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Abstract

Production of rocket propellants from lunar resources has the potential to significantly

reduce the cost of space exploration and thus contribute significantly to the development

of a space economy. Recent research efforts in this area were focused on the extraction

of water from icy regolith for conversion into hydrogen and oxygen, a highly efficient

rocket bipropellant. However, water is available only in the polar regions of the Moon, its

abundance is to be questioned, and its extraction is a challenging and not a mature technology.

The present thesis aims to assess the feasibility of using propellant components that can be

obtained directly from lunar regolith, specifically oxygen, metal alloys, and sulfur through a

reduction process based on electrolysis. The concept will also be applicable to other extrater-

restrial bodies that contain regolith, such as certain asteroids. Thermodynamic performance

characteristics of rocket engines using these components were calculated over a wide range of

oxidizer-to-fuel mass ratios. It has been shown that the fuel obtained by extraction of oxygen

from regolith, i.e., primarily a mixture of metal alloys, exhibits a relatively high specific

impulse of up to 250 s, which is comparable to current solid propulsion systems. The use of

fuel-lean propellant mixtures significantly decreases the chamber and nozzle temperatures,

which facilitates cooling and potentially reduces the deposition of condensed products in the

engine; at the same time, the expected decrease in the specific impulse is less pronounced.

The use of sulfur in rocket engines is less promising from a thermodynamic point of view,

but it enables engine designs without a need for feeding metal alloy powders.

Multiple different engine designs are proposed and compared and the key engineering

design challenges are discussed. Among the different designs the metal-oxygen engine will
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Abstract

have the highest performance but will also be the most complex to design. The sulfur-based

engine can be configured as a hybrid rocket (fuel: metal alloys mixed with sulfur, oxidizer: liq-

uid oxygen) and appears to be the most promising in terms of simplicity of the design and

predicted performance.

The theoretical work is complemented with preliminary ignition and combustion experi-

ments as well as thermochemical analyses of various metal alloy powders. Particular attention

was directed towards silicon and aluminum/silicon alloys, assessed to be the most prevalent

compounds in regolith-derived fuel. One notable insight emerged during ignition experi-

ments of the powders in oxygen: the distinct combustion mode of aluminum and silicon,

which was also predicted by theoretical computations, was observed. The combustion mode

is a key factor to determine product particle size, which directly impacts performance losses

in a rocket engine.
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La production de carburant pour fusée à partir de ressources lunaires peut réduire consid-

érablement le coût de l’exploration spatiale et contribuer ainsi de manière significative au

développement de l’économie spatiale. Les efforts de recherche récents dans ce domaine se

sont concentrés sur l’extraction de l’eau contenue dans le régolithe. Le processus d’électrolyse

est alors utilisé pour convertir l’eau a ses éléments de base, l’hydrogène et l’oxygène. Ces

éléments sont les deux constituants les plus communs du propergol. Cependant puisque

l’eau n’est disponible que dans les régions polaires de la Lune, son abondance est remise en

question. De plus, la méthode d’extraction de l’eau lunaire est peu avancée et nécessiterait

donc être développée plus assidument.

La présente thèse évalue la viabilité de l’utilisation de carburants dérivés de régolithe

lunaire. Les dérivés principaux constituent en particulier l’oxygène, les alliages métalliques et

le soufre. La performance thermodynamique de ces derniers à été calculée dans le contexte

de combustion dans les moteurs de fusée. La variable d’entrée est le rapport de masse entre

l’oxydant et le combustible et la variable de sortie est l’impulsion spécifique. Ces calculs

démontrent que le combustible obtenu par extraction de l’oxygène du régolithe présente une

impulsion spécifique jusqu’à un maximum de 250 s. Cette valeur est comparable à la perfor-

mance de carburants solides utilisés aujourd’hui. En utilisant un mélange de propergol pauvre

en carburant, les températures de la chambre et de la tuyère sont considérablement réduites.

Ceci facilite le refroidissement du système de combustion ainsi réduisant le dépôt de produits

en phase condensée. Cette diminution de température entraine sans doute une diminution de

l’impulsion spécifique. Cependant, cette dernière est beaucoup moins prononcée que prévu.

D’un point de vue thermodynamique, l’utilisation du soufre dans les moteurs de fusée est
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moins prometteuse. En revanche, elle permet d’éviter injection de poudre d’alliage métallique.

Différents concepts de moteurs sont proposés et comparés. De plus, les défis de conceptions

de chacun des moteurs est discuté. Il a été découvert que le moteur le plus performant est

celui propulsé à base d’un mélange de métaux et d’oxygène. Cependant, il est le plus com-

plexe à concevoir. Un autre moteur étudié est le moteur propulsé à base de soufre. Ce dernier

peut être configuré comme fusée hybride avec un carburant d’alliages métalliques mélangés a

du soufre et un oxydant d’oxygène liquide. En termes de simplicité et performance moteur,

ce concept semble être le plus prometteur.

La théorie est supportée par des tests préliminaires d’allumage et de combustion ainsi que

des analyses thermochimiques de divers alliages métallique. Une attention particulière a été

accordée au silicium et aux alliages aluminium/silicium, considérés comme les composés les

plus répandus dans les combustibles dérivés du régolithe. Les expériences d’allumage de

l’oxygène ont permis de mettre en évidence le mode de combustion distinct de l’aluminium

et du silicium. Ceci a également été prédit par les calculs théoriques. Le mode de combustion

est un facteur clé pour déterminer la taille des particules de produit ayant un impact direct

sur les pertes de performance dans un moteur de fusée.
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1 Introduction

1.1 Preface: Space Exploration and the Space Economy

ªI don’t think the human race will survive the next thousand years unless we spread into space. There

are too many accidents that can befall life on a single planet. But I’m an optimist. We will reach out to

the stars.º - Stephen Hawking

Stephen Hawking often spoke about the necessity of space exploration for humankind.

Even though his work was mainly focused on underlying astrophysical questions regarding

the creation of the universe, he started to engage in aerospace engineering in his later years,

and began working on sending a spacecraft to a neighboring solar system.

As a first step, the establishment of a lasting lunar outpost is set to play a pivotal role in

advancing space exploration [1, 2]. Such a base will serve as a strategic asset to venture further

into space, facilitating improved access to Mars and other celestial bodies. Moreover, the

lunar surface holds immense scientific value, providing opportunities for scientific research

and the deployment of observatories and communication facilities.

A second, and arguably much more paramount, driver of space exploration will be the

commercialization of space and the development of a space economy. The latter is predicted

to reach a value of $1 trillion USD by 2030 and grow even more rapidly thereafter [3]. Different

estimates for the size of the space economy are presented in Figure 1.1, which clearly shows

the size of the yet untouched economic potential.

The number of private startup companies engaged in space mining, particularly on the

Moon, has been steadily on the rise. A significant portion of the enthusiasm for lunar

mining centers around Helium-3 and its potential use as a future energy source for fusion

reactors [4, 5]. Economic assessments related to the material value of asteroids suggest an
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Figure 1.1: Predicted value of the space economy between 2030 and 2050. Adapted from [3].

even greater economic potential for deep-space mining [6]. In a recent study, an asteroid

named 33 Polyhymnia was found to exhibit an ultra-high density of 75.3± 9.6 g/cm3. Such

extraordinary densities point to the presence of transuranian elements, with nuclear charges

up to Z = 164, which do not naturally occur on Earth. These elements could potentially

provide almost limitless power through nuclear fission, both in space and on Earth [7]. Based

on the value of rare-earth metals commonly present in asteroids, NASA suggests that the

target of one of their recent missions, Psyche, is worth $100,000 quadrillion (1015) dollars.

Even though estimates for the value of asteroids differ by multiple orders of magnitude, it

is certain that there are trillions of dollars in mining opportunities [8]. Aside from mining,

there are multiple applications where the ultra-high vacuum and low-gravity environment

of space can be harnessed for in-space manufacturing, which is already being explored in

Earth orbit by companies like Airbus [9]. Especially with the recent advances in artificial

intelligence and automation, these concepts could be realized as autonomous operations in

space with minimal human oversight. To be able to reach the Moon and any objects in deep

space, we need advanced space propulsion technologies that rely on the resources available

on the bodies that are being explored or mined because bringing material from Earth is very

costly and the payload capacity of rockets (for return fuel) is highly limited.

2
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1.2 Space Propulsion

Chemical and electric propulsion are the two main ways of creating momentum in aerospace

engineering. The former is used for sending rockets into orbit by generating a high thrust at

a low efficiency, while the latter is oftentimes used for in-space satellite propulsion systems

where a low thrust is sufficient and efficiency is key1 [10, 11]. Both propulsion systems are

based on Newton’s third law and accelerate a spacecraft by ejecting propellant mass, that is

carried by the rocket, at a certain exhaust velocity. This principle is described by the rocket

equation, which was first derived by Tsiolkovsky in 1903

m
dv

dt
= −c

dm

dt
(1.1)

where v is the velocity of the rocket, c is the exhaust speed of the propellant, t is the time,

and m is the time-dependent mass of the rocket. The equation can be integrated into

∆v = c ln(
m0

mf
) (1.2)

where m0 is the initial mass of the rocket with the propellant, mf the final mass of the rocket

(only structural and payload mass), and ∆v the total velocity change of the vehicle.

A very important parameter in aerospace engineering is the specific impulse, Isp, also

known as impulse per unit weight of propellant, which describes the efficiency of the

propulsion system. It is algebraically defined in integral form as

Isp =

∫ t
0 Fdt

Wp
=

∫ t
0 ṁcdt

g
∫ t

0 ṁdt
(1.3)

where g is the gravity of Earth, F the thrust, Wp the time-dependent weight of the rocket,

and ṁ the mass flow of the propellant. If the exhaust velocity c is constant, the equation

simplifies to

Isp =
F

ṁg
=

c

g
(1.4)

11 mN thrust on average for electric propulsion systems vs. 34 MN thrust for the first stage of Saturn V (chemical)
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Figure 1.2: Comparison of chemical and electrical propulsion in terms of acceleration and

specific impulse [12].

with the unit of the specific impulse typically being in [s] due to the normalization with g. If

the concept of specific impulse is incorporated into the rocket equation, the equation can be

written as

∆v = Ispg ln(
m0

mf
) (1.5)

As one can see, a high specific impulse is very important to achieve large changes in

velocity (∆v). In addition, one also aims to minimize mf/m0 , hence, the majority of the mass

will be propellant to achieve high ∆v making it the limiting resource. There is a minimum ∆v

that an object needs to escape the gravitational pull of Earth and reach, e.g., the Moon, but

∆v is also used to specify the required performance for orbital maneuvers, such as orbital

raising and inclination change.

Despite the numerous advances made in innovative propulsion technologies, particularly

in the realm of highly efficient electric propulsion, they cannot replace chemical propellants.

Electric propulsion cannot generate the necessary thrust to overcome a gravitational well, as
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illustrated in Figure 1.2, which compares the achieved acceleration a [m/s2] and the specific

impulse Isp [s]. There are no current electric propulsion technologies that reach accelerations

> 9.81 /s2 which would be at the minimum required to lift-off from Earth.

The maximum thrust for the highest power electric propulsion system tested, the X3 Hall

thruster, is limited to ≈ 5 N [13]. Even if enough thrust could be provided by an electric system

to counteract gravity, the maneuvers are not impulsive enough, with thrust-to-weight ratios

barely exceeding TWR> 1. These emerging propulsion technologies deliver outstanding

performance for orbital maneuvers and deep-space missions, yet they do not serve as a

substitute for high-thrust chemical launch systems.

One solution could be a nuclear-thermal propulsion system which is currently being

developed by DARPA and NASA and scheduled to be tested at the earliest in 2027 [14].

1.3 In Situ Resource Utilization (ISRU)

When attempting to establish commercial or scientific infrastructure in space, the necessity

of directly provisioning these projects with lunar, or other extraterrestrial, resources obtained

through ISRU processes becomes apparent. The prohibitively expensive cost of shipping

materials from Earth [15], exceeding $35,000 USD per kilogram, underscores the urgency

of utilizing local material. A crucial, albeit limited, resource is fuel, particularly rocket fuel

(see argument in the previous section about having to minimize mf/m0); producing it on the

Moon in a cost-effective manner could eliminate a significant bottleneck for return missions,

voyages to Mars and beyond, and surface transportation within the lunar environment. Given

the Moon’s rugged terrain and absence of a substantial atmosphere, the adoption of lunar

rocket hoppers is considered an efficient mode of transportation.

NASA has been investigating lunar ISRU for a broad spectrum of applications, which are

shown in Figure 1.3. The key applications are using local resources to construct a lunar

habitat and extracting oxygen locally to support life on the lunar surface. Propulsion (denoted

Lander/Ascent) is not highlighted as a main ISRU application: the graphic suggests using

some of the extracted oxygen and methane2 as the rocket fuels after a lot of processing steps.

2Methane is extracted from either the atmosphere on Mars or carbon-bearing ice that is suspected to exist on the
lunar surface.

5



1 Introduction

Figure 1.3: Applications of lunar ISRU envisioned by NASA. Reprinted from [16].

Another option that is more commonly proposed for ISRU propellants is the use of water-

based propellants. However, there are many unresolved problems associated with them

which are discussed in the next section.

1.4 The Case against Water-Based ISRU Propellants

For a long time, the use of hydrogen-oxygen bipropellants, which can be derived from

water ice detected on the Moon, was considered the most promising technology. LH2/LOX

engines are a mature technology with high efficiency. However, some factors may limit

the feasibility of LH2/LOX rockets in terms of ISRU technology. The first is the unproven

quantity and uneven distribution of water ice concentrated in the polar regions of the lunar

surface [17, 18] as well as its total absence on many asteroids depending on their proximity to

the sun (where all the ice has evaporated). The recent rover mission ªChandrayaan-3º did not

confirm any water deposits on the lunar south pole. Due to the uneven distribution of water,

propellant would need to be transported on the Moon from production facilities and bases

where water ice is available to bases where hoppers and return rockets might be located.

The infrastructure to sustain such an operation is difficult to establish. Alternatively, it has
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been suggested that hydrogen could be extracted from metal hydrides on the lunar surface;

the process will be very energy intensive, and the quantities of hydrogen are very low, at a

maximum of 80 ppm [19]. In addition to that, long-term storage and transport of LH2 is also

challenging because of its much higher volatility in comparison to LOX and extremely low

density (0.07 g/cc) as well as its high boil-off rate (up to 11% per hour for the Space Shuttle on

Earth and 2% per day on orbit for the PRSD subsystem [20]). Numerical studies for the lunar

surface suggest it can be reduced to 0.05% per day but might require large energy inputs

(1500 W) for cooling a tank with 9600 kg of LH2 [21]. Thus, hydrogen storage would require

well-insulated, large tanks or, alternatively, high-production-rate facilities at each launch site

to supply sufficient amounts of hydrogen just before utilization. When calculating the mass

of the tanks (which would also have to be manufactured in-situ), a study suggests that the

tank will be more than ten times heavier than the mass of hydrogen it can store [22]. And

finally, the sustainability of using valuable water resources, should they finally be confirmed,

as a single-use, non-recyclable propellant is contentious.

1.5 Regolith-Derived ISRU Propellants

In the present work, we investigate an alternative solution derived from ISRU methods,

which involves the utilization of metal/LOX propellant mixtures. In this concept, both the

oxidizer (LOX) and the fuel (powdered metal alloy) are sourced from lunar regolith through a

reduction process powered by solar energy. The lunar soil, rich in metal and nonmetal oxides,

holds the potential for establishing production facilities on the surface of celestial bodies with

solid, rocky compositions. For instance, the Moon’s soil primarily consists of oxides, such as

silicon, aluminum, titanium, and other trace elements [23]. These metal-based propellants can

then be relatively easily stored for extended periods and subsequently employed in rocket

engines. Prior investigations, many of which were conducted by NASA, have assessed the

performance of such metal/LOX propulsion systems through experimental and theoretical

analyses [17, 24, 25].

Another element present on the lunar surface, though not as abundant as silicon and

metals, is sulfur, which is also commonly found on many extraterrestrial bodies containing
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regolith and can be extracted relatively easily. The potential applications of sulfur in the

context of ISRU have been examined [26], primarily with the idea of using it for construction

purposes. Studies on metal-sulfur combustion suggest that it can serve as a rocket fuel in

various configurations, including solid, hybrid, and potentially bipropellant designs. The

configuration of sulfur±oxygen, known as a brimstone rocket, has been well-researched [26].

While its performance may not match that of metal/LOX technology, it remains an attractive

alternative and offers a simpler engine configuration from an engineering standpoint.

1.6 Scope of the Presented Work

As outlined in this introduction, the development of propulsion technologies utilizing

regolith is essential for the exploration of celestial bodies like the Moon, asteroids, and

other bodies within the solar system. Given the breadth of proposed ISRU propulsion

technologies, a comprehensive review covering all aspects is unfeasible within the scope of a

thesis. Therefore, this study will concentrate on examining chemical propulsion technologies

for use on regolith-rich extraterrestrial bodies: metal alloy powder fuel combined with LOX

as the oxidizer and sulfur-based propulsion concepts. For the remainder of this thesis, the

regolith-derived fuel is referred to as RDF.

A literature review on previously considered ISRU propulsion concepts is presented, as

well as a section on lunar regolith reduction, the main technological prerequisite to produce

the propellants for the propulsion concepts analyzed in this thesis. Additionally, there will

be a brief section discussing ISRU propulsion approaches tailored to specific celestial bodies.

Since all proposed propellants contain metals as (part of) the fuel, there will also be a short

review of metal combustion research. This is key to understanding the fundamental science

behind metal flames, which form the basis for the rocket engine designs.

Subsequently, thermodynamic calculations characterizing the performance of the proposed

propellants are presented (Chapter 4). These findings inform the rocket engine designs, which

are discussed in the following chapter (Chapter 5). Each of these chapters is separated into

two parts for the two different propellant combinations: first, metal alloy and liquid oxygen

propulsion systems; and second, propulsion systems using sulfur.
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Lastly, preliminary combustion experiments are presented. This work was cut short

due to a shutdown of the laboratory at McGill and a malfunction within the thermal an-

alyzers at the collaborating institution in Texas. The results are not fully conclusive, and

the experimental campaign could not be completed, but some insights on the combustion

mode of aluminum/silicon alloys were gained and a laminar aluminum diffusion flame was

successfully stabilized.
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2.1 Lunar ISRU Concepts

Over the years, there has been sporadic work to harness metal powder as a propellant for

lunar propulsion. However, many of these studies have focused on separating the metallic

components and only using one of them, oftentimes aluminum, as the propellant. Different

engine configurations have been proposed and analyzed on a theoretical level and have been

complemented by ground tests evaluating how to feed metallic powder into a rocket engine.

This work has been published in the form of technical reports by NASA investigating the

metal/LOX propulsion concepts funded through the RTOP fund. During that time, there

were multiple active lunar missions that suggested the existence of surface water and ice [27,

28], and it was concluded to focus on the mining technology to harness these resources for

the mature technologies of LH2/LOX engines. Moreover, erosion of the nozzle and injector

by the metalized propellants, as well as the instability of gelled metal propellants, which were

the main focus of the research, were identified as additional challenges not present in the

liquid bipropellant technology. One last factor was that there was little work on stabilized

metal flames, and many people did not consider it a viable technology.

In 1991, Hepp et al. [17] performed thermodynamic calculations and proposed to use metals

in combination with oxygen in a rocket engine. They concluded that the propellant combina-

tion is very attractive, but substantial gaps exist in how these metals would be extracted from

regolith and implemented in an engine design. The following year, Linne and Meyer [29]

compared different propulsion technologies and discussed Al/O2 and Al/H2O2 propulsion

systems with a similar conclusion. Meyer [24] proposed different engine configurations for

Al/O2 rocket engines, laboratory scale tests of fluidized piston feeding systems, and hot fire
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tests of the entire propulsion system. The experiments showed poor performance (around

50% lower than the theoretical value), and multiple problems were identified in the design,

such as poor mixing and incomplete combustion. More concepts for metalized propellant

with liquid oxidizer engines were proposed in the context of Martian propulsion [30, 31, 32,

33]. The performance figures, especially specific impulse, mainly depend on the propellants,

their O/F mass ratio, the chamber pressure, and the expansion ratio for the nozzle. The

design of how to supply these propellants, as well as how they are stored, does not influence

these theoretical performance figures.

Six different designs for an engine using a powdered metal propellant and liquid oxidizer

were proposed and compared in the context of Martian propulsion [33]. These designs are

applicable to any such propellant combination and are therefore also relevant for lunar ISRU

applications. The six schematic engine designs are shown in Figure 2.1.

Without going into too much detail, the configurations can be described as follows:

(a) A solid fuel grain (using an organic binder that acts as the oxidizer) that burns to

produce a fuel-rich exhaust. The exhaust is then burned in a secondary combustion

chamber with the liquid CO2
1 at fuel-lean conditions and expanded through the nozzle.

(b) A hybrid rocket engine concept, which also uses an organic binder (in this case, it is not

required to act as an oxidizer) for the fuel grain. Compared to the previous concept, the

hybrid can be restarted.

(c),(d) Two variations of a ªslurry" design of fuel and oxidizer. Either freezing the CO2 and

metal mixture to create a solid ªslurry" or using a liquid CO2 and metal particle mixture

for a liquid ªslurry".

(e) A typical liquid bipropellant system where the metal is molten. The energy input

required to melt the metal and keep it in a molten state is very high.

(f) A piston feeding system for the powder and direct combustion with the oxidizer. This

system mimics the functioning of a bipropellant system, aside from the requirement to

inject the metal powder.

1Liquid CO2 as the oxidizer because the concepts were proposed for Martian propulsion.
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Figure 2.1: Different possible configurations for a metal powder and liquid oxidizer rocket

engine. Adapted from [33].

From those options, and based on the results of the study, two options seem the most

promising: the monopropellant slurry and the concept using a powder dispersion system

and directly combusting the powder with the oxidizer.
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In recent years, research has been focused on how to feed powders into a combustion

chamber for different applications, mainly ramjet engines. The most studied option in the

literature is the positive displacement fluidized bed system, which uses a permeable piston.

Methods on how to disperse powders will be discussed in more detail in Section 5.3.2.

2.2 Regolith Reduction and Space Mining

Since the propellants are regolith-derived, the regolith needs to be processed to separate

both fuel and oxidizer for the rocket engine. In a recent study, the Technology Readiness

Levels (TRLs) were estimated [34]: this nine-level scale goes from 1 (basic principles observed

and reported) to 9 (system is flight proven). Water mining and oxygen extraction from regolith

are reported at TRL 4/5 (required for a conventional bipropellant system), while the molten

electrolysis process to obtain the metal components is estimated at TRL 3/4. Therefore, as

of now, there is no significant technological advantage in terms of space mining that would

favor focusing on a bipropellant LH2/LOX system.

The lunar regolith is a blend of minerals that primarily consist of different metal oxides.

They all need to be reduced at the same time to obtain metal alloys and oxygen. There have

been many studies over the years with the primary goal of obtaining oxygen for a potential

lunar habitat. First, they considered reducing the ilmenite (FeTiO3) found within the lunar

regolith [35]. Two options were considered for ilmenite reduction: either performing the

reduction with hydrogen or alternatively with methane, which requires subsequent methane

reforming and then electrolysis to obtain the oxygen. Methane is not available in situ and the

yield during experimental studies was low at 1 ± 3%. Second, a carbothermal reduction of

molten regolith was considered [36]. The idea was to use a reduction process with a carbon

anode, then, as previously, use methane reforming and then electrolysis. The yield of this

process has been shown to be 20 ± 30%. Third, molten fluoride electrolysis was considered [37].

The yield of this process was never quantified, and there are problems with the solubility of

the oxides in the electrolyte. None of these early studies showed a promising solution for

regolith reduction.

In recent years, two processes have been more extensively studied that solve many problems
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associated with the previous options: direct molten regolith electrolysis [38, 23] and an FFC-

Cambridge process [39] using CaCl2 as the electrolyte. Both seem promising, with the former

requiring high temperatures and thus a high energy input while not relying on an electrolyte.

The latter seems to work more efficiently as well as being a solid-state process. This means

that when feeding powder into the electrolysis reactor, the products will also be a powder,

as the regolith does not melt during the process. Both processes have been verified on a

laboratory scale and achieved metal-alloy purities of > 95% and a similarly high oxygen

extraction rate. The study on the FFC-Cambridge process gives detailed information on the

products of the process, specifically the alloy composition, which plays a role when assessing

its performance as a rocket fuel (Section 4.1). The main components are:

• An Al/Fe alloy (sometimes with the inclusion of Si)

• A Fe/Si alloy (sometimes with the inclusion of Ti and/or Al)

• A Ca/Si/Al alloy (sometimes with the inclusion of Mg)

Moreover, the particle size was assessed to be the following (Figure 2.2):

Figure 2.2: Measured grain size after the electrolytic reduction process for a lunar regolith

simulant. Adapted from [39].

This is relevant since the feeding of metal particles and their combustion properties

(Section 2.5) are heavily dependent on the particle size. The purity is lower than the laboratory

powders that are typically used in combustion experiments (99.5% pure and higher). However,

while this might slightly lower the performance of the system, it is not necessarily a concern

for the stability of the combustion process itself and will be sufficient for its use as a propellant

in the proposed engine concept.

14



2 Literature Review

The only drawback of the FFC-Cambridge process is that the electrolyte is not available in

situ. The idea is, however, to recycle the electrolyte and thus only have to bring it to the lunar

surface once. The process is also viable with different electrolytes other than CaCl2 and there

is ongoing research to identify the optimal candidate [40]. Additionally, the influence of low

gravity (as is the case on the lunar surface) on the electrolytic process has been investigated,

and no major problems have been identified [41].

2.3 Non-Regolith-Derived ISRU Concepts

While a large number of planetary bodies, asteroids, and comets consist of regolith that

is similar in composition to the lunar regolith, there are specific planetary bodies of interest

where other ISRU propulsion concepts have been discussed. For the sake of completeness, a

brief overview of these concepts is provided here.

Mars

Magnesium/CO2 Propulsion: Mars has a predominantly carbon dioxide atmosphere,

which presents an opportunity for utilizing CO2 as a propellant. One proposed concept

involves burning magnesium (which can potentially be extracted from the Martian regolith)

with CO2 in a metal and liquid oxidizer configuration, which is also proposed for lunar ISRU.

Experimental studies on single particles have shown that magnesium burns with carbon

dioxide [33] and subsequently different rocket engine concepts were proposed [30, 42, 43]. As

there is a sufficient atmosphere on Mars, magnesium has also been proposed as a fuel for

CO2-breathing propulsion systems, more specifically ramjet engines [44].

Methane Production: Methane is of interest as it is a commonly used and well tested

rocket propellant on Earth. SpaceX almost exclusively relies on CH4/LOX engines for its

Mars mission rockets with the hope of ISRU methane production upon arrival [45]. Methane

can be produced through the Sabatier reaction, which utilizes hydrogen (extracted from water

ice deposits) and CO2 (from the Martian atmosphere) to produce methane and water [46].

There are other processes under development using, for instance, zinc as a catalyst to produce

methane on Mars [47], and there are small, fluctuating quantities available in the atmosphere
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as well, albeit not sufficient for large-scale rocket fuel production [48].

Gas Giants (Jupiter and Saturn)

Hydrogen Extraction: Gas giants like Jupiter and Saturn have atmospheres rich in hydro-

gen, making them valuable sources of rocket propellant. Extracting hydrogen from these

atmospheres could involve various techniques, such as scooping gas directly from the upper

atmosphere or utilizing specialized extraction mechanisms [49]. Hydrogen extracted from gas

giants could be used as fuel for nuclear thermal rockets or as propellant for other propulsion

systems (it is difficult to use this hydrogen in a standard propulsion system due to the absence

of an extractable oxidizer).

Titan and Other Moons

Methane Utilization: Moons like Titan, which possess methane lakes and a nitrogen-rich

atmosphere, offer opportunities for utilizing methane as a propellant. Methane could be

harvested from Titan’s surface or synthesized from local resources for use in propulsion

systems. Methane-based propulsion systems could enable missions within the Saturnian

system and beyond. Propellant options for multiple moons in the Saturnian system are

discussed in-depth in [50].

Water Extraction: Europa, one of Jupiter’s moons, is believed to have a subsurface ocean

beneath its icy crust, containing vast reserves of water. Asteroids and comets also contain

water ice among their constituents. Extracting water from these sources could provide a

valuable resource for producing propellant through electrolysis, generating hydrogen and

oxygen. Water-derived propellants could power spacecraft exploring the Jovian system or be

used for deep-space missions [51].

Electric Propulsion

Alternative Propellant Sources: Electric propulsion systems, such as ion thrusters or Hall-

effect thrusters, typically use xenon as their propellant due to its high ionization efficiency.

However, xenon is relatively rare and expensive. Exploring alternative propellant sources,
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such as indium, which may be more abundant on certain celestial bodies, could help mitigate

the dependence on xenon [52]. Other plans focus on using helium, hydrogen, and other

gases that could be extracted from gas giants, even on the outer bounds of the solar system

(Neptune and Uranus), and would enable better access to deep-space [53].

2.4 Mission Scenarios

There are two types of missions on the Moon that typically require rocket engines: return

missions back to lunar orbit (LLO), and ultimately to Earth, and ballistic hops to efficiently

traverse the lunar surface.

2.4.1 Returning to Lunar Orbit

When returning from the lunar surface to LLO, the Apollo missions used the Ascent

Propulsion System (APS) which provided a specific impulse of Isp = 311 s at a chamber

pressure of p = 8.3 bar with a payload mass fraction of ζ = 50.31% [54]. The specific impulse

of the APS is higher than that of the ISRU options. Assuming that the Isp is 15% higher than

the one predicted for a Al/LOX propulsion system, the maximum possible payload fraction

of an ascent stage would be ζ = 45.33%, according to the rocket equation, assuming a similar

structural mass. As one can see, due to the low gravity on the lunar surface, a lower specific

impulse still achieves an acceptable payload fraction.

2.4.2 Hopper Missions

There are problems associated with using rovers on the Moon, such as rugged and unknown

terrain as well as low speed when traveling along the surface. These have been the bottlenecks

of previous rovers like the Lunar Roving Vehicle, which drove for 30 km on average per

mission at a design speed of 13 km/h [55]. NASA successfully tested a ballistic hop of 2.5 m

on the Moon using a rocket engine in the Surveyor 6 mission [56].

A study proposed a cold-gas piston system for hoppers on the lunar surface [57]. Others

have proposed a system using two to five 66 kN thrust engines for ascent, descent, and

hopper missions with an engine burn time of 360 s using a pure Al/LOX system [58, 59]. The
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importance of ISRU to hopper missions is discussed in [60], where the authors concluded

that, if using propellants transported from Earth, the propellant mass fraction would be

prohibitively large after only a few hops for the hopper to be technologically feasible. More

recent studies [61] prefer hydrazine monopropellant propulsion systems over the previously

proposed options. The main goal for lunar hoppers is to solve the limitations of rovers and

their advantages over traditional rover missions are discussed in [61, 62]; an approach that

avoids hopping or moving along the surface altogether by close-to-surface levitation systems

was proposed in [63].

A study compared the performance of a metal and liquid oxidizer system (magnesium/CO2

for Mars) with a traditional system [30]. They reached the conclusion that, while the amount

of propellant mass transported from Earth increases almost exponentially with the number of

hops for a traditional system, the metal/CO2 system can significantly reduce that propellant

mass in the first place, and it only increases linearly with the number of hops. Another

study [42] also proposed a multi-sample return mission with hops in between descent and

ascent back into orbit for Mars. They proposed a first stage utilizing a metal and liquid

oxidizer system and a second traditional bipropellant stage for the return-to-orbit mission.

Therefore, the propulsion system investigated in this thesis can also be an option and be

integrated with existing hopper concepts. Its main advantage is, as previously discussed, the

ubiquitously available fuel.

2.5 Metal Flame Combustion

While the combustion within a rocket engine is highly turbulent, it is still important to

understand the fundamental properties of metal flames. There are two different types of

flames: premixed and diffusion flames, which are shown in Figure 2.3.

In a premixed flame, the fuel and the oxidizer are thoroughly mixed when combustion

occurs, while in a diffusion flame, the fuel and oxidizer are introduced separately into the

combustion zone and mix gradually as they move towards each other. In a rocket engine,

we encounter a combination of these types of flames, as the fuel and oxidizer are oftentimes

injected separately but can also be injected premixed depending on the specific engine design.
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Figure 2.3: Difference between a premixed and diffusion flame.

Research at McGill has focused on laminar premixed flames of mainly aluminum and iron,

and the main results are summarized below. As part of this thesis and the broader project,

experiments have been planned to investigate diffusion flames. Due to the laboratory closure,

these investigations have not been completed, but the preliminary results will be discussed in

Section 6.3, and the previous work in the field of metal diffusion flames is also discussed in

this section.

2.5.1 Laminar Premixed Metal Flames

Flames of some of the metals found in regolith have been stabilized on Bunsen burners,

specifically aluminum, iron, and magnesium. This is possible without any special stabilization

device on a custom-built Bunsen burner where the burner lifts particles between 1 and 20 µm

in size into a flow of air or other oxidizing gases [64, 65]. An example of such metal flames is

shown in Figure 2.4 and compared to a standard methane±air Bunsen flame.

There has also been a recent successful attempt at McGill where a silicon flame was

stabilized in the same manner2 which is shown in Figure 2.5. For the other main metallic

2The author would like to thank C. Heng and C. Mani for providing him with the picture of the flame. At the

time of writing this thesis, the work has not yet been published.
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Figure 2.4: Bunsen flames of various metallic suspensions in air compared to a methane-air

flame. Reprinted from [66].

components in the regolith, calcium and titanium, studies on stabilized calcium flames

and calcium combustion could not be identified. For titanium, studies on single particle

combustion have been performed [67].

Figure 2.5: A stabilized silicon Bunsen flame on a laminar burner.

The first laminar metal flames were stabilized by Cassel in the 1960s [68], and they have

been investigated at McGill as well as in other laboratories. The breadth of the research and

the progress in the field are succinctly summarized in [69]. In general, metal flames show
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similar characteristics to flames of gaseous or liquid hydrocarbons.

One of the most relevant flame characteristics for combustion chambers is the laminar

burning velocity, as it can inform the maximum mass flow rate (given a fixed combustor size)

based on

ṁ = sL Aρ (2.1)

where sL is the laminar burning velocity, A the combustor area, and ρ the density of the fuel.

From there, the maximum power of the engine can be calculated based on the heat release of

the fuel.

The laminar burning velocity is also known simply as flame speed and refers to the rate at

which a flame front advances through a combustible mixture during combustion. It represents

the speed at which the reaction zone moves relative to the unburnt mixture ahead of it. The

laminar burning velocity of a metal flame in air (aluminum in air up to 22 cm/s [70]) is

comparable to that of a hydrocarbon (methane in air up to 30 cm/s [71]) albeit lower than

that of hydrogen (hydrogen in air up to 250 cm/s [71]). There is one peculiarity, however: the

burning velocity plateaus in the fuel-rich regime and is not sensitive to fluctuations. This

behavior is shown in Figure 2.6.

This indicates that the flame in the rocket engine will have to be stabilized fuel-rich.

Moreover, experimental data for stabilized metal flames is limited to oxygen concentrations

of up to 40%. Since the proposed concept operates at 100% oxygen, the flame speed will be

higher as it increases with higher oxygen concentrations (also Figure 2.6), and there might be

flame instabilities present (Figure 2.7).

All of these experimental studies were performed with a single metal. There has been

some work on binary mixtures, which can be found in [72]; however, alloys have not been

studied. The work indicates that existing models become less accurate when handling binary

mixtures, which makes theoretical estimates of the flame characteristics of complex alloys

difficult. Therefore, measurements would have to be conducted to measure properties such

as flame speed on the regolith-derived fuel before designing an engine.
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Figure 2.6: Dependence of burning velocity in aluminum suspensions on fuel concentration

at different concentrations of oxygen diluted with argon. Reprinted from [70].

2.5.2 Laminar Diffusion Metal Flames

As indicated in Figure 2.3, metal flames can also be stabilized in a diffusion regime. There

has been little research in the area, and initially experiments on the behavior of laminar

diffusion flames were planned as part of this thesis. These are not directly related to the

ISRU concept, but any contribution to the fundamental understanding of metal flames will

be useful in further developing metal-based rocket fuels. However, the work could never

proceed past the initial stages and obtaining preliminary results (discussed in Section 6.3).

The previous work on laminar metal diffusion flames and its shortcomings are described

here, which was the motivation for the experimental studies.

A consistent theory for single metal particle combustion has been developed, and combus-

tion modes have been identified [73]. This theory has been applied to premixed metal flames.

However, the work on laminar metal diffusion flames attempts to describe them based on
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Figure 2.7: Map of the flame propagation regimes within fuel-oxygen concentration coordi-

nates. Adapted from [70].

gas flame Burke-Schumann theory. The problem with that approach is that, in a laminar

diffusion dust flame, there is no fuel diffusion since the fuel is not gaseous. Therefore, only

the oxidizer diffuses inward into the flame. While in diffusion gas flames the flame boundary

can be identified at the point where the oxidizer and fuel concentrations drop to zero due

to the combustion reaction, the combustion zone for metal diffusion flames is not as clearly

defined. The combustion is expected to happen near the particle surface, and one encounters

a microdiffusion flame around the particle located within the broader diffusion flame.

Vovchuk [74] attempted to define a global adiabatic flame temperature for a laminar metal

diffusion flame, and came up with the result that this temperature would be increasing along

the z-axis, as shown in Figure 2.8.

He inferred this through interferometry and an Abel±transform. While he explained this

behavior through heat accumulation along the flame and different radiation and convection

heat transfer mechanisms, it is questionable if defining a global adiabatic flame temperature
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Figure 2.8: Flame temperature along the flame axis height (non-dimensionalized by the maxi-

mum measured flame temperature). This highest flame temperature is significantly

larger than the theoretical value, which the authors call ªsuperadiabatic" flame

temperature3. Adapted from [74].

is at all sensible.

The work on laminar diffusion flames also included an attempt to relate flame height and

oxygen concentration within the oxidizer flow through an analytical equation [75] as well as

stabilizing flames for different metals, which was successfully done for aluminum, iron, and

zirconium [76].

Another interesting research subject was understanding how the concept of over- and

underventilated diffusion flames transfers to metal diffusion flames. This characteristic

3While the concept of ªsuperadiabatic" flames exists for applications such as heat recirculation, its use in the

context of a laminar dust diffusion flame might be misplaced. The reasons are provided when examining the

shortcomings of their theory on diffusion flames.
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of a gas diffusion flame relies on the diffusion of both the oxidizer and the fuel and is

thus not observed in the same manner for metal diffusion flames. Instead of an under- or

overventilated flame, preliminary experiments suggest that there will be an open and closed

tip flame for metals, which is shown in Figure 2.9 [77].

Figure 2.9: The closed-tip metal diffusion flame (a) is the equivalent case to the overventilated

gas diffusion flame. Analogously, the open-tip metal diffusion flame (b) is the

equivalent case to the underventilated gas flame. The exact mechanism and

condition when the shift happens were not determined.
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3.1 Selection of Regolith Compositions for Analysis

Different lunar compositions are considered to assess whether the theoretical performance

of RDFs from various types of regolith is sufficient for the concept to be competitive. Figure 3.1

shows a map of regolith resources on the lunar surface and provides three typical regolith

compositions [23]. The main elements that will be the constituents of the RDF after reduction

(based on ten regolith samples from the Apollo missions [78]) are shown in Figure 3.2.

Figure 3.1: Different regolith compositions and their locations on the lunar surface. The

majority of the regolith is similar to the highlands type with Al2O3 and SiO2 as

the main constituents. Reprinted from [23].
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Figure 3.2: Composition of ten different regolith-derived fuels assuming all of the oxygen is

electrolytically removed.

Two exemplary compositions (A-11 and A-12, one Low-Ti and one High-Ti regolith) were

considered in the thermodynamic calculations. Their compositions before and after reduction

are shown in Tables 3.1 and 3.2. While Mare regoliths mainly differ in their titanium content,

there is also a Highlands regolith, which contains less iron and more aluminum. There are

also differences regarding grain size and thermochemical properties between the different

regoliths [79]. For simplicity’s sake, we only focus on the two compositions and neglect trace

elements (oxide < 5 wt%) with the exception of sulfur.

Table 3.1: Composition of two exemplary regolith samples before oxygen removal.

Region Al2O3 CaO FeO MgO SiO2 TiO Trace

A-11 (wt%) 13.78 12.12 15.76 8.17 42.17 7.67 0.33

A-12 (wt%) 13.71 10.55 15.41 9.91 46.17 3.07 1.18
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Table 3.2: Composition of two exemplary regolith-derived fuels (RDFs).

Region Al Ca Fe Mg Si Ti S O2 ext.

A-11 (wt%) 12.45 14.79 20.92 8.42 33.88 7.86 0.20 41.44

A-12 (wt%) 12.63 13.14 20.87 10.42 37.58 3.21 0.17 42.61

3.2 Methodology for the Thermodynamic Calculations

The thermodynamic calculations determining the theoretical performance of the rocket

propellants were performed and verified using three different thermodynamic codes for

highest fidelity. The standard approach in previous publications assessing ISRU rocket fuels

has been to rely on NASA CEA [17, 80, 81]. However, this code is not optimized for metal

fuels or sulfur as an oxidizer. Therefore, Thermo (a Russian thermodynamic code) and

FactSage [82] (a commercial thermodynamic software) were also used.

3.3 Introduction to the Thermodynamic Codes

All three thermodynamic codes, namely NASA CEA, Thermo, and FactSage, are based on

minimizing Gibbs’ free energy. The only difference in results should arise from the databases

that include the thermochemical properties of the reactants and products. In our case, a

combustion chamber pressure and the reactants, including their initial temperatures and

initial state, are specified. In order to infer rocket performance (through the specific impulse),

the flow is expanded through a nozzle into a specified pressure environment. This can either

be done with continuous adjustment of the equilibrium within the flow or with a "frozen"

composition that is found in the combustion chamber.

The NASA CEA code was released in its current form in 1994 [83] and continuously

improved since1. The thermochemical properties of the substances can be found in the

JANAF Thermochemical Tables [84]. This code is well suited for standard liquid and solid

rocket fuels, and it includes the capability of calculating rocket performance with continuous

equilibrium adjustment. However, the underlying thermodynamic database is insufficient for

1The version used for this study is the non-commercial internet version rev4.

28



3 Methodology

metal fuels and sulfur as an oxidizer, which will be shown later.

Thermo code was developed in the former Soviet Union, and the functionality to calculate

rocket performance was later added for Mars propulsion applications [30]. The code contains

a database of approximately 3,000 compounds [85]. Their thermochemical properties were

taken primarily from [86, 87] and partly, similar to CEA, from the JANAF Thermochemical

Tables. It also includes complex metallic products in addition to simple oxides, which

CEA does not do2. One shortfall of Thermo is that it cannot handle reactants with initial

temperatures < 298 K and therefore LOX.

The third code, FactSage, is mainly used in materials science. Its databases are compre-

hensive, especially for metals, oxides, and sulfides, and include complex solid and liquid

solutions that are not available in the other two codes. Multicomponent phase diagrams for

the combustion process can also be easily computed to study phase equilibria at various

combustion conditions. It does not include the functionality to calculate rocket performance,

though, and one would have to resort to a simple "frozen" equilibrium calculation to infer

rocket performance.

In the comparative study, all proposed fuel combinations, including metal±oxygen, metal±

sulfur, metal sulfide±oxygen, and metal±sulfur±oxygen, were run on all three codes, and

the most important findings are summarized below. To be able to compare the results, the

combustion products and flame temperature were considered.

3.3.1 Comparative Studies and Observations

The main goal of the thermodynamic calculations is to assess the viability of the proposed

propellants of a rocket engine with the maximum theoretical performance as a proxy. The

performance in an actual rocket engine will pose many engineering challenges and will be

lower than the theoretical maximum, either due to efficiency losses or as a design choice to

lower chamber temperature. For that reason, any discrepancy between the solvers that is

< 15% is disregarded, and only cases where there is a systematic, significant difference in the

2Thermo allows for changing the enthalpies manually before the calculation if there are discrepancies with the

literature values. Similarly, FactSage allows the user to create their own databases where one can use the

preexisting values and make adjustments.
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results are investigated. The comparison is also separated into simple systems containing

only one metal and complex systems, where a mixture of metals/alloys is considered.

Simple Systems (Single Metals)

The deviations between the three solvers for all propellant combinations that were consid-

ered in the thermodynamic calculations are shown below in Table 3.3 (based on the calculated

chamber temperature). The difference in percent is calculated by the following equation:

Deviation[%] = MAX
[

Tc,CEA − Tc,avg

Tc,avg
,

Tc,Thermo − Tc,avg

Tc,avg
,

Tc,FactSage − Tc,avg

Tc,avg

]

(3.1)

where

Tc,avg =
Tc,CEA + Tc,Thermo + Tc,FactSage

3
(3.2)

The value shown in the table for maximum difference corresponds to the maximum

deviation value over all O/F mass ratios. In some cases, a second maximum difference

is mentioned in the comments column, showing that two solvers are in good agreement,

while the third one shows a large deviation. A color code is employed to highlight the level

of deviation, with green indicating a deviation of < 15%, yellow indicating a deviation of

15% - 30%, and red indicating a deviation of > 30%.

The largest deviation is found for iron; however, when excluding CEA, Thermo and

FactSage are in good agreement. When looking at the products, CEA predicts Fe0.947O in

liquid phase, while the other solvers do not predict it. This is likely the reason for the large

deviation.

For metal-sulfur reactions, CEA does not converge in all cases where sulfur is specified as

an oxidizer. Thermo and FactSage show deviations of around 20% while predicting similar

product compositions. Therefore, the error can only be due to the different thermodynamic

properties of the sulfides in their databases.
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Table 3.3: Differences in calculated chamber temperatures between the three solvers for all

considered propellant configurations. The deviations are consistent within ± 1%

for Isp (CEA and Thermo only).

Element Max. Difference Comments

Metal±Oxygen:

Al + O2 1.3%

Fe + O2 32.6% 3.8% for Thermo/FactSage

Si + O2 0.5%

Mg + O2 4.6% CEA/Thermo only

Ca + O2 7.7% CEA/Thermo only

Ti + O2 0.3% CEA/Thermo only

S + O2 0.1%

Metal±Sulfur

Al + S 20.5% CEA does not converge

Fe + S 4.6% CEA does not converge

Si + S 20.8% CEA does not converge

Mg + S 7.2% CEA does not converge

Ca + S 3.2% CEA does not converge

Sulfide±Oxygen

Al2S3 + O2 13.3% 1.0% for CEA/Thermo

SiS + O2 7.1% 0.2% for CEA/Thermo

SiS2 + O2 18.2% 0.2% for CEA/Thermo

FeS + O2 5.8% CEA does not converge

FeS2 + O2 9.3% CEA does not converge

Metal±Sulfur±Oxygen

Al + S + O2 1.2%

Fe + S + O2 7.8% 2.0% for Thermo/FactSage

Si + S + O2 1.0%

Mg + S + O2 - Only Thermo; CEA does not converge

Ca + S + O2 0.5%

Ti + S + O2 0.3%

Complex Systems

A-11 + O2 16% Ranges between 2 - 16%

A-12 + O2 13.5% Ranges between 1.5 - 13.5%
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When looking at the sulfide-oxygen reaction, the calculations converge again for all three

solvers except for iron sulfides. CEA and Thermo are in better agreement than FactSage; this

might be due to CEA and Thermo partly using the same sources of thermodynamic data. The

metal±sulfur±oxygen systems show good agreement, even for CEA with iron.

When looking at complex systems (in this case, the alloy derived from regolith), there is

a large error range depending on the O/F mass ratio. All solvers deviate from each other

equally, which is due to the inclusion of different complex products. FactSage predicts

the highest temperatures as it includes the heat of mixing, which will be explained in the

following subsection.

Complex Systems (Metal Mixtures and Alloys)

When calculating complex systems, there are two major differences between the codes: first,

the databases of FactSage and Thermo contain information on ternary systems, while CEA

only considers simple oxides. However, when including complex products, we have often

observed spikes in temperature and ISP that do not seem to have any scientific background;

therefore, it is recommended to exclude these complex oxide products in Thermo calculations.

Secondly, FactSage is able to consider liquid metals and oxide solutions (a mixture of several

components in a single phase) instead of the combination of several discrete pure liquid

oxide and metal phases. The resulting heat of mixing in the liquid phase is not considered in

Thermo and CEA. Figure 3.3a shows the evolution of the liquid oxide composition during the

combustion of A-11 RDF with oxygen when considering the presence of liquid solutions in

FactSage calculations, whereas Figure 3.3b shows the mass fraction of the pure liquid oxide

phases when liquid solutions are not included in the thermodynamic calculations. As one

can see, pure liquid oxides are predicted to form abruptly at certain O/F mass ratios and

the weight percent distribution of the different oxides does not vary continuously, which is

unphysical. The actual composition is better approximated when considering liquid solutions.

The combustion temperature is then compared for those two cases and additionally com-

pared with the other two solvers in Figure 3.4. The additional heat of mixing due to the

formation of liquid oxide solutions is clearly visible for an O/F ratio of 0.5 to 4 and subsides

after.
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(a) Considering liquid solutions. (b) Pure liquid oxide composition.

Figure 3.3: Thermodynamic calculations for the liquid oxide phases for A-11 RDF and oxygen.

In (a) liquid solutions are considered while in (b) only pure liquid oxides are

considered and liquid solutions are excluded.

Figure 3.4: Comparison of calculations for elemental A-11 RDF with and without the intro-

duction of liquid solutions in FactSage. CEA and Thermo results are shown as a

reference.
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Figure 3.5: Difference in ISP between vacuum and perfect expansion. All calculations per-

formed with CEA for Al + O2 at 20 atm chamber temperature and for the Isp case

an expansion ratio of 1000. No convergence could be achieved for the frozen Isp

calculations at higher O/F mass ratios.

There are discrepancies in the predicted metal oxides due to the different databases. It

is difficult to pinpoint the exact cause of these errors, however, in complex systems with a

plethora of possible combustion products.

Specific Impulse Calculations

Thermo and CEA predicted the same chamber temperature, products, and specific impulse.

As mentioned above, FactSage does not include the capability to calculate Isp, therefore, the

best possible solution to approximate Isp is a frozen flow calculation, which CEA is also able

to perform.

In addition, CEA is the only of the three codes that considers different mechanisms to

calculate Isp: frozen and equilibrium. Additionally, both can be calculated for vacuum

expansion or for a specified expansion ratio. When calculating frozen Isp, the composition
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within the combustion chamber is expanded through the nozzle, while the equilibrium

calculation considers shifting chemical equilibrium throughout the nozzle. The frozen

calculation, for instance, will not take into account the solidification of some of the liquid

oxide phases and other shifting equilibrium effects. For the expansion, one can assume the

atmospheric pressure is equal to either the nozzle exit pressure (perfect expansion, Isp in

CEA) or zero (Ivac in CEA). In Thermo, the expansion into vacuum cannot be calculated.

Therefore, calculations were performed for aluminum as a proxy to quantify the difference

between the different Isp calculation methods, which are shown in Figure 3.5. As one can

see, the equilibrium calculations predict a higher Isp than the frozen calculations, and Ivac is

higher than the Isp at an expansion ratio of 1000.

3.3.2 Summary of Findings

In conclusion, there is no perfect solver for the given problem. The key limitations and

strengths are summarized as follows:

• CEA does not converge for most calculations with Fe-α and when using sulfur as an

oxidizer.

• FactSage employs solid and liquid solutions and their associated heat of mixing for

complex systems which the other solvers cannot. Moreover, it is able to properly handle

ternary and higher order systems. It cannot predict Isp.

• The availability of complex products differs significantly between the databases.

• CEA and Thermo are optimized for rocket applications and estimating performance,

while it is only possible to estimate the frozen equilibrium Isp as an approximation with

FactSage.

For all thermodynamic calculations that are presented within the paper, the most appro-

priate solver was chosen based on the comparative study. If the results were within the

acceptable error range between the solvers, the lower end of the predicted performance range

was chosen.
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4.1 Rocket Engines Using Oxygen as the Oxidizer

Specific impulse (Isp) at perfect expansion and combustion chamber temperature (Tc) were

calculated for oxidizer-to-fuel (O/F) mass ratios ranging from 0.5 to 10 (in steps of 0.1 between

0.5 and 1, and after that in steps of 0.5) for all major metallic regolith components (Al, Si,

Fe, Ti, Ca) with oxygen and for sulfur with oxygen. The initial temperature of the reactants

was set to 298 K except for the calculation with LOX at 90 K (neither Thermo nor FactSage

can run calculations with LOX). The difference between using LOX and gaseous oxygen at

298 K is negligible, as shown for aluminum in Figure 4.1. To smooth the curves, a spline

interpolation was utilized. The chamber pressure (Pc) was set to 20 atm, and the ratio of

the chamber pressure to the exit pressure (Pe) was set to 1000 (Pc/Pe), which corresponds to

Pe = 0.02 atm. On the lunar surface, the exhaust expands into a vacuum, and the Isp will be

slightly higher due to the pressure term, as can be seen in equation

Isp =
ve +

(Pe−Pa)Ae
ṁ

g0
(4.1)

where ve is the exhaust velocity, Pe the exit pressure, Pa the ambient pressure, Ae the nozzle

exhaust area, ṁ the propellant mass flow rate, and g0 the standard acceleration of gravity.

CEA can calculate the specific impulse in vacuum, which is the case for the Moon, however,

Thermo does not have that capability. To ensure compatibility, the specific impulse at perfect

expansion is calculated and shown in Figure 4.1. The deviation from the specific impulse in

vacuum is about 5 ± 10 s (see Figure 3.5). The results were computed using different codes,

and a rationale regarding the selection of each code for specific calculations was shown in

Table 3.3 in Chapter 3.
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Figure 4.1: Thermodynamic calculations for the most important metals and metalloids found

in regolith, and sulfur. The legend is ordered by peak temperature/peak Isp. A

dashed line is used to indicate LOX as the oxidizer, and a dot-dashed line is used

for the nonmetallic element sulfur.

All propellants but iron have an Isp peak range of 251 s (Ca) to 279 s (Al) over the considered

range of O/F mass ratios. Chamber temperatures at peak ISP are predicted to range from

3720 K (Si) to 4900 K (Ti). Iron shows a rather low Isp (max. 183 s) but also a significantly lower

chamber temperature with the peak being at slightly over 3300 K. As seen in Figure 4.1, the

chamber temperatures decrease significantly for higher O/F ratios, which facilitates cooling.

Sulfur burning with oxygen shows both a lower Isp (peak at 243 s) and a lower chamber

temperature (peak of approx. 3650 K) than the metals (excluding iron) over the considered

O/F mass ratio range.

When a mixture of all these elemental metals and metalloids burns with oxygen, complex

products of two or more metals will form, which may change the performance characteristics.

We performed the same calculations for two RDFs derived from A-11 and A-12 regolith, as

37



4 Thermodynamic Calculations

Figure 4.2: Thermodynamic calculations for A-11 RDF and A-12 RDF burning with oxygen

performed by Thermo. The calculations for aluminum±oxygen are shown as a

reference. The RDF is considered as an elemental mixture and alloy.

shown in Table 3.2. The predicted performance indicates a peak Isp of 256 s with a Tc of

approximately 3450 K, and there is only a marginal difference between the two RDFs (see

solid lines in the lower graph of Figure 4.2). As expected from the calculations with the single

metals, the Isp and chamber temperature for the alloy are lower than those of pure aluminum,

the most commonly proposed ISRU fuel.

This calculation is, however, only an approximation of the actual composition of RDF.

After the reduction process where the regolith is dissolved in an electrolyte and reduced at

900 ◦C [39], the product will be an alloy. Separation of its metallic components would require

an additional step, which, depending on the process, is either energy intensive or requires

chemicals not available in situ, or both.

FactSage and Thermo have been used to calculate the equilibrium compositions for the

alloys that would be present in the regolith-derived fuel. The results are presented in Table 4.1.
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Table 4.1: Equilibrium alloy composition calculated in near vacuum (p = 10−6 atm) for

reduced regolith A-11 (A-12 is very similar and therefore not shown).

Code Al2Ca CaSi FeSi Mg2Si Si Si2Ti TiSi TAU2 FS2L

Thermo (mol%) 18.85 11.30 30.59 14.14 8.37 16.75 - - -

FactSage (mol%) - 37.62 13.38 17.78 - - 12.20 9.53 9.64

Partly, the same phases are predicted by both codes, while some phases differ; this is mainly

due to FactSage predicting ternary solutions (TAU2, FS2L1), which Thermo does not do.

In general, this calculation is only an approximation of the actual alloy composition after

reduction, which will depend on the reduction process, cooling of the liquid phases, and

other factors. For the FFC-Cambridge process, the authors noted, for instance, a decrease in

silicon concentration after the reduction process due to process related reduction losses for

SiO2 [39]. They found a ternary Ca/Si/Al phase (sometimes also containing magnesium), a

binary Al/Fe phase (sometimes with silicon), and a binary Fe/Si phase (sometimes with Ti

and/or Al) in the final composition, some of which neither solver predicts (this indicates the

relevance of including ternary phases).

To assess if the effect of burning an alloy or an elemental mixture is negligible, one can

compare whether the enthalpy of alloying is much smaller than the enthalpy of combustion

(halloying << hcombustion). In a simplified manner, one can compare the standard enthalpies of

formation (during the combustion process) for alumina (Al2O3), hematite (Fe2O3), calcium ox-

ide (CaO), quartz (SiO2), magnesium oxide (MgO), and rutile (TiO2), which are -1620.6 kJ/mol,

-825.5 kJ/mol, -634.6 kJ/mol, -910.9 kJ/mol, -601.5 kJ/mol, and -938.7 kJ/mol, respectively [84],

with the enthalpy of formation for the predicted intermetallic compounds, which are shown

in Table 4.2. It is seen that the enthalpies of formation of the intermetallic compounds are

approximately 5±10% in magnitude of the enthalpies of formation of the oxides during the

combustion process and should not influence the Isp significantly.

1TAU2 is a ternary solution Al5Fe2Si2-γ (Al5Fe2Si(Al,Si)2) (almost identical for both A-11 and A-12 RDF

calculations, enthalpies of formation differ by < 1%) from FSstel (solution #168); FS2L is a low-temperature

ternary solid solution (Fe)1(Si,Al)2 from FSstel (solution #79) [88].
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Table 4.2: Enthalpies of formation of the predicted intermetallic compounds from the Thermo

and FactSage databases and partly verified with experimental data from [89, 90].

Compound Al2Ca CaSi FeSi Mg2Si Si2Ti TAU2 FS2L

Enthalpy of Formation

Thermo [kJ/mol]
-216.72 −150.9 −80.3 −77.8 −134.3 - -

Enthalpy of Formation

FactSage [kJ/mol]
−90.0 −87.0 −76.4 −65.1 −161.0 −266.1 −96.9

The composition obtained with Thermo is then used as a new composition burning with

oxygen, and the results for the chamber temperature showing the difference between alloy

and elemental mixture as the initial state of the are presented in the upper graph of Figure 4.2.

Slightly lower temperatures are predicted for the alloy than for the elemental mixture. As

expected, the slightly lower chamber temperatures also lead to a small decrease in specific

impulse, as shown in the lower part of Figure 4.2.

Thermo was used for the calculations since FactSage is unable to calculate the Isp. However,

chamber temperatures were verified for the compositions predicted by FactSage, and it

predicts a similar decrease in chamber temperature for the alloy compared to Thermo

(Figure A.1 in the Appendix).

In conclusion, burning an alloy will lead to an insignificantly lower performance than a

mixture or the metallic components. The decrease in performance is not significant enough

to warrant the purification or separation of the RDF metal fuels.

One last important aspect is the product composition in the chamber and at the nozzle

exit, with a focus on the phases of the products. In general, it is desired to minimize the

amount of condensed species as they cause problems with deposition within the engine and

lead to two-phase losses of Isp. Detailed calculated products are available in Figures A.2, A.3,

and A.4 in the Appendix. For clarity, Figure 4.3 displays only the phase of the products.

It is seen that the quantity of condensed species decreases at higher O/F ratios. Gaseous

2The FactSage values for the formation enthalpies are in close agreement with the literature. The values in the

Thermo database for Al2Ca and CaSi differ significantly, however, the effect on the combustion temperatures

is marginal as seen in Figure A.1 in the Appendix. The Thermo results were further used to calculate Isp.
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Figure 4.3: Products in the combustion chamber for A-11 RDF predicted by FactSage.

oxides are predominant up to an O/F ratio of 1±2, beyond which oxygen replaces them.

Figure 4.4 shows the amount of condensed species at different cross sections of the rocket

engine (chamber, throat, nozzle exit). At all locations, the amount of condensed species can

be minimized by increasing the O/F ratio.

Thermodynamic calculations offer insight into potential operating conditions for rocket

engines and their optimal theoretical performance. These conditions may vary slightly

depending on the specific regolith mixtures. The calculations suggest operating at fuel-lean

conditions, with an O/F mass ratio typically ranging between 2 and 4, contingent upon the

regolith composition. Under these parameters, the specific impulse is projected to fall within

the range of 240 s to 250 s with chamber temperatures in the range of 3300 K to 3500 K, which

is suitable for regenerative cooling.

This is a first assessment, while in the actual design stage other factors, such as particle size

and burning time of these particles, will have to be taken into account. For metal particles

and metal dust combustion, these play an important role on the microscopic scale and also

influence macroscopic combustion behavior. A critical aspect of this evaluation is determining
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Figure 4.4: Fraction of condensed products inside the combustion chamber, at the throat, and

the nozzle exit for A-11 RDF.

the extent to which the chemical energy of burning metal particles is effectively converted

into kinetic energy before the particles exit the nozzle. There are two main things that ought

to be achieved in the rocket engine design stage: a sufficient burn rate to maximize propulsive

power and a sufficient residence time to maximize combustion efficiency. The former is

controlled by the diameter of the rocket engine while the latter is controlled by its length.

The duration of particle combustion is significantly influenced by particle size, with larger

particles generally taking longer to burn completely than smaller ones. This relationship

is a fundamental aspect of combustion science, as the surface area-to-volume ratio of a

particle dictates the rate at which reactants can combine with the particle’s surface during

the combustion process. Smaller particles, with their higher surface area-to-volume ratios,

facilitate a more rapid reaction and thus burn more quickly. The concentration of oxygen in

the surrounding environment also plays an important role, albeit to a lesser extent. Higher

oxygen concentrations can enhance the combustion rate by providing more reactants to
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interact with the particle’s surface, thereby accelerating the burn time.

This has been experimentally measured for aluminum and iron in [91, 92, 93]. There are

multiple ways to define burn time; one is the total time the particle sustains combustion,

another one is the 10 ± 90% method. This method assesses burn time as 80% of the area under

the intensity-time curve. Since the main interest in rocket engines is the heat release, the latter

method is more useful for this analysis. Some publications even argue that the heat release is

fully completed at the peak of this curve [94] meaning the relevant burn time would be even

shorter.

The particle size of RDF that was obtained from the laboratory scale test of the FFC-

Cambridge process is < 75 µm with more than 50% of the particles being < 300 µm. It is very

likely that an additional grinding step will be required to reduce the particle size to shorten

their burn time.

Burn time measurements are only available for iron and aluminum particles which will

be used for the first estimates here. A study measured the burn time to be ≈ 3 ms for 25 µm

iron particles in 40% oxygen and 60% xenon [95]. This is a high estimate since RDF burns at

a higher temperature than iron and will be burning in 100% oxygen. Moreover, burn rate

and burn time are pressure dependent (burn rate: r = aPn, where a is a factor, P the pressure,

and n a positive exponent) which will also decrease burn time, since the engine is assumed

to operate at 20 atm. For aluminum, the Beckstead correlation is used to estimate burn time

(which includes the pressure dependency) [96]:

tb =
aDn

Xeff p0.1T0.2
0

= 0.13 ms (4.2)

where a = 0.00735, D = 25 µm, n = 1.5, Xeff = 1 (pure oxygen), p = 20 atm, T0 = 4767 K

(adiabatic flame temperature for aluminum at 20 atm).

Based on these two estimates it is reasonable to assume that the burn time for RDF (after a

grinding step) will range between 0.1 - 3 ms.

When designing the engine, one would try to make the length of the combustion chamber

equal to:
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lc = sturbulenttb (4.3)

where lc is the combustion chamber length, sturbulent the turbulent flame speed of the RDF

fuel, and tb the previously estimated burn time. It is very difficult to make an educated guess

as to what the turbulent flame speed would be, therefore an estimate for the length cannot be

provided.

In a second step, one would match the choked mass flow at the throat to the mass flow in

the chamber:

ṁ∗ = ṁc (4.4)

ρcsturbulent Ac = ρtutAt (4.5)

where ρc is the density in the combustion chamber (known from the thermodynamic

codes), Ac is the combustion chamber area, ρt is the density at the throat (known from

thermodynamics), ut is the velocity at the throat (known), and At is the throat area.

Based on this equation, one can design the nozzle as long as Ac/At, known as contraction

ratio, stays within a feasible range. There is a practical limit for contraction ratios which has

to be taken into account. In general it can be expected that the combustion chamber will be

much longer than the acceleration/converging nozzle section. The diverging section of the

nozzle can then be designed using the method of characteristics.

As previously mentioned, a more concise estimate for RDF is not possible with the limited

data. It should be noted, however, that this analysis shows that particle size will play a crucial

role when designing the rocket engine as burn times vary drastically and require different

combustor lengths for optimal extraction of the particle energy.

4.2 Rocket Engines Using Sulfur as the Oxidizer

Sulfur is not abundant on the lunar surface, but its utilization increases the possible

design options for ISRU rocket engines. Early lunar samples indicated the existence of a
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low percentage of elemental sulfur in regolith [97] with regional variance in abundance (e.g.,

high in the Mare soil). The Indian probe Chandrayaan-3 recently confirmed a higher than

expected concentration of sulfur in lunar regolith [98]. We also expect sulfur to be present on

other celestial bodies composed of regolith, such as asteroids. Hence, the presented ISRU

propulsion technology is not confined to the lunar environment. The underlying assumption

is that sulfur can be extracted separately from the alloys (using a simple heating process

which has been tested on Apollo samples [99]), and it is available in its elemental form to

cast/mix rocket propellants.

Just as with the metal-oxygen propellants, we calculated chamber temperature (Tc) and

specific impulse (Isp) at perfect expansion for O/F mass ratios ranging from 0.5 to 10 (in

steps of 0.1 between 0.5 and 1, and after that in steps of 0.5) for all major metallic regolith

components (Al, Si, Fe, Ti, Ca) separately reacting with sulfur (also in a solid state) as an

oxidizer. The initial temperature of the reactants was set to 298 K. The chamber pressure (Pc)

was set to 20 atm, and the ratio of the chamber pressure to the exit pressure (Pe) was set to

1000 (Pc/Pe), which corresponds to Pe = 0.02 atm.

The results, shown in Figure 4.5, predict combustion temperatures ranging from a peak

of 4600 K for calcium-sulfur to very moderate temperatures of around 1460 K for iron-sulfur.

The predicted peak Isp ranges from 60 to 175 s for the metal-sulfur reaction, much lower than

when oxygen is used as the oxidizer.

The utility of metal±sulfur propellant does not lie in its performance, which is significantly

lower than that of a metal-oxygen system, but in its simplicity. Metal±sulfur can be cast into a

solid propellant grain for a solid rocket motor. Solid rocket motors are simple to design from

an engineering perspective as they do not require feeding any propellants.

To maximize performance, while still benefiting from easier propellant handling through

casting metal±sulfur, a metal±sulfur±oxygen hybrid system is proposed. This denotes that

a solid metal±sulfur propellant reacts with liquid or gaseous oxygen as the oxidizer. This

could be in the form of metal sulfide propellant or by using sulfur as ªcementº to cast

RDF powder into a solid form. There are only minimal quantities of naturally occurring

metal sulfides on the lunar surface, and their predicted performance is lower than that of an

RDF ± S mixture since additional heat is generated through the metal±sulfur reaction before it
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Figure 4.5: Thermodynamic calculations for metal±sulfur reactions. Calculations for the Isp

of iron±sulfur do not converge for higher O/F mass ratios. The same applies for

other metals at low O/F mass ratios. The legend is ordered with descending peak

temperature and peak Isp, respectively.

reacts with the oxygen. Therefore, the thermodynamic calculations were only performed for

metal±sulfur±oxygen systems for all metals separately, and the results are shown in Figure 4.6.

For completeness, some metal±sulfide mixtures reacting with oxygen were also calculated

and showed, as expected, a lower performance than the metal±sulfur±oxygen systems.

The volumetric metal±sulfur mixture ratio corresponds to 70 vol% metal and 30 vol% sulfur,

an intermediate value between the maximum (74 vol%) and random (63.5 vol%) packing

density of equal spheres (assuming all metal particles are spheres). This assumption has to be

modified depending on the particle size of the RDF (for an FFC-Cambridge process mainly

> 300 µm [39], which would require additional grinding for powder feeding but might be

acceptable for casting a solid grain with sulfur) and the sulfur. Moreover, some reduction

processes produce porous particles, which would alter the calculations as well.
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Figure 4.6: Thermodynamic calculations for different metal±sulfur±oxygen systems. Calcula-

tions for the Isp of iron±sulfur-oxygen do not converge for higher O/F ratios. The

calculations of aluminum±oxygen and sulfur±oxygen are also plotted in the graph

as a reference.

The mass fractions based on the volume ratio were calculated by:

Ym =
0.7ρm

0.7ρm + 0.3ρS
YS =

0.3ρS

0.7ρm + 0.3ρS
(4.6)

where Ym is the mass fraction of the metal, YS is the mass fraction of sulfur, and ρm and ρS

are their respective densities. The mass fractions are shown in Table 4.3. We define the O/F

mass ratio for the metal-sulfur-oxygen system as follows; the solid metal and sulfur grain (at

the given volume ratio) are considered as the fuel, and we use the molar mass of the grain to

calculate the O/F mass ratio with oxygen, the oxidizer.

Figure 4.6 shows that the peak Isp ranges from 180 s to 270 s for the different metals with

chamber temperatures up to 4800 K. The performance is about 10% lower for a metal±sulfur±

oxygen system compared to a pure metal-oxygen system (aluminum±oxygen is shown as a
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Table 4.3: Mass fractions in a mixture of 70 vol% metal and 30 vol% sulfur.

Al Fe Si Mg Ca Ti

wt% metal 79 84 76 73 59 78

wt% sulfur 21 16 24 27 41 22

Figure 4.7: Influence of the sulfur content on specific impulse for varying volume ratios of

the Al±S mixture over different O/F mass ratios.

reference). However, all of the metal±sulfur±oxygen mixtures except iron show a higher Isp

than the brimstone rocket (S ± O2).

The influence of the sulfur content in Al ± S fuel (oxidizer: oxygen) on Isp was investigated.

The results are shown in form of a 2D-map in Figure 4.7 where the sulfur content was varied

between 0 vol% (i.e., pure aluminum) to 100 vol% (i.e., pure sulfur) over the O/F mass ratio

range of 0.5 ± 10. The proposed composition is indicated by the vertical line in the figure, and

four iso-Isp lines are shown as contours.

As expected, the addition of sulfur decreases the Isp for any given O/F mass ratio. This
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Figure 4.8: Thermodynamic calculation for an A-11 regolith-derived mixture, sulfur, and

oxygen system. The A-11 calculations with oxygen as well as sulfur±oxygen are

shown for reference.

underscores the idea of using the minimum required amount of sulfur for casting the

propellant grain, approximated by the maximum packing density. However, the Isp is

relatively constant (> 250 s) for sulfur contents of up to 50 vol% when operating within the

proposed O/F mass ratio range of 2 to 4. Similar results can be obtained when doing the

same calculations for chamber temperature (the 2D-map is provided in the Appendix in

Figure A.5).

Since the products are complex and the convergence of the three solvers is insufficient for

some of the metal±sulfur systems, no calculations of an RDF ± S system were performed. It is

reasonable to expect though that the Isp and chamber temperatures would fall in between the

values for the metallic components separately.

For the metal±sulfur±oxygen system, the calculation was performed for both RDFs (A-11

and A-12) as an elemental mixture. Since there is virtually no difference between the results
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for A-11 and A-12, only one of them (A-11) is shown in Figure 4.8. It is seen that both Isp

and chamber temperature are within the expected range based on the calculations for the

pure metals. The temperatures for the propellant mixture with sulfur are lower than when

burning with oxygen, while the specific impulse is slightly higher for O/F mass ratios up to

3 and slightly lower for high O/F mass ratios > 3. The RDF±sulfur±oxygen system provides

a higher specific impulse than sulfur±oxygen over the whole O/F mass ratio range. It can

be expected that an alloy, as previously seen for RDF±oxygen, would also exhibit a slightly

lower specific impulse and chamber temperature than the mixture of metals.
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5.1 Metal-Oxygen Rocket Engines

Based on prior work, which was discussed in Chapter 2, we propose two main configu-

rations for a RDF±LOX rocket engine: a premixed ªslurryº design and a binary propellant

design using a fluidized piston bed to feed the powder into the combustion chamber.

5.1.1 ªSlurry"

A slurry of RDF and LOX, which can be pump-fed and sprayed into the combustion

chamber like a monopropellant [64, 80], would be an inherently simple system. A possible

configuration for it is presented in Figure 5.1.

Figure 5.1: Schematic of the RDF/LOXªslurry" rocket design.

Such a system has never been tested and poses challenges for multiple reasons: first,
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sedimentation will occur when storing the premixed propellant (especially if it is fuel-lean)

because of gravity. One commonly proposed solution is using gelled metalized propellants

such as Al/RP-1/O2 or H2/Al [50]. However, both rely on either an organic fuel or H2.

Al±LOX mixtures have been used since the 1930s as explosives and are known to be a safety

hazard, often resulting in a deflagration-to-detonation (DTD) transition, even with a gelling

agent [100, 101]. The proposed gellant was SiO2, which is available on the lunar surface.

Organic polymers are also used as gellants, but they cannot be found in-situ [102].

These problems could be mitigated by using a fuel-rich slurry, which minimizes the

explosion risk. LOX is added through porous nozzle walls in order to improve combustion

performance while avoiding nozzle cooling issues. Even with these improvements, it is

questionable whether it can be operated safely. Therefore, we propose an alternate design in

the following subsection, which is more promising than the ªslurryº design.

5.1.2 Binary Propellant

The RDF ± LOX engine can also be configured with a bipropellant design. This system

mimics the functioning of a liquid bipropellant engine: the fuel and most of the oxidizer are

fed into the combustion chamber separately. A schematic of the concept and its proposed

components is shown in Figure 5.2.

Figure 5.2: Schematic of the RDF/LOX bipropellant rocket design.
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On the fuel side, the RDF is stored in loosely packed form inside the fuel tank. The

RDF (powder) is then fed into the combustion chamber using a fluidized bed setup. The

pressurized gaseous oxygen (after evaporation through cooling of the preburner) is used to

push the piston. Since the piston is permeable, part of the oxygen passes through the piston

and mixes with the powder; the mixture can then be dispersed, similar to a viscous fluid, and

injected into the combustion chamber.

LOX can either be pressure fed or with a turbopump. It might also be possible to drive

a turbopump with the oxygen after it has absorbed the heat from the primary combustion

chamber, which is commonly done in expander cycles with the fuel. For a low thrust level,

a pressure-fed system or an electric pump can be implemented instead of a turbopump;

for a high thrust level, a turbopump will be required. To start up the engine and achieve

a sufficient temperature for ignition, either a small amount of a hypergolic propellant or a

pyrotechnic mixture could be used.

The goal ought to be to operate the engine fuel-lean to lower the combustion temperature.

However, to stabilize a flame, a fuel-rich environment is required [70]; therefore, a primary

combustion chamber is integrated into the system. This primary chamber is cooled, and the

heat from this process is used to evaporate part of the LOX for the dispersion process. The

rest of the LOX is injected into the secondary combustion chamber so that the combustion

becomes fuel-lean and, additionally, through the porous nozzle for cooling with a boundary

layer of oxygen.

5.2 Sulfur±Based Rocket Engines

The inclusion of sulfur as a propellant or additive for RDF enables a broader variety of

rocket engine configurations. The different concepts and their specific design challenges will

be described in the following subsections.

5.2.1 Sulfur±Oxygen Engine Configurations

The S ± LOX (ªbrimstone") rocket can either be configured as a bipropellant liquid system

or as a hybrid. The two designs are shown in Figures 5.3 and 5.4.
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The melting point of sulfur is relatively low, 112.8 ◦C, and the configuration in Figure 5.3

would resemble that of a standard liquid bipropellant engine using spray injection. The sulfur

would be preheated to 150 ± 160 ◦C, where its viscosity is lowest, and then introduced as

atomized droplets to react with either gaseous or liquid oxygen in the combustion chamber.

A more detailed discussion can be found in [26].

Figure 5.3: Brimstone rocket in a liquid (spray injection) configuration.

Figure 5.4 shows a hybrid engine with a solid sulfur propellant grain and LOX as the

oxidizer. Orthorhombic sulfur (its most stable phase) is very brittle and will be difficult to

cast into a fuel grain without another component, such as a metal. For a ªbrimstone" rocket

without additives, the bipropellant design is more promising.

Figure 5.4: ªBrimstone rocket" in a hybrid configuration.
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5.2.2 Metal±Sulfur Engine Configuration

The enthalpy of formation of metal sulfides is considerably lower than that of corresponding

oxides, which results in a relatively low Isp of Me ± S propellants as demonstrated by the

thermodynamic calculations presented above. However, the non-cryogenic solid metal±sulfur

fuels possess one important advantage: they have virtually unlimited storage life. Depots

of stored metal-sulfur solid boosters would ensure guaranteed ascend to planetary orbits

for mating with nuclear thermal or electric transportation tugs [103] and would permit fast

on-planet emergency transportation via suborbital flights. Pressed zinc±sulfur powders have

been used as a safe propellant in amateur rocketry since the 1950s. Beside their low Isp,

the other undesirable property of Zn ± S propellant is its very fast burning rate [104]. The

sulfur in the metal±sulfur mixture can be melted by heating the Me ± S powder blend above

the sulfur melting point (115 ◦C) [105], which is 200 ± 400 ◦C below the mixture ignition

temperature. The resulting slurry can be cast as a propellant grain with a combustion channel

of an arbitrary shape. The burning rate of cast metal-sulfur compositions is much lower

than that of the pressed metal-sulfur powder grain and is in the 4 ± 8 mm/s range [106,

105, 107, 108], approaching the combustion rate of standard composite solid propellant. To

increase the combustion rate, the metal-sulfur slurry can also be cast as small droplets in the

manner of artillery propellant grains. The calculations indicate that 15 metals are capable of

self-sustaining combustion with sulfur. Combustion of the cast Al, Ti, Si, Fe, Mn, ± sulfur

blends was observed experimentally [106]. The advantage of metal±sulfur boosters, which is

schematically shown in Figure 5.5, is their inherent simplicity, allowing practically all-solid

booster parts to be manufactured in-situ.

For-example, refractory nozzles that require heat resistivity can be net-shape manufactured

using Self-Propagating High-Temperature Synthesis (SHS) of Cr ± S cermets [108]. To protect

the wall of the combustion chamber from deposition of melted sulfide droplets, the propellant

grain can be cast with a thin outside layer of pure sulfur, whose gasification (boiling) at about

445 ◦C will provide outflow, preventing deposition of the sulfide particles.
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Figure 5.5: RDF and sulfur in a solid configuration.

5.2.3 Metal±Sulfur±Oxygen Engine Configuration

The most promising engine configuration using sulfur is a metal±sulfur±oxygen hybrid

rocket engine, whose schematic is shown in Figure 5.6.

Figure 5.6: RDF and sulfur in a hybrid configuration.

While sulfur decreases the specific impulse of the system compared to pure metals, it

enables the much simpler hybrid configuration in contrast to the configuration presented in

Section 5.1. Therefore, it is recommended to minimize the sulfur content in the solid fuel

grain to achieve maximum specific impulse (as presented in Figure 4.7). The minimum sulfur

content is set to fill the gaps between spherical metal particles at maximum packing density,

thus allowing for the solidification of the fuel grain.
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In practice, hybrid engines have suffered from many problems that prevent them from

reaching their predicted performance and stable operation. Two main problems are the

formation of a turbulent layer in the combustion zone and an inconsistent regression rate [109].

The proposed propellant will lead to two separate combustion reactions: first, between the

alloy and sulfur, which then further reacts with LOX. This could decrease the formation of a

turbulent boundary layer and lead to a more consistent propellant burn rate.

5.3 Engineering Design Challenges

5.3.1 Powder Feeding

The most tested option in the literature is the positive displacement fluidized bed system,

which uses a permeable piston. In this approach, the fuel is stored in a cylindrical pressure

vessel (in powdered form) and backfilled with a carrier gas. When the valve is opened, the

carrier gas (an inert or the oxidizer) entrains the fuel as it penetrates through the piston.

Then the fuel can flow into the combustion chamber as a dense mixture of carrier gas and

metal particles. Such a system has been successfully tested for aluminum and air [25] and for

aluminum/magnesium and water [110].This system has also been proposed for magnesium

and CO2 [111] and successfully tested for these reactants [112, 113]. A study was conducted

on aluminum-fueled ramjet engines also using a fluidized bed and piston system [114]. Their

system does not use an inert dispersion gas but the oxidizer directly. The schematic from

their work is shown in Figure 5.7 and has been adapted to fit our proposed binary propellant

design (Figure 5.2).

A study [115] also tested both the fluidized piston and a motorized piston, proposed earlier

in [116]. The paper concludes that the fluidized system is more suitable than the motorized

piston. The dispersion of regolith mixtures has not been studied, and experiments will have

to be conducted to identify which modifications to the dispersion system might be required.

These will also depend on the particle size (which can be decreased through an additional

grinding step) after the reduction process.

Supplying cryogenic LOX is commonly done in rocket engines. However, most of these

engines use an engine cycle (such as staged combustion, expander cycle, etc.), and the
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Figure 5.7: A schematic of the fluidized bed and piston system. Reproduced from [114].

pressurization of the oxidizer is turbopump driven. For the RDF ± LOX and RDF ± S ± LOX

concepts, a cycle could be used or LOX could be supplied through a pressurized tank. Another

option would be an H2O2 gas generator to drive the pump or a battery-powered system like

in the Electron rockets. A study [117] shows that, especially for lower thrust engines, electric

cycles are competitive with gas-generator cycles. The batteries would be transported from

Earth with the engine itself but could be charged using solar panels on the lunar surface.

5.3.2 Cooling

Combustion of metals creates very high temperatures in the combustion chamber. Many

rocket engines use regenerative cooling by the fuel [118]. Standard regenerative and film

cooling strategies are also proposed for engines using LOX as the coolant. Despite the

high reactivity of oxygen with any material at high temperatures, it is possible to use

specific copper alloys [119] and was demonstrated in successful tests of the engines with

LOX cooling [120]. Multiple companies are working on innovative copper alloys that are

3D-printable and function well with LOX at high temperatures, as shown in preliminary

tests [121]. Different cooling solutions will be required for the different concepts. In a first

step, the temperatures at different cross sections were analyzed over the O/F mass ratio range

for the RDF ± LOX concept and are presented in Figure 5.8. An increase in the O/F mass ratio

decreases temperatures significantly, at the nozzle exit by almost 1000 K when going from a

O/F mass ratio of 2 to 5, with an even larger decrease when approaching a ratio of 10. This is
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Figure 5.8: Temperatures of the flow at different cross sections for the A-11 RDF ± O2 thermo-

dynamic calculations.

another indication that such an engine should be operated fuel-lean, where it is much easier

to cool while only a moderate loss in Isp is observed.

In addition to the oxygen flow through a cooling jacket, it is also proposed to inject the

oxygen through a porous wall of the nozzle (using ablative materials for the remainder of the

nozzle) to achieve the proposed fuel-lean regime and create a film for cooling. A possible

implementation is schematically shown in Figure 5.9.

The nozzle materials will have to be chosen depending on the implemented cooling solution.

Using oxygen as the coolant will lead to oxidization of the nozzle materials and could only

be mitigated by using ceramic liners or, at the minimum, ceramic coatings for a metal liner.

A specific analysis of suitable materials is outside the scope of this thesis and is discussed

specifically for oxygen cooling in [119, 122]. Using an ablative nozzle or an ablative part at the

end of the nozzle is a simpler solution than a sophisticated cooling design. However, some

ablative materials that are used in current engine designs might burn vigorously with the
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Figure 5.9: Proposed cooling solution for an RDF ± LOX rocket engine.

oxygen-rich exhaust flow.

A similar solution can be implemented for a RDF ± S ± LOX hybrid engine and the brimstone

rocket. Chamber temperatures are on the same order of magnitude, and the same trends in

temperature at all different cross sections can be observed (temperatures are lower at any

point, see Figure A.6 in the Appendix).

The only engine that has to fully rely on ablative cooling is the RDF ± S solid rocket engine,

as there is no coolant available. This is common practice in any solid engine, and chamber

temperatures for RDF ± S are not predicted to be particularly high.

5.3.3 Erosion

Any rocket engine where either the oxidizer, or fuel, or both are solid suffers from mechan-

ical and chemical erosion processes. This problem is closely related to the one mentioned in

the previous subsections (deposition and cooling). The most commonly proposed solution

is to integrate ablative inserts into the design, especially in the throat area, which is shown

in Figure 5.9. The problem is discussed extensively in the literature, for instance in [123]

and, specifically, for an Al/LOX engine in [80]. When operating at high O/F mass ratios, as

proposed, the oxygen will create a jet force and attenuate the erosion problem.
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5.3.4 Condensed Combustion Products

Most of the combustion products will be condensed; therefore, deposition on the nozzle

walls is a concern. Any deposition would increase the mass of the system, inhibit the flow, and

therefore decrease the performance of the system. A study by Miller and Herr investigated

deposition in aluminum±steam and magnesium±steam rocket engines, two metals that are

also present in RDF [110]. There was much less deposition in the engine using magnesium

fuel, as the melting point of magnesia (3125 K) is much higher than that of alumina (2345 K).

For RDF, given that adiabatic flame temperatures with oxygen significantly surpass the

melting points of alumina and silica, there might be significant deposition. Indeed, the

thermodynamic calculations indicate predominantly liquid phases within the combustion

chamber. However, at the nozzle exit, where temperatures are much lower, there are much

more solid products, which may decrease the deposition. With increasing the O/F mass ratio

from 3 to 10, the solid fraction at the nozzle exit increases from 24% to 99% (Table 5.1).

Table 5.1: Phase of the condensed products at different cross sections for the A-11 RDF + O2

thermodynamic calculation.

Cross Section Phase
O/F Mass Ratio

0.5 1 2 3 5 10

Chamber
Liquid 100.0% 100.0% 100.0% 100.0% 100.0% 80.0%

Solid 0.0% 0.0% 0.0% 0.0% 0.0% 20.0%

Nozzle

Exit

Liquid 48.0% 58.5% 70.0% 76.0% 34.0% 1.0%

Solid 52.0% 41.5% 30.0% 24.0% 66.0% 99.0%

5.3.5 Two-Phase Losses

Should the formed particles reach a sufficient size, they will not maintain the same velocity

as the gas, and the thermal equilibrium of the exhaust products is also disturbed. The velocity

lag leads to a lower exhaust impulse for these particles and, hence, a lower performance. The

velocity lag is typically larger than the thermal lag [124, 125]. The two-phase loss in specific

impulse depends on a combination of the two types of lag [126]: for the minimum loss, there
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Figure 5.10: Modes of particle combustion in the small Biot number regime. The oxidizer

is typically oxygen. Modes A and B produce nanometric solid metal-oxide

combustion products in a halo around the droplet, while both variants of Mode

C produce micron-sized oxides. Adapted and modified from [66].

is complete heat transfer but still a loss due to the condensed particles not expanding in the

nozzle. For maximum loss, the condensed particles are not accelerated, and there is no heat

transfer.

Two-phase losses are estimated to influence the performance at maximum by 2% assuming

that the product particles are smaller than 1 µm [114]. As previously described, the final

particle size after the reduction process will be in the range of 75 ± 300 µm [39]. Therefore, to

minimize two-phase losses, one should attempt to generate nanoscale combustion products.

Three combustion modes have been identified for metal fuels, which are reproduced in

Figure 5.10 and are described in detail in [66]. A second subcategory has been added for Mode

C (denoted with (b)), where the metal burns heterogeneously in the liquid phase, forming a

liquid metal oxide. Iron is one of the metals that burns in that manner. As the liquid oxide

and liquid metal are miscible to a certain extent and there is no unambiguous micro-flame,

it is shown as a continuum with a flame throughout. An assessment was performed for

the combustion mode of the pure metals with oxygen based on the criterion (Tf/Tb) [73] at

both 1 atm and 20 atm, which is shown in Figure 5.11. When burning the pure metals by

themselves, we expect all of them but silicon and iron, which burn heterogeneously, to burn

in vapor phase.
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Figure 5.11: Assessment of the combustion mode at stoichiometry based on the criterion that

the metal burns in vapor phase when the flame temperature (Tf) is higher than

the boiling temperature of the metal oxide (Tb). The black circles correspond to a

pressure of 1 atm, while the red circles correspond to a pressure of 20 atm. The

temperatures below the oxidation reactions indicate the flame temperature Tf.

However, since we are burning an alloy, we will not achieve the high flame temperatures of

the individual metals. The predicted flame temperatures for A-11 RDF at different O/F mass

ratios and the chosen chamber temperature of 20 atm were compared with the boiling points

of the metals as shown in Table 5.2.

It is seen that, at all O/F ratios, the Tf/Tb ratio is > 1 for calcium and magnesium and

< 1 for titanium, silicon, and iron. Therefore, Ca and Mg would burn in vapor phase and

generate nanoscale oxides, while Ti, Si, and Fe would burn heterogeneously.
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Table 5.2: Boiling points (Tb) of the individual metals at 20 atm compared to the adiabatic

flame temperatures (Tf) of A-11 RDF burning with O2 at different O/F mass ratios

and the same pressure. The boiling points for the metals at 20 atm were obtained

with an iterative procedure in the thermodynamic solver.

O/F

Mass

Ratio

Tf

[K]

Tf/Tb

Ti

Tb = 4702 K

Si

Tb = 4439 K

Fe

Tb = 4066 K

Al

Tb = 3662 K

Ca

Tb = 2515 K

Mg

Tb = 1882 K

0.5 3422 0.73 0.77 0.84 0.93 1.36 1.82

1 3868 0.82 0.87 0.95 1.06 1.54 2.06

2 3616 0.77 0.81 0.89 0.99 1.44 1.92

5 3337 0.71 0.75 0.82 0.91 1.34 1.77

10 2675 0.57 0.60 0.66 0.73 1.06 1.46

Titanium

According to the literature, titanium particles always explode after a certain period of

heterogeneous combustion, generating a lot of burning tiny fragments [67]. As a result, com-

bustion of titanium particles produces much smaller oxide particles than other heterogeneous

combustion processes.

Silicon

Combustion of silicon is known to involve the formation of the intermediate gaseous

product SiO, which leads to the production of nanoscale SiO2 particles [127]. Therefore,

combustion of Si, though occurring heterogeneously, also generates nanoscale products, as

represented by Mode B from Figure 5.10.

Aluminum

For aluminum, the Tf/Tb ratio is close to 1, which makes the assessment difficult. How-

ever, combustion of aluminum is known to include the formation of intermediate gaseous

suboxides [128], so it is also promising from this point of view.
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Calcium and Magnesium

These two metals are predicted to burn in vapor phase (Mode A) even at higher O/F mass

ratios and consequently lower chamber temperatures. Combustion studies on the burning

mode or combustion behavior of calcium could not be identified that support this assumption.

Calcium in powdered form is pyrophoric and thus very difficult to store safely. For the same

reason, an experimental investigation of its combustion with air or oxygen is challenging.

Iron

The low gaseous mass fraction of the oxides of iron and calcium indicates the presence

of more solid particles. At higher pressures, iron is predicted to burn heterogeneously, and

based on the low gaseous mass fraction in Mode C. Single particle combustion experiments

of iron in up to 100% oxygen have shown that the bulk of product particles is still micron

sized and only < 10% are nanoparticles [95]. They have also shown that the combustion mode

is not well described by Mode C (a), therefore, Mode C (b) has been added to Figure 5.10.

Thermodynamic calculations for combustion of A-11 RDF at 20 atm have shown that the

gaseous fraction of iron oxides is equal to 0.90, 0.23, 0.16, and 0 at the O/F mass ratios of 1,

2, 5, and 10, respectively. Small values indicate that most iron oxide particles will be of the

same scale as the initial fuel particles.

In conclusion, while the assessment of the exact magnitude of the two-phase losses is not

possible, this analysis serves as a first assessment of the expected combustion behavior of

RDF. It is recommended to verify the combustion mode with experimental studies. However,

based on our preliminary assessment, it becomes clear that two-phase losses will be a minor

issue for the rocket engine design.

5.4 Comparison

The RDF ± LOX bipropellant rocket engine is predicted to have the highest performance

with a peak Isp of 256 s at an O/F mass ratio of 4. Additionally, it offers restarting capabilities,
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but the design is complex from an engineering perspective with the need to develop a reliable

powder feeding system.

The RDF ± S ± LOX hybrid rocket engine has a simple design compared to the RDF ± LOX

concept, with a slightly reduced peak Isp of 252 s at an O/F mass ratio of 4 and a marginally

lower chamber temperature of 3447 K. Throttling and restarting are not inherently possible

with the hybrid system, as metal and sulfur can self-sustain combustion. However, one

can deliberately choose a Me ± S mixture ratio that will not support self-sustained flame

propagation and will not achieve peak performance either. Then, the system can be quenched

by cutting the oxygen flow and restarted.

S ± LOX is a suitable rocket engine design when access to sulfur is abundant. The perfor-

mance, with a Isp of 243 s at an O/F ratio of 1.1, is sufficient for missions to LLO or hopper

missions. The combustion temperature reaches a peak of 3633 K at the optimal O/F fuel mass

ratio. As with all bipropellant concepts, it is more complex than a hybrid or solid engine but

offers restarting capabilities.

RDF ± S as a solid rocket engine is predicted to have the lowest performance with an Isp

of 100 ± 120 s at a combustion temperature of 2000 ± 3000 K. Solid rocket motors are simple

to design but can usually neither be throttled nor restarted. The primary drawback of any

system using sulfur is that its extraction necessitates a separate process from the rest of the

RDF. The reduction process for RDF is required for oxygen generation on the lunar surface,

with RDF serving as a convenient byproduct. However, this convenience does not extend to

sulfur extraction. While exhibiting a much lower performance, the solid system excels in one

aspect: propellant storability. The cast RDF ± S propellant grain could be stored for nearly

indefinite periods and would be well-suited as an emergency system, eliminating the need

for propellant production close to the mission launch date.

The different concepts, their possible applications, as well as their benefits and drawbacks,

are concisely summarized and compared in Table 5.3 below.

1The exact calculations for RDF-sulfur could not be run, therefore a range is provided.
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Table 5.3: Comparison matrix for all proposed rocket engine designs.

Concept
Performance

(ISP)
Complexity

Throttling/

Restart

RDF + LOX

(bipropellant)

Highest

Peak Isp = 256 s

at O/F = 4 and

Tc = 3416 K

Complex Both possible

RDF + S + LOX

(hybrid)

High

Peak Isp = 252 s

at O/F = 2.5 and

Tc = 3447 K

Medium

complexity

Throttling possible,

restart only possible

at specific conditions

S + LOX

(bipropellant)

Medium to High

Peak Isp = 243 s

at O/F = 1.1 and

Tc = 3633 K

Complex Both possible

RDF + S

(solid)

Low

Peak Isp ≈ 100-120 s

at Tc = 2000 - 3000 K1

Simple Not possible

Concept
Maintenance/

Reusability
Safety Application

RDF + LOX

(bipropellant)
+

Higher failure

risk

Return to LLO

and hopper

RDF + S + LOX

(hybrid)
o Reliable

Return to LLO

and hopper

S + LOX

(bipropellant)
o

Higher failure

risk

Return to LLO

and hopper

RDF + S

(solid)
-

Most

Reliable

Hopper and

emergency system
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The main focus of this thesis has been on the theoretical study, and an experimental

study meeting the standards for journal publication could not be completed. However, some

progress has been made, and for completeness, the preliminary results of three different

experimental campaigns are documented in this section and related to the conceptual work

on the rocket engines.

6.1 Thermochemical Analysis of Al/Si Alloys (TGA and DSC)

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) are two

commonly used techniques in materials science and chemistry. TGA involves heating a

sample under controlled temperature conditions while measuring its weight change as a

function of temperature or time. This technique is used to determine various properties, such

as decomposition temperature, thermal stability, and moisture content, of a material. DSC,

on the other hand, measures the difference in heat flow between a sample and a reference

material as a function of temperature. It is used to study phase transitions, melting points,

glass transitions, reaction kinetics, and purity of materials. Both techniques provide valuable

insights into the thermal behavior and properties of materials, aiding in their characterization

and understanding of their reactivity.

In the context of the ISRU project, it was of interest to understand the reactivity and

oxidation processes of the RDF. As a starting point, we used aluminum/silicon alloys for

the experimental campaign. The work aimed to build on a previous publication [129] where

the Al88Si12 alloy was analyzed to assess how an aluminum/silicon alloy compares to pure

aluminum from a thermochemical perspective and how that might influence its suitability
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as a rocket fuel. Our work included Al75Si25, Al66Si34, and pure silicon in addition to the

powders analyzed in the previous paper. If possible, it would be of scientific value to obtain a

reduced regolith sample from NASA to conduct a thermal characterization of an RDF in the

future.

The following five powder samples were obtained from different suppliers for the experi-

ments (unfortunately, no uniform particle size could be obtained for the different compositions,

and the number of suppliers selling such powders is very limited):

• Aluminum powder, 3 ± 4.5 µm, 97.5% purity (Alfa Aesar)

• Silicon powder, < 325 mesh, 99.5% purity (Alfa Aesar)

• Al88Si12 alloy powder, eutectic composition, 5 µm, spherical, (SkySpring Nano Materi-

als)

• Al75Si25 alloy powder, < 150 µm (Goodfellow AL15-PD-000110)

• Al64Si36 alloy powder, < 150 µm (Goodfellow AL14-PD-000110)

Two runs were conducted in pure oxygen for each of the different samples. An STA

(Simultaneous Thermal Analyzer, Netzsch STA 449 Jupiter) was used for the measurements,

and both TGA and DSC curves were documented. The resulting curves and conditions were

the following:

• TGA in the temperature range 25◦C to 1500◦C with a heating rate of 10 K/min

• DSC in the temperature range 25◦C to 1500◦C with a heating rate of 10 K/min

• DTG in the temperature range 25◦C to 1500◦C with a heating rate of 10 K/min

For all the following results, the two runs have been averaged. It is common practice to

average five runs for such measurements, therefore, these preliminary results might not be

fully statistically representative.
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6.1.1 TGA Curves

The TGA curves for all five samples at the heating rate of 10 K/min are plotted in Figure 6.1.

The dashed line shows the theoretical calculated mass gain that is expected after oxidation.

Based on the slow oxidation of silicon (since the STA does not reach temperatures higher

than 1500◦C), the assumption can be made that mainly aluminum will oxidize within the

alloys. In that case, the theoretical mass gain is shown by the dotted lines. The colors of the

lines match with the corresponding TGA curves.

The curves for Al100 and Al88Si12 were compared with the previous measurements per-

formed in the previous study [129]. We encountered some peculiarities in the measurements:

the first one is the additional mass gain after the primary oxidation process (indicated by a

plateau in the mass gain). Theory does not predict any further oxidation that could lead to a

mass gain approaching 200% at higher temperatures. This is consistently visible for all sam-

ples (besides silicon which does not reach a plateau below 1500◦C). Aluminum, within some

tolerance, seems to fully oxidize, while the curve for Al88Si12 indicates that only aluminum

oxidizes up to the first plateau. Al75Si25 shows even less reactivity and oxidizes less, while

Figure 6.1: TGA data for the five samples in pure oxygen at a heating rate of 10 K/min.

70



6 Experimental Studies

Al66Si34 shows significantly higher reactivity, which is almost on par with Al88Si12. Silicon

starts oxidizing very late (at > 1000◦C) and it appears that higher temperatures are required

to achieve full oxidation. These observations are consistent between the two experimental

runs.

Based on the limited data, it is difficult to pinpoint why a higher reactivity was observed for

Al66Si34. Intuitively, based on the difference between Al100 and Al88Si12, one would expect

the reactivity to decrease with a higher silicon content in the alloy. Further measurements are

required to verify the higher reactivity of Al66Si34 and find a coherent explanation for its

oxidation behavior.

6.1.2 DTG Curves

In order to analyze the reaction rate during the oxidation process, the DTG curves were

plotted, which is shown in Figure 6.2. DTG curves are the derivative of the TGA curves.

As previously discussed, it remains unclear why there are further reactions (and for

Figure 6.2: DTG curves for all five samples at a heating rate of 10 K/min, which are derived

from the previous TGA curves.
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aluminum even a second plateau) after the primary oxidation process. Since the DTG curves

are a proxy for reactivity, it is once again visible that Al66Si34 seems to react more strongly

than the other samples, even more than Al100.

6.1.3 DSC Curves

As a final step, the DSC curves were evaluated. Due to a falling baseline trend in the

measurements, which was also observed during calibration runs, the data was smoothed

using MATLAB. This allows for a better visualization of the relevant features of the DSC

curve: the endothermic and exothermic reactions. The result is shown in Figure 6.3.

We can clearly observe the melting points (small endothermic, i.e., negative peaks) of the

aluminum sample as well as the alloys at around between 600 ± 700◦C, which is consistent

with the literature values. Silicon melts at 1414◦C just before its oxidation starts, so the

endothermic peak due to melting appears just before the exothermic peak of the oxidation.

The alloys seem to oxidize at a slightly higher temperature than aluminum, and we can

again observe the high reactivity of the Al66Si34 sample, as indicated by the area under the

exothermic reaction peak. The higher energy release when approaching 1500◦C is due to the

Figure 6.3: DSC curves for the five samples at a heating rate of 10 K/min.
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smoothing algorithm, which does not fully subtract the falling baseline from the measurement.

An interesting observation is the high reactivity of silicon when it starts to oxidize, which

is not as visible in the TGA curves. This peak might also be enlarged due to the smoothing

algorithm and thus erroneously indicate a high energy release.

6.2 Ignition Experiments

The second experimental campaign focused on validating the combustion characteristics

(and combustion mode) of aluminum, silicon, and alloys. As previously discussed, laminar

aluminum (premixed) flames are well understood, but there is no published research on

laminar silicon flames, even though one has been stabilized recently at the AFL (Figure 2.5).

Additionally, a study was published on silicon being burned in a turbulent manner [127]. A

mixture of the two metals has not been investigated, neither in the form of an alloy nor a

binary mixture.

The experimental setup in the combustion chamber resembles the environment at the exit

of the fluidized piston injection system, where powder is entrained with oxygen right before

injection into the combustion chamber. Therefore, this is a first experimental campaign to

understand the ignition and combustion behavior of such a configuration.

6.2.1 Laser Ignition of Metal Powders in Pure Oxygen

The ignitability of silicon and aluminum/silicon alloys in oxygen was investigated in a

windowed chamber equipped with a 60 W CO2 laser (Synrad Firestar Ti-60), which was used

recently to study the combustion of magnesium and lithium powders [130, 131]. As a reference,

aluminum was also ignited in the same environment. The combustion was qualitatively

documented using a high-speed camera (Phantom v1210), and the burnt samples were

analyzed with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy

(EDS). The same powders that were used for the TGA and DSC measurements (details in

Section 6.1) were also used for the ignition experiments
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Combustion experiments were conducted with the following steps:

1. The sample is placed in the chamber on a high-temperature resistant ceramic plate and

aligned so that the center of the sample is directly under the laser beam. The powder is

placed in loosely packed form and at variable thicknesses.

2. The chamber is evacuated with a vacuum pump to a pressure of approximately 1 ± 2 Torr

(133 ± 267 Pa).

3. The chamber is flushed with ultra-high purity oxygen (99.99% purity) until it equilibrates

at a pressure of 675 Torr (90 kPa, which is the standard atmospheric pressure in El Paso,

TX).

4. The laser is activated and fired for 2 s, thus applying 64 J of energy to the sample. After

that the laser is turned off.

5. The ignition and combustion processes are recorded with the high-speed camera at

1736 fps.

6. The chamber is purged with nitrogen for 1 min, and then the sample is removed from

the combustion chamber.

All of the samples ignited and combusted from the center of the powder sample toward

the outside. Two types of experiments were conducted: one with a loosely packed scoop of

hemisphirically shaped powder, and one with a flat powder sample, as shown in Figures 6.4a

and 6.4b.

The hemisphirical shaped samples were approximately 1 g in mass, while the flat powder

samples were 0.25 g in mass. Aluminum could not be burned in a controlled manner as a 1 g

hemisphirical sample, while silicon burned in a more controlled manner and showed more

steady flame propagation in the larger mass sample. The burning process timelapse of the

hemisphirical sample is shown in Figure 6.5.

The combustion process over a time frame of three seconds is shown in Figures 6.6a, 6.6b, 6.6a,

6.6d, and 6.6e for all the powder samples. Due to the violent combustion behavior of alu-

minum, the sample mass for the alloys was reduced (from 1 g to 250 mg), and the shape shown
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(a) Hemisphirical powder shape (b) Flat powder shape

Figure 6.4: Experimental setup inside the combustion chamber.

Figure 6.5: Silicon powder (≈ 1 g) burning in a 100% oxygen atmosphere.

in Figure 6.4b utilized. As one can see, silicon burns consistently (best visible in Figure 6.5)

and the flame propagates slowly through the material; for aluminum, the combustion process

is violent.

The observations are in line with the combustion modes for aluminum and silicon, which

were discussed in Section 5.3.5. The violent combustion process is a sign of vapor phase com-

bustion for aluminum, while silicon burns more consistently and heterogeneously in Mode

B with a multi-phase surface reaction. These macroscopic observations of the combustion
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behaviors in the ignition experiment are shown in Figures 6.6e and 6.6a.

All the alloys ignited with the same experimental procedure, and their combustion be-

havior resembled that of pure silicon; the flame propagated rather consistently through the

powder sample, and no sparks or explosion-like behavior could be detected, as shown in

Figures 6.6b, 6.6a, and 6.6d.

(a) Silicon powder (≈ 250 mg) burning in a 100% oxygen atmosphere.

(b) Al66Si34 alloy powder (≈ 250 mg) burning in a 100% oxygen atmosphere.
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(a) Al75Si25 alloy powder (≈ 250 mg) burning in a 100% oxygen atmosphere.

(d) Al88Si12 alloy powder (≈ 250 mg) burning in a 100% oxygen atmosphere.

(e) Aluminum powder (≈ 250 mg) burning in a 100% oxygen atmosphere.

Figure 6.6: Combustion process of different samples captured by the high-speed camera.
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Table 6.1: Theoretical assessment of the combustion modes of the alloys. (A) indicates vapor

phase combustion in Mode A, and (B) indicates heterogeneous combustion in Mode

B from Figure 5.10.

Oxide
Tb

[K]

Tf/Tb

Al100 Al88Si12 Al75Si25 Al66Si34 Si100

Al2O3 2792 1.42 (A) 1.40 (A) 1.39 (A) 1.38 (A) -

SiO2 3538 - 1.11 (A) 1.10 (A) 1.09 (A) 0.89 (B)

This is peculiar because, even though the alloy is burning at a lower temperature, the

flame temperature is still significantly higher than the boiling point of aluminum. Therefore,

aluminum should still burn in vapor phase, but this is not the case based on the macroscopic

observations. Based on the calculations, even silicon should burn in vapor phase because

the alloy burns hotter than pure silicon. Contrary to the expectations from the theoretical

calculations, on a qualitative level that can be captured with the high-speed camera, no

difference could be detected between the different compositions. The ratios and the associated

combustion mode for aluminum and silicon at the different alloy conditions are shown in

Table 6.1.

The most noteworthy aspect of the experimental studies is that even a small percentage of

silicon in an alloy changes the combustion behavior compared to pure aluminum, but in a

manner that is not predicted by theory. Even the combustion of the Al88Si12 alloy resembles

the combustion behavior of silicon more than that of aluminum. More studies are required

to gain a deeper understanding of these preliminary observations and if the combustion is

actually heterogeneous on a microscopic level.

6.2.2 Imaging of the Samples

The samples were imaged using SEM and EDS. When looking at the raw materials, one

could see that the structures of the aluminum/silicon alloys differ significantly from those of

pure silicon. The alloy particles are spherical, while the silicon particles are not, as shown in

Figures 6.7a and 6.7b. The Al88Si12 alloy is used as a comparison to the silicon particles as
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(a) Silicon powder unburnt. (b) Al88Si12 powder unburnt.

Figure 6.7: SEM images comparing the unburnt materials.

they are similar in particle size, while the other two alloy samples are not.

The oxide samples for the Al66Si34 alloy (chosen since its composition is closest to RDF)

show areas where combustion has taken place and areas where almost no combustion is

visible; this is probably due to only the surface layer burning, while most of the material

underneath did not. As a reference, the unburnt Al66Si34 material is shown in Figure 6.8a.

The burnt sample is shown in Figure 6.8b and a color map for the different elements was

created by the EDS and demonstrated in Figure 6.8c.

When looking at the percentage of oxides that the EDS detects, it becomes clear that

some part of the sample did not burn, as 37% (error 6.5%) aluminum, 27% (error 5.3%)

silicon, and 34% (error 2.3%) oxygen are detected (all values by mass). For full combustion at

stochiometry (using a thermodynamic software) and the given composition of the material

(66% aluminum and 34% silicon), these values should be by mass percentage approximately

32% aluminum, 19% silicon, and 47% oxygen. The oxygen figure in the measurement is

lower than the predicted one for full combustion (70 ± 74% combustion efficiency within error

bounds), which matches the observed areas where the material did not combust. The results

are shown in a graphic in Figure 6.8d.

The most important observation is that both silicon and all types of alloys burn and oxidize

to some degree. This is consistent with the research studies on aluminum burning in multiple

configurations (laminar [64] and turbulent [132], respectively) as well as a recent study on
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(a) Unburnt Al66Si34 sample (b) Burnt Al66Si34 particles

(c) Detected elements with the EDS (d) Completeness of combustion

Figure 6.8: SEM and EDS analysis of a sample of the Al66Si34 alloy. Subfigure (a) shows the

unburnt sample of the Al66Si34 alloy powder, while Subfigure (b) shows a SEM

image after the combustion process. In Subfigure (c), an EDS analysis is performed,

and regions where aluminum is detected are shown in green, regions of silicon

in blue, and regions of oxygen in red. In Subfigure(d), the completeness of the

combustion process is evaluated, with the dashed lines showing the percentages

of the elements when complete combustion occurs.

silicon igniting in a dust cloud [127].
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6.3 Diffusion Flames

The third experimental campaign was centered on the stabilization of a metal diffusion

flame, with the intention of furthering the development of a theory that aligns more closely

with our current comprehension of metal combustion. The gaps in the previous theory were

described in Section 2.5.2.

The first round of experiments was performed on the AFL laminar metal dust burner that

has been used for premixed flame experiments for the last 20 years. A schematic of the burner

is shown in Figure 6.9 and a detailed description of its functioning can be found in [64].

In a first attempt to stabilize a diffusion flame, the modifications to the system were kept

Figure 6.9: A schematic of the old metal dust burner that has been used for premixed alu-

minum flame experiments. Reprinted from [64].
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Figure 6.10: Diffusion flames established on the old burner for different oxygen concentra-

tions.

minimal: the co-flow was switched from protective nitrogen to oxygen (the oxidizer that will

diffuse into the flame), and the dispersion gas was switched from air (in premixed mode) to

nitrogen. A mixing tank was implemented on the oxidizer line to be able to vary the oxygen

concentration in the co-flow. We achieved combustion of aluminum for a co-flow of 75 ± 100%

oxygen for around 30 s. The pictures of the flame, which were recorded with a high-speed

camera, are shown in Figure 6.10. A summary of the experimental parameters and different

tests that were conducted can be found in Appendix A.2.

However, the flames suffered from a lot of flame instabilities and vortex formation and

only kept a stable shape for less than a second. A time lapse for the observed instabilities is

shown for the 100% oxygen co-flow diffusion flame in Figure 6.11.

While the investigation of these instabilities is an interesting topic for future research, the

unstable flames are not suitable for the investigation we wanted to conduct.

Therefore, the burner was modified, and a new design was used for the second experimental

campaign. The main issue that was identified is that the diffusion flame needs to be encased

to prevent diffusion of the oxidizer into the room and away from the flame. A glass tube was

implemented into the setup, which is moved downwards to be able to ignite the mixture and

upwards once ignition has been achieved, encasing the flame. This also allows for varying the

ratio of diameters between the dispersion flow tube and the co-flow, which is an important
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Figure 6.11: Instabilities observed for the 100% oxygen co-flow diffusion flame over its burn

duration.

parameter in Burke-Schumann flame theory and a crucial factor for an underventilated or

overventilated flame (in gas flame theory). In addition to that, the burner design was modified

in other areas. One major upgrade was the inclusion of an ejector, which allows for a direct

flow rate variation of the dispersion flow.

The schematic for the new burner design is shown in Figure 6.121. The drawing does not

include the glass tube, which is inserted into the assembly, labeled as 4, and can be moved

along the dispersion tube and held in place with a set screw.

With this new design, a diffusion flame could be stabilized for one minute in a first set of

tests, and a picture of the flame is shown in Figure 6.13.

1The author would like to thank C. Mani for providing him with the drawings. He was responsible for

redesigning the burner as part of his honors thesis.

Figure 6.12: Mechanical drawing of the new burner assembly.
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Figure 6.13: A stabilized aluminum diffusion flame on the new laminar burner encased in a

glass tube.

However, due to the shutdown of the laboratory, the experimental campaign could never

move past those preliminary experiments within the time frame of this thesis. Once the

laboratory and experimental setup are operational again, we now have the capabilities to

investigate the initial key research question: What governs the stabilization (and possibly the

shape/height) of a metal diffusion flame? One key indicator to answer this question could

be the minimum oxygen concentration (given by how much oxygen has diffused from the

co-flow into the flame) at which the individual particles ignite. This will form the basis for a

possible future campaign for laminar dust diffusion flames.
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7 Conclusions

Thermodynamic calculations have been conducted for regolith-derived fuels with oxygen.

These calculations predict that RDF A-11 (a mixture of metal alloys) achieves a maximum

specific impulse of 256 s at an O/F mass ratio of approximately 4. It has been shown that an

alloy composition, which will be the fuel after the reduction process, exhibits a slightly lower

ISP than an elemental mixture and aluminum, which was previously proposed as an ISRU

fuel.

The high combustion chamber temperatures predicted by the thermodynamic calculations

also indicate that such an engine would have to be operated fuel-lean to decrease deposition

and allow for a simpler cooling system. With increasing O/F mass ratio, the Isp decreases

significantly less than chamber temperature. For O/F mass ratios between 4 ± 8, chamber

temperatures drop by 975 K while the Isp decreases from its peak of 255 s to 230 s.

As the design of an RDF ± LOX engine requires a powder feeding system, sulfur was

considered as another ISRU fuel. It can act as a binder, an oxidizer for metals, or even as

a fuel itself, enabling a wider range of propulsion options. Thermodynamic calculations

were performed for different configurations. A key result is that the sulfur content in the

fuel should be minimized while still allowing for the RDF to be cast into a solid fuel grain.

This can be achieved at approximately 70 vol% RDF and 30 vol% sulfur. The decrease in

peak Isp through the inclusion of sulfur is predicted to be approximately 2%, while chamber

temperatures are similar. At higher O/F mass ratios, the decrease in Isp reaches up to 10%.

The brimstone rocket is calculated to have a lower performance than the systems including

RDF and does not offer any other advantages over these systems. The last proposed design

of a RDF ± S solid rocket engine design is attractive because of its simplicity but exhibits low

performance.
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The RDF ± S ± LOX hybrid rocket engine is a promising design that has not been previously

proposed. Advancing the development of this concept, as well as the RDF ± LOX concept,

to the next stage necessitates addressing several open research questions and conducting

experimental studies. In particular, the combustion mechanism of a Me ± S grain in an oxygen

environment will be investigated on a small rocket test stand in the months after the writing

of this thesis.
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A.1 Additional Figures for the Thermodynamic Calculations

Thermo and FactSage predict different equilibrium compositions for the alloy A-11 RDF.

Therefore, the difference in combustion temperature for the alloy vs. the elemental mixture

was verified in both codes, and the results are shown in Figure A.1. The initial conditions

are the same that were used for all thermodynamic calculations in the paper. Both codes

predict a slight decrease in combustion temperature when burning the alloy compared to the

elemental mixture. The higher predicted temperature in FactSage for low O/F mass ratios is

aligned with the inclusion of the heat of mixing, which was previously shown in Figure 3.4.

Figure A.1: Thermodynamic calculations for an elemental and an equilibrium composition

(A-11 RDF) between FactSage and Thermo.
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Figures A.2, A.3, and A.4 show the detailed composition for the three different categories

in Figure 4.3. They are based on calculations for A-11 RDF and will differ for other regolith

compositions.

Figure A.2: Detailed gaseous products from Figure 4.3.

Figure A.3: Detailed condensed products from Figure 4.3 using the FactSage continuum liquid

assumption.
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Figure A.4: Detailed oxygen products from Figure 4.3.

Figure A.5 presents the results for the adiabatic flame temperature for varying metal-sulfur

mixture ratios in the same way Isp was presented in Figure 4.7. The temperature aligns with

the performance calculations, with a higher chamber temperature at higher Isp values, and

shows similar iso-temperature lines than iso-Isp lines.

In the same manner as the temperatures throughout the nozzle are shown for A-11

RDF + O2 in Figure 5.8, the calculations were performed for the hybrid including 30%

sulfur and are shown in Figure A.6. As observed for all propellant combinations including

sulfur, the temperatures are slightly lower at all cross sections throughout the rocket engine.

This indicates that we will have a similar amount of condensed species (Figure 4.4 for

A-11 RDF + O2) for the propellant including sulfur, and the previously presented design

considerations are equally valid.
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Figure A.5: Influence of the sulfur content on chamber temperature for varying volume ratios

of the Al±S mixture over different O/F mass ratios. The parameters for the study

are the same as for Figure 4.7.

Figure A.6: Temperatures of the flow at different cross sections for the A-11 RDF + S + O2

thermodynamic calculations
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A.2 Supplementary Material for the Aluminum Diffusion Flame

Experiments

The main parameters for the diffusion flame experiments are: the dust concentration of the

aluminum powder (dependent on the mass flow of the carrier gas), the particle size, the mass

flow of the coflow, and the composition of the coflow.

A.2.1 Aluminum powder

The experiments were conducted using micron-sized aluminum powder ªAmpal 637º with

a Sauter mean diameter (d32) of approximately 6.5 µm. The powder is dried in a vacuum

oven to minimize the effects of moisture. A SEM image of the powder is shown in Figure A.7

to illustrate the morphology and size of the particles and the particle size distribution of

ªAmpal 637º is also plotted.

The total dust concentration of the aluminum powder is dependent on the mass flow rate of

the carrier gas (here N2) and the piston speed. Using calibration experiments, the total mass

flow of aluminum dust is determined. In this calibration experiment, the concentration of the

particles is monitored by a laser light attenuation probe while a vacuum collects the dust for

a fixed period of time. The laser detects and shows a change in voltage when particles are

Figure A.7: Scanning electron microscope SEM image (left) and the volumetric particle size

distribution (right) of ªAmpal-637º aluminum powder [133].
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Operational

variable
Description Min. value Max. value Unit

QN2,carrier

Volumetric flow rate of inert

carrier gas for dispersion
100 250 cc/s

QN2,dilution

Volumetric flow rate of inert

gas to dilute the pure oxygen
0 80 cc/s

Qcoflow

Volumetric flow rate of pure

oxygen
200 500 cc/s

vpiston Piston speed for dispersion 0.02 0.1 cm/s

Table A.1: Operational variables and their ranges

passing. The dust concentration in the flow is calculated by dividing the mass of the particles

by the total volume of gas. The result of the calibration experiment is a linear relationship

between voltage and dust concentration. Using this relationship, the dust concentration of

the aluminum particles can be accurately measured during experiments.

A.2.2 Coflow

The coflow can be varied in terms of mass flow rate and composition. Both are controlled

using mass flow controllers (MFC). The composition of the coflow consists of a mixture of

oxygen and nitrogen allowing for the dilution of pure oxygen.

A.2.3 First experimental campaign

The operational variables with their minimum and maximum values are shown in Table A.1.

These were varied in an attempt to achieve a stable Aluminum diffusion flame.

The bounds of the variables in Table A.1 are set by minimal flow rates for aluminum

dispersion and operational limits of the MFCs. As previously mentioned, the concentration

of aluminum particles depends on a combination of piston speed and the volumetric flow

rate of N2 carrier gas.

Six experimental runs were conducted in this campaign; the parameters vpiston and QN2,carrier
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Run No. Coflow [cc/s] Dilution [cc/s] O2 Percentage Stability [ms]

1 300 0 100% 20 ± 30

2 285 15 95% 20 ± 30

3 270 30 90% 15 ± 20

4 255 45 85% 15 ± 20

5 240 60 80% 10 ± 15

6 225 75 75% < 10

Table A.2: Experimental parameters for the six distinct runs. As these were preliminary

experiments, nitrogen and oxygen were approximated to have the same molar

mass for simplicity when setting the mass flow rates.

for the aluminum particle dispersion were kept constant throughout, and are 0.076 cm/s and

150 cc/s, respectively. Both flow rates (QN2,dilution and Qcoflow) for the coflow were varied to

achieve oxygen levels of 75% to 100%. The parameters are summarized below in Table A.2.

As noted in the main body of the thesis, the flames were highly unstable which can be seen

in the table and therefore, no further parameters such as flame height were evaluated.

A.2.4 Second experimental campaign

While the design of the improved laminar dust burner is very similar to the previous one,

some components have changed such as the stepper motor. Moreover, through the integration

of an ejector, the mass flow rate through the dispersion can be varied more precisely and also

while operating the experiment.

The experiment that successfully stabilized the diffusion flame was a single run with mini-

mal modifications from previous tests with premixed flames. Consequently, the parameters

were not optimized for diffusion flames, and the flow parameters were not recorded, as

the primary goal was to demonstrate the feasibility of stabilization. Therefore, the exact

parameters for the successful experimental run cannot be provided.
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AFL Alternative Fuels Laboratory. 73, 81

APS Ascent Propulsion System. 17

CEA Chemical Equilibirum with Applications. xiii, 28±30, 32, 34, 35
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DSC Differential scanning calorimetry. 68, 69, 72, 73
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DTG Difference thermogravimetry. 69, 71, 72

EDS Energy dispersive X-ray spectroscopy. 73, 78

ISRU In-situ resource utilization. xii, 5±8, 22, 28, 38, 44, 68
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RP-1 Rocket Propellant-1 or Refined Petroleum-1. 52
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SEM Scanning Electron Microscope. xvi, 73, 78, 91

SHS Self-Propagating High-Temperature Synthesis. 55

STA Simultaneous thermal analyzer. 69, 70
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