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ABSTRACT

When combined with common fuel binders, solid hypergolic fuels can simplify the overall
complexity of hybrid rocket systems, as the fuel grain can be ignited and reignited without an
external power source or external fluid. In addition, with the hypergolic additive embedded in the
binder, the flame zone can be placed at the surface of the grain itself, thereby providing heat to the
fuel, improving fuel regression rate, and combustion stability and sustainability. Coupled with high
grades of mixed oxides of nitrogen (MON), such hypergolically ignited hybrid configurations are
considered a potential propulsion system for a robotic Mars Ascent Vehicle (MAV). Use of the
fuel additives and a suitable choice of oxidizer allows for low temperature stability and operation
of the propellants, making it an appealing candidate for a simple and storable hybrid propulsion
system.
The first half of this work is dedicated to a very application-based study of paraffin-based
hypergolic hybrids, while the second half of this work, independent from the first, focuses on how
theory could help in developing future hypergolic propulsion systems.
The process undertaken to develop a paraffin-based hypergolic hybrid relied heavily on
experimental testing of a wide variety of additive-loaded fuels with MON to optimize hybrid motor
grain parameters with the goals of minimizing ignition delay, improving combustion stability, and
promoting sustainment of the flame. MON-3 and MON-25 (3 wt.% or 25 wt.% nitric oxide mixed
with nitrogen tetroxide) were used as oxidizers. Through an initial screening process, we selected
two solid hypergolic propellants, sodium amide and potassium bis(trimethylsilyl)amide (PBTSA),
as additives to promote hypergolic ignition given their low ignition delays with both grades of
MON. Iterations on the grain configuration consisted in minimizing the additive loading to
simplify the casting process and increase performance, without losing hypergolicity of the grain
or hampering combustion sustainability. Using a 90 wt.% hypergolic additive front segment, we
were able to light the grain three times using the hypergolic reaction between the additives and
MON-3. Once relights achieved, we mainly focused on demonstrating sustained combustion, and
determined that, once the front segment depleted, the lack of heat in the system lead the motor to
shut down prior to the end of the targeted burn. This led us to add a reactive additive, sodium
borohydride, in the main grain, as a way to generate heat in the motor once the front segment was
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depleted. With the objective of testing relevant conditions for an actual Mars Ascent Vehicle, one
of our final tests was done in an altitude chamber, at a 100,000 ft targeted simulated altitude
(equivalent to the atmospheric pressure on Mars), with MON-25 as the oxidizer. Using a mixture
of sodium amide, PBTSA, and sodium borohydride, we were able to achieve hypergolic ignition
in 425 ms (delay to reach 90% of the maximum chamber pressure) at 102,000 ft simulated altitude,
for an average chamber pressure of 113 psia.
During testing we determined that an ideal solid additive should exhibit both low ignition
delay with the oxidizer considered, to minimize the motor start-up time, and a high heat of
combustion, to maximize the energy release and therefore maximize performance. However, the
lack of data and theoretical understanding of the reactivity of MONs with non-hydrazine-based
fuels made it challenging to find such an ideal solid additive. Historically, screening processes for
new fuel candidates, liquids or solids, have followed a “hit-or-miss” approach, in which potential
fuels were selected based on common characteristics with known hypergols, which is the approach
we followed during the development of the hypergolic hybrid. A more robust approach, typically
used in the biology and chemistry fields, can be used to predict reactivity of chemicals using
statistical analysis. A quantitative structure-activity relationship (QSAR) analysis is a statistical
analysis used to correlate reactivity to selected molecular descriptors, or properties. Using this
approach, one can create models, determined during the QSAR analysis, to predict reactivity of
fuel candidates, solely based on their properties. Combined with the recent advancements in
computational chemistry and computation of properties, this simple approach has the potential to
greatly simplify screening processes for new fuel candidates, as experimental data is not needed
anymore. With this method, we were able to fit the logarithmic of the minimum ignition delay for
30 different amines using seven molecular descriptors (heat of formation, heat of vaporization,
highest occupied molecular orbital, charge on the nitrogen, rotatable bond count, and ovality), for
an R2 value of 0.70. While the main motivation behind starting this theoretical work was to
optimize for solid additives properties for the hypergolic hybrid configuration described previously,
the potential of such model extends to a wider range of propulsion systems (reaction control
systems, orbital maneuvering, etc.), and could be expanded to a wider range of oxidizers using
machine learning.
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INTRODUCTION

1.1

Motivation

A fuel and an oxidizer are considered hypergolic when they ignite spontaneously upon
contact with each other. First studied by the Soviets in the early 1930s, storable hypergolic
propellants have been used in spacecraft since the 1960s. They do not require external igniters,
which can greatly simplify both the design and operational complexity of a propulsion system. In
addition, unlike cryogenic propellants such as liquid hydrogen or liquid oxygen, they can be stored
an indefinite amount of time. Generally, a hypergolic propellant combination can be considered
for a flight system as long as its ignition delay is below 10 ms. Longer ignition delays are often
not desirable, as pooling of the propellants prior to ignition can lead to “hard starts”, potentially
damaging fatal to the propulsion system.
Liquid hypergolic propellants have been extensively used and studied since the 1930s. As
described in Ignition!, by John D. Clark, most of the 1950s and 1960s were dedicated to finding
the matching fuel for nitric acid and nitrogen tetroxide (NTO), that would give both the highest
performance and the lowest ignition delay.[1] Unlike liquid hypergols, however, there is little
published research on solid hypergolic propellants to date, due to a smaller range of applications.
In most cases, the quest for a “new” hypergolic fuel follows a “hit-or-miss” approach, in
which potential fuels are selected based on common characteristics with known hypergols, and
then tested to verify their reactivity. While performing an extensive literature review to select solid
hypergolic fuel candidates, we noticed a lack of literature available on the hypergolic behavior of
fuels with nitrogen tetroxide. While there have been systematic studies performed on some
chemical classes with white fuming nitric acid (WFNA) and red fuming nitric acid (RFNA), there
are very few reactivity studies performed on fuels with NTO. NTO is harder to handle due to its
toxicity and high vapor pressure, making WFNA the oxidizer of choice for most studies. This lack
of data and theoretical understanding of the reactivity of NTO and its derivatives drove us to
perform the present study. As mentioned previously, this study arose from a specific need to
develop a model that would help us in screening for potential new solid hypergolic propellants
with nitrogen tetroxide derivatives. There has been renewed interest lately in that domain, as such
compounds can be used as additives for hybrid rocket systems. Adding a solid additive that is
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hypergolic with the oxidizer, to the fuel binder can simplify the overall complexity of the hybrid
engine. The igniter is now embedded inside the fuel binder, which simplifies the operational
complexity of the system, as there is no need for an external igniter anymore. Flowing the oxidizer
onto the additive ignites the motor via the hypergolic reaction between the additive and the oxidizer.
Such hypergolically ignited hybrid configurations have been considered as a potential propulsion
system for a robotic Mars Ascent Vehicle (MAV). The low temperature stability of the propellants
combined with the characteristics previously described make it an appealing candidate for a simple
and storable hybrid propulsion system.
Models to relate biological (or chemical) activity (or reactivity) to chemical structure and
properties have been widely used over the past forty years in the biology and chemistry fields,
under a type of regression analysis called “Quantitative structure-activity relationship”, or QSAR.
Such an approach assumes that changes in chemical structure and/or physiochemical properties
will affect the response variable, here the activity or reactivity. Using QSAR, one can create a
mathematical model linking reactivity to selected statistically significant physiochemical
properties, i.e. that explain variations in activity/reactivity observed. Recently, QSAR analyses
have been made easier thanks to the development of computational chemistry software, allowing
the determination of reasonably accurate chemical, physical, and electronic properties of
compounds not referenced in common databases. Although there is still little literature available
on structure/properties/reactivity relationships in the field of aerospace engineering, QSAR
analyses have the potential to bridge the gap in our understanding of hypergols is promising.
Following a QSAR approach, a main objective of this study is to determine whether
reactivity and hypergolicity can be predicted based on molecular properties (physical, chemical,
structural, and electronic). The main motivation is to simplify and improve the screening process
of potential new hypergolic propellants (either liquid or solid) with nitrogen tetroxide by
down-selecting to compounds that meet the criteria (chemical, physical, and molecular) needed
for hypergolicity and/or reactivity. In order for this process to show clear trends, I decided to focus
on amines for their wide range of reactivities, therefore covering a large interval of ignition and
reaction delays. This preliminary model being narrowed down to such a specific chemical class,
will only represent trends specific to the reactivity of amine derivatives and the different functional
groups investigated, giving a starting point for a more general model in which additional chemical
classes can be included.
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Ultimately, I would like to apply these criteria to the optimization of solid additives for a
hypergolic hybrid rocket system in terms of both performance, heat of combustion, and ignition
delay. This hybrid system and current status is described in the first half of this study, along with
the requirements needed for hypergol selection, and will help highlight the importance of such a
model.

1.2

Research Objectives

The main research objectives detailed in this dissertation are two-fold. The first objective
is to identify solid additives hypergolic with MON and test at increasingly relevant scale and
conditions, from drop tests to small-scale motor testing (100 lbf class motor with different grades
of oxidizers at different exit conditions). The second objective, independent from the first but
applicable, is to determine the main chemical and physical properties that promote hypergolicity
for solid and liquid fuels with nitrogen tetroxide. A model will be created by performing a
statistical analysis on experimental data (ignition and reaction delays) gathered from
laboratory-scale experiments (drop tests) performed with NTO for selected compounds with
distinguishable reactivity.
The specific objectives of this study are the following:
1. Describe the motivation behind a QSAR model as a potential tool in the selection
of solid hypergolic additives for hybrid rocket application;
2. Perform a systematic study on the reactivity of amines with NTO based on their
chemical structure;
3. Select properties (physical, chemical, molecular) that best describe the reactivity
observed via drop tests;
4. Determine the selected properties via the use of computational methods
(semi-empirical and ab-initio);
5. Perform a statistical analysis on the data to infer for trends relating reactivity to
properties selected previously.
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BACKGROUND

2.1

Hypergolic Propellants

Mixed Oxides of Nitrogen have the advantage of being storable at low temperatures thanks
to their depressed freezing point resulting from the addition of nitric oxide. NTO freezes at -11°C,
while MON-3, MON-10, and MON-25 freeze at -13°C, -23°C, and -55°C respectively,
demonstrating the benefits of nitric oxide addition [2]. Adding 1 to 10 wt.% of nitric oxide can
also help increase the storability and material compatibility of MON compared to nitrogen
tetroxide [1]. However, at higher nitric oxide concentrations, it reacts with nitrogen tetroxide to
form nitrogen trioxide, which may result in a decrease in the overall reactivity of the oxidizer due
to additional reaction pathways with the fuel leading away from ignition [1], [3].
Liquid hypergolic propellants, first mentioned in the late 1930s, have been extensively used
in propulsion systems since the 1960s. Comprehensive work was done between the 1940s and
1960s to find the most efficient propellant combination with the lowest ignition delay. Several
different liquid fuels were investigated, such as aniline and a variety of amines and hydrocarbons.
Among these, hydrazine derivatives proved the best fuels. In spite of the high performance and
low ignition delays, hydrazine derivatives are very toxic, with an IDLH (immediately dangerous
to life and health) threshold, set by the National Institute for Occupational Safety and Health
(NIOSH) of 20 ppm for MMH [4]. The toxicity of these propellants drove the search for
alternatives both safer and easier to handle. Over the past decade, there has been an emphasis on
the synthesis and testing of amine-boranes and ionic liquids as “green” options. In 2014,
Ramachandran et al. published a study on the reactivity of different amine-boranes with white
fuming nitric acid (WFNA), and reported ignition delays below 5 ms for some of the liquid
amine-boranes [5]. A recent study on imidazolium-based ionic liquids includes compounds with
ignition delays as low as 1.9 ms with WFNA [6]. However, the emphasis is once again brought
upon different grades of nitric acid. In parallel with the search for green alternatives to hydrazine
derivatives, there has been an effort to develop and refine kinetic models for the reaction between
MMH, and other amines, and NTO, in an attempt to better understand both liquid and gas phase
reactions [7]. Some of the methods used for these analyses will be further described in this
document.
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From my review of the literature, there has been little work on solid hypergols in the past
decades, mostly due to their narrow range of applications and drawbacks compared to common
liquid hypergols. Indeed, there exists an added energy barrier for solid hypergols, due to the phase
changes from solid to liquid to gas, which can decrease the reactivity and performance of solid
hypergolic additives compared to liquid hypergolic propellants, which only undergo the liquid to
gas phase transition. Long ignition delays can also be an issue in applications where precise starts
and relights are needed. Typical ignition delays for MMH and NTO are on the order of 2 ms, while
most of the solid hypergolic propellants mentioned in the literature are on the order of 10 ms at the
lowest, with average ignition delays around 50 ms with NTO. The following studies found in the
literature focus on drop tests performed with solid fuels and liquid oxidizers. In the 1970s, Bernard
et al. found that certain solid amine compounds were hypergolic with nitrogen tetroxide [8]. A
decade later, Kulkarni and Panda found furfurylidene ketones to be hypergolic with red fuming
nitric acid [9]. Rajendran and Jain investigated monothiocarbohydrazones, and found this class of
compounds to be hypergolic with anhydrous and red fuming nitric acid [10]. More recent work
has been done by DeSain et al. at the Aerospace Corporation with lithium aluminum hydride,
which was found to be hypergolic with both nitric acid and nitrogen tetroxide [11]. In addition to
liquid amine-boranes, Ramachandran et al. also investigated the hypergolicity of several solid
amine-boranes with WFNA [5]. While many amine-containing compounds and lithium aluminum
hydride are readily available, furfurylidene ketones and monothiocarbohydrazones were
synthesized by the authors themselves and cannot be commercially purchased.
Most of the studies focus on the use of WFNA over NTO, which is typically preferred for
being easier and safer to handle. WFNA is a liquid at room temperature, however NTO, due to its
high vapor pressure (17 psia at 25°C) is not. As the concentration of nitric oxide increases, the
vapor pressure of mixed oxides of nitrogen increases, making it harder to handle them in their
liquid form if the system is not cooled or pressurized adequately. The reactivity of WFNA is
however different from that of NTO, and the conclusions made on the reactivity of certain fuels
with WFNA cannot be transferred to NTO, making it challenging when screening for new potential
hypergolic propellants. Reactions between fuels and WFNA likely rely on Brønsted acid-base
reactions (proton exchange). Reactions between fuels and NTO are not limited to Brønsted
acid-base reactions given the radical nature of nitrogen dioxide. The reactivity of nitrogen
tetroxide/nitrogen dioxide is described in more details in the coming section.
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2.2

Reactivity of Nitrogen Tetroxide/Nitrogen Dioxide

Nitrogen tetroxide, N2O4, is in equilibrium with its monomer, nitrogen dioxide NO2,
following Eq. (1):
!" #$ ↔ 2!#"

(1)

The composition of the mixture is governed by temperature; the higher the temperature,
the higher the concentration in nitrogen dioxide. Nitrogen tetroxide is a strong oxidizing agent, the
monomer of which, NO2, is a free radical. Most of the literature is dedicated to the reactivity of
N2O4 and NO2 in solvents, in which N2O4 typically ionizes to form NO+ (nitrosonium ion) and
NO3- (nitrite ion) under polar conditions. Literature available on the reactivity of nitrogen
tetroxide/nitrogen dioxide and nitrogen trioxide in gas phase is of interest here.
Given the scope of this work, I will only focus on the literature available on the reactivity
of amines, alkanes/alkenes/alkynes, and alcohols with nitrogen tetroxide, nitrogen dioxide, and
nitric oxide.
In 1955, Gray and Yoffe [12] published an extensive summary of the reactivity of different
organic and inorganic compounds with both N2O4 and NO2, in solvents as well as in gas phase.
Based on their literature review, NO2 can react as a free radical by associating itself to another
radical, adding to unsaturated molecules with double or triple bonds (in this study alkenes or
alkynes respectively), or initiating reactions by hydrogen atom abstraction. For an addition on an
unsaturated compound (cyclic compounds excluded), the double or triple bond breaks to form a
single bond with a first NO2 radical, in turn creating another radical than can either form a nitro
compound (R-NO2) or a nitrite (RONO). For alkenes, the electrophilic addition of the NO2 radical
will occur on the least sterically hindered carbon, following the equilibrium shown in Eq. (2) [13].
NO2 + CH2=CR2 ⇄ O2NCH2-C•R2

(2)

For a hydrogen atom abstraction, the NO2 free radical reacts by abstracting a hydrogen
from a R–H molecule to form HONO, nitrous acid, where R is an alkyl group and R-H an alkane.
The weaker the C–H bond is, the more reactive the reaction with NO2 will be. Therefore, tertiary
alkyls tend to be more reactive than secondary and primary, since tertiary radicals are more stable
than secondary and primary radicals. Gray and Yoffe [12] also describe the reactivity of nitrogen
tetroxide with alcohols and amines, both functionalities exhibiting similar behaviors. Alcohols
react with nitrogen tetroxide to form nitric acid (gaseous) and alkyl nitrites (RONO). Similarly,
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secondary amines react with nitrogen tetroxide to form nitrosamines (R–NO). However, they only
report the reactivity of tertiary amines and ethers at low temperatures (-70°C), at which these fuels
form “compounds” (or complexes) with N2O4, of the form N2O4.B or N2O4.2B, with B being the
tertiary amine or ether linked to a molecule of N2O4 via a dative bond [14], [15].
There is less literature available on the reactivity of tertiary amines with N2O4, NO2, or NO.
The reactivity of tertiary amines differs from that of primary and secondary amines due to the
absence of N–H bonds. In their study, Liu et al. [16] investigated different potential reactive centers
in

two

polyamines,

N,N,N’,N’-tetramethylethylenediamine

(TMEDA)

and

N,N,N’,N’-tetramethylmethylenediamine (TMMDA) by performing a mechanistic study on the
TMEDA/NO2 and TMMDA/NO2 systems in gas phase using quantum mechanics calculations,
more specifically density functional theory (DFT) at the UB3LYP/6-311G** level. They
determined that the reaction between TMEDA and NO2 is initiated via the hydrogen abstraction
on the middle ethyl group, leading to the formation of a radical on the carbon and formation of
cis-HONO. The formation of a C=C following the hydrogen abstraction on both carbons of the
middle ethyl group leads to the electrophilic addition of NO2 radical onto the carbon double bond.
This was resolved by comparing both the enthalpy and Gibbs free energy of each potential
transition state and intermediate reactant: a lower enthalpy and Gibbs free energy for a given
transition state of a reaction step is equivalent to a lower energy barrier (activation energy) and
rate constant, respectively, meaning a faster reaction.
The more stable the radical formed by the hydrogen abstraction, the lower the activation
energy, and the higher the rate constants. This is supported by investigations by Zhao et al. [17]
and Gray and Yoffe’s [12]. Zhao et al. [17] investigated the nitration and nitrosation of primary
and secondary amines by nitrogen dioxide and nitric oxide respectively. Their theoretical study
concluded similar results to that of Gray and Yoffe’s work, with nitrogen dioxide reacting with
amines by abstracting a hydrogen atom from the nitrogen. Using quantum chemistry composite
methods (CBS-QB3), they found that the energy barrier (i.e. the activation energy required to
initiate the hydrogen abstraction) decreases as the alkyl substitution on the amine increases.
Secondary amines are therefore more reactive than primary amines (and ammonia), which
correlates with the literature review done by Gray and Yoffe. Following the same trends as alkanes,
the reactivity of the free radical NO2 is driven by the strength of the N–H bond of the amine.
Therefore, increasing the degree of substitution of the amine increases the electron donor character
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of the lone pair located on the nitrogen, in turn weakening the N–H bond and increasing reactivity.
Factors influencing the stability of nitrogen-centered radicals are described further in the next
section.

2.3

Radicals Stability and Consequences on Reactivity

Radicals, or free radicals, are highly reactive electron-deficient compounds that contain an
orbital with an unpaired valence electron. Radical stabilization is important in ranking the
reactivity of amines with nitrogen dioxide. The more stable a radical is, the lower the activation
energy for the transition state will be, hence decreasing the amount of energy required to go from
reactants to products for a given reaction step, as shown on the simplified energy profile (single
step) on Figure 2.1. Here, the energy of the products is lower than that of the reactants, indicating
an exothermic reaction step.

Transi!on State

Energy

Ac!va!on
Energy
Δ‡G

Reactants

Net Energy
Change
Δ°G

Products

Reac!on Coordinate

Figure 2.1. Energy profile
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The Gibbs activation energy ∆‡ * of the transition state, or Gibbs free energy barrier, is
related to the rate constant following the Eyring-Polanyi equation shown on Eq. (3).
-+. / 2∆‡ 3
+=
1 45
ℎ

(3)

Here - is the transmission coefficient (typically equal to 1 for reaction involving single
molecules), +. is Boltzmann’s constant, / is temperature, and ℎ is Planck’s constant. Lower
Gibbs free energy barriers will result in higher rate constants and therefore faster reaction rates.
Radicals are stabilized via three different mechanisms: via inductive effects from
electron-donating groups able to increase the electron density of the radical, resonance, i.e. the
delocalization of electrons within a molecule, and hyperconjugation, stabilizing interaction from
the sigma-bond of a C–H or C–C bond to an empty p-orbital (radical, cation or anion) [18].
Inductive effects are a consequence of the polarization of a bond by the atoms or group of atoms
attached to it [19]. For radicals, stabilization will mainly result from the increase in chain length
of constituents bonded to the radical center and is a consequence of the electronegativity of the
carbon atoms. Resonance will occur for compounds with delocalized electrons in a conjugated
system (alternating double and single bonds, or interactions between a double-bond or π-bond and
lone pairs of electrons). Such delocalization will decrease the energy of the molecule compared to
its localized equivalent structure and stabilize it. Finally, hyperconjugation is the interaction
between a sigma bond and an empty p-orbital, i.e. stabilization resulting from the interaction of a
C–C and a C–H bond onto a radical, cation, or anion.
Quantifying this stabilization might be of interest to help explain the reactivity of
compounds. Looking more specifically into amines-related reactivity, Hioe et al. [20] summarize
the stability of different nitrogen-centered radicals via the use of radical stabilization energy (RSE)
as a metric. In their study, RSE is defined as the difference between the bond dissociation energy
(BDE) of an N–H bond in the amine of interest and the BDE of an N–H in ammonia. As expected
from hyperconjugation, Hioe et al. [20] found that the RSE decreases as alkyl substitution
increases, indicating an increase in stability. On the other hand, increasing alkyl chain length does
not significantly help in stabilizing the radical. In addition, ring substituents do not significantly
alter the RSE values compared to acyclic amines, however, larger ring sizes tend to correlate with
less stability from hyperconjugation. RSE and BDE properties have the advantage of taking into
account stabilizing effects from substituents and might be of interest in the reactivity model.
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However, BDE values of the bonds of interest are not all tabulated, and thus require ab-initio
quantum chemistry calculations that can be time-consuming if high-accuracy results are needed
(similar to that of heats of formation, later described in this study). In a similar way, one can look
at the BDE of C–H bonds in tertiary amines to help quantify the stability of potential radicals
formed if the nitrogen dioxide radical were to abstract a hydrogen atom on any carbon of the
molecule. Wayner et al. [21] investigated the bond dissociation energy of different C–H bonds in
multiple aliphatic amines, including trimethylamine, triethylamine, and tributylamine. They
determined that the most stable radical formed resulted from the hydrogen atom abstraction on the
carbon adjacent to the center nitrogen, also referred to as α-to-N C–H bond. In terms of BDE,
trimethylamine has the lowest, at 372 kJ/mol, with both triethylamine and tributylamine exhibiting
identical BDEs, at 381 kJ/mol. In conclusion, the inductive effects from the increase in chain
length of the alkyl groups in tributylamine compared to triethylamine does not increase the stability
of the respective radicals formed. Tandon et al. [22] describe a saturation of substituent effects for
alkyl group chain lengths above four carbons, which correlates with the BDE values found.

2.4

Modeling Hypergolic Ignition

As mentioned previously, hypergolic ignition phenomena are not yet fully understood.
However, there have been a few attempts to try and model hypergolic ignitions either from a
mathematical perspective by combining thermodynamic and kinetic processes, or from a chemical
perspective by studying the influence of chemical structure on reactivity. These studies are
summarized in the following sections.

2.4.1

Thermodynamic and Kinetic Study of Hypergolic Ignition
In 1963, Anderson et al. [23] worked on creating a mathematical model for the hypergolic

ignition of solid propellants with gaseous oxidizers, in an attempt to quantitatively model the
ignition process combining thermodynamic and kinetics occurring at the solid propellant’s surface.
Based on their numerical model, they were able to determine the theoretical effects of oxidizer
concentration, heat of reaction, and kinetics properties such as order of reaction, Arrhenius
pre-exponential factor, and activation energy.
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Their work was further expanded in 1966 by Williams [24] and later Waldman [25] in 1970,
via the development of finite-difference approximation to the solution of the model created by
Anderson et al. [23]. An empirical formula was developed relating ignition delay and
thermodynamics properties (heat capacity and thermal conductivity), density, oxidizer initial
temperature and concentration, diffusion coefficient, as well as kinetics properties such as
Arrhenius pre-exponential factor and order of reaction [24], [25]. The main limitation of these
solutions lies in the need for several thermodynamic and kinetic properties for the fuel/oxidizer
combination considered, some of which can only be determined experimentally, making it less
practical when looking at comparing the reactivity of a broad range of compounds.

2.4.2

Influence of Chemical Structure on Hypergolic Ignition
There have been several systematic studies performed on the influence of chemical

structure on the hypergolicity of liquid fuels. Systematic studies are a simple way to determine
basic relationships between chemical structure and reactivity, without needing physical or
chemical properties that can be challenging to obtain when looking at a broad range of compounds.
In the late 1950s, Rapp and Strier [26] performed a systematic study on the effect of
chemical structure on the hypergolicity of aliphatic amines with white fuming nitric acid. Their
main objective was to determine the influence of amine class, carbon chain length, and substituents
on the reactivity of these different amines, and how ignition delays would vary based on these
different characteristics. They selected and tested 63 different amines, with varying chain lengths,
as well as varying substituents such as hydroxyl, phenyl, and amino groups. The ignition delays
are determined via the detection of ionization when the combustion process starts using two
electronic relays (one to detect contact and the second to detect flame). Rapp and Strier concluded
that reactivity increases as chain length increases up to six carbons, with loss of hypergolicity for
primary amines containing more than six carbons. The reactivity of primary amines also increases
when adding alkyl groups to the alpha-carbon (carbon located at the alpha position with respect to
the nitrogen, as shown on Figure 2.2), but decreases when added on the beta-carbon position.
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Figure 2.2 Alpha and beta carbon positions for n-butylamine
Typically, tertiary amines are more reactive than secondary and primary amines, with
secondary amines being more reactive than primary amines. Substituents such as phenyl, hydroxyl,
and amino groups also enhance hypergolicity when added to the beta-carbon position. Finally, in
the case of amino alcohols, the increasing viscosity as the number of hydroxyl groups increases
leads to a decrease in reactivity, the reaction becoming diffusion-limited.

2.5

Recent Developments in QSAR/QSPR

While systematic studies are a nice starting point in understanding the impact of chemical
structure on reactivity, they are only based on qualitative observations, making it challenging to
mathematically draw trends and predict reactivity of future candidates.
Quantitative structure-activity relationship (QSAR) and quantitative structure-properties
relationship (QSPR) are regression models used to relate molecular descriptors or chemical
properties to activity/reactivity (or chemical properties, for QSPR). Widely used in chemistry and
biology, these regression models rely on the general process shown on Figure 2.3 [27], [28].

Figure 2.3 Overview of the QSAR process [27]
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The objective of QSAR is to predict the reactivity of molecules using properties called
molecular descriptors and selected based on molecular structure (1D chemical formula, 2D
chemical structure, and 3D molecular geometry) and expected reactivity [27], [29]. A
QSAR/QSPR model is created via a regression analysis with selected molecular descriptors as
explanatory variables and the experimentally-determined reactivity as the response variable. Once
the model is ruled statistically significant and validated with test groups, it can help predict the
reactivity of compounds with unknown reactivities. The advantage of such method is the potential
to simplify screening processes and select compounds with desired properties, therefore bypassing
time-consuming experimental work. Applying QSAR to the field of hypergols could help for the
screening of “new” hypergolic propellants and/or the selection of fuels tailored to specific
applications (performance-related and/or properties-related requirements).
For the purpose of my study, molecular descriptors of interest are constitutional
(2D chemical structure), electronic (electronic configuration of a compound and charge
distribution), steric (nonbonding interactions in a compound and its consequences on its
geometry/shape), quantum chemical (properties determined via quantum chemistry calculations),
and topological (algebraic description of chemical structure) [29], [30], [31].
The recent advancements in computational chemistry software are making the estimation
of these properties faster (less computational time) and more accessible to non-quantum
chemistry-trained individuals. In spite of these improvements, there is little literature available on
QSAR/QSPR applied to hypergolic propellants. As described in the next paragraphs, most of the
previous QSAR work was done on ionic liquids with nitric acid, and there is no model to date
involving nitrogen tetroxide.
Sengupta et al. at CFD Research Corporation [32] reported their attempt to use both QSAR
and Artificial Neural Network (ANN) to model ignition delay of energetic ionic liquids with nitric
acid. Using semi-empirical methods (PM7), the authors successfully fit ignition delay using five
molecular descriptors selected from a pool of 160, with an R2 value and cross-validation coefficient
of 0.91 and 0.83 respectively. These molecular descriptors are the following: the electrostatic
potential, the number of hydrogen atoms, the atomic charge per molecular surface area, the relative
negative charge surface area, and the surface area for nitrogen atoms. Given the ionic nature of the
fuels considered, it is logical for the most statistically significant molecular descriptors to be
related to the charge distribution and electronic structure of the compounds. Sengupta et al. achieve
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better correlations using ANN for all 25 ionic liquids and hypothesized that the process behind
hypergolicity being non-linear, ANN would lead to better results than using the linear model
created using QSAR.
More recently, the same team at CFD Research Corporation [33] performed QSPR on
similar ionic liquids using ab-initio methods to calculate molecular descriptors rather than
semi-empirical methods like in their previous study. The authors first attempted to fit ignition
delay for all 41 compounds, and achieved the best results by fitting the logarithmic of the ignition
delay as a function of eight molecular descriptors, which are the energy of the HOMO
(highest-occupied molecular orbital), magnitude of the dipole moment, hydrogen bonding acceptor
surface area sum, molecular weight, positively charged surface area sum, charge transfer between
cation and anion, average deviation of negative charge, and count of hydrogen bonding acceptor
atoms. With this model, they achieved an R2 value of 0.795. In addition, they sorted ionic liquids
based on whether they contained oxygen atoms or not and performed similar multiple linear
regression analyses on both sets. The R2 value for the oxygen-containing compounds increased to
0.956 for five molecular descriptors (hydrogen bonding donor surface area sum, count of all
hydrogen bonding interaction sites, negatively charged surface area sum, energy of the HOMO,
and fractional hydrogen bonding donor surface area). They also managed to fit the logarithmic of
the ignition delay for the non-oxygen atom containing compounds using five molecular descriptors
instead of the initial eight, for a similar R2 value of 0.755. In this new model, one of the major
changes in molecular descriptors is the switch from the energy of the HOMO to the electrostatic
potential balance. In agreement with their work from 2010, molecular descriptors involving the
electronic structure of the ionic liquids ended up being the most statistically significant. Finally,
Sengupta et al. [33] performed a sensitivity analysis and determined that a 1% decrease in the
energy of the HOMO led to a ~25% increase in ignition delay for oxygen-containing ionic liquids.
In the case of ionic liquids not containing oxygen atoms, the largest relative change in ignition
delay was attributed to the electrostatic potential balance, with a 1% decrease in the molecular
descriptor leading to a ~18% increase in ignition delay.
A similar study performed by McQuaid et al. in 2004 [34] focuses on the influence of
amine azide basicity on their ignition delay with white fuming nitric acid. Noticing the failure to
explain trends in ignition delays using pKb in aqueous solution, they decided to investigate
different ways to quantify base strength using gas-phase proton affinities, heats of neutralization
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for reactions leading to ion pairs, and heats of reaction for fuel-nitric acid complexation. The
authors did not, however, find correlations between ignition delays and these measures of basicity.
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REACTIVITY AND HYPERGOLICITY OF SOLID FUELS WITH
MON-25

The next two sections are dedicated to the work done on developing and testing a
hypergolic hybrid motor at the Zucrow Laboratories. This development arose from the need for a
low-temperature compatible propulsion system and is currently being considered by the Jet
Propulsion Laboratory, among other systems, as a potential robotic Mars Ascent Vehicle.
Development consisted in screening for solid hypergolic fuel candidates, establishing casting
methods in compliance with requirements driven by the hypergolic additives, and test, in a
two-inch motor small scale engine, the performance of such configurations, in both open air and
reduced-pressure environment.
The objective of this first section dedicated to the hypergolic hybrid is to describe the
challenges met to find potential solid additives hypergolic with MON-25. It summarizes the
reactivity study performed with eighteen potential solid hypergols with both NTO and MON-25
as a function of pressure, in open air and in a nitrogen environment. The influence of pressure on
reactivity is important when designing for space systems igniting at vacuum, and determining
whether such hypergolic propellants would ignite at these conditions was of value prior to
switching to larger scale motor tests in a reduced-pressure environment. This section is adapted
from “Reactivity and Hypergolicity of Solid Fuels with Mixed Oxides of Nitrogen”, published in
2019 in the Journal of Propulsion and Power, volume 35, number 2. The authors, Dr. Michael P.
Drolet, Jason R. Gabl, and Dr. Timothée L. Pourpoint, also contributed to the work presented here.

3.1

Background & Motivation

Most hybrid propulsion systems use polymers as fuels, such as high-density polyethylene
(HDPE) or hydroxyl-terminated polybutadiene (HTPB). These fuels are mostly reacted with
oxidizers such as gaseous oxygen, hydrogen peroxide, or nitrous oxide. Despite being energetic
fuels, these propellants are still hampered by their low regression rates (on the order of 1 mm/s)
and poor combustion efficiencies [35]. One way to increase their regression rates is by using more
complex grain geometries that increase the burn area and therefore mass flow rate of fuel burned.
However, the complexity of these grains is limited by the current casting methods available and
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structural considerations. Paraffin have been widely investigated over the past decades in an
attempt to develop a high regression rate and therefore high thrust alternative to polymeric binders.
Indeed, typically paraffin fuels have shown regression rates as high as 3 mm/s depending on the
oxidizer use. Paraffin fuels are also easy to cast, low cost, and safe to handle.
Paraffin wax consists in a mixture of n-alkanes ranging from thirty to fifty carbons (C30H63
to C50H102). It is a solid substance with a melting point, depending on the composition, ranging
between 60 and 90°C, with higher carbon numbers leading to higher melting points. Paraffin wax
is commonly used as the primary material in candle making or as a lubricant [36]. It is often
considered an unreactive material due to its inert properties, but has been shown to burn steadily
with gaseous oxygen in different hybrid rocket configurations with increased regression rates
compared to common polymeric binders, thanks to the formation of a melt layer creating
entrainment of fuel droplets into the flow [37], [38].
In this work, we focus on the use of SP7, a proprietary paraffin-based fuel developed by
the Space Propulsion Group (SPG). Neat SP7 has already been investigated with MON-3 as the
oxidizer at different oxidizer mass fluxes, allowing for the determination of the regression rate
coefficients for the SP7/MON-3 propellant combination [39]. Evaluated over an average oxidizer
mass flux of 47 to 163 kg/(m2-s), SPG [39] reported a regression rate of the form r=aGoxn with
a = 7.81E-5 m0.645s0.445kg-0.545 and n = 0.545 for the SP7/MON-3 combination.
Prior to investigating a hypergolic hybrid configuration, we performed preliminary tests
involving paraffin wax and nitrogen tetroxide in the experimental setup described in Section 4.1.3.
In spite of the use of a gaseous oxygen secondary flow during the whole duration of the burn, we
were not able to achieve stable and sustainable combustion. The energy release from the reaction
of the paraffin wax with the oxidizer is not sufficient to balance out the energy spent in increasing
the temperature of the system, melting and vaporizing the fuel, and vaporizing the incoming
oxidizer. These results led us to consider reactive additives to add to the fuel binder that would
react with the oxidizer and provide an additional heat source to balance out the energy expenditure
in the system. We performed several successful tests involving sodium borohydride embedded in
paraffin wax, with not only improvements in combustion stability, but sustained combustion
without any oxygen flow. Loadings as low as 10 wt.% were sufficient to witness such
improvement.
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From these results, the transition from reactive/non-hypergolic to hypergolic compounds
was natural, as we would not only be able to get the advantages of an added heat source for
combustion stability and sustainability, but also achieve hypergolic ignition of the grain, therefore
removing the need for igniters, gaseous oxygen flow, or igniter fluids. The following section is
dedicated to the screening and selection of such solid hypergolic candidates.

3.2

Screening and Selection of Solid Fuels

We selected solid hypergol candidates based on their reported reactivity or chemical
incompatibility with strong oxidizing agents. The main desired characteristics were the following:
1. Molecules that can act as a strong base or nucleophile, which have atoms with
available electrons and may also be oxidized,
2. Strong reducing agents, which would provide a greater reduction potential, or
3. Functional groups that would stabilize intermediate radical species, thereby
allowing a greater exotherm in the first fundamental reaction step of hydrogen atom
abstraction.
In essence, we looked for molecules that best fit the description of those reactive with NTO
described as follows in the Wiley Guide to Chemical Incompatibilities: “Violent reaction with
strong

reducing

agents,

including

metal

hydrides,

nitrides,

[…],

barium

oxide

(incandescent) […].” [40]
The initial list of potential hypergolic additives consisted of metal hydrides, one metal
nitride, amides, silyl amide salts, organic compounds, including borane complexes, and one metal.
The selected organic compounds include several polycyclic aromatic hydrocarbons (azulene,
phenanthrene, fluorene, and naphthalene). A majority of the metal hydrides were ruled out for
being either pyrophoric or highly toxic, resulting in difficult handling of the material or having
potential incompatibility with traditional hybrid binders such as hydroxyl-terminated
polybutadiene (HTPB), polybutadiene acrylonitrile (PBAN), and paraffin wax. These constraints
decreased the list to eighteen potential additives.
The eighteen potential hypergols are summarized in Table 3.1 with the large scale
availability referring to the largest quantities that could be readily purchased from Sigma-Aldrich
at the time of the screening process in July 2018.
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Table 3.1 Solid hypergol candidates
Chemical name
Calcium hydride
Aluminum nitride
Lithium amide
Sodium amide
Sodium
bis(trimethylsilyl)amide
Potassium
bis(trimethylsilyl)amide
Lithium
bis(trimethylsilyl)amide
Azulene
Phenanthrene
Pararosaniline base
Fluorene
Naphthalene
Pyrocatechol
Borane trimethylamine
complex
Borane tert-butylamine
complex
Ethylenediaminebisborane
Chromium
Barium oxide
a

Melting
point, °C
816
>2202
380
400

0/4/2/W
3/0/1/W
3/3/1/W
3/3/1/W

Large-scale
availability
500 g
250 g
500 g
1 kg

$0.66
$0.91
$0.39
$0.16

--

3/0/0

100 g

$3.04

--

3/0/0

100 g

$3.74

--

3/3/3

250 g

$1.32

99 – 100
100
205b
116 – 117
80
105

1/0/0
1/0/0
1/0/0
1/1/0
2/2/2
2/1/0

1g
500 g
25 g
500 g
3 kg
1 kg

$300
$0.76
$5.80
$0.50
$0.03
$0.28

92 – 96

2/3/3

100 g

$3.32

97 – 98b

2/0/0

100 g

$1.72

114 – 130b

2/0/2

1g

$84.50

1907
1923

0/0/0
3/0/0

250 g
500 g

$0.80
$1.46

NFPA ratinga

$/g

Health/fire/reactivity/special hazard; bDecomposition temperature

3.3

Drop Test Experimental Setups

Drop tests are simple, small-scale experiments that provide reactivity and hypergolicity
data for different fuel and oxidizer combinations of interest, including ignition delays when
applicable. Typically, the oxidizer is dropped onto the fuel and initial screening test are performed
in open air at atmospheric pressure and temperature. The reaction is considered hypergolic if there
is visible light emission after both propellants contact each other. Using high-speed imaging, we
can determine the ignition delay, defined as the time interval between the first contact of the
propellants and the first emission of light. In addition, a nonhypergolic compound is considered
reactive if there is visible gas generation without light emission. The reaction delays, defined as
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the time interval between the first contact of the propellants and the first visible gas generation,
can also be determined using high-speed imaging.

3.3.1

Drop Test Setup in Open Air
In the case of drop tests performed in open air, the oxidizer is loaded into a condenser. A

chiller allows water to flow through the condenser jacket at a temperature lower than the boiling
point of NTO. Videos are recorded using a high-speed camera, which allows us to determine the
ignition delay if the reactants are hypergolic. Frame rates typically range from 10,000 to 20,000 fps.
A picture of the setup used is show in Figure 3.1. In this configuration, the fuel to be tested
is loaded into a vial or a watch glass, and the oxidizer is dropped onto it.

Figure 3.1. Drop test setup in open air (left) with example of a test performed with potassium
bis(trimethylsilyl)amide (high-speed video recorded at 12,963 fps) (right)
3.3.2

Drop Test Setup in Nitrogen Atmosphere

MON-25 Setup in Nitrogen Atmosphere
The properties of both the fuel and the oxidizer drove the design of our MON-25 drop test
setup, particularly the fact that MON-25 has a vapor pressure of 75 psia at 25°C. Because the
chamber pressure needs to be higher than the vapor pressure of the oxidizer in order to maintain a
single liquid droplet, we designed a drop test vessel (DTV) that could be pressurized up to 100 psia.
The DTV, shown in Figure 3.2, is a 7-inch-long cylindrical acrylic tube with an inner diameter of
5 inches pressed between two 316 stainless steel plates (one ½-inch and one 3/8-inch thick). It is
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pressurized with nitrogen during testing and sealed using four pneumatic actuators and a
compatible gasket on each sealing surface.
To be able to test at different pressures, the oxidizer is cooled to reduce its vapor pressure
below the range of pressures tested. The main feed line is cooled to -20°C, which decreases the
vapor pressure of MON-25 to 8 psia. Coolant is flowed through 1/4-inch stainless steel tubing
surrounding the 1/16-inch oxidizer line inside the DTV. This counter flow heat exchanger provides
the required heat transfer rate between the oxidizer and the coolant through convection within the
cooling liquid and conduction through the stainless-steel wall. The remaining propellant lines (also
referred to as upper lines) are cooled to 15°C using the same coolant fed through Tygon tubing
wrapped around the lines. The cooling system aids in condensing MON-25 in the lines during the
loading process. Because the upper lines and the main feed line are cooled to different
temperatures, there is a pressure drop in the feed system that we can take advantage of to generate
repeatable droplets. Using a 0.0065-inch orifice downstream of the run valve, we are able to set
the oxidizer flow rate to dispense one to two droplets when the chamber pressure is lower than the
vapor pressure of the oxidizer in the upper lines. If the chamber pressure is higher than the vapor
pressure, we can use a syringe, which increases the usable oxidizer volume, to dispense droplets
by displacing the oxidizer in the line.
Our 8.5-lbm supply of MON-25 is stored in a double-ended Hoke cylinder and was supplied
by the Defense Logistics Agency. After each test, the amount of NO in the MON decreases as NO
evolves from solution due to an increase in ullage volume. Before testing, we check the
temperature and equilibrium pressure of the oxidizer tested, and either repressurize the oxidizer
with NO or vent NO from the tank if its concentration falls out of the range of 25 ± 0.5 wt.%.
Finally, most of the solid additives that we considered are moisture sensitive and/or air sensitive
to some degree. To preserve their quality before and during testing, we loaded clear glass vials
with the fuel to be tested in an argon-filled glove box with an atmosphere monitored to be under
0.01 ppm of moisture and oxygen. The sealed vials containing the different fuels are then
transferred into a nitrogen-purged dry box containing the DTV. The oxygen level is monitored
throughout the test and kept under 0.1 ± 0.1 Vol.% using a Dräger Pac 5500. Similarly, the
moisture level is monitored using an Extech SuperHeat Psychrometer and kept under
10 ± 0.1%RH, based on the range of the instrumentation.
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Each drop test is recorded using a Phantom v7.3 or Phantom v1212 ultra high-speed camera
recording between 5,000 and 20,000 fps, providing ignition delays with accuracies between 0.05
and 0.2 ms based on the frame rate. This uncertainty arises from the ignition event occurring
between frames (i.e.: ±1 frame). Data are recorded throughout the tests using different pressure
transducers and thermocouples located both in the oxidizer upper lines and in the DTV, via the use
of Druck PMP1260 pressure transducers that have an uncertainty of 0.6 psia (±0.2% on a full scale
of 300 psia) and two sheathed 1/16 inch T-type thermocouples. The whole system is located in a
fume hood for safety purposes due to the toxic nature of the oxidizer used.

Figure 3.2 Drop test setup for MON-25 with a close-up image of a drop test
DTV, drop test vessel

NTO Setup in Nitrogen Atmosphere
To complement the open air tests with NTO and to provide a direct comparison with the
MON-25 results, we also performed ignition tests with NTO in the nitrogen atmosphere provided
by the DTV (Figure 3.2). The only modification made to the assembly is in the plumbing system.
The MON-25 cylinder is disconnected from the main feed system and replaced by an NTO sample
cylinder from Sigma-Aldrich Millipore (PN: 295582), connected to the assembly via 1/8 inch
PTFE tubing. These tests are simpler compared with the tests involving MON-25, because there
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is no need for the NO system. Also, the vapor pressure of NTO is only 17 psia at 25°C, compared
with 75 psia for MON-25. The main feed line is therefore cooled to 5°C and the upper lines to
19°C.

3.4
3.4.1

Drop Tests Methodology

Test Matrix
Tests with MON-25 were performed at pressures between 30 and 80 psia. The pressure

range was determined based on the vapor pressure of the oxidizer at its given temperature. The
oxidizer temperature was kept at -20°C, at which MON-25 has a vapor pressure of 8 psia. The
temperature and pressure of the oxidizer and the chamber were monitored using the thermocouples
and pressure transducers in the system. The oxidizer temperature reported for each test is the main
feed line temperature. By the time the oxidizer is dispensed from the 1/16 inch main feed line, the
oxidizer has reached equilibrium with the coolant temperature, and its vapor pressure is below the
targeted chamber pressure. Otherwise, we would dispense a stream of oxidizer rather than a single
drop. We also attempted lower pressure tests (ambient to 20 psia chamber pressure) that proved
unsuccessful with the current cooling system, due to a pressure drop across the isolation valve too
large to dispense a single drop of MON-25.
We limited the solid fuel sample sizes to 6 and 12 mg to minimize potential pressure rises
due to ignition events in the closed chamber. These solid sample quantities were determined based
on the amount of oxidizer used for each drop test, approximated to 12 mg using the density of the
oxidizer and the tubing inner diameter. These results were confirmed using high-speed imaging,
with an average droplet mass of 10 mg based on the observed droplet dimensions while falling.
We calculated the combustion temperature of each additive with the oxidizer using Chemical
Equilibrium with Applications (CEA) [41], assuming a constant-pressure combustion and a given
oxidizer-to-fuel ratio. Using the products’ properties, we calculated the pressure rise inside the
chamber, assuming an adiabatic expansion and using the volume of the test chamber. By using 6
and 12 mg solid additive samples, we limited the pressure rise to values lower than 20 psia,
assuming perfect mixing and reaction, as well as adiabatic conditions. This conservative estimate
is within the design conditions of the DTV. Experimentally, we observed pressure rises only
between 0.5 to 1 psia at the highest. We performed each drop test twice at each pressure for each
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additive. The data, reported here for 12 mg samples, allowed us to develop a trend for ignition
delay as a function of pressure.

3.4.2

Test Procedures

Drop Tests with MON-25
Our test procedures with MON-25 were as follows. The different additives were loaded
into clear capped vials inside of an argon-filled glove box kept at <0.1 ppm H2O and O2 at all
times. Once loaded the vials were transferred into the nitrogen-purged dry box housing the DTV,
and purged with nitrogen until the moisture and oxygen levels were less than 0.1%. Before testing,
the NO concentration of the MON was verified by recording the oxidizer storage temperature and
equilibrium pressure. Using empirical correlations from the USAF Nitrogen Tetroxide handbook,
we are able to check the NO concentration based on both temperature and pressure [42]. The
amount of NO dissolved into the NTO was then adjusted by pressurizing with or venting NO, if
needed. Once the oxidizer conditioning was complete, the DTV was clamped with a clamping
force sufficient to seal the pressure at which we were testing using four pneumatic actuators. This
ensured that the DTV is sealed during testing and once pressurized, up to a maximum chamber
pressure of 100 psia. The next step consisted of loading the cooled propellant lines and syringe
with the oxidizer and loading the DTV with the fuel to be tested. Once all the propellants were
loaded, we pressurized the chamber to the desired chamber pressure. Finally, the oxidizer was
dropped onto the fuel, and the drop test was recorded using our high-speed camera in order to
determine the ignition delay if the additive is hypergolic.

Drop Tests with NTO
Our test procedures with NTO in the DTV differed from the MON-25 test procedures only
in terms of oxidizer conditioning and loading. Because we were testing with NTO, there was no
need to pressurize with NO. The oxidizer in the system was loaded using a sample cylinder that
was heated in order to increase the vapor pressure and accelerate the loading process. Because
NTO has a vapor pressure of 17 psia at 25°C, the volume loaded with oxidizer was cooled back
down to a targeted temperature inside the main feed lines based on our test matrix.
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3.4.3

Drop Tests Parameters in Inert Atmosphere
Several parameters can influence ignition delay during drop tests. Along with temperature

and pressure, drop test height and volume of oxidizer dispensed can have an effect on the
hypergolicity of the propellants tested [43], [44]. Indeed, increasing the drop test height increases
the velocity of the oxidizer droplet, up to its terminal velocity, which can lead to a decrease in
ignition delay, depending on the fuel. All the tests at low temperature were performed at a drop
test height of 2 inches, with an average drop velocity of 0.8 m/s, while tests at ambient temperature
were performed at a drop test height of 6.5 inches, with an average drop velocity of 1.6 m/s. The
difference in drop test heights is a result of a test setup modification to allow for the cooling of the
main feed line.
The volume of oxidizer dispensed for each test varied from one to two drops. The volume
dispensed depends on the oxidizer flow rate set by the orifice and is based on the pressure
differential between the upper lines and the main feed line. While the second droplet was
nonintentional, ignition was observed before the second droplet hit the fuel.
Propellant temperature was kept constant throughout the tests and was monitored using the
two thermocouples located in the upper feed line and in the DTV. The chamber temperature is kept
relatively constant throughout the tests. Tests performed at high chamber pressures (80 psia) are
typically about 2°C higher than tests performed at a lower chamber pressure (30 psia) due to gas
compression effects. By the time we perform a drop test, the chamber temperature is within ±2°C
of the initial chamber temperature (pre-pressurization).
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The data of a typical drop test are shown in Figure 3.3.

(a) Pressure

(b) Temperature

Figure 3.3 Test data from a drop test performed with MON-25 at –20°C, and at a chamber
pressure of 80 psia
Pc, Chamber pressure; PTS, test section pressure; Tc, chamber temperature; TTS, test section temperature

3.5
3.5.1

Results from Drop Tests with Additives

Reactivity and Ignition Delays

Reactivity with NTO in Open Air
Table 3.2 summarizes the results of the drop tests performed with NTO in open air at a
drop test height of 8 inch. The chiller used for the NTO condenser was set to 15°C.

Table 3.2 Results of drop tests performed with NTO in open air
Chemical Name

Reactive

Hypergolic

Calcium hydride
Aluminum nitride
Lithium amide
Sodium amide

Yes
No
Yes
Yes

No
No
No
Yes
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Minimum Ignition
Delay, ms
---86.6

Table 3.2 (Continued) Results of drop tests performed with NTO in open air
Chemical Name

Reactive

Hypergolic

Calcium hydride
Aluminum nitride
Lithium amide
Sodium amide
Sodium
bis(trimethylsilyl)amide
Potassium
bis(trimethylsilyl)amide
Lithium
bis(trimethylsilyl)amide
Azulene
Phenanthrene
Pararosaniline base
Fluorene
Naphthalene
Pyrocatechol
Borane trimethylamine
complex
Borane tert-butylamine
complex
Ethylenediaminebisborane
Chromium
Barium oxide

Yes
No
Yes
Yes

No
No
No
Yes

Minimum Ignition
Delay, ms
---86.6

Yes

Yes

89.0

Yes

Yes

7.3

Yes

Yes

71.4

Yes
Yes
Yes
Yes
Yes
Yes

Yes
No
No
No
No
No

46.8
------

Yes

No

--

Yes

No

--

Yes

Yes

421

No
No

No
No

---

Six out of the 18 additives tested were found to be hypergolic, with ignition delays ranging
from 7.3 to 421 ms. Borane trimethylamine complex, borane tert-butylamine complex, and five
out of six remaining organic compounds were reactive with NTO but did not ignite.
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Figure 3.4 shows screenshots of potassium bis(trimethylsilyl)amide burning during a drop
test performed with NTO in open air.

(a) t = -1.497 ms

(b) Contact – t = 0 ms

(c) Ignition – t = 13.866 ms

(d) t = 36.161 ms

Figure 3.4 Screenshots of a drop test performed with potassium bis(trimethylsilyl)amide and
NTO in open air, recorded at 12693.4 fps - the first three screenshots (a) – (c) are artificially
brightened for visibility
Reactivity with MON-25 in Nitrogen Atmosphere
Table 3.3 summarizes the results of the drop tests performed with MON-25 in a nitrogen
atmosphere at 80 psia and 25°C. The results shown were all performed at an oxidizer temperature
of 25°C and a drop test height of 2 inches.
Three additional potential additives were found hypergolic with MON-25 compared with
NTO (lithium amide, borane trimethylsilylamine complex, and borane tert-butylamine complex).
The ignition delays range between less than a millisecond up to 1 second. Based on these results,
the nonhypergolic compounds were ruled out of the potential additives list for future testing. Figure
3.5 shows a drop test performed with potassium bis(trimethylsilyl)amide and MON-25 at 25°C.
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Table 3.3 Results of drop tests performed with MON-25 in an N2 atmosphere, at P = 80 psia and
T = 25°C
Chemical Name

Reactive

Hypergolic

Calcium hydride
Aluminum nitride
Lithium amide
Sodium amide
Sodium
bis(trimethylsilyl)amide
Potassium
bis(trimethylsilyl)amide
Lithium
bis(trimethylsilyl)amide
Azulene
Phenanthrene
Pararosaniline base
Fluorene
Naphthalene
Pyrocatechol
Borane trimethylamine
complex
Borane tert-butylamine
complex
Ethylenediaminebisborane
Chromium
Barium oxide

Yes
No
Yes
Yes

No
No
Yes
Yes

Minimum Ignition
Delay, ms
--13.8
4.8

Yes

Yes

0.95

Yes

Yes

1.1

Yes

Yes

7.4

Yes
Yes
Yes
Yes
Yes
Yes

Yes
No
No
No
No
No

45.2
------

Yes

No

9.3

Yes

No

6.2

Yes

Yes

1001

No
No

No
No

---
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(a)

(b) Contact

(c) Ignition

(d)

Figure 3.5 Screenshots of a drop test performed with potassium bis(trimethylsilyl)amide and
MON-25 at 80 psia and 25°C, recorded at 10,000 fps – the first three screenshots (a) – (c) are
artificially brightened for visibility
Reactivity with NTO in N2 Atmosphere
Table 3.4 summarizes the results of the drop tests performed with NTO in a nitrogen
atmosphere at an oxidizer temperature of 26°C. The additives that were not hypergolic with NTO
in open air or with MON-25 in nitrogen were discarded as potential additives.
All the additives that were hypergolic with MON-25 were hypergolic with NTO as well,
except for sodium amide. For the additives hypergolic with NTO, the ignition delays range from
0.35 to 145 ms. Figure 3.6 shows a drop test performed with pararosaniline base and NTO at 26°C.

50

Table 3.4 Results of drop tests performed with NTO in an N2 atmosphere, at P = 80 psia and
T = 26°C

Chemical name
Lithium amide
Sodium amide
Sodium
bis(trimethylsilyl)amide
Potassium
bis(trimethylsilyl)amide
Lithium
bis(trimethylsilyl)amide
Azulene
Pararosaniline base
Borane trimethylamine
complex
Borane tert-butylamine
complex
Ethylenediaminebisborane

At P = 35 psia in an N2
At P = 80 psia in an N2
environment
environment
Minimum
Minimum
Reactive Hypergolic
ignition Reactive Hypergolic
ignition
delay, ms
delay, ms
Yes
Yes
14.6
Yes
Yes
6.4
---No
No
---

--

--

Yes

Yes

<0.5

Yes

Yes

0.3

--

--

--

Yes

Yes

0.3

---

---

---

Yes
Yes

Yes
Yes

7.9
145

--

--

--

Yes

Yes

2.2

--

--

--

Yes

Yes

2.2

--

--

--

Yes

Yes

91.4

--, Not tested; No, nonreactive and/or hypergolic; Yes, hypergolic and/or reactive

(a)

(b) Contact

(c) Ignition

(d)

Figure 3.6 Screenshots of a drop test performed with pararosaniline base and NTO at 80 psia and
26°C, recorded at 10,000 fps
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3.5.2

Pressure Dependency on Ignition Delay
Table 3.5 shows the pressure dependency on ignition delay for five different hypergols

tested with MON-25. The ignition delays cited are the minimum ignition delays of the two drop
tests performed with each additive.

Table 3.5 Effects of pressure on the ignition delay for drop tests performed with MON-25
(minimum ignition delays in ms)
Chemical name
Lithium amide
Potassium
bis(trimethylsilyl)amide
Lithium
bis(trimethylsilyl)amide
Borane trimethylamine
complex
Pararosaniline base

MON-25 in a nitrogen environment, at –20°C
30 psia
50 psia
80 psia
126.9
61.5
43.6
3.7

1.4

1.1

15.9

13.3

3.1

173.5

82.7

9

NH

2050

512.1

NH: non hypergolic

The ignition delays of the different additives are plotted as a function of chamber pressure
in Figure 3.7. The minimum ignition delays are fitted using a power fit shown in Eq. (4):
67 =

9
:;

(4)

The curve fit coefficients are shown in Table 3.6, along with the R2 value, and are
determined based on the minimum ignition delays. We did not fit the data gathered for
pararosaniline base because we had only two data points for the ignition delay (no hypergolicity
observed at 30 psia).
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Table 3.6 Curve fit coefficients for each fuel type with MON-25 in a nitrogen environment
at -20°C (drop test height: 2.5 inch)
Chemical name
Lithium amide
Potassium
bis(trimethysilyl)amide
Lithium
bis(trimethylsilyl)amide
Borane trimethylamine
complex

K, ms.psiam
4502.4

m
1.11

R2
0.71

230.2

1.25

0.91

5355.2

1.65

0.81

6E+6

2.99

0.91

(b) Potassium bis(trimethyilyl)amide
(PBTSA) R2 = 0.91; Lithium
bis(trimethylsilyl)amide R2 = 0.81

2

(a) Lithium amide R = 0.71

(c) Borane trimethylamine complex R2 = 0.91
Figure 3.7 Ignition delays of different additive types with MON-25 in a nitrogen environment,
at -20°C as a function of chamber pressure (statistical analysis done on minimum ignition delay)
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Overall, we observe a decrease in ignition delay as pressure increases. The reactivity of
borane trimethylamine complex is the most affected by pressure, as can be seen with the magnitude
of the exponent m. The ignition delay of lithium amide decreases by 66% over a pressure range of
50 psia, whereas the ignition delay of borane trimethylamine complex decreases by almost 95%
over the same pressure range. The R2 value could be improved by increasing the number of data
points per pressure and per additive.

Effect of NO on the NTO/MON Reactivity
Table 3.7 shows the influence of NO on the ignition delays of five solid additives with
MON-25 compared with NTO. The ignition delays cited are the minimum ignition delays of the
two drop tests we performed per additive.
Preliminary results show that the ignition delays of the solid additives increase as the
concentration of NO increases, with the exception of sodium amide, which became hypergolic.
The ignition delays are up to 25 times higher for MON-25 than for NTO, with lithium
bis(trimethylsilyl)amide being the most affected by the addition of NO.

Table 3.7 Drop test results with NTO and MON-25 at 26°C (drop test height: 6.5 inch)
Chemical name
Sodium amide
Lithium amide
Potassium
bis(trimethylsilyl)amide
Lithium
bis(trimethylsilyl)amide
Borane trimethylamine
complex
Pararosaniline base
3.6
3.6.1

NTO in nitrogen
environment at 80 psia, ms
N/A
6.4

MON-25 in a nitrogen
environment at 80 psia, ms
4.8
13.8

<0.5

1.1

0.3

7.4

2.2

9.3

145
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Discussion on Reactivity and Future Work

Metal Amides
All three metal bis(trimethylsilyl)amides tested consist of a cationic metal and an anionic

bis(trimethylsilyl)amide, and are part of metal amides. We observed higher ignition delays for
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lithium

bis(trimethylsilyl)amide

compared

with

both

sodium

and

potassium

bis(trimethysilyl)amide, regardless of the oxidizer or conditions tested. The difference in reactivity
correlates to the difference in the cationic metal. In the solid state, both lithium and sodium
bis(trimethylsilyl)amide tend to form trimers, whereas potassium bis(trimethylsilyl)amide forms
dimers. The structures are shown on Figure 3.8.

(a) LBTSA

(b) SBTSA

(c) PBTSA

Figure 3.8 Structure of lithium, sodium, and potassium bis(trimethylsilyl)amide
As the radius of the cationic metal increases, the charge is evenly dispersed over a larger
surface area of the ion, leading to the lower charge density. This decrease in charge density leads
to weaker bonds between the cation and the adjacent nitrogen atoms, increasing the overall
reactivity of the compound. Lithium being smaller than sodium, and sodium being smaller than
potassium lead to a lower reactivity of lithium bis(trimethylsilyl)amide compared with both
sodium

bis(trimethylsilyl)amide

and

potassium

bis(trimethylsilyl)amide,

as

observed

experimentally. We observed a similar trend in the case of sodium and lithium amide, with a higher
reactivity for sodium amide compared with lithium amide.
All five metal amides tested in this study showed hypergolicity. As a recommendation,
investigating additional compounds with an anionic center nitrogen (e.g. amides and silyl amides)
might be of interest to verify whether this feature plays a role in promoting reactivity and/or
hypergolicity.
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3.6.2

Aromatic Compounds
Azulene is a polar aromatic compound. The chemical structure and resonance form are

shown in Figure 3.9.

Figure 3.9 Chemical structure and resonance form of azulene
Azulene exhibits both nucleophilic and electrophilic behavior. It was found hypergolic
with both NTO and MON-25 in open air and in a nitrogen environment. Its isomer, naphthalene,
shown in Figure 3.10(a), is a nonpolar aromatic compound, along with fluorene, shown in Figure
3.10(b). Unlike azulene, both naphthalene and fluorene are reactive (visible gas generation), but
not hypergolic with either NTO or MON-25.

(a) Naphthalene

(b) Fluorene

Figure 3.10 Additional aromatic compounds tested
The amphoteric nature of azulene seems to be beneficial for hypergolicity as it promotes a
wider range of potential reactions. Naphthalene and fluorene do not carry the same characteristics.

3.7

Summary

Out of 18 solid chemicals, this study identified one inorganic amide (lithium amide), three
silyl amides (lithium, sodium, and potassium bis(trimethysilyl)amide), and one boron compound
(ethylenediamine-bisborane) as hypergolic with both nitrogen tetroxide (NTO) and mixed oxides
of nitrogen (MON)-25 at all conditions tested. Pararosaniline base, borane-trimethylamine, and
borane-tert-butylamine were found hypergolic with NTO and MON-25 in a nitrogen environment
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at elevated pressures. For MON-25 at -20°C and 30 psia, the ignition delays range between
3.7 and 173.5 ms depending on the solid. At 80 psia, they range from 0.95 to 1001 ms. In addition,
pararosaniline base is found hypergolic at 80 psia, but is only reactive (no ignition) at 30 psia. For
NTO at 26°C and 80 psia, the ignition delays range from 0.3 to 145 ms. Two solid fuels were also
tested at 35 psia, with ignition delays ranging from 0.8 to 14.6 ms. As expected, increasing
pressure directly influences the reactivity of the oxidizer with the different solid additives, with a
decrease in ignition delay of up to 19 times in the case of MON-25 at -20°C, and almost 3 times
in the case of NTO at 26°C.
It was also noted that NO decreases the reactivity of the oxidizer with the different additives.
The ignition delays found with MON-25 are up to 25 times higher compared with NTO at 26°C
over the range of pressures tested, with lithium bis(trimethylsilyl)amide being the most affected
by the addition of nitric oxide (NO).
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TWO-INCH MOTOR TESTING

Following the description of the screening process undertaken for solid hypergolic
propellants, Chapter 4 describes the implementation of these additives into a small-scale hybrid
system to assess which fuel characteristics promote short ignition delays, as well as combustion
stability and sustainability. This experimental work, done in collaboration with the Jet Propulsion
Laboratory, was critical in determining the needs for the model described in Section 5 of this work.

4.1
4.1.1

Ambient Conditions Test Setup

Additive Selection
Out of these eighteen compounds, we decided to focus on both sodium amide (NaNH2) and

potassium bis(trimethylsilyl)amide (PBTSA) for larger scale testing. Both potential additives
showed promising ignition delays with NTO in open air, as well as NTO and MON-25 in a nitrogen
atmosphere. In addition, the low cost and large-scale availability of sodium amide allowed us to
iterate on different grain configurations before investigating PBTSA as an alternative additive with
a lower ignition delay, but a larger cost per mass.
We switched providers for the sodium amide used between the screening/reactivity study
and the two-inch motor testing from Sigma-Aldrich to Oakwood Chemical, for their bulk
quantities available. Additional drop tests in vials instead of watch glasses in open air led to lower
ignition delays than previously tested, with a new minimum ignition delay for sodium amide of
< 100 μs.
The properties of both additives, along with their minimum ignition delays with NTO in
open air, are summarized in Table 4.1. All ignition delays were determined via high-speed imaging
at 10,000 fps (± 0.1 ms uncertainty on the ignition delays).
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Table 4.1 Properties of solid hypergolic additives selected
Additive
Molecular weight, g/mol
Density, kg/m3
Minimum ignition delay, (with
NTO in open air), ms
Heat of combustion, MJ/kg
Heat of formation, kJ/mol
Specific impulse at optimum
O/F, s
$/g
(1)
(2)
(3)
(4)

39.01
1390

Potassium
bis(trimethylsilyl)
amide
199.48
877

Sodium
Borohydride,
NaBH4
37.83
1070

< 100 µs

7.3

Non-hypergolic

-10.38
-168

-30.82
-430(1)

-35.4
-191

10 wt.%: 247

10 wt.%: 248

253

0.095(2)

3.73(3)

0.38(4)

Sodium
amide

Computed using MOPAC, a computational chemistry program
Per Oakwood-Chemical prices as of July 2019
Per Millipore Sigma prices as of July 2019
Per Alfa-Aesar prices as of July 2019

Both sodium amide and PBTSA, while non-pyrophoric, are moisture-sensitive and stored
in an argon glove box to prevent decomposition over time.
Using CEA, and assuming a chamber pressure of 200 psia and an expansion ratio of 5.1, we
calculated specific impulse values as a function of oxidizer-to-fuel ratio for different fuel
combinations of sodium amide, PBTSA, and SP7. We also calculated specific impulse values for
sodium borohydride. Sodium borohydride (NaBH4) is reactive, nonhypergolic with NTO, and has
been used in the past to help increase the energy available during firing of a paraffin/MON-3
system. The chemical equilibrium calculation results are shown on Figure 4.1.
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Figure 4.1 Specific impulse for different fuel combinations as a function of oxidizer-to-fuel ratio
(O/F)
NaNH2: sodium amide; PBTSA: potassium bis(trimethylsilyl)amide; NaBH4: sodium borohydride
Chamber pressure: 200 psia; oxidizer: MON-30; expansion ratio: 5.1

As shown in Figure 4.1, we can see that a 10 wt.% sodium amide addition decreases
performance by less than 1% compared to neat SP7. In addition, both sodium borohydride and
PBTSA lead to an increase in performance, with peak performances up to 0.5% higher than the
peak specific impulse of neat SP7. However, higher concentrations lead to lower performances for
all three additives. While decreases in performance are non-desirable, additional energy, here in
the form of additives is essential to promote combustion stability and sustainability in a
paraffin/MON system, in addition to enabling hypergolic ignition. The added energy from the
reaction of the additive(s) with the oxidizer helps increase the temperature of the system, vaporize
the oxidizer, and melt and vaporize the fuel. Furthermore, it increases the regression rate at the
surface of the grain, in turn helping sustain combustion. A trade-off exists between minimizing the
additive loading to maximize performance, while still being able to hypergolically ignite the grain
and sustain stable combustion, and is the main challenge in developing the hypergolic hybrid
proposed.
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4.1.2

Additive Handling & Grain Casting
We experimented with a few techniques to cast the two-inch motor grains used in the

present work. The grains are ~9.5 inches in length, two inches in outer diameter, and have a
one inch port providing a propulsion system configuration capable of up to ~80 lbf with MON-3.
The most repeatable process to cast grains was determined to be pressing SP7 powder (either neat
or mixed with additive(s)) into grain segments later assembled to form a full grain. Casting
attempts involving melting the SP7 were not successful, the density of some of the additives being
too high compared to that of the binder, leading to it settling before the mixture was able to solidify.
Each segment is cast using the die set shown on Figure 4.3.
The pressing process consists in the following major steps. We first prepare the desired
number of powder samples (either additives/SP7 mixtures or neat SP7) in an argon-filled glove
box. Pressing of the powders is achieved using the custom die set showed on Figure 4.3, which
allows us to cast toroid segments, 2 inch in outer diameter, 1.5 inches long, with a 1 inch port. The
segments are cast using a hydraulic jack that applies a force of 8000 lbf. This is equivalent to a
pressure on the pellet of 3300 psia based on the acting surface of the pushing rod. Variability in
the force/pressure can arise from the uncertainty of the gauge used to read the force applied. These
variabilities will convert into variability in the segment density (lower than that of the bulk material
density), although the magnitude of these are typically ~2%. Figure 4.2 shows different examples
of segments configurations (neat and loaded with additives).
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(a) 45/45/10 wt.%
NaNH2/PBTSA/SP7

(b) Neat SP7 with 45/45/10
wt.% NaNH2/PBTSA/SP7
pellets

(c) 25 wt.% NaBH4 in SP7
(white gradient is due to
sodium stearate, dry lubricant,
used during casting)

Figure 4.2 Examples of grain segments cast with different additives and at different loadings
Once the segments cast, we assemble the segments inside of a sanded phenolic tube (slip
fit in a 2 inch ID, 2.25 inch OD), and retain the grain using a retaining ring, mentioned in this paper
as thrust ring, that we glue to the phenolic walls. The sanding process roughens the tube inner
diameter, providing more surface area for the room temperature vulcanizing (RTV) silicon rubber
to stick to, as well as gives enough clearance for the grain segments. For all our tests, the
pre-combustion chamber is set to 0.5 inch, and the post-combustion chamber to ~5 inch (length
from end of SP7 sixth segment to end of phenolic casing). Based on the objective of each test, the
additive loading and/or location of each segment varies from test to test.

(a) Assembled die set
(without pushing rod)

(b) Pushing rod

(c) Grain segment cut (neat
SP7)

Figure 4.3 Stainless steel die set and neat SP7 grain segment
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Due to the moisture and oxygen sensitive nature of both sodium amide and potassium
bis(trimethylsilyl)amide, each grain segment is pressed under inert atmosphere. Sodium amide was
purchased as flakes from Oakwood Chemical (Part #: 099586), and later grinded under inert
atmosphere using a mortar and pestle. Potassium bis(trimethylsilyl)amide was obtained from
Millipore Sigma as a powder (Part 324671). Snapshots of both powders are shown on Figure 4.4.
The average particle size of sodium amide powder is 400 µm, and the average particle size of
PBTSA powder is 150 µm.

(a) Grinded sodium amide
powder

(b) PBTSA powder

Figure 4.4 Snapshots of additive powders taken using a Hirox KH-8700 digital microscope,
magnification 280x
The powder mixtures are prepared inside an argon-purged glove box, then bagged for
transfer to the pressing station which is a nitrogen-purged dry box and contains the press. The
moisture and oxygen levels are kept below 0.1% throughout the pressing process. Each grain is
assembled 24 hours prior to firing for consistency. Once assembled, the grain is bagged and stored
in argon until the day of testing.
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A typical grain configuration is shown on Figure 4.5.

Figure 4.5 Typical two-inch motor grain configuration
CC: combustion chamber; outlined in red: RTV silicon

4.1.3

Ambient Conditions Test Stand & Motor
The two-inch motor test stand consists of three main sections: the MON feed system, the

motor itself, and the exhaust management.
Before each test, we load the piston tank with MON (MON-3 or MON-25, procured from
the Defense Logistics Agency, part #: 9135-01-146-5134 and 9136-01-383-8173/0420788
respectively) and pressurize it to the desired ullage pressure to ensure that the oxidizer remains
liquid (and therefore at the right NO concentration) until it is delivered inside the combustion
chamber. The piston tank can hold up to 500 mL of oxidizer for a maximum ullage pressure of
1000 psia. The oxidizer mass flow rate is set by a 0.037 inch Flowmaxx Engineering cavitating
venturi, selected based on the targeted chamber pressure, targeted mass flow rate, and maximum
ullage pressure. The oxidizer mass flow rate ranges between 0.15 and 0.2 lbm/s, based on the
minimum ullage pressure required to cavitate and the maximum pressure rating of the piston. All
the lines are purged between each test, and the unused oxidizer is diluted inside a large container
of water following each test. We monitor and control the pH of the water by adding sodium
hydroxide pellets.
The motor itself consists of a 15.5 inch stainless steel casing, with an inner diameter of
2.25 inch inside of which we insert the grain prior to testing. The nozzle housing is then bolted
onto the motor to secure the whole assembly. We use a water-cooled Inconel nozzle with a throat
diameter of 0.603 inch and an expansion ratio of 5.1. Finally, we flow 10 lbm/s of water through
the nozzle during firing for cooling purposes.
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The whole assembly is shown on Figure 4.6 and Figure 4.7.

Figure 4.6 Two-inch motor test stand used for hybrid rocket testing

Figure 4.7 Exploded view of the motor
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The exhaust management system consists of an ejector used to pull all the gases outside of
the test cell for safety purposes. Water is sprayed inside the ejector to react any remaining MON
vapors into nitric acid. A hose for motive air is attached on the end of the ejector to increase its
suction effect.
All the pneumatic and solenoid valves are actuated via a LabVIEW Virtual Instrument
(VI), on which we monitor pressures and temperatures at a sampling rate of 1000 Hz. Two pressure
transducers (a 2000 psia range UNIK 5000 selected to capture any potential over pressurization
event over a design steady state chamber pressure of ~140 psia and a 1000 psia range PMP1260)
are located upstream and downstream of the grain to monitor the chamber pressure. Their
accuracies are ± 4 and ± 2.5 psia respectively. We use 1/16 inch sheathed K-type thermocouples
(Omega Engineering Part #: GKMQSS-062G-6) to monitor the temperature throughout the feed
system from the MON tank to the combustion chamber).
A simplified plumbing and instrumentation diagram is shown on Figure 4.8, with the
location of the main thermocouples and pressure transducers.

Figure 4.8 Simplified Plumbing and Instrumentation Diagram for operation of a 2 inch hybrid
motor
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The oxidizer is injected inside the combustion chamber using an exchangeable spray nozzle
with a cone angle of 73 degrees (Spraying Systems, Part #: 1/4NN-316SS26). With the length of
the pre-combustion chamber being 0.5 inch, the conical spray nozzle allows the oxidizer to be
sprayed inside the grain port rather than on the front face of the grain. Showerhead injectors are
usually preferred in hybrid rocket motors, as the axial injection of oxidizer creates a recirculation
zone that entrains hot gases and help vaporize the oxidizer and fuel. [45] However, we need the
oxidizer to impinge the surface of the grain to promote ignition in the case of a hypergolic start
and if relights are desired. The injector is disassembled and cleaned in between each test to prevent
any clogging that can results from the recirculation of combustion gases during and post-firing.
Finally, a nitrogen purge allows us to purge the grain before and in between tests when
doing relights, preventing the additive from reacting or decomposing with the moisture and oxygen.
The purge is shut down prior to firing via the autosequence.

4.1.4

Test Matrix
The general objective of our tests is to assess the influence of the additive loading on the

hypergolicity of the grain, as well as combustion stability and sustainability with both MON-3 and
MON-25. The overall grain geometry (pre-combustion chamber lengths and grain port diameter)
is kept constant, as seen on Figure 4.5. Minimizing the additive loading in the grain simplifies
casting process and minimizes the loss in performance (as seen in the theoretical specific impulse
shown in Figure 4.1). Unless specified otherwise, the oxidizer mass flux is set to 132 kg/(m2-s)
throughout the tests for consistency.
Except for the first two tests done with MON-3, each test consists in a single burn, with
durations of 2 to 3 seconds, depending on the objectives of the test. This timing, shown in Figure
4.9, is set in the autosequence of the LabVIEW VI.

(a) Autosequence timing when attempting
relights

(b) Autosequence timing for a two-second
single burn

Figure 4.9 Autosequence timing for ambient conditions tests
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In post-test analyses, we define ignition delays obtained from the two-inch motor tests at
ambient conditions as the time interval between the moment we command the main oxidizer valve
to open and the first light out of the nozzle. This “ignition delay” includes the run valve opening
time (typically between 50 and 70 ms), the manifold fill time (calculated to be near 30 ms based
on flow rate and volume from the run valve to the injector), the time for the spray to hit the grain
port surface (similarly estimated based on flow rate and distance from the injector face to the grain
surface), as well as the ignition delay of the grain itself. The valve opening time is determined via
high-speed imaging for each test by looking at the valve stem position. A schematic of the timing
is shown in Figure 4.10.

Figure 4.10 Ignition delay definition for tests at ambient conditions
While the grain ignition delay is important, the time to reach 90% of the maximum chamber
pressure is also an important metric. Given the results obtained, we will refer to this delay more
often than we do the grain ignition delay.
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Table 4.2 and Table 4.3 summarize the different grain configurations tested in open air,
with both MON-3 and MON-25. We did not record ambient pressure, although all the tests were
done in West Lafayette, Indiana (altitude of 605 ft, equivalent to a barometric pressure of
14.38 psia for an ambient temperature of 20°C).

Table 4.2 Different grain configurations tested with MON-3 in open air
Test #

Front Segment
Configuration

MON3-1
MON3-2

90 wt.% NaNH2 in SP7
Length: 1.5 inch

MON3-3

Main Grain Configuration

Objective

40 wt.% NaNH2 (flakes)
evenly dispersed in SP7
Gradual decrease in NaNH2
loading (70, 50, 30, 10, 0
wt.%)
20 wt.% NaNH2 (flakes)
evenly dispersed in SP7

Baseline for first
hypergolic ignition

MON3-4
MON3-5
MON3-6
MON3-7

MON3-8

MON3-9
MON3-10

Neat SP7
90 wt.% PBTSA in SP7
Length: 1.5 inch
45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 1.5 inch
45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 0.75 inch
45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 0.75 inch
45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 0.75 inch

Neat SP7

Decrease overall additive
loading
Decrease overall additive
loading
Decrease overall additive
loading
Influence of front
segment additive type

Neat SP7

Influence of front
segment additive type

Neat SP7

Influence of front
segment length

45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 0.75 inch
Located after segment #2

Influence of location of
hypergolic additive

Pellets: 45 wt.% NaNH2/45
wt.% PBTSA in SP7
Rest of grain: neat SP7

Baseline for this test
campaign (use of
NaNH2/PBTSA pellets)
Longer burn duration to
verify combustion
sustainability
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Table 4.3 Different grain configurations tested with MON-25 in open-air
Test #

Front Segment
Configuration

MON25-1

45 wt.% NaNH2/45
wt.% PBTSA in SP7
Length: 1.5 inch

MON25-2
MON25-3

45 wt.% NaNH2/45
wt.% PBTSA in SP7
Length: 0.75 inch

MON25-4
MON25-5

Main Grain
Configuration
Pellets: 45 wt.%
NaNH2/45 wt.% PBTSA
in SP7
Rest of grain: neat SP7
Pellets: 45 wt.%
NaNH2/45 wt.% PBTSA
in SP7
Rest of grain: neat SP7
Pellets: 100 wt.% NaBH4
Rest of grain: neat SP7
Pellets: 100 wt.% NaBH4
Rest of grain: neat SP7
25 wt.% NaBH4 evenly
dispersed in SP7

Objective
First test with MON-25
in open air
Influence of front
segment length
Influence of pellet
configuration
Influence of initial
oxidizer mass flux
Influence of main grain
configuration

All the tests involving pellets consists of four pellets in segment 2 and four pellets in
segment 3, for a total of eight pellets. The volume of each pellet is kept constant throughout the
additives tested. The specific grain configurations will be shown later in Sections 4.2.1 and 4.2.2.

4.1.5

Data Analysis

Ignition Delay
We record the plume during firing using a Vision Phantom v1212 ultra high-speed camera
with a 200 mm lens. We vary frame rates between 10,000 and 30,000 fps depending on the test.
Using high-speed imaging, we are able to determine the grain ignition delay by tracking ignited
particles coming out of the nozzle. In addition, we can synchronize the high-speed video to the
chamber pressure data by recording the camera trigger signal as a function of time.

Regression Rate
The average regression rate for each test is determined using Eq. (5) as a function of the
total mass lost (or fuel burned), ∆<= in kg, the initial grain port diameter, 7> in m, and the burn
time , ?@ in s.
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The initial grain port diameter, 7> , is set to one inch throughout the tests. The effective
burn time, ?@ , is defined as the targeted burn time minus the grain ignition delay. The mass of fuel
burned, ∆<= , is measured by weighing the grain before and after firing using an analytical scale
with an accuracy of ±10 mg. Finally, the density of the fuel, U= in kg/m3, is the density of the
mixture (additive(s) and SP7) at their respective loadings. Segments loaded with larger
concentrations of additive regress faster than neat paraffin ones. Each segment will consequently
contribute differently to the average regression and effective additive loading in the exhaust gases.
Here, we did not calculate a different regression rate/mass of fuel burned for each segment, but
rather decided to average it for simplicity.

Oxidizer Mass Flow Rate
The oxidizer mass flow rate is set via a 0.037 inch cavitating venturi, and calculated using
Eq. (6).
<̇VW = XY Z

P[\]^ _
$

`2Ua5b :cd

(6)

The discharge coefficient, XY , was provided by Flowmaxx Engineering as 0.997 ± 0.001,
for a cavitating venturi diameter, 7DefF , of 0.037 inch. The density of the oxidizer, UVW in kg/m3,
is a function of the fluid temperature, /VW in K, and is calculated using Eq. (7). [42] The cavitating
venturi upstream pressure is recorded during testing with a Druck PMP1265 with a full range of
3000 psia and accuracy of ± 7.5 psia.
UVW = g2.066 − 1.979 × 102o /VW − 4.826 × 102r /VW " s × 1000

(7)

In addition to the cavitating venturi, we determine the oxidizer mass flow rate using a linear
encoder that tracks the position of the piston as a function of time, and therefore volumetric flow
rate of oxidizer dispensed. Using the linear encoder, the oxidizer mass flow rate is defined using
Eq. (8).
<̇VW = Ua5b

tu
tF

= Ua5b vd>wFVf

tx
tF

(8)

The piston inner, vd>wFVf , is calculated from the piston inner diameter of 2.04 ± 0.005 inch.
The height of the piston, y, is calculated based on the linear encoder full range of 250 mm and
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voltage output of 0.1 to 10 V. The resolution on the linear encoder measurement is ± 3.8 μm. We
are therefore able to confirm the oxidizer mass flow rate via two separate methods for each test.

Performance
The experimental characteristic velocity X ∗ is calculated for each test using Eq. (9).
X ∗ = ;̇

{| }^
~ Ä;̇J

(9)

Average chamber pressure, :Å , is calculated by averaging the upstream chamber pressure
over the steady state portion of the burn (does not take into account transients or pressure spikes
at start-up). The nozzle throat diameter, from which we derive the nozzle throat area, vF , is fixed
to 0.603 inch. The oxidizer mass flow rate, <̇VW , is set using a cavitating venturi as stated in
Section 4.1.3. The fuel mass flow rate, <̇= , is calculated from the mass of fuel burned and effective
burn time (defined as targeted burn time minus ignition delay).
∗
The theoretical characteristic velocity, XFÇ
, is determined for each test using CEA in

MATLAB. Each grain segment will regress at a different rate depending on the additive loading.
For most tests, the grain consists of a first segment with a high additive loading, and a uniform
main grain segment. We use two methods to calculate the theoretical characteristic velocity by
assuming two different effective additive loadings of the combustion gases. The first method
consists in assuming all six segments regress at the same rate (in spite of differences in additive
loadings), giving an effective additive loading of the combustion gases equal to the overall additive
loading in the grain (weighed average for all segments). The second method, based on
experimental data and grain post-burn, consists in assuming that all of the first grain segment is
burned out by the end of each test. The total mass of the front segment (55 g) therefore contributes
in the total mass of fuel burned. Based on the composition of the front and main grain segments,
we can derive a different effective additive loading that better takes into account the difference in
regression rate of the front segment compared to the subsequent grain segments. Using the
experimental and theoretical characteristic velocities, we can calculate the C* efficiency or
performance, ÉÑ∗ , for each test.
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Summary
Table 4.4 summarizes the uncertainties on the main variable of our system calculated using
propagation of error outlined by Coleman and Steele. [46]

Table 4.4 System uncertainties
Variable
<̇VW – using cavitating venturi
<̇VW – using linear encoder
Ȧ
X∗

Uncertainty, %
0.75 – 0.78
0.49
2.6 – 3.8
2.0 – 3.2
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4.2
4.2.1

Ambient Conditions Test Results

Experimental Results with MON-3

Relights with Sodium Amide and Pressed SP7
We successfully ignited and relit two grain configurations with decreasing additive loading
(for a total of three tests). These configurations, along with the test results, are shown in Table 4.5.

Table 4.5 Summary of the test conditions and results for Tests MON3-1 and MON3-2
Test #
Additive
Segment #
Additive Content, wt.%
SP7 Content, wt.%
Overall Additive Loading
MON Mass Flow Rate,
lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate,
lbm/s
Mean Regression Rate,
mm/s
Average O/F
Burn Time
Relights
Chamber Pressure, psia
C* Efficiency, %

MON3-1

MON3-2
Sodium amide

1/2/3/4/5/6
90/40/40/40/40/40
10/60/60/60/60/60
48.3 wt.%

90/70/50/30/10/0
10/30/50/70/90/100
41.7 wt.%
0.15

76.46

115.57

0.100

0.154

1.90

2.85

1.52

0.98
3 x 0.75 s
Yes, 2

80 ± 5*
63.8 – 64.6 (±3.2)

108 ± 5*
78.6 – 80.2 (± 2.3)

*Chamber pressure variations once steady state is reached

Comparing Tests MON3-1 and MON3-2, we observe an increase in C* efficiency as the
overall additive loading decreases. This increase in performance is due to an increase in mass of
fuel burned, and therefore fuel mass flow rate. It appears that while sodium amide helps in
promoting the hypergolicity of the grain and sustaining the combustion, it leads to an increase in
unburned fuel being expelled through the nozzle, leading to a decrease in C* efficiency. This can
also be seen via high-speed imaging.
Figure 4.11 shows the chamber pressure trace for both tests, during the first hypergolic
ignition and the following two relights. For both tests and following a predetermined timing, the
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first relight occurs 1.5 min after the first ignition, and the second relight occurs 15 min after the
second ignition. Pressure spikes can be observed during start-up, likely resulting from some
pooling of the oxidizer in the combustion chamber prior to ignition. Once the hypergolic segment
reaches ignition temperature, reacted fuel and pooled oxidizer can readily ignite, leading to the
different pressure spikes observed. In addition, the magnitude of the pressure spikes increases from
first hypergolic ignition to first relight since the hypergolic grain segment has already been
exposed to MON-3 during the first firing.
First Ignition
Second Ignition
Third Ignition

(a) Test MON3-1

First Ignition
Second Ignition
Third Ignition

(b) Test MON3-2

Figure 4.11 Chamber pressure trace for Tests MON3-1 and MON3-2
The vertical lines indicate the time we command the valve to open via the autosequence
timing. The time interval between the command and the first light out of the nozzle includes the
valve opening time (between 50 and 70 ms), the manifold fill time, the time for the spray to hit the
grain port surface, as well as the ignition delay of the grain itself.
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Figure 4.12 shows the exhaust plume during start-up for Test MON3-2 for reference.

(a) First light out of nozzle

(b) Pc ~ 90% of max. Pc

Figure 4.12 Screenshots of the high-speed video of the exhaust plume during Test MON3-2
(recorded at 10,000 fps)
Table 4.6 summarizes the different ignition delays, and how fast chamber pressure is
reached.

Table 4.6 Ignition delays (in ms) for Tests MON3-1 and MON3-2
1. First light out
of nozzle
Ignition
Relight #1
Relight #2

130
170
270

Ignition
Relight #1
Relight #1

170
170
260

2. Pc > 30 psia
Test MON3-1
130
170
270
Test MON3-2
170
170
260

3. Pc ~ 50% of
max. Pc

4. Pc ~ 90% of
max. Pc

130
170
270

300
400
350

170
170
260

240
220
340

For both tests, the ignition delay for the first hypergolic ignition varies between 130 and
170 ms, depending on the grain configuration. In addition, the ignition delay increases from first
ignition to first and second relight by up to 140 ms.
Finally, Figure 4.13 shows a cross-section of the grain from Test MON3-2 post-firing. The
numbers defined for each grain segment are used in Table 4.7. The front segment is almost entirely
burned out by the end of the third burn. The shape of the remaining material in the front segment
is a result of the spray nozzle cone angle impinging down the port. Segment 2 partially burned out,
with a gradual increase in port diameter from segment 2 to segment 6, correlated to the decrease
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in additive loading. Finally, segment 1 to 3 show uniform distribution of the additive powder
within the binder. Similarly, segments 4 and 5 show uniform distribution of the additive flakes
within the binder.

Figure 4.13 Cut grain post-test, following Test MON3-2
The post firing port diameter of each segment is summarized in Table 4.7

Table 4.7 Port diameters of each segment post-firing for Test MON3-2
Segment #
1
2
3

Port Diameter, inch
~2 (burned out)
1.36 – 1.40
1.32 – 1.42

Segment #
4
5
6

Port Diameter, inch
1.25 – 1.30
1.25
1.22 – 1.25

As seen in Table 4.7, the regression rate decreases as the additive loading decreases. The
increase in regression rate resulting from the addition of additive can be attributed to a higher
regression rate of the pure additive itself, and/or entrainment of additional SP7 fuel caused by the
heat generated from the reaction between the additive and the oxidizer. This entrainment of
unburned fuel may also explain the hit in C* efficiency we observe as the additive loading
increases, due to poor combustion.
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Two-Second Single Burn Tests with Sodium Amide and Pressed SP7
We performed two two-second single burn tests, with two different grain configurations
using sodium amide and pressed SP7. This different timing allowed us to get a better estimate of
the overall regression rate of the grain (no transients leading to uncertainties on the mass of fuel
burned). These configurations and the test results are shown in Table 4.8, along with the chamber
pressure trace on Figure 4.14.

Table 4.8 Summary of the test conditions and results from Tests MON3-3 and MON3-4
Test #
Additive
Segment #
Additive Content, wt.%
SP7 Content, wt.%
Overall Additive Loading
MON Mass Flow Rate, lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate, lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Relights
Chamber Pressure, psia
C* Efficiency, %

MON3-3

MON3-4

Sodium amide
1/2/3/4/5/6
90/20/20/20/20/20
90/0/0/0/0/0
10/80/80/80/80/80
10/100/100/100/100/100
31.7 wt.%
15 wt.%
0.15
80.34
87.10
0.098
0.113
1.95

2.24

1.57
1x2s
No
106 ± 12*
82.5 – 84.1 (± 2.4)

1.35
1x2s
No
118 ± 6*
91.4 – 91.9 (± 2.2)

*Chamber pressure variations once steady state is reached

(a) Test MON3-3

(b) Test MON3-4

Valve opening time: 50 ms

Valve opening time: 70 ms

Figure 4.14 Chamber pressure trace for Tests MON3-3 and MON3-4
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As stated previously, the vertical lines indicate the time we command the valve to open via
the autosequence timing. In both tests, there is a trail-off in chamber pressure visible towards the
end of the burn (at ~2 s for Test MON3-3, and ~1.7 s for Test MON3-4). It is likely due to the
front segment burning out, decreasing the amount of combustion gases exiting the nozzle, and
therefore decreasing chamber pressure. This hypothesis is further supported by visibly assessing
the amount of the front segment left post-burn, as seen on Figure 4.16. The higher regression rate
of the front segment is likely a result of the direct impingement of the oxidizer onto it, confirmed
in Test MON3-8.
Figure 4.15 shows the exhaust plume during start-up for Test MON3-4, under expanded
during start-up correlating with the pressure spike observed in the chamber pressure trace.

(a) First light out of nozzle

(b) Pc ~ 90% of max. Pc

Figure 4.15 Screenshots of the high-speed video of the exhaust plume during Test MON3-4
(recorded at 30,000 fps)
Table 4.9 summarizes the different ignition delays, and how fast chamber pressure is
reached.

Table 4.9 Ignition delays (in ms) for Tests MON3-3 and MON3-4

Test MON3-3
Ignition
Test MON3-4
Ignition

1. First light out
of nozzle

2. Pc > 30 psia

3. Pc ~ 50% of
max. Pc

4. Pc ~ 90% of
max. Pc

189

189

222

280

182

182

203

260

The overall ignition delay for the first hypergolic ignition varies between 182 and 189 ms
depending on the grain configuration.
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Finally, Figure 4.16 shows pictures of the two grains pre-combustion chambers post-firing,
showing the difference in regression rates between the front segment and the rest of the grain. The
front segment with 90 wt.% sodium amide is almost burned out after both tests, similarly to
Test MON3-2. In addition, the distribution of sodium amide flakes can be seen in the main grain
section for Test MON3-4, indicating a uniform distribution of the flakes even deeper into the web
thickness.

(a) Test MON3-3

(b) Test MON3-4

Figure 4.16 Pre-combustion chamber for Tests MON3-3 and MON3-4 post-firing
Two-Second Single Burn Tests with PBTSA and Pressed SP7
We decided to investigate PBTSA as a potential replacement for sodium amide in an
attempt to decrease the grain ignition delays and increase performance, given the low ignitions
delays of PBTSA with NTO in open air combined with a high heat of combustion. We performed
Test MON3-5 using a similar configuration as Test MON3-4, by replacing sodium amide with
potassium bis(trimethysilyl)amide, keeping the main grain neat. The test results are summarized
in Table 4.10, along with the results from Test MON3-4 for comparison.
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Table 4.10. Summary of the test conditions and results for Tests MON3-4 and MON3-5
Test #
Additive
Segment #
Additive Content, wt.%
SP7 Content, wt.%
Overall Additive Loading
MON Mass Flow Rate, lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate, lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Effective Burn Time
Relights
Chamber Pressure, psia
C* Efficiency, %

MON3-4
Sodium amide

MON3-5
PBTSA

1/2/3/4/5/6
90/0/0/0/0/0
10/100/100/100/100/100
15 wt.%
0.15
87.10
0.113

60.88
0.079

2.24

1.85

1.35

1.92
1x2s

1.70 s
No
118 ± 6*
91.4 – 91.9 (± 2.2)

1.70 s
No
130 ± 2*
96.8 – 104.5 (± 2.0)

*Chamber pressure variations once steady state is reached

Effective burn time was added here compared to Table 4.5 and Table 4.8 to reflect the
actual firing duration and get a better estimated of the fuel mass flow rate and mean regression
rate, by taking into account the overall ignition delay.
Figure 4.17 shows the chamber pressure trace for both tests, comparing the influence of
sodium amide and PBTSA on the overall ignition delay.

(a) Test MON3-4
Valve opening time: 70 ms

(b) Test MON3-5
Valve opening time: 55 ms

Figure 4.17 Chamber pressure trace for Tests MON3-4 and MON3-5
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Unlike the trend observed during drop tests with NTO in open air, the ignition delay for
the PBTSA-based grain significantly increased compared to the sodium amide-based grain, from
200 ms to 1.3 s (time it took to reach ~50% of the max. chamber pressure). Using the high-speed
video, we can see ignited particles coming out of the nozzle ~0.3 s after commanding the run valve
to open. There is also a slow rise in chamber pressure (~5 psia) between ~0.5 and 1.2 s. However,
chamber pressure only starts building up a second after we observed ignited particles coming out
of the nozzle.
The increase in ignition delay from sodium amide to PBTSA may be attributed to two
reasons: lower heat generated by the reaction between PBTSA and MON-3 compared to sodium
amide/MON-3, or too low of a regression rate for PBTSA.
Comparing the heats of combustion of PBTSA and NaNH2 (-30.82 and -10.38 MJ/kg
respectively), we can see that PBTSA generates more heat than sodium amide, which should help
with chamber pressure build-up and combustion stability, disregarding the first hypothesis.
However, the smaller particle size of PBTSA compared to sodium amide (150 μm vs. 400 μm)
might have contributed in making the front segment more compact than for previous tests,
preventing the oxidizer from reacting efficiently with the solid hypergol, therefore decreasing the
regression rate of PBTSA. A lower regression rate of the front segment would have prevented the
generation of combustion gases, and, consequently, rise in chamber pressure.

Two-Second Burn Tests with Sodium Amide/PBTSA and Pressed SP7
Following the results from Test MON3-5, we investigated mixtures of NaNH2/PBTSA as
additives, to take advantage of both the larger particle size of sodium amide and low ignition delays
of both additives with NTO in open air. We performed three different tests with a 50/50 (wt.%)
mixture of NaNH2/PBTSA in SP7 for the front segment and investigated the influence of the
overall additive loading and location on both combustion stability and hypergolicity (ignition
delay).
The main objective of Test MON3-6 was to validate the benefits in using a mixture of
sodium amide and PBTSA. The objective of both tests MON3-7 and MON3-8 was to investigate
the influence of the overall additive loading (15 wt.% vs. 7.5 wt.%, respectively) and the location
of the additive (front segment only vs. front and middle segments, respectively).
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The test results are summarized in Table 4.11, along with the results from Test MON3-5
(front segment with 90 wt.% PBTSA in SP7) for comparison.

Table 4.11 Summary of the test conditions and results for Tests MON3-5, MON3-6, MON3-7,
and MON3-8
Test #
Additive
Segment #
Additive
Content, wt.%
SP7 Content,
wt.%
Overall
Additive
Loading
MON Mass
Flow Rate,
lbm/s
Mass of Fuel
Burned, g
Fuel Mass
Flow Rate,
lbm/s
Mean
Regression
Rate, mm/s
Average O/F
Targeted Burn
Time
Effective Burn
Time
Valve Opening
Time
Relights
Chamber
Pressure, psia
C*
Efficiency, %

MON3-5
PBTSA

MON3-6
1/2/3/4/5/6

MON3-7
MON3-8
50/50 (wt.%) NaNH2/PBTSA
1/2/3/4/5/6/7

90/0/0/0/0/0

90/0/0/90/0/0/0

10/100/100/100/100/100

10/100/100/10/100/100/100

15 wt.%

8.2 wt.%

15 wt.%

0.15
60.88

99.90

68.97

85.39

0.079

0.118

0.084

0.100

1.85

2.51

2.03

2.17

1.92

1.29

1.81

1.51

1x2s
1.70 s

1.87 s

1.82 s

1.89 s

70 ms

50 ms

50 ms

60 ms

No
130 ± 2*

130 ± 2*

119 ± 2*

115 ± 2*

96.8 – 104.5
(± 2.0)

97.9 – 99.6
(± 2.0)

94.0 – 96.3
(± 2.2)

90.1 – 91.6
(± 2.2)

*Chamber pressure variations once steady state is reached
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Figure 4.18 shows the chamber trace for Tests MON3-5, MON3-6, MON3-7 and MON3-8.

(b) Test MON3-6, MON3-7 and MON3-8
(50/50 mixture of PBTSA and sodium amide)

(a) Test MON3-5 (PBTSA as sole additive)

Figure 4.18 Chamber pressure trace for Tests MON3-5, MON3-6, MON3-7, and MON3-8
Table 4.12 summarizes the different ignition delays, and how fast chamber pressure is
reached.

Table 4.12 Ignition delays (in ms) for Tests MON3-5, MON3-6, MON3-7, and MON3-8
Test #
MON3-5
MON3-6
MON3-7
MON3-8

1. First light out
of nozzle
~300
127.9
185.0
108.7

2. Pc > 30 psia
1,300
151.1
394.8
158.5

3. Pc ~ 50% of
max. Pc
1,300
170.1
460.4
183.7

4. Pc ~ 90% of
max. Pc
1,300
212.4
490.6
214.3

The mixture of sodium amide and PBTSA in the front segment helped reduce the time
needed for chamber pressure to build up, from 1.2 s for Test MON3-5 down to values below
500 ms for the subsequent tests. As a consequence, it decreased the amplitude of the pressure
spikes observed during start-up by reducing oxidizer pooling in the combustion chamber.
Test MON3-7 showed the longest time needed to reach ~90% of the maximum chamber
pressure among the NaNH2/PBTSA tests, for the lowest overall additive loading tested (8.2 wt.%).
Finally, Test MON3-8 showed the shortest overall ignition delay among all the tests performed so
far. A trail-off in chamber pressure is visible around 1.7 s, likely due to the front segment
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“burning out” or breaking apart, potentially explaining the coating visible on the subsequent two
segments, as seen on Figure 4.19.

(b) Second and third grain
segments

(a) Front face

Figure 4.19 Pre-combustion chamber post-firing for Test MON3-8
While we observed an increase in ignition delay, we were still able to hypergolically ignite
the grain with an additive loading as low as 8.2 wt.%, as seen on Test MON3-7. The front segment
not only helps with ignition, but it generates heat and helps sustain combustion over the duration
of the burn. Once depleted, the chamber pressure trails off, as seen in Test MON3-8. Moreover,
the addition of an additive segment downstream of the third grain segment did not help in providing
sufficient heat to prevent a trail-off in chamber pressure. Based on these results, the heat generated
by the hypergolic reaction between the oxidizer and the solid hypergols is larger than that of the
reaction between the partially combusted fuel and oxidizer and the remaining additive in the
downstream additive segment.

Two-Second Burn Tests with Pellets for Combustion Sustainability
Based on the challenges encountered during the first tests with MON-3, specifically related
to combustion stability and sustainability, we can conclude that additives are needed for two main
purposes in the current grain configuration. The additive located in the front segment helps with
igniting the grain and with providing heat to the rest of the system to promote combustion stability
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and sustainability. The additive located downstream of the front segment seems to be mainly
helping with chamber pressure build-up time (by generating additional heat).
Given the results from Test MON3-8, we decided to investigate a different configuration
for the additives located downstream of the front segment. While rings of additives are easily cast
at small scale, the custom die set needed, as well as pressing pressures once scaled up, make it a
hard configuration to implement for a larger-scale motor. To simplify casting processes, we
decided to look into using pellets of additives embedded radially into grain segments. By keeping
the overall additive loading constant, these pellets should have the same effects than that of a full
additive ring.
The configuration chosen is shown on Figure 4.20. It includes eight half-inch pellets (four
in the second and four in the third segment) with the same additive loading and composition as the
first segment (as a starting point, and unless specified). The difference in length of the pellets
(0.39 inch, or 10 mm) compared to the web thickness of the grain (0.5 inch) allows us to coat the
back end of the pellets with RTV to prevent any combustion gases from potentially burning
through the pellets and grain liner.

(a) Grain configuration for Test MON3-9

(b) Isometric view of the
configuration of segments 2 and
3

Figure 4.20 Typical two-inch motor grain configuration with pellets
CC: combustion chamber; outlined in red: RTV silicone

We performed two single-burn tests, investigating the influence of the pellets on
combustion stability and sustainability. Both tests ran at the same conditions (oxidizer mass flux
and grain configuration), but the burn time was increased by two seconds from Test MON3-9 to
Test MON3-10.
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The test results are summarized in Table 4.13, along with the chamber pressure traces on
Figure 4.21.

Table 4.13 Summary of the test conditions
Test #
Additive
Segment #
Additive
Content,
wt.%
SP7 Content,
wt.%
Overall
Additive
Loading
MON Mass
Flow Rate,
lbm/s
Mass of Fuel
Burned, g
Fuel Mass
Flow Rate,
lbm/s
Mean
Regression
Rate, mm/s
Average O/F
Targeted
Burn Time
Effective
Burn Time
Valve
Opening
Time
Relights
Chamber
Pressure,
psia
C*
Efficiency, %

MON3-7
1/2/3/4/5/6

MON3-8
50/50 (wt.%) NaNH2/PBTSA
1/2/3/4/5/6/7

MON3-9

MON3-10

1/2/3/4/5/6

90/0/0/0/0/0

90/0/0/90/0/0/0

90/11/11/0/0/0

10/100/100/100/100/100

10/100/100/10/100/100/100

10/89/89/0/0/0

8.2 wt.%

15 wt.%

12 wt.%

0.15
68.97

85.39

81.68

93.84

0.084

0.100

0.098

0.055

2.03

2.17

2.32

1.27

1.81

1.51

1.53

2.78

1x2s

1x4s

1.82 s

1.89 s

1.84 s

3.78

50 ms

60 ms

60 ms

60 ms

No
120 ± 2*

120 ± 2*

120 ± 2*

129 ± 2*

94.0 – 96.3
(± 2.2)

90.1 – 91.6
(± 2.2)

94.8 – 96.3
(± 2.1)

105.8 –
106.4
(± 2.0)
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Test MON3-7
Test MON3-8
Test MON3-9
Test MON3-10

(a) Tests MON3-7 to MON3-10
“MON off” valid for all tests except Test MON3-10 (cf. (b))
Test MON3-10

(b) Test MON3-10 (4 second burn time)
Figure 4.21 Chamber pressure traces for Tests MON3-7 to MON3-10
As expected, increasing the overall additive loading from 8.2 wt.% to 15 wt.%, from Test
MON3-7 to MON3-9, helped in decreasing the chamber pressure build-up time (higher energy
release from the hypergolic reaction of the additives with MON promoting combustion gases
production). We did not observe any trail-off in chamber pressure for Test MON3-9. A post-test
assessment of the grain showed that the front segment was not fully depleted by the end of the
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burn, corroborating the chamber pressure trace recorded. Following this successful test, we
decided to proceed with the same grain configuration, but a longer burn time, to determine whether
the typical trail-off in chamber pressure would be visible further down the burn. The objective was
to verify whether the pellets were indeed sufficient to sustain combustion over time once the front
segment depleted.
Test MON3-10 showed an increase in chamber pressure build-up time (almost identical to
that of Test MON3-7, in spite of the higher overall additive loading). In addition, we observed a
trail-off in chamber pressure starting at t = 2.0 s (i.e. 1.9 s after we commanded the run valve to
open), as seen on Figure 4.21. A post-test assessment of the grain shows that we indeed fully
burned the front segment. This trail-off in chamber pressure leads to unstable combustion (pressure
spikes due to successive pooling/ignition events), and the motor shuts down ~0.3 s prior to
commanding the run valve to close (i.e. before we stop the MON flow). These results indicate that
the eight pellets located in segments two and three are not releasing enough heat to sustain
combustion for the entire duration of the planned burn. As in previous tests, there is not enough
heat in the system to sustain combustion once the front segment depleted (mostly due to the
incoming liquid oxidizer removing heat from the system for vaporization).
Figure 4.22 and Figure 4.23 show pictures of the grains from Tests MON3-9 and MON3-10
to illustrate the points summarized in this section (front segment depletion).

Figure 4.22 Cut grain post-test, following Test MON3-9
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Figure 4.23 Cut grain post-test, following Test MON3-10 (deposit visible on segments
downstream of front segment, likely due to FS burn out)
From the MON-3 tests, we concluded that while sodium amide and PBTSA are good
additives to promote hypergolicity of the grain, they do not generate enough heat to sustain
combustion once there is no hypergolic reaction occurring in the chamber. With the lessons learned
from these tests, we decided to switch the oxidizer to MON-25.

4.2.2

Experimental Results with MON-25

Test Matrix & Objectives
Based on the little literature available on the reactivity of MONs and the drop tests we
performed with solid hypergols, we were expecting MON-25 to be less reactive in the two-inch
motor configuration, resulting in longer grain ignition delays.
We performed five single-burn tests with MON-25 as the oxidizer at ambient conditions,
investigating the influence of the front segment length on the grain ignition delay and combustion
stability, as well as additive type on combustion sustainability. From Tests MON25-1 to
MON25-2, we varied the length of the front segment between the two tests, keeping the additive
loading and rest of the grain configuration identical. The pellets embedded in the second and third
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segments are located radially into the grain, as described on Figure 4.20. For Tests MON25-3, we
changed the composition of these pellets from a sodium amide/PBTSA mixture to pure sodium
borohydride (NaBH4). MON25-4 consisted in investigating the influence of the initial oxidizer
mass flux on combustion in general. Finally, we scaled up the additive loading for MON25-5, by
switching back from pellets to an even dispersion of the additive, here sodium borohydride.
Schematics of the grain configurations will be included for each test.

Influence of Front Segment Length on Combustion
We performed two single-burn tests with MON-25 as the oxidizer at ambient conditions,
investigating the influence of the front segment length on the grain ignition delay and combustion
stability. The grain configurations tested are shown on Figure 4.24. We varied the length of the
front segment between the two tested, keeping the additive loading and rest of the grain
configuration the same. The pellets embedded in the second and third grain segments are located
radially into the grain and used to promote combustion sustainability via the reaction of the
additives with the partially reacted oxidizer. For these two tests, all eight pellets have the same
composition as the front segment (45 wt.% sodium amide, 45 wt.% PBTSA in SP7). Here, 10 wt.%
SP7 is used for structural integrity of both the front segment and the pellets.
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(a) Test MON25-1: 1.5 inch front section – two rows of pellets

(b) Test MON25-2: 0.75 inch front section – two rows of pellets
Figure 4.24 Grain configurations tested
Here, the pellets have the same composition as the front segment

The test results are summarized in Table 4.14, along with the chamber pressure traces on
Figure 4.25.
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Table 4.14 Summary of the test conditions
Test #
Overall Additive Loading
Overall Grain Density,
kg/m3
Front Section Additives
Front Section Length, in
Pellet Configuration
MON Mass Flow Rate, lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate, lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Effective Burn Time
Relights
Chamber Pressure, psia

MON25-1
18.4%

MON25-2
12%

991.1

979.8

45 wt.% NaNH2/45 wt.% PBTSA in SP7
1.5
0.75
45 wt.% NaNH2/45 wt.% PBTSA in SP7
0.15
90.22
60.32
0.111
0.070
2.38

1.71

1.35
1x2s
1.80 s
No
127 ± 2

2.18
1x2s
1.91 s
No
123 ± 2

Test MON25-1
Test MON25-2

Figure 4.25 Chamber pressure trace for Tests MON25-1 and MON25-2
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The vertical lines on Figure 4.25 indicate the time we command the valve to open via the
autosequence timing, as described on Figure 4.9. We observe an increase in the time taken to build
up chamber pressure between Tests MON25-1 and MON25-2, likely resulting from the decrease
in the amount of additive located in the front segment (length decreased by half). While the main
objective of the front segment is to hypergolically ignite the grain, the hypergolic reaction of the
additive with MON provides a significant amount of heat during start-up that promotes the
temperature increase of the system, as well as vaporization of the oxidizer, and melting and
vaporization of the fuel. Less additive in the front segment leads to a lower heat release during
start-up, therefore limiting the fuel regression rate and combustion gases production and, as a result,
chamber pressure build-up. This is further confirmed via the high-speed videos of both tests,
indicating that ignited particles (first light out of nozzle) are visible 50 ms earlier for Test
MON25-2 compared to Test MON25-1. These different timings are summarized on Table 4.15,
along with a screenshot of the exhaust plume for Test MON25-2, on Figure 4.26.

Table 4.15 Ignition delays for Tests MON25-1 and MON25-2

Test MON25-1
- Ignition
Test MON25-2
- Ignition

1. First light
out of nozzle

2. Pc > 30 psia

3. Pc ~ 50% of
max. Pc

4. Pc ~ 90% of
max. Pc

204 ms

458 ms

499 ms

508 ms

163 ms

773 ms

850 ms

872 ms

(a) First light out of nozzle

(b) 90% of max. Pc

Figure 4.26 Screenshot of the high-speed video of the exhaust plume during Test MON25-2
(recorded at 30,000 fps)
Left image brightened for visibility, with ignited particles circled in red
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The decrease in chamber pressure prior to commanding the run valve to close for Test
MON25-1 is due to a smaller amount of oxidizer loaded into the piston tank than planned, and is
not a combustion-related phenomenon. On the other hand, the dip in chamber pressure towards the
end of the burn for Test MON25-2 is likely due to the front segment burning out. Previous tests
have shown the importance of the front segment in sustaining combustion over time, and this seems
to also apply to tests involving MON-25. The additional pellets downstream of the front segment
do not seem sufficient to sustain combustion once the front segment depleted, despite the additive
loading being evenly shared between front segment and pellets (both the front segment and the
pellets each account for ~6% of the overall additive loading). This indicates that the heat release
from the hypergolic reaction between the additives and the oxidizer does not provide the same
amount of heat, and as fast, as that of the reaction between partially combusted fuel, vaporized
oxidizer, and the additives located in the pellets.
After each test, we cut the grain in half to confirm the hypotheses we formulated based on
chamber pressure and high-speed imaging. We can verify the integrity of the front segment and
main grain, measure the final web thickness and verify that there are no discontinuities between
grain segments and surrounding additives pellets. Figure 4.27 shows the grain post-test for Test 6-1.
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Figure 4.27 Cut grain post-test, following Test MON25-1
As shown on Figure 4.27, we can see that the front segment (initially 1.5 inch long) is not
completely burned out, which matches the chamber pressure trends observed in Figure 4.27 (no
visible dip in chamber pressure as observed in previous tests). The remaining sliver of additive in
the front segment coincides with the spray nozzle cone angle. At the beginning of the burn, the
oxidizer cone (73° angle) impinges inside of the grain port, ~0.2 inch into the front segment. The
direct impingement of the oxidizer inside of the grain port promotes hypergolic ignition of the
grain, but also causes the front segment to regress faster than the SP7 main grain and hypergolic
additives located downstream of it. Any additive located upstream of the spray impinging zone
tends to lose its structural integrity and is entrained in the flow as the front segment regresses. The
shape of the remaining additive sliver downstream of the spray nozzle impinging zone is due to
the spray geometry. Indeed, once the web thickness of the front segment reduces to zero, the
oxidizer impinges onto the phenolic, about 1.4 inch from the injector face.
Focusing on the pellets, and as mentioned previously, we can see on Figure 4.27 and Figure
4.28 that the additives located downstream of the front segment, and not directly impinged by the
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oxidizer, do not regress as quickly as the front segment, indicating that the direct impingement of
the oxidizer onto the hypergols is the main driver in the high regression rates observed. This might
also be due to the lower reactivity of the additives with partially combusted products, compared to
that of the additives with liquid MON-25.
The grain for Test MON25-2 was not cut, although inspection post-test showed similar
trends to the ones observed for Test MON25-1, as seen on Figure 4.28. Given its shorter length,
the front segment completely burned out by the end of the burn. This also matches the chamber
pressure trace observed for Test MON25-2, with the dip in chamber pressure around 1.9 s likely
coinciding with the front segment burning out. Unlike Test MON25-1, it seems that the pellets
regress faster than the surrounding SP7, or that their combustion leads to melting of the adjacent
SP7, hence the divot observed around the pellets.

Figure 4.28 Cut grain post-test, following Test MON25-2 (picture brightened for visibility).
Highlighted is a divot caused by the additive pellet located in the third grain segment.
The limitation in heat release downstream of the front segment led us to consider sodium
borohydride as a replacement candidate for sodium amide and PBTSA in the second and third
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grain segments as a potential way to release more heat than with the hypergolic additives and
therefore promote combustion sustainability. This is further described in the next section.

Influence of Additive Type on Grain Ignition Delay and Combustion Stability
Previous experience with sodium borohydride has shown that the even dispersion of 10 wt.%
sodium borohydride in paraffin wax helps with combustion stability compared to neat paraffin
wax, when using MON-3 as the oxidizer. We performed bomb calorimetry tests with sodium
amide, PBTSA, and sodium borohydride to determine their respective heats of combustion, given
the lack of data for these compounds in the literature. The heat of combustion of a fuel is the energy
release by its combustion with oxygen at standard temperature and pressure. While it does not
represent the heat of reaction of that fuel with nitrogen tetroxide or MON, it helps compare the
maximum potential heat release of these different fuels with each other.
Each compound was cast into half-inch pellets in an argon glove box for moisture and air
sensitivity purposes. The pellets were kept in capped vials prior to loading them into the bomb
calorimeter. Due to the loading procedures, the pellets were exposed to air for at most 15 minutes
and left under pressurized oxygen (440 psia) for 10 minutes at most. We performed two tests per
compound to verify that exposure to air and/or moisture would not lead to significant uncertainties
in the data. The results are summarized in Table 4.16.

Table 4.16 Heats of combustion (in MJ/kg-fuel) for different additives considered for
combustion stability and sustainability
Compound
Sodium amide
Potassium
bis(trimethylsilyl)amide
Sodium borohydride

Test #1,
MJ/kg

Test #2,
MJ/kg

-10.86

-9.89

Average Heat of
Combustion,
MJ/kg
- 10.38 ± 0.49

-31.68

-29.96

- 30.82 ± 0.86

-35.27

-35.56

- 35.42 ± 0.14

Note: Sodium amide and PBTSA tested in a stainless steel crucible; sodium borohydride tested in a quartz crucible
due to higher flame temperature.

Sodium amide has the lowest heat of combustion of the three additives considered (34%
that of PBTSA). Sodium borohydride, although non-hypergolic, exhibits the highest heat of
combustion of the three additives (341% higher than that of sodium amide). Putting into
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perspective of our current grain configurations, we can compare the potential heat release of eight
pellets with 45 wt.% sodium amide/45 wt.% PBTSA in SP7, and eight pellets of 100 wt.% sodium
borohydride. Unlike sodium amide/PBTSA, pellets of sodium borohydride exhibit good structural
integrity and can be cast pure (no need for SP7 to act as a binder). In addition, we kept each pellet
at a constant volume (constant diameter and height) and adjusted for the difference of density of
the additive (resulting in different masses of the pellets). The comparison in potential heat release
is shown on Table 4.17.

Table 4.17 Comparison in heat release for eight pellets with constant diameter (0.5 inch) and
height (10 mm)
Composition
45 wt.% NaNH2/45
wt.% PBTSA in SP7
100 wt.% NaBH4

Total
Mass of
Pellet, g

NaNH2
Mass, g

PBTSA
Mass, g

NaBH4
Mass, g

Total
Heat
Release*,
kJ

1.57

0.7065

0.7065

-

29.11

1.35

-

-

1.35

47.82

Given the heats of combustion determined previously, we can see that sodium borohydride
pellets have the potential to release almost double the heat release of sodium amide/PBTSA pellets
for the same volume.
With these results and in an attempt to promote combustion stability, we switched the
composition of the pellets from hypergolic additives to 100 wt.% sodium borohydride, keeping
the front segment composition identical to that of Test MON25-2 (45 wt.% sodium amide/45 wt.%
PBTSA in SP7). The grain configuration is shown on Figure 4.29.

Figure 4.29 Grain configuration for Test MON25-3, with sodium borohydride pellets
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The test results for Tests MON25-2 and MON25-3 are summarized in Table 4.18, along
with the chamber pressure traces on Figure 4.30.

Table 4.18 Summary of the test conditions for Tests MON25-2 and MON25-3
Test #
Overall Additive Loading
Overall Grain Density,
kg/m3
Front Section Additives
Front Section Length, in
Pellet Configuration
NO Concentration, wt.%
Initial Oxidizer Mass Flux,
kg/(m2-s)
MON Mass Flow Rate, lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate, lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Effective Burn Time
Relights
Chamber Pressure, psia

Test MON25-2
12%

Test MON25-3
11.7%

979.8

1010.8

45 wt.% NaNH2/45 wt.% PBTSA in SP7
0.75
0.75
45 wt.% NaNH2/45 wt.%
100 wt.% NaBH4
PBTSA in SP7
29.0
30.5
132
0.15
60.32
0.070

86.69
0.092

1.71

2.18

2.18
1x2s
1.91 s

1.64
1 x 2.15 s
2.07 s
No

123 ± 2

100

123 ± 2

MON off (Test
MON25-3)

Test MON25-2
Test MON25-3

Figure 4.30 Chamber pressure traces for Tests MON25-2 and MON25-3
While the main objective of using sodium borohydride was to promote combustion
sustainability, the increased energy release was not sufficient to allow for sustained combustion
for the entire duration of the burn (here 2.15 s of total planned oxidizer flow). As shown in Figure
4.30, the chamber pressure trails off 1.8 seconds after we command the run valve to open. However,
we observed a decrease in the time taken to build up chamber pressure between Tests MON25-2
and MON25-3 (872 ms to 310 ms for Tests MON25-2 and MON25-3 respectively), as shown in
Table 4.19, likely resulting from the switch from sodium amide/PBTSA to sodium borohydride.

Table 4.19 Ignition delays for Tests MON25-2 and MON25-3

Test MON25-2
- Ignition
Test MON25-3
– Ignition

1. First light
out of nozzle

2. Pc > 30 psia

3. Pc ~ 50% of
max. Pc

4. Pc ~ 90% of
max. Pc

163 ms

772 ms

850 ms

872 ms

N/A*

254 ms

272 ms

310 ms
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Figure 4.31 shows the grain post-test, following Test MON25-3.

Figure 4.31 Cut grain post-test, following Test MON25-3
Looking at the grain post-test in Figure 4.31, we can see that it differs from Test MON25-1.
Like Test MON25-2, the front segment completely burned out by the end of the test, once again
seen in the trail-off of chamber pressure. In this case, some of the front segment combustion
products partially condensed onto the second and third grain segments, phenomenon already seen
in previous tests. In addition, we can see a trail downstream of the sodium borohydride pellets,
likely indicating flame-holding preventing condensation of the front segment combustion products.
Finally, sodium borohydride seems to regress at the same rate as the surrounding SP7, unlike what
we observed for Test MON25-2.
Hypergolic ignition occurs via the impingement of the oxidizer with the hypergolic
additives in the front segment. Their reaction releases heat, which promotes fuel regression in the
fore grain. This heat release can in turn help react the additives located in the pellets downstream
of the front segment. The reaction of the pellets will generate additional heat and promote fuel
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regression and the generation of combustion gases, hence increase in chamber pressure. With
sodium borohydride releasing more heat than sodium amide/PBTSA, we can expect shorter times
needed for combustion gases to be generated and therefore chamber pressure to increase. This
change in additive resulted in a decrease in the delay to reach 90% of the maximum chamber
pressure of 64% compared to the previous test. In addition, the decrease in delay to reach chamber
pressure prevented pressure spikes during start-up, and the increased energy in the system might
have helped with chamber pressure stability.
However, we still observe a trail-off in chamber pressure before the end of the burn for
both tests (Tests MON25-2 and MON25-3), in spite of the switch from sodium amide/PBTSA to
sodium borohydride in the pellets. The added energy from the combustion of sodium borohydride
does not seem to help in sustaining combustion once the front segment depleted. This could be
explained either by the localized nature of the heat release or by the relatively low oxidizer mass
flux used for Tests MON25-1 to MON25-3 (initial mass flux of 132 kg/(m2-s)). Both sodium
borohydride containing sections are located in the first half of the grain length, with the objective
of concentrating the heat release close to the injector face and therefore oxidizer injection point.
However, this prevents the heat release from being uniformly released throughout the length of the
grain port. In addition, with the oxidizer mass flux decreasing as the fuel regresses (increasing port
area), the fuel regression rate decreases as well, leading to a lower overall amount of combustion
gases generated towards the end of the burn. In addition, the fuel regression rate in hybrids is a
function of the oxidizer mass flux, with a decrease in Gox, leading to a decrease in fuel regression
rate. In both Tests MON25-2 and MON25-3, we observe a trail-off in chamber pressure past the
1.5 second mark of oxidizer flow, attributed to the front segment being depleted. At the 1.5 second
mark of oxidizer flow, we can estimate the oxidizer mass flux to be around 105 kg/(m2-s), based
on an initial regression rate for SP7 of 1.1 mm/s. At this new mass flux and using regression rate
coefficients determined by Evans and Karabeyoglu, we can estimate a new fuel regression rate of
0.98 mm/s, compared to 1.1 mm/s at the initial oxidizer mass flux [39]. Combined with the
decrease in fuel flow rate due to the depletion of the front segment, there is a significant decrease
in the overall mass flow rate that can result in a decrease in chamber pressure. Coupled with a lack
of heat in the system, sustaining combustion can become challenging, and might explain the results
seen throughout our tests.
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These results and observations led to the next test configuration, in which we increased the
initial oxidizer mass flux by 34% compared to Tests MON25-1 through MON25-3 (from 132 to
179 kg/(m2-s)). The results are further described in the following section.

Influence of Initial Oxidizer Mass Flux on Grain Ignition Delay and Combustion Stability
As described previously, the main objective of Test MON25-4 was to investigate the
influence of the initial oxidizer mass flux on the grain ignition delay, combustion stability, and
sustainability. We increased the constant oxidizer mass flow rate from 0.15 to 0.20 lbm/s, for an
initial oxidizer mass flux of 179 kg/(m2-s) (34% higher than that of the previous tests).
The test results from Tests MON25-3 and MON25-4 are summarized in Table 4.20, along
with the chamber pressure trace in Figure 4.32.

104

Table 4.20 Summary of the test results for Tests MON25-3 and MON25-4
Test #
Overall Additive
Loading
Overall Grain Density,
kg/m3
Front Segment
Additives
Front Segment Length,
in
Pellet Configuration
NO Concentration,
wt.%
Initial Oxidizer Mass
Flux, kg/(m2-s)
MON Mass Flow Rate,
lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate,
lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Effective Burn Time, s
Chamber Pressure,
psia

Test MON25-2

Test MON25-3

Test MON25-4

12%

11.7%

979.8

1010.8

45 wt.% NaNH2/45 wt.% PBTSA in SP7
0.75
45 wt.% NaNH2/45 wt.%
PBTSA in SP7

100 wt.% NaBH4

29.0

30.5

30.5

132

132

179

0.15

0.20

60.32

86.89

74.06

0.070

0.092

0.094

1.71

2.18

2.27

2.18
1x2s
1.91 s

1.64
1 x 2.15 s
2.07

2.15
1x2s
1.73

123 ± 2

123 ± 2

179 ± 2
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MON off (Test
MON25-3)
Test MON25-2: Gox = 134 kg/(m2-s) - NaNH2/PBTSA pellets
Test MON25-3: Gox = 134 kg/(m2-s) – NaBH4 pellets
Test MON25-4: Gox = 179 kg/(m2-s) – NaBH4 pellets

Figure 4.32 Chamber pressure trace for Tests MON25-2 through MON25-4
Note: MON on and off lines represent times we command the run valve to open and close, respectively

As expected, the increase in initial oxidizer mass flux correlates with an increase in the
average chamber pressure, from 123 to 179 psia. In addition, the increase in oxidizer mass flow
rate leads to an increase in the time to build up chamber pressure, with a similar delay between
Test MON25-2 (sodium amide/PBTSA pellets at lower mass flux) and Test MON25-4 (sodium
borohydride at higher mass flux). This was also expected, given the increase in amount of oxidizer
to vaporize during start-up.
We observe a similar behavior prior to commanding the run valve to close for
Tests MON25-2 and MON25-4. There is a dip in chamber pressure, once again likely due to the
front segment burning out and significantly decreasing the amount of combustion gases generated.
However, while chamber pressure keeps trailing off post dip for Test MON25-2, there seems to be
a recovery in chamber pressure for Test MON25-4, at around 150 psia (steady). This observation
cannot be confirmed due to too short of a burn duration to observe potential full recovery of the
chamber pressure.
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Figure 4.33 and Figure 4.34 show two different angles for the grain post-test, following
Test MON25-4.

Figure 4.33 Grain cut post-test, following Test MON25-4

Figure 4.34 Close-up of grain cut post Test MON25-4
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As shown on Figure 4.33 and Figure 4.34, the front segment is once again burned out by
the end of the targeted burn, again correlating with the dip in chamber pressure. In this case, we
observe burning in between segments 2 and 3, and segments 3 and 4, although none of the
segments fully debonded from the phenolic liner. Segments are not glued to each other, therefore,
any clearance between two segments can lead to a recirculation zone and hot spot. We also see a
similar deposit to that of Test MON25-3, likely resulting from the front segment burning out and
partially condensing onto the second and third segments. The deposit is not as visible as in Test
MON25-3, which might be due to a higher entrainment velocity (resulting from the higher oxidizer
mass flow rate) or simply a higher combustion efficiency. The combustion of the sodium
borohydride pellets causes some burning of the adjacent SP7, although the actual surface of the
pellets is flush with the rest of the grain, indicating that sodium borohydride regresses at a similar
rate than that of neat SP7.
The improvement in combustion stability and sustainability indicate the need for an
additive type similar to sodium borohydride. This led to the last grain configuration tested in which,
rather than using additive pellets to help sustain combustion and localize heat at the front of the
grain, we evenly dispersed sodium borohydride throughout the main grain.

Influence of Main Grain Configuration on Grain Ignition Delay and Combustion Stability and
Sustainability
The last test performed with MON-25 at ambient conditions consisted in evenly dispersing
25 wt.% sodium borohydride (powder) in SP7, throughout the main grain section (i.e. grain
segments 2 to 6). The main objective was to determine if a non-hypergolic additive would be
sufficient to sustain combustion throughout the entire burn duration. To capture any potential
pressure decay once the front segment depleted, we decided to increase the targeted burn time to
3 seconds. Previous tests showed that burn-out typically occurs in ~2 seconds.
The test results from Test MON25-3 and MON25-5 are summarized in Table 4.21, along
with the chamber pressure trace in Figure 4.35. The mass of fuel burned for MON25-5 was
weighed, but not recorded, hence the estimates in Table 4.21.
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Table 4.21 Summary of the test results for Tests MON25-3 and MON25-5
Test #
Overall Additive
Loading
Overall Grain Density,
kg/m3
Front Segment
Additives
Front Segment Length,
in
Overall NaBH4
Loading, wt.%
NO Concentration,
wt.%
Initial Oxidizer Mass
Flux, kg/(m2-s)
MON Mass Flow Rate,
lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate,
lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Effective Burn Time, s
Chamber Pressure,
psia

Test MON25-3

Test MON25-5

11.7%

30.9%

1010.8

998.5

45 wt.% NaNH2/45 wt.% PBTSA in SP7
0.75
3.6 (pellets)

22.7 (evenly dispersed)

30.5

27.7
132
0.15

86.89

~100

0.092

~0.078

2.18

~1.8

1.64
1 x 2.15 s
2.07

~1.9
1x3s
2.83

123 ± 2

104 ± 2
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MON
off

MON
off

Test MON25-3: Gox = 134 kg/(m2-s) – NaBH4 pellets
Test MON25-5: Gox = 134 kg/(m2-s) – NaBH4 dispersed

Figure 4.35 Chamber pressure trace for Tests MON25-3 and MON25-5
Respective “MON off” timings color-coded following legend

Although additional data points would be helpful in strengthening the validity of the
following conclusion, it appears that the higher additive loading in the main grain (from ~12 to
31 wt.%) is not sufficient to allow for fast ignition of the grain. Here, 90% of the maximum
chamber pressure is reached within 660 ms, compared to 310 ms for Test MON25-3. There does
not seem to be a direct correlation between chamber pressure build-up time and energy release in
the main grain. Variability in the casting process of the front segment might explain the
discrepancies seen in the results throughout the tests with MON-25.
Looking at the chamber pressure trace from Test MON25-5, there seem to be two different
combustion regimes. Up until t = 1.7 s, both the front segment and the main grain are burning. The
high fuel mass flow rate correlates with a higher initial chamber pressure. Once the front segment
depleted, at t ~ 1.7 s, combustion is sustained solely form the main grain segment (composed of
25 wt.% sodium borohydride), with chamber pressure steadying out at ~100 psia. We then observe
a chamber pressure trail-off prior to commanding the MON run valve to close at ~2.7 s, at which
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point chamber pressure steadies out at ~35 psia. This smooth decrease in chamber pressure, similar
to that of a motor shutdown, seems to indicate that we reached the oxidizer mass flux limit of our
motor. However, the clear change in slope during the three-second burn duration confirms that we
managed to sustain combustion even after we observed front segment burnout for the first time.
Figure 4.36 shows the cut grain post-test, following Test MON25-5.

Figure 4.36 Cut grain post-test, following Test MON25-5
Again, the front segment is completely burned out by the end of the burn, here matching
the inflection point in the chamber pressure trend (~1.6 s from chamber pressure plot), as shown
on Figure 4.36. There are a few localized gaps between the second and third grain segments,
although we did not witness any debonding of the grain. Finally, the port diameter increases as the
distance from the injector face increases, likely resulting from a larger heat release towards the
end of the grain due to the added fuel mass flow rate and energy from the previous grain segments.
Figure 4.37 shows the exhaust plume difference between the two “combustion regimes”. Once the
front segment depleted, stable combustion heavily relies on the energy release from the
combustion of sodium borohydride. The difference in brightness of the flame might be explained
by a difference in fuel composition and combustion efficiency. Although the sodium content is
higher while both the front segment and main grain are burning, the front segment regresses so fat
111

that it likely burns inefficiently, leading to the unexpected dimmer flame. The potassium from the
front segment might have an effect on the brightness of the flame as well.

(a) Exhaust plume while front segment is
burning

(b) Exhaust plume once the front segment is
depleted

Figure 4.37 Exhaust plume for Test MON25-5 during the two combustion regimes (with and
without front segment)
The different ignition delays and timings for all five tests performed with MON-25 in open
air are summarized in Table 4.22.

Table 4.22 Summary of the different grain ignition delays and chamber pressure build-up times
for Tests MON25-1 to MON25-5
Test #

1
2
3
4

5

Additive Location
Front segment* (1.5
inch) + 8 pellets with
NaNH2/PBTSA†
Front segment* (0.75
inch) + 8 pellets with
NaNH2/PBTSA†
Front segment* (0.75
inch) + 8 pellets with
NaBH4‡
Front segment* (0.75
inch) + 8 pellets with
NaBH4‡
Front segment* (0.75
inch) + 25 wt.%
NaBH4 (powder) in
SP7

Initial
Oxidizer
Mass Flux,
kg/(m2-s)

Overall
Additive
Loading

First Light
out of
Nozzle

Pc ~90%
of max. Pc

132

18.4

204 ms

508 ms

132

12

163 ms

872 ms

132

11.7

N/A

310 ms

179

11.7

270 ms

1017 ms

132

30.9

172 ms

665 ms

*Additive = 45 wt.% NaNH2/45 wt.% PBTSA in SP7; †Same composition as front segment; ‡100% NaBH4 pellets
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4.2.3

Conclusion of Ambient Conditions Tests
The rapid and sustained combustion of a paraffin-based hybrid motor with solid hypergolic

additives and mixed oxide of nitrogen (MON) is challenging but achievable with the right
combination of additives and fuel grain design.
The objective of the ambient tests was to iterate on grain configurations to promote fast
ignition and sustained, stable combustion as a starting point for the altitude chamber tests to follow.
From these tests, we concluded that there are two major grain characteristics required to promote
hypergolic ignition and sustained combustion: a front segment loaded with hypergolic additives to
promote ignition, and a reactive and/or hypergolic additive embedded in the main grain to promote
sustained combustion. Hypergolic ignition was achieved through the use of a 0.75 inch-long front
segment composed of 45 wt.% sodium amide/45 wt.% PBTSA in SP7. We did not attempt to
iterate on the composition of this front segment, but rather decided to focus on the main grain
configuration to optimize for combustion stability and sustainability. Indeed, we were able to
sustain combustion for a three-second burn with 25 wt.% sodium borohydride evenly dispersed
throughout 91% of the grain, the other 9% being the front segment used for hypergolic ignition.
Sodium borohydride, while non-hypergolic, is reactive with nitrogen tetroxide, and was chosen
for its high heat of combustion and similar density to that of SP7. At a given initial oxidizer mass
flux, we saw typical delays to reach 90% of the maximum chamber pressure ranging from 310 to
1017 ms, although no direct correlation between the amount of potential chemical energy released
in the chamber and the delays observed has been established yet.
With these results in mind, we switched to altitude chamber testing with the objective of
demonstrating hypergolic ignition of a paraffin-based hybrid at a 100,000 ft simulated altitude.
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4.3
4.3.1

Altitude Tests

Altitude Chamber Test Facility
A revised version of the two-inch motor was designed and manufactured in preparation for

simulated altitude testing within our altitude chamber, shown in Figure 4.38, in order to more
closely represent Martian atmospheric conditions.

Figure 4.38 Altitude chamber installed at the Maurice J. Zucrow Laboratories
The altitude chamber used for these tests is 6 feet in inner diameter and 10.5 feet in length,
for a total volume of 300 ft3, giving the capability to test 100 lbf class engines up to ~100,000 feet
steady exhaust pressure using a two-stage 230 SCFM ejector on loan from NASA Marshall Space
Flight Center. Requirements for the revised two-inch motor design include an updated fail-safe
system, ease of cleaning and disassembly, as well as the ability to test at a simulated altitude of up
to 100,000 feet from the combined effects of a supersonic diffuser immediately downstream of the
motor and the two-stage ejector system.
Details about the altitude chamber facility and supersonic diffuser design and performance
can be found in Whitehead et al. [47]

Altitude Chamber Motor Configuration
Figure 4.39 shows the new motor configuration as installed in the altitude chamber, along
with the different feed systems. Unlike at ambient conditions, this second motor is now fired
vertically with the exhaust gases entering the supersonic diffuser. The revision of the motor design
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now allows for instrumentation throughout the motor, ignition via triethylaluminum-triethylborane
(TEA-TEB) or other pyrophoric or hypergolic liquids, a nozzle insert with shear pins designed to
fail at ~760 psid, and an expansion rate optimized for testing at a simulated altitude of 100,000 ft.
The following sections detail the design and characteristics of the different motor components, as
well as feed system implemented following our design requirements.

Figure 4.39 Altitude chamber motor configuration, as installed for testing
Full details about the design process are available in Jacob McCormick’s master’s
thesis. [48]
The new motor configuration now includes an updated injector housing configuration to
accommodate three different fluids: the oxidizer (here MON-25), nitrogen (for purge), and a liquid
fuel igniter. Like in the open-air test facility, spray nozzle injection was chosen to promote
hypergolic ignition of the grain by impinging the oxidizer directly onto the solid hypergolic
additives. We used the same spray nozzle than in open-air tests for comparison. The updated
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injector housing now also includes four instrumentation ports, used to measure pre-combustion
pressure and temperature.
The motor casing is now modular, allowing different grain geometries (pre- and
post-combustion chamber, and grain lengths). A close-up view of the motor casing is shown in
Figure 4.40, along with annotations for the different instrumentation used.

Figure 4.40 Motor and instrumentation overview
Finally, the nozzle housing/expansion section, and the nozzle insert, now use a different
failure mechanism in case of over-pressurization during firing. A CAD model showing the final
geometry of the nozzle housing/expansion section and nozzle insert is given in Figure 4.41, along
with an overview of the expansion section and graphite nozzle post-firing.
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(a) CAD model of the final expansion flange
and graphite nozzle assembly

(b) Post-firing image of the expansion section
(white layer is thermal barrier coating) and
graphite nozzle insert

Figure 4.41 Nozzle insert and expansion section overview
The nozzle insert is designed to be our pressure-relief mechanism in the event of
over-pressurization. If the chamber pressure were to exceed the maximum threshold of 760 psi,
the shear pins would fail, ejecting the nozzle insert out of the bottom of the motor. The throat
diameter for the nozzle insert was designed to match that of the existing two-inch motor, so that
the exhaust mass flow and thrust values for reduced pressure testing would be comparable to those
from the atmospheric tests. The expansion ratio of the nozzle housing/expansion section of the
motor was sized such that the exhaust gases at the exit plane of the nozzle would be slightly
under-expanded relative to a simulated altitude of 100,000 feet. This allows the exhaust gases to
continue expanding, eventually impinging with the walls of the downstream supersonic diffuser
inlet.
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Oxidizer Feed System
The oxidizer feed system used in the altitude chamber test facility is a replica of the
open-air test stand feed system. Due to space constraint, the piston tank was inverted such that the
piston rod is now oriented downwards, and flow goes upwards, as shown on Figure 4.42.

(a) Oxidizer feed system overview, with valve
location

(b) Linear encoder close-up

Figure 4.42 Oxidizer feed system overview, including piston tank and linear encoder
The oxidizer mass flow rate is also set using a cavitating venturi (here 0.039 inch orifice
diameter), and, similar to the open-air test stand, the volume in the piston tank can be monitored
as a function of time using a Novotechnik linear encoder, as shown on Figure 4.42. Finally, the
MON-25 storage tank and NO repressurization system are located in a vented cabinet outside of
the test cell for safety purposes with a wall mounted NO2 sensor immediately inside the test cell
to alert personnel in the event of a leak.
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Before resuming testing in the altitude chamber, we needed to characterize the oxidizer
spray at altitude to determine the influence of ambient pressure on the spray cone angle and fluid
vaporization. As mentioned previously, we typically use EnSolv as a simulant with similar vapor
pressure and viscosity as that of nitrogen tetroxide. We performed different tests at different ullage
pressures (i.e. flow rates), at both reduced pressure (here 25 Torr, i.e. 0.48 psia) and ambient
pressure.
Figure 4.43 shows the difference in spray obtained at both conditions, for an ullage pressure
of 500 psia.

(a) Pchamber = 25 Torr

(b) Pchamber = ambient

Figure 4.43 Difference in spray (here EnSolv) between reduced and ambient pressure
The majority of the spray vaporizes almost immediately upon injection at sub-atmospheric
pressures. Since the vapor pressure of EnSolv is similar to that of nitrogen tetroxide, we can expect
a similar behavior for MON. While efficient vaporization of the oxidizer is preferred to minimize
the amount of energy required, the lack of liquid oxidizer hitting the solid additives’ surface might
have an impact on their reactivity. Indeed, the decrease in “concentration” between liquid and
gaseous (less molecules to interact with solid surface) will have an effect on kinetics and therefore
ignition delay. There exists a trade-off between minimizing energy expenditure during the start-up
transient and efficiently taking advantage of the reactivity of the additive front segment, which is
the main challenge in performing altitude testing with this propellant configuration.
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4.3.2

Test Matrix & Test Procedures

Test Matrix
We performed two tests exhausting to reduced pressure (targeting 100,000 feet equivalent).
The main objective of the altitude tests was to determine the impact of pressure on start-up transient
(especially ignition delay) and combustion stability and sustainability. The overall grain geometry
is kept identical to that of the ambient tests (0.5 inch pre-combustion chamber length, 1 inch port
diameter).
The autosequence was slightly modified, with an increase in the delay between shutting
down the nitrogen purge and commanding the oxidizer run valve to open from 0.1 s in open air to
0.5 s at reduced pressure.
Due to the geometry of the new motor and the need to capture the exhaust plume in the
diffuser inlet, there is only a 0.25 inch clearance between the exit plane of the nozzle and the inlet
of the supersonic diffuser, limiting the field of view for high-speed imaging. We therefore did not
record “first light out of nozzle” for these two tests to limit inaccuracy on the timings, but mostly
focused on the delay to reach 90% of the maximum chamber pressure based on the chamber
pressure trace.
Table 4.23 summarizes the two different test conditions, along with the test conditions for
Test MON25-5 for comparison. The altitude chamber tests will here be shorted by “AC-MON25”.
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Table 4.23 Test matrix for MON-25 reduced pressure tests (target: 100,000 feet equivalent
simulated altitude)
Test #

Front Segment
Configuration

Main Grain
Configuration

Objective

25 wt.% NaBH4
evenly dispersed in
SP7

Baseline
Single burn
Influence of pressure
on start-up transient
and combustion
stability and
sustainability
Attempting relight(s)
Influence of pressure
on grain relight(s)

MON25-5

AC-MON25-1

AC-MON25-2

45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 0.75 inch
45 wt.% NaNH2/45 wt.%
PBTSA in SP7
Length: 1.5 inch

Test Procedures
We modified test procedures (motor grain assembly and loading) to accommodate the new
test stand configuration. For simplicity of assembly and to minimize exposure of the grain to
moisture and air, we assemble the motor in an inert atmosphere one day prior to firing. The motor
is assembled in a nitrogen-purged glove bag monitored using a psychrometer. Once assembled, it
is taped and kept under trickle purge overnight. With this new timeline, we now cast the grain at
least two days prior to firing and keep it under argon atmosphere up until motor assembly. Casting
procedures of the grain itself remain unchanged. We install the motor onto the test stand the day
of testing and purge it with nitrogen once bolted onto the stand.
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4.3.3

Altitude Chamber Results

Influence of Ambient Pressure on Ignition Transient
We performed two tests at 100,000 feet equivalent simulated altitude. The objective of the
first test was to determine the influence of ambient pressure (open-air vs. reduced pressure) by
replicating the same test (same grain configuration and test parameters, including oxidizer mass
flow rate). A summary of the test parameters and results are shown in Table 4.24, along with the
chamber pressure trace on Figure 4.44.

Table 4.24 Summary of the test results for Tests 6-5 and 7-1
Test #
Overall Additive Loading
Overall Grain Density,
kg/m3
Front Segment Additives
Front Segment Length, in
Overall NaBH4 Loading,
wt.%
NO Concentration, wt.%
Initial Oxidizer Mass
Flux, kg/(m2-s)
MON Mass Flow Rate,
lbm/s
Mass of Fuel Burned, g
Fuel Mass Flow Rate,
lbm/s
Mean Regression Rate,
mm/s
Average O/F
Targeted Burn Time
Effective Burn Time, s
Chamber Pressure, psia

Test MON25-5

Test AC-MON25-1
30.9%
998.5

45 wt.% NaNH2/45 wt.% PBTSA in SP7
0.75
22.7 (evenly dispersed)
27.7

25
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0.15

0.13

~100

74.6

~0.078

0.084

~1.8

2.0

~1.9
1x3s
2.83
104 ± 2

1.5
1x2s
1.96
112 ± 1
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Test MON25-5: At ambient conditions
Test AC-MON25-1: At Pamb = 0.15 psia

Figure 4.44 Chamber pressure trace comparison between Tests MON25-5 and AC-MON25-1
For the sake of comparison, both chamber pressure traces are lined up based off of the time
we command the run valve to open (here at 0.1 s). While t =0 s is equivalent to the moment we
stop the nitrogen purge for Test MON25-5, it does not hold any meaning for Test AC-MON25-1
(nitrogen purge turned off at t = -0.4 s).
Looking at the injector pressure, we determined that it takes ~30 ms for the run valve to
start opening and 45 ms to see a response in chamber pressure. In addition, it only takes ~425 ms
to reach 90% of the maximum chamber pressure (here ~100 psia), which is one of the lowest delays
observed for our tests. This short chamber pressure build-up delay is likely a result of good
vaporization of the oxidizer upon injection, limiting the amount of energy required to vaporize the
oxidizer, typically preventing efficient fuel regression and hence chamber pressure build-up. Given
the new orientation of the motor (now fired vertically, vs. horizontally in previous tests) and short
ignition delay, we do not see any pressure spike during the start-up transient. The rest of the
chamber pressure trace is similar to that of previous tests. At t = 1.1 s, we see a dip in chamber
pressure, attributed to the front segment burning out. As in Test MON25-5, and as expected given
the similarity in grain configurations, chamber pressure does not trail off and is sustained until the
end of the targeted burn (here 2 s).
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If we match both chamber pressures based on start-up transient (as seen in Figure 4.45),
we can see that, once the front segment burned out, chamber pressure for Test AC-MON25-1 is
20 psi higher than that of Test MON25-5, in spite of identical grain configurations. Between
t = 0.5 s and t = 1.3 s, both chamber pressures match well, indicating similar combustion
efficiencies. Once the front segment depleted for Test AC-MON25-1 (i.e. combustion now relying
on the heat generated by sodium borohydride), we can see that the chamber pressure for Test
AC-MON25-1 is higher than that of Test MON25-5. In Test AC-MON25-1, the front segment
only takes 0.5 s to burn out, compared to 0.8 s for Test MON25-5. Therefore, the port diameter at
time of burn-out for Test AC-MON25-1 is smaller, leading to a higher mass flux, and, as a
consequence, higher fuel regression rate. This likely lead to a higher instantaneous chamber
pressure, which might have converged to that of Test MON25-5 for a longer burn duration. Other
explanations include a higher combustion efficiency due to vertical firing (no “pooling” of
propellants cooling down the motor during firing), as well as better mixing due to a longer effective
post-combustion chamber before the nozzle throat (here the grain post-combustion chamber is
5 inches, with an additional 3 inches before the nozzle throat due to a longer converging section.
MON on for Test AC-MON25-1
@ t = -0.19 s
MON on for
Test MON25-5

MON off for Test
AC-MON25-1

MON off for
Test MON25-5

Test MON25-5: At ambient conditions
Test AC-MON25-1: At Pamb = 0.15 psia

Figure 4.45 Chamber pressure trace for Tests MON25-5 and AC-MON25-1, by matching
chamber pressure start-up transient
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Figure 4.46 shows a picture of the cut grain post-test for Test AC-MON25-1. It looks
similar to that of Test MON25-5, although the grain surface seems smoother (no clear line between
each grain segments as typically seen in previous tests). The step highlighted in Figure 4.46 is due
to an uneven cut, and does not reflect the actual port diameter. The front segment is not completely
burned out, although the remaining segment is located before the spray impingement point and
likely not contributing to combustion anymore, since not directly in contact with the oxidizer. The
change in firing orientation might have contributed to not fully burning the front segment (no
pooling of the oxidizer in the pre-combustion chamber). Finally, the web thickness towards the
aft-end of the motor is larger than that of Test MON25-5, indicating that, given the higher mass of
fuel burned, we burned the grain more uniformly (even web thickness as a function of axial
location down the grain port).

Figure 4.46 Cut grain post-test, following Test AC-MON25-1
Finally, looking at the altitude chamber pressure as a function of time during firing, we can
see that we successfully maintained the altitude chamber at 0.15 psia, equivalent to 102,000 feet
altitude on Earth or nearly Mars surface pressure (closer to 0.1 psia). Figure 4.47 shows both
chamber pressure and altitude overlapped.

125

~102 kft

Figure 4.47 Chamber pressure and equivalent altitude overlapped for Test MON25-1
Influence of Ambient Pressure on Relight Transient
The main objective of Test AC-MON25-2 was to investigate the influence of ambient
pressure (here reduced pressure, at 100,000 feet equivalent simulated altitude) on the start-up
transient during a relight. The last relight tests were done with MON-3 during FY2018. Indeed,
given the successful first relight attempts, we decided to focus on combustion stability and
sustainability with longer burn duration.
Given that a 0.75 inch front segment typically burns out within one second of burn time,
we decided to double the length of the front segment for this second test, to ensure that there would
be a sufficient amount of solid hypergols left post first firing for the second ignition. The actual
additive composition of the front segment and main grain were kept identical to that of Test
AC-MON25-1 (front segment with 45/45/10 wt.% sodium amide/sodium borohydride/SP7, and
main grain with 25 wt.% sodium borohydride in SP7).
The second objective of this test was to investigate the influence of a higher initial oxidizer
mass flux on the start-up transient and combustion stability and sustainability. The initial targeted
oxidizer mass flux was increased by 34%, from 134 to 179 kg/(m2-s).
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For this test, we decided to implement temperature measurement of the combustion
chamber on both the front and aft end of the motor. The general thermocouple configuration is
shown in Figure 4.48. Two thermocouples (TC-INJ-00 and TC-INJ-125) are located in the front
of the motor. Two additional thermocouples (TC-CC-SH and TC-CC-EXPJ) are located
downstream of the motor before the converging section of the nozzle. Finally, we also added a
thermocouple at the nozzle exit (TC-PLUME). All thermocouples are sheathed, except for
TC-INJ-125 and TC-CC-EXPJ. Additional details on the thermocouple location is shown in Figure
4.48, Figure 4.49, and Figure 4.50.

TC-INJ-125
TC-INJ-00

TC-CC-EXPJ
TC-CC-SH

TC-PLUME

2 inch

Figure 4.48 Motor as installed on test stand, with additional thermocouples (four total) for
temperature measurements in the combustion chamber
Picture taken following motor installation and prior to taking protective tape off of the nozzle expansion flange
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TC-INJ-00

TC-INJ-125
1/8 inch

Figure 4.49 Thermocouples configuration on injector face

Nozzle expansion flange
Phenolic ring

TC-CC-EXPJ
TC-CC-SH

Thermal barrier coating

Flow

1/4 inch

(a) Configuration for exposed junction
thermocouple

1/4 inch

(b) Configuration for sheathed thermocouple

Figure 4.50 Thermocouples configuration for temperature measurement at the nozzle expansion
flange (pre nozzle converging section)
The grain did not light despite doubling the total mass of hypergolic additives in the front
of the grain. We decided not to proceed with a second firing attempt given that the grain had been
exposed to MON. Looking at the thermocouple data, shown in Figure 4.51, we can see that, upon
injection of the MON, the temperature in the combustion chamber dropped from ambient
temperature down to ~ -40°C at the injector, all the way to ~ -60°C at the exit plane of the nozzle.
Based on Figure 4.43, we know that MON is immediately vaporized upon injection into the
chamber during start-up due to the difference between its vapor pressure and the altitude chamber
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pressure. By flash boiling, liquid oxidizer droplets cannot interact with the solid hypergols to
promote hypergolic ignition. In addition, the evaporation process cools down the motor, which
also has an impact on the kinetics of the reaction between the oxidizer and the solid additives.
These phenomena were more prevalent for Test AC-MON25-2 compared to Test
AC-MON25-1 since we increased the oxidizer mass flow rate by 34%. The added mass of oxidizer
upon injection, coupled with the cooling and inefficient mixing with the solid hypergols, worked
against the grain lighting. This indicates the limit of our current motor in terms of mass flow rate
for a given grain geometry.

Figure 4.51 Temperature and pressure trace during Test AC-MON25-2, indicating no ignition
and significant cooling of the combustion chamber
The main takeaway from this test is that the liquid-solid interaction between the oxidizer
and the solid hypergols is essential to lighting the hypergolic hybrid, as predicted. As mentioned
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previously, there is a trade-off between efficiently vaporizing the oxidizer to minimize the energy
budget during start-up and preventing flash-boiling to promote interaction between the two
propellants to promote ignition. The first mitigation method would involve changing the injector
configuration, by switching to a spray nozzle with larger droplet size to increase the time to
vaporize the oxidizer. Another potential mitigation method for such phenomena could be cooling
down the oxidizer prior to injection. Decreasing the storage temperature of the oxidizer would
reduce its vapor pressure such that the pressure difference between the vapor pressure of the
oxidizer (75 psi at 25°C, 14 psi at -10°C) and the altitude chamber pressure (0.15 psia) would be
minimized. This would prevent the oxidizer from flash-boiling, hence ensuring that there is still
liquid-solid interaction between the oxidizer and the solid hypergols. This also brings the storage
temperature of the oxidizer closer to the targeted temperature for a Mars Ascent Vehicle.

4.4

Conclusion, Lessons Learned & Recommendations

Based on the tests performed with both MON-3 and MON-25, in open air and at reduced
pressure, we can conclude the following points:
•

Sodium amide and potassium bis(trimethylsilyl)amide allow for hypergolic ignition
of a two-inch motor paraffin-based grain, for initial oxidizer mass fluxes between
134 and 179 kg/(m2-s), and delays as low as ~300 ms to reach 90% of the maximum
chamber pressure. Ignition was achieved via the use of a 90 wt.% additive front
segment.

•

As long as the front segment is burning, the hypergolic reaction between the
hypergols and the oxidizer releases sufficient heat to sustain combustion. Due to
the high additive loadings tested, the high regression rates lead to the front segment
burning out prior to the scheduled burn time.

•

Once the front segment burns out, a high heat of combustion additive is required to
in the remaining grain to sustain combustion, by providing sufficient heat to
vaporize the incoming oxidizer, and melt and vaporize the fuel.

From these conclusions, we can infer the following challenges and mitigation options:
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•

The hypergolic additives located in the front segment currently have two purposes:
promote hypergolic ignition and sustain stable combustion. However, the higher
the additive loading, the higher the front segment regression rate. This currently
limits our maximum burn time. However, if we were to decrease the additive
loading in the front segment to help reduce its regression rate, we would potentially
compromise fast hypergolic ignition, meaning hypergolic ignition and sustained
stable combustion are two problems working against each other. Our
recommendation is to separate both issues, by having hypergolic additives solely
used for hypergolic ignition, and additional reactive (but not necessarily hypergolic)
additive(s), with a high heat of combustion, to promote combustion sustainability
once the hypergolic additives depleted.

•

We witnessed a second challenge when performing tests at reduced atmospheric
pressure. While vaporizing the oxidizer is desirable to minimize the energy required
upon injection, the liquid-solid contact between the oxidizer and the solid additives
is necessary to promote a fast hypergolic reaction. There is a trade-off between
maximizing vaporization, while still allowing this essential liquid-solid interaction.
A first mitigation method would consist in decreasing the oxidizer temperature to
minimize the pressure drop between the vapor pressure of the oxidizer and the
ambient pressure. This would prevent flash-boiling upon injection. In addition,
modifying the injector configuration to allow for larger droplet size upon injection
would maximize the likelihood of liquid droplets impinging the solid hypergols.

To conclude, we can make several general recommendations regarding the characteristics
needed for hypergolic and reactive additive candidates. Additives to promote hypergolic ignition
of the grain need to have low ignition delays with oxidizer considered (tested additives with
ignition delays below 20 ms with NTO). Reactive, non-hypergolic additives with high heats of
combustion are required to increase the energy release during the start-up transient and promote
fast chamber pressure build-up, as well as sustain combustion once the hypergolic additives burned
out.
While we have determined via experimental data that we need a larger heat release in the
grain to sustain combustion once the front segment depleted, we have not determined yet the
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threshold of energy required to do so, and how it correlates with the desired burn time and scale
of the motor. In addition, these thresholds (threshold for delay to reach chamber pressure and
longest sustainable burn time) will vary depending on the total mass flow rate and motor size.
Scaling of this energy was the purpose of a summer internship at the Jet Propulsion Laboratory,
where I evaluated hypergolic additives for a full-scale hybrid Mars Ascent Vehicle, an option
currently being investigated by JPL for the Mars Sample Return mission. While directly relevant
to the present dissertation, the full-scale analysis is subject to export control regulations, and can
be obtained from NASA JPL directly. The next section is a cleared summary of the key results,
which support the recommendations made previously.

4.5
4.5.1

Scaling & Future Work

Overview
Based on the results from the open-air and altitude tests, there are two different design

options that can be considered as potential candidates for a larger, scaled-up version of the
hypergolic hybrid system outlined in the previous sections.
The first and most simple option consists of solid hypergolic additive(s) evenly dispersed
in a front segment (similar to the option investigated at a two-inch motor scale). The two objectives
of these additives are to promote hypergolic ignition and relight of the grain, as well as provide
sufficient heat throughout the two burns to sustain combustion. Feasibility of the first design relies
on determining if there is a given additive loading sufficient to promote ignition, with a regression
rate low enough to allow for sustained combustion throughout a given targeted burn time.
The second design option consists of separating the hypergolic ignition and combustion
sustainability objectives into two separate systems. A hypergolic additive plug (or plugs), located
in the front of the motor, will serve as the igniter. Multiple plugs might be necessary to allow for
multiple relights to occur depending on the regression rate of the chosen plug configuration. In
addition, a reactive and/or hypergolic additive will be embedded inside of the main fuel grain to
promote combustion sustainability via its reaction with the partially combusted oxidizer.
Separating the two problems will allow for more flexibility in the design of each constituent, as
well as help distribute the heat throughout the grain. Feasibility of this second option relies on
determining the composition of the plug and of the main grain to allow for hypergolic ignition and
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combustion sustainability, respectively, while staying within given mass, volume, and
performance constraints.
To start these analyses, we first looked at the feasibility of the current overall grain
configuration, and specifically front segment composition, based on experimental data from the
two-inch motor test campaign done in open air. The most obvious challenge in using the first
design option is how limited we currently are by the regression rate of the front segment (kept at
a constant composition throughout our recent test campaign, i.e. 45 wt.% sodium amide, 45 wt.%
PBTSA, and 10 wt.% SP7). In spite of the use of SP7, the front segment is still structurally weak,
with a high visible porosity. This porosity, combined with the high reactivity of the additives used,
leads to high regression rates ranging from 7 to 13 mm/s depending on the test configuration and
oxidizer flow rate. Unfortunately, any additive addition to the binder would increase its regression
rate compared to that of neat SP7. It is therefore impossible to use the front segment to promote
both combustion sustainability and hypergolic ignition, even if we were to decrease the porosity
of the front segment to allow for slower regression rates than the ones measured so far. As a
conclusion, embedding hypergolic additives in SP7 is not feasible to obtain a front segment that
can exhibit low enough regression rates to help with both ignition and combustion sustainability.
This conclusion was the premise to the first analysis in which we investigated embedding
hypergolic additives in other common binders that have lower regression rates than paraffin waxes.
In addition, this shows that the constraint of having low additive loading to limit regression rate,
while having enough additive to promote ignition, is the main challenge in making a hypergolic
hybrid configuration feasible for longer burn durations in practical applications. Separating both
ignition and combustion sustainability requirements will be the main focus of the second analysis.

4.5.2

First Design Option: Solving both Hypergolic Ignition and Combustion Sustainability
The main challenge encountered when considering embedding hypergolic additives in

other common binders (HTPB, DCPD, or polyethylene) was the chemical incompatibility of these
additives with ingredients involved in the casting process of some of these binders. Indeed, sodium
amide, sodium borohydride, and PBTSA are all reducing agents, and all three are incompatible
with compounds involved in the casting and curing processes of HTPB and DCPD. However, all
three of these additives are compatible with polyethylene (PE). PE casting methods are similar to
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that of paraffin wax, i.e. involve melting the PE, molding it to the desired shape, and cooling it
down. The low regression rate of PE compared to SP7 allows for a higher additive loading than
what would be feasible in SP7. However, we estimated that additive loadings cannot be higher
than 50 to 60 wt.% to minimize the front segment regression rate, at which point the likelihood of
igniting the hypergolic additives would be too low. These results highlighted once again that the
main challenge here is to solve both the hypergolic ignition and combustion stability/sustainability
issues using the same system. This led us to consider the second option.

4.5.3

Second Design Option: Separating Hypergolic Ignition from Combustion
Sustainability
The main idea behind this second design option is to separate the hypergolic ignition and

combustion stability/sustainability requirements. Hypergolic ignition is promoted by the use of
hypergolic additive(s) based plug(s). The small plugs can be designed to only be exposed during
the period necessary for ignition(s) and then expended, leaving fuel behind that burns at the same
rate as the rest of the grain. Combustion sustainability is promoted by the use of a reactive additive
embedded into the main fuel grain, such that the additive loading can provide sufficient heat to the
system once the grain lit.
The first objective of this second design option was to determine how much reactive
additive was necessary to sustain combustion throughout a given targeted burn time. Using
experimental data, we were able to create preliminary thresholds and trends between total heat
release per total mass flow rate, as a function of three different test cases with varying oxidizer
mass fluxes and results (two leading to sustained combustion, one was unable to sustain
combustion). Using these data points and the standardized heats, we were able to estimate that
< 5 wt.% of reactive additive would be necessary to provide sufficient heat to sustain combustion
for larger scale motors. Unlike the first design, this second option seems more promising given the
low additive loadings required, which, as a result, will not have a significant impact on specific
impulse and performance.
The second objective of this analysis was to try and predict the chamber pressure build-up
time of the motor, based on how quickly the hypergolic additive plugs ignite, combined with the
amount of heat released in the main grain, where the reactive additive is embedded. Predicting the
ignition delay of the grain is challenging given the lack of data on different front segment
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configurations (only configuration tested with MON-25 consisted of 45 wt.% sodium amide,
45 wt.% sodium borohydride, and 10 wt.% SP7), although we know that the composition of the
main grain influences the chamber pressure build-up time. We found preliminary trends between
delays to reach 90% of the maximum chamber pressure and total heat release per total mass flow
rates. As expected, delays decrease exponentially as heat release increases, although additional
testing is needed to verify how these preliminary trends derived from subscale data would behave
for larger scale motors.

4.5.4

Moisture Sensitivity
The last objective of this short study was to find potential mitigation methods to protect

the moisture sensitive additives from reacting with the environment during storage. To mitigate
any risk of exposure to moisture, one proposed idea is to cover any additive-loaded grain segments
with a non-porous membrane, incompatible with nitrogen tetroxide derivatives, but compatible
with reducing agents (e.g. sodium amide, sodium borohydride, and/or PBTSA). The
incompatibility of the membrane with nitrogen tetroxide would ensure its destruction on contact
with the oxidizer, exposing the additive(s) underneath, either to promote hypergolic ignition in the
case of the front segment plugs, or to release additional heat in the combustion chamber, in the
case of the main grain. Potential membranes include rubber and vinyl-based materials, known to
be incompatible with nitrogen tetroxide. Additional testing would be necessary to determine the
exact permeability of the membrane to nitrogen tetroxide, as well as its long-term compatibility
with the additive candidates.
Finally, we only considered three different additives in this study: sodium amide, PBTSA,
and sodium borohydride. As mentioned previously, sodium amide and PBTSA are the two most
promising candidates from the initial list of eighteen solid hypergolic propellants tested. The
requirements for solid hypergols make it challenging to find new candidates. However, there are
less stringent requirements for reactive additive candidates. Indeed, reactive additives, i.e.
additives embedded in the main grain for combustion sustainability, have the following
requirements:
•

Fast reaction with nitrogen tetroxide (and derivatives);

•

Density similar to that of the binder if melt casting;
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•

Melting and boiling point higher than casting temperatures of binder;

•

High heat of combustion; and,

•

Low to no moisture sensitivity for casting purposes.

Other potential candidates that exhibit less sensitivity to moisture and air are of interest
here to simplify handling procedures. Solid aromatic and other crystalline hydrocarbons tend to
show better storability at normal conditions. Both sodium borohydride and adamantane, a
crystalline hydrocarbon, have similar densities, high heats of combustion, and while sodium
borohydride is moisture sensitive, adamantane is not. Once again, additional testing will be
necessary to determine if a crystalline hydrocarbon such as adamantane would result in the same
results than sodium borohydride.

4.5.5

Conclusion
The energy requirements of a paraffin wax/nitrogen tetroxide systems make it challenging

to close a design within mass and volume constraints, as we need added energy, from the
combustion of a liquid or solid hypergol, to sustain combustion. For larger scale systems, the
constraints of a hypergolic hybrid can quickly lead to unreasonable geometries that do not fit mass
and/or volume constraints. By considering ignition and combustion sustainability as two separate
problems, we can simplify the overall design of the propulsion system. On one hand, expendable
solid additives directly impinged by the incoming oxidizer allow for hypergolic ignition of the
grain. On the other hand, reactive additive(s) embedded into the main fuel core provide sufficient
heat to sustain combustion throughout the targeted burn time. With this new design, the additives
are directly embedded into the fuel binders, allowing for a simpler system with an overall smaller
mass and volume, and reduced number of fluids. There is still additional work needed to fully
characterize the additives currently used, as well as potential new candidates, and further verify
that the preliminary trends found here do apply to larger scale systems.
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SYSTEMATIC STUDY ON INFLUENCE OF CHEMICAL
STRUCTURE

Given the “hit-or-miss”, or edisonian, nature of the approach followed to screen for
potential solid hypergols, there is a clear need for a model that can predict the reactivity of fuels
with a given oxidizer. Such model would formalize the screening processes, but also help in
selecting fuel candidates based on specific applications. An initial goal was to establish the
probability for reactivity or hypergolicity of fuels based on molecular descriptors selected via the
preliminary systematic study presented in this section. An ultimate goal is to tailor the properties
of fuel candidates based on their application. Using the example of the hypergolic hybrid work,
the requirements for potential new additives would include high heat of combustion, high specific
impulse, and density similar to that of the binder used, for casting purposes.
With this goal in mind and following the same approach as Rapp and Strier [26], I started
a systematic study of the influence of chemical structure on the reactivity of amines with nitrogen
tetroxide. I decided to focus on amines for their wide range of reactivity (known hypergolic and
non-hypergolic compounds). Most amines are typically liquid, and while the main focus of the
first part of this study was solid hypergolic fuels, I am hoping to apply trends found with these
amines to compounds in any given physical state. This systematic study was done with NTO in
open air using the drop test setup described in Section 3.3.1. The objective of this systematic study
is to establish preliminary trends between reactivity and chemical structure. Based on these trends,
I can then translate structural features into quantifiable molecular descriptors (molecular properties,
i.e. physical, chemical, and structural/electronic properties), and determine if there is a correlation
between reactivity and these selected molecular descriptors.
This section is dedicated to the results from the systematic study, as well as justification
for the molecular descriptors chosen from the QSAR analysis.

5.1

Selection of Compounds for Systematic Study

A long-term objective of this study is to predict the reactivity of fuels with mixed oxides
of nitrogen based on molecular properties. The first step in doing so consisted in doing a
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preliminary study on the influence of chemical structure on the reactivity of selected amines with
nitrogen tetroxide.
The main requirement for the class of compounds selected for the systematic study was to
include fuels with a broad range of reactivity to identify clear trends between chemical structure
and reactivity. As mentioned in Section 2.4.2, aliphatic amines were already part of a systematic
study performed by Rapp and Strier, which showed that their chemical structure influences their
reactivity with WFNA. I decided to perform a similar systematic study with 33 fuels from different
amine classes, varying chain lengths and/or substituents, based on both the literature and some of
our preliminary results obtained with NTO.
These 33 compounds were selected based on the following areas of interest:
•

Influence of the chain length for primary, secondary, and tertiary amines;

•

Difference in reactivity between primary, secondary, and tertiary amines, for a
given carbon number;

•

Influence of the addition of a hydroxyl group on primary, secondary, and tertiary
amines, with varying chain lengths; and,

•

Difference in reactivity of secondary amines with hydroxyl, amino, and propargyl
group.

These compounds are summarized in Table 5.1.

Table 5.1 Amines selected for systematic study (name as stated from supplier)
Compound
Physical State
Amine Class
Primary, secondary, and tertiary aliphatic amines
n-butylamine
Liquid
Primary
Amylamine (or pentylamine)
Liquid
Primary
Hexylamine
Liquid
Primary
Isobutylamine
Liquid
Primary
sec-butylamine
Liquid
Primary
tert-butylamine
Liquid
Primary
Ethylmethylamine
Liquid
Secondary
Diethylamine
Liquid
Secondary
Dipropylamine
Liquid
Secondary
Dibutylamine
Liquid
Secondary
N,N-dimethylbutylamine
Liquid
Tertiary

138

Table 5.1 (Continued) Amines selected for systematic study
N,N-dimethylethylamine
N,N-diethylmethylamine
Triethylamine
Tributylamine

Liquid
Liquid
Liquid
Liquid

Tertiary
Tertiary
Tertiary
Tertiary

Polyamines
Ethylenediamine
Liquid
Diethylenetriamine
Liquid
Triethylenetetramine
Liquid
Tetraethylenepentamine
Liquid
Tetramethylethylenediamine
Liquid
1,1,4,7,7-pentamethyldiethylenetriamine
Liquid
Alkanolamines
6-amino-1-hexanol
Solid
Ethanolamine
Liquid
Diethanolamine
Liquid
Triethanolamine
Liquid
2-dimethylaminoethanol
Liquid
2-(methylamino)ethanol
Liquid
Amines with propargyl group(s)
Propargylamine
Liquid
Tripropargylamine
Liquid
N,N-dimethylpropargylamine
Liquid
5.2

Primary
Primary/Secondary
Primary/Secondary
Primary/Secondary
Tertiary
Tertiary
Primary
Primary
Secondary
Tertiary
Tertiary
Secondary
Primary
Tertiary
Tertiary

Method

I performed fifteen drop tests per compound in an attempt to get statistical meaning on the
results obtained. Depending on the test conditions (temperature, relative humidity, etc.), and since
the environment is not controlled during drop tests in open air, there is variability in both reaction
and ignition delays that cannot be accounted for. Typically, minimum values for these delays are
reported over average values, since they are considered to be the closest to an ideal delay
corresponding to the fastest kinetics of the reaction between the fuel and the oxidizer (delay
required to lead to gas generation or ignition when both are mixed). For completeness, throughout
this section, I will report both minimum and average ignition delays.
For each compound, I defined a probability of ignition, equivalent to the number of drop
tests that led to ignition over the total number of drop tests. I defined such a quantity in order to
take into account the phenomena behind the variability in reactivity observed for some compound
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that might not be related to environmental variabilities and might help us determine which specific
features are required to step from reactive/non-hypergolic to hypergolic.

5.3
5.3.1

Influence of Chemical Structure on Reactivity & Hypergolicity

Influence of the Chain Length on Primary, Secondary, and Tertiary Amines
Table 5.2 summarizes the results from the drop tests performed with NTO and primary

aliphatic amines of varying chain length.

Table 5.2 Drop test results for primary amines and NTO

n-butylamine

Avg./Min.
Reaction Delay,
µs
220/100

Avg./Min.
Ignition Delay,
ms
110.3/78.0

XÜ yEE − !y"

Pentylamine

200/100

182.6/106.5

53%

Xá yEo − !y"

Hexylamine

487/100

NH

0%

Isobutylamine

1780/100

125.7/100.0

47%

sec-butylamine

107/100

182.8/115.0

80%

tert-butylamine

107/100

NH

0%

Chemical
Structure

Chemical Name

X$ yÖ − !y"

Probability of
Ignition
73%

Legend: NH = non-hypergolic

Increasing chain length correlates with an increase in ignition delay, up to hexylamine at
which point we lose hypergolicity. The decrease in reactivity from longer chains is due to an
increase in steric effects (space occupied by atoms) around the nitrogen as the number of carbons
increases. In addition, the substitution of a hydrogen atom by a methyl group on n-butylamine at
the β-carbon position decreases the reactivity, with a “loss of hypergolicity” (probability of
ignition goes to zero) observed from n-butylamine to isobutylamine. On the other hand, if the
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methyl group is added on the α-carbon position, hypergolicity is kept but there is an increase in
ignition delay, as seen for sec-butylamine. Based on this behavior, I would still expect
tert-butylamine to be hypergolic, although less reactive than sec-butylamine. However, it is not
hypergolic. Comparable to an increase in chain length, tert-butyl groups increase steric hindrance,
leading to a decrease in reactivity. If the leading reaction mechanism is a hydrogen-atom
abstraction onto the N–H bond, the decrease in reactivity can be explained by the increase in steric
hindrance surrounding the center nitrogen (preventing efficient reaction between the nitrogen lone
pair of electrons and the oxidizer). If the leading mechanism is a hydrogen-atom abstraction onto
the C–H of the α-carbon, the absence of C–H onto the α-carbon might explain the loss of
hypergolicity observed.
Table 5.3 summarizes the results from the drop tests performed with secondary amines of
varying chain length and NTO.

Table 5.3 Drop test results for secondary amines and NTO
Chemical Structure
yÜ X" − !y − Xyo
yÜ X" − !y − X" yÜ
yr Xo − !y − Xo yr
yÖ X$ − !y − X$ yÖ

Ave./Min.
Reaction Delay,
µs
Ethylmethylamine
100/100
247/100
Diethylamine
253/100
Dipropylamine
Dibutylamine
360/200
Chemical Name

Ave./Min.
Ignition Delay,
ms
NH
NH
NH
NH

Probability of
Ignition
0%
0%
0%
0%

Legend: NH = non hypergolic

None of the secondary amines tested were found hypergolic with NTO. However, like
primary amines, the reactivity decreases as the carbon chain length increases. Both
ethylmethylamine and diethylamine have reaction delays below 100 μs, while dibutylamine has
an average reaction delay of about 360 μs.
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Table 5.4 summarizes the results from the drop tests performed with tertiary amines of
varying chain length and NTO

Table 5.4 Drop test results for tertiary amines and NTO
Chemical Structure

Ave./Min. Ave./Min.
Probability
Reaction
Ignition
of Ignition
Delay, µs Delay, ms

Chemical Name
N,Ndimethylbutylamine

385/100

84.3/51.2

93%

N,Ndimethylethylamine

133/100

94.2/27.3

33%

N,Ndiethylmethylamine

477/100

89.0/29.7

73%

Triethylamine

333/100

59.9/44.4

80%

Tributylamine

807/500

NH

0%

Legend: NH = non-hypergolic

The

decrease

in

carbon

chain

length

between

N,N-dimethylbutylamine

and

N,N-dimethylethylamine leads to a decrease in ignition delay. Based on the literature review done,
and given that a hydrogen-atom abstraction reaction mechanism onto the N–H bond is not possible
here, the reactivity of these amines likely depends on the reactivity of the alpha-carbon, i.e. carbon
adjacent to the center nitrogen [21]. The decrease in reactivity observed can therefore be explained
by the decrease in steric hindrance surrounding this alpha-carbon. Tributylamine is
reactive/non-hypergolic, which correlates with the increase in carbon numbers and bulkiness of
the molecule.
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5.3.2

Influence of the Amine Class
Table 5.5 summarizes the results from the drop tests performed with diethylamine and

triethylamine, which differ by the substitution of a hydrogen atom with an ethyl group on the center
nitrogen. Ethylamine is not included here, as it is a gas at ambient temperature and pressure.

Table 5.5 Drop test results for a secondary vs. tertiary amine with NTO

Diethylamine

Ave./Min.
Reaction
Delay, µs
247/100

Ave./Min.
Ignition
Delay, ms
NH

Triethylamine

333/100

59.9/44.4

Chemical Structure

Chemical Name

yÜ X" − !y − X" yÜ

Probability of
Ignition
0%
80%

Legend: NH = non hypergolic

Unlike diethylamine, triethylamine is hypergolic with NTO. The electronic effects from
the substitution of a hydrogen with an ethyl group seem to enhance the reactivity of the amine,
leading to ignition, despite an increase in steric hindrance around the center nitrogen due to the
addition of an alkyl group. Radical stabilization might explain this difference in reactivity. There
is potential hyperconjugation of the α-carbon centered radical on triethylamine due to the adjacent
C–H bond as shown on Figure 5.1. There is also potential resonance of the α-carbon centered
radical due to the adjacent lone pair of electrons, as shown on Figure 5.2, also leading to a more
stable radical due to inductive effects from all three alkyl groups. Typically, resonance effects are
stronger than hyperconjugation effects, and here coincide with stabilization of the newly formed
radical (on center nitrogen).

Figure 5.1 Hyperconjugation effect on triethylamine radical
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Figure 5.2 Resonance (mesomeric) effects on triethylamine radical
The triethylamine radical formed is therefore more stable than any potential radical formed
for diethylamine.
Table 5.6 summarizes the results from the drop tests performed for different classes of
amines at a fixed alkyl chain length of four carbons.

Table 5.6 Drop test results for different amine classes and NTO

n-butylamine
Dibutylamine

Ave./Min.
Reaction
Delay, µs
220/100
360/200

Ave./Min.
Ignition
Delay, ms
109.9/79.0
NH

Tributylamine

807/500

NH

Chemical Structure

Chemical
Name

X$ yÖ − !y"
yÖ X$ − !y − X$ yÖ

Probability
of Ignition
73%
0%
0%

Legend: NH = non hypergolic

Unlike ethyl groups, substituting hydrogens with butyl groups on the center nitrogen leads
to loss of hypergolicity. In this case, the electronic effects from the butyl groups are not sufficient
to balance the increase in steric hindrance surrounding the center nitrogen and α-carbons (all three
carbons adjacent to center nitrogen).
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5.3.3

Influence of Amino Groups
Figure 5.3 shows the chemical structure of the first three polyamines considered.

Ethylenediamine

Diethylenetriamine

Tetraethylenepentamine
Figure 5.3 Primary and secondary polyamines
Table 5.7 summarizes the results performed with primary and secondary polyamines.

Table 5.7. Drop test results for primary and secondary polyamines
Chemical Name
Ethylenediamine
Diethylenetriamine
Tetraethylenepentamine

Ave./Min.
Reaction Delay,
µs
127/100
1757/600
480,000/72,000

Ave./Min.
Ignition Delay,
ms
157.3/86.6
NH
NH

Probability of
Ignition
93%
NH
NH

Legend: NH = non hypergolic

Hypergolicity is lost from ethylenediamine to diethylenetriamine. In addition,
diethylenetriamine is less reactive than dipropylamine, in which case the amino groups are
replaced by carbons. This indicates that the addition of amino groups does not help in enhancing
the reactivity of the amine. If hydrogen-abstraction was occurring onto the N–H bonds, this would
likely result in an increase in reactivity as the number of N–H bonds increases, which is not the
case here. This might be evidence that hydrogen-atom abstraction occurs on the alpha-carbon(s)
rather than the center nitrogen. This is confirmed with tetraethylenepentamine as well, although
some of these compounds are quite viscous (80 cP at 20°C for tetraethylenepentamine [49], vs.
1.265 cP for ethylenediamine [50] at the same temperature), thus more subject to diffusion-limited
processes.
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Figure 5.4 shows three additional polyamines considered.

Tetramethylethylenediamine
(TMEDA)

Triethylenetetramine

1,1,4,7,7-pentamethyldiethylenetriamine (PMDTA)
Figure 5.4. Secondary and tertiary polyamines
Table 5.8 summarizes the drop test results for secondary and tertiary polyamines.

Table 5.8. Drop test results for secondary and tertiary polyamines
Chemical Name

Ave./Min.
Reaction Delay,
µs

Ave./Min.
Ignition
Delay, ms

Probability of
Ignition

Tetramethylethylenediamine
(TMEDA)

3087/100

725.6/74.5

100%

Triethylenetetramine

77,433/8000

Non
hypergolic

Non hypergolic

1,1,4,7,7pentamethyldiethylenetriamine
(PMDTA)

821/200

103.1/60.7

87%

Primary, secondary, and tertiary polyamines follow the same trend as the one discussed
previously

for

primary,

secondary,

and

tertiary

amines

(non-polyamines).

Tetramethylethylenediamine is hypergolic, similar to ethylenediamine, however, its average
ignition delay is longer compared to that of ethylenediamine. Both nitrogens in
tetramethylethylenediamine are now sterically hindered by the addition of two methyl groups,
likely leading to the increase in ignition delay observed. Unlike tetramethylethylenediamine,
PMDTA has a lower ignition delay, despite having a longer carbon chain. The symmetry of the
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molecule around the center nitrogen and α-carbons, which might lead to a decrease in steric effects
around

the

center

nitrogen,

leading

to

lower

ignition

delays

than

the

shorter

tetramethylethylenediamine molecule. Finally, the presence of N–H bonds in triethylenetetramine
seems to correlate with the loss of hypergolicity observed, despite similar chain lengths among the
polyamines tested. Generally, the addition of amino groups leads to an increase in viscosity of the
fuel, likely to also contribute to the decrease in reactivity observed (diffusion of the oxidizer into
the fuel limited by the viscosity of the fuel). Testing of diffusion-limited processes due to viscosity
could be achieved by increasing the viscosity, using a thickener, of lower viscosities compounds,
and measure the influence of the increased viscosity on ignition delay.

5.3.4

Influence of Hydroxyl Group Addition
Figure 5.5 shows four alkanolamines considered for this systematic study.

6-amino-1-hexanol

Ethanolamine

Diethanolamine

Triethanolamine

2-(dimethylamino)ethanol
Figure 5.5. Alkanolamines considered for this systematic study

147

Table 5.9 summarizes the results obtained with different alkanolamines in comparison with
their amine counterparts.

Table 5.9. Drop test results for different alkanolamines

Ethanolamine
Hexylamine
6-amino-1-hexanol
Diethylamine
Diethanolamine

Ave./Min.
Reaction Delay, µs
620/400
487/100
54,733/14,000
247/100
169,000/50,000

Ave./Min. Ignition
Delay, ms
NH
NH
NH
NH
NH

Probability
of Ignition
0%
0%
0%
0%
0%

Triethylamine

333/100

59.9/44.4

93%

Triethanolamine

208,000/100,000

NH

0%

N,N-dimethylethylamine

133/100

94.2/27.3

33%

2-(dimethylamino)ethanol

593/300

57.9/49

80%

Chemical Name

For all the alkanolamines tested, reactivity decreases when substituting a methyl group
with a hydroxyl group. Alkanolamines tend to be more viscous than their amine counterparts,
which can explain the decrease in reactivity (slow visible mixing). The addition of the hydroxyl
group may also lead to parallel reactions that do not lead to ignition or are kinetically slower (e.g.
potential reaction with the O–H bond).
When comparing ethanolamine to 6-amino-1-hexanol, we also see a decrease in reactivity
due to an increase in carbon chain length. The increase in steric effects surrounding the nitrogen,
combined with an increase in viscosity of the compound, may both contribute to this change in
reactivity.
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5.3.5

Influence of Alkynyl Group Addition
Figure 5.6 shows the chemical structure of the three amines containing propargyl functional

groups tested for this systematic study.

Propargylamine

Tripropargylamine

N,N-dimethylpropargylamine
Figure 5.6. Amines containing propargyl functional groups
Table 5.10 summarizes the drop test results from different amines with one to three
propargyl groups.

Table 5.10. Drop test results for different amines containing propargyl groups
Chemical Name

Ave./Min.
Reaction Delay,
µs

Ave./Min.
Ignition Delay,
ms

Probability of
Ignition

Propargylamine
Tripropargylamine
N,N-dimethylpropargylamine

633/100
1000/5620
540/100

107.4/46.3
14.8/11.5
25.4/19

93%
100%
100%

Hypergolicity is conserved between the primary propargylamine and tertiary
tripropargylamine. Ignition delay decreases as well when substituting hydrogens with propargyl
groups, following the same trend observed for tertiary amines. Finally, propargyl groups seem to
lead to lower ignition delays than methyl groups (lower average and minimum ignition delays of
tripropargylamine compared to N,N-dimethylpropargylamine), in spite of longer reaction delays.

5.3.6

Variations in Reactivity/Hypergolicity
Compounds with variable reactivities are of interest here, as they can help determine which

properties are causing their change in reactivity, drawing a threshold between hypergolic and
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non-hypergolic behaviors. It is important to verify that the variations in reactivity observed are
solely consequences of the chemical features of the compounds and that they are not due to
environmental or storage conditions. I performed fifteen drop tests per compound to increase the
statistical significance of the results (here variable reactivity). This resulted in a test campaign
spanning a little less than a year, which in turn increased the likelihood of encountering
environmental (temperature/relative humidity variations) and storage condition issues (compounds
degrading over time).
Minimum ignition delays are usually preferred over average ignition delays, since they
tend to approach an “ideal” ignition delay of the propellants, independent of potential external
variations (temperature, humidity levels, etc.). This helps mitigate the impact environmental
conditions might have on the data we gather. In addition, amines are, to various degrees, sensitive
to moisture. Some of the amines tested were stored in a fuel cabinet in an uncontrolled environment
(no moisture/oxygen free environment). Variations, both in ignition delay and probability of
ignition, might be due to degradation of the fuels over time, hence the importance of eliminating
this potential variable.
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Ignition Delay Variations
The minimum, average, and maximum ignition delays are summarized for each hypergolic
compound in Table 5.11, along with the percentage variation. Although the maximum ignition
delays are reported, these compounds have a probability of ignition less than 100%.

Table 5.11 Minimum, average, and maximum ignition delays for all sixteen hypergolic
compounds
Compound
Triallylamine
N,Ndiethylmethylamine
N,Ndimethylbutylamine
n-butylamine
Triethylamine
Ethylenediamine
TMEDA
Amylamine
sec-butylamine
N,Ndimethylethylamine
2(dimethylamino)ethanol
Propargylamine
Tripropargylamine
N,Ndimethylpropargylamine
PMDTA
Isobutylamine

Min. Ignition
Delay, ms
5

Ave. Ignition
Delay, ms
6.8

Max. Ignition
Delay, ms
8.8

Max.
Variation
30%

29.7

89.0

190.3

114%

51.2

84.3

128.3

52%

78
44.4
86.6
74.5
108.5
115

110.3
59.9
157.3
725.6
182.6
182.8

164
83.6
417.1
3680
224.9
416

49%
40%
165%
407%
41%
128%

27.3

94.2

155.5

71%

49

57.9

97.8

69%

46.3
11.5

107.4
14.8

222.6
22.8

107%
54%

19

25.4

31.7

25%

60.7
100

103.1
125.7

253.5
175.2

146%
39%
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Isobutylamine

PMDTA

N,N-dimethylpropargylamine

Tripropargylamine

Propargylamine

2-(dimethylamino)ethanol

N,N-dimethylethylamine

sec-butylamine

Amylamine

Tetramethylethylenediamine

Ethylenediamine

Triethylamine

n-butylamine

N,N-dimethylbutylamine

N,N-ethylmethylamine

Triallylamine

Ignition Delay, ms

Figure 5.7 and Figure 5.8 show the ignition delays spanned by each compound.
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Figure 5.7 Ignition delays spanned by each hypergolic compound (for a total number of 15 drop
tests per compound)
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Isobutylamine

PMDTA

N,N-dimethylpropargylamine

Tripropargylamine

Propargylamine

2-(dimethylamino)ethanol

N,N-dimethylethylamine

sec-butylamine

Amylamine

Tetramethylethylenediamine

Ethylenediamine

Triethylamine

n-butylamine

N,N-dimethylbutylamine

N,N-ethylmethylamine

Triallylamine

0

Figure 5.8 Ignition delays spanned by each hypergolic compound (zoomed-in) (for a total
number of fifteen drop tests per compound)
Out of the sixteen hypergols, six have variations in ignition delays larger than 100% of the
average ID. Looking at the ignition delay of each individual test, I can rule out compounds that
showed similar IDs throughout the test campaign but only included a few outliers. If the variation
in ignition delays observed was due to storage conditions, their reactivity would have been
consistent past a certain point in time. In addition, if the variation in ignition delays was due to
environmental conditions, their reactivity would have varied much more over the course of the test
campaign. Based on these criteria, I decided to retest two different compounds, listed as follows:
N,N-ethylmethylamine and TMEDA. Both of these chemicals were reordered from
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Oakwood-Chemical and stored in an argon glove box prior to testing to prevent any deterioration
of the additives due to moisture.
None of the N,N-ethymethylamine drop tests led to ignition, confirming the results
obtained before. On the other hand, TMEDA showed different and more consistent results. Out of
six drop tests, the average ignition delay found was 112.5 ms, for a minimum ignition delay of
75.4 ms and a maximum ignition delay of 183.6 ms. This reduces the maximum ignition delay by
about 95%, putting TMEDA in the same range of variations as the other compounds tested. On the
other hand, this shows that N,N-ethylmethylamine has a variable reactivity, and might be of interest
in finding molecular properties to differentiate hypergols from non-hypergols.

Probability of Ignition
As described in Section 5.1, I defined a probability of ignition as the number of drop tests
that showed hypergolicity divided by the total number of drop tests performed for each compound.
Once the variations in reactivity/ignition delay eliminated as a probable explanation for the
variations in probability of ignition, I can start looking at the different probabilities of ignition as
a possible way to determine if there exists a threshold in chosen molecular descriptors that can
help differentiate hypergolic from non-hypergolic propellants.
I observed probabilities of ignition lower than 93% (15/16) for eleven different compounds
from the systematic study. Using high-speed imaging at a frame rate of 10,000 fps, I was able to
capture the gas evolution from contact of the oxidizer with the fuel, up until ignition when
applicable. There are different noticeable behaviors once the oxidizer impinges on the fuel,
depending on the fuel and its reactivity with NTO (variations in speed of gas generated upon
contact, liquid droplet splatter, and gas ejection after mixing). These behaviors are illustrated in
the following examples.
Depending on whether N,N-diethylmethylamine is hypergolic or not, there is a difference
in the velocity of the gases generated upon contact/entrained liquid fuel droplets, as seen in the
first three frames of Figure 5.9. The velocity of these gases/liquid droplets is lower in the
hypergolic case than in the non-hypergolic case. However, combustion gas mixing occurs in a
similar timeframe in both cases, with a similar aspect (orange/brown residue with white gas
products), as seen on Figure 5.9(c). Triethylamine and N,N-dimethylethylamine follow the same
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trend, all three being tertiary amines, and these phenomena are defined as “Case A – Partial Liquid
Mixing”.
Hypergolic

Non-hypergolic

(a) Contact

(b) Contact + 0.5 ms

(c) Contact + 2.0 ms

(d) Contact + 20.0 ms

Figure 5.9 Screenshot of high-speed videos of N,N-diethylmethylamine with NTO (Case A)
Flame not shown here to emphasize on pre-ignition behavior; vials are 12 mm in diameter
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More violent behaviors are seen for some of the primary amines (amylamine and
isobutylamine) and 2-(dimethylamino)ethanol. A violent gas generation is visible for the
hypergolic case of amylamine, as seen on Figure 5.10, and occurs on contact between the droplet
of oxidizer and the fuel surface. In the non-hypergolic case, the velocity of the gases generated is
lower than in the hypergolic case, making the entrainment of liquid droplets more visible. These
phenomena are defined as “Case B – Rapid Gas Generation”.
Hypergolic

Non-hypergolic

(a) Contact

(b) Contact + 0.5 ms

(c) Contact + 2.0 ms

(d) Contact + 20.0 ms

Figure 5.10 Screenshots of high-speed videos of amylamine (Case B)
Flame not shown here to emphasize on pre-ignition behavior; vials are 12 mm in diameter
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The remaining primary amines selected follow a similar behavior, although the violent gas
generation/projection does not occur on contact between the oxidizer and the fuel, but rather after
a delay during which both compounds vaporize, mix, and react. This behavior is shown on Figure
5.11 with n-butylamine. These phenomena are defined as “Case C – Delayed Gas Generation”.
Hypergolic

(a) Contact

(b) Contact + 0.5 ms
(c) Contact + 2.8 ms
Non-hypergolic

(d) Contact + 20.0 ms

(a) Contact

(b) Contact + 0.5 ms

(d) Contact + 20.0 ms

(c) Contact + 2.0 ms

Figure 5.11 Screenshot of high-speed videos of n-butylamine (Case C)
Flame not shown here to emphasize on pre-ignition behavior; vials are 12 mm in diameter
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The behaviors for each compound considered are summarized in Table 5.12.

Table 5.12 Reactivities observed during drop tests for compounds with a probability of ignition
lower than 93%
Case

Case C

Case B

Case C

Compound

n-butylamine

Amylamine

sec-butylamine

Case B

Isobutylamine

Case A

N,Ndiethylmethylamine

Case A

Triethylamine

Case A

N,Ndimethylethylamine

Probability
of Ignition
Primary amines

Hypergolic
behavior

73%

Mixing prior to
violent gas
ejection

53%

Violent gas
generation on
contact; mixing
of gases

80%

Mixing prior to
violent gas
generation

Violent gas
generation on
47%
contact; mixing
of gases
Tertiary amines
Mixing, slow gas
generation, and
73%
liquid droplet
splatter
Mixing, slow gas
generation, and
80%
liquid droplet
splatter
33%

Gas generation
and liquid
droplet splatter

Non-hypergolic
behavior
Mixing prior to
violent gas
ejection (faster
speed than
hypergolic case)
Liquid droplet
splatter on
contact; fast gas
generation
Liquid droplet
splatter on
contact; fast gas
generation
Violent gas
generation on
contact; gas
dispersion
Fast gas
generation on
contact and liquid
droplet splatter
Liquid droplet
splatter on
contact, fast gas
generation
Liquid droplet
splatter on
contact, fast gas
generation

Amino alcohol
Case B

2(dimethylamino)ethanol

80%
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Mixing prior to
fast gas
generation

Mixing and fast
gas generation
(lower speed than
hypergolic case)

Clearly, the reactivity of the amines selected for the systematic study is going to be a
complex blend of both thermodynamics and kinetics. Following thermal ignition theory, a
hypergolic reaction will occur if the reaction between the fuel and the oxidizer releases a sufficient
amount of heat to reach ignition temperature, in a quick manner, such that heat dissipation to the
surrounding environment does not overcome heat generation. Based on this theory, and aside from
diffusion-limited processes, a reaction can be thermodynamically limited or kinetically-limited. If
the reaction between a fuel and an oxidizer is quick but not sufficiently exothermic (i.e. the heat
of reaction is too low), ignition will not be reached. Similarly, if the reaction between the fuel and
the oxidizer is too slow (i.e. reaction rates or activation energy too high), heat losses will decrease
the amount of heat generated, preventing it from being contained long enough to ignite.
Based on the reactivities observed during drop tests, compounds with probabilities of
ignition different from 100% could be mostly thermodynamically-limited. For Case A and B, we
observe a faster gas generation at contact in the hypergolic case. If the reaction is not fast enough,
heat dissipates, leading away from ignition. In Case C, we observe a faster gas generation for the
non-hypergolic case, in opposition with Case A and B. However, this seems to lead to the same
conclusion, which is that too fast of a gas generation prevents mixing, but also dissipates heat too
quickly to reach the ignition temperature.
While I attempted to keep as many parameters constant when doing these drop tests,
parameters such as the fuel and oxidizer temperatures at contact, oxidizer droplet velocity, relative
humidity, etc. can vary from one drop test to the other. In addition, while I attempted to keep the
amounts of fuel and oxidizer constant in between each test, there can be a variation in
oxidizer-to-fuel ratio among drop tests. Since reaction rates and heats of reaction also depend on
the oxidizer-to-fuel ratio, the O/F can in turn influence reactivity/hypergolicity. However, the
overall O/F is hard to quantify during drop tests, and the effective O/F (actual amount of oxidizer
contacting with actual amount of fuel fuel) would be even more challenging to determine.
Based on these results, I selected different thermodynamic and kinetic properties. I selected
heat of formation, heat of vaporization, and heat capacity to capture the influence of the heat
release and flame temperature on reactivity. I also selected activation energy and heat of reaction
of the initial step of the reaction mechanism to capture the reaction rate of the initialization reaction.
Heat of combustion was discarded as a potential molecular descriptor since it is correlated with
heat of formation.
159

5.4

Properties Selection from Chemical Structure

As seen through the results shown in Section 5.3, there is a clear relationship between
chemical structure and reactivity, as expected from the literature review performed. These trends
are summarized as follows:
•

For amines, an increase in carbon chain length surrounding the center nitrogen leads
to a decrease in reactivity;

•

For amines, increasing alkyl substitution on the nitrogen increases reactivity;

•

For a polyamine, an increase in the number of amino groups lead to a decrease in
reactivity, with the exception of tertiary polyamines;

•

Alkanolamines are less reactive than amines that do not contain hydroxyl groups;

•

Propargyl amines are more reactive than amines that do not contain alkynyl groups.

Based on the observations made on the different potential reaction paths and in an attempt
to quantify them, I selected the properties listed below in this subsection for further investigation.
In this section, I also specify the different methods used to compute these properties, although
more details will be given on the specific methods in Section 5.4.

HOMO/LUMO Gap
As mentioned in the literature review, the correlation between increase in the alkyl
substitution of the amine and reactivity is due to an increase in the electron donor character of the
lone pair located on the nitrogen (nucleophilicity), in turn weakening the N–H bond. Although
another reaction path includes the hydrogen-atom abstraction onto the C–H bond of the
alpha-carbon, the approach described in this section can be applied to the two reaction paths
hypothesized, and will be useful to understanding the reactivity of tertiary amines (no N–H bond).
Unlike Brønsted basicity (proton accepting character), which is a subset of nucleophilicity
(or Lewis basicity, electron donating character) and which can be quantified via the use of pKa or
pKb, there is no general method to quantify nucleophilicity. In the past decades, Mayr et al. [51]
have been working on filling that gap by creating a database of coefficients, determined from
reaction rates, used to quantify both nucleophilicity and electrophilicity for a wide range of
compounds. Unfortunately, Mayr’s database did not include all the compounds chosen in this study,
and the Mayr’s scale was therefore discarded as a potential molecular descriptor.
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Alkyl groups are electron-donating groups and can have effects on the valence electron
energies via molecular orbital theory. There is evidence of the effect of electron-donating groups
when looking at the electronic configuration of a given molecule, i.e.: the distribution of its
electrons within molecular orbitals, specifically the highest-occupied molecular orbitals (HOMO)
and lowest-unoccupied molecular orbital (LUMO). Electron-donating groups will increase the
energy of the HOMO and decrease the energy of the LUMO of a molecule, therefore decreasing
its HOMO-LUMO gap. The HOMO-LUMO gap can therefore help in ranking nucleophilicity.
Given the systematic study results, this molecular descriptor could help quantify the substitution
on a center nitrogen of a hydrogen with an alkyl group for example. However, the HOMO-LUMO
gap does not take into account steric hindrance (bulkiness of molecule), such as chain length.
The energies of the HOMO and LUMO are computed using Gaussian, a computational
chemistry software, and the gap is calculated by subtracting the energy of the LUMO (positive)
with the energy of the HOMO (negative). For the purpose of this study, we computed all gap values
at the HF/6-31G* level using Gaussian 16, with a scaling factor on the vibrational frequencies of
0.899 (based on the Computational Chemistry Comparison and Benchmark DataBase (CCCBDB)
from the National Institute of Standards and Technology (NIST)). HF/6-31G* is one of the most
commonly used method/basis set, and is often considered the best compromise between accuracy
and calculation speed [52].

Activation Energy & Heat of Reaction
Kinetics are indubitably critical in the hypergolicity of compounds. However, given the
time scales of hypergolic reactions, experimentally determining reaction rates can be challenging.
As with thermodynamic properties, the latest progress made in computational chemistry now
allows to more easily estimate reaction rates and activation energies of compounds, based on
hypothesized reaction paths.
Based on the literature review performed, I can guess the structure of a transition state, i.e.
the highest potential energy structure along a reaction path, and estimate, using quantum chemistry
software, the activation energy, or energy barrier, of that reaction. The energy barrier, or activation
energy, of the transition state is defined as the energy of the optimized structure of the transition
state minus the energy of the reactants. Zhao et al. found a decrease in activation energy as the
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alkyl substitution on the amine increases, indicating a correlation between amine class and energy
barrier. [17] Based on the drop test results, I would expect a correlation between reactivity and
energy barrier.
Based on the literature review done on the reactivity of amines with nitrogen tetroxide and
the experimental results gathered, there are a few potential reaction paths that can explain the
difference in reactivity observed through the systematic study:
•

For primary and secondary amines, hydrogen-atom abstraction can occur on both
the N–H and C–H (alpha-carbon) bonds;

•

For tertiary amines, hydrogen-atom abstraction can only occur on the C–H bond;

•

For alkanolamines, hydrogen-atom abstraction can also occur on the O–H bond;

•

For propargylamines, electrophilic addition onto the carbon triple bond is another
potential reaction path to consider, in addition to hydrogen-atom abstraction onto
the bonds previously mentioned.

All these potential reaction paths correlate with the reactivity observed. Examples of
transition states for two of these reaction paths are shown on Figure 5.12.

(a) Hydrogen atom abstraction on
N–H bond (propargylamine)

(b) Electrophilic addition of a
NO2 radical on C≡C
(propargylamine)

Figure 5.12 Transition states for two different reaction paths
Calculations are carried out in Gaussian. Using the Berny (default) algorithm, I can input
a guess for the transition state structure, based on the expected reactivity of the compound with
NO2 (gaseous), as gathered from the literature. Convergence (defined as the minimization of the
force or energy gradient) to the transition state will be highly dependent on the initial guess for the
transition state structure, and calculations can be time-intensive if the proper initial structure is
poorly guessed. For that reason, the study of the influence of the activation energy on reactivity
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was only carried out for a few selected compounds of interest. These will be described following
the statistical analysis in Section 6.
Once the transition state structure is obtained, I can optimize the structure of the product
from that first step in the reaction mechanism, and, using the energy calculated, I can determine
the heat of reaction of that first step by subtracting it to the energies of the reactants. Both Gibbs
free energy and enthalpy are of interest here (for energy barrier, rate constant, and heat of reaction
calculations). Calculations were first carried out in Gaussian 16 using a semi-empirical method
(PM6) to quickly get a first structure for the transition state, and further optimized using density
functional theory at the B3LYP/6-31G+* level (higher accuracy compared to HF/6-31G*, which
is desired for heat of reaction calculations, although computations are slower).

Dipole Moment and Charges
Charges on atoms and dipole moment will give insight on the polarity of bonds within the
molecules. Specifically, the charges on atoms of interest help get an estimate of their
electronegativity. The amines being nucleophiles (i.e. electron-donor) and given their reactivity
with nitrogen tetroxide/nitrogen dioxide, the electronegativity of nitrogen and carbon atoms, as
well as electropositivity of hydrogen atoms (in O–H and N–H bonds for example) are of interest
here. Looking into the hydrogen abstraction mechanism of primary and secondary amines, the
weaker the N–H bond, the more reactive the N–H bond will be. In this case, the charges on both
the nitrogen and the hydrogen could give an estimate of how weak that bond is, along with the
dipole moment, for a more general overview of the polarity of the molecule.
In addition, I mentioned previously that the HOMO/LUMO gap is a good indicator of the
nucleophilicity of a compound but does not take into account steric hindrance. Charges on atoms,
specifically on a center nitrogen, can give insight on the chain length of its substituents. A longer
carbon chain length increases the inductive effects to the center nitrogen, i.e. decrease the charge
on the atom (more negative).
Dipole moments, in Debye, and charges, in atomic unit, are calculated using Gaussian 16,
at the HF/6-31G* level, with a scaling factor on the vibrational frequencies of 0.899.

163

Viscosity
Most of the polyamines and alkanolamines tested during the systematic study had
noticeable higher viscosities than the set of other amines tested. This resulted in higher reaction
delays, and lack of hypergolicity, with NTO. Diffusion-limited processes, where the nitrogen
tetroxide contacting the fuel droplet would slowly diffuse into the fuel rather than fully mixing in
the same time scales than the other amines considered, would lead to a decrease in reactivity.
Liquid dynamic viscosities can be estimated using the Joback method but were not added
to this study for its limitations in estimating the viscosities of some of the amines considered
(tertiary amines).

Rotatable Bond Count
Finally, I also selected Rotatable Bond Count as a molecule descriptor to take into account
steric bulk of certain substituents. Rotatable bond count is the number of sigma bonds, not located
in a ring, that are free to rotate around themselves, and is a metric for molecular flexibility. It is
therefore correlated to the number of stable conformers. [53] The lower the number of rotatable
bond is, the smaller the number of stable conformers. For the purpose of this study, I use the
rotatable bond count as a potential metric for steric effect/steric hindrance, which is typically
missing in most of the molecule descriptors selected so far.
This unitless molecular descriptor is imported from PubChem. [54]

Additional Molecular Descriptors
Following the first statistical analysis involving the training set, I decided to extend the
number of molecular descriptors studied to the following electronic molecular descriptors:
ionization potential, polar surface area, and pKa.
The ionization potential is the energy necessary to remove a valence electron (outer shell
electron) from a neutral gaseous molecule to form a cation. While the reactivity of NO2 is radical
in nature, this metric could still give some insight on the reactivity of the amines considered. The
lower the potential, the higher the reactivity. Ionization potentials are measured in eV.
The polar surface area is defined as the surface sum over all polar atoms of a molecule,
mainly oxygen and nitrogen atoms. Typically, polar surface area correlates well with transport
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properties. For the purpose of this study, this can help quantify the area of the molecule correlating
with a potential reactive center. Polar surface areas are typically measured in Å2.
Finally, pKa is a measure of the acidity of a compound. The smaller the pKa, the more
acidic the compound. It relates to the exchange of a proton H+ between an acid and a base. In this
study, we are focusing on the radical reactivity of NO2 with the different amines considered.
However, pKa is a measure of the stability of the conjugate base of the acid is. Stabilization of the
base occurs via resonance, inductive effects, electronegativity of atoms surrounding the reactive
center, and the character of the orbitals of the bond to the hydrogen, all of which are mechanisms
that help in radical stabilization. The similarity between conjugate base and radical stabilization
make pKa a good candidate as a molecular descriptor. pKa values are unitless.
All three properties are calculated using MOPAC PM7, a semi-empirical method, using
PerkinElmer Chem3D software, and the CambridgeSoft Molecular Networks and ChemPropStd
modules. Semi-empirical methods, although less accurate than Hartree-Fock (ab-initio) and
B3LYP (DFT) methods, are faster to compute and are sufficient for the purpose of these
calculations.
In addition to electronic molecular descriptors, I also included topological and geometrical
molecule descriptors to this study. As described in the literature review, topological molecular
descriptors are an algebraic description of a chemical structure (2D representation). I considered
different topological (1D) and geometrical (2D) molecule descriptors following the first statistical
analysis performed on the initial training set. They are the following: shape attribute, shape
coefficient, ovality, and Wiener index. Shape attribute is a measure of the branching of a molecule,
which can potentially help describe steric effects, or bulkiness, arising from branching around a
reactive center. It is unitless. Geometrical shape coefficient is similar to shape attribute and is
defined as the difference between the diameter of the most outlying atom to the radius of the most
central atom. [55] Ovality is a measure of how close the shape of a molecule is from a sphere on
one end, or a cigar shape on the other. Finally, the Wiener index also provides a measure of
branching in the molecule of interest. [56] Topological measures of branching are of interest here
to try and account for bulkiness of molecules, and how this bulkiness might decrease the reactivity
of the reactive center. All these properties were calculated using PerkinElmer Chem3D software
(CambridgeSoft Molecular Networks and ChemPropStd modules) and MarvinSketch [57].
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5.5

Properties Determination

This subsection is dedicated to introducing the different methods used to estimate the
properties selected for this study, and comparing these estimated values to experimental data to
determine their deviation from experimental values. As part of the first statistical analysis, I
selected eight different properties as potential molecular descriptors for this first model, as follows:
heat of formation, heat of vaporization, boiling point, heat capacity, charge on nitrogen atom,
HOMO/LUMO gap, dipole moment, and rotatable bond count. In this section, I will compare,
when applicable and available, the experimental properties to the properties determined via
computational methods. I will limit the comparison to the initial training set of 31 compounds,
when experimental values can be found, and solely for thermodynamic properties for simplicity.

5.5.1

Properties Determination Methods
Several methods were used to compute the different properties needed for the various

statistical analyses: a group contribution method, ab-initio methods, and semi-empirical methods.
Group contribution methods consist in estimating multiple chemical and physical
properties from chemical structure. Molecules are divided into groups of atoms (typically
functional groups), and each group contributes a certain amount to the property of interest. The
simplest group contribution methods are additive, meaning that interactions between groups are
neglected. I selected the Joback method, an additive group contribution method, for the purpose
of this study and was able to estimate the following properties: boiling point, heat of formation
(ideal gas at 25°C), heat capacity (ideal gas) and heat of vaporization at the boiling point. The main
advantage of this method is its ease of use and its applicability to amines and alkanolamines.
However, the Joback method does not include correlations for all types of atoms (e.g. silicon and
boron) and is limited to small molecules (molecular weight of 70 to 100 g/mol on average), to
prevent any significant deviations from experimental data. [58] The authors of the Joback method
indicate an average percent error of 3.6% for boiling points estimates using the average results
from 438 compounds, and an average absolute error of 8.4 kJ/mol for heats of formations at
standard conditions using the average results from 378 compounds. [59]
Ab-initio and semi-empirical methods are computational chemistry methods relying on
quantum chemistry and the Schrödinger equation, used to describe the nuclei and electrons making
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up a molecule. To date, the Schrödinger equation has not been solved analytically for
multi-electrons systems, and approximations have to be made in order to simplify and solve it [60].
Ab-initio methods rely on “first principles” and are non-empirical methods used to solve
the Schrödinger equation, in opposition with semi-empirical methods that involve empirical
parameters to simplify calculations. The simplest ab-initio methods rely on the Hartree-Fock
approximation, stating that electrons move independently from each other and do not interact.
Including electron correlation increases the complexity of the model and the accuracy of the
solutions compared to the “actual” solution of the Schrödinger equation, but also increases
computational time. A second approximation is typically made on the molecular orbitals, or
functions that describe the behavior of electrons, called the Linear Combination of Atomic
Orbitals (LCAO). Molecular orbitals are expressed as linear combinations of a finite set of
functions. These functions make up a basis set, the size of which will also influence the accuracy
of the properties determined using the method/basis set combination. Once the method and basis
set selected, one can optimize the geometry of the molecule of interest (i.e. minimize energy) and
determine properties such as dipole moment, charges on atoms, energies of molecular orbitals,
heat capacity, entropy, and enthalpy. These thermodynamic properties are calculated from
vibrational frequencies determined using these quantum chemistry calculations and statistical
thermodynamics. In this study, I used two different basis sets based on the level of accuracy
needed. For thermochemistry calculations, specifically gas heat capacity at a given temperature, I
used HF/STO-3G, i.e. the simplest method combined with a minimal basis set. For dipole moment
and charges on atom, I used HF/6-31G*, where 6-31G* is a more complex basis set that
differentiates between core and valence electrons. For hydrocarbons, equilibrium geometries
(bond lengths and angles) are calculated with mean absolute errors of 0.78% and 1.28% for
HF/6-31G* and HF/STO-3G respectively. For molecules involving heteroatoms, mean absolute
errors are 1.28% and 1.94% for HF/6-31G* and HF/STO-3G respectively.[60] All these
calculations were carried out using Gaussian 16, and visualized using GaussView 6.0.16.
As mentioned previously, semi-empirical methods are based on the Hartree-Fock and
LCAO approximation but also include additional empirical parameters used to further simplify the
Schrödinger equation, decreasing computational times without significantly decreasing the
accuracy of the results. For this study, we used MOPAC PM7 to compute gas heats of formation
at standard temperature. Semi-empirical methods were chosen over ab-initio or density functional
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theory (DFT) methods for their ease of implementation (heat of formation is a direct output from
MOPAC, unlike HF or DFT methods). The accuracy of the PM7 method depends on the types of
atoms present in the molecule of interest. The heats of formation computed for pure hydrocarbons
are within 4.13 kJ/mol of the experimental data. Compounds with hydrogen, carbon, and nitrogen
atoms have heats of formation within 3.30 kJ/mol of the experimental data. Finally, compounds
with hydrogen, carbon, nitrogen, and oxygen atoms have heats of formation within 4.47 kJ/mol of
the experimental data. [61] While I could get better accuracy going to ab-initio or DFT methods,
the accuracy of semi-empirical methods is sufficient for comparison purposes, given the similarity
in structure of the compounds considered here, and confirmed in the following section [61].

5.5.2

Computed vs. Experimental Values
The overall objective of this research is to develop a model that allows prediction of the

reactivity of selected compounds, based on chosen molecular descriptors. Such molecular
descriptors’ properties might not be readily available in the literature and having to determine them
experimentally (heat of formation, heat of vaporization, heat capacity) will go against the purpose
of this model simplifying screening processes.
However, for the purpose of this study, I selected a range of amines the properties for which
have been studied previously. Despite knowing the accuracies of the computational methods
selected, there is still value in comparing experimental values to computed properties, For
simplicity, I focus here on heats of formation (gas at standard conditions) and vaporization, and
compare the properties determined with MOPAC PM7 and the Joback method, respectively, to
experimental values found in the literature. For consistency, any values from the literature
qualified as “estimates” are discarded from this analysis.
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The comparison between computed and experimental heat of formation is shown in Table
5.13.

Table 5.13 Computed and experimental heats of formation [62]
Compound
n-butylamine
Triethylamine
Ethylenediamine
sec-butylamine
Diethylamine
Benzylamine
Diethylenetriamine
Dipropylamine
Dibutylamine
1-hexylamine
Triethanolamine
Diethanolamine
Ethanolamine
Tributylamine
Isobutylamine
tert-butylamine

Heats of Formation
– PM7, kJ/mol
-80.0
-85.4
0.18
-92.8
-66.1
99.5
10.0
-109.3
-150.8
-122.7
-577.1
-380.0
-196.0
-216.5
-82.2
-94.7
Average Absolute Deviation

Heat of Formation –
Experimental Value,
kJ/mol
-92.00
-92.68
-17.00
-106.20
-99.80
87.80
-5.86
-116.50
-171.10
-193.9
-558.3
-397.1
-191
-233.0
-98.62
-120.0

Deviation
11.99
7.26
17.18
13.41
33.74
11.72
15.89
7.21
20.31
71.23
-18.79
17.11
-5.02
16.48
16.46
25.26
19.32

Overall, MOPAC PM7 tends to overestimate the heats of formation of the compounds
considered here, with an average absolute deviation of 19.3 kJ/mol (~13% relative deviation).
Most values computed follow similar trends, and, with the exception of ethylenediamine and
diethylenetriamine, follow the same sign (i.e. describe exothermicity and endothermicity
properly). This confirms the choice of MOPAC PM7 as a viable method to compute gas heats of
formation for amines and alkanolamines.
The same analysis is done on the heats of vaporization, with the estimated values computed
using the Joback group contribution method. Comparison of boiling points are included for
reference, as deviations in the heat of vaporization will also arise from deviations in boiling point.
These values are shown in Table 5.14 and Table 5.15.
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Table 5.14 Computed and experimental boiling points [62]
Normal Boiling
Point – Joback, K
n-butylamine
363.5
Triethylamine
349.1
Ethylenediamine
390.2
Tetramethylethylenediamine
361.6
Amylamine
386.3
sec-butylamine
363.0
Diethylamine
341.1
Benzylamine
458.8
Diethylenetriamine
486.2
Dipropylamine
386.9
Dibutylamine
432.6
1-hexylamine
409.2
Triethanolamine
625.7
Diethanolamine
525.5
Ethanolamine
409.9
Tributylamine
486.4
Isobutylamine
363.0
tert-butylamine
360.2
Tetraethylenepentamine
678.0
Average Absolute Deviation
Compound
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Experimental
Boiling Point, K
351
362
391
394.2
377
336
328.7
440
477
383
430
403
608.6
490.2
443
480
336
318
613

Deviation
12.5
-12.9
-0.8
-32.6
9.3
27
12.4
18.8
9.2
3.9
2.6
6.2
17.1
35.3
-33.1
6.4
27
42.2
65
19.7

Table 5.15 Computed and experimental heats of vaporization [62]
Heat of
Vaporization –
Joback, kJ/mol
n-butylamine
34.1
Triethylamine
28.6
Ethylenediamine
40.3
Tetramethylethylenediamine
33.2
Amylamine
36.7
sec-butylamine
33.5
Diethylamine
31.4
Benzylamine
44.4
Diethylenetriamine
56.1
Dipropylamine
36.4
Dibutylamine
41.7
1-hexylamine
39.3
Triethanolamine
120.3
Diethanolamine
83.8
Ethanolamine
49.9
Tributylamine
46.5
Isobutylamine
33.5
tert-butylamine
32.0
Tetraethylenepentamine
74.0
Average Absolute Deviation
Compound

Experimental Heat
of Vaporization,
kJ/mol
34
31.01
37.98
42.2
34.01
29.4
31.47
52.7
63.4
33.47
38.44
36.54
105.9
74.4
54.7
62.7
30.73
28.27
71.3

Deviation
0.12
-2.38
2.34
-8.96
2.64
4.08
-0.07
-8.3
-7.26
2.95
3.29
2.72
14.41
9.43
-4.76
-16.25
2.75
3.74
2.69
5.22

The average absolute deviation for the heats of vaporization computed using the Joback
method is 5.22 kJ/mol (~11% relative deviation). The largest deviations from experimental values
are for tetramethylethylenediamine, triethanolamine, and tributylamine, which also coincides with
some of the largest molecules/highest molecular weights. More complex methods could be used
to increase the accuracy of the calculated values, but the Joback method offers the advantage of
being easy and quick to apply for the given compounds selected. It is however limited to specific
molecules/atoms, and could not be used to estimate properties of organosilicon or organoboron
compounds.
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5.6

Summary

All the different properties considered for this study are summarized in Table 5.16, along
with the methods used to calculate them.

Table 5.16 Summary of properties used for the different statistical analyses
Property
Heat of Formation
Heat of Vaporization
Boiling Point
Gas Heat Capacity at Boiling
Point
pKa
HOMO
LUMO
HOMO/LUMO Gap
Dipole moment
Charge on Nitrogen atom
Rotatable Bond Count
Ionization Energy
Polar Surface Area
Shape Attribute
Shape Coefficient
Ovality
Wiener Index

Units
Method of Determination
Thermodynamic
kJ/kg
Semi-empirical – MOPAC PM7
kJ/kg
Group contribution method – Joback method
K
From literature
J/(kg-K)

Ab-initio – HF/STO-3G – scaling factor: 0.817

Chem 3D – CambridgeSoft Molecular
Networks
Electronic
eV
Ab-initio – HF/6-31G* – scaling factor: 0.899
eV
Ab-initio – HF/6-31G*
eV
HOMO/LUMO Gap = HOMO – LUMO
Debye
Ab-initio – HF/6-31G* – scaling factor: 0.899
Atomic Unit Ab-initio – HF/6-31G* – scaling factor: 0.899
Topological and geometrical
From PubChem
eV
Semi-empirical – MOPAC PM7
Å2
Chem3D – ChemPropStd
Chem3D – ChemPropStd
Chem3D – ChemPropStd
Chem3D – ChemPropStd
Chem3D – ChemPropStd
-
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RESULTS

6.1

Variables & Process

This section is dedicated to the results from the different statistical analyses performed to
explain the variation in a response variable (here minimum ignition delay or logarithmic of the
minimum in ignition delay) for a training set (sixteen hypergolic amines selected for the systematic
study), based on the variations in the molecular descriptors selected. With the model selected, I
check it using compounds from an arbitrarily-selected test group and refine it if needed. The
general process first involves a best model selection to narrow down to the number of explanatory
variables needed to best explain the variations in the response variable, while preventing
overfitting. Once the molecular descriptors selected, I perform a multiple linear regression analysis
to determine whether the model and these explanatory variables are significant, i.e. help describe
the variations in the response variable. I validate the model by calculating the response variable
for compounds of a test group and compare these values to the expected values. If the model fails,
I add compounds from the test group in the training set and redo the best model selection and
multiple regression analyses. Such process can increase the risk of overfitting, although it can be
avoided by using Mallows’ Cp criterion (minimize it to minimize the number of variables). In
addition, the initial training set size (sixteen hypergolic compounds) is relatively small (thirty to
forty compounds would have been preferable). I arbitrarily set the significance level, α, to 10%,
i.e. there is a 10% chance that I am concluding there is a linear relationship between the response
variable and the explanatory variables when there is actually none.
The different statistical analyses are done using SAS 9.4.
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Table 6.1 summarizes the different variable names selected for the first statistical analysis
performed on the fifteen hypergolic amines selected for the systematic study.

Table 6.1 Variables selected for statistical analyses
Property

Units
Variable Name
Thermodynamic
Heat of Formation
kJ/kg
DHf_kJ_kg
Heat of Vaporization
kJ/kg
DHv_kJ_kg
Boiling Point
K
BP_K
J/(molGas Heat Capacity at Boiling Point
Cpg_J_kg_K
K)
pKa
pKa
Electronic
HOMO
eV
HOMO
LUMO
eV
LUMO
HOMO/LUMO Gap
eV
HL_Gap
Dipole moment
Debye
Dip
Atomic
Charge on Nitrogen atom
ChN
Unit
Topological and geometrical
Rotatable Bond Count
Bond
Ionization Energy
eV
EI_eV
Polar Surface Area
Å2
PSA
Shape Attribute
ShapeA
Shape Coefficient
ShapeCoef
Ovality
Ova
Wiener Index
Wie_Ind
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6.2
6.2.1

Multiple Linear Regression Analysis on Training Set

Model
The first statistical analysis was done on the initial sixteen hypergolic amines selected from

the systematic study. This set of compounds was defined as the “training set”. As mentioned in
Section 5.5, the properties selected for the first analysis were the following: molecular weight, heat
of formation, heat of vaporization, boiling point, heat capacity, HOMO, LUMO, HOMO/LUMO
gap, dipole moment, charges on the nitrogen atom, and rotatable bond count.
The first analysis was done on the minimum ignition delay as a function of this first set of
molecular descriptors. I first ran a best model selection algorithm to determine which molecular
descriptor best fit minimum ignition delay, for a number of explanatory variables from one to
eleven. The results are shown in Table 6.2.

Table 6.2 Results from best model selection algorithm of min. ID as a function of eleven MDs
Number
in
Model
1
2
3
4

R-Squared

Adjusted
R-Squared

C(p)

Variables

0.707
0.795
0.854
0.892

0.686
0.763
0.818
0.852

10.06
5.46
2.98
2.17

5

0.898

0.847

3.69

6

0.928

0.879

3.45

7

0.933

0.874

5.05

8

0.940

0.872

6.50

9

0.946

0.865

8.08

10
11

0.947
0.947

0.840
0.801

10.01
12.00

HL_Gap
DHf_kJ_kg, Ch_N
HL_Gap, Ch_N, Dip
MW_kg_mol, HL_Gap, Ch_N, Dip
MW_kg_mol, Cpg_J_kg_K, HL_Gap,
Ch_N, Dip
MW_kg_mol, Cpg_J_kg_K, HL_Gap,
Ch_N, Dip, Bond
DHv_kJ_kg, BP_K, Cpg_J_kg_K, HL_Gap,
Ch_N, Dip, Bond
DHf_kJ_kg, DHv_kJ_kg , BP_K,
Cpg_J_kg_K, HL_Gap, Ch_N, Dip, Bond
All except MW_kg_mol, HOMO, and
LUMO
All except MW_kg_mol and DHf_kJ_kg
All

“Best model” is defined as the model that maximizes the adjusted R2 and minimizes the
Mallows’ Cp criterion. These two criteria prevent redundancy and overfitting, respectively.
Overfitting occurs when a model fits a certain dataset too closely, such that it is not be able to
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predict other observations. Using these criteria, the best model for this first analysis included four
variables: molecular weight, HOMO/LUMO gap, charge on the nitrogen atom, and dipole
moment. Given the R2 value, 89% of the variations in ignition delay is accounted for by these four
explanatory variables.
I then performed a multiple linear regression analysis on this first model to verify whether
these four molecular descriptors were significant, i.e. there was a linear relationship between
minimum ignition and these variables. From the analysis of variance, the p-value is < 0.0001. It is
therefore significant given the level of the test (alpha = 10%), meaning that there is at least one
explanatory variable out of the four that explains the variations seen in minimum ignition delay.
Looking into the significance of each of these explanatory variables, shown on Table 6.3,
all of them were significant (p-values < 0.10). In summary, all four molecular descriptors explain
89% of the variations seen in the minimum ignition delays of the fifteen hypergolic compounds
considered for this analysis.

Table 6.3 Multiple linear regression analysis results for minimum ignition delay as a function of
four molecular descriptors
Variable
Intercept
MW_kg_mol
HL_Gap
Dip
Ch_N

Parameter
Estimate
-669.36
163.69
38.95
-37.13
-203.77

Standard Error

t Value

Pr > |t|

121.33
84.17
8.55
10.73
49.92

-5.52
1.94
4.56
-3.46
-4.08

0.0002
0.0778
0.0008
0.0053
0.0018

Ignition delay can be predicted using Eq. (10) below.
ID [ms] = -669.36 + 163.69MW_kg_mol + 38.95HL_Gap – 37.13Dip – 203.77Ch_N
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(10)

Figure 6.1 shows a comparison between the expected minimum ignition delay (from
experimental data) and the calculated ignition delay using the model shown in Eq. (10).

Figure 6.1 Comparison between experimental and calculated ignition delay for the first model
As expected, I can conclude the following from this model:
•

The larger the molecule, the longer the ignition delay; typically, molecular weight
correlates with bulkiness of molecules and viscosity, hence the decrease in
reactivity;

•

The larger the HOMO/LUMO gap, the longer the ignition delay; a larger
HOMO/LUMO gap correlates with a decrease in the nucleophilic character of a
compound, explaining the decrease in reactivity;

•

The smaller the dipole moment, the longer the ignition delay; a decrease in the
polarity of the molecule is likely a result from a weaker reactive center;

•

The smaller the charge on the nitrogen, the longer the ignition delay; this seems to
indicate that most, if not all, of the molecules’ reactive center is located on the
nitrogen.

In addition, I performed a sensitivity analysis on each of these variables to determine how
much of an impact each of the molecular descriptors has on the ignition delay. I followed a
one-factor-at-a-time method, meaning I calculated the average value spanned for each molecular
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descriptor and varied each one by 1% while keeping the other values constant. The variations in
the response variable is shown on Figure 6.2.

Figure 6.2 Relative change in ignition delay for a 10% change in each molecular descriptor
From the sensitivity analysis, the HOMO/LUMO gap is the main parameter influencing
the variations in ignition delay. This can be expected since the HOMO/LUMO gap is an indicator
of how nucleophilic compounds are, as described previously in the literature review. In addition,
one compound’s ignition delay is overestimated (n-butylamine, with an experimental minimum
ignition delay of 78 ms, for a calculated ignition delay of 108 ms). There might be failure of the
model, meaning that I am missing one or multiple molecular descriptors to fully account for the
variations in ignition delay.
The best model with four molecular descriptors was chosen based on the optimization of
both the adjusted R2 and the Cp value. However, the best model with six molecular descriptors
maximizes the adjusted R2 for a higher Cp value. I also performed a multiple linear on this model
(the molecular descriptors being molecular weight, gas heat capacity, HOMO/LUMO gap, charge
on the nitrogen, dipole moment and rotatable bond count), but still could not explain the
overestimated ignition delay for n-butylamine. This discrepancy suggests the need for additional
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molecular descriptors, either topological, to better account for branching/steric effects, or kinetics,
to better account for steric effects.

6.2.2

Verification with Test Group
The model using the training set is based off of sixteen different compounds. Verification

of such model is necessary to ensure that it is not over constrained and that it can be applied to a
broader range of amines. The test group is composed of fourteen arbitrarily-selected hypergolic
compounds, summarized in Table 6.4. The minimum reaction and ignition delays are included and
were averaged over six drop tests per compound. I also included the expected ignition delay, as
calculated from the first model. In addition, I tested compounds that did not show hypergolicity
with nitrogen tetroxide, and are therefore not included here.

Table 6.4 Comparison between experimental and theoretical ignition delays for the test group
compounds
Compound
Allylamine
Diallylmethylamine
N,N-dimethylisopropylamine
Diallylamine
1,1-dimethylprop-2ynylamine
Dipropargylamine
N-allylmethylamine
N-methylpropargylamine
2-methoxyethylamine
Cyclobutylamine
Isopropylamine
1,2-dimethylpropylamine
Monomethylhydrazine
Unsymmetrical
Dimethylhydrazine

Min.
Reaction
Delay, us

Min.
Ignition
Delay, ms

Calculated
Ignition
Delay, ms

<100
1000
151.4
<100

45.5
14.7
95
209.5

34.9
2.1
38.1
16.3

Deviation
from
Experimental,
%
-23%
-86%
-60%
-92%

<100

178.7

69.4

-61%

1000
200
<100
<100
<100
<100
200
N/A

24.8
82.0
160.4
46.1
47.5
134.3
361.3
1.54

33.9
23.0
23.0
130.1
102.6
91.0
93.6
29.7

36%
-72%
-86%
182%
116%
-32%
-74%
1829%

N/A

1.2

19.4

1517%

Seven out of the twelve hypergolic fuels show deviations larger than 40% from the
calculated ignition delay. In particular, both monomethylhydrazine and unsymmetrical
179

dimethylhydrazine exhibit the largest deviations from experimental data. Based on these results, I
can conclude that the current model is not sufficient to account for the variation in ignition delays
of all amines. In addition, hydrazines might follow a different trend than that of amines, explaining
their significant deviation from the expected reactivity.
Looking at the structure of the compounds considered for the test group, several of them
have ramifications or are bulkier than the straight chain aliphatic amines considered in the initial
model. This potential increase in steric effects surrounding the reactive center might lead to
underestimated ignition delays (N,N-dimethylisopropylamine, 1,1-dimethylprop-2-ynylamine,
and cyclobutylamine). Given these results, I decided to first perform another multiple linear
regression (MLR) analysis on the minimum ignition delay as a function of the initial eleven
molecular descriptors, with now both the training set and test group.

6.3

MLR on Training Set and Test Group

This second statistical analysis now includes the compounds of both the training set and
test group, for a total of 29 hypergolic compounds. The objective of this model is to determine
whether the molecular descriptors chosen are sufficient to describe the ignition delay of amines
with a variety of moieties. I kept the same molecular descriptors as the previous analysis and
performed the same routine, i.e. started the analysis using a best model selection algorithm,
followed by a multiple linear regression analysis on the model we have determined to be the best.
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With these fourteen compounds now added to the set, I get the results shown in Table 6.5.

Table 6.5 Results from best model selection algorithm for min. ID as a function of eleven MDs
Number
in
Model
1
2
3
4
5

R-Squared

Adjusted
R-Squared

C(p)

Variables

0.197
0.324
0.347
0.356
0.368

0.169
0.276
0.274
0.257
0.241

-0.21
-2.45
-1.20
0.48
2.10

6

0.385

0.231

3.51

7

0.396

0.212

5.16

8

0.421

0.210

6.32

9

0.430

0.185

8.03

10
11

0.430
0.430

0.145
0.100

10.03
12.0

Ch_N
DHv_kJ_kg, Ch_N
DHv_kJ_kg, HOMO, Ch_N
DHv_kJ_kg, HOMO, Ch_N, Dip
DHv_kJ_kg, BP_K, HOMO, Ch_N, Bond
MW_kg_mol, DHv_kJ_kg, BP_K, HOMO,
Ch_N, Bond
MW_kg_mol, DHv_kJ_kg, BP_K, HOMO,
Ch_N, Dip, Bond
MW_kg_mol, DHf_kJ_kg, DHv_kJ_kg,
BP_K, HOMO, Ch_N, Dip, Bond
All except Cpg_J_kg_K, HOMO, and
LUMO
All except HOMO and LUMO
All

Here, the “best model” includes four molecular descriptors, for an R2 and adjusted R-square
value of 0.356 and 0.257 respectively, meaning that only 36% of the variations in ignition delay
are taken into account by the four molecular descriptors selected. There is clear failure of the
model, indicating that I am most likely missing molecular descriptors to fully account for the
variations in ignition delay. Given these results, and based on the literature, I decided to model the
logarithmic of the minimum ignition delay as a function of the different molecular descriptors [32].
The main reasoning behind using the logarithmic function here is the parallel I can draw between
ignition delay and reaction rate constant, based on the Arrhenius law (log(k), where k is the reaction
rate constant). The results are shown in the next section.

6.4

MLR on log(ID) for Training Set and Test Group

I performed an identical analysis on the logarithmic of minimum ignition delay as a
function of the eleven molecular descriptors described before, for the compounds of the training
set and test group combined. The main reasoning behind this change in the response variable is
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how comparable the logarithmic of the ignition delay is to an Arrhenius-type equation. The ignition
delay is related to the reaction rate of the reaction between the fuel and the oxidizer. Rearranging
the Arrhenius equation, shown on Eq. (11), any molecular descriptors that can have an effect on
the activation energy will be correlated with the logarithmic of the reaction rate, hence with the
ignition delay.
+
−åC
ln ä ã =
v
ç/

(11)

The results of the best model selection algorithm are shown on Table 6.6.

Table 6.6 Results from best model selection algorithm for log(min. ID) as a function of eleven
MDs
Number
in
Model
1
2
3
4

R-Squared

Adjusted
R-Squared

C(p)

Variables

0.167
0.446
0.509
0.542

0.137
0.405
0.452
0.469

14.4
2.89
1.80
2.19

5

0.560

0.468

3.36

6

0.589

0.482

3.91

7

0.600

0.472

5.40

8

0.617

0.471

6.57

9

0.622

0.453

8.29

10
11

0.626
0.629

0.430
0.402

10.12
12.00

Ch_N
DHv_kJ_kg, Ch_N
DHv_kJ_kg, HOMO, Ch_N
DHv_kJ_kg, HOMO, Ch_N, Bond
DHv_kJ_kg, Cpg_J_kg_K, HOMO, Ch_N,
Bond
DHf_kJ_kg, DHv_kJ_kg, HOMO, HL_Gap,
Dip, Ch_N
DHf_kJ_kg, DHv_kJ_kg, HOMO, LUMO,
HL_Gap, Dip, Ch_N
DHf_kJ_kg, DHv_kJ_kg, HOMO, LUMO,
HL_Gap, Dip, Ch_N, Bond
All except MW_kg_mol, BP_K, and
Cpg_J_kg_K
All except BP_K, and Cpg_J_kg_K
All

There is a clear improvement in the different models when switching from the ignition
delay to the logarithmic of the ignition delay. Here, the best model, based on the adjusted
R-squared and Mallow’s Cp criterion, is the model including four molecular descriptors (heat of
vaporization, HOMO, charge on the nitrogen atom, and rotatable bond count). This model accounts
for 54% of the variations in the logarithmic of the ignition delay, which is 19% higher than the
previous best model for the whole set of compounds. In spite of the clear improvements in the
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model compared to the previous model, there is still variation in the ignition delay that is
unaccounted for.
I still performed a multiple linear regression analysis to determine whether there is a linear
relationship between the response variable and the four molecular descriptors selected. The results
are shown in Table 6.7.

Table 6.7 Multiple linear regression analysis results for the log(min. ID) as a function of four
MDs
Variable
Intercept
DHv_kJ_kg
HOMO
Ch_N
Bond

Parameter
Estimate
6.998
-0.0032
0.803
-5.847
-0.074

Standard Error

t Value

Pr > |t|

3.057
0.00095
0.363
1.172
0.055

2.29
-3.36
2.22
-4.99
-1.35

0.0308
0.025
0.0360
<0.0001
0.190

The model is significant according to the analysis of variance, with a p-value of 0.004
(lower than the level of our test, set to 10%), meaning that there is a linear relationship between
the response variable and at least one molecular descriptor out of the four selected from the best
model selection algorithm. However, when looking at each molecular descriptor, the rotatable
bond count is not significant, with a p-value 9% higher than the level of the test. While these results
are promising compared to that of the previous analysis, there is still improvement to be done on
increasing the significance of the model.
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I again compare the experimental ignition delay to the expected ignition delay from this
new model for all compounds considered, as seen on Figure 6.3. Annotated are the compounds
showing the largest deviation from experimental data.

1,2-dimethylpropylamine

Diallylamine
N-methylpropargylamine

Allylamine
Cyclobutylamine

Figure 6.3 Comparison between experimental and calculated ignition delay for model 2
The discrepancies in results for allylamine, diallylamine, and N-methylpropargylamine are
unexpected. I expected allylamine, diallylamine, and triallylamine to follow the same trend as
propargylamine, dipropargylamine, and tripropargylamine, given the similarity in their chemical
structure.

Indeed,

the

ignition

delay

for

the

propargylamines

is

as

follows:

propargylamine < dipropargylamine < tripropargylamine. However, the experimental ignition
delay of diallylamine is higher than that of both allylamine and triallylamine, hence the
discrepancy between the experimental and expected values. Similarly, I expected
N-methylpropargylamine to be more reactive than propargylamine and less reactive than
N,N-dimethylpropargylamine from a nucleophilic standpoint. However, the experimental ignition
delay for N-methylpropargylamine is higher than that of both propargylamine and
N,N-dimethylpropargylamine. Finally, the discrepancies between experimental and calculated for
cyclobutylamine and 1,2-dimethylpropylamine is likely due to ramifications of the structure (alkyl
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groups substitution on the carbon adjacent to the nitrogen) and might be resolved by incorporating
topological molecular descriptors. This is further described in the next section.

6.5

Addition of Topological Molecular Descriptors

In order to account for more of the variation in ignition delay (and here specifically of the
logarithmic of the minimum ignition delay), I expanded the list of molecular descriptors to
topological molecular descriptors. In this analysis, I included several electronic properties and
topological descriptors, as outlined in Section 5.4. With these new molecular descriptors, I hope
to achieve a better model by taking descriptors that can potentially quantify steric effects/bulkiness
of molecules. Based on the previous models and the discrepancy in results from the training set to
the test group, it seems to be, in part, the type of descriptors that is currently lacking.
The best model selection algorithm is now done on the logarithmic of the minimum of the
ignition delay, for a total of 18 molecular descriptors (initial 11 molecular descriptors, with the
ionization potential, polar surface area, shape attribute, shape coefficient, ovality, pKa, and Wiener
index). All these molecular descriptors are defined in Section 5.4.
The results of the best model selection model are shown on Table 6.8. For simplicity, we
only included the best four models.

Table 6.8 Best model selection algorithm results for the log(min. ID) as a function of eighteen
MDs
Number
in
Model

R-Squared

Adjusted
R-Squared

C(p)

7

0.646

0.534

1.640

8

0.677

0.554

2.293

9

0.693

0.554

3.590

10

0.698

0.539

5.355
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Variables
DHf_kJ_kg, DHv_kJ_kg, HOMO, Ch_N,
Bond, ShapeCoef, Ova
MW_kg_mol, HOMO, LUMO, HL_Gap,
Ch_N, PSA, pKa, Wie_Ind
MW_kg_mol, DHv_kJ_kg, HOMO,
LUMO, HL_Gap, Ch_N, PSA, pKa,
Wie_Ind
MW_kg_mol, HOMO, LUMO, HL_Gap,
Ch_N, Bond, PSA, ShapeCoef, Ova,
Wie_Ind

Model 8 to 10 all include the HOMO, LUMO, and HOMO/LUMO gap as molecular
descriptors. Given that only two of these variables are required to compute the third one, all three
models have some sort of redundancy. This redundancy in the descriptors can be seen through the
increase in Cp. Based on that, I selected model 7 for the multiple regression analysis. Seven
variables are sufficient to account for 65% of the variations in ignition delay, which is 11% higher
than the previous model. Among the variables considered for this model, three of them are
topological descriptors.
Table 6.9 shows the results from the multiple regression analysis.

Table 6.9 Multiple linear regression analysis results for the log(min. ID) and seven MDs
Variable
Intercept
DHf_kJ_kg
DHv_kJ_kg
HOMO
Ch_N
Bond
ShapeCoef
Ova

Parameter
Estimate
-4.293
-0.00011
-0.0029
0.899
-5.594
-0.412
-0.205
10.636

Standard Error

t Value

Pr > |t|

5.514
0.00006
0.00091
0.419
1.364
0.168
0.177
4.604

-0.78
-1.76
-3.16
2.14
-4.10
-2.46
-1.16
2.31

0.445
0.092
0.005
0.043
0.0005
0.0224
0.259
0.031

The analysis of variance gives a p-value of 0.0007, which is significant for the level of our
test, indicating that there is a linear relationship between the logarithmic of the ignition delay and
at least one of the seven molecular descriptors considered. All the variables are significant
(p-value < 10%) except for the intercept and the shape coefficient.
I can conclude the following trends from this model:
•

An increase in heat of formation leads to a decrease in ignition delay; this is
expected, since the higher the heat of formation, the least thermodynamically stable
the compound is;

•

An increase in heat of vaporization leads to a decrease in ignition delay; this trend
is actually unexpected, since an increase in heat of vaporization means an increase
in the energy required to change phase, i.e. in the endothermicity of the phase
change.
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•

An increase in the energy of the HOMO leads to an increase in ignition delay;
typically, an increase in nucleophilicity/reactivity will correlate with an increase in
the energy of the HOMO, which is desired. However, a high HOMO energy might
also correlate with an increase in the number of valence electrons and potentially
size of the molecule, which, ultimately, will hurt reactivity.

•

An increase in the charge on the nitrogen leads to a decrease in ignition delay; the
reactive center is more nucleophilic, hence more reactive.

•

An increase in the number of rotatable bonds correlates with a decrease in ignition
delay; this is unexpected, as we would expect that the less rotatable bonds, the
higher the number of double and triple bonds which tend to be more reactive than
single bonds.

•

An increase in the shape coefficient leads to a decrease in ignition delay; this is
expected, as a smaller shape coefficient tends to correlate with a bulkier molecule,
or a molecule with more ramifications.

•

An increase in ovality leads to a decrease in ignition delay; this is also expected,
since ovality describes similar structural features than the shape coefficient.

In spite of the use of topological molecular descriptors, the same discrepancies still exist
with the same compounds as in the previous models. However, when looking at the residuals on
the residuals/quantile, shown on Figure 6.4, there is only one clear outlier, that I identify as
unsymmetrical dimethylhydrazine (UDMH).
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Figure 6.4 Fit diagnostics for the log(min. ID) as a function of eight molecular descriptors
Taking UDMH (outlier) out of the model and re-running the best model selection and
multiple linear regression analysis, I achieve best model with six molecular descriptors (heat of
formation, heat of vaporization, HOMO energy, charge on the nitrogen atom, rotatable bond count,
and ovality), for a R2 value of 0.70 and an adjusted R2 value of 0.62. Without UDMH, the model
accounts for 6% more variations in the logarithmic of the ignition delay. The multiple linear
regression analysis results are summarized in Table 6.10.
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Table 6.10 Multiple linear regression analysis results for log(min. ID) as a function of six
molecular descriptors
Variable
Intercept
DHf_kJ_kg
DHv_kJ_kg
HOMO
Ch_N
Bond
Ova

Parameter
Estimate
-1.810
-0.00011
-0.0025
1.137
-5.884
-0.448
10.242

Standard Error

t Value

Pr > |t|

4.239
0.000049
0.00072
0.311
0.973
0.131
3.620

-0.43
-2.24
-3.48
3.66
-6.04
-3.41
2.83

0.674
0.0353
0.0021
0.0014
<0.0001
0.0025
0.0098

The p-value from the analysis of variance is significant (p < 0.0001). Moreover, all the
molecular descriptors considered are now significant, aside from the intercept. The
non-significance of the intercept is irrelevant here, since it is non-realistic to have the case of all
molecular descriptors being equal to zero. Figure 6.5 shows a comparison between experimental
and calculated ignition delay.

Figure 6.5 Comparison between experimental and calculated ignition delay
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Table 6.11 Summary of the results
Compound
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Triallylamine
N,N-diethylmethylamine
N,N-dimethylbutylamine
n-butylamine
Triethylamine
Ethylenediamine
Tetramethylethylenediamine
Amylamine
sec-butylamine
N,N-dimethylethylamine
2-(dimethylamino)ethanol
Propargylamine
Tripropargylamine
N,N-dimethylpropargylamine
1,1,4,7,7-pentamethyldiethylenetriamine
Isobutylamine
Allylamine
Diallylmethylamine
N,N-dimethylisopropylamine
Diallylamine
1,1-dimethylprop-2-ynylamine
Dipropargylamine
Monomethylhydrazine
Unsymmetrical dimethylhydrazine
N-allylmethylamine

Experimental
Minimum
Ignition
Delay, ms
5
29.7
51.2
78
44.4
86.6
74.5
108.5
115
27.3
49
46.3
11.5
19
60.7
100
45.5
14.7
95
209.5
178.7
24.8
1.54
1.2
82

Calculated
Ignition Delay –
First Model, ms
12.8
40.9
41.5
107.7
43.3
79.2
67.7
111.0
99.4
34.3
52.7
51.9
12.5
13.2
53.7
84.6
34.9
2.1
38.1
16.3
69.4
33.9
29.7
19.4
23.0

Deviation, ms

Calculated
Ignition Delay –
Last Model, ms

Deviation,
ms

7.8
11.2
-9.7
29.7
-1.1
-7.4
-6.8
2.5
-15.4
7.0
3.7
5.6
1.0
-5.8
-7.0
-15.4
-10.6
-12.6
-56.9
-193.2
-109.3
9.1
28.2
18.2
-59.0

7.5
49.3
52.8
85.9
46.4
24.4
56.7
98.9
110.9
36.0
57.1
55.7
13.3
22.8
44.3
96.8
165.0
14.8
55.5
98.2
110.0
36.7
2.4
N/A
53.1

2.5
19.6
1.6
7.9
2.0
-62.2
-17.8
-9.6
-4.1
8.7
8.1
9.4
1.8
3.8
-16.4
-3.2
119.5
0.1
-39.5
-111.3
-68.7
11.9
0.9
N/A
-28.9

Table 6.11 (Continued) Summary of the results
Compound
N-methylpropargylamine
2-methoxyethylamine
Cyclobutylamine
Isopropylamine
3,3’-Iminobis(N,Ndimethylpropylamine)
1,2-dimethylpropylamine

Experimental
Minimum
Ignition
Delay, ms
160.4
46.1
47.5
134.3

Calculated
Ignition Delay –
First Model, ms

Deviation

Calculated
Ignition Delay –
Last Model, ms

Deviation

41.3
130.1
102.6
91.0

-119.1
84.0
55.1
-43.3

35.4
101.1
184.4
91.5

-125.0
55.0
136.9
-42.8

165

45.5

-119.5

192.7

27.7

361.3

93.6

-267.7

133.2

-228.1
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Generally, the final model is better at predicting ignition delay than the first model.
Surprisingly, the linear first model models straight-chain aliphatic amines better than the final
model. However, the final model helps in better understanding the reactivity of more complex
amines, hence the higher R2 value. In addition, the lower the ignition delay, the easier it is to
predict. Typically, the largest variation between predicted and experimental values occurs for
longer delays (> 100 ms).
I performed a final sensitivity analysis on the six molecular descriptors to determine which
ones had the most significant impact on ignition delay, in comparison with the first model studied.
I followed the same approach as described previously, by varying by 1% the average values of
each of the molecular descriptors considered. I first get the variations in the logarithmic of the
ignition delay before converting it to the variations in the ignition delay itself, shown on Figure
6.6.

Figure 6.6 Sensitivity analysis on latest model
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The ovality (metric related to the shape of the molecule) and the HOMO energy are the
main drivers for the ignition delay. The charge on the nitrogen also has a significant, but lesser,
impact on ignition delay.
At this point, investigating additional molecular descriptors to help increase the R2 value
of the model might be of value, as well as increase the size of the data set, or consider more
complex/non-linear transformations on the explanatory variable (similar to the logarithmic
transformation done on the ignition delay). Based on the literature review, there is one last
molecular descriptor of interest: activation energy, which could be of value here to account for
steric effects and reaction rates, and is the subject of the next section.

6.6

Energy Barrier Study

As stated in the literature review, there is a correlation between reactivity and energy
barrier for amines. The lower the energy barrier, the higher the reaction rate for ammonia,
dimethylamine, and diethylamine. [17] Based on these results, I performed an energy barrier study
for propargylamine, given its potential to react via three different initiation steps: electrophilic
addition onto the C≡C bond, hydrogen abstraction onto the C–H bond adjacent to the nitrogen,
also referred to as αC–H bond, and hydrogen abstraction onto the N–H bond.
The energy barriers and heats of reaction (using enthalpy and Gibbs free energy) have the
potential to differentiate between hypergolic and non-hypergolic compounds, as well as explain
the remaining variation seen in the ignition delay. While this can give a way to rank potential
reaction mechanisms, Gaussian calculations are done for gas phase reactants, omitting the
liquid-liquid interaction that actually occur. As mentioned in Section 5.4, the energy barrier, or
activation energy, is defined as the energy of the optimized structure of the transition state minus
the energy of the reactants. It can be calculated for both the enthalpy and Gibbs free energy. I first
guess the 3D structure of the transition state based on the expected reactivity and optimize it using
a Berny algorithm until it converges. I then check the vibrational frequencies to verify that there
is only one imaginary frequency, indicating that the optimized structure is a transition state (local
maximum on the reaction coordinate), that matches the assumed reaction path. Additional intrinsic
reaction coordinate (IRC) calculations can help confirm that the reactants follow the reaction path
hypothesized.
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All the calculations are first optimized at the PM6 level to quickly determine if the guessed
structure is correct. I then perform calculations at the B3LYP/6-31+G* level for better accuracy.
The different transition state structures (defined as TS-#) and intermediate reactants (defined as
IR-#) are shown in Figure 6.7 and Figure 6.8, along with the energy barriers and heats of reaction
for each mechanism in Table 6.12 and Table 6.13.

TS-1
Electrophilic addition onto
the C≡C

TS-2
Hydrogen-atom abstraction
onto the αC–H bond

TS-3
Hydrogen-atom abstraction onto
the N–H bond

Figure 6.7 Transition states for three different potential reaction mechanisms

IR-1
Electrophilic addition onto the
C≡C

IR-2
Hydrogen-atom
abstraction onto the αC–H
bond

IR-3
Hydrogen-atom abstraction
onto the N–H bond

Figure 6.8 Intermediate reactants for three different potential reaction mechanisms
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Table 6.12 Energy barrier for the three different reaction mechanisms
Reaction Mechanism
1 – Electrophilic addition of NO2
radical onto the C≡C
2 – Hydrogen-atom abstraction
onto the αC–H bond
3 – Hydrogen-atom abstraction
onto the N–H bond

Gibbs Free Energy
Barrier ΔG‡, kJ/mol

Energy Barrier/Activation
Energy ΔH‡, kJ/mol

79.02

34.81

68.76

26.48

89.47

48.91

Comparing the Gibbs free energy barriers for all three mechanisms, the second reaction
mechanism involving the hydrogen atom abstraction onto the αC–H bond shows the lowest energy
barrier of the three mechanisms hypothesized here, indicating that the rate constant of this reaction
mechanism is the highest, i.e. the reaction is the fastest, using the Eyring-Polanyi equation
(Eq. (3)).

Table 6.13 Heats of reaction for three potential reaction mechanisms
Reaction Mechanism
1 – Electrophilic addition of NO2
radical onto the C≡C
2 – Hydrogen-atom abstraction
onto the αC–H bond
3 – Hydrogen-atom abstraction
onto the N–H bond

Gibbs Free
Energy of
Reaction ΔGrxn,
kJ/mol

Equilibrium
Constant

Enthalpy of
Reaction ΔHrxn,
kJ/mol

79.02

0.04

34.81

24.95

0.36

-4.69

84.95

0.03

53.35

Now comparing the Gibbs free energy of reaction, all three reaction mechanisms are
unfavorable since their equilibrium constants are less than 1, assuming an initial temperature of
298K. However, the second reaction path gives the highest equilibrium constant, meaning that it
will lead to the highest product concentration of the three mechanisms. In addition, looking at the
enthalpy of reaction, the second reaction mechanism is the only exothermic mechanism of the
three. An exothermic initialization reaction would match better what one can expect of a
hypergolic reaction (i.e. overall exothermic process).
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I performed two different quick studies to determine the following:
•

Can energy barriers and energies of reaction help explain the variability observed in
the ignition delays of hypergolic compounds?

•

Can energy barriers and energies of reaction help explain the difference in reactivity
between hypergolic and non-hypergolic compounds?

With these objectives in mind, I ran a similar study on all potential different transition
states of two additional compounds, one hypergolic and one reactive, non-hypergolic. Table 6.14
summarizes the different potential reaction mechanisms for all the different compounds considered,
along with their reactivities. The lowest energy mechanisms are included in Table 6.15.

Table 6.14 Reaction mechanisms considered for transition state analysis
Chemical

Reactivity

Minimum
Ignition
Delay, ms

Reaction Mechanism
1

Allylamine

Hypergolic

45.5

2
3

Hexylamine

Reactive,
non-hypergolic

Nonhypergolic
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1
2

Electrophilic addition
onto double bond
Hydrogen abstraction
on αC-H bond
Hydrogen abstraction
on N-H bond
Hydrogen abstraction
on N-H bond
Hydrogen abstraction
on αC-H bond

Table 6.15 Results from transition state analysis on two amines
Chemical

Lowest Gibbs
Free Energy
Barrier ΔG‡,
kJ/mol

Lowest Energy
Barrier/Activation
Minimum
Energy ΔH‡,
Ignition Delay, ms
kJ/mol

Propargylamine

68.76

26.48

46.3

Allylamine

67.23

25.42

45.5

Hexylamine

75.64

33.92

Non-hypergolic

In all three cases, the reaction path involving the hydrogen-atom abstraction onto the
alpha-carbon is the favored initialization step.
Looking at the energy barriers, all follow the expected trend: allylamine, with the lowest
ignition delay, shows the lowest energy barrier. Hexylamine, non-hypergolic, shows the highest
energy barrier. Additional data points are needed to fully confirm that energy barriers do correlate
with ignition delays, as well as determine whether there exists a threshold in energy barrier for the
initialization step above which there is loss of hypergolicity. If such correlations exist, correlating
rate constant (which is a function of Gibbs free energy) and ignition delay might give a second
way to predict ignition delay for hypergolic compounds.
Finally, I computed the heats of reaction for all three compounds. The results are
summarized in Table 6.16.

Table 6.16 Heats of reaction for all three compounds considered
Chemical
Propargylamine
Allylamine
Hexylamine

Gibbs Free
Energy of
Reaction ΔGrxn,
kJ/mol
24.95
20.64
74.79

197

Equilibrium
Constant

Enthalpy of
Reaction ΔHrxn,
kJ/mol

0.36
0.42
0.05

-4.69
-10.43
39.98

Once again, the trends found are expected. Both propargylamine and allylamine have
equilibrium constants > 0.1, unlike hexylamine, which coincides with the reactivity observed.
Even though the equilibrium constants of both hypergols are lower than 1 (meaning an unfavorable
reaction where reactants are favored over products), they are still seven to eight times larger than
that of hexylamine, which is non-hypergolic. In addition, the initialization reaction steps for both
allylamine and propargylamine are exothermic, unlike hexylamine, that exhibit a positive heat of
reaction, i.e. is endothermic. Finally, the lower ignition delay of allylamine compared to
propargylamine matches the larger equilibrium constant and exothermicity of the initialization step
obtained.
This approach is promising and seems to be bridging the gap that currently exists in trying
to differentiate between hypergolic and non-hypergolic compounds. While time consuming, it can
be a useful tool combined with the first linear method outlined previously (or other non-linear
model that could be developed using machine learning). This gap in predicting hypergolicity is
further described in the following section.
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6.7

Predicting Hypergolicity

Initially, predicting hypergolicity seemed less challenging than trying to predict the
ignition delay of hypergolic propellants. However, the lack of metric for the reactivity of
non-hypergolic reactive propellants made the distinction between hypergols and non-hypergols
more challenging in the end. Indeed, reaction delays are determined for each compound tested via
high-speed imaging. However, given the frame rates used and high reactivity of the compounds
considered, most reaction delays were below 100 µs, making it hard to rank compounds based on
their reactivity. Increasing frame rates to study reaction delays in more details could be the purpose
of another study.
The first step in finding criteria to hypergolicity was to compare the values spanned by
hypergols vs. non-hypergols for all the properties that showed to be the most significant in
explaining ignition delay (i.e. heat of formation, heat of vaporization, energy of the HOMO, charge
on the nitrogen atom, rotatable bond count, and ovality). The comparison is shown on Figure 6.9.
For simplicity, I defined an arbitrary identification number for each compound, and are only
considering the compounds from the initial training set.

(a) Heat of formation

(b) Heat of vaporization

Figure 6.9 Comparison of properties for both hypergolic and non-hypergolic compounds
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(c) Energy of the HOMO

(d) Charge on the nitrogen atom

(e) Rotatable bond count

(f) Ovality

Figure 6.9 Comparison of properties for both hypergolic and non-hypergolic compounds
(continued)
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There are no clear distinct values for each property to differentiate between hypergolic and
non-hypergolic compounds. Still, there are a few trends that can be noted:
•

Hypergolic compounds tend to have higher heats of formation than non-hypergolic
compounds;

•

Hypergolic compounds tend to have lower rotatable bond count than
non-hypergolic compounds; and,

•

Hypergolic compounds tend to have lower ovality values than non-hypergolic
compounds.

Additional analyses will be needed in order to predict hypergolicity, either by looking at
additional molecular descriptors, such as activation energy and heat of reaction, or by performing
linear discriminant analysis on the data to help classify the compounds based on these properties.
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CONCLUSIONS

Hypergolic hybrids are simpler alternatives to common hybrid propulsion systems, as they
do not require any external igniter. By using solid hypergols as additives embedded into the fuel
binder, flowing the oxidizer onto the grain is sufficient to not only light the grain, but also relight
it if needed. We successfully developed a hypergolic hybrid using sodium amide, potassium
bis(trimethylsilyl)amide, and sodium borohydride as additives to promote fast hypergolic ignition
of the motor and sustained and stable combustion, three of the main challenges arising from the
energy misbalance specific to the paraffin/nitrogen tetroxide system. Through iterations of the
grain configuration, we found that a high additive loading in the front segment is sufficient to light
the grain without any external igniter and sustain combustion over its burn duration. We did not
iterate on the front segment configuration, which currently exhibit regression rates too high (on
the order of 12 mm/s) to be practical for a larger-scale motor. Indeed, once depleted, additional
reactive additive is required to prevent the motor from quenching, as the heat generated by the
combustion of paraffin and nitrogen tetroxide is not sufficient to overcome the energy spent in
bringing the propellants to combustion temperature. Combustion sustainability is achieved by
embedding sodium borohydride, a reactive, non-hypergolic additive with a high heat of
combustion, in the main section of the grain. Once the front segment depleted, chamber pressure
is maintained via the exothermic reaction of the reactive additive and the incoming oxidizer. By
considering ignition and combustion sustainability as two different problems, we avoid
over-constraining the grain geometry, and can therefore solve both independently, via the front
segment and the main grain configuration separately. Additional work is still needed to optimize
both areas. We recommend to investigate the influence of additive loading and particle size on the
hypergolicity of the front segment to try and decrease the regression rate measured. In addition,
minimizing the additive loading in the main grain to minimize performance losses while promoting
sustained combustion is a second area of interest. Investigating similar reactive (or hypergolic)
additive to sodium borohydride, with comparable heats of combustion for combustion
sustainability, might also be of interest for ease of casting, long-term storage, and safety purposes.
The second objective of this study was to develop a statistical model that can help predict
the reactivity of fuels with nitrogen tetroxide to simplify current screening processes for hypergolic
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compounds. I compared reaction and ignition delays, determined experimentally via drop tests, of
hypergolic and non-hypergolic compounds to selected structural, physical, and chemical
properties. With this approach and using linear regression analysis, I found a correlation between
ignition delay (specifically the logarithmic of ignition delay) of amines with nitrogen tetroxide and
six molecular descriptors: heat of formation, heat of vaporization, energy of the HOMO, charge
on the nitrogen, rotatable bond count, and ovality. Not only is this model valid for amines, but it
also models alkanolamines, allylamines, and propargylamines. However, the main limitation of
this model is its application to more sterically hindered compounds, and refinement is still needed
to be able to predict the reactivity of amines (and other classes of chemicals) with different features
than those considered in the initial models (rings, ramifications, etc.).
In addition to a statistical analysis, we also investigated the use of computational chemistry
as a tool to estimate energy barriers, or activation energies, and heats of reaction for initialization
steps in the reaction mechanisms of hypergols and non-hypergols with nitrogen tetroxide. Energy
barriers and heats of reaction can give some insight on the kinetics and thermodynamics of
expected reactions between the fuels and oxidizer considered. Using Gaussian, a computational
chemistry software, we were able to estimate these energies for two hypergolic and one
non-hypergolic compounds, assuming gas phase reactions between the fuels and nitrogen dioxide.
Although additional data is required to confirm trends, preliminary results show that ignition delay
increases as the energy barrier increases, and that there may be a threshold in energy barrier above
which we lose hypergolicity. In spite of the recent improvements in making computational
chemistry software with more user-friendly interfaces, this process remains time-consuming for
non-trained computational chemists. Expanding this analysis to the remaining compounds from
the training set will be valuable in confirming the preliminary trends, and determine if kinetics,
along with the statistical model, can help bridge the gap in reactivity prediction.
There are still limitations in the current statistical model, mainly that one cannot yet predict
whether a compound will be hypergolic or not. The current resolution in reaction delays prevented
from accurately drawing trends between reaction delays and selected molecular descriptors. Given
the complexity of processes involved in hypergolic reactions, linear regression analyses, and the
transformations considered so far, might not be explaining all the variations in ignition delays
observed. We recommend the use of non-linear models (potentially using artificial neural
networks), that will likely to be more efficient at fully characterizing the reactivity of hypergolic
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fuels. The ultimate objective of this work is to develop a machine learning tool, more automated,
that would not only help in describing the remaining unexplained phenomena, but also allow a
user to input requirements on reactivity and/or properties such that the created model can help
narrow down to compounds matching these requirements. Tying back to the hypergolic hybrid,
such tool would help narrow down to reactive compounds, with high heat of combustion, low
molecular weight, and high performance, as well as help identify better storable propellants
combinations, that do not lead to an energy misbalance, like that of the paraffin wax/nitrogen
tetroxide system. Finally, this work is not only applicable to hybrid propellant development, but
more generally, such model would greatly simplify any new propellant selection and development,
for any given application (hybrid, liquid, solid), especially once expanded to other common
oxidizers (mixed oxides of nitrogen, hydrogen peroxide, nitric acid, etc.)
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APPENDIX

SUMMARY OF MON-3 TEST RESULTS
Test #

Grain Configuration
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Overall Additive Loading,
wt.%
Pre-combustion Length, inch
Post-combustion Length, inch
Front Segment Length, inch
Injector
Igniter/Burn Time
Effective Burn Time, s
Total Initial Oxidizer Mass
Flux, kg/m2-s
MON Mass Flow Rate, lbm/s
MON Ullage Pressure, psia
MON Temperature, °C
Mass of Fuel Burned, g
Fuel Mass Flow Rate, lbm/s
Average O/F
Chamber Pressure, psia

MON3-1
Front: 90 wt.%
NaNH2 (powder) in
SP7
Main: 40 wt.%
NaNH2 (flakes) in
SP7
48.3

Hypergolic
3 x 0.75 s
-

MON3-2
Additive/SP7
(wt.%):
90/10 – 70/30 –
50/50 – 30/70 –
10/90 – 0/100
41.7

MON3-3
Front: 90 wt.%
NaNH2 (powder) in
SP7
Main: 20 wt.%
NaNH2 (flakes) in
SP7
31.7

MON3-4

MON3-5

Front: 90 wt.%
NaNH2 (powder) in
SP7
Main: neat SP7
(pressed)

Front: 90 wt.%
PBTSA (powder) in
SP7
Main: neat SP7
(pressed)

15

15

0.5
5
1.5
Spray nozzle (Part #: 1/4NN-316SS26)
Hypergolic
Hypergolic
Hypergolic
3 x 0.75 s
1x2s
1x2s
1.70

Hypergolic
1x2s
1.70

134

0
76.46
0.100
1.52
#1: 87
#2 (1.5 min): 85
#3 (15 min): 80

0
115.57
0.154
0.98
#1: 110
#2 (1.5 min): 120
#3 (15 min): 160

0.15
535
21
80.34
0.098
1.57

20
87.10
0.113
1.35

22
60.88
0.079
1.92

106 ± 12

118 ± 6

130 ± 2

Test #
Grain Configuration
Overall Additive Loading, wt.%
Pre-combustion Length, inch
Post-combustion Length, inch
Front Segment Length, inch
Injector

MON3-6
Front: 45 wt.%
NaNH2 (powder)
+ 45 wt.% PBTSA
(powder) in SP7
Main: neat SP7
15
5
1.5

Igniter/Burn Time
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Effective Burn Time, s
Total Initial Oxidizer Mass Flux,
kg/m2-s
MON Mass Flow Rate, lbm/s
MON Ullage Pressure, psia
MON Temperature, °C
Mass of Fuel Burned, g
Fuel Mass Flow Rate, lbm/s
Average O/F
Chamber Pressure, psia

1.87

MON3-7
Front: 45 wt.%
NaNH2 (powder) +
45 wt.% PBTSA
(powder) in SP7
Main: neat SP7
8.2

MON3-8
MON3-9
MON3-10
Front: 45 wt.%
NaNH2 (powder) +
Front: 45 wt.% NaNH2 (powder) + 45
45 wt.% PBTSA
wt.% PBTSA (powder) in SP7
(powder) in SP7†
Main: neat SP7
Main: neat SP7
15
12
0.5
5.75
5
5.75
0.75
0.75
0.75
Spray nozzle (Part #: 1/4NN-316SS26)
Hypergolic
Hypergolic
1x2s
1x4s
1.82
1.89
1.84
3.78
134

23
99.90
0.118
1.29
130 ± 2

23
68.97
0.084
1.81
119 ± 2

0.15
535
23
85.39
0.100
1.51
115 ± 2

21
81.68
0.098
1.53
120 ± 2

17
93.84
0.055
2.78
129 ± 2

SUMMARY OF MON-25 TEST RESULTS
Test #
Main Grain
Configuration
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Overall Additive
Loading
Overall Grain Density,
kg/m3
Pre-Combustion
Chamber Length, in
Post-Combustion
Chamber Length, in
Front Segment Length,
in
NO Concentration,
wt.%
Initial Oxidizer Mass
Flux, kg/(m2-s)
MON Mass Flow Rate,
lbm/s
MON Ullage Pressure,
psia

MON25-1
MON25-2
Pellets in 2nd and 3rd grain segments:
45/45/10 wt.% NaNH2/PBTSA/SP7
Rest of grain: neat SP7

MON25-3
MON25-4
Pellets in 2nd and 3rd grain segments:
100 wt.% NaBH4
Rest of grain: neat SP7

MON25-5

AC-MON25-1

25 wt.% NaBH4 (evenly dispersed) in SP7

18.4

12.0

11.7

11.7

22.7

991.1

979.8

1010.8

1010.8

998.5

0.5
5

5.75

1.5
25

0.75
29

31

1.5
30.5

28

25

134

179

134

116

0.15

0.20

0.15

0.13

472

487

488

865

490

347

MON Temperature, °C

6

6

9

2

20

24

Mass of Fuel Burned, g

90.2

60.3

86.7

74.1

~100

74.6

Fuel Mass Flow Rate,
lbm/s

0.111

0.070

0.092

0.094

~0.078

0.084

Average O/F

1.35

2.18

1.64

2.15

~1.9

1.5

Targeted Burn Time

1x2s

1x2s

1 x 2.15 s

1x2s

1x3s

1x2s

Effective Burn Time, s

1.80

1.91

2.07

1.73

2.83

1.96

Chamber Pressure, psia

127 ± 2

123 ± 2

123 ± 2

179 ± 2

104 ± 2

112 ± 2

Here all front segment consists of 45 wt.% NaNH2/45 wt.% PBTSA/10 wt.% SP7
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