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"Roald Amundsen and a crew of six in the 70 foot, 47 ton Gjoa were the firsts to find the
Northwest Passage to Asia through North America. There had been some hundred
previous falled attempts, all involving at least an order of magnitude greater effort than
the success. The British Navy, at the height of its power, tried thirty times without
success. The Franklin expedition, with two specially adapted steam frigates [...] had one
of the deepest penetrations into the passage. All 130 men died of starvation on or near
King William Island. Amundsen’s crew spent more than two years at the same place,
hunting caribou for food and doing valuable scientific research instead of starving.

What was the difference?

Carrying all provisions versus living off the land.”

[Olson, 1997]
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SymBoLS / UNITS
In order to prevent the loss of more space probes, English units are avoided as far
as possible; SI units are preferred. Every symbol is also explained at its point of
usage. The decimal point is written as for example as in *0.01”. In order to reduce
the potential for confusion, commas for parting thousands, millions, etc. (American

notation) are not used.

o Heat Transition Coefficient [W/(m*K)]

n Concentration Polarization [V]

p Density [kg/m?]

n Dynamic Viscosity [Ns/m?]

A Heat Conductivity [W/(mK)]

v Kinematic Viscosity [m?/s]

Norm  Ohmic Polarization [mV]

U Stoichiometric Number [-]

a Acceleration [m/s?]

A Area [m?]

Cp Specific Heat Capacity [3/(kgK)]

Cpm  Molar Heat Capacity [J/(molK)]

D Diameter [m]

D Inner Diameter [m]

DS Outer Diameter [m]

E Energy [J]

e Elementary Charge 1.602- 10 [C]
E° Standard Potential (Nernst current) [V]

F Faraday’s Constant 9.648- 10* [C/mol]
F Force [N]

G° Standard Free (Gibbs) Energy 1]

O Norm Gravity Factor on Earth 9.80665 [N/kg]
am Norm Gravity Factor on Mars 3.73 [N/kg]

H° Standard Enthalpy [3/mol]

i Current Density [A/m?]

I Electric Current [A]

i Limiting Current Density [A/m?]

k Heat Transition Number [W/(m*K)]

Ky Film Height Coefficient [-]

Kr Film Temperature Coefficient -]

m Mass [ka]

n Number of Electrons [-]

n Substance Quantity [mol]

Na  Avogadro’s Constant 6.0221367 - 10%° [1/mol]
Nu NuBelt Number [-]

Xi

Xii
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Power

Pressure

Prandtl number

Heat

Specific Heat

Molar Heat

Total Cell Impedance
Electric Resistance
Specific Gas Constant (of substance X)
Reynolds number
Critical Reynolds number
Universal (molar) gas constant
Temperature

Time

Circumference

Voltage

Velocity

Volume

Molar Norm Volume
Specific Work

Work

Molar Work

Length

[W]

[bar = 10°Pa]
[-]

[J]

[J/kg]
[J/mol]
[Qcm?]

[Q]

[3/(kgK)]

[-]

2300 [-]
8.31451 [J/(molK)]
[K]

[s]

[m]

[V]

22.4141 [m*/kmol]
[3/kg]

[J]

[J/mol]

[m]

dm
Dots on variables mean differentiation over the time; e.g. m=—— stands for mass flow,

. \/
V= (jj_t for volume flow.

dt
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1 INTRODUCTION

Since the very first plans for a human Mars mission, like the studies of [von Braun, 1956],
it has been evident that this project would definitely be one of the biggest endeavors that
man has ever undertaken, maybe requiring even more man-hours than the construction
of the pyramids or the great wall [von Puttkamer, 1996]. Since then it has also become
obvious that this project will consume a considerable amount of money, too. Several
attempts in the past were made to reduce the cost of a human Mars mission. However, in
the decades following the von Braun study, the amount of really new ideas in this context
remained comparatively low [Portree, 2001]. And none of the few new ideas that were
brought forward (e.g. aerocapture [Himmel et al., 1961], nuclear propulsion [Ruppe,
1963], recurrent trajectories [Friedlander et al., 1986], etc.) could reduce the costs
significantly below the costs of a conventional, all chemical Mars Mission. In the course of
the Space Exploration Initiative (SEI) of President Bush Sr. in 1990, and as part of the
infamous “90-days-report” [Cohen et al., 1989], a group at the Johnson Space Center
(JSC) estimated the cost for such a “conventional” mission to be in the order of some
235-10°US$! [Cohen et al., 1989] - approximately half of the total cost of the initiative.
These plans had to be given up due to lack of political support.

Without receiving much attention however already in the Sixties [Steinhoff, 1963], the
Seventies [Ash et al., 1978], and in the Eighties [Richter, 1981] methods were suggested
and investigated which dealt with Mars in situ resource utilization (ISRU), that
means using the resources found on the Red Planet. After the sudden demise of the
Space Exploration Initiative, Robert Zubrin, a member of Martin Marietta Astronautics,
proposed the so-called “Mars Direct” plan, a plan that involved the extensive use of in situ
resources [Zubrin & Wagner, 1996]. This was the first time ISRU entered the perception
of a large audience.

Since then, numerous studies have been performed, we which show that ISRU can
significantly reduce mass, cost, and risk of exploration missions (both, robotic
and human). Consequently, the Exploration Office at JSC altered its “Design Reference
Mission” (DRM)?, which since then has been based on the ISRU philosophy.

Mass can reduced mainly by in situ propellant production, since for space missions the
propellant is typically the largest mass fraction of the overall system. The benefit of ISRU
comes into play especially for return missions. Usually, these missions are of greater
effort than normal missions, since they not only have to carry the payload itself, but also

11n 1989’s dollars

2 The DRM [Hoffmann & Kaplan, 1997] describes the currently preferred plan for the first human
Mars missions. Every new proposal is compared to the current DRM to see whether it is preferable
or not. In the case of the former, the DRM is changed accordingly (compare e.g. [Schaefer,
19977).

15



Kristian Pauly ISCP for Mars Missions

the means to return it. The Saturn 5 is an embodiment of this effect. The hugeness of this
launcher is mainly caused by the fact that it did not only have to bring the astronauts to
the moon, but also the (much more massive) return propellant and return capsule. And
for each kilogram of propellant brought to the moon, a multiple of that had to be
launched from Earth. With the help of in situ propellant production however, the
“multiplication chain” that usually aggravates return missions can be avoided.

Cost is to a large degree influenced by the mass of space systems. ISRU systems
introduce mass to the system, too, however the (propellant mass) savings more than
make up for their mass. Thus, even taking into account the additional cost introduced via
ISRU systems, total mission cost savings of considerate extents are possible. The same
group at JSC that had estimated the costs for the 90-days-study calculated the cost for
the ISRU-based “Semi Direct Mission” to be less than one eighth of the cost based on the
90-days-study [Cyr, 1998].

Risk is reduced by providing a functional backup to the life support system, reducing
dependence on Earth supplied logistics, providing mission flexibility, and increasing
radiation protection using indigenous materials.

Many of the ISRU-related studies, however, are just theory — work based on theoretical
deliberations rather than on hardware testing. The Johnson Space Center as NASA's lead
center for human space exploration and thus human Mars mission design has therefore
decided to fill this gap and initiate a test facility as well as a development program with
hardware that brings these technologies from theory up to a level from where they can
help set the way for Human Mars Missions. The work described in this document is
embedded into this effort and was mainly conducted during an research stay at the
Propulsion Branch of the Johnson Space Center lasting from January 1999 to May 2001.

Goal of this thesis is to firstly model an ISRU system (in particular the so-called Sabatier
process) end-to-end and with all its essential chemical and physical processes included,
something that has not been attempted yet in this form. Secondly, the thesis will attain
concrete hardware data from tests conducted with an Sabatier / water electrolysis
breadboard under Earth ambient and simulated Martian environment. It will then try to
validate the computer model using this data.

Based on the model and the tests, the modeling capability as well as the gained
experience will be utilized to derive recommendations for new generations of hardware,
ranging from 2™ generation breadboards over demonstration experiments for robotic
Mars landers to consumable production units to be used in the context of human missions
to the Red Planet. The developed and validated tools are — like the concept of ISRU itself,
too — not only applicable to the Sabatier process or Mars respectively. They are generic,
meaning that many of their elements can be employed in other areas, too, such as for
example for the modeling of other processes and systems, as well as applications on
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celestial bodies other than Mars. Hence, they aim at serving as a stepping-stone for
further development in this area.
The thesis is structured as follows:

Chapter 2 describes the background of this dissertation. It depicts current ISRU
activities, how this thesis fits into the “big picture” of Mars exploration, how NASA plans to
send humans to Mars, how the human missions are to be prepared by robotic precursor
missions, as well as the expertise of the Propulsion and Fluid Systems Branch, the host
institution for the author’s research work at NASA Johnson Space Center.

Chapter 3 describes the development of the author’s computer model as well as the
theory that stands behind it.

Chapter 4 deals with the test setup, the test execution as well as the test results that
were obtained in the course of tests within the Mars ISRU Systems Test Facility.

Chapter 5 is the synthesis of the previous two chapters: here the theoretical predictions
of the computer model meet the real data. Differences are highlighted and the model’s
usefulness is evaluated.

Chapter 6 looks into the future: what experiences can be derived from the work done?
Which design guidelines can be derived for future test hardware? What is the best
approach for ISRU systems to be flown on robotic missions, and on human missions,
respectively?

Chapter 7 summarizes the thesis and its results.
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2 BACKGROUND

2.1 Definitions

The following definitions are crucial for the understanding of the content of this thesis.
They will be outlined in this chapter in order to eliminate the risk of confusion and
misunderstandings.

2.1.1 In Situ Resource Utilization (ISRU)

ISRU covers all aspects of using or processing local resources for the benefit of robotic
and human exploration. It represents a paradigm shift away from the classical approach
of “take everything with you” towards a philosophy of “living off the land”. An example of
the classical approach are the Apollo missions, which did not make use of the local
resources, but relied solely on assets imported from Earth. Examples for ISRU are:

e Using regolith for radiation shielding

e Making surface habitats / structures and solar cells from processed resources

e Making propellants or other consumables

2.1.2 In Situ Consumable Production (ISCP)

ISCP is a subset of ISRU that covers all aspects of producing consumables from local
resources. Consumable products and needs include substances that are consumed in
order to assist space missions such as:

e Propellant for ascent / Earth return vehicles and hoppers

e Reagents for fuel cells

e 0, H,0, and N, for environmental control & life support systems (ECLSS)

e Gases for purging, inflating habitats/structures, & pneumatic equipment

e Heat for spacecraft/habitat thermal control
The focus of this thesis is on systems for Martian In Situ Consumable Production.
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2.1.3 In Situ Propellant Production (ISPP)

ISPP is a subset of ISCP that covers all aspects of producing propellants from local
resources. This propellant may be used e.g. in ascent vehicles, hoppers, as well as in
rovers and other surface mobility systems. ISPP requires the least amount of
infrastructure to support and provides immediate benefits to mission plans. Therefore it
will probably be the first area, in which ISRU will be put to use. Consequently, most of the
work currently performed in ISRU research is conducted in the area of ISPP.

2.1.4 Mars In Situ Consumable Production Elements
The elements of a typical Martian ISCP system utilizing the Mars atmosphere are outlined

in the following figure:

T
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Figure 2-1: Typical Martian ISCP Production Elements

Such a system would typically consist of the three main subsystems:

Atmosphere Acquisition

which filters and compresses the atmosphere from the very low pressures in the Martian
atmosphere (some 6 mbar) to the internal process pressures (typically few bars). This can
be achieved with the help of adsorption beds, mechanical pumps, chemical acquisition, or
freezers.

Chemical Processing

which represents the core of ISCP systems. Here, the reactants are transferred into
products via chemical (or physical) processes. For a review of a variety of different
process options, see [Pauly, 1998a]. Some processes require “seed” reactants which have
to be imported from Earth, in most cases hydrogen. Following the processing of reactants,
the produced consumables are separated from the product streams. The unreacted
reactants and unwanted products are re-inserted into the reactant stream (or dumped).

20



Kristian Pauly

ISCP for Mars Missions

Liquefaction & Storage
where the propellants are cooled down and liquefied. They are then stored, however in
some cases (e.g. for life support applications) the products may well be directed towards
their utilization directly without this interim step.

In all three phases of ISCP, process control (in particular thermal control) of the processes
is of crucial importance. This is especially true for turn-on and turn-off transient phases
[Lauterbach, 1998].

2.2 NASA's Long-Term Planning

2.2.1 Mars Surveyor Program

All of NASA's robotic exploration efforts to the Red Planet are placed into the overall “Mars
Surveyor Program”. The different missions serving to this common goal are summarized

in Figure 2-2.
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Figure 2-2: Mars Surveyor Program (Status before MCO/MPL Failures)

[Connolly,1998]

21




Kristian Pauly ISCP for Mars Missions

In this overall concept, it was planned to send one lander and one orbiter towards Mars in
every launch window for at least ten years, starting with Mars Pathfinder and Mars Global
Surveyor in 1996. Aboard the 2001 Lander, according to this plan, the very first ISPP
experiment should have flown to and been activated on Mars. This experiment (the “Mars
ISPP Precursor” — MIP) was developed under the lead of the Propulsion and Fluid Systems
Branch of NASA Johnson Space Center in Houston Texas. This group also planned a
follow-on experiment “PUMPP” (Propulsive Utilization of on Mars Produced Propellant) to
be launched the succeeding launch window in 2003. Here, for the first time, an end-to-
end Sabatier / water electrolysis system was to be demonstrated. The demonstrator was
supposed to produce methane and oxygen from the Martian atmosphere, as well as to
liquefy, store, and utilize them in a small rocket engine. The work described in this thesis
started in the Propulsion and Fluid Systems Branch under the premise that its effort would
later be an integral part of the follow-on experiment; however all these plans and
activities — as well as the whole Mars Surveyor Program - were harshly impacted by the
failures of both, the Mars Climate Orbiter in September 1998 and the Mars Polar Lander in
January 1999. In the latter case, design flaws and inadequate testing led to a complete
mission failure. Due to the close resemblance of the spacecraft bus designs of the 98 and
the ‘01 lander, NASA decided not to launch the latter one and to alter the entire Mars
Surveyor Program. The revised architecture is shown in Figure 2-3.
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Figure 2-3: Revised Mars Surveyor Program (Status October 2000) [JPL, 2000]

This decision at the highest level also had a direct effect on the work of the Propulsion
Branch and on the presented thesis. Although the flight version of the MIP experiment (as
well as many other 2001 experiments) had already passed the flight-qualification tests,
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neither them nor the follow-on experiment will fly (at least not before 2007). As a result,
the scope of the activities of the Propulsion Branch shifted towards the preparation of an
interim step, a 2™ Generation Sabatier / Water Electrolysis Breadboard, which is described
later in this thesis.

Shortly before the completion of this thesis, a new NASA administrator was called into
office. He has already outlined his aim of significant changes within NASA, which will
undoubtedly also impact NASA’s Mars program.

2.2.2 The NASA Design Reference Mission

The various Mars-related efforts of agencies all around the world have to be seen not just
as isolated missions, but in their context. Many of these efforts are intended to culminate
in the first human mission to Mars. In order to be able to understand why agencies like
NASA, as well as ESA, have started to invest into ISRU, and in order to get an
appreciation of the role of ISRU in the big picture of future Mars exploration efforts, the
current mission scenario of the Human Mars Mission Study Team is described. According
to the Version 3.0 of the Design Reference Mission [DRM V3.0, 1998] (see also [Hoffmann
& Kaplan, 1997], [Schaefer, 1997], [Joosten et al., 1997], [Drake, 1998]), the different
aspects of the first human Mars mission architecture will look as outlined in the following
graphic (see also Figure 2-4):
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Figure 2-4: DRM Mission Architecture [DRM V3.0, 1998]

e In opposition to other mission architecture, this design reference mission document
pays special attention to the fact that the first human Mars mission will likely be not
just a stand-alone mission, but rather embedded in a whole set of robotic
precursor/outpost missions, pre-deployment/cargo missions, and follow-on human
missions, meaning an overall context or framework. It is important to not overlook the
importance of this interrelationship between succeeding missions since these missions
can greatly benefit from each other. This is possible, since the celestial mechanics of
the Earth and Mars orbits allow an Hohmann Transfer roughly every 25 months.
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Transit times to Mars are in the order of 8 months on Hohmann trajectories (which
would be used for cargo missions), and 6 months for the faster Typ I "fast"
trajectories (which would be used for crew transfers). Together with some 550 days
stay on the Martian surface (waiting for the Earth return launch window to open), this
results in a total mission duration for the crew of over 900 days'. Previous concepts
involving short stay strategies (see Figure 2-10b) are not pursued by NASA any more,
mainly because they mean little reduced mission size at the cost of a almost
completely scrubbed surface stay (typically less than a month).

e Per outbound launch window, three spacecrafts are sent en route to Mars. Two of
them are cargo ships on slow Hohmann trajectories, the third one is a crew transit
ship on a fast trajectory. The crew ship launches after the two crew ships, but
overtakes them on the way and therefore lands on the Red Planet first. The two cargo
ships actually do not carry the cargo for the first human mission, but already in
support of the follow-on crew, that will set sail towards Mars one launch window later.
Consequently there are only two unmanned launches in the first launch window (see
Figure 2-5).

! The actual duration can - due to the high eccentricity of the Mars orbit - vary greatly. The exact
numbers therefore depend mainly on the on the true anomaly of Mars at the moment of launch.
The exact calculations of these values even decades in advance however impose no problem. All
Hohmann opportunities in the years from 2001 to 2030 to all planets in the solar system are listed
in [Eckart / Pauly et al, 2001]
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Figure 2-5: DRM Mission Sequence [Drake, 1998]

e This means however, that the first crew will land on Mars only some days before the
cargo for their successor crew arrives on Mars, too. This has the great benefit of firstly
an additional redundancy for them in case some of their own hardware fails and
secondly of being able to assist the set-up of the assets for the other crew, which
increases greatly the probability of a successful deployment.
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Before manned and unmanned spacecrafts can leave Earth en route to Mars, the
spacecrafts have to overcome the gravity well of Earth. They are thus carried into low
Earth orbit with an unmanned heavy lift launch vehicle based on the Shuttle
Transportation System (STS, see Figure 2-6a) or a new developed launch system with
liquid propellant fly-back boosters, the so called “Magnum” launcher (see Figure
2-6b). The idea of increasing the payload of the STS by taking off the orbiter was
already brought forward in the Seventies in [Ruppe, 1979].

Figure 2-6: Shuttle C and Magnum Launch Vehicle [DRM V3.0, 1998]

e With the help of such a launcher, which would bring approximately 85t into low Earth
orbit, the DRM tries to avoid extensive on-orbit assembly operations. The logistics that
presumably would be connected to such an approach are immense and costly, as
shown vividly by the example of the International Space Station. The three
spacecrafts on the other hand can be brought into orbit with only six launches, with
the total payload mass however still being comparable to the total mass of the
International Space Station. Each spacecraft is brought by two launches, typically one
for each of the three trans-Mars injection (TMI) stages and one for each, the cargo
lander, the Earth return vehicle, and the crew lander. Once in orbit, each of the three
docks to its TMI stage and sets sail for Mars.

e For the propulsion system of the TMI stage, the DRM foresees three options: nuclear-
thermal (based on NERVA! derived engines, see Figure 2-7), nuclear electric, or solar
electric propulsion (see Figure 2-8). The TMI propulsion system choice has only little
impact for the further progress of the missions after the injection.

1 “Nuclear Engine for Rocket Vehicle Application” - designed, built and tested from 1955 until 1973.
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Figure 2-7: Payload Stacks for Nuclear Thermal Propulsion [DRM V3.0, 1998]
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Figure 2-8: Solar Electric Propulsion System Layout [DRM V3.0, 1998]

e After aerocapture in the Martian atmosphere, the Earth return vehicle (ERV) stays in
orbit, whereas the cargo lander descents to the surface of Mars. The ERV contains a
habitat for the journey back to Earth as well as the Earth crew capture vehicle for the
entry into the terrestrial atmosphere. The cargo lander carries the scientific payload,
the in-situ resource utilization unit and the Mars ascent vehicle (MAV), that will latter
carry the astronauts from the Martian surface to the ERV in orbit. When it lands, the
MAV propellant tanks are empty. During the months succeeding the landing propellant
is produced with the help of the ISRU unit (see Figure 2-9).
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Figure 2-9: Deployed ISRU Plant [Frassanito et al., 1993]

Only if both, Earth return vehicle and cargo lander, have arrived on Mars
safely, the crew will be sent to Mars during the next launch window. Their
spaceship is the so called “hab”, the crew habitat for the journey from Earth to Mars
as well as for the stay on the surface of the Red Planet. In the same launch window,
another cargo lander plus another Earth return vehicle will be launched to Mars. They
are supposed to be used by the second crewed mission, but they can also serve as a
system backup for the first crew in the case of a severe malfunction. Apart from the
manned vehicles, all spacecrafts use low energy / Hohmann transfer trajectories to
reduce the Av-requirement (conjunction class instead of opposition class trajectories).
A comparison of the numbers shown in Figure 2-10 makes obvious that the difference
in mission duration of these two options results almost entirely from the different
surface stay times. The accumulated flight time of a “short” mission is thus actually
longer than the flight time of the “long” mission. This, together with the fact that a
“short” mission flies at a relatively close distance to the Sun on the way to and from
the Venus swing-by, results in a significantly increased radiation load, which many
people do not realize when they underline their promotion of short stay missions with
the pointer to allegedly decreased risks to the crew.
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Figure 2-11: Fast Transit Trajectory [Drake, 1998]

e The crew flies on a so-called fast transit trajectory (see Figure 2-11). The overall mass
of the hab is smaller than the masses of ERV and the cargo lander, but it must reach
a higher Av. Thus, the same TMI-stage is used for all injections to Mars, the only
difference is a fourth engine in the case of the human mission (in the nuclear-thermal
scenario) in order to achieve a higher thrust level. The crewed mission launches some
weeks after the unmanned missions of the second launch window, but because of the
fast trajectory it arrives some weeks sooner at Mars. The flight time for the crew is,
depending on the launch window, some six months.

e After aerocapture at Mars, the hab lands in the vicinity of the cargo lander. The Mars
outpost is established. To increase the usable habitat volume, a “TransHab"-derived
inflatable habitation volume is deployed. The following 500 days are used for
exploration of Mars with the help of pressurized and unpressurized rovers. The ISRU
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plant produces not only the propellant for the Mars ascent vehicle but also water and
oxygen which can be used in an open loop backup system in the case of a malfunction
of a closed loop life support system.

e When the time for departure has come, the crew gets into the MAV and lifts off from
the Martian surface, thereby using the propellant produced on Mars itself. After
arriving Mars orbit and docking to the Earth return vehicle, the crew leaves Mars with
the help of chemical engines and heads home.

e After some six months the crew enters the Earth crew capture vehicle that brings
them down to the surface. The overall mission time for the crew is over 900 days.

A more detailed discussion of the question “Why use ISRU?" is the focus of the following
chapter.

2.2.3 Where does ISRU fit in?

For the ISRU propellant production, several methods for production were investigated by
different authors (e.g. by [Peters, 1998] or [Pauly, 1998a] respectively). An analysis of
these investigations is given in [Sanders, Pauly, et al., 2000], which describes the
rationale for ISRU as follows:

“Numerous analytical studies have been performed over the past several decades that all show
ISRU can significantly reduce the mission mass, cost, and risk of both robotic and human
exploration missions. Most of these studies have focused on the production of propellants [ISPP]
due to the fact that the greatest improvement in a mission results from reducing the largest mass
component, typically propellant, which can make up as much as 80% of the landed vehicle’s mass.
Specific system analyses of robotic and human Mars missions show that producing propellants by
processing Mars carbon dioxide with hydrogen brought from Earth can reduce the initial mission
mass required in low Earth orbit by 20% to 45% as compared to carrying all of the propellant for a
round trip mission to the Mars surface from Earth. ISRU systems can also significantly reduce the
risk of human exploration as well as enhance the capability of crews to explore the surface. Risk is
reduced by providing a functional backup to the life support system, reducing dependence on Earth
supplied logistics, providing mission flexibility, and increasing radiation protection using indigenous
materials. ISRU systems and capabilities can significantly enhance and expand robotic and human
exploration by increasing surface mobility through production of Extra Vehicular Activity (EVA)
consumables, use of ISRU-supplied hoppers and fuel cell powered vehicles, and growth in outpost
habitation and infrastructure (including electrical power).”

An example of typical results is displayed in Figure 2-12:
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Figure 2-12
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Results like these led to the choice of solid oxide electrolysis and Sabatier / water
electrolysis as the premier choices. It were also exactly these technologies that had been
selected as the most useful ISRU options in [Pauly, 1998a].

By contrast, the conventional approach without enabling technologies like e.g.
aerocapture and ISRU requires more launches from Earth since the vehicles are heavier.
The development of a completely new launch vehicle with unprecedented payload mass
capabilities is nearly inevitable in these designs, whereas the DRM uses a launcher based
on the existing Shuttle Transport System, a concept already proposed forward by H.O.
Ruppe in the Seventies [Ruppe, 1979].

Apart from that, classical proposals often require intensive on-orbit assembly operations
to integrate spacecrafts, since portions of the spacecraft must be delivered to Earth orbit
by several separate launch vehicles. The major mass reduction afforded by ISPP is made
possible by producing the Mars ascent vehicle’s propellant oxidizer from the Martian
Atmosphere, rather than bringing it from Earth. In addition to that the wet mass of the
Mass ascent vehicle, which must be landed on the surface of Mars, is reduced, so all the
systems in the TMI-stage and in the cargo lander required to place the MAV on the
surface of Mars (e.g. propulsion, structure, aerocapture heat shield, parachutes, etc.) are
reduced. Both of these effects result in significantly less mass being launched from Earth
[Frisbee, 1987]. In other words: the benefit of ISRU lies not only in the reduction of
propellant mass that has to be imported to Mars, but also in the cutting of the
“multiplication chain” that seemed to be an inherent part of space travel up until today.

In contrast to the common prejudice that ISRU automatically means an increase in
Mission risk, this design has more backups and thus less risk than the original “classic”, all
chemical designs:

e The crew leaves Earth not before both, Mars ascent vehicle as well as Earth return
vehicle, are fully fueled, checked and ready to fly.

e In the case that at Mars arrival a landing is not possible, an Earth return vehicle is
already waiting in Orbit with consumables for additional 500 days: within some
weeks a second ERV arrives.

e If the first hab should not land in the vicinity of the first MAV, then it is possible to
direct the second MAV (that arrives shortly after the Hab-1) to the landing site of
the first hab

e If either the MAV or the hab fail during the stay at Mars, the crew can switch to
the systems supposed to be used for the second crew.

e In the case of an ERV - malfunction, there is a second ERV already waiting in Mars
orbit.

e If all closed loop life support systems should fail, there is also a backup feedstock,
an open loop system produced by the ISRU unit.
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This last paragraph gives a glimpse at the plethora of reasons why ISRU has been
implemented in the DRM. In summary, the benefits of ISRU that were discussed in this

chapter can be divided in the following groups [Baird, 2000]:

2.2.3.1 Mass Reduction
e Reduces Earth-to-orbit mass by 20 to 45%
e Estimated 300 t/yr reduction in Earth logistics

2.2.3.2 Cost Reduction
e Reduces number and size of Earth launch vehicles
e Allows reuse of Mars landers (e.g. as shuttles or hoppers)

2.2.3.3 Risk Reduction
e Reduces dependence on Earth supplied logistics
e Enables self-sufficiency
e Provides backup options & flexibility
e Radiation Shielding

2.2.3.4 Expansion of Human Exploration and Presence
e Increase surface mobility and extends mission life
e Habitat & infrastructure construction
e Propellants, life support, power, etc.

2.2.3.5 Enabling of Space Commercialization
e Develops material handling and processing technologies
e Provides infrastructure to support space commercialization
e FEarth, Moon, & Earth-Moon space manufacturing, and
development, resupply, & transportation

This list of reasons is summarized in the following NASA graphic:

product/resource
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2.3 Propulsion and Fluid Systems Branch

2.3.1 Mars ISRU Systems Test Facility
The Johnson Space Center in Houston, Texas, is not only NASA’s lead center for human
spaceflight, but also for ISRU

System Test, /’—\\ development. This mission involves a

Ia?m“;rilni: TRLS variety of tasks, such as:

System TRLB e the characterization of technology

Subsystem M

Bl oprren - — and subsystem performance,

""""""""""" TRL 7 e the enhancing of subsystem and

5 e component technology readiness,

oo A E e the reduction of risks and
i _ concerns for missions utilizing
: ISRU, and

Technology X TRLS ]

Development -sm : e the demonstration of

...................... : — environmental suitability of ISRU
: e processes and systems.

Reseanch Lo

Prove

PRRES—Y Main goal is to evaluate the technologies

that come into question, select the ones

Basic that are promising, and to increase their

Technology - 1

Research Technology Readiness Level (TRL, see

Figure 2-14).

In order to fulfill this mission, a variety of
different simulation and test chambers

Figure 2-14:Technology Readiness has been employed (see Figure 2-15).
Levels [Baird, 2001]

! The Technology Readiness Level is a measure for the development status of a technology. The
scale reaches from 1 to 9 with 1 corresponding to theoretical deliberations and 9 corresponding to
applied and well-established technologies.
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Figure 2-15: NASA-JSC Energy Systems Test Area [Baird, 2001]

Building 353

This building was used for the development and testing of the Sabatier / water
electrolysis breadboard. The testing described in chapter 4 was entirely carried out in this
building. The heart of this system is the 20ft (6.1m) diameter chamber for Mars
environment testing, in which the integrated breadboard was located during the test
campaign from December 1998 to April 2001. In this chamber atmosphere, pressure, and
temperature conditions comparable to the Martian environment can be obtained. The
chamber, built originally as testing facility for the qualification of the Apollo Command
Module in the Sixties, is designed for hazardous operation testing (explosion and fire
hazards). Currently, the addition of solar flux and dust condition capability is in work. In
order to further extent the current capabilities, a so-called “Z Chamber” for Lunar & Mars
surface simulations is currently also being set up (to be operational by 2004).

The building hosts six ambient test cells for subsystem and system testing, too. They are
also designed to simulate Mars environment conditions, however on a smaller scale. In
these chambers the Sabatier / water electrolysis breadboard subsystem testing was
carried out (prior to system integration).
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Building 356

This facility was used for the development, qualification, and flight unit testing of the MIP
experiment (see next chapter). It hosts a 5ft (1.5m) diameter chamber for Mars
environment testing for both, atmosphere, pressure, and temperature emulation on the
one hand, as well as night sky temperature simulation (down to -300F/90K) on the other
hand.

2.3.2 Mars ISPP Precursor Experiment (MIP)

As already outlined in chapter 2.2 the NASA-JSC Propulsion and Fluid System Branch
successfully led the development and flight certification of the Mars ISPP Precursor
Experiment (MIP), a project that was undertaken in collaboration with the Jet Propulsion
Laboratory and the University of Arizona (Prof. K.R. Shridar). The flight hardware passed
flight acceptance tests on schedule in January 2001 (however the hardware had then to
be mothballed at Lockheed Martin Denver due to the reasons described in chapter 2.2.1).
It consists of five sub-experiments looking at different ISPP technology aspects related to
later (including human) missions. Hence, MIP (see Figure 2-16) will be described briefly at
this point.

Figure 2-16: The MIP Experiment during Flight Acceptance Testing at NASA-
JSC [McClean, 2001]

MIP is comprised of five distinct experiments; their names and key objectives are:

e Mars Atmospheric Acquisition and Compression (MAAC): to selectively absorb and
compress carbon dioxide from the Martian atmosphere;

e Oxygen Generator Subsystem (OGS): to produce propellant-grade, pure oxygen;

e Mars Array Technology Experiment (MATE): to measure the spectrum at the Mars
surface and to test several advanced photovoltaic solar cells;

e Dust Accumulation and Repulsion Test (DART): to investigate the properties of
dust and to test techniques to mitigate the settling of airborne dust onto solar
arrays; and
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e Mars Thermal Environment and Radiator Characterization (MTERC): to measure
the night sky temperature and to demonstrate the performance of radiators.

The MIP package will be small and lightweight. Its overall external envelope is
approximately 40 x 24 x 25 cm, and its mass is 8.5 kg, 1kg of which is the mass of the
OGS. The OGS is sized to produce 0.5 standard cubic centimeters of oxygen per minute
(sccm) while operating.

The long-term effects of operating in the Martian environment is one of the key
information being sought by MIP. Therefore, MIP aims at a lifetime of 90 sols or more on
Mars.

Apart from the system lead role, the team at JSC also provided the Oxygen Generator
Subsystem (OGS) hardware. This experiment package is the predecessor of the
experiment planned for 2003, which has been the focal point for the efforts of this thesis.
The overall MIP flight experiment package was also integrated at JSC. Furthermore, the
JSC civil servants and JSC ISRU test facilities, combined with previous MIP breadboard
development and test activities, were critical in resolving design issues during
development and qualification. It was the same team that conceived, built, tested and
verified design solutions to deficiencies in the JPL provided Mars Atmosphere Acquisition
and Compression (MAAC) experiment. They were also critical in the resolution of
thermocouple manufacturing and installation problems with the Oxygen Generator
Subsystem (OGS) experiment.

2.4 The Sabatier Reaction

The Sabatier process will play a central role in this thesis. Therefore, its background shall
be briefly introduced here.

2.4.1 The Sabatier Reaction in Chemistry

Like its biggest competitor in the field of ISCP, the solid oxide electrolysis cell [Nernst,
1899], the Sabatier reaction is based on a some hundred year old discovery, too. It was
first investigated in 1902 by the French chemist Paul Sabatier, who studied the
hydrogenation of hydrocarbons using a nickel catalyst [Sabatier & Sendersen, 1902]. He
received, together with Victor Grignard, the 1912 Nobel Prize for chemistry for their
method of hydrogenating organic compounds in the presence of finely divided metals
[Nobel Foundation, 2000]. The Sabatier reaction describes the hydrogenation of carbon
dioxide to methane and water:

molCO,
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The process is exothermic and typically occurs at temperatures greater than 600K in the
presence of a catalyst. A variety of catalysts was evaluated over several decades in terms
of their usefulness for the Sabatier reaction; Paul Sabatier himself, as well as [Dew et al.,
1955] studied this reaction using a nickel catalyst, whereas [Kern et al., 1965] were the
first ones to focus on ruthenium, which up to this day continues to be the most promising
Sabatier catalyst (typically in the form of ruthenium on alumina pellets) with efficiencies in
excess of 99.5%. Since methane (in the form of natural gas) and water are readily
available on Earth, the reaction has been of limited interest for today’s industry. On Mars
however, methane and water would be invaluable resources while carbon dioxide builds
96% of the Martian atmosphere (see chapter 2.5.3). Although the extraction of water
from subsurface resources is conceivable (see chapter 6.4.3), it would probably be too
risky to gain the hydrogen this way. Consequently, no agency planning currently foresees
in situ hydrogen production in the course of a precursor mission. Nevertheless, even with
imported hydrogen, the in situ production of methane can be beneficial, as can be seen
from the following overview:

=
o)

Sabatier: Co,| + 4 H, | —» |CH,| A -164.6kJ/mol

Electrolysis: 2 » 28 HEN  + -+483.6kJ/moI

Total: Co,| +12 H2| » |CHy| + -+319.0kJ/moI

This last equation can be looked at from the point of view of molar mass units:

44U+ 2-2u — 16u + 32u

In essence that means that with just 4 tons of hydrogen, one can produce 48 tons of
rocket propellant on Mars, which then can be utilized, e.g. in support of a human mission
to Mars. Taking into account the fact that savings of just a few pro mille are usually
considered already significant in space business, a ratio of 12 (48/4) represents a
“serious” number. This ratio of total mass of the in situ produced propellant and imported
“seed” hydrogen is called “leverage”. In comparing different ISRU technologies, the
leverage is used as means of evaluating the different efficiencies [Zubrin & Wagner,
1996]".

Obviously, the production unit will have a mass of its own, however studies have shown
that such a production unit can produce a multiple of its own mass the course of 300 to

! However, as pointed out in [Pauly,1998], the leverage is the not only parameter which should be
considered in such a comparison of different ISRU strategies.
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500 days. How the Sabatier process, together with a water electrolyzer unit, can be
employed for ISCP purposes is shown in Figure 2-17 (compare also with Figure 2-11!):
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Figure 2-17: Simplified Sabatier / Water Electrolysis System Overview*

The Sabatier process combined with water electrolysis produces an oxygen to methane
ratio of 32:16 or 2:1 (see last page). To achieve an efficient combustion in a rocket
engine, however, it needs to take place in a near-stoichiometric fashion, meaning a ratio
in the order of 3.5:1 to 4.0:1 (see [Pauly, 1998a]). Thus, it might very well prove useful
to employ a third chemical process that is able to adjust the oxygen to methane ratio.
This third chemical process can also further increase the leverage ratio (up to 20 and
more), which can be achieved either by increasing the amount of oxygen, e.g. via the
solid oxygen electrolysis cells (2CO, — 2CO + 0,), or by reducing the amount of
methane, e.g. via pyrolysis (CH; — C + 2H,).

Of course it has also to be stated that importing hydrogen to and providing additional
power on Mars is everything but an easy undertaking. Nevertheless it remains as a
promising fact that the mass numbers are significantly reduced compared to the classical
approach — a statement which is underlined by the analyses listed in 2.2.3.

! The “L” in the fluid labels stands for “liquid”; “LO," is liquid oxygen, “LCH,” liquid methane, and
so forth.
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2.4.2 The Sabatier Process in Life Support Systems

The Sabatier process is not nhew to space exploration. ESA [Tan, 2000], NASA [Boyda et
al., 1992] as well as the Russian Space Agency (RKA) [Mitchell, 1993] have been
developing concepts for use in a different area for many years: as a regenerative removal
system for metabolic carbon dioxide. For the use of the Sabatier process in ISRU, the
aspect of methane production is paramount. However, when applied in life support
systems, the main interest lies on removing the CO, out of the space vehicle’s atmosphere
with the help of hydrogen, which results in the production of methane and water. The
water is electrolyzed into (breathing) oxygen and hydrogen (which is recycled), whereas
for the methane - in this context a waste product - the following three different scenarios
come into question:

e dumping overboard (leads to a loss of hydrogen from the system, which has
to be made up for),

e storage and use as a fuel, e.g. in a propulsion system, which requires an
oxidator, and

e pyrolysis, to recover the hydrogen (CH, — C + 2H,), a reaction which
requires high temperatures (ca. 1000°C).

Pyrolysis may very well have significant applications in ISRU, too, as an alternative means
to solid oxide electrolysis for increasing the oxygen-to-methane mass ratio. This scheme is
discussed and evaluated with respect to its applicability in ISRU system [Pauly, 1998a].

During short duration space missions (up to a few weeks), the relatively high system
mass of the Sabatier CO, removal system makes it less competitive compared with non-
regenerative systems like lithium hydroxide (LiOH) canisters, which have been in use
already since the early Mercury days. However, with the mission length extending up to
several months aboard Mir and ISS, Sabatier actually surpasses non-regenerative systems
and turns out to be de facto a better choice, since it makes a significant fraction of the re-
supply requirement obsolete®. For long duration missions (beyond some 200days [von
Puttkamer, 1986]), Sabatier is also favorable in terms of mass compared with the Bosch
process (CO, — C + 0,), although this process - in theory - makes use of only one

! The trade-off between regenerative and non-regenerative life support systems is subject of many
publications, e.g. [von Puttkamer, 1986, p.132-142].
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chemical reaction!. These various aspects led to the decision in favor of a Sabatier
removal system for the ISS [Boyda et al., 19927

In this scheme, it is planned to dump the methane that will be produced on ISS
overboard. Using methane as a propellant would require an oxidator — and this is where
the dog bites his tail, since the goal of the whole system is to produce oxygen (for life
support), not to consume it. However, on a planet’s surface where additional indigenous
oxygen might be available, the situation could be different — an important fact that has to
be kept in mind. Schemes for opportunities to make use of “waste” methane on Mars are
presented in the outlook in chapter 6.4.

The Sabatier based systems envisioned, developed and used in the field of regenerative
life support systems up to now differ significantly from the ISRU-related systems
discussed in this thesis. The reason for that however is almost solely due to the fact that
ISRU systems have to be designed for Martian environment, whereas the LSS Sabatier
systems are all designed for micro-gravity and 1bar environment. This however hides the
fact that there is a big potential for synergy between these two areas (as well as others)
on the Martian surface; methods for utilizing this potential will also be discussed in
chapter 6.4.

2.5 Requirements and Constraints for Space
Applications

Processes that are employed for space applications, no matter whether they are of a
physical or chemical nature, such as for example the Sabatier Process, have not only to
work; they also have to be able to cope with the different environments during launch, in
space, and on Mars. These environments will be discussed briefly.

2.5.1 Launch Environment

From the viewpoint of mechanical stresses, the launch is the most serious phase in the
mission life of most space hardware. Similar environmental conditions can also be found
during Mars entry, decent and landing.

Axial and Lateral Loads
Going to space is mostly a problem of achieving momentum. In order to orbit around
planet Earth for example, a spacecraft has to exceed the first cosmic velocity (7.9km/s).

! [Eckart, 1999] quotes 1840kg (102.1kg) as the expected on-orbit mass for an ISS-LSS
regenerative life support system based on the Bosch process, whereas a system of similar
performance based on the Sabatier process is estimated to have a mass of just 500kg (17.9kg).

2 Although a Sabatier-based removal system is currently the baseline for planning, it remains
unclear whether it will actually be installed, since the cost overruns of the station currently even
puts the completion of the ISS as a whole into question.
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Thus today’s launchers, which are propelled by chemical combustion engines, inherently
subject their payload to lateral accelerations (see Figure 2-18a), which are typically
around 30 m/s2 for manned missions, and some 50m/s2 or more for robotic missions. All
payloads have to be able to withstand these stresses, which are accompanied by axial
loads.

Acoustic Vibrations

All of today’s launchers are, as already mentioned, propelled by chemical propulsion,
more specific liquid propellant engines and solid rocket motors. These propulsion systems
typically convert some 1% of their inherent energy into acoustic energy. All payloads are
subject to these stresses to a certain degree (see Figure 2-18b). Again, any payload
launched to space has to be able to cope with these stresses. The proof of this ability
usually is obtained in finite element computer analyses and random vibration tests prior to
launch.

Shock

During ascent and payload deployment, explosive devices, so-called “pyro-actuators”, are
used, most commonly to separate spacecraft elements (e.g. rocket stages, fairings,
payloads, etc.). The shocks resulting from this also subject the payload to stresses (see
Figure 2-18c), which it again has to be able to withstand.

2.5.2 Space Environment

Once the spacecraft is separated from its launcher, it has to be injected onto its trans-
Mars trajectory. In space, another set of environmental requirements has to be fulfilled in
order to enable a successful mission.

Vacuum

The lack of an atmosphere in space leads to many problems, such as outgassing,
increased leakage rates, as well as mechanical stresses and failures. Thus, space
hardware is typically subjected to this environmental condition prior to launch in thermal-
vacuum test chambers.

Micro-Gravitation

Micro-g (also known as zero-g or weightlessness) does not necessarily describe a state of
gravity absence. Actually it is a situation which describes the absence of differential forces
between the spacecraft and its payload (this is also why this state can be reached for
example aboard a plane flying parabolas, too). During its transfer to Mars, spacecraft as
well as payload are subject to weightlessness.
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Figure 2-18: Longitudinal Static, Acoustic and Shock Loads of Launch

Environment [Arianespace, 2000]
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Thermal Cycling

The vastness of deep space is very cold, with temperatures down to 3K. Also, in space,
the protective influence of an atmosphere is missing, which leads to high temperature
gradients between the parts of a spacecraft in shadow and the parts in line of sight
relative to the sun. The thermal control system of a spacecraft has to ensure that the
internal temperature remains within an ambient temperature range. This temperature
range typically covers a few tenths of degrees Kelvin, which simultaneously defines the
temperature range which the payload has to be able to withstand.

Radiation

The lack of the protective influences of atmosphere and magnetosphere imposes further
problems on payloads and spacecrafts during interplanetary transport. Solar galactic
radiation, together with cosmic galactic radiation, can lead to serious impacts on humans
and hardware. This is especially true in the case of solar proton events that normally
occur during the maximum of the eleven year cycle of our sun. Some of the solar proton
events are so vigorous that they could easily subject a crew en route to Mars with lethal
radiation doses in an instant, unless they are protected e.g. by a special “storm-shelter”
aboard the spacecraft.

2.5.3 Mars Environment

The Red Planet’s environment is a vital driver for the design of Mars in situ resource
utilization systems. In the following, the main aspects of the environmental conditions on
Mars will be discussed, summarized, and then compared with the terrestrial parameters in
Table 2-1.

Gravity

On the Martian surface, with 3.7m/s2 the gravitational acceleration is less than that on
Earth (9.8m/s2), but more than that on the Earth’s Moon (1.6m/s2). This has of course an
impact on the spacecraft design, but also on chemical and physical processes. The
influences of gravity on chemical processes will be discussed in chapter 3.
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Table 2-1: Earth vs. Mars Environment

Parameter Earth Mars
Surface Gravity [m/s2] 9.8 3.7
Temperature [K]
min. 230 150
max. 320 190-240
Solar Flux [W/m2]
min. 1352 490
max. 1370 690
Atm. Pressure Surface [hPa]
min. 990 6
max. 1030 10
Atm. Wind Speed [m/s] 2..7 2..7 (Summer)
30 (Hurricanes) 5..10 (Fall)
17..30 (Dust Storm)
Atm. Composition [%]
CO, 95.5+0.65
N, 79 2.70+0.30
Ar 1.60+0.50
0, 19 0.15+0.50
H,O 0 to saturated 0 to saturated

Atmosphere

The atmosphere of Mars is the main basis of in situ resource utilization on the Red Planet.
It consists mainly of carbon dioxide, with small amounts of nitrogen and argon, as well as
traces of other gases. The carbon dioxide in the Martian atmosphere thus represents a
resource which is in reach globally on Mars.

Dust

The Martian atmosphere is loaded with fine sand. Its grain size can be as low as 1um or
less. The small size enables the particles to reach extreme altitudes during the global dust
storms, which sometimes enshroud the planet in a redish haze. For future Mars hardware,
in particular for systems related to extra-vehicular activities, this fine dust will pose a
major technical challenge. Due to its highly oxidizing character, the dust might very well
also pose a threat to astronauts’ health if it inhaled. Consequently, two of the five
experiments of the MIP platform that was outlined in chapter 2.3.2 focus on dust
mitigation technologies
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Thermal Cycling

Due to the thin atmosphere, from the viewpoint of thermal control, the harshness of the
Martian surface temperatures takes a middle position between the ones found on Earth
and the ones found on the moon. However, the deployment of e.g. radiator areas is a
technological challenge not to be underestimated.

Mass Limitation

Going to space is inherently expensive. The launch cost to low Earth orbit alone is in the
order of several thousand US$ per kilogram launched. For interplanetary mission, the
specific cost can well be in the order of several tens (or even hundreds in the case of
lander missions) of thousand $/kg. Thus, like in no other technological field, space
engineers are forced to reduce mass in order to reduce cost. Consequently, only
technologies that can be realized within the tight mass limitations of space missions, are
of interest.

Power Limitations

Providing power is another hurdle in the exploration of space. Long-term space
exploration missions were, are, and will be based either on nuclear (e.g. RTGs) or solar
power sources (e.g. photovoltaic arrays). The requirement of providing power means
additional masses. Thus, for space missions (in particular Mars missions), power is, like
mass, always limited and poses significant constraints on the systems.

2.6 Scope of Ph.D. Work

A proverb says: "it's hard to make predictions — especially if they are about the future".
Some of the people that have to face this problem of making accurate predictions are
engineers that work on Mars ISRU systems. They are aware of many of the theoretical
publications and reports on ISRU, however they also know very well that the number of
sources discussing real ISRU hardware tests is ever so limited. These breadboards usually
feature comparatively small mass flow rates compared to what would be required for e.g.
a Mars ISRU sample return mission or even a human Mars mission. The question now is:
how do such systems scale up? Over the coming years and decades, ISRU systems will
undoubtedly evolve in mass flow rates. High mass flow rates will result in higher ISRU
plant masses and higher power requirements. But how much mass? How much power?
Will the complexity of such systems explode in higher mass flow ranges or will the level of
sophistication more or less stay the same? Will the up-scaling of techniques that have
proven useful at small scales turn out to be dead-ends further down the road, because
material, heat dissipation, side reaction, or other problems surfaced, that were not
anticipated before? How can these questions be answered, not only in a qualitative, but
also in a quantitative fashion?
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Figure 2-19: Progress and Uncertainties of ISRU Development

In this situation (see Figure 2-19), the creation of computer models seems to be a
feasible way out of the dilemma. Today, computer models can accurately simulate even
complex the most phenomena and systems. This is where this thesis comes into play.
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In the previous chapters the background setting for this thesis has been described. The
objective for the thesis in view of this background can be summarized as follows:

Investigate the Performance Behavior of
Mars ISRU Technologies
on the Basis of Computer Models and
Tests in Simulated Martian Environment

= Does reality fit together with the models?
What guidelines for planned hardware can be derived
from the experiences aained in these tests?

Based on theory, models will be derived that will simulate the performance behavior of
chemical reactions and other phenomena as well as the systems that employ them, or
that are subject to them, respectively.

However, like most computer models, it can only be an enabling tool for the design of
ISRU systems if it is validated prior to further use. Therefore, the second of the two main
focuses of this thesis is to conduct tests in Earth ambient and simulated Martian
environment and to compare the results obtained in this test with the predictions
previously made by the computer models. If the models turn out to be in accordance with
the reality that assumes a definite form during the tests, then - and only then - this model
can become a design tool. Once this tool is in hand however, it can be used together with
the experience gained in the test campaign to derive design guidelines and design
recommendations for the development of future hardware (such as breadboards,
demonstrator experiments, or production plants for use on Mars).

In order to achieve this goal, the following procedure or series of steps is pursued (see
Figure 2-20). This procedure is also the basis for the structuring of the thesis itself.

51



Kristian Pauly ISCP for Mars Missions

' Background

3. Build Model

-_Tesﬁr@

. Validation: Ne

n

3

Yes
r

6. Ctilize Experience:
Next Steps.

!

7. Conclusion

Figure 2-20: Procedure pursued in this Thesis

First, it is attempted to adequately understand the underlying theory of related chemical
and physical processes, in particular the processes within the reactor. Based on this
theoretical foundation, the computer model of the hardware is built. In the next step,
based on this computer model, the performance of the hardware during tests is simulated
/ predicted. Then, the testing is conducted in order to be able to validate the computer
model predictions with the actual hardware performance. This testing is divided in Earth
ambient and simulated Martian environment test. After the termination of the tests, the
predicted results are compared with the actual test. If necessary, meaning if the sufficient
accordance is not achieved, the model has to be altered. This iteration has to be repeated
until predicted and actual performance are in satisfactory concurrence. Once the model is
validated, it can be used to design follow-on breadboards, demonstrator experiments for
robotic missions, as well as production plants that serve to prepare human missions to
Mars etc.
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3.1 Outline

The Sabatier reaction depicted in chapter 2.4 is an exothermic reaction that proceeds at a
useful rate (required for high yields) already at comparatively low temperatures® of just
some 600K. The higher the temperatures get, the more likely becomes the occurrence of
unwanted side-reactions, such as the reverse water gas shift reaction (RWGS, see chapter
3.2), as well as the formation of unwanted side-products, such as carbon monoxide. On
the other hand, the temperature has to exceed a certain minimum reaction temperature
in order to allow the reaction to take place. Thus it is the goal of a good reactor layout to
avoid large temperature gradients over the reactor vessel radius, as well as to provide an
adequate temperature gradient over the length of the reactor, with the maximum
temperature within the reactor over the required minimum reaction temperature and with
an outlet temperature slightly over the boiling temperature of water (in order to avoid the
wetting of the catalyst, see chapter 6.1.2). The design should make maximum use of the

! compared e.g. to the solid oxide electrolysis cell, which is used in the MIP experiment (see

chapter 2.3.2).
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catalyst material, while it minimizes mass and volume of the reactor. The same
statements are true for the other components of the breadboard (see Figure 3-1).

Figure 3-1: Sabatier / Water Electrolysis Breadboard [McClean, 2001]

The modeling of those processes involved is complicated by the fact that reaction
equilibrium constants, reaction product stream composition, reaction temperatures, as
well as fluid properties are all a function of inlet stream composition, reactor pressure,
inlet temperature, and reactor vessel properties. Only computer modeling can take into
account all these complex interrelationships. Correspondingly, it is the goal of the overall
system computer model to correctly predict the breadboard performance behavior, not
only in a qualitative fashion, but also with concrete quantitative statements. Once these
tools are validated to correctly model the breadboard, they can be utilized in optimizing
existing hardware and in the design of future hardware.

3.2 The Reverse Water Gas Shift Reaction

The reverse water gas shift reaction (RWGS) is the most likely unwanted side-reaction
that may take place in a Sabatier reactor. Already due to this fact, an evaluation of the
RWGS is necessary if one wants to correctly model the processes which occur within the
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reactor. But there is also a second good reason why the RWGS reaction is worth to be
modeled: it has also been proposed as a chemical reaction which — in collaboration with
the methanol synthesis discussed in chapter 3.3 - could be employed for the purpose of
ISCP. With just a few alterations (some of which are described in chapter 3.3), parts of
the developed simulation tool can be key for the simulation of an RWGS / Methanol
Synthesis reactor, thus contributing to a truly generic set of computer models.

The RWGS reaction has been known to chemists since the middle of the 19" century.
Although this technology was suggested as a potential technique for Mars propellant
manufacture already in [Zubrin & Wagner, 1991] there had been no experimental work
done to demonstrate its viability for such application until Tom Meyer of the University of
Boulder, Colorado, set up a breadboard in 1997 [Meyer, 1997].

The RWGS reaction is given by the equation

CO, +H, —» CO+H,0

This reaction is mildly endothermic and occurs rapidly in the presence of an iron-chrom
catalyst at temperatures of 400°C or greater. At 400°C the equilibrium constant K,

Co-C
Kp _ €O " ™H,0
Cco2 'CH2

is driving the reaction to the right side of the equilibrium reaction with a value of about

0.1, and even at much higher temperatures K, remains in the same order of magnitude.
For a stochiometric reaction with C., =C, =:X the above formula leads to the equation

(1-x)-@-x) » —2x+1_

Kp: NG = 2
(1— Kp)x2—2x+1: 0=
+2+ [a-41-K)) 1+ K,
X2 = =

21-K,) 1-K

and since x can obviously not be more than one (mass conservation!):

-JK, 1

Tk, T+ K,

For for an equilibrium constant of 0.1 this leads to a x of
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x=0.76

and thus to a concentration ratio of carbon dioxide to carbon monoxide of

Co, G, x 316

Co Cuo 1-X 1

This means that even at e.g. 400°C only 24% of the carbon and hydrogen atoms decide
to go to the left side of the equilibrium reaction. There is thus a significant problem in
driving the RWGS reaction to completion. The goal therefore is to find a way to drive the
RWGS to the right. To achieve this goal, [Meyer, 1997] suggests four different ways to do
that, apart from increasing temperature and pressure:

“1. Overload the reactor with CO, to force the complete consumption of the H, and
then recycle the excess CO, in the exhaust stream back into the reactor.

2. Overload the reactor with H, to force the complete consumption of the CO, and
then recycle the excess H; in the exhaust stream back into the reactor.

3. Operate a system that removes water vapor from the reactor, thereby driving the
reaction to the right. Such a system could be a desiccant bed or a condensing
apparatus.

Way 1 and 3 respectively 2 and 3 could be combined to increase the yield even more.

The effect of increasing pressure as well as an off-stoichiometric H, to CO; input ratio of
2:1 can be seen in Figure 3-2:
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Figure 3-2: Effect of Pressure and Input Ratio on Conversion [Meyer, 1997]

However, assuming that this reaction can be driven as written, an ‘infinite leverage
oxygen machine’ can be created by simply tying reaction in tandem with the water
electrolysis. That is, the CO produced by the RWGS is discarded while the water is
electrolyzed to produce oxygen (the net product), and hydrogen which can be recycled to
reduce more CO,. Since all the hydrogen is recycled, barring leakage losses this can go on
forever allowing the system to produce as much oxygen as desired. The only important
reagent needed is a small amount of water, which is endlessly recycled."

This is certainly not as easy as described. Especially condensing the water in the reactor is
hard, since the reactor temperature of 400°C is 26°C above the critical point of water,
and even at that lower temperature the vapor pressure is at 22.064 MPa, way beyond the
pressures that seem feasible. In order to stay below a pressure of 5MPa in the reactor,
the reactor temperature would have to be reduced to 264°C. Therefore water condensing
within the reactor can be ruled out.

On the other side a molecular sieve of 3 Angstrem could be capable of separating the
water from the rest of the stream. A comparison of critical molecule diameters (Table 3-1)
however shows that this will not be easy either, since the molecule diameters are quite
similar:

Table 3-1: Critical Molecule Diameters

Molecule Critical Diameter [A]
H> 2.4
0, 2.8
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CcoO 2.8
CO, 2.8
H,O 3.2
CHy4 4.0
CH3OH 4.4

In order to verify the numbers quoted by [Meyer, 1997], the RWGS was modeled. He and
his co-authors looked only at a CO, / H, inlet feed without any water or carbon monoxide
traces. But since the carbon monoxide and the water cannot be completely separated

from the recycle stream the reactor model has also to take this into account.
Again, the RWGS reaction is given by the equation:
CO,+H, > CO+H,0

with an equilibrium constant:

K — Ceo ’CHZO

P
Ceo, " Cn,

If we call the concentrations of the reactants at the inlet x and the concentrations of the

products at the outlet y and assuming that the mixture coming out of the RWGS is in a
chemical equilibrium one can write:

K, = Yeo " Yh,0
yco2 'sz

If ¢ is the amount of water molecules that is built within the reactor, than one can write:
€= Yy20 X420

The oxygen atom that is required to build the water molecule is split from the carbon
dioxide molecule. Therefore, one can write:

Yeo = X0 t €
Yeo, = Xco, —€

Yo, =Xy, =€

With that the equilibrium constant can be rewritten as:

58



Kristian Pauly ISCP for Mars Missions

3 Yeo * Yh,0 3 (Xco + ‘9)' Yh,0
- yCQ 'sz - (XCO2 —8)-(XH2 —8)

KP

If now we define the molar feed ratio ® as:

then the inlet rate of hydrogen is the only unknown remaining in the formula for the
equilibrium constant:

K - (Xco + ‘9)' Yh,0 B (Xco + 5) "Yh,0
o= =

(xco2 —g)-(tz —g) (d)-tz —g)-(tz —5)

This formula can also be written as:

Xy = (@+1)e-x, +&°— Uo +2) Yo
2 2 K
b P

=0

» {S

Cc

The variables a, b, and c can then be put in the binomic formula:

(Xco + 5)' yHZOJ

(®+2)e+ (CD+1)282—4-CD-[52— "
P

_ —b++b*-4ac

2a 20

Xy,

The minus in the plus minus can be neglected since only positive concentrations make
sense.

The equilibrium constant is dependent on the standard Gibbs energy change of reaction
and the reaction temperature:

0
InK :—AG
RT

The change of the equilibrium constant over temperature is shown in Figure 3-3:
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Figure 3-3: Equilibrium Constants as a Function of Temperature
[Smith et al., 1996]
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The lines in Figure 3-3 are only an approximation. The exact relation between the
equilibrium constant and the temperature is given by the formula:

dInK :_AH"
d(%) R

The graph implies that a plot of K vs. the reciprocal of absolute temperature is a straight

line. This is often the case, since AH® is often nearly constant over a limited temperature
range. This method is known as the “second /aw method”.

To get more precise estimations of K, [Smith et al., 1996] recommend the use of the
general relation:

AG® = AH° —T-AS°

whereas
AG® = standard Gibbs energy change of reaction
AH° = standard enthalpy change (standard heat) of reaction

T = temperature [K]
To = standard temperature [K]
AS° = standard entropy change of reaction.

The standard heat of a reaction with constant pressure is related to temperature by the
equation:

dH =C,dT
whereas
ACp = heat capacity.
The heat capacity AC; is defined as:
(2
or ),
hence:
T2
AH = ICp dT (p = const.)

T
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This formula applies to any process for which p, = p;, whether or not it is actually carried
out at constant pressure. However, only for the mechanically reversible, constant-
pressure process heat and work can be calculated by the equations:

T2
Q=n-AH :n-jcpdT
Tl

= — p . n . AV
If we arbitrarily set the standard-state enthalpies of all elements equal to zero as the

basis of calculation, then the standard-state enthalpy of each compound is its heat of
formation. We therefore can write:

:ZUi ~AHfI

T 0
AC
AH® = AH? + R[ =~

TO

The temperature dependence of the standard entropy change of reaction is developed in
a similar way, resulting in the equation:

tACS dT

= ASY + Rj

Combined, the above equations result in the formula:

o T o
oo (TACE . ACY dT
AG® = AH +RjT0 = dT—TASO—RT{) -
However:
ro _ AHS —AGS
S T.
hence:
T AC? tACS dT
AG® = AHS - —(AHS = AGS) + R ==F-dT - RT[ =22
T, n R IR T
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Finally, division by RT vyields:

—InK =

AG® _ AGY-AHg AH§ 1 TAC° IAco dT
RT RT, RT T

The values for the standard changes can be found in tables. The heat capacity ACg

within a range from Ty = 298 K to Trax. Can be approximated with a curve fit of the form:
C, =(A+BT+CT2+DT?)-R
The values for the eligible substances are summarized in Table 3-2:

Table 3-2: Heat Capacities of Gases

Substance | Tmax A 10%B | 10°.C 10°.D
[K] [-] [K™] [K] [K°]
H, 3000 3.249 0.422 0 0.083
0, 2000 3.639 0.506 0 -0.227
H,0 2000 3.470 1.450 0 0.121
CO, 2000 5.457 1.045 0 -1.157
CcO 2500 3.376 0.557 0 -0.031
CH30OH 1500 2.211 12.216 | -3.450 0
CH, 1500 1.702 9.081 -2.164 0

3.3 Methanol Synthesis

Due to the reasons outlined at the commencement of chapter 3.2, the formation of
methanol was further investigated. This was done in support of the efforts of the JSC
Fluids Systems Branch with respect to the potential establishment of a RWGS / methanol
synthesis breadboard similar to the Sabatier / water electrolysis breadboard which is
subject of this thesis, as well as in continuation of the work started in [Pauly, 1998a].
Parts of the tools developed in this sub-chapter will also be of use later in chapter 3 for
the modeling of the Sabatier breadboard.

Today, methanol (CH;OH) is the third most common hydrocarbon produced in the world
with a total work production at about 27 million tons per year [Chinchen et al., 1990]. The
principal feedstocks on Earth for making methanol are natural gas, coal, and wood.
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The RWGS process described in the previous chapter is more complicated in reality.
Actually, side reactions have to be taken into account, too. For the RWGS, these can be
neglected in the first level of approximation.

With methanol this is not the case. For a first approach to the problem the formation and
other hydrocarbons apart from methanol are not taken into account. Thus, the three main
reactions that may take place in the reactor are:

CO+2H, — CH5OH )
CO+H,O0 — CO, + H; 2
CO,+3H, — CH5OH (3)

The second reaction is familiar. It is nothing else but the “reverse” reverse water gas shift
or simply water gas shift (WGS).

Although methanol synthesis is widely used in chemical industry today, until 1990
methanol was one of the least understood of the major catalytic processes. In particular a
big quarrel remained unsolved for many years, that is whether methanol is actually built
out of CO (first reaction) or out of CO, (third reaction) or both. The reason why the
answer to that problem is so hard to give is because the WGS reaction (or RWGS
respectively)(second reaction) is always accompanied the other two reactions. This
reaction changes CO into CO, and vice versa. These three reactions thus built a “reaction
triangle”, shown in Figure 3-4:

& ®

+2H,

Co = - > CH.OH

+H, +H,0

+H,0 +3H,

co,

Figure 3-4: Reaction Triangle of Methanol Synthesis

But since in industry methanol is produced out of “syngas” or synthesis gas, a mixture of
CO and CO,, the answer to the question is secondary. In the case of methanol production
on Mars, the answer is important, since all reactants apart from CO, have to be either
imported from Earth or be produced in situ before the actual methanol synthesis.
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The study of [Chinchen et al., 1990] proved with the help of radioactive markers that with
a Cu/ZnO/Al, O3 catalyst (copper / zinc oxide / alumina) at 50 bars and 250°C, basically all
methanol is built out of CO,. The question now is, whether or not and how far this is
applicable also to other catalysts, temperatures, and pressures.

In order to optimize these processes for an ISCP plant based on the RWGS reaction, these
processes have to be modeled.

In general, a chemical reaction can be written in the form

|- A+ A+ vl At A+

whereas
Vi = stoichiometric number [-]
(positive for products, negative for reactants)
A = species (chemical formula).

The absolute of a stoichiometric number is the so-called “stoichiometric coefficient”.
For the first reaction

CO + 2H, — CH3OH
the stoichiometric numbers are:

Voo =1 Vi, =2 Venon =1

The stoichiometric number for any inert species is zero.

With this reaction the changes in the numbers of moles of the species present are in
direct proportion to the stoichiometric numbers. Thus, if one mole of carbon monoxide
disappears by reaction, two moles of hydrogen have also to disappear. Simultaneously
one mole of methanol is formed. Applying this principle to a differential amount of
reaction, we can write:

AN, An,, _ AN, o1

Veo Vi, VeH,0H

or in general:
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With all terms being equal, they can be identified collectively with a single quantity
representing an amount of reaction. Thus a definition of Ag is provided by the equation:

The new variable ¢, called the reaction coordinate (or extent of reaction), characterizes
the extent or degree to which a reaction has taken place.

Integration from an initial unreacted state where ¢ = 0 and n, =n’ to a state in which

the equilibrium is reached:

or:
n=n’+v ¢
Summation over all species yields
n=>n=>Ynmw+e>v
i i i
or

n=n°+v-¢

whereas:
n:Zni nO:an VZZVi
i i i
The mole fractions y; of the species present are related to ¢ by:

n n+v-¢
yi :_':n—'

n n+v-¢
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With the stoichiometric numbers for the reaction being:
Voo =1 Vi, = =2 Vergon = +1

The final numbers of moles for the different species therefore are:

(o]

Neo =Neo — 61— &,

0o

N, =Ny, —26 +¢&, -3¢,
0
Neron = Nowon T 611 &3
_ (o]
Neo, = Neo, T 65, &5
N, o=N)q—&,+
H,0 = Mo = &2 T &3
v can be calculated as:

VZZVi =Veo Vi, + Ver,on =-2
i

The reaction within the reactor will at all times take place in the gaseous phase. Thus the
fluids within the reactor vessels shall be modeled as mix of gases.

If the assumption that the equilibrium mixture is an ideal solution is justified, then the
real gas coefficent Cf)i becomes ®@,, the fugacity coefficient of pure species i at

temperature T and pressure p. In this case, the last equation becomes

The ®; of each specie can be evaluated from a generalized correlation once the

equilibrium T and p are specified.

For pressures sufficiently low or temperatures sufficiently high, the equilibrium mixture
behaves essentially as an ideal gas. In this event, each CiDi =1, and the equation reduces

to
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[T { pJv-K

i I3

That means that for a gas with close to ideal gas behavior we can calculate the mole
fractions as:

n n’+v ¢
Yi=—=—
n n+v-¢

In order to get the equilibrium mole fractions y;, the extent of reaction ¢ must somehow
be derived from the equilibrium constant equations. For the three reactions

CO+2H, — CH3OH Q)
CO+H,O0 — CO, + H; 2)
CO, +3H, — CH3;0OH )
these equations are:
y 2 nC . n2 2
K, = LOZ.(E] = o .(ﬂ] )
Yeo sz P, Neo - nH2 Po
K, = Yoo Yh L < L @
Yeo * Yh,0 Neo Mo
y, y 2 n n, -N° 2
K, = CH30H 3Hzo [ﬂ] _ CH30H " ''H 230 [EJ 3)
YCO2 ’ sz P, nco2 'nH2 P,

The task now is to find right values for g1, &, and g3 so that the equations for the given
K1, Ko, and K; are fulfilled.

This task can be completed if it one manages to solve a set of non-linear equations for
the extents of reactions (see Figure 3-5).
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Figure 3-5: Solving of non-linear Equations for the Extents of Reaction

For three reactions and five species, this set will feature 8 unknown variables. The
coefficient matrix representing this set of non-linear equations is shown in Figure 3-6:

(BT e » » 0 o 11 8| —ace,
Mg By
» L. » [ 0 o0 2| -AB%
Wy Wy '
0 0 BT cmon 0 0 1 1 4| -AClyom
B o L] )
i,
® 0 ® BT lco » 12 8| —AG%,
B By
- i1}
® 0 o o BT e g 3 2 —~AGY
My o Wiy
0 1 » o0 0 ne
1 1 2 L Mgy
z o z o B0 Wy

Figure 3-6: Coefficient Matrix representing the non-linear RWGS equations

This can be done numerical or via Lagrange multipliers respectively.

3.4 Excel Model

At the beginning of the modeling efforts in the course of this thesis, it was tried to
integrate it as seamlessly as possible into the ongoing modeling activities at NASA JSC, in
particular the Exploration Office and the Fluid Systems Group. These two are significantly
influenced by the Integrated Design Environment (IDE) Facility, the concurrent
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engineering design center at JSC. Here, the expertise from various different subsystems
comes together with the goal of a concurrent development of new designs. With this as
background and raison d’étre, it was decided to base this Integrated Design Environment
on MicroSoft Excel®. The rationale behind this decision being that Excel is a widely used
software, which significantly reduces the training time for the experts that take part in
IDE sessions. Therefore, it was first tried, to also base some of this thesis’ calculation
work on Excel.

The field in which Excel proved most helpful was the derivation of scaling models,
meaning models that can quickly give a first estimation of the elements sizes of an ISCP
system (see Figure 3-7).

In order to arrive at an overall system layout with a sizing of the major components, the
program has to follow through a set of iteration steps. An example of such a set of
iteration steps will be discussed with the following example of an RWGS / methanol
synthesis reactor (see Figure 3-7s):

The wanted total liquid oxygen mass after the production phase is entered
The wanted total liquid methanol mass after the production phase is entered
The daily input into the oxygen tank is calculated
The required oxygen output of the electrolyzing unit is calculated
The hydrogen output of the electrolyzing unit is calculated
The water traces in both, hydrogen and oxygen output mass flows are calculated
The required water input mass flow into the electrolyzing unit is calculated
With the total methanol mass the daily input into the methanol tank is calculated
With that the methanol reactor in- and output mass flows are calculated
. With the water inlet mass flow into the electrolyzing unit minus the water outlet
mass flow of the methanol reactor, the water outlet mass flow of the RWGS unit is
calculated
11. With that, the inlet mass flows into the RWGS are calculated
12. With the carbon dioxide inlet mass flow of RWGS and methanol reactor and the
recycled carbon dioxide mass flows, the fresh carbon dioxide input into both
systems is calculated
13. With that the sorption pump atmosphere input mass flow is calculated
14. With the hydrogen input mass flow of RWGS and methanol reactor and the
hydrogen output of the electrolyzing unit, the required hydrogen input into the
methanol unit is calculated (the RWGS is supplied by the electrolyzing unit solely)
15. With that the amount of seed hydrogen to be imported to Mars is calculated

©oOeNOrONE

[EEN
o

Based on such a set of iteration steps, the program easily allows for the user to
conveniently obtain estimates for mass flows and flow compositions at any point within
the system, as well as power, mass, and volume requirements of any subsystem with just
a click of a mouse or the insertion of a number (via pop-up windows, see Figure 3-7). In
this function, it also proved useful later in the layout of future systems (see chapter 6, in
particular Figure 6-7).

70



Kristian Pauly ISCP for Mars Missions

However, after some weeks and months of utilization, it became obvious that the
advantage of the familiarity of Excel was outweighed by its disadvantages: first, Excel is a
very general program, meaning it is by no means dedicated to take on modeling problems
of chemistry and chemical engineering. Its abilities turned out to be rather limited, in
particular with respect to numerical simulation. Similar negative experiences were made
using CHEMCAD®, a dedicated chemical engineering software. It was thus decided to
design more capable tools, some of which will be outlined in the succeeding subchapters.
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Figure 3-7: Excel Model of a RWGS / Methanol Synthesis Reactor
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3.5 MATLAB Model of the Sabatier Reactor

3.5.1 Pressure Loss within the Reactor

In the following, the question of the extent of pressure loss within the reactor will prove
to be crucial for the choice of the modeling method. In order to be able to answer this
question, one can benefit from the work of [Blake, Kozeny, Carman, 1937] (for Re<10),
[Burke, Plummer, 1922] (for Re>1000), and [Ergun, 1952] for the intermediate range.

We first define the following parameters:
The porosity of a packed bed is defined as

V, Vtotal -V

&= void — solids
VtotaJ Vtotal
whereas:
€ = porosity of the packed bed [-]
Viea = volume of voids in the system [m°]
Veia = volume of solids in the system [m?]
Vit = total volume of the system [m°]
The superficial velocity® ve:
V. m
VS = —_—
A p-A

The Reynolds number for porous media Repy is defined as

Dp .VS . p
RePM =T
1 fiuid '(1_ 5)
whereas:
D, = catalyst pellet diameter [m]
nae = dynamic viscosity[m?/s]

! Care has to be taken in order to not confuse the superficial velocity vs with the interstitial velocity
v;, where the volume flow is based on the area actually open to the flowing fluid. Thus, the latter

can be derived from the from via the equation v, =Ys
&
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The equations used are:

150-u-L-v,-(1-e)

ApBKZ = Dpz ' 83 for Repw<10
and:
2
Apgy =L [‘)’s p 0=¢) ¢ Reme>1000
p €
and:

150uL - v, - (1- &) L L75L v op-(l-¢)

2 3 3
Dp - & Dp &

for 10<Repm<1000

AP = APgcz + APgp =

whereas
L = bed length [m]
7] = dynamic viscosity [Ns/m?]

1 10 100 1000 10000 100000
T " I}IVSP
#(1-e)

Figure 3-8: Pressure Loss Estimates [Subramanian, 2001]

With typical values for the Sabatier reactor:
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N

k s Ns
p = 1.35bar, T = 600K, pg. o0 = OA?HQB’ k= 211:10° 2, D, = 3mm, D; = 16mm,

m= 0.58i_, L = 100mm, and ¢ = 0.3 one ends up with Repy = 0.76 and an absolute
min

pressure loss of Ap = 0.65mbar, which equals a relative pressure loss of
Ap/ p = 0.65mbar/1.35bar ~ 0.05%.

Therefore it is justified to assume constant pressure over the reactor.

3.5.2 Enthalpy, Heat of Reaction, Gibbs Energy

The work presented here is a first attempt to model a Sabatier / water electrolysis ISCP
plant end-to-end, with all its essential chemical and physical processes, something that
has not been tried yet in this form. It aims at serving as a stepping-stone for further work
in this area.

Therefore, the models of the chemistry should be flexible to allow investigating other
processes in the future, too. In order to achieve this, Gibb’s method of free energy was
chosen to calculate the reaction equilibria, which can be used — in opposition to other
methods — for every reaction and every reactant. The analysis of equilibrium reactions
described in this Ph.D. work is mainly based on Gibbs energy and heat of reaction.

In industrial practice chemical reactions are usually accompanied by physical processes
(e.g. pressure, temperature changes, transfer of heat, etc.). Each of the vast number of
possible chemical reactions may be carried out in many different ways, and each reaction
carried out in a particular way is accompanied by a particular physical effect. Tabulation
of all possible heat effects for all possible reactions is impossible. Thus, in chemical
engineering effects like e.g. heat transfer for reactions carried out in diverse ways are
calculated based on the data of reactions carried out in a standard way [Smith et al.,
1996, p.117-135]. A consistent basis for the treatment of reaction heat effects results for
example, when reactants and products of a reaction are all at the same temperature.
Usually, state variables values are usually given at a temperature of To = 298.15K and a
pressure of pg = 1bar.

The following will describe how to derive good approximations of state
variable values at any temperature and any pressure from the given data at
standard conditions.

According to the Gibbs’ phase rule in a system consisting of a homogenous substance of
constant composition the molar or specific enthalpy (as well as other state variables, e.g.
the internal energy U) may be expressed as a function of two other state variables. In the
case of the enthalpy, with temperature T and pressure p as the two state variables, we
can write:
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H=H(T,p)

dH =(d—Hj dT {d—HJ dp
ar J, dp J;

With the heat capacity at constant pressure Cp this becomes:

and thus:

dH =CP.dT+(d—Hj dp
dp /),

The final term equals zero
- for any constant pressure process, regardless of the substance;
- whenever the enthalpy of the substance is independent of the pressure, regardless
of the process. This is exactly true for ideal gases and approximately true for low-
pressure real gases, for solids, and for liquids outside the critical region.

Dealing with chemical reactions, the enthalpy change caused by a chemical reaction is
usually called the heat of reaction. In the case of the formation of a single compound
from its constituent elements (e.g. formation of water from hydrogen and oxygen), the
heat of reaction is also called heat of formation.

The standard-state' of enthalpy of a chemical compound is equal to its heat of formation
plus the standard-state enthalpies of its constituent elements. If we arbitrarily set the
standard-state enthalpies of all elements equal to zero as the basis of
calculation, then the standard-state enthalpy of each compound is its heat of
formation. This considerably simplifies the calculations of chemical reaction
heat effects. This approach will be followed throughout this thesis.

Property values in the standard state are denoted with the degree symbol “°”.

Thus, the standard heat of reaction of the Sabatier reaction is the sum of the standard
heats of formation of the different species times their stoichiometric numbers:

AH®=%"v,-H’=>"v,-H{ =

AH® = (_1) H ?coz +(_4)' H ?Hz +(+1). H ?CH4 +(+ 2) H ?Hzo(g)

! The standard-state for liquids and solids is the actual pure liquid or solid at 1bar.
For gases, the standard-state is the ideal-gas state at 1bar.
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In the case of the Sabatier reaction, this leads to:

o _(L1)[- a0 [~ 745202 [ I J
AH S = ( 1)( 393509 molj+( 4) [o molj+(+1)( 74520 mol)+(+2)( 241818 molj_ 164647 p—

The fundamental equation that relates the heat of reaction to the temperature is:
[Smith et al., 1996]:
TZ
dH =C,dT = AH = [C.dT

T

or
dAH® = ACSdT

whereas
ACS = standard heat capacity change of reaction

Integration gives

AC?
PdT
R

;
AH® = AHg +R[.

AH® and AH; are the heats of reaction at the temperature T and at reference

temperature T, respectively.

The heat capacity is a function of the temperature. Therefore, its practical use requires
the knowledge of the dependence, which is usually given by an empirical equation of the
expression:

CP 2 -2
E=A+B-T+C-T +D-T

Values for the constants can be found in literature. The estimated values are in good
accordance with the actual values as shown in Figure 3-9 (example: water, values as
given by the National Institute of Standards and Technology):
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Figure 3-9: Modeled C, (red) vs. actual C, (blue)

With the last equation the standard heat capacity change of reaction integrated over the
temperature can be calculated as:

(25 a2 0 2.2

T, T

whereas 7 = Tl and AA= Zui - A with analogous definitions for AB, AC, and AD.
0 i

v; are the stoichiometric numbers, whereas |ui| are called the stoichiometric coefficients.

The sign convention for v, is positive for products and negative for reactants. For the
Sabatier reaction introduced in chapter 6

CO; + 4H, — CH4 + 2H,0

the stoichiometric numbers are:

Veo, =1, vy, =—4, 0y, =+1; vy o =+2;
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The necessary coefficient values can be obtained from [Smith et al., 1996] (see also Table
3-2):

Table 3-3: Heat Capacity Constants

Substance i Trmax A Bi Ci D; V;
(K] [-] [K'] [K?] [K*] [-]

CO, 2000 | +5.457 | +1.045.10° +0 -1.157.10*° -1
H, 3000 | +3.249 | +0.422-10° +0 +0.083-10"° | -4
CH,4 1500 | +1.702 | +9.081-10° | -2.164-10° +0 +1
H,O 2000 +3.470 | +1.450-10° +0 +0.121-10*° | +2
Total 1500 -9.811 | +9.248.103 | -2.164-10° | +1.067-10*° | (-2)

Therefore we can write:

AC;
>dT =
R

AH(T)= AHS +R- [

. AB AC 1 1
= AH +R-_AA-(T—TO)+7-(T2 —T02)+?-(T3—T03)+AD-[f—?ﬂ

=AH; +R- (AA-T+

ABT? AC-T? ADJ [AAT+AB-T02+AC-T03 ADH
_AD ) _[AAcT, _

] 3 3 T,
and thus
0 J i
AHP(T) 164647~ (8314
mol mol- K

(98117 +462410°K *. T2 -7.21310 K 2 - T* ~1067-10°K? - T *)+ 28911K]

or
.

+8.8710-10" -
mol .
+1.4061-10+5i ’
mol N
AH°(T)=- +815687— 2 o T
mol - K .
—3.8444-10 2 . |
mol - K ? 1

+5.9972-10°° . ;

mol - K

Other sources propose different formulas, such as the one by [Jeng, 1995]:
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AH(T)=168.6 L 0.0233#2 T2 + 46900 T 4144900
mol - K mol - K mol - K mol
and the one by [Lunde, 1974]:
AH (T)=-68.52 J T+ 0.02327#2 T? - 46794ﬂ.T*l + 144698i
K mol - K mol mol

which seem different at first look, but however are in good accordance with the one
derived above as shown in Figure 3-10:
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Figure 3-10: Comparison of different Approximations for the Standard Heat of
Sabatier Reaction

The relative difference to the NIST data is below 1.0% for Jeng and below 0.4% for the
other two. Assuming that the final (pressure dependent) term in the equation can be
neglected, we can extent above formulas for the heat of reaction to pressures in the
vicinity of p=1bar. Within this range (p=0.8 to 3.4bar for the computer model) we can
estimate the heat of the Sabatier reaction as a function solely of temperature T, and not
of the pressure.

In the computer model the enthalpies can either been taken from NIST data files or from
the above approximation. The latter one is not as exact as the first one, however its
inaccuracies are in the per mille order of magnitude, while it features an increased
calculation speed.
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When we calculate the heat capacity change of a reaction according to the above
formulas, it makes sense to define a mean heat capacity change, so that we can write:

T2
AH = [C,dT =(C,), -(T-T,)
Tl

The subscript “H” signifies the mean value specific to enthalpy calculations. With a good
approximation of the standard heat capacity change of reaction the standard Gibbs
energy change of reaction can be calculated with:

AG° _AGS—AHS +AH(§J 1.7 ACS dT—IT ACS

+= dT
RT RT, RT T/ R % RT
whereas
AC?
[[2dT =AAInz+| AB-T, + ac-Tz+ AP | T ) s
T RT 2.T2) 2

Again, the estimated values for Gibbs Energy and Enthalpy (curves) are in good
accordance with the actual values (triangles and crosses) shown in Figure 3-11 (values as
given by the National Institute of Standards and Technology):

G H [dtrmal]
o R
m E“I (] £

ug]
T

o
m
T

30 360 400 450 500 5500 GO0
T[K]

Figure 3-11: Modeled Gibbs Energy and Enthalphy vs. Actual Values
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3.5.3 Actual Heat of Formation

The most convenient path to calculate the actual heat of formation at any temperature is
not the direct path [Smith et al., 1996]. Instead we can take advantage of the fact that
the enthalpy change is independent of path. Since all data available for the standard
heats of reaction are based on standard conditions (25°C), it is actually more convenient
to first calculate the enthalpy change from the actual reactants’ condition to standard
condition, then add the heat of formation at standard conditions as well as the enthalpy
change from standard to products’ conditions:

AH =AHZ +AH 3z + AH

This working principle is shown in the following diagram:

s 1
M -~ "
- - -
TR—’ AHC
=)
AHg
1,—% >
AH 4

Figure 3-12: Principle of Enthalpy Calculation

With this working principle the reaction process in the reactor can be modeled as follows:
Gases of the finite element (m,n-1) leave the element with the temperature Tmn.1. A
fraction of the molecules that leave the element react before they enter element (m,n),
causing an enthalpy change of AHn,,. The mass stream that enters the finite element
(m,n) therefore has an altered composition of constituents n,., as well as an excess
enthalpy AHn . This AH, , together with other factors, e.g. heat fluxes from neighboring
elements is part of the (m,n) element’s energy equilibrium equation. This equation results
in this cells temperature, T The cell (m,n+1) is treated accordingly. The modeling
scheme is shown in the following diagram:
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Figure 3-13: Working Scheme of Finite Element Modeling of Reactor

¥ -

3.5.4 Lagrange’s Undetermined Multipliers Method
In order to find the equilibrium state of a reaction, [Smith et al., 1996] derives the
formula:

AG? +RT.|nf—io+Z/1k ‘a, =0
' p k

The fugacity f; for a non-ideal gas like water vapor is shown in Figure 3-14. For ideal
gases, the equation can be written as

e n Ao . _
RT +InZni+zRT % =0

k

with A being Lagrange multipliers and ay the number of the atoms of the element k per
molecule of i. With the definition of

the formula can be further simplified to its final form:

AG? .
R‘I’fl +In£'ni +> Ay-a =0

k
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Figure 3-14: Fugacity of Water

The latter equation leads to a non-linear equation system of the order of i. For its
solution, the Newton-Raphson method is used. This method is based on a Taylor series
expansion of the nonlinear function f(x) around an initial estimate (x,) of the root. With it,
in the neighborhood of x,, f(x) can be approximated by the tangent line drawn at x=x,.
The equation of the tangent line is given by:

(09=106) + T () EIL

x=X

However, the right side of this equation is an infinite series. Therefore, a finite humber of
terms must be retained and the remaining terms must be truncated. Retaining only the
first two terms on the right side of the equation leads to an approximation g(x)
(linearization) in the neighborhood of x,:

df (x)
dx

i '(X_Xo)

g(x) = f(xo) +

With this method, the non-linear equation system can be written as:
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f, + o “AX + . “AX, + .+ a ‘A% =0
dx, dx, dx;

which can than be solved — provided that good initial guesses were made. The result for a

Ny,

Sabatier reactor with stoichiometric feed ( = J is shown in Figure 3-15:

Neo,

L)

15}

Number of Moles n; [mol]

=]
L=
T

oo,

il 1 1 0 1 1
4] A =11 M LR B0 L
Temperature T [K]

Figure 3-15: Reaction Equilibrium as a Function of Temperature
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The same dependence, but with variant pressures from 1 to 2 bar, is shown in Figure
3-16 and Figure 3-17.

Eabatier Equilbeum
35

Number of Moles n; [mol]

[
Temperature T [K]

Figure 3-16: Reaction Equilibrium as a Function of Temperature and Pressure
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Figure 3-17: Reaction Equilibrium of Sabatier Reactor

3.5.5 Relaxation Method

Now the focus shifts from the away from the fluid and reaction properties towards the
modeling of the heat flow within the system. During the thesis work, several different
approaches were attempted and the utilized methods were ever improving. Some aspects
of the employed methods and the model development steps will be discussed in this and

in the succeeding subchapters.

[Meyers, 1971] and [Mayinger & Straub, 1988] suggest the “relaxation method”
("Relaxationsverfahren”) as a numerical method to solve multi-dimensional stationary
heat transfer problems. Since the cylinder shape of the reactor further complicates the
situation, the method’s working principles are first explained looking at the case of a two

dimensional plate as shown in Figure 3-18:
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Figure 3-18: Two-Dimensional Finite Element Grid

In this scheme m and n are the element numbers in x and y direction. From Laplace’s
differential equation® for twodimensional (xy) thermal conduction

2 2
ATzaI+a-2r:0
OX OX

(A in this formula being the Laplace-operator) we therefore derive via discretization
(assuming A=const. and equidistant grid Ax=Ay) of the homogenous area (in this case:
the inner area — as opposed to the border area) the difference equation’:

T

m,n-1

+ Tm—l,n - 4Tm,n +T + Tm,n+1 = wm,n

m+1,n

The “residual heat” ¢m,, describes the difference between the heat flux resulting from the
different temperatures and the theoretical value (which is zero in every finite element).
The elements at the border obey slightly more complex formulas, e.g.

! Actually, we can obtain the same equation using other reflections as starting points (e.g. the
energy balance of the finite element). The resulting difference equation is the same in any case.

2 Special caution is required for the implementation of these formulas into a MATLAB® program
code. In order to have a right hand x,y,z output of values z as functions of x and y, MATLAB®
requires the values for one particular x to be stored in the same column, the values for one
particular y in the same row. However, since the indices are ordered row then column, in order to
get a certain value z(x,y) from the memory, in Matlab we actually have to enter z(y,z). Similarly, if
the z=f(x,y) matrix has 3 different x values and 2 different y values, then the size of the array
“size(z)” is according to MATLAB® “[2 3]”. Of course we are free to store our values differently,
however in that case graphic output commands like “surf(Z)” will display x,y, and z with a left
hand coordinate system.
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1 . 1
T, ,n—1 + ETm—l,n - (2 +Bi )Tm,n + ETm

m

+Bi-T, =o,,

+1,n

for an (upper) edge point and

%Tm,nl +%Tml,n - (1+ BI)Tmn +Bi 'TO = @Pmn

for a corner (in this case the upper right corner). In both formulas, Bi describes Biot's
number

Bi:a-Ax

in that finite element.

The solution of multi-dimensional stationary heat transfer problems is therefore obtained
by “minimizing the residual heats” in these formulas. To do so, after a supposition of a
temperature distribution, the residual heats ¢m, in all finite elements are calculated. The

temperature T, that corresponds to the maximum absolute residual heat ‘(om,n is then

changed to a value that makes ¢m, disappear in that element. The residual heats are
then again calculated based on the new temperature distribution. This algorithm is then
iterated until the total residual heat

Dy = Z(Z ‘(om,n

m

falls below a given accuracy after i iterations:

im(0,) = lnf 3 o,

)

[Mayinger & Straub, 1988] actually neglect the fact that the temperature of the element
with the maximum of the abso/ute residual heat has to be altered; nevertheless it is
imperative not to abstract the absolute, since otherwise negative residual heats do not
lead to convergence towards the true value. Figure 3-19 shows the convergence of the
relaxation method for a grid of 10x8 Elements.
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Figure 3-19: Convergence of Relaxation Method

In this example after 5000 iterations the total residual heat ¢y is typically in the order of
1.2K, meaning that (with 10x8 finite elements) the average difference between theoretical
temperature and numerical result is some 15mK.

3.5.6 Modified Relaxation Method
With the relaxation method a solution is obtained in most cases — however (mostly due to

the need for "WHILE"- and “FOR"-loops in the program code) it is quite slow, especially
for high-resolution grids.

A modified approach to the problem is suggested by [Mayinger & Straub, 1988]:

With ¢m,=0 for all k (k:=m-n) grid points we can obtain k first order equations of the
form:

a, I +a,lL,+...+a,T, =C,
al+a,l,+...+a,Il =C,

a, L +a,lL,+...+a,T =C,

or, written in matrix notation:
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a; a; A T1 C1
a, a —eoa T. C =_ _
.21 .22 . .2k 2| _ 2 o aT=C
Ay &y o By Tk Ck

kxk kx1 kx1

Therefore, we can easily calculate the temperature distribution T if we can obtain the

matrix inverse of the coefficient matrix Z :

_16

o

T=

Since programs like MATLAB® are optimized to obtain matrix inverses and to solve linear
equation systems, this method proves to be much faster in practice than the original
relaxation method.

3.5.7 Modified Relaxation Method in Cylinder Coordinates

The principles derived in the previous two chapters remain unchanged. We again start
with the Laplace’s differential equation for two-dimensional thermal conduction

AT =0

(with A in this formula again being the Laplace-operator). In cylinder coordinates (r,¢,z)
this leads to:

COT 1T 1 9T 8T

—t+— +—=0
o r o r? 9p? 07

AT

Taking into account the rotational symmetry, we obtain:

o°T 1 oT o°T _

. 0
onr? r o oz

Note that this form is not dependent on the angle ¢. With m and n this time being the
element numbers in r and z direction, we can derive the difference equation for the
homogeneous inner area via discretization accordingly (see the derivation in cartesian
coordinates) as:
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T, 21, +T, Toan— T, T, 2Mon+Tons  Pon

m+Ln ~ “'mn m-1,n m+1,n m-1,n mn+l

arf ) (aff (ary

whereas omn is again the residual heats (not to be confused with the polar angle ¢!). If
we define

. (ﬁj = (a2f =L (ar)

1
Az 74

as a ratio of element dimensions, and if we multiply the above difference equation
with (Ar)?, then we obtain:

(T 2T, +T, )+ % ’ (Tm+1,n _Tm—l,n )+ v (Tm,n+l - 2Tm,n +Tm,n—1) =@mn

m+Ln = <'mn m-1,n

or, separated into the finite elements:
1+£ 'Tm+1n + 1_£ 'Tm—ln - (2+ 21//) 'Tmn + l//'Tmm-l + W‘Tmn—l = ¢mn
2r ’ 2r ’ ’ ’ ‘ ’
If we take into account that r(m)=m-Ar, then we can write:

1 1
(1+ %j .Tm+1‘n ' (1_ %j ' Tm—l,n - (2 + ZW) ’ Tm,n +ty- Tm,n+1 Tty 'Tm,n—l = Pmn

3.5.8 Relaxation Method with Internal Heat Sources
According to [Mayinger & Straub, 1988], Laplace’s differential equation AT -4 =0 for
homogeneous (constant) heat conductivity changes to:

AT-A+Ww=0

for an finite element with internal heat source density W (A in this formula being the
Laplace-operator). The discretization (for cylinder coordinates) then changes to:

Tm+l,n - 2Tmr; +Tm—l,n n Tm+1,n _Tm—l,n n Tm,n+1 - 2Tmr; +Tm,n—1 QW= ¢m,n )
(Ar) 2r - (Ar) (Az)
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If we multiply the above difference equation with , then we obtain (with the same

(G
A

definition for y):

(T T +T

m+1,n =~ “'mn m-1,n

_Tm—l,n)+l//'(T ,n+1_2T +T,

m, m,n m,n-1

m+1,n W= m,n

Ar
)+§-(T

(ary
)+ 1

1 1 (ar)®
1+— |- T ., 1—— T ., —2+2p)- T +y- +y-T = ——W
[ 2mj m+1,n ( ij m-1,n ( l//) m,n l// m,n+1 V/ m,n-1 ¢)m,n ﬂ,

3.5.9 Influence of Catalyst on Mass and Heat Transport

Mass and heat transport in packed bed reactors has important ramifications for industrial
applications. Hence, a wide range of literature exists that deals with this topic. Among the
first to do significant work in this field was [Damkdhler, 1936]. His work has been basis
for research in this area for 65 years now. Models are used for calculating the influence of
the catalyst pellets within the Sabatier reactor on its heat and mass flow. In these models,
fluid velocity and porosity of the catalyst bed are usually assumed to be constant over the
cross section. The heat transfer to the wall is calculated via the wall heat transfer
coefficient a,,. This coefficient is also called a “lumped coefficient” since it incorporates a
number of different phenomena which all occur at the wall (heat transfer from fluid to
pellets and to the wall via convection and radiation; heat transfer from the pellets to the
wall directly via heat conduction). While this works satisfactory for high Reynolds numbers
(Re>1000), the accordance of theory and reality diverges for low Reynolds numbers
[Vortmeyer et al., 1999].

In this context, the same authors suggest the so-called “A.(r)-model”, which is in better
accordance with the data obtained in testing and practice, mainly because it avoids “the
artificial temperature jump at the wall with temperatures” creating unrealistic reaction
rates. The authors further expatiate that this new modeling approach ...

"..uses locally varying radial dispersion coefficients due to the near-wall porosity and
velocity changes and operates with the genuine boundary condition of the first kind at the
wall (T(r) = T,). [...]

It may be concluded from this observation that the a,-model is justified for large
Reynolds numbers because the heat resistance at the wall can be reduced to a very thin
"unmixed sublayer”. The physical situation is different at small Reynolds because no kind
viscous inhibition in the vicinity of the wall can be reasonably assumed, as hydrodynamic
mixing Is insignificant even in the bed core. Under these circumstances ay becomes a
pure lumping parameter, compensating every conceptional weakness of the model as well
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as every experimental error. A similar, though not so erratic behavior characterizes also
the second parameter of the ay-model, namely the effective radial thermal conductivity.
The latter is assumed to be constant over the bed, but appears to depend on D/d). [...].
[In the modified A.(r)-model] bed porosities and flow profiles are calculated according to
recent, well established methods, axial dispersion is taken into account functional
relationships for the effective radial thermal conductivity and the effective radial
dispersion coefficient in dependence of flow velocity and radial position are developed by
comparison with an extended, comprehensive set of experimental data on heat and mass
transport. Both the simplicity of resulting parameters and correlations and the good
overall agreement with the experimental database underline the very satisfactory
performance of the A.{(r)-model. Moreover, it is possible to describe the heat and mass
transport in packed beds with and without chemical reaction by the same set of
coefficients. ”[Vortmeyer et al., 1999]

The applicability of the A.(r)-model was also shown by [Hein, 1998].
Model Equations

The model equation for heat transport in a cylindrical packed bed with reaction can,
according to [Vortmeyer et al., 1999], be written as:

oT
{W(r)pf .Cf +[1_V/(r)].pp'cp}' 6’[ =
16 oT 67T oT 1-yl(r) |
?g'{Ar(r)'r'E}"_Aax(r)'r'E_uo(r)'pf *Cy 'E+1_—;)'V(T,Y)'|AH|

and

W(r)ﬂ_li.[gr(r).r .ﬂ} Dax(r).r.52y_uo(r).ﬂ+1—_‘/’(r).ﬂ.r@,y)

ot ror or 072 oz 1-y p,

for the mass transport. In these equations, the following parameters are used:

W local bed porosity [-]

or, Pp fluid / pellet density [kg/m®]

G, Cp fluid / pellet specific heat capacity [J/(kgK)]

T temperature [K]

y mass fraction [-]

t time [s]

r,z radial / axial coordinate [m]

Ar, Nax effective radial / axial thermal conductivity [W/(mK)]
Dy, Dax effective radial / axial mass dispersion coefficient [m?/s]
Uo local superficial velocity

r reaction rate [mol/(m>s)]

93



Kristian Pauly ISCP for Mars Missions

AH reaction enthalpy [J/mol]

For the stationary case, the above equations simplify to:

10 oT o°T oT 1-wl(r) .
Ong-{A,(r)rE}LAax(r)-r-E—uo(r)-pf G ( )~r(T,y)-|AH|

and

210 [ () i SN A Sl O LU
0=—"— [D,(r) r ar}rDax(r)r p U(r) it 5 o ¢(T,y)

The following equations are used to derive the required parameters:

The effective axial dispersion coefficients, conductivity and diffusivity without flow are
calculated according to [Tsotsas, 1997] as

D. = i veo +PTe°5,

Aax = ﬂ’eﬁ v=0 +P_eo/1f
' 2
wheras
) molecular diffusion coefficient [m?/s]
defrv=0 effective bed diffusion coefficient without fluid flow [m?/s]

Uy-d, - p; - C
ﬂ’f

Pey molecular Péclet number for heat (Pe,= f) and mass

U, -d,
(Peg, = —5 ) transfer [-]
Aertv=0 effective thermal conductivity without fluid flow [W/(mK)].
The thermal conductivity and the effective diffusion coefficient of the packed bed without

fluid flow are calculated from correlations provided by [Zehner & Schliinder, 1970] as a
function of the local porosity y(r). [Zehner & Schliinder, 1970] suggest the equation:

As
. 7 - Er
A 1—758 /1; Z-B 2 l—Z-B —+—

— lr 1‘5

ﬂeﬁvo(lﬂ)'(1+2)+ﬂ.|: 2 [((1;)-324"] 1 B+l B-1 ]+/1f 14,]
B

The deformation factor B takes into account the shape of the catalyst pellets. For spheres,
this factor is written as
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whereas
\ porosity of the reactor bed [-]

The above formula simplifies for j—f — 0 (radiation effects neglected) to:

ieﬁ,vzoz(l_\/_—y/)h/m. 3 ‘(E_f):;z"ml _Bz+1_ B-1
o

At
1-7B

Effective Heat Conductivity Aes/Anuia

E,

W w® w o
Ratio of Heat Conductivities Aseiia/Muid

Figure 3-20: Effective Heat Conductivity as a Function of Porosity and Asgjig/ Afiuid

Thus, the question has to be answered whether the simpler one of the two equations for
the effective thermal conductivity is sufficient or not. This will be done shortly. First
however, a closer look on the bed porosity parameter.
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In packed beds consisting of spheres of equal size, in practice the porosity (due to
geometrical reasons) can only vary between 0.26 (densest sphere packing) and 0.476
(cubic packing). Therefore most equations aim for optimized accuracy in this area.
However, in packed beds with pellets of a broad size spectrum as well as on a local scale
(in particular close to the reactor wall) the porosity can significantly differ. [Zehner &
Schliinder, 1970] e.g. therefore made an extra effort to ensure adequate model accuracy
also outside of the porosity range stated above. For the approximation of porosity
distribution over the radius for packed beds consisting of equally sized particles with small
deviations from spherical shape the following equation is used [Giese, 1998]:

w(r)=w, -{u 1.36. exp[— 5_0.%]}

p
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Figure 3-21: Reactor Bed Porosity Distribution

As it can be seen from Figure 3-21, the bed porosity changes only within the outer 10%
of the reactor radius significantly. There however, the change is dramatic.

In order to evaluate the influence of the radiation, the Damkoéhler equation [Damkdhler,
1937] is used as a first step:
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whereas:
A = thermal conductivity of the fluid phase [W/(mK)]
Ar = thermal conductivity equivalent due to radiation [W/(mK)]
os = Stefan-Boltzmann number [5.6697 - 10 W/(m?K")]
T = Temperature [K]
d, = catalyst pellet diameter [m]
€ = emissivity [-]

For temperatures around 600K, emissivities around 0.1, and pellet dimensions in the
order of 3mm, the radiation is in the order of the thermal conductivity coefficient without
(meaning neglecting) radiation. This means that radiation effects in the Sabatier reactor
have to be included in the model, too, if we want to achieve an adequate accuracy.

With these preparations completed, the numbers for the effective radial thermal
conductivity A,, and the effective mass dispersion coefficient D, can now be modeled
(following the approach of [Vortmeyer et al., 1999]) as:

A(r)= g yoo + i ¥ f(R-r)- A,

, d,

R 2
—-r

with f(R—r): [HJ for O<R-r g(szh -dp)
1 for (Kz,h'dp)< R-r<R
whereas
Kyn  damping parameter for heat transfer (Kz‘h =044+ 4. exp(— F\;?)O D

3.5.10 Reaction Rate

The determination of the reaction rate is a crucial part of the overall system modeling.
The well-known general Arrhenius equation is the basis for the determination of the
influence of temperature on the reaction rate:

-E
k,"(T)=p-Z- a
f() P eXp(RTJ

whereas:
Z = collision rate [1/s]
p = steric factor [-]
E, = activation energy [J/mol]
T = temperature [K]
R = universal (molar) gas constant [8.31451 J/(molK)]
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If we consider this equation in terms of changing temperature, the steric factor clearly
does not depend on temperature. Z turns out to be only weakly dependant on
temperature: changing T from 500 to 600 K changes Z by less than 10%
[http://learn.chem.vt.edu/tutorials/kinetics/arrhenius.html]. It is therefore a reasonable
approximation to assume that the p-z part of the above equation is a constant, and we

can write the better-known version of the Arrhenius equation:
k;"(T)=k-exp(- E,/RT)

whereas k is called the reaction rate constant [s™].

Although (or rather because) crucial for modeling of the reactor behavior, information
regarding catalyst production and performance are usually well-protected secrets in the
chemical industry, since they mean cash money for its producers. On of the very few
papers on this issued was published over a quarter of a century ago by [Luanda, Kestrel,
1973]. In the course of work in the life support area, a couple of publications have dealt
with the work of Luanda and Kestrel in the last quarter of a century.

However, it seems that the lax handling of units especially in the States have caused a
plethora of conversion mistakes in nearly all of these publications ([Lunde, 1974],
[Strumpf et al., 1991], [Son & Barker, 1992], [Jeng, 1995]). Furthermore, all of these
publications go back to [Lunde, Kester, 1974] for the determination of the reaction rate;
they merely discuss the Lunde-derived coefficients and slightly higher or lower numbers
are promoted. However, none of the papers presents anything new in terms of theoretical
modeling.

In 1974, Lunde had introduced (based on the general work of [Dew et al., 1955]) the so-
called catalyst coefficient n for the Sabatier reaction, about which he states that:

"Since the modification of [ideal] gas-phase kinetics from which this expression [the
catalyst coefficient n] is derived has no theoretical justification, care should be taken that
use Is restricted over the range over which experimental data were collected.” [Lunde &
Kester, 1974]

Ironically, only the paper from the same year from the same author [Lunde, 1974], takes
this into account, whereas all the other papers ([Strumpf et al., 1991], [Son & Barker,
1992], [Jeng, 1995]) present the equation of the reaction rate without discussion or even
mentioning of n.

The Lunde paper from 1974 is nevertheless still the main basis for the determination of
the reaction rate. In order to avoid previously made errors, the formulas are herewith
converted into SI units.
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The Sabatier reaction

kg
CO, +4H, CH,+2H,0
kr

is an equilibrium reaction a forward and a reverse reaction represented by the reaction
rate constants kr and k;. Thus,

d|peo, |

_T =k " [pCOZ ]n '[sz ]4n - krn ’ [szo ]Zn '[ch4 ]n

Equilibrium is achieved when the above equations equals zero and one can write

K [szo]Z '[pCH4]

Ky =—=
ok |pco2 | Pu, )

and the empirical exponent applied to the partial pressures cancels so that the equilibrium
constant Kq is defined as in classical thermodynamics. With this definition of Keq, we can
rewrite the second to last formula to

_dlpeo,] o -[[pcoz Pofou " - [P0l [Pon. ]nJ

dt K

€q

The equilibrium constant is derived using methods described by [Pitzer & Brewer, 1961]
as a function of the temperature:

K (T)=ex 1 (36000 + 34633 —16.4InT +0.00557T |+33.165 [atm™]
1.987 T? T

or (according to [Strumpf et al., 1991]):

Ke (T)= exp[%mo—&ll InT +3.28-10°T ~5.06-10°T ° + 31.7} [atm™]

whereas
T temperature [K]
Keg  equilibrium constant in [atm™]

Note the use of atm™ as opposed to a SI unit. Figure 3-22a shows the approximations
plotted against each other over a temperature range from 350 to 700K, whereas Figure
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3-22b shows the relative difference of the second approximation in relation to the first
one.
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Figure 3-22: Sabatier Reaction Equilibrium Constant

With the Arrhenius equation, we can transform the rate expression into

d . 2n . n
- —[Z(;OZ ] =k exp( Rl'iaj ) [p002 ]n ) [sz ]An - [szo] K [pCH4]

€q

Again, k (the rate constant), E, (the activation energy), and n (the catalyst coefficient) are
constants determined from experimental data. Table 3-4 shows an overview over the
numbers proposed by different papers (converted into SI units):
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Table 3-4: Values for rate constant, activation energy, and catalyst coefficient

Source Rate Constant Activation Energy Catalyst

A Ea Coeff. n
[Lunde & Kester, 1974] | 1.769x10° hr'! atm®!* | 30320 Btu/(Ib mol CO,) 0.225
[Lunde, 1974] 2.339x10° hr'! atm™®® | 31000 Btu/(Ib mol CO,) 0.25
[Strumpf et al., 1991] 16995 cal/mol 0.25
[Son & Barker, 1992] 16995 cal/mol 0.25

According to the constitutive equation of gases
pV =nRT
we can express the rate expression by writing

ﬁzmm =(~r)-RT
dt dt

at constant temperatures. Thus, we can also determine r directly via:

feo, = [pCOZJ , and therefore

CRT dt

fcoz(T) +R—lf|_ exp( RT] [[pcoz] '[sz]An _[pHZO]T(.[pCHA]nJ

eq

or (with A:=k/R):

foo, (T)=+ 2 exp( RT j L[pcoz] e, I - ool '[pcm]nj

K

€q

whereas
. mol kg
feo, = Carbon dioxide reaction rate
s m
kg mol CO,
A = pre-exponential factor {1 094577-10° 93 . 25}
m° s-bar
- J
E. = activation energy [71110—}
mol
R = universal gas constant | 8.314 J
mol - K
Keq = equilibrium constant [atm™] (can be calculated via one of the methods

described above)
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T = catalyst bed temperature [K]
pi = partial pressure [Pa]

3.6 MATLAB/SIMULINK Model of the Overall System

3.6.1 Modeling of Fluid Properties

many of the properties required in this work were acquired from the NIST database, like
density and enthalpy as a function of pressure and temperature. However, the NIST
database is currently still in the process of being assembled (see current research by
[Wagner, 2000]), therefore not all the properties and not all the temperature ranges are
available. Especially viscosity of hydrogen could not be provided by NIST at all. It
therefore was necessary to get into contact with people working on the NIST database,
who could fortunately provide the needed data [Bayazitoglu, 1999], [Wagner 2001].

[Wagner, 2001, to be published] suggests the following formula for modeling the dynamic
viscosity of hydrogen between 180 and 2000 K:

n=AT+BT.-p+CT-p?

AT = X0+ X T X T2 Xy TP X T+ X - TP+ X - T+ X, - T
BT &~ Xgo+ Xgg - T+ Xy T2+ Xgg T2+ Xy T+ X T2+ Xy - TO+ X, T
CT ~ Xgg+ Xeg T4+ Xy TP+ Xeg T34+ Xy T4+ X T2+ X - TP+ Xy T

with
_ [ 10845510° 35054910° -42881010%° 58011910™ -51410310% 27444410° -7.9710410% 96384310%

X=| 7.8754910° -6.8973210™ 24912410° -45502410"* 46188810"° -26371010% 7.9171910% -97203910%
-44733610° 14734210° -48817210° 7.8898510™ -6.8601010™ 322297.10"7 -75336510% 6.61819107

whereas the temperature is entered in K and the density in kg/m?, resulting in a dynamic
viscosity output in Poise (1 Poise = 0.1 Ns/m?). Once the dynamic viscosity is derived, the
kinematic viscosity in can be easily obtained using:
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v="1
yo,

Figure 3-23 shows the high accuracy of this viscosity model (compared to data obtained
in NIST laboratories). It shows, that in the area of interest (from 300K to 700K), the error
is below 0.3%.
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Figure 3-23: H, Viscosity Model — Accuracy [Wagner et al., 2000]

3.6.2 Atmosphere Acquisition System

The acquisition of carbon dioxide of the Mars atmosphere will be achieved via a sorption
pump filled with a molecular sieve material (“Zeolite 13X”). Type 13X is produced
synthetically, characterized by pores of uniform dimensions (pore diameter of 10A), and
used commercially for general gas drying, air plant feed purification (simultaneous
removal of H,0 and CO,) and liquid hydrocarbon and natural gas sweetening (H,S and
mercaptan removal). The Zeolite structure allows the water of crystallization to be
removed, leaving a porous crystalline structure. These pores, or "cages", want to re-
absorb water or other molecules [Plastic Services, 2001]. This property is used in the
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breadboard atmosphere acquisition subsystem: at low temperatures, the Zeolite absorbs
the carbon dioxide, which then can be released later through simply raising the bed
temperature.

Type 13X can be regenerated by evacuating or purging at adequate temperatures. The
desorption temperature of the breadboard was up to 450°F (505K). The degree of
regeneration depends on the temperature and the pressure level.

To transfer this qualitative statement into an exact quantitative form the Langmuir
isotherm [Smith et al., 1996] can be used, which is written:

g=-—n P
Crn/Khigny + P
whereas:
q = adsorbed CO, per adsorbent mass [m%] or [mol/kg], dependent on c;,.
p = pressure [Pa]
Cm = adsorbent constant

Knenry = Henry’s constant

These Langmuir isotherms however can not fit the experimental data in general. The
isotherms that are used more often in practice are derived from the Toth equation [Toth,
1979], which can be written in the form:

Ch- P

whereas:
g = adsorbed CO, per adsorbent mass in [m%] or [mol/kg], dependent on c;,.
p = pressure [torr]

Cm= adjustable constant for curve fit
Cp = adjustable constant for curve fit
¢: = adjustable constant for curve fit

Note that for ¢, = Cm/knenry @and t=1, the Toth equation reduces to the Langmuir equation.
For commercially available adsorbent materials, the values for the curve fit constants c.,
Cb, and ¢; can usually be obtained from the manufacturer (e.g. Union Carbide for Zeolite
13X [UOP, 1996]), at least for moderate temperature and pressure ranges. However,
temperatures and pressures found on Mars are sometimes below the ranges for which the
curve fit constants are obtainable. Fortunately, the Langmuir equation’s concurrence with
empirical data increases for low temperatures and low pressures [Smith et al., 1996].
Thus, good approximation can be made over the full range of temperatures and
pressures.
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The isosteric heat of adsorption required for the energy balance in a flow system, can be
determined as a function of loading by obtaining the slopes of plots of In(p) versus
reciprocal absolute temperature at constant loading [Smith et al., 1996]. The Toth
equation can be used to interpolate between the data points. According to Langmuir
equation, the heat of adsorption is independent of the adsorbent surface coverage for low
pressures and temperatures and thus constant (some 44.9 kJ/mol according to the data).

3.6.3 Pipes

The following subchapters will deal with the modeling of the thermal budget of the
breadboard’s piping.

3.6.3.1 Heat Transfer at Inner Wall
The total heat flux lost by a substance flowing through a pipe is
Q: r.n'Cp '(Tout _Tin)
whereas
Q =heat flux [W]
m = mass flow [kg/s]
cp = specific heat capacity [1/(kgK)]

The heat flux lost by the fluid must be equal to the heat flux going through the pipe wall.
This flux is calculated with the help of the equation

O=A-k-AT
whereas
A = area through which the heat flows
K = the heat transition coefficient of the pipe related to the area A
AT = logarithmic average temperature difference the internal pipe

temperature and the temperature of the atmosphere.

The reason for the fact that the average temperature difference is not a geometric
average (but a logarithmic one) is that the temperature decreases exponential and not
linear with the length of the pipe. The average is therefore defined as:

E _ Tin — Tout
B in Tatm
In

out Tatm
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The strategy of the program in the design mode is basically to iterate the length of the
pipe until the heat fluxes out of the fluid and through the pipe wall are equal. In order to
be able to calculate the heat transition coefficient k, it is necessary to take a close look at
the flow characteristics.

With standard normal conditions, according to Avogadro, 1 mol methane equals
Vi = 22.4141 liters

1 mol methane weighs approximately 16g, which results in a density at normal conditions
of

An required mass flow of for example 6.25 g/h therefore equals

3

. m
V =2431-10°° Y

The Reynolds number of a flow through a pipe is defined by the formula

D 7 Mg

whereas:
m = mass flow [kg/s]
Di = inner Diameter [m]
Naud = dynamic viscosity

For Reynolds numbers below the critical Reynolds number R. = 2300 the flow is laminar
(Hagen-Poiseulle’s law). Since the required mass flows are low, it is assumed that all

flows are laminar.

The pipe’s required inner diameter is:

" 4.6259
D, _ h o~ 0.dmm
€ Mis  9300. 7.1.42.10° ™. 0.7143—93
S m
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Since the minimum diameter of the pipes available off the shelf is in the order of 2.5mm,
the pipe is way oversized. With an inner diameter of 2.5mm the Reynolds number
changes to:

a 4.6.259
Re= - - h_ - =87172
Mk o Bmm. 7.1.42-10° . 0.7143-2
s m
The Reynolds number can also be written as:
Re= V' DiP
M fid
Therefore the flow velocity v is:
m2
87.172-1.42-10° —
V= Re.77fluid _ S =0495m
D -p 2.5mm S

In order to estimate the temperature loss of a simple pipe, an example with a pipe length
of 1 m is calculated.

For a stationary, one-dimensional flow in a pipe the flow of an incompressible fluid or with
negligible pressure losses the differential equation for temperature is:

or 1, -U
j Y% +v-7-U

or o7
Oz—g-V-A-CpE-i-E ﬂ-A-E + COSﬂ

If the heat conduction in longitudinal direction is low compared to the heat
transport due to mass flow and if the dissipation power is negligible, then the
equation simplifies to:

o--gve, T &Y

With the heat flux number k (related to the circumference U) for the heat flux between
the fluid (temperature T) and the environment (with the temperature T..), the equation
changes to the form:
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ST k-
Oz—g-v-A-cpE+COSUﬂ(Tm -T)

D
In—*
k =|D, 1 + b + 1
o, D, 21 a,D,
whereas

D = inner diameter [m]

Do = outer diameter [m]

a = heat transition coefficient at the inner wall [W/m?K]
Qo = heat transition coefficient at the outer wall [W/m?K]
A = heat conductivity [W/(mK)]

The smallest pipes used in NASA spacecrafts have an inner diameter D; = 2.5 mm (1/10
inch) and an outer diameter D, = 3.175 mm (1/8 inch). The heat conductivity of a pipe
material like for example V2A steel is in the order of A = 15 W/(mK).

The heat transition coefficient at the (inner and outer wall) can be calculated with the
help of NuBelt's number Nu

whereas
di = inner diameter of the cylinder [m].

Within the cylinder, NuBelt's number Nu can be calculated with the formula

019P&°®

Nu=| 365+ = -K
1+0117P&%%’ P

whereas

Peclet’s number is defined as:
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PE€ = Re Pr-—
Prandtl’s number being defined as:
V-p-Cp
Pr=
A

With the heat transition coefficient at the inner wall aquq, the heat flux can be calculated
according to the following formula. This second method is used for the iteration.

Tin - Tout Kk
ATgig = = AT
In in _Twall A qid
Tout - Twall
Therefore a help variable y can be introduced:
Tln_Tout
V7 Tin _Twall — eATﬂuid
Tout _Twall
With this, one can write:
Tln B T0 ¥
Toar = 1_:;,

3.6.3.2 Heat Flow due to Convection

For a free convection with Prandtl numbers between 0.002 and 8000 and a constant wall
temperature the NuBelt number is, according to [Mayinger, Straub, 1988], defined as:

Nu = Nu, +0.668-K .- f (Pr)- Ra"*

whereas
Nu, = 0.36 for horizontal cylinders
Kr = \/Z ~ 0.7979 for horizontal cylinders, respectively 1.0 for vertical
T
cylinders
Ra = Rayleigh’s number.

The Prandtl function is defined as:

109



Kristian Pauly ISCP for Mars Missions

4
9

f(Pr) :[1+(2. Pr)‘le}

with Prandtl’s number being

CPatm " Pam * Vatm

A

atm

Pr—

Rayleigh’s number, which is also needed as input for the calculation of NuBelt's number,
can be obtained from the equation:

Ra=Gr-Pr

whereas
Gr = Grashof’s number [-]

Grashof’s number is depending on the gravity factor as shown in the following formula:

Gr = gﬂP : L3 ']E;rwall _Tatm)

whereas
g = gravity factor [m/s’]

For a gas that behaves like an ideal gas, the following simplification can be made

3.6.3.3 Heat Transfer due to External Airflow

For an airflow caused by Martian winds with the mean velocity vy the NuBelt number is
written as

Pr 0.25
1<Re< 10’ : Nu = (043+ 050Re"®)- Pr°'38-(Pr—j
\%
Pr 0.25
10°<Re<210° Nu = 0.25. Re®®. pr°-38.(Pr_]
\%
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whereas:
Re = Reynold’s number
Pr = Prandtl’s number
Pry = Prandtl’'s number
Ra = Rayleigh’s number.

The Reynolds number in this case is:

Vatm * do *Patm
MNatm

Re=

With the condition T(z=0) =T, the temperature changes over the length according to

the formula

T=n+ﬁﬁnja{—;ﬁ-%

p

Therefore, at the end of the pipe, the fluid will have the temperature:

k-U-L
n=n+@—n)a{—_ ]

m-c,

The heat flux Q between the pipe and the environment of Mars due to radiation can be

described with the help of the formula

Q =0y, 'doﬂ-'(Tatm4 _Twall4)

whereas
L W
C12 = radiation constant | ——
m°K
do = outer diameter of reactor [m]
Tam = temperature of surrounding atmosphere [K]
Twar = temperature of reactor wall [K].

If a heat transition coefficient o, is defined, then it is a function of Tam and Tyan:

Qrog = 01 (Tatm + Twall ) ’ (Ta1m2 + TwaJI 2)
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In these formulas o1, is the radiation number of the layout, which is a product of the
emission coefficient g; of the pipe and the radiation constant of Stefan and Boltzmann os:

Op =& 05
This formula is valid in the case of a thermal equilibrium.
The resulting heat transition coefficient o can be derived via the formula
Aot = Ao + Ay

A summation of the calculations done for the pipe can be seen in Figure 3-24. This
graphic also shows how e.g. the gravity factor g influences the overall system. The
symbols that appear in Figure 3-24 and in Figure 3-24 are the following:
Start f End
Adjustable Parameters
l__-_: Geometncal Parameters
. Maternal Parameters
|:| Formuls

Subroutine

Connection
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1'
XY

Figure 3-24: Pipe Temperature Loss Calculations Overview
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3.6.4 Condenser

The purpose of a condenser is to change the condition of a gaseous substance to its liquid
state. A common method to model a condenser is the “Nusselt's water film theory”. It
assumes that the content remains at its vaporization temperature during all time in the
condenser. The input into the cell is solely gaseous, the outlet completely liquid.
Therefore the needed heat flux can be written as:

Q: m-r = Aeond A\:ond (TV _TW)

whereas

Q heat flux [W]

m mass flow [kg/s]

Ocond  heat transition coefficient [W/(mZK)]
Acna  area of cooled wall [m?]

Ty vaporization temperature [K]

Tw wall temperature [K]

In order to be able to calculate the heat transition coefficient oong, the following formula
is used:

A
Nu-—-K

acond = H H

whereas
Nu = NuRelt’s number [-]
A = heat conductivity [W/(mK)]
H = height of the condenser wall [m]
Ky = film coefficient [-]

The heat conductivity A of liquid water at 100°C is about 0.598 W/(mK) for water.

For NufZelt's number in condensers, four different formulas are available, depending on
the Reynolds number:

0.943*
Re < 10 : Nu=3
Re

115°
10 < Re < 75 : Nu =3
Re
75 < Re < 1200 : Nu = 0.22
1200 < Re < 10000 : Nu = ¥/0.003? - Re
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Since the pipe diameters used in the ISRU demonstrator missions are in the order of 1/10
in (2.54 mm), mainly the first formula of the four shown comes into use.

The required Reynolds number is obtained via the formula:

Re=——

m
B-n

whereas
n = dynamic viscosity of the condense [Ns/m?]
B = width of the condenser wall [m].

In the case of a circular cross-section, B can be written as:
B=rx-d

whereas
di = inner diameter of the condenser [m].

The film coefficient Ky can be calculated via the formula

whereas
H = height of the condenser wall [m]

Ky is the last input that is required in order to be able to calculate ocong.

The wall temperature Ty, which is later needed for calculating the outer heat transition
coefficients, can be calculated with the formula

Ty=T, - Q
Xoond B-H
whereas the flow velocities are
v 4m
B d|2 R/ p
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The film coefficient Ky, which is also needed as input, can be derived by solving the
equation

A
K- 24
n

a-H-B

The conductivity and the outer heat transition coefficients are calculated exactly in the
same way as it was done before for the pipe. Therefore, the overall heat flux number k;
(related to the inner Diameter) is:

-1

The goal of the EXCEL® worksheet is to calculate the dimensions of the condenser for
given temperatures. Therefore, the sheet starts with a starting value. After the first run,
the actual obtained heat flux

Qactua] = Ceond * A;ond ’ (TV - TW)
is compared with the required target heat flux:
Qta’get =m-r

In order to meet the requirement, the diameter of the condenser is altered according to
the formula:

d :=d, %
Qactual

Since d; is not directly proportional to Q, the next run will not result with the exact value

for Q... » but still with a value that is more accurate than the Q,,,, in the first run. In a

third run the accuracy increases again, and so on. The resulting iteration can calculate a
value of sufficient accuracy very fast.
A summarization of the calculations for condenser simulation can be seen in Figure 3-25:
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Free Convection

@ 60

Figure 3-25: Condenser Calculations Overview
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3.6.5 Electrolyzer

Hydrogen/oxygen fuel cells and electrolysis cells are familiar to astronautics since the
Sixties. For many years electrolysis cells provided the crew of Mir with breathing oxygen.
The chemistry and the physics that stand behind both fully understood, the modeling of
the processes does not pose a significant challenge. Since the main focus of this thesis is
on the Sabatier reaction and related phenomena, the electrolysis modeling was kept
comparatively plain.

In an electrolyzer, a voltage between an anode and a cathode is applied, which causes
the electrolysis reaction:

2H,0() (+ E) = 2HqT + OpgT

This reaction is strongly endothermic. The protons migrate from the anode towards the
cathode, which are separated by the proton exchange membrane. An electrolysis cell thus
actually consists of two half-elements, a hydrogen-producing half-element as well as an
oxygen-producing half-element. These two half-reactions can be written as:

Anode: 2H,0, - Oyt + 4H" + 4e
Cathode: AH" + 4 > 2Hy) T
Total: 2H,0 — 2Hy) T + Oy T E° =+1.229 V

The ion conductivity and thus the (voltage) efficiency of the membrane depends - among
other things - on the water quality. Impure water decreases the membrane efficiency and
results in a power loss. To avoid this, electrolyzers are typically filled with distilled water.
In addition, before entering the electrolyzer, the water passes through an ion exchanger,
which filters out undesirable metal ions. By doing so, the impurity level of the water can
be kept low. Today's electrolyzers achieve voltage efficiencies from 70% up to and
exceeding 85%. In practice, the voltage level differs from the number quoted above since
it is a function of the operating pressures on both sides of the membrane, whereas the
current | that is applied to the electrolyzer drives the mass flow rate through it.

For the modeling of these to interrelationships, two relations are employed; one being
Faraday'’s first law:

(with z representing the number of electrons that switch sides - in this case z=4 — and
with F representing the product of Avogadro’s constant and the elementary charge, also
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called the Faraday constant F = N, -e= 6.022-1023i-1.602~10‘19C = 9.648-104£)
mol mol
and the other one being the Nernst equation:
E=E°+ E . |nm
z-F [red]

which takes into account the potential change due to non-standard conditions. Note that
for the liquid water on the inlet side the activity is 1.

3.6.6 Overall Model

The overall model of the reactor is outlined in Figure 3-26:

 Grid Files | N L= - | Prop Files

\
& =

Figure 3-26: MATLAB Model - Overview over Simulation Program Elements
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It consists of three main parts:

*the grid files block, in which the grid properties are created, displayed, saved,
and loaded,

*the prop files block, in which the properties of the fluids are loaded, calculated,
and displayed, and

* the calculations files block, the heart of then program. Based on the input of the
two other blocks, here the temperature data is derived and displayed.

The Matlab Reactor Model is embedded in the Simulink model of the overall system.
Utilizing the powerful features of Simulink, it allows the simulation of the operation with a
user interface which allows the user to investigate the effect of inputs, similar to the
reaction of the breadboard to the inputs of the test manager (see Figure 3-27). The
contents of the various modules, functions and procedures where derived in the
preceeding chapters.
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Figure 3-27: Simulink Model of the Overall Breadboard with User Interface
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4 TESTING
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Next Steps

v
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4.1 Outline

The goal of the Sabatier / water electrolysis system is to demonstrate its capability to
convert (imported) hydrogen and Mars atmospheric carbon dioxide to methane and
oxygen. This demonstration shall be end-to-end, meaning that it shall involve not only the
core processes, but also the acquisition, the liquefaction, as well as the storage. The test
can be conducted at Earth ambient temperatures as well as — with closed chamber and
engaged liquid nitrogen thermal shroud cooling system — in simulated Martian
environment including low temperatures, as they typically are encountered on Mars
(chamber limit: —300°F/90K).

The Sabatier / water electrolysis breadboard (see Figure 4-3) was set up in the Mars ISRU
Systems Test Facility (MISTF, see Figure 4-1) at the NASA Johnson Space Center in
Houston, Texas, in Winter 1998/99. After the receipt of the various parts from the
different suppliers and prior to their integration into the end-to-end breadboard test set-
up, the various subsystems were each individually tested. The preparation of a test plan
was commenced and in Spring 1999 the integrated end-to-end breadboard was turned on
for the first time [McClean, 1999].
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Figure 4-1: Sabatier / Water Electrolysis Breadboard in the 20ft Vacuum
Chamber of the MISTF Facility [McClean, 2001]

4.2 Test Setup

The test article is a Sabatier / water electrolysis breadboard (see Figure 4-4 and Figure
4-3) whose function is to extract carbon dioxide from (simulated) Martian atmosphere,
process the carbon dioxide together with hydrogen into methane and water, then split the
water into hydrogen and oxygen, recycle the hydrogen, and liquefy and store the oxygen.

The breadboard consists of the same three subsystems that characterize every typical
ISCP system and that were already outlined in chapter 2.1.4: acquisition, chemical
processing, and liquefaction/storage. This can easily be seen by comparing Figure 2-1
with Figure 4-2 (all flow sheets are following [MISTF, 2000], which can also be found in
Appendix A and B).

The details of the flow sheet are discussed later in the subsequent chapters. Sensors and
controls of the breadboard are described separately in chapter 4.4.2 and in chapter 4.5.2.
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Figure 4-2: Breadboard Overview
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Figure 4-3: Overall Sabatier / Water Electrolysis Breadboard Layout
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Figure 4-4: Breadboard Frontplate Subsystem Overview
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4.2.1 Atmosphere Simulation and Acquisition

The acquisition of carbon dioxide will be performed by a sorption pump (see Figure 4-3)
built by Lockheed Martin and tested in the Mars ISRU Systems Test Facility at NASA
Johnson Space Center prior to the end-to-end breadboard tests.

On Mars, the carbon dioxide would be extracted from the CO,-rich atmosphere, whereas
the hydrogen would be imported in liquid form and recycled from the water electrolysis,
respectively. In the Mars ISRU Systems Test Facility, the hydrogen is taken from standard
hydrogen K-bottles, whereas the Martian atmosphere is simulated by “Mars Mix” K-
bottles, basically a mix of carbon dioxide with a few percent of Argon (see Figure 4-5).

RV 3406
Set 50 psig

To
RV M08
G404 GMOS  Set 50 psig —» SG;::lnt

FC3405

0-3000 psig  0-1 i psig
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1
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PT3405

] 1I001 Fni_|

HVI0Z  CV3I402
- HV3405

Mars Mix
K-botiles

S RAVAS05
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HWV3501 F3505 —
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HV 3503 HV3510

Mars Mix
ar 02
K-bottles

Figure 4-5: Flow Sheet of Breadboard Atmosphere Simulation Subsystem
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During acquisition, the simulated (or rather emulated) Martian atmosphere flows through
a heat exchanger into a sorbent bed (also called “sorption pump”, see flow sheet in Figure
4-6) filled with the molecular sieve material “Zeolite 13X”, described in chapter 3.6.2. At
low temperatures, the Zeolite absorbs the carbon dioxide (external cold gas coils attached
to the sorbent bed canister enable thermal conditioning), which then can be released later
through simply raising the bed temperature. An internal heater raises the Zeolite's
temperature to provide pressurized carbon dioxide delivery through FC3420.

During simulated Mars environment testing, the content of the Mars-Mix (or CO,) bottles
is not only led to the sorbent bed, but also into the chamber (see Figure 4-5). The labels
“B” and “C” mark the location of two of the four sample ports (see chapter 4.5.2).

RV 3414 RV3415

St 30 psig Set 30 psig

ke

T3411 T3d413
[
EVM A
T30 EV3 10 '? @ ?
@ ! Sorplion —[E}a
o Purmp
HTRI — — Vs
HEXID TL407 ﬂ_ _@
3 T3406 [,;'—]
TM0%
12"
+ PT3420
(-5 psia
L 3 J\
To PVTGS of Cold GM2 In
System 342 from Systern 342

Figure 4-6: Flow Sheet of Breadboard Atmosphere Acquisition Subsystem

4.2.2 Chemical Processing

The chemical processing is performed within the Sabatier/water electrolysis subsystem,
which is built by Lockheed-Martin. The core of the system is the Sabatier catalytic reactor
(Figure 4-7).
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Figure 4-7: Sabatier Reactor, with Copper Strap, with Insulation

This element of the breadboard will convert carbon dioxide and hydrogen to methane and
water. The reactor basically is a pipe (outer length: 17.78mm) with to inlets at the top for
carbon dioxide and hydrogen and one outlet for the reaction products. The reactor is
insulated from its surrounding by approximately 2cm of insulation material. The
temperature gradient that is needed for the reaction is achieved by a copper band
attached to the lower end of the reactor which on the other end is connected to the
breadboard support structure; thus the structure acts as a thermal sink. For an ideal
reaction environment, the reactor core temperature should be slightly above 330°C (exact
value dependent on feed ratio composition and reactor pressure). At this temperature, the
reaction is stable and produces little or no unwanted reaction products. A lower
temperature accelerates the reaction rate, however starting at 400°C the RWGS reaction
outlined in chapter 3.2 sets in, which leads to an increase in carbon monoxide production.
At a lower temperature however the reactants fails to achieve the activation energy
needed to reach the “ignition point” at which the reaction stets in. Once established, the
reaction is exothermic enough to sustain these temperatures without any requirements
for active heating of the reactor. The heater elements that are placed between the
outside of the reactor vessel and the insulation are only engaged during start-up, where
they ensure sufficient temperatures for the reaction to start. Once the reaction has
established itself within the reactor, the heater elements are turned off. The catalyst
consists of 3mm diameter spheres of ruthenium on alumina (see also chapter 6.1.2).

Succeeding the Sabatier reactor is the check valve CV3320, the condenser tank, and the
water electrolyzer (see Figure 4-4). While the water is condensed and separated from the
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rest of the reactant stream, the other gases of the product stream (mostly methane, with
traces of water, as well as unreacted hydrogen and carbon dioxide) leaves the condenser
at the top and is led towards the hydrogen recovery pump (see Figure 4-8).

| |
FM3205 I
10063 scem
|
|
|
: i
I Sabatier .F'."i‘.?: 20
Reactor - Set 25 paig I
I ) H2Z
a%, 4:- Taszi2 Recovery m
| HTRS g Pump |
I CYA320 J @ I
I PT3221 I
I3323 |2 1060 paia
I = A TA826 l
TE3E24 I
I DP3324
Ti824 SV3E24 |
I LS3324
I I BP0 |I
HTR2 HTRY I
|
I i e YA TR P P s Electrolyzer I
Chemical Processing I
l _— L} L} | ] ] —_— L} L} | —_— —_— — —

Figure 4-8: Flow Sheet of Breadboard Chemical Processing Subsystem

The water is led stepwise and manually (by opening and closing SV3824) into the
electrolyzer in order to prevent a dry-running of the electrolyzer, which would damage it.
Within the water electrolyzer the water is split into hydrogen and oxygen at a very high
efficiency. The hydrogen from both, the hydrogen recycle pump as well as the electrolyzer
is recycled back into the Sabatier reactor, thereby cutting the need for imported hydrogen
in half.

4.2.3 Liquefaction and Storage

Upon leaving the chemical processing subsystem, both final product streams (methane
and oxygen) are passed through their respective dryer in order to remove residual water
vapor and carbon dioxide (see flow sheet in Figure 4-9). The labels “D” and “E” mark the
location of two of the four sample ports (see chapter 4.5.2).
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Both dryers are equipped with isolation valves and heaters to enable regeneration.
Downstream of both dryers, the respective fluid streams are led through back pressure
regulators which are employed to regulate the pressure throughout the breadboard. The
liquefaction and storage itself is performed by a subsystem which was tested in the Mars
ISRU Systems Test Facility at NASA Johnson Space Center prior to the end-to-end
breadboard tests. A Gifford-McMahon cryogenic refrigerator built by Cryomech is mounted
on top of a 25 liter dewar and provides a condensation surface for the oxygen. The
cryogenic refrigerator power is adjusted in order to control the dewar internal pressure.
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Figure 4-9: Flow Sheet of Breadboard Liquefaction and Storage Subsystem

Due to financial limitations, it was decided by NASA to only undertake the attempt to
liquefy and store the oxygen, since this seemed to be the greater technological challenge
(the boiling temperature of oxygen is lower than that of methane). It is therefore
assumed that the demonstration of the feasibility of liquefaction and storage of oxygen
validates the same also for methane. Therefore, as shown in the flow sheet, instead of
liquefying and storing, the methane is released via the MISTF vent.
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4.3 Safety and Environmental Impact

Before the commencement of the tests, the different potential hazards of the breadboard
as well as the test setup had to be identified and mitigated in order to be in accordance
with the strict safety standards of NASA.

One of the issues investigated was the potential explosion risk. During standard
operation, the breadboard hosts massflows of less than 100g/h of hydrogen, oxygen and
methane. It therefore has to be ensured that the hydrogen and the methane within the
system always remain separated from the air during (and after) ambient testing (when
the chamber door is open). In this respect, the Mars environment tests are of a lesser
concern, since the Martian atmosphere consists mainly of carbon dioxide which is — as
opposed to the Earth’s atmosphere — is inherently safe, even if e.g. hydrogen should leak
into the chamber. Nevertheless, during ambient and during Mars environment testing,
methane and oxygen have to be separated from each other in order to mitigate the risk of
explosions of methane/oxygen mixtures. The 20ft vacuum chamber in which the testing
of the breadboard took place had already served as a test bench for the Apollo command
module attitude control system in the Sixties. In order to be able to safely contain the
firing tests of the attitude control thrusters, the chamber had thus been designed to
withstand explosions of up to 10%J. In the breadboard, at no point in the system do large
amounts of any of the explosion sensitive fluids accumulate, so the chamber can ensure
the safe containment of any explosions.

Of no lesser importance is the question of elevated levels of potentially hazardous
gases, e.g. carbon dioxide. The 20ft vacuum chamber in which the testing took place
(see Figure 4-1) can be entered. When people are in chamber, it has to be ensured that
the local partial oxygen pressure is high enough to prevent suffocation and that the level
of trace gases is low enough to not pose a hazard. This can be achieved by through and
fan-supported airing of the chamber, in particular of course after Mars environment tests.
The chamber must be cleared immediately if the portable CO, sensor, which is placed in
the chamber, signalizes elevated harming CO; levels (via acoustic warning).

During the technical readiness review (TRR) for the environmental tests, the
environmental impact of the breadboard was also evaluated. Of foremost interest is
here the production of methane. For want of a methane dewar, the produced methane
has been vented to the atmosphere. Methane is a greenhouse gas; the primary producer
of methane in the Earth’s atmosphere is cattle. Thus it was decided to compare the
methane output of the breadboard with the methane production of an average cow.
According to [MoA, 2000] an average cow produces 44kg of methane per year. That
means that even by running the breadboard eight hours a day, it would still produce
significantly (30%) less methane than a standard cow. Based on this calculation, the
environmental impact of the breadboard was considered to be negligible. Other
environmental impacts are described briefly in chapter 6.1.3; however none of these are
within any reasonable closeness to real concern.
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4.4 Integrated Tests under Ambient Conditions

4.4.1 Flow Schematic

The detailed flow schematic for tests under Earth ambient conditions can be found in
Appendix A. The test setup of the Sabatier / water electrolysis breadboard was already
discussed in chapter 4.2; this chapter discusses in particular the differences that
characterize particularly the ambient tests.

During ambient testing, the door of the 20ft vacuum chamber of the Mars ISRU Systems
Test Facility (in which the tests take place) remains open. In order to further simplify the
access to the breadboard, the thermal insulation box around the breadboard frontplate
system components (see Figure 4-3 and Figure 4-4) is not installed, which is possible
since the surrounding temperature is not as cold as in the Mars environment tests.
Furthermore, the chamber atmosphere simulation system is not engaged, the hand valves
HV3500 and HV3502 remain close. The carbon dioxide supply to the sorbent bed is
realized directly via the hand valves HV3400 and HV3402 from either “Mars Mix” or pure
CO; K-bottles. Once the function of the sorption bed had been demonstrated, in some of
the ambient tests both valves up- and downstream of the sorbent bed (EV3410 and
EV3420) were opened in order to directly channel the carbon dioxide from the CO, K-
bottles through the (not cooled) sorbent bed to the Sabatier reactor. Thus, the
preparation time prior to the commencement of the tests could be shortened, since no
down-cooling of the bed and no adsorption had to be undertaken.

4.4.2 Measurements and Controls

The breadboard is instrumented at various locations for pressure, temperature, flow rate,
voltage and current. The controls consist of PID heater controls, solenoid valves, flow
control valves, voltage and current controls, and backpressure regulators.

The temperature of the of the sorbent bed is measured at three locations with the
thermocouples T3411, T3412, and T3413 located at the inlet, in the center, and at the
outlet of the bed. Both reactant streams are controlled with a flow control valve in each
stream. FC3420 is located on the carbon dioxide inlet and FC3220 is located on the
hydrogen inlet. The flow control valves are also effective as shut off valves. The carbon
dioxide inlet has also a redundant normally open solenoid valve (SV3420). The pressure
of gases is measured with a single pressure transducer (PT3220) at the inlet of the
Sabatier reactor.

The temperature of the Sabatier reactor is measured at one location internally (T3220)
and two locations externally (T3321 and T3322). T3220 is internal to the reactor near the
outlet. T3322 is co-located externally with the heater near the reactor near the outlet.
T3321 is located externally near the reactor inlet. The reactor is heated with an electrical
heater (HTR5) being PID controlled.

The heat radiator downstream of the reactor has a thermocouple (T3323) located on the
3" coil of tubing. Another thermocouple (T3824) is located on the exterior of the
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condenser tank. A differential pressure transducer (DP3324) provides a measurement of
the water level in the condenser tank.

A normally closed solenoid valve (SV3824) controls the flow of water from the condenser
tank into the electrolyzer. The water is led stepwise and manually (by opening and
closing) into the electrolyzer in order to prevent a dry-running of the electrolyzer, which
would damage it. The water level within the electrolyzer is monitored by the level sensor
LS3824, and the temperature by the thermocouple T3825. The production of the
electrolyzer is set by controlling input voltage and current, which are both measured.

The pressure of the electrolyzer and oxygen outlet is measured by PT3101 and set by a
backpressure regulator (BPR3102). The backpressure regulator can be operated
electronically as well as manually (see 6.1.5). The oxygen product passes through a dryer,
which can be heated. The heater (HTR7) is PID controlled, with the temperature of the
dryer being measured by T3101. The heater is used for regeneration of the dryer (as
already mention in 4.2.3). During regeneration, the dryer outlet is isolated with SV3102,
which is normally open.

The methane product stream is passed through the hydrogen recovery pump. The input
voltage controls the pump output. The current draw is determined by the quantity of
hydrogen available to pump.

The pressure of the methane stream after the recovery pump is measured by PT3301. A
backpressure regulator (BPR3301) controls the pressure of the outlet along with the water
reservoir and the Sabatier reactor. This backpressure regulator can also be operated
electronically and manually. The methane passes through a dryer similar to the oxygen,
with HTR6, T3301, and SV3302 being the heater, thermocouple, and solenoid valve for
the methane branch.

4.4.3 Test Plan for Tests under Ambient Conditions

The entire test plan for tests under ambient conditions is listed in Appendix C. An
overview over the different steps is given in Figure 4-10 (in brackets the reference to the
respective corresponding subchapter in Appendix C which contains a more detailed
description. The test plan is divided in three main phases: test preparation, test run, and
shutdown.

Test preparation consists of:
* start up, where instrumentation is initialized and facility safety precautions are
established,
* set up ambient test, where subsystems are checked for test readiness,
* set up oxygen dewar, where the dewar is emptied and prepared for liquefaction
operation,
® establish GN, supply for the operation of the two backpressure regulators,

® service sorption pump, where the adsorbent material is loaded into the sorption
pump and where the pump is prepared for operation,
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Test run

set up Mars atmosphere feed to establish the feed into the sorbent bed,
set up hydrogen feed to establish the feed into the Sabatier reactor.

is made up of:

ambient adsorption, to fill the sorbent bed with carbon dioxide,

RGA sampling, where the residual gas analyzer is set up and calibrated for
sampling,

propellant production, where the sorption pump is put into desorption mode,
where the chemical conversion of CO, and H, in the Sabatier reaction is
performed, where the oxygen is liquefied, and where the methane is vented,

electrolyzer operation, where the water is split into hydrogen and oxygen,
liguefaction operation, where the Gifford-McMahon cryo-cooler is started,
process sampling, where the residual gas analyzer is employed for sampling,

monitor, where the performance and the reactions of the overall system are
examined.

Shutdown consists of:

the shutdown electrolyzer, where the production of hydrogen and oxygen is
turned off,

shutdown propellant production, where the Sabatier reactor, the hydrogen
recovery pump, as well as the sorption pump subsystems are turned off,

shutdown liquefaction operation, where the oxygen liquefaction system and
dewar are turned off and secured,

shutdown hydrogen feed, where the hydrogen feed is turned off,

shutdown Mars atmosphere feed, where the supply of hydrogen to the Sabatier
reactor is stopped,

shutdown ambient test and shutdown of breadboard, where the ambient test
operations are ceased.
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Figure 4-10: Test Procedure for Earth Ambient Tests
(with reference to the corresponding Appendix C subchapters)
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4.5 Integrated Tests in Simulated Martian
Environment

4.5.1 Flow Schematic

The detailed flow schematic for tests in simulated Martian environment can be found in
Appendix B. The test setup of the Sabatier / water electrolysis breadboard was already
discussed in chapter 4.2; this chapter discusses in particular the differences that
characterize particularly the ambient tests.

Prior to the commencement of the environment tests, the door of the 20ft vacuum
chamber of the Mars ISRU Systems Test Facility (in which the tests take place) is closed
and hermetically sealed. In order to enable the chemical processing subsystem of the
breadboard to endure the Mars environment, a thermal insulation box is installed which
covers the breadboard frontplate system components (see Figure 4-3 and Figure 4-4).
Furthermore, the chamber atmosphere simulation system is engaged, which is employed
to fill the chamber with simulated Mars atmosphere from “Mars Mix” K-bottles via the
valves HV3500 and HV3502. During the carrying out of the test run there are two options:
the first one is to directly channel the CO, into the sorbent bed from the K-bottles. The
other one is to divide the connection before EV3410 to allow the atmosphere in the
chamber to enter the sorbent bed. In the latter case, the hand valves HV3400 and
HV3402 remain closed; the flow controller FC3405 can also act as a shutoff valve.
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Figure 4-11: Flow Sheet of Breadboard Process Sampling Subsystem

4.5.2 Measurements and Controls

During the simulated Mars environmental tests, the set-up of the controls and sensors
basically remained as they were for the Earth ambient test. They were however
complemented by the environment controls and sensors.
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During some of the environmental testing, the residual gas analyzer was also engaged,
which allowed the analysis of the Sabatier reactor product stream. For that purpose, at
four locations in the breadboard, sample ports are foreseen (see port “B” through “E” in
Figure 4-11 as well as Appendix B), which allow the extraction of gas samples, which are
then led to the residual gas analyzer, which features a simple interface to its users (see
Figure 4-12).
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Figure 4-12: Residual Gas Analyzer User Interface

4.5.3 Simulation of Martian Environment

For the simulation of Mars environment conditions, the following parameters are
controlled:

* atmosphere pressure,
* atmosphere composition, and
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* temperature.

This is achieved by closing and evacuating the 20ft chamber, plus the engagement of the
liquid nitrogen cooling panels which completely surround the breadboard (see Figure 4-1).
The chamber is filled by the atmosphere simulation subsystem, which also ensures the
provision of inlet gases of the sorbent bed. This system was already outlined in
subchapter 4.2.1. In the near future, it is planned to equip the Mars ISRU Systems Test
Facility also with the following features:

* dust,
* wind,
® solar flux (diurnal cycle)

These systems however were not yet available during the breadboard testing phase
described in this thesis.

454 Test Plan for Tests wunder Simulated Martian

Environment Conditions
The entire test plan for tests under simulated Martian environment conditions is listed in
Appendix C. An overview over the different steps is given in Figure 4-13 (in brackets the
reference to the respective corresponding subchapter in Appendix C, which contains a
more detailed description). The test plan is also divided in three main phases: test
preparation, test run, and shutdown.

Test preparation consists of:

* start up, where instrumentation is initialized and facility safety precautions are
established,

®* set up Mars environment test, where subsystems are checked for test
readiness,

* set up oxygen dewar, where the dewar is emptied and prepared for liqguefaction
operation,

* establish GN, supply for the operation of the two backpressure regulators,

* service sorption pump, where the adsorbent material is loaded into the sorption
pump and where the pump is prepared for operation,

* set up Mars atmosphere feed to establish the feed into the sorbent bed,
* set up hydrogen feed to establish the feed into the Sabatier reactor,

* set up thermal conditioning, where the liquid nitrogen chamber cooling system
is set up.

Test run is made up of:
* ambient absorption, to fill the sorbent bed with carbon dioxide,
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set up chamber atmosphere feed, where the continuous supply of “Mars Mix” to
the chamber is ensured,

RGA sampling, where the residual gas analyzer is set up and calibrated for
sampling,

propellant production, where the sorption pump is put into desorption mode,
where the chemical conversion of CO, and H, in the Sabatier reaction is
performed, where the oxygen is liquefied, and where the methane is vented,

electrolyzer operation, where the water is split into hydrogen and oxygen,
liguefaction operation, where the Gifford-McMahon cryo-cooler is started,
process sampling, where the residual gas analyzer is employed for sampling,

monitor, where the performance and the reactions of the overall system are
examined.

Shutdown consists of:

the shutdown electrolyzer, where the production of hydrogen and oxygen is
turned off,

shutdown propellant production, where the Sabatier reactor, the hydrogen
recovery pump, as well as the sorption pump subsystems are turned off,

shutdown thermal conditioning system, where the operation of the thermal
conditioning system is ended,

shutdown chamber atmosphere feed, where the Mars atmosphere feed to the
chamber (required for Mars environment test operations) is turned off,

repress chamber, to equalize external and internal chamber pressure to allow
the opening of the chamber door,

shutdown liquefaction operation, where the oxygen liquefaction system and
dewar are turned off and secured,

shutdown hydrogen feed, where the hydrogen feed is turned off,

shutdown Mars atmosphere feed, where the supply of hydrogen to the Sabatier
reactor is stopped,

shutdown Mars environment test and shutdown of breadboard, where the
ambient test operations are ceased.
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Figure 4-13: Test Procedure for Tests in Simulated Martian Environment
(with reference to the corresponding Appendix C subchapters)

141



Kristian Pauly ISCP for Mars Missions

4.6 Results of Integrated Tests under Ambient

Conditions

During the carrying out of a typical ambient test, as in any test, the main goal is to attain
and stabilize the Sabatier reaction. In order to achieve that, it is necessary to first ensure
the provision of an adequate carbon dioxide flow to the reactor. This can be done by
charging the sorption bed. Once that had been successfully demonstrated a couple of
times, it was decided to run carbon dioxide directly from the bottles to the reactor. With
this procedure, the lengthy sorbent bed charging period could be avoided and thus more
time per day was available to the actual breadboard operation and propellant production
respectively.

A second prerequisite of the Sabatier reaction is the attainment of an adequate reaction
temperature. The exact minimum temperature is dependent on a variety of parameters,
such as reactor pressure, feed ratio, etc., but it is always greater than 600K. Figure 4-14
represents a typical test run under ambient conditions. The test is started with the
opening of the hydrogen inlet into the reactor (red line). Soon after that, the reactor
heater is engaged, resulting in a sharp increase in temperature (black line). Once the
minimum temperature is reached, both inlet streams are opened to their nominal values,
1000sccm for hydrogen (red line) and between 250 and 300sccm for carbon dioxide (blue
line). The heater is programmed to maintain a certain reactor temperature, thus the
setting in of the Sabatier reaction can not be identified by a temperature change. Hence,
the attention is now on two parameters:

Firstly, the heater on/off intervals: the heater maintains the temperature within a set
range by constantly turning on and off. Once the reaction sets in, the heater has to
provide less power, resulting in a change in the turn on/off pattern.

Secondly, the commencement of the Sabatier reaction also results in a decreased volume
flow (40% reduction), since the methane and the water vapor together require less space
than the carbon dioxide and the hydrogen. The strong bubbling in the condenser vessel
however obscures the measurement to some extent, a problem also outlined in chapters
6.1.4 and 6.1.12.

Once the reaction is established, it is possible to turn off the heating, since it is now able
to sustain itself. The deactivation of the heater leads to a drop in temperature; the system
then however stabilizes itself at the reaction temperature. At this point a definite answer
is given to the question of whether the reaction has not been established or not: if the
temperature falls unstopped to ambient temperatures as depicted in Figure 4-15, no
reaction was attained. This can be due to a couple of different reasons, some of which
are outlined in the “lessons learned” chapters, e.g. 6.1.2 or 6.1.15 respectively. The wild
changes in this figures show that it was tried desperately to attain the reaction by
changing various parameters, however none of them was successful (this special case is
described in chapter 6.1.15).
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Figure 4-14: Successful Ambient Test Run

(Series D, Test 2, 22.09.1999 — Reaction Achieved)
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In the hours following the establishment of the Sabatier reaction, typically different
aspects of the breadboard performance behavior are investigated, such as propellant
production, liquefaction, response to feed ratio changes, and so forth.

After completion of these tasks, the shutdown of the breadboard is initiated. This is
managed by closing one of the two feed lines, either carbon dioxide or - as depicted in
Figure 4-14 - hydrogen. This leads to a sudden drop in temperature to ambient
temperature within a few hours. The lessons that were learned in the area of breadboard
shutdown are subject of subchapter 6.1.2.

4.7 Results of Integrated Tests in Simulated Martian

Environment

Like in ambient testing, the main goal of tests in simulated Martian conditions is to attain
and stabilize the Sabatier reaction. As opposed to the ambient however, this is
complicated mainly through the low temperatures that surround the breadboard. It was
tried to mitigate this challenge by slightly altering the design of the breadboard during the
environment tests, this design alteration is subject of subchapter 4.5.1. The idea is to
decrease the temperature difference between the measurement and control hardware on
the one side and the surrounding on the other side by introducing a thermal insulation
box which shrouds the breadboard frontplate components. This box also incorporates
some additional heating capability. However, as outlined in the learned lessons
subchapter 6.1.4, it has to be stated, that the commercial of the shelf hardware which
made up the breadboard were still challenged by the temperatures, and were only able to
work properly for a comparatively short duration. The main problem was caused the flow
meters, which were not qualified for low temperatures. Whereas the temperature in the
center of the insulation box remained over 0°C at all times, it fell under that value at the
corners of the box. Consequently, the systems in this area were the ones that caused the
problems. The electrolyzer at the bottom end of the box could maintain an internal
temperature exceeding the freezing temperature (freezing of the water would
undoubtedly have destroyed the electrolyzer), however the inlet rubber fittings became
brittle and started leaking. The flowmeters placed at the upper end of the thermal
insulation box seized to work properly after a while, thus changing the inlet flows, which
led to a change in temperature, so that some 20 minutes after the deactivation of the
heaters the measurements as well as the results started to give false results. This faulty
behavior is understandable, since the flowmeters that were used in the breadboard were
based on the principle of conduction, which works of course only in the range for which
the flowmeter is designed for. Outside this envelope, the fluid properties change
considerably, thus leading to unreasonable results.
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Figure 4-16: Successful Environment Test Run

(Series K, Test 1, 05.12.2000 — Reaction Achieved)
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Despite these observations, it however remains a fact that these occurrences can all be
attributed to the utilization of hardware that was not qualified for the given environmental
conditions. The decision of JSC’s Propulsion and Fluid Systems Branch to acquire these
hardware components anyway was solely based on stringent budget limitations.
Adequately specified hardware would have significantly increased the cost, since
qualification campaigns are typically much more cost-intensive than the respective parts
themselves. However, even under these less than optimal circumstances, a proof of
concept could be achieved.

The usage of adequately qualified hardware will undoubtedly eliminate these effects.
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5 VALIDATION / COMPARISON OF MODEL AND TESTS
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T. Conclusion

5.1 Outline

During the testing in Earth ambient as well as in simulated Martian environment, the
reactor temperature distribution was measured at three separate points with the help of
thermocouples: one inside the reactor core (close to the reactor outlet), and two in
between the outer reactor wall and the insulation (one at the top, close to the reactant
inlet and one at the bottom, close to the reactor outlet). The data of these three sensors
was collected every 1, 2, 5, or 10 seconds, depending on setting of the LabView® control.
The temperatures are mainly dependent on the heater power, the reactant mixture ration,
the inlet mass flow as well as the temperature of the surrounding. All these parameters
were also modeled in the computer model as outlined in chapter 3.

Now the task will be to compare the temperature data obtained in the tests with the
temperature curves calculated with the computer model. If the data is in accordance,
than we actually hold a powerful design tool in hands, since the computer model can
calculate the temperatures — as well as any other significant state parameter - at every
place within the system, not just the temperatures at the three places mentioned before
(see Figure 5-1).
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Figure 5-1: Temperature Distribution in the Reactor
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5.2 Evaluation of Model Predictions of Atmosphere
Acquisition

Upstream of the Sabatier reactor, the sorption pump described in chapter 4.2.1 fulfills it
task of providing the subsequent elements of the breadboard with carbon dioxide which it
extracts from the atmosphere. The atmosphere acquisition model is based on the
formulas that were derived in chapter 3.6.2. Its heart are the Toth equation and the
corresponding curve fit constants. The evaluation of model predictions and test results is
summarized in Figure 5-2:

0 E

il

T

T TTTTT

T

T TTITI

o, Loading [g co, / 100 g Sorbent]

-3

i}

T

1t

Figure 5-2: CO, Adsorption of Sorption Bed as a Function of Pressure and
Temperature (in °C)

The accuracy of the sensors in the breadboard acquisition subsystem was not favorable to
exact atmosphere adsorption measurements; the aim of the breadboard tests was more
on the Sabatier reactor part of the overall system. Fortunately, exact measurements in
the course of tests particularly focusing at the adsorption were conducted by Lockheed
Martin [Mulloth & Finn, 1998] prior to the installation of the breadboard at JSC. These test
results were therefore used for the validation of the adsorption model (all other modeling
predictions were validated with breadboard test data). The blue circles in the graph
represent the results of the Zeolite sorption bed tests. These tests extended over a
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temperature range of 0 to 250°C and a pressure range of 10°®bar to slightly over 1bar.
The red lines in the graph show the corresponding computer model predictions for the
different temperature levels at which the tests were conducted (red numbers, in °C). The
shaded area signifies the envelope in which the breadboard sorption pump is operated in.
It is bordered on the one hand by the minimum and the maximum sorption bed pressure,
the former being the Mars surface pressure (between 4 and 6 mbars), the latter being
slightly over Sabatier reactor pressure (typically around 1.35bar). On the other hand it is
also limited by the maximum and the minimum temperature, meaning some 230°C for
desorption and Mars ambient temperature for adsorption (or the sorption bed CO, load
limit respectively).

As it can be seen from the graph, the model and the test results are in very good
accordance.

5.3 Evaluation of Model Predictions of Tests under

Ambient Conditions

Figure 5-3 shows the comparison of measured vs. predicted reactor temperatures under
Earth ambient conditions. The red line shows the calculated temperature distribution at
the reactor’s symmetry axis (T.) over the length of the reactor. The blue line represents
the predicted temperature distribution at the reactor’s vessels outer wall (T,), a location
that is still underneath the insulation. The third line is the temperature at the outside of
the insulation, again predicted by the computer model.

The black circles represent test data achieved by the thermocouples at the respective
locations: one internal temperature sensor at the outlet end of the reactor (on the
symmetry line), as well as two external sensors, one near the inlet, the other near the
outlet end of the reactor. The data was acquired during a series of tests, resulting in a
distribution of data circles, which however all lie close to the corresponding points on the
predicted temperature lines. It can thus be said that the model and the test data are in
good accordance to each other.

This means that the model can now be used to estimate temperature levels at locations
which are not accessible for thermal sensors. It also can give not just the temperature at
a few discrete points, but over the full length and the full radius of the reactor. It can
furthermore be used as a design tool for future apparatuses, some of which will be
outlined in chapter 6.
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Figure 5-3: Comparison of measured vs. calculated Temperatures under Earth
Ambient Conditions (at the center, reactor wall, and insulation)

5.4 Evaluation of Model Predictions of Tests in

Simulated Martian Environment

Figure 5-4 shows the comparison of measured vs. predicted reactor temperatures in
Simulated Martian Environment. Again, similar to the previous chart, the red line
symbolizes the calculated temperature distribution at the reactor’'s symmetry axis (T.), the
blue line the predicted temperature distribution at the reactor’s vessels outer wall (Ty),
the third line the temperature at the outside of the insulation, and the black circles the
test data attained by the thermocouples. In summary, the locations of the sensors
remained unchanged.

In chapter 4.7, the sensor problems that occurred during the test were discussed. As
outlined, the sensors tended to deliver false results in the later phases of the test runs, so
online data from early stages were put into considerations. With this in mind it can be
stated, that — unlike the flowmeters - the interior of the reactor remained mainly oblivious
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to the altered external temperatures. To draw a conclusion it can also here be said that
the model and the test data are in good accordance to each other. This means that this
aspect of the model is now also validated and available to be used as a design tool.
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Figure 5-4: Comparison of measured vs. calculated Temperatures in simulated
Martian Environment (at the center, reactor wall, and insulation)
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6 NEXT STEPS
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7. Conclusion

6.1 Learned Lessons of the 1°* Generation Breadboard

As a first step before deriving recommendations and plans for the future, a look at the
lessons that where learned during the testing of the breadboard shall now be taken.

6.1.1 Filling and Draining of Water into and from the

Breadboard
Observation:
In the current setup the crew that sets up the test has to break a fitting in order to inject
the water into the system. The removal of the system’s water is even more difficult, since
it not only involves breaking a fitting, but also soaking the water out (it is arduous to get
all the water out of the system, if it has several low points where it can accumulate).

Recommendation:
Depending on whether there is a requirement for system flushing after operation, the
system should be equipped with two or more valves throughout the system. Piping design
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with lots of up and downs in the gravitational field should be avoided, since it complicates
the introduction and removal of liquids to and from the system.

6.1.2 Flooding of Reactor

Observation:

As described in chapter 4 the flooding of the reactor caused quite some trouble and
confusion. This usually occurs once the reaction in the reactor is ended. At that point, the
reactor is filled with hydrogen and carbon dioxide (coming in as reactants for the
reactions via the inlet) as well as methane and water vapor (which are produced in the
reactor). According to the Sabatier Reaction

CO, + 4H, — CH,4 + 2H,0 (+ E)

This reaction produces heat; therefore the reactor temperature drops significantly after
termination of the reaction. This however leads to the following:
Two thirds of the volume of the reactant gas stream is water vapor. Upon temperature
e - decrease this water vapor starts to condense within the
reactor, thus decreasing the pressure in the reactor. This
pressure drop now creates a pressure difference
between reactor and the succeeding condenser tank,
thus causing to suck the water back up the pipe and
flooding the reactor. This actually became obvious in
September 2000, when the reactor was taken apart to
investigate the level of degradation of the catalyst.
Surprisingly the catalyst was wet (see Figure) — a result
of the prior testing.
Also, during a couple of tests, a pressure difference
(some 17kPa) was observed between reactor and
condenser tank, which almost went to zero after reactor
heat up. This can be explained by water that bedewed
the filter at the bottom of the reactor casing (designed

| . . .
to filter small pieces of catalysts from wandering
Figure 6-1: downstream). It also seems that a wet reactor under
Wetted Catalyst certain circumstances (if it was completely flooded) is

not able to sustain a reaction without prior (extensive) drying by turning on the reactor
heaters. This is certainly undesirable.

In one case, water vapor was even found in the CO, flow meter that precedes the reactor.
The flow meter had been dismantled from the system since it showed abnormal behavior.
Water can very well cause abnormal behavior in this kind of flow meters since they are
based on heat flow measurements, which are different for different substances. Thus,
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water (esp. liquid water) in a CO, flow meter will certainly lead to faulty control behavior.
How the water got into the flow meter could not be explained yet.

Recommendation:
There are to possible solutions to this problem:
1. Purging:
Upon test end, only one instead of both reactant streams is turned off. As result,
the reaction still dies, however products which still reside within the reactor are
“washed” out of the reactor, thus the pressure drop is smaller and not sufficient to
lift the liquid water back up into the reactor. This however means that significant
amounts (as opposed to just traces like during nominal operations) of either
hydrogen or carbon dioxide attain downstream. The hydrogen could be filtered
using the hydrogen recovery pump; the carbon dioxide could be released to the
environment. The hydrogen flushing however will undoubtedly lead to an
increased hydrogen loss in the system; the carbon dioxide flushing on the other
hand could raise the problem of the creation of carbonic acid in the condenser
tank. Both are undesirable.
2. Valve:
An extra valve is added downstream of the reactor. This can either be a manual
valve (which is closed at shutdown) or a check valve (which prevents the water
from the condenser tank to re-enter the reactor). This however adds mass and
risk of failure (CV3320 seemingly did not work).

Compare this issue also with the problem described in 6.1.3.

The issue of the increased pressure difference due to water in the filter could be solved
by an additional heater at the bottom of the reactor vessel that would be used to dry the
filter prior to reactor turn-on.

6.1.3 Vent Path for Trace Gases

Observation:

During startup, when the reaction has not yet started, but the reactants are already
flowing, hydrogen attains downstream. This is comparable with the described drawback of
the suggested purging solution of 6.1.2. Hydrogen gets downstream to the methane,
when the recovery pump is on, to a much larger extent of course if the pump is not
turned on. In any case, the system has to be able to cope with the fact that both,
hydrogen and carbon dioxide, can accumulate in the methane storage tank®. During the

Y In fact, the same is true for any other possible trace gases. The amount may be minute (as it has
been shown in modeling and testing), however these gases will accumulate at the storage end of
the system; thus the system has to be able to cope with them, e.g. by means of venting. On a
lighter sight of the problem stands the fact that the environmental impact of this approach had to
be evaluated during the TRR (test readiness review) as described in chapter 4.3.
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1% Generation Breadboard Tests this was not an issue, since due to cost reduction
reasons only the oxygen side actually had a storage tank (the methane was simply
vented) — however this issue will come up once both propellants will be liquefied.

Recommendation:

Like in the case of turn off, a startup with both reactants is undesirable. One solution
could be a recycling of the product stream back into the reactor — during startup, before
the nominal temperature is reached, the outlet flow of the reactor is not led to the
condenser tank, but rather recycled back to the reactor inlet. With that, the temperature
increase would be much faster and the amounts of hydrogen and carbon oxide that attain
downstream could be reduced. Once nominal reactor temperature is reached, a 3-way
valve turns to reach nominal flow directions.

However, it is questionable whether a recycling can be achieved without a pump.

6.1.4 COTS vs. Martian Requirements
Observation:
Due to limitations in funding, most of the materials was commercial off the shelf (COTS)
as well as residual material from other programs and tests. Although any of this material
was ever intended to work on Mars or in simulated Martian environment, the testing in
Martian environment resulted in the production of propellant and can be rated a success.
The instruments chosen for the breadboard had to be chosen according to whether they
seemed to be the right ones for the job — they were not chosen according whether they
were certified for the job. Certainly this is not optimal, but limited money resources did
not life other choices. Being a breadboard, it — per definition — cannot be flight ready
hardware, this has to be kept in mind.
However, one should keep in remembrance the things in the design that certainly will
have to be changed before it can sally forth to the Red Planet:
1. Flow meters:
As outlined already in chapter 5.4, during the Mars environment testing the flow
meters were fooled by water, as well as temperature and pressure changes. The
flow meters used in the 1% Generation Breadboard are based on changes in
thermal flux, which increases with increased mass flow. However, this is not the
only variable it is a function offers. Other influencing factors are e.g. fluid thermal
properties. These are listed in tables. However, being a black box, it is hard to
reproduce how other factors come into play, namely different Martian
environmental parameters (e.g. local gravitational acceleration g, atmosphere
composition and pressure, etc.). For a flight unit these black boxes either have to
be opened, understood and certified for Martian environment; or different ways to
measure mass fluxes have to be employed which are better understood and/or
less susceptible towards the environment they are in.
2. Sensors:
This question of reliable sensors and controllers affects the question of whether
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the system can be controlled effectively or not. No complex system can function if
the parameters needed for the controller are faulty. It was not possible to see the
indications for the commencement of the Sabatier reaction (see chapter 4.6), due
to reasons connected with the software. This problem could not be identified (and
thus solved) during the first seven tests. Failure Determination, ldentification and
Mitigation can only work if every element of it (the determination, the
identification, and the mitigation) works. During the very first runs this became
very clear: the provider of the Sabatier reactor subsystem had stated the initiation
of the reaction could be clearly seen from a “rapid temperature increase and a
raise in the water vapor content of the outlet stream”. The problem with that was
that the LabView, the software that is used to control the system, was configured
to “auto scaling”. Auto scaling is a software function that ensures, that the graph
of a function does not “wander off the chart”. If there is an increase, it
automatically alters the axis. Another example of that is the water level indicator:
the outlet pipe of the reactor in the 1% Generation Breadboard is led into the
condenser tank. With methane being one of the constituents of the stream that
enters the condenser tank through a submerged pipe, even with all the water in
the stream already condensed, there is still a lot of bubbling going on in the
reactor. The turbulences of the water level caused by these bubbles was in fact
completely covered the effect of the slowly increasing water level — since the
sensor only measures the height of the water level in the tank. Due to reasons like
these two, the perceptions of the people operating this system was completely
different compared with the impressions that the test team of the provider
received who used a different sensor and control systems.

Recommendation:

For coming generations of breadboards as well as hardware it has to be made clear that
COTS hardware is hardly up to the challenge of coping with the Martian environment.
With special considerations it has to be made sure that the hardware used is not only
designed, but also tested and certified to cope with Martian environment. This is not so
much a engineering but rather a cost problem.

6.1.5 Pressure Control throughout the System

Observation:

The original concept in mind during the design process of the 1% Generation Breadboard
was that the two backpressure regulators at the downstream ends of the system regulate
the pressure upstream. However, in practice it showed that the attempted closed loop
control these regulators were programmed for did not really succeed. The automatic
pressure control seemed always to be bumpy, never really smooth; it proved in fact less
inconvenient to regulate the system manually. In some cases, water even went the wrong
way (upstream, compare issue 6.1.2). Certainly this needs to be worked on.
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Recommendation:
No recommendation can be given at this point.

6.1.6 Check-Valve Problems

Observation:
Some of the check valves in the system didn’t work, especially at places where they were
supposed to hold back hydrogen (especially CV3220).

Recommendation:

This problem seems to occur especially when water is present in the area around the
check valve. The mitigation should thus be attempted similar to that proposed in chapter
6.1.2.

6.1.7 Corrosion of Brass 3-Way Valve

Observation:

Within a month(!) after commencement of the breadboard testing, the pipe wall had not
only corroded at the wall but all they way downstream to the O,-dryer.

Recommendation:

A detailed analysis conducted by the chemistry lab of NASA Johnson Space Center of the
problem uncovered an amazing plethora of different elements that led to this occurrence
(accelerated corrosion due to oxygen solved in the water, occurrence of carbonic acid,
local element). Therefore it was decided to not use brass elements throughout the
system. The use of stainless steel solved those kinds of problems, and the cost difference
between the two is marginal.

6.1.8 Carbonic Acid Production

Observation:

During Startup and Turn-off (whenever CO, /eaves the reactor) there is a risk of carbonic
acid (H,COs3) build-up in the condenser tank. This occurs when the CO2 in the condenser
inlet stream dissolves in the liquid water of the condenser tank. This does not lead to any
immediate problems, however it should be kept in mind - since the existence of acids in
the system is hardly favorable.

Recommendation:
Compare with the recommendations for issue 6.1.3.

6.1.9 Loading of Reactor and Dryers
Observation:
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The loading of the reactor as well as both dryers in the current configuration is
inconvenient at best. Often, during loading both catalyst pellets and sorbent material get
crushed. The act of loading also threatens the internal thermocouple (see Figure 6-2),
which basically has to be forcefully pushed through the catalyst bed from the top.

I
) gy
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Figure 6-2: Reactor Top with Thermocouple

Recommendation:

The new reactor design of the 2" Generation Breadboard should separate the two
functions of thermocouple fixture and reactor vessel closure. This can be achieved if the
thermocouple penetrates the reactor vessel from the bottom whereas the reactor vessel
can be filled, emptied and sealed from the top. Same principle can and should be
employed for the dryers.

6.1.10 Sample Port Location

Observation:

With the current location of the sample ports after the dryers, it cannot be measured how
much CO, leaves the electrolyzer, since it could be that this CO, gets absorbed by the O,
dryer.

Recommendation:
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It would be advantageous to place sample ports before the dryer. More preferably have
sample ports before and after the dryers. Thus, the performance of the dryers can be
evaluated, too.

6.1.11 Storage Vessel Evacuation

Observation:

During ambient testing, the O2 storage tank can be evacuated to the vent by opening
valve SV3110. This is possible, since the storage pressure will be above or at atmospheric
pressure (~ 1 bar). However, during Mars environment testing, the system pressure was
reduced to decrease the relative pressure between the subsystems and the low chamber
pressure (~ 6 torr). Thus, the storage vessel pressure actually was below atmospheric
pressure. The product outlets should accommodate the evacuation of the storage vessels
(see also 6.1.1).

Recommendation:

The decrease in system pressure was mainly aimed at reducing the stress for the not
Mars environment certified hardware of the 1% generation breadboard. With coming
generations of breadboards, less caution has to be taken, thus this problem should be
eliminated.

6.1.12 Water Level Measurements

Observation:
The water level measurements in the condenser tank were usually very “noisy”.

Recommendation:

As already described in 6.1.4, the turbulences of the water level were caused by these
bubbles was in fact completely covered the effect of the slowly increasing water level. It
will be shown in 6.2, this problem will unfortunately intensify with the 2" Generation
Breadboard.

6.1.13 Over-sizing of Condenser Tank

Observation:

During ambient tests, by watching at the condenser inlet temperature and by touching
the cooling loops between reactor and condenser tank, it could be noticed that both,
cooling loops and condenser are considerably oversized for their job, at least for ambient
condition, but probably also for operation in Martian environment.

Recommendation:

While a freezing of the condenser content certainly would be very damaging for the
system, also too high water temperature (or even a not completely condensed water inlet
stream into the electrolyzer) can damage subsystems in the vicinity, it should be no
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problem to ensure operation within a certain range, provided that the thermal model of
the electrolyzer is accurate enough. In this case, the 1* Generation Breadboard actually
has to sustain higher stresses than the actual flight unit — since it has to operate in a
wider temperature range (thermal flux varies considerably with decreased environment
pressure and temperature). With the delivery of the 2" Generation Breadboard’s
electrolyzer, it became obvious that staying within the input water temperature range and
proper handling is crucial in order to prevent leaks in the seals — this explains the
leakages in the 1% Generation Breadboard’'s electrolyzer (for which no maintenance
guidelines and no temperature ranges were ever issued) after several months after the
beginning of the tests.

During Martian night (since a condenser per se has to be connected to a thermal sink)
heaters or a thermal shutter would have to prohibit freezing. Alternatively, evacuating the
condenser tank over night could be considered.

6.1.14 Static Electricity Problems

Observation:
Some of the hydrogen recovery plumbing is connected via metallic pipes to the anode
directly. This led to interferences with the data acquisition system.

Recommendation:

The solution that was employed in this case was a combination of non-conducting plastic
plumbing interfaces and non-conducting Teflon insulation. This solution should be kept in
mind for future breadboard and flight hardware generations.

6.1.15 Sabatier Reactor Heat Management

Observation:

Especially during the beginning of the tests the heat management was a major
contributor to unsuccessful tests — mostly as a result of wrong interpretation of sensor
data (compare with 6.1.4), also in this case. During routine work at the reactor, the
copper removal strap was put back on the reactor, however at an altered location (higher,
see Figure). By moving the reactor heat removal copper strap upwards on the reactor
vessel, the thermal flux was altered to an extent that prohibited a sustained reaction.
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Figure 6-3: Installation of Copper Strap (Correct and Incorrect)

Recommendation:

The Sabatier reaction needs a certain minimum temperature to get started. This
temperature depends on the pressure within the reactor vessel as well as the reactants. A
clear understanding of these interrelations is one of the main aims of this thesis. Heat flux
throughout the reactor as well as reaction kinetics modeling should be major design
drivers from the beginning of the design process on. For future generation of breadboards
and flight hardware, options like variable heat rejection, counter flow reactor vessel
layouts as well as intensified temperature measurements throughout the system should
be taken into consideration (see also 6.2).

6.1.16 Water Supply for Electrolyzer

Observation:

At a few occasions during operation, the inlet pressure into the electrolyzer fell short of
the required level, resulting no or strongly reduced H,/O, production

Recommendation:
Second storage vessel that ensures sufficient pressure difference, e.g. by a water column
(however, the required pressure is equivalent to a 5m water column).

6.2 Second Generation Breadboard

Based on the experience gained during the modeling and testing of the first Sabatier /
Electrolyses Breadboard and due to the circumstances described in chapter 2, it was
decided to initiate a 2" Generation Sabatier Electrolysis Breadboard as an interim step
between the first one and spaceflight hardware. The core of the new system is a new,
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counterflow reactor (see Figure 6-4), which has been iteratively optimized in the course of
the design process based on the computer models that were validated with the test
related to the first breadboard.

@ ™

Heater =

Catalyst

Insnlation —

CH,+H,0

Figure 6-4: Conceptual Design of 2" Generation Sabatier Reactor
(Initial Design)

The new reactor will feature an augmented reactor pressure as well as a liquid cooled
electrolyzer (see Figure 6-5). The computer model however has revealed that an increase
in reactor pressure will lead to new problems, since the water vapor close to the cold end
of the reactor already in the current 1% generation breadboard comes dangerously close
to the point were it starts to condense. At the elevated pressures that are currently
discussed in the context of the new breadboard condensation will become unavoidable.
However, as the experience with the 1** generation breadboard has shown (see chapter
6.1.2), a flooding of the reactor bed is certainly not desirable.

There is also a second point, where the efficiency of the new breadboard is put at risk. In
the course of the design of the follow-on breadboard, the propulsion branch issued an
request for proposal for an electrolyzer out to industry. Unfortunately only for proposals
were handed in, all of which did not really fit the requirements. The one that was selected
worked at elevated intake pressures, which led to a need for a boost pump upstream.
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Figure 6-5: 2" Generation Sabatier Breadboard - Draft Design [Trevathan, 2001]
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Furthermore, the electrolyzer takes in water not only for electrolysis, but also for cooling.
In fact, the intake for cooling water exceeds the electrolysis mass flow rate.

The overall system now is unfortunately driven to a great extent by these facts, which are
mostly a result of limited financial resources, since they hardly leave room for dedicated
designs but dictate the choice of COTS hardware®.

Reactor Grid for 2" Generation Breadboard
Part of the breadboard is the new layout featuring a counterflow reactor as outlined in
Figure 6-4.

In order to derive an optimal design for the reactor, a detailed model of it was set up
beforehand and different where emulated and tested electronically with the help of the
computer. For this, the grid structure of the reactor had to be improved, as shown in the
following picture (Figure 6-6).

! However, it should be noted that Astrium Friedrichshafen developed as part of their life support
system for the ISS a dedicated, space-qualified electrolyzer which would well satisfy the
requirements of the 2" generation breadboard.
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Figure 6-6: Grid Structure of 2" Generation Breadboard Reactor

As a first step in the design of the 2" Generation Breadboard, the fundamental
parameters such as mass flows and pressures were evaluated, based on the EXCEL
models presented in chapter 3.6.(see Figure 6-7).
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Figure 6-7: Massflow Analysis 2" Generation Breadboard

According to these basic parameters, off the shelf hardware had to be found (example:
electrolyzer); where that was not available, hardware had to be newly designed (example:
Sabatier reactor). Based on this preliminary work, a first draft design was made (see
Figure 6-5).

This draft design again was further analyzed and through iterative design steps, the
design process was further pursued. Part of that process were the further refining and
adaptation of the MATLAB® model as well as configuration concepts based on
ProEngineer®. The latest status can be seen in Figure 6-8:
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Figure 6-8: Latest Layout of 2" Generation Breadboard [Simon, 2001]

In this drawing, the gray flat cylinder represents the electrolyzer, the four red cylinders in
the upper right are the dryers for methane and oxygen; also shown are the two pumps in
light blue, as well as the flat hydrogen separator in blue.

Based on the developed MATLAB® model, the user can (via the model's user interface)
emulate the performance behavior of the reactor, as well as of the any vital parameter -
anytime and anywhere within the reactor, long before it is actually built as shown in
Figure 6-9 (the respective parameter values are color coded corresponding to their
respective color bar):
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Figure 6-9: Model User Interface - Vital Parameters of 2" Generation
Breadboard

The adaptation of the model to the parameters of the new breadboard, as well as the
hardware design process are still ongoing. The 2™ Generation Sabatier / Electrolysis
Breadboard is scheduled to be turned on for the first time in early 2002.

6.3 Sabatier ISRU Demonstrator for Mars Surveyor
Program Missions

As a next step after a 2" generation breadboard, two new main goals should be set in
order to facilitate the further development of ISRU systems:

1. Decrease system mass and size.
2. Transition from breadboard to flight hardware

It should be stated that the concepts proposed for the MIP follow-on experiments
“PUMPP” (Propulsive Use of on Mars Produced Propellant) where certainly most efficient.
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Figure 6-10: PUMPP (“Propulsive Use of on Mars Produced Propellant™)
Experiment - Preliminary Layout with Lander Shroud [Spencer, 2000]

One can only hope that the first decade of the new millennium sees a demonstrator
mission featuring some of the proposed concepts.

Another concepts that should also be employed in order to aid to aid in achieving the two
goals that were defined before is the so-called “micro-channel technology”. This
technology is patented by PNL Inc. from Sacramento, CA, and was until mainly focused at
terrestrial applications such as e.g. methanol reformers for fuel cell cars. The idea is as
simple as it is compelling: instead of choosing the classical way of chemical engineering
where different parts of an overall system are connected with each other via pipes,
pumps, and valves it is tried here to downscale and miniaturize all the subsystems and to
integrate them into one element. The micro-channels are cut out of the ceramic using
chemical edging (similar to that used in micro-circuit production). In the end, the system
is thus reduced to a single block of ceramic material which consists of a stack of different
layers, each providing a different function, such a e.g. Sabatier reactor, electrolysis, heat
exchange, etc.

This concept is advantageous in many ways. First of all, validation is simplified greatly:
instead of accepting the inaccuracies that often occur when flight systems are designed
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that by up-scaling of their proof-of-concept predecessors, in the case of micro-channel
technology in order to achieve higher flow rates, the amount of stack elements is simply
increased, while the respective elements remain unchanged in size. Second, the mass
(and also the power) requirements are reduced significantly. Furthermore, this technology
holds great potential for commercially beneficial spin-off, since in twenty years the Earth
might very well be covered with millions of fuel cell cars featuring methanol reformers.

Figure 6-11: Micro-Channel Technology [PNL, 2001]

Along those lines, it can be stated that the emerging science of nanotechnology (lately
portrayed in [SciAm, 2001]) holds a great potential for further improvements, not only -
but in particular - in the area of in situ resource utilization. A detailed description of this
goes beyond the scope of this thesis, however some of the concepts where already
outlined in [Eckart, Pauly, et al., 2001].

6.4 ICONPROM - Integrated Consumables Production

on Mars

The final step in the application of in situ resource utilization consists of human missions
to Mars, which is the subject of this chapter.

6.4.1 Drawbacks of current Planning

In the current planning of the first human Mars missions, such in NASA’'s Design
Reference Mission (see chapter ) or in the Russian ITCP concept [ITCP, 2000], the
different subsystems are often seen very isolated from each other; consequently,
potential synergies are overlooked. A selection of characteristic elements of current
program architectures is shown in Figure 6-12.
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Current Program Architecture
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Figure 6-12: Elements of Current Program Architecture

The overall system “Mars program architecture” contains a number of precursor elements
to a human Mars mission such as robotic spacecrafts, as well as sample return and
outpost missions. They are succeeded by the preparatory elements of the human Mars
missions which are pre-deployed to the Red Planet, such as in situ consumable production
plants, as well as in Earth return and Mars ascent vehicles. These set the stage for the
actual crewed missions, which require and consist of habitats for the astronauts with
redundant life support systems, emergency caches, unpressurized (short-range) and
pressurized (long-range) rovers, and experiments such as drills designed to explore
depths up to a few kilometers. Follow-on missions, meaning 2" generation missions that
will take place after the first set of crewed missions, may involve also alternative transport
systems, e.g. Mars hoppers.

These different missions can make up a valid, workable Mars architecture, which however
fails to achieve optimum performance for a given input of effort.

6.4.2 IconProM — The Concept

In order to optimize the overall efficiency of the Mars program architecture, it is necessary
to engage systems thinking rather than subsystem thinking. [Senge, 1990] defines
systems thinking as follows:
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“Systems thinking is a discipline for seeing wholes. It is a framework for seeing
interrelationships rather than things, for seeing patterns of change rather than
static ‘snapshots’”.

Based on this thinking, in the following a new approach for an Integrated Consumable
Production on Mars (IConProM) is presented. IConProM connects the different subsystems
and elements

e robotic spacecrafts (orbiters & landers)

e Mars sample return missions

e outpost missions

e in situ consumable production plants and mars ascent vehicles (pre-deployed)
e crew transfer vehicles and surface habitats
e redundant life support systems

e emergency caches

e (un)pressurized rovers,

e Mars drills

e Mars hoppers

e others

into an unified, integrated overall system in which the different subsystems avoid to lead
isolated existences and attempt to identify and utilize synergy potentials (see also
[Adams, Pauly, et al., 2000]. The facilitator of this integrated system is in situ consumable
production (see Figure 6-13).
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Integrated Consumable Production on/for Mars
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Figure 6-13: Integrated Consumable Production for/on Mars (IConProM)

How can this concept now be put into practice? On an engineering level, this can be
achieved for example by the integration of the following subsystems into one integrated
“big picture”, as outlined in the example shown in Figure 6-14.

This graphic describes the application of IConProM in the context of a DRM-like scenario
in which a cargo lander (in light red, right) with an ISCP plant aboard is pre-deployed on
Mars prior to the manned mission (in light green, left). Before the latter one is sent to
Mars, the former one produces life support system consumables, ascent vehicle and rover
propellants, as well as an emergency consumables & energy cache. The cryogenic fluids
(hydrogen, methane, oxygen) are liquefied and stored utilizing a coldhead (“C.H.™) similar
to the one employed during the testing of the 1° generation breadboard. The amount of
required seed hydrogen mass that needs to be imported is decreased with the help of
recycling using electrolysis, hydrogen recovery pump, and pyrolysis'. The production of
chemical propellants avoids the drawbacks in performance that are inherent to the use of
electrical rover propulsion, as well as the political impediments that are inherent to the
use of plutonium radioisotope thermoelectric generators (compare with the
demonstrations in the context of the Cassini/Huygens launch, described in [Simpson,
1998]). The re-use of landers as surface transportation systems (“hoppers”) becomes
conceivable now, too, whereas the use of cryogenic fluids can potentially open up the

! The pyrolysis is also employed to adjust the oxygen to methane ratio (compare chapter 2.4.1).
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door to a drastic efficiency increase in combustion engines, since the turn obsolete the
power lost usually connected to the compression cycle. It also significantly decreases the
mass that has to be landed on the Martian surface in order to enable the crew to return
to Earth®.

Once the hab has landed, the crew can take full advantage of the pre-deployed logistics-
infrastructure. The fluids that are needed and that are produced in the life support system
part of the mission are the same that characterize its in situ propellant production part.
The two systems are connected via the rover which can transport methane from and
water to the hab. This philosophy of connecting ECLSS and ISPP leads to additional
synergy opportunities. The methane — up to now a waste product in Sabatier-based life
support systems - does not need to be vented anymore now, but can serve as a valuable
resource, e.g. as a fuel for ascent vehicle and rover propulsion systems, as well as a
contingency cache fluid, which provides the crew with energy and water in the case of an
emergency. On the other hand, if the mission can be accomplished without contingencies,
the unused emergency cache can provide the backup function for follow-on missions,
eliminating the need for the import of significant amounts of mass for them; instead, in
this case, additional payload capacity is made available, which would have not been
obtainable normally.

But IConProM can be pushed even further, as outlined in Figure 6-15. Here the functions
of life support and in situ propellant production are completely integrated. This can be
done in renunciation of the DRM paradigm of a split scenario, in which ISPP systems are
pre-deployed separate from the hab, or in the course of a follow-on human Mars mission,
in which existing hardware on the Martian surface deployed by predecessor missions can
be assumed. In this scenario, hab and ISCP plant are flown together, which allows for
further synergies and simplification. Separate methane and water storage systems
become obsolete, as well as parallel CO, acquisition systems, Sabatier reactors,
condensors, electrolyzers, etc. for ECLSS and ISPP; and - not to forget - the transport
requirement between them.

The power required to put IConProM into practice has to be made available by a surface
power system with a power output in the order of 75 to 120kW. While recent and ongoing
studies conducted by [Bailey, 2000] of NASA Glenn Research Center suggests that
advanced solar power systems are able to provide these power levels, the problems with
the automatic deployment of such large arrays will probably result in the need for an
initial surface power source based on nuclear fission as outlined in [Eckart, Pauly, et al.,
2001]. During follow-on missions succeeding the first cargo mission however, when
astronauts can assist the deployment of ever increasing solar array areas on the surface
of the Red Planet, solar power sources will allow for a stepwise increase of the non-
nuclear percentage in the total power budget.

! Compare “Ticket Home Mass” in [Pauly, 1998a]
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[ConProM

Figure 6-14: 1ConProM in Practice — Application in a DRM Scenario
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Figure 6-15: IConProM - Integrating ECLSS and ISPP Functions

6.4.3 Beyond Sabatier and Mars

Finally, it has to be noted that the concept of In Situ Resource Utilization should by all
means not be limited to neither the Sabatier process nor the Martian Atmosphere. The
offerings of resources on Mars available for use is rich, as can be seen in the list of
potential sources for Martian water:
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®

‘The soil samples investigated by the Viking landers, in particular the GCMS, are
likely to be good representatives of average Martian soils. In these samples,
between 0.1% and 1% of the mass is water. In order to release this bound water,
it takes some 10.3kWh of heat per kilogram of gained water [Stoker et al., 1993].
The actual water content of Martian soils however could be up to 10% or 15%,
especially in buried soils, which of course would reduce the amount of heat to be
invested per kilogram of water.

If permafrost (underground ice) is found in shaliow depths on Mars, this would
represent a true gold mine for Martian exploration, since it would simplify human
Mars missions in various aspects. Chances for finding permafrost in shallow depths
are not bad, in particular in higher latitudes, as shown in Figure 6-16:
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Figure 6-16: Stability of Sub-Surface Ice on Mars [Farmer & Doms, 1979]

The cross-hatched region is where sub-surface ice should be stable all year (the
numbers represent the true anomaly in degrees). Hence, permafrost can be
expected to be stable in near surface depths (deeper than approximately 10m) in
latitudes around and higher than some 40°. [Squyres, 1999] points out that this
may also vary greatly from site to site; ice could therefore also be stable in
equatorial regions in greater depths (some 100m, exact depth depended on
diffusion rates / porosity), or at so-called “hot-spots” respectively. This however
has vet to be confirmed, e.g. by the radar experiment on Mars Express (to be
launched in 2003).

Fven if free ice is not present, soii minerals like clays, oxyhydroxides, etc. could
contain, in addition to absorbed water, several hydroxyl (-CH) groups. In the case
of hydrated clays, this can be as much as and over 20% structurally bound
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water [Baker et al., 1993]. Clays must be heated to 500°C, however due to the
higher content, the amount of heat to be invested per kilogram of water could
again be reduced.

e Salt-rich solids may contain as much as some 10% of water. Likely salts on the
Martian surface include epsomite (MgSO47H,O, 30.9m% water), gypsum
(CaS04:2H,0, 33.3m% water), and hydrohalite (NaCl-2H,0, 38.1m%) [Baker et
al., 1993].

o Clathrates may contain significant amounts of water and/or methane (methane
clathrates also have been found on terrestrial ocean floors and are considered a
promising energy source for the future).

e But even in equatorial regions, water may be accessible in the vicinity of
hydrothermal systems or “hot spots”. The working principles of these systems
are only poorly understood and remain an interesting subject for future
investigation.

Concepts for the extraction of underground water were suggested by various authors.
[Meyer et al., 1984] outline a simple, bulldozer-based scenario, in which only slightly less
than 1% of the total energy is required to run the bulldozer and the conveyor; the major
part is invested in the actual heating of the regolith. [Gwynne et al., 1991] suggest a
microwave-based mining, which could increase the energy-efficiency of the water
exploitation even further.

It might appear reasonable to ask whether it is possible to extract water directly from the
Martian atmosphere as promoted e.g. by [Grover & Bruckner, 1998]. However, it is
guestionable whether the concept featured in this work will work as described. Based on
more realistic assumptions, [Meyer et al., 1984] describe a system using successive cycles
of cooling and compression. Here the difficulty is that the mixing ratio of water in Martian
air is very small (<10ppm average) and thus huge volumes of air must be processed in
order to obtain water at a energy cost of 102.8 kWh/kg, more than ten times higher than
from regolith. A detailed analysis and evaluation of the atmospheric water acquisition
concept in [Pauly, 1998a] shows that it is not competitive in comparison to other ISRU
options such as SOEC or Sabatier / Water Electrolysis.

Water is of course not the only resource and oxygen can not only obtained from the
atmospheric carbon dioxide. The regolith found on Mars is highly oxidized, and
particularly iron oxides can serve as an valuable source for oxygen. The reduction of iron
oxides, namely Fe,O3, can be achieved with hydrogen:

Fe,O; + 3H, —» 2Fe + 3H,0
The iron of course is everything but a waste product. It can be the basis for in situ

produced steels, while the water can either be used directly or led into an electrolyzer
which recycles the hydrogen and produces oxygen.
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CO, the waste product of the oxygen producing solid oxide electrolysis cells can also put
to good use here. -instead of directly venting it the atmosphere, it can also reduce the
iron oxide according to the corresponding equation:

Fe,O3 + 3CO — 2Fe + 3CO;

The last to reactions where suggested by [Stoker et al., 1993]. The oxygen has not to be
separated from the iron completely in order to be available for use. Reducing Fe'"" to
Fe'"* according to the equation

2F8203 — 4FeO + O,
requires no reducing agents and less energy than the reduction to pure iron.

The preceding formulas can however not be employed directly, since the Fe,O3; is not
found in pure form, but mixed with other solids. The evaluation of these concepts is not
subject of this thesis. They are just mentioned her in order to illustrate the fact that there
is in fact a plethora of valid options for Martian ISRU conceivable, which all call for closer
investigation.

Taking it a step further, it has to be stated that ISRU is of course not only limited to Mars
alone after all. Future robotic and human exploration mission also aim at the moon, Near-
Earth Objects, Europa, and others. At all these places, ISRU could potentially be employed
to reduce the effort of going there, staying there, and returning from there.

Finding lunar water was one of the goals of the EuroMoon 2000 / LunarSat mission
concepts, whereas suggestions for in situ resource utilization on Near-Earth Objects are
currently under review in the course of ESA’s Solar System Exploration Initiative “Aurora”
as outlined in [Eckart, Pauly et al., 2001].

The application of ISRU on Mars as well as on other extraterrestrial bodies, holds a great
and promising potential for new, innovative ideas which hopefully will help to open up the
“final frontier”.
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7/ CONCLUSIONS

Missions to Mars - in particular human missions - are among the most challenging
endeavors ever attempted by man. They consist of a plethora of different subsystems, all
together culminating in an effort of extraordinary size. In situ resource utilization (ISRU),
in particular in situ consumable production (ISCP), can significantly reduce this effort.
Goal of this thesis was to model such a system on the computer and to evaluate the
performance of real hardware as well as the model with the help of tests in Earth ambient
as well as simulated Martian environment, conducted during a research stay at NASA
Johnson Space Center between January 1999 and May 2001.

Modeling
The ruthenium-catalyzed Sabatier reaction

CO, + 4H, — CH,4 + 2H,0 (+ E)
was modeled taking into account both axial as well as radial heat transfer in the course of
a two-dimensional computer model using the Gibbs free energy equilibrium analysis, as
well as the “A, method” introduced by [Vortmeyer et al., 1999] for a better calculation of
the reaction and transfer phenomena within the reactor.

The A; method has proven to be very useful, especially in combination with the chosen
reaction rate determination method. The complexity of the involved chemical and physical
processes prohibited the modeling in three dimensions (with time as the third dimension),
however gualitative predictions for the transient behavior can certainly be made, and the
approach to achieve a quantitative modeling of the transient behavior of the various
processes is pointed out.

Testing

In the course of the tests conducted in the Mars ISRU Systems Test Facility of NASA
Johnson Space Center, in situ consumable production (ISCP) has proven itself as an
enabling technology. During the time period of the making of this thesis, no showstoppers
or major technical obstacles were be found. The test were in accordance with the
predictions given by the computer model. The Sabatier-based consumable production
from the indigenous resources of Mars made a significant step towards its flight-readiness
for a demonstrator experiment to be flown aboard a Mars lander; although more testing
and development has to be accomplished in order to bring Sabatier to that technology
readiness level, it can nevertheless undoubtedly be stated that ISCP in general and the
Sabatier / water electrolysis in particular remain promising technologies that could and
should play a crucial role in future space exploration - not only in the human exploration
of Mars, but also of other celestial bodies.
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Outlook

Based on the experience gained in the Mars ISRU Systems Test Facility at JSC,
recommendations for the design of future breadboards, demonstrator experiments and
other ISRU equipment have been given. At the commencement of the thesis work, the
main aim of the efforts was the design of a demonstrator experiment to be flown aboard
the 2003 Mars Lander. This plan was later postponed due to changes in the NASA Mars
exploration program in favor of a follow-on (“2™ Generation”) breadboard. Based on the
experience and the modeling tools recommendations for its design were proposed and
outlined — a design that is currently assembled at Johnson Space Center. Furthermore,
the scope of this thesis engulfs a system layout for future Mars missions (both robotic and
human) that opens up opportunities to use synergies between the different subsystems
(e.g. between propulsion and life support) of such undertakings.

In situ consumable production can reduce mass, risk and cost. If the systems that are
currently undergoing end-to-end testing (Sabatier / water electrolysis) and the systems
that are flight-ready (Solid Oxide Electrolysis, as part of the Mars ISPP Precursor) can
continue to prove their usefulness in the future, it is likely that the first human Mars
missions will built upon these technologies.

ISRU is truly a generic, enabling technology; it can significantly enhance and
expand robotic and human exploration by decreasing mass, cost, and risk of Mars
missions. It can provide propellants for ascent and return vehicles, life support system
consumables, increase surface mobility through production of Extra Vehicular Activity
(EVA) consumables, reactants for fuel cell powered vehicles, propellants for hoppers, as
well as emergency energy caches (for propellants, LSS consumables, as well electrical
power and heat).

It is obvious that without in situ resource utilization a permanent presence of humans on
Mars and beyond seems hardly feasible [James et al., 1998]. Consequently, ISCP is an
integral part in the Mars exploration planning of both, NASA and ESA. The innovative
concept of ISCP and “living off the land” is truly generic and certainly not limited to only
Mars, but can also be employed at nearly every conceivable target of human space
exploration, like for example moon, Near-Earth Objects, Europa, and others.

If man wants to explore deep space, he has to learn to use indigenous
resources. Locking back, it has to be stated that this new concept of “living off
the land” is in fact a very old one: the history of human exploration has always
been a history of man utilizing his surrounding.
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APPENDIX A: BREADBOARD FLOW SHEET FOR TESTS
UNDER EARTH AMBIENT CONDITIONS
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APPENDIX B: BREADBOARD FLOW SHEET FOR TESTS IN
SIMULATED MARS ENVIRONMENT
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APPENDIX C: TEST PROCEDURE

C.1

Start Up

The following steps are performed each time test operations begin:

C.2

Zero and span all instrumentation

Synchronize breadboard and chamber computer clocks

Set data recording interval

Start data recording

Announce area warning for operations in cell 116

Contact operations controller and get authorization to switch facility status light.
Verify/Set the facility status light to yellow.

Shutdown

The following steps are performed at the end of test operations:

C.3

Verify/Perform the following:
Shutdown Propellant Production (see section C.23)
Shutdown Liquefaction Operations (see section C.21)
Shutdown Thermal Conditioning System (see section C.15)

Verify/Set ER3401 and ER3402 to O psi

Verify/Shut Off GN, supply to ER3401 and ER3402

Verify all valve commands are off

Set data recording interval to 5 or 10 seconds

Verify O, dewar is empty of liquid and at ambient temperature

Stop data recording

Announce all clear in cell 116

Notify operations controller of test completion to set the facility status light

appropriately.

Set Up Ambient Test

The following steps prepare the test system and facility for breadboard operation with the
subsystem chamber door open:

Verify all system vents and relief valves outlets of O,, H,, CH4 gases are routed out
of the test cell

Verify all LN; lines are insulated

Verify the following monitoring equipment is in place, operational, calibrated, and
set to the listed alarm levels (SMIP, H, 1% max, CH; 1% max, O, 19.5% min and
23.5% max)

Verify/Start forced ventilation of subsystem chamber
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C.4

Rope off the chamber doorway
Verify/Perform the following:
Service Sorption Pump (see section C.7)
Set Up Mars Atmosphere Feed (see section C.8)
Set Up Hydrogen Feed (see section C.10)
Set Up Oxygen Dewar (see section C.13)
Set Up Thermal Conditioning (see section C.14)
Set up GN; supply to ER3401 and ER3402 (<110 psig)
Set up vacuum system to control to sorption pump vacuum (PT3410)
Verify/Connect Sorption pump flow-through valve EV3415 to vacuum system.

Shutdown Ambient Test

Use these steps to perform a nominal shutdown from ambient test operations:

C.5

Verify/Perform the following:
Shutdown Propellant Production (see section C.23)
Shutdown Liguefaction Operations (see section C.21)
Shutdown Thermal Conditioning System (see section C.15)
Verify/Shutdown the following:
subsystem chamber vacuum system (system 324)
subsystem chamber thermal system (system 342)
6000 gallon LN, Dewar (system 322)
Remove rope from chamber doorway.

Set Up Mars Environment Test

The following steps prepare the test system and facility for breadboard operation
with the subsystem chamber providing a partial Mars surface environment
simulation:

Verify all system vents and relief valves outlets for O,, H,, CH, are disconnected
from their captured vents and the connections to the external vent stacks are
capped

Verify system and relief valve vents are directed out of the insulation box

Verify H,/CH,4 vents are separated from the O, vents

Verify insulation on all LN, lines in the chamber is removed

Verify/Install insulation box on S/E subsystem

Set up vacuum system to control to subsystem chamber vacuum (PT tbd)
Verify/Disconnect sorption pump flow-through valve EV3415 from the vacuum
system.
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C.6 Shutdown Mars Environment Test

The following steps perform a nominal shutdown from Mars environment test operations:
e Verify/Perform the following:
Shutdown Propellant Production (see section C.23)
Shutdown Liquefaction Operations (see section C.21)
Shutdown Thermal Conditioning System (see section C.15)
o Verify/Shutdown the following:
subsystem chamber vacuum system (see system 324)
RGA system.

C.7 Service Sorption Pump

These steps load adsorbent material into the sorption pump and prepare the pump for
operations:

e Verify no pressure or vacuum is applied to sorption pump

¢ Remove sorption pump from test system

e Cap/Plug all open lines or ports

e Remove the top con-flat port on the sorption pump.

e Put on protective safety glasses and gloves prior to handling the adsorbent
material (adsorbent material may cause skin irritation after prolonged skin
contact).

o If replacing an adsorbent, remove the old adsorbent material from the sorption
pump and store it in an appropriate container.

e Select the new adsorbent material to be used and record the type.

e Weigh approximately 3.0 kg or less of the adsorbent material in a small container
and record the exact mass.

e Pour the adsorbent material into the sorption pump until filled.

e Record the exact final mass of the container.

e Repeat the last three steps until sorption pump is filled with adsorbent material.

e (Calculate total weight of adsorbent in the sorption pump.

¢ Install the top con-flat port on the sorption pump.

e Install sorption pump according to drawing 353-82003-M1

e Leak check sorption pump subsystem.

e Perform Sorption Pump Bakeout (see section C.12).

C.8 Set Up Mars Atmosphere Feed
The following steps set up the Mars atmosphere feed required for ambient and Mars
environment test operations:
o Verify/Close the following:
Mars atmosphere cylinder vent HV3401 & HV3403
Mars atmosphere feed purge/vent HV3405
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Mars atmosphere cylinder isolation HV3400 & HV3402
Mars atmosphere feed controller FC3405
Open one of the corresponding Mars atmosphere cylinder isolation valve HV3400
& HV3402
Adjust HR3404 to G3405
Cycle open then close HV3405 to purge the lines
Verify HR3405 is still providing the pressure set above on G3405.

C.9 Shutdown Mars Atmosphere Feed
The following steps turn off the Mars atmosphere feed during shutdown of ambient and
Mars environment test operations:
e Verify/Close
Mars atmosphere feed isolation FC3405
both Mars atmosphere cylinder valves
e Fully unload Mars atmosphere feed regulator HR3404
e Verify/Open the following:
Mars atmosphere cylinder vent HV3401 & HV3403
Mars atmosphere feed purge/vent HV3405
o Verify 0 psig indicated on the following:
Mars atmosphere supply pressure G3404
Mars atmosphere feed pressure G3405
e Verify/Close:
Mars atmosphere cylinder isolation HV3400 & HV3402
Mars atmosphere cylinder vent HV3401 & HV3403
Mars atmosphere feed purge/vent HV3405.

C.10 Set Up Hydrogen Feed

The following steps set up the hydrogen feed required for ambient and Mars environment
test operations:
e Verify/Close the following:
H, cylinder vent HV3201 & HV3203
H, feed purge/vent HV3205
H, cylinder isolation HV3200 & HV3202
- H, feed isolation SV3205
e Open one of the corresponding H, cylinder isolation valve HV3200 or HV3202
e Adjust HR3204 to G3205
e Cycle open then close HV3205 to purge the H, feed lines
e Verify HR3205 is still providing the pressure set above on G3205.
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C.11 Shutdown Hydrogen Feed
The following steps turn off the hydrogen feed during shutdown of ambient and Mars
environment test operations:
o Verify/Close:
H, feed isolation SV3205
both H, cylinder valves
e Fully unload H, feed regulator HR3204
o Verify/Open:
H, cylinder vent HV3201 & HV3203
H, feed purge/vent HV3205
o Verify 0 psig indicated on the following:
H, supply pressure G3204
H, feed pressure G3205
o Verify/Close:
H, cylinder isolation HV3200 & HV3202
H, cylinder vent HV3201 & HV3203
H, feed purge/vent HV3205.

C.12 Sorption Pump Bakeout
This section will be performed prior to the initial run with a new adsorbent
material and as directed by the test manager:
* Close sorption pump inlet valve EV3410 and sorption pump outlet valve
EV3420
e Verify/Connect sorption pump flow-through valve EV3415 to vacuum
system
o Verify/Set up vacuum control on PT3410
e Verify/Set vacuum system to hold 6.5 torr
e Open the Sorption pump flow-through valve EV3415
e Set data recording interval to 5 to 10 seconds
e Turn on sorption pump heater (HTR1) and set T3412 to control to 350°F (the
sorption pump may be damaged if the temperature exceeds 450°F).
e Verify internal temperature of the sorption pump T3412 reaches 350°F.
¢ Record time.
e Verify adequate bakeout time has elapsed.
e Turn off sorption pump heater (HTR1).
e Set data recording interval to 5 or 10 seconds
e Close Sorption pump flow-through valve EV3415.
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C.13 Set Up Oxygen Dewar

The following steps evacuate the oxygen dewar and prepare it for liquefaction
operations. Gifford-McMahon cryocooler set up procedure was derived from the
Operation and Service Manual for the AL25 Cryomech Cryorefrigerator.

Verify that dewar does not contain liquid oxygen.
Verify dewar bottom temperature (T3112) indicates greater than -290°F
Verify/Open O, dewar vent valve SV3110
Verify dewar pressure (PT3110) indicates approximately 14.7 psia (ambient
pressure)
Verify/Close the following:
O, dewar liquid line valve EV3120
O, outlet isolation SV3102
0O, dewar vent valve SV3110
Connect vacuum pump to O, dewar vacuum isolation valve SV3109
Verify/Open the following:
O, dewar vacuum isolation valve SV3109
vacuum pump isolation valve
Evacuate dewar to less than reactor operating pressure on PT3110
Close the following:
O, dewar vacuum isolation valve SV3109
vacuum pump isolation valve
Verify/Connect cold head motor cord. Connecting/disconnecting motor cord when
compressor is running may damage the connector, cold head motor, as well as the
operator (high voltage arc).
Verify/Connect all Aeroquip couplings securely
Verify G-M Cryocooler compressor pressure is 205+5 psig on the Cryomech inlet
and outlet gages
Verify/Connect G-M cryo-cooler compressor to facility power.

C.14 Set Up Thermal Conditioning

The following steps configure thermal conditioning system 342 and the LabVIEW control
for test operations:

Verify/Open cell 116 doors

Configure system 340 to supply actuation pressure for system 342 pneumatic
valves
Verify/Close all system 342 pneumatic valves:

Thermal system liquid control PV500

Thermal system gas control PV600

Thermal box front side control PV715

Thermal box front loop control PV725
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Thermal box middle loop control PV735

Thermal box back loop control PV745

Thermal box back side control PV755

Martian atmosphere/sorption pump thermal control PV765

®* Configure system 322 to supply 150 psig LNo/GN, to PV500 and PV600,
respectively

* Slightly Open HV500 to reduce pressure buildup from LN, boil-off.

C.15 Shutdown Thermal Conditioning System

Use these steps to perform a nominal shutdown of the thermal conditioning
system 342:
e Shut off supply from system 322
e Open at least one of the system 342 pneumatic valves PV7x5
e Close the following:
Thermal system liquid control PV500
Thermal system gas control PV600
e Shut off supply from system 340.

C.16 Ambient Adsorption

The following steps charge the sorption pump with 100% CO, without use of
thermal control:
e Verify/Perform Set Up Mars Atmosphere Feed (see section C.8)
o Verify/Set CO, inlet flow control FC3420 to 0 sccm
e Verify/Close Sorption pump flow-through valve EV3415
o Verify/Open the following:
Sorption pump inlet valve EV3410 / outlet valve EV3420
CO, feed isolation valve SV3420
e Set simulated Mars atmosphere flow (FC3405) to 770 sccm
o Verify PT3420 and PT3405 have equalized (FC3405 should indicate flow has
stopped)
e Set simulated Mars atmosphere flow (FC3405) to 0 sccm
e Close sorption pump inlet valve EV3410
e Set sorption pump heater (HTR1) control to maintain sorption pump pressure
(PT3420), but do not allow sorption pump temperature (T3412) to exceed 450°F.

C.17 Sorption Bypass Flow
The following steps set up 100% CO, flow through the sorption pump to the S/E
subsystem; bypassing the sorption process:

o Verify/Perform Set Up Mars Atmosphere Feed (see section C.8)

o Verify/Set CO; inlet flow control (FC3420) to 0 sccm

o Verify/Close sorption pump flow-through valve EV3415
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Verify/Open the following:
Sorption pump inlet valve EV3410 / outlet valve EV3420
CO, feed isolation valve SV3420

Set simulated Mars atmosphere flow (FC3405) to 770 sccm.

C.18 Full Adsorption

The following steps allow the simulated Mars atmosphere to flow through the
sorption pump so that CO, is adsorbed:

Verify/Perform Set Up Mars Atmosphere Feed (see section C.8)
Verify/Set thermal system to control sorption pump external temperature (T3406)
to -170 to -10 °F
Verify/Set vacuum system to hold 6.5 torr
Verify/Close sorption pump outlet valve EV3420
Verify/Open the following:
Sorption pump inlet valve EV3410
Sorption pump flow-through valve EV3415
Set data recording interval to 5 to 10 seconds
Set simulated Mars atmosphere flow (FC3405) to 1000 sccm
Monitor sorption process for some 1 to 2 hours to charge the sorption pump with
CO,
Set simulated Mars atmosphere flow (FC3405) to 0 sccm
Close the following:
Sorption pump inlet valve EV3410
Sorption pump flow-through valve EV3415 (the sorption pump is now charged
with CO,, thus increases of the sorption pump temperature may cause relief
valves to open).
Verify/Open the following:
Sorption pump outlet valve EV3420
CO, feed isolation valve SV3420
Set sorption pump heater (HTR1) control to maintain sorption pump pressure
(PT3420), but do not allow sorption pump temperature (T3412) to exceed 450 °F.
Perform one of the following:
Desorption (see section C.19)
Propellant Production (see section C.22).

C.19 Desorption

The following steps desorb CO, from the sorption pump through the SE subsystem and
out the CH4/H, vent system. This section shall not be used for propellant production
operations:

Verify/Perform Shutdown Thermal Conditioning System (see section C.15)
Verify/Close the following:
Sorption pump inlet valve EV3410
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Sorption pump flow through valve EV3415
H, feed isolation valve SV3205
H, inlet flow control FC3220
- Water transfer valve SV3824
Verify/Open the following:
Sorption pump outlet valve EV3420
CO, feed isolation valve SV3420
CH, outlet valve SV3302
Verify/De-energize CH, dryer regeneration valve SV3301
Set data recording interval to 5 to 10 seconds
Set the CO; inlet flow control (FC3420) to 1000 sccm
Set sorption pump heater (HTR1) control to maintain sorption pump pressure
(PT3420) at slightly over 20 psia (dependent on Sabatier reactor pressure) but do
not allow sorption pump temperature (T3412) to exceed 450°F (505K).
Adjust CH4 back pressure BPR3301 to some 19 psia (exact value dependent on the
Sabatier reactor pressure) on PT3220
Verify sorption pump is exhausted.
Turn off sorption pump heater (HTR1)
Set the CO; inlet flow control (FC3420) to 0 sccm
Verify/Close the following:
Sorption pump outlet valve EV3420
CO, feed isolation valve SV3420
CH, outlet valve SV3302.

C.20 Liquefaction Operations

The following steps start the G-M cryo-cooler. They were derived from the Operation and
Service Manual for the AL25 Cryomech Cryorefrigerator.

Verify/Perform Set Up Oxygen Dewar (see section C.13)
Verify/Close the following:

0O, dewar dump valve EV3120

O, dewar vent valve SV3110

O, dewar vacuum isolation valve SV3109
Set data recording interval to 5 to 10 seconds
At no time should the high pressure be allowed to exceed 270 psig. Pressures
above 270 psig will overload the compressor module and cause possible failure.
A pressure differential should be noticed immediately between high and low
pressure gauges. The pressure differential will decrease as the cold head cools
down.
When the cold head first starts up, it will make a mechanical tapping sound. This
sound will gradually diminish as the cold head cools down.
Turn On G-M cryo-cooler or set control of power to the G-M cryo-cooler to
maintain 18 psia in dewar (PT3110)
Monitor compressor pressure periodically during operation for sudden changes.
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C.21 Shutdown Liquefaction Operations

Use these steps to shutdown and secure the oxygen liquefaction system and dewar.
e Shut off power to G-M crycooler
o Verify O, dewar pressure (PT3110) is greater than 14.7 psia
e Verify/Open O, dewar vent valve SV3110.

C.22 Propellant Production
The following steps operate the sorption pump in desorption mode, perform the chemical
conversion of CO, and H, in the Sabatier reaction, liquefy the O, product, and vent the
methane product:
e Verify/Perform one of the following:
Ambient Adsorption (see section C.16)
Sorption Bypass Flow (see section C.17)
Full Adsorption (see section C.18)
o Verify/Perform Set Up Hydrogen Feed (see section C.10)
e Verify/Open the following:
H, feed isolation valve SV3205
Sorption pump outlet valve EV3420
CO, feed isolation valve SV3420
CH, outlet valve SV3302
o Verify/De-energize CH4 dryer regeneration valve SV3301
o Verify/Close water transfer valve SV3824
e Set data recording interval to 5 to 10 seconds
e Set H; inlet flow control FC3220 to XXX sccm (50 to 200 sccm)
e Adjust CH, back pressure BPR3301 to XXX psia on PT3220
e Set Sabatier reactor heater (HTR5) to XXX °F on T3321 (500 to 800°F)
e Verify Sabatier reactor temperature (T3220) exceeds 150°F
e Set data recording interval to XXX seconds
e Set the following:
COs inlet flow control FC3420 to XXX sccm
H, inlet flow control FC3220 to XXX sccm
e A rapid increase in T3220 indicates reaction is started.
e Verify water production by an increase in tank level (DP3324)
o If desired, power up hydrogen recovery pump HRP1 to ~0.8 to 1.0 volt
e Verify Sabatier reactor temperature (T73220) > 230°F / 110°C
e Turn off power to the Sabatier reactor heater (HTR5)
e Set data recording interval to XXX seconds
e Perform propellant production for XXX hours.
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C.23 Shutdown Propellant Production
The following steps shutdown the Sabatier reactor, the hydrogen recovery pump,
as well as the sorption pump subsystems:

Adjust ER3401 to hold 15 psia on PT3301
Verify 15 psia on PT3301
Set the following:

CO, inlet flow control FC3420 to 0 sccm

H, inlet flow control FC3220 to O sccm
Verify/Power off hydrogen recovery pump HRP1
Turn off sorption pump heater (HTR1)
Close the following:

H, feed isolation valve SV3205

Sorption pump outlet valve EV3420.

C.24 Electrolyzer Operations
The following steps operate the water electrolyzer to produce hydrogen and
oxygen:

Verify/Open O, outlet valve SV3102

Verify/De-energize O, dryer regeneration valve SV3101

Set data recording interval to XXX seconds

Set electrolyzer voltage (Veec) and current (lgec) as needed until approximately 16A
is obtained at the electrolyzer.

Adjust electrolyzer output to match water production rate as indicated by steady
water level (DP3324) indication

Set ER3402 to hold PT3101 to PT3301 indication minus 0.5 to 1 psi

If oxygen dryer pressure (PT3101) is greater than the methane dryer pressure
(PT3301), water will be moved from electrolyzer to the water reservoir when the
water transfer valve (SV3824) opens. This could cause electrolyzer to run dry and
cause membrane damage.

Set water transfer valve SV3824 to open for approximately 200 ms at 5 second
intervals when DP3101 indicates less than 6 in. H,0.

If water level gets high enough to press float against outlet filter, the vent hole is
clogged and electrolyzer operations must be stopped until the vent can be cleared.
Monitor H, side of electrolyzer and verify that excess water is vented out of
chamber.

C.25 Shutdown Electrolyzer
The following steps turn off the electrolyzer:

Set ER3402 to hold PT3101 to 15 psia
Verify 15 psia on PT3101
Power off the electrolyzer voltage and current

203



Kristian Pauly ISCP for Mars Missions

C.26 Process Sampling
The following steps operate the residual gas analyzer (RGA) sampling system to
determine gas composition in various parts of the breadboard system:
e During the following operations only ONE of the following valves may be open at a
time: Mars Mix sample SV3480, CO, sample SV3580, CH, sample SV3380, O,
sample SV3180, and sample isolation SV3581.
e Verify/Calibrate the RGA sampling system
o Verify/Close the following:
Mars Mix sample valve SV3480
CO, sample valve SV3580
CH,4 sample valve SV3380
O, sample valve SV3180
o Verify/Open the following:
sample isolation valve SV3581
vacuum isolation valve SV3582
e Verify/Turn on the vacuum source at SV3582
o Verify XXX psia on sample volume pressure (PT3580)
e Close the following:
sample isolation valve SV3581
vacuum isolation valve SV3582
e Open one of the following:
Mars Mix sample valve SV3480
CO, sample valve SV3580
CH,4 sample valve SV3380
O, sample valve SV3180
o Verify stable pressure on sample volume pressure (PT3580)
¢ Close the sample valve again
o Verify/Close RGA isolation valve HV1114
o Verify RGA system is operating and ready to accept a sample
e Open sample isolation valve SV3581
e Record sample results
e Open the vacuum isolation valve SV3582.

C.27 Set Up Chamber Atmosphere Feed
The following steps set up the Mars atmosphere feed to the chamber required for Mars
environment test operations:
o Verify/Close the following:
Chamber atmosphere cylinder vent HV3501 & HV3503
Chamber atmosphere feed purge/vent HV3505
Chamber atmosphere cylinder isolation HV3500 & HV3502
Chamber atmosphere bypass HV3510
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Chamber atmosphere feed controller FC3505

Open one of the following and the corresponding cylinder valve:
Mars mix cylinder isolation HVY3500
CO; cylinder isolation HV3502

Adjust HR3505 to XXX psig on G3505

Cycle open then close HV3505 to purge the lines

Verify HR3505 is still providing the pressure set above on G3505

C.28 Shutdown Chamber Atmosphere Feed
The following steps turn off the Mars atmosphere feed to the chamber required for Mars
environment test operations:
o Verify/Close:
Mars atmosphere feed isolation FC3505
Chamber atmosphere bypass HV3510
both atmosphere cylinder valves
e Fully unload Mars atmosphere feed regulator HR3505
¢ Open the following:
Chamber atmosphere cylinder vent HV3501 & HV3503
Chamber atmosphere feed purge/vent HV3505
o Verify 0 psig indicated on the following:
Chamber atmosphere supply pressure G3504
Chamber atmosphere feed pressure G3505
o Verify/Close:
Chamber atmosphere cylinder isolation HV3500 & HV3502
Chamber atmosphere cylinder vent HV3501 & HV3503
Chamber atmosphere feed purge/vent HV3505
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