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ABSTRACT

The proposed Mars sample return mission will be completed using natural Martian
resources for the majority of its operations. The system uses the following technologies: In-Situ
Propellant Production (ISPP), a mecthane-oxygen propelled Mars Ascent Vehicle (MAV), a
carbon dioxide powered hopper, and 2 hydrogen fueled balloon system (large balloons and small
weather balloons). The ISPP system will produce the hydrogen, methane, and oxygen using a
Sabatier reactor, a water electrolysis cell, water extracted from the Martian surface, and carbon
dioxide extracted from the Martian atmosphere. Indigenous hydrogen will fuel the balloon
systems and locally-derived methane and oxygen will fuel the MAV for the return of a 50 kg
sample to Earth. The ISPP system will have a production cycle of 800 days and the estimated
overall mission length is 1355 days from Earth departure to return to low Earth orbit.
Combining these advanced technologies will enable the proposed sample return mission to be
executed with reduced initial launch mass and thus be more cost efficient. The successful

completion of this mission will serve as the next step in the advancement of Mars exploration

technology.
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INTRODUCTION

Technological -advances have facilitated the progression of exploration from the earliest
explorers of new land to the exploration of outer space and distant planets. Although virtually
all contemporary scientific experiments are managed by humans, the scientists usually are
separated from the actual physical experiment by an array of sensors, data transmission systems,
software, interfaces and data displays. As the complexity of our scientific endeavors increases,
technological advancements are in constant need. This increase in complexity also leads to
increased mission costs to the point where sequential Earth-launched planetary missions are
prohibitively expensive. However, the introduction of revolutionary technologies, rather than
incremental improvements, will make these more complex planetary mission opportunities
possible. Over the last 45 years, the exploration of Mars has provided a plethora of data and
knowledge about Mars and its atmosphere. The first successful missions to Mars, starting in
1964, were Mariners 4, 6, 7 and 9, and beginning in 1999, the Mars Global Surveyor, Mars
Odyssey, Mars Express and Mars Reconnaissance Orbiter, have produced orbital imagery and
spectroscopic data of ever-increasing-accuracy and detail [1]. The number of Mars surface sites
worthy of detailed scientific investigation appears to be growing exponentially [1]. In order to
carry out more advanced missions to explore such worthy sites, barriers and constraints currently
limiting Mars rover technology must be overcome. Since Mars rovers must operate on the
surface autonomously, the absence of obstruction-free, smooth terrain limits their speed to
perhaps a kilometer per day. Furthermore, a variety of potentially important sites are
inaccessible even using advanced autonomous entry, descent and landing technologies. This
paper focuses on the application of new technologies and concepts that will support more
ambitious future Mars exploration goals at a scale well beyond existing orbiter and surface rover
limitations. In-Situ Resource Utilization (ISRU) can be exploited, enabling the retrieval of

samples from dispersed locations and from distances not previously achievable with present-day

technology.
A Mars sample return mission will return a 50 kg sample using indigenous ISRU

hydrogen and methane and oxygen produced from Mars atmosphere and near-surface water ice.
CO, from the atmosphere and extracted ice from the Martian regolith (within one meter of the
surface) are the only feedstocks. The surface ice will be heated to sublimate, then water will be
retrieved from the ice, and through the use of a Sabatier reactor and water electrolysis cells,
hydrogen, methane, and oxygen will be produced. The ISRU-produced hydrogen will be used as
the lifting gas to charge large balloon systems that can ride on wind currents, transporting rovers
and other scientific equipment over great distances, while small hydrogen-filled weather balloon
systems will provide in situ atmospheric and environmental monitoring data throughout the
mission to provide scientific Mars environmental data and support future heavy cargo and
crewed spacecraft landings. Methane and oxygen will provide the propellant to fuel the MAV
for its return trip to low Earth orbit. Also, CO,-powered hoppers will use CO, extracted from the
Martian atmosphere to enable rovers and other scientific probes to ascend or descend steep
terrain via “‘hops” of up to 1 km. permitting the investigation and possible retrieval of otherwise
inaccessible samples from distant locations. The approach proposcd here can greatly leverage
and accelerate the development of space exploration technologies for Mars and for other
planetary bodies with locally available resources.
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PURPOSE

The purpose of this analysis is to design a Mars sample return mission that uses natural
Martian resources for the majority of its operations, while allowing the exploration of Mars at a
much larger scale that is possible with current technology and also demonstrating the successful
use and benefit of new technologies in a relevant environment for use on a future fixed Mars
base and/or future manned missions. Sending a smaller system all in one helps justify sending
and constructing a large base on Mars and it allows the testing of all the technologies in one
small mission before devoting billions of dollars and years of time and R&D on the development
of a full scale fixed base. The system will consist of the following components: an In-Situ
Propellant Production (ISPP) plant, a methane-oxygen propelled Mars Ascent Vehicle (MAV), a
CO,-powered hopper, and a balloon system (large balloons and small weather balloons). With
these components, constant monitoring of the Martian weather and environment will be possible
to ensure the most efficient acquiring of samples by the hopper and the most efficient conditions
for launching the MAV. The ISPP plant will produce the needed hydrogen, oxygen, and
‘methane using water extracted from Martian surface ice for the fueling of the balloon systems,
rover technology, and the MAV. This self-sufficient autonomous system will successfully return
a 50 kg sample from Mars back to Earth with a total mission time of approximately 1355 days.
The high level mission requirements are summarized in Appendix A along with verification
criteria.

CONCEPT OF OPERATIONS

The transportation concept of operations is represented in Figure 1. The mission originates as a
single payload aboard a heavy-lift launch vehicle which will insert the payload into a low Earth
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Figure 1: Transportation CONOPS
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holding orbit. The overall flight element total, including a 5% mass margin is summarized in
Table 1. The tlight vehicle mass requires a launch vehicle of the class of the proposed EELV

5



Phase 2 or Phase 3 or an Ares V derivative. After check-out, the interplanetary cruise stage will
execute a burn to provide the necessary hyperbolic transfer orbit to intercept Mars. The cruise
stage will enter Mars orbit through an aerocapture operation and then commence EDL. The
heavy landing mass currently exceeds the technology capability of Viking derived decelerators.
EDL will require the use of an inflatable aerodynamic decelerator (IAD), currently being
developed at NASA Langley Research Center, to deploy and initially slow the vehicle in the thin
atmosphere. After the vehicle has reached subsonic speeds, a ring sail parachute deploys and the
IAD will be discarded. In the final phase of EDL the lander will separate from the parachute.and
descend to the surface under rocket power [2]. Upon confirmation of a successful landing, the
lander will begin systems checks and commence surface operations. The surface operations
CONOPS are depicted in Figure 2.

S/C Bus* (kg) 2100
C&DH (kg) 114
Thermal (kg) 162
Balloon System (kg) - 2014
ISPP {kg) 1500
CO2 Hopper (kg) 350
MAV (kg) 80
Margin (kg) 15%
*Includes 815 kg Entry System

Flight Element Total {kg) | - 7268

Table 1: Flight Element Mass Summary

After sufficient samples are collected and propellant manufactured, the MAV will be launched,
inserting itself into a Mars parking orbit before a AV burn for a hyperbolic trajectory back to
Earth. Upon arrival at Earth the payload compartment of the return VethIL will be jettisoned in
~ an impact resistant capsule for Earth recovery.
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Figure 2: Surface CONOPS
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Once checked out, the lander will deploy two ISPP rovers and the sample retrieval CO»
gashopper. The rovers and gashopper will be mounted to ramps, on the side of the lander, that -
will fold downward to the surface to allow the rovers to drive off. The ISPP rovers will collect
soil to be loaded into the ISPP to obtain water for separation and subsequent methane/LOX
production. When sufficient hydrogen gas has been obtained for use by the Mars Autonomous
Balloon Launcher (MABL), a large inflatable cone structure will be deployed atop the lander to
aid in balloon launches. Hydrogen gas, which has been generated and stored in the ISPP from
water electrolysis, will be used to inflate and deploy the weather and heavy lift science balloons.
A total of 25 weather balloons and three heavy lift science balloons have been included in the
landed payload. The CO;, gas hopper will collect samples and return them to the lander. In
addition, each of the three heavy lift science balloons will release a small methane-LOX hopper
that will fly a 2kg sample on a parabolic trajectory towards the lander where it will be retrieved
by the CO, gas hopper. When sufficient propellant has been manufactured and samples

- collected, the MAV will launch with the samples at the next available Earth-return opportunity.

After samples have been returned and all balloons launched, the lander will continue science
operations and function as a surface-based communications hub and a long duration weather
monitoring station, and rovers deployed by the heavy lift science balloons can continue
operating.

LANDING SITE SELECTION

Proximity to water is a driving force for a variety of desired scientific investigations on
the Martian surface. Since local Martian wind patterns cannot be predicted reliably, future
heavy-cargo Mars landings will be difficult unless landing areas have already been pre-
designated and prepared. Since the presence of liquid water within one meter of Mars’ surface is
relatively certain, these areas can be optimized by using them as the primary landing and
operational site for the proposed Mars sample return mission [3].

The Mars Exploration Program Analysis Group (MEPAG) has recently discussed the
potential locations of such water rich areas in their Special Regions Report [3]. The definition of
a “special region” is “a region within which terrestrial organisms are likely to propagate, or a
region which is interpreted to have a high potential for the existence of extant Martian life forms.
Given current understanding, this applies to regions where liquid water is present or may occur
[3].” Figures 3 and 4, from the MEPAG report represent current knowledge of global
accessibility of water ice in terms of the minimum regolith depth required for long-term ice
survivability and the nominal minimum regolith depth for stable water ice deposits as a function
of latitude. It is clear that there should be a great deal of water ice within one meter of the
surface at latitudes between 30 and 90 degrees (north and south). Since the polar regions are
difficult to reach from orbit and are shielded from the Earth part of each Martian year, regions
between the 30 and 60 degree latitudes are more desirable landing site candidates.

The two classifications used when considering water on Mars are the parts at or close to
thermodynamic equilibrium and the parts in long-term disequilibrium [3]. From various studies,
it has been determined that areas on Mars at or close to long-term thermodynamic equilibrium do
not possess the necessary attributes for the possible existence of water at or near the surface.
However, there are areas of long-term disequilibrium that show significant probability of liquid
water near the Martian surface. These potential special regions include gullies and “pasted-on”
mantles.
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Figure 3: Map of latitude vs. depth to ice (depth in meters). [3]
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Figure 4: Two cross-sectional profiles showing latitude vs. the depth to ice (depth in meters). {3]

Although their age and origins are not fully understood, it is highly possible that the
creation of Martian middle- and high-latitude gullies could have involved liquid water [3].
Almost all gullies are located poleward of 30° latitude in both hemispheres and on the north
walls of Nirgal Vallis as seen in Figure 5. The primary locations of these gullies coincide with
the near-surface water ice maps in Figures 3 and 4. Studies suggest that some of these gullies are
sites where liquid water could have been present, at least for brief periods, on the contemporary
Martian surface. Other studies also indicate that gullies are related to groundwater, melting of
ground ice, and/or the melting of a surface-covering snowpack. Many also state that liquid water
is involved in the formation of gullies. The determination of the age of the tens of thousands of
gullies on Mars is a current concern that needs to be studied in greater depth in order to help
determine which sites, if any, will produce liquid water in the near future or sometime within the

next 100 years.
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Figure 5: Map of Martian gullies. [3]

“Pasted-on” mantles are accumulations of materials found on poleward-facing slopes of

- mid-latitude topographic features, such as crater walls and massifs [3]. It is believed that these

mantles may represent remnants of old snow accumulations and/or may be the source of water
that creates mid-latitude gullies [3]. Figure 6 shows a map of Martian mantles, and it is clear that
their locations are primarily within the same regions as those of the gullies in Figure 5. Due to
their possible relationship with gullies, “pasted-on” mantles are also considered currently to have
a high probability of liquid water near the Martian surface. With further research and the
determination of the significance of gullies and their related mantles, pre-designated landing

areas can be established.
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Figure 6: ‘Map of Martian mantles. Colors indicate: localized removal (yellow), knobby/wavy texture (blue), and
scalloped texture and total mantle cover (red). [3)]

Boynton et al. [4] have discussed the distribution of hydrogen in the near surface of Mars,

" measured by the Mars Odyssey orbiter, which they believe is evidence for subsurface ice

deposits. The fact that hydrogen is present is clear, but its chemical form is not so clear in all
cases. In upper layers, hydrogen is likely present in the form of physically or chemically bound
liquid water, which may not be distinguishable from the soil at mid-latitudes where ice is not
stable [4]. However, In lower layers. ice may be the only reasonable phase that can be associated
with such high levels of hydrogen due to hydrogen levels that exceed those that can be



accommodated by the alteration of rock-forming minerals; the high concentrations being hard to
sustain unless a volatility comparable to ice is responsible, and the fact that these regions are
only found in colder regions similar to the conditions needed for ice [4]. Figure 7 shows a map
of the epithermal neutron flux of Mars from the Neutron Spectrometer, an instrument on Mars
Odyssey. The lower the epithermal flux, the higher the hydrogen concentration, and therefore,
the probability of the presence of liquid water is higher. Regions marked in white are regions
where water ice is predicted to be stable at 80 cm depth (not valid for regions poleward of 60
degrees latitude). It should be noted that these white regions seem to coincide with regions of
low epithermal flux, with the exception of the small closed region of predicted ice stability.
However, this small closed region does coincide with the purple (I mm, depth) and blue (1 cm,
depth) shaded regions shown in Figure 3 between the 30 and 50 degree latitudes north. Although
this region does not have the lowest epithermal neutron flux, its flux is still low compared to
other regions on the surface. It should also be noted that the areas with the lowest epithermal
flux also seem to coincide with the areas and latitudes where the depth of ice is believed to be

within one meter of the surface, as seen in Figures 3 and 4, and the general locations of gullies.

and mantles as shown in Figures 5 and 6.
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Figure 7: Map of epithermal neutron flux. [4]

The fact that numerous results and predictions as to the most probable locations of water
on the Martian surface appear to overlay each other supports the selection of an optimal location
for the operation of an ISPP system. The process of narrowing the possibilities for optimal sites
using predictions of the presence of liquid water was used to determine an optimal site for this
proposed sample return mission. The following criteria were used: sufficient access to water,
located near 30 degrees north latitude for optimum year round solar collection (in the event that
nuclear power is deemed unacceptable), low elevation to accommodate heavy landing systems,
and relatively flat surface to aid possible solar panel deployment and for ease of traveling for
sample collection and water extraction. From these criteria, five potential sites were selected.
Their characteristics are shown in Table 2 and their locations are labeled on Figure 8§, where it
can be seen that they all lie in areas with reasonable lower-limit water mass fractions and within
close vicinity of the 30 degree latitude, shown previously to be areas with high probabilities for
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( 5 the presence of water. In the end, the Northeast Amazonis (selection E) is being proposed for-
-  this misston for its low elevation and very flat plain.
Name Location Elevation _ Comments

A Cerulli Crater 32°10'N 22°01'E | -3583 m |~60km diameter crater floor w/ central mound

B "South Cerulli" '27°03'N 21°22'E | -2692 m [~50 km diameter flat crater floor

C "North Maggini" 30°40'N 9°12'E | -2834 m |~120 km diameter flat filled crater

A D "East Maggini" 27°53'N 11°29'E | -4609 m |~30 km diameter flat crater floor
E |"Northeast Amazonis" [35°54'N 144°22'W| -3867 m [Large and very flat plain

Table 2: Potential Landing Sites
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OPERATING ENVIRONMENT

As shown in Table 3, CO; represents more than 95% of the Martian atmosphere.

.
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Atmospheric Composition of Mars as measured by Viking Landers
Carbon Dioxide 95.32%
Nitrogen 2.7%
Argon (40) 1.6%
Oxygen 0.13%
Carbon Monoxide 0.07%
Water Vapor 0.03%
Argon (36), Neon, Krypton, Xenon, Ozone, Methane trace

Table 3: Atmospheric Composition of Mars as Measured by Viking Landers

Atmospheric pressure is known to vary locally by as much as 20% about the annual
mean, primarily due to seasonal CO, condensation - sublimation cycles as shown in Figure 9.
That figure also indicates sol to sol variations in pressure which can be significant. Shorter
period ambient pressure cycles can be attributed to frontal weather activity, dust storms, and
global oscillations. Frontal activity is indicated by large sol to sol variability. Pressure
variations due to dust storms tend to have a longer period and typically show minimal sol to sol
variation [5]. Global oscillations are seasonal and believed to be temperature dependant [6] with
a nominal period of one sol.
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Figure 9: Surface Pressure at Mars as Measured by Viking Landers [6]

Ambient diurnal temperature cycles are influenced by sol to sol variations that may be
caused by frontal activity or dust storms, and seasonal variations. Because the atmosphere is s0
thin, it has minimal thermal inertia, resulting in large temperature variations due to changes in
heat input and mechanical forcing. Diurnal temperature variation is controlled primarily by solar
heating and infrared cooling of the surface to the atmosphere and into space. Heat exchange
between the atmosphere and the surface occurs in the planetary boundary layer whose local night
time thickness varies from tens to hundreds of meters, and during the day time it is on the order
of 5 km thick. Within this layer, the exchange of momentum, heat, and moisture between the
surface and the atmosphere are due primarily to wind and turbulence, strongly affecting the
thermal profile of the atmosphere. "
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While water vapor only makes up approximately 0.03% of Mars’ atmosphere, during
most seasons, the night time atmosphere is saturated over much of the northern half of the planet.
During the day, the heated atmosphere becomes undersaturated. In the southern hemisphere
during summer, the absolute humidity rises only until it reaches the water vapor concentrations
characterizing the equatorial region (even though the atmosphere is capable of holding more
water). While the north polar region has sufficient local water to saturate the atmosphere at
night, water vapor in the southern polar region is transported through the atmosphere from the
equatorial region [7]. High relative humidity can lead to ice-water clouds, forming fog around
mountains, contributing to morning fog, and to the visible North Polar Hood.

Martian winds are created by the global sublimation-condensation cycle driving mass
tlow from the summer pole to the winter pole, and infrared heating and cooling causes warm air
to rise, cold air to sink, and dense air at the surface to migrate towards areas where warm air is
displaced upward. The Coriolis Effect results in average wind directions that are nearly parallel
to the equator. Martian winds have generally been measured in situ, ranging from up to 10 m/s
to near 30 m/s during fall and winter with stronger fronts. Winds can occasionally rise to gale

- force, especially near the poles. The winds lift small dust particles from the surface and those

particles can impact larger regolith particles, ejecting them into the atmosphere (via saltation)
and these wind-dust interactions sometimes produce dust storms that engulf the entire planet.

Dust devils are a common feature on Mars and have been observed at almost all
elevations. Dust devils are thermally driven vortices that contribute significantly to overall dust
and haze in the atmosphere. As a result, dust devils impact atmospheric temperature by affecting
solar heating and infrared cooling. The low pressure core of the vortex has proven to be very
effective at lifting even fine-grained particles; however the overall contribution of dust devils to
atmospheric dust is still not fully understood. Terrestrial observations have found that dust
devils occur in late morning and afternoon, with peak activity occurring between 1300 and 1400
h, then ending after 1700 h [8], and Spirit/Pathfinder data compare favorably with this [9]. Dust
devils can be up to a few hundred meters in diameter and several kilometers in height and move
with the general circulation. While it is predicted that the dust devil season should be summer
for both hemispheres, observations from the Mars Express High Resolution Stereo Camera have
detected a clear peak of activity in the southern hemisphere summer, but a majority of northern
hemisphere dust devils have been observed in the spring [9].

Viking Lander wind observations indicated regular topographical slope winds which are
attributable to the large diurnal surface temperature gradient, a result of the predominantly
infrared nature of heat transfer with the surface. Daytime anabatic upslope winds form as the
sun heats the slopes creating warmer, less dense atmosphere. At night, as the slopes cool,
katabatic downslope winds result from descending cooler, less dense atmosphere. Katabatic
downslope winds tend to be stronger than anabatic upslope winds. Conditions for slope winds
are favorable on Mars in summer [10].

Because the atmospheric- pressure on Mars is less than 1% of Earth ambient surface
pressure, the wind forces (dynamic pressure) on Mars are lower than terrestrial wind forces by a
factor of 10 than the force caused by a comparable terrestrial wind velocity. Currently, the lack
of knowledge of Martian winds and their variability is the dominant error source in predicting
entry trajectories. '

The difficulty in accurately predicting the density of Mars’ atmosphere was demonstrated
by the aerobraking performance of the Mars Reconnaissance Orbiter (MRO). Atmospheric
densities calculated from accelerometer measurements aboard the MRO differed by up to 200%
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compared with the Mars Global Reference Atmospheric Model predictions [11]. The current
version of the Mars-GRAM engineering level atmospheric model (Mars-GRAM 2010) is based
on the NASA Ames Mars General Circulation Model (MGCM) for atmospheric variations with
elevation, starting from the surface and extending up to 80 km, while the University of Arizona
Mars Thermospheric General Circulation Model (MTGCM) has been employed for altitudes
greater than 80 km [12]. MRO accelerometer-derived densities demonstrated that periapsis
density varied significantly from orbit to orbit. Additionally. in-situ measurements showed
strong latitudinal and seasonal variability in atmospheric density and the s1gmﬁcant impact of
dust storms, further complicate atmospheric density predictions.

SURFACE OPERATIONS SYSTEM OVERVIEW

S/C BUS

The primary requirements of the S/C Bus systems are to provide a controlled thermal
environment in cruise and surface operations, target the entry vehicle to the required entry
corridor, in order to decelerate and land the mission payload, and then to house and provide
physical protection from the environment during mission operations. The S/C Bus also provides
a foundation to mount the other sub-systems and to route power through. A mass of 2100 kg has
been allocated to the S/C Bus; of this 815 kg is entry system mass.

BALLOON SYSTEM

The balloon system consists of a Weather Balloon Flight System (WBFS), a Heavy
Balloon Flight System (HBLS), and a Mars Autonomous Balloon Launch (MABL) System. The
functional breakdown of these systems is represented in Figure 10.
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The three most common types of balloons for scientific or meteorological research are
extensible, zero-pressure, and super-pressure balloons. Recently, solar heated Montgolfier
balloons have also been proposed as aerial platforms for Mars research. '

Extensible balloons are employed terrestrially to deploy radio-sonde atmospheric probes.
Those balloons are inflated with a lifting gas (hydrogen, helium, ammonia, or methane), sealed,
and allowed to rise. As the balloon ascends, the balloon envelope — often latex - stretches, and
the balloon volume increases until the balloon film ruptures.

Zero-pressure balloons are fabricated from non-extensible materials, and are used to carry
scientific instruments to a predetermined density altitude. When partially filled with lifting gas
at the surface and allowed to rise, the balloon ascends, and the lifting gas expands until the
envelope is fully inflated — the altitude of first full inflation. At that point, the balloon system
begins to vent excess gas causing free lift through an open duct. The balloon continues to rise
until it reaches a constant-density equilibrium floating altitude where the buoyant force equals
the weight and the pressure differential between the balloon lifting gas and the atmosphere is
zero. The balloon will continue to float at that altitude, but its long-term behavior is controlled
by its radiation environment. If the temperature increases due to radiant heating, more lifting gas
is released; however the balloon stays fully inflated. When the balloon temperature decreases,
the lifting gas density increases, causing the balloon volume to contract, thus causing the balloon
to descend. The balloon will continue to descend toward the surface unless it reaches another
equilibrium altitude or until ballast is released. Zero-pressure balloons cannot be used for long
duration flights, because of the loss of buoyancy associated with night-time cooling. -

Solar heated Montgolfier balloons are a special class of zero-pressure balloons that use
the ambient atmosphere as the lifting gas and radiant heating of the lifting gas to provide the
necessary buoyancy. Solar heated Montgolfier balloons have an opening at the bottom for
filling. A controlled vent at the top of the balloon can release gas allowing the balloon to
descend, or when closed allow the gas to be heated radiantly and expand, causing the balloon to
rise. In this way, solar heated balloons can achieve somewhat controlled flight and even
controlled soft-landings [13]. Solar heated balloons have been proposed for short-duration
flights with the possibility of multiple landings for controlled roving/landing and also as an entry
decelerator. '

Super-pressure balloons are also fabricated from non-extensible material, but they are
designed to float at a constant-density altitude with an internal pressure greater than the local
ambient atmospheric pressure. Super-pressure balloons are partially inflated with a lifting gas,
sealed, and allowed to rise. Like the zero-pressure balloon, as the balloon ascends, the lifting gas
expands increasing the balloon volume until it reaches the altitude of first full inflation. From
the altitude of first full inflation, the balloon continues to rise, converting excess free lift to
internal pressures that are progressively greater than ambient atmospheric pressure, until the
constant-density equilibrium floating altitude is reached. Unlike the zero-pressure balloon, the
buoyancy of the super-pressure balloon is not affected by changes in the radiation environment.
Changes in temperature cause changes in super-pressure but not in the balloon volume, so these
balloons continue to float at a constant-density altitude. The tensile strength of the balloon
envelope limits the maximum pressure differential between the lifting gas and the ambient
atmosphere.  As a result, a relief valve is included to prevent the balloon pressure from
exceeding a predetermined value. Because a super-pressure balloon only looses lifting gas mass
through valving caused by over-pressurization, leaking, or diffusion of the lifting gas through
balloon envelope, super-pressure balloons are particularly well suited for long duration flights.
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The design of Mars balloon systems is a heavily integrated process influenced by the
flight environment, balloon type, balloon geometry, payload mass, suspension system, and
material.  As such, a systems engineering approach must be undertaken to insure proper
consideration of the impact of all of these factors in the final design.

Balloons, by nature, are thermally-controlled. The mean temperature of a Mars balloon
depends primarily on the thermal radiation environment in the vicinity of the balloon, and is
subject to major variations diurnally, seasonally, geographically, with atmospheric dust load, and
with altitude. Direct solar beam heating is small relative to the albedo and thermal inertia of the
surface. The balloon temperature maximum and minimum control the differential pressure range

required to maintain a superpressure balloon at constant volume. The pressure differential .

multiplied by the radius of curvature determines the stress level produced in the envelope
material, and the ratio of this stress to material strength should be sufficiently simall to maintain
an appropriate Margin of Safety. '

The low density of Mars atmosphere, combined with large thermal gradients results in the
need for a large balloon made of light-weight, high-strength material. For a spherical
-superpressure balloon, the only way to increase the maximum allowable envelope differential
pressure is to increase the film thickness which increases the empty balloon mass, necessitating
even larger balloons, and thus increasing the envelope stresses for the same differential pressure.
An elastica, natural shape, or “pumpkin” super-pressure balloon can withstand higher differential
pressures by reducing the circumferential radius of curvature, but this shape requires an increase
in the number of lobes. While the weight penalty is less than for a corresponding spherical
balloon, the pumpkin balloon overall tends to be heavier than the corresponding spherical
balloon.

In a spherical super-pressure balloon, the envelope carries most of the load which
translates to meridional and circumferential stresses. This often makes the envelope material the
limiting factor in balloon size and associated payload mass. Another challenge for spherical
superpressure balloons is the attachment of the payload; a concentrated load normal to the
balloon surface results in an “infinite stress” at the point of application, and a vertical force
tangent to the sphere at the point of application results in a stress concentration [14]. Because of
this, the payload is often supported by a harness of load lines which interface with the spherical
balloon at a point where the discontinuity stresses are low enough to be compatible with the
balloon envelope material—typically 30 degrees below the equator of the sphere. Another
method of supporting the payload is by attaching it to a bottom fitting which is secured to a
center load line, shorter than the balloon diameter, and attached to an apex fitting. This method
transfers the payload load to the apex fitting. Both of these methods for payload attachment
create operational problems when the balloon is deployed in windy conditions [15]. Despite
these drawbacks, due to their simplicity and volumetric efficiency, lightly loaded spherical
balloons have been flown successfully for a variety of terrestrial applications for many years.
These bailoons often use bilaminated polyester film [16] or Mylar film [15] for the envelope
. material.

The known limitations of spherical superpressure balloons prompted further investigation
into how to increase balloon volume and associated payload without increasing the thickness of
the film material. The result was the pumpkin balloon design, which is made up of a series of
lobes created by excess circumferential material between high strength tendons at-the edge of
each gore. The tendons are longer than the envelope gore length, off-loading the meridional
stress load from the film to the tendon. Circumferential stress in the skin is reduced by the
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reduced radius of curvature of the lobe surfaces. This allows the utilization of envelope material
with required ultimate strengths that are significantly lower than the load tendons, while
maintaining sufficient strength to tolerate high localized stresses. There is a limit to the lobing
for a given number of gores before the balloon envelope buckles resulting in a cleft. This
phenomenon is shown in Figure 11 for a fully inflated, full scale Ultra Long Duration Balloon
(ULDB) flown from Australia in March, 2001. :

Figure 11: Full-Scale ULDB :with Undeployed Material [17]

As the number of gores increases, the allowable amount of built-in lobing decreases. C. R.
Calladine [18] developed a semi-empirical relationship:

n<d47/a*’ : (1)

where « is the half-angle, in radians, of the lobed gore and # is the number of gores as shown
in Figure 12. The manufactured gore width is defined by s and the distance between tendons
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Figure 12: Lobed goré geometry

The Calladine relationship leads to a relationship for the maximum half-lobe gore angle and
maximum width ratio [19]:

s =(4770)" | (2)
sle, . =a, Ising : (3)

“max Nnux [JIH3N
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The ULDB project tested this relationship by manufacturing a series of 48 gore model balloons
of various gore designs. Balloons with constant lobe angles and varying lobe radius behaved

according to the Calladine relationship. Those with constant lobe radius did deploy completely

with an s/c greater than that expressed by the Calladine relationship. Pumpkin balloons have
demonstrated the ability to withstand five times the pressure loads of an equivalent volume
sphere [20].

_ While a pumpkin balloon design can result in lower stresses on the film for the same
pressure as a spherical balloon, the envelope material must still possess sufficient ultimate
strength to tolerate that stress.

In addition to ultimate strength, it is necessary to have an acceptable modulus of elasticity
in the temperature range associated with the floating altitude. This may in fact be of critical
importance, because if the modulus of elasticity is insufficient, superpressures will cause the
envelope to stretch which in turn increases the volume and buoyancy of the balloon. If that is the
case, the balloon will continue to ascend to even higher altitudes until it bursts. The higher the
modulus of elasticity, the more stable the balloon float altitude.

Long duration flights require the balloon film to be resistant to pinholing along with a
low permeability to the lifting gas. In addition to low permeability to the lifting gas, it is also
desirable to have a low permeability to the constituents of the ambient atmosphere in order to
insure that there is no appreciable diffusion of higher molecular weight atmospheric gas into the
balloon volume at any point during the flight. Long duration flight systems must also resist
degradation resulting from exposure to ultraviolet (UV) radiation. Since the intensity of solar
radiation at Mars is about half of Earth, it is likely that any stratospheric balloon material used
for high-altitude terrestrial applications will have sufficient UV resistance at Mars.

The mean temperature of the super-pressure balloon at float altitude is a primary concern,
and the equilibrium gas temperature varies primarily as the result of the absorption and emission
characteristics of the film material. Ideally, the effects of radiative heating can be minimized if
the film material is transparent to the entire spectrum of solar and albedo radiation. In that way,
the gas temperature varies primarily as a result of the more predictable night and day ambient
temperature cycles. :

For maximum volumetric efficiency with the least impact on overall spacecraft bus size,
a high balloon system packing density is an important design consideration. Consequently, the
balloon material must first withstand the packing and associated creasing stresses, along with
possible plastic deformation and thermal processing that could occur during transit to Mars. The
balloon material must tolerate abrasion caused by chafing during packing and storage, as well as
during deployment. Creases in the film material can cause tears, and abrasion can cause
pinholes. ) ,

Packing and storage concerns are magnified at higher temperatures. While on the surface
of Mars, the material will be subject to ionizing radiation and cyclical temperature extremes.
The balloon material will be required to maintain its integrity after being exposed to large
temperature gradients. Additionally, it is necessary to know the capability of the balloon
material to recover if exposed to transient peeks in temperature outside the range of design
conditions. The response of the balloon fabric to temperature gradients may necessitate a
thermal management system requirement. The effect of long term exposure (on the order of a
year or greater) to ionizing radiation on the material needs to be understood so that it can be

factored into the design.
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Sterilization is required to prevent contamination of Mars with microorganisms from
Earth. Methods of sterilization need to be tested to determine their effect on the balloon material
and balloon reliability. Sterilization should not weaken or deform the material.

Lastly, the balloon material will require sufficient manufacturability that the finished
balloon is reliable. The gores should be sealed gas tight with seal strengths equal.to that of the
parent film. '

Zero-pressure balloons are not subject to the pressure differentials of superpressure
balloons, and- as such do not experience the same circumferential stresses. Additionally, the lack
of superpressure reduces the design sensitivity to balloon film mechanical properties and
transparency to solar and albedo radiation. Also, because the flight duration for zero-pressure
balloons is typically short, they are less sensitive to permeability and resistance to pinholing
requirements. Zero-pressure balloons must satisfy the other design requirements laid out for the
other balloon systems.

The trades for the balloon system are listed in Table 4:

WBFS HBFS
Balloon Type: Extensible, Zero-Pressure Balloon Material: Mylar, Dartek, Composite
Balloon Geometry: Spherical, Elastica Balloon Geometry: Spherical, Elastica
Envelope Storage: Folded, Wound, Rolled Envelope Storage: Folded, Wound, Rolled

Table 4: Balloon System Trades

Weather Balloon Flight System ( WBF S)

The WBFS consists of the balloon - envelope, seams, end fittings, and inflation tube;
radiosonde; and suspension system. It is designed to carry a 150 g radiosonde payload to an
altitude of 20 km while taking in situ atmospheric measurements. The system summary of the
WBFS is given in Figure 13, including the overall mass budget.

Volume: 1161.8 m*
Diameter: 13.04 m
Geometry: Spherical
Balloon Mass: 2.54 kg
Gas Mass: 167 g
Sonde Mass: 150 g

| System Mass: 2.86 kg

Material: 3.4um polyethylene
Material Strength: 410£40 kg/cm> MD
370430 kg/cm? TD

Figure 13: Weather Balloon Flight System Design Summary

The minimum meteorological measurement requirements for a weather balloon are
pressure, temperature, humidity, wind, altitude, and density. In order to reduce radiosonde mass
(and therefore minimize the balloon size and mass), only pressure, temperature, and humidity are
measured directly in sine. In order to reduce cost and risk, a key requirement is to exploit
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radiosonde sensors that are already space-qualified, and have a design heritage linked to previous
Mars missions. From 1989 to 1994, the Finnish Meteorological Institute (FMI) performed space
qualification testing on small, lightweight pressure, humidity, and temperature sensors based on
the commercially available Barocap®, Humicap®, and Thermocap® sensors manufactured by
Vaisala, Inc. During the testing, the sensors were exposed to temperatures ranging from -135°C
to 60°C and impact shocks of up to 500g [21]. The specifications for the tested sensors are
listed in Table 5. Some or all of those sensors have been used on the Mars-96 Small Statlons and
Penetrators, the Mars Polar Lander, Beagle 2, and Phoenix missions.

Characteristics of FMI Tested Sensors
Sensovr . Runge Resolution Acc.uracy (3] Temperature Hysteresis Mass | Dimensions
min max sigma) | Dependence (g) (mm)
Barocap® (hPa) 0 50° <0.005 <().02 40 hPa/K <0.005 3 B15x8
Humicap® (%RH) 0 100 <0.1 <l - - 1 4x4x0.2
Thermocap® (K) 100 370 <0.02 <0.1 N.A. - 1 @1.52x2 .4

" Burocap® operating range is 0-1200 hPa
Table 5: Characteristics of the Finnish Meteorological Institute tested sensors [21]

The Barocap® is a capacitive aneroid sensor using a silicon diaphragm with an internal vacuum
chamber. The Thermocap® is a capacitive wire sensor. The Humicap® consists of two sensors
which are cyclically heated to prevent ice formation; the sensors are thin film capacitors which
measure relative humidity directly.

Analog measurements are converted to digital outputs and transmitted to the ground
station via a 405 MHz UHF transmitter, using a narrowband GFSK (Gaussian Frequency Shift
Keying) modulated downlink signal which carries 2400-bit data frames at a data rate of 2400
bits/second and an output power of 200mW. The sonde is powered by a lithium-ion battery with
a specific energy density of 150-250 W-hr/kg. Based on the component mass and the mass of a
similar Vaisala RS92-D radiosonde, a mass budget of 150 g has been allocated to the radiosonde.

Wind speed and altitude can be obtained readily from ground station radar tracking of the
balloon. Because the balloon material is transparent to radio waves, a reflective ribbon will be
incorporated into the balloon tether. As a check, the altitude measurements will be compared to
calculations made using the hypsometric equation with data from sonde measurements. Density
will be calculated from the state equation.

Because of the small payload mass and the short flight duration, a zero-pressure spherical
balloon was selected. Extensible latex balloons were considered. but the large volume required
even at initial inflation translated to an unacceptable mass penalty.  Zero-pressure balloons are
deployed and flown regularly in the Earth’s atmosphere. The spherical balloon shape was
preferred due to its simplicity and the modest loads resulting from a very low mass payload.

The balloon group at the Institute of Space and Astronautical Science (ISAS), within the
Japan Aerospace Exploration Agency (JAXA), has successfully flown ultra-thin polyethylene
zero-pressure balloons with payloads up to 10 kg to altitudes greater than 50 km in Earth’s
atmosphere [22]. The ambient atmospheric conditions at those altitudes are comparable to Mars
ambient conditions 20 km above the reference surface altitude. The mechanical properties for
the films used in those balloons are summarized in Table 6.
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' Ultimate Strength imat i
Thickness g Ultimate Elongation

k . O/
MD D MD D
: 3.4 410440 | 370+30 | 52050 | 960160
25°C 3.0 360+20 | 270110 [ 570+20 | 720430

2.8 34020 | 250420 | 61020 | 79020
3.4 610480 | 46020 | 330430 | 570130
-40°C 3.0 420+20 | 310120 | 360+20 | 310+40
2.8 440110 | 440430 | 40010 | 460+70
3.4 690450 | 640470 | 220+20 | 380+30
-80°C 3.0 - | 490440 | 52060 | 230+60 | 230430
2.8 660+40 | 460120 | 230+20 | 210430
Table 6: Mechanical properties of ultra-thin polyethylene film [22; 23]

A 3.4um polyethylene of the type used in the JAXA ultra-thin film test flights was chosen as the
envelope material. An iterative design tool was developed, utilizing a piecewise fit of Mars
Global Surveyor temperature and pressure readings from April 1996, to size the balloon
envelope based on the assumption of neutral buoyancy at 20 km given a payload mass of 150 g,
assuming a lifting gas mass sufficient to provide 20% free lift at launch, and using the empirical

balloon mass relationship m,, =0.23V,” [24]. The balloon is inflated through an inflation

tube Iocated on top of the balloon and each balloon is packed by folding.

When a launch command is executed, the MABL system radar and UHF receiver are
activated, initiating appropriate system checks. In addition, the WBFS sonde pressure,
temperature, and humidity sensor outputs are compared with ground station sensors to ensure
proper operation of the sonde sensors, including reconditioning the humidity sensors, and proper
operation of the transmitter. Lastly, in order to mitigate the risk of damage to the balloon by
wind or dust, local go/no-go weather conditions are checked against launch criteria. Once a go
condition is established, the balloon is inflated and released. :

‘Heavy Balloon Flight System (HBFS)

The HBES consists of the balloon (including envelope, seams, end fittings, and inflation
tube), the payload gondola, and the suspension system. The system summary for the HBFS is
given in Figure 14, including the overall mass budget.

In addition to small, short-lived radiosondes, planetary scientific needs require
instruments that make measurements of magnetic properties, mineralogy, and imagery. Balloon
borne payloads fill a resolution gap in measurements between orbiters and surface rovers.
Analysis of magnetic properties with a balloon-borne magnetometer of sufficient resolution
could provide understanding of the structure and source of Mars’ remnant crustal magnetism
[25]. Local concentrations of ice, hydrated minerals, or deposits on carbonates could be detected
by neutronic devices, while electromagnetic sounding using radar altimeters may reveal sub-
surface ice layers [26]. Detailed spectral surface measurements can be made using balloon-borne
miniature grating and acoustic-optic spectrometers. 3-D image surface mapping can be created
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from balloon-borne laser altimeter topographic measurements. And, high resolution imaging can
be performed from a balloon-borne aerial platform [25]. The HBFS is designed for a 50 kg
gondola utilizing a generic payload. Whatever the instruments, the use of technologies
developed for other micro vehicles can be leveraged. In addition, instruments will require
sufficient robustness to remain calibrated for months to years, while providing capability for
remote calibration. It is also apparent that scientific balloon payloads will require low power,
which drives the need for lightweight and low-power communications systems with a relay
infrastructure capable of handling the data-rate needs of the data generated [27] and operate via a
communication protocol of existing Mars orbiters. Long duration payloads will likely require a
means to generate power.

Volume: 22101 m*

Diameter: 34.20 m

Geometry: Spherical

Balloon Mass: 74.83 kg

Gas Mass: 12.09 kg

Gondola Mass: 50 kg
Suspension System Mass: 500 g
_ System Mass: 137.42 kg

; ' Float Altitude: 10 km

Material: 3.5um Mylar/55 denier Kevlar scrim/ 3.5um SF-372®PE
Areal Density: 19.66 g/m2
Material Strength: >2500N/m

Figure 14: Heavy Balloon Flight System Summary

In addition to the science package, each gondola will include a miniature methane-LOX-
powered gashopper transport. The mini-hoppers have an allocated mass of 10 kg with an
additional 20 kg of propellant, for a total balloon launch mass of 30 kg out of the 50 kg gondola
mass. Up to 50% of the propellant will be allowed to boil off during. the course of the balloon
mission. The mini-hoppers can be dropped by the balloon as it is passed over an area of interest.
Once dropped, the mini-hoppers collect up to a 2 kg sample, allowing return samples to be
collected on a planetary scale and from altitudes not accessible to rovers. After the sample is
collected, the mini-hopper will fly an uncontrolled parabolic trajectory towards the lander, and
land within a few kilometers of the lander where the sample can be retrieved by the CO,
gashopper. A 22 kg hopper, including 10 kg of propellant, should be able to travel 800 km
assuming a hard landing [28]. The reduction in payload mass will be offset by valving some of
the lifting gas. '

HBFS long duration flight requirements dictate the need for a superpressure balloon
design. Mylar, Dartek, and a composite lay-up were compared for the envelope material. Mylar
— polyethylene terephthalate (PET) — is a common superpressure balloon film manufactured by
DuPont-Teijin Films. The thinnest standard gauge is 6um. Dartek is a 6.6 nylon MDO filin
produced by DuPont with high strength in the machine direction and high elongation in the tear
direction providing increased tear strength. Both of these materials are sufficiently ductile at low
temperatures to be viable for use in the Martian environment. . Mylar is prone to pinholes
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resulting from folding and storing. Improved manufacturing techniques have reduced the issue,
but the potential still exists. Mylar also provides minimal resistance to crack propagation,
particularly at low temperatures less than -80°C. Dartek is hydroscopic, which requires material
handling considerations during manufacturing; however the trace moisture levels, even in humid
Martian atmospheric conditions should not impact material performance [15].. Nylon balloons
can fail at the seams, likely due to failure of the adhesive. The exhibited shortcomings of Mylar
and Dartek warrant the use of a composite film for a Mars balloon envelope.  The 2001 Mars
Aerobot/Balloon System (MABS) proposed a five layer composite material — a 3.5 micron Mylar
film for substrate stiffness, a layer of polyester based adhesive, a 55 denier Kevlar scrim in an
orthogonal pattern with 160 yarns per meter to meet the strength requirements with minimal
weight penalty, another layer of polyester adhesive, and a 6 micron layer of polyethylene film
(Stratofilm 372) for pinholing resistance and crack initiation and propagation. The adhesive
layers provide bonding between the primary layers while also providing additional pinholing
resistance [29]. The layup for this composite structure is shown in Figure 15:

orthogonal 55 denier
Kevlar scrim
(160 yarns per meter)

3.5 micron Mylar film

adhesive layers

6 micron polyethylene film
(SF-3720 PE)

Figure 15: MABS Composite Structure Layup [30]

The mechanical properties for this composite for the expected mission environment are
given in Table 7. The composite is sealed with a Mylar heat activated tape with seam strength of
88 percent of the parent material at 23°C and 98 percent at -140°C. In addition to improved
fracture strength over standard Mylar and Nylon films, the composite showed no sign of
degradation after 2 Mrads gamma ray exposure indicating suitability for sterilization [30].

Areal Density (@/m?) 19.66
{Strength (23°C to -140°C) (N/m) > 2500
Tear Toughness 23°C (N) 12
-140°C1  (N) 43
Seam Strength (23°C to-140°C) | (N/m) ' > 2500

No degredation in strength for
radiation levels of 2 Mrads

No observed component or
Adhesive Performance adhesive delamination or
embirttlement down to -198°C
Table 7: MABS Composite Mechanical Properties

Radiation Effect

A composite lay-up based on the MABS composite was selected because it not only
satisfies the strength requirements, but also fulfills the ancillary requirements associated with a -
Mars mission. A spherical balloon was chosen, because the strength of the envelope material
and the light payload did not justify heavier, more complicated pumpkin balloon geometries.
Furthermore, the heritage of successful spherical superpressure balloon flights and the simplicity
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of design mitigated somewhat the risks associated with balloon failure. An iterative design tool
similar to that for the WBFS was developed based on the assumption of neutral buoyancy at 10
km, which will allow a scientific balloon clear access to almost the entire planet with the
exception of the highest peaks, and wind currents should route a balloon around those peaks
[31]. A payload mass of 30 kg was assumed along with an associated suspension system mass of
500 g. The payload attaches to a fitting at the bottom of the balloon and is secured to a center
load line attached to the apex fitting. The envelope mass was calculated using an areal density of
19.66 g/m* for the composite. A free lift of 10% was used to provide a slow ascent and to
minimize the expected shock loads associated with an autonomous launch. The balloon will be
filled through an inflation tube from the top, and will be packed by folding.

The expected responses of the HBFS to changes in local ambient atmospheric conditions

are represented notionally in Figure 16.
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Figure 16: HBFS Response to Atmospheric Variations

After launch, the balloon will ascend until it achieves neutral buoyancy with the ambient
atmosphere and continue to float subsequently at a constant density altitude. The balloon
volume remains constant as long as the super-pressure is maintained and as long as the mass of
lifting gas is maintained. A balloon can circumnavigate the planet during the course of a 100 sol
mission [26]. The mass of lifting gas defines the life of the mission. Pinhole leaks and diffusion
of the lifting gas through the envelope should be negligible; therefore tears will most likely be
the primary cause of loss of lifting gas. As the lifting gas leaks, the balloon will rise until the
balloon shape can no longer be sustained by super-pressure at which point it descends to the

surface. Even with that type of failure, the balloon payload can descend and continue to operate -

as a surface-based scientific payload at a distant surface location. If the scientific payload is
integrated into a micro-rover then it will be possible to greatly expand Mars surface coverage.
. Because the HBFS will be out of range of the lander for much of its mission, a communication
link with a Mars orbiter will be necessary for data relay. '




Mars Autonomous Balloon Launch System (MABL)

The thin Martian atmosphere translates to relatively large balloons for modest size
payloads. The large size of these balloons translates to major autonomous launch challenges and
most likely represents the riskiest part of these missions. The balloon launch system must be
capable of launching 25 WBFS balloons and three HBFS balloons. It includes the structure,
electronics, mechanisms, and inflation system, along with the tracking radar system. In addition,
the MABL system includes a meteorology package with sensors of the type used in the WBFS
radiosondes. An integral part of each launch will be the deployment and inflation of the launch
cone atop the launcher. The launch cone is employed to stabilize the balloon during inflation
and minimize the risk of damage or tearing of the balloon envelope. The MABL system sits atop
the S/C Bus like a turret, and rotates until the payload is downwind of the lander. The balloon
payload is then extended from the lander on a jib boom. The consumable hydrogen lifting gas is
produced via electrolysis from Mars water resources via the in situ propellant production system
(ISPP) described later in this document. After a “go” condition is established for a balloon
flight, the inflation gas is injected into the balloon fill tube through a diffuser, slowly at first and
then at a higher flow rate as the inflation bubble is established. The balloon is held in place in
the launcher by a reefing collar with a tear strip and only the top portion of a balloon is inflated.
Once the required lifting gas mass for the given balloon is injected into the balloon bubble, the
reefing collar and clamps holding the payload are released and the balloon begins to rise with the
envelope unfolding under it. The wind carries the balloon, which snatches the payload away
from the lander. A mass of 1480 kg has been allocated for the overall MABL system.

IN-SITU PROPELLANT PRODUCTION (ISPP)

In-situ resource_utilization (ISRU) technologies have the potential to reduce costs, risk,
and mass, as well as increase capabilities on planets like Mars by allowing systems to be self-
sufficient. The purpose of in-situ propellant production (ISPP) on Mars is to produce propellant
for Mars vehicles using Martian atmosphere and water in order to eliminate the need to bring the
required propellant from Earth. A major ISRU application is propellant for Mars ascent vehicles
(MAYV). MAVs transport Mars samples (as well as crew for manned missions) from the Martian
surface into a low-Mars orbit for retrieval by earth return vehicles (ERV) [32]. If enough
propellant is provided, the remainder of the return trip to Earth can also be completed using
ISRU propellant, which could completely eliminate the need to bring significant quantities of
propellant from Earth for the return trip, with the exception of small thrusters and other devices
needing small amounts of hydrazine or other propellant. The ISPP plant.is capable of successful
operation for missions that span years or can simply continue to provide power and fuel for
continued science operations well after the end of a mission given no system damages or failures.
This clearly shows the potential benefits of this technology and why it should be implemented
into future MAV and robotic designs.

The Mars atmosphere composition is shown in Table 3. A few propellant options using
the Martian atmosphere include nuclear propellants, carbon monoxide and oxygen, and methane
and oxygen. In the end, methane propellant proves to be the best candidate because it requires
the use of well developed chemical processes while producing a high performance propellant
[33]. Portions of the process are very well developed and are currently in use for space
applications. The ISPP system for producing methane propellant consists of the following
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elements: acquiring and compressing carbon dioxide from the Martian atmosphere, conversion of
pressurized carbon dioxide and hydrogen into methane and water using a Sabatier reactor,
conversion of the water by-product into oxygen and hydrogen using water electrolysis, and the
liquefaction and storage of the propéllants (methane and oxygen). This process can be seen in
the functional flow block diagram in Appendix C-].

Assuming that there will be a minimum of 400 days of wait time after landing on Mars
before an opportunity to return to Earth, analysis focused on producing 1 kg of methane-oxygen
propellant per day. This results in the production of 400 kg of propellant in 400 days, which is
enough propellant to fuel the MAV for the proposed Mars sample return mission. To achieve
this rate of production, 1.4 kg of water and 0.825 kg of carbon dioxide must be supplied each
day. However, with these inputs, the system will produce over twice the required mass of
oxygen for an oxidizer/fuel ratio of 3.5. As a result, the tank size must accommodate for the
_storage of this excess oxygen. The hydrogen will be stored for the inflation of the balloon
systems, while the remainder of the methane-oxygen propellant produced during the 800 day
production cycle will be used to fuel the hoppers of the balloon payloads.

Atmospheric Carbon Dioxide (CO:) Extraction

The fact that the Martian atmosphere is more than 95% carbon dioxide by volume makes
CO, very attractive for use in [SRU processes. In order to concentrate the atmospheric CO;, a
NaX Zeolite system has been selected. Zeolite can selectively absorb CO, as Mars atmosphere
flows through a canister at a low constant pressure. A blower can be used to remove any built up
nitrogen and argon gases, but is not necessary because such small quantities of these gases will
not affect the overall system and propellant production. Next, the canister is closed and heated
using waste heat from the ISPP plant or from some other heat source. During heating, the CO2
is released and the pressure naturally rises. Once the desired pressure is achieved for entry into
the Sabatier reactor, the canister valve is opened to release the pressurized CO; into the reactor.
When the canister pressure finally begins to drop and the usable CO, has been released. the
canister is closed and cooled for its next cycle. In order to minimize the canister size and NaX
Zeolite mass, two units will be in operation and each unit will perform four cycles per day. This
will result in a total of eight cycles performed per day with each cycle lasting approximately
three hours. With the goal of producing 1 kg of methane-oxygen propellant per day and
supplying 1.4 kg of water per day, 0.825 kg of atmospheric CO, must be extracted daily and fed
into the Sabatier reactor. In order to account for design margins, it will be assumed that 1 kg of
CO, will be extracted per day. This is equivalent to a demand of 0.125 kg of CO, per cycle.
According to Sridhar et al. [34], the process has a CO, loading of about 14 wt% or about 14
grams of CO, per 100 grams of absorbent. When used in a comparable combined
electrolysis/Sabatier ISPP plant for a sample return mission, the CO, separator and compression
system have an estimated mass of 3.07 kg, a volume of about 4.42 L, and a power requirement of
about 67.3 W [34]. Table 8 shows the nominal specifications for the system.
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Number of Units 2
Number of Cycles 4 per unit per sol
Canister Material Aluminum
Sorbent Material NaX Zeolite
Specific Heat Capacity 0.9 kJ/(kg K)
Density 0.7 g/mL
Heat of Absorption 41 kJ/mol
Inlet Pressure 0.8 kPa
Outlet Pressure 101 kPa
Minimum Temperature 200 K {Mars ambient)
Maximum Temperature 348 K
Mass 3.07 kg
Volume 4421
Power Required 673 W

Table 8: CO2 Separator and Compression Model Specifications. {34]

Surface Ice Processing Plant

'The primary source of water is icy Martian regolith. It will be assumed that a well
qualified, water rich landing site will be chosen based on previous scientific data. The ice can be
extracted from ice-containing regolith within one meter of the surface utilizing an excavation
robot equipped with ice core drills, bulldozers, dump beds, and water detection equipment. The
rover technology will be discussed later in the report. A batch process will be employed for
water extraction, whereby the raw material will be accumulated in the dump bed of the collector
robot for transport to the ice processing plant. After arriving at the ice processing plant, the
feedstock will be dumped down a chute leading to an initially unheated raw material processing
chamber. The opening of the chute will have dimensions that are slightly larger than the width
and maximum height ot the elevated dump bed. Subsequently, the raw material batch will be
confined in a closed volume and heated so that the ice is melted, allowing the water to be
separated from the regolith. During heating, the entrance to the chute must be closed to maintain
an elevated pressure in the chamber and to eliminate the possibility of any water vapor escaping
through the chute. The floor of the chamber can be tilted to facilitate the removal of liquid water,
enabling the liquid to flow from the raw material processing chamber into a distillation unit. The
liquid water solution flowing from the processing chamber will be pumped through a filtration
unit, prior to distillation in order to minimize particulate concentrations. Once the water has
flowed from the chamber into the distillation unit and before the next feedstock batch arrives, the
chamber is cooled and cleaned of residual regolith and rock. An auger system will be used to
auger the feedstock into the processing unit and to auger the remaining material back outside the
chamber after the extraction of the liquid water.  After the distillation process, the processed
water will be pumped to the water electrolysis cell for conversion into hydrogen and oxvgen. In
order to produce | kg of propellant per day. 1.4 kg of water must be electrolyzed per day. The
amount of actual ice to be extracted per day will be determined by the density and water
concentration of the surface ice in the particular area and depth of excavation. This will, in turn,
determine the volume of the chamber required to hold a shipment of surface ice. Assuming that
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the regolith collected has a water mass fraction of 20% and that the processing plant will
successfully extract 10% of the available water, 70 kg of regolith must be collected per day to
provide the needed water for the proposed Mars sample return mission. It is estimated that the
system (including the two excavation robots’ mass of 200 kg each) will have a mass of
approximately 500 kg and require a power of 800 W (including the excavation robots’ power
requirement of 300W each). It should be noted that these estimates will change pending future
mission oriented data that will affect the sizing of the system.

Excavation Robotics

With reduced gravity, low ambient temperatures, low pressures, dust storms, and very
hard water-ice/permafrost, it becomes a challenge to design a low mass, low power, excavation
robot that can successfully extract ice from within a meter of the surface. However, deep ice
core drilling technology proves to be a promising solution for Mars surface ice excavation. Deep
ice core drilling uses ‘a hollow drill to cut a cylindrical pathway around the core to be extracted.
This technology is currently used in harsh conditions in Antarctica and similar conditions around
the world for the drilling of hard ice and underlying bedrock up to several kilometers below the
surface at temperatures as low as -90° C, which is approximately the average ambient
temperature on Mars. Two key aspects of this technology that must be achieved for successful
use on Mars are autonomous operation and reliable core retrieval.

Both of these concerns were addressed in the design of the Mars Astrobiology Research
and Technology Experiment (MARTE) as seen in Figure 17 [35]. Its purpose was to create an
autonomous deep ice core drill for core collecting below the Martian surface. It utilizes dry
rotary cutting techniques with carbide drag cutters and mono-crystal diamonds with a maximum
electric power requirement of 150W during nominal drilling operations. While creating a 4.8 cm
diameter bore hole, it is capable of drilling to depths of 10 m and produces 2.7 cm diameter, 25
cm long cores. The core hand-off system removes the core from the lead drill tube and places it
in a core clamp for sample analysis preparation and delivery. There is a highly integrated sensor
feedback control on all drilling axes, which allows for future integration of intelligent drilling
algorithms and fully autonomous operation. The system is also equipped with a life detection
system, a panoramic imager, and bore hole inspector. MARTE is based on a previous Honeybee
Robotics design for the Mars Technology Program. Their system drilled a bore hole 8.3 meters
deep with Mars “flight-like” power and thrust levels (less than 100W and less than 450N).




It is proposed that a similar technology be utilized by the excavation rover. The drilling
process is identical, but the core hand-off system would transfer the collected cores to the robot
dump bed for delivery to the ice processing plant after going through some or all of the scientific
tests on board the rover. As mentioned before, the amount of surface ice to be collected per day
will depend on the properties of the ice being collected at the excavation site. On the basis of the
ISRU feedstock discussion, 70 kg of surtace ice should be extracted per day. Based on the rate
of operation of the drilling system, the power requirements, and the constraints on the size of
core that can be brought to the surface, the amount of one shipment of surface ice can be
determined. If it is calculated that the most current technology cannot produce the required
amount of surface ice per day, then additional excavation rovers will be needed for the operation
of the ISPP plant. For this concept design, it will be assumed that only two rovers will be needed
and they will each have an approximate mass of 200kg (including the 50 kg drilling system) and
a power requirement of about 300W (including 150 W for drill operation). The rovers will also-
be equipped with dump beds and bulldozer attachments on the opposite end of the drilling
mechanism. These attachments can be used to clear and level research and/or water extraction
sites when needed and to dig and collect surface regolith for water extraction or sample

collection.
Water Electrolysis Cell

Water electrolysis technology for the production of hydrogen and oxygen is well
developed. In the basic ISPP system, the hydrogen product will be fed into the Sabatier reactor
and the electrolyzed oxygen will be cryogenically stored. For the proposed mission, the excess
hydrogen that is not required for the Sabatier reactor will be stored in a tank for fueling the
balloon systems. In all, approximately 46 kg of Hydrogen will be required to fuel the 3 large
balloons and 25 weather balloons. At the proposed production rates, 0.135 kg of extra hydrogen
will be produced each day. This excess hydrogen will be stored in a pressurized tank until
distributed to the balloon systems once required amounts are achieved (about 7 kg of hydrogen
for each large balloon and less than 1 kg of hydrogen for each weather balloon).

The water electrolysis cell operating currently on the International Space Station was
built by Hamilton Sundstrand. It produces 2.3-9 kg of oxygen per day when operating
continuously. Since the system is already being used in space applications, it does not need to be
drastically redesigned, only modified to fit the requirements of the given mission. According to
Ash et al. [33], for a system that is supplied 9 kg of water per day, running continuously at 67
bars, and with a mass of about 60 kg and volume of about 50 m?®, 1.875 kW of electric power is
required. When these estimates are scaled down to the proposed sample return mission, only 292
W of power will be required for a 60 kg, 50 m” system running continuously at 67 bars.

Sabatier Reactor

Sabatier reactor design is a mature technology. Utilizing hydrogen and carbon dioxide
feedstocks, the Sabatier reaction produces pure methane and water after a single pass through a
nickel or ruthenium catalyst reactor bed [36]. The reaction is exothermic, so once started the
process is self-sustaining and it operates optimally at about 400° C [36]. Hamilton Sundstrand
has also produced a Sabatier Reactor System that produces about 2000 pounds of water per year



on the International Space Station and is almost identical to the system that is needed for this
study. Hence, the allocated reactor mass is 40 kg.

Cryogenic Propellant Storage

The difficulty with the methane-oxygen propellant is that the methane and oxygen need
to be stored cryogenically on the surface of Mars. According to Ash [33], both oxygen and
methane can be cooled to a temperature of 130K for liquefaction. There are a variety of
refrigeration cycles, but it can be assumed that a system that cools at 30% of Carnot efficiency
can be developed with a power requirement of about 550 W and an estimated system mass of
about 95 kg [33]. For thermal control of long term cryogenic storage, multi-layer insulation
(MLI) in a rigid vacuum jacket should be used to insulate the tank. The average vacuum jacket
has a wall thickness of about 1-3mm and 100-125 layers (5.1-6.3 cm) of insulation should be
sufficient [37]. _

The optimum tank shape is a sphere because it provides the most volume per surface
area. Because the methane and oxygen can be cooled at the same temperature (130K), a
spherical common bulkhead tank can be used. A common bulkhead tank consists of two
independently pressurized compartments, one for fuel and one for oxidizer as seen in Figure 18
[38]. The cooling device can be placed in the oxygen portion of the tank, while the methane is
cooled by heat transfer to the oxygen tank [37]. It is expected that 400 kg of propellant will be
produced with this system in 400 days and it will also be the maximum amount of propellant
stored in the tank at any time during the mission, so the storage tank will have a capacity of 1600

kg of propellant in. order to account for excess oxygen produced. This results in a volume of 2

m’ and a 1.56 m diameter. The tank dimensions can be altered based on defined MAV and other
enhanced mission requirements. Its size could also be reduced if it does not have to
accommodate the excess oxygen produced (i.e. the excess oxygen is vented instead of stored).
This tank size is feasible given the previously proposed payload capacity of NASA's next
generation heavy launcher, Ares V, whose payload inner diameter ranged from 4.52 m to 8.77 m.
The empty tank mass is allocated to be 250 kg, for an expected total cryogenic propellant storage
mass of about 345kg. There will also be a separate pressurized tank for Hydrogen storage. If,
for whatever reason, the Hydrogen is not regularly dispensed to the balloon systems during the
800 day production cycle, the maximum amount that will be stored will be equivalent to the
maximum amount produced in 400 days, which will be 54 kg. Accounting for design margins,
the pressurized Hydrogen tank should be able to store up to 60 kg, which requires a diameter of
1.14 meters, an empty mass of 183 kg, and an estimated power requirement of 200W.

Figure 18: Common Bulkhead Tank
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Total ISPP System Specifications

In summary, the entire ISPP plant will have an estimated mass of approximately 1500 kg
with a 2.5’ kW of power requirement. Table 9 shows the estimated mass and power required for
each component of the ISPP plant. '

MASS POWER

COMPONENT (ka) W)
ATMOSPHERIC CO2 EXTRACTION 3.07 67.3
SURFACE ICE PROCESSING PLANT 500 800
WATER ELECTROLYSIS CELL 60 292
SABATIER REACTOR 40 0
CRYOGENIC PROPELLANT STORAGE 345 550
HYDROGEN TANK STORAGE 183 200
RTG 300 0
MARGIN 68.93 590.7

TOTALS 1500 2500
Table 9: Total ISPP System Mass and Power Budget

Solar electric power and nuclear power were the only options considered to be viable for
multi-kilowatts of electric power. The two systems were compared in terms of overall mass and
footprint size, reliability, sensitivity to the Martian environment and environmental impact.
However, for producing large amounts of power over an extended period of time, nuclear power
has the advantages of providing continuous power, having a smaller size, having easier power
transmission capabilities, having a longer duty cycle, and not being affected by the Martian
atmosphere (i.e. wind and dust). A 2.5 kW electric power generator utilizing a radioisotope
thermoelectric generator (RTG) integrated with the ISPP plant is feasible as well. The allocated
mass of the RTG system is 300 kg. The $ystem tier structure (product hierarchy) and system
requirements are summarized in Appendices C-2, C-3, and C-4.

MARS CARBON-DIOXIDE HOPPER (MACHO)

‘A Mars sample return mission can be enhanced by utilizing sample acquisition systems
that can gather samples from a wide area around the landing site. Surface rovers like Spirit and
Opportunity (MER) rovers, operating currently on the surface of Mars can serve that purpose but
they are very slow and cannot traverse difficult terrain. The MER rovers have traversed an
averaged of approximately 10 m per sol [39]. The Mars Science Laboratory rover is to traverse
on the order of 200 m per sol [40], but its ability to traverse difficult terrain is limited. A system
that can exploit Mars’ reduced gravity and fly over difficult terrain can provide the ability to
achieve science objectives within the assumed 400-day sample return mission that are
unachievable otherwise. A hopper vehicle that can propel itself on ballistic flight paths, over
terrain, to reach its destination can greatly expand mission capabilities. Multiple hops can be
achieved in order to reach specific locations. With CH, and O; in production for a Mars ascent
vehicle, one hopper concept can be propelled using a Methane/LOX rocket. This type of rocket
would be good for long distance hops, on the order of hundreds of kilometers, but would need to
return to the base for refueling. Methane/LOX systems cannot be refueled at these distant
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locations, placing critical constraints on that type of sortie. A hopper system capable of
producing its own propellant as it travels can overcome those constraints while providing
enhanced capabilities for extricating itselt from “potholes™ or “quicksand” hazards. Utilizing
CO; from the Mars atmosphere and compressing it onboard is the easiest-option. Although CO-
propulsion may not have the range of Methane/LOX, it can traverse large distances using
multiple small hops. "Gashopper" is a term coined by Zubrin [41] for a CO, powered hopper.
The operation of the propulsion system on such a CO, gashopper is as follows: Carbon dioxide
is extracted from the atmosphetre and stored under pressure in a tank. When enough CO, has
been collected, the system is ready for use. Activation occurs when a valve is opened and the
pressurized CO, flows into a heated pebble bed, initially at 1000 K, raising the gas temperature
significantly. The heated CO, then tlows through a supersonic nozzle and into atmosphere
producing thrust. The delta-V required to reach a specific landing zone can be programmed,
‘based on trajectory calculations, and the hopper can execute the maneuver. An onboard weather
station allows the gashopper to input factors such as surface temperature, pressure, and wind
speed and direction for pre flight trajectory calculations. The flight of the gashopper can be
timed to occur with the pass of an orbiting spacecraft so the orbiter can track the gashopper and
provide it with navigational commands. Approximately half of the propellant onboard is
expelled during liftoff. The gashopper then begins to coast on its ballistic trajectory using CO;-
powered reaction control thrusters, utilizing the same tank as the main engine, to maintain proper
attitude. Prior to landing, the hopper re-orients itself so that it can use the remaining propellant
in the tank to slow down sufficiently for a 'soft' landing. The gashopper utilizes a ground sensing
radar to detect the ground and properly time a braking fire of its engine. The radar also detects
features of the landing zone that would make it unsafe such as the ground being too steeply
inclined or a large boulder in the way. In this case the gashopper uses. its fuel margin to
maneuver away from these obstacles. When not in use, the reaction control thrusters must be
covered to prevent them from clogging with dust during the time when the CO, tank is being
recharged for the next launch. - Once safely on the ground the hopper is able rove around its
immediate surroundings to search for interesting targets for a sample return. While performing
science duties ‘and searching for samples the rover continues to charge its CO, tank. Once the
hopper has completed its science objectives at a particular site, obtained a sample, and recharged
the CO; tank, the process is repeated for a return to the base. Upon landing at the base, the
gashopper will need to land some distance away from the base to avoid a collision that could
damage critical equipment and threaten the health of the mission. The gashopper then drives to
the base to drop off its samples, or hands them off to an ISPP rover.

For the gashopper to be an attractive option over current technology. it must represent a
significant improvement in terms of mobility. The mobility of a gashopper is superior to that of
a rover due to the fact that a gashopper can simply fly over hazardous terrain. A gashopper will
thus provide access to very rough and mountainous terrain that would be otherwise inaccessible.
Another important factor is the hopper range, or the distance it can travel in a certain period of
time. The gashopper range is controlled by two main factors: the mass ratio, and the rate of
propellant acquisition. A larger mass ratio will allow it to travel greater distances in a single
hop, while increasing the rate of propellant acquisition will allow it to hop more often.
Optimizing these factors can result in large increases in mobility. Williams, Ambrosi, and
Bannister [28] baselined a gashopper with a mass ratio of 1.114. using 43 kg of propellant, and
could achiéve hops of 1 km. Zubrin et al [41] assumed that a CO» acquisition rate of about 0.5
kg of CO; per day was achievable. This would result in a range of 1 km every 86 sols, or about

32

-



11 m per sol. This falls far short of the 200 m per sol range of the Mars Science Laboratory. An
increase in propellant mass can result in larger hops (a hop of over 17 km is needed to match the
200 m per day range). Freezing CO, out of the atmosphere is an attractive option and would
produce dry ice at 60W/kg [28]. Ash [42] determined that it is possible to produce dry ice on
Mars during the cold night, requiring approximately 7000 kJ/kg. With current battery density at
about 720 kJ/kg, 20 kg of batteries could support a CO, production rate of about 2 kg per night.
This would mean that the hopper could charge its tanks and fly every 21 sols, resulting in an
average travel rate of 48 m/sol. This may seem much slower than projected MSL rates, but this
means that the hopper will have 21 sols at each site to search for promising samples and conduct
science. Over the 800 sols of the sample return mission the hopper can travel over 36 km and
thoroughly investigate many sites with varying geography. It would be possible for the
gashopper, upon returning to the base, to recharge its CO, tanks more rapidly by tapping mto the
power supplied by the RTG aboard the lander, improving its rate of travel.

For comparison, MSL's MMRTG produces about 2.5 kW-hr/sol for its 900 kg mass [39],
while the Mars Exploration Rovers produced about 0.6 kW-hr/sol [43] for its 174 kg mass [44].
At about 350 kg, the Mars gashopper requires 1 kW-hr/sol for all rover and science operations.
The gashopper needs to produce about 4 kW-hr/sol for CO, productlon alone. Bringing the total
energy production needs to S kW-hr/sol.

The heating of the pebble bed can be achieved in two ways, electric heating powered by
solar arrays, or radioisotope heating. Radioisotope heating is preferred since it will provide
consistent heat generation throughout the year, and waste heat can be used to warm electronics
and pressurize the CO, propellant. Solar arrays can still be used to provide power to heat the
pebble bed, but with a significant array already in use for freezing CO,, a further increase in size
maybe difficult to deploy and retract before and after each flight. Williams et al [28] proposed
using 4.22 kg of a 50:50 blend of PuO, and Am,0O; sintered with a high specific heat, high
melting point material such as boron carbide or silicon carbide to form small pebbles. The
radioisotope blend can supply heat to be stored in the high heat capacity material, while the high
heat capacity material would be utilized to provide sufficient heat to operate the CO, rocket
engine. A small tube can be routed from the main tank, through the radioisotope core, to provide
heated CO, to the RCS system. Figure 19 shows the layout of the CO, rocket.
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Figure 19: Radioisotope thermal rocket from Williams et al [28].
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Once the gashopper has landed. it reverts to a rover operational mode for precise
maneuvers in the vicinity of the landing site. The gashopper will be equipped with cameras, and
remote sensing equipment in order to navigate and search for suitable samples. The guidance of
the gashopper will be managed from Earth. The gashopper will be capable of scooping fine
material, grinding rocks, and picking up small rocks. The sample material will be stored and
shipped back to Earth in small sample containers. Each container will be sterilized on Earth and
sealed to prevent intrusion of foreign material until it is opened by the gashopper. The
gashopper carries small sample containers so that soil samples can be gathered every time it
lands, and larger containers for small rocks of interest. .Once the gashopper retrieves a sample

and deposits it in the lander, it will once again be sealed and not opened again until it reaches’

Earth. The sample containers would be stored in a holding case aboard the lander, where the
total sample load can be weighed, and then transferred to the MAYV once it is ready for the return

trip to Earth. The gashopper would then retrieve a new sample container from the lander and

head off to gather another sample. Since the gashopper can operate as a stand-alone system it
can continue to operate and conduct field research after its primary sample retrieval mission is
completed. The gashopper can then travel to very remote and difficult areas to perform science
until the end of its usable life. ' '

C&DH

For the Mars sample return mission communications have a two-fold purpose.
Researchers on Earth must be able to send commands to the autonomous base to control events
and they must also be able to collect scientific data and perform health checks on the subsystems.
This requires two communications with the base itself for signal uplink and downlink. Secondly,
the autonomous base must be able to transmit instructions and receive data from the rest of the
systems including the hopper, balloons, and launch vehicle. Terrestrial communications can be
accomplished using current technologies, such as the Deep Space Network (DSN). DSN has the
capability to communicate with the Robotic Base from Earth at various ground stations.

The system requirements for communications with the Earth are included in Table 10:

Command and Data Handling Requirements
Telemetry and tracking
Commands
Data Handling
Health checks
Clock, bit synchronization, and timing
Table 10: Necessary tasks for Mars surface base communications system

Telemetry, tracking, and command (TT&C) interfaces with all of the subsystems of the
Mars base and is essential for mission success. Minimum command and data handling signals
operate at a bit rate of approximately 100 kbps with a typical bit error rate of 1x10° on the
uplink and 1x10” on the downlink to the Earth [45]. This can be accomplished using the DSN

system using its S-band capabilities. DSN is capable of a user channel with a bit rate ranging

from 1 bps to 2 kbps uplink and 6.6 Mbps to 8 Mbps downlink. DSN downlink capabilities
adhere to the Space Ground Link Subsystem (SGLS) standards outlined in Table 1 below [45].
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Uplink Downlink
- S-band S-band
DSN Capabilities 503-212 GHz 2.20-2.30 GHz
FSK PCM

Table 11 — Space Ground Link Subsystem standards for TT&C packages

where FSK is Frequency Shift Keying and PCM is Phase Shift Keying, both forms of carrier
signal for digital communications. A typical S-band command signal will contain a
synchronization code, address bits (to direct the command to the subsystem), the actual
command, and error checks to try and prevent boggled communications.

Much of the capacity of a deep space telecom package is controlled by severe mass,
power and size constraints. The general desired trend is to get the highest performance out of the
smallest package possible because electrical power is very limited and must be shared with other
critical subsystems. Smaller more power efficient telecom packages reduce the integration and
launch costs for space payloads. For the Martian surface base this constraint is somewhat
relaxed, because the nuclear and radioisotope generators used by the individual subsystems
provide ample power for telecommunications. Uplink and downlink can be accomplished with
the Martian surface base using existing technologies with characteristics outlined in Table 12

[45]):

Combined Telemetry and Size 6,000 — 9,000 cm”
Command System Mass 45-65kg
Physical Characteristics Power 13-18W

Table 12: Nominal physical characteristics of the telemetry and command system

An additional challenge is the DSN system moving out of transmission view of the Mars surface
base. Accommodating this would require dedicated ROM for data storage until communications
can be established.

All communications to the other deployed surface systems will first be transmitted to the
autonomous base as the primary communications node, linked with one or more satellites in
Martian orbit. Communications with Mars orbiters and deployed surface systems is via UHF in
the 400MHz range similar to the communication protocols utilized by the Mars Reconnaissance
Orbiter and the MER rovers. These commands will then be disseminated to the appropriate
recipient, hence the address bits in the command signal. To maintain the simplest system
possible, communications between the autonomous base and the other systems deployed on the
surface will utilize the same telecom frequencies and hardware. The autonomous base must be
able to transmit and receive signals from weather balloon systems, collection hoppers, deployed
rovers and the launch vehicle. This goal can be accomplished via the techniques outlined above.
The additional benefit of maintaining homogeneity in the telecom system is risk reduction since
common systems can be interchanged.

THERMAL PROTECTION SYSTEM
The thermal protection system will be required to maintain the thermal operating

environment for the duration of interplanetary transit, EDL, and surface operations. The S/C bus
will be cold biased with active electrical heaters to maintain the temperature of critical
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components such as batteries and electronics. The total allocated mass for the thermal subsystem
is 162 kg.

MARS ASCENT VEHICLE

Pressurant gas is required in order to sustain the propulsion system. That gas is stored at a

Mars ambient temperature of 210 K and a pressure of 2000 psi (13.8 MPa), which is near the

lower average limit for pressure fed systems [46]. The mass of pressurant gas can be estimated as
follows:

_bV, /4

"
“" RT, (1-P /P,) )

m

where m, = mass of pressurant gas (kg), P, = propellant pressure (Pa), Vj, = propellant volume
(m ) R = ideal gas constant for the pressurant gas, T, = gas storage temperature (K), P, gas

storage pressure (Pa), and y = specific heat ratio of pressurant gas.
Nitrogen (N>) and argon (Ar) gas pressurant options were conmdered with the added

benefit that both could be -extracted from the Mars atmosphere. The estimated mass required tor
the nitrogen system is 35.8 kg, while an argon system required 60.9 kg. An ideal gas model can
be employed to estimate the volume required for the pressurant tank, with the results

summarized in Table 13:

Gas | V(m’) | My, (kg)
N, 0.24 35.8
Ar 0.29 60.9

Table 13: Comparison of pressurant gases based on mass and volume

While the volumes are similar, mass savings dictates the use of Nitrogen, which can be stored for
the trip to Mars.

Potential tank materials were RZ5 Magnesium, 6061 T6 Aluminum, and Kevlar 49. RZ5
Magnesium has a density of 1840 kg/m3, with a yield strength of 218 MPa (31.6 ksi). Aluminum
has a density of 2700 kg/m3 and a yield strength of 276 MPa (40 ksi) while the Kevlar has a
density of 1380 kg/m®, and a yield strength of 1379 MPa (200 ksi) [47]. Using the tank mass
equation and using a factor of safety of 1.5 results in the following estimated masses as

illustrated in Table 14.

Material Pressurant Tank Propellant Tank
Aluminum 76.2 kg 45.3 kg
Magnesium 65.8 kg 39.1 kg

Kevlar 49 7.8 kg 4.6 kg

Table 14: Mass trade study for pressurant and propellant tanks

From the above analysis Kevlar 49 provides superior performance with an initial tankage mass of
12.4 kg. The Kevlar has an additional benefit because it does not require any seam welds.
Reliable ignition is essential to a successful mission. This is especially true for moters
that must be ignited autonomously away from the Earth. The ignition system must produce an
~ environment within the combustion chamber that assures ignition. To this end, several designs
have been developed and used in other systems for different operating environments and
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applications. A few of these ignition systems are: pyrotechnic devices, spark plugs,
monopropellants, and hypergolic devices. A review of the available literature revealed
characteristics, advantages, and limitations of each [46; 47].

Hypergolic devices have been utilized successfully to start the Atlas, Delta, H-1, F-1, and
Thor engines. In addition, the hypergols' lower melting temperature of 180 K (92.9°C) precludes
some of the low temperature storage difficulties of liquids such as hydrazine. Having a boiling
point of 366.2 K (93°C) places the operating temperatures of hypergolics within the ambient
temperature range typical of the environment of Mars. A 15% by weight triethylaluminum - 85%
by weight triethylboron hypergolic slug-type igniter was -chosen for the present Martian sample
return launch vehicle design.

A great deal of experimental work on the topic of liquid jet impingement and break up is
available in the literature. Much of what makes up the topic of propellant mixing and atomization
is still an empirical subject backed up by extensive testing and refinement, especially as it
pertains to the injector design [46]. Several incarnations of basic injector designs exist that have
been used in liquid rocket applications. Of these, the most common designs are: like doublet
impinging; unlike doublet impinging; triplet impinging; shower head, hollow post and sleeve;
and variable area concentric tube. Impinging type injectors have become the most commonly
prescribed designs, in part due to their ease of manufacture and operation [48]. For this reason, a
like (fuel on fuel and oxidizer on oxidizer) doublet impinging injector has been chosen for this
Martian surface launch vehicle design. »

- Attitude (or Thrust vector) control is essential in maintaining orientation of the launch
vehicle during ascent. In addition to following the prescribed trajectory the attitude control
system must also respond to abrupt changes in the flight path due to external influences. These
changes can be caused by aerodynamic/wind loading, and thrust misalignment with respect to the
launch vehicle center of gravity. Typically, control systems use either mechanical actuators or
propellant flow regulation [47]. The design of the Martian surface launch vehicle requires
multiple motors for a single stage, which requires an attitude control solution capable of
manipulating the exhaust nozzles.

The current Martian surface motor design is capable of producing thrust levels up to 1200

- N (271 1bs). Maximum throttling for this scheme can reduce the thrust from two of the operating

motors to 1023 N (230 1b). This approach has a distinct advantage because the only associated
hardware requirements are variable flow injector units. While simple, the direct throttling
approach can produce combustion instabilities. Fluctuations in propellant flow rate coupled with
the lower chamber pressure could produce chugging (f < 500 Hz) instabilities [49]. While most
low level frequency coupling can be avoided by machining and installation of damping devices
in the combustion chamber, this could also add cost and complexity to the design. In addition,
extensive testing will be required to avoid any other possible detrimental coupling mechanisms
could. ’

Although actuators add non-propulsive mass, they allow the motors to operate at 100%
thrust for the full duration of the propellant burn, avoiding instabilities from propellant mass
flow rate fluctuations. A common actuator driven TVC method utilizes gimbals [47]. An
example of successful implementation of gimballing is the Space Shuttle Main Engine [46].
Through the use of two linear (hydraulic, pneumatic, or electrical) actuators operating
orthogonally to one another, thrust vectors can be diverted in any direction around the tull 360°
circle with respect to the vehicle line of flight. Typically, maximum slew angles are on the order
of £12° [46]. Due to the inherent stresses of transferring the thrust force from the engine to the

37



main structure of the launch vehicle gimbals are usually constructed of high strength materials
such as titanium alloys, as was the case with the Space Shuttle. On the basis of reliable
performance, gimbal thrust vector control has been selected for this Martian surface launch
vehicle design. The thrust vector gimbal design for the proposed system is depicted in Figure 20.

The In situ production of methane and oxygen from Martian resources will likely yield
propellant that cannot be subjected to the same levels of quality control as terrestrial propellants.
In theory, hydrogen and oxygen are separated completely by electrolysis at the cathode and
anode. However, in practice this is not the entirely true because of the presence of a liquid water
interface. The electrolyzed gases surrounding:the cathode and anode will therefore be saturated
with water vapor. That water can be removed via condensation, but that method does not remove
all of the water, and multistage condenser svstems add complexity and mass. Eventually a point
of diminishing returns is attained and no further water molecules can be removed from the
saturated mixture. The presence of the water molecules can cause thrust fluctuations, particularly
when ice particles temporarily clog the orifice plate passages. Coupling this possibly random
disturbance with further flow metering could induce instabilities and decrease the motors

etficiency further.

Gimbal joint

Actuator /

a
Figure 20: Simplified view of gimbal thrust vector contro!

While thrust vectoring is adequate for the power-on portion of the launch, it cannot
provide attitude control for the entirety of the return mission. Provision has been made for this in
that excess nitrogen from the gas pressurant system can be used in a cold gas thruster
configuration. The current pressurant system is sized for two times the pressurant gas necessary
for delivering propellant to the thrust chamber. At 2000 psi (13.8 MPa) this should serve as an
adequate reserve for a simple four way pointing attitude control system. Additionally, the
balloon radar system can pull double duty and serve as a tracking system for the launch vehicle
to add redundancy to the system.

From a systems perspective the launch vehicle is broken down into two sub-tiers. Tier 1
describes the top level subsystems of the launch vehicle and includes the Engines, Attitude
Control, and Structures. Tier 2 describes requirements for components of the subsystems and
includes: Ignition, Combustion Chamber, Injector, Pressure Feed Svstem, Nozzle, Propellant
Tanks, and Structural Members. This system is shown schematically in the product breakdown
structure. Requirements for these individual systems are detailed in the Appendix.
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INTERFACES

The interfaces considered-for this system are shown in Figure 21. Interfaces for the MABL
system include the mechanical, electrical, and power interfaces between it and the S/C bus to
which it is attached supplying the power and control; the mechanical piping interfaces between.
it and the ISPP system which supplies inflation gas and associated electrical interfaces with the
ISPP for sensor feedback on inflation gas; electrical and mechanical and thermal interfaces
between it and the thermal protection system which provides environmental control; a
communication interface between it and the Command and Data Handling System, and
mechanical and electrical interfaces between it and the WBFS and HBFS balloons which it~
inflates and deploys. The WBFS and HBFS also have communication links to the C&DH
system and the HBFS has a communication link to a Mars orbiter. The ISPP provides power to
the S/C Bus and a communication interface with the C&DH system for data relay. It also has
mechanical and electrical interfaces to the thermal protection system for environmental control,
and mechanical and electrical interfaces with the MAV to which it provides propellant. In
addition to the ISPP interfaces, the MAV also has mechanical, electrical, and power interfaces
with the S/C Bus from which it receives power; a thermal interface with the thermal protection
system for environmental control, and communication links between the C&DH and orbiters for
data relay. The gashopper includes mechanical, electrical, and power interfaces to the S/C Bus
for surface transit; communication links between it and the S/C Bus C&DH system and a Mars
orbiter; a thermal interface between it and the thermal protection system for environmental
control; and a méchanical interface between it and the MAV for transfer of samples. In addition

“to the interfaces to all of the sub-systems, the C&DH system also has a communication link to

the DSN for data and command relay.

|
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Figure 21: Interface Control Chart

. SYSTEM LIFE CYCLE

The life cycle of the proposed mission varies with respect to the system component. For
example, without any damage or failure, the balloon systems can have a life cycle of years. This
1s also true for the CO, hopper and ISPP plant. As a result, it can be expected that the system
can operate successfully well beyond the duration of the mission. This ability may be extremely
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beneficial and crucial in order to fulfill the mission requirements in the event that the desired
production rate is interrupted and/or delayed (i.e. water is not extracted at the needed rate). It can
also be very beneficial for powering and/or fueling rovers/hoppers when it is desired to continue
to collect samples up until the next earth return opportunity as opposed to being forced to cease
collections after a given time period. Also, the possibility of multiple sample return missions can
" be considered. However, for the purposes of this analysis, it is assumed that the total system life
cycle will span the length of the minimum mission time, which starts at Earth departure and ends
once the sample has been returned to Earth. This proposed Mars sample return mission will have
an approximate length of 1355 days from Earth departure to Earth return. It will take 260 days
to travel to and from Mars. After arrival on Mars, five days have been allotted to properly land
and unload equipment as well as run system checks. The CO. hopper will become fully
operational immediately after unloading and without failure or damage, can continue to
successfully operate and collect samples for the duration of the mission. Thirty days have been
allotted to allow the ISPP system to run system checks and get all components operational.
During this time, however, the ISPP excavation rovers can immediately begin scouting for water
and begin extraction operations and/or needed site preparation once the desired extraction site
has been chosen. The ISPP plant is assumed to operate on an 800 day production cycle. Only
400 days of production are needed to fully fuel the MAV, which will be then ready for departure
at the next available launch window. The remaining fuel produced will be used to fuel the
hoppers from the balloon payloads. The balloons will be constantly- deployed as the needed
amounts of Hydrogen are produced and all 28 balloons should be deployed before the end of the
ISPP production cycle. Figure 22 shows the baseline mission timeline. '

Mission Timeline

i Carth to Mars Transit
Land and Unload

CQ2 Hopper Operation

ISPP Deployment/Activation :

ISPP Production

Activity

MAV/iopper Setup/Fucling

Deploy Weather Balloons

' ‘ Balloon Operation

MSRto Carth

o] 200 400 600 800 1000 1200 1400

Days

‘ Figure 22: Mission Timeline
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COST ANALYSIS

A budget cost analysis was performed using NASA JSC’s Spacecraft/Vehicle Level Cost
Model (SVLCM) and Advanced Missions Cost Model (AMCM), resulting in estimates for
Design, Development, Test, and Evaluation (DDT&E) cost and Life Cycle Cost (LCC) [50].
The SVLCM model is an on-online cost model derived from the NASA/Air Force Cost Model
(NAFCOM) database developed for quick turnaround, ROM cost estimating. The AMCM
model is an online ROM cost model for the development and production cost of spacecraft.
All models and costs were adjusted to FY1! dollars using the NASA New Start Index Inflation
Calculator. The budget costs are summarized in Table 15. '

Cost Cost
($mil FY11){ Model
DDT&E 2,086f SVLCM
LCC - 7,618 AMCM

Table 15: Cost Summary

RISK ASSESMENT

There are a few mission critical risks, that should a malfunction occur with the system,
loss of mission can occur. The most obvious of these would be a failure of the launch vehicle,
but since this risk is out of the hands of mission planners, it will not be considered. Next would
be any number of issues that could arise en route to Mars such as: power failure, incorrect
trajectory correction, software malfunctions, micrometeorite damage, etc. These issues are
handled to the best degree possible with hardened electronics, software testing, backup systems,
and other appropriate environmental protection. The next mission critical risk is the process of
entry, decent and landing, where failure of components can result in a high-speed collision with
the surface of mars, causing a premature end of mission. Appropriate design margins, backup
systems, and rigorous testing and simulation will enable successful EDL.

Once safely on the surface of Mars, assuming communication with the lander has been
maintained, a failure of any particular component will not necessarily result'in the complete loss
of the mission. The most important mission-critical objective of surface operations is the
acquisition of water for propellant production. Without water, sample return and balloon
launches will not be possible, although some science can still be done at the site, and. possibly
from the independently operating gashopper as well. This risk is mitigated as much as possible
by careful site selection based on data from previous missions regarding the availability of water
at certain sites on Mars. If the water ice proves too difficult to extract from the underlying strata,
it can severely slow the process of water collection, thus two rovers will be employed to increase
the rate of production, and ensure system redundancy should one rover fail. If propellant
production still falls short of the amount required to return to Earth by the time an Earth retuin
launch window opens, the ISPP plant can remain in operation until the next window opens, the-
following Martian year. The ISPP plant utilizes power produced by radioactive decay; there is
currently a shortage of Plutonium that can be used for NASA missions, and plenty of opposition
to the use of nuclear power in space. Should such a situation remain during the timeframe of this
mission, solar power can be utilized. A landing site has been selected that has a large flat terrain
profile that would suit the deployment of a large solar array on the surface, in addition to an
abundance of solar energy and access to water ice..
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Sample collection is another critical component of mission success. There are several
ways that samples can be collected on this mission, but primarily by the gashopper and long-
range balloon sorties. There are a few obvious risks associated with the gashopper design; most
noticeably the frequent flight and landing of the system increases the possibility of a crash. This
can occur due to a system malfunction mid-flight such as: reaction control system failure, ground
detecting radar failure, improper landing site characterization, etc. Just as in the case of EDL,
appropriate design margins, backup systems, and rigorous testing and simulation are required.
Adequate protection of thrusters guards against dust, which can cause the mechanisms to become
clogged rendered inoperable. Pre-flight checks must be performed to ensure that all systems are
working properly and that surface measurements of atmospheric conditions are within flight
margins. Should the hopper not be able to fly, surface roving is still an option. Should a major
malfunction occur with the gashopper, resulting in the loss of the vehicle, the ISPP rovers can
still be used to gather samples from the landing site for return. This is feasible since the rovers
are already equipped with coring drills and can retrieve core samples for return. They will
simply gather more surface and core samples from the immediate landing site in case of a
gashopper failure. Upon return of the gashopper to the lander, the risk of a collision between the
lander and the gashopper is present. This risk is mitigated simply by allowing for a "no-fly
zone" around the lander, causing the gashopper to land some distance away and rove to the
lander to return samples.

Malfunctions that can occur with the MAYV in flight can result in failure to return sample
material to Earth, and the  subsequent failure of the sample return mission objective.
Contamination of the propellant can cause the ascent engine to prematurely shut down and can
result from water ice, the risk of a loss of vehicle due to this problem can be reduced with
thorough testing of the engine on Earth at various levels of contamination to ensure adequate
performance. The MAV may not achieve sufficient delta V for a return to Earth due to
uncertainties with propellant mass, specific impulse, and high winds causing too much fuel to be
used in course correction. Upper level winds before a launch can be determined by the launch of
a weather balloon from the balloon system, which should allow mission control to determine if a
launch is 'go' or 'no-go'. The MAV will be housed inside of the lander to ensure adequate
protection from the elements during the 400 days it is inactive on the surface of Mars. This will
ensure that components have not become jammed due to dust intrusion, or failure of critical
~ electronics due to large amplitude temperature fluctuations. The MAV will have redundancy in
code execution and error checking to protect against a guidance computer fault in mid-flight.

Failures in the balloon system, such as failure of balloons to properly inflate, balloons

becoming stuck in the launcher, and data collection errors, are largely overcome by redundant:

systems, sound engineering design, and thorough testing and simulation. A risk that must be
dealt with on Mars is the potential of impurity of the hydrogen made on Mars. Impurity of the
hydrogen can result in improper lift of the balloon system and the inability to obtain data from
higher altitude regions of the atmosphere. Quality control of the hydrogen processing will be
required in-situ on Mars to ensure the proper purity of hydrogen, and design margins are
included to ensure proper balloon performance given impurity in the lifting gas.

CONCLUSIONS

A sustainable ISRU based sample return and exploration mission such as the one

_ proposed has the potential of returning a great deal of information on the climate of Mars, as well
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as sample materials that scientists on Earth will be able to investigate in greater detail than if
they were on Mars. The development and implementation of the technologies required for this
mission would also be required of a manned mission to Mars. The landing of heavy payloads,
ISRU propellant production, and subsequent return to Earth can be viewed as a robotic dress
rehearsal of a manned mission to Mars. Both the large quantity of science return and validation
of ISRU fuel production on Mars will lead to intra agency partnership within NASA between
planetary science and manned exploration, and act as a strategic enabler of mission funding. In
one mission, some of the greatest questions surrounding Mars can be answered, while acting as a
springboard for further human exploration.
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APPENDIX : (\
APPENDIX A: Mission Level Requirements and Verification Criteria
1. Mars Robotic Base Resistance to Temperature

The Mars Robotic Base shall withstand maximum and minimum temperatures experienced
during the mission profile.

Rationale: This requirement ensures the thermal properties of the autonomous weather balloon
system are sufficient to withstand maximum and minimum mission profile temperatures such that
operational integrity is maintained.

Verification Success Criteria:

Mars Robotic Base Thermal Protection shall be verified by Analysis. An analysis shall be
performed to predict temperatures during mission stages. Verification shall be considered
successful when the analysis shows the predicted temperatures are enveloped by the operational
temperatures used in the analysis to calculate margins of safety.

2. Mars Robotic Base Resistance to Natural Environments

The Mars Robotic Base shall meet all functional and performance requirements within the range
of environmental experienced during the mission profile.

Rationale: This requirement establishes maximum exposure time to the natural environment that
the Mars Robotic Base may experience. This period includes on-pad, launch, transit, EDL, and
Mars surface. Exposure to natural environments for the necessary time duration should not
invalidate the design performance or operational capability of the Mars Robotic Base.
Operational procedures can be used to supplement element design capability, as necessary, to
meet the natural environments.

Verification Success Criteria:

The Mars Robotic Base resistance to natural environments shall be verified by analysis. An
analysis shall be performed to verify that the Mars Robotic Base meets the functional and
performance requirements defined within the range of environmental conditions experienced.
Verification shall be considered successful when the analysis shows that the Mars Robotic Base
can meet all functional and performance requirements defined within the range of environmental

conditions specified.
3. Mars Robotic Base Resistance to Induced Environments

The Mars Robotic Base shall meet the requirements during and after cumulative exposure to the
induced environments encountered during mission operations.
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Rationale: This requirement ensures the properties of the Mars Robotic Base are sufficient to . -
withstand induced environments throughout the mission profile.

Verification Success Criteria: : :
Mars Robotic Base resistance to induced environments shall be verified by Analysis and Test.
An analysis shall be performed to verify the Mars Robotic Base for all induced environments. A
test shall be performed to verify that the Mars Robotic Base can meet the requirements during
and after exposure to the induced environments encountered during mission operations.
Verification shall be considered successful when the analysis and test confirm the Mars Robotic
Base meets the requirements during and after exposure to the induced environments encountered

during mission.

4. Mars Robotic Base System Access
The Mars Robotic Base shall provide access for servicing at the launch site.

Rationale: This requirement ensures that access for servicing is possible during all phases of
assembly and integration, ground operations, and on-Pad operations.

Verification Success Criteria:

Mars Robotic Base accessibility shall be verified by Analysis. An analysis shall be performed

" using drawings and/or CAD models of internal volume, access points, and associated
remove/replace operations, and human anthropometric data. A demonstration may be performed
using a-volumetrically representative mockup to simulate a representative access operation.
Verification shall be considered successful when the analysis shows that the Mars Robotic Base

provides access for servicing.

5. Mars Robotic Base Electromagnetic Environmental Effects (E3) Control

Mars Robotic Base shall route avionics and instrumentation lines such that Electromagnetic
Environmental Effects (E3) are minimized.

Rationale: This requirement ensures that the Mars Robotic Base is compatible with
Electromagnetic Environmental Effects (E3) Control requirements, in order to meet operational
and performance requirements.

Verification Success Criteria: ,

Electromagnetic Effects, Induced Electromagnetic Environment Compatibility shall be verified
by Analysis, Inspection, and Test. An analysis shall be performed to verify that the Mars
Robotic Base is in compliance with the Electromagnetic Environmental Effects (E3)
requirements while in the presence of the external electromagnetic environment. An inspection
shall be performed of the drawings to verify that the design is in compliance. A test shall be
performed to verity that the operational performance requirements are attainable while meeting
the applicable E3 compatibility requirements. Verification shall be considered successful when
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the analysis, inspection, and test show that the Mars Robotic Base is in compliance with
Electromagnetic Environmental Effects (E3) Control requirements while in the presence of the
external electromagnetic environment.

6. Mars Robotic Base Resistance to Corrosion

The Mars Robotic Base shall be corrosion resistant.

Rationale: This requirement ensures that corrosion build-up will not occur on any Mars Robotic -

Base hardware.

Verification Success Criteria:

Mars Robotic Base Corrosion Resistance shall be verified by Analysis and Inspection. An
analysis shall be performed to verify that the Mars Robotic Base comply with the provisions of
NASA-STD-6016, Standard Material and Processes Requirements for Spacecraft. An inspection
shall be performed to show that the Mars Robotic Base comply with the provisions of NASA-
STD-6016. Verification shall be considered successful when the analysis and inspection show
that the Mars Robotic Base meets the provisions of NASA-STD-6016, Standard Material and
Processes Requirements for Spacecraft.

7. Mars Robotic Base Contamination Control
The Mars Robotic Base shall comply with Contamination Control Requirements.

Rationale: This requirement ensures that the Mars Robotic Base is qualitatively verified to be
free of all particulate and non-particulate material visible to the normal unaided eye. The Mars
Robotic Base will also be appropriately protected through prepackaging prior to installation.

Verification Success Criteria:

Cleanliness Requirements shall be verified by Analysis and Inspection. An analysis shall be
performed to verify that the Mars Robotic Base is in compliance with Contamination Control
Requirements. An inspection shall be performed to verify that the Mars Robotic Base is in
compliance with Contamination Control Requirements. Verification shall be considered
successful when the analysis and inspection show that the Mars Robotic Base is in compliance
with Contamination Control Requirements.

8. Mars Robotic Base Interface
The Mars Robotic Base shall interface with adjacent components.
Rationale: This requirement ensures that features necessary to interface with adjacent Launch

Vehicle components are included in the Mars Robotic Base design and that the interface
prevents damage and does not negatively impact performance of adjacent components.
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Verification Success Criteria:

Interface Requirements shall be verified by Analysis and Inspection. An analysis shall be
performed using drawings and/or CAD models. A demonstration may be performed using a
volumetrically representative mock-up. An inspection shall be performed to verify that the Mars
Robotic Base interfaces with adjacent.components. Verification shall be considered successful
when the analysis and inspection show that the Mars Robotic Base interface with adjacent
components.

9. Mars Robotic Base Mass
The Mars Robotic Base shall have a mass no greater than 8000 kg

Rationale: This requirement ensures that the mass of the Mars Robotic Base will have minimal
negative effect on the overall cost and implementation of functional requirements.

Verification Success Criteria:

Mass Requirements shall be verified by Analysis and Testing. An analysis shall be performed
using drawings and/or CAD models. Testing shall be performed to verify that the Mars Robotic
Base mass does not exceed 8000 kg. Verification shall be considered successful when the
analysis and testing show that the Mars Robotic Base mass is within limits.

10. Mars Robotic Base Power
The Mars Base shall operate at a power no greater than 3 kW.

Ranonale This requirement ensures that the power demand of the Mars Robotic Base will have
minimal negative effect on the overall power of a Mars lander. :

Verification Success Criteria:

Power Requirements shall be verified by Analysis and Testing. An analysis shall be performed
using engineering models. Testing shall be performed to verify that the Mars Robotic Base
power does not exceed 3 kW. Verification shall be considered successful when the analysis and
testing show that the Mars Autonomous Balloon Launch System power is within limits.

11. Mars Robotic Base Weather Balloon Requirement

The Mars Robotic Base shall be capable of launching up to 25 weather balloons capable of
atmospheric measurements of temperature, pressure, humidity, and wind up to 20km.

Rationale: This requirement sets the minimum acceptable number of launches for the system to

meet the desired number of atmospheric measurements for the desired vertical atmospheric
profile.
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Verification Success Criteria:

The Requirement to launch up to 25 weather balloons shall be verified by Analysls An analysis
shall be performed using drawings and/or models. Verification shall be considered successful
when the analysis shows that the Mars Robotic Base is capable of launching up to 25 weather
balloons each capable of atmospheric measurements of temperature, pressure, humldlty and
wind to 20km.

12. Mars Robotic Base Heavy Payload Balloon Requirement

The Mars Robotic Base shall be capable of launching up to 3 heavy science balloons capable of
carrying 35kg payloads to 10km for a duration of 7 days.

Rationale: This requirement sets the minimuwm acceptable number of launches for the system to
meet the desired number of heavy payload flights.

Verification Success Criteria:

The Requirement to launch up to 3 heavy payload balloons shall be verified by Analysis. An
analysis shall be performed using drawings and/or models. Verification shall be considered
successful when the analysis shows that the Mars Robotic Base is capable of launching up to 3

heavy-payload balloons.

13. Mars Robotic Base ISRU

The Mars Robotic Base shall produce the required propellant and inflation gas for MAV and
balloon use.

Rationale: This requirement ensures the minimum mass of propellant and inflation gas are
produced to ensure successful completion of the sample return and balloon missions.

Verification Success Criteria:

The Requirement to produce sufficient propellant and inflation gas shall-be verified by Analysis.

An analysis shall be performed using models. Veritication shall be considered successful when
the analysis shows that the Mars Robotic Base is capable producing sutficient propellant and
inflation gas.

14. Mars Robotic Base Autonomy

The Mars Robotic Base shall be fully autonomous and self sufficient and capable of performing
neucssary functions to complete the mission without the aid of ground operators.
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Rationale: This requirement ensures that the Mars Robotic Base is capable of handling
operational situations necessary to complete the mission without continuous obser vanon and
control from Earth ground station.

Verification Success Criteria:

Mars Robotic Base Autonomy shall be verified by Analysis and Test. An analysis shall be
performed to verify the Mars Robotic Base is autonomous and self-sufficient. Tests shall be
performed to confirm that the Mars Robotic Base can meet the autonomy requirement for
mission operations. Verification shall be considered successful when the analysis and tests
confirm the Mars Robotic Base meets the requirements for autonomy.

15. Mars Robotic Base Sample Return

The Mars Robotic Base shall have the capability to gather and return 50 kg worth of sample
material from an area greater than could be covered by the MSL rover.

Rationale: This requirement sets the scientific objective of the sumple return mission and also
defines that the coverage area of the samples shall be greater than that of the MSL rover.

Verification Success Criteria:

Mars Robotic Base Sample Return capability shall be verified by Analysis and Test. An analysis
shall be performed using models. Tests shall be performed to confirm the Mars Robotic Base
has the capability to gather and return 50kg of samples from an area greater than could be
covered by MSL. Verification shall be considered successful when the analysis and tests
confirm the Mars Robotic Base meets the requirement for Sample Return.
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APPENDIX B-2: Balloon System Tier 1 Requirements and Verification Criteria Matrix

TITLE REQUIREMNT RATIONALE

VERIFICATION SUCCESS CRITERIA

R This requirenient ensures the thermal propertics of
‘The Balloon Systemn shall withstand the
e imum and mininwim temperatures {sal
eapericnced during the mission profite. Jmission profile etnperatures such that operational
imegrity is naintained. -

autonomowy weather balloon system are
cnt to withstand naxinum and minisum

Balloon System Resistance
10 Tenperature

Ballonn Sysiem Thermal Protection shal! be
verificd by Anatysis. An analwsis shall be
performed o predict tewperatures during mission
stages. Verification shall be concidered suecesstul
when the anabysis shows the predicted
temperatures are enveloped by the operational
tenperatures used in the analvsis (o cateulute
nargins of safety.

This requirenent establishes auximum exposwre
tie 1o the natural enviromment thae the Balloon
Systemay experience. This petiod inchudes on-
pad. taunch, feansit, EDL. and Mars 5
Expasure to natural environments for the necessary
tiine duraiion should not invalidute the design
performance or operagonat capability of the
Balluon System Operational procedures cin be
used to supplement element design capability. :

The Batloon System ~hall neet atl
functinnal and perfornunce
requirenwents defined within the within
the range o' eovironmietiad eaperienced
during the mission protile.

M.

Batoon System Resistance
1o Natural Environinents

necessary, {0 neet the nawed enviroeoenis,

The Balloon System shall be verified by analys:
An analysis shalt be performud 10 verity that the
Batloon Systern mects the functional and
perfornance requircnents Jefined within the
within the range of enviromnental eaperienced
during the mission profile, Verification shafl be
cumsidered suceessful when the anmalysis shows
that the Bulloon System can mect Wl functional and
perforinunce requirements defined within the range
of envitommemal condigons speciied.

The Balloon System shall neet the
reguirements during and afier This requirement ensures (he properties of the
cunulative cxposare (o te induced Ballvon System are suflicient to withsiand induced

Balloos System Resistance

1o Induced Environnents . . . -
ronmenss enceunicred during eavitonments throughout the mission profile.

on
mission operations.

Balloon Systemresistance - induced
enviromments shatl be veritied by Amlysis and
Test. An amalysis (hal! be performed to verity the
Balloon Sysiem for all induced environmetns. A
testshutlt be performed w verify that the Baltoon
System canncet the requiremenls during and afier
exposure 10 the induced environmenis eacountered
during mission operations, Verificauon shall be
considered successful when the anatysic and test
confirm the Batloon System moct the requiremenis
Juring and alier exposure 1 the mduced
environneents encountered during mission,




TIER |

TITLE REQUIREMNT

RATIONALE

VERIFICATION SUCCESS CRITERIA

vionics

Rilloon Swienm Battoon Sysem shatl route

Elcctronagnetic and instrumentation lHnes such that
Enviroamenid Efteets (E3) [Electronugnctic Environmental Effects
Controt {E3) are miniudzed.

This reguirement ensures that the Balloon Svstemiy
compuithle with Elecoronugnetic Environnenist
Elffeets (E3) Comrel requiresments, in order 10 et
operational and performnee requirenents,

Elcetromagnetic Effects., Tnduced Elecronugnetic
Lovironnent Coniatibibty shall be verified by
Analysin, Imspection. and Test, An anatysis shall
be perforned to verify that the Bullonn System iy
in conpliznce with the Elecu omagnetic
Eavironnuentdl Effects (E3) reguirements while in
the presence of the oxternal clectromagnetic
covitonment. An inspechon shall be performed of
the driwwings 1o vorify thut the design is in
compliance, A test shall be perforaxd 1o venty
that the operationul perfurpunce requireni Al ure
anainable while meeting the applicable E3
compuibility requiremxents, Verification shull be
considered suceesstul when e anal
inspection, and test show that the Batloon System
is in compliance with Efectronugnatic
Environnental Effcets (E3) Control requirements
while in the presence of the external
clectromagnetic environment,

The Butloon System shall be corrosion
resislant,

Balloon System Resistace
10 Corrosion

Thix requirement ensares that corrosion huitd-up
will not occur on any Balloon System hardware.

Balloon System Corrosion Resistance shatl be
verifiad by Analysis and Inspection. Ar anatwsis
shutt be performed w verifv that the Balloon
System conply wilh the provisiony of NASA-STD-
G016, Stundard Muterial and Processes
Requirements for Spaceeraft. An inspection shal)
be perforned o show that te Bulloun System
comply with the provisions of NASA-STD-60H A,
Verificatiun shall be considered suecessful when
the analysis and inspection show b the Bulloon
System meet the provistons of NASA-STD-60 [,
Staadard Material and Processes Requirements for
Spucceraft.

em ‘The Batloon Swstemaball comply with

Balloon S R N .
S C »n Control Req
Contamination Conteol
Documenl.

This requirement ensures that the Balluon Sy<tem
is qualitatively verified o be free of all purticulate
and non-purticulale nuaterial visible w the nonmal
unzided cye, The Balloon Systerwill also e
appropriately prolected through prepacka
10 installition,

u prior

Cleanliness Requirements shatl be veridied by
Analysis and Inspection. An analyis shatl be
performed (o verify that the Balloan Systemis in
complishce with Comamination Control
Reguircnents Document. An inspection shall be
perforined 1o verify that the Balloon Systemis i
compliance with Conamination Contiol
Requirements Document. Verificution shat be
considered siecessful when the analysis and
inspection show that the Batloen Systemiis in
compliance with Contamination Controt
Regquirenenis Document.

The Batloon Systentshall interface

Ratloon System Inerface X .
withudjacent components,

"This requirenont ensures that features necessary 1o
interfiace with adjacent S/C bus components are
inctwled in the Balloan System design and dut the
interface prevents danuige and doey 0ot negtively
impact performance of adjscent components. This
does pol on refer o phasically adfacent
components but also to conponets wiich nude
need (o be comnunicated with for instance,

Inerface Requirements shatl be verified by
Anatysis and Inspection. An analysis shalt be

put forneed wsing driwings and/or CAD models. A
Jumomration nuy be performed wing a
volumetrically representative mock-up, An
inapection shudl be perforned 1o veri fv tatthe
Ballnoa System interfaces with adjacent
componeals. Verification shall be considered
siccensful when the wnalyis and inypection show
that the Bulloon Svsteminterfice with adjacent
camponents.

. The Batloon Syste m shal} uave w nesy
Balloes System Mass .
d a reater than 2500 kg

‘This requiremens easurcs that the niss of te
Baltura Systenwll hiive il negative efivet
on e overall s of o Mars Luder,

Mass Requirements shadl be verified by Analyses
and Testimn An analysis shall e pertorned using
drawings and/or CAD nxodels. Testing shall he
performed W verily tat the Badloon Syster uusy
does roteaceed 2500 kg, Voritication siud i be
constderad sweeessiid when the analy s and
festing show dust e Balloon Systent s iy

within Lipiits,

Ballron Syswem Weuther
Batloon Launch
Requitenen

The Batloon System shat) be capable o
Launchiting up to 25 weather hulloons.

This reguirenent sets the muenwm iceeptable
rupher of Tanchos for the systemo smect the
wsphoric i ueonents,

i b of

The Requrene gt weather T
halloons shall be veriied by Analysis, An amalsis
shall e perforned wing deswings andfor CAD
mxadels. Verification shall be comidered
successful when the analysic show's that the
Builoon Systemis cipable of Lanching up to 23
iTBR) weuther balloons,
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TIER 1

TITLE

REQUIREMNT

RATIONALE

VERIFICATION SUCCESS CRITERIA

Balloon Syviem Heavy
Paylead Balleon Liunch
Requirement

The Balloon System shall be capable of]
Jaunching up to 3 weather balloon,

‘This requirement sets the minimunt acveptable
or the system to neet the
pasload thghrs,

number of launches
desiied nomber of he,

The Reguirement to launch up to 3 heavy payload
balloons shall be verified by Analysis, Anatalysic
shd] be performed wing drawings andfor CAD
medels. Verification shall be comidered
successful when the anulysis shows that the
Balloon Sysiemis capable of lanching up to 3

vy pravioad balloons.

Balloon System Ballnon
Payvload Requirement

The Bulloon System shall be capable of]
lunching weather batloons with
pavloads up 10 150g and heavy
payload halloons with pavicads up to
SUkg (TRK).

This sequirement <ets the minimani payload
requirements for the weather baitoon and heavy
payload batoon.

The Requirement 1o provide weather balloons that
can Biftup to 150z and heavy payload balloons
Tiftup 10 S0kg shali be verified by Analwsic. An
analysis shath be performed using drawings andfor
computer models, Verification shatl be considered
successful when the analysis shows that the
Balloon Systemis capable of launching weather
ballvons with pastoads up 1o 150g and hesvy
payload balloons with paylouds up to S0kg.

Balloon System Weather
Ballvon Altitude
Requirement

The Batloon System shath be capable of|
flying weather balloons o a Mirs
amosphere altitude of 20 km,

'This requirement sets the minimum acceptable
alttude for the system to neet the desired
atnospheric protile corridor.

The Requirement to fly weather balloons up to 20
fan shall be verified by Analveis. An analysis shall
be performed using engineering models,
Veritication shall be comsidered successful when
the analysis shows that the Balloon Systettis
capable of flying weuther balloons up o 20 km.

Balluoon System Heavy
Payload Balloon Altitude
Requirerent

The Baltoun System shall be capable of}
flying heavy payload baitoons to a
Mars amosphere altitude of 10 knu

This 1equiremment sets the mininnm acceptuahle

payload gt corridor.

altitde for the system 1o neer the desired heavy

The Requirement to Ty heavy payload balloons up
to [0 kanshall be verified by Analysis. Ananalysis
shull be perforned wsing engineering models.
Verification shatl be considered successtul when
the analysis shows that the Balloon Systeniis
capable of flying heavy payload balloons up to 10
k.

Balluon System
Atospheric Measurement
Requirenent

‘The Balloon Systent <hall be capable of
MeusUring 1 situ femperature, pressire,
huidity, and wind speed.

REHreIents.

This requiretient defines the requried atmospheric

The Atmospheric Measurement Requirement shall
be verified by Analvais and Inspection. An
analysis shall be performed wing drawings and/or
CAD niodels. An Inspection shall be perforned 1o
verity that the Autononuus Weather Balloon
Launch Systeniis capable of measuring
temperatwre, pressure, wmidity, and wind speed.
Verification shall be considered siccessful when
the analysis and impection show that the
Autonomwous Weather Balloon Luunch Systemis
capable of measuring tenperature, pressure,
hamidity, amd wind speed. ’

Bulloon System Saple
Return Requirement

Euch Heavy Pavioad Balloon shatl be
capable of cotlecting a 2kg sysemand
retwiing it to the vicinity of the lander,

This requirement expands the scope of saniple
coltechon o a planetary scale.

The Requirement to up 10 2 kg sanples <hall be
verified by Analysis. An analysis shall be
performed using engineering moJels, Verification
shail be considered successful when the analyeis
shows that the Heavy Payload Balloon Systems is
7 2hg vamples 1o the lander.

capable of returni




APPENDIX B-3: Balloon System Tier 2 Requirements and Verification Criteria Matrix
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TIER P (LAUNCH SYSTEM / BALLOON SYSTEM!
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REQUIREMNT

RATIONALE

VERIACATION SUCCFSS CRITERIA
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epiable rurber of
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TIER 1 (LAUNCH SYSTEM / BALLOON SYSTEM)

TITLE REQUIREMNT RATIONALE VERIFICATION SUCCESS CRITERIA
Balloon Sub-System Thermal Protection shall be
. . verified by Analysis. An analysis shall be
. This requirement ensures the thernual . N . § R L
Batloon Sub-System shall roperics of the auiomat veather bailoon performed 1o predict tenperittures during mission
Batloon Sub- withstand marinmm and minimum Preparies o Hie aulanatious weater bafleo stages. Verification shall be considered

Resistunce 1o Temperature

dtemperatues experienced during
the misston profile.

systemn are sufficient to withviand masdnom
and mininzan mission profile temperatures
such that operational injegnity s maintined.

successful when the analysis shows the predicted
tenperatures are enveloped by the operitiona!
temperatures wed in the analysis to cateulate
nurgins of safery.

Balioon Sub-System
Resistance to Namral
Environuents

The Balloon Sub-System shatl meet
all tunetional and performance
requirements defined within the
within the range of eavitonmental
expericaced during the mission

profile.

This requirenent establishes maximum
exposure tine to the natural environmen that
the Balivon Sub-System nay experience. This
period includes on-pad, Taunch. ansit, EDL,
Mars surface, and Mars ight, Exposure w
natural environments for the necessary fine
duration shoutd not invalidate the design
pertormance or operational capability of the
Balloon Sub-Systen. Operational procedures
can be used o supplement element design
capability. as necessary, 1o meet the nanual
covironnents,

The Batloon Sub-System shall be verified by
analysis. An anal yais shull be performed to verify:
that the Balloon Sub-Systern meets the functional
and performance requirements defined within the
within the range of environnental experienced
during the mission profile. Verification shall be
considered successful when the analysis shows
that the Ballovn Sub-Systemcan meer all
functional and performance requirenxents detined
within the range of eavironmental conditions
specified.

Balloon Sub-System
Resisrance to Induced
Environmenis

The Batloon Sub-System shall meet
fhe requirements during and afier
cunufative exposure to the induced
environnents encountered during
mission operations.

This requirement ensures the properties of the
Baltoun Sub-System are sufficient to withstand
incuced environmenis throughout the mission -
profile,

Batloon Sub-Systemresistance to induced
environents shall be verified by Analysis and
Test. An analysis shall be perforned to verify the
Baltoon Sub-System for all induced
environments. A test shall be performed ty verify
that the Balloon Sub-System can meet the
requirenents during and after cumulative
exposure to the induced enviromnents
encountered during mission opetations.
Verificanon <hall be considered successful when
the analy<is and test confirmihe Balloon Sub-
System nieets the requirements. during and after
expositre to the induced environmets

1 chwine miscing

Buhoon Sub-Sytem
Resistance to Cortnsion

The Batoon Sub-System shall be
Corrosion resistant.

This vequirement ensures that corrosion build-
up will not occur on any Battoon Sub-System
hardware.

Balloun Sub-Sysrem Corrosion Resistance shall
be verified by Analysis and Inspection. An
analysis shatl be performed to verify that the
Raltoon Sub-System comply with the provisions
of NASA-STD-6016. Standird Material and
Processes Requirements for Spacecraft. An
inspectinn shail be performed to show that the
Bulloon Sub-System comply with the provisions
of NASA-STD-0016. Verification shall be
considered successfid when the analysis and
inspection show that the Bulloon Sub-System
weet the provisions of NASA-STD-6016,
Srandard Material and Processes Requirenents

Balloon Sub-System
Contamination Control

The Billoon Sub-System shalf
comply with Conamination Control
Requirenents Docunent.

“[al} panicutute-and non-particidate material

This requircment ensures thar the Baitoon Sub-
System is gualitatively verified to be fiee of

visible to the normat unaided eve. The Balloon
Sub-System will also be appropriately

tected through prepachaging prior to
instaltation.

Cleanliness Reguirements shall be verified by
Anadysis and Inspection. An analysis shall be
performed to verify that the Baloon Sub-System
is in compliance with Contamination Control
Requirements Docunxent. An inspection shall be
perforned 1 verify that the Balloon Sub-System
18 in compliance with Contamination Control
Requirements Document. Verification shall be
considered snceessfidl when the analysis and
inspection show that the Balloon Sub-Systentis
in compliance with Comantination Connol
Requirements Dovumenr,

Batloon Sub-Sytem Interiace

The Batloen Sub-Sysiem shalt
wrerface with adj
Compenents.

ent

This requirenent ensures that features
necessary o anferfiace with adjacent lmmcher
componentt are included in the Balloon Sub-
Systemdesign aod that the ferface prevents
Gge and does mor negatively rmpact

at componenis, by

ol
1on, the reguireneat eastues that the
communication protoval herween she

watior snd recetver on the Jauncher sub-

pE

systens asd/er orbiter do et contlact.

cenponents. Verification shall be co

stevessiul w

Interface Requiremeniz shall be verified by

Analysis and Inspection. An analysis shall be

performed wing drawings and/or CAD nadels.
A demonstation may be performed wing a

volunwirically representative mock-up. An
izspection shall be performed to verify
Balloon Sub-Systemin It ad

UCes W

mspection show

huen the analysis axd
that the Batloon Sub-System intersace with’

adjacent components.
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TIER | (LAUNCH SYSTEM / BALLOON SYSTEM)

TITLE

REQUIREMNT -

RATIONALE

VERIFICATION SUCCESS CRITERIA

Batluon Sub- System Mass

The Balioon Sub-System shall hitve
amass ne greater than 300 kg

This requirement ensures that the mmass of the

Batloon Sub-System will have minima

negative effect onthe overall mass of the Mars

Autonomous Batloon Luanch Systemt

Mass Requiremenis shalt be veritied by Analysis
and Testng. An analysis shall be performed using|
drawings andfor CAD models. Testing shat] be
performed to verity tint the Batloon Sub-Systen
mitss does not exceed 500 kg, Verification shail
e considered sucessful when the analysis and
testing show that the Balloon Sub-System ausy is
hin dimits,

Balloon Sub-System Payloid
Requirement

The Balloon Sub-System shull
include weather baltoons capuble
of carrying payloads up to 150 g
and heavy payload batluons
capable of carrving payloads up to
S0 kg (TBR).

This requitemnent sets the minimum payioad
requirements for the weather balloon und

heavy payload bakloon.

The Regquirement to provide weather balloons
that can lift up to 150 g and beavy payload
bulicons 1o littup to 50 kg shall be verified by
Analysis. An analysis <hall be performed using
drawings and/or conputer models. Verification
shall be considered successful when the analysis
shows that the Balluen Sub-Sys‘iem is capable of
launching weather bullovns with payloads up to
150 g and heavy payload balloons with paylouds
L S0 L

Balloon Sub-System Weather
Balloon Altitude Requirement

The Baltocn Sub-System shall
include weahter balloons capable
of flying to a Muars atmosphere
altiwde of 20 kin.

This requirement sets the minimum acceptable
altitude for the system to meet the desired

wmospheric profile corridor,

The Requirement for weather balloons capable of
flving up t0o 20 km shall be verified by Anaivsis.
An analysis shull be pertormed using engineering
models. Verification shall be considered
successful when the analysis shows that the
Balloon Sub-System includes weather balloons
capuble of flying up 10 20 km.

Balicon Sub-System Heavy
Payload Balloon Altitude
Requirenient

The Bulloon Sub-System shall
include heavy pavinad bafiuons
capuble of flying to a Mars
atmosphere altitude of t0 km.

This requircment sets the minimum acceptable
altitude for the systems to meet the desired

heavy paytoad flight corridor.

The Requirement for heavy payload bailoons
capable of flying up to 1) km shall be verified by
Analysis. An analysis shall be performed wsing
engineering models. Verification shall be
considered <uccessfil when the analysis shows
that the Batloen Sub-System includes heavy
payload balloons capable of flying up 10 10 km.

Rilloun Sub-System
Amwospheric Measurement
Requirenent

‘The Balluon Sub-System shall be
capable of measuring in sit
temperature, pressure, hunidity,
and wind gpeed.

This requirement defines the requried
atmospheric measurements,

The Atmospleric Measurement Requirement
shal! be verified by Anualysis and Inspection. An
analysis shalt be performed wsing drawings
and/or CAD mwidels. An Inspection shall be
performed to verify that the Balloon Sub-System
is capable o neaswring temperature, pressuse,
Immidity, and wind speed. Verification shall be
considered successtul when the analysis and
inspection show that the Balloon Sub-Systemis
capalle of measuring empesature, pressure,
humidity. and wind speed.

Balleon Sub-System Sample
Return Reyuirenent

Each Heavy Payload Balloon shafl
be cupable of collecting a 2kg
sysem and returning it to the
vicinity of the lander, .

This requirement expands the scope of sample

collection to 1 planetary scale.

The Requirsinent toup to 2 kg sanples shall be
verified by Analvsis. Ananatysis shall be
performed using engineering models. Verification
shalt be considered successful when the analysis
shows that the Heavy Payluad Batloon Systems is
capable of returning 2kg samples to the lander.
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TIER 1 (LAUNCH SYSTEM / BALLOON SYSTEM)

TITLE

REQUIREMNT

RATIONALE

VERIFICATION SUCCESS CRITERIA

Bafloun Sub-System Mass

The Batloos Sub-System shall have
4w tmass 10 greater than 500 kg

This requirement ensures that the mass of the
Bailoon Sub-System will have mininal
negative effect on the overall mass of the Mars
Auononwus Battoon Luanch System

Mass Requirements shall be verified by Analysis
and Testing, An analsais shall be performed using
drawings and/or CAD models. Testing shall be
periornwed to verify that the Balloon Sub-System
mass does not eaceed 500 kg, Verification shalt
be considered successful when the analvsis and
testing show that the Balloon Sub-System mass i
within Jimits.

Ballnon Sub-System Payload
Regquirement

The Balloon Sub-System siall
include weather ballouns capable
of carrying pavinads up to 150 g
and heavy payluad batloons
capable of carrying payloads up 1o
500 kg (TBR).

This requirement sets the mimimum payload
requirements tor the weather bulloon and
heavy payloud balloon.

The Requitenent (o provide weather ballouns
that can lift up to 150 g and heavy paylowd
balloons to Tift up 1o 50 ke shall be verified by
Analysis. An anatysis shall be performed wing
drawings and/or computer models. Verfication
shall be considered successful wlhen the analysis
shows that the Bulloon Sub-System iy capable of
taunching weather balloons with payloads up to
150 ¢ and heavy pavload balloons with pavioads
Syl

10,

Balloun Sub-System Weather
Balloon Altinde Requirenent

The Balloon Sub-System shall
include weahter batloons capable
of flying o a Mars agnosphere
altitude of 20 km.

This requirement sets the minimum acceprable
altitude for the system to meet the desired
atmospheric profile corridor.

The Requirement for weather balloons capable of|
flying up to 20 km =hall be verified by Analysis.
Ananalysis shall be performed using engineering
models. Verification shall be considered
successful when the analysis shows that the
Balloon Sub-System intchudes weather batloons
capable of flying up to 20 km.

Balloon Sub-System Heavy
Payload Balloon Altitude
Requirement

The Bulloon Sub-System shall
include heavy payload hatloons
cupable of flying 1o 2 Mars
atnwsphere altinde of 10 knn.

This requirement sets the minimum acceptible
altitde for the systemio meer the desired
heavy payload flight corridor.

The Requirement for heavy payload balloons
capable of flving up to 1) km shall be verified by
Analwsis. An analysis shull be performed using
engineering models. Verification shall be
considered successtul when the analysis shows
that the Balloon Sub-Swstem jucludes heavy
payload balloons capable.of flying up to 10 kin.

Baltoon Sub-System
Anncspheric Measurement
Reyuirement

The Bulloon Sub-System shall be
capable of measuring i sit
temperature, pressure, humidity,
anl wind speed.

This requirement defines the requried
atmuspheric akeaswenents,

The Atmwspheric Measurenent Reyuirement
shall he verificd by Analysis and nspection. An
analysis shail be performed using drawings
and/or CAD models. An Inspection shall be
performed to verify that the Baltoon Sub-System
is capable o measiring iemperature, pressire,
huniidity, and wind speed. Verification shatl be
considered successful when the analvsis and
inspection show ihat the Baltoon Sub-System is
capable of measuring temperatuse, pressure,
humidity, and wind speed.

Balloon Sub-System Sample
Return Requirement

Euch Heavy Pavicad Balloon shall
be capable of collecting o 2kg
sysem and returning it w0 the
vicinity of the tunder.

This requirement expands the scope of sample
collection ti a planetary scale.

The Requirenent to up to 2 kg samples shail be
verified by Analysis. An analysis shall be
performed using engineering models. Verification
shall be considered successtul when the analysis
shows that the Heavy Payload Bailoon Svstens is

capable of returning 2ky sampies 10 te Jander.
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APPENDIX C-1: ISPP Functional Flow Block Diagram
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APPENDIX C-3: ISPP Tier 1 Requirements and Verification Criteria Matrix

interface with the MAYV refueling systems,

MAV for its return to Earth,

TIER 1
SYSTEM REQUIREMNT RATIONALE VERIFICATION SUCCESS CRITERIA
The ISPP plant shall preduce the ired . . The system shall go through testi Earthin:
N prant shat pro u}‘c 16 required A, fulfill its functional purpose and |, C ?) er.n h go‘ ' .és g on Bartiin
ISPP PLANT [propellant and Hydrogen for MAV and . , facility with Mars like conditions to test the
ensure a successful MSR. ) )
balloon use. production rate and quality of the system.
The system shall go through testing on Earth ina
The ISPP plant shall operate under the To ensure successful operation facility with Mars like conditions to test its ability to
ISPP PLLANT {harsh Martian environmental conditions under the natural Martian operate under Martian conditions, including
without fault. environmental conditions. simulated low temperatures, low pressures, high
winds and dust storns.
The operation of the ISPP plant shall not . . The system shall go through analysis to ensure that all
) . To ensure the protection of the . L
ISPP PLANT [dramatically disturb or damage the natural . . parts of the system are below contamination risk
. . Martiun environment.
Murtian environment, levels.
. To ensure complete system The system shall go through testing on Earth in a
The ISPP plant shall be fully aut 3 : N Y T
ISPPPLANT | © p (_m. shatf be futly auionomots operation without the direct tacility with Mars like conditions to test the autonomy
and self-sufficient. . . -
presence of humans, of the system.
N . . The system shal! go through testing on Earth in a
The excess Hy s ly shal face|Ti vide Hy er|. L, . i, LT ’
ISPP PLANT | ¢ £XCESS H_\drog(?n ﬁ'upp v shall interface)To provide Hydrogen tuel to power facility with Mars like conditions to test the transfer
with the balloon refueling system the weather balloons on Mars. . .
of hydrogen to the balloon refuling system.
. The system shall go through testing on Earth in a
The methane and supply shall To provide needed propella
ISPP PLANT | ' etiane and oXygen supp'y sha o provide needed propellant o the facility with Mars like conditions to test the transfer

of methane and oxygen to the MAV refuling system.
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APPENDIX C-4: ISPP Tier 2 Requirements and Verification Criteria Matrix

TIER 2

SYSTEM

REQUIRE!

RATIONALE VERIFICATION SUCCESS CRITERIA

CO2 EXTRACTION

5.5kg of CO2 shall be exnacied and presarized to
tDTKPS, using H34W of pawer cach day.

To 6l {1y functional The system shall co through resting on Earth in
purpose and ensure a Tacility with Mars like qonditions o wst the
cuceessful MSR, production rale and guality of the system

CO2 EXTRACTION

“The COZ extraction process shatt operite under the
harsh Martian environmentad conditions withou fli.

"The system shall go through testing on BEarthin o
Tacility with Mars Tike comdilions (o test ity abilit 10
operate under Martian conditions, including sinubated
tow temperatures, low pressures, high winds and dust
slerms, -

To ensure suceessful
ihy natural

operation und
Muartian envirs
conditions,

naetal

COZ EXTRACTION

‘The uperation of the CO2 eatriction process shall not
dranatically disqurb or danuge the natural Martian
cavironent.

The system shall go through analy.s 1o ensure that atl

Te: ensure the protection of the Lo
e parts of the system are below comamination risk

Martian environmenl,
Tevels.

COX ENXTRACTION

The CO2 extraction process shall be fully

“Jautonomuis and setf-sulficient.

The system shall go through tesiing on Earth in a
facility with Mars like conditions 10 test the autonomy
of the syaici

To erure complete system
apetation without the direct
presence of bumans.

SURFACE ICE PROC

SING PLANT

The surface ice processing plant shatl extract 9kg of
ice from the Martian surface snd ekt itdown to
usable H20 wing 700W of power cach day.

The system shall go theough testing en Earthin g
facility with Mars like conditions 10 test the
production rate and quality of the system

To fulfiltits functionad
purpose amd ensire o
suecesstul MSR,

SURFACE ICE PROCESSING PLANT

The surface ice processing plant shadl aperate under
the ttrsh Martian environmentat conditions withour
Gawlt, .

The sysiem shall go through testing on Eacthin a
facility with Mars like conditions 10 test its ability 10
operate under Mastian conditions. including simulated
Tow temperatures, low pressures. high winds and dust
NG

To ensure successful
wperation under the naturat
Martian environmental
canditions,

SURFACE ICE PROCESSING PLANT

The operation of the surface ice processing plant
shadl ot dramatically disturb or damiage the natural
Martian environment.

The system shall go through analvais 10 ensure that all

To ensure the protection of the PR
parts of the systemare below contasmination risk

Martian environent.
tevels.

SURFACE ICE PROCESSING PLANT

The swface ice processing ptant shatl be fully
autonomows and self-sulticicnt.

The systemshalt go through testing on Eurth ina
facility with Mars like conditions 1o test the autonomy
of the system. .

T ensere complete system
aperation without the direct
presence of hunans.

WATER ELECTROLYS!S CELL

The water electrotysis cell shall convert $kg of H2O
ino tkg of Hwdrogen und 16Ky of Oaygen using
1.875kW of power cach day.

The systemshall go through testing on Earth ina
Tacility with Mars tike conditions to test the
production rate and quality of the system

To [ullill its tunctional
purpose and ensure a
successful MSR.

WATER ELECTROLY SIS CELL

The water electrolysis cell shall operate under the
harsh Martian eavironmenil conditions without fault.

The systemshall go trrough westing on Earthin o
facility with Mars like comditions 1o test s ability
operate under Martian conditions. including situlated
gh winds and dust

Toy ensure successiisl
operation undet the aural
Airtian environpental

low, tlemperaturcs, fuw pressures,

coditions,
slorns.

WATER ELECTROLYSIS CELL

The operation of the water electrolysis cell shall not
dramatically disturb or dimnage the ratwal Martian
envitonnent.

The system shall go hrough analysis to enswe that all
parts of the system are below comamination risk
Tevels.

“To ensure the protection of the
Martian environment,

WATER ELECTROLYSIS CELL

The water clectolysis cell shall be Tuly autonomons
and self-sutlicient.

The system stall go through tesdng on Earth in o
tavility with Mars like conditions w test the avtonorny
of the syatenu

To ensure complete svstem
operation without the direct
presence of humans,

WATER ELECTROLYSIS CELL

The excess Hydrogen supply shall interfiace with the
ballonn refucling system

To provide Hydrogen fuct 10 | The svstem shall go through testing on Emthin a
Tacility with Murs hike conditions to test the tramsfer
of hydrogen 1 the balloon refuling system

pawer the weather batloons
on Mars,




TIER 2

SYSTEM

REQUIREMNT

SABATIER REACTOR

The Sabatier teactor shall convert 1kg of Hydrogen
and 5.5kg of COZ it 4.5kg of H20 und 2kg of
Methane each day.

RATIONALE VERIFICATION SUCCESS CRITERIA
T fulfill it functional The system shall go through testing on Eanthina
purpose and emure & faciltity with Mars like conditions to test the
successtul MSR. production rate and quality of the system

SABATIER REACTOR

The Sabatier teactor shall operate under the harsh
Martan envitonmentat vonditions without fault.

The system shiatl go through testing on Eanthin a
facility with Mars hike conditons to test irs ability to
operate under Martian conditions. including sinmlated
low temperatures. low piessures, bigh winds and dust
A0,

To ensure successful
operation under the natural
Muartian environmertal
conditions,

SABATIER REACTOR

The operation of the Sabitier reacnr shall not
dramaticalty disturb or damage the natural Marrian
cuvironment.

The system shatl go tduough analysis to enure that afl
paris of the system are below contamination rsk
lovels.

To enswre the protection of the
Martian environmen,

SABATIER REACTOR

The Sabatier teactor shail be fully sutonomous and
self-sufficient.

To eoswre complete systeln [ The system shall go through testing on Earth in a
operation without the direct  [facility with Murs like conditions 1o test the autonomy

presence of humans, of the system.
. The cryogenic propellant storage systemsball eool,  [To fulil its functional The ystem shall go through testing on Earth in a
CRYOGENIC PROPLELLANT STORAGE  liquefy, and store up 19 40.000kg of methane and purpose und enure o factlity with Mary like conditions to test the
oxygen propetlant a1 95K using 550W of puwer, successful MSR. production rate and quality of the system

CRYOGENIC PROPLELLANT STORAGE

The cryogenic propeliant <torage system shall
uperate under the harsh Mastian enviromnenial
conditions without fault,

"The system shalt go through testing on Earthin a
facility with Mary like conditions o test its ability to
operate under Martian conditions, including sinulared
low temperres, fow pressutes. hugh winds and dust

To ensure successiil
operation under the nawral
Martian environmental

condisions,
~torms,

CRYOGENIC PROPLELLANT STORAGE

The operat yogenic prope tlant storage
system shall not dranagically disturb or damage the
raturst Martian enviromment,

"Ihe system shall go dwough analysis to ensue that all
parts of the systentare helow contamination risk
levels.

To ensure the profection of the
Martian covironnent,

CRYOGENIC PROPLELLANT STORAGE

The cryogenic propellant storage systeni shall be
fully autenomous and self-sufficien,

To ensure complete swstem [ The system shall go through testing on Earth ina
operation without the direct  [tucility with Mars tike condifions to test the autonomy
presence of hunmns, of the. a¥stem.

CRYOGENIC PROPLELLANT STORAGE

The methane and oaygen supply shall interface with
the MAV refucling systens.

To provide needed propellant {The system shall g through testing on Eanthina
to the MAV for its return o [facility with Mars Jike conditions 10 test the transfer
Eurth, ot methane and oaygen o the MAV refulimg sysen
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APPENDIX D-1: Gas Hopper Product Hierarchy
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64

'




APPENDIX D-2: Gas Hopper Tier 1 Requirements and Verification Criteria Matrix

Mobility Rate

have a range that exceeps
that of current rovers

style rover for sample retreival. the
Gashopper design should traverse terrain at
a fuster rate to be an attractive option.

Tier 1
Tide Reguirement Rationale Verification Success Criteria
Gashopper Gashopper should must Current MSR inission design relies on MSL|Gashopper can rapidly explore

areas on Mars that are
inaccesible to rovers

Flight Control
System

Gushopper should be uble
to maintain proper attitude
in ballistic flight and
reorient for landing

Gashopper must be able to land properly
on its wheels to ensure survival after a hop

Flight Control System should
ensure vehicle stability while
aloft under numerous potential
scenarios including wind and
RCS thruster failure.

Gushopper
Power
Production

Gashopper should be
capable of producing 5 kW
h of power each sol.

Gashopper should produce sufficient
power to operate the CO2 acquisition,
pressureization, Flight Control System, and
surface operations

Gashopper can produce at least 5
kW-h of energy in a single sol
despite solar panel degradation
and dust coverage

Gashopper
Roving Ability

Gashopper should be able
to rove on the surface afier
hops to locate and obtain
samples of interest

It is very unlikely that the gashopper will
land close enough to a potential sample of
interest to retreive it

Gashopper has roving ability
similar to that of current rover
technology.

Sanple
Identification

Gashopper should have
sufficient equipment
onboard to detect samples
that are of scientific
interest to a MSR mission

Potential samples must be pre-screened in-
situ to deem their worthiness of a return
flight to Earth

Gashopper can identify
scientitically interesting samples
for subsequent collection.

Pick up rock/soil, and store in

Sample Gashopper must have a The purpose of the Gashopper is to bring
Retrieval and  }way of obtaining samples |samples back to the MAV contuiner
Storage and storing them onboard )

Comimunications

Gashopper must have the
ability to communicate
with ground operators to
receive orders and to relay
status/data

Sclection of samples must be made by
science team members and therefore
commands for the Gashopper to retrieve
certain samples must be sent to the
Gashopper

Gashopper can communicate
with lander, orbiter, and Earth
under most environmental
scenarios.

Weather Station

Gashopper should be able
to determine local weather
conditions

Local weather conditions wil be critical
pre hop to determine the possibility of
landing at a particular site

Gashopper is able to determine
the surface level winds

Component Mars Gashopper should  [Hopper and all components should survive |Temperature extreames do not
Resistance to withstand minimum mars  the cold temperatures on Mars affect the overall operation of the
Temperature temperatures gashopper

Dust Protection

Effects of Martian dust
should minimally affect the
hopper

Martian dust can potentially jam or seize
nechanisms, and thrusters, measures should
be taken to scal the hopper from dust
intrusion

Components do not become
clogged with dust that can
potentially endanger the mission.
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APPENDIX E-1: MAV Product Hierarchy C

MARS ASCENT VEHIVLE PRODUCT HEIRARCHY
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APPENDIX E-2: MAV Tier | Requirements and Verification Criteria Matrix

Tier 1
Title Requirement Rationale Verification Success Criteria

The engines shall provide
thrust levels adequate to attain
Engines the acceleration necessary for

The engines must provide the impetus to
accelerate the launch vehicle and surface
sample to a high enough speed to return

Engine performance shall be deemed acceptable
upon instrumented test stand verification of its

Mars orbital insertion or . . crformance
. the sample either to orbit or Earth pe
escape velocity
The attitude control system Attitude control system success shall be verified by

To maintain correct heading during ascent
phase of vehicle launch is critical for
mission success

using previously proven heritage components, and
rigorous testing testing through computer models
and simulations

Attitude <hall provide gimbaling of -
Control individual engines on each
stage of up to £12°

The luunch vehicle structures | The launch vehicle structure holds the
shall provide the support ‘|individual components in the positions
necessary to maintain all of thethey need to be and transfers loads from
launch vehicte components in jthe engines to the remaining portions of
their prescribed orientations  |the vehicle, and must be able to handle
without fuilure/yielding these loads and accelerations

Structural component shall be considered
successful through analysis and sound engineering
design

Structures
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APPENDIX E-3: MAV Tier 2 Requirements and Verification Criteria Matrix

of the oxidizer and fuel mixture

autoncmously

Tier 2
Title Requirement Rationale Verification Success Criteria
X " Ignitor success shall be demonstrated by analysis
L . . . The ignitor must be able to initiate the 8 N ? X K ’ v
X The ignitor shall provide reliable ignition X X and completion cf testing prior to launch that
Ignitor cambustion process refiably and . o L
demonstrates the ability of the ignitor to initiate

combustion

Combustion Chamber

The combustion chamber shall be
designed to withstand and contain the
main combustion reaction, subject to
variable pressure and heating

The combustion chamber must be able
to withstand the operational

environment of combustion, such that
thrust may be produced and sustained

A successful design shall be verified by analysis,
sound engineering design, and completion of pre-
installation pressure testing and cyicling

Injector

The injector shall detiver propellants to
the combustion chamber at the desired
pressure, infet velocity, and incidence
angle

Injectors provide the final interface
between the combustion reactions and
the propellant feed system. As such the
injector must allow for the proper mass
flow and atomization of propeflants

A successful injector shall be shown through proper
analysis along with cold- and hot-flow testing to
allow adequate mass flow and liguid droplet
formation and atomization

Pressure Feed System

The pressure feed system shall provide
the correct pressure to the stored
propeilant such that they arrive at the
combustion chamber at the design
pressure

Combustion chamber propellant is
dependent on the ability of the
propeliant feed systam to impart the
correct pressure onto the propellant
within the propellant tanks

performance of the pressure feed components and
overal! system shall be verified through cold-flow
testing

Nozzle

The nozzle shail provide the appropriate
exhaust gas expansion to the desired exit
pressure while maintaining structural
rigidity and integrety

In order for the engine to produce the
maximum thrust possible the exhaust
nozzle must expand the combustion
gases down to the assigned pressure
while not succumbing to environmental
stresses such as heat and pressure

The nozzle shail be shown tc be adequate for the
operational environment through instrumented
test stand firings

Propellant Tanks

Propeltant tanks shall provide for the
storage of propellant without yietding or
faiture under launch loads or internal
pressure

Tanks for the propellant must maintain
structural integrity throughout the
duration of the engine burn

Propellant tanks shall be deemed adequate
through sound engineering design and test bench
pressure cylcing and testing

Structural Mernbers

Individual structural members shalt be
sized such that they can adequately
transfer launch loads while not yielding

The launch loads of the engines are
transferred to the entire launch vehicle,
which must be held intact by individual
structural members including supports
and stiffeners

Structural compenent shall be considered
successful through analysis and sound engireering
design

Gimbals

Gimbals shall provide for appropriated
thrust vector control of the engines
without mechanical failure

The gimbals must transfer thrust forces
from the engines and also support the
engines at the desired angle

Gimbals shall be verified through sound engineering
design
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