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ABSTRACT
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To date, typical Mars Sample Return (MSR) architectures employ a dual launch.
However, the MSR could be launched on a single Ares V—reducing cost, risk, and
technology development. Total masses were predicted for four architectures, all utilizing
a common outbound strategy but unique return strategies, and then compared to the
Ares V capability. In the feasibility study, the Direct Ascent architectures exceeded
Ares V capability. The Mars Orbit Rendezvous architectures yielded sufficient mass
margin. A parametric sensitivity study showed the significant parameters (launch
opportunity, propellant mass fraction, mass growth allowance, and specific impulse) are
associated with the Mars Ascent Vehicle. The study results suggest the MSR mission
should employ orbital rendezvous, utilizing a two-stage ascent vehicle with a solid rocket
first stage. Other system parameters (e.g., payload masses, mass growth allowances,

propellants) can then be adjusted to maximize mission objectives.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Exploration is human nature. Historically, man has gone to great lengths to
explore the world. Leaders and conquerors have stepped beyond their boundaries in
search of riches, civilizations, passageways, and territories. Exploration has been driven
primarily by necessity and is often further inspired by curiosity. In earlier centuries, man
was unable to explore beyond certain geographical boundaries. Now, with the vast
advancements in science and technology, man has begun venturing beyond his own
planet in search of the answers to the questions about the solar system’s origins.

Exploration is often a response to necessity. Early European explorers sought
spices and other goods from Asia by way of sea. This led to the accidental discovery of
the Americas by Christopher Columbus on his 1492 voyage to the West [1]. In the
1600s, religious and political differences drove the English Pilgrims to settle in the
Americas. Within two centuries, the United States of America was formed [1]. Upon
purchasing the Louisiana Territory, President Thomas Jefferson sent Meriwether Lewis
and William Clark to find a water route to the Pacific Ocean. Along the way, they found

new Native American tribes, plant and animal species, and geological landmarks [2].



1.2 History of Space Exploration

After World War 11, rising tensions between the United States (U.S.) and the
Soviet Union became a major military concern. During the late 1940s, the United States
War Department (later renamed the Department of Defense) strived to stay ahead of the
Soviet Union in rocketry and upper atmospheric technology. When the U.S. announced
plans to launch its first orbiting satellite to gain scientific information about Earth, the
Soviet Union responded immediately by planning a similar mission. The Soviets
launched the first Earth orbiting satellite, Sputnik, in October 1957, which inspired the
U.S. to launch Explorer in January 1958, and plan more ambitious missions for the near
future. The launch of Sputnik and increasing tensions between the superpowers drove the
U.S. to establish the National Aeronautics and Space Administration (NASA) in October
1958 [3].

The Mercury and Gemini projects gave birth to the first American manned
spaceflights, which prepared the U.S. for the upcoming aggressive requirements of the
lunar program, Project Apollo. The Apollo era contributed heavily to planetary
exploration technology and science. Among these technological contributions was the
Saturn V rocket, which surpassed the lift capability of the existing fleet of launch
vehicles [3].

The success of previous interplanetary missions has provided a wealth of
knowledge about the solar system. The Pioneer, Magellan, and Cassini missions returned
information on atmospheric conditions, solar and magnetic activity, and surface
topography of various planetary bodies [4-6]. The knowledge gained from these deep

space missions, as well as many others, have contributed dramatically to the science



community, as these discoveries are critical to understanding the origins of the solar
system. However, in order to develop a clearer understanding of this, it is necessary to
explore beyond Earth. Although a number of successful piloted lunar missions have been
performed, and have returned a wealth of knowledge about the moon’s composition and
evolution, planetary science would benefit from fuﬁher exploration. Mars is the
planetary body closest to the Earth and moon, and its physical conditions make it the
most similar planet to Earth in the solar system. Successful pursuit of Mars exploration
would advance Earth and planetary science to new levels [7, 8].

Exploration of Mars has included a number of successful flybys, orbiting
missions, and surface landings. From numerous spacecraft, including Viking, Mars
Global Surveyor (MGS), Mars Observer, the Mars Exploration Rovers (MERs) Spirit and
Opportunity, and Phoenix, scientists have gathered valuable information about climate
changes, existence of water, the Martian gravity field, and surface and atmospheric
materials [9-12]. With each robotic Martian mission, more information is gathered about
Mars’ current and ancient planetary characteristics, which brings the scientific
community closer to understanding the origins and formation of the Earth and solar

system.

1.3 The Future in Space Exploration

President George W. Bush announced on January 14, 2004 the Vision for Space
Exploration, currently known as the Space Exploration Initiative. This plan entails
returning man to the moon, and later landing a human on Mars. These goals will be
completed by discontinuing the Space Shuttle and International Space Station (ISS)

program and replacing them with Project Constellation. Constellation will seek to



explore beyond low Earth orbit by sending robotic missions, and eventually manned
missions, to the moon, and then to Mars [13]. To achieve the goals of Project
Constellation, a new fleet of launch vehicles and spacecraft is being developed. To
enable the upcoming lunar manned missions, a crew exploration vehicle (CEV), Orion, is
required for transporting the three-man crew into low Earth orbit (LEO). The CEV will
be launched on the Ares I rocket, one of two new launch vehicles in development for the
Constellation program. Ares V, the heavy lift launch vehicle of the new fleet, will launch
the Earth departure stage (EDS) into LEO, carrying the Altair lunar lander. In LEO, the
CEV will dock with EDS, which will then carry the integrated vehicle to the moon [14].
The launch capability of Ares V will enable robust space missions, thus furthering the
interplanetary exploration sought by the Space Exploration Initiative.

In addition to lunar landings, the Space Exploration Initiative seeks to land
humans on Mars, and later travel on to other planets. However, before a manned Mars
mission is possible, extensive robotic exploration and environmental characterization is

necessary.

1.4  Future Exploration of Mars

The success of previous Mars missions suggests that the scientific community
awaits the next step in exploration—human Mars missions. To safely land humans on
the surface of Mars, it is imperative that scientists understand the nature of the surface
and atmosphere so that engineers can develop the components (i.e., lander, ascent
vehicle, rover, etc.) appropriate for Martian conditions. Additionally, it is necessary to
produce the support systems required for sustaining human life and carrying out the

scientific surface operations associated with these manned missions. While science has



experienced a tremendous increase in knowledge about Mars’ surface and atmosphere
from previous robotic Mars missions, a tangible sample of the planet has yet to be
returned to Earth. A surface sample would reveal a wealth of knowledge about the nature
and evolution of Mars’ core, crust, surface, and atmosphere. This new knowledge will
bridge the gap between the U.S. desire to send humans to Mars and the technology to
achieve successful manned missions [8].

In order to plan for a series of Mars sample return (MSR) missions, NASA
created the Mars Exploration Program Analysis Group (MEPAG). MEPAG is tasked
with planning and prioritizing the major goals sought by Mars scientists [15]. Based on
input from scientists, MEPAG has established four major goals for Mars sample return,
commonly known as Life, Climate, Geology, and Preparation for Human Exploration.
These goals, while not yet prioritized, each have their own objectives, which are listed in
the order in which they must be accomplished for each particular goal. Associated with
each of these objectives are the necessary investigations to be conducted in order to
achieve Mars sample return and, eventually, human Mars exploration [8]. MEPAG goals

and objectives are summarized in Table 1.1.



Table 1.1: MEPAG goals and objectives.

Goal I: Life

1. Habitability

2. Carbon Cycling
3. Life Forms

Goal II: Climate

1. Mars’ Atmosphere Under Current Orbital Configuration
2. Mars’ Atmosphere Under Previous Orbital Configurations
3. Ancient Martian Climate and Climate Processes

Goal I1I: Geology

1. Martian Crust

2. Martian Interior

3. Phobos and Deimos

Objectives

Goal 1V: Preparation for Human Exploration
1. Surface Assessment

2. Risk and Cost Reduction

3. Effect of Martian Atmosphere on Spacecraft

A robotic Mars sample return mission, equipped with the proper science
instruments can help scientists to achieve these goals by returning a tangible sample of
Mars’ surface. A more robust architecture would provide a higher landed mass
capability, thus allowing more science payload to be carried to Mars’ surface. With an
increase in the amount of science equipment that can be utilized on the surface, more

goals and objectives can be achieved on a single mission.

1.5  Scope
The current MSR architecture employs a dual launch to transport the entire
system to Mars orbit [7]. In this study, four MSR architectures were developed, and the

predicted mass, €.g., initial mass in low Earth orbit (IMLEO) of each is assessed. The



system masses are based on a desired mass of a Martian surface sample, as well as
designated science payload masses (i.e., rover, sample canister, etc.). The resulting
architecture masses are then compared to Ares V payload capability. Additionally, key
system parameters are subsequently varied individually to demonstrate mass sensitivity.
For the purposes of this study, the launch vehicle of interest is Ares V. It should be
noted, however, that the methods applied in the following chapters can be applied
similarly to existing launch vehicles, as well as to possible future launch vehicle
concepts.

The purpose of this study is to demonstrate feasibility of four MSR architectures
on a single launch, as well as to study the effects of key system parameters on system
mass. By using a single Ares V launch, minimal technology development is required,
thus reducing mission complexity, risk, and cost. Determining sensitivities is essential
for developing and optimizing a MSR mission so that the maximum number of science

objectives can be achieved on a single given mission.

1.6  Summary

Exploration has led humans to encounter things they never expected to find.
Columbus set sail in 1492 seeking an alternate route to Asia and instead found the
Americas. Similarly, President Jefferson sent Louis and Clark on a westward voyage to
explore the Louisiana territory in search of a cross-continental water route; additionally,
they found numerous animals, several Native American tribes, and the Rocky Mountains.
In later years, the founding of NASA led to great technological advancements and
discoveries about the solar system. History has shown that by exploring beyond physical

boundaries, man finds things he never dreamed of discovering. Thus the importance of



further exploration is not only finding what is sought after, but what unintentional
discoveries may be made along the journey. Currently, very little is known about Mars,
and the success of a single sample return mission would contribute vast amounts of
information about the Earth and solar system to the scientific community.

Mars sample return is the next milestone in planetary exploration. The new
generation of launch vehicles (i.e., Ares I and Ares V) is currently in development. With
the improvements in launch capability to come with Ares V, revolutionary space
missions can be achieved, thus enhancing the current understanding of the Earth and solar
system. The goals and objectives sought by scientists have been established, and
MEPAG continues to plan and prioritize the investigations for Mars exploration. In the
decades since the Apollo era, numerous studies have been performed to assess the
technological requirements of performing Mars sample return. Researchers have
performed a number of trade studies on mission scenarios, trajectories, vehicle designs,
and propulsion systems for Mars sample return strategies which are detailed further in
Chapter 2. The methods used in this study can be applied to optimize a given MSR

mission while introducing little or no new technology.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

It has been a goal from the early days of mankind to find the answers to the
questions about Earth’s origins. There is very little information about the formation of
Earth, and it is believed that some of the answers to Earth’s history lie on and under the
surface of Mars [7]. Additionally, Mars is the planet most similar to Earth in this solar
system, as it is the most inhabitable non-terrestrial of the planets. Numerous spacecraft
have been sent to Mars to obtain information about the planet’s geological composition.
Although information from satellites, landers, and rovers about Mars’ surface and
atmosphere has been returned, no tangible sample of the planet has been acquired. A
successful Mars sample return mission could achieve a number of scientific objectives.
The MEPAG goals of Life, Climate, Geology, and Preparation for Human Exploration
cannot be fulfilled until a series MSR missions completes the required investigations [8].

The search for past or present life forms on Mars is a major issue for the scientific
community. The composition and evolution of the planet’s three major layers and

atmosphere are of particular interest to MEPAG, as this could conclude a great deal of



information about life on Mars. Scientists are also interested in the ages and histories of
select geological bodies, as well as the reasons for variations in regolith from different
regions of the planet. Ultimately, the human exploration of Mars is a major goal of the
Space Exploration Initiative. In order to enable manned missions to Mars, risks
associated with human exploration and feasibility of in-situ propellant utilization must be
assessed. Martian samples are needed to achieve all these goals, and it is believed that a
Mars sample return mission would have the greatest scientific impact on finding the

answers to Earth’s evolution [14].

2.2 Mars Sample Return Missions

Various sources for Mars sample return missions were studied. These twenty-
eight sources include proposals, trade studies, and sensitivity analyses on outbound and
inbound strategies, vehicle designs, and propulsion systems. This section categorizes the
architectures proposed in fifteen of the sources studied. Each architecture is comprised of
required orbital maneuvers, among which are trans-Mars injection (TMI), Mars orbit
insertion (MOI), descent, ascent, and trans-Earth injection (TEI). The components
required to achieve these orbital maneuvers include an orbiter, Earth return vehicle
(ERV), lander, and Mars ascent vehicle (MAV).

2.2.1 Architectures

This section provides an overview of the MSR studies that have been completed
to date. Fifteen of the studies gathered could be categorized into three major
architectures: Mars orbit rendezvous (MOR), orbiting sample (OS), and direct ascent
(DA). Each architecture is comprised of a set of orbital maneuvers, and these maneuvers

require specific components to achieve the given mission. Additionally, this section
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briefly discusses the performance advantages and the respective risks associated each of
these architectures.

2.2.1.1 Mars Orbit Rendezvous Architectures

Several studies [16-19] propose a sample transfer via Mars orbit rendezvous
(MOR) and docking prior to Earth return. An orbiter inserts the integrated vehicle into
the desired low Mars orbit (LMO), otherwise known as the parking orbit. A lander,
carrying a rover and ascent vehicle, separates from the orbiter and lowers the payload to
Mars’ surface. Upon completion of landing operations, the lander deploys the rover to
begin surface operations. After surface operations (e.g., sample retrieval), the Mars
ascent vehicle ascends to the parking orbit where it docks with the orbiter. The sample
canister (SC) is transferred into the orbiter, or into a return stage within the orbiter. Once
the SC is secured, the return vehicle separates and departs toward Earth on a hyperbolic
escape trajectory. Utilizing an additional vehicle for Earth return increases mission
complexity, as does rendezvous and docking in Mars orbit. Increasing the number of
orbital maneuvers, and thus mission components, decreases the system mass, as less
propellant is required.

2.2.1.2 Orbiting Sample Architectures

Much like MOR, numerous studies [20-27] propose an orbiting sample (OS)
transfer in Mars orbit. An orbiter inserts the integrated vehicle into the desired parking
orbit. A lander, carrying a rover and ascent vehicle, separates from the orbiter and lowers
the payload to Mars’ surface. Upon completion of landing operations, the lander deploys
the rover to begin surface operations. After surface operations sample retrieval, the
MAYV ascends to the parking orbit. However, rather than docking with the MAV (as in

MOR), the orbiter detects the MAYV in orbit. Once the proximity of the MAV is

11



appropriate, the MAV propels the SC toward the orbiter. The orbiter detects and captures
the OS. The orbiter, or a return stage aboard the orbiter, separates and departs on a
hyperbolic return trajectory. As in the MOR architectures, sample transfer in Mars orbit
increases mission complexity; however, the increased number of orbital maneuvers
would require more and thus less robust components. Additionally, the technology for
this orbiting sample concept has yet to be developed.

2.2.1.3 Direct Ascent Architectures

Few studies [28-30] propose a direct Earth return, as this would require a far more
robust ascent vehicle. Rather than braking into Mars orbit to transfer the sample to a
return vehicle, the MAV would simply burn beyond Mars orbit directly onto a hyperbolic
escape trajectory. Although the AV (velocity change required for a spacecraft to
perform a given orbital maneuver [31], detailed further in Section 4.4.3, required for this
combined maneuver would be lower, the mass of the ascent vehicle would be much
greater than that for the MOR and OS arcﬁitectures. The direct ascent architecture is a
simpler and lower risk concept than the MOR and OS architectures because less
maneuvers and components are needed. However, the propellant mass required to power
the combined Mars ascent and Earth return maneuvers would require an increase in
propellant mass for the lander, as the MAV is a payload of the lander. Similarly, because
the lander is a payload of the orbiter, the orbiter’s mass would increase due to mass
growth of the lander.

2.2.2 Components

This section provides an overview of the components required for the Mars
sample return sources studied. Each component (i.e., orbiter, Earth return vehicle, lander,

Mars ascent vehicle, Earth entry capsule, and sample canister) is associated with a
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specific orbital maneuver required for a mission. The reader will note that the need for
certain components may be negated depending on the given architecture.

2.2.2.1 Orbiter

In all architectures, an orbiter is required to brake the integrated vehicle from
trans-Mars injection (TMI) into Mars orbit. The orbiter must maintain the desired
parking orbit for communications throughout landing, surface operations, and ascent. In
the direct ascent architectures, the orbiter is no longer required after ascent. In the case of
Mars orbit rendezvous, the orbiter maintains a parking orbit throughout the duration of
surface operations and ascent. The orbiter will not be expended until after docking with
the MAV for sample transfer. The orbiter will either depart on a hyperboli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>