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Abstract

One of the greatest challenges for designing a human mission to Mars and sustaining it from
the Earth over many varying synodic cycles is how to deploy and stage the lander descent and
ascent modules and overall logistics from Mars orbit. In this paper, we propose the design and
operation of an interplanetary vehicle (IPV) whose purpose is to not only transport a specialized
team of up to twelve crew members to Phobos proximity, but also to provide a Mars system
base of operations at Phobos for the maximum span of 2 synodic cycles (~4.5 years). To achieve
this mission, four major concerns are addressed to ensure a high confidence level in the
operation of the IPV:

1) The IPV will be constructed within Low-Earth Orbit (LEO) and cycled in cis-lunar
trajectories to test and evolve mission critical systems until the IPV is commissioned for
operation as early as 2024.

2) Toroidal water shielding technology around crew habitat will be discussed and utilized in
the IPV to combat the effects of long-term exposure to Galactic Cosmic Rays (GCR) and
Solar Particle Events (SPE), which we believe will allow the IPV to reduce the reliance on
extraterrestrial bodies for additional shielding. We are aware of the waning solar
maximum over the last few solar cycles and we expect that the increase in GCR fluence
in cycle 25 will be compensated by low sunspot and Coronal Mass Ejection (CME)
activity.

3) All consumables will be brought onboard the IPV with a large reliance on resource
recycling technologies and replenishment potential rather than in-situ resource
utilization (ISRU) as ISRU on Phobos or Deimos has not been confirmed as a viable form
of survival.

4) Finally, we see no purpose in building a Phobos habitat to support Mars exploration and
settlement effort if the overall expedition costs of a Phobos habitat can support the
costs of a Mars surface build-up with little extra budget and mission resources. Instead,
crewed missions can be conducted via a Phobos co-orbiting IPV with high-end landers to
support sampling missions to Phobos, Deimos, and Mars Entry, Descent, and Landing
(EDL) as well as real-time analyses from IPV in-orbit. Once a Mars equatorial site has
been identified from Phobos orbit for detailed exploration and settlement infrastructure
development, we expect to raise the IPV to an areosynchronous orbit above the site so
that it becomes possible to conduct continuous line-of-site teleoperation using
wideband laser telecom links.

Additionally, the mission becomes an opportunity to perform technology verification and
tests for:

1) Landers on Mars, characterization of Mars’ atmosphere, and on-site control of Rovers
2) Landers on Phobos and Deimos to confirm potential of ISRU and research on Phobos
and Deimos to demonstrate mining technologies on extraterrestrial bodies in low
gravity environments.
3) Finally, to demonstrate long-term deep space and interplanetary radiation shielding
without the need for extraterrestrial bodies for shielding
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l. Introduction

Space colonization has been dealt within science fiction for decades, and since the first
photos of Mars were taken in the 1960s, the goal to colonize this specific planet has only
increased over time. Now, active research and technological advancements are happening to
make that goal a reality. The objective of this project is to produce an integrated,
multidisciplinary design solution for a base on Phobos to enable the human exploration of the
cis-Mars System, including arrival from Earth and return to Earth, plus routine descent to the
Mars surface and return to Phobos. The opportunity suggests “the best first step may prove to
be establishing an exploration, transportation, and logistical support base on Phobos”, but the
members of this team disagree. We see no purpose in building a Phobos habitat to support
Mars exploration and settlement effort if the overall expedition costs of a Phobos habitat can
support the costs of a Mars surface build-up with little extra budget and mission resources.
Instead, crewed missions can be conducted via a Phobos co-orbiting Interplanetary Vehicle
(IPV) with high-end landers to support sampling missions to Phobos, Deimos, and Mars Entry,
Descent, and Landing (EDL) as well as real-time analyses from an IPV in-orbit.

To properly perform Mars exploration and settlement efforts, we propose the design
and development of an IPV with a potential capacity of 12 crew members. The IPV carries all
consumables needed each synodic cycle and will depend on the upkeep and maintenance of
critical life support systems through redundancies and spares, since the IPV will act as both the
transport vehicle and the base. In addition, the system will support the crew with an extensive
solar storm shelter that is surrounded by a substantial water jacket to ameliorate high energy
Galactic Cosmic Rays and Solar Particle Events. We are aware of the waning sunspot activity
over the past few solar cycles and feel that this trend may continue for the next few cycles,
allowing design for less solar particle fluence. The source of power and propulsion comes from
Bimodal Nuclear Thermal Rockets (BNTR) and is intended to be tested and evolved through
cislunar trajectories before being commissioned on the IPV. Finally, when an optimistic Mars
surface base solution is identified, it could be advantageous to park the IPV in an
areosynchronous orbit to allow continuous monitoring and communications with landers and
rovers sent to the surface of Mars employing wideband laser links from the IPV.

Rather than building a base to support cis-Mars exploration, the IPV refocuses the

purpose of this mission to directly exploring the cis- Mars system; however this shift provides
its own set of requirements that are explained below.
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Il. Requirements Analysis and Interpretation

The assumptions below are taken from the 2017 AIAA Student Design Competition -
Human Spaceflight: Phobos Base Request for Proposal and written to provide an overview of
how the team’s design solution fits within those parameters.

Site Assumptions:

The IPV is not designed for landing on any extraterrestrial body, so the site of the base is
any location within the cis-Mars system. Any research requiring physical presence will be
performed by Landers to Phobos, Deimos, and Mars. The designed IPV will be capable of
attaining and staying within any orbit given there is sufficient propellant to maintain orbital
trajectories. However, it is noted that priority will be given to parking orbits within the vicinity
of Phobos, Deimos, and Mars to provide Landers the simplest landing trajectories. Additionally,
the suggested location for the base is within Phobos Stickney Crater [1]. We believe this is
motivated by the Crater’s ability to provide natural shielding from Galactic Cosmic Rays (GCR)
and Solar Particle Events (SPE); however, the versatile site location means the IPV will be
exposed to increased GCR and SPE fluence.

Phobos Base Assumptions:

The crew members must be kept at a reasonably healthy state throughout the expected
four year mission; however, while there are numerous hazards in any expedition regarding
spaceflight, our team has focused on designing the IPV with four things in mind:

1) Reducing radiation levels within the IPV to near Earth standards (annually 2.4 mSv)
2) Withstand micro-meteoritic puncture

3) Withstand internal pressure and potential loss of pressure

4) Providing a source of internal heating to offset the heat loss in vacuum

Spaceflight Assumptions:

The mission program has the highest potential for success when the IPV is sent at
Conjunction class trajectory corresponding with the 25th solar cycle and beyond. Not only will
the IPV’s travel time be reduced significantly during a Conjunction class trajectory, but the IPV
will also take advantage of the consistent decrease of solar maximums in the past few years to
allow design for less solar particle fluence. This will increase the viability of the IPV’s heavy
water jacket shielding and the safety of the crew.

Crew and Crew Protection:

A crew of up to 12 members will be completely sustained within the IPV and will only
need to leave the safety of the Mothership to perform mission critical research of Phobos,
Deimos, or Mars, or perform mission critical repairs to the exterior of the ship. As a safety
precaution, the team has decided not to rely on In-Situ Resource Utilization (ISRU) to replenish
consumables as ISRU has not been confirmed as a viable form of survival. Instead, the IPV is
designed to carry consumables at a ratio of 1-to-2, so that 6 crew members will be given
enough consumables to sustain a crew of 12 over one synodic period. In addition to physical
considerations, the team takes into account the mental strain that the crew will experience
during the long mission to and from Mars.
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Delivering Payloads:

The only source of transport between Earth and Mars will be through the IPV, so there
will be no method of delivering payloads to Phobos or the cis-Mars system. Instead, the IPV will
be built within Low Earth Orbit (LEO) in a similar fashion to how the International Space Station
(ISS) is currently being constructed: by focusing on creating an inhabitable vehicle and
expanding the structure to support subsystems [Refer to Section IV: Base Assembly and
Construction Process]. Once the IPV is constructed, preliminary testing will be performed by
cycling the IPV within cis-lunar trajectories to confirm and evolve mission critical systems.
Finally, the IPV will perform a Conjunction class trajectory with a Mars Insertion orbit. This is
further seen in detail in Section III.G: Trajectories.

External Environment:

The IPV needs a minimum of three operational connections to the external
environment. Since the IPV will be in sustained orbital trajectory over Mars, there is no need for
physical structures outside of the Mothership; however, there needs to be a location for crew
members to dock to the IPV. This location is centered at the solar storm shelter and will be used
to support the crew’s docking ship and two additional landers designed for Extravehicular
Activity (EVA). In the event that ISRU is possible, one lander will be dedicated to performing
mining procedures for the IPV.

Life Support and Propulsion:

The IPV is designed to utilize the International Space Station’s (ISS) Environmental
Control and Life Support System (ECLSS) and “Bimodal” Nuclear Thermal Rocket (BNTR)
propulsion in conjunction with each other. The BNTR would provide power and propulsion,
while the ECLSS uses the stored consumables and BNTR bi-products to supplement the crew
member’s needs. Many of the values obtained throughout the report will reference the
estimated consumable masses and recycling performed by the ISS’s ECLSS. The BNTR is kept
stable by cycling the water from the shielding jacket and ECLSS as necessary.
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lll. Key Conceptual Features

A. Architecture

The architecture of the mission describes the relationship the IPV, the Landers, and a
few satellites that make up the communication network have with one another and the overall
mission. While the IPV acts as the Mothership and home base for the crew, the landers are
used to perform on-site research of extraterrestrial bodies. Communications are performed
primarily from the IPV using wideband laser communication; however, in instances where large
bodies of mass may disrupt line-of-sight communications, an array of satellites is utilized to
communicate from virtually any angle and time.

This architectural set-up allows the IPV to adapt to the situation as needed. If more
research on Phobos or Deimos is necessary, the IPV can support reconnaissance and research
missions closer to the body of interest. If a potential Mars surface base location is identified,
the IPV can ascend to an areosynchronous orbit. And if an emergency situation occurs that
requires the crew to terminate the mission, the IPV is capable of returning from the cis-Mars
system at any time, although transit time will increase.

B. Engineering Systems

The technology of the 21st century has changed drastically since the first manned trip to
the moon nearly 50 years ago. These new space systems are often times more accurate,
efficient, and are considerably lighter. However, the space industry today tends to design their
missions using 20" century technology simply because they have been tested, debugged, and
perfected in space throughout the years. There is a certain risk that comes with using
technologies that haven’t been used before, and this is a risk they are not willing to take. Our
manned mission to Mars will include a mixture of both dated and innovative systems in order
to take advantage of the improvements while preserving the safety factor.

Communications:

Laser based, or otherwise known as optical communications, is a great example of an
innovative technology which will be the new standard in space communications. It offers a
massive improvement in data rates from the dated radio frequency (RF) based
communications. In 2013, NASA launched the Lunar Atmosphere and Dust Environment
Explorer (LADEE). On board LADEE was the Lunar Laser Communication Demonstration (LLCD),
which successfully transmitted data at a record breaking download rate of 622 megabits per
second along with an error free upload rate of 20 megabits per second [2]. If LADEE would have
used S-band communications, it would have taken 639 hours to download an average length
HD movie, where the LLCD technology would only take less than 8 minutes [3].

In addition to the improvement in data rates, the size, mass, and energy requirements
are also reduced in optical communications. The size of RF antennas has reduced from 7 feet
aboard the Apollo spacecraft to 2.5 feet aboard the Lunar Reconnaissance Orbiter (LRO) in 2009
[4]. However, laser terminals used in an optical communication system aboard a spacecraft can
be as small as 4 inches, which equates to a 5,625% reduction in area [4].
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Calculations for a laser link between Mars and Earth have been made in Laser Space
Communications written by David Aviv [5]. David was able to compute the size and power
requirements for an optical communication antenna. David states a configuration which uses a
20-cm aperture on Mars would achieve a 10 megabit per second data rate with an average
transmitter power of 3 watts and distance of 1AU. David also describes a configuration
involving a relay satellite orbiting Mars with a 30-cm aperture capable of achieving a data rate
of 70 megabits per second with an average transmitter power of 3 watts. The ability to utilize
optical communications will allow our Mothership to send and receive data similar to a
common internet connection on Earth, while preserving the reliability of an RF system as a
backup.

Life Support:

Our Mothership will also be using a regenerative life support system currently used on
the International Space Station (ISS) called the Environmental Control and Life Support System
(ECLSS). This system will be the crew’s lifeline and main system used during the mission and will
be in charge of recycling the reusable materials that the crew uses.

Propulsion and Main Power Source:

The decision process for selecting the main propulsive source of the IPV was based on a
few key characteristics: thrust, specific impulse, thrust to weight ratio, ability to maintain
sustained engine operation, technology readiness level and reliability. The types of propulsion
considered included solid-fuel chemical propulsion, liquid-fuel chemical propulsion, ion
propulsion, Bimodal Nuclear Thermal Rocket (BNTR), and solar sails. Each of the power sources
was ranked from 1-5 to determine what would be the best propulsion source for the IPV.

Solid-Fuel Liquid lon . BNTR Solar Sails
Fuel Propulsion

Thrust 4 4 2 5 1
Specific Impulse 1 2 5 3 5
Thrust to Weight Ratio 1 3 5 4 5
Restartability 1 5 5 5 3
TRL 5 5 2 4 1
Reliability 4 4 3 3 1
Overall Rating 16 23 22 24 16

Table llI-1: Overall Ratings for Propulsion Sources
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For an interplanetary transport vehicle, a solid-fuel propellant engine would not be
realistic due to the immense amount of propellant needed for the duration of the mission as
well as issues regarding restartability of the engine. A liquid-fuel propellant engine could be
achievable but this design does lack the higher specific impulse which a BNTR engine can
provide; therefore, leading to shorter duration travel which is critical with a crew onboard. An
ion propulsion system does have a high specific impulse and an excellent thrust to weight ratio
capability but the amount of power needed to achieve the thrust necessary to propel the IPV
would be significant. Additionally, ion propulsion engine has not been tested at the scale
necessary for the IPV. Solar sails concept does provide excellent specific impulse and thrust to
weight ratio; however, the technology readiness level is not at a level where this can be
considered for the IPV. Additionally, this technology is more suitable for interstellar travel
during which the thrust can reach a significant level.

The main power source of the IPV was determined to be a Bimodal Nuclear Thermal
Rocket (BNTR). This propulsion source can generate high thrust with a specific impulse of 900
seconds or more. This technology has been developed and ground-tested under NASA’s NERVA
(Nuclear Engine for Rocket Vehicle Application) program in the 1960’s during which twenty
reactor tests and two full-scale engine system tests were performed [6]. Using the
improvement in technology regarding materials and efficiency available today, this propulsion
source can serve as a reliable propulsion source for the IPV.

By configuring the nuclear thermal rocket for “bimodal” operation, it can provide
electrical power for crew life support, high data-rate communications and maintain thermal
homeostasis for critical structures and fluids stored within the IPV. The rocket uses a fission
reactor core containing enriched Uranium-235 as fuel to generate thermal power required to
heat the liquid hydrogen propellant to exhaust temperatures. A representative cross-section of
the nuclear reactor is shown in the figure below [6].
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Figure IlI-1: Representative Cross-Section of the BNTR Nuclear Reactor [6]
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The nuclear reactor consists of a tricarbide fuel element consisting of uranium,
zirconium, and tungsten carbide (UC-ZrC-WC) reaching a maximum operating chamber
temperature near 3200 K [6]. The main combustion chamber will have a maximum expected
operating pressure (MEOP) of 1000 psi with a nozzle ratio of 200:1.

The overall propulsion system of the IPV utilizes three BNTR where each is designed
such that it can meet a short, high thrust propulsion phase where it can produce ~340 MW of
power and ~ 15 klbs of thrust as well as a long, power generation phase in idle mode where it
can produce just ~150 kW of power [7].

Supplementary Power:

In addition to the main nuclear power generator, our Mothership will contain an array
of solar panels in order to generate power as a backup source. Since the power that solar
panels can produce is inversely proportional to the distance from the sun as shown in:

lompr {4 Feombmqgmr kg . Y 5 ol 6 p

We will need a large array in order to generate enough power. From the calculation in
Appendix B, Mars has a solar constant of 581 W/m”2 and with current technology, the
maximum efficiency for a single solar panel is 26.6 percent [8]. In order to produce 1kW of
power, our solar cells would need to be roughly 6.47 m”2 in size [9].
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