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Summary

The current state-of-the-art hypergolic propellants are toxic and thus efforts are being made to find al-
ternatives. TNO’s novel hypergolic propellant combination is one possible solution, consisting of HTP
as the oxidizer and ethanol and two additives as the fuel. At the start of the project it was known that it
was hypergolic, but a method was necessary to quantify said hypergolicity.

It was found that the research of novel hypergolic propellants starts with drop testing, continues with
impinging jet testing and concludes with small engine testing. As such, it was decided that a drop test
set-up was to be developed to perform the first hypergolic propellant research step. In order to reduce
the project risk, first a flexible ambient set-up was developed and used to characterize the propellant
combination. Based on the lessons learned, a hermetic set-up is under developed at the time of writing
in order to be able to research the effects of pressure on the hypergolic performance.

The key hypergolic performance parameters were found to be the ignition chance (positively correlated
with the propellant temperature and the propellant volume, negatively correlated with the impact veloc-
ity, influenced by the shape of the reaction vessel), the ignition delay time (negatively correlated with
the propellant temperature), the chemical delay time (negatively correlated with the propellant tempera-
ture) and the physical delay time (negatively correlated with the propellant temperature and influenced
by the propellant volume).

Table 1: Test conditions

Test Fuel Fuel HTP Syringe | Vial Top | Bottom Drop Weber
series batch | V [upL] | V [pL] type type | T[°C] | TI[°C] | H[mm] | number
BaseA 1 110 11 1.2 taper | large 21 21 80 78
LessOx 1 110 5 0.6 taper | large 21 21 79 59
LessOF 1 50 5 0.6 taper | large 21 21 79 59
High 1 110 11 1.2 taper | large 21 21 144 138
HTPHeat 1 110 11 1.2 taper | large | 24.6 21 81 79
FuelHeat 1 110 11 1.2 taper | large 21 28.3 81 79
BaseB 1 110 11 1.2 taper | large 21 21 81 79
Blunt110 2 110 11 1.5 blunt | large 21 21 80 78
BaseC110 2 110 11 1.2 taper | large 21 21 80 78
BaseC150 2 150 11 1.2 taper | large 21 21 80 78
BaseC200 2 200 11 1.2 taper | large 21 21 80 78
BaseC250 2 250 11 1.2 taper | large 21 21 80 78
BaseC350 2 350 1" 1.2 taper | large 21 21 80 78
Vial110 2 110 11 1.2 taper | small 21 21 80 78
Vial150 2 150 11 1.2 taper | small 21 21 80 78
Vial200 2 200 11 1.2 taper | small 21 21 80 78




Table 2: Ambient Results

Series Tests | Ignitions | PDT | CDT | IDT Comment

BaseA 5 80% 22 38 60 -

LessOx 5 0% 24 - - One not recorded

LessOF 5 0% 27 - - Weak decomposition, one not recorded
High 8 38% 21 46 66 Characterized by variability
HTPHeat 6 50% 22 31 53 One not recorded

FuelHeat 3 100% 15 28 43 Temperature determined afterwards
BaseB 5 80% 20 43 63 Ensuring propellants did not deteriorate
BaseA+BaseB 10 80% 21 41 62 Summation of two test series
Blunt110 5 40% 25 31 57 One not recorded
BaseC110 5 0% 21 - - One not recorded, two drops via side of vial
BaseC150 5 60% 21 30 51 -

BaseC200 5 100% 24 28 53 -

BaseC250 5 100% 23 24 46 -

BaseC350 3 100% 25 26 51 -

Vial110 5 40% 23 26 49 -

Vial150 5 40% 23 26 49 -

Vial200 5 40% 24 33 58 Two drops via side of vial

The test conditions and the results of the tests can be found in tables 1 and 2 respectively. TNO’s
novel hypergolic propellant was found to have an ignition chance of 100% when the oxidizer and fuel
volumes were at least 11 pL and 200 pL respectively. The ignition delay time was found to be 50 ms on
average which is generally deemed acceptable, although not ideal. However, the mixture of ethanol
and the two additives has not yet been optimized for a minimal ignition delay time thus it is likely that
this value can be decreased by doing so.
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Introduction

Space exploration is currently at a very interesting point in time. For decades, it has progressed in a
steady albeit slow pace, especially compared to the space race which culminated in humans taking
their first steps on the moon during the Apollo program. Now, it seems that this progress has sped
up again. SpaceX has made the price of launching payloads into space cheaper than ever, project
Artemis makes the prospect of returning to the moon in the near future very real and overall innovation
seems to be increasing with an unprecedented amount of start-ups being created in the space sector.

However, one area which has not yet seen much innovation is that of hypergolic propellants. These are
liquid rocket propellant combinations that ignite on contact with each other, which has the great benefit
of making igniters unnecessary. This results in these propellants being very reliable and allowing for
very small impulse burns at high efficiency. The problem is that the current state-of-the-art hypergolic
propellants are extremely toxic. As such, a need exists for a novel hypergolic propellant combination
which does not have such a problem.

One institution which is developing such an alternative is TNO. Its propellant combination is based on
hydrogen peroxide as the oxidizer and ethanol with two additives as the fuel. This combination has
been proven to be hypergolic in previous tests done by TNO. However, it is necessary to quantify this
hypergolicity in order to ascertain whether the propellant combination can be used in actual thrusters.
This thesis report aims to provide an answer to that. It should be noted that the proprietary nature of
this fuel does not allow for the names of these two additives to be included in this report.

It should furthermore be noted that this thesis report builds on a previous literature study report, which
was also written by the author. As such, large parts of said literature study report can be found in this
report [32]. One consequence of this is that some of the research questions as found at the end of
the introduction chapter have already been answered in the chapter itself. However, they have been
included nonetheless as the answers to said questions are an integral part of the overall report.

1.1. Literature Study

Propulsion systems in spacecraft provide the means to change the direction and velocity of travel of
said spacecraft. This allows for the launch of objects into space and the maneuvering of objects once
they are in space. Conventionally, this is attained by expelling mass at a high velocity, which generates
thrust. Integrated over time and divided by the mass of the spacecraft one gets the delta-v, which is
the maximum velocity vector change which a propulsion system can provide. Ensuring this value is
as high as possible while using as few resources as possible (especially minimizing the mass of the
propulsion system) is the goal of propulsion systems engineering.

1.1.1. System parameters
There are some parameters which denote the performance of a propulsion system. These are useful
when comparing different such systems and are as follows.
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Specific impulse

Probably the most important parameter for any propellant is the specific impulse or Isp. It denotes
how much velocity can be obtained from a unit mass of a propellant. It is equivalent to the exhaust
velocity which indicates the velocity with which a given unit mass of propellant is expelled from an
engine [29][67].

System specific impulse

A related parameter is the system specific impulse or lssp. This is equal to the total impulse divided
by the propulsion system mass. This value makes comparing different propulsion subsytems easier
as both the fuel efficiency and the hardware specific to this propellant and acceleration method are
included [29].

Density

Density has a direct influence on the volume requirement of the propellant. Although some propellants
may have a relatively high ls,, if they have a low density the resulting volume requirement may make
them unsuitable for a given use case anyway. The product of |, and density is called the density
specific impulse [29][67].

Electrical power

Electrical power is generally used for the actuation of the propulsion system, although it can also be
used for the acceleration of the propellant itself. A need for more electrical power necessitates a power
system with more mass and volume, both of which should be minimized, thus electrical power usage
should be minimized [29].

Thrust

Thrust is the force which is generated by the propulsion system. A higher thrust can enable spacecraft
to perform maneuvers to attain mission goals while requiring less delta-v and/or time, which in general
is beneficial. An example of this is the launch of objects into orbit [29].

1.1.2. Types of propulsion systems

There are many types of propulsion systems which can be divided into different categories. Each such
system has its pros and cons making it more optimal for some missions and less optimal for others.
The highest division describes how mass expelled by a rocket is accelerated, which can be divided into
thermal acceleration (propellant temperature is converted into propellant velocity), electro-static accel-
eration (positively charged ions are accelerated by an electric field) and electro-dynamic acceleration
(plasma accelerated by an electromagnetic field).

The main distinction is in terms of efficiency and thrust acceleration. Thermal propulsion has a lower
exhaust velocity (1-20 km/s), a higher thrust acceleration (0.1-10 go) and is simpler compared to both
electro-static and electro-dynamic propulsion (both of which have an exhaust velocity of 5-100 km/s
and a thrust acceleration of 10~3 — 103gg) [68]. The higher acceleration makes thermal propulsion
the only viable option for launching payloads into orbit and is preferred for human exploration as it
shortens mission duration compared to lower-thrust alternatives. It also has the benefit of not using
electrical power for the acceleration of the exhaust mass, which directly translates into a lower power
subsystem mass. Furthermore, its relative simplicity increases its reliability which is also critical for
human exploration. On the other hand, the higher exhaust velocity (and thus fuel efficiency) makes
electo-static and electro-dynamic propulsion preferred for deep-space missions where both mission
duration is less critical and high-thrust maneuvers are not necessary.

Thermal (acceleration) propulsion can be divided into two further categories, chemical propulsion and
non-chemical propulsion. The former utilizes chemical reactions of the propellant to heat the reaction
products of the propellant. The latter uses other methods to do so, which include electrical power and
nuclear power (internal power sources), the sun and lasers (external power sources) [68]. Currently,
chemical propulsion sees widespread use while non-chemical propulsion is still mostly experimental.

Chemical propulsion can be further divided into utilizing solid propellants, hybrid propellants (utilizing
one solid and one liquid part), liquid monopropellants and liquid bipropellants. A comparison can be



1.1. Literature Study

seen in table 1.1 [68]. As can be seen, liquid bipropellants are the preferred option when problems with
complexity are overcome, especially if a high specific impulse (efficiency) is needed.

Table 1.1: Comparison of different chemical propellants

Propulsion Typical specific Small and accurate | Reignitable | Relative Relative
type impulse range [s] | minimum impulse bit thrust | complexity
Solid 170-250 no no high low
Hybrid 230-270 no yes medium medium
Liquid monopropellant 160-230 yes yes low low
Liquid bipropellant 200-385 yes yes high high

A typical liquid bipropellant system can be found in figure 1.1. It consists of two tanks where the fuel
and oxidizer are stored separately. These propellants are then transported to the combustion chamber,
either by a pump or another method. The two propellants are then ignited in said combustion chamber,
which produces heat. This energy is used to exhaust the reaction products from the nozzle which pro-

vides thrust.

Propellant storage

Combustion of
liguid propellants

Liquid
oxidizer

Liquid
fuel

Expansion of
burnt propellants

1

Combustion
Chamber

Nozzle

Figure 1.1: Typical liquid bipropellant system[1]

1.1.3. Liquid bipropellant system parameters
There are many parameters which are relevant when designing a liquid bipropellant system, aside from
the parameters relevant for all propulsion systems which have been mentioned. These are as follows.

Viscosity

Products of
combustion

The viscosity of a propellant has an impact on its behavior both in the feed system and the engine. A
lower viscosity means a lower pressure drop over a feed system which results in lower pressure head
requirements. This can for example result in lower blow-down pressurization sub-system mass and
volume requirements, as less pressurant is required for the same injection pressure. A lower viscosity
also promotes better atomization of the propellant resulting in a better mixing efficiency and thus less
demanding design requirements. It is an especially important parameter for gelled propellants [29][22].
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Adiabatic flame temperature

The adiabatic flame temperature is the maximum theoretical temperature which can be reached during
a combustion reaction. It is important to know this value in order to predict the temperature in the
combustion chamber. This temperature in turn has an effect on the choice of materials used for the
combustion chamber, its geometry, possible cooling methods, etc. Furthermore, higher adiabatic flame
temperatures correlate with higher I, given that all other conditions are equal [29][67].

Molecular mass

The molecular mass is the mass of a single molecule of a given compound. Its importance lies in the
fact that, given that all other conditions are equal, a lower molecular mass results in a higher specific
impulse. This is due to the fact that less mass needs to be accelerated using the same amount of
energy. This makes it generally desirable to minimize this value [29].

Atomization

Atomization describes the propellant droplet size distribution, which relates to injector design and the
fluid properties. A smaller mean droplet size results in better mixing efficiency which in turn shortens
the required characteristic length. This means a smaller engine which in turn directly translates into
mass and volume savings. An example of different degrees of atomization can be found in figure 1.2
[43][48].

(2) 3m/s(Re,=94) (b) Smis(Re,,,~193) (€) 9m/s(Reye=440) (d) 13m/s(Re,,=738)

(c) 16m/s(Regen=988) (f) 23m/s(Regen=1646) (g) 36m/s(Regen=3090)

Figure 1.2: Different degrees of atomization [9]

Combustion stability

Good combustion stability means that there are no fluctuations in the combustion process (e.g. pres-
sure, temperature, etc.) if there are no fluctuations in the input parameters (e.g. propellant massflow,
propellant temperature, etc.). This is important as severe combustion instability can decrease the com-
bustion efficiency and even lead to a catastrophic failure of the engine. Examples of combustion insta-
bilities are low-frequency chugging and high-frequency screaming for all bipropellant combinations [29],
as well as reactive stream separation and popping for hypergolic bipropellant combinations specifically.

Cavitation

Cavitation is the formation of vapor bubbles in a liquid stream due to the liquid pressure locally dropping
below the vaporization pressure. This decreases the combustion efficiency. Reasons for this are the
improper design of the injector or the feed system [58][24].
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Characteristic length

The characteristic length is the volume of a combustion chamber divided by the nozzle sonic throat
area theoretically necessary for complete mixing and combustion of the propellants. As the throat
diameter for de Lavale nozzles is always smaller than the combustion chamber diameter, this value is
only theoretical and actual combustion chamber lengths are shorter. It is nonetheless a useful concept
and is analogous and proportional to the residence time, which denotes the average time of stay of a
given propellant mass in the combustion chamber [29].

Operating temperature range

The operating temperature range is the temperature range of the propellants over which they are usable
for rocket propulsion. For liquid bipropellant engines this means that the propellants are above their
freezing point and below their vaporization temperature (i.e. they are liquid). For hypergolic propellants
specifically this depends on the desired ignition delay time and ignition behavior. Furthermore, the
operating temperature range can be influenced by the requirements like viscosity, combustion stability
or cooling capabilities, all of which depend on the temperature of the propellants [29][67].

Material compatibility

Material compatibility entails that the propellants do not react with materials used in the design, like for
example the feed system pipes or the combustion chamber itself. Oxidizers in particular require special
attention regarding this, as for example liquid oxygen has been known to explode in feed systems if
these have not been designed and cleaned properly [29].

Thermal characteristics

Thermal characteristics entail the thermal conductivity and thermal capacity of a propellant. These
are particularly important when using a given propellant to cool the engine, as is the case when using
regenerative cooling where a propellant is fed through the wall of an engine during operation which
cools said wall preventing structural failure [29].

Storability

Storability denotes the behavior of propellants over time when stored, mainly the change in their com-
position [67]. Storability can especially be a concern during long-term missions where propellants are
sometimes stored for years before being used. However, it is also important in the lab, as a compound
can degrade over time into something which becomes unusable for a given experiment. Although HTP
is known to decompose over time, this rate can be as low as 0.4% per year given proper storage. It
can thus be considered stable over a period of a few months [63].

Toxicity

Toxicity is possibly the most important parameter on this list, as it is the very reason this project exists.
It entails both health and environmental hazards, with some chemicals necessitating handling precau-
tions and the use of personal protective equipment leading to higher costs. There are many ways to
qualify and quantify toxicity [46], but for the intents and purposes of this project it can be summarized
that the state-of-the-art hypergolic propellants Monomethyl hydrazine (MMH) and Nitrogen Tetroxide
(NTO) are toxic. As such, this project seeks to find an alternative in the form of a combination of HTP
and ethanol + additives. Legally speaking, the European REACH regulation designates substances of
concern, with for example hydrazine being a substance of very high concern [47].

Cost and availability

Cost and availability are two parameters which, while not inherent to a given propellant, nonetheless
can and often do have a decisive impact on the propellant choice. A given propellant might have the
best characteristics of any propellant, but if it is unavailable or it costs more than a given project allows
for it becomes unviable nonetheless. Often there is a trade-off between performance on the one hand
and cost and availability on the other [29].
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1.1.4. Hypergolicity

A specific type of liquid bipropellants are hypergolic propellants. These are bipropellants which ignite
when the fuel and oxidizer come into contact with each other. This is due to an exothermic reaction
occurring resulting in a rise in temperature to the point of ignition of the mixture. Hypergolicity is a
useful characteristic as it removes the need for an ignition source, which in turn simplifies the system
thus decreasing its mass and volume and increasing its reliability. This is very beneficial when said
reliability is paramount, as for example was the case for the Apollo missions where ignition failure was
unacceptable as it would directly lead to a loss of the crew.

Hypergolicity has another benefit in the form of being able to provide a very low impulse bit at high
efficiency. This is due to the fact that very small propellant amounts can be brought together without
the need of precisely timing the activation of an ignition source. Using an ignition source would make
this process unnecessarily complex and unreliable compared to using hypergolic propellants instead.
This is especially useful for the Attitude Determination and Control System (ADCS), which needs to be
able to perform very small burns to dump any rotation it may have acquired when in orbit.

While liquid monopropellants could also provide such a minimum impulse bit with high reliability, they
are less efficient than liquid bipropellants and thus less preferred, especially for longer missions. This
is due to the fact that the propellant amount in ADCS systems often proves to be the limiting factor for
the overall mission duration. This means that having a more efficient propellant combination results in
a longer mission given the same amount of propellant, which is why hypergolic propellants are often
the preferred choice.

1.1.5. Types of hypergolic propellants

Representative for the current state-of-the-art hypergolic propellant combinations are monomethy! hy-
drazine (MMH) as the fuel and dintrogen tetroxide (NTO) as the oxidizer. They are reliable and provide
very good performance. However, a large downside of these propellants is their toxic nature, even re-
quiring a hazmat suit to handle. As such, they are classified as dangerous under the REACH regulation
of the European Chemical Agency [55][54]. This means that finding a viable green alternative to the
current hypergolic propellants would be of great benefit to the space industry.

Research is ongoing, but promising alternatives include combinations of either ionic liquid-based fuels
or ethanol-based fuels with HTP (high-test peroxide, or concentrated hydrogen peroxide) as the oxi-
dizer. There are multiple institutes in Europe which are researching possible novel green hypergolic
propellants. One of these institutes is TNO, which is developing an alternative based on hydrogen
peroxide and ethanol with additives.

This combination was chosen based on an earlier study performed within TNO, which performed a
trade-off based on multiple measures of effectiveness as defined in said study. Ethanol was chosen for
the fuel as it has a low health risk index, an acceptable performance and the development risks are low.
HTP was chosen for the oxidizer as it satisfied all requirements defined in said study and had the best
theoretical performance characteristics among the remaining candidates [66]. However, HTP/ethanol
propellants are not hypergolic by themselves and thus additives are necessary to be added to the
ethanol in order to induce said hypergolicity.

TNO distinguishes two types of additives: catalysts and propagators. Catalysts decompose HTP re-
sulting in oxygen and water with a temperature of over 1000K. Propagators (as currently understood)
exothermically react with oxygen at said temperature, which increases the temperature even further
leading to ignition. However, more research on the latter is needed to better understand this process
[59].

This propellant combination is still experimental and needs to be further researched to ensure itis viable
for commercial spaceflight. At the start of this Thesis the development of this propellant combination
was at a stage where the mixture ratio with the highest ignition probability was determined. This mix-
ture ratio also showed good theoretical specific impulse. Using NASA-CEA with a combustion chamber
pressure of 10 bar and a nozzle expansion ratio of 100 (which are typical for hypergolic bipropellant
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thrusters in operation [42]), an |5, of 308 s was found for 97% HTP as the oxidizer and an O/F ratio of
2.3. Comparing this to an I, of 331 s for MMH/NTO (a difference of 7%) shows the potential of TNO’s
propellant combination as a safer alternative. The next step was quantifying its hypergolic performance.

1.1.6. Hypergolic propellant system parameters

The nature of hypergolic propellants introduces new considerations and system complexities which are
not present in non-hypergolic systems. These are new performance parameters (aside from "normal”
performance parameters, like thrust, specific impulse, etc.) and testing methods dedicated to testing
hypergolic behavior. These are presented in this section.

Ignition probability

Under some conditions propellant combinations can be hypergolic only some of the time, which is de-
noted by the ignition probability parameter. It denotes the probability of a given fuel/oxidizer propellant
combination to hypergolically ignite upon contact for a given set of conditions. A probability of less than
100% is seen as undesirable. One could argue that if for example the probability is 90% during drop
testing, when used in an engine this probability would eventually become 100% as enough fuel and
oxidizer are brought together. However, the result of this could be an ignition delay of such magnitude
as to result in a hard start. Thus, the ignition probability should be 100%.

It has been found that multiple factors influence this parameter, which thus need to be considered
during design. Propellant composition is the most important one, as propellant combinations with ad-
ditives added to the fuel and/or oxidizer to induce hypergolicity need enough of said additives to reach
the 100% ignition probability. One could consider propellant storage part of this, as improper storage
could result in changes of the propellant composition, for example due to a decrease in concentration
of HTP or the increase in moisture in a fuel [14].

Contact parameters are relevant as well. For example, the Weber number and thus the contact velocity
in a drop test [11] or the impact angle between droplets (i.e. if the drops are off-center compared to
each other) in a drop test have an influence on this. A bounce can occur when the impact angle is
too large (>7°) [34] and a splash can occur when the Weber number is too high (>250) [11][34], which
negatively influence the ignition probability.

Finally, the atmospheric composition can play a role. For example, while ignition probability can be
100% for argon-filled and oxygen-filled atmospheres it can be 0% for a helium-filled atmosphere. This
shows that the thermal properties of the atmospheric composition have an impact on the ignition prob-
ability [14]. Whether oxygen in the atmosphere can have an impact on the ignition probability as a
chemical reactant is unclear.

Ignition delay time

One of the most important parameters for any hypergolic propellant combination is the ignition delay
time. This is due to the fact that if the ignition delay time is too long an instability phenomenon known
as a hard start can occur which can result in damage to the engine [37]. Furthermore, a shorter ignition
delay time allows for a shorter minimum impulse bit, which allows for finer attitude control [40]. The
combination of these two factors suggests that the ignition delay time should be as short as possible.

However, decreasing ignition delay time increases the chance of reactive stream separation and pop-
ping occurring, which are combustion instabilities which negatively impact engine efficiency [43]. There
is thus a desirable ignition delay time range which depends on the application in question. Nonetheless,
in general a lower ignition delay time is preferred, with an IDT below 50 ms being deemed acceptable
and an IDT below 10 ms being deemed preferable for most applications [45][35].

Parameters which influence the ignition delay time are as follows. A shorter ignition delay time is a
result of higher pressure up to a point (6 bar was noted in the case of 93% HTP as the oxidizer, high-
density Polyethylene as the fuel and sodium borohydride as the additive) [14], a smaller droplet size
(by as much as 25%) [14] and a higher HTP content [14]. A higher Weber number also shortens the
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ignition delay time [11], although there are both an upper [34] and lower [11] limit beyond which ignition
probability suffers.

The IDT is also influenced by the atmospheric composition, with argon reducing it by as much as 48%
compared to nitrogen and air, likely due to the differing thermal properties [14]. The oxygen content of
the atmosphere can also have an impact on the IDT due to its chemical reactivity, although whether
this effect is present depends on the propellant combination in question [2]. Lastly, the choice for a
propellant lead has also been found to have an effect on IDT, with the preferred lead time and the
preference for fuel or oxidizer as the lead depending on the propellant combination in question. This is
related to vapor formation of the lead propellant before the arrival of the droplet [62].

Ignition delay time itself can be divided parts, which is useful as it furthers our understanding of this
process. There is one division which is uniform in literature, which is the pre-chemical delay time and
the chemical delay time, as the former depends on the set-up while the latter is relatively constant given
identical conditions, independent of the set-up. However, the period before the chemical delay time is
broken up differently depending on the source, with some sources having one pre-chemical delay time
(vaporization time) and others dividing it into two further times (droplet entry time and mixing time). The
ones presented here are relevant to drop tests. It can also be noted that this division is the same for
both gelled and non-gelled propellants [62][14].
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Figure 1.3: Ignition delay time division example [12]

An example of such a division of the ignition delay time as seen in a drop test can be found in figure
1.3. Channel 1 denotes a laser and sensor pair which intersects with the path of the falling drop, while
being right above the liquid into which said drop will fall. Channel 2 is a photoreceptor which is used to
detect ignition. One can find the droplet entering the liquid between A and B. Mixing occurs between
B and C, after which vapor forms between C and D. Finally, ignition occurs at D.

Chemical delay time

The chemical delay time is the time between the start of chemical reactions leading to ignition and
ignition itself. The former is usually defined by the first observed appearance of mixed propellant vapor
while the latter is defined by the first appearance of a flash [62][36].
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Vaporization time

Vaporization time is the time between the fuel and oxidizer droplets first coming into contact and the
first observed appearance of mixed propellant vapor. This can either be taken as the total pre-chemical
delay time or further divided into the droplet entry time and mixing time [62]. The example found in
figure 1.3 shows a typical drop test for UDMH/RFNA and was found to be representative for hypergolic
propellants in general.

Droplet entry time
Droplet entry time is the time between the fuel and oxidizer droplets first coming into contact with each
other and the two separate drops becoming one larger droplet [36].

Mixing time
Mixing time is the time between the end of the droplet entry time and the first observed appearance of
mixed propellant vapor [36].

Flame propagation velocity

The next hypergolic propellant parameter is the flame propagation velocity. This is the velocity with
which the flame travels from the initial ignition point outwards. A higher velocity is positively correlated
with a lower pressurization time, which denotes the time from ignition to full pressurization in an engine.
According to a study by Slocum-Wang et al. a lower pressurization time increases the chance of a hard
start, thus making a lower flame propagation velocity desirable [62].

Important parameters relating to this are as follows. If the droplet velocity is high enough to result
in a splash, flame propagation velocity starts increasing compared to no splash, with a larger splash
resulting in a higher velocity. Secondly, a higher chamber pressure results in a higher velocity as well.
Finally, argon seems to result in a higher velocity compared to air [14].

Reactive stream separation

Reactive Stream Separation or RSS for short is the incomplete mixing of the fuel and oxidizer in unlike
impinging jets which results in the blowing apart of the propellant streams. This is mainly caused when
the propellant reactivity is relatively high and mixing does not occur fast enough, which results in the
vaporization of propellants which blows them apart [43]. An ignition delay time lower than the mixing
time promotes RSS [26], although it does not guarantee it [43]. A visualization of this can be found in
figure 1.4. This results in a decrease of the combustion efficiency and thus the Is,. RSS is promoted
by a higher chamber pressure, a higher average fuel temperature, a higher propellant injection velocity
and a larger injection orifice diameter [43].
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Figure 1.4: Normal operation (left) vs. RSS (right) [48]

Popping

Popping is the occurrence of random explosions (from which popping gets its name) which result in a
temporary increase in both the pressure and burning rate. These occur downstream of the impingement
point but before complete atomization. This is defined as the ligament zone, which is the thin sheet of
liquid created by impingement as can be seen in figure 1.5. An ignition time lower than the the time until
atomization promotes popping, although it does not guarantee it. Nonetheless, solutions based on this
assumption are effective at eliminating popping [43]. Similarly to RSS, it decreases the combustion
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efficiency and thus the ls,. The occurance of popping is dependent on the chamber pressure, the
propellant temperature, the mixing efficiency, the injection orifice diameter, the injection velocity and
the distance between unlike injectors [65][43][44].
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Figure 1.5: Ligament zone [60]

1.1.7. Design parameters

Aside from parameters inherent to the propellant combination, when designing an engine or any other
such system it is important to keep the design parameters in mind as well. These are the engineering
choices which together with the propellant parameters determine the resulting performance of the sys-
tem. Furthermore, as most propellant characteristics are a function of these parameters, they are also
important for any propellant characterization. Not included are parameters like for example the throat
diameter, as these do not directly influence propellant performance, but rather influence parameters
(like the chamber pressure) which themselves directly influence propellant performance. Only the latter
are presented.

Propellant composition
The propellant composition is the basic question of what the propellant combination consists of. It is
the most basic and direct input for the resulting propellant parameters.

OJF ratio

The oxidizer-to-fuel ratio is the ratio of the oxidizer mass to the fuel mass. It is key in determining
the chemistry of the reaction and the associated parameters like the adiabatic flame temperature, I,
products, stability or hypergolicity. Theoretically, the optimal ratio is the stoichiometric ratio where all
the fuel reacts with all the oxidizer. This also results in the highest adiabatic flame temperature. In
practice however, the mixture is run slightly richer (relatively more fuel). This is due to the fact that
this tends to result in a lower molecular weight at a comparatively less significant loss of temperature
resulting in a higher specific impulse. There are other reasons due to which one might deviate from
the stoichiometrically optimal or I, optimal as well, which directly relate to the parameters dependent
on the O/F ratio stated before [29].

Chamber pressure

The chamber pressure is the pressure which is found in the combustion chamber during operation.
As stated, it has an impact on multiple parameters like the specific impulse, the ignition delay time
and combustion stability, among others. Of particular interest are vacuum conditions, as these are
experienced during space-flight missions and thus during in-flight ignition [43][14].

Propellant back-pressure

The propellant back-pressure is the pressure which is used to inject the propellants into the combustion
chamber. This pressure not only must be proportionally higher than the combustion chamber in order
to inject the propellants at the desired velocity, but also as to overcome the pressure drop over the feed
system and the injector. This desired pressure can be achieved in multiple ways, which includes using
a separate pressurization gas, turbopumps or even a self-pressurizing propellant [29].
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Propellant temperature

The propellant temperature has an impact on combustion stability, mixing efficiency [43], cooling prop-
erties as well as general performance [29]. For hypergolic propellants specifically, a higher propellant
temperature correlates with lower ignition delay times [8].

Propellant contact geometry

The propellant contact geometry denotes the way in which the fuel and oxidizer come into contact with
each other. This includes the massflow, the angle, the velocity, etc, which is most relevant for the
ignition delay time, combustion stability and atomization [65][21].

Weber number

The Weber number is a dimensionless number which relates the inertial force to the surface tension
force. It has been found to be negatively correlated with IDT, with a Weber number above 250 resulting
in a discontinuity in this correlation, which should thus be avoided during testing. In general, a larger
droplet diameter and a higher drop height result in a higher Weber number. The exact formula is as
follows: [64]

We = pv?l/o (1.1)

Where "We” is the dimensionless Weber number, p is the density in kg/m?3, v is the (droplet impact)
velocity in m/s, [ is the characteristic length or droplet diameter in m and o is the surface tension in
N/m.

1.1.8. Testing methods

There are multiple testing methods available for the hypergolic characterization of propellants. The
most notable ones are drop tests, impinging jet tests and small engine tests. However, there are other
less frequently used methods as well. All of these are described in this subsection.

Drop test
A drop test is the most basic way of hypergolic propellant testing. In essence, it comes down to dropping
a drop of a fuel or oxidizer into a certain amount of the other propellant and measuring whether ignition
occurs. This set-up can become relatively complex depending on what input variables are controlled
for and what measurement techniques are used. An example of a drop test set-up can be found in
figure 1.6.
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Small engine test

The idea of the small engine test is to test hypergolic propellants in an environment in which they will
actually be used, namely an engine. However, as building a full-scale engine is expensive, a smaller
engine can be built which provides almost the same amount of data using less resources. The oxidizer
and fuel are injected into the combustion chamber of the engine where they hypergolically ignite. The
resulting combustion can be studied in order to better understand characteristics like ignition delay time,
combustion efficiency, combustion stability or atomization [62].

Impinging jet test

In an impinging jet test hypergolic propellants are mixed using two or more jets, similarly to what can be
found in an injector in a rocket engine. Just as in a small engine test, the ignition delay time, combustion
efficiency, combustion stability or atomization can be studied. It is often used as a step between a drop
test and a small engine test, as it is much simpler than the latter yet provides critical data for further
development which cannot be gained from a drop test, like RSS or atomization behavior. An example
of a combustion chamber used in such a test can be found in figure 1.7 [49][57].
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Figure 1.7: Example of a combustion chamber used in an impinging jet test [49]

Forced mixing test

The forced mixing test entails the initiation of sudden contact between the fuel and oxidizer, for example
by breaking a glass ampule containing one when submerged in the other. The results of this test are
generally less clear and useful than the results of a drop test, with the ignition delay time results having
been found to be unreliable [57][28].

Bomb test

The bomb test is a test where a given amount of fuel and oxidizer reacts with each other in a closed
chamber. This results in a final pressure, temperature and mixture composition which can be analyzed
to give a good insight into the chemical processes which took place. It can be similar to a drop test
with a spectrometer where the mixture composition is analyzed as well, although in a bomb test the
hypergolic behavior itself is less important than the final state of the system [61][28].

Microreactor test

The microreactor test is a test where the fuel and oxidizer are brought together in a microscale set-up.
Often observed real-time under a microscope, it gives a unique view into the chemical processes taking
place at this scale. Especially the analysis of the fluid dynamics and the changes in temperature can
give a good insight into the processes taking place [57][39].



1.1. Literature Study 13

1.1.9. Most relevant studies

The following list includes studies which were deemed to be of the greatest relevance to the project,
along with their most relevant findings. Some of these findings have already been mentioned in this
chapter, while others have not. The goal of this list is to organize said information into a sort of "sum-
mary” and to ensure the most relevant findings are highlighted.

* DLR has created a drop test set-up with a hermetically sealed chamber which can vary the pres-
sure and atmosphere. It can clean the combustion vessel (on which the droplets combust) by
rotating it and using a water spray to remove any residue, as it can not be cleaned manually
without opening the set-up [23].

» Purdue University has created a drop test set-up which is unique in using an impact sensor for
the detection of the droplet impact and a microphone for the detection of ignition [50].

» The Center of Space Technologies in Warsaw has created a drop test set-up which had a her-
metically sealed test chamber, which could vary temperature pressure (up to 30 bar) and the
atmospheric composition. Furthermore, the combustion vessel was heated and fluctuations in
pressure could be use to detect ignition [53].

* DLR has looked into the question of how to properly define and characterize a "green” propellant.

This included toxicity, exposure danger, handling and safety requirements. There was not one

optimal propellant choice, but rather the right choice depends on the needs to be fulfilled [46].

A study by P.A.W. van Dommelen showed the following ignition delay times for liquid ethanol,

MCAT (Manganese (lll) acetylacetonate) as the catalyst and 97% HTP. 52.3+1 ms of which

35.5+4.4 ms was the chemical delay time for 10% MCAT, 50.6+13.1 ms of which 35.7+17.7 ms

was the chemical delay time for 5% MCAT. The drop height was 23 cm at atmospheric conditions

[30].

» The Center of Space Technologies in Warsaw showed that an average ignition delay time of 63.2

ms could be achieved using ethanol using 15% 2-ethylohexanoate cobalt (Il) as the catalyst and

98% HTP. The tests were done in a hermetically sealed test chamber with the temperature and

pressure constant at 20°C' and 1 atmosphere respectively [53].

The ignition delay time can be divided into two parts: the chemical delay time and the pre-chemical

delay time. The former is characterized by the fact that chemical reactions are measurably taking

place, while the latter is the period before that, but after droplets come into contact with each
other during a drop test. The start of the chemical delay time can either be defined as the start
of formation of a vapor cloud above the mixture as can be seen in a study from the University of

Alabama in Huntsville [12], or as the start of the rise in temperature of the mixture measured in

the IR-spectrum as can be seen in a study from the Xi’an Jiaotong University (which measures

the drop test using three different cameras) [19].

» The minimum ignition delay time for a propellant combination using HTP found in literature was
1.33 ms, as found in an article by B.V.S. Jyoti, M.S. Naseem and S.W. Baek [22]. The HTP
concentration was 90%, the fuel was ethanol with 4$ Boron, 1% Manganese (Il) acetylacetonate
and 4% propyl cellulose as the gelling agent. It was a multi-drop test, with its single-drop test
yielding an ignition delay time of 37.0 ms. The lowest single drop test ignition delay time was
4.15 ms, using an HTP concentration of 90%, ethanol with 4% Aluminium, 1% Copper chloride
hydrous and 4% propyl cellulose as the gelling agent. In the same study an interesting alternative
was found to using infrared cameras, namely using thermal probes.

» One negative effect of minimizing the ignition delay time is the increase in chance of rapid stream

separation (RSS) and popping occurring. These are combustion instabilities which lead to a

decrease in performance [43].

A study by A. Mayer and W. Wieling shows the reasoning behind TNO’s choice for using ethanol

as the fuel. The reason is that while no fuel is best in all trade-off aspects, ethanol was chosen

as it has a low health risk index, an acceptable performance and the development risks are low,
with HTP being chosen as it is a "green” oxidizer with good handling characteristics. Although it

is not hypergolic with HTP at atmospheric conditions, it can be made so using additives [66].

» Two important parameters often disregarded in drop tests are the drop height and the drop impact
angle (whether the droplets contact each other off-center). It was found in a study at Purdue Uni-
versity that splashes occur above a Weber number of 250. Below that number bounces can also
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occur if the impact angle is greater than 7 degrees. Both of these impact the ignition delay time
and thus should be avoided [34]. Furthermore, in a study Northwestern Polytechnical University
in Xi'an, it was shown that the Weber number is negatively correlated with the ignition delay time,
meaning that the impact parameters between the two droplets are of great importance [11].

» HTP/ethanol combinations without additives auto-ignite from 85% HTP and 473K. The ignition
delay time decreases with increasing temperature, with an ignition delay time of less than 100 ms
at 543K [33].

1.2. Research direction

The initial goal of this project was to ascertain whether TNO’s novel propellant combination has satis-
factory hypergolicity characteristics to be used in thrusters. During the literature study it was found that
the main characteristic which quantifies hypergolicity is the ignition delay time. This ignition delay time
is dependent on many parameters which need to be taken into account when doing any research on it.
Furthermore, the ignition delay time can be subdivided into a chemical delay time and a physical delay
time, both of which are also relevant for properly understanding the hypergolic behavior of a propellant
combination. Thus, the goal of this project should be to ascertain the respective delay times of TNO’s
propellant combination while controlling for the parameters which influence said delay times.

In order to meet this goal, a testing methodology had to be set up, of which the first step was choosing
the testing method (or in other words a testing set-up). As TNO did not have a set-up already, a novel
set-up needed to be chosen, designed, built and validated. After the choice for the set-up would be
known, the research objective and the research questions could be determined.

1.2.1. Testing method trade-off

The choice for the testing method was made based on a trade-off. This trade-off looked at what is
typically characterized using a certain method and the expected complexity of designing, building and
validating the testing set-up in question. It can be found in table 1.2.

Table 1.2: Trade-off of different methods of characterizing hypergolic performance

Method Typically used Expected
to characterize complexity

Drop test Ignition delay time Low
Pre-ignition thermal behavior

Small engine test | Ignition delay time High
General non-hypergolic performance

Impinging jet test Ignition delay time Medium

General hypergolic performance
General non-hypergolic performance

Forced mixing test | Ignition delay time (unreliable) Low
Bomb test Ignition delay time Medium
Final combustion products

Microreactor test Pre-ignition fluid behavior High

Pre-ignition thermal behavior

As mentioned, at this stage of development of TNO’s propellant combination ignition delay time should
be characterized. This excludes the microreactor test. Looking at the remaining options, the drop
test and forced mixing test are the only ones with a low expected complexity. However, the forced
mixing test is known to give unreliable ignition delay times. As such, the drop test method emerges
as a clear winner. This was actually expected, as the development of hypergolic propellants typically
follows the path of first performing drop tests to characterize the ignition delay time, then performing
impinging jet tests to predict various aspects of the behavior of the propellant combination in an engine
and finally performing small engine tests to determine the actual behavior of the propellant combination.
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It was thus decided to create a drop test set-up which could measure the ignition delay time accurately,
with the added benefit of it being a simple and the most widely used testing method for the characteriza-
tion of novel hypergolic propellants. Furthermore, it gives good insight into the hypergolic pre-ignition
(thermal) behavior of the propellant combinations in question. After this trade-off a clear research ob-
jective emerges:

To design, build and calibrate a drop test set-up to be used to characterize the hypergolic perfor-
mance of TNO’s HTP/ethanol hypergolic propellant combinations.

1.2.2. Research questions

In order to meet the research objective it is necessary to pose research questions which help direct
the project. They are based on the research objective itself as well as the literature study. It should be
noted that some of these research questions have already been answered during this literature study.
However, they are still included, as the literature study is seen as an integral part of the larger project
and its conclusions are included in this thesis. The research questions are as follows:

» What are the most important parameters for the characterization of hypergolicity of HTP/ethanol
based bipropellants for space propulsion systems?

— What are the most important performance parameters which determine the hypergolicity?

— What are the most important variable input parameters which influence the important perfor-
mance parameters?

— Which variable input parameters influence which performance parameters and how?

— What are the preferred and acceptable ranges of these parameters?

» What test methods can be used to characterize the hypergolic performance of HTP/ethanol based
bipropellants?

— What test methods exist to perform characterization of hypergolic performance and which
one is the most suitable?

— What is a viable test set-up design to measure the hypergolic performance as a function of
the variable input parameters?

— What are the testing procedures necessary for safe and efficient calibration and use of this
test set-up?

» What is the hypergolic performance of TNO’s HTP/ethanol propellant combinations?

— How does the hypergolic performance change as a function of the variable input parameters?
— How does the hypergolic performance change as a function of the propellant composition?
— Into what stages can the ignition delay time be divided?

1.2.3. Ignition delay time in drop test set-ups

A significant question when performing drop tests is what a good result is. Reiterating, the ignition
delay time is the most important parameter for answering this. Ignition delay times of 10 ms or less are
considered to have good hypergolic performance, while ignition delay times of 50 ms or less can be
deemed acceptable [45].

Not a lot of research has been done on the hypergolic behavior of ethanol while in liquid form when
combined with HTP [52]. One study seen in figure 1.8 found an average ignition delay time of 63.2 ms
using 15% 2-ethylohexanoate cobalt (Il) as the catalyst and 98% HTP. In another study seen in figure
1.9 ethanol with 10% MCAT (Manganese (lll) acetylacetonate) and 97% HTP showed a total ignition
delay time of 52.3£1 ms of which 35.5+4.4 ms was the chemical delay time, while 5% MCAT and 97%
HTP showed a total ignition delay time of 50.6£13.1 ms of which 35.7+17.7 ms was the chemical delay
time. 3% MCAT showed no ignition and had the highest physical delay time of the three. In this test
campaign the drop height was 23 cm.
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Table 3. Results of IDT for catalytically promoted fuels at highest content of additives with 98% HTP.

Fuel Additive/ Lowest IDT, Averaged IDT, Highest IDT,

Content [ms] [ms] [ms]

Benzaldehyde 20% FeCls-6H,O 47 50,1 53,7
Ethanolamine (MEA) 4% CuCl,2H,0 32.1 37 44

Ethanol 15% 2-ethylohexanoate cobalt (IT) 53,1 63,2 82,7

Izoamyl Alcohol 20% 2-ethylohexanoate cobalt (IT) 38.8 48,5 54,7

Jet-A/TMPDA (80/20) 20% (II) cobalt neodecanoate 212 225 24,6
TMPDA 20% 2-ethylohexanoate cobalt (II)] 54 6,6 7.8

Figure 1.8: Ignition delay times using 98% HTP [53]

Table 6.5: Average physical, chemical, and total ignition delay times measured using PDs and HSC for all samples
presented in Table 6.4. All values are given in ms.
Physical delay

Chemical delay Total ignition delay

# | Variant PD [ HSC PD [ HSC PD [ HSC

T 5% MCAT 43:12.3 51698 455:98  238:42 89513 754156
2 | 3% MCAT 65.38.4 68.8:8.9 572+33  272#129 1224496 961176
3 | 2% MCAT 82.1+2.4 84.64.1 627+277 46:17.3 1448264  1306+135
4 | 1% MCAT 155.245.7 158.9+186  228.7+9.9 2247+136 3839+144  3835+132
5 | 0.5% MCAT 430:4138 445+26.3 627.2* 567+ 1086.7* 1038.3*

6 | 95% HTP 74+18 78.3+4.7 773+47  452+67  1514+47  1234%39
7 | 90% HTP 86+9.7 87.9+122  831+123 67675  169.1436  1555%5

8 | 87.5% HTP 112+8.1 1185¢47 = * -

9 | Lig. 10% MCAT | 13.9+3.6 16.8+3.9 403:53  355:44 542121 52.3+1

10 | Lig. 5% MCAT | 14.7+4.1 14.9+4.6 462+206 357+177 609+166  50.6+13.1
11 | Liq. 3% MCAT | 222413 23.6+1 = = * -

12 | But. 5% MCAT | 42.4%4.1 43335 38.9+7 20+17 814197 63.3t5

13 | But. 3% MCAT | 61.5¢4.9 62.8+4.1 776123 295827  1419+194  94.8+02
14 | 5% FCAT 2161.2£970.8 15132008 145657  115:324  2306.2:014  1628.4+58.4
15 | 3% FCAT 33412+1583 3374131633 153.4+195 02.8:386 340461409 3466.9+137.3
16 | 0.3 ml fuel 4824175  537+152  84.3+188 364%48  1326:24  90.1+107
17 | 0.2 ml fuel 50.7+8.8 55.67.9 585:03  204#38  1002+27  85:96

18 | 0.05 ml fuel 65.35.5 68.6+6.5 535:62  19.7+34  118.8:3 88.2+4.1
19 | 4 weeks old 2023+169  219.9+152 27124177 2303:281 4735:335 4502403
20 | 18 cm drop height | 65.8:4.7 677 534164  226:7 119.2£11 89.6:13.8
21 | 28 cm drop height | 52.7:0.4 55.6:2.4 485:3.6  33.1:22 1011337  88.7:36

*Ignition was achieved only one out of three times. Therefore no standard deviation could be calculated.

**Ignition was not achieved in any case.

Figure 1.9: Ignition delay times using 97% HTP [30]

Itis notable that a higher catalyst mass fraction did not yield significantly lower ignition delay times in the
second study, implying that there is a sweet-spot or at least a plateau for the amount of catalyst to use.
It should also be noted that in all three cases only one additive was used as opposed to the intended
two to be used by TNO. This extra additive could result in lower ignition delay times compared to fuels
using only one additive, resulting in an ignition delay time of <50 ms which has been deemed as accept-
able in literature, but it may not reach a <10 ms ignition delay time deemed as desirable in literature [45].

However, 90% HTP and gelled ethanol characterization tests have been found to yield ignition delay
times of 1-30ms. The lowest was 1.33 ms using Manganese (ll) acetylacetonate as a catalyst with an
addition of boron in a multi drop test, but it yielded a result of 37.0 ms for a single drop test (which is
the standard amount of drops in a drop test used for hypergolic performance comparison). The lowest
single drop test was 4.15 ms using copper chloride hydrous aluminum as a catalyst with an addition
of aluminum, which can be seen in figure 1.10. As the use of liquid ethanol results in higher Weber
numbers (which is the ratio of the drag forces to the cohesion forces, which in practice translates to
being positively correlated with the drop height) compared to gelled ethanol and higher Weber num-
bers are correlated with lower ignition delay times [11] it can be assumed that HTP and liquid ethanol
characterization tests would yield such lower ignition delay times. This implies that an ignition delay
time of <10 ms is possible for an HTP/liquid ethanol hypergolic propellant combination.
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Table 2
Ignition delay of pure and metalized gelled ethanol fuel with hydrogen
peroxide.

Gelled fuel  Oxidizer quantity  Ignition delay (ms)

Sp CCAT Single drop Rapid decomposition, No ignition
Sp CCAT Multi drop 50
Sp MCAT Single drop 13.46
Sp MCAT Multi drop 19.8
Sa CCAT Single drop 4.15
Sa CCAT Multi drop 28.7
Sa MCAT Single drop 477
Sa MCAT Multi drop 7.0
Sg CCAT Single drop 115.0
Sg CCAT Multi drop 90.0
Sg MCAT Single drop 37.0
Sg MCAT Multi drop 1.33
Sc CCAT Single drop 24

Sc CCAT Multi drop 14.35
Sc MCAT Single drop 19.2
Sc MCAT Multi drop 18.6

Figure 1.10: Ignition delay times using 90% HTP [22]

An expansive list of typical ignition delay times for hypergolic combinations with HTP can be found in
appendix B, with times as low as 1.88 ms which was achieved by 90% HTP and a gelled ethanolamine
propellant mixture [3].

1.2.4. Existing drop test set-ups

Although the principle of drop testing is simple, there are many variations possible to the set-up itself
depending on the requirements and the resources available. The most significant variation is whether
the pressure can be varied, and if so, in what range. There are three main possibilities which are repre-
sented by the following drop test set-ups. The Purdue Hypertester as seen in figure 1.11 is an ambient
(1 bar) set-up not using a high-speed camera for data acquisition, necessitating many different instru-
ments to compensate. The Warsaw set-up as seen in figure 1.12 is a 0-30 bar set-up which allows drop
testing at all operational pressures. The DLR set-up as seen in figure 1.13 is a 0-1 bar set-up which
combines relative simplicity with the ability to test at ignition pressures.

The set-ups in question demonstrate the main aspects of a drop test set-up well. The Purdue Hyper-
tester shows the syringe and push rod combination which produces a droplet and a crucible which
holds the other propellant and into which said droplet falls. This produces a hypergolic reaction. In the
DLR set-up the crucible is a watch glass which can be rotated and cleaned with a jet of water between
tests. Furthermore, two syringes are placed above it: one which dispenses the “falling droplet” (which
initiates the ignition) and another which dispenses the “resting propellant” (which is the propellant at
rest). The former is centered above the watch glass, while the other can be slightly off-center as the
resting propellant can be expected to pool in the middle of the watch glass.
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Figure 1.11: Purdue Hypertester

Manometer —»
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Control valves g N g
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Figure 1.12: Warsaw 30 bar set-up

Figure 1.13: DLR 0-1 bar set-up

Nowadays, the hypergolic reaction and the ignition delay time are measured using a high-speed cam-
era, as is the case in the Warsaw and DLR set-ups. This technique necessitates a sufficient amount
of light, as seen in the Warsaw set-up where LED lights are used. However, if a high-speed camera
is unavailable, other instruments can be used. For example the Hypertester used a combination of an
interrupter photodiode, an impact sensor and a microphone to measure the IDT. The DLR set-up also
includes a spectrometer which allows for the determination of the reaction products. However, to allow
this windows which are transparent at the relevant wavelenghts of lights are necessary.
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If a hermetic chamber is chosen, the structure must be adequately strong, it must be leak-tight and
the atmosphere needs to be controllable using control valves as seen in the Warsaw and DLR set-
ups. A high-pressure set-up introduces significantly harder engineering challenges and safety concerns
compared to a sub-ambient set-up. As such, a sub-ambient set-up is preferable if resources are limited.
However, a sub-ambient set-up can only be used to simulate in-space (vacuum) conditions which are
relevant only during ignition, while a high-pressure set-up also allows for the simulation of operational
(~10 bar) conditions. The former allows for the predictions of engine behavior during ignition, while
the latter allows for predictions of engine behavior during both start and operation. The ambient set-up
cannot be used for either. Instead, its strength lies in its reduced complexity and the fact that most
ignition delay times in literature have been found under ambient conditions. As can be seen, drop test
set-ups differ greatly and are the result of the requirements chosen and the resources available.

1.2.5. Testing parameters

There are many variations possible in a drop test set-up, which can broadly be divided into three cat-
egories. These are: the measurement techniques which are used for data acquisition, the variable
input parameters which ensure the testing conditions are as desired and the other variations which are
not directly related to either of the other two. They are presented and discussed in the following para-
graphs. From these possible variations a selection was made to be implemented in the actual design
of the set-up.

Measurement techniques

There are multiple measurement techniques which can be implemented in a drop test set-up. The
one currently used the most is a high-speed camera, mainly due the amount of information that can
obtained using it. First and foremost, the ignition delay time can be determined by looking at the time
between droplet contact and ignition. The result of the droplet impact can also be studied, along with
the flame propagation velocity after ignition and, in favorable conditions, vapor formation.

Other optical methods exist as well, chief among them being the infrared camera, which can measure
the change in temperature. The added benefit that it can not only measure this after ignition, but also
before, which is very useful data in order to better understand the ignition process. A similar method is
the use of thermal probes, which are placed in predetermined locations. It can provide data of similar
usefulness as an infrared camera if employed correctly.

Another light-based method is the employment of a laser and optical sensor pair, which can measure
discontinuities for a given light spectrum and critical path. This can detect a droplet passing by or the
formation of a vapor cloud [36]. An even simpler technique is the use of a light sensor which can detect
the flash of an ignition [36].

Two final optical methods are schlieren photography [13] and shadowgraph photography [4]. Both of
these allow for the detection of non-uniformities in density of a gas, which in turn allows for the mea-
surement of a vapor cloud that can form during a drop test. Broadly speaking, the difference between
these two techniques is that schlieren photography provides more useful and accurate data at the cost
of being much harder to implement in a set-up than shadowgraph photography [25].

Two other measurement techniques are the use of an oscilloscope or a spectrometer. The former can
detect when a droplet impact occurs by detecting the vibrations resulting from such an impact. The
latter can be used to analyze the combustion products of the propellant combination which can help
understand the combustion process. One needs the test chamber to be hermetically sealed for this
technique [36].

Variable input parameters

There are a few key input parameters which have been found to be important during literature research.
Most importantly, the propellant composition and O/F ratio are important as these constitute the propel-
lant combination one is measuring. The O/F ratio can be controlled by using oxidizer and fuel droplets
of a predefined and exact volume. The drop height and how centered the droplets are is also important.
The former is related directly to the Weber number and thus determines whether the drops merge or
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splash, while the latter (related to the impact angle) determines the chance for a drop to bounce off.

The chamber pressure and atmospheric composition can be controlled using a vacuum pump and a gas
inlet valve, with the set-up itself being hermetically sealed. A higher pressure increases the chance of
ignition, shortens the ignition delay time and increases the flame propagation velocity, while the effects
of the atmospheric composition depend on the propellant combination and atmospheric composition in
question. Lastly, the propellant temperature increases the reactivity of the hypergolic propellants which
decreases the ignition delay time, but at the cost of an increased risk of RSS during actual engine
operation. This can be controlled using heating elements, for example installed around the syringe of
the falling droplet or under the vessel in which the resting droplet is located.

Other variations

There are many drop test set-up variations not related to the measurement techniques and the input
parameters. Some of these are as follows. The structure of the set-up (i.e. the geometry and materials
used) is relevant for the ease of manufacturing, cost, sturdiness and ergonomics. This is particularly
relevant for ensuring the drop height and alignment can be calibrated and centered. The layout of
the measurement instruments and accompanying hardware (e.g. light sources) must be properly set
up. The degree of automation must be decided upon and the procedure of changing one propellant
combination to another must take an acceptable amount of time and effort.

Chosen parameters

Ideally, all of the measuring techniques would be implemented and all variable input parameters would
be controlled. However, due to resource constraints, only some of these options can be selected. A
first selection can made be by discarding the most complex of any two redundant options, which results
in the following selection.

» The set-up is a hermetically sealed structure with a vacuum pump and a gas inlet. This allows for
the pressure and atmospheric composition to be controlled. It has windows which are transparent
for both the visible light spectrum and the light spectrum used for spectroscopy. A door allows
access to the inside space.

* A syringe-like device is used to drop propellant droplets into a non-reactive vessel with resting
propellant, which is directly below it ensuring a droplet impact angle of less than 7 degrees. Both
the syringe-like device and the vessel with resting propellant have heating elements and temper-
ature sensors allowing for the propellant temperature to be controlled. The syringe-like device is
height adjustable for the drop height and thus impact velocity to be controlled and the device itself
is adjustable allowing for the droplet diameter to be controlled. If the droplet-dispensing part of
the device is chosen to be a needle, the needle diameter is to be adjustable. By controlling both
the impact velocity and droplet diameter, the Weber number can also be controlled. The resting
propellant volume needs to be controlled, which together with controlling the droplet diameter
allows for the O/F ratio to be controlled.

» The non-reactive resting propellant vessel is to either be able to be cleaned or changed between
two tests, in order to remove any residue and remaining propellants. This allows the propellant
composition to be controlled and thus adjustable.

» A high-speed camera is used to measure the ignition delay time, chemical delay time and physical
delay time, observe the pre-ignition behavior of the propellant combination and be able to measure
the flame propagation velocity. This makes the use of a laser and optical sensor pair, alight sensor
and an oscilloscope redundant, as all of these are used to measure the ignition delay time but in
a more complex way.

« Either an infrared camera (preferably high-speed) or thermal probes are used to measure the
temperature at the most relevant locations of an experiment. This includes the resting propellant
itself, the volume into which the mixed propellant vapor travels and ignites as well as the volume
occupied by the resulting flame.

» Schlieren photography is used to visualize the mixed propellant vapor formation before ignition
more accurately than when using just a high-speed camera.

» A spectrometer is used to characterize the resulting combustion products after a successful igni-
tion.
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Based on the literature study, initial preferred variable input parameter ranges can be determined which
can be found in the list below. It should be noted that some variable input parameters (e.g. the droplet
diameter) did not have a clear preferred range and are thus absent. The viability of the ranges is
partially discussed here and partially in chapter 2, where the actual design is presented and the design
choices are explained.

* Propellant temperature: From ambient temperature at ~293K until the auto-ignition temperature
of an 85%+ HTP/ethanol mixture at ~473K [33] to cover the entire sub-auto-ignition temperature
range. Tests at lower temperature would be useful, for example to ascertain whether the pro-
pellants could be stored and used in space at temperatures lower than ambient. However, no
cooling systems were found in any drop test set-up and thus introducing such an element into the
set-up was determined to pose an unacceptable design risk.

» Weber number: Below 250 to prevent splashes, as these splashes make the observation of
thermal processes harder and produce discontinuous results compared to results with a Weber
numbers below 250 [34].

* Droplet impact angle: Below 7 degrees to prevent bounces, as these bounces produce discon-
tinuous results compared to results with droplet impact angles below 7 degrees [34].

» Chamber pressure: From 0 bar (conditions found in space during ignition) to at least 10 bar [42]
and preferably 20 bar [68] (the former being typical for hypergolic thruster and the latter being
typical for non-launcher engines).

» Chamber atmospheric composition: Fully adjustable, as it could have an effect on the ignition
probability and the ignition delay time and is easily achieved when using a hermetic set-up with
a vacuum pump and gas inlet [14][2].

This combination of performance parameters and variable input parameters allows for the answering of
all of the research questions. Furthermore, it allows for the research of the effect of specific additives,
in particular the role of the propagator as it is currently not fully understood. Especially the analysis
of the thermal and vaporization processes would be of interest. As such, a hypothesis relating to the
last research sub-question is proposed to be tested alongside the characterization of the propellants in
question. This hypothesis is as follows:

“The ignition delay time can be divided info a mixing phase, an HTP decomposition phase and a
propagator reaction phase.”

This hypothesis basically states that when the fuel and oxidizer come into contact with each other, first
they mix, then the HTP decomposes, then the propagator reacts with the oxygen, which finally results in
ignition. If time and resources allow, this hypothesis will be tested more rigorously by also performing
drop tests without the propagator added to the ethanol. Comparing the results of these tests with
results of tests which do include a propagator will give a clearer idea of the role of the propagator in the
process. The details of what tests will be performed and their exact testing parameters will be decided
upon during the project itself, as they depend on the systems engineering and the design phases which
are part of the project.



Methodology

To meet the research objective and answer the research questions a drop test set-up needs to be de-
signed, built, validated and used. A decision was made to divide the development process into two
steps. Firstly, an ambient set-up would be developed and used to validate engineering solutions by
performing drop tests at ambient pressure. The lessons learned from this ambient set-up would then
be used to propose a design for a hermetic set-up. The tests performed using the ambient set-up would
also be used for determining the hypergolic performance of TNO’s hypergolic propellant combination.

The reasoning for this approach is as follows. An ambient drop test set-up can be designed to be far
easier to modify than a hermetic set-up. A hermetic set-up needs to be air-tight which means that
any modifications are constrained by this, which can be a major engineering challenge if significant
changes are to be made. Furthermore, if pressurization is desired, additional safety concerns need to
be addressed and possibly re-addressed after every modification. Thus, as many design challenges
as possible would be solved during the development the ambient drop test set-up in order to prevent
facing much harder design challenges during the development of the hermetic set-up.

This approach also allowed for testing the significance of the effect of certain factors like drop height,
fuel temperature, etc. on the ignition delay time. This would allow for deciding whether these factors
needed to be controlled or at least measured in the hermetic set-up. If their effects were found to be
insignificant, they could be left out of the hermetic set-up thus simplifying its design.

In this section the design of the ambient set-up is shown along with the reasoning behind it, including
its upgrade after the first test campaign. Afterwards, the tests to be performed using the ambient set-up
are shown. This includes both drop tests and validation tests of the set-up.

2.1. Ambient set-up

The first step of designing the ambient drop test set-up consisted of setting up a list of requirements.
Afterwards, the design considerations were determined from which finally the design of the set-up
emerged.

2.1.1. Requirements
Many requirements follow naturally from the goals of the ambient study, while others follow from other
considerations. The list of requirements along with their respective justification is as follows:

Req.1 The ignition delay time shall be measured with a resolution of 1 ms or better: Fundamental
for determining the hypergolic performance of the propellant mixture in question, with 1 ms being
the standard minimum resolution as found across literature

Req.2 The chemical delay time shall be measured with a resolution of 1 ms or better: Fundamental
for determining the hypergolic performance of the propellant mixture in question, with 1 ms being
the standard minimum resolution as found across literature

22
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Req.3 The Weber number shall be no more than 250: In order to prevent splashing which impacts
the ignition delay time and chemical delay time, which would make direct comparison between
tests which exhibit such splashing and those which don’t impossible

Reqg.4 The drop height shall be controllable: The drop height impacts the Weber number

Req.5 The falling droplet diameter shall be controllable: The droplet diameter impacts the Weber
number and the O/F ratio

Req.6 The falling droplet temperature shall be controllable: The falling droplet temperature is neg-
atively correlated with the ignition delay time and chemical delay time

Req.7 The resting propellant temperature shall be controllable: The resting propellant temperature
is negatively correlated with the ignition delay time and chemical delay time

Req.8 The set-up shall retain its structural integrity at all times: Normal handling, testing and stor-
age should not result in the set-up getting damaged

Req.9 The set-up shall not corrode: All materials shall be chemically compatible with materials and
possibly propellants they are in contact with

Req.10 The set-up shall allow for a minimum of six tests with different fuels per hour: Ensures a
sufficient amount of tests can be performed in the time available

Req.11 There shall be no risk of personal injury: Basic safety requirement

2.1.2. Design

Based on these requirements design choices could be made, which were made with performance,
cost, ease of acquisition and manufacturability in mind. Flexibility of the design was a priority. Complex
designs are rarely final, and it was (correctly) assumed the the first prototype would need changes to
work as intended. The list of design choices along with their justifications is as follows.

General
» The design was aimed to be simple and relatively modular, in order to be able to easily redesign
one part of the set-up without needing to redesign other parts as well.
» The set-up was placed in a fume hood for the sake of safety.

The structural elements of the set-up was mainly made of aluminium, as it is easy to machine and
chemically compatible with HTP.

» The main two structural elements were the bottom structural plate and the top structural plate.
These were parallel relative to each other, with their distance being controlled by threaded rods
with nuts and washers. By adjusting the location of the nuts and washers along the threaded
rods, the distance between the two plates (and thus the drop height) could be adjusted and any
errors in orientation could be corrected. The holes through which the threaded rods went were
accurately machined (precision of <0.1 mm) to ensure the middle of the top structural plate was
exactly above the middle of the bottom structural plate.

In general, M5 nuts, bolts, washers and threaded rods were used for intra-system standardization.
This ensured that any changes to the fastening configuration could use readily available elements.
Adjustable feet were placed at all four corners of the bottom structural plate in order to be able
to adjust its orientation. This ensured that the gravity vector would be perpendicular to both
structural plates, thus ensuring that the HTP droplet would fall into the center of the vial.

Propellant system

* A drop of HTP was dropped into a small pool of fuel (as opposed to a drop of fuel into a pool
of HTP), as that is the preferred order for HTP-based hypergolic propellants. Furthermore, it
somewhat mimics the fact that in a hypothetical engine fuel would be injected before HTP.

» The small pool of fuel was held in a borosilicate vial. Boroscilicate glass can withstand the ex-
pected high temperature gradients resulting from a rapid heating of the inside by the flame of the
hypergolic reaction, as opposed to normal glass.

* The vial was placed on an aluminium heating plate, which is heated using a 12V heating strip.
This was chosen due to its simplicity and expected effectiveness.
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» The vial was accurately positioned using a stabilizing plate, which was a 1 mm aluminium plate
with hole with a diameter of the vial, itself held in place by nuts and bolts connecting it to the
aluminium heating plate and in turn to the main body. The vial could then be placed in said
stabilizing plate ensuring it would be accurately lined up with the center of the bottom structural
plate and thus the top structural plate. As it is symmetrically placed, the impact angle is O degrees
thus being less than 7 degrees.

The droplet of HTP was first to be dropped from a custom-made replaceable tip in order to be able
to accurately adjust the droplet diameter. This was later changed to a needle as all custom-made
tips would eventually form a big droplet of HTP around the tip, which would only grow when a
droplet was dispensed until a droplet of varying size would fall, repeating the process. The needle
was attached to a custom-made replaceable Luer Slip adapter.

» The custom-made replaceable adapter was connected to a "buffer’, which was a round metal
element in the middle of the top structural plate, thus aligning the needle with the vial.

» The buffer was heated using a heating strip, which was chosen due to its simplicity and expected
effectiveness.

* A syringe actuated by a syringe pump was used to dispense the droplets of HTP in accurate

amounts automatically, meaning that after activation of the syringe pump timer there was enough

time to close the fume hood and be ready to automatically trigger the high-speed camera.

The Luer (Lock) syringe connection system was used due to it being one of the industry standards

for syringes, being easy to use and having a pressure rating of 14 bar.

A flexible tube connected the syringe with the buffer in order to be able to place the syringe pump

in a natural position. An adapter was used to be able to connect the Luer Lock tube end with a

threaded opening of the buffer.

» A second syringe pump was used for accurately filling the vials with a certain amount of fuel. This
was done with the needle attached directly to the horizontal syringe, with the vial being placed
under the needle tip when dispensing the fuel.

Data acquisition
» A K-type thermocouple was used to measure the temperature of the buffer. An assumption was
made that the temperature of the buffer (with HTP in direct contact with its inner walls) would equal
the temperature of the fuel droplet. However, this was not validated and is a possible source of
errors.

A Pt1000 RTD was used to measure the temperature of the heating plate. At a later time, a test
was to be performed in order to determine the relation between the the heating plate temperature
and the fuel temperature.

The respective choice for the K-type thermocouple and the Pt1000 RTD was due to them being

available in the lab. Their placement choice was due to the fact that the RTD was very easily

attachable to the heating plate and moderately easily attachable to the buffer, while the thermo-
couple was moderately easily attachable to both the heating plate and the buffer. Thus the easiest
configuration was attaching the RTD to the heating plate and the thermocouple to the buffer.

» The data from the temperature sensors was collected using a National Instruments CompactDAQ
system connected to a computer with the appropriate software. The connected relais were also
used to turn the two heating strips on or off. The electrical power was provided by a 12V power
supply.

* A high-speed camera was used to capture the phenomena occurring. It was set to 3000 Hz to

fulfill the >1000 Hz requirement and provide even more data.

Excluded design choices
* A heating element capable of heating the heating plate beyond what the 12V heating strip was
able to was deemed unnecessary for this stage of the drop test set-up. This is due to the fact
that determining a rough relation between the fuel temperature and IDT was determined to be
sufficient.

* An infrared camera or thermal probes to measure the temperatures of the fuel directly or the
space around the fuel directly before and after ignition were not possible to include. This was due
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resource constraints and the choice of focusing on the determination of the IDT of the fuel and
determining what the relation is between the IDT and the input parameters.

+ Schlieren photography was not included due to resource constraints and the choice of focusing
on the determination of the IDT of the fuel and determining what the relation is between the IDT
and the input parameters. Furthermore, vapor formation could be somewhat observed using the
high-speed camera.

+ A spectrometer was not included due to resource constraints and the choice of focusing on the
determination of the IDT of the fuel and determining what the relation is between the IDT and the
input parameters.

Resulting set-up

The resulting set-up of these design choices can be seen in the CAD drawings as seen in figures 2.1,
2.2 and 2.3. The photo’s of the actual set-up as can be seen in figures 2.4 and 2.5. This was the set-up
used for the first test campaign.

Figure 2.1: Full view of ambient set-up

Figure 2.2: High view of ambient set-up

Figure 2.3: Low view of ambient set-up
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It should be noted that another issue was encountered during the first test campaign aside from the
issue of the replaceable tip. This was the result of the inside diameter of the buffer where the HTP
was heated being too large. This resulted in some air being trapped in said volume, as it would not be
completely forced out by the liquid as was the case for the syringe, the flexible tube and the needle.

The result was that while in most cases a normal droplet formed, sometimes it did not. This always
resulted in the need to pause the drop test at hand, remove the vial and actuate the syringe pump a
few times until a few droplets of HTP would fall at once into an empty vial. After this, normal testing
could resume with the vial with fuel.

A second result was that sometimes an HTP droplet could start forming before the actuation of the
syringe pump. This necessitated covering the fuel vial with a watch glass to prevent accidental ignition
while work was being done in the fume hood. However, this forming droplet could be removed directly
before testing ensuring it had no impact on the results themselves.

The solution to this proved to be a little complex and can be seen in figure 2.6. As one can see, the
shape of the buffer was changed in order to more easily attach the heating strip and temperature sen-
sor. This buffer was connected to the top structural plate with two screws without touching it directly,
which decreased heat loss to the structural plate during heating. The flexible tube was connected in
the same way as the old buffer, via an adapter. The syringe was connected to the buffer via a COTS
NPT-to-Luer Lock adapter, with the thread in the buffer being a female NPS thread (compatible with
male NPT threads).

Figure 2.7: View of mounted buffer assembly

Figure 2.6: Buffer assembly

Now, a "narrower” piece was used to decrease the effective diameter of the buffer to match it with the
diameter of the flexible tube and both adapters, which was 3 mm. This would prevent air from being
trapped in the space through which HTP would flow. This was accomplished by machining a cylinder
with an outside diameter equal to the large inner diameter of the adapter to the syringe which would
hold it in place, while also having a hole through the centerline with a diameter of 3 mm. The ends of
the narrower would be machined in such a way as to house one Viton o-ring each ensuring no leak
between this piece and the two adapters, maintaining a constant 3 mm outer diameter. The shape can
be seen in figures 2.8 and 2.9. It should be noted that in order to ensure the o-ring sealed on the side
of the flexible tube adapter, the threaded part of the buffer was made shorter than the threaded part of
the flexible tube adapter. This solution proved to work as intended.
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Figure 2.9: Top view of narrower

Figure 2.8: Bottom view of narrower

However, this solution creates a new problem, namely the fact that there is no direct thermal interface
between the buffer and the narrower. This means that heat cannot easily travel from the heating strip to
the HTP, which makes the assumption that the temperature of the buffer is equal to the temperature of
the HTP invalid. For this, a solution was found by assembling this assembly under water, resulting in a
thermal interface in between the buffer and the narrower in the form of water. While less efficient than a
direct interface, if given time to reach steady state it can once again be assumed that the temperature
of the outside of the buffer matches the temperature of the HTP inside the narrower, although this has
not been validated.

2.2. Testing

Using this set-up drop testing could be performed. This was split into two test campaigns, with the
first test campaign focused on the effects of input parameters on the ignition delay time and the sec-
ond test campaign focused on the hypergolic performance of TNO’s hypergolic fuel. The most recent
test procedures can be found in appendix C which are to be used for the hermetic set-up, but if one
ignores the steps relating to pressure it results in the the ambient test procedures. Furthermore, valida-
tion tests were performed to ensure the drop test set-up worked correctly and the results were accurate.

2.2.1. First test campaign

Ideally, the influence of every input parameters on the ignition delay time would be determined by
performing multiple tests across a wide range of values, even varying multiple input parameters simul-
taneously. However, due to limitation in time and resources, choices needed to be made with regards
to which parameters to test and how many tests to perform. The main consideration was whether a
parameter was an inherent characteristic of the set-up.

HTP concentration

The concentration of the HTP could be varied by adding distilled water to the nominal 97.1% HTP
available for testing. Lowering the HTP concentration would result in a lower ignition probability. The
concentration was determined by using a refractometer and repeating the measurement 10 times. It
can thus be considered accurate to the significant digit presented (0.1%). Since this parameter is
independent of the set-up, it was not varied.
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HTP amount

The amount of HTP could be varied by changing the syringe type, as it was found that each syringe
produced droplets of constant volume. Changing the amount of HTP should theoretically have no
impact on the ignition delay time, but it was deemed important to confirm this, thus it was included in
the first test campaign. The nominal volume was set at 11 pL (the larger needle available), with a varied
value of 5 L (the smaller needle available). These volumes were validated by having the syringe pump
dispense 10 times the nominal volume (respectively 110 pyL and 50 pL) and ensuring 10 droplets would
fall. This was indeed the case thus demonstrating an maximum deviation of 10%. It was furthermore
confirmed that the syringe pump dispensed the correct volume by looking at the volume indicators on
the syringe itself. The HTP amount was varied in test series: "LessOx” and "LessOF”.

Drop height

The drop height could be varied by changing the distance between the top and bottom stabilizing plates
thus changing the distance between the needle tip and the vial bottom. It was defined as the distance
between the needle tip and the bottom of the inside of the vial which was measured using a ruler with
0.5 mm indicators. The accuracy of this measurement was +-1 mm, as the 0.5 mm indicators were
too close to confidently state which was situated at the needle tip, while the 1 mm indicators were far
enough. Increasing the drop height was expected to decrease the ignition delay time and was thus
included in the first test campaign. The nominal value was 80 mm, with a varied value of 144 mm. This
was varied in test series: "High”.

HTP temperature

The HTP temperature was assumed to be equal to the buffer temperature, thus heating the buffer would
heat the HTP. This should not be done beyond ~30°C due to thermal decomposition. The maximum
steady-state temperature which could be reached by the buffer when heated by the heating strip in
the first ambient set-up was ~24.6°C, which was acceptable and used as the varied value. This was
measured using a K-type thermocouple which showed at least two digits after the comma, thus the first
digit after the comma was assumed to be accurate. The nominal temperature was ~21°C, which was
the room temperature. The accuracy of the latter was +-~0.5°C, as that was the increment of the digital
thermometer in the room. The HTP temperature was varied in test series: "HTPHeat”.

Fuel mixture

The fuel mixture could be varied by changing the ratio of ethanol, the catalyst and the propagator.
Changing this would impact the ignition probability as demonstrated during earlier tests within TNO.
However, since this parameter is independent of the set-up, it was not tested in this test campaign. The
exact fuel mixture was determined by weighing the individual mixture components before combining
them (including measuring the residue). This was done using a 1 mg accurate weighing scale. As the
smallest amounts were on the scale of 100 mg, the maximum deviation can be assumed to be 1%.

Fuel amount

The amount of fuel could be varied by changing the amount of fuel dispensed by the syringe pump
into the vial. Changing the amount of fuel should theoretically have no impact on the ignition delay
time, but it was deemed important to confirm this, thus it was included in the first test campaign. The
nominal volume was set at 110 L, as it seemingly gave the highest ignition probability as seen in the
preparatory tests (Test ID: "Prep#”) as seen in Appendix A. Furthermore, it is a fuel-to-oxidizer ratio of
10 which was found quite frequently in literature. The varied value was set to be 5 uL and combined
with an HTP varied value of 50 L, as this maintained the fuel-to-oxidizer ratio of 10. These volumes
were dispensed using a syringe pump which formed individual drops. The last drop would be shaken off
of the syringe into the vial. The droplets were unfortunately not counted for validation, but the leftover
fuel on the syringe after shaking off the last droplet was certainly never more than 10% of the total
dispensed volume, thus that can be assumed to be the maximum deviation. The fuel amount was
varied in test series: "LessOF”.

Vial type

The vial type (more precisely: its shape) could influence the geometry of the fuel, the mixing process
and the ignition location. However, as it is not dependent on the overall set-up and is relatively easy to
swap (necessitating only a change in the stabilizing plate), it was not included in the first test campaign.
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Fuel temperature

The fuel temperature was assumed to be dependent on the heating plate, with the relation between the
two being determined during a later validation test. The nominal value was ~21°C, which was the room
temperature. The varied value had a final heating plate temperature of ~28.3°C, which was roughly the
maximum temperature which could be reached by the heating plate. The determination and validation
of the fuel itself is discussed later in this chapter. This was varied in test series: "FuelHeat”.

Weber number

The Weber number is included in the analysis, as increasing it decreases the ignition delay time. Fur-
thermore, it should not be higher than 250, as this changes the impact mode to a splash, which was
found to have an impact on the ignition delay time beyond the increase of the Weber number itself. The
Weber number is influenced by the drop height and the HTP droplet diameter, which itself is computed
from the HTP droplet volume. It can thus be assumed to be as accurate as the the drop height and
droplet diameter. This was varied in test series: "LessOx”, "LessOF” and "High”.

This gives the following test conditions to be performed. It was decided to perform 5 tests per test
series, with a baseline test at the beginning ("BaseA”) and end ("BaseB”), in order to both determine
the ignition delay time at nominal conditions and to ensure that the test results did not vary in time (as
the test campaign lasted four days).

Table 2.1: Test conditions

Test Fuel Fuel HTP | Syringe | Vial Top | Bottom Drop Weber
series batch | V[uL] | V [uL] type type | T[°C] | T[°C] | H[mm] | number
BaseA 1 110 11 1.2 taper | large 21 21 80 78
LessOx 1 110 5 0.6 taper | large 21 21 79 59
LessOF 1 50 5 0.6 taper | large 21 21 79 59
High 1 110 1" 1.2 taper | large 21 21 144 138
HTPHeat 1 110 11 1.2 taper | large | 24.6 21 81 79
FuelHeat 1 110 11 1.2 taper | large 21 28.3 81 79
BaseB 1 110 11 1.2 taper | large 21 21 81 79

2.2.2. Second test campaign

The second test campaign would focus on the hypergolic performance of TNO’s hypergolic propellant
mixture itself, performing all drop tests in nominal conditions ("BaseA” and "BaseB” conditions) using
the ambient set-up with the improved buffer. The hypothesis to be tested is whether the ignition delay
time of TNO'’s novel propellant combination is 50 ms or less, as that is seen as a maximum value for an
acceptable hypergolic performance. The main test goal will thus be to determine whether the average
ignition delay time at nominal conditions is 50 ms or less.

In order to increase the scientific value of this test campaign, variations were added in areas which the-
oretically should have no influence on the results. This allows the research of whether these variations
indeed have no influence on the results, and if they do, what influence it is. This is a secondary test
goal. The variations are as follows.

» The test series: "BaseC110” had identical conditions as those in the test series: "BaseA” and

"BaseB”.

Needle tip type: using a blunt needle tip type as opposed to a tapered type. The diameter chosen

(1.5 mm blunt needle) was the one which was thought to dispense 11 yL HTP droplets (the same

as the 1.2 mm tapered needle), as HTP droplet volume was found to have a significant effect on

the ignition probability during the first test campaign. This was varied in the test series: "Blunt

110”.

» Fuel amount: changing the fuel amount while keeping the HTP amount constant. This was done
in order to confirm the assumption made during the preparatory phase of the first test campaign
that 110 pL of fuel was roughly the optimal amount for the highest ignition probability. This was
varied in the test series: "BaseC150” (150 pL), "BaseC200” (200 uL), "BaseC250” (250 pL) and
"BaseC350” (350 pL).
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* Vial type: changing the vial type along with the amount of fuel. Other studies do not explicitly
mention the effects of the vial geometry on the ignition delay time, thus this is a novel experiment
in terms of drop test set-up design analysis. This was varied in the test series: "Vial100”, "Vial150”
and "Vial250”, with the fuel amounts being varied in the same way as in the "Re” test series and

the vial type being constant across the "Vial” test series.

Table 2.2: Test conditions

Test Fuel Fuel HTP Syringe | Vial Top | Bottom Drop Weber
series batch | V[uL] | V [uL] type type | T[°C] | T[°C] | H[mm] | number
Blunt110 2 110 11 1.5 blunt | large 21 21 80 78
BaseC110 2 110 11 1.2 taper | large 21 21 80 78
BaseC150 2 150 11 1.2 taper | large 21 21 80 78
BaseC200 2 200 11 1.2 taper | large 21 21 80 78
BaseC250 2 250 11 1.2 taper | large 21 21 80 78
BaseC350 2 350 11 1.2 taper | large 21 21 80 78
Vial110 2 110 11 1.2 taper | small 21 21 80 78
Vial150 2 150 11 1.2 taper | small 21 21 80 78
Vial200 2 200 11 1.2 taper | small 21 21 80 78

2.2.3. Validation tests

In order to ensure the ambient set-up performed as intended and gave accurate results it was necessary
to perform validation to ensure the requirements were met. The validation tests differed per requirement
and have been summarized in a compliance table. Some further tests were also performed to ensure
the ambient set-up performed as intended. Only the major tests have been described in detail, while
the minor tests are described in the validation summary.

Ensuring the correct alignment of the dispensing unit and the vial

In order to ensure that the HTP droplet would drop into the vial, the correct alignment of the dispensing
unit and the vial was necessary. This would be achieved by using a level on the bottom structural plate
and adjusting the adjustable feet until the bottom structural plate was perpendicular to the gravity vector.
This process would be repeated with the top structural plate while adjusting the nuts along the threaded
rods connecting both structural plates. Finally, the proper alignment would be validated by dispensing
a droplet from the dispensing unit and ensuring it falls in the vial. This was successfully performed.

Ensuring the temperature sensors were properly calibrated

As the temperature sensors were used and calibrated during other tests at TNO, a quick test where
their calibration would be roughly checked was deemed to be sufficient. The test would consist of both
sensors measuring the ambient temperature. Their results would be compared to each other, and if
they would differ by less than 0.1°C and show roughly the same temperature as the digital thermometer
present in the room, the test would be considered a success. The reasoning was that if one sensor
would be faulty, the two sensors would show a discrepancy in temperature. If both sensors would be
faulty, it would be highly unlikely for the sensors to both show the same value (meaning they would
have the same error) as well as a temperature similar to the digital temperature. Although a more
rigorous test would be preferable, this test was deemed sufficient as these sensors were in regular use.
It was performed successfully with the difference indeed being less than 0.1°C and the value itself being
roughly the same as the digital thermometer present in the room, although the exact measurements
were not written down.

Ensuring no leaks in the buffer assembly used for the second test campaign

In order to ensure the buffer assembly would not leak thus introducing air into the volume occupied by
HTP, a leak test was to be performed. Firstly, it would be ensured that the buffer assembly was dry,
after which it would be assembled. Then, a syringe filled with water would be attached and actuated
manually with as much force as possible, producing a pressure higher than could be expected during
operation. Then, the assembly would be carefully disassembled and the space between the narrower
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and the buffer would be checked for water. If none would be present, the buffer assembly would be
assumed to be leak-tight for HTP as well. This was performed successfully with no water present
between the narrower and the buffer after disassembly.

Determining the relationship between the heating plate temperature and the fuel temperature
While the temperature of HTP was assumed to be equal to that of the buffer, the same was not done for
the fuel. This was for the following reasons. Firstly, the vial and fuel are not inside of the heating plate
but rather outside and merely in contact with it, which introduces significant thermal losses. Secondly,
the vial bottom was not perfectly flat decreasing the contact interface between the vial and the heating
plate. These two factors necessitated finding a relationship between the heating plate and the fuel using
experimental methods. In order to determine this relationship the heating conditions encountered in
the experiments would be recreated using a vial partially filled with water. The temperature of this water
would then be measured when the desired conditions were met. This validation test was performed
after the first test campaign.

Table 2.3: Water temperature after heating by heating plate

Heating plate Heating plate Heating Final water

start temperature | end temperature time temperature
27.73°C 27.68°C 11:30 minutes 26.54°C
28.06°C 27.68°C 16:30 minutes 26.61°C

The results of the heating plate relationship test can be seen in table 2.3. The starting temperature was
ambient at 21°C. Firstly, it can be seen that a temperature above 28.06°C could not be reached by the
heating plate, which is less than the final temperature of all the FuelHeat tests. The reason for this is
unclear.

This makes the estimation of the fuel temperature in all three FuelHeat tests difficult, as they all ended
at a higher temperature as seen in table 3.1. What can be seen is that the final temperature of the
water in the vial seems to largely depend on the final temperature of the heating plate, with heating
time and starting temperature having a very small influence. This implies that the fuel temperature in
all three FuelHeat tests was roughly equal with a maximum difference of no more than roughly 0.28°C,
as that is the difference between the lowest and highest final heating plate temperature (28.12°C for
FuelHeat1 and 28.40°C for FuelHeat3).

As can also be seen, the final water temperature was on average 1.10°C lower than the final heating
plate temperature. If this relationship is roughly constant, then one can expect that the fuel tempera-
tures were roughly 27.02°C for FuelHeat1, 27.24°C for FuelHeat2 and 27.30°C for FuelHeat3. Said
temperatures would certainly not be higher than their respective final heating plate temperatures, or
lower than 26.54°C, which is the lowest final water temperature in the relationship tests where both
final heating plate temperatures were below those of all the FuelHeat tests. The maximum deviation is
thus +17% and -16%.

Compliance table

The summary of the validation tests can be found below along with the compliance table (table 2.4).
As can be seen, the set-up is compliant with most requirements but only partially compliant with the
rest. However, the latter cases have been found acceptable. This was firstly due to the fact that they
provided sufficient accuracy to be able to determine if a certain parameter had an influence on the IDT
which was the goal of the first test campaign. Secondly, although the measurements were not very
accurate, they were precise enough to ensure constant enough input conditions to measure the effect
of the varied parameter on the IDT. It can thus be considered that the set-up performs as intended and
gives accurate results.
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Req.1

Req.2

Req.3

Req.4

Req.5

Req.6

Req.7

Req.8

Req.9

Req.10

Req.11

The ignition delay time shall be measured with a resolution of 1 ms or better: The high-
speed camera was set to record with a frame rate of at least 1000 Hz (specifically: 3000 Hz),
which was assumed to give a resolution of 1 ms or better.

The chemical delay time shall be measured with a resolution of 1 ms or better: The high-
speed camera was set to record with a frame rate of at least 1000 Hz (specifically: 3000 Hz),
which was assumed to give a resolution of 1 ms or better.

The Weber number shall be no more than 250: This was ensured by calculating the Weber
number for all testing conditions, as seen in tables 2.1 and 2.2. Its accuracy is related to the drop
height and droplet diameter, giving a maximum deviation of ~10% relating to the droplet diameter
uncertainty.

The drop height shall be controllable: This was ensured by having the top structural plate be
adjustable through changing the location of the bolts and washers it rested on along the threaded
rod connecting it with the bottom structural plate. The accuracy is +-1 mm, which gives a maxi-
mum deviation of ~1%.

The falling droplet diameter shall be controllable: This was ensured by using a syringe pump
and different needles to produce different droplet diameters. As stated, the maximum deviation
was determined to be 10% by dispensing 10 times the nominal volume and confirming 10 droplets
formed.

The falling droplet temperature shall be controllable: This was ensured by using a combina-
tion of a heating strip and a temperature sensor to maintain the correct temperature of the buffer.
It was assumed that the temperature of the HTP drop is equal to that of the buffer, as the HTP in
the buffer is practically completely surrounded by the buffer itself.

The resting propellant temperature shall be controllable: This was ensured by using a com-
bination of a heating strip and a temperature sensor to maintain the correct temperature of the
heating plate. A relation was found between the heating plate temperature and fuel temperature
giving a range of +-17%.

The set-up shall retain its structural integrity at all times: This would be validated during
operation if the set-up did not fall apart, which indeed was not the case.

The set-up shall not corrode: This would be validated during use and storage if the set-up did
not corrode, which indeed was not the case.

The set-up shall allow for a minimum of six tests with different fuels per hour: This would
be validated by performing more than six tests per hour, which was indeed the case. Specifically,
one test per three minutes could be performed as can be seen in appendix A which translates to
twenty tests per hour. Although this was done with vials with a constant fuel mixture, vials with
different fuel mixtures in them can be swapped equally quickly.

There shall be no risk of personal injury: This would be validated during use if no personal
injury would be sustained, which indeed was not the case. This was furthermore ensured by set-
ting up and following testing procedures as found in appendix C which included both preventative
safety measures and a contingency checklist.
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Table 2.4: Compliance table

Requirement Validation Compliance
1: The ignition delay time shall be measured The camera is set to 3000 Hz Compliant
with a resolution of 1 ms or better giving a resolution of 0.33 ms
2: The chemical delay time shall be measured | The camera is set to 3000 Hz Compliant
with a resolution of 1 ms or better giving a resolution of 0.33 ms
3: The Weber number The Weber number was at most Compliant
shall be no more than 250 138 +-10% which is well below 250
4: The drop height The drop height is controllable using Compliant
shall be controllable nuts on a threaded rod to within ~1% deviation
5: The falling droplet diameter The droplet diameter is non-continuously controllable Partially
shall be controllable using different needles with a deviation of at most 10% compliant
6: The falling droplet temperature The buffer temperature was controlled and is Partially
shall be controllable assumed to be equal to the falling droplet temperature compliant
7: The resting propellant temperature The heating plate temperatue was controlled which gave Partially
shall be controllable a fuel temperature control with a maximum deviation of 17% | compliant
8: The set-up shall retain its The set-up retained its Compliant
structural integrity at all times structural integrity at all times
9: The set-up shall The set-up did not corrode Compliant
not corrode before, during or after testing
10: The set-up shall allow for a minimum The set-up allowed for Compliant
of six tests with different fuels per hour up to twenty tests per hour
11: There shall be no risk No injury was sustained and safety Compliant
of personal injury was incorporated in the procedures




Results and Discussion

The two test campaigns were performed successfully and the results are presented and discussed in
this chapter. However, in order to illustrate what the results mean first an example of a test resulting in
ignition is shown and the test result tables are explained.

3.1. Results introduction

A nominal drop test can be seen in figures 3.1, 3.2, 3.3, 3.4, 3.5, and 3.6, with the time of occurrence
in the bottom right corner. The sequence of events during a nominal drop test is as follows. Firstly, the
syringe pump is activated and a droplet is formed and starts falling, as seen in figure 3.1. Afterwards,
the HTP droplet enters the fuel as seen in figure 3.2. The exact moment of entry is defined as the
frame the two fluids come into contact with each other. After mixing, the presence of the catalyst leads
to HTP dissociation which increases the temperature of the mixture. This in turn increases the disso-
ciation rate thus creating a positive feedback loop known as a thermal runaway [51]. The propagator
aids this process. This results in a "rise” of liquid and generation of gas as seen in figure 3.3.

The time from the moment of entry to the first frame where the “rise” of liquid can be seen has been
defined as PDT (Physical Delay Time). The CDT (Chemical Delay Time) is then defined as the time
from this frame to the first frame in which the ignition kernel resulting in ignition is seen as seen in figure
3.4. The IDT (Ignition Delay Time) is defined as the sum of the PDT and CDT. The fire kernel generally
results in a flame as seen in figure 3.5. After the flame finishes burning slight smoke can be observed
as seen in figure 3.6.

The individual test results can be found in tables 3.1 and 3.2. The accuracy of these results is 0.33
ms, as the high-speed camera was set to a frame rate of 3000 Hz. In the comments one can find if an
ignition occurred and whether the test was recorded (a test without a recording was the result of the
recording being started too late thus not capturing the test itself). A summary of the test results can be
found in table 3.3. The average IDT, PDT and CDT values were computed using only nominal tests
(explained later in this chapter), as it was found that non-nominal tests gave different results compared
to nominal tests.

35
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Figure 3.1: Start of droplet fall Figure 3.2: After droplet impact

Figure 3.3: Chemical reaction Figure 3.4: Ignition kernel

Figure 3.5: Fire Figure 3.6: After fire
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Table 3.1: Summarized test results of first test campaign

Test ID PDT | CDT | IDT | Comment
Prep1 - - - 100 pL, no ignition, no recording
Prep2 - - - 150 pL, ignition, no recording
Prep3 - - - 150 pL, no ignition, no recording
Prep4 - - - 150 pL, no ignition, no recording
Prep5 25 26 51 | 150 L
Prep6 22 39 61 | 50 pL
Prep7 26 46 72 | 200 pL
Prep8 22 - - 25 pL, no ignition
Prep9 24 22 46 | 100 pL
BaseA1 22 33 55
BaseA2 23 30 53
BaseA3 23 - - Ignition kernel at IDT: 63, CDT: 40
BaseA4 21 21 42
BaseA5 21 67 91
LessOx1 25 - - Ignition kernel without ignition at IDT: 38, CDT: 12
LessOx2 22 - - Ignition kernel without ignition at IDT: 35, CDT: 13
LessOx3 25 - - No ignition
LessOx4 - - - No ignition, no recording
LessOx5 23 - - No ignition
LessOF1 26 - - No ignition, weak decomposition
LessOF2 30 - - No ignition, weak decomposition
LessOF3 26 - - No ignition, weak decomposition
LessOF4 - - - No ignition, no recording
LessOF5 24 - - No ignition, weak decomposition
High1 22 - - No ignition
High2 19 - - No ignition
High3 22 43 65
High4 20 - - Ignition kernel at IDT: 46, CDT: 26
High5 20 22 42
High6 23 - - No ignition
High7 20 72 92 | Firstignition kernel in liquid at IDT: 32, CDT: 12
High8 23 - - No ignition
HTPHeat1 | 22 25 47
HTPHeat2 | 21 35 56
HTPHeat3 | 22 - - No ignition
HTPHeat4 | 21 - - No ignition
HTPHeat5 - - - No ignition, no recording
HTPHeat6 | 22 33 55
FuelHeat1 16 24 40 | T=0:00 27.73C, T=11:30 28.12C
FuelHeat2 | 15 32 47 | T=0:00 28.12C, T=16:30 28.34C
FuelHeat3 | 14 27 41 | T=0:00 28.34C, T=12:00 28.40C
BaseB1 20 33 53
BaseB2 21 - - No ignition
BaseB3 20 33 53
BaseB4 21 28 49
BaseB5 20 76 96
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Table 3.2: Summarized test results of second test campaign

Test ID PDT | CDT | IDT | Comment

Blunt110_1 26 41 67

Blunt110_2 - - - No ignition, recording started late
Blunt110_3 25 - - No ignition
Blunt110_4 23 - - No ignition
Blunt110_5 25 22 46
BaseC110_1 30 - - No ignition, HTP drop went in via vial side
BaseC110_2 - - - No ignition, HTP drop went in via vial side, recording started late
BaseC110_3 | 21 - - No ignition
BaseC110_4 | 21 - - No ignition
BaseC110_5 | 22 - - No ignition
BaseC150_1 | 22 26 48
BaseC150 2 | 21 - - No ignition
BaseC150_3 | 23 - - No ignition

BaseC150 4 | 21 31 53
BaseC150 5 | 18 33 51
BaseC200 1 | 23 31 55
BaseC200 2 | 21 24 45
BaseC200 3 | 24 22 47
BaseC200 4 | 27 17 44
BaseC200 5 | 25 47 72
BaseC250_1 | 25 31 55
BaseC250 2 | 23 20 43
BaseC250 3 | 20 21 41
BaseC250 4 | 24 24 48
BaseC250 5 | 23 21 44
BaseC350 1 27 19 45
BaseC350 2 | 25 19 44
BaseC350 3 | 25 39 64

Vial110_1 22 26 47

Vial110_2 24 26 50

Vial110_3 22 - - No ignition

Vial110_4 24 - - No ignition

Vial110_5 23 - - No ignition

Vial150_1 24 29 53

Vial150_2 22 - - No ignition

Vial150_3 21 23 45

Vial150_4 24 - - No ignition

Vial150_5 24 - - No ignition

Vial200_1 29 27 56 | HTP drop went in via vial side
Vial200_2 25 - - No ignition

Vial200_3 28 - - No ignition, HTP drop went in via vial side
Vial200_4 23 - - No ignition

Vial200_5 25 33 58
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Table 3.3: Ambient Results

Series Tests | Ignitions | PDT | CDT | IDT Comment

BaseA 5 80% 22 38 60 -

LessOx 5 0% 24 - - One not recorded

LessOF 5 0% 27 - - Weak decomposition, one not recorded
High 8 38% 21 46 66 Characterized by variability
HTPHeat 6 50% 22 31 53 One not recorded

FuelHeat 3 100% 15 28 43 Temperature determined afterwards
BaseB 5 80% 20 43 63 Ensuring propellants did not deteriorate
BaseA+BaseB 10 80% 21 41 62 Summation of two test series
Blunt110 5 40% 25 31 57 One not recorded
BaseC110 5 0% 21 - - One not recorded, two drops via side of vial
BaseC150 5 60% 21 30 51 -

BaseC200 5 100% 24 28 53 -

BaseC250 5 100% 23 24 46 -

BaseC350 3 100% 25 26 51 -

Vial110 5 40% 23 26 49 -

Vial150 5 40% 23 26 49 -

Vial200 5 40% 24 33 58 Two HTP drops via side of vial

3.2. First test campaign

The first test campaign was aimed to look at the influence of input parameters on the hypergolic perfor-
mance parameters.

Prep & BaseA

At the start of the first test campaign, preparatory tests were performed with them having Test ID’s:
"Prep#” and "BaseA#”. The former tests were used to determine what fuel amount was to be used as
the baseline, while the latter was used to confirm that value and was also included in the summarized
test results. The reasoning behind this was that testing time was limited, otherwise more preparatory
tests would be performed.

As can be seen, initial tests were performed around the fuel volume of 110 pL, which is the fuel-to-HTP
ratio of 10 as often seen in literature. Based on the results, a decision was taken to perform tests with a
fuel volume of exactly 110 pL ("BaseA#”). This yielded promising results with an ignition probability of
80%, or even 100% if the ignition kernel present in the BaseA3 is included. As the four tests at 150 yL
yielded an ignition probability of 50% and the 200 L test yielded the longest IDT, it was assumed that
increasing the fuel amount beyond 110 uL was likely to decrease the ignition probability while possibly
increasing the IDT. Thus, testing with a fuel volume of 110 pyL was deemed to be the most optimal
choice.

The average IDT of the the BaseA test series was 60 ms, which is above the maximum value of 50
ms. However, as this mixture had not yet been optimized for IDT, this result was actually considered
promising. Also, one can observe the that the PDT has a lower variability than the CDT. This would
prove to be a rule throughout all the test series.

BaseB

The BaseB test series was performed during the last day of the first test campaign and was intended to
ensure that the results were time independent. If that were to be the case, the same results would be
expected for both BaseA and BaseB. The ignition probability was found to be the same and the average
PDT and average CDT were similar, with the average PDT being slightly lower and the average CDT
being slightly higher in the BaseB test series. These minor differences can be explained by the low
amount of tests performed per test series. It is thus concluded that the quality of the fuel did not
significantly deteriorate and the test results were time independent. As these two test series were
identical, they will be referred to jointly henceforth.
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LessOx & LessOF

For the test series LessOx (HTP volume of 5 pL instead of 11 yL) and LessOF (HTP volume of 5 pL
and fuel volume of 50 pL) one can see that the ignition probability was 0%. Furthermore, the average
PDT of LessOx (24 ms) was higher than that of BaseA+BaseB (21 ms), while that of LessOF was
even higher (27 ms) with the decomposition being relatively weak (as can be seen when comparing
figures 3.7 and 3.8). This means that decreasing the HTP amount decreases the ignition probability
and increases the average PDT and that this was not due to a change in the fuel-to-HTP ratio, with a
proportional decrease in the fuel amount increasing the PDT even further. A possible explanation is
that part of the heat generated by HTP dissociation is taken up by the vial, and since the amount of
propellant decreases while the vial remains the same relatively speaking more heat is taken up by the
vial. This decreases the heating rate of the propellant mixture thus increasing the PDT.

Figure 3.7: Weak decomposition of test "LessOF1” Figure 3.8: Normal decomposition of test "Decal”

It should be noted that although there were no ignitions, two ignition kernels were observed with both
a very low IDT (LessOx1: 38 ms, LessOx2: 35 ms). However, these ignition kernels were observed
in the liquid (as seen in figure 3.9) as opposed to the location for nominal ignition kernels (as seen in
figure 3.10). This was also the case for the ignition kernel of test High7 which would have resulted in
the lowest IDT of any test. As such, these can be considered a unique type of ignition kernel with a low
IDT but not leading to ignition.

Figure 3.9: Ignition kernel in liquid of test "LessOx1” Figure 3.10: Nominal ignition kernel of test "Deca3”
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High

This test series was expanded after the initial planned 5 tests to 8 tests in order to decrease the influ-
ence of chance on the results, as the results were unexpected. According to literature, the average IDT
should decrease with an increase in the Weber number, but this turned out not to be the case with the
average IDT increasing compared to BaseA+BaseB. Furthermore, the ignition probability significantly
decreased.

However, two ignition kernels not resulting in a fire were observed in this test series, including the ear-
liest ignition kernel of all tests with an IDT of just 32 ms as seen in figure 3.11. This shows a possibility
of a higher drop height leading to more random results, as furthermore both a very short (42 ms) and
very long (92 ms) IDT were observed in this one test series with three results. This randomness is also
reflected in the standard deviation of the test series, which is 20.4 ms when excluding ignition kernels
and 20.7 ms when including ignition kernels, while for BaseA+BaseB it is 18.9 ms and 17.8 ms respec-
tively. The reason for a possible relation between drop height and increased variability of results in not
clear.

Figure 3.11: Early ignition kernel in test "High7”

It should be noted that changing the drop height changes the distance between the flame and the
needle. This could theoretically have an effect on the results, for example by heating the needle more
when the drop height is lower as the flame is closer to the needle. However, no clear relation was
observed and thus the distance between the flame and the needle in the drop height range which has
been tested can be assumed to have no impact on the results.

HTPHeat & FuelHeat

According the literature, heating either of the propellants leads to a lower IDT. This was indeed ob-
served, although a lower ignition probability for HTPHeat (the heating of the HTP) was observed as
well which was unexpected.

For the HTPHeat test series six tests were performed as one test was not recorded, and 5 quantitative
data points were desired for the unexpected results of a relatively low ignition probability. One expla-
nation could be that the increased temperature of HTP leads to a slight decomposition of the HTP thus
lowering its concentration which leads to a decrease in the ignition probability according to literature.
Aside from that, a decrease was seen in average CDT while the average PDT remained constant com-
pared to BaseA+BaseB, resulting in an overall decrease of the average IDT as well. The slope of this
decrease was found to be -2.45 ms/K, as seen in figure 3.12.
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Relation between IDT and T for heating the oxidizer Relation between IDT and T for heating the fuel
. ® Data Points . ® Data Points
og{ ® —— Regression Line R —— Regression Line
Relation: -2.45 ms/K Relation: -3.04 ms/K
£ B0 g
= =
) T
w 70 w 70
[=] [=]
1< 1<
2 2 50
5 H
= . . = 3
w0 : 04
. [
° [}
T o1 : . . : . :
21.0 21.5 2.0 22.5 3.0 23.5 4.0 24.5 21 22 3 24 25 28 7
TEemperature TEmperature

Figure 3.12: Relation between the ignition delay time Figure 3.13: Relation between the ignition delay time
and the temperature of the oxidizer and the temperature of the fuel

For the FuelHeat test series (heating of the fuel) 3 tests were deemed as enough, as the results clearly
show a decrease in both the average PDT and average CDT and thus the average IDT. An ignition
probability of 100% was noted as well. Taking the average FuelHeat fuel temperature of 27.24°C
(assuming the 1.10°C relation as determined in the validation test in chapter 2) and comparing the
FuelHeat average IDT of 43 ms to the BaseA+BaseB (21°C) average IDT of 62 ms, gives an IDT/T
slope of —3.0ms/°C, which can also be seen in figure 3.13. Taking the highest and lowest possible
fuel temperatures (as also described in the validation test in chapter 2), slopes of —3.4ms/°C and
—2.6ms/°C respectively are found, which establishes the possible range of the IDT/T slope for based
on the 3 FuelHeat drop tests.

3.3. Second test campaign

The second test campaign was focused on quantitatively assessing the hypergolic performance of
TNO’s propellant mixture. This was done while varying values which theoretically should have no
influence on IDT and the ignition probability, namely the syringe tip shape, the vial geometry and the
fuel amount in order to challenge these assumptions. It was also done to challenge the assumption of
the first test campaign that 110 puL was the optimum fuel amount for drop testing.

BaseC

The test series which had the exact same test configuration as the BaseA+BaseB test series (aside
from the changed buffer, which theoretically should have no influence on the results) was BaseC110.
However, one can see a clear difference with an ignition probability of 0% as opposed to 80%. Assum-
ing the actual ignition probability is indeed 80%, the likelihood of having an ignition probability of 0% is
(20%)° = 0.032%, which is a statistically significant change in ignition probability.

This discrepancy could be explained by a difference in the ratios of the ethanol, catalyst and propagator
of the respective mixtures used in the two test campaigns. It is unlikely that the difference in results was
because of the natural slight variation in mass when preparing a mixture by hand, as a microgram scale
was used to measure the weight of the cups used to add the ingredients to the mixing cup before, and
after adding the ingredients, which gives the mass added. Comparing these values showed a variation
of 0.5% for the ethanol, 0.06% for the catalyst and 1.8% for the propagator, which seems to low for
such a drastic difference in the ignition probability. However, in order to disprove such sensitivity drop
tests with varying fuel mixture ratios would need to be performed.

A more likely explanation is a mistake on the part of the experimenter preparing the fuel batches, as
the first and second fuel batch were respectively the first and second mixtures prepared by the experi-
menter using such a precise scale and while the scale was in a fume hood as well. This theory would
be supported if the drop test experiment in the BaseA+BaseB+BaseC110 configuration was repeated
with a third fuel batch, whose results would then show agreement with one of the two fuel batches. The
fuel batch it would disagree with would be the one where the mistake would have been made.
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The BaseC test series also disproved the assumption that 110 uL was the optimal fuel volume for drop
testing, as increasing the fuel amount increased the ignition probability reaching a consistent 100%
from a volume of 200 uL. It should also be noted that test BaseC110_1 had the HTP drop enter the
fuel via the vial side, resulting in a longer PDT time (30 ms vs. an average of 21 ms for the other three
BaseC110 tests).

Aside from that, PDT showed a slight positive correlation with fuel amount while CDT showed a slight
negative correlation instead, resulting in no clear correlation of the IDT. As the number of tests per test
series was relatively limited, it cannot be said that said slight correlations are not the result of stochastic
error. However, the PDT relation could possibly be explained by the fact that the same amount of HTP
is being dissociated while heating a larger total propellant volume. This could result in a longer heating
time thus resulting in a longer PDT time.

Vial

The Vial test series used a vial which had a LessOF inner diameter, meaning there was less internal vol-
ume an the a given fuel volume would result in a higher fuel level from the bottom of the vial compared
to the other test series. This proved to be more difficult to align resulting in the HTP drop hitting the
side and entering the fuel via said side and in two Vial200 tests(Vial200_1 and Vial200_3), compared
to one BaseC110 test. This also resulted in longer PDT times in said two tests (average of 29 ms vs.
average of 24 ms for the other three Vial200 tests).

The results of the Vial test series were unexpected, as not only did they not follow the trend of an in-
creasing ignition probability with an increasing fuel volume, they had a constant ignition probability of
40%. The reason for these two phenomena is likely the different geometry of the vial. Tests with a third
type of vial could help further the understanding of this phenomenon.

Finally, a slight positive correlation between the fuel volume and both the PDT and CDT was observed.
However, as in the case of the BaseC test series, this could very well be the result of stochastic error.
Furthermore, the CDT correlation is opposite to the one seen in the BaseC test series, further supporting
this theory.

Blunt110

The first test series of the test campaign was performed using a new blunt needle tip which was ex-
pected to dispense droplets with the same volume as the tapered needle tip while being shorter, which
could be useful in future designs with limited height. The intention was to use it for the entire test cam-
paign except for a single test series using the old needle type, the purpose of which would be to ensure
that the results from both needles are identical. However, as can be seen the results were neither
identical to BaseC110 nor to BaseA+BaseB. Thus it was decided to not use this needle type for the
rest of the test campaign and use the needle type used in the previous test campaign.

The HTP volume dispensed by the needle tip was assumed to be equal to the option selected in the
syringe pump, which seemed to work as a droplet would fall every time when 11 pyL was set to be
dispensed. However, in the recordings of the drop tests the droplets of the 1.5 mm blunt tip seemed
larger in size compared to 1.2 mm tapered tip.

Although the recordings did not have a high enough resolution to conclusively determine the droplet
sizes, a crude version of the syringe pump validation test was performed by manually dispensing 1
mL of water through either needle and counting the number of droplets. The 1.2 mm tapered needle
yielded 54 droplets and the 1.5 mm blunt needle yielded 35 droplets, for respective volumes of 19 uL
and 29 pL. As this test was performed using water and not 97.1% HTP, the former result does not
disprove that the HTP drops used during testing had a volume of 11 pL. Although not conclusive, this
test indicates that the selected syringe pump volume does not necessarily equal the droplet volume.
This relation should thus be validated before any test campaign.

It would also explain the higher ignition chance compared to BaseC110, as the HTP drop volume was
found to correlate positively with ignition probability in the LessOx and LessOF test series. One can
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also observe that the average PDT, CDT and IDT are relatively high compared to the BaseC and Vial
series, implying that a larger HTP volume results in higher PDT, CDT and IDT. This PDT relation was
also suggested by the BaseC and Vial series, which supports the theory that an increase in overall pro-
pellant volume increases the PDT, although an inverse relation was found in the LessOx and LessOF
test series suggesting that this relation is dependent on the total propellant volume. The CDT and IDT
relations are the result of only two observations and thus necessitate further testing to confirm this re-
lation with more certainty.

It should be noted that droplets form differently at the end of different types of needles, as tapered tip
droplets form off-center on the "shorter side” of the needle while blunt tip droplets form centrally under
the needle. This makes it impossible to directly compare the droplet size of blunt and tapered needles
based on their orifice diameters.

3.4. Hypergolic performance of the fuel

The IDT of nominal tests in the second test campaign (thus excluding the results of the Blunt110 test
series and the Vial200_1 and Vial200_3 tests) where ignition was observed can be said to be relatively
constant. No clear trend could be observed. As such, the initial assumption of the fuel volume and
vial shape having no influence on the IDT is valid. The hypergolic performance of the fuel at ambient
conditions can thus be ascertained.

For this, the PDT, CDT and IDT of all the tests except for the Blunt test series, Vial200_1 test, Vial200_3
test and the two tests with no data were excluded. While a correlation between fuel volume on the one
hand and PDT and CDT respectively on the other hand was found to be possible, the limited amount of
tests means this could also very well have been the result of stochastic error. This can be researched by
analyzing and comparing both the IDT and the CDT, the latter being the IDT without the PDT and thus
correcting for any possible correlation. It should furthermore be noted that no clear relation between
the ignition probability and PDT, CDT and IDT respectively can be seen. As such, another assumption
for further analysis is made that there indeed is no such relation.

For the data in question, the average IDT is 50 ms and the average CDT is 27 ms. This IDT is at
the limit of what is deemed an acceptable IDT, which is 50 ms. However, two things should be noted.
Firstly, the fuel mixture was optimized for ignition probability, not IDT. This means that it is likely that
the IDT could be brought down further by optimizing the mixture, as the IDT and ignition probability
were found to be independent.

Secondly, it should be noted that data from different drop test set-ups in general cannot be compared
directly, due to differences in drop height, droplet diameter, reaction vessel geometry, etc. [27]. If a
comparison is to be made between fuels, it should be done using either the same drop test set-up,
or two set-ups which have been made identical in terms of all input parameters. As drop test set-ups
found in literature are not standardized (and such a standard does not exist) thus differing in these
parameters, 50 ms should be taken as a rough estimate of an acceptable IDT. This also means that
even though the IDT is 50 ms, it could actually be too high for practical application.

It is important to acknowledge the fact the the value of 50 ms is an average, meaning that one can
expect the IDT to be longer than this in some tests thus exceeding this value. Although it could be
possible that ignition delay times in engines are much more constant than those observed during drop
testing, it is nonetheless useful to have an understanding of the delay time probability distribution. The
data was thus analyzed in order to determine the shape of the probability density functions (PDF) of
the IDT and the CDT. This was done using Python and a statistical analysis module called "distfit”. It
allowed for determining what probability density function best fit the data. This was done as follows.

Firstly, different types of PDF’s were fitted to the data. They were then all analyzed using the Residual
Sum of Squares method (RSS) to determine the quality of this fit. This method basically looks at how
far individual data points are from the PDF curve in question. A lower score indicated a better fit thus
allowing for the PDF’s to be compared. However, it is necessary to ensure this result is robust and thus
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that the PDF’s are not overfitting (i.e. correlating well with the sample data set itself but not correlating
well with the underlying distribution). This can be accomplished using a combination of Bootstrapping
and the Kolmogorov-Smirnov test.

Bootstrapping is the process of taking the available data set and randomly selecting data points of this
list with replacement, to create a data set with equal length to the original one. New PDF’s are then
fitted to this data set. The Kolmogorov—Smirnov test can then analyze how well these new PDF’s fit
the original data set. This is repeated, in this case 999 more times for a total of 1000. Based on this, a
score can be given. The higher this score, the more robust the data. Combining this method with the
RSS analysis shows well which PDF best fits the data.

Using the distfit Python module it was found that the best PDF for both the IDT and CDT data sets was
the Gamma distribution. The Gamma distributions themselves can be seen in figures 3.16 and 3.17.
The X-axis shows the delay time in ms and the Y-axis shows the probability of a certain delay time occur-
ring in a test. This is a logical result due to the right skew of the data, meaning that measuring forwards
in time, there is first a very sharp rise in probability before the respective modes at 44.27 ms for IDT
and 21.40 ms for CDT, which then decreases at a much slower rate. These are the most robust distri-
butions as can be seen in figures 3.14 and 3.15, as they have the highest bootstrap score in both cases.

It should be noted that for CDT the best fitting distribution was actually the Log-normal distribution
followed by the Generalized extreme value distribution (RSS of 2.75175e-05 and 4.98081e-05 respec-
tively), with the Gamma being the third best (RSS of 9.63253e-05). However, as they were not the
most robust the Gamma function was selected instead. Comparing the three distributions in figures
3.17, 3.18 and 3.19 shows their similarity, making the discussion concerning which PDF to select more
of a mathematical matter rather than a practical one.

The general shape of these distributions also makes sense from the physical perspective. For ignition,
both the mixture and the temperature of the gasses as seen in figure 3.3 need to reach a certain point.
The precise mechanisms of this are not clearly understood, but for the sake of discussion one can
assume a single variable | which is a rough combination of the two. In order to reach ignition, this value
needs to pass a certain threshold, let’s call it the ignition threshold, above which ignition is possible.
Below this threshold the ignition probability is 0. Looking purely at the temperature, we expect to see a
sudden rise as the HTP decomposes in a thermal runaway process and a further increase as oxygen
reacts with the propagator. Afterwards, the temperature should decrease but at a lower rate compared
to the rise. This is exactly what we see in the Gamma Probability Density Function.
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Figure 3.14: IDT of nominal tests of the second test campaign: Comparison of different Probability Density Functions
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Figure 3.15: CDT of nominal tests of the second test campaign: Comparison of different Probability Density Functions
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Figure 3.16: IDT of nominal tests of the second test campaign: Gamma distribution fitted to the data
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Figure 3.17: CDT of nominal tests of the second test campaign: Gamma distribution fitted to the data
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campaign: Log-normal distribution fitted to the data Generalized extreme value distribution fitted to the data



Hermetic set-up

Developing a hermetic set-up was the next step in the process, which is described in this chapter. There
were three iterations of the hermetic set-up, with the first one being sub-ambient hermetic and the other
two being 0-40 bar hermetic. The reasoning behind this and other design choices will be explained in
the three sections, each discussing a single iteration. The final set-up will be discussed in the greatest
detail and will include two validation tests.

4.1. Sub-ambient hermetic set-up

The first iteration was a 0-1 bar set-up, which is lower than the preferred range which would allow for
testing in operation conditions (up to ~10-~20 bar). The reason for this choice was as follows. Firstly,
a sub-ambient set-up is easier to seal, is safer and requires less resources to manufacture than a high-
pressure set-up. Furthermore, it was found that not a lot of extra resources were necessary to design
an ambient set-up in such a way that it would be possible to upgrade to a sub-ambient set-up. This
design plan was indeed executed as can be seen when comparing the ambient set-up and the initial
version of the sub-ambient set-up in figures 4.1 and 4.2 respectively. It had the additional benefit of the
sub-ambient set-up using multiple already-validated elements. These factors would greatly decrease
the project risks associated with the development of the hermetic set-up.

Figure 4.2: Full view of the sub-ambient hermetic set-up

Figure 4.1: Full view of ambient set-up

48
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Another reason for choosing a sub-ambient set-up was the fact that at this stage hypergolic propel-
lant development it is more important to understand its behavior during ignition than during operation,
as without successful ignition there is no successful operation. As stated, the former is tested in sub-
ambient (space) conditions and the latter is tested in high-pressure (engine during operation) conditions.
If one were to have to choose, having a sub-ambient set-up is thus more beneficial than having a set-up
which can only test high pressures, although set-ups able to perform the latter almost certainly can also
perform the former.

Thermocouple
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Figure 4.3: Conceptual full view of first hermetic set-up

As stated, the design itself can be summarized as the ambient set-up with additional walls to create a
box-shaped chamber, very similar to the DLR set-up as seen in figure 1.13. A conceptual view of the
set-up can be seen in figure 4.3. The design choices relating to this set-up are as follows.

» The square shape of the pressure chamber is due to the fact that this is the easiest shape with
which a flat top plate, a flat bottom plate, a flat window or two (if spectroscopy capabilities are
desired) and a flat door all can be attached and sealed

 As the pressure difference is 1 bar at most, a square shape was deemed an acceptable shape,
even though round chambers are known to be better-suited as pressure chambers due to a lack
of sharp angles which cause large stress concentrations

» The plates, windows and doors would be sealed using gaskets

» The top and bottom plates would be attached using L-brackets, as said brackets would not need
to be load carrying due to the self-sealing nature of a sub-ambient set-up (the outside pressure
pushes the plates against the gaskets)

* Any holes into the pressure chamber would be sealed using gaskets (for example, the initial
screw-shaped buffer as well as any bolts would be sealed using dowty seals)

* A vacuum pump and a pressure sensor would be implemented

The exact placement and attachment mechanism of the access door and the window(s) was

undetermined when this set-up design was abandoned

4.2. Steel hermetic set-up

The first ambient test campaign showed that the only element of the ambient set-up which did not per-
form as expected at the end of said test campaign was the buffer. This was found to be a promising
result from a project management perspective, as that meant that if one were to eliminate the buffer
from the set-up then the rest of it had been validated. It was thus decided that the project risks were
overestimated and a more ambitious high-pressure hermetic set-up could be developed. It was further-
more decided that the first version would exclude a heating buffer, although it could be implemented in
later versions. As such, a novel high-pressure hermetic set-up was to be developed.
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It was decided that a set-up based on (stainless) steel pipes was optimal. This was due to the fact
that round shapes are preferred for pressure chambers. As a door and at least one window were to
be included, pipes with flanges to accommodate them would be welded to the sides of the main pipe,
which is easiest done using steel. This would result in a main structure as seen in figure 4.5 and an
overall set-up as seen in figure 4.4. O-rings would be used to seal the bulkheads and door while a
gasket would be used to seal the window.

Figure 4.4: Full view of second hermetic set-up

Figure 4.5: Main structural element of second hermetic Figure 4.6: Inside view of second hermetic set-up
set-up

The choice for a set-up whose main pressure structure had the form of a pipe and was sealed using
bulkheads with o-rings was also related to the manufacturing process. The author was the one to
design and manufacture both the ambient set-up and the hermetic set-up. As the author had experience
designing and manufacturing rocket engines in the shape of a tube attached to two bulkheads using
radial bolts, choosing such a shape for a pressure chamber was thought to decrease the project risks.
Furthermore, a party was found which ensured the pipes and flanges could be easily welded. It was
thus decided that using this exact configuration carried the lowest overall project risk.
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The final main design choice was the the pressure range of the set-up. As stated in chapter 1, ideally
the set-up would be able to emulate conditions to ~20 bar. However, it would be useful to know how
the propellant behaves beyond this point to expand the propulsion system design space for which the
IDT is known (especially as ~20 bar implies a range of up to a few bar above 20 bar). Furthermore, as
drop tests themselves slightly increase the pressure of the chamber, it was decided that 0-30 bar would
be a good pressure range to strive for. However, when looking for COTS borosilicate glass solutions
(the cheapest glass which meets the requirements for pressure, temperature and spectroscopy) it was
found that the two pressure possibilities were 25 bar and 40 bar (for a diameter of 80 mm at the DIN
7080 standard). As a higher pressure was preferable and a high-pressure design could always be
adapted for lower pressures, it was decided to design a 0-40 bar set-up. The further design choices
were as follows.

* The main body would consist of a ~400 mm long stainless steel (304(L) or 316(L)) pipe with an
inner diameter of 8” (219.1 mm) and a wall thickness of 8 mm, which would result in a yield failure
at 150 bar as per the thin-walled assumption (d>~20t) hoop stress formula: Py;c;q = 2”% using
a stainless steel yield strength of 205 MPa, while a wall thickness of 6.35 mm would result a yield
failure at 119 bar

» The top and bottom bulkheads would have a thickness of 65 mm each to accommodate two 10
mm wide o-ring grooves for redundancy and M10 bolts

* 10 M10 bolts would be used and they would have a distance of 19 mm from the edge, which
would result in the following failure modes: for 6.35 mm main body thickness: bolt shear-out at
94 bar and a bolt tear-out at 89 bar (6.35 mm failure mode), for 8.00 mm main body thickness:
bolt shear-out at 118 bar and a bolt tear-out at 112 bar, for both: bolt shear failure at 105 bar (8.00
mm failure mode) [56]

» The diameter of the door opening was set to ~100 mm as that was found to be the rough diameter
which would allow practically all people to comfortably change the vial through said door

» DIN7080 borosilicate glass windows would be used with a viewing port diameter of 80 mm, a

thickness of 25 mm, an outer diameter of 100 mm and a safety factor of 5, which was chosen as

that was the largest COTS 40 bar rated window

DIN EN 1092-1 PN-40 Typ 11 weld-neck flanges would be used for the door (DN100) and windows

(DN80)

Stainless steel pipes with a wall thickness matching that of the flanges (3.6 mm for the door and

3.2 mm for the windows) would be used for the connecting the flanges to the main body

* The door would be a DIN EN 1092-1 PN-40 Typ 05 blind flange made of aluminium with an
appropriately increased thickness to reduce costs

* The door and window holders would be fastened using the appropriate bolts (8xM20 for the door,
8xM16 for the windows)

» Custom-made "window-holders” would be used to to hold the window in place

+ 80 mm inner diameter and 102 mm outer diameter 2 mm thick PTFE seals would be used for the
windows, as these were sold together with the window for a 40 bar use

» The outside of the window would be taped using PVC-tabe to increase its outer diameter to 102
mm thus preventing movement in the window holder

At this point in the design process the costs and mass (roughly 60 kg) were found to be too high.
Although the mass could be reduced by lowering the pressure range requirement to 0-25 bar, the costs
would still remain too high. As such, this design was abandoned in favor of the final hermetic design.
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4.3. Aluminium hermetic set-up

The final version of the hermetic set-up was a design which was initially not chosen in favor of the
steel hermetic set-up. This was partially due to the fact that the height of the pressurized volume is 17
cm which does not allow for a heated buffer to be easily included. This deficiency can be somewhat
compensated by using the ambient set-up when measuring the effect of the falling droplet temperature,
although no tests varying both the falling droplet temperature and the pressure and/or atmospheric
composition can be performed. Nonetheless, this was deemed acceptable as a hermetic set-up would
still provide useful data even without this capability.

The set-up can be seen in figures 4.7, 4.8 and 4.9, with the main structural element being a 200 mm
wide, 200 mm long, 170 mm high aluminium cube as shown in figure 4.10. A detailed technical drawing
of the main body can be found in appendix D, where the technical drawing of the window holders can
be found as well.

Pressurization interface

HTP interface]

Bulkhead pter and needle

Doo
SMhandle

Adjustable feet

Figure 4.7: Full view of final hermetic set-up

O-ring grooves
Droplet catche

Figure 4.8: Inside view of final hermetic set-up

Figure 4.9: Front view of final hermetic set-up

Figure 4.10: Main structural element of final hermetic set-up
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4.3.1. Main structural elements

As the main body of this set-up was cube-shaped, its burst pressure cannot be easily calculated. How-
ever, its lower bounadry can be very roughly approximated if one ignores the corners resulting in a tubu-
lar shape. The thin-walled assumption (d>~20t) hoop stress formula can then be applied: ¢ = %
using a diameter of 200 mm, an aluminium 5083 yield strength of 165 MPa and a pressure of 40 bar
which results in a thickness of 2.4 mm. As this relation is linear, a safety factor of 4 results in a thickness
of 10 mm. During the design, a minimum thickness of roughly 30 mm was found to be necessary to
ensure there would be enough material to accommodate the bolts. Although itself not meeting the thin-
walled assumption criterion, it is over 12 times thicker than the 40 bar burst thickness. Furthermore
the inner diameter has now decreased 140 mm resulting in a burst thickness of 1.7 mm and thus a
safety factor of over 17. A thickness of 30 mm was thus assumed to be more than sufficient to prevent
a failure of the main-body cube. This assumption would be tested during hydrostatic testing.

This same reasoning was applied to the thickness of both the bulkheads and doors, which were also
set to 30 mm. This relatively high thickness furthermore increased stiffness in order to prevent outward
deformation which could have resulted in a failure of the seals due to a decrease in compression. Since
bulkheads were used to seal off the top and bottom of the main-body cube (resulting in a total height of
230 mm), their width and length were 200 mm by 200 mm. The door opening was 100 mm in diameter
for the same reason as in the steel hermetic set-up. Furthermore, the choice was made to increase the
number of door openings to two as this would increase the design flexibility of the set-up which was
immediately utilized.

The borosilicate glass and seals were the same as the ones intended for the steel hermetic set-up. The
window openings were 80 mm in diameter as that was what the borosilicate glass was designed for.
Initially, a 102 mm wide and 20 mm deep hole would also be created resulting in one seal and most
of the window being seated in said hole. The rest of the window along with the second seal would be
located in the window holder which would accommodate a thickness of 8 mm, thus resulting in a gap of
1 mm between the window holder and the main body which could be used to compress and thus seal
the seals. However, as the machine intended to create the 102 mm wide 20 mm deep hole turned out
not to be capable of that, said hole was removed from the design. Instead, the window holder would
now accommodate a thickness of 28 mm.

The problem was that the cylinder from which it would be machined was already delivered, thus requir-
ing a redesign which would decrease the thickness of the part holding the window to 11 mm, as can
be seen in the window holder drawing in appendix D. A FEM-analysis (seen in figure 4.11) was thus
used to determine that the expected failure pressure at an aluminium yield strength of 165 MPa would
be roughly 140 bar. This results in a safety factor of 3.5. This would be validated up to a safety factor
of 2 during hydrostatic testing.
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Figure 4.11: FEM analysis of the window holder with the maximum stress visible in orange
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4.3.2. Feed system
As the set-up is hermetic, an additional challenge presented itself in the form of managing the pressure
and atmospheric composition. The feed system used to accomplish this can be seen in figure 4.12. It
consists of the following.

» The feed system is connected with a 1/4” SAE = 7/16”-20 UNF fitting to the chamber
+ A digital pressure sensor accurately displays the chamber pressure

» An analog pressure sensor displays the chamber pressure in case the digital pressure sensor
fails or the data is otherwise not easily readable, which increases the safety of the system

» A pressure relief valve set to the maximum operational pressure helps prevent overpressurization,
which increases the safety of the system

» The chamber can be fully depressurized using a vacuum pump and a hand valve

» The chamber can be pressurized and/or filled with any gas using a gas cylinder (in this case an
N2 gas cylinder), a compressed gas regulator and a hand valve

» The chamber pressure can be returned to ambient by opening the hand valve leading to a line
stop

Hermetic Drop Test Set-Up

Feed System
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Figure 4.12: Feed system of hermetic set-up

The feed system also shows the droplet system, which including the syringe & syringe pump, adapters
and the unheated buffer. This buffer consists of the same elements as the second ambient set-up
buffer, with the exception that the aluminium part consists of the top bulkhead which cannot be easily
heated. Another difference is an additional hole from the bottom of the top bulkhead to the empty space
(which would be filled with water in the ambient set-up). The purpose of this is to ensure the pressure in
said empty space is equal to that in the chamber, which in turn prevents the bottom adapter (connected
to the needle) needing to withstand up to 40 bars of pressure.

It should be noted that for the Luer (Lock) syringe connection system which was used on the ambient
set-up only components up to a pressure rating of 14 bar (200 psi) could be found. It was thus decided
that 14 bar would be the maximum operating pressure for the first iteration of the hermetic set-up. This
was done as it allowed for the use of the proven Luer (Lock) syringe connection system thus preventing
the increase of the project risk. Furthermore, a pressure chamber of ~10 bar is a common figure for
hypergolic thrusters, thus the scientific value of testing is high even when limited to a pressure range
of up to 14 bar. Lastly, all of the ambient set-up components aside from the syringe turned out to be 14
bar rated, thus reducing the costs.
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4.3.3. Other elements

A unique component is the droplet catcher, which can be seen in figures 4.8, 4.9 and 4.13. It con-
sists of a linear solenoid attached (using an M4 threaded rod) to the droplet catcher part itself, both
drawings of which can be found in appendix D (although the linear solenoid which was delivered de-
viated slightly from the drawing, which also necessitated a slight adjustment during the machining of
the droplet catcher to match the moving part of the solenoid). In order to ensure the elements in the
"open part” of the linear solenoid do not react with any accidentally spilled HTP, said part is to be non-
hermetically closed off using a chemically compatible material like for example aluminium foil.

The droplet catcher has an extended and a retracted position. It is set to the extended position by hand
after the vial with the resting propellant is placed (as seen in figures 4.8 and 4.13). This prevents any
droplet from prematurely falling into the vial by catching the dropletin a 14 mm wide, 15 mm deep blind
hole. Immediately before the test the solenoid is actuated which retracts the droplet catcher as can be
seen in figure 4.8, which allows a droplet to fall into the vial. A simple validation test was performed
consisting of retracting the droplet catcher while filled with multiple droplets of water and ensuring it
would not spill. The water indeed did not spill both during and after retraction, which validates the
design.

Figure 4.13: View of the droplet catcher

The structural elements of the set-up were fastened using bolts. The bulkheads were fastened using
8 M12 bolts, the doors using 4 M12 bolts and the window holders using 8 M8 bolts. Said bolts were
initially intended to be made of aluminium to prevent corrosion. However, this was later found not to
be a prevalent issue when fastening aluminium elements using stainless steel bolts, thus these were
chosen due to their significantly lower costs. As this was done at a relatively late stage, the choice
was made to keep the design of the fasteners the same thus greatly increasing their safety factor. The
safety factors of the aluminium bolts were 4.7 for the bulkheads, 4.2 for the doors and 4.8 for the win-
dows, which further increased when using steel bolts.

This also turned out to accommodate a manufacturing defect in the form of a thread tap breaking off
and getting stuck in one of the 8 top bulkhead holes as can be seen in figure 4.15, with one bolt missing
on the top right. Another problem turned out to be the length of the window bolts which were slightly
too long and had to be relatively shortened by using two additional washers for a total of three per bolt.

The female threads in the cube were to be tapped to a depth of 30 mm for the M12 bolts and a depth of
20 mm for the M8 bolts in order to prevent the failure of said threads. This is based on a conservative
approach of making the tapped depth 2.5 more than the major bolt diameter when the aluminium is
involved. However, due to a defect of the depth dial on the milling machine some holes turned out
deeper than that, although in the end this did not have any practical effects aside from one door bolt
needing to be longer than the others. Aside from that, the bolts of the door which would be used to
change the vial were substituted with a threaded rod and a nut, which allowed for a much faster opening
of the door as only the nuts needed to be removed.
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Other design choices can be described in less detail and have been summarized as follows.

The bulkheads are sealed using FKM 75 151.77x6.99 mm o-rings and the doors are sealed using
FKM 75 113.67x5.33 mm o-rings, which were chosen due to their chemical compatibility with HTP
and the fact that larger o-rings result in better seals

The bulkhead o-ring grooves (which can be seen in figure 4.8) have an inner diameter of 150 mm,
an outer diameter of 168 mm and a depth of 5.4 mm resulting in a squeeze of 22% and a housing
fill of 78%

The door o-ring grooves (which can be seen in figure 4.8) have an inner diameter of 110 mm, an
outer diameter of 125 mm and a depth of 4.1 mm for a squeeze of 23% and a housing fill of 72%
One of the doors has a 1/2” G female thread which allows for an electronics interface to be inserted
This union is kept sealed using a 1/2” dowty seal

The electronics interface is a cylinder with a 1/2” G male thread and a hole through it, which allows
for cables to be run through and sealed using epoxy resin, with the hole becoming smaller at the
5 mm farthest from the chamber thus holding the resin in place

One of the doors has a 1/2” G 10 mm deep blind hole allowing for the attachment of a handle,
which is used for easier handling of said door when changing vials or otherwise opening and
closing the set-up

The bottom bulkhead has 5 M5 10 mm deep blind holes allowing for the heating plate to be
attached in multiple ways

the linear solenoid is attached to the door with the electronics interface using a plate with two
bolts connected to the linear solenoid and two bolts connected to the door

A 12V LED strip installed in the main body itself ensures sufficient lighting for the high-speed
camera

An aluminium cylinder can be used as a window placeholder as it has identical dimensions, which
can be seen in figure 4.15

Adjustable feet connected to the bottom bulkhead allow for the chamber to be correctly leveled

Figure 4.14: View of main structural element during tapping of

threads Figure 4.15: A back view of the set-up including the window
placeholder

4.3.4. Hydrostatic test

Due to the novel nature of the set-up it was decided to hydrostatically test it to ensure safety at elevated
pressures. Although the maximum testing pressure using the current feed system is 14 bar, it was de-
cided that the set-up would be hydrostatically tested to 80 bar. This was done in order to validate that
it is 40 bar capable and thus ensure that a future 40 bar upgrade of the feed system would be possible.

The hydrostatic test set-up can be seen in figure 4.16. The chamber was first filled with water while
leaving the top valve open so air could escape. When water started flowing out of the tube connected
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to said valve the valve was closed. The chamber was then pressurized twice, as can be seen in figures
4.17 and 4.18. The first time a maximum pressure of 80.14 bar was reached with no leaks in the set-up
itself but rather in the connector to the chamber. The second time a maximum pressure of 81.20 bar
was reached resulting in a leak of the COTS window seal, which was operating at 2 times its design
pressure. As this is a favorable failure mode at a safety factor of 2 (as opposed to a structural failure),
the hydrostatic test was considered a succes and the set-up was safe to be used.

Figure 4.16: View of set-up during hydrostatic testing
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Figure 4.17: Pressure data of first hydrostatic test Figure 4.18: Pressure data of second hydrostatic test
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Conclusion

The research objective and thus the main goal of this project was:

To design, build and calibrate a drop test set-up to be used to characterize the hypergolic perfor-
mance of TNO’s HTP/ethanol hypergolic propellant combinations.

In order to meet this objective, research questions and sub-questions were set up to guide this project
in the right direction. These will be answered in a single section, as said answers are related to each
other. Based on that, the conclusion concerning the research objective is stated.

Many test methods are available to perform characterization of hypergolic performance. The most
notable ones are drop testing, impinging jet testing, small engine testing, force mixing testing, bomb
testing and microreactor testing. Of these, the former three can be considered the standard order of
hypergolic propellant characterization, while the latter three are less commonly used as they capture
less critical aspects of hypergolic propellant performance.

Drop testing is used as a first step due to its relative simplicity and as it is a very good tool for ini-
tial screening of propellants. Furthermore, it can give insights into the effects of input parameters on
the hypergolic performance parameters. The impinging jet test is an intermediate step, which is more
complex than drop testing but less complex than small engine testing. It allows for the study of the
phenomena present during injection of the hypergolic propellant combination into a combustion cham-
ber. Although it can be quite similar to a small engine test, the latter involves the development of an
actual small engine which is used to study the behavior of the propellant combination in conditions
representative of commercial thruster operations.

As TNO’s novel hypergolic propellant combination had not yet been tested using a drop test set-up
which could measure the ignition delay time, that was the first step to take. It was decided to first
develop an ambient drop test set-up which could both be used to determine the ignition delay time of
TNQO’s propellant combination and to measure the hypergolic performance parameters as a function of
the variable input parameters with the exception of pressure and atmospheric composition. The effect
of the latter two would be measured using a hermetic drop test set-up which would be finished after the
end of the thesis project and would incorporate the lessons learned during the two ambient drop test
campaigns.

The ambient drop test set-up allowed for the variation of the propellant temperature, the drop height,
the propellant volume, the reaction vessel and the propellant composition. Data was captured using
a high-speed camera, which allowed for the ignition probability, the ignition delay time, the chemical
delay time and the physical delay time to be measured. The main design philosophy of this set-up was
maximum design flexibility, which allowed for the iteration of the "buffer” element which did not work as
intended during the first test campaign.
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The hermetic drop test set-up is basically the ambient drop test set-up in a hermetic structure with the
exception that thermal control of the droplet was excluded due to spatial limitations. Its operational
pressure range is 0-14 bar due to the pressure limitations of the droplet feed system. Upgrading said
feed system would allow for the set-up to operate up to 40 bar. The design was created with a focus
on safety, with design flexibility and ergonomics driving the design as well. This is reflected in both the
design itself as well as the testing procedures.

The key performance parameters to quantify hypergolicity are the ignition probability, the ignition delay
time, the chemical delay time and the physical delay time. The key variable input parameters are the
propellant temperature, the fuel and oxidizer amount, the testing container geometry, the contact pa-
rameters and the pressure.

The most important one of these is the ignition probability, which determines how likely a hypergolic
propellant combination is to ignite. Its importance is due to the fact that the very goal of a hypergolic
propellant combination is to achieve ignition and it should thus be as high as possible. It is positively
correlated with the propellant temperature, the oxidizer (droplet) volume and the fuel volume while be-
ing negatively correlated with the impact velocity. It was also found that the shape of the vessel in
which the reaction occurs has an influence, although the exact relation is not understood.

The ignition delay time is the time between the hypergolic propellant combination making contact and
the appearance of the ignition kernel. If this value is too large, a hard start can occur resulting in the
destruction of the engine. It should thus be no more than 50 ms and preferably less than 10 ms. A very
low value promotes the rapid stream separation combustion instability, although it does not guarantee
it. It is negatively correlated with the propellant temperature. The ignition delay time can be divided
into a physical delay time and the chemical delay time.

The physical delay time is the time from propellant contact until the first signs of a chemical reaction. It
is negatively correlated with the propellant temperature. It also seemed to have a positive correlation
with propellant volume when the total propellant volumes are relatively low (test series "LessOx” and
"LessOF” compared to "BaseA” and "BaseB”) and a very slight negative correlation with propellant vol-
ume when the total propellant volumes are relatively high (test series "BaseC” and "Vial”), although the
latter could have been the result of stochastic error.

The chemical delay time is the time from the start of the chemical reaction until the appearance of the
ignition kernel. It is sometimes seen as a more reliable value when comparing results of different drop
test set-ups than the ignition delay time, as it omits the variable in the form of the physical delay time.
It is negatively correlated with the propellant temperature.

Two relations which were found in literature but not observed were the negative correlation between
the ignition delay time and both the pressure and the drop height. The former was not observed as the
pressure could not be varied in the ambient set-up. The latter was not found as the "High” test series
was characterized by a large variability in the results leading to a lack of clear conclusions. The Weber
number of 250 was not exceeded, which according to literature could result in such a discontinuity of
results. The oncly conclusion regarding the drop height is thus a positive relation between the drop
height and the variability of the results.

Two things should be noted. Firstly, the number of tests with varying input parameters is relatively low,
limiting the statistical significance of these results. Secondly, these conclusions are based on drop test-
ing, which means they may not hold true for other testing methods and actual engine use. Nonetheless,
they are very useful as an indicator of what can be expected in those conditions. As such, they are still
a useful first step in hypergolic propellant research.

The performance of TNO’s novel hypergolic propellant combination was determined to be promising.
Firstly, an ignition probability of 100% was achieved when an HTP drop with a volume of 11 pL was
dropped into a fuel pool with a volume of 200 uL or greater. The propellant combination furthermore
had an average ignition delay time of 50 ms, which can already be seen as acceptable and which is a
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good starting point for further testing. Moreover, as this propellant mixture has not yet been optimized
for the minimization of the ignition delay time, it is likely that this value can be lowered by doing so.

Unfortunately, the varying of the fuel mixture has not been performed as priority was given to other
aspects of this project. This means that the hypothesis:

“The ignition delay time can be divided into a mixing phase, an HTP decomposition phase and a
propagator reaction phase.”

was not sufficiently researched and thus it has neither peen proven nor disproven. Doing so would best
be done by indeed varying the amounts of the catalyst and propagator in the fuel thus being able to
study the effects of doing so, as well as using a high-speed infrared camera to observe the temperature
of the mixture at different stages of the ignition process.

With the research questions answered, it can be determined that the research objective of designing,
building and calibrating a drop test set-up to be used to characterize the hypergolic performance of
TNO’s HTP/ethanol hypergolic propellant combinations was performed successfully. The drop test set-
up was indeed designed, built, calibrated and used for drop testing, although it does have room for
improvement. Furthermore, the hermetic set-up should be finished to test the influence of pressure
and atmospheric composition on the hypergolic performance parameters.

TNOQO’s HTP/ethanol hypergolic propellant combination was characterized successfully as well, showing
it is capable of a 100% ignition probability as well as having an acceptable IDT of 50 ms. Furthermore,
as this mixture has not been optimized for IDT, a lower value can be expected to be reached by varying
the mixture ratio in order to do so. As it stands, it is a viable candidate for becoming a hypergolic
propellant combination which can be used in space missions.



Recommendations

The recommendations chapter are divided in three sections: the ambient set-up, the hermetic set-up
and testing.

6.1. Ambient set-up

The ambient drop test set-up works and can be used for the characterization of hypergolic propellants.
Nonetheless, some improvements are possible. These are as follows.

The current vial is characterized by having a relatively small throat and a relatively large diameter com-
pared to the resting propellant volume. The former results in the lining up of droplets needing to be very
precise to avoid hitting the throat. Although it does have the benefit of ensuring the droplet is lined up
very well with the center of the vial, it is not clear that this precision is necessary as long as the droplet
impact is constant throughout a test campaign and does not bounce. Analysis of high-speed droplet
impact footage could be done to ensure both of these. Decreasing the vial diameter results in the fuel
level being higher, which could be beneficial in some way although this would need to be tested. A vial
without a throat and a with smaller diameter could thus be used in future testing after being compared
with the current vial.

The relation between the heating plate and the fuel in the vial should be characterized more accurately.
Currently, for a given heating plate temperature the possible range of the fuel temperature is known.
However, this range is relatively large and thus it would be beneficial to narrow it down. This could be
done by repeating the heating plate temperature and fuel temperature relationship test while using a
more powerful heating element and noting down more data points.

The effectiveness of the buffer in heating up HTP should be validated. Currently, an assumption is
made that heating the buffer heats HTP to an equal temperature. It would be beneficial to test this
assumption by for example screwing off the top adapter and putting a thermocouple into the buffer
from that side and comparing the fluid (for example water) temperature with the buffer temperature.
Furthermore, the temperature of a droplet for a given buffer temperature could be measured, although
it is not clear what an optimal method to do so would be.

Lastly, the actual HTP droplet volume when using the blunt needle should be measured. This could be
most easily done by performing the 10-drop test as described in chapter 2.

6.2. Hermetic set-up

At the time of writing the hermetic set-up is under development. The droplet catcher has been vali-
dated and the structure of the set-up has been hydrostatically tested to 81 bar. The next steps in the
development of this set-up are as follows.

 Finish the manufacturing of the set-up to reach the design as described in chapter 4.
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» Perform a dress rehearsal of a hermetic test campaign using water instead of the propellant
combination and without actually changing the pressure when the procedures call for doing so.

» Ensure the set-up is leak-tight and functional at the maximum operational pressure of 14 bar.

» Perform a dress rehearsal of a hermetic test campaign using water instead of the propellant
combination including changing the pressure when the procedures call for doing so.

 Clean the set-up to ensure no impurities remain which could result in combustion when reacting
with accidentally spilled HTP.

» Perform a test campaign using the hermetic drop test set-up.

6.3. Testing

The two test campaigns performed during this thesis did not exhaust the testing potential of the ambient
drop test set-up. More tests of scientific value are possible. These include the following.

* In order to optimize TNO’s hypergolic propellant combination for a minimum ignition delay time
tests could be performed where the fuel mixture is varied. These tests could furthermore be useful
to better understand what phases the ignition delay time can be divided into and thus to test the
related hypothesis which was not tested during this thesis.

* A high-speed thermal camera could be used to capture the thermal processes occurring during
a drop tests. This would also be useful to better understand what phases the ignition delay time
can be divided into.

» A spectrometer could be used, preferably in the hermetic set-up to ensure better control of the ini-
tial atmosphere, in order to detect what combustion products are produced by a given hypergolic
propellant combination during a drop test.

» The test conditions of BaseA, BaseB and BaseC could be repeated to test the hypothesis that the
an error in the preparation of one of the two fuel mixture resulted in the discrepancy of the results
of BaseA+BaseB and BaseC. If the results of such a test series would match one of these two,
then that would support the hypothesis that the fuel mixture of the other one was different from
what was intended.

» More tests could be performed at the test conditions chosen during the first test campaign in

order to increase the statistical significance of certain test series. This would allow for a much

better characterization of the effects of variable input parameters on the hypergolic performance
parameters. Said tests could also be performed using at least 200 uL of fuel in order to increase
the ignition probability, as tests which do not result in ignition do not give data on the CDT and

IDT.

Tests could be performed in which one or multiple variable input parameters are varied to values

different than the ones seen in the two test campaigns. That would provide more data points

which could be used to establish clearer relations between the the variable input parameters and
the hypergolic performance parameters.

» The HTP concentration could be varied in order to study the effects of doing so on the ignition
probability and the delay times. This would be useful in order to understand what minimum HTP
concentration is necessary to achieve sufficient hypergolic performance of the propellant combi-
nation.

Propellant combinations from literature could be tested in order to be able to better compare the
performance of TNO’s novel hypergolic propellant combination with state-of-the-art hypergolic
propellant combinations. This would give a better understanding of the viability of TNO’s propel-
lant combination as an alternative to the state-of-the-art propellant combinations.

An impinging jet test set-up could be designed, built and tested in order to move the development

of TNO’s novel propellant combination forward. However, it is advisable to first perform further
testing using the hermetic drop test set-up and to optimize the fuel mixture to minimize the IDT.
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Detailed test results

Table A.1: Test results of the first test campaign

Impact

Reaction Ignition

Date | Time Test ID PDT CDT IDT | Comment

[ms] start [ms] [ms]
11-apr | 14:01 Prep1 - - - - - - 100 uL, no ignition, no recording
11-apr | 14:05 Prep2 - - - - - - 150 pL, ignition, no recording
11-apr | 15:25 Prep3 - - - - - - 150 pL, no ignition, no recording
11-apr | 15:27 Prep4 - - - - - - 150 pL, no ignition, no recording
11-apr | 15:29 Prep5 2123 25 2148 26 2174 51 | 150 pL
11-apr | 16:01 Prep6 -439 22 -417 39 -378 61 | 50 pL
11-apr | 16:21 Prep7 -502 26 -476 46 -430 72 | 200 pL
11-apr | 16:28 Prep8 -828 22 -806 - - - 25 pL, no ignition
11-apr | 16:35 Prep9 -448 24 -424 22 -402 46 | 100 pL
11-apr | 17:07 | BaseA1 -645 22 -623 33 -590 55
11-apr | 17:14 | BaseA2 -465 23 -442 30 -412 53
11-apr | 17:22 BaseA3 -762 23 -739 - - - Ignition kernel at -699 (IDT: 63, CDT: 40)
11-apr | 17:27 BaseA4 -495 21 -474 21 -453 42
11-apr | 17:29 BaseA5 -705 21 -684 67 -614 91
12-apr | 12:16 | LessOx1 -865 25 -840 - - - Ignition kernel at -827 (IDT: 38, CDT: 12)
12-apr | 12:20 | LessOx2 -979 22 -957 - - - Ignition kernel at -944 (IDT: 35, CDT: 13)
12-apr | 12:23 | LessOx3 -805 25 -780 - - - No ignition
12-apr | 12:26 | LessOx4 - - - - - - No ignition, no recording
12-apr | 12:29 | LessOx5 -968 23 -945 - - - No ignition
12-apr | 12:33 | LessOF1 -868 26 -842 - - - No ignition, weak decomposition
12-apr | 12:43 | LessOF2 -846 30 816 - - - No ignition, weak decomposition
12-apr | 12:46 | LessOF3 -866 26 -840 - - - No ignition, weak decomposition
12-apr | 12:49 | LessOF4 - - - - - - No ignition, no recording
12-apr | 12:51 | LessOF5 -685 24 -661 - - - No ignition, weak decomposition
12-apr | 14:12 High1 -863 22 -841 - - - No ignition
12-apr | 14:16 High2 -785 19 -766 - - - No ignition
12-apr | 14:26 High3 -507 22 -485 43 -442 65
12-apr | 14:30 High4 -555 20 -535 - - - Ignition kernel at -509 (IDT: 46, CDT: 26)
12-apr | 14:34 High5 -532 20 -512 22 -490 42
12-apr | 14:40 High6 -708 23 -685 - - - No ignition
12-apr | 14:43 High7 -649 20 -629 72 -537 92 | First kernel at-617 (IDT: 32, CDT: 12)
12-apr | 14:51 High8 -819 23 -796 - - - No ignition
14-apr | 12:38 | HTPHeat1 -567 22 -545 25 -520 47
14-apr | 12:42 | HTPHeat2 | -828 21 -807 35 =772 56
14-apr | 12:46 | HTPHeat3 | -1027 22 -1005 - - - No ignition
14-apr | 12:50 | HTPHeat4 -790 21 -769 - - - No ignition
14-apr | 12:53 | HTPHeat5 - - - - - - No ignition, no recording
14-apr | 12:55 | HTPHeat6 | -595 22 -573 33 -540 55
14-apr | 15:46 | FuelHeat1 -499 16 -483 24 -459 40 | T=0:00 27.73C, T=11:30 28.12C
14-apr | 16:03 | FuelHeat2 -384 15 -369 32 -337 47 | T=0:00 28.12C, T=16:30 28.34C
14-apr | 16:16 | FuelHeat3 -550 14 -536 27 -509 41 | T=0:00 28.34C, T=12:00 28.40C
14-apr | 14:21 BaseB1 -596 20 -576 33 -543 53
14-apr | 14:24 BaseB2 -628 21 -607 - - - No ignition
14-apr | 14:28 | BaseB3 -654 20 -634 33 -601 53
14-apr | 14:31 BaseB4 -502 21 -481 28 -453 49
14-apr | 14:33 | BaseB5 -579 20 -559 76 -475 96
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Table A.2: Test results of the second test campaign

Date | Time | Testip | IMPact | pny | Reaction | opp) dgnition | yr | o0 ent
[ms] start [ms] [ms]

10-jul | 16:48 | Blunt110_1 204 26 230 14 271 67

10-jul | 16:53 | Blunt110_2 - - - - - - No ignition, recording started late

10-jul | 16:57 | Blunt110_3 137 25 162 - - - No ignition

10-jul | 16:59 | Blunt110_4 44 23 67 - - - No ignition

10-jul | 17:01 | Blunt110_5 147 25 172 22 194 46

13-jul | 16:26 | BaseC110_1 113 30 142 - - - No ignition, via side

13-jul | 16:29 | BaseC110_2 - - - - - - No ignition, via side, recording started late

13-jul | 16:36 | BaseC110_3 126 21 147 - - - No ignition

13-jul | 16:40 | BaseC110_4 140 21 161 - - - No ignition

13-jul | 16:44 | BaseC110_5 130 22 152 - - - No ignition

13-jul | 16:48 | BaseC150_1 163 22 185 26 211 48

13-jul | 16:54 | BaseC150_2 156 21 177 - - - No ignition

13-jul | 16:56 | BaseC150_3 178 23 201 - - - No ignition

14-jul | 14:30 | BaseC150_4 150 21 171 31 202 53

14-jul | 14:34 | BaseC150_5 159 18 177 33 211 51

13-jul | 17:01 | BaseC200_1 153 23 176 31 208 55

13-jul | 17:03 | BaseC200_2 164 21 185 24 209 45

13-jul | 17:04 | BaseC200_3 168 24 193 22 215 47

14-jul | 11:29 | BaseC200_4 117 27 144 17 161 44

14-jul | 11:32 | BaseC200_5 133 25 158 47 205 72

14-jul | 14:44 | BaseC250 1 173 25 198 31 229 55

14-jul | 14:47 | BaseC250_2 193 23 216 20 236 43

14-jul | 14:50 | BaseC250_3 156 20 176 21 197 41

14-jul | 14:53 | BaseC250_4 151 24 175 24 199 48

14-jul | 14:55 | BaseC250_5 144 23 167 21 188 44

14-jul | 15:05 | BaseC350 1 147 27 173 19 192 45

14-jul | 15:08 | BaseC350_2 189 25 214 19 233 44

14-jul | 15:11 | BaseC350_3 165 25 190 39 229 64

14-jul | 13:30 Vial110_1 150 22 172 26 198 47

14-jul | 13:33 Vial110_2 186 24 210 26 236 50

14-jul | 13:36 Vial110_3 64 22 86 - - - No ignition

14-jul | 13:40 Vial110_4 199 24 223 - - - No ignition

14-jul | 13:43 Vial110_5 147 23 170 - - - No ignition

14-jul | 13:52 Vial150_1 225 24 249 29 278 53

14-jul | 13:54 Vial150_2 194 22 216 - - - No ignition

14-jul | 13:59 Vial150_3 260 21 282 23 305 45

14-jul | 14:02 Vial150_4 164 24 188 - - - No ignition

14-jul | 14:05 Vial150_5 193 24 217 - - - No ignition

14-jul | 12:01 Vial200_1 180 29 210 27 236 56 | Via side

14-jul | 13:11 Vial200_2 133 25 158 - - - No ignition

14-jul | 13:14 Vial200_3 138 28 166 - - - No ignition, via side

14-jul | 13:17 Vial200_4 136 23 159 - - - No ignition

14-jul | 13:20 Vial200_5 145 25 169 33 202 58




Ignition delay times of different studies

The following list shows all the information necessary for understanding the composition of the propel-
lants of the figures in question.

- Figure B.1[53]

* Figure B.2 [30]

Oxidizer: 97% HTP

Fuel: Liquid ethanol for experiments #9, #10, #11

MCAT: Manganese (lll) acetylacetonate

HSC: High-speed camera

PD: Photodiodes

The results of the high-speed camera were determined to be more reliable than those of
photodiodes

Drop height: 23 cm

» Figure B.3 [22]

— Oxidizer: 90% HTP

— Fuel: Ethanol

Gelling agent: propyl cellulose

Sp: 6% Gelling agent

Sai: 4% Gelling agent 4% Aluminum

— Sp: 4% Gelling agent 4% Boron

— S¢: 4% Gelling agent 4% Carbon

— CCAT: 1% copper chloride hydrous

— MCAT: 1% Manganese (Il) acetylacetonate

» Figure B.4 [3]

— Oxidizer: 90% HTP

Fuel: Ethanolamine

Gelling agent: 50% Polyvinylpyrrolidone 50% Fumed Silica
Liquid: no gelling agent

Pure: 12% Gelling agent

Al: 11% Gelling agent 2% Aluminum

B: 11% Gelling agent 2% Boron

— C: 11% Gelling agent 2% Carbon

— CCAT: copper chloride hydrous

— MCAT: Manganese (Il) acetylacetonate
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Figure B.5 [52]

Figure B.6 [10]

— Fuels are different combinations of ethanol, water, manganese (lll) acetylacetonate and

methylcellulose or hydroxpropyl methylcellulose
— Oxidizer: 90% HTP

Figure B.7 [15]

— EMIM SCN: 1-ethyl-3-methyl-imidazolium- thiocyanate
— BMIM SCN: 1-butyl-3-methyl-imidazolium-thiocyanate

Figure B.8 [18]

— IL: [EMIM][BH5CN)]

— TG: tetraglyme

- ILTG: 1:1 of L& TG

— CU-P1: [Cu't(1 — H — imidazole)s(BH3CN)|[BH3CN]|
— CU-P2: [Cu't(1 — methylimidazole)s(BH3CN )5

Figure B.9 [41]
— Oxidizer: 95% HTP
Figure B.10 [49]

— Oxidizer: 98% HTP
— Fuel: HKP111 (3-methylaminopropylamine (MAPA) with 10 wt% of sodium borohydride)

Figure B.11 [17]

— Oxidizer: 91.2% HTP
— Fuel A: Hydrocarbon-based mixture with sensitizing agent

Figure B.12 [34]

Figure B.13 [20]

— Block 0: methanol with the manganese based catalyst in solution
— SSR: Soluble Strained Ring compound from Organic Technologies

Figures B.14, B.15, B.16, B.17, B.18 and B.19 [16]

— Oxidizer: 96% HTP
— Fuel: amine TMEDA (N,N,N’,N’- tetramethylethylenediamine)

Figure B.20 [6]

— Oxidizer: 96.1% HTP
— Fuel: EMIM SCN (1-ethyl-3-methylimidazole thiocyanate)

Figure B.21 [7]

— TMEDA: N,N,N’,N’- tetramethylethylenediamine
— DMEA: dimethylaminoethanol

Figure B.22 [5]

— Oxidizer: 98% HTP
— Fuel: EMIM SCN (1-ethyl-3-methylimidazolium thiocyanate)
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» Figure B.23 [38]

» Figure B.24 [69]

— Oxidizer: 92% HTP
— Fuel: 91.4% Ethanolamine 8.6% Sodium borohydride

» Figure B.25 [31]

Table 3. Results of IDT for catalytically promoted fuels at highest content of additives with 98% HTP.

Fuel Additive/ Lowest IDT, Averaged IDT, Highest IDT,
Content [ms] [ms] [ms]
Benzaldehyde 20% FeCl;-6H,O 47 50.1 53,7
Ethanolamine (MEA) 4% CuCl,-2H,0 321 37 44
Ethanol 15% 2-ethylohexanoate cobalt (I) 53.1 63.2 82,7
Izoamyl Aleohol 20% 2-ethylohexanoate cobalt (IT) 388 48.5 54,7
Jet-A/TMPDA (80/20) 20% (II) cobalt neodecanoate 21.2 22,5 24,6
TMPDA 20% 2-ethylohexanoate cobalt (II)] 54 6.6 7.8

Figure B.1: Ignition delay times [53]

Table 6.5: Average physical, chemical, and total ignition delay times measured using PDs and HSC for all samples

presented in Table 6.4. All values are given in ms.

Physical delay

Chemical delay

Total ignition delay

# | Variant PD IEES PD [ HSC PD [ HSC

1| 5% MCAT 43:123 516+9.8 455108  238:42 8953 754456
2 | 3% MCAT 65.38.4 68.8:8.9 57.2:+33  27.2+129 1224:96  96.1+17.6
3 | 2% MCAT 82.1:2.4 84.6:4.1 6271277 46:17.3  144.8:264  130.6£135
4 | 1% MCAT 1552457  158.9:+186  228.7+9.9 2247136 383.9t144  383.5:13.2
5 | 0.5% MCAT 430+41.8 445126 3 627.2* 567 1086.7* 1038.3*
6 | 95% HTP 74+18 78.3+4.7 773:47  452:67  1514:47  1234%39
7 | 90% HTP 86:9.7 87.9+122  831+123 676+7.5  169.1+36  1555:5
8 | 87.5% HTP 11218.1 118.5¢.47 » - -

9 | Lig. 10% MCAT | 13.9:3.6 16.8£3.9 403153  355:44 542121 52.3¢1
10 | Lig. 5% MCAT | 14.7+4.1 14.9+4 6 4624206 357+177 609+166  50.6+13.1
11 | Lig. 3% MCAT | 222413 23 641 - - - -

12 | But. 5% MCAT | 42.4+4.1 43335 38.9:7 20+17 81497 63.3+5
13 | But. 3% MCAT | 61.5:4.9 62.8:4.1 776123 205:27  141.9:19.4  94.8:0.2
14 | 5% FCAT 2161.2£970.8 1513.2¢90.8 145657  115:324  2306.2:014  1628.4:58.4
15 | 3% FCAT 33412+158.3 3374.1+163.3 1534+105 0284386 3404.6:1400 3466.9+137.3
16 | 0.3 ml fuel 4824175  537+152 843188 36448 132624  90.1+107
17 | 0.2 ml fuel 50.7+8.8 55.6+7.9 58.5:03  204:38  109.2+27  85:06
18 | 0.05 ml fuel 65.35.5 68.6:6.5 535:62  19.7:3.4  118.8£3 88.2t4.1
19 | 4 weeks old 2023+16.9  219.9+152  2712#17.7 230.3:28.1 473.5:33.5  450.2:40.3
20 | 18 cm drop height | 65.8+4.7 677 534164  226+7 119.2+11 89.6+13.8
21 | 28 cm drop height | 52.7:0.4 55.6:2.4 48.5:36  33.1%2.2  101.1%3.7  B88.7:36

*Ignition was achieved only one out of three times. Therefore no standard deviation could be calculated.

**Ignition was not achieved in any case.

Figure B.2: Ignition delay times [30]
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Table 3

Table 2

Ignition delay of pure and metalized gelled ethanol fuel with hydrogen

peroxide.

Gelled fuel

Oxidizer quantity

Ignition delay (ms)

Sp CCAT
Sp CCAT
Sp MCAT
Sp MCAT
Su CCAT
Sp CCAT
Sp MCAT
Su MCAT
Sy CCAT
Sy CCAT
Sy MCAT
Sp MCAT
Sc CCAT
Sc CCAT
Sc MCAT
Sc MCAT

Single drop
Multi drop
Single drop
Multi drop
Single drop
Multi drop
Single drop
Multi drop
Single drop
Multi drop
Single drop
Multi drop
Single drop
Multi drop
Single drop
Multi drop

Rapid decomposition, No ignition

50
13.46
19.8
415
28.7
47.7
7.0
115.0
90.0
37.0
1.33
24
14.35
19.2
18.6

Figure B.3: Ignition delay times [22]

Ignition delay of pure and metalized gelled ethanolamine fuels with hydrogen peroxide.

Gelled fuel

Oxidizer quantity (pl)  Ignition delay (ms)

Critical catalyst concentration (wt%)

Flame length (mm)

CNO.Liquid,CCAT
CNO.Liquid. MCAT
CNO.Pure.CCAT
CNO.Pure. MCAT
CNO.ALCCAT
CNO.ALMCAT
CNO.B.CCAT
CNO.B.MCAT
CNO.C.CCAT
CNO.C.MCAT

50
50
50
50
50
50
50
50
50
50

N/A
N/A
1.88
2042
3.90
56
262
406
2.84
5.02

0.1-1.0
0.1-1.0
0.63
0.50
0.35
0.31
0.97
0.38
0.57
0.40

N/A

N/A

96

101

113

186

61

116

81

10 approx.

Figure B.4: Ignition delay times [3]
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. ] Experiment
Fuel Additive H-0, IDT Method
Methanol 10% MAT 98% 30ms™ Drop Test
Methanol 30% MAT 98% 10ms'™ Drop Test
Ethanolamine 5% CuClh 85% 200ms™ Drop Test
Ethanolamine 10%CuCl 85% 30ms' Drop Test
Ethanolamine 10%CuCl 85% 190ms™  Impinging Test
Ethanolamine**de¢ 10%CuCla 85% 130ms'*  Impinging Test
Kerosene Metal Salts 98% 19ms? Drop Test
dimethylhexolamine C16H30C004 98% 12.7ms'" Drop Test
dimethylbutylamine C16H30C004 98% 9.8ms!? Drop Test
Triglyme 8% HsBNa  88.5%  10.6ms'’ Drop Test
Tetraglyme 10% H4BNa 88.5% 12mst Drop Test
Dimethyl Formamide 12% H.BNa  88.5%  9.12ms"? Drop Test
Dimethyl Sulfoxide 10% HisBNa  88.5% 14ms?3 Drop Test
Triglyme 8% HsBNa  88.5% 9ms!? Impinging Test
Dimethyl Formamide 12% HaBNa ~ 88.5% Tms!? Impinging Test

Dimethyl Sulfoxide

10% H4BNa

88.5% 7ms'3

Impinging Test

Table [. Fuel compositions that

concentrated hydrogen peroxide.

Table 5

Figure B.5: Ignition delay times [52]

are hypergolic with

Ignition delay times of solidified ethanol fuel
containing a various concentration of gellant
and catalyst loading.

Sample Ignition delay (ms)
M13MAC1 No ignition
M13MAC2 No ignition
M13MAC3 24233 £33
M13MAC4 129.20£15
M13MAC5 89.50+10
M13MAC6 150.0£15
M13MAC7 207.67+£12
M14MAC5 72.20+10
H13MAC1 307.00+10
H13MAC2 218.00+33
H13MAC3 49.00+09
H13MAC4 88.25 107
H12MAC3 66.67 +18
H10MAC3 163.33+10

Figure B.6: Ignition delay times [10]
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Table 2
Ignition delay of EMIM SCN with the oxidizer mixtures.
Oxidizer H-0, 05 H-0 00 H0. 80 H-02 70 H=0. 60
additives widh wid widh witit widh
Purs 230(2.3) 323(1.2) 1270 180.6 -
(5.8) (11.2)
LiNO,
0.5 widh 220(1.2) 324(2.3) 628(2.1) 1461 -
(13.0)
1.0 widh 21.5(0.6) 32.0(4.0] 73.3(5.0) 146.4 -
(13.5)
5.0 widh 19.3(1.4) 28.6(26) 61.1(51) 1288 -
(13.0)
20.0 wilh 15.0(1.0) 26.0(2.4) 464 (3.8 1005 -
(5.8)
NH,NOs
0.5 wid 21.6(1.8) 345(27) 720(9.3) 1806 -
(15.4)
1.0 wis 210(1.5) 26.1(3.4) 7F72(2.9) 1349 -
(24.1)
5.0 widh 23.0(2.1) 33.1(1.0) 1009 150.8 -
(2.8) (5.3)
20.0 Wt 27.6(1.9) 49.5(45) 1044 146.7 -
(7.4) (11.3)
(): Standard deviation.
Four repetitions per case.
Table 3
Ignition delay of BMIM SCN with the oxidizer mixtures.
Oxidizer Ho04 95 Ha0, 90 H20- 80 H.0, 70 H20. 60
additives wilh witdh wilh witdh witlh
Pure 35.1(3.8) 43.4(1.5] 995(21) 1975 -
(14.9)
LiNGg
0.5 widh 33.1(2.9) 440(27) 97.1(6.1) 1900 -
(16.8)
1.0 widh 32.2(3.0) 45.0(3.0) 98.6(5.0) 193.0 -
(20.6)
5.0 widh 30,1 (3.1)  43.1(4.1) 87.6(4.9) 1642 370.6
(16.0)
20.0 wid 237(1.1) 321(21) 754(1.7) 115. 230.8
(12.8) (18.2)
NHNOs
0.5 wid 346(2.6) 48.8(3.0) 04.4(7.0) 1907 -
(9.0)
1.0 widh 32.7(1.5) 47.2(1.6]) 941 (3.7) 199.8 -
(14.2)
5.0 widh 31.6(1.4) 47.4(3.6]) 93.3(3.0) 1999 -
(11.7)
20.0 widh 367(1.1) 48.0(3.4) 036(8.3) 1633 -
(3.9)

(): Standard deviation.
Four repetitions per case.

Figure B.7: Ignition delay times [15]
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IDT (ms)

110

100 92.75
90 —
80 ]
70 y
60 —-
50 —
40 ]
30 y
20 1

10 —

—— TG

7.75

ill | 1|0
Cu-P1 (wt.%)

14

Fig. 4. IDT of fuels vs additive (Cu-P1) concentration in the fuel (IL: [EMIM][BH;CN]; TG: tetraglyme; ILTG: 1:1 of IL & TG (wt/wt%)).

Figure B.8: Ignition delay times [18]

Table 2: Hypergolic ignition delay time of hypergolic fuels

Fuels [EMIM][BH3CN] MIMBH; Furfuryl NaBH:CN Nal Ignition delay
(wt.%) (Wt.%) alcohol (wt.%) (wt.%) time (ms)
(wt.%)

HF1 100 0 0 0 0 >1000
HF2 95 0 0 0 5 95.50
HF3 93 0 0 0 7 93.57
HF4 91 0 0 0 <9 75.50
HF5 47.5 0 47.5 0 5 80.25
HFe6 46.5 0 46.5 0 7 64.50
HF7 455 0 455 0 9 56.00
HF8 44.5 0 445 0 <11 44.50
HF9 0 100 0 0 0 392.5
HF10 0 97 0 0 <3 25.25
HF11 0 54 46 0 10 44.00
HF12 0 76 19 0 5 82.75
HF13 0 0 100 0 0 Non hypergolic
HF14 0 0 85 10 5 48.75
HF15 0 0 83 10 7 34.00
HF16 0 0 81 10 9 30.00
HF17 0 0 79 10 <11 29.00

Figure B.9: Ignition delay times [41]
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Flame growth distance (mm)

Flame growth distance (mm)

80

60

40

80

60

40

Fuel: 10 uL, Oxidizer:30 uL (MR = 4.9) Fuel: 10 puL, Oxidizer: 50 uL (MR = 8.2)
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(=] (=]

Flame growth distance (mm)
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(=]
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o L2
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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(a) (b)
Fuel: 10 pL, Oxidizer: 100 pL. (MR =16.4) _ Fuel: 10 pL, Oxidizer: 150 uL (MR =24.7)
£ 80
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W
! 2 60
z
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2
2
&0 20
o
£
<
= 0
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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(e) (d)

Figure 6. Time history of flame growth in the test tube ((a) MR = 1.6, (b) MR = 8.2, (¢) MR = 16.4,
(d) MR = 24.7, five test results for each test condition are plotted per graph).

Figure B.10: Ignition delay times [49]

Table 15. Fuel A/H»0Os test series ignition delay results.

Test O/F R, Propellant Re |

| Velocity [ft/s] ID [ms] ID dev. [ms]

1 200 287 Hz0, 10000 69 8.6 0.2
Fuel A - 48

2 200 287 H20, 14242 I8 8.3 0.3
Fuel A - 69

3 200 287 Hz05 20000 138 6.5 0.1
Fuel A - 06

Figure B.11: Ignition delay times [17]
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Table 1.

Summary of test conditions.

Table 4.1 Summary of test conditions. Simulant tests®

Fuel Oxidizer Number Impact  Oxidizer  Ign. Average Explosion Average
Type Type of Tests Velocity Temp. Prob. Ign. Delay Prob.  Explosion Delay
+ 0.1 m/s + 1°C ms ms
Fuel A 95% HyO, 10 29 10 90% 15 0% —
Fuel A 95% H,0, § 1.2 10 100% 25 0% —
MMH RFNA 25 2.9 10 32% 26 44% 2
MMH RENA 21 1.3 10 9% 16 143% 2
MMIH WFNA 9 2.9 20 0% — 0% —
MMH WENA 7 2.3 20 0% — 0% —
MMH WENA 5 1.6 20 0% — 40% 7
MMH WEFNA 5 1.3 10 0% — 140% 22
MMH WENA 10 1.3 20 0% — 30% 6
MMH WENA 5 1.3 30 0% — 0% —
TEDMAZ RFNA 9 2.9 10 78% 27 0% —
TEDMAZ REFNA 7 2.2 10 100% 25 0% —
TEDMAZ RFNA 5 1.2 10 80% 41 0% —
Methanol*  70% HNOj; 18 1.2 20 0% — 0% —
Figure B.12: Ignition delay times [34]
L Average Igniticn plimum Chamber
Oxidizer Fuel Mixtura {isp_v (sec)
Deilay (msec) . Temp. (K)
Ratio
NTO MMH To be determined 210 338 N4
98.3% H202 Black 0 15.54 277 283.5 2876
75% Methanol
98.2% H202 25% Mn( }4H20 1217 27N 282.3 2666
45% Methanol
98.2% H202 4P% SSR 15% 14.06 413 296.9 2903
Mn( )4H20
37.5% Methanol
98.2% H202 150% SSR 10.33 443 299.1 2940
12.5% Mn( )4H20

Table 5: Ignition delays and vacuum

Isp’s for several different fuels.

(Chamber pressure 500 psia,
expansion ratio of 10).

Figure B.13: Ignition delay times [20]
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Table 2: Parameters of test series 1 with average IDTs and respective standard deviations.

Catalyst Average Amount of Condition of  Number of Average Standard
particle size catalyst [wt% the tests IDT [ms] deviation
(DLS) [nm] nanoparticles [ms]
Plaano 735 1 dried 3 792 44
LG
Auano 78.6 1 dried 3 55.8 37
MnO:aano 67.7 1 dried 3 1483 6.4

Figure B.14: Ignition delay times [16]

Table 3: Parameters of test series 2 with average IDTs and respective standard deviations.

Catalyst Average Amount of Condition of  Number of Average Standard
particle size catalyst [wt%] the tests IDT [ms] deviation
(DLS) [nm] nanoparticles [ms]
P
Auane 37.4 1 dried 3 47.8 23
-
Auano 60.2 1 dried 3 46.3 7.1
G
Aluano 78.6 1 dried 3 55.8 3.7

Figure B.15: Ignition delay times [16]

Table 4: Parameters of test series 3 with average IDTs and respective standard deviations.

Catalyst Average Amount of Condition of  Number of Average Standard
particle size  catalyst [wt%] the tests IDT [ms] deviation
(DLS) [nm] nanoparticles [ms]
P
Aaano 37.4 5 dried 3 247 23
.
Aluane 60.2 5 dried 3 173 0.5
G
Auano 78.6 5 dried 3 51.8 1.4

Figure B.16: Ignition delay times [16]
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Table 5: Parameters of test series 4 with average IDTs and respective standard deviations.

Catalyst Amount of Condition of Number of Average IDT  Standard
catalyst [wt%)] the tests [ms] deviation
nanoparticles [ms]

Agrino (10 wt%

PVP) 5 dried 2 51.1 43
Agr 0 (30 wt%
PVP) 5 dried 2 55.3 8.0
Aghine (10 wt%
citrate) 5 dried 2 234 04
Agh0 (30 wt%
citrate) 5 dried 2 24.0 0.3

Figure B.17: Ignition delay times [16]

Table 6: Parameters of test series 5a with average IDTs and respective standard deviations.

Catalyst Average Amount of Condition of  Number of Average Standard
particle catalyst [wt% the tests IDT [ms] deviation
size (DLS) nanoparticles [ms]
[nm]
Agl,:a,m Dispersion
374 1 (E{OH) 3 31.7 1.7
Ao Dispersion
60.2 1 (EtOH) 3 18.0 0.8
Aguc",,m Dispersion -
78.6 1 (E1OH) 3 51.2 15.8

Figure B.18: Ignition delay times [16]

Table 8: Parameters of test series 5b with average IDTs and respective standard deviations.

Catalyst Amount of Condition of  Number of Average IDT  Standard
catalyst [wt%] the tests [ms] deviation
nanoparticles [ms]
Aghoo (10 Wt% . .
N - Dispersion 5
PVP) 5 (EtOH) 2 45.7 1.3
Agho (30 wt% . .
mano °> . Dispersion 5 .
PVP) 5 (EtOH) 2 514 0.7
Agh (10 wt% . .
e _ Dispersion
citrate) 5 (EtOH) 3 8.8 1.0
Aol 10
Agmcuion(-?.?e‘)‘t * 5 Dispersion 2 18.9 22
(EtOH) - : :

Figure B.19: Ignition delay times [16]
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Table 2 TVG and IDT

CONFIG # IDT sD TVG sSD .II.E:',E
0 20 313 37 281 36| 32
1 20 309 61 269 55| 40
2 17 | 295 25 258 25| 37
3 8 304 23 270 19| 34
4 9 653 66 619 58| 35

Figure B.20: Ignition delay times [6]

70 1

-~ H:0:(98%)
) -8~ H;0:(90%)

EtOH [vol%]

Fig. 11. Ignition delay time for different proportions of EtOH in TMEDA/DMEA (sample FS1.5) using 1wt% CuCl, with 90% and
98% hydrogen peroxide.

Figure B.21: Ignition delay times [7]

Table 3

Influence of copper additive on time to vapor generation and ignition delay time.
Additive content[wt%]  Time to vapor generation[ms]  SD TVG[ms] Ignition delay time[ms]  SD IDT[ms] Difference between IDT and TVG[ms]  # of tests
0 283 42 31.7 42 34 30
0.5 17.0 0.8 19.3 0.6 23 6
1 14.9 18 16.2 20 1.4 23
2 14.3 1.8 15.7 1.9 1.4 8
3 14.5 17 15.6 1.7 1.1 7
5 13.1 17 139 1.8 0.8 24
7 15.5 15 164 1.2 0.9 7
10 16.3 12 16.9 1.0 0.6 6

Figure B.22: Ignition delay times [5]
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Fig. 4 The relation between the ignition delay and the content of the
ignition source in nontoxic hypergolic fuel (stock 3) depending on the two
different types of hydrogen peroxide.

Figure B.23: Ignition delay times [38]
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Figure 5.6 Dependence of IDT on (a) We with 4 = 1.5,1.75 and 2.1, and (b) 4 with
We = 31,41 and 61.

Figure B.24: Ignition delay times [69]



Fig. 2. The droplet test performed on catalytically promoted fuel with 98% hydrogen peroxide — the IDT=16 ms (IoA)

Tab. 1. Mixtures of fuels and additives being hypergolic with hydrogen peroxide

Fuel Additives HTP IDT Method of Experiment
Methanol 10% MAT 98% 30 ms Drop Test
Methanol 30% MAT 98% 10 ms Drop Test

Ethanolamine 5% CuCl, 85% 200 ms Drop Test
Ethanolamine 10%6CuCl, 85% 30 ms Drop Test
Ethanolamine 10%CuCl; 85% 190 ms Impinging Test
Ethanolamine??desc 10%CuCl> 85% 130 ms Impinging Test
Kerosene Metal Salts 98% 19 ms Drop Test
dimethylhexolamine C16H30C004 98% 12.7 ms Drop Test
dimethylbutylamine C16H30C004 98% 9.8 ms Drop Test
Triglyme 8% H,BNa 88.5% 10.6 ms Drop Test
Tetraglyme 10% HiBNa 88.5% 12 ms Drop Test
Dimethyl Formamide 12% HsBNa 88.5% 9.12 ms Drop Test
Dimethyl Sulfoxide 10% H.BNa 88.5% 14 ms Drop Test
Triglyme 8% H4BNa 88.5% 9 ms Impinging Test
Dimethyl Formamide 12% HsBNa 88.5% 7 ms Impinging Test
Dimethyl Sulfoxide 10% H.BNa 88.5% 7 ms Impinging Test

Figure B.25: Ignition delay times [31]




Test procedures

These are the test procedures for the hermetic test set-up. The ambient test procedures are virtually
identical with the omission of steps relating to pressurization. The procedures are divided in seven
different parts, which are:

* Preparation of test campaign

* Preperation of test day

* Preparation of test series

» Execution of one test

» End of test day

» End of test campaign

+ Contingency checklist (in order of severity)

Preparation of test campaign
Materials

* Hermetic set-up

» Laptop

* NI compact DAQ

* High-speed camera
» Syringe pump unit
+ Distilled water

» Syringe needles

+ 2 spill trays

+ Paper towels

Steps

Wear appropriate PPE (safety shoes, safety glasses, lab coat)
Put hermetic set-up in fume hood

Place NI compact DAQ in appropriate place

Put syringe pump in fume hood

Put 2 spill trays in fume hood

Set up laptop

Set up NI compact DAQ

Connect hermetic set-up to laptop

Set up high-speed camera

Turn on and set up FlexLogger

COXXNOARr®LN =

—_
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11. Ensure LED-lights work

12. Ensure the pressurization system and syringe system work and do not leak by using the low
pressure connectors in the fume hood

13. Calibrate falling droplet thermal system
14. Calibrate resting droplet thermal system
15. Calibrate high-speed camera

16. Calibrate the syringe pump unit using an ethanol needle and distilled water (write down droplet
volume)

17. Calibrate falling droplet feed system using distilled water (write down droplet volume)
18. Dry the falling droplet feed system

Preperation of test day
Materials

+ Safety glasses

» Lab coat

+ Safety gloves

» Safety shoes

* 1 bucket with water
* 1 cup with water

+ Paper towels

Steps

Set up laptop

Connect hermetic set-up to laptop

Set up high-speed camera

Turn on and set up FlexLogger

Ensure proper calibration of set-up

Set up bucket with water on the floor next to fume hood
Set up cup with water outside of fume hood

Have paper towels outside of fume hood

© N oA WON =

Preparation of test series
Materials

» Borosilicate vials

» Hydrogen peroxide
» Ethanol

+ Catalyst(s)

* Propagator(s)

Steps

1. Wear proper PPE (safety glasses, lab coat)
2. Prepare ethanol and alternative fuel mixtures and put them in borosilicate vials storage containers

(a) Use a syringe pump unit, syringe and needle

(b) Label the borosilicate vials containers

(c) Put the appropriate mixtures in the appropriate vials containers
(d) Close the borosilicate vials containers

3. Put the prepared borosilicate vials containers in the appropriate spill tray
4. Put the hydrogen peroxide bottle in the other spill tray
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Put empty hydrogen peroxide borosilicate glass in test stand

Put hydrogen peroxide in the falling droplet feed system syringe

Connect falling droplet feed system syringe to falling droplet feed system tube
Put falling droplet feed system syringe in syringe pump unit

Actuate syringe pump unit until a droplet falls

Ensure no further droplet is about to fall

Remove hydrogen peroxide borosilicate glass, empty it in bucket with water, put it in hydrogen
peroxide spill tray

Execution of one test

1.

N

© N o o

10.
11.
12.
13.

14.

Wear proper PPE (safety glasses, lab coat, safety gloves, hearing protection)

Note down vial label fuel mixture to be tested in laptop as well as other relevant information

If necessary: open hermetic set-up door

Put a pre-determined amount of fuel mixture in a borosilicate vial using a syringe and syringe
pump

Ensure no droplet is forming under falling droplet buffer the droplet stopper is extended

Put closed borosilicate vial in test stand

If testing atmosphere deviates from standard: close hermetic set-up door

Ensure readiness of the system

(a) Droplet stopper

(b) High-speed camera and LED-lights

(c) Falling droplet thermal system

(d) Resting droplet thermal system

(e) Syringe pump unit

(f) Pressurization system
Ensure test is about to be conducted safely
If required: pressurize system to the desired pressure and ensure the system does not leak
Open borosilicate vial
Actuate syringe pump unit and ensure high-speed camera is active
After test:

(a) De-pressurize system

(b) Ensure data is saved

(c) Open hermetic set-up door

(d) Ensure the droplet stopper is extended

Throw used borosilicate glass into bucket with water

End of test day

1.

—_ =

SO0 NSO WD

Empty cup with water

Put cup without water in test stand

Fully actuate HTP syringe

Flush falling droplet feed system with distilled water
Empty cup with HTP/water mixture in bucket
Throw away cup

Dry falling droplet feed system

Empty bucket with water

Pack up high-speed camera

Pack up laptop

Return chemicals to correct location(s)



End of test campaign
1. Clean hermetic set-up
Clean spill trays
Clean fume hood
Return high-speed camera
Return NI compact DAQ
Return syringe pump unit
Return spill trays
Store hermetic set-up and other materials in appropriate places

© N Ok ®DN

Contingency checklist (in order of severity)
1. Major injury?

(a) Eye: Rinse with eye rinse unit
(b) Burn: Rinse with large amount of cool (not cold) water
(c) Call 088 866 2222

2. Large fire?

(a) Optional: extinguish using 1 fire extinguisher
(b) Evacuate area
(c) Call 088 866 2222

3. Small fire?

(a) Extinguish using cup with water
i. Didn’t work:

(b) Extinguish using bucket with water
i. Didn’t work:

(c) Extinguish using 1 fire extinguisher
i. Didn’t work:

(d) Evacuate area
(e) Call 088 866 2222

4. Minor injury?
(a) Go to a First Aid station
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