placed over the fuel pellet while a
spring was placed underneath to keep the surface in plane with the sample holder during
combustion. The regression rate was determined following the method detailed by Zaseck
et al. [75].

Figure 3.3 Gaseous oxygen opposed burner with spectrometer and high speed surface
imaging setup.
Both visual and infrared (IR) data were obtained during the combustion of fuel pellets in
the opposed burner. General combustion behavior was observed using a standard speed
Cannon XL2 3CCD video camcorder. High speed colored surface imaging was made
through the use of a Phantom v7.3 paired with an Infinity Photo-Optical Company K2 Long
Distance Microscope lens. Spectral IR data of the flame region above the fuel pellet was
obtained through the use of a Spectraline ES100 IR Spectrometer. The spectrometer
operated at 1320 Hz and was programmed to scan back and forth across the flame zone
providing apparent emittance and intensity as a function of wavelength. Data is post
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processed to determine temperature by fitting grey body profiles to intensity profiles
following the same procedures outlined by Terry et al. [75] and further expanded upon by
Terry [77].

3.4

Hybrid Rocket Combustor Experiment

The hybrid rocket combustor used in these experiments consisted of a nitrogen
pressurization system, liquid oxidizer tank and feed system, and a modular stainless steel
combustion chamber. The assembled hardware is shown in Figure 3.4 while a plumbing
and instrumentation diagram of the flow path of this system is provided in Appendix B. A
5000 psi supply of nitrogen gas was separated from the oxidizer feed system by the oxidizer
pressurization valve PV-WFNA-01. Once open, the nitrogen was remotely regulated
through the use of an ER3000SV-1 PID controller coupled to a Tescom Air Loaded
Pressure Reducing Regulator, 26-2064T14A270. The regulator was made of 316 SS with
a Cv of 0.06. A manual valve, MV-N2-02, was placed downstream of the regulator to
isolate the system from the regulator when the system was placed under vacuum for
oxidizer loading. A check valve was located downstream of the manual valve to ensure no
nitric acid vapors traveled upstream to the regulator. A Swagelok pressure relief valve,
SS-4R3A5, was set to 1500 psi and placed downstream of the check valve. A pneumatic
vent valve, PV-WFNA-02, was placed upstream of the liquid oxidizer tank with the exhaust
line running out of the building and up to the roof to ensure nitric acid vapors were vented
out of the test cell. The oxidizer tank was a Swagelok 304 SS one gallon simple cylinder
with a max pressure of 1800 psi. The main oxidizer valve, PV-WFNA-04, was placed
downstream of the oxidizer tank, and a cavitating venturi was placed between the main
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valve and the oxidizer injector in order to regulate the oxidizer flow rate. The oxidizer fill
valve, MV-WFNA-02, was placed between the oxidizer tank and main valve.
Oxidizer Tank

Oxidizer Fill Valve
MV-WFNA-02

Injector Pressure
PT-WFNA-09

Combustor

Main Valve
PV-WFNA-04

Chamber Pressure
PT-WFNA-10

Combustor Exhaust
Guide Pipe

Figure 3.4 Hybrid rocket combustor plumbing and hardware.
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Pressure and temperature measurements were made throughout the system to provide
information on the operating conditions. A McDaniel Model SS (10,000 psi) pressure
gauge was placed upstream of the oxidizer pressurization valve PV-WFNA-01 to provide
a nitrogen supply pressure reading upon opening the nitrogen system main valve MV-N201. Another pressure gauge, McDaniel Model ES SS vacuum gauge, was placed between
the vacuum generator and the vacuum system valve to measure the pressure during vacuum
filling of the oxidizer. General Electric PMP 50E6 amplified pressure transducers were
placed downstream of the oxidizer tank, upstream of the injector, and in the combustion
chamber. A K type thermocouple was placed downstream of the oxidizer tank to make
temperature measurements of the oxidizer for flow rate measurements.

The system was controlled and data was observed and recorded through a LabVIEW VI
(virtual instrument) program interface coupled to a National Instruments DAQ (data
acquisition) board. An image of the VI interface is provided in Appendix B. An automated
routine was programed in the VI to operate the valves during combustor operation.

3.4.1

Combustor

The hybrid rocket combustor consisted of modular stainless steel sections of 3, 6, and 12
in long allowing for grain lengths of 3, 6, 9, or 12 in. A schematic of the combustor is
provided in Figure 3.5. The oxidizer enters at the head end of the combustor through an
injector providing a conical spray pattern. A phenolic liner provided a thermal barrier
between the combustion chamber wall and the fuel grain. The fuel grain was recessed from
the head end of the phenolic by ¼ in so that the face of the fuel grain was flush with the
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face of the oxidizer injector. High temperature RTV was placed on the head end face of
the fuel grain to inhibit any reaction between the fuel and oxidizer upstream of the oxidizer
injector orifice. A post combustion chamber was immediately downstream of the fuel grain
and upstream of a graphite nozzle. The nozzle consisted of a converging section and a
straight nozzle with no expansion section. The flanges were held together by eight ¼ 20
grade 8 bolts set to fail at a chamber pressure of 3028 psi while the nozzle retention plate
used eight ¼ 20 grade 5 bolts set to fail at 2138 psi allowing for controlled depressurization
in the case of an anomaly.
Post Combustion
Chamber
Phenolic Liner

Injector

Graphite Nozzle

Fuel Grain

Nozzle Retention
Plate

Figure 3.5 Hybrid rocket combustor schematic.
3.4.2

Oxidizer Injectors

The injectors used in the combustor tests are Spraying Systems Co. 1/8GG-316SS1,
1/8GG-316SS2, and 1/8GG-316SS3 full jet spray nozzles that will be hereafter identified
as GG-1, GG-2, and GG-3 respectively. These injectors were tested with deionized water
at pressure drops of 30-180 psi and their resulting spray patterns were visually observed.
The spray angles from these tests were about 40°, 45°, and 70° for the pressure drops tested
corresponding to GG-1, GG-2, and GG-3 respectively.
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3.4.3

Hybrid Combustor Operation

The phenolic/fuel grain was inserted first and the bolts tightened according to
specifications. To load oxidizer into the system, a vacuum generator system was attached
to the nitrogen pressurization system upstream of the oxidizer tank. Nitrogen was flowed
through a Vaccon JS-350 Venturi Vacuum Pump until the pressure in the oxidizer tank
dropped to 2-4 psia at which point the MV-WFNA-1 valve was closed isolating the
oxidizer system. The exhaust from the vacuum generator was also directed outside to
ensure any nitric acid vapors exited the test cell. A tube was then inserted into a reservoir
of nitric acid and valve MV-WFNA-2 was opened until the desired amount of oxidizer was
suctioned into the oxidizer tank. The system pressure was then set by the ER3000 to the
desired value for a specific flow rate at which point the system was ready for a live fire.
Specific operating procedures are provided in Appendix C.
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CHAPTER 4. SMALL SCALE EXPERIMENTAL RESULTS

4.1
4.1.1

Hypergolic Ignition
Powder Materials

In this work, various compounds were found to be hypergolic with WFNA, the results of
which are tabulated in Table 4.1. These ignition delay times are similar to the ignition
delays observed for other amine-boranes. The ignition delays of the three EDBB B, N,Ndimethylpiperazine borane, and ammonia borane powders are all very fast with ignition
delays between 2-4 ms. These times are the fastest ever recorded for amine based fuels
reacting with nitric acid based oxidizers. They are also some of the fastest ignition delays
of any material ever used with times similar to the metal borohydrides yet without their air
sensitivity and toxicity. The other amine-boranes all have relatively short ignition delays
with the longest of 142.6 ms.
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Table 4.1 Ignition delays of various amine-boranes and amines with WFNA as the
oxidizer.
Average Ignition Standard
Particle No. of
Fuel
Delay, ms
Deviation Size, µm Tests
EDBB A
5.7
1.0
Dist.
7
EDBB B
2.9
0.3
Dist.
8
Ethylenediamine
166.7
111.3
3
Cyclohexylamine-borane
56.8
5.9
?
2
Cyclohexylamine-borane
78.7
20
45-150
Cyclohexylamine
205.4
24.3
2
N,N-Dimethylpiperazine3.9
0.4
?
2
bisborane
N,N-Dimethylpiperazine3.6
0.9
45-150
bisborane
Dimethylpiperazine
14.0
0.5
3
N-Methylpiperazine-bisborane
19.8
2.5
?
2
N-Methylpiperazine-bisborane
7.3
1.1
45-150
N-Methylpiperazine
115.7
11.0
3
Tetramethylethylenediamin57.6
24.6
?
bisborane
Tetramethylethylenediamine26.2
20.3
45-150
3
bisborane
Tetramethylethylenediamine
16.2
0.3
3
Trimethylamine-borane
No Ignition
?
1
Trimethylamine
Piperazine-bisborane
15.4
?
1
Piperazine-bisborane
12.5
0.9
45-150
5
Piperazine
102.2
?
1
Piperazine
No Ignition
45-150
1
cis-2,6-dimethylpiperidine-borane
21.6
1.4
?
2
cis-2,6-dimethylpiperidine-borane
16.2
2.5
45-150
3
n-Propylamine-borane
64.2
62.8
?
2
n-Propylamine-borane
45.7
31.6
45-150
4
Piperidine-borane
107.4
20.1
?
2
Piperidine-borane
142.6
37.9
45-150
3
Ammonia Borane
2.1
0.4
?
3
Ammonia Borane
9.6
2.6
45-150
4
Ammonia Borane
8.6
1.6
<45
3
Not Hypergolic
Ammonia
[62]
Sieving the material had a varied effect on ignition delay. Most often, the change in ignition
delay is within the standard deviation of the measurement indicating no notable change due
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to sieving. This could be a result of the materials already having particle sizes near those
tested before being sieved or that some other process other than surface area is the rate
limiting step for these materials. However, a significant change was noted for ammonia
borane. Three different ignition delay values are presented for the same material
synthesized using the same procedures but resulting in values varying by an order of
magnitude. This could be an indication of inconsistent particle morphology from batch to
batch synthesis or possibly a difference in the concentration of the WFNA. We note that
Gao and Shreeve did not report the concentration of WFNA used in their experiments [27],
so this is an area that needs to be further investigated to elucidate what is the rate limiting
ignition process for this material.

An example of a hypergolic ignition event between WFNA and EDBB B powder is
depicted in Figure 4.1. A faint green light emission, indicative of ignition, is first observed
2.8 ms after the oxidizer droplet touches the EDBB powder. A light green flame envelops
the powder and propagates outwards while an intense green flame is produced at the
location of where the EDBB and WFNA first came in contact. The green flame is an
indication of boron combustion and suggests that the borane groups on the EDBB molecule
are the initial participants in the hypergolic reaction. As the reaction proceeds, yellow
flames, characteristic of carbon combustion and soot formation, begin to appear near the
edge of the green flame zone. The delayed appearance of the yellow luminosity may
suggest that carbon does not directly participate in the ignition process, but may just
indicate that soot is produced later. As the reaction continues, the green flame begins to
fade while the yellow flame intensifies. The resulting flame ball continues to expand until
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it has expanded to occupy a volume nearly 40 times greater than its initial volume at which
point the reaction ends.

Figure 4.1 Hypergolic ignition of a droplet of WFNA with EDBB B powder.
The EDBB A powder exhibits similar ignition behavior to EDBB B but results in a longer
ignition delay by a factor of two. This is a probably an effect of the EDBB B powder being
an order of magnitude smaller than the EDBB A powder. Similar trends were observed by
Bernard et al. that indicated smaller particle size resulted in shorter ignition delays [25].
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Similar image sequences to that of EDBB B powder found in Figure 4.1 are provided in
Figure 4.2 and Figure 4.3 that depict hypergolic ignition behavior of ammonia borane and
N,N-dimethylpiperazine borane respectively. These two amine-boranes show similar
ignition characteristics as the bright green flame dominates the early ignition process.
Some yellow flames appear later in the ignition process of N,N-dimethylpiperazine borane,
but green luminosity remains dominant. These trends further emphasize the importance of
the borane group in the ignition process. Similar behavior is observed for all the other
amine-boranes.

Ignition

Droplet

0.0 ms

10 mm 2.0 ms

10 mm 4.4 ms

10 mm

8.8 ms

10 mm 19.2 ms

10 mm 27.4 ms

10 mm

42.8 ms

10 mm 62.8 ms

10 mm

Figure 4.2 Hypergolic ignition of a droplet of WFNA with ammonia borane powder.
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Droplet

Ignition

0.0 ms

10 mm 4.2 ms

10 mm 6.6 ms

10 mm

9.4 ms

10 mm 16.0 ms

10 mm 27.0 ms

10 mm

43.0 ms

10 mm 60.0 ms

10 mm

Figure 4.3 Hypergolic ignition of a droplet of WFNA with N,N-dimethylpiperazine
borane powder.
The results in Table 4.1 indicate that the addition of the borane adduct to the amine results
in making non hypergolic amines hypergolic or shorter ignition delays by a factor of 3.560 except for tetramethylethylenediamine. These trends are interesting but somewhat
deceiving as most of the amines are liquids compared to solid amine-boranes. The phase
differences probably has a significant influence on the ignition delay; however, how this
effects the ignition delay is difficult to determine. Liquids require less energy to convert
to gas phase and subsequent combustion but have low initial surface area. This surface
area changes notably as the liquid oxidizer and liquid fuel interact and mix resulting in high
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surface area interactions that lead to more heat generation. On the other hand, solids
require more energy to reach gas phase but have relatively high initial surface areas
compared to liquids. The high surface area will lead to more heat generation initially
compared to a liquid/liquid ignition until the physical time delay of mixing for liquid/liquid
systems is overcome. The different dynamics controlling these systems make direct
comparisons difficult; however, the magnitude of the reduction in ignition delay with the
addition of a borane is notable.

Piperazine and piperazine borane are exceptions for which both materials are powders
allowing for direct comparison. The addition of the borane adduct reduces the ignition
delay of piperazine by a factor of 6.6 or causing a non-hypergolic fuel to become hypergolic
if similar particle sizes are used. These trends further confirm the observation that the
borane tends to promote hypergolic ignition with WFNA.

4.1.2 Amine-borane Ignition Mechanism
It is apparent that the addition of a borane to an amine tends to reduce the ignition delay.
As this behavior has not been investigated in the past, there is no mechanism to describe
this behavior. An initial conjecture of the mechanisms controlling the short ignition delays
will thus be provided.

A borane molecule by itself is BH3+ with only six valence electrons. It thus acts as an acid
and bonds with the amine that has two extra electrons, forming an amine-borane. When
an amine-borane comes in contact with nitric acid, a strong acid, it will want to replace the
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borane and react with the amine. This initializes the traditional hypergolic reaction
between the base amine and nitric acid. At the same time highly reactive pyrophoric borane
gas is released to interact with a strong oxidizer. This provides two modes of heat release,
the amine/nitric acid reaction and the borane/nitric acid oxidation, versus the one mode of
heat release for a regular amine. The increased heat generation provides for an even faster
amine-borane/nitric acid reaction producing large quantities of borane gas and heat
resulting in borane ignition, resulting in a green flame as observed in the experiments in
Section 4.1.1.

4.1.3

Fuel Pellets

Ethylenediamine-bisborane (EDBB) was incorporated into various fuel binders. Since all
of the amine-boranes have the borane moiety, they should have similar incompatibilities
with fuel binders as EDBB and were thus not studied with fuel binders.

The ignition delay times of EDBB combined with fuel binders are presented in Table 4.2.
Two types of fuel sample surfaces were used including a surface cut using a razor blade
and a sanded surface produce by using 100 grit sandpaper. There are various binder/amineborane combinations that result in ignition delays under 10 ms. These ignition delays are
the shortest ever recorded for amine based materials in a solid fuel matrix and are some of
the shortest for any hypergolic hybrid oxidizer/fuel grain combination. The ignition delays
of these air stable and low toxicity propellant combinations make hypergolic hybrids
potentially feasible.
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Table 4.2 Hypergolic ignition delay of EDBB B powder cast in or pressed with various
fuel binders or additives with WFNA as the oxidizer.
Violent
% Binder or
Ignition
Standard
Standard No. of
Surface
Reaction
Additive
Delay, ms Deviation
Deviation Tests
Delay, ms
0%
Pressed
2.9
0.3
6
0%
Sanded
0
3
Inconsistent
5% Ferrocene Pressed
3.1
0.4
3
Ignition
10% Ferrocene Pressed
8.2
2.5
2.8
0.2
3
15% Ferrocene Pressed
39.1
9.3
3.1
0.3
3
42% HTPB
Cut
65.5
13.6
3
42% HTPB
Sanded
31.7
19.6
3
20% HTPB
Cut
10.1
2.0
3
18% R-45
Cut
15.8
2.8
2
18% R-45
Sanded
10.4
1
70% Epoxy
Sanded
88.0
36.6
3
50% Epoxy
Cut
9.4
3.2
3
50% Epoxy
Sanded
7.1
2.6
3
40% Epoxy
Cut
9.2
1.6
3
40% Epoxy
Sanded
3.3
0.5
3
30% Epoxy
Cut
22.8
1.4
2
30% Epoxy
Sanded
5.2
1.8
3
20% Epoxy
Cut
155.0
29.7
2
20% Epoxy
Sanded
9.4
3.0
4
50% RTV
Cut
12.5
1.2
3
50% RTV
Sanded
20.2
4.7
3
20% RTV
Cut
21.5
10.7
3
20% RTV
Sanded
6.9
0.4
3
70% Paraffin
Cut
111.1
8.9
3
70% Paraffin
Sanded
100.7
23.5
3
50% Paraffin
Cut
59.6
24.6
3
50% Paraffin
Sanded
53.0
6.7
3
The implemented binder had a measureable impact on the ignition delay. Paraffin and
HTPB appear to be the least favorable binders for hypergolic ignition as they produced
ignition delays all above 30 ms except for 80 wt.% EDBB/20 wt.% HTPB. Epoxy and
RTV silicone binders resulted in similar ignition delays with epoxy generally having
somewhat shorter delays. Comparing the same amount of binder in the fuel pellet provides
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the most unambiguous performance comparison. At 50 wt.% binder (42 wt.% for HTPB)
and a cut surface, epoxy has an ignition delay of 9.4 ms, RTV is 12.5 ms, paraffin is 59.6
ms, and HTPB is 65.5 ms. The notable difference in ignition delays between the epoxy and
RTV binders versus the paraffin is probably due to the lack of rigidity and structural
integrity of paraffin allowing it coat to the surface of the amine-borane upon cutting or
sanding and thus not exposing the amine-borane to the oxidizing environment. The HTPB
based binder system could be producing a similar effect as it appears not to completely
cure. The HTPB could also be partially reacting with some of the EDBB, reducing the
amount of hypergolic material in the fuel pellet. Overall, RTV or epoxy based binders
appear to be the best candidates for producing short ignition delay amine-borane/binder
fuel matrices.

The surface type of the pellet (cut or sanded) made a notable impact on ignition delays
decreasing the ignition delay by as much as a factor of 16.5 when going from a cut surface
to a sanded surface except for the 50% EDBB/50% RTV pellet. Images of the surface, 2D
and 3D, of both cut and sanded 80% EDBB/20% RTV fuel pellets are provided in Figure
4.4 and Figure 4.5 respectively. The 2D images indicate that much more EDBB crystals
are exposed upon sanding the surface. The 3D images indicate that neither of the surfaces
are flat but have surface features. The depth of these surface features are up to 72 µm for
a cut and 124 µm for a sanded surface. It is therefore likely that sanding the surface tends
to remove the binder exposing more EDBB crystals while increasing the magnitude of
depth of the surface features. Both of these outcomes will result in effectively creating
more surface area and thus more reaction and higher heat generation for a given area. It is
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also likely that reaction between the fuel and oxidizer can be partially confined in the deep
surface features of the sanded pellet allowing for local pressurization. Higher pressures
will lead to faster reaction kinetics. The combination of these results is likely the reason
why sanded surfaces tend to ignite faster than cut surfaces.
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(a)

(b)
Figure 4.4 Hirox images of an 80% EDBB/20% RTV pellet with a cut surface in 2D (a)
and 3D (b).

58

(a)

(b)
Figure 4.5 Hirox images of an 80% EDBB/20% RTV pellet with a sanded surface in 2D
(a) and 3D (b).
Pressed EDBB B fuel pellets exhibit fast, violent reactions when exposed to a WFNA
droplet. The droplet first impacts the fuel pellet and spreads out across the surface of the
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pellet, Figure 4.6. A reaction between the WFNA and EDBB pellet appears to commence
upon contact resulting in bubbling of the oxidizer. Eventually, a point is reached when the
reaction rate increases notably producing large quantities of gaseous products between the
liquid oxidizer and solid fuel. This results in expulsion of the liquid WFNA from the pellet
surface and quenching of the reaction (noted as a violent reaction in Table 4.2) beginning
2.9 ± 0.3 ms after the WFNA droplet encountered the fuel pellet. It is likely that this
pressure rise is a result of ignition between the solid fuel and liquid oxidizer layers, as the
violent reaction time is the same as the ignition delay time of the powder samples. The
rapid depressurization caused by the expulsion of the oxidizer from the fuel surface would
then cause the reaction to quench. Any subsequent ignition of the fuel pellet was caused
by oxidizer falling back onto the fuel pellet. These ignition dynamics will probably result
in short ignition delays in an actual rocket motor as oxidizer will be continuously coming
in contact with the fuel surface.

0.0 ms

10 mm

1.2 ms

10 mm

2.2 ms

10 mm

4.0 ms

10 mm

6.2 ms

10 mm

11.2 ms

10 mm

Figure 4.6 Heterogeneous reaction between WFNA and pressed EDBB fuel pellets
resulting in shattering of the droplet an expulsion of the oxidizer from the fuel pellet.
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Hypergolic ignition experiments were also performed with pressed EDBB pellets that were
sanded to create a rough surface. These fuel pellets exhibit similar ignition behavior to that
of the un-sanded pellets except the gas production leading to expulsion of the oxidizer from
the fuel surface appears to occur almost immediately upon contact. Localized ignition
events also occur in the gases surrounding the fuel pellet; presumably decomposed EDBB
and possibly EDBB fuel particles are expelled from the fuel pellet that continue to react
with the oxidizer. Again, more reaction leading to ignition occurs if any of the expelled
oxidizer falls back onto the fuel pellet.

Pressed EDBB/ferrocene pellets exhibit similar behavior to the pressed EDBB pellets
resulting in a violent reaction occurring 2.8-3.1 ms after contact with the oxidizer. The
difference is that these pellets with ferrocene tend to ignite with ignition delays as fast as
8.2 ms and then continue to burn, whereas the 100% EDBB pellets do not ignite unless
oxidizer happens to fall back on the pellet. A yellow flame, in conjunction with the typical
green flame of EDBB, is also usually observed upon ignition suggesting that ferrocene is
contributing to the ignition event; the ignition times and behavior would also support this
conclusion.

The 58% EDBB/42% HTPB composite is hypergolic with WFNA. Upon contact, the
WFNA droplet spreads over the fuel pellet surface and begins to react, see Figure 4.7. The
reaction results in a reddish brown gas being produced between the liquid and fuel pellet
that diffuses or bubbles through the liquid oxidizer and away from the fuel. Ignition is
eventually achieved near the fuel pellet in the gas phase resulting in a bright green flame
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that remains until all of the WFNA has reacted. Once the WFNA is consumed, the fuel
pellet continues to burn with the surrounding air until quenched. This behavior is similar
for both cut and sanded surfaces but occurs on different time scales resulting in different
ignition delays.

Figure 4.7 Hypergolic ignition and subsequent combustion of 58% EDBB/42% HTPB
with WFNA.
Upon contact with the 80% EDBB/20% HTPB pressed pellets, the oxidizer tends to spread
out across the surface of the pellet and gas generation occurs forcing the oxidizer to be
expelled from the surface in a similar fashion to that of pressed 100% EDBB pellets.
Ignition occurs during this expulsion process as green flame appears in the gas phase
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between the leaving liquid oxidizer and the fuel pellet. Such behavior further suggests that
an event similar to ignition is occurring between the fuel and oxidizer for the 100% EDBB
pellets. The green flame rapidly engulfs the entire fuel pellet that continues to burn with
air once the WFNA is consumed.

The R-45 based fuel pellets exhibit similar ignition behavior to that of the 80% EDBB/20%
HTPB pressed pellets.

Three different types of hypergolic ignition behaviors were noted for the remaining
EDBB/binder combinations. The first behavior consisted of those fuel pellets/oxidizer
droplets that have ignition delays under 10 ms. These tend to generate gas upon contact
between the fuel and oxidizer. As the WFNA spreads out across the fuel pellet, surface
gas generation begins to force the WFNA away from the fuel surface. Ignition generally
occurs near the interface between the fuel pellet and oxidizer close to the edge of the pellet.
The green flame then propagates towards the center of the fuel pellet between the oxidizer
and fuel causing the oxidizer to continue to leave the fuel surface. Once ignited, the
EDBB/binder pellets continue to burn with the surrounding air, see Figure 4.8.
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4.4 ms

10 mm 6.6 ms

11.0 ms

Figure 4.8.

10 mm 8.8 ms

10 mm 13.2 ms

10 mm

10 mm

Hypergolic ignition of a 60% EDBB/40 epoxy pellet with a sanded surface
and WFNA as the oxidizer.

A second ignition behavior was observed for EDBB/binder fuel pellets that had ignition
delays longer than 10 ms. As the oxidizer contacts the surface, gas generation occurs
resulting in some of the oxidizer being expelled from the surface. Most of the oxidizer
remains on the surface and forms balls of oxidizer while reddish brown gas is produced.
Ignition generally occurs near these balls of oxidizer in what appears to be the gas phase
just as a green flame develops.
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A third ignition behavior was observed for 50% EDBB/50% RTV pellets with a cut surface.
As the oxidizer contacts the surface, it spreads out and gas generation occurs similar to
other fuels. At this point the gas generation between the fuel and oxidizer causes the
oxidizer to form a dome shape. As this dome bursts, reddish brown gas is expelled upwards
and subsequent ignition occurs in this expelled gas resulting in a green flame that envelops
the fuel pellet, see Figure 4.9.

40.0 ms

10 mm 60.0 ms

10 mm

Figure 4.9 Hypergolic ignition of a 50% EDBB/50% RTV pellet with a cut surface and
WFNA as the oxidizer
The ignition delay of the EDBB/binder fuel combinations is compared against other
hypergolic combinations that have been tested in hybrid motors and that used nitric acid
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based oxidizers in Table 4.3. The current formulations have faster ignition delay times
than all of the motor tested combinations except for Sagaform A. As mentioned in Section
1.2, it is suspected that Sagaform A is an air unstable fuel. Therefore, for air stable nitric
acid based hypergolic propellant combinations, EDBB combinations have the shortest
ignition delays and thus probably the fastest response times in a combustor system.
Table 4.3 Ignition delays of various hypergolic oxidizer/fuel combinations from this
study compared against ignition delays of hypergolic combinations that have been used in
hybrid motor tests.
Fuel Type
Oxidizer
Ignition Delay, ms
90% EDBB B Powder/10% Ferrocene
WFNA
8.2
80% EDBB B Powder/20% HTPB
WFNA
10.1
60% EDBB B Powder/40% Epoxy
WFNA
3.3
80% EDBB B Powder/20% RTV
WFNA
6.9
Tagaform [2, 4]
WFNA
150
Sagaform A [5]
IRFNA
5
p-Toluidine/p-Aminophenol [4]
WFNA
110
Metatoluene Diamine/Nylon
RFNA
Difurfurylidene Cyclohexanone [14,
RFNA
45, 60-70, 255
16, 78]
99% RFNA/1%
Aniline Formaldehyde [19]
4800
Ammonium Vanadate
50% Aniline Formaldehyde/50%
RFNA
1134
Magnesium [20]
4.2

Intrinsic Properties

Various measured intrinsic properties of the amine-boranes are presented in Table 4.4.
Densities of the amine-boranes were measured 10 times each with an AccuPyc II 1340
Pycnometer using ASTM standard B923 [71] and typically ranged between 0.8-1.0 g/cm3.
The density of EDBB was found to be 0.8317 ± 0.0004 g/cm3, a value very similar to the
value reported by Groshens and Hollins of 0.82 g/cm3 [79].
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Two values of heat of combustion are presented in Table 4.4, one from pellet and one from
powder sample measurement methods (discussed in Section 3.2). Both measurement
methods were performed three times for each material investigated. The analysis of the
measurements provide two values for the lower limit of the heat of formation, while the
upper limit was found using the heat of combustion of the pellet measurement in
conjunction with Eqns. 3.3 and 3.4. The measurements that used powder for the heat of
combustion were only performed on materials that had a notable amount of boron in the
amine-borane (over 20 wt.% boron) that could significantly influence the lower limit of the
heat of formation.
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Table 4.4 Measured intrinsic properties of various amine-boranes.
Fuel
EDBB
Cyclohexylamine-borane
N,N-Dimethylpiperazine-bisborane
N-Methylpiperazine-bisborane
cis-2,6-dimethylpiperidine-borane
n-Propylamine-borane
Piperidine-borane
Ammonia Borane

Density, g/cm

3

0.8317 ± 0.0004
0.9270 ± 0.0006
0.9859 ± 0.0005
0.9824 ± 0.0008
0.9319 ± 0.0008
0.8093 ± 0.0004
0.9189 ± 0.0004
0.7799 [80]

Heat of Combustion, kJ/mol
Pellet
3651.9 ± 9.5
4948.2 ± 6.7
6165.1 ± 5.4
5402.0 ± 18.9
5460.3 ± 11.6
3236.5 ± 20.7
4356.5 ± 8.8
1296.2 ± 2.3

Powder
3747.8 ± 33.5
1322.6 ± 5.9

Heat of Formation, kJ/mol
Lower Limit
Upper Limit
Pellet
Powder
Pellet
-445.6
-349.7
-145.9
-348.7
-198.9
-360.2
-60.4
-445.2
-145.5
-514.7
-364.8
-310.7
-160.8
-262.3
-112.5
-216.7
-190.4
-66.9
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The intrinsic properties presented in Table 4.4 have not been reported in the literature for
these materials; however, several studies have been performed to theoretically predict
densities and heats of formation of some of these materials allowing for comparison. The
densities measured are relatively close to that predicted by McQuaid and Chen [81]. They
calculated the density of piperidine-borane and N,N-dimethylpiperazine-bisborane to be
0.97 and 0.99 g/cm3 respectively. They also predicted the heats of formation of these
materials to be -186.6 and 175.7 kJ/mol respectively. It is suspected that it was a typo to
not include a negative sign for the 175.7 value in their report as this would be quite high.
Assuming that typo, both of these predicted values fall within the range of measured heats
of formation and are near the upper range. The heat of formation of ammonia borane has
been theoretically calculated by several researchers giving values of -61.1 [82] and -73.3
kJ/mol [83]. These values are very close to the upper limit of that found for ammonia
borane. The fact that the measured upper limit values for these three materials are closer to
those calculated theoretically suggests that the actual heats of formation for these amineboranes is perhaps closer to the upper limit of the data presented in Table 4.4.

4.3

Theoretical Performance

The theoretical performances of the amine-boranes compared against their base amines are
presented in Table 4.5. Calculations were performed using Cheetah 6.0 [72]. The addition
of the borane to the amine tends to maintain Isp and ρIsp values for the lower performance
limit, while the upper performance limit indicates that complexation with borane improves
Isp and ρIsp indicating that borane addition is beneficial for improving performance of the
base amines.
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Table 4.5 Theoretical performance for various amines and their corresponding amineboranes. Theoretical Isp and ρIsp values calculated using IRFNA IIIA [84] as the oxidizer,
6.89 MPa chamber pressure, and perfectly expanded to atmospheric pressure. Values for
MMH/IRFNA and MMH/NTO are provided as a reference.
Lower Limit
Upper Limit
ρIsp,
ρIsp,
Fuel
ΔHf Ref.
O/F Isp, s
sg/cm O/F Isp, s sg/cm
3

EDBB
Ethylenediamine
Cyclohexylamine-borane
Cyclohexylamine
N,N-Dimethylpiperazinebisborane
N,N-Dimethylpiperazine
N-Methylpiperazinebisborane
N-Methylpiperazine
cis-2,6dimethylpiperidine-borane
cis-2,6-dimethylpiperidine
n-Propylamine-borane
Propylamine
Piperidine-borane
Piperidine
Ammonia Borane
Ammonia
MMH
MMH/NTO

3

3.8
4.5
-

266.8
262.2
-

350.4
362.9
-

3.6
3.2
4.5
4.5

274.7
264.9
266.1
262.9

358.5
350.2
367.5
355.9

Measured
[7]
Measured
[7]

4.0

265.4

370.5

4.0

271.9

378.2

Measured

-

-

-

4.0

265.4

378.6

[7]

4.0

262.9

366.7

3.9

270.3

374.8

Measured

-

-

-

-

-

-

-

4.7

259.3

360.0

4.6

262.6

363.9

Measured

4.5 263.6
4.5 263.8
1.5- 269.03.5 271.3
-

350.3
363.5
301.5341.9
-

4.5 263.5 350.9
[85]
4.3 269.7 356.5 Measured
4.3 265.5 337.9
[7]
4.3 268.3 368.1 Measured
4.3 264.0 355.7
[7]
0.9- 283.0- 306.3Measured
3.5 300.3 359.7
2.2 264.1
0.6
[7]
2.6 274.6 350.3
[72]
2.2 288.4 344.2
[72]

Interestingly, amine-boranes with a relatively high wt.% of boron tend to exhibit two peaks
in Isp performance compared to the typical one performance peak. This behavior is depicted
in Figure 4.10 for both EDBB and ammonia borane and is the reason why ammonia borane
has a range of performance values listed in Table 4.5. The first performance peak is a result
of complete boron oxidization with the combination of very low molecular weight products
(predominantly H2), while the second peak is caused by the complete oxidation of boron
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and H2. This behavior is not only possible with the neat amine-boranes but is also observed
when mixed with a fuel binder as will be discussed in the following sections.

There are several advantages to using fuels with this unique double peak performance
behavior. Such fuels can operate notably fuel rich while maintaining or increasing
performance.

This can be advantageous for systems that require lower combustion

temperatures due to material constraints resulting in fuel rich operation while still
achieving high performance. Fast response attitude control systems could benefit from the
double peak as this would allow for high performance throughout the transient ignition,
sustainment, and shutdown process. Currently such systems suffer a performance loss due
to these transients in part to the O/F shift upon ignition and shutdown. The double peak
performance behavior is also specifically advantageous for hybrid rocket systems that
typically undergo O/F shifts during normal operation or throttling. Thus, motors could be
designed such that reasonably high Isp values are maintained throughout all operation
phases. These advantages make the amine-borane performance profiles more desirable
compared to typical fuels that tend to only exhibit one performance peak.

71

300
290 EDBB

Ammonia Borane
80% Ammonia Borane /
20% Epoxy

Isp, s

280
30% P-Toluidine /
70% P-Aminophenol

270
260
250

Tagaform
MMH

240
230
0

80% EDBB /
20% Epoxy

2

O/F

4

6

Figure 4.10 Isp of various hypergolic fuels reacted with IRFNA IIIA versus O/F ratio.
Theoretical combustion product species in the combustion chamber and the exhaust of only
EDBB are provided in Figure 4.11. Products are all in the gas phase for O/F values greater
than 2.1. This is encouraging for internal flow in the motor as there should not be any two
phase flow loses. Of particular interest are the exhaust products as condensed phase
products will result in smoke in the exhaust; smoke is not preferred for military applications.
Between and O/F of 3.8 to 4.8, the exhaust products of EDBB are all in gaseous phase
providing an acceptable range of O/F values for min smoke applications; however, it is
difficult to determine if condensed phase products will not be formed behind the rocket
without performing flight tests.
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Figure 4.11 Theoretical product species vs. O/F ratio in (a) the combustion chamber and
(b) the exhaust for EDBB and IRFNA IIIA combusted at a chamber pressure of 6.89
MPa, perfectly expanded to atmospheric conditions, and using shifting equilibrium.
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4.4

Comparison with Other Fuels

4.4.1

Solid Hybrid Hypergolic Fuels

The theoretical performance values of the higher performing amine-boranes (using the
upper limit of the ΔHf) mixed with a feasible fuel binder are provided in Table 4.6 along
with other hypergolic fuels. Compared to hypergolic hybrids using similar oxidizers, the
amine-borane based fuels have notably higher theoretical Isp values by 4-11%. Not only
are higher performance values attainable by using the amine-borane based fuels, but a
much wider range of O/F values can be implemented to obtain high performance, see
Figure 4.10, providing the advantages discussed in Section 4.3. Theoretical ρIsp values
range from a 17% decrease to a 5% increase when compared to other hypergolic hybrdis,
depending on the fuel and operating conditions selected. The ρIsp values are typically less
important than the Isp values except where volume becomes a significant factor, such as for
small motors or attitude control systems. Such volume constrained systems typically
require a fast response system, something not feasible with previously tested hypergolic
hybrids except for those using toxic and unstable additives. The amine-borane based fuels
provide fast response times, producing ignition delays an order of magnitude faster than
those hypergolic hybrids shown in Table 4.6. Thus, amine-borane based fuels have the
opportunity to improve performance, lower ignition delay, and reduce toxicity of the
available hypergolic hybrids fuels.
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Table 4.6 Comparison of performance values of other hypergolic fuels versus solid
amine-boranes/fuel binder. Theoretical Isp and ρIsp values calculated using IRFNA IIIA as
the oxidizer, 6.89 MPa chamber pressure, and perfectly expanded to atmospheric pressure
Ignition
Delay with
ρIsp,
Fuel
O/F
Isp, s
ΔHf Ref.
WFNA,
sg/cm3
ms
Measured
80% EDBB / 20% Epoxy
9.4
3.6
272.3
362.9
/ [72]
80% N,NMeasured
Dimethylpiperazine3.9
270.2
378.9
/ [72]
bisborane / 20% Epoxy
80% Ammonia Borane / 20%
1.1279.5314.8- Measured
Epoxy
3.2
285.1
360.4
/ [72]
Tagaform
150 [2, 4]
3.8
259.9
373.0
[2]
30% p-Toluidine /70% p110-122
3.5
255.9
361.5
[7]
Aminophenol
[3, 4]
MMH
2.6
274.6
350.3
[72]
Hydrazine
3.1 [37]
1.5
278.9
355.0
[72]
Dimethyl Hydrazine
4.5 [37]
3.1
272.4
348.0
[72]
4.4.2

Liquid Hypergolic Fuels

A comparison of the higher performing amine-boranes mixed in a fuel binder and the
commonly used hypergolic liquid fuels is also provided in Table 4.6. Hypergolic ignition
delays of the amine-borane/fuel binder are very similar to the current liquid hydrazine
based fuels. These ignition delay times could decrease, possibly becoming shorter than
liquid hypergols, during pulse operation of the motor as the fuel will be preheated from the
previous firing, a condition not typical for liquid fuels. The theoretical Isp values of the
amine-borane/fuel binders range from slightly lower to a 3.8% increase over MMH values
while ρIsp values are all higher than MMH values except for the ammonia borane at low
O/F ratios. And again, the wide range of high theoretical performance values associated
with the amine-borane fuels provides another advantage over the standard liquid hypergols,
see Figure 4.10, allowing for off stoichiometric operation. The combination of similar
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ignition delays, higher performance, wide range of high performance, and classification as
irritants as opposed to toxins make these amine-boranes attractive as replacements for the
current more toxic liquid hypergolic fuels.

4.4.3

Non-Hypergolic Fuels

Amine-boranes also have the potential to improve performance of non-hypergolic
oxidizer/fuel combinations. A summary of the most prominent amine-borane based fuels
reacted with liquid oxygen compared to typical hybrid and liquid fuels is provided in Table
4.7. Both Isp and ρIsp values increase notably anywhere from 2-6% and 1-11% respectively
when amine-borane based fuels are used. An exception is liquid H2 that has significantly
higher Isp value than all the other fuels. Applications that would entail the use of the other
fuels listed in Table 4.7, excluding liquid H2, could all benefit by switching to amine-borane
based fuels.
Table 4.7 Comparison of theoretical performance values of standard rocket liquid fuels
versus solid amine-boranes/fuel binder. Theoretical Isp and ρIsp values calculated using
liquid oxygen as the oxidizer, 6.89 MPa chamber pressure, and perfectly expanded to
atmospheric pressure.
ρIsp,
Fuel
O/F
Isp, s
ΔHf Ref.
sg/cm3
Measured /
80% EDBB / 20% Epoxy
1.8
309.2
319.7
[72]
80% N,NMeasured /
Dimethylpiperazine2.0
306.8
336.8
[72]
bisborane / 20% Epoxy
80% Ammonia Borane /
Measured /
1.7
318.4
320.3
20% Epoxy
[72]
HTPB
2.3
299.7
317.0
[72]
Paraffin
2.9
300.5
303.2
[72]
RP-1
2.6
300.3
302.5
[73]
Liquid H2
4.1
389.6
112.0
[72]
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4.5

General Combustion Behavior – Opposed Burner

Several 58% EDBB/42% HTPB and 100% EDBB fuel pellets that were ignited
hypergolically were permitted to continue to burn with the surrounding air once the WFNA
was consumed so general combustion behavior could be observed. Pressed EDBB pellets
combust with a mixed green and yellow flame that initially is mostly green and then
transitions to mostly yellow, Figure 4.12. The pellet proceeds to burn from the surface that
was initially ignited producing several distinct layers of solid material that have reacted to
varying degrees. These layers include the pristine fuel, a foamy white layer, a solid grey
foam like layer, and a charred black layer at the surface. Gas generation is observed in the
foamy white layer as the material appears to boil. The gas generation causes this layer to
expand notably, a result of the decomposition gases likely being low density hydrogen. A
grey, rigid layer of material that continues to exhibit a foam like structure remains once the
gas is depleted. This layer eventually blackens and chars forming a rigid, brittle, and
porous surface. EDBB/HTPB pellets also expand notably upon combustion with air but
individual reaction layers are not distinguishable as the pellet burns from all sides. A
similar green and yellow flame is also characteristic of these pellets.
Charred Solid
Foam Layer
Grey Solid
Foam Layer
Foamy Layer
Pristine Fuel

10 mm

Figure 4.12 Combustion of a pressed EDBB pellet with the surrounding air.
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The combustion behavior of pressed EDBB, 58% EDBB/42% HTPB, and neat HTPB
pellets with gaseous oxygen were further investigated using an opposed burner. Pressed
EDBB pellets initially exhibit a bright green flame upon ignition and continue to do so for
several seconds into the experiment, Figure 4.13. As combustion continues, the green
flame diminishes exposing a luminous fuel surface that protrudes 1-2 mm past the tungsten
wire. Surface imaging of the pellet indicates the luminous surface is always present and
becomes less luminous as the bright green flame diminishes, Figure 4.14 (a). The surface
tends to be porous with surface voids on order of magnitude of 0.1 mm, the same as the
surrounding fuel structure. Regression of the surface appears to be controlled by both
gasification of the fuel and fragments breaking off and entering the convective flow around
the pellet. Post combustion observation of the fuel pellet indicates several layers of reacted
material near the surface similar to those observed for the pressed fuel pellets combusted
with the surrounding air. This layered reaction probably results in the luminous surface
becoming more prominent as combustion proceeds as a char layer is formed on the fuel
surface that extends beyond the flame.
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0.0 s

10 mm

1.0 s

10 mm

3.0 s

10 mm

6.0 s

10 mm

Figure 4.13 Images of a pressed EDBB fuel pellet burning with gaseous oxygen in an
opposed burner.
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(a)

(b)

80

(c)
Figure 4.14 Surface images of (a) pressed EDBB, (b) HTPB, and (c) 58% EDBB/42%
HTPB pellets burning with gaseous oxygen in an opposed flow burner.
HTPB pellets exhibit a bright yellow flame throughout the combustion process with the
surface remaining relatively in plane with the tungsten wire. Surface imaging reveals a
different surface, compared to the pressed EDBB pellets, with less pores and more
continuous fuel segments, Figure 4.14 (b). The fuel appears to only regress through
gasification as there are no observable fragments leaving the fuel surface. Post combustion
analysis reveals a thin, charred layer at the surface of the fuel and pristine material beneath.

EDBB/HTPB pellets exhibit primarily a green flame with some occasional hues of yellow
throughout the combustion process. The pellet surface expands dramatically during
combustion resulting in a thick layer of char material up to 10 mm thick protruding past
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the tungsten wire. Post combustion observation of the fuel pellet also indicates layered
combustion similar to the pressed EDBB pellets.

Surface imaging of EDBB/HTPB pellets provides images that show a dramatic change in
the texture of the surface when EDBB and HTPB are combined when compared to the
individual fuels, see Figure 4.14 (c). Initially the surface exhibits a highly porous surface
with fiber like features that tend to fragment off and enter the convective flow but also
exhibit gasification. As combustion continues, the fibrous surface becomes more coral or
foam like with much smaller surface pores and surface features than the individual fuels.

The regression rates of the pellets combusting with oxygen were also measured. All
regression rates were measured at the same gaseous oxidizer flow rate of 25 SLPM to
provide a general idea of how regression rates compare, the results of which are tabulated
in Table 4.8. Pressed EDBB pellets regressed faster than the other fuels with an average
regression rate of 0.58 ± 0.09 mm/s. The regression rate of HTPB was nearly half that
having an average regression rate of 0.28 ± 0.00 mm/s. The difference could be attributed
to a difference in flame temperature, a lower amount of heat needed to raise the temperature
and gasify the EDBB fuel, or possibly due to the configuration. The HTPB pellet diameters
were 12 mm fitting snugly in the apparatus, whereas the EDBB pressed pellets were 10
mm in diameter providing a small gap between the pellet and the apparatus. It is possible
some of the heat from the flame was able to pass through this gap, preheating the pristine
fuel. However, it is unlikely that some preheating would cause such a dramatic change in
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regression rate, thus it is likely different flame temperatures or heat required to gasify the
material was notably different.
Table 4.8 Average linear regression rates of various forms of EDBB fuel pellets obtained
in a gaseous oxygen opposed burner.
Oxidizer Flow Linear Regression
Fuel Type
Rate, SLPM
Rate, mm/s
HTPB
25
0.28 ± 0.00
Pressed EDBB B Powder
25
0.58 ± 0.09
58% EDBB B Powder /42% HTPB
25
0.21 ± 0.01
Mixing EDBB and HTPB resulted in a 25% decrease in the regression compared to HTPB
when burned with oxygen. As noted previously, the thickness of the partially reacted foam
like layers on the EDBB/HTPB pellet was about 10 mm thick. Such a layer probably
inhibited the convective heat transfer to the surface of the fuel pellet, resulting in lower
regression rates.

The spectral emissions of flames from both pressed EDBB and HTPB pellets were recorded
using a high speed IR spectrometer. Measurements obtained throughout the flames
resulted in similar temperatures and spectral profiles. Sample spectral measurements are
shown in Figure 4.15 with corresponding apparent emissivities of 0.04 and 0.05 for EDBB
and HTPB respectively. The main difference between the spectral emission profiles of
these two fuels is the discrepancy at a wavelength of ~4.5 m. At this point, HTPB exhibits
a notable peak, corresponding to CO2, a peak that is not observed for the EDBB pellets.
This could be a result of HTPB having a notably higher mass fraction of carbon than EDBB.
This general spectral emission behavior was observed throughout the flame.
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Figure 4.15 Spectral emission of both EDBB and HTPB at similar flame temperatures.
Flame temperatures were also measured with the IR spectrometer resulting in relatively
similar average maximum temperatures of 1995 ± 15 K and 1984 ± 25 K for EDBB and
HTPB respectively. This similar peak temperatures is significant as it indicates that
convective heat transport to fuel surface is roughly the same for both fuel pellets, assuming
the 1 mm thick layer on top of the EDBB pellet is not significantly influencing the heat
transfer. Assuming this is the case and that radiation is negligible or the nearly the same,
given the spectral emission similarities in Figure 4.15, the amount of energy required to
heat and gasify EDBB, ℎ𝑣,𝐸𝐷𝐵𝐵 , can be roughly estimated, given the value is known for
HTPB. Lengelle calculated ℎ𝑣,𝐻𝑇𝑃𝐵 to be 745 cal/g for HTPB burning in a hybrid motor
with a flux of 16 g/cm2 [86]. Thus,
ℎ𝑣,𝐸𝐷𝐵𝐵 =

𝑟̇𝐻𝑇𝑃𝐵 𝜌𝐻𝑇𝑃𝐵 ℎ𝑣,𝐻𝑇𝑃𝐵
𝑟̇𝐸𝐷𝐵𝐵 𝜌𝐸𝐷𝐵𝐵
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where 𝑟̇ is the regression rate and 𝜌 is the fuel density. This gives a value of ℎ𝑣,𝐸𝐷𝐵𝐵 = 400
cal/g, a value that will be useful when evaluating the hybrid combustor results. Given such
a value, it is likely that a fuel containing a high amount of EDBB will regress notably faster
than HTPB if no partially reacted foam layer forms as was observed for the EDBB/HTPB
pellets.
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CHAPTER 5. ROCKET COMBUSTOR RESULTS

The hybrid rocket combustor test series consisted of nine tests – seven that produced
continuous combustion, one that quenched mid test, and one that did not ignite. The
methods used to reduce the test data and the resulting combustion behaviors are presented
in this following chapter.

5.1

Data Reduction

The average oxidizer to fuel ratio, O/F, for each test was determined by dividing the total
amount of oxidizer, 𝑚𝑜𝑥 , used in the test by the amount of fuel consumed, 𝑚𝑓𝑢 . The
volume of oxidizer was measured using a graduated beaker and converted to mass using
the oxidizer density, 𝜌𝑜𝑥 , of 1.48 g/cm3. A small amount of oxidizer would become trapped
in the fill line and was accounted for in one the following ways: If the test was the first of
the day, the volume of the unused oxidizer was measured and subtracted from the amount
of oxidizer loaded to determine 𝑚𝑜𝑥 . If the test was a subsequent test during the day and
the oxidizer fill line had not been drained prior to testing, the total amount of oxidizer
introduced into the system was 𝑚𝑜𝑥 as the fill line was already full. The amount of fuel
consumed

was

determined

by

measuring

difference

grain/phenolic/nozzle/rtv assembly before and after testing.

in

mass

of

the

fuel
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Fuel density, 𝜌𝑓𝑢 , was determined by measuring the mass and dimensions for each fuel
grain before cutting notches into the grains and then using the following formula,
4𝑚

𝜌𝑓𝑢 = 𝜋(𝐷2 −𝐷𝑓𝑢2)𝐿
𝑜

𝑝

(5.1)

𝑔

where 𝐷𝑜 is the grain outer diameter, 𝐷𝑝 is the fuel port diameter, and 𝐿𝑔 is the grain length.

The burn time, 𝑡𝑏 , was determined by taking the difference in times from when the chamber
pressure, 𝑝𝑐 , was greater than 10% of the max steady state combustor pressure, 𝑝𝑐,𝑠𝑠 , at the
beginning and end of the test. An example of this is provided in Figure 5.1.
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Greater than 10% of pc,ss = 395 psi

Pressure, psig

400
300
200

tb
100
0

42

44

46

48
Time, s

50

52

54

Figure 5.1 The chamber pressure of a rocket test indicating the recorded chamber
pressure (red) and the section of chamber pressure used for analysis (black). This
particular data is from test #6 that resulted in a 𝑡𝑏 = 9.228 s.
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For three tests, the 𝑝𝑐 measurement port became plugged for all or part of the test. For
such tests, 𝑝𝑐 was determined by relating the pressure drop across the injector to the
oxidizer flow rate, 𝑚̇𝑜𝑥 , via,
1

𝑝𝑐 = 𝑝𝑖𝑛𝑗 − 2𝑔𝜌 (𝐴
𝑜𝑥

𝑚̇𝑜𝑥

𝑖𝑛𝑗 𝐶𝑑,𝑖𝑛𝑗

2

(5.2)

)

where 𝑝𝑖𝑛𝑗 is the upstream injector pressure, 𝑔 is the gravitational constant, 𝐴𝑖𝑛𝑗 is the
injector orifice cross sectional flow area, and 𝐶𝑑,𝑖𝑛𝑗 is the injector discharge coefficient.
The 𝐶𝑑,𝑖𝑛𝑗 was determined from the latter portion of test #8; this test initially had a plugged
𝑝𝑐 measurement that became unplugged as the test proceeded, see Figure 5.2. The 𝐶𝑑,𝑖𝑛𝑗
was found to be 1.084 for a pressure drop across the injector of 57 psi.
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Figure 5.2 The pressure traces for a test in which the chamber pressure port became
obstructed. In this test (#8), the port was obstructed for only part of the test.
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Such a method introduces some error for 𝑝𝑐 during the transient ignition and shutdown
regions; however, the steady state combustion region is well represented as 𝑚̇𝑜𝑥 becomes
nearly constant. Due to the purging of the system, the calculated 𝑝𝑐 for such tests does not
return to atmospheric pressure once the test is completed, as is the case for tests that do not
have the 𝑝𝑐 measurement port plugged. In order to determine the end of the burn time for
these tests, 0.75 s was added after 𝑝𝑖𝑛𝑗 spiked, see Figure 5.3. A time of 0.75 s was chosen
as this was the amount of time between when 𝑝𝑖𝑛𝑗 spiked to when 𝑝𝑐 reached 10% of 𝑝𝑐,𝑠𝑠
for a test with similar operating parameters as several of the tests that had plugged 𝑝𝑐
measurements. The pressure spike is caused by all the liquid oxidizer moving past the
cavitating venturi causing nitrogen gas to be the flow rate determining media. Once all the
oxidizer has passed the injector, the pressure spike drops off and the combustor pressure
returns to atmospheric conditions.
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Figure 5.3 The 0.75 s added after 𝑝𝑖𝑛𝑗 spiked in order to determine 𝑝𝑐 for the tests that
had a plugged 𝑝𝑐 port.
Total ignition time, 𝑡𝑖𝑔𝑛 , was determined as the difference in time from when 𝑝𝑖𝑛𝑗 deviates
from atmospheric pressure to when 𝑝𝑐 reached 90% of its initial steady state operating
pressure, see Figure 5.4.

90

600

pinj

Pressure, psig

500

pc

400
300
200

tign

100
0
49.25

49.3

49.35
Time, s

49.4

49.45

Figure 5.4 An example of 𝑝𝑖𝑛𝑗 and 𝑝𝑐 during the hypergolic ignition transient from test
#4. The resulting 𝑡𝑖𝑔𝑛 = 0.117 s.
The average chamber pressure, 𝑝𝑐,𝑎𝑣𝑔 , is the average of the pressure trace presented in
Figure 5.1 for the time interval corresponding to 𝑡𝑏 .

The delivered characteristic velocity, 𝐶 ∗ , was determined using the following equation,
𝐶 ∗ = (𝑚

𝑡

𝑔𝐴𝑡ℎ

𝑜𝑥 +𝑚𝑓𝑢

𝑏
∫ 𝑝𝑐 𝑑𝑡
) 0

(5.3)

where 𝐴𝑡ℎ is nozzle throat area. The pressure trace integrated over time is the same
pressure trace used to calculate 𝑝𝑐,𝑎𝑣𝑔 . The characteristic velocity efficiency, 𝜂𝐶 ∗ , was
determined using the following equation,
𝜂𝐶 ∗ =

𝐶∗
⁄𝐶 ∗
𝑡ℎ𝑒

(5.4)
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∗
where 𝐶𝑡ℎ𝑒
is the theoretical characteristic velocity calculated using average O/F, 𝑝𝑐,𝑎𝑣𝑔 ,

and Cheetah 6.0 [72].

The average fuel regression rate, 𝑟̇ ̅ , was determined using a bulk mass fuel consumed
method. The total volume of fuel, 𝑉𝑓𝑢 , consumed can be determined from 𝜌𝑓𝑢 and 𝑚𝑓𝑢 .
Assuming a fuel regression normal to the surface (Figure 5.5 (a)), the web thickness, 𝑤,
(or depth of fuel consumed) can be found based off 𝑉𝑓𝑢 , and the surface area of the fuel,
𝐴𝑠 , can be determined as a function of 𝑤, see Figure 5.5 (b). Averaging 𝐴𝑠 over 𝑤, 𝐴̅𝑠 ,
can allow for a bulk 𝑟̇ ̅ measurement based on,
𝑟̇ ̅ = 𝑡

𝑚𝑓𝑢

𝑏 𝜌𝑓𝑢 𝐴̅𝑠

.

(5.5)
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Figure 5.5 Fuel surface as a function of 𝑤 based off of surface normal regression (a) and
the corresponding 𝐴𝑠 (b). The curves in these plots correspond to Test #9. The red and
blue lines indicate 0.016 and 0.0016 in web thickness increments respectively.
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A second method was used to determine 𝑟̇ ̅ , serving as a validation for the bulk mass method.
This method used a geometrical approach by using 𝑚𝑓𝑢 combined with the initial and final
grain surface areas after the following manner,
𝑟̇ ̅ = 𝑡

2𝑚𝑓𝑢

(5.6)

𝑏 𝜌𝑓𝑢 𝐿𝑔 (𝑃𝑒𝑟𝑓 +𝑃𝑒𝑟0 )

where 𝑃𝑒𝑟𝑓 and 𝑃𝑒𝑟0 and the final and initial fuel port perimeters. Due to swelling at the
surface of the fuel grain post test, determining 𝑃𝑒𝑟𝑓 is challenging, see Figure 5.6 (a). The
perimeter of the char layer can appear to shrink when compared to 𝑃𝑒𝑟0, the red dashed
lines in Figure 5.6; however, a thermally reacted layer can be seen farther into the fuel
grain. Upon polishing of the section fuel grain with 600 grit sandpaper and water, the
thermal reacted layer is removed leaving what appears to be pristine fuel at the surface, see
Figure 5.6 (b). The perimeter length of the fuel port after being polished can then be
evaluated using Matlab, and this value can be set to 𝑃𝑒𝑟𝑓 in order to determine 𝑟̇ ̅ .

(a)

(b)

Figure 5.6 A section of a fuel grain showing the swelling of the fuel grain (a) before and
(b) after being polished. The red dashed line indicates 𝑃𝑒𝑟0.
̅ , is determined by finding the average fuel port area,
The average oxidizer flux level, 𝐺𝑜𝑥
𝐴̅𝑝 , over 𝑤 (similar to the method used to determine 𝐴̅𝑠 ) and using an average oxidizer
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̅̇ 𝑜𝑥 , from the test. The 𝑚
̅̇ 𝑜𝑥 is determined by taking the average of the oxidizer
flow rate, 𝑚
flow rate, 𝑚̇𝑜𝑥 , for the same time interval corresponding to 𝑡𝑏 .

The 𝑚̇𝑜𝑥 is controlled using a cavitating venturi and determined by,
(5.7)

𝑚̇𝑜𝑥 = 𝐴𝑣𝑒𝑛 𝐶𝑑,𝑣𝑒𝑛 √2𝑔𝜌𝑜𝑥 (𝑝𝑡𝑎𝑛𝑘 − 𝑝𝑣𝑎𝑝 )

where 𝐴𝑣𝑒𝑛 is the venturi cross sectional flow area, 𝐶𝑑,𝑣𝑒𝑛 is the venturi discharge
coefficient, 𝑝𝑡𝑎𝑛𝑘 is the liquid oxidizer tank pressure, and 𝑝𝑣𝑎𝑝 is the oxidizer vapor

𝑚𝑜𝑥 based off of Eqn. 𝑝𝑣𝑎𝑝 (5.7 from test #6 is provided in Figure 5.7.
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Figure 5.7 Oxidizer flow rate as a function of time during operation of the combustor
from test #6.
The cavitating venturi results are provided in Table 5.1 along with 𝑡𝑏 and oxidizer flow
time – the amount of time it would take to expend all of the oxidizer based on the oxidizer
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flow rate. Although one second discrepancy between oxidizer flow time and 𝑡𝑏 is possible
due to transients captured in 𝑡𝑏 and high 𝑚̇𝑜𝑥 at the end of the test when nitrogen gas
encounters the cavitating venturi, large consistent discrepancies between oxidizer flow
time and 𝑡𝑏 is noted for tests 2, 3, and 7, indicating the same cavitating venturi used in
these tests was not functioning properly.

𝑝𝑡𝑎𝑛𝑘 and Eqn. 𝑝𝑣𝑎𝑝
Test I.D.
1
2
3
4
5
6
7
8
9

Venturi
Diameter,
in
0.025
0.019
0.019
0.037
0.029
0.019
0.015
0.025

(5.7.

Injector

𝑚̇𝑜𝑥 , lb/s

𝑚𝑜𝑥 , lb

Oxidizer
Flow Time, s

𝑡𝑏 , s

GG-1
GG-1
GG-1
GG-1
GG-3
GG-2
GG-1
GG-1
GG-2

0.0399
0.0399
0.1751
0.1054
0.0399
0.0397
0.1056

0.1403
0.1403
0.2708
0.1468
1.576
0.956
0.2708
0.2708
0.956

3.516
6.787
9.001
9.070
6.787
6.821
9.053

5.498
9.427
3.670
9.535
9.228
10.46
5.553
8.413

The venturi was subsequently calibrated with deionized water and found to have a proper
value for 𝐶𝑑,𝑣𝑒𝑛 . The pressure recovery across the venturi was then determined using
deionized water and by controlling the downstream pressure using a manual valve. The
valve was gradually opened until cavitation occurred in the venturi.

The pressure

downstream of the venturi was found to be 35% of the upstream pressure upon cavitation.
Such a pressure loss was much more than the standard 80% of the upstream pressure. The
tests that used this venturi had around a downstream pressure between 40-70% of the
upstream pressure, indicating that the venturi was not cavitating during these tests and not
controlling the flow rate.
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To determine the oxidizer flow rate for test #2, Eqn. 5.2 was used along with the measured
𝑝𝑐 and 𝑝𝑖𝑛𝑗 from that test and a 𝐶𝑑,𝑖𝑛𝑗 of 1.1. This method did not work for test #3 and #7
because the 𝑝𝑐 measurement was plugged for those tests. Thus, 𝑚̇𝑜𝑥 was calculated by
dividing the amount of oxidizer loaded by 𝑡𝑏 . As 𝑚̇𝑜𝑥 and 𝑡𝑏 become interdependent using
this method, both values are iterated until a solution is found. The corrected oxidizer flow
rates and times exhibit more consistent values with 𝑡𝑏 , see Table 5.2.

Test I.D.
1
2
3
4
5
6
7
8
9

Table 5.2 Corrected oxidizer flow rates and times.
Venturi
Oxidizer
Diameter,
Injector
𝑚̇𝑜𝑥 , lb/s
𝑚𝑜𝑥 , lb Flow Time, s
in
0.025
GG-1
0.1403
0.019
GG-1
0.0274
0.1403
5.120
0.019
GG-1
0.0287
0.2708
9.427
GG-1
0.0447
0.1468
3.284
0.037
GG-3
0.1751
1.576
9.001
0.029
GG-2
0.1054
0.956
9.070
0.019
GG-1
0.0259
0.2708
10.46
0.015
GG-1
0.0397
0.2708
6.821
0.025
GG-2
0.1056
0.956
9.053

𝑡𝑏 , s
5.498
9.427
3.670
9.535
9.228
10.46
5.553
8.413

The uncertainty of the data obtained from the data reduction methods just described is
found by using the formula provided by Coleman and Steele [87] given by,
𝑈

2

𝑈𝑋

2

𝑦
𝑖
2
( 𝑦 ) = ∑𝑁
𝑖=1(𝑈𝑀𝐹𝑖 ) ( 𝑋 )
𝑖

(5.8)

where 𝑈 is the uncertainty of a variable, 𝑦 is the variable with an unknown uncertainty, 𝑖
is the number a variables used to calculate 𝑦, and 𝑈𝑀𝐹 is the uncertainty magnification
factor given by,
𝑈𝑀𝐹𝑖 =

𝑋𝑖 𝜕𝑦
𝑦 𝜕𝑋𝑖

.

(5.9)
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The results of this analysis is provided in Table 5.4. All of these values are based on
measured parameters except for 𝑟̇𝑎𝑣𝑔 and 𝐺𝑜𝑥,𝑎𝑣𝑔 . The calculations to determine these
variables both use 𝐴̅𝑠 , a value provided by a computer and not measured. Thus, the
uncertainties for these two variables are provided as a reference, under the inherent
assumption that there is no uncertainty in 𝐴̅𝑠 which is not the case.

5.2

General Observations

The data from the combustor tests is provided in Table 5.3. Little data is provided for test
#1 as this test experienced varying oxidizer flow rates causing it to quench and providing
inconsistent combustion characteristics. This behavior was a result of having excess
volume between the cavitating venturi and the injector coupled with low 𝑚̇𝑜𝑥 . As the test
proceeded, the oxidizer passed the venturi causing nitrogen to become the flow rate
controlling media, increasing 𝑚̇𝑜𝑥 notably and quenching the combustor. The data from
this test was thus inconsistent and not used. For subsequent tests, the excess volume was
removed between the venturi and injector resulting in consistent operation.

Table 5.3 Test parameters and reduced data from the rocket combustor tests.
Test I.D
Injector
Fuel Grain
Length, in
Fuel Port
Initial
Diameter, in
Number of Cut
Slots
𝑚𝑜𝑥 , lb
𝑚𝑓𝑢 , lb
𝜌𝑓𝑢 , lb/in3
O/F
𝑡𝑏 , s
𝑚̇𝑜𝑥 , lb/s
𝐺𝑜𝑥,𝑎𝑣𝑔 , lb/in2s
𝑟̇𝑎𝑣𝑔 , in/s
𝑝𝑐,𝑎𝑣𝑔 , psi
𝜂𝐶 ∗
𝑡𝑖𝑔𝑛 , s
Post Test
Swelling
Notes

1
GG-1

2
GG-1

3
GG-1

4
GG-1

5
GG-3

6
GG-2

7
GG-1

8
GG-1

9
GG-2

6.23

6.23

12.39

6.24

12.39

12.54

12.46

5.97

12.21

0.50

0.57

0.50

0.50

0.75

0.50

0.50

0.50

0.50

0

8

8

8

0

8

8

8

8

0.27
0.0084
0.0298
32.3
-

0.14
0.0143
0.0298
9.8
5.498
0.027
0.075
0.00447
172
0.83
1.027

0.27
0.0769
0.0299
3.5
9.429
0.029
0.079
0.00735
294
0.81
0.884

0.15
0.0090
0.0297
16.2
3.670
0.045
0.153
0.00456
228
0.89
0.117

1.58
0.0542
0.0299
29.1
9.535
0.175
0.344
0.00605
53
-

0.96
0.0968
0.0296
9.9
9.228
0.105
0.276
0.00928
304
0.84
0.494

0.27
0.0983
0.0298
2.8
10.463
0.026
0.067
0.00840
289
0.80
0.909

0.27
0.0525
0.0309
5.2
5.553
0.040
0.101
0.01700
469
0.73a
1.378

0.96
0.1479
0.0304
6.5
8.413
0.106
0.238
0.01622
407
0.82a
0.518

No

No

Yes

No

No

No

Yes

Yes

Yes

-

Plugged
𝑝𝑐 /
Swelled
Shut

No
Venturi

No
Ignition

-

Plugged 𝑝𝑐 /
Swelled
Shut

Nozzle Erosion/
Partially
Plugged 𝑝𝑐 /
Swelled Shut

Nozzle
Erosion/
Swelled Shut

Quenched

a. Values calculated using average of initial and final nozzle throat diameters.
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Table 5.4 Uncertainty in test parameters.
Test I.D
Fuel Grain
Length, in
Fuel Port
Initial
Diameter, in
𝑚𝑜𝑥 , lb
𝑚𝑓𝑢 , lb
𝜌𝑓𝑢 , lb/in3
O/F
𝑡𝑏 , s
𝑚̇𝑜𝑥 , lb/s
𝐺𝑜𝑥,𝑎𝑣𝑔 , lb/in2s
𝑟̇𝑎𝑣𝑔 , in/s
𝑝𝑐,𝑎𝑣𝑔 , psi
𝜂𝐶 ∗
𝑡𝑖𝑔𝑛 , s

1

2

3

4

5

6

7

8

9

±0.001

±0.001

±0.002

±0.001

±0.002

±0.002

±0.002

±0.001

±0.002

±0.001

±0.001

±0.001

±0.001

±0.001

±0.001

±0.001

±0.001

±0.001

±0.01
±0.0001
±0.0004
±1.6
-

±0.01
±0.0001
±0.0004
±0.5
±0.001
±0.006
±0.017
±0.00001
±2
±0.05
±0.001

±0.01
±0.0001
±0.0004
±0.2
±0.001
±0.002
±0.004
±0.00001
±2
±0.04
±0.001

±0.01
±0.0001
±0.0004
±0.8
±0.001
±0.008
±0.026
±0.00001
±2
±0.05
±0.001

±0.08
±0.0001
±0.0004
±1.5
±0.001
±0.010
±0.018
±0.00001
±2
-

±0.05
±0.0001
±0.0004
±0.5
±0.001
±0.007
±0.018
±0.00001
±2
±0.05
±0.001

±0.01
±0.0001
±0.0004
±0.1
±0.001
±0.001
±0.003
±0.00001
±2
±0.04
±0.001

±0.01
±0.0001
±0.0004
±0.3
±0.001
±0.005
±0.014
±0.00002
±2
±0.05
±0.001

±0.05
±0.0001
±0.0004
±0.3
±0.001
±0.008
±0.019
±0.00002
±2
±0.05
±0.001
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100
A typical test consisted of a sharp rise in 𝑝𝑐 as the injector pressurized and hypergolic
ignition occurred, see Figure 5.8. After reaching steady state combustion, both 𝑝𝑐 and 𝑝𝑖𝑛𝑗
would maintain a consistent pressure difference as both tended to decrease during the
duration of the test. A spike in both 𝑝𝑐 and 𝑝𝑖𝑛𝑗 would occur at the end of the test as the
oxidizer passed the cavitating venturi making nitrogen the controlling flow rate media for
a brief moment. Subsequently, both 𝑝𝑐 and 𝑝𝑖𝑛𝑗 would decrease quickly reaching their
purge pressures.
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Figure 5.8 Typical 𝑝𝑐 and 𝑝𝑖𝑛𝑗 pressure traces during combustor operation from test #6.
The combustor generally exhibited smooth combustion with most pressure oscillations
under ±1 psi, see Figure 5.9. There are a several “popping” type events with amplitudes
between 2-40 psi. These events may be attributed to rapid reaction of liquid oxidizer within
fuel surface irregularities formed in the regressing fuel grain. They may also be the result
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of some condensed phase products passing through the nozzle causing a momentary
decrease in throat area and an increase in pressure. Observations of condensed phase
exiting products the nozzle were made using a high speed camera, supporting this theory,
see Figure 5.10. The images show a large amount of condensed phase products passing
through the nozzle; however, such visible quantities of condensed phase products only
occurred a few times during the test. The majority of the pressure oscillations that deviated
more than ±2 psi did not have visibly notable condensed phase products pass through the
nozzle.
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(b)
Figure 5.9 Typical pressure oscillations for 𝑝𝑐 from test #6. Part (b) has a small y-scale
than (a) allowing for better observation of the smaller pressure oscillations.
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Nozzle

Figure 5.10 Condensed phase material (noted by white arrows) exiting out of combustor
through nozzle. Images are in succession with a time difference of 1 ms between each
image.
The exhaust plume exhibited a color range from clear to bright green. The bright green
flame occurred when the O/F ratio was close to stoichiometric (O/F ≈ 3.9) conditions
whereas the clear flame occurred in oxidizer rich combustion. This behavior is depicted in
Figure 5.11 with representative images of both stoichiometric and oxidizer rich conditions,
taken from test #9. The bright green flame occurs early in the test when 𝑝𝑐 and fuel
regression rate are both high, producing near stoichiometric combustion Figure 5.11 (a).
After the nozzle erodes, 𝑝𝑐 decreases causing 𝑚̇𝑓𝑢 to decrease, which results in oxidizer
rich combustion and generates a clear flame, Figure 5.11 (b).
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(a)

(b)

Figure 5.11 Exhaust plume from test #9 during near stoichiometric (a) and oxidizer rich
(b) combustion.
Once passing through the exhaust tube, the exhaust is clear under both stoichiometric and
oxidizer rich conditions. Further downstream of the exhaust tube, it appears that condensed
phase products were produced, as a faint smoke was occasionally observed. Chemical
equilibrium calculations performed in Cheetah 6.0 predict boron containing combinations
of B2O3, BHO2, B(OH)3, BN, and others, all of which would condense to solids at room
temperature, resulting in smoke. A borosilicate disk was placed in the exhaust of several
tests to collect products that were later analyzed with a Bruker D8 X-ray diffraction (XRD)
machine. Both condensed phase crystalline B(OH)3 and BN were observed, see Figure
5.12, suggesting that the chemical equilibrium calculations are correct and the smoke is
boron based condensed phase products. Condensed phase B2O3 and BHO2 were also likely
present on the borosilicate disk but in amorphous form; however, this was not verified.
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Figure 5.12 Results of XRD analysis of combustion products that have exited the
combustor.
Radial swelling of the fuel grain caused by gas generation near the phenolic liner is
sometimes observed after the test is complete resulting in the fuel constricting, see Figure
5.13. This behavior was observed when the O/F of the test was nearer stoichiometric ratios
and typically occurred towards the aft end of the fuel grain. It is likely the swelling was
caused by the higher combustion temperatures associated with near stoichiometric
combustion and the higher core flow temperatures more prevalent at the aft end of the
motor. Some of the charred surfaces become pinched in the swelled section of the motor
indicating it is likely that the swelling occurred after combustion was complete.
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(a)

(b)

Figure 5.13 Sections of the fuel grain from test #9 where swelling did not occur at the
head end (a) and did occur at the aft end (b).
The nozzle typically becomes clogged after the test for the tests in which the grain swells
post combustion, see Figure 5.14. This causes 𝑝𝑐 to rise during purge phase resulting in
some condensed phase products to be expelled until the products cool. The combination
of swelling of the fuel grain and expulsion of condensed phase products post-test means
that the measured 𝑚𝑓𝑢 for these tests may be a little high; however, it is likely the amount
expelled post-test is minimal as the results are similar to those tests that did not exhibit
swelling.
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(a)

(b)

Figure 5.14 Plugged nozzles from test #7 (a) and test #9 (b).
5.3

Characteristic Velocity Efficiency

Nozzle erosion occurred for both test #8 and #9 making 𝜂𝐶 ∗ measurements inaccurate
based on initial throat diameter. The values presented in Table 5.3 for these tests are based
on using the average of initial and final throat diameter in Eqn. 5.3.

The 𝜂𝐶 ∗ for the tests is generally between 80-90%, values that suggest incomplete
combustion or error in measuring 𝑚𝑓𝑢 expelled during combustion. The excess fuel that
could have been expelled post test, for the grains that swelled, could cause the actual 𝑚𝑓𝑢
consumed during motor operation to be less than reported. Charring/combustion of the
phenolic and high temperature RTV between the nozzle and phenolic could also have lead
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to higher values for 𝑚𝑓𝑢 . Thus, the actual 𝜂𝐶 ∗ values are probably a little higher than those
reported in Table 5.3.

The 𝜂𝐶 ∗ of test #8 appears to deviate from the other tests. This particular test also exhibited
abnormally strong axial swelling post test compared to what was observed in all other tests,
see Figure 5.15. It is possible that this particular fuel grain had partially reacted prior to
the test producing a lower 𝜂𝐶 ∗ and resulting in excessive axial swelling.
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(a)

(b)

(c)
Figure 5.15 Aft end of the fuel grain showing fuel grain axial expansion for test #4
before combustion (a) and tests #4 (b) and #8 (c) after combustion.
5.4

Hypergolic Ignition Behavior

Eight of the nine tests demonstrated successful hypergolic ignition. The 𝑡𝑖𝑔𝑛 varied from
0.529-1.450 s for tests that used a cavitating venturi. The range of 𝑡𝑖𝑔𝑛 appears to correlate
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to 𝑚̇𝑜𝑥 with shorter 𝑡𝑖𝑔𝑛 for higher 𝑚̇𝑜𝑥 . The higher 𝑚̇𝑜𝑥 values caused the plumbing
between the venturi and injector to fill and reach steady state operation faster, reducing the
overall 𝑡𝑖𝑔𝑛 . Test #4, that did not have a cavitating venturi allowing the oxidizer to reach
the injector quickly, produced the shortest 𝑡𝑖𝑔𝑛 with a value of 0.135 s, see Figure 5.4. The
𝑡𝑖𝑔𝑛 for test #4 is on par with or faster than other hypergolic hybrid combustors for which
ignition data was available [12, 88, 89, 90, 91].

Test #5 did not achieve ignition. The fuel grain was used in a previous test and had been
bored to remove most of the char and partially reacted layer exposing some pristine fuel
surfaces. The injector used in this test had a higher spray angle, and the oxidizer flow rate
was almost twice that of previous tests. Thus, impingement flux of liquid oxidizer at the
head end of the grain was almost double that of all the other tests. The combination of a
re-used fuel grain with not all pristine surface and the high impingement oxidizer rate are
likely the reasons why test #5 did not ignite.

5.5

Regression Rate

The main method to determine regression rates was through the bulk mass method that was
then validated using the geometrical method. Both methods produced similar results, see
̅ .
Table 5.5, with the geometrical method producing slightly higher values for 𝑟̇ ̅ and 𝐺𝑜𝑥
̅ are the
The geometrical method includes a single section of the fuel grain where 𝑟̇ ̅ and 𝐺𝑜𝑥
highest; the fuel regression rate varies down the length of the grain. All other sections in
the fuel grain would provide similar or lower values, meaning that the geometrical method
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for the entire fuel grain and the bulk mass method provide values even closer than what is
reported suggesting that both methods are valid for analyzing the data. The remaining
analysis is for 𝑟̇ ̅ values determined using the bulk mass method.
Table 5.5 Regression rate and oxidizer flux values determined by bulk mass and
geometrical methods for a couple of tests.
Bulk Mass
Geometrical
Bulk Mass
Geometrical
Test I.D.
2
̅
̅
̅
̅ , lb/in2s
Method 𝑟̇ , in/s Method 𝑟̇ , in/s Method 𝐺𝑜𝑥 , lb/in s Method 𝐺𝑜𝑥
0.00456
4
0.0055
0.153 ±0.026
0.1639
±0.00001
0.00928
6
0.0102
0.276 ±0.018
0.2830
±0.00001
The regression rate of the fuel did not exhibit a strong oxidizer flux dependence typical of
hybrid rockets, see Figure 5.16, but instead exhibited a strong pressure dependence, see
Figure 5.17. Conducting a least squares analysis of the data provides the equation,
0.13 1.61
𝑟̇ ̅ = 1.16𝑥10−6 𝐺𝑜𝑥
𝑝𝑐

(5.10)

with an R2 of 0.97, 𝐺𝑜𝑥 in lb/in2s, and 𝑝𝑐 in psi. The strong pressure and weak flux
dependence is uncommon even for hypergolic hybrid rockets. Those experiments that have
exhibited pressure dependence typically have a pressure exponent of 0.6 or less and a flux
exponent of 0.5 or less with the regression rate becoming strictly flux dependent at
pressures above 300-400 psi [10, 18, 92]. One experiment produced a regression rate
pressure dependence exponent of 0.78 [8]; however, this is still notably lower than the
value produced by the present experiments.

The near non-existent regression rate

dependence on flux along with the strong pressure dependence suggests that the
mechanisms dominating the combustion behavior differ dramatically from what has been
historically observed. These results would suggest that the partially reacted layer and
hypergolic reactions are significantly influencing the combustion behavior as these two
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factors are not typically present in hybrid rocket combustors. If the observed trends are
consistent at high pressures, then fuel regression rates higher than what has been achieved
in the past are possible.
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Figure 5.16 Regression rate of experimental fuel and other fuels as a function of 𝐺𝑜𝑥,𝑎𝑣𝑔 .
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Figure 5.17 Regression rate of experimental fuel as a function of 𝑝𝑐,𝑎𝑣𝑔 .
The regression rate varied down the length of the fuel grain and varied with grain length,
see Figure 5.18 (6.24 in long grain) and Figure 5.19 (12.54 in long grain). The regression
rate at the head end, immediately adjacent to the injector, is initially high and tapers down
to a lower rate further downstream, a behavior consistent for both the long and short grains
and common for hybrid rocket combustors in general. The regression rate for the short
grain appears to remain constant for the rest of the grain length, whereas the long grain
exhibits higher regression rates towards the aft end of the motor.
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Figure 5.18 Sectioned fuel grain from test #4. The red dashed line indicates the initial
fuel surface, whereas the blue indicates the final fuel surface based on a surface normal
fuel regression. The distances of the section face from the head end of the fuel grain,
starting in the upper left corner and going left to right, are -0.25, 1.44, 2.94, 4.44, 5.75,
and 6.24 in.
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Figure 5.19 Sectioned fuel grain from test #6. The red dashed line indicates the initial
fuel surface, whereas the blue indicates the final fuel surface based on a surface normal
fuel regression. The distances of the section face from the head end of the fuel grain,
starting in the upper left corner and going left to right, are -0.25, 1.50, 3.50, 5.63, 7.88,
10.06, 12.69, and in.
The regression rate data also suggests that the combustion behavior is slightly different for
the two grain lengths, see Figure 5.20. The flux dependence of the short grains is nearly
non-existent with a slightly negative exponent while the longer grains exhibit a little higher
flux dependence with an exponent of 0.31. Likewise, the pressure dependence exponent

116
increases from 1.42 for the short grain to 2.04 for the long grain. The combination of these
observations suggests that the combustion process towards the head end of the long grains
has negligible flux dependence and notably high pressure dependence while the aft end of
the grain exhibits increased flux and pressure dependence. At this point, it is difficult to
identify what mechanisms are becoming more dominant towards the aft end of the motor.
It is possible that the higher velocities and flux levels experienced at the aft end of the
motor are stripping off the partially reacted layer (if present) allowing for more hypergolic
reactions (if occurring). It is also possible that less liquid oxidizer is able to reach the aft
end of the motor, reducing the influence of the hypergolic reaction on the combustion
behavior. These mechanisms will be investigated further in the following chapter.
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Figure 5.20 Regression rate of experimental fuel divided into short (~6 in) and long (~12
in) fuel grains as a function of (a) 𝐺𝑜𝑥,𝑎𝑣𝑔 and (b) 𝑝𝑐 .
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It is apparent, from the images in Figure 5.18 and Figure 5.19, that a layer of char and
thermally modified/partially reacted material is present on the surface of the fuel grain: a
behavior similar to what was observed in the opposed burner experiments, see Section 4.4.
Comparison of the location of the combusted fuel surface with the original fuel surface (the
red dashed lines) emphasizes the formation of a partially reacted layer that swells, as the
combusted fuel surface is smaller than the original, see Figure 5.18. Removal of the
swelled layer, through polishing with water, shows that the unreacted fuel surface can be
deep under the partially reacted layer, see Figure 5.21. The thickness of the layer is thin at
the head end and increases down the length of the fuel grain; probably the result of the head
end experiencing cooler average combustion chamber temperatures and quicker cooling as
cool nitrogen purge gases encounter the head end first. Purge gases become heated before
reaching the aft end of the fuel grain length where hot combustion temperatures prevailed
allowing for more heat transfer into the fuel grain and increased swelling. This swelling
probably also occurs post combustion, whereas the actual thickness of this partially reacted
layer, during combustion, is similar to what is observed near the head end of the fuel grain.
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(a)

(b)
Figure 5.21 Sample fuel grain sections from test #4 (a) and test #6 (b). The images on
the left are as cut and the images on the right are the same samples after polishing. The
distances of the section face from the head end of the fuel grain are 2.94 in for (a) and
5.63 in for (b).
Due to the difficulty in determining the fuel port perimeter after combustion, the fuel flow
rate,
𝑚̇𝑓𝑢 =

𝑚𝑓𝑢
𝑡𝑏

behavior was investigated to determine the controlling mechanisms.

(5.11)
The 𝑚̇𝑓𝑢 was

normalized by the fuel grain length, as the combustion mechanisms should be relatively
constant down the length of the grain, and then plotted as a function of oxidizer flux and
chamber pressure, see Figure 5.22. The trends of these results and those found using the
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regression rate method are almost identical, exhibiting similar exponents and R2 values.
This suggests that the previous observations made are correct and that pressure is the most
influential component of the combustion behavior.

Normalized Fuel Flow Rate, lb/in s
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Figure 5.22 Fuel flow rate normalized by fuel grain length as a function of (a) 𝐺𝑜𝑥,𝑎𝑣𝑔
and (b) 𝑝𝑐 . The horizontal bars at every data point is the range of uncertainty of the
measurement.
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CHAPTER 6. MODELING COMBUSTION BEHAVIOR

Combustion within a rocket can be a complex and varied process, making it challenging to
identify which mechanisms dominate. In the current hypergolic hybrid combustor, several
reactions that influence combustion behavior can occur simultaneously, such as a turbulent
diffusion flame, radiative and convective heat transfer, liquid oxidizer evaporation and
transport, hypergolic reactions, and the development of a partially reacted layer and char
on the fuel surface.

In this chapter, the classical model for general hybrid rocket

combustion will be reviewed. However, as this theory fails to fully characterize the
observed combustion behavior, we will evaluate in further detail the effects of flame
kinetics, radiation, hypergolic reactions, and the partially reacted foam layer on the
combustion behavior and resulting regression rate of the hypergolic hybrid rocket tests
discussed in CHAPTER 5.

6.1

General Hybrid Rocket Combustion Theory

General hybrid rocket combustion theory suggests that fuel regression rate is highly
dependent primarily on the convective heat transport from the flame to the fuel surface in
the following manner,
𝜇 0.2

𝑟̇ 𝜌𝑓𝑢 ℎ𝑣 = (0.03) (𝑥 )
which can be further simplified to,

0.32
𝑣
∆ℎ
0.8
𝐺𝑜𝑥
((𝑣𝑒 ) ( ℎ ))
𝑏

𝑣

ℎ𝑣

(6.1)

123
0.8
𝑟̇ = 𝐶0 𝐺𝑜𝑥

(6.2)

where 𝜌𝑓𝑢 is the fuel density, ℎ𝑣 is the energy required to raise the initial fuel temperature,
𝑇0 , up to the fuel surface temperature, 𝑇𝑠 , and convert the condensed phase fuel into gas, 𝜇
is the viscosity of the combustion gases, 𝑥 is the distance down the fuel port, 𝑣𝑒 is gas
velocity at edge of boundary layer, 𝑣𝑏 is gas velocity at the flame, ∆ℎ is the difference in
enthalpy between the flame and gas phase species at the condensed phase interface, and 𝐶0
is a constant. This form was originally derived by Marxman and Gilbert [93] and further
expounded on by Altman [94]. Pressure exhibits little to no influence on the regression
rate according to this traditional derivation.

However, it is important to note that this classical model fails to fully describe the observed
combustion behavior of the current experiments which clearly demonstrated a high
dependence on pressure. This suggests that the potential mechanisms associated with our
combustor environment, mentioned above, combine to produce unique and unprecedented
combustion behavior using our novel fuel. The remainder of this chapter will be devoted
to evaluating theory on each likely process and evaluate its influence on overall combustion
behavior to elucidate on which process is most likely the dominate mechanism.

6.2

Flame Kinetics

Classically, two regimes have been identified in hybrid rockets where pressure dependence
is possible; one is at high flux levels and low pressures, where flame kinetics become
important, and the other is at low flux levels, where radiation becomes important, see
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Figure 6.1. We will first investigate the potential of flame kinetics producing the observed

Log Regression Rate

combustion behavior in the current experiments.

Radiation Effect

Diffusion Dominates

Pressure

Kinetics Effect
Pressure

Log Mass Flux Rate

Figure 6.1 Classical hybrid rocket regression rate behavior as a function of material flux
level down the fuel port. Figure has been modified from original [94].
At high flux levels and low pressures, the rate of species transport increases and can
become faster than flame reaction kinetics, causing the diffusion flame reaction zone to
broaden. The broadening flame zone results in less heat transfer to the fuel surface and
thus lower regression rates compared to when flame kinetics are faster than the rate of
species transport. Thus, the kinetics of the flame zone, and therefore pressure, begin to
exert influence on the regression rate of the fuel. As pressure increases, the kinetics of the
reaction will increase, once again resulting in the transport of species becoming the limiting
factor and the classical flux dependence regression rate, see Eqn. 6.1.

Wooldridge and Marxman [95] developed an analytical model for this regime of
competition between diffusion and reaction kinetics by comparing the time scales related
to turbulent species transport and chemical kinetics. They arrived at the following form,
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𝜃𝑡 = 𝐶1

𝑙1 (𝜇 ⁄𝑥)0.2 𝐺 0.8 𝐵0.32

(6.3)

𝑛⁄2 1+𝑛⁄2 −𝐸⁄𝑅𝑇𝑓
𝑇𝑓
𝑒

𝑙2 𝑝𝑐

and,
2 0.5

𝑟̇ = 𝑟̇0 (𝜃 )
𝑡

1

[1 − 𝜃 (1 − 𝑒 −𝜃𝑡 )]

0.5

𝑡

(6.4)

where 𝜃𝑡 is a ratio of diffusion over kinetic time scales, 𝐶1 is a constant, 𝑙1 is the
characteristic flame length, 𝑙2 is the characteristic mixing length, 𝑇𝑓 is the flame
temperature, 𝑛 is the global chemical reaction order, 𝐸 is the activation energy of the
kinetic reaction, 𝑅 is the gas constant, and 𝑟̇0 is the original regression rate from classical
flux dependence, see Eqn. 6.1. As pointed out by Altman and Humble [94], for high fluxes
and low pressures (𝜃𝑡 is large) and assuming a gas phase reaction order of 2, the equations
reduce to,
𝜇 0.2

𝑟̇ = 𝐶2 (0.03) (𝑥 )

0.4 0.32 0.5
𝐺𝑜𝑥
𝐵 𝑝𝑐

(6.5)

which can reduce to the form,
0.4 0.5
𝑟̇ = 𝐶3 𝐺𝑜𝑥
𝑝𝑐

(6.6)

where 𝐶2 and 𝐶3 are constants.

Such a regression rate behavior has been observed experimentally [10, 18, 92] and is a
likely explanation for the similar flux and pressure dependence exponents measured in
those experiments. It is possible to match the pressure exponent of Eqn.

𝑇𝑓

(5.10 if a 6th

(6.3. However, such a gas phase reaction order is highly unlikely. The lack of flux

dependence of Eqn.

(5.10 is another discrepancy with gas phase kinetic theory.

Furthermore, the observed gas phase kinetic effects of previous experiments tend to
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diminish at pressures above 400 psi, whereas the current experiments appears to continue
to demonstrate a strong pressure dependence above 400 psi. These trends suggest that gas
phase kinetics is not the dominant mechanism controlling combustion behavior in the
current experiments.

6.3

Radiation Effects

Radiative heat transfer could be a plausible explanation why a strong pressure dependence
0.13 1.61
is observed in the present experiments (𝑟̇ = 1.16𝑥10−6 𝐺𝑜𝑥
𝑝𝑐 ), especially since there

is little apparent convective heat transfer to the fuel surface. It has been noted that this
situation can arise in hybrid rocket combustion when flux down the fuel port is low,
resulting in weak convective heat transport and therefore heat transfer being dominated by
radiation [92, 94]. Such flux levels are typically notably lower than values in the current
experiments, suggesting it is unlikely that this phenomena is producing the observed
pressure dependence. The presence of a partially reacted layer on the fuel surface, see
Section 5.5, could potentially inhibit the convective heat transfer, making radiative heat
transfer dominance possible. Under this assumption, a radiative analysis follows to provide
a sense of the amount of radiative heat transfer would be possible if it was the sole means
of heat transfer.

According to Incropera et al., gas phase radiative heat transfer, 𝑞̇ 𝑟 , can be modeled as,
𝑞̇ 𝑟 = 𝜎𝜀𝑔 𝑇𝑔4

(6.7)

127
where 𝑞̇ 𝑟 is the radiative heat transfer, 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑔 is the gas
temperature, and 𝜀𝑔 is the gas emissivity given by the form,
∞

𝜀𝑔 = ∫0 1 − 𝑒 −𝜅𝜆𝐿 𝑑𝜆

(6.8)

where 𝜅𝜆 is the absorption coefficient of the gas, 𝜆 is the wavelength, and 𝐿 is mean beam
path through the gas [96]. Son and Brewster [97] used this form in calculating gas phase
emission heat transfer in a solid rocket motor and computationally determined the amount
of radiation produced by the gas based on the emission spectra of the species present in the
gas and produced the correlation provided in Figure 6.2.
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Figure 6.2 Radiation from gas phase and solid particulate as a function of pressure and 𝐿
and an equation fitting the data. Adapted from provided by Son and Brewster [97].
Assuming the current propellant combination has similar gas phase species and
temperatures in the flame zone, the same correlation can be used to determine the amount
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of radiative heat transfer occurring as a function of the product of 𝑝𝑐 and 𝐿. This is a
reasonable assumption as the most dominant emitting product species in the 88% AP/12%
HTPB combination used by Son et al. and the nitric acid and EDBB/ferrocene/epoxy
combination are very similar with the major differences being the lack of HCl and the
presence of boron products in low concentrations for the latter combination. According to
the calculations of Son et al., the HCl contributes little to the radiation. The flame
temperature used by Son et al. was 2800 K, whereas stoichiometric flame temperatures of
the nitric acid and EDBB/ferrocene/epoxy combination is 3000-3100 K; however, it is
likely that the actual diffusion flame temperature is lower due to dilution by cooler fuel,
oxidizer, and product species. Comparison of spectral intensity as a function of wavelength
of the two main fuel components from each propellant combination, HTPB end EDBB,
reacting with oxygen have similar profiles with HTPB having a slightly higher intensity,
see Figure 4.15. These observations suggest that the radiative heat model produced by Son
et al. can produce reasonable values for the current experiment.

Son and Brewster assumed an isothermal core when determining their value for 𝐿, making
𝐿 equivalent to the diameter of the motor [97]. This is not a valid assumption in a hybrid
rocket motor as a comparatively cool core of oxidizer mixed with products occupies most
of the combustor with the location of high temperatures located near the fuel surface in the
diffusion flame region where the dominant radiative heat transfer is produced. Assuming
the flame is 1 mm thick and 1 mm from the surface of the fuel, 𝐿 can be calculated based
on the following equation,
𝐿 = 4 𝑉 ⁄𝐴

(6.9)
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where 𝑉 is the volume of the emitting gas and 𝐴 is the surface area of the fuel. This
produces a value of 𝐿 = 0.0038 m. However, this method of calculating 𝐿 assumes no
interfering media between the gas volume and the fuel surface, a condition that is not met
in the hybrid combustor due to the relatively cool core flow down the center of the fuel
port, resulting in an overly high estimate for 𝐿 . Another method of calculating 𝐿 is
assuming the flame and fuel surface behave as two infinite parallel plates resulting in 𝐿 =
1.8𝑧, according to Incropera et al. [96], where 𝑧 is the flame distance from the fuel surface.
Assuming again a distance of 1 mm for the flame distance from the fuel, a value of 𝐿 =
0.0018 m is produced, which is roughly half of that obtained by using the volume of the
emitting gas to determine 𝐿. In reality, the actual value for 𝐿 is probably between 0.0018
and 0.0038 m; therefore, the values of 𝐿 from the two methods is averaged producing 𝐿 =
0.0028 m.

To implement the radiation model, it is assumed that all of the fuel regression is caused by
𝑞̇ 𝑟 according to,
𝑟̇ 𝜌𝑓𝑢 ℎ𝑣 = 𝑞̇ 𝑟 .

(6.10)

The remaining unknown in this model is a value for ℎ𝑣 . As epoxy is similar to HTPB, the
ℎ𝑣 for the epoxy part of the fuel uses the value found by Lengelle for HTPB burning in a
hybrid motor with a flux of 16 g/cm2, ℎ𝑣 = 745 cal/g [86]. The ℎ𝑣 for EDBB was estimated
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to be 400 cal/g, see Section 4.5. Thus a mass average value of ℎ𝑣 = 470 cal/g is used in
the current model.

The radiative model produces the results provided in Figure 6.3. The resulting regression
rate is roughly 4-10 times less than what was measured in the combustor, and while the
model does produce a regression rate that is notably pressure dependent, the pressure
exponent is half of what was observed in experiments. It is also unlikely that the calculated
amount of radiation used in this model is actually reaching the pristine fuel surface and
contributing to fuel regression. As stated earlier, for radiative to dominate over convective
heat transfer, it is likely that the layer of partially reacted material on the fuel surface is
producing a thermal insulator that inhibits convective heat transfer. The char on the surface
of that layer will also act like a black body and absorb almost all of the radiation from the
flame. It is true that the char layer will then radiate heat towards the pristine fuel, but char
temperatures are probably around 1000 K meaning the radiative heat transfer will be
several orders of magnitude less than what the flame zone is transmitting. As discussed
below, it is also likely that liquid oxidizer is present between the hot flame zone and the
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fuel surface providing further, albeit small, radiative impedance. It is thus unlikely that
radiation has a notable influence on the regression rate of the fuel.
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Figure 6.3 Radiation model results.
6.4

Pressure Dependent Hypergolic Reactions

Hypergolic reactions between the oxidizer and fuel are a possible explanation as to why a
strong pressure dependence is observed in the regression rate data. Hypergolic reactions
can involve various steps in the reaction including condensed/condensed, condensed/gas,
and gas/gas phase reactions. Each of these reaction types and their application to the
present experiments will be addressed.

In order for liquid phase hypergolic reactions to occur, liquid oxidizer needs to be present
at the fuel surface. This could occur through convective transport or by direct impingement
of injector spray onto the fuel surface. To determine if the latter is possible, a simplified
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1-D droplet evaporation model was derived to determine the life time of a liquid oxidizer
droplet, 𝑡𝑒𝑣𝑎𝑝 , and the time it would take for such a droplet to reach the end of the longer
fuel grains, 𝑡𝑥 . The details of the model are provided in Appendix D, whereas the results
are provided in Table 6.1, where 𝑇∞ is the average combustor temperature that the droplet
will experience and 𝐷0,𝑑𝑟𝑜𝑝 is a droplet’s initial diameter. The time given for 𝑡𝑥 is for the
slowest injection velocities. The times would suggest that the larger droplets will reach
the aft end of the fuel grain, indicating that it is likely that liquid oxidizer droplets are
reaching the fuel surface along the entire length of the fuel grain.
Table 6.1 Evaporation times for several sizes of nitric acid droplets and average
combustor temperatures along with the time for a droplet to reach the end of the
combustor.
𝑡𝑥 , ms
𝐷0,𝑑𝑟𝑜𝑝 , µm 𝑡𝑒𝑣𝑎𝑝 , ms
𝑇∞ , K
500
30
18.7
30.4
1000
30
3.9
30.4
500
100
207.3
30.4
1000
100
43.5
30.4
Liquid oxidizer/solid fuel reactions are possible in the present system, especially since
there is a high probability that liquid oxidizer is impinging on the fuel surface. The
hypergolic reaction kinetics of such an interaction are not likely to exhibit a strong pressure
dependence due to the condensed phase state of both propellants. Pressure dependence in
chemical kinetics typically arises in gas phase reactions as the concentration of a gas can
vary linearly with pressure, assuming ideal gas law. It is possible that adsorption of the
liquid oxidizer onto the solid fuel surface could influence the overall reaction kinetics;
however, condensed phase adsorption onto condensed phase again does not exhibit strong
pressure dependence. It is thus unlikely that purely condensed phase reactions will
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contribute to the pressure dependence observed in the combustion behavior of the present
experiment.

Heterogeneous reactions between gaseous oxidizer and the surface of the solid fuel are a
possible source for pressured dependent regression rates. These particular reactions have
been investigated analytically by several researchers with emphasis on heterogeneous
reaction kinetics [43] or adsorption of the oxidizer onto the fuel surface [51] as the rate
limiting processes. Smoot et al. showed through a 1-D analysis, using energy and species
conservation, that an analytical solution could be found for an nth order heterogeneous
reaction combined with a convective environment [43]. For most of their calculations they
assumed a 1st order heterogeneous reaction, common for combustion processes. They also
used the Chilton-Colburn analogy of heat and mass transfer to simply the equations. The
solution provided a complex relation for the regression rate as a function of various
parameters including pressure and total flux. This complex relationship was further
simplified by Smoot et al. by assuming that the temperatures at the fuel surface and
turbulent diffusion flame are similar; a possible situation if the amount of fuel and oxidizer
that react heterogeneously is high enough such that the products from this reaction dilute
the temperature of the turbulent diffusion flame. Making this assumption, the following
form was obtained,
𝑟̇ =

0.8 𝑝
𝐶4 𝐶5 𝐺𝑜𝑥
𝑜𝑥,∞
0.8 +𝐶 𝑝
𝐶4 𝐺𝑜𝑥
5 𝑐

(6.11)

where 𝑝𝑜𝑥,∞ is the free stream oxidizer partial pressure and 𝐶4 and 𝐶5 are constants.
Assuming that the free stream flow is mostly oxidizer, it can be seen that for high 𝐺𝑜𝑥 , the
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regression rate becomes linearly dependent with 𝑝𝑐 , whereas for low 𝐺𝑜𝑥 , the regression
rate becomes independent of 𝑝𝑐 . The adsorption analyses, of gaseous oxidizer being
adsorbed onto the fuel grain, presented by Rastogi and Deepak [51] produces a similar
result of the form,
𝐶 𝑝𝑐𝑚

6
𝑟̇ = 1+𝐶

𝑚
7 𝑝𝑐

(6.12)

where 𝐶6 and 𝐶7 are constants and m is an index between 0 and 1, the main difference
being the lack of 𝐺𝑜𝑥 dependence.

Both of these analyses inherently assume that if a turbulent diffusion flame exists, the fuel
first reacts with the oxidizer present at the fuel surface. Any remaining fuel or products
from the heterogeneous reaction are then fully reacted to combustion products in the
turbulent diffusion flame. While such a situation is conceivably possible, it is a concept
that contradicts that traditional assumption that indicates that oxidizer will first react in the
turbulent diffusion flame leaving little oxidizer if any to reach the fuel surface. Despite the
uncommon assumption needed for Eqns. 6.11 and 6.12 to be valid, there are experimental
values for hybrid rockets that would support such a theory. Several researchers have found
hypergolic combinations with regression rates having pressure dependent exponents of 0.40.6 [10, 17, 18, 98]. Such pressure exponents are also consistent with the kinetic flame
theory mentioned in Section 6.2, suggesting that typical flame kinetics could also be the
limiting factor in these systems and not condensed/gas phase reactions.
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If the more traditional assumption is correct, it is still possible, with the current experiments,
that oxidizer is reaching the fuel surface due to the evaporation rate of liquid nitric acid.
As a result, Eqns. 6.11 and 6.12 still have some applicability to the current experiments,
assuming heterogeneous hypergolic reactions are responsible for the observed pressure
dependence. However, Eqns. 6.11 and 6.12 predict a regression rate that is linearly or less
pressure dependent, indicating that heterogeneous condensed fuel/gaseous oxidizer
hypergolic reactions are probably not responsible for the observed combustion behavior in
the current experiments.

The other possibility associated with hypergolic reactions is a gas/gas phase reaction
located between the fuel surface and the turbulent diffusion flame. In this particular case,
if most of the fuel reacts with the turbulent diffusion flame, leaving little oxidizer to react
hypergolically in the gas phase, the traditional hybrid combustion theory will prevail with
the regression rate being primarily flux dependent. On the other hand, if the fuel primarily
reacts with the oxidizer in a hypergolic reaction, located between the fuel surface and
turbulent diffusion flame, then turbulent transport of oxidizer and turbulent mixing along
with the hypergolic gas phase kinetics influence the regression rate. The dynamics of
turbulent transport versus gas phase kinetics result in the same arguments that were used
for the kinetic flame theory discussed in Section 6.2. Thus, the governing principles for
when gas phase kinetics dominates is once again provided by Eqn. 6.6. As this relationship
0.4 0.5
again only exhibits regression rate with a 𝐺𝑜𝑥
𝑝𝑐 dependence, it is unlikely that gas phase

hypergolic reactions are responsible for the observed combustion behavior in the present
0.13 1.61
experiments that has the form 𝑟̇ = 1.16𝑥10−6 𝐺𝑜𝑥
𝑝𝑐 .
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6.5

Partially Reacted Foam Layer

The remaining aspect to investigate is the influence of the partially reacted layer on the
combustion process. During combustion at atmospheric conditions, the partially reacted
layer exhibits characteristics of foam in that gas is generated that causes an apparent liquid
melt layer to expand, forming pockets of gas. Eventually, the layer solidifies producing a
porous, foam like media, see Section 4.5 for further details on this behavior. Assuming
that the decomposition behavior of the fuel is similar in the combustor experiments, the
partially reacted layer can be modeled as a foam. Foam is used for a variety of reasons
throughout industry; one main reason is its excellent properties as a thermal insulator. Thus
a foam layer on the fuel surface could produce a low conductivity thermal insulating layer
between the turbulent diffusion flame and the fuel surface, see Figure 6.4. The presence
of the foam layer could notably influence the heat transfer to the fuel surface causing the
regression rate to decrease.
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Figure 6.4 A schematic depicting the relative temperature profiles of a solid hybrid fuel
burning with and without a partially reacted foam layer that behaves as an insulator. The
distance between the fuel surface and the turbulent diffusion flame may not be the same
for a fuel with and without a foam layer, but for simplification, they are portrayed to have
the same distance.
The fuel regression rate behavior can be approximated, for the scenario proposed in Figure
6.4, by performing an energy balance between the fuel preheat zone and the combination
of the partially reacted layer and the convective zone. The heat transfer through the
partially reacted layer and the convection zone can be modeled using a thermal circuit
analysis, as it is assumed that no heat generation occurs in these regions. Such an analysis
produces,
𝑚̇𝑓𝑢 𝑐𝑝,𝑓𝑢 (𝑇𝑠 − 𝑇0 ) = (𝑇𝑓 − 𝑇𝑠 )𝐴𝑠 [ℎ

1

𝑐𝑜𝑛𝑣

𝛿

+ 𝑘𝑖𝑛𝑠 ]
𝑖𝑛𝑠

−1

(6.13)

where 𝛿𝑖𝑛𝑠 and 𝑘𝑖𝑛𝑠 are the thickness and apparent thermal conductivity, respectively, of
the partially reacted insulating layer.
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The apparent thermal conductivity of a foam layer is a combination of thermal conductivity
through the solid structure, convective heat transfer through the gas pockets throughout the
solid structure (this can become solely conduction through gas assuming the gas within the
pockets does not move and ignoring buoyancy effects), and radiation between the many
surfaces throughout the porous structure. According to Glicksman, the influence of
radiation is most pronounced in very low density foams but becomes negligible as foam
density increases [99], see Figure 6.5. The influence of radiative heat transfer also
diminishes as the gas cell diameters, within the foam, decrease, see Figure 6.6. The cell
size in a 100% EDBB pressed pellet is on the order of magnitude of 100 µm or less at
atmospheric conditions, see Figure 6.7, and can be even smaller when EDBB burns with a
binder, see Section 4.5. These cell sizes will decrease in size as pressure increases,
reducing the influence of radiation. Assuming the fuel in the current experiments exhibits
similar trends as the foams presented in Figure 6.6, it is likely that radiative heat transfer
does not significantly influence the total thermal conductivity of the partially reacted layer
and only solid and gas conduction are important.
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Figure 6.5 Total apparent thermal conductivity (including solid conduction, gas
conduction, and radiative heat transfer mechanisms) of a foam as a function of foam
density. Taken from Glicksman [99].

Figure 6.6 Total apparent thermal conductivity of some foam as a function of gas cell
diameter and the gas used to produce the foam (air or CFC-11). Taken from Glicksman
[99].
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Figure 6.7 The foaming behavior of a 100% EDBB pressed pellet burning with
atmospheric air. The flame protruding off to the right is caused by convective air flow
present in the fume hood.
According to Glicksman [99], the total thermal conductivity of a foam layer, 𝑘𝑓𝑜𝑎𝑚 ,
neglecting radiative heat transfer, will have the form of,
𝑘𝑓𝑜𝑎𝑚 = 𝑘𝑖𝑛𝑠 = 𝛾𝑘𝑔𝑎𝑠 +

1−𝛾
3

𝑎 0.5

𝑘𝑐 [𝑓𝑠 (𝑏)

𝑎 0.25

+ 2(1 − 𝑓𝑠 ) (𝑏)

] (6.14)

where 𝑘𝑔𝑎𝑠 is thermal conductivity through the gas phase, 𝑘𝑐 is thermal conductivity
through condensed phase, 𝛾 is volume fraction of gas to total foam volume, 𝑓𝑠 is the
fraction of condensed phase in struts (the physical region where cell walls intersect), 𝑎 is
the gas cell major axis, and 𝑏 is the gas cell minor axis. It can be assumed that 𝑘𝑝 ≫ 𝑘𝑔𝑎𝑠
given that the thermal conductivity of ammonia borane (a chemical similar to
ethylenediamine bisborane) has a thermal conductivity of 15-35 W/mK for temperatures
between 320-420 K [100], whereas the thermal conductivity of hydrogen gas is 2 orders of
magnitude lower and all other gases are typically 3 orders of magnitude lower. This
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𝑎

assumption combined with the assumption that the ratio of cell dimensions, 𝑏, does not
𝑎 0.5

𝑎 0.25

vary with foam volume such that [𝑓𝑠 (𝑏)
−𝑓𝑠𝑎𝑏0.25

+ 2(1 − 𝑓𝑠 ) (𝑏)

] = 𝐶8 , where 𝐶8 is a

(6.14 to,
𝑘𝑖𝑛𝑠 = 𝐶8

1−𝛾
3

𝑘𝑐 .

(6.15)

The thickness of the foam, 𝛿𝑓𝑜𝑎𝑚 = 𝛿𝑖𝑛𝑠 , will depend on the volume of the foam as follows,
𝛿𝑖𝑛𝑠 =

𝑉𝑔𝑎𝑠 +𝑉𝑐

(6.16)

𝐴𝑠

where 𝑉𝑔𝑎𝑠 and 𝑉𝑐 are the gas and condensed phase volumes, respectively, in the partially
reacted foam layer. Combining Eqns.

(6.13, (6.15, and 6.16 and simplifying

produces the equation,
𝑟̇ = 𝜌

(𝑇𝑓 −𝑇𝑠 )
𝑓𝑢 𝑐𝑝,𝑓𝑢

[
(𝑇 −𝑇 ) ℎ
𝑠

0

1

𝑐𝑜𝑛𝑣

+𝐶

3

8 𝐴𝑠 𝑘𝑐

(

2
𝑉𝑔𝑎𝑠

𝑉𝑐

−1

+ 2𝑉𝑔𝑎𝑠 + 𝑉𝑐 )] .

(6.17)

For this equation to remain valid as the regression rate changes, the total amount of mass
within the partially reacted layer needs to remain relatively the same, i.e. the change in
foam rate production, due to a regression rate change, must equal the rate of foam
consumption. There are two limiting cases for Eqn.

(6.17 and the regression rates

subsequent pressure dependence. The first limiting case comes about when 𝑉𝑔𝑎𝑠 ≫ 𝑉𝑐 ,
which will occur at lower chamber pressures. This will cause the thermal impedance of
the partially reacted foam layer to vary inversely with chamber pressure to the 2nd power,
assuming the gas in the foam follows the ideal gas law (𝑉~ 1⁄𝑝), producing the simplified
form,
𝑟̇ = [𝐶

1

0.8
9 𝐺𝑜𝑥

+𝐶

1

2
10 𝑝𝑐

−1

]

(6.18)
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where 𝐶9 and 𝐶10 are constants. This form provides a pressure dependency similar to that
found in the experimental data, giving credence to a foam layer on the fuel surface. Fitting
the experimental data to the general form of Eqn.
1

(6.18 provides,
−1

1

𝑟̇ = [0.62𝐺0.98 + 2.0𝑥10−7 𝑝1.9 ]
𝑜𝑥

(6.19)

𝑐

with an R2 = 0.98, 𝐺𝑜𝑥 in lb/in2s, 𝑝𝑐 in psi. This fit is very similar to that provided in Eqn.
(6.18 further indicating that the presence of the partially reacted foam layer is
responsible for the non-traditional combustion behavior observed in the present
−1

(6.19 instead of the 0.8 predicted is probably the result of higher flux values

removing some of the foam layer. The higher flux values will cause the velocity in the
chamber to increase resulting in a proportional increase in the friction force on the partially
reacted foam layer. Thus, erosion of the foam layer can occur, resulting in the thickness
of the foam layer to be partially flux dependent. This behavior is also probably why flux
dependence is more apparent in the longer fuel grains, see Section 5.5, as higher velocities
will be observed as the fuel grain length increases due to more mass entering the flow.

As combustor chamber pressure rises causing 𝑉𝑔𝑎𝑠 to decrease such that 𝑉𝑔𝑎𝑠 ≪ 𝑉𝑐 , another
limit for Eqn. (6.17 can be determined. The thermal impedance of the of the partially
reacted foam layer in this situation will vary linearly with pressure producing,
𝑟̇ = [𝐶

1

+𝐶
𝐺 0.8

9 𝑜𝑥

where 𝐶11 and 𝐶12 are constants.

1

11 𝑝𝑐

+ 𝐶12 𝑉𝑐 ]

−1

(6.20)

It is thus suspected that if the experiments were

continued at higher chamber pressures, eventually the regression rate would depend
linearly with pressure until the partially reacted foam layer becomes almost non-existent,
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resulting in the traditional hybrid rocket combustion model. In the transition region
between the two extremes, it is expected that regression rate pressure dependence will vary
between 1st and 2nd order. It is possible that the discrepancy of the pressure dependent
(6.18 and −1 (6.19 is a result of the combustion behavior entering the transition
region between low and high pressures, or it is possible that the assumptions made do not
account for all the small nuances which cause pressure to influence the combustion
behavior.

At some elevated pressure, the foam layer will eventually disappear leading to,
0.98
𝑟̇ = 0.62𝐺𝑜𝑥

(6.21)

or something fairly similar. Comparison of this trend with the previously tested hypergolic
hybrid rockets is provided in Figure 6.8. It is thus suspected that, at high pressures, the
current experimental fuel is capable of obtaining notably high regression rates.
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Figure 6.8 Regression rate of experimental fuel and other fuels as a function of 𝐺𝑜𝑥,𝑎𝑣𝑔
with the theoretical regression rate of experimental fuel with no partially reacted foam
layer.
6.6

Summary

We have reviewed multiple mechanisms that could be occurring in our hybrid combustor
and evaluated their relevance to the observed data. It is evident from the experimental data
0.13 1.61
(𝑟̇ ̅ = 1.16𝑥10−6 𝐺𝑜𝑥
𝑝𝑐 ) that pressure greatly influences the regression rate of the fuel,

whereas the flux down the fuel port has little to no bearing. Such a regression rate behavior
has not been observed in previous experiments. As such, it is no surprise that classical
hybrid rocket combustion theory does not adequately model the experimental data. Neither
do the common deviations from classical theory, flame kinetics and radiation, provide an
adequate explanation. Hypergolic reactions, uncommon for most hybrid motors, can
exhibit combustion behavior that exhibits regression rates with higher pressure dependence;
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however, these hypergolic reactions themselves are still inadequate to explain the current
combustion behavior. The only mechanism that provides adequate explanation of the
observed behavior is the inclusion of a foam layer on the fuel surface. Such a layer provides
thermal insulation, that varies as ~ 1⁄𝑝2 , from the convective heat transfer.
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK

7.1

Amine-boranes

This work has been conducted under two main objectives: (1) identify a material (or class
of materials) and binder combinations that would produce viable and high performing
hypergolic hybrid fuels with short ignition delays, and (2) study the combustion behavior
of the identified fuel to understand what are the dominating combustion mechanisms.

The first objective was accomplished through the analysis of a class of materials known as
amine-boranes. These materials consist of an amine (a traditional hypergolic fuel) and a
borane (highly reactive) component that tend lose their toxic classification, becoming
irritants, when combined together. Various amines and their corresponding amine-boranes
were evaluated for hypergolicity, and it was found that the addition of the borane to an
amine reduced the ignition delay, for all materials tested except one, making significant
improvements. The reduction in ignition delay varied by 3.5-60 times less than the base
amine. Some amine-boranes had very short ignition delays of 2-4 ms, the fastest ever
recorded for amine based fuels reacting with nitric acid based oxidizers. These times are
some of the shortest for any material ever used in hypergolic ignition.
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The theoretical performance of the amine-boranes was also evaluated. Interestingly, the
addition of a borane to an amine increased the theoretical specific impulse of the amine in
all instances. The theoretical performance of several of the amine-boranes exhibited ranges
of O/F ratios where high performance was maintained, an advantage for both hybrid
rockets and rockets in general.

Multiple fuel binders were investigated to find a suitable amine-borane/binder system that
would provide short ignition delays and high performance. The most promising binders
were high temperature RTV silicone and Envirotex-Lite epoxy with several amineborane/binder combinations producing hypergolic ignition delays with nitric acid between
3.3-10 ms. Such times are the shortest ever recorded for an amine based fuel/binder system
and are on par with the fastest hypergolic hybrid oxidizer/fuel combinations.

When compared with other hypergolic hybrids, the amine-borane/epoxy based fuels
exhibit lower toxicity, shorter ignition delays, and higher theoretical performance. Thus,
the first objective was achieved with a series of hypergolic hybrid fuels that had relatively
low toxicity, short ignition delays, and high performance.

These amine-borane/fuel binder combinations also provide several advantages over liquid
hypergolic fuels and rocket fuels in general. The theoretical performance of several of the
amine-borane/epoxy based fuels is on par or higher than the conventional liquid hypergolic
fuels while providing similar ignition delays.

However, compared to their liquid

counterparts, the amine-borane/epoxy combination is relatively benign making them easier
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and cheaper to handle and operate. When compared to conventional rocket fuels, other
than liquid hydrogen, several amine-borane/epoxy combinations also provides higher
theoretical performance, suggesting that these fuels could benefit the rocket community
more than just in the hypergolic area.

7.2

Combustion Behavior

The second objective of this work was accomplished by studying the combustion behavior
of the amine-borane/fuel binder systems in the air, in an opposed flow oxygen burner, and
in a hyerpgolic hybrid rocket combustor.

Both the combustion experiments in air and the opposed burner exhibited a multilayer
combustion behavior for the fuel. High speed videos indicate the formation of a viscous
foam like layer that eventually hardens and chars. This behavior appears to impede the
heat transfer to the fuel surface of an amine-borane/binder system causing the fuel to
regress slowly.

The hypergolic hybrid combustors experiments were all ignited hypergolically by spraying
pure nitric acid across an EDBB/ferrocene/epoxy fuel grain. Ignition was consistent and
smooth reaching 90% chamber pressure in under 100 ms when no cavitating venturi was
present in the system. The ignition behavior was just as fast as or faster than other
hypergolic hybrids previously reported.
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The regression rate behavior of the fuel was unusual, producing the form 𝑟̇ ̅ =
0.13 1.61
1.16𝑥10−6 𝐺𝑜𝑥
𝑝𝑐 . A regression rate with such a high pressure dependence has not

been previously observed in any hybrid rocket system. It was also noted that the fuel
surface expanded notably after combustion occurred; however, it was difficult to determine
through observation if the fuel surface partially expanded during combustion.

Various theories were evaluated with the intent to provide an explanation of the observed
combustion behavior. Neither the classical model nor the traditional deviations provide an
adequate explanation for the observed behavior. Hypergolic reactions themselves also did
not appear to provide an explanation. It was only upon including a foam insulation layer
(a layer similar to what was observed in the opposed burner tests) that an adequate
mathematical model was produced to match the combustion behavior. This result suggests
that the partially reacted foam layer is present to some extent during combustor operation
and greatly influences the combustion behavior producing the strong pressure dependence.

Using the foam theory, the combustion behavior of the EDBB/ferrocene/epoxy fuel could
be extrapolated to high pressures, where no foam would be present. Such an exercise
produces regression rates higher than most hybrid fuels tested. This suggests that the other
amine-boranes, that do not tend to exhibit such a foaming behavior in hypergolic ignition
tests, will probably produce very high regression rates, as many other aspects of the amineboranes are similar.
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Overall, amine-boranes have been found to exhibit promise for future implementation. The
combination of low toxicity, high performance, low ignition delays, and high regression
rates indicates that amine-boranes are a good hybrid and hypergolic hybrid fuels.

7.3

Future Work

Future efforts are identified in several areas to further elucidate the combustion behavior
of the EDBB/ferrocene/epoxy fuel and to understand the combustion behavior of amineborane based fuels in general.

The EDBB/ferrocene/epoxy fuel regression rate exhibited a strong pressure dependence
that was attributed to a foam like layer on the fuel surface. Experiments in an optical
combustor, that allows direct observations of the fuel surface during combustion, would be
ideal to confirm the existence of and better understand this foam layer. Such an experiment
would allow for direct observation of foam generation and consumption during steady state
operations and provide a better sense of scale of the thickness of this layer. With this foam
layer, it was noted in the present research that higher pressures will change the 2nd order
pressure dependence to a linear dependence if the foam theory persists. Observations of
such a transition could be mad by operating the combustor at higher pressures and would
validate the present model. It was also noted in the present experiments that the regression
rate will most likely eventually become purely flux dependent at notably high pressures, as
the foam layer becomes non-existent. In such a regime, high fuel regression rates are
predicted – confirmation of this would again further validate the present theory.
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There are several other amine-boranes that exhibit potential for similar or higher
performance at similar ignition delays as the EDBB/ferrocene/epoxy fuel including
ammonia borane and dimethylpiperazine-bisborane. Future rocket combustor tests using
these amine-boranes as the main fuel component will further validate the value of amineboranes as a rocket fuel. Testing these materials over various flux and pressure ranges
should provide high regression rates if the concepts discussed in the present work hold true.

As these fuel/oxidizer combinations are favorable for tactical military applications, it
would also be important to investigate the combustion behavior of amine-borane based
fuels will a gelled oxidizer; a gelled oxidizer is an important variant for tactical military
applications designed to increase the safety of such a system.

Finally, the Envirotex Lite epoxy based binder was found to be the preferred binder out of
the compatible binders; however, this binder is not commonly used in the rocket
community. Therefore, other binders more accepted to the rocket community should be
investigated. A common rocket binder is polybutadiene acrylonitrile (PBAN) that is
similar to Envirotex Lite, suggesting it may be compatible with the amine-boranes. The
individual components of PBAN exhibit lower viscosity, and thus better mixing, at
elevated temperatures of around 333 K.

Some amine-boranes have been noted to

decompose at temperatures near 353 K, a high enough temperature that the use of PBAN
as a binder for amine-boranes should be feasible. Other binders could also be investigated
such as natural rubber or asphalt.
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Appendix A

Mixing Procedures Documents
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Appendix B

Combustor and Plumbing and Instrumentation Diagram

Figure B.1 A schematic of the pressurization, oxidizer fill, vent, and oxidizer feed
system.
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Figure B.2 Labview VI used to control rocket combustor test and record data.
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Appendix C

Combustor Operation Procedures
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Appendix D

Liquid Oxidizer Transport

Another potential pressure dependent heat source is the interaction of oxidizer reacting
hypergolically with the solid fuel. In order for this to occur, liquid/gaseous oxidizer needs
to be present at the surface after passing through a hot flame environment. As there was
no method to visually verify if oxidizer was present at the surface, a simplified 1-D model
was implemented to determine how long it would take a droplet to travel the length of the
fuel grain, 𝑡𝑥 , assuming a constant velocity according to,
𝑡𝑥 =

𝑥𝑔𝑟𝑎𝑖𝑛

(7.1)

𝑈𝑑𝑟𝑜𝑝

where 𝑈𝑑𝑟𝑜𝑝 is the liquid oxidizer injection velocity and 𝑥𝑔𝑟𝑎𝑖𝑛 is the length of the fuel
grain. Similarly, the time for a droplet of liquid oxidizer with an initial diameter of 𝐷0,𝑑𝑟𝑜𝑝
to evaporate can be calculated according to,
𝑡𝑒𝑣𝑎𝑝 =

2
𝐷0,𝑑𝑟𝑜𝑝

𝐾

(7.2)

where 𝐾 is the evaporation constant. The 𝐾 was calculated following the method outlined
by Lefebvre [101] where the surface temperature of the droplet, 𝑇𝑠,𝑑𝑟𝑜𝑝 , is modified until
the mass transfer number, 𝐵𝑚 , is equal to the heat transfer or Spalding number, 𝐵𝑇 ,
resulting in,
𝐾=

8𝑘𝑔 𝑙𝑛(1+𝐵)
𝑐𝑝,𝑔 𝜌𝑙𝑖𝑞

(7.3)

where 𝑘𝑔 and 𝑐𝑝,𝑔 are the thermal conductivity and specific heat respectively of the gases
immediately surrounding the droplet, 𝐵 = 𝐵𝑇 = 𝐵𝑚 when 𝐵𝑇 = 𝐵𝑚 , and 𝜌𝑙𝑖𝑞 is the
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density of the liquid droplet at 𝑇𝑠,𝑑𝑟𝑜𝑝 . Both liquid oxidizer vapor pressure and latent heat
of vaporization, needed to calculate 𝐵𝑇 and 𝐵𝑚 , were provided by Wright [84].

Both 𝑘𝑔 and 𝑐𝑝,𝑔 are composites of the thermal conductivities and specific heats of the
combustion products and gaseous oxidizer at a reference temperature,
𝑇𝑟 = 𝑇𝑠,𝑑𝑟𝑜𝑝 +

𝑇∞ −𝑇𝑠,𝑑𝑟𝑜𝑝
3

(7.4)

where 𝑇∞ is the temperature of the environment in which the droplet is evaporating.
According to thermal equilibrium calculations of the propellant combination, the main
combustion products are H2O, CO2, and N2 while nitric acid decomposes into mainly NO2
with lesser amounts of H2O and O2 [102]. To determine 𝑘𝑔 , the thermal conductivity of
H2O is used to represent that of the combustion products as H2O has a higher thermal
conductivity than the other combustion products providing a higher evaporation rate and
thus an upper limit [103]. The same methodology is used for the decomposition products
of nitric acid with the thermal conductivity of NO2 representing the overall decomposition
makeup [103]. The 𝑐𝑝,𝑔 is determined using the specific heat of the products calculated
via thermo equilibrium calculations in Cheetah 6.0 and the specific heat of NO2 as reported
by Afeefy et al. [7].

The result of the above calculations provides a value for 𝐾 at ambient pressure, a condition
not met in the present experiments. The various properties of the oxidizer and combustion
products will vary with pressure and are not readily available in open literature making
calculations of 𝐾 at elevated pressure difficult. Calculations performed by Lefebvre, see
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Figure D.1, indicate that 𝐾 of various fuels, at pressures similar to those observed in the
combustor tests, can increase by 50% above values found at ambient pressure for 𝑇∞ up to
1500 K. Thus, a 50% increase to the value found at ambient pressure is added to determine
the actual 𝐾 used in the calculations.

Figure D.1 The 𝐾 (𝜆𝑠𝑡 ) for gasoline (JP 4), kerosene (JP 5), and diesel oil (DF 2), as a
function of pressure and 𝑇∞ [101].
Temperatures throughout the combustor vary widely from 300 k at the head end upon
injection up to 3000 K in the thin flame zone. Sankaran computationally predicted thermal
contours within a gaseous oxygen/HTPB motor that had a similar fuel port diameter (0.66
in) as the present experiments but had a higher oxidizer flux level (0.8 lb/in 2s), higher
chamber pressure (900 psia) and longer fuel grain length (23 in) [104], see Figure D.2. The
operating conditions of these computations result in an O/F of 1.48 that produces an
equilibrium chamber temperature of 3071 K according to calculations performed in
Cheetah 6.0 [72]. The operating conditions in the hypergolic hybrid tests vary from an O/F
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of 2.8-16.2 with equilibrium chamber temperatures of 1397-3124 K, temperatures equal to
notably lower than that encountered in the computational efforts of Sankaran suggesting
the temperature contours in the hypergolic motors could be similar or cooler than that
predicted in Figure D.2. This information along with the hypergolic hybrid fuel grains
having a length of ¼-½ of that used in Sankaran’s computations indicates that the liquid
oxidizer droplets will traverse most of the motor in a cool region under 500 K encountering
high temperature regions for a comparatively short period of time before reaching the fuel
surface. Thus, average 𝑇∞ values of 500 and 1000 K will be used to represent the
environment in which the liquid oxidizer drops are evaporating providing 𝐾 values of
0.0724 and 0.3445 mm2/s respectively. These values are similar to those found by Lefebvre
for kerosene at similar temperatures and pressures, see Figure D.1, suggesting the
calculations are reasonable.

Figure D.2 Thermal contours down the fuel port of a cylindrical HTPB fuel grain
combusting with gaseous oxygen [104].
The 𝑈𝑑𝑟𝑜𝑝 can be determined from the equation provided by Lefebvre,
𝑈𝑑𝑟𝑜𝑝 = 𝐾𝑣 (2∆𝑝𝑖𝑛𝑗 ⁄𝜌𝑙𝑖𝑞 )

0.5

(7.5)

where 𝐾𝑣 is the velocity coefficient and ∆𝑝𝑖𝑛𝑗 is the pressure drop across the injector. The
initial oxidizer droplet size can be inferred by the geometry of the injector. According to
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Lefebvre, 𝐾𝑣 for a pressure fed swirl injector is a function of ∆𝑝𝑖𝑛𝑗 and 𝑑0 (the injector
final orifice diameter) [101], see Figure D.3. The lowest and highest values for 𝑈𝑑𝑟𝑜𝑝
associated with the operating conditions seen in the combustor along with the calculated
time it will take an oxidizer droplet to travel the length of the fuel grain assuming a constant
velocity are provided in Table D.1.

Figure D.3 Velocity coefficient as a function of ∆𝑝𝑖𝑛𝑗 and 𝑑0 [101].
Table D.1 Droplet injection velocities for operating conditions and injectors used during
combustor operation and the resulting time for a droplet to travel the length of the 0.30 m
(12 in) long fuel grains.
𝑡𝑥 , ms
∆𝑝𝑖𝑛𝑗 ,
𝑈𝑑𝑟𝑜𝑝 ,
𝑑0 , mm
𝐾𝑣
MPa
m/s
0.2068
0.79
0.6
10.03
30.4
0.7584
1.22
0.5
16.01
19.0

The final parameter needed to complete the calculations is 𝐷0,𝑑𝑟𝑜𝑝 . According to Lefebvre,
pressure fed swirl injectors that have similar dimensions to the injectors used in the current
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study can have a measurable amount of droplets with diameters of 0-140 µm [101], see
Figure D.4. The majority of the volume of liquid droplets from these experiments have a
diameter around 30 µm with a lesser volume for droplet diameters around 100 µm. Both
of these droplet diameters will be used in the calculations to provide a representation of the
entire spray.

(a)

(b)

Figure D.4 Droplet size distributions for pressure fed swirl injectors as a function of (a)
swirl chamber length, Ls, /swirl chamber diameter, Ds, and (b) injector orifice length, l0,
/injector orifice diameter, d0, [101].
Results of the calculations described in this section are provided in Table D.2. According
to these results and those provided in Table D.1, the larger 100 µm droplets will reach the
end of the short and long fuel grains for all operating conditions while the smaller 30 µm
droplets will reach the end of the short grain for all 𝑈𝑑𝑟𝑜𝑝 and the end of the long grain for
the injector that has a higher 𝑈𝑑𝑟𝑜𝑝 if 𝑇∞ is 500 K. These calculations are based on steady
state evaporation and ignore the transient effects of heating the droplet from its initial
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temperature to 𝑇𝑠,𝑑𝑟𝑜𝑝 . Lefebvre indicated that the time needed for transient heating of the
droplet can be almost just as long as the steady state portion causing 𝑡𝑒𝑣𝑎𝑝 in Table D.2 to
double [101]. It is thus likely that liquid oxidizer is present on the fuel surface over the
entire grain length making hypergolic exothermic reactions possible during combustion.
Table D.2 Evaporation rates and times for nitric acid droplets for several droplet sizes
and average combustor temperatures.
𝐾, mm2/s
𝐷0,𝑑𝑟𝑜𝑝 , µm 𝑡𝑒𝑣𝑎𝑝 , ms
𝑇∞ , K
500
0.0724
30
18.7
1000
0.3445
30
3.9
500
0.0724
100
207.3
1000
0.3445
100
43.5
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