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The Sasakawa International Center for
Space Architecture (SICSA), an

organization attached to the University of

Houston’s Gerald D. Hines College of
Architecture, offers advanced courses
that address a broad range of space
systems research and design topics. In
2003 SICSA and the college initiated
Earth’s first MS-Space Architecture
degree program, an interdisciplinary 30
credit hour curriculum that is open to
participants from many fields. Some
students attend part-time while holding
professional employment positions at
NASA, affiliated aerospace corporations
and other companies, while others
complete their coursework more rapidly
on a full-time basis.

SPACE TRANSPORTATION,
PROPULSION AND PATHWAYS

SICSA routinely presents its publications,
research and design results and other
information materials on its website
(www.sicsa.uh.edu). This is done as a free
service to other interested institutions and
individuals throughout the world who share our
interests.

This report is offered in a PowerPoint format with
the dedicated intent to be useful for academic,
corporate and professional organizations who
wish to present it in group forums. The document
Is the third in a series of seminar lectures that
SICSA has prepared as information material for
its own academic applications. We hope that
these materials will also be valuable for others
who share our goals to advance space
exploration and development.

PREFACE




The SICSA Space Architecture Seminar Lecture Series is divided into two general
Lecture Groups :

GROUP ONE: GROUP TWO:

Part1 : Space Structures and Part V : The History of
Support Systems Space Architecture

Part Il : Human Adaptation and Part VI : The Nature of Space
Safety in Space Environments

Part Ill : Space Transportation, Part VIl . Environmental Planning
Propulsion and Pathways and Systems

Part IV : Space Mission and Part VIII : Shelter Design and
Facility Architectures Construction

The SICSA Seminar Lecture Series

SICSA SEMINAR SERIES LECTURE GROUPS




This lecture series provides comprehensive SPACE TRANSPORTATION
information, considerations and examples to support PROPULSION & PATHWAYé

planning of human space missions and facilities:

] Pgrf[ 11 (_this report), discusses capacities_ and CAPACITIES &
eff|C|en(_:|es of different transportation vehicles, EFFICIENCIES
propulsion and pathway options that enable and
constrain planning decisions associated with the

other three parts: PART III

- Launch, transfer and landing vehicle selection and
design must be correlated with structure.

-Vehicle capacities, propulsion systems and
destination pathways will directly influence crew
accommodation/ consumable payloads, and
radiation exposure risks (travel times/ schedules)
associated with Human Adaptation and Safety in

Space (Part II). SSVYA'®
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- Transportation, propulsion and pathway selection
is a fundamental priority in Planning in Space

Mission and Facility Architectures (Part IV). SIWILSAS LH0ddNS ®
S34NLONTLSIDVS

Key Relationships to Other Lectures
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We are very grateful to Dr. James F. “Jim”
Peters who has generously made a large
body of material he has developed and
collected available to us. This report draws
extensively from his work. Much additional
material can be obtained from his book,
“Spacecraft Systems Design and

Operations”, which can be obtained from
the Kendall/Hunt Publishing Company,
4050 Westmark Drive, Dubuque, lowa
52202. This excellent publication is used as
a primary text for the SICSA MS-Space
Architecture curriculum, and is highly
recommended as a valuable reference
document for students and professionals at
all career stages.

SPACE TRANSPORTATION
PROPULSION AND PATHWAYS

Key Reference Book
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“Human Space Flight: Mission Analysis
and Design” is a comprehensive and
substantial book that should be in the
library of any organization and individual
involved in space project management,
research, design or operations. The
document was edited by Wiley J. Larson
of the US Air Force Academy and Linda
K. Pranke of LK Editorial Services as
part of a Space Technology Series
through a cooperative activity of NASA
and the US Department of Justice. Text
materials were contributed by 67
professional engineers, managers and
educators from industry, government and
academia. It is available through the
Higher Education Division of McGraw-
Hill. Important Resource Book
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It would be difficult or impossible to find
anyone more knowledgeable about the
subject of his book, “Space Stations and
Platforms”, than Gordon Woodcock from
Boeing. “Gordy” has enormously broad
experience and expertise, and we are all
fortunate he has made the effort to share
it. As noted by Edward Gibson in the
book’s forward, “Over the coming years,
this work should become a classic space
station reference. It has high value for
those who desire to understand,
appreciate or contribute to our first
permanent settlement in New Earth”. It
can be obtained through the publisher:
Orbit Book Company, Inc., 2005
Township Road, Malabar, Florida 32950.
Important Resource Book
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The Cambridge Encyclopedia of Space
edited by Fernand Verger, Isabelle
Sourbes-Verger and Raymond Ghirari
has been a key reference source for
Section | of this report, and is highly
recommended as an important
publication for information about
transportation orbits vehicles, and a
broad range of other topics. The scope is
comprehensive, the writing is clear, and
the graphics are exceptional. This book
Is more than an encyclopedia of facts
and data. It also offers the reader
insightful commentaries about
circumpherences surrounding successful
and failed developments around the
world that have brought us to where we
are in space and can guide us to where
we must go in the future. Important Resource Book
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Current and future space transportation systems
potentially include a variety of types and functions:

e Earth launch and/or return vehicles:
-Reusable spacecraft (e.g. Shuttle)
-Expendable launch vehicles (ELVS)

Orbital intercept and maneuvering vehicles:
-Earth-Mars trajectory sprint vehicles
-Orbital maneuvering vehicles

Lunar/planetary trajectory vehicles:
-Pressurized spacecraft and transfer modules
-Unpressurized cargo systems

Lunar/planetary descent/ascent vehicles:
-Surface delivery landers
-Surface delivery and orbital return systems

Crew Earth reentry spacecraft/capsules

-Winged spacecraft
-Ballistic capsules Soyuz Spacecraft Soyuz Launch Vehicle

Vehicle Examples

TRANSPORTATION SYSTEMS TYPES AND APPLICATIONS




Affordable space access and return comprises the
greatest challenge for science, exploration and
commercialization.

e Current costs of about $10,000/payload pound to
LEO far exceed budgets of most private
organizations.

Getting people and scientific or commercial
equipment to orbit is only half of the problem, since
participants and products must also be returned.

Space tourism can only occur if travel costs are
dramatically reduced, and safety is greatly
increased.

Production of many proven space vehicles has
been or will be discontinued and will be costly to
reestablish.

Advanced launchers and engine technologies are
vitally needed to solve current problems.

New programs in the U.S, Europe and Asia offer
hope that this can be accomplished.

TRANSPORTATION SYSTEMS

Making Space Accessible

LAUNCH VEHICLES
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

The Soyuz (“union”) Vehicle appeared in 1966 and L
has been the world’s most frequently flown launcher Payload Capacity :

(40-45 launches/year during the 1970s and 1980s): e Mass to LEO (51.8°) : 5MT

e Itis based upon the Russian R7 Sapwood (or * Fairing Diameter : 2.35m
“Semyorka” ICBM design, a one-stage rocket with e Fairing Length : 9m
4 strap-ons that launched Sputnik into orbit on )
October 4, 1957. Propulsion :

The R7 is also the backbone of other Korolev e LOX/Kerosene

launchers still in use (the Vostok and Molniya). )
Launch Site :

Soyuz comprises a Vostok with a second stage: e Baikonur, Kazakhstan
[} , o y

o While the Russians class this as a 2-stage (45°54'N /63°18'W)

assembly, the west describes it as 1%% stages (the

strap-ons and core engines fire simultaneously). o

The Soyuz sister vehicle Molniya (“lightning”) y Devgloper + Central Specialized

launched the USSR’s Luna 4-14, Venera 1-8, 3 Design Bureau / Energomash

Mars probes, and is still in production. e Status : Supports ISS ops.

Soyuz-U is used to launch progress supply ship to _

the 1SS and Voskhod manned vehicles. Russian Soyuz - U

Production :

Conventional Launch Vehicles

TRANSPORTATION SYSTEMS LAUNCH VEHICLES
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

NASDA's H-2 series went into service in 1994: ]
Payload Capacity :

e It was the first Japanese rocket that wasn'’t based e Mass to LEO (30°%) : 10MT
upon US technology.

e The system used 2 cryogenic stages built by
Mitsubishi, and 2 large SRBs produced by Nissan.

¢ Fairing Diameter : 4.6m
e Fairing Length : 9.2m

Propulsion :

After an H-2 launch failure in 1999, new efforts .
shifted to develop the H-2A * Solid Propellants

e Two models are being planned, with 2,4 or 6 Launch Site :

boosters, and 2 and 3-stage versions.  Kagoshima, Japan

There will also be a 1-stage variant of the 2A (31°14'N / 131°05'W)

design to launch an unmanned mini-shuttle _
(“HOPE?). Production :

The H-2A is expected to be able to lift 8MT into e Developer : NASDA
GTO. e Status : Under development

The H-2 has been the most expensive launcher on
the market, and NASDA's goal is to reduce pricing
by 55%. Japanese H - 2A

Conventional Launch Vehicles

TRANSPORTATION SYSTEMS LAUNCH VEHICLES




Two Long March CZ (Chang Zheng) launch
family initially derived from 1950s Soviet ICBM
technology:

e The CZ3 was the first to carry GEO satellites.

e Using a LOX/H, third stage, China became the
third space power to use this technology.

Solid boosters can be stretched to the length
of the 15t stage, potentially enabling 11.8 MT to
be putin LEO, and 7 MT into GTO.

A faring similar to the Russian Soyuz design
has been developed for future manned flights.

China has announced interests in developing a
Long March X heavy-lift launcher capable of
placing 23 MT in LEO.

They are also considering future reusable
vehicles.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (57°) : 11.8MT
¢ Fairing Diameter : 3.8m
e Fairing Length : 10m
Propulsion :
¢ Nitrogen tetroxide — Hydrazine
e LOX/LH2 3rd stage
Launch Site :
e Xichang, China

(28°06’N / 102°18'W)
Production :

e Developer : Great Wall Company
e Status : Operational

Chinese Long March CZ3 - B/C

Conventional Launch Vehicles

LAUNCH VEHICLES




The Ariane 5 ESC-B is aimed at capturing new
commercial launch markets:

Capabilities have been enhanced using a new
Vinci engine which adds power to the earlier
series and is capable of multiple restarts in
flight.

The enhanced version provides a 15MT
capacity to geostationary transfer orbit (GTO).

CNES has proposed upgrades that may
provide a 15MT capacity to GTO and / or
reduce cost of 12MT Ariane ESC-B launches
by 30%.

CNES has established a Future Launcher
Technology Program (FLTP) aimed at
demonstrating reusable launch capabilities.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (65°) : 18MT
¢ Fairing Diameter : 4.75m
¢ Fairing Length : 10.35m
Propulsion :

e LOX/LH,

e Solid boosters

Launch Site :

e Lourou, Giana
(5°32'N / 52°46'W)

Production :

e Developer: ESA/CNES
¢ Status : Operational

European Ariane 5 ESC-B

Conventional Launch Vehicles

LAUNCH VEHICLES




The first Proton heavy-lift vehicle appeared in 1965 as a
2-stage launcher, and as a 4-stage version in 1967:

¢ |t was developed as a commercial GEO vehicle, and
is currently the only CIS launcher capable of placing
satellites in GEO.

e A Russian-U.S. joint venture (Lockheed-Khrunichev-
Energia) was created in 1992 to commercialize
services.

Proton’s key advantage is modular flexibility:

There are three variants (2, 3 and 4 stages).

The 4t stage (Block-DM) used for high orbits and
probes can use either LOX/Kerosene or Nitrogen
tetroxide — Hydrazine.

Protons have launched the Zond and Luna lunar
probes, Venera to Venus, Vega to Halley’'s Comet,
Mars and Phobos to Mars.

A Proton mission was planned to carry cosmonauts
around the Moon and back in December 1968 (prior
to Apollo 8) but scrubbed when an unmanned Zond 6
suffered a depressurization the month before.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (51.6°) : 20MT
e Fairing Diameter : 4.1m

e Fairing Length : 14.6m
Propulsion :

¢ Nitrogen tetroxide - Hydrazine
e LOX/ Kerosene

Launch Site :
e Baikonur, Kazakhstan
(45°54'N / 63°18'W)

Production :

e Developer : RSC Energia
¢ Status : Operational to GEO

Russian Proton D-1

Conventional Launch Vehicles

LAUNCH VEHICLES




The Titan IV is used exclusively for military
purposes due to high costs which are poorly
suited for commercial uses:

¢ It began with the adaptation of Titan Il ICBMs
used for Gemini missions (1964-1966).

Deconditioned Titian Il missiles have been
reworked since 1988.

Titan IV was first launched in 1989 and derived
from Titan 34 D with extended boosters and 15t
and 2" stages.

The central core can utilize a cluster of 2-8
Castor 4A solid boosters (Titan 2L).

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (28.6°) : 21.9MT
¢ Fairing Diameter : 4.57m

e Fairing Length : 12.2m
Propulsion :

¢ Nitrogen tetroxide - Hydrazine
e Solid boosters

Launch Site :
e Vandenberg AFB, California
(34°36'N / 120°36'W)

Production :
e Developer : Lockheed Martin
e Status : Operational (military)

US Titan IV

Conventional Launch Vehicles

LAUNCH VEHICLES




The Energia (“energy”) is 5 times more powerful than
any other CIS booster, and can generate nearly 8 million
pounds of thrust at lift-off:

¢ It was designed in the 1970s to carry payloads of 65-
200MT to LEO.

The modular design can accommodate a variety of
payloads, including the Buran (“snowflake”) orbiter
which is similar to the U.S. Shuttle.

It is comprised of a central cryogenic core flanked by
2-8 LOX/ Kerosene boosters (all fire simultaneously
at lift-off).

Buran was launched on November 15, 1988, returned
to Earth after 2 orbits, and landed automatically.

The system was “mothballed” due to financial problems

in post-Soviet Russia:

e Commercial payloads haven’t required such large
capacities.

e A technical team has remained in service and rockets
already built have been retained.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (57°) : 65MT

e Mass with 8 boosters : 200MT
¢ Fairing Diameter : 5.5m

e Fairing Length : 37m

Propulsion :

e LOX//LH,
e L OX/Kerosene boosters

Launch Site :

e Baikonur, Kazakhstan
(45°54'N / 63°18'W)

Production :

e Developer : RSC Energia
e Status : Mothballed

Russian Energia

Heavy Lift Vehicle (HLV)

LAUNCH VEHICLES




In response to the new EELV program, Boeing is
developing a new basic rocket that uses a
modified McDonnell Douglas Delta 3 cryogenic
stage with 2-4 solid fuel strap-ons to diversify
capabilities:

e The Delta 3 stage is a link between the Delta 2
and EELVs that use a wider Delta 1st stage
(shortened at the top with longer boosters).

e The cryogenic LOX/ LH2 2nd stage will be
similar to the one used on the ATLAS-5 EELV.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (27°) : 15.6MT
¢ Fairing Diameter : 3.7m
e Fairing Length : 12m

Propulsion :

e LOX//LH,
e Solid boosters

Launch Site :
¢ Vandenberg AFB, California
(34°36'N / 120°36'W)

Production :

¢ Developer : Boeing / McDonnell
Douglas

e Status : Under development

US Delta 4-Heavu

Evolved Expendable Launch Vehicles

LAUNCH VEHICLES




Lockheed Martin and Boeing were jointly
selected by the US Pentagon in 1999 to develop
launchers for a new Evolved Expendable Vehicle
Program (EELV).

Lockheed Matrtin is pursuing gradual
transformation of its Atlas series line.

The Atlas-5 EELV will be a Heavy-lift Vehicle
(HLV) incorporating RD-180 variable-throttling
engines developed by the Russian company
Energomash and manufactured by Pratt &
Whitney as a Common Core Booster (CCB).

The Atlas-5 series will incorporate 1-5 strap-
ons, the CCB, and a Common Element
Centaur as the 2nd stage.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :
e Mass to LEO (28.5°) : 19MT

¢ Fairing Diameter : 4.57m
¢ Fairing Length : 10.35m

Propulsion :

e LOX// Kerosene
e LOX/LH,

Launch Site :
e Vandenberg AFB, California
(34°36'N / 120°36'W)

Production :
e Developer : Lockheed Martin
e Status : Under development

US Atlas-5 EELV-HLV

Evolved Expendable Launch Vehicles

LAUNCH VEHICLES




The Space Shuttle consists of 2 solid propellant
rocket boosters (SRBs) which are recovered and
reused, an expendable cryogenic LOX/ LH2 External
Tank (ET), and an Orbiter crew cabin:

e Six different Orbiters have been built;

e Enterprise has served only for non-orbital tests,
Challenger and Columbia have been lost, leaving
Discovery, Atlantis and Endeavor (which replaced
Challenger).

The Shuttle can transport 2-8 astronauts to LEO for
missions lasting about one week.

It has a 4.5m x 18 m cargo bay which can carry
pressurized labs as well as a large variety of
equipment and supplies.

NASA has assigned Shuttle operations to the
United Space Alliance, a private company, in the
interest of reducing costs.

TRANSPORTATION SYSTEMS
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THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Payload Capacity :

e Mass to LEO (28.45°) : 25MT
e Fairing Diameter : 4.5m

e Fairing Length : 18m
Propulsion :

e LOX/LH,
e Solid boosters

Launch Site :

e Cape Canaveral, Florida
(28°30°'N / 80°33'W)

Production :

e Developer : Rockwell
e Status : To be retired

US Shuttle STS

Reusable Launch Vehicles

LAUNCH VEHICLES




Many studies have investigated possible ways to improve the Shuttle’s payload capacity and operating efficiencies
beginning soon after the development program first began. Most have centered upon enlarging the cargo bay and
replacing the SRBs with longer ones or with recoverable Liquid Rocket Boosters (LRBS).

The Sigma Corporation presented a “EDINO05” concept in 1976 which proposed enlarging the external tank and
replacing the SRBs with liquid booster packs and engines from the Saturn first stage. A major draw back was a need
to redesign the Cape Canaveral launch facility to accommodate the variant vehicle interface.
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Proposed Shuttle Upgrades
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NASA and many aerospace companies are considering
design options for a Crew Exploration Vehicle (CEV)
which will replace the Shuttle and support future Moon/
Mars missions:

e “Super ELVsS”:

— Some companies are considering “clean sheet”
designs for new expendable launch vehicles
capable of delivering 75 MT or more to LEO.

— Some concepts envision development of
derivative EELVs which would upgrade
launchers similar to the proposed Boeing/
McDonnell Douglas Deta-4 Heavy and the
Lockheed Martin Atlas-5 Heavy to deliver LEO
payloads of 45 MT or more.

— Others are advocates for various versions of
Shuttle Derived Vehicles (SDVs) which would
use the existing External Tanks and/ or SRBs
minus the Orbiter.

Boeing proposed SDV concepts that would supplement
Shuttle flight operations, using various expendable cargo
shrouds and recoverable Space Shuttle Main Engines
(SSMEs).
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The Class | SDV concept attached SRBs to opposite The Class Il SDV concept eliminated the SRBs and modified

sides of the cargo shroud and the ET at the top: the ET to incorporate a bell-shaped first stage housing
propellant tanks and 4 engines similar to Sigma’s EDINO5:

e A capsule containing the SSMEs could be recovered
separately or as integral part protected within the e Like Sigma’s proposal, new Mobile Launch Platforms
cargo shroud. (MLPs) would need to be created for this approach.

SHROUD RECOVERY OPTIONS
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Boeing’s SDV proposals provided alternative cargo shroud/ engine combinations:

e The Class | SDV had 2 general options:

- A long cargo shroud (about 40 m long x 7.5 m diameter) with no payload doors, and a capsule containing
clamshell doors that protected 3 engines during reentry.

- A shorter shroud (about 22 m long x 7.5 m diameter) with 3-4 SSMEs that folded into a payload bay for protected
recovery.

e The Class Il SDV used cargo shroud and propulsion modules that were similar to but larger than those used for Class I:
- The shrouds were slightly longer, but substantially greater in diameter (about 9 m).

The proposals envisioned greatly increased LEO delivery capabilities:

e Mass to orbit:

- Boeing projected that the 3-engine derivative of either concept could place between 60-100 MT payloads into 310
mile 28.5° orbits.

Larger 4-engine Class | versions could boost over 110 MT to the same orbits and Class Il vehicles might lift up to
150 MT.

Boeing studies projected combined launch rates of 45 Orbiter and 22 SDV flights/ year.

A major launch limitation was that non-man-rated SDVs on Shuttle pads would interfere with capabilities to launch
crew rescue missions within 24 hr periods mandated at the time.

Boeing SDV Concepts

TRANSPORTATION SYSTEMS LAUNCH VEHICLES




The Michoud Division of Martin Marietta (responsible for design/ production of
Shuttle ETS) undertook studies in the 1980s which considered 4 SDV options:

e A Class | option simply replaced the Orbiter with a
Cargo Element to greatly increase payload-to-orbit
capacity by substantially reducing weight.

Class Il configurations replaced SRBs with 2 LRBs,
each using 4 SSMEs capable of carrying 50 MT to
LEO (twice the Shuttle capacity).

Class Il combined improvements of Class | and
Class I, affording payload capacities up to 120 MT
and enabling the US to recover HLV capacities
abandoned after Saturn V.

Class IV removed SSMEs and associated avionics

from the Orbiter and installed them on a recoverable _
ET, freeing up some additional room on the Orbiter 3 SSME
but offering no real performance benefits. :

PROPOSED
MARTIN MARIETTA

PHASE | SDVs
CIRCA 1981

Martin Marietta SDV studies baselined most primary
Shuttle elements as references, but proposed some
replacements and upgrades including:

¢ An optional Cargo Element to replace the Orbiter.
e Replacement of solid rocket boosters with liquid
boosters.

¢ A reusable Propulsion/ Avionics package attached to . .
the ET to convert the Orbiter to a glider. Martin Marietta SDV Concepts
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Class I: Orbiter is replaced with a Cargo Element (CE) and a reusable Propulsion/ Avionics (PA)
Class II: The Orbiter is retained and the SRBs are replaced with LRBs.

Class Ill: The Orbiter is replaced with a CE and SRBs are replaced with LRBs.

Class IV: The Orbiter becomes a glider (propulsion system/ avionics are removed and installed under the ET).

CLASS | SDV CLASS lll SbV

CARGO ELEMENT : “_.EARGO ELEMENT

3 SSME 3 SSME
o 2 SRB 2y 2LRB

CLASS Il SDV ok Sy, CLASS IV SDV

ORBITER =1 J_ _ ENGINE-LESS ORBITER
3 SSME : A& 3 SSME

2LRB N~ N — 5 2 SRB

Martin Marietta SDV Concepts
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Based upon option comparisons, Martin Marietta decided to concentrate additional studies on Class | and Class Il:

Class | A proposal:

e The separate PA package was eliminated and engines/ avionics were installed directly on a Payload Module (formerly the
CE) with Quick-Disconnect (QD) fittings enabling recovery by a co-orbiting Orbiter rendezvous for return to Earth.

Class Il A proposal:
¢ Alternate LRB designs were proposed with a set of air-breathing engines enabling powered flight back to a recovery area
near the launch site following atmosphere reentry using small deployable wings for gliding or conventional parachutes.

1 15 FIVE SPACE SHUTTLE MAIN ENGINES
1) h ¥ ! ; PER LIQUID ROCKET BOOSTER

_..-"'_r-..--""'
TOP VIEW —§ €[ : REAR VIEW
T
Mo
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Martin Marietta SDV Concepts
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Although the Boeing and Martin studies indicated benefits of some SDV variation, NASA was faced with difficult
decisions following the 1986 Challenger accident:
e Arguments against SDV development:
- NASA wanted to replace Challenger, and it was unlikely that Congress would approve a new program.
- Since SDV would use major Shuttle systems, future Shuttle failures might also ground SDVs.
e Arguments for SDV development:
- Since SDVs would be unmanned, failures would be less catastrophic to the program.
- SDVs could boost launch rates beyond limits imposed after the Challenger disaster.
- SDVs would reduce dependence upon a single manned vehicle fleet.
- SDVs might require less time, money and testing than a “clean sheet” approach.
NASA and the US Air Force began to jointly investigate common Heavy-Lift Launch Vehicle (HLLV) manifest
applications, requirements, concept options and costs/ benefits:

e The USAF didn’t support SDVs:
- They were skeptical that designs based on man-rated technologies would be cost-effective.
- They believed that DoD manifest requirements could meet better by upgraded ELV approaches.
e NASA proceeded to study SDVs independently:
- Investigation effort was assigned to the Marshall Space Flight Center (MSFC).
- Contracts were awarded to Martin Marietta, United Technologies (USBI) and Rockwell International.
- Phase | studies established overall requirements, vehicle configurations and operating concepts.
- Phase Il development studies referred to “Shuttle Cargo Elements” (SCE), later called “Shuttle-C”.

Shuttle-C SDV Background
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Contractor design studies were targeted on launching 100,000-150,000 Ibs to orbit and considered several options:

o A “throw-away” Orbiter fuselage structure (minus wings, crew module and thermal protection system) using 2 SSMEs,
a limited data system, an ET and SRBs. (This was deemed too expensive.)

Attachment of 2 SSMEs to the bottom of an ET and placement of a large payload compartment on top (an in-line
design) to be launched with the aid of 2 SRBs. (This would require special launch facilities and significant structural
ET modifications.)

Mounting engines on the payload (as a true second stage) to configure the vehicle in a traditional manner like Saturn.
(This would also require significant launch pad processing facility changes.)

A side-mounted configuration similar to the earlier Martin Class | concept was recommended by all contractors:

e Some studies suggested that Shuttle-C could orbit payloads for about $2,000/ Ib (compared with $3,793/ Ib
for Delta Il, and $4,100 for Titan IV).

o The reference payload was 15 ft. diameter x 72 ft. long, weighing just over 100,000 Ibs (50 MT).
e The reference mission was a 253 mile orbit inclined at 28.5°.

The configuration was comprised of:

¢ A newly designed Cargo Element (CE).
¢ A modified Orbiter aft fuselage (called “boattail”) with vertical stabilizer and body flap removed.
e Standard ET, SSMEs, OMS pods, Reusable Solid Rocket Motors (RSRMs) and avionics.
Shuttle-C SDV Studies
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All MSFC Shuttle-C study contractors selected a configuration design very similar to Martin Marietta’s side-mounted

Class | concept proposal.

SHUTTLE CARGO ELEMENT REPLACES ORBITER

ORBITER COMPONENTS
(RCS, BOATTAIL, GPCs ETC

STANDARD

STANDARD SRBs
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SHUTTLE-C EVOLUTION
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Shuttle-C Concepts
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Increasingly tight NASA budgets following the Challenger
accident, competition from Space Station Freedom
(precursor to ISS) for development funds, and difficult FY
91 Congressional deliberations spelled the end of
Shuttle-C chances:

¢ Much development work had already been
accomplished:

- An engineering development model had been
assembled at MSFC by the Essex Corporation under
contract to Boeing during 1989-90 for design/
integration of subsystems and payload compatibility
studies.

- The model was intended to be used to fit-check
ground processing at the launch site.

- A firm launch date had been set, aiming at a stream of

launches planned for the mid-1990s.

- Yet a 1990 decision by Congress cancelled the
Shuttle-C, and put an end to the SDV concept

The demise of Shuttle-C also ended prospects for a
proposed Shuttle-2 HLV concept, potentially capable of
lifting 150 MT, 40 ft. diameter x 60 ft. long payloads. The
design resembled a Shuttle-C Block Il configuration “on
steroids”.

TRANSPORTATION SYSTEMS
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Heavy-lift capabilities are likely to be required to deliver large
habitat modules, orbital transfer vehicles and other elements to
high Earth orbits for planned human lunar/ Mars exploration.

e SICSA conceptualized an “ARES” Heavy-Lift
launcher in 2002 in connection with a Mars mission
planning project:

— The proposal baselined a 100 MT capacity, for payload
diameters up to 15 MT diameters.

— The “Kepler Class” vehicle would use four 5-stage SRBs
mounted around a stretched and structurally enhanced
Shuttle ET.

— Four MEs attached to the bottom of the ET would be
sacrificed during each launch. (Alternatively, they might be
attached to the payload shroud for use throughout the
mission.)

- The in-line payload alignment would keep the vehicle CG
aligned with the MEs and symmetric SRBs to reduce
atmospheric drag.

— Since the vehicles would not initially be man-rated, crews
would be launched by other means.

SICSA Heavy-Lift ELV Concept
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Orbital flight operations for unmanned Shuttle-C applications
were planned to be controlled from the ground or space station
via attached Orbital Maneuvering Vehicle (OMV) which would
be carried as a payload or launched separately.

e An OMV development contract was awarded to TRW in
1986, but was cancelled as a casualty of Space Station
Freedom budget problems:

— The concept was first developed at MSFC in 1979 as the
Teleoperator Retrieval System (TRS) as a revival of the
original Space Tug proposed at the beginning of the
Space Shuttle program.

— The design was intended to enable Space Station
Freedom to deploy and retrieve spacecraft in LEO.

— The OMV free flyer would be carried to orbit by the
Shuttle, operated from Freedom, and periodically refueled
by the Orbiter or a SDV tanker.
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The Russian Progress Orbital Vehicle provides
reboost for the ISS as well as logistics including
water, gases and crew supplies. In addition, it acts
as a “storage closet” for equipment and waste:

The vehicle can deliver 1,920 kg of propellant,
1,800 kg of dry cargo, and 40 kg of air/ gas.

It also has a 1,000 kg downmass capacity to
return trash to Earth.

Rendezvous, docking and departure is
automated, with manual backup features.

On-orbit stay time is limited to 180 days, and it is
incinerated on reentry and replaced with another
vehicle.

Progress Orbital Vehicle
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Progress Orbital Vehicle
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Small drag forces acting upon spacecratft that remain
in LEO for long periods of time must be counteracted
by some means to keep their altitudes from constantly
decaying to lower levels. Skylab, the first US space
station, was sacrificed because no reboost capabilities
were provided.

Powered intercept vehicles that can rendezvous with
and maneuver other spacecraft for reboost and other
operational purposes offer one solution. Some of these
vehicles, including the Russian Progress Orbital
Vehicle and an Autonomous Transfer Vehicle that is
being developed in Europe also provide logistics
supply and waste return functions. Future automated,
teleoperated and manually controlled maneuverable
vehicles may also be used to transport crews and
cargo elements in the vicinity of and between orbital
facilities.

Maneuvering & Transport Services
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An Autonomous Transfer Vehicle (ATV) is being developed by
ESA to provide ISS reboost capabilities along with logistics
support:

e The 8.5 mlong x 4.25m diameter pressurized vehicle would
be deployed about every 18 months on an Ariane launch
vehicle.

e It would accomplish fully automated ISS rendezvous and

docking, using the same Probe/ Drogue docking mechanism
as the Progress.

Alignment pins

The Probe/Drogue
Docking System is
used for all Russian
ISS Elements.

TRANSPORTATION SYSTEMS
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The HTV-II Transfer Vehicle proposed by NASDA could also provide ISS reboost as well as pressurized and unpressurized

logistics support. It would be approximately 9.2 m long x 4.4 m diameter and would be launched by a Japanese H-2A
vehicle.

Unlike the Progress or Autonomous Transfer Vehicle (ATV), the HTV would not dock. Instead, the ISS Remote Manipulator
System would grapple and berth the HTV to the station. The HTV removal process would be the same in reverse.

HTV-Il Transfer Vehicle Concept
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In 2001 SICSA proposed an Orbital Transfer Vehicle
(OTV) concept to serve as a “pickup truck” to transport
EVA-suited crews and large cargo elements between co-
orbiting facilities. It could also provide ISS reboost
services and support construction assembly operations:

e The OTV could be delivered by a dedicated Shuttle or
Proton launch.

It would be maneuvered and controlled through either
by automated, teleoperated or manual systems as
desired at any time.

¢ A Remote Manipulator System is incorporated for
teleoperated or manual control to grapple payloads and
support construction/ maintenance functions.

Onboard tanks provide auxiliary air support and
extended EVA operations.

SICSA’s LEO Transfer Vehicle Concept
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As the US embarks upon future human voyages beyond
LEO to the Moon, Mars, and perhaps further outward, new
transportation, landing and return vehicles and
technologies must be developed:

e NASA along with aerospace contractors and universities
are studying requirements and concepts for a “Crew
Exploration Vehicle” (CEV):

- A key purpose is to replace the aging, shrinking and
technologically dated Space Shuttle fleet to support ISS
and other LEO operations.

- The CEV is also intended to enable planned missions to
the Moon and Mars by increasing delivery mass and
volume to LEO and higher orbits/ trajectories.

- It is unlikely that a single type of CEV spacecraft will
offer comprehensive crew and cargo delivery and return
capabilities for human missions to the Moon, and even
for less likely to Mars.

- Predictably, the CEV must comprise a fleet of different
vehicle/ propulsion types that build upon Apollo lessons
and legacies.

Human Voyages Beyond LEO
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SATURNMN V APOLLD FLIGHT CONFIGURATION

Apollo missions provide the only human flight and
operational experiences to and upon an extraterrestrial
surface environment to guide future lunar/ Mars planning.

e The Saturn V launch vehicle was the last of the Saturn
series developed by Werner Von Braun’s team at
MSFC:

- The 3-stage stack was 111 m (365 ft) tall, and
produced lift-off thrust of 3.4 million kg (7.5 million Ibs).

- Five F-1 first-stage engines burned LOX and kerosene.

- Five second-stage J-2 engines and one third stage J-2
engine used LOX/ LH2.

- The third-stage engine fired a second time to boost the
crew Command and Service Module (CSM) into a lunar
trajectory.

- The spacecraft was launched from Merrit Island, a few
km from Cape Canaveral (Kennedy Space Center), the
launch sites used for Projects Mercury and Gemini.

The Beginning of the Future
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3.Lunar Orbit Rendezvous approach (selected):

- A 2-element mother ship would be launched

_ _ together with a lander and ascent vehicle.
The design of all Apollo elements was driven by

launch and orbital transfer strategies governed by - The ascent vehicle would rendezvous/ dock
technology capabilities at the time: with the mother ship in lunar orbit for crew

: : : return the Earth orbit. NASA
Three possible options were considered:
1.Direct Ascent approach:

- A huge rocket would launch all elements including
a lander directly to the Moon and back again
without intermediate maneuvers at either end.

- This was the simplest approach, but not feasible
using available rocket technology.

2.Earth Orbit Rendezvous (EOR) approach:

- Two rockets would be launched, one with fuel and
the other with a spacecraft and crew.

- The two spacecraft would rendezvous/ dock in
Earth orbit, fuel would be transferred, and the .
manned vehicle would proceed to the Moon and Apollo Heading Moonward
return directly to Earth orbit.

Apollo Strategy Options Considered
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Principal Apollo spacecraft components were the Command
Module (MC) and Service Module (SM) which were
collectively referred to as the Command and Service
Module (CSM):

¢ The Command Module (CM) was a cone-shaped vessel
for 3 astronauts that was 3.5 m (12 ft) high with a base
diameter of 3.9 m (13 ft):

- The double-walled structure had an inner pressure hull
with a pure oxygen atmosphere of about one-third Earth
atmosphere.

- The outer shell was a heat shield designed to withstand
3,000° C Earth reentry temperatures.

e The Service Module (SM) was mated to the CM during
most of the journey to and from the Moon:

- The SM supplied life support oxygen, power and water.
(Power and water were produced by fuel cells.)

- The SM also carried LOX/ LH2 tanks to fuel the cells.

TRANSPORTATION SYSTEMS

THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

The Apollo vessel
included a Command
Module (CM) for 3
people protected by a
heat shield, and a
Service Module (SM)
which was XXXXXXXXX
upon return to Earth
with an attached
Service Propulsion
System (SPS).

The SM provided
attitude adjustmentm
crew supplies and
Earth communications.

Together, the combined
CM-SM were called the
Command and Service

Module (CSM).

Apollo Components

Apollo CSM as a Preference Vehicle
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A tragic flash fire in a pure oxygen flight simulator which occurred on January 27, 1967 took the lives of
Edward White (1st Gemini Spacewalk, rookie Roger Chaffee, and Virgil (“Gus”) Grissom (2nd suborbital
Gemini flight). The event delayed the Apollo Program and caused a crisis of public confidence in NASA.

Several new safety measures resulted, including lowering of the oxygen atmosphere below 30 percent and
the addition of the Launch Escape System. NASA

Simulator Interior Following the Accident White, Chaffee and Grissom in Simulator

Tragic Apollo Safety Lessons
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Apollo Command & Service Module
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New generations of existing spacecraft will be required to support
future manned lunar missions, and entirely new breeds of
transportation vehicles will be essential for human missions to Mars.

Important technology and design drivers will include:

e Substantial crew and cargo transfer accommodations associated
with larger crews and longer transit times for Mars than previous
Apollo missions.

Larger cargo manifests for transits to the Moon and Mars due to
accommodations for surface support influenced by larger crews,
longer dwell times, and expanded activities (EVA exploration, in-situ
resource collection/ processing and construction).

Propulsive Trans-Lunar Injection and propulsive and/ or aerobraking
at Mars influencing vehicle propellant and structure mass.

Use of low-thrust nuclear engines for Trans-Mars Injection (TMI),
increasing departure transit time through high radiation Van Allen
Belts and influencing needs for radiation protection and/ or crew

sprint intercepts.

TRANSPORTATION SYSTEMS
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Future Lunar/Mars Spacecraft
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SICSA has conducted a variety of space exploration Vehicle Design and Operations

mission architecture and vehicle concept approaches.
Some assume use of conventional Medium Lift Vehicles
MLVs (Delta 4-Heavy and Atlas-5 class) for Earth launch
and Earth Orbit Rendezvous (EOR) assembly and
departure. Another investigation assumed availability of a
Kepler class Heavy Lift Vehicle (HLV) such as SICSA’s
proposed ARES (100 MT+) launcher. The options also
include chemical transfer and nuclear/ plasma propulsion
possibilities for lunar/ Mars transit.
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Facility Accommodations and Design: Crew Protection and Support: Site Environment and Resources: Vehicle Design and Operations:

Duration of transit and surface » All equipment and supplies for « Thin atmosphere and reduced « Engineering strategies to land
stay for a given mission. mission activities. gravity influencing ascent/descent. payloads in the thin atmosphere.
The required crew size to Radiation countermeasures, Seasonal temperature extremes « Processes to obtain launch fuel
undertake mission and support both in transit and on Mars. and dust storms influencing from the Martian atmosphere.
activities. Contingencies for critical operations. Crew size and sample return
Functional areas and equipment failures and crew Surface launch access to desired requirements for Ascent
requirements to accommodate all health problems. orbital intercepts for return from the Vehicles.

activities. Conservation through site. Safeguards to prevent

Volume and mass of consumables recycling and the use of in-situ The type and availability of site contamination from dust returned
needed to support crews. resources. resources to augment consumables. to Earth.

SICSA Concept & Considerations
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SICSA’s proposed ARES transfer system is primarily
intended for human missions to and from Mars orbit
involving long travel times:

e The ARES Mars Transfer Vehicle (MTV) would use
a nuclear powered low-thrust hydrogen plasma
propulsion engine called “Variable Specific
Magnetoplasma Rocket” (VASIMR):

- The hydrogen is ionized by radio waves and
guided into a central chamber threaded with
magnetic fields that can eject plasma at variable
velocities for thrust control.

- LEO departure acceleration through the high
radiation Van Allen Belts is relatively much slower
than high thrust chemical rocket vehicles, but high
transfer velocities are achieved through continuous
acceleration vs. “blast and coast” systems.

- The VASIMR-propelled MTV reverses orientation

180° at about mid-course to decelerate towards
the Mars insertion orbit.

TRANSPORTATION SYSTEMS

ARES Propulsion System
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Crew radiation protection is a major design driver:

e The VASIMR MTV is structures in what might be
termed a “Fuel Sleeve Assembly” (FSA)
configuration with hydrogen fuel tanks surrounding a
crew Transfer Hab (TH).

- Following launch to LEO is a single HLV vehicle,
the VASIMR power/ propulsion segment deploys
the plasma engine and nuclear power elements
outward behind the hydrogen tanks, thereby
clearing the central area.

- A second dedicated launch places the Transfer
Hab on an intercept trajectory with the VASIMR
segment, and automated rendezvous systems on
the TM enable it to enter the vacated central
VASIMR core and dock.

- The hydrogen fuel and tank structures provide
space radiation shielding for the TM and distance
separation between the habitat and nuclear
reactors mitigates radiation hazards from these VASIMR Hydrogen Tanks Surround Crew Areas

sources. Radiation Mitigation Strategies
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While VASIMR propulsion can be expected to be
much more energy-efficient than conventional

chemical rockets, electrical power requirements will be
massive.

e An estimated 12 mW of electricity would be

produced to power the plasma process at a
necessary thrust level:

- Nuclear power is presently the only realistic
option, since photovoltaic systems traditionally
used on spacecraft will be grossly inadequate.

- Power may also be required to cryogenically
liquefy hydrogen fuel to avoid boil-off evaporation
during extended LEO flight preparation, transit to
Mars, surface operation and Earth return periods.

- A relatively small amount of electricity (100s of

kW) will be required to power habitat functions and
spacecratft flight systems.

TRANSPORTATION SYSTEMS

Nuclear Reactors Provide Electrical Power

VASIMR Power Requirements
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The Transfer Hab (TH) module would provide living and
activity accommodations for transit periods lasting
approximately 500 days:

e The proposed 15 ft. diameter, 40 ft. long module is
baselined to support up to 8 people:

- Some of the crew might remain in parking orbits in the
vicinity of Mars while others go to the surface.

- The TH would also serve as a safe haven refuge for
crews who may have to leave surface facilities under
emergency circumstances until Earth return
departure windows occur.

- The TH will operate under very low gravity conditions
similar to LEO facilities.

- Other transfer elements including surface modules
with landers, crew descent/ ascent vehicles and
Earth reentry capsules attach to TH’ docking ports.

-THs are reusable for several missions, remaining in
LEO or Earth/ Mars cycler orbits.

TRANSPORTATION SYSTEMS

The Crew Transfer Module
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All elements proposed for the VASIMR study are
designed to be compatible with the ARES launch
vehicle cargo capacity:

e Key elements include surface habitat and logistics
modules with integrated landing systems and crew
launch, landing/ ascent and Earth atmosphere
reentry vehicles:

- An option is available for the crew to be originally
launched from Earth or LEO by a “sprint” vehicle
which would rendezvous and dock with the
VASIMR MTV/ TM beyond the Van Allen Belts.

- The sprint vehicle might also serve as the crew
Mars surface descent vehicle, as well as the Earth
atmosphere reentry and landing capsule.

Surface Module,
VASIMR and Crew
Transferhab in
Reference Shroud

- Surface elements would be provided with “kick Crew Sprint, Surface
stage” rockets that would slow them into Mars Landing/Assent and
Middle Orbit (MMO) to commence landing Earth Reentry Vehicle
processes.

VASIMR Transit Elements
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Possible VASIMR Trajectories
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Earth and Vicinity Mars and Vicinity

1| Launches: 2 | Ml is deployed in a high

4] ARES 1 (MTV;) TH, > 2] Mars orbit. MTV,/TH, stay
ARES 2 (LM,) CCAT in MMO; LM, lands on the Crew: indicates manned mission segments.
Unmanned complex docks surface with power and

together in LEO; LM, ISRU equipment.
departs for Mars. Logistic Module: carries power and ISRU

equipment.
Launches: . MTVZIMH1 gotoa
ARES 3 (MTV,) Rendezvous orbit; MAV, TransferHab: modules are inserted into MTVs.
ARES 4 (MH,) goes to MMO, then to the
ARES 5 (MAV,) surface to begin fueling;
2nd ynmanned complex MTV,/TH, remain in MMO. Crew Transfer Vehicle: launch/land on Earth.

dock together in LEO
and departs. MTV, m

Mars information Infrastructure: Mars satellites.
E MTV, circularies its . - mm MH, MH, separates from MTV,,

orbitinto LEO after -~ and docks with MTV1/TH1
decelerating in an Earth in MMO. MTV, then Mars Transfer Vehicle: VASIMR spacecraft.
blow-by and awaits thinext departs for Earth blow-by
unmanned mission S~ and LEO parking orbit.

Unmanned Precursor Missions

MH MarsHab: deliver/support crews on the surface.

Launches: > Crew boards CTV, and

ARES 6 (MTV,) MTVy HEBMOR “m\ [e] goes to MMO to dock with MAV
ARES 7 (MH,) MH1 TH,/MTV,/MH,. Crew
ARES 8 (MAV,) MAVl enters MH, which

MTV,/TH, transfer ™ separates and lands.
from LEO to GEO L MTV,/TH, blow-by Mars. ; _ ;
for CTV intercept MTV2 \W--A Usm_g a low-thrust engine, the MTV

and proceed to Mars. continues to accelerate until it reaches the
A KA

Mars Ascent Vehicle: launches crews to MMO.

Crew completes surface

. (_‘,TV1 with crew separates stay and launch on MAVl ha|fWay pOInt betWeen Eal’th and MarS, then

from the complex in LEO To MMO which docks with turns around to thrust in the opposite
and lands. MTV,/TH, do CTV TH,/MTV,/CTV,. MAV, is di ti . der t | d h t
and Earth blow-by and L Sacrificed. The complex !rec 1on n OI'. er to slow .OWI’I enO_UQ 0

will be available for the departs and MTV,/TH, directly enter into Mars Middle Orbit (MMO).
next manned mission. remain in MMO.

First Manned Surface Mission

Possible VASIMR Mission Staging
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SICSA’s proposed Low-thrust Propulsion Assembly
(LPA) is a transport carrier to ferry payloads from LEO
to lunar or Mars orbits and back which can be
launched in sections by Medium Lift Vehicles (MLVS).
All elements are designed to comply with 15 MT launch
capacities and 3.75 m diameter by 12 m long shrouds
that are expected to be compatible with planned Delta-
4 Heavy and Atlas-5 capabilities.

e The LPA is essentially comprised of 3 major
types of elements:

- Reactor/ Drive Modules (RDMs), each Low-thrust Propulsion Assembly

.. o ¢ d ol thrust (LPA) with Mars cargo attached
containing a fission reactor ana plasma tnrusters. . 37 LEO launches (4 RDMs, 2

- Low-thrust Propellant Modules (LPMs) containing CTMs, 12 LPMs, 21 cargo

. payloads for Depot 1, Depot 2,
liquid argon or a comparable fuel. and the Martian surface, and 8

- Truss Segment Modules (TSMs) which form the TSMs “piggy-backed” on LPM
main truss spine for payload attachments (example ';"frgcr‘es)’ mass 553 tons, length
shown in the upper right half of the illustration).

Low-Thrust Propulsion Assembly (LPA)
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Truss segments that connect the Reactor Drive Modules to the Truss Segment Module spine and to Low-
thrust Propellant Modules fold for launch to LEO within MLV Payload shroud limitations. The RDMs are fission

reactors estimated to produce about 3.5 MWe to power 7 Magneto-Plasmadynamic Thrusters (or comparable)
drive units.

Reactor/Drive Module (RDM) — configured to flight

One fission reactor, 3.5 MWe output (4kg/kWe)
Seven low-thrust drive units, 0.5 MWe input each,
51%efficiency, Isp 6000 seconds, type TBD but considered to
be Magneto-Plasmadynamic Thrusters for modeling
Two long (6.4m) and two short (2.7m) folding truss arms
. . Five docking ports, one on top and one on each truss arm
Reactor/Drive (RDM) — configured for launch 1 LEO launch; mass 15 tons, length 12.5m (unfolded)

LPA Reactor Drive Module (RDM)
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Low-thrust Propellant Modules provide

propellant storage for Reactor Drive Module

thrusters. Fully pressurized, these 3.7 m

diameter units weigh about 15 MT. Their

structures contain docking ports at each end

(for attachments to either Reactor Drive

Modules or Truss Segment Modules) and Low-thrust Propellant Module (LPM)

avionics for automated orbital assembly. Propellant storage for low-thrust drives on the RDM

Propellant TBD, but considered to be liquid argon for
modeling

Two docking ports, top and bottom

May be launched partly full, and/or with other
components

1LEO launch; mass 15 tons, length 3.7m

Low-Thrust Propellant Modules (LPMs)
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The Truss Segment Modules that comprise the LPA’s main spine each contain 6 docking ports for automated
attachments of LPMs, payloads or other TSMs. Avionic systems attached to the docking interfaces enable
orbital maneuvering and positioning. Sll@SW\

Truss Segment Module (TSM)

* Fixed truss Truss Segment Module (TSM)

» Six docking ports, top and bottom and four around the attached to Low-thrust Propellant
waist Module (LPM) in “piggyback”

+ 0 dedicated LEO launches (launched “piggyback” with launch configuration
LPMs), mass negligible (<0.25 tons), length 7.9m

Truss Segment Modules (TSMs)

TRANSPORTATION SYSTEMS EXPLORATION VEHICLES




The baseline Crew Transfer Module (CTM) is
proposed to accommodate 8 people for estimated
crewed high Earth orbit-Mars orbit transits of 100
days, and Mars orbit-LEO return times which are
comparable:

e Crews would access the CTM using a fast sprint
vehicle which would rendezvous and dock with
it beyond the Van Allen Belts:

- The uncrewed CTM would be attached to the Low-thrust Propulsion Assembly
LPA in LEO prior to a 35 day spiral-out period (LPA) with a Crew Transfer Module

to the intercept point. (CTM) attached

- The surface mission time might be 667 days * 7 LEO launch (4 RDMs, 2 CTMs,
and 2 half-full LPMs, with the 8

(including a 13 day spiral-in time to Mars orbit). TSMs “piggybacked” on LPM

- The spiral-out time from Mars orbit for return launches), mass 90 tons.
to Earth is estimated to be 14 days.

LPA With Crew Transfer Module (CTM)
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Crew Transfer Module (CTM)
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The LPA would do a “back-flip” braking maneuver at about the
half-way point to the Moon and return to Earth to reduce
velocity.

SICSA's low-thrust transfer strategy launches payloads
to LEO together with landing stages (if required) and the
elements dock to ports on the Truss Segment Modules
(TSMs):

e Attachment elements may include:
- A Crew Transfer Module (CTM) without crew.
- A Surface Habitat Module (SHM) with lander.
- A crew surface descent/ ascent vehicle.

- A Pressurized Logistics Module (PLM) and/ or
Unpressurized Logistics Module (ULM) with
lander(s).

e Cycler options:

- The Low-thrust Propulsion Assembly (LPA) can
remain in an Earth-Moon/ Mars cycler orbit
indefinitely for multiple mission applications
(assuming refueling capabilities).

- An attached CTM can remain as part of the LPA

Cycler (with restocking of crew expendables in LEO).

TRANSPORTATION SYSTEMS

SICSN

Cycler orbit

|

Destination orbit
Elements are
launch to LEO, and
docks with LPA

Surface elements
descend to the
. surface
Cargo Trajectory
Eliptical Earth < Cycler

Return ¥ opit Orbit
Orbit

Elements transit to
the Moon/Mars

oS

Moon/

Mars —
orbit

The Cycler returns ~ The Cycler and CTM  The Cycler and CTM
to the vicinity of are restocked in remain in the Earth —
Earth Earth orbit Moon/Mars system

Cycler Trajector
Low-Thrust Cargo/Cycler Transfers
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L‘E/O | [\4— || ; Cycler Orbit ’ |

The low-thrust propulsion in combination with the
reusable Cycler vehicle are proposed to reduce
propellant consumption over use of conventional
chemical rockets for cargo and crew transfers from

LEO to Moon/ Mars orbit, along with a more rapid L%,j—m?s”’ y 4/M -
high-thrust launch system to transfer crews to the Crew SormVenie The Syerwih Crew& S —

Cycler beyond the high radiation Van Allen Belt intercepts the Cycler crew/cargo transits to  elements decend to the
region' in high Earth orbit destination orbit Moon/Mars surface.

Crew Outbound Trajectory

<4—LEO

e Crew Sprint Vehicles: Cycler MooniMars < Cyolr LEO Cycler

. : i Orbit ; Orbi
- These conventional rocket vehicles would £y ot \ "4
launch crews to a high Earth orbit intercept

point to dock with the Cycler. D

- As options, the Sprint Vehicles might also be 4 Moon/
- - ars
designed to provide crew lunar/ Mars surface
descent/ ascent functions. and/ or to serve as Crew ascends to the  Crew transits to Earth Crew descends to Earth
! Cycler orbit and orbit on the Cycler Crew in a reentry vehicle and

Earth atmosphere reentry means. transfers. Transfer Module. the cycler continues on.
Crew Return Trajectory

Low-Thrust and Sprint Crew Transfers
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The propellant type and mass that must be carried to
power a vehicle directly influences the rate of velocity
change (Delta-V) and mass that is available for the

payload as a fraction of total mass (the mass fraction).

Even a moderate reduction in fuel mass (or
improvement in mass fraction) can provide substantial
economies.

e Refueling at orbital depots can reduce the
amount of total propellant mass consumption:

- This essentially breaks total Delta-V required
into trip segments (analogous to staging for a
conventional vehicle).

- The vehicle only needs to carry enough
propellant at one time to reach the next
refueling point (rather than carry enough for the
entire mission).

TRANSPORTATION SYSTEMS

Orbital Refueling Benefits
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Use of orbital fuel depots may be most beneficial for
“split” missions where fuel (and other cargo) is
delivered using “slow” low-thrust trajectories in
advance of crews delivered by separate vehicles
using “fast” low-thrust trajectories:

Each cargo mission would deliver propellant to orbital
depots to refuel crew mission vehicles. S@Sﬁ\

e Slow-trajectory low-thrust missions can minimize
logistics and equipment transfer costs:

- They offer the highest payload fractions of all
known systems.

Cargo vehicle spirals out Cargo vehicle transits Cargo vehicle deploys

- They are We" SUited to de"\/ering Orbital depOtS from LEO, deploys Depot 1 from earth to destination  Depot 2 & surface cargo

to refuel faster crew trajectories.

: : . Slow Low-thrust
¢ Fast low-thrust trajectories are best suited for Fuel Depot and

crew transfers: Surface Cargo

- They are less fuel efficient than slow Deployment
trajectories, but much better than conventional

SySte ms. Cargo vehicle transfits Cargo vehicle transfits
back for return back for return

- They afford much quicker flight times than slow

trajectories, offering many benefits. . -
Split Cargo/Crew Mission
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Split cargo/ crew missions will enable fuel economies
afforded by slow trajectories to benefit shorter travel
time advantages of faster trajectories. Examples are
provided for Mars missions:

¢ Mission travel days:

- Slow low-thrust (“conjunction class”) trajectories
will require about 493 days outbound and 493
days inbound (986 days total), compared with
about 165 days outbound and inbound (330
days total) for fast trajectories.

- Slow trajectories will offer about 200 days on the
surface (estimated by launch windows)
compared with about 644 days for fast
(“opposition class”) trajectories.

e Payload/ total vehicle mass fractions:

- Slow trajectories will offer round-trip mass
fractions of about 0.327, compared with about
0.027 for fast trajectories (assuming no orbital
refueling to reduce propellant mass).

TRANSPORTATION SYSTEMS

Crew Sprint vehicles might intercept the LPA at the

SICSN

outbound fuel depot location outside LEO

Crew launches to Depot 1 Crew transits to
in outbound Sprint Vehicle destination orbitin CTM

The LPA/CTM spirals out
from LEO to Depot 1

Crew
Outbound
Trajectory with
Fuel Depots

The LPA docks at Depot The LPA/CTM spirals
2, crew lands in in to low destination
outbound Sprint Vehicle orbit

Crew Transfer with Fuel Depots
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Mars Cargo Mission Time _Crew ascent vehicles m_lght_ intercept the LPA at an
Slow trajectory low-thrust cargo mission periods are inbound fuel depot location in the Moon/Mars orbit.

estimated to be 1,016 days: SIl@SIl\

¢ 259 days of LEO launch and assembly (37 launches
at 1 week intervals)
o 757 flight days:
-192 days Earth-out spiral
- 242 days Mars transit (no Mars-in/ out spirals)
- 200 days wait at Mars
- 100 days Earth transit
- 23 days Earth-in spiral

Crew ascends to low orbit LPA spirals out from low  The LPA/CTM transits
in return Sprint Vehicle, orbit in docks with Depot  back to Earth vicinity

Mars Crew Mission Time docks with CTM B

Fast trajectory low-thrust crew Mars mission periods
are estimated to be 894 travel and surface days:
- 0 days during 35 day Earth spiral-out Crew Return
- 100 days Mars transit Trajectory with
- 13 days Mars-in spiral (partial crew on board) Fuel Depots
- 667 days surface mission (partly concurrent with
Mars-in spiral)
- 14 days Mars-out spiral The LPA docks at Depot ~ The LPA/CTM vehicle
-100 days Earth transit 1 & crew lands in return spirals in to low Earth
. . . Sprint Vehicle orbit for reuse.
- 0 days during 35 day Earth spiral-in.

Estimated Mars Mission Days Crew Transfers with Fuel Depots
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The LPA and attached elements are assembled in LEO:

e Reactor Drive Modules (RDMs), Low-thrust Propellant Modules
(LPMs) and Truss Segment Modules (TSMs).

e Depot 1 and 2 LPMs, structures and transfer systems.
e Surface payloads and landers.

Key Mission

4 Reactor/Drive Stages
Medules (15t ea.)

Launches 1-4 12 Low-Thrust
Propellant (15t ea.)
+12* Truss
Segments

Launches 5-16
2.5" Depot-1

Propellant (15t ea.)
+ 2" Truss
Seagments

Launches 17-19

9 Surface Payloads
(75tea)
+ Landers (7.5t ea.)

Launches 22-30

Sprint Descent
Stages (15t total)

Launches 35

Cargo — Earth Orbit Departure

2.5 Depot-2
Propellant (15t ea.)
+ 2 Truss Segments

Launches 19-21

2 Return Sprint
(15t ea.) + 2 Mars
Descent (15t ea.)

Launches 31-34

2 Depot-2
Consumables
Reserves (15tea))

Launches 36-37

Mars Transit

2 Propellant
+ 2 Return Sprint
Earth Descent
Stages

Depot-1, High Earth Orbit

* 8 of these Truss Segments are used for the crew vehicle.
** One Propellant for each depot is half-full; they total 15 t together.

TRANSPORTATION SYSTEMS

Cargo elements are delivered to orbital locations:

e LPMs and associated systems are placed in high Earth
orbit (Depot 1) and Mars orbit (Depot 2).

e Surface elements are deployed to landing orbits.

e The LPA may remain in a Mars parking orbit.

Key Mission
Stages

Earth Transit,
Earth-In Spiral

2 Return Sprint

Mars Landings 1-2

9 Surface Payloads

Mars Landings 3-11

LEO Parking

Mars Transit

Mars Transit
2 Propellant

+ 2 Outbound Sprint Mars
Descent Stages
+ 2 Consumables Reserves
Depot-2, High Mars Orbit

Cargo — Mars Transit/Return

Low-thrust Cargo Mission Example
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The LPA is placed and assembled in LEO and crew The LPA proceeds to the vicinity of Mars and propulsively
elements are attached, including: slows by reversing orientation:

- A Crew Transfer Module (CTM) - The LPA spirals-in to a low Mars orbit.
- Partly full propellant tanks (to be refueled) - The crew descends via the vehicle to the surface.

Key Mission Key Mission
Stages Stages

low Mars orbit
LPA/CTM
Mars-in spiral 1 Outbound Sprint
+ 1 Descent

Mars landing

1 Outbound Sprint
+ 1 Descent
Mars-in sprint, landing

Outbound Crew Landing Crew

Low-thrust Mars Crew Mission Example
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The LPA/ CTM decelerate and spiral in to LEO for crew ~ The crew assent vehicle intercepts the LPA in the
landing and proceed to Depot 1 for refueling. Depot 2 refueling orbit and transfers to the CTM.

Key Mission Key Mission
Stages Stages

Mars orbit

docking
LPA/CTM LPA/CTM
Mars orbit Crew

Earth-in spiral LEO Parking

Mars-out spiral Crew
Mars-out sprint Vehicle

Depot 2 Mars Transit
Propellant
Depot-1
Propellant

Inbound Crew

TRANSPORTATION SYSTEMS

Return Sprint

Earth-in sprint, landing

Crew Earth Return

Low-thrust Mars Crew Mission Example
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Mars Cargo Vehicle Masses
Initial
total initial mass (tons) 553
drive propellant (tons) 179
structure (tons) 60
payload to Earth orbit (tons) 43
payload to Mars orbit (tons) 272
Launches Required: 37
4 structure
12 propellant

21 payload .
Cargo Vehicle Masses

Mars Crew Vehicle Initial Masses
Dry Earth-Out Mars Mars In & Earth Earth-In

Spiral Transit Cut Spirals Transit Spiral
total initial mass (tons) 75.0 85.3 98.4 83.4 58.4 85.3
propellant (tons) 0.0 10.3 15.9 8.4 15.9 .
structure (tons) 45 45 45 45 45
pavyload (tons) 30 30 37.5 30 37.5
Launches Required: 8 (11 with sprint vehicles and crew)
4 structure
1 propellant
2 payload
{1 sprint vehicle)
(3 chemical propulsion) Crew Vehicle Masses

Low-thrust Mars Vehicle Mass Estimates
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SICSA proposed a MLV-compatible Earth to Moon/
Mars orbit transportation system in 2004-2005 which
would use stacked stages of chemical Propulsion
Modules (PMs). This work was undertaken in
support of a NASA space exploration “Concept
Evaluation and Refinement” (CE&R) study contract
granted to SPACEHAB.

e Baseline requirements include:

- Maximum single-element launch capacities
limited to 15 MT, and 3.75 m diameter x 12 m
long payload shrouds (for all orbital and surface
facilities)

- All element assembly operations to be
conducted autonomously and independent of
ISS.

- Initial crew accommodations (orbital and surface)
for 4 people to support surface stays of 14 days
extendable for 100 days (Moon) and 500 days
(Mars).

TRANSPORTATION SYSTEMS

MLV Chemical Propulsion Stack
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Each of the MLV-compatible Propulsion Modules
would require a dedicated 15 MT launch to LEO
where they would be assembled into “trains” using a
maneuvering vehicle for rendezvous positioning and
docking alignments:

e The PMs would use LOX/ LH2 propellant and
would provide several advantages:

- Integrated thruster engines in each module
would provide a high level of redundancy in the
event of failure.

- Engine re-starts would not be required since
each module is used only once.

- Total thrust available can be tailored to mission
requirements through the modular approach.

- PM stages are ejected following use to
continuously reduce transfer mass as a
mission progresses.

- No fuel line connections or propellant transfers
are needed between modules or the vehicle.

TRANSPORTATION SYSTEMS

MLV Chemical Propulsion Module

EXPLORATION VEHICLES




Key goals of the SPACEHAB study were to determine
requirements and concepts for human lunar/ Mars
exploration using MLV LEO launch capabilities:

¢ Important study conclusions:

- Use of Medium Lift Vehicles (MLVs) will require
means to assemble flight elements and some
payloads in orbit, including attachment of surface
modules with their landers and connection of
Propulsion Modules together with the Crew Transfer
Module and payloads.

- Smaller launch vehicles will necessitate more LEO
deliveries and assemblies, but will also reduce cost
and schedule delay impacts of a single launch
failure, and can utilize multiple conventional launch
site options.

- Autonomous and remotely monitored/ controlled
maneuvering vehicles can be used to minimize on
board element avionics requirements for rendezvous
and docking.

MLV Element Assembly in LEO
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The cargo train would reverse orientation near the destination insertion orbit and propulsively brake using the
remaining unspent Propulsion Module to place surface payloads into their lower altitude landing orbit.

Surface Habitat

Depleted Ejected Module

Energy-efficient slower trajectory cargo missions
would deliver habitats and other surface Crew Ascent Vehicle
elements prior to crew arrivals. g

MLV Transfer Cargo Mission

TRANSPORTATION SYSTEMS EXPLORATION VEHICLES
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Horizontal

Module

Horizontal Module Inflatable Module

Ascent Vehicle Inflatable

Module

Logistic Module Ascent Vehicle
Surface Elements in Deployed Status Example Surface Elements

MLV Surface Element Examples
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Lunar Crew
Transfer
Module

Lunar Application

Depleted Ejected Module

TRANSPORTATION SYSTEMS
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Mars Crew
Transfer
Module

Mars Application

Crew
Transfer
Module

MLV Crew Transfer Mission
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Mars Crew Transfer Module (CTM)

MLV Crew Transfer Module
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MLV Crew Transfer Module
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MLV Crew Transfer Module

TRANSPORTATION SYSTEMS EXPLORATION VEHICLES




SICSA has undertaken human exploration mission
research and design studies based upon possible
availabilities to deliver substantial payloads to LEO:

¢ Important guideline assumptions:

- Launch capacities will be on the order of 100 MT,
with payload shrouds at least 10 m diameter x 12m
high.

- Propulsion Modules (PMs) will be assembled
together in a train and attached to a Crew Transfer
Module (CTM) and/ or surface payloads in LEO
via autonomous maneuvering vehicles.

- While aerobraking at the Moon is not possible
(there is no atmosphere), surface payload
aerobraking into the thin atmosphere of Mars is
considered.

- The Crew Transfer Module (CTM) is reused as a
Cycler in the Earth-Moon or Earth-Mars system.

TRANSPORTATION SYSTEMS

HLV Element Assembly in LEO
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The final PM stage The cargo train can
transfers the CTM be configured to

back to Earth for accommodate a

crew return and variety of surface
reuse. elements.

HLV Transfer Missions
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Surface Elements in Deployed Status

HLV Surface Element Examples
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Inflatable aerobrakes made of existing high

temperature-resistant materials might be used to slow . i
into Mars orbit. Propulsive Surface Landings

Mars Aerobraking & Landing
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Surface conditions on the Moon and Mars pose
special challenges for descent/ascent operations: e
Global dust storms and local dust devils on Mars
can obscure landing visibility.

¢ Electrostatic dust and extreme temperatures can
damage ascent flight systems.

¢ Landing/ ascent thrusters can hurl surface rocks
long distances to present hazards.

e Little or no atmosphere makes parachutes
ineffective.

¢ Rocky and hilly surface terrain can damage or
overturn landed payloads.

e Low-gravity conditions and little/ no atmospheric
drag will cause rocket plumes to propel surface
rocks on long ballistic trajectories.

TRANSPORTATION SYSTEMS

Low-gravity conditions and little/no atmospheric
drag will cause rocket plumes to propel surface
rocks on long ballistic trajectories.

Special Surface Challenges

LUNAR/MARS LANDERS
AND ASCENT VEHICLES




THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

The Command Module was slowed down by Earth atmospheric drag latter Crew Transfer &
by parachutes for splash-down at sea. Earth Reentry

The Service Module provided propulsion & avionics to transfer the entire Trans-Lunar
Command & Service Module Assembly & Lunar Modules to Lunar orbit, and Injection & Lunar
propel the CM on an Earth return trajectory (then was jettisoned). Orbit Departure
propulsion

The ascent stage interfaced with the top of the CM for crew transfer for Crew Surface
landing & orbital rendezvous return. It was then jettisoned. The descent Delivery & Orbit
stage carried an attached surface rover. Return

Landing
propulsion &
Ascent Platform

Apollo missions demonstrated capabilities to transport humans
and cargo to an extraterrestrial body, land them on the surface, and
return crews to Earth.

Apollo Vehicle Elements

TRANSPORTATION SYSTEMS LUNAR/MARS LANDERS
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The LM was a relatively fragile structure developed by Grumman to support 2 people for 3 days on the
surface. About 2/3 of its total approximate 15,000 kg (32,600 Ib) mass was landing and ascent engine
propellant. NASA

e Ascent stage:

- Crew cabin volume, 6.65 m3 (235 ft3): height
3.76 m (12.34 ft) and diameter 4.2 m (13.78 ft).

- Total mass, 4,670 kg (10,300 Ib): two 19.27 kg
water tanks, 11.3 kg of ethylene glycol-water
coolant, and 2,353 kg of nitrogen tetroxide-
hydrazine propellant.

- Atmosphere, 100% oxygen at 33 kPa.
- Power, four 400 Ah silver-zinc batteries.
e Descent stage:
- Height, 3.2 m (10.5 ft) and diameter 4.2 m(13.8 ft).

- Total mass, 10,334 kg (22,783 Ib): one 151 kg
water tank and 8,165 kg (18,000 Ib) of nitrogen
tetroxide-hydrazine propellant.

- Power, two 296 Ah silver-zinc batteries.
Apollo Lunar Lander (LM)
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The LM descent stage contained the landing gear,
landing radar antenna, descent rocket engine,

propellant, and several cargo transfer compartments.

AFT
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QUADRANT Il
LANDING RADAR
ELECTRONICS
SCIENTIFIC
EQUIPMENT

PACKAGE 7

WATER TANK

SLA ADAPTER
ATTACHMENT
POINT (4 EA)

OXIDIZER TANK

AMBIENT

HELIUM TANK {1

ENGINE
MOUNT

QUADRANT |
ERECTABLE ANT EPS
BATTERIES PLSS
SPARE BATTERY

STOWAGE DESCENT

ENGINE
o

DESCENT
ENGINE
SKIRT

STRUCTURAL

THERMAL AND
MICROMETEOROID
INSULATION SHIELD
FORWARD
INTERSTAGE
FITTING
OXIDIZER TANK
QUADRANT IV
CABLE CUTTER

ELECTRICAL POWER

AND EXPLOSIVE

DEVICES BATTERIES
FUEL TANK

OXYGEN TANK

*r QUADRANT I
3 DESCENT ENGINE

ELECTRONICS

r=— SUPERCRITICAL
)y HELIUM TANK

NOTE:
LANDING GEAR SHOWN
IN RETRACTED POSITION

TRANSPORTATION SYSTEMS

RENDEZVOUS
RADAR ANTENN.
ENVIRONMENTAL CONTROL
SYSTEM MODULE
CREW COMPARTMENT

CREWMAN IN FLIGHT
POSITION
CREWMAN SITTING
ON ENGINE COVER
REACTION CONTROL
THRUSTER ASSEMBLY
(4 LOCATION)
ASCENT PROPULSION
FUEL TANK
(2 LOCATION)
RED DOCKING LIGHT

EGRESS PLATFORM

EARLY APOLLO
SCIENTIFIC EXPERIMENTS
PACKAGE

(QUADRANT 2)

LUNAR MODULE CONFIGURATION
FOR INITIAL LUNAR LANDING

Apollo LM Stages & Components
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The LM ascent stage contained instrument panels,
an overhead hatch/ docking port, a forward hatch
and orbital return systems.
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External Systems Internal Systems

Apollo LM Ascent & Descent Stages
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Crewman
Optical Main  Alignment
Alignment panel/cabin  Optical
Docking Window Shade
Docking Window
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<
Arm Rest

Ingress/Egress -
Hatch Handle .

- i . N
Helmet Stowage pLss Antibacterial
(Position No. Il) Stowage

Position  (Stowage) Egress

Hatch

Sight  figodlight  telescope Sequence camera
p;

- Glare Shield

s —Window shade

“-Crash bar

= Hand Controller
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INERTIAL

RCS QUAD

INGRESS/EGRESS

HATCH
RCS OXIDIZER

TANK

Components

AFT
EQUIPMENT
BAY

™~ ELECTRONIC
EQUIPMENT

GASEOUS OXYGEN
TANK (ECS)

_ HELIUM TANK
(ASCENT)

™. RCS
FUEL
TANK

Apollo LM Ascent Stage
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Crew Restraint Seat Crew Area/ Instruments

Apollo LM Ascent Cabin
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Low-g and reduced (or absent) atmospheric drag
conditions on the Moon or Mars can cause landing rockets
to send surface rocks on long ballistic trajectories:

o A tethered lander system is proposed to keep thrusters
high above the surface to reduce projectile risks to
nearby facilities:

- The tether system would be attached to vertically-
oriented payloads prior to launch, and to horizontally-
oriented payloads in LEO, to comply with payload
shroud constraints.

- Gimbaled lander engines would pivot down and
propulsively slow the entire assembly to a hover
position above the surface.

- Tethers would deploy to soft land the payload and then
release it.

- Relieved of the payload mass, the lander would gain
altitude, fly a safe distance from the drop site, and be
sacrificed.

TRANSPORTATION SYSTEMS

Tether System Attached Tether Deploying

Engines Deployed Payload Released
Crew Descent/Ascent Vehicle Landing

SICSA Tethered Lander Concept
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Countermeasures are essential to compensate
for loss of a thruster during a landing
procedure:

= The tethered system offers an important
engine failure contingency advantage :

- The gimbaled rocket footprint configuration
can adapt to provide a better geometry to

: Engines in Closed Position One Engine Out
compensate for loss of any engine.

- Placement of the engines at corners above
the payloads provides a broad footprint to
enhance stability under nominal and
contingency circumstances.

- The same general lander design can be
applied for vertical and horizontal payloads.

- Lander positions can be adjusted for
varying payload center of gravity locations. Normal Landing Position Tethered Deployment
Compensation for Engine failure

SICSA Tethered Lander Concept
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Engines in Closed Configuration Engines in Operational Configuration

SICSA Tethered Lander Concept
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Tethered Deployment of Horizontal Module Tethers Released and Lander Sacrificed

SICSA Tethered Lander Concept
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SICSA’s Inter-Lunar Cargo Transfer System (ICLTS)
proposed an Earth to lunar surface transportation strategy
that utilizes Shuttle-Derived Launch Vehicles, cycling Earth
to lunar orbit and lunar orbit to surface vehicles, and multi-
purpose propulsion elements:

e The ICLTS approach potentially affords several basic
advantages:

- Utilization of developed and proven vehicle systems
and technologies.

- Opportunities to stage mission segment tests and
evaluations prior to full-up operations.

- Salvaging/ reuse of large system elements to
minimize production costs.

- Reduced launch requirements/ costs due to reusable
orbital assets.

- Propellant economies resulting from efficient orbital
mass transfers between vehicles.

SICSA’s Inter-Lunar Cargo Transfer System
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The Inter-Lunar Cargo Transfer System is comprised of
four basic types of elements:

e The Upper Transfer Stage (UTS):

- It functions much like the Saturn IV B upper stage that
propelled the Apollo Command and Service Modules
through Trans-Lunar Injection burns.

e The Lunar Transfer Vehicle (LTV):

- It provides transportation between Earth orbit and
lunar orbit on a cyclical round-trip basis.

e The Lunar Surface Transfer Vehicle (LSTV):

- It operates in a manner similar to a harbor tug to
cyclically move cargo between the lunar surface and
lunar orbit.

e The Lunar Cargo Element (LCE):

- This is a logistics module to carry cargo from Earth to
the lunar surface.

TRANSPORTATION SYSTEMS

Upper Transfer Stage Lunar Transfer Vehicle

Lunar Surface Transfer Vehicle Lunar Cargo Element

Primary ILCTS Elements
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Step 1: LTV Launch to LEO:

¢ To initiate the mission sequence, a Shuttle-Derived
Heavy Lift Vehicle (SDHLV) with a 150 MT capacity
launches a Lunar Transfer Vehicle (LTV) to a 200 km
circular Earth orbit LEO:

- The LTV unfurls three 14 m (45.9 ft) long solar
arrays.

- The dry mass of the LTV is approximately 9 MT,
and its launch mass is about 111.5 MT (including
101.5 MTof propellant).

- The LTV has 29 propellant tanks, with a total
volume of 74.3 m3.

Step 2: UTS Launch to LEO

e A second HLV launches a fully fueled Upper Transfer
Stage (UTS) to power the LTV through a TL1 burn:

- Fully loaded, the UTS will carry 135 MT of
propellant.

- Future missions (after the first) will carry only as
much fuel as payloads require.

TRANSPORTATION SYSTEMS

LTV is Launched & Deplous Solar Arrays

LTVin LEO LTV & UTS Propellant

ICLTS Mission Sequence
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Step 3: LTV Rendezvous/ Docking with UTS:

e The LTV undertakes an Automated Rendezvous
and Docking (ARAD) maneuver with the UTS,
connecting to the LTV's aft docking port:

- The UTS and LTV now have a combined
propellant mass of about 213 MT.

- The LTV is essentially an internally gutted
Russian ISS Service Module that contains one
aft and one forward docking mechanism which
uses the current ISS APAS design.

- Rendezvous and docking is controlled by a
Russian KURS guidance and control system.

- Forward and aft docking rings provide a fuel and
power transfer capability as well as command

and control connectivity between the LTV, UTS ) )
and other elements. LTV Rendezvous with UTS in LEO

ICLTS Mission Sequence
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Step 4: LSTV Launch to Rendezvous with LTV/
UTS:

¢ About one month following launch, orbital insertion
and docking of the LTV/ UTS, a third HLV lifts a
LSTV into a rendezvous orbit:

- The LSTV is launched in a “folded” (shortened)
configuration which is about 9 m wide and 12.5 m
long.

- Total launch weight is 150 MT, of which about 8 MT
is dry vehicle mass and the rest is propellant.

- The propellant is stored in 28 cylindrical tanks with
a total capacity of 88 m3.

Following LEO insertion, the LSTV extends its H-
frame structure and initiates autonomous flight
control.

- The LSTV and LTV/ UTS dock together and
undergo power, data and control connectivity
checkouts to ensure that all systems are “go” for
lunar transfer.

TRANSPORTATION SYSTEMS

Launch Configuration Extended Configuration

End View (Closed) H-Frame Structure

ICLTS Mission Sequence
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Step 5: LCE/ UTS Launch and LTE Berthing
to LTV:

e A fourth HTV (including an Upper Transfer
Stage) (UTS) launch a Lunar Cargo Element
(LCE) to LEO within proximity of the co-
orbiting LSTV and the LTV/ UTS-LSTV mated
stack:

- The LTV/ UTS then undock from the LSTV
and conduct a rendezvous with the LCE.

- The LTV grapples the LCE with its RMS.

- The LTV robotically berths the LCE to its
forward docking port, and then separates
the LCE’s UTS.

- The UTS (now empty of fuel) is jettisoned
and deorbits to reenter the Earth’s
atmosphere.

TRANSPORTATION SYSTEMS

LTV Rendezvous with CET/UTS

CET Berthea to the LTV After Docking Port  LTV-CTE Attached, UTS Deorbits

CTE Rendezvous and Attachment

ICLTS Mission Sequence
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Step 6: Element Assembly for TLI Departure:

e The LTV/ UTS and berthed CTE rendezvous with
the LSTV to commence final assembly is
transferred to the LSTV:

- First, the LTV maneuvers into proximity with the
LSTV along its long axis and several meters
below.

- An upper LTV RMS grapples the LSTV frame LTV-LSTV Rendezvous CTE Positioned with LSTV
(which is extended) and secures it for CTE
transfer.

- Side RMS arms on the LTV robotically separate
the CTE and center it under the LSTV’s open
cargo holding fixture.

- A LSTV winch mechanism deploys a grapple
hook that attaches to a CTE Universal Transfer
Capture Port (UTCP) that provides power and 2-
way data connectivity between the LSTV and LCE. CTE Grappled by LSTV

- The LTV then docks with the aft LSTV port, and its P ti for LTI B
UTS initiates an LTI burn. reparations for urn

Final LTI Configuration

ICLTS Mission Sequence
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Step 7: Transfer to Lunar Orbit:

e The complete assembly of 4 elements departs
LEO for lunar orbit:

- The UTS makes a mid-course correction burn,
and fires again to slow the assembly for
maneuvering descent into a circular Low Lunar
Orbit (LLO) of approximately 100 km (62 mile) UTS Separation from Stack
altitude.

- Any remaining fuel on the UTS and LTV is
transferred to the LSTV, and it separates from
the stack and is sacrificed.

- The LTV transfers its remaining fuel to the LSTV
for its powered descent to the surface, and the
LSTV with its CTE payload undock from the
LTV.

- The LTV remains in LLO to prOVide Lunar Approach and Orbit Entry
communications and visual relay monitoring
support during LSTV surface descent. Transfer to Lunar Orbit

ICLTS Mission Sequence
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Step 8: CTE Surface Placement/ LSTV Reuse

e LSTV thrusters commence a lunar deorbit
burn to an elliptical 100 x 17.5 km transfer orbit
followed by a 100 m powered descent to the
surface:

- A transponder beacon placed on the surface
during a precursor mission will guide the
landing.

- The LSTV will hover at a short distance
above the surface while the CTE is released,
and can alternatively land nearby, or
immediately return to a lunar parking orbit to
rendezvous with the LTV.

- Subsequent cargo transfer missions will
deliver UTSs to power LTV cyclers that
remain in the Earth-Moon system and
resupply LSTV landing/ ascent propellant.

TRANSPORTATION SYSTEMS

LSTV-LTV Separation LSTV Free-Flying

LCE on the Surface LSTV Return to Orbit
Surface Landing and Orbital Return

ICLTS Mission Sequence
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Use of dedicated propellant resupply flights as part of
a cargo vehicle staging plan can potentially offer
large launch and fuel economies:

¢ Applying Useful Cargo Mass (UCM) criteria, the
ICLTS approach is expected to be capable of
delivering much more infrastructure and
consumables to the Moon with comparable
launches than Apollo missions:

- The Apollo LM with a total 15 MT mass prior to
lunar de-orbit burns delivered about 2 MT of
Useful Cargo Mass to the surface (slightly more
than 13 percent).

- A 30 MT ICLTS surface cargo delivery mass
would require 8 Apollo Saturn V LM launches.

- The ICLTS might accomplish this with 4
equivalent launches initially, and with only 2 for

; i o :
subsequent surface delivery missions Example Launch/Transfer Schedule

ICLTS Mission Economies
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A vehicle’s aerodynamic characteristics are of

primary importance when entry into an atmosphere
is required:

e Different conditions demand different approaches:

- Aerodynamic designs do not apply for slowing
vehicles into lunar orbits or landings on the
surface because there is no atmosphere, but are

needed for these purposes during LEO reentries
and Earth landings.

- Vehicles approaching Mars can use its thin
atmosphere to provide aerodynamic braking that
conserves propulsive landing rockets rather than
depend upon parachutes or parafoils.

- Aerobrakes and blunt capsules can be used for
Earth atmosphere reentries, and parachutes and
parafoils can be used for gliding descents and
landings, but parachutes/ parafoils on winged
vehicles will impair controlled gliding.

TRANSPORTATION SYSTEMS

Inflatable Aerocapture/ Apollo Command Module
Aerobrake Concept “Gumdrop” Shape

NASA/Lockheed-Martin Apollo Command Module
Proposed X-33 Venture Star Parachute Landing

General Types
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A vehicle’s Lift/ Drag (L/D) ratio is determined by
its shape, center of gravity and ability to
mechanically shift the lift vector’s direction.

¢ L/D reflects maneuverability in an atmosphere
and indicates deceleration forces and heating
that will occur:

- Vehicles with low L/Ds fly nearly ballistically
and experience high deceleration forces and
relatively higher peak heating.

- Vehicles with high L/Ds can maintain better
trajectory control to minimize entry
deceleration and maneuver left and right of
their ground tracks (cross range).

- While high L/D vehicles can control
trajectories and peak heating, their longer
flight times in the atmosphere can still produce

Diagram
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* Example: Russian
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SPACEFLIGHT
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+ Example: Mars
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Lifting Body

- UD=1.0-14

« Highly
manseuverable

» Moderate volumetric
efficiency

* Example: X-24, HL-
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* Example: Space

efficiency .
Side Shuttie, Hermes

* Example: Viking
-

Mars probe
Aerodynamic Vehicle Types

high total heat loads.

- High L/D vehicles tend to have leading edges
which concentrate heat more than blunter
shapes.

Lift-to-Drag (L/D) Influences

AERODYNAMIC VEHICLES
AND APPLICATIONS
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Landing
Mode Options

Characteristics

Maneuverability

Suitable
Landing Sites

HUMAN
SPACEFLIGHT

Options for Attenuating
Impact

Propulsive

Ballistic
parachute

Lifting
parachute

Parafoil

Deployable
wing

Lifting body

wings

Vertical descent

Vertical descent
with wind drift

Glide with some
directional control

Glide with
directional control

Glide with
directional control

Glide with
directional control

Glide with
directional control

Moderate

None

Small

Moderate

Moderate to high

High

High
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Field or pad
Field or water

Field or water

Field or water

Runway

Runway

Runway

Struts, shock absorbers

Shock absorbers, air bags,
retro-rockets

Shock absorbers, air bags,
retro-rockets

Aerodynamic flare, shock
absorbers, air bag, retro-
rockets

Aerodynamic flare, wheels,
shock absorbers

Aerodynamic flare, wheels,
shock absorbers

Aerodynamic flare, wheels,
shock absorbers
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Atmosphere can be used to slow vehicles using 3
scenarios:

e Aerocapture- uses a planet's atmosphere to decelerate
into an elliptical parking orbit:

- Requires a small propulsiveDelta-V for post-
aerocapture periapsis recovery.

- Aeroshell structure may be 15%-20% of Mars
spacecraft's pre-TLI mass (compared with 60%-80%
for propulsive deceleration system approach).

- Mass savings of aerocapture over propulsive increase
with spacecraft mass increases.

Aerobraking- uses atmosphere to decelerate from an
elliptical parking orbit to a lower orbit:

- Unlike aerocapture which must capture a planetary
orbit in a single pass, this maneuver can be
accomplished in successive deceleration passes.

Aeroentry-uses a planet’'s atmosphere to decelerate
from a hyperbolic approach or parking orbit to the
surface:

- Is principally used for unmanned robotic missions that
don’t require landing accuracy.

TRANSPORTATION SYSTEMS

HUMAN
SPACEFLIGHT

é Aerocapture
Hyperbolic

o Aerobrake  Approach Orbit
Elliptic Approach ~ (Captures into

Aeroentry Orbit (Skips to elliptic orbit)
Hyperbolic or  lower elliptic orbit) TransHab
Elliptic Approach  pgroassist Flight ~ B=474 kg/m?
Orbit (Lands on  gyperiment (AFE) L/D=0.5

planet surface) =96 kg/m?
Apollo L/D=0.28
B=355 kg/m?
L/D=0.3

Lift-vector up (away from planet)
on exit increases altitude rate and  INCreases Av
Aerocapture & Aerobrake therefore lowers perigee altitude to raise perigee
Exit atmosphere and insert

into planetary orbit Lift-vector down (towards planet)

on exit decreases altitude rate and Dec‘rease_s Av
therefore raises perigee altitude to raise perigee

Atmospheric Deceleration Scenarios
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The outer heat shield shell of the Command Module
was designed to withstand 3,000° C temperatures
during Earth reentry. Constructed of a phenolic/ epoxy
resin reinforced with wire mesh, it rejected heat by
melting/ boiling away the outer surface through a
process called “ablation”.

Apollo 17 Command Module Following Return Apollo Command Module

Apollo Command Module
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HUMAN

SPACEFLIGHT
Parachutes might provide benefits on Mars despite the

thin atmosphere (1% of Earth’s): _ Drogue Chute deploys

: . : : : : 49 following aeroentry and
e Assuming a typical Mars flight profile, a vehicle might s aligns a?tack anglg.
commence aerobraking at an altitude of 125 km and
velocity of 3,650 m/s:

- An aeroshell uses its L/D to reduce the altitude to

11.5 km, at which point a drogue chute is deployed. Drogue chute deploys main parachute

- The drogue chute provides adequate drag to align
the vehicle with the velocity vector (zero angle of
attack) and to deploy a main chute that extracts a
lander from the aeroshell.

Main parachute
extracts lander

- The main parachute slows the lander to a velocity
of about 200 m/s (maximum for engine ignition)
and altitude of 8.5 km (minimum required for ample Propulsive surface landing
sensor field of view to select a safe landing site and
provide navigation alignment distance).

- After descent engines ignite, the parachute is Parachute — Assisted Landin
jettisoned. g

Mars Landing Scenario

TRANSPORTATION SYSTEMS AERODYNAMIC VEHICLES
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HUMAN
SPACEFLIGHT

Entry Interface
Phase elapsed time (PET)=0s Parachute Deploys
Altitude = 125km PET =808s

Range to landing site = 2202 km  Altitude = 11.5 km
‘ Range to landing site = 31 km

Parachute Release/
Engine Ignition

Parachm i PET=842s

Drogue chute aligns vehicle Altitude = 8.5 I_<m L
with velocity vector (a = 0.0) Range to landing site = 8.4 km
Aeroentry Phase Drogue chute deploy (2 s) _ Initiate Vertical Descent
Modulate lift vector  extracts 3 main chutes ' PET =981 s
about the velocity Main chute reefing strategy: 2 Altitude = 200 m
vector to control 42%in 10 s

energy and ranging 72%in 20 s
100% in 30 s Powered Descent Phase

Pitchup steering and throttle control to  \gkae" Touchdown

achieve vertical descent phase targets PE_T =1003 s
Altitude = Okm

Avjy,= 719

Range to landing site = 0 km

Vertical Descent Phase
Constant acceleration to touchdown

Mars Landing Scenario
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Parachutes and parafoils offer efficient means to return
spacecraft vehicles and crews to the Earth’s surface following
atmospheric reentry:

e Parachutes have been successfully used on many occasions
to land US and Soviet/ Russian capsules:

- Mercury, Gemini and Apollo vehicles used ballistic
parachutes to land in water.

- The Soyuz capsules: landed on the surface using ballistic
parachutes assisted by small retro-rockets that fired just
prior to touchdown.

Parafoils afford a high L/D for hypersonic and cross-range
capabilities and decreased entry acceleration and thermal
loads:

- They avoid many complexities associated with winged
vehicle landings, and can descend on equilibrium glide
trajectories to a site.

- Apollo-class vehicles on these trajectories wouldn’t require A PS4 He 3 '-.'_,_.’_;- SR G
water landings/ recoveries or retro-rockets for surface Parafoil Landing an Exp
landings. Return Vehicle Following a Test Flight

Parachute & Parafoil Earth Landings
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Parachute Descent of Apollo 11 Command Module Apollo 1 Splashdown in the Pacific SW of Hawaii

Apollo Ballistic/Parachute Return
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Russian Soyuz Descent Module Soyuz Module Surface Landing

Soyuz Ballistic/Parachute Return
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A-113

THE CAMBRIDGE
ENCYCLOPEDIA
OF SPACE

Orbital module Descent module Instrument module

Crew compartment Propulsion module
Launch mass (without shroud and launch escape system) 7.1 tons
Descent module 2.9tons
Orbital module 1.3 tons
Instrumentation/Propulsion module 2.6 tons
Delivered payload (with three crewmembers) 30 kg
Returned payload 50 kg
Length 7 meters
Maximum diameter 2.72 meters
Diameter of habitable modules 2.2 meters

Soyuz TM solar array span 10.7 meters

Soyuz Spacecraft Layout Soyuz Elements & Statistics

Soyuz Descent Module/Spacecraft
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Dramatic launch vehicle improvements will be needed
to substantially lower the cost of payload deliveries to
LEO:

¢ A variety of technical possibilities and approaches to
accomplish them has been and are being
investigated:

- Advanced propulsion systems with higher specific
impulse engines.

- New lighter, stronger materials to improve fuel/
structure mass fractions to increase propulsion
efficiency.

- Possible Single-Stage-To-Orbit (SSTO) vehicles
requiring even more exotic structural/ propulsive
technologies to further reduce costs of RLVs and
other systems.

- New generations of RLVs that are more robust and
maintainable than the Shuttle with turn-around and
re-fly accomplished in days (like airliners) rather
than months.

Reusable Launch Vehicle (RLV) Concepts

Technology Advancement Concepts

TRANSPORTATION SYSTEMS EXPERIMENTAL INITIATIVES




A Presidential Directive of August 1994 entitled the Space
Transportation Policy authorized NASA to investigate a new
generation of reusable vehicles.

e One technical approach that was studied was intended to use
a single stage vehicle (the X33) to launch people and
payloads to LEO:

- The project used Lockheed Martin’s lifting body design to
enable the vehicle to launch vertically and land like a glider.

- The vehicle was to use 2 linear “Aerospace” engines built be
Rocketdyne.

- NASA had planned to spend just under one billion dollars for
a series of suborbital test flights, and the first took place
early in 1999.

- Lockheed Martin was expected to contribute 220 million
dollars to the project, and desired to commercialize a much
larger version as the “Venture Star”.

- In 2001 it appeared that SSTO would not be successful, and
NASA dropped the project.

- Funds were redirected to upgrade the Space Shulttle.

TRANSPORTATION SYSTEMS

Single Stage-to-Orbit (SSTO) Concept
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The X33/ Venture Star project was technically very

aggressive (and ultimately too aggressive):

e The goal was to reduce Earth-to-orbit costs sufficiently
to provide commercial aircraft-like safety, operations
and maintenance:

- The Aerospike main engine is a revolutionary
propulsion system designed for operation at all
altitudes, using multiple nozzles to provide directional
control for maneuvering.

- Use of light advanced materials and the lifting body
shape were to improve structure mass fractions,
thrust-to-weight rocket efficiency and L/ D
maneuverability.

- Unfortunately, key technologies including graphite
composite LH2 tanks and the SSTO approach proved
unfeasible, and the project cost overruns and delays
were unacceptable.

TRANSPORTATION SYSTEMS

X-33

Length: 69ft

Width: 771t

Takeoff weight: 285,000 Ibs
Fuel: LH2/LO2

Main propulsion: 2J-2S Linear
Aeros%lﬁgs

Take-off thrust: 410,000 lbs

Maximum speed: Mach 13+

VENTURESTAR

Length: 151ft

Width: 159ft

Takeoff weight: 2,628,900 Ibs
Fuel: LH2/LO2
MREaPRBsoRs £ 52200
Take-off thrust: 3,537,000 Ibs

Maximum : Mach 2
or%)lg[lz_rl‘?u speed: Mach 25 to

G

The Proposed Venture Star

Single Stage-to-Orbit (SSTO) Concept
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NASA'’s investments in next-generation reusable launch
vehicles were channeled into a new program called the
Space Launch Initiative established in 2001.

e One of the companies that received NASA backing is
the Kistler Aerospace Corporation which is developing a
recoverable K1 launch vehicle:

- Engineering design and systems tests have been
undertaken at a launch site that has been constructed
in Woomera, Australia.

- The K1 is a 2-stage vehicle which will return to Earth
intact with the help of parachutes and airbags.

- The second stage will deliver payloads to a circular
LEO trajectory, and reignite one day later to deorbit
and return to the vicinity of the launch site.

Kistler K1 Reusable Vehicle
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Kistler's K1 vehicle incorporates Russian and US
technologies.

e Seven small and large companies are involved:

- The first stage is built around three NK 33
engines developed by Dvigatel for the Russian
lunar programs that are being built under license
to Rocketdyne.

- The second stage uses a single NK 33 engine
plus 2 Russian NK 44 engines for orbital
maneuvers.

- Lockheed Martin Space Systems is supplying
the LOX-Kerosene propellant tanks.

- Payload deliveries beyond LEO might use an
“active dispenser” third stage which is not
recoverable for geostationary satellites.

- K1 is also being planned for cargo missions to ) ) )
- gp 9 Russian — Derived K1 Launch Vehicle

Kistler K1 Reusable Vehicle
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In November of 2004, Space Ship One developed by
Burt Rutan became the first private spacecraft to
demonstrate high altitude suborbital capabilities to win
the coveted $10 million X-Prize:

e Space Ship One is a 3-passenger capacity research
vehicle that departs from a conventional runway
attached to a specially designed aircraft that delivers it
to a 50,000 ft altitude prior to launch:

- The wing and vertical stabilizer reconfigure in flight
from a pneumatic-actuated flat “feather” shape
during the boost stage, to a high-drag shape for
atmospheric entry.

- The vehicle uses three flight control systems:
manual-subsonic, electric supersonic, and cold-gas
RCS.

- A new non-toxic liquid-nitrous oxide/rubber-fuel
hybrid propulsion system is used that includes
composite tanks.

TRANSPORTATION SYSTEMS

Reentry

Landing

Space Ship One Flight Configurations

Space Ship One Commercial Vehicle
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Elevons Actuated by Pilot’'s Center Stick
(Primarily for subsonic pitch and roll control)
(Blue control linkages)

Redundant Cold=Gas Roll RCS
Thrusters At Each Wingtip
(Cyan)

Redundant Pitch and Yaw RCS
Thrusters
Top, Bottom and Sides of Fuselage
(Cyan)

Aids Runway Braking
(extend only/ gravity spring driven/crush damper)
(Green components)

TRANSPORTATION SYSTEMS

Upper Rudders Actuated by Pilot's Pedals
(for subsonic yaw control)
(Red control linkages)

Hybrid Rocket Propulsion System
Nitrous Oxide and Rubber Propellant
Ablative Nozzle

Feather Actuation & Lock
Pneumatic operated
(Magenta control linkages)

Electric Servo Full-Flying Horizontal Stabilizers & Lower Rudders
(for trim and supersonic flight control)
(Yellow control linkages)
Main Landing Gear
Hydraulic Brakes
(extend only/gravity spring driven)
(Green components)

Basic Feather
Airborne launch
*INS/GPS nac & flight director
*Rubber-Nitrous hybrid rocket propulsion system
*Graphite/Epoxy primary structure
«3-place “Sea-Level, shirt-sleeve” cabin environment
«Cabin nose removes for egress. Side plug door
«Dual-pane windows, dual seals on door & controls
*New, low maintenance Thermal Protection System
«Care-Free, “feather” atmospheric entry

ace Ship One Commercial Vehicle
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Airborne Space Ship One Lander
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Ground safety hazards associated with conventional rocket vehicle launches present risks that can be avoided using
airborne deployment (such as Space Ship One) and offshore ships.

e A “Sea Launch Service” joint venture has
demonstrated offshore launch capabilities using
a 28,000 MT floating platform called “Odyssey”,
and a 30,000 MT command and transportation
ship called “Sea Launch Commander”.

TRANSPORTATION SYSTEMS

¢ Joint venture partners are Boeing (mission
control, sales and payload processing), the
Anglo-Norwegian Kvaerner Group, the Ukranian
SDO Yuzhnoe/ Po Yushmash and the Russian
RSC Energia.

Off-shore International Sea Launch Venture

EXPERIMENTAL INITIATIVES




Development of next-generation crew transport vehicle is
a vital space program need.

e Four general types of concepts for a new Orbital Space
Plane are being studies:
- A capsule approach
- A sharp-winged body
- A lifting body approach
- A blunt-winged body

¢ The new vehicle must meet many important
requirements :

- Risk of crew loss must be lower than the Shuttle.

- Operational and life-cycle costs must be lower than the
Shuttle, and it must require less time to prepare and
execute a mission.

- Launch frequency must be increased with shorter turn-
around preparations.

- It will initially serve as a crew rescue vehicle for ISS,
enabling larger, permanent crews to depart rapidly in
emergencies. Orbital Space Plane Vehicle Concepts

- It will also be used to ferry crews and light cargo to the
ISS, and later become the foundation for routine crew

transfers. Next-generation Space Plane
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Hypothetical theories sometimes, if rarely, produce
breakthrough technological realities. Unfortunately, even
theories based upon solid and proven laboratory
experiments do not always scale up for practical and
substantive applications.

¢ Next generation space transportation systems must
demonstrate capabilities to safely and efficiently move
large masses and volumes through Earth’s deep gravity
well, thick atmosphere and beyond much better than
conventional rockets and vehicles:

- They need to be lighter, stronger and heat-resistant,
potentially incorporating new composite, honeycomb
and nanotube structures.

- They must be more robust and require less
maintenance, enabling shorter turn-around schedules
between flights.

- Above all, they must utilize much more fuel-efficient
engines, and possibly no engines at all, to support LEO and Beyond
routine and affordable commercial applications in LEO,
and exploration of the Solar System.

Requirements & Challenges
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Rocket Systems that Breath Oxygen as Vehicle that are Magnetically Levitated and
they move through Earth’s Atmosphere Launched at Supersonic Velocities from Tracks

Airbreathers & Meglev Launches

TRANSPORTATION SYSTEMS NEXT-GENERATION APPROACHES




Scientists and engineers are exploring new approaches
and technologies to reduce massive fuel requirements
imposed by current systems for spacecraft launches and
orbital transfers:

e Beamed-energy propulsion might someday transmit a
“beam” of electromagnetic energy using a remote
energy source such as the Sun or a ground-based laser
to power a propulsion system.

- This might result in a significant weight reduction over
more conventional approaches for improved spacecraft
performance, avoiding the need for a heavy power
supply and engine system.

- Solar/ laser/ microwave systems might be used for
orbit-to-orbit in-space applications, but only laser or
microwave systems might offer sufficient power density
for Earth-to-orbit launches.

- Beam power requirements for laser/ microwave in-
space systems are typically 0.1-10MW total, while _
launch systems will require about 0.1MW of beam Thermal and Electric Thrusters

power/kg of vehicle mass.
Power Beaming Concepts
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Future spacecrafts may be powered by microwave

energy, and even by high-velocity antimatter engines.

Spacecraft Accelerated by Microwaves Beamed
from Earth or Solar Power Satellites

TRANSPORTATION SYSTEMS

Pulse Propulsion Systems using
Anti-matter High-Velocity “Warp Drive”

Microwave & Pulsed Propulsion
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Future Solar Sails made of very thin reflective materials supported by ultra light-weight deployable structures
may accelerate under pressure from solar radiation, avoiding the need for propellants. The thrust-to-weight
ratios will be very low, however, resulting in very large structures. NASA

Applying Solar Protons to Accelerate 10m Deployed Solar Sail in a 50 ft Diam Vacuum
Giant Ultra-light Sail for Cosmic Voyages Chamber at NASA Langley Res. Center

Solar Sail-Powered Spacecraft
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Space elevators may someday eliminate the need of
some spacecrafts altogether.

Space Elevators Extending from Earth to Geostationary
Orbit might Eliminate the Need for Propulsion Systems

TRANSPORTATION SYSTEMS

Payload would be Transferred at High Speeds on
Cable’s Anchored to Earth Platforms

Space Elevators with Climbers

NEXT-GENERATION APPROACHES




An operating Facility at the Centripetal Force of me Counterweight’s
End of the Cable would Serve as a Counterweight Angular Momentum would Balance Earth Gravity

Space Elevators with Climbers
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Additional information relevant to this section can be found in Part | of this SICSA Space Architecture Seminar
Lecture Series titled Space Structures and Support Systems.

Key reference sources are the Cambridge Encyclopedia of Space (Cambridge University Press), the International
Reference Guide to Space Launch Systems - Second Edition (AIAA Publication), Human Spaceflight Analysis and
Design (The McGraw Hill Companies Inc.) and Spacecraft System Design and Operations (Kendall/Hunt Publishing
Company). These and other relevant publications are listed below:

“ 2000 Reusable Launch Vehicle Programs & Concepts”, Associate Administrator for Commercial Space
Transportation (AST), federal Aviation Administration, January, 2000.

Blanchard, B., Fabrycky, W. Systems & Engineering Analysis, 2" Edition, Prentice hall, Englewood Cliffs, New
Jersey, 1990.

Boden, D., Larsen, W., Cost-Effective Space Mission Operations, McGraw Hill Companies, Inc., 1996.

Chapman, D., 1960, An Analysis of the Corridor and Guidance Requirements for Super Circular Entry into Planetary
Atmospheres. NASA Technical Report R-55. Washington, DC:National Aeronautics and Space Administration.

Cruz, M.I, 1979. The Aerocapture Vehicle Mission Design Concept- Aerodynamically Controlled Orbit Capture. AIAA
Paper 78-0893. Washington, DC. American Institute of Aeronautics and Astronautics.

Cuthbert, P., M. Tigges, and L. Bryant.1990. Lunar/ Mars earth Return Aerocapture Heating Constraint. AIAA Paper
90-2936. Washington, DC. American Institute of Aeronautics and Astronautics.

Damon, T.D. Introduction To Space: The Science of Spaceflight, 3 Edition, Kreiger Publishing Company, 2000.
Duncan, R., 1962. Dynamics of Atmospheric Entry. New York, NY: McGraw Hill Book Company, Inc.

Fortescue, P., Stark, J., Spacecraft Systems Engineering, 2" Edition, Wiley Publishing, 1995.

Godwin, R., Rocket and Space Corporation Energia: The Legacy of S.P Korolev, Apogee Books, May, 2001.
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Isakowitz, S., “International Reference Guide to Space Launch Systems”, 2" Edition, American Institute of
Aeronautics and Astronautics, 1995.
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“National Space Policy.” The National Science and Technology Council, September 19, 1996, NASA.
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Selection of propulsion systems, in combination with
transportation vehicles, has fundamental influences upon broad
aspects of space architecture planning:

e Influences upon payload size:
- How much launch/ delivery mass will be fuel vs. payload?
- How many launches and orbital assembly procedures will be
needed to create large structures from smaller elements?
- How much mass can be inserted (aerodynamically or
propulsively) into the destination orbit and landed on the
surface?

e Influences on safety and operations:
- How rapidly will the transportation vehicle pass through the
hazardous Van Allen Belt zone?
- What transfer orbits are possible, and how long will voyages/
surface times/ returns require?
- Can engines be re-started for mid-course corrections,
propulsive braking and surface descent/ ascent?

o Influences upon economics:
- How long can fuels be stored in orbit and on the destination
surface?
- Is orbital refueling or replenishment from in-situ propellants
possible to conserve mass?

PROPULSION SYSTEMS

Propulsion Influences on Mission Planning

Space Architecture Influences

CONSIDERATIONS AND PRINCIPLES




Propulsion systems include fuel and engine/ thruster
subsystems to launch spacecraft into LEO, maneuver them,
transfer them to destination orbits, slow them for insertion
into descent orbits, land payloads on the lunar/ planetary
surfaces, and return crews to rendezvous orbits for return to
Earth.

¢ Key elements are propellant handling and thrust-
producing subsystems which apply different technology
approaches:

- Chemical liquid fuel rockets use super-cooled hypergolic
propellants with separately stored compounds that
ignite explosively when mixed together in engines or
thrusters.

- Chemical solid fuel rockets use propellants that
decompose explosively when brought into contact with
an electrically-heated metallic catalyst within engines or
thrusters. Basic Propulsion System Elements

- Nuclear systems use direct heat or electrically-
energized magnets to ionize and release plasma to
provide low levels of continuous thrust.

Key types and Elements
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Thrust is typically generated by creating a region of
high pressure and allowing high-pressure gases or
liquids to expand into an area of lower pressure.

¢ Rocket engines use converging/ diverging nozzles to
accelerate the outward flow to supersonic velocities
necessary for efficient thrust generation:

- Higher pressure levels accommodate smaller
nozzle throat and engine pressure.

- Higher pressure levels provide more thrust.
- Bigger engines produce more thrust.

Reaction Engine Principle

Supersonic Flow —flow continues

to expand and accelerate to high velocity

Ve

v
e Thrust is also influenced by the combustion High-Pressure
chemistry of the propellant used which establishes Gas Accelerates Low-Pressure
an Oxidizer-to-Fuel ratio (OF):

- Region
- This relationship is governed by flame f0 Low-Bressure g

temperature, molecular mass and isotropic \\W Throat-mass flow s restricted

characteristics. To the speed of sound, choked flow
- These factors also determine the mass-flow rate at
which propellants are consumed. Pressure Acceleration Dynamic

Basic Thrust Processes
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T s e aie slimele vy i cveliEim (s Note: Monopropellants are typically used for launch or orbit
P y insertion due to low thrust and high system mass

efficiency is “specific impulse” (Isp) which indicates the  cnaracteristics.
amount of force that can be produced by particular

Propellant
Kerosene/N,

combinations of propulsion systems and fuel according Propellant
to the formula:
0,

Solid: 18% Al
71% NH,CIO,,
11% HTP13

lsp= specific impulse(s) Monopropellant
F= thrust (N) :

m= propellant mass-flow rate (kg/s) Mono- methyl-
go= gravity constant = 9.81m/s2 (applies on all planets) |[REACEELLPA

Kerosene/liqu

id O,

Nuclear/H, 1013
propellant

Representative Propellants

Liquid H,/Liquid
A higher number is better, meaning that more thrust can 0,
be delivered for a given amount of propellant.

.
Monopropellant Kerosene/92 315

:92% H,0,, 8% %H,0,,

Where: H,O 8%H,0
.

Specific Impulse
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When discussing capabilities of rocket engines we
use the term “thrust” (Isp) rather than force:

e A simple way to think about specific impulse is to
regard it is the amount of time required for a
propellant of a given mass to produce the same
mass equivalence of thrust.

Total thrust capabilities are expressed in Newtons
(N):
¢ A rocket engine rated at a certain N capacity, must

able to transport itself, its propellant and its payload
to Earth’s escape velocity:

- As fuel is burned and exhausted the vehicle and
rocket combination becomes lighter.

- If a vehicle accelerates at about 10 mph/ sec, it
will travel 10 mph after the 1st second, 20 mph
after 2 seconds, 50 mph after 5 seconds, and
3,000 mph after 5 minutes (300 seconds). To go
into orbit it must travel at more than 17,000 mph.

PROPULSION SYSTEMS

INTRODUCTION
TO SPACE

Technology ISp (s) Thrust (N)
Chemical 0.1-12,000,000
Liquid
Monopropellant 140-235
Bipropellant 320-460
Solid 260-300
Hybrid 290-350

Nuclear up to 12,000,000
Solid core 800-1100
Liquid core 3000
Gas core 6000

Nuclear electric 0.0001-20
Electrothermal 500-1000
Electromagnetic 1000-7000
Electrostatic 2000-10,000

Characteristics of Representative System types

Thrust and Performance

CONSIDERATIONS AND PRINCIPLES




Rockets don't obtain forward motion by pushing against

air (which doesn't exist in a vacuum), but operate
according to Newton’s 3rd Law of Motion which
establishes that each force has an opposite and equal
reaction (unless unbalanced by an equal and opposite
force):

¢ Rockets are much less efficient inside an atmosphere:

- Outside air hinders motion by causing frictional
drag and retarding the expansion of gases outside
nozzles.

- Rockets typically launch straight up in order to get
out of the atmosphere as rapidly as possible.

¢ As a rocket pitches over to horizontal, its thrust is no
longer directed against gravity, but must still
overcome atmospheric drag:

- Drag increases with velocity, but decreases at
higher altitudes where the atmosphere is less
dense.

- Gravitational pull decreases as it moves farther
away from Earth.

INTRODUCTION

TO SPACE

Newton’s 2nd Law of Motion is used to calculate

the rate of acceleration (@) in relation to net force
(F) and the total system/ payload mass according
to the formula:

a=

F
m

Where;

Mass= weight = total weight (Ibs)= "slugs”
g 32 ft/sec2
(A slug is a unit of mass in the English system
of measurement)
. Assuming that a fully loaded Space
Shuttle weighs 4.4 million Ibs with 3 main engine
and 2 SRBs rated at 375,000 Ibs each:
- Downward gravitational force of its weight
(Fa)= 4.4 million lbs
- Upward force (Fb) of its total rockets is about
7.7 million Ibs.
- Net upward force (F) is about 3.3 million Ibs.
a=F=3,300,000 Ibs = 24 ft/lsec2=16 mph/sec
m 140,000 slugs
This means that for each second that passes, the
Shuttle will increase its speed by 16 mph.

Appling Newton’s 2" Law of Motion

Force, Resistance & Velocity
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A mass fraction (MF) is the proportion of propellant mass to total system mass (MF=Mprop/M tot). This
means that as mass fractions become larger, there is less remaining mass available for payloads.

e Conventional Systems:

- Mass fractions decrease as propellant
mass increase (economies of scale).

- Mass fractions typically increase as the
rocket stage numbers increase (because
stages usually get smaller as they “go up
the vehicle”).

- Solid rockets tend to have somewhat lower
mass fractions than liquid, but their mass
fractions typically get better as their sizes
increase.

PROPULSION SYSTEMS

Other systems:

- Hybrid rockets tend to have mass
fractions that are slightly higher than
liquids because their fuel packing density
is lower, but they waste quite a lot of
unburned fuel (about 17%).

- Nuclear rockets have similar mass
fractions to liquids except than the reactor
mass can be very substantial (500 kg is
typical). Their radiation shields can also
add significant mass (about 3,500 kg/m2).

- Nuclear electric systems can have
relatively small propellant and tank
masses due to high |, efficiencies, but
their generating equipment may be
proportionately larger along with nuclear

power sources and shields.

System Mass Fractions

CONSIDERATIONS AND PRINCIPLES




Propulsion system selection processes match
application requirements with technology attributes:

¢ Chemical liquid rockets offer good launch/ orbital
insertion thrust and can be restarted for repeated
use. Liabilities are mechanical complexity and
difficulties in storing cryogenic propellants during
long duration space missions.

¢ Solid fuel rockets are simpler than liquid, and
propellants can be stored indefinitely. A big
limitation is that once ignited they can’t be throttled
back, topped off or reused.

¢ Hybrid rockets use a solid fuel core and often liquid
oxygen as an oxidizer. They haven't yet found

mainstream and established heritage, but new solid

propellants using synthetic polymers are improving
burn continuity and thrust.

¢ Nuclear systems might support long distance/
duration human exploration missions, either to

superheat hydrogen has propellants using synthetic

polymers are improving burn continuity and thrust.

¢ Nuclear systems might support long distance/
duration human exploration missions, either to
superheat hydrogen gas propellant, or to power
electric drive systems. Scale-up challenges, mass

Chemical Launch

Liquid Orbit Insertion/
Monopropellant Maneuvers
Bipropellant Landing/Ascent

Launch
Orbit Insertion

Nuclear Orbit Insertion/
Solid core Maneuvers
Liquid core

Gas core

Orbit Insertion/
Maneuvers

Nuclear Electric
Electrothermal
Electromagnetic
Electrostatic

*High thrust
*Heritage
*Restartable

*Complicated
combustion

*Fuel storage
problem

*High thrust *Not restartable

*Heritage

*High specific *Unproven
impulse *Radiation
sLow thrust/weight

*Very high specific *Radiation

impulse +System mass
sLow thrust levels
Limited heritage

General Applications and Attributes
and radiation hazards present issues.

Technology Comparisons

PROPULSION SYSTEMS
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Chemical reaction rockets use a combustion
process in which confined fuel gas or gases are
oxidized (combined with oxygen) under
tremendous pressure:

e The combusted gases expand to increase
chamber pressure, pass through a constricted
throat which increases the exhaust speed, and
expand rapidly in a nozzle to accelerate more
and reduce chamber pressure.

e Chamber pressure is then restored by high
temperature reactions of successive propellant
combustion events to repeat the process.

e Conventional rocket engines carry their own
oxygen, enabling them to operate in a vacuum.

e Ramjet engines are reaction rockets that intake
oxygen from air in the atmosphere. Since they
must move rapidly to compress the air, they
cannot take off from the ground or operate at
low speeds.

PROPULSION SYSTEMS

B-10
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Exhaust >

Throat
Conventional Reaction Engine Diagram

Ramjet Engine Diagram

Chemical Reaction Rockets
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Liquid rocket systems have been used extensively in US
and Soviet/ Russian manned space missions:

¢ Most liquid rockets use “hypergolic” storable propellants

that ignite spontaneously when mixed together: Typical liquid propellant rocket systems

- Although this type of ignition is straightforward, the include a combustion chamber and nozzle
volatile nature of the materials and complexity of that is led an oxidizer and fuel mixture by
pumps, valves and control systems pose safety turbo pumps. Exhaust gases are forced out of
hazards. the bell-shaped nozzle. A set of values down

stream from the pumps controls propellant

- Since fuels are usually denser than oxygen, the
pressure.

propellant tanks are typically placed above the oxidizer
tank so that fuel depletion during burns shifts the
center-of-gravity forward to improve rocket stability.

- High-speed turbine pumps drive propellants into a
combustion chamber at very fast rates, assisted by
pressurized propellant tanks that prevent vacuum as a
tank is vacated.

- Engine burn can be ignited by spark plugs, pyrotechnic

charges, heating elements, or even small igniter Liquid Rocket Block Diagram
rockets.

Liquid Fuel Rockets

PROPULSION SYSTEMS CURRENT TECHNOLOGIES
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Fuel‘ _N
: . . Fuel and anteld= @:/Typical straight

Liquid fuel rockets pose complex technical oxidizer enter DslHizer ' <" propellant

challenges: the combustion ~ menifelds =<

chamber Fuel

through injectors ~ manifolds<,

which break

propellant into

fire streams or

droplets to be )

ignited and E:,?ﬁ:{fem"t

burned at high Injection ho!es? o

temperatures

e Extremely cold cryogenic liquid propellants pumped
into high temperature combustion chambers
present mechanical and safety risks:

- Liquid oxygen storage tanks must be maintained
at temperatures below the boiling point (-297°F).
Such low temperatures can cause: contraction
and cracking of metal valves, and pumps;
freezing of pumps; hardening and shattering of

Shower Head Stream Type

N

rubber; solidification of lubricants; and congealing reaching more manifold— Ny

of oil. : than 5,000°F. Oxidizer
- LOX and propellant combustion temperatures The injectors manifolds <]

reaching 5,560°F and hot gases flowing out can function much Fuel
melt steel elements such as the exhaust nozzle like fuel injectors manifolds <

throat. in automobiles.
- LOX is the most widely used oxidizer because it

is safer to handle and produce less hazardous

exhaust products than other materials such as Injector Devices

fluorine that exhausts toxic and corrosive

hydrofluoric acid.

Double-Impinging Type

Liquid Fuel Rockets
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Solid propellant rockets are frequently used for military
purposes and as boosters:

¢ They offer important advantaged and disadvantages:

- Positive features are simplicity of design, ease of
construction, high reliability, long-term storability, and
rapid flight-ready preparation.

- Negative features are inabilities to throttle-down , turn
off or restart engines, although thrust can be terminated
by blowing off top caps to allow gases to escape at
both ends to balance exhaust thrust.

¢ Solid propellants are mixed with a binder into a desired
shape along with a stabilizer to prevent decompaosition,
and sometimes with a catalyst to speed up reactions:

- Modern propellants include: potassium percolate
(oxidizer) and asphalt (fuel); ammonium percolate
(oxidizer) and aluminum powder (fuel); and
nitrocellulose with notroglycerine (both oxidizers and
fuels).

PROPULSION SYSTEMS

The Space Shuttle
uses two SRBs
mounted on
opposite sides of
the external tank.
Standing nearly
150 ft tall and
more than 12 ftin
diameter, they are
the largest solid
propellant rockets
ever built, and the
first to be used for
manned vehicles.

Space Shuttle Solid Rocket Boosters

Solid Fuel Rockets

CURRENT TECHNOLOGIES




Very large solid rockets must be constructed in INTRODUCTION
segments because a one-piece grain casting the TO SPACE
size of a Shuttle SRB, for example, would crack

while handling and curing, and would be difficult to

transport without damage:

¢ The joint segments must be properly sealed
tightly together to prevent hot internal gases
from leaking through the casing, reducing
internal pressure/ thrust, and producing
unwanted thrust in the direction opposite the
leak point (a circumstance that caused the
catastrophic Challenger accident in January

1986):

- Cold weather temperatures caused O-rings
between the rocket segments to become stiff
and not seal properly.

- Hot exhaust gases forced zinc chromate putty
that filled gaps between connecting metal
casing sections to be pushed out.

- The hot gases escaped, destroying the

adjacent External Tank, and ultimately, the Location of Challenger SRB Failure
Orbiter.

Solid Fuel Rockets

PROPULSION SYSTEMS CURRENT TECHNOLOGIES




After the propellant is ignited, the expansion of exhaust gas through a nozzle is the same general design
used for liquid fuel rockets.

ADVANCED SOLID ROCKET MOTOR

EVLAR / EPDM INGULATION
 ABOED MARGING AT CRITCAL JORTS CIRCA 1989

PROPELI SRAM * PAFROVED JSEALS ) i
.pR r‘tgcwsfn SOLDS + OF TIMZED FOR STRIF WOLND CARTRIDGE-LOAUED IGMTER.
» b4 PERCENT ALUMINUM HTPB + 2000 POUHDS LIGHTER THAN ESEM -;“-“FEPER;;#PAWMRSM
» CONTINUOUS M0 = TALORED KGHETION
« PROVEN PROPERTY REPEATABIITY
« FEWER EXPOSED PERSONNEL DURING
MAHUFACTURE

» HiGH RESISTANCE TO STRESS CORROSION
* ASSURED MULTIFLE REUSE
& WELDABLE

FF LA AT T LA DN

WELDED BEGMENTE
= ELBRNATES 30 FALURE CAUSED
* SHEFLIFES EEFURBISHUENT
* G470 POUNDS LESTER THAN
BOUTED CACES

Solid Fuel Rockets
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The “grain “of the molded solid propellant burns on its
exposed surface to produce hot exhaust gases for
thrust.

e Thrust can be controlled by the way the grain is
shaped and the rate of burning which are influenced
by the exposed surface area:

- Cylindrical-shaped grains completely fill the casing
and burn like a cigarette from one end. Since the
surface area is constant, thrust is also constant (a
neutral burn), and the rocket becomes top-heavy
as the bottom burns away.

- Some grains are molded with variously-shaped
holes (“perforations”) running down the center. As
burn progresses and holes become larger, thrust
increases (progressive burns).

- Other grains are smaller in diameter than the
casings and are centered in place by metal
“spiders”. As the burning surface area decreases,
thrust also decreases (regressive burns).

PROPULSION SYSTEMS
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Solid Propellant Grain Types

Solid Fuel Rockets
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Neutral Burn — Cylindrical Grain Progressive Burn — Bored Grain Regressive Burn — Supported Grain

Solid Rocket Burn Patterns

Solid Fuel Rockets
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High-efficiency nuclear propulsion systems might TO SPACE

support human and cargo missions over long —

distances and time spans: REACTOR+
e Comparisons with liquid fuel rockets: fg\/
- Conventional liquid rockets require that a fuel and

oxidizer be pumped from separate storage tanks
and then combined to produce hot, high-velocity
gases.

- Nuclear systems eliminate the weight of one tank,
one fluid, one pump, and the need for fuel-
oxidizer combustion required for liquid fuel
engines.

- Energy available from nuclear reactions (fission,
fusion and matter-antimatter annihilation) can
range from 107-109 times more than from
chemical reactions (greatly increased Ip).

- Energy available from a unit mass of fissionable
material is approximately 107 times greater than
the most energetic chemical reactions.

PROPULSION SYSTEMS

PROPELLANT sy

Nuclear Rocket Engine

COMBUSTION
FUEL o, CHAMBER7
) ~
OXIDIZER & A—/\

Chemical Rocket Engine
Block Diagram Comparisons

Nuclear vs. Chemical Engines
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Fission and fusion processes can be used to heat
a reactor core that superheats a hydrogen gas
propellant which exits a nozzle at a very high

velocity:
_ _ Nuclear Fission Nuclear Fusion
¢ The engines produce low, continuous thrust

levels which can efficiently power spacecraft at Fragment Hydrogen
high interplanetary speeds: nuclei

Uranium Heli
- Specific impulses of 900 seconds and higher . t elium
are possible (more than twice the Space _ .

Shuttle). + Energy + Energy

- Although low thrust/mass ratios are _ O/
inadequate for launches, the engines can be :
used for economical propulsive braking at a Fragment Hydrogen
destination orbit (such as the Moon and Mars) Nexfion ' nuclei
by reversing the vehicle’s direction near mid-

course trajectory to gradually slow the Nuclear fission is a proven technology, while fusion presents
spacecratft. radiation safety advantages but is technically uncertain.

- Vehicle crews must be protected from fusion
radiation hazards by reactor shielding and/ or
a distance between the vehicle and nuclear
reaction processes.

Comparison of Reactions

Nuclear Fission and Future Fusion
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Solid-core nuclear engines use reactors to heat a
propellant to high exhaust temperatures that
produce nozzle thrust.

» As with all reactor-based technologies,
capabilities are ultimately constrained by
temperature limits of materials and construction:

- Propellant is heated as it passes through a solid
fuel reactor core at temperatures which may
reach 5,000°F or more.

- Control drums located around the reactor core
control the amount of reactivity.

- The maximum operating temperature must be
less than the melting point of the fuel, the
moderator, and the cure structural materials.

- Temperature limitations correspond with |,
values of about 800-900 seconds.

- Hydrogen is typically used as a propellant, and
storage to prevent boil-off for long-duration Block Diag ram
space mission applications will present a
technical challenge.

Solid-Core Nuclear Engines
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Extensive solid-core nuclear engine design,
development and test activities were
undertaken at the Los Alamos Scientific
Laboratory from about 1956-1971:

¢ A “Nuclear Engine for Rocket Vehicle
Applications” (NERVA) flight test engine that
was being developed at the end of this
period was cancelled to release funding for
the Space Shuttle:

- The NERVA engine used liquid hydrogen
pumped through a reactor which heated it
to about 4,000°F prior to being ejected
through a nozzle.

- The hydrogen acted as a moderator to
slow neutrons from nuclear reactions.

- The pump was driven by hydrogen gas
that was heated in the reactor.

PROPULSION SYSTEMS

The NERVA
engine was
designed to
operate at 1,500
kW provide 333
kN of thrust at Isp
825, weighed
10.4 MT, and
was engineered
for a 10 hour life
at 60 operating
cycles.

The NERVA Engine

Solid-Core Nuclear Engines
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US nuclear solid-core rocket development during the
1956-1971 period demonstrated encouraging
progress:

¢ 5,500°F exhaust temps.

* |, 850 seconds

e 250,000 Ibs of thrust

¢ 90 min. burn time

Early Nuclear Rocket Performance Characteristics
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COMMON SPACECRAFT
PROPELLANT _

MODULE

Phoebus Nuclear Rocket Engine
Spacecraft Concept with NERVA Engine

Solid-Core Nuclear Engines
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Gas-core nuclear engine concepts were investigated
during the 1960s and indicated large potential benefits
including reasonable mass fractions for LEO
applications, relatively high thrust and = in the 2,000
second range:

e Radiant energy transferred from a high-temperature
fission plasma to a hydrogen propellant drives the
system:

- The propellant temperatures can be significantly
higher than the engine structural temperature.

- In some designs the propellant stream is seeded
with sub-micron particles (up to 20%) to enhance
heat transfer. )
Flow

- Radioactive fuel loss reducing performance can be
a major problem, particularly with open-cycle design

concepts. Injection

- Closed-cycle approaches minimize or avoid fuel loss
be containing the plasma in a quartz capsule which
allows the radiation to pass through and be Torroidal Geometry

absorbed by the hydrogen. )
Closed- Cycle Designs

- The quartz wall and nozzle would be regeneratively
cooled by the hydrogen propellant.

Gas-Core Nuclear Engines
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Very small solar-powered electric propulsion
systems are frequently used for orbital satellite
maneuvering and station keeping. Large nuclear-
powered versions may prove highly beneficial for
human lunar/ Mars spacecraft applications:

e New nuclear-electric technologies are being
developed to overcome fuel efficiency limitations
of chemical liquid and solid fuel rockets:

- Nuclear reactors are used to generate large
amounts of electricity to ionize and accelerate a
vaporized fuel (possibly cesium or hydrogen) to
high speeds that are unobtainable by chemical
combustion.

- Thrust can be created by ejecting heat-induced
high temperature, high velocity gas streams;
beams of positively-charged ions accelerated
by electric fields; or charged plasmas
accelerated by powerful electro-magnetic fields.

- Continuous high I, low-thrust features can
offer substantial fuel economies over “blast and
coast” high-thrust chemical systems, but require
more time to reach internplanetary velocities.

PROPULSION SYSTEMS
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High temperature radiators reject heat from the reactor
system that powers electrical energy turbines, and low
temperature radiators remove exhaust heat from
multiple thrusters. Payloads are mounted at a safe
distance from the reactor to mitigate radiation hazards
to crews and/ or electronic systems.

Schematic Spacecraft Concept

Nuclear Electric Systems
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Electrothermal thrusters use resistive, arcing or
microwave technigues to heat propellant electrically
and then isentropically expand it through a
convergent/ divergent nozzle:

¢ Resistojets use a resistive heater surrounded by
a propellant heat exchanger to superheat the gas:

- Thrust is created by ejecting a high temperature,
high-velocity gas stream from the exhaust nozzle.

- Many configurations have been developed,
including some that are used routinely in space.

- Propellant gases used include ammonia,
biowastes, hydrazine and hydrogen (I, values
around 300 seconds).

¢ Arcjets produce thrust by heating propellant with an
electric arc and expanding the gas in an exhaust
nozzle:

- Of several configurations, the DC arcjet is most
highly developed and is used in GEO satellites for
north-south station keeping.

- Ammonia, hydrogen and hydrazine are common
propellants which are selected according to a
variety of use-specific requirements.

PROPULSION SYSTEMS

ermal Radiation Shielding
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Resistojet Thruster Concept
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DC Archjet Thruster Concept

Electrothermal Thrusters/
Nuclear Electrical Candidates
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Electrostatic ion thrusters use an ionized propellant
that is accelerated through direct application of
electric fields:

e Thrust is produced by accelerating a beam of
positive ions through an electrostatic field to a high
velocity:

- Positive ions are produced by electron
bombardment of neutral propellant atoms in a
discharge chamber (typically a cylindrical anode
with a central axial hollow cathode).

- Thermionic emissions of electrons occurs when the
cathode is heated.

- A magnetic field in the discharge chamber
increases the electron path length and residence
time in the chamber, increasing the probabilities of
energetic collisions between propellant atoms (such
as xenon) and electrons.

- The collisions remove electrons from the atoms
creating positive ions.

- A series of 2-3 perforated electrodes (called grids)
attract, accelerate and focus the positive ions into a
beam.

PROPULSION SYSTEMS

NSTAR lon Thruster Test at NASA-JPL

Electrostatic lon Thrusters/
Nuclear Electrical Candidates
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lon propulsion (as with all electric propulsion) is
only feasible for large spacecraft applications that
can provide large amounts of electrical power:

e The thrust of an ion engine is proportional to the
square of the grid diameter:

- A 30 cm diameter, 10 kW propulsion module
developed and tested at the NASA Jet
Propulsion Laboratory operating at 5 kW
produced thrust on the order of 0.2 Newtons
with an I, of 3,800 seconds using xenon.

- Neutralizers are needed to eject electrons into
the ion beam in the same numbers as ions to
prevent spacecraft from developing a large
negative potential charge.

- Key life-limiting factors of ion engines are
cathode life, grid erosion and spalling of
spattered-deposited material that degrades
the discharge chamber.
- These limitations pose serious reliability risks lon Propulsion Module Test at NASA-JPL
for long-duration space exploration
applications. Electrostatic lon Thrusters/

Nuclear Electrical Candidates
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Electrodynamic thrusters produce thrust using electric
and magnetic body forces interacting with highly-
charged plasmas, and include several different types.

e Magnetoplasmadynamic (MPD) thrusters are
favored for large exploration-class applications
involving high total power levels (IMW electric
and greater) because of their substantial
power-per-thruster rate (0.1-10 MW each )
requiring fewer thrusters.

- MPD thrusters have an axiosymmetric
geometry (annular anode surrounding a
central cathode) which generates a “Lorentz”
body force to eject a high-velocity plasma stream.

- A large current (1000s of Amps) flows between
the coaxial electrodes to ionize and accelerate the
propellant gas in either a steady-state or pulse
mode.

- The current induces a significant azimuthal
magnetic field that axially accelerates the plasma-
producing thrust.

PROPULSION SYSTEMS

Direction
of Plasma
Acceleration

Primary Magnetic (jxB)
Acceleration Zone

Primary
lonization
Zone

Current
Streamlines
Cathode

Self Induced
Magnetic Field

MPP Thruster Elements and Operations

Electrodynamic Thrusters/
Nuclear Electrical Candidates
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Additional information relevant to this section can be found in Part | of this SICSA Space Architecture Seminar
Lecture Series titled Space Structures and Support Systems.

Key reference sources are the Cambridge Encyclopedia of Space (Cambridge University Press), the International
Reference Guide to Space Launch Systems - Second Edition (AIAA Publication), Human Spaceflight Analysis and
Design (The McGraw Hill Companies Inc.) and Spacecraft System Design and Operations (Kendall/Hunt Publishing
Company). These and other relevant publications are listed below:

Astore, W., Giffen, R., Larsen, W., Understanding Space: An Introduction To Astronautics. 2" Edition. The McGraw-
Hill Companies, Inc., 2000

“Auxiliary Power Unit Manual:, AUX 2102, NASA, Johnson Space center, Texas, March 31, 2000

“Auxiliary Power Unit/ Hydraulic/ Water Spray Boiler Manual”, APU/HYD 2102, NASA, Johnson Space Center,
Texas, April 20, 2001.

Brown, C.D. “Spacecraft Propulsion”, AIAA, 1996.

Damon, T.D. Introduction To Space : The Science of Spaceflight, 37 Edition, Krieger Publishing Co., 2000
Fortescue, P., Stark, J., Spacecraft Systems Engineering. 2" Edition, Wiley Publishing, 1995

Hill P.G, Peterson, C.R, Mechanics and Thermodynamics of Propulsion, Addison-Wesley Publishing, 1992
Houston, A., Rycroft, M., Keys to Space- An Interdisciplinary Approach to Space Studies, McGraw Hill, 1999
Humble, R.W, henry, G.N.,Larson, W.J, Space propulsion Analysis and Design, McGraw hill, 1995
“International Space Station Familiarization” ISS FAM C 21109, Rev B, October 18, 2001, NASA

“International Space Station Russian Segment Crew Reference Guide”, TD9901, August, 2001, NASA
Jahn, R.G., Physics of Electric Propulsion, McGraw Hill, 1968
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“Main Propulsion System Overview”, MPS OV 21002, NASA, Johnson Space Center, Texas, May 26, 1995
“Orbital Maneuvering System Manual”, OMS 2102, NASA, Johnson Space Center, Texas, March 13, 1996
“Reaction Control System Manual”’, RCS 2102, NASA, Johnson Space Center, Texas, May 26, 1995

“Space Shuttle Vehicle Familiarization Manual”, SSV FAM 1107, NASA, Johnson Space Center, Texas, May 26,
1995

Sutton, G.P., Rocket Propulsion Elements, John Wiley and Sons, 1986

Timnat, Y.M., Advanced Chemical Rocket Propulsion, Academic press, 1987

Woodcock, G., Space Stations and Platforms, Orbit Books Company, Malabar, Florida, 1986
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Having discussed the vehicles and propulsion
devices needed to access space, it is now
appropriate to consider pathways and destinations
that will govern what transport systems we might
use, how much we can carry, how long the trips
will require, and when we can leave and return:

e Pathways options are governed by natural laws,
and are mapped in 4 dimensions of space and
time:

- Laws of physics establish the rules of the road
that apply to behaviors of all natural elements
and their manmade derivatives.

- Principles of orbital mechanics determine ways
to maneuver steep hills and valleys in the
most rapid and efficient manner.
- Solar System dynamics influence the distance
and timing of departures, arrivals and returns
so that we plan our schedules and know much Interdependent Planning Factors
to pack for the trips.

Mapping in Four Dimensions
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Returning crews safely back to Earth following
successful missions is always the goal, and returning
them safety after disruptive emergencies is vital:

e Each pathway segment presents a variety of
planning considerations:

- Corrections of launch latitudes with necessary
Earth and transfer orbit plane changes influencing
fuel-costly maneuvers.

- Transit periods through the Earth’s trapped
radiation belts and transfer trajectory exposures to
potential solar proton storms that present hazards
to crews and electronic systems.

- Transfer and surface periods without line-of-site
connections to photovoltaic solar power and Earth
for communications.

- Extended orbital pre-departure, transfer, surface
operations and return periods that require means to
prevent boil-off of stored gaseous propellants.

- Contingency plans to ensure a way back in the
event of a missed orbital rendezvous or any critical
system failures.

PATHWAYS AND DESTINATIONS

Origin and Destination Influences on
Pathway Options

Earth: The Ultimate Destination
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In space, the shortest distance between two points

is never a straight line, and from an energy

standpoint, often not even between closest points:

¢ Many different approaches for accessing important
destinations have been proposed, each
presenting particular priorities regarding where to
go, what vehicles to use, and best ways to get
there and back:

- Some advocate the Moon as a place to establish
permanent bases where resources can be
harvested, used and exported.

- Some primarily view the Moon as a technological
and operational stepping stone for Mars
missions.

- Some believe that certain Earth-Moon
Lagrangian points (or “libration” points) are ideal
places for permanent space stations and/ or
Earth-Moon and Earth-Mars transfers.

- Others advocate direct Earth-Mars transits/
returns, or use of the Mars’ moons Phobos and
Diemos as Mars staging areas and material
sources.

PATHWAYS AND DESTINATIONS
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Newton'’s 1st Law of Motion states that an object in
motion will continue to move in s straight line unless
some external force acts upon it:

e Above the surface of any planetary body, the
external force of gravity will bend an object’s
trajectory towards the largest influencing mass
(which may be the planet itself):

- Since the Earth is spherical, a cannonball fired
from the surface would strike the ground after
traveling a relatively short distance.

- If the projectile had sufficient speed it would
never hit the ground, but would continue to fall in
a curved path and never quite get there.

- The speed necessary for a projectile’s path to

INTRODUCTION
TO SPACE

Earth’'s

west to

east

rotation l
can provide

a slight
velocity
advantage

fall back to Earth is 17,500 mph locit .
HEVEL Tall DAcK 10 Selil 1S =6 mph, a velocily Spacecraft launch vertically to get through Earth’s dense

that would cause it to vaporize from friction in . . .
atmosphere as quickly as possible, then pitch over to

Earth’s dense near-surface atmosphere. . ! . ;
_ horizontal to rapidly accelerate to an orbital velocity of
- Spacecraft don’t approach such speeds until 17,500 mph.

they are above the denser part of the _
atmosphere and pitch over horizontally to Earth Ascent and Acceleration
accelerate more rapidly.

Achieving Orbital Velocity
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INTRODUCTION

Conservation of energy and momentum and basic TO SPACE

laws governing orbital mechanics apply to the
orbital motions of spacecraft and planets, where Apogee (Slowest Segment)
total energy and total momentum are constants:

e Components of energy are potential energy and
kinetic energy:
- Potential energy is a function of an object’s
position (or altitude) and mass.
- Kinetic energy is a function of an object's mass Eliptical Planetary Orbit
and velocity.

Total Energy= Potential Energy + Kinetic Energy=
Hw + %2 mV2

Where: H= altitude, w= weight, m=mass and
V=velaocity

Perigee (Fastest Segment
¢ Based upon exchanges between energy and gee ( gment)

momentum, a spacecraft’s orbital altitude can be

raised or lowered by changing its kinetic energy:

- Altitude at perigee can be increased by boosting Like a ball tossed up, gravity slows it's velocity as it
kinetic energy (velocity) at apogee, which rises and accelerates it as it falls back.
increases the orbit's eccentricity.

- Decreasing velocity at perigee, or boosting
velocity at apogee will decrease the orbit's

eccentricity (reducing the prerigee). Conservation of Energy and Momentum

Earth Ascent and Acceleration
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Original apogee /

Final apogee

Perigree Kick to Increase Apogee
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Final apogee

Original apogee

!

riginal apogee
Apogee Kick to Decrease Perigree
(or Reverse Perigree Kick to Reduce Apogee)

Velocity Relationships to Orbit Shapes
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An orbit’s inclination is defined as the angle
between the Earth’s equatorial plane and the
spacecraft’s orbital plane:

¢ The angle is measured clockwise from the

equator at a place where the spacecraft

crosses the equator heading north.

- The inclination is 0° at the equator, and 90°
over the poles.

- Since inclinations are additive and
progressive from the equatorial plane, they
can exceed 90°.

¢ A spacecraft’s launch site latitude position

influences which orbit inclinations are most

readily accessible:

- Near-equatorial latitudes benefit most to
take advantage of the Earth’s west-to-east
rotation rate of about 1,035 mph for a jump
start.

- The Kennedy Space Center’s easterly Angle Inclination Measured From the
velocity provides about a 5.3% advantage Equator Clockwise heading North
over total velocity required to reach low-
inclination LEO.

Orbital Plane Inclination Angles
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Launch sites influence vehicle options and accessible
inclination orbits:

¢ All launch sites must have clear down-range corridors:

- Launches from the US East Coast (Kennedy Space
Center) are suitable only for low-inclination launches
with azimuth trajectories that avoid emergency overflight
hazards to population centers.

- Shuttle launches also require a suitable landing strip
with acceptable wind/ weather conditions and special
vehicle/ payload processing facilities.

- US high-inclination launches use the West Coast
Vandenberg Air Force Base to avoid population
overflights.

o Site latitudes influence the amount of propulsion required
to deliver vehicles/ payloads to different inclination orbits:

- Near-equatorial latitudes require less energy to access
low-inclination orbits, or can deliver larger payloads
with a given amount of propellant.

- High-inclination launches lack the advantage of using

the Earth’s rotation to gain a velocity boost. . . . .
d Y Orbital Inclinations Available from KSC

Launch Locations & Trajectories
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Kepler's 1st Law of Planetary Motion defines
characteristics of orbit geometries that conform with
gravitational influences:

e If two bodies interact gravitationally, each will
describe an orbit that is a conic section about
the common mass of the pair:

- Sections at less than the conic half-angle are
ellipses.

- Orbits of planets are ellipses with the Sun as
the foci, and orbits of planetary satellites are
elliptical (or circular), with the planetary
bodies as the foci.

o If two bodies are permanently associated with
each other, their orbits will be hyperbolas or
parabolas (open curves):

- Those exactly at the half-angle are parabolic,
representing flight paths that are exactly at
the orbital escape energy.

- Those that are steeper than the half-angle
represent energies greater than escape energy.

PATHWAYS AND DESTINATIONS
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Gravitational Geometric Influences
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Earth orbits range in altitude from about 175 miles
(circular LEO) to 25,000 miles (high-eccentricity
apogee):

¢ LEO low-inclination are easiest to reach and have

many useful applications:

- Microgravity conditions enable unique materials
and life sciences research not possible on Earth.

- Higher resolution Earth sensing is possible from
LEO.

- LEO can be used to assemble and/ or launch
spacecraft to higher and interplanetary orbits. LEO Low-Inclination

- Problems in LEO include orbital debris hazards
and periodic reboost requirements to prevent
orbital decay caused by drag.

e LEO polar, geosynchronous and high-eccentricity
orbits are principally used for unmanned satellites:
- Geosynchronous orbits place satellites in
geostationary positions over points on Earth
indefinitely.
- High-eccentricity orbits place satellites over
northern regions not covered by GEO where they

can hover during long apogee segments of each
orbital period. Geosynchronous

PATHWAYS AND DESTINATIONS
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Low Earth Orbits (LEO) ranges from about 175-600
miles above the surface, and are nearly circular, with
a period (orbital completion time) of about 90 minutes:

¢ LEO affords certain advantages:

- Located above most of Earth’s atmosphere, it
presents little drag that must be compensated.

- Nearly weightless conditions are desired for
unique natural and material sciences.

- Low-inclination orbits are accessible from many
international sites for space station, astronomical
and Earth research, and platforms for higher orbit
launches.

- Polar, high-inclination orbits pass over the entire
Earth’s surface in a few days at altitudes of about
500 miles and periods of about 100 minutes (90°
inclination) which is useful for Earth observation. A typical Shuttle orbit at 190 mile attitude inclined at 28.5°
At 98° a satellite becomes “sun synchronous”, with a period of 91 minutes.
passing over the Earth at the same local time on

each westward pass. Low-Inclination Orbit

Low Earth Orbits
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28.5° LEO Ground Track
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Geosynchronous (or “geostationary”) orbit (GEO)
is a circular, low-inclination orbit that has the
same Earth rotational period of 23 hours, 56
minutes, 4 seconds which occurs at a distance of
23,400 miles (35,800 km, or 5.6 Earth radii):

¢ Satellites placed in GEO remain in a fixed
position over a given place (a geostationary
position on Earth):

- They are principally used for communications
satellites, including TDRSS, satellite
television, large-scale weather satellites, and
missile attack detection and warnings.

- A GEO satellite transmitter can cover nearly
one-third of the Earth’s surface, and can
remain in place indefinitely with little station
keeping so long as its systems function.

- A limitation is an inability to cover populated Coverage Over the USA
northern regions of the globe.

Geosynchronous Orbit
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Elliptical orbits can be designed for a wide variety
of applications including planetary rendezvous:

e The eccentricity, size and inclination can be
tailored to special mission requirements:

- A useful feature is to enable the apogee of a
communications satellite to hover over a far
north area on Earth which cannot be seen by
an equatorial GEO satellite.

- A 300 mile perigee, 25,000 mile apogee
Russian Molniya communications satellite
remains nearly stationary near the GEO
altitude for more than 8 hours over Siberia.

Molniya satellite orbit.

Perigee is 300 miles

(Southern

- It then speeds up, drops down past perigee Hemisphere) and
and returns to apogee in less than 4 hours. apogee is 25,000

miles (Northern

- Continuous 100 percent coverage is provided Hemisphere).

using 2 satellites operating in a constellation.

High-Eccentricity Orbits
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The inclination plane of an orbit relative to the
Sun effects spacecraft thermal loads and
power options:

¢ The solar beta angle (B) effects the
spacecraft’s thermal environment and
photovoltaic solar-cell generation ability,
and influences responsive vehicle altitude
orientation maneuvers to optimize these

conditions. Solar Beta Angle

Northern Hemisphere
Over Flight Is Always In Constant
Darkness Daylight

¢ Flights over the Northern Hemisphere are
always dark at inclinations corresponding to
a retrograde orbit (plane aligned with the
Sun), and experience constant daylight at
posigrade orbital inclinations. Retrograde and Posigrade Inclinations

Beta Angles & Inclinations
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Spacecraft altitude orientation to the orbital plane also has many application influences:

Earth orientation constantly maintains a Inertial orientation maintains a fixed attitude with
spacecraft altitude pointing in the direction of respect to a space object such as the Sun or a
Earth. star.

Spacecraft Orientation
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Maneuvers to raise spacecraft altitudes and
velocities are applied in the Earth orbit and lunar/
planetary transfer orbit applications:

¢ The most energy-efficient approach to change
from a lower orbit to a higher one in the same
plane is to use “Hohmann” transfers named
after a German who conceived the idea in
1925:

- First, spacecraft engines are ignited to change
a circular orbit to a longer elliptical shape.

- At apogee, engines fire again to circularize the
orbit.

- Hohmann transfers can place spacecraft on a
co-planar trajectory to the Moon, maneuver
which was used for US Apollo missions.

- The maneuver can also be applied for some

Mars missions. Hohmann Transfer to a Higher Orbit

Transfers to Higher Orbits
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An alternate “fast transfer” approach to raise
orbital altitudes is more rapid than the Hohmann
maneuver, but also is much less efficient:

e The maneuver requires two separate engine
ignitions:

- The first stage involves a more energetic
engine firing than Hohmann in the direction of
the velocity vector to create a larger elliptical
orbit that intersects the desired circular
transfer orbit.

- The second stage fires engines again with
even greater energy to alter both the vehicle’s
speed and direction to “turn the corner” into
the transfer orbit vector.

- Fast transfers can be used in emergency
situations which require very rapid orbit
changes that are not possible using the
Hohmann maneuver.

PATHWAYS AND DESTINATIONS
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Final Orbit

Original Orbit

Fast Transfer to a Higher Orbit

Transfers to Higher Orbits
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Orbital rendezvous techniques are basically Hohmann
transfers that take advantages of faster lower orbits
and slower higher orbits to adjust phasing:

¢ Adjustments require careful alignments of inertial
orbit planes, with interceptor spacecraft launched
when Earth’s rotation is at the right point relative to
the target’s plane (windows that are sometimes only
minutes long):

- If the target is positioned ahead of an interceptor in
the same orbit, the interceptor is put into a smaller
phasing orbit with a shorter period to catch up.

- If the target is behind the interceptor, the
interceptor increases velocity to enter a higher,
slower orbit that allows the target to catch up.

- “R-Bar” approaches intercept the target along an
Earth radial vector.

- “V-Bar” approaches intercept the target along the
velocity vector.

PATHWAYS AND DESTINATIONS
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Engines ignite into
an elliptical orbit
1

Intercept at

@ ' apogee
rendezvous

Rendezvous Using a Hohmann Transfer

Rendezvous Maneuvers
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Rendezvous is more difficult for elliptical and non-
coplanar orbits, but procedures are essentially
the same:

e A common technique often used by the Space
Shuttle permits 3-dimensional transfers
between two non-coplanar orbits in a fixed time
which is computed according to “Lambert’s
Theorem”:

- Step 1 determines the delta-V needed to
accomplish the intercept.

- Step 2 determines the delta-V required for
the interceptor to achieve the target orbit.
- Step 3 determines the delta-V required for
the interceptor to approach and meet the

target.

Course burns are used for large orbital changes,
and several small burns are used for intercept
timing.

PATHWAYS AND DESTINATIONS

Starting Position

R1 - Interceptor
R2 — Target
At — Transfer Time

3-D transfer
between 2 orbits in
a fixed time

Transfer Position
Lambert’s Transfer Technique

Non-Coplanar Intercepts
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Earth crew returns must provide for all possible _, retrofire
emergency contingencies: '

e The Space Shuttle Orbiter was designed with a
more than 1,000 mile cross-range flight capability to
enable Abort Once Around (AOA) return from polar
orbit launches (which correlates with the Earth’s
rotational velocity):

- Reentry and landing back on Earth are
accomplished by turning the vehicle around and
firing engines to apply thrust in the opposite
direction.

- Retrofiring reduces the spacecraft’'s energy,
transferring it to a lower elliptical orbit which

intersects Earth, increasing the vehicle’'s speed
as it falls.

- Timing and length of burn must be precise so that
the descent orbit intersects Earth at the desired
landing Sppt. . . Original Orbit

- Atmospheric drag that distorts the reentry orbit
from a true ellipse must be taken into account in
the calculations.

Sy
splashdown

Typical Propulsive Deorbit

Deorbit Maneuvers
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The Abort Once Around (AOA) is used in cases
where a major system problem following launch
makes it necessary to land the vehicle rapidly:

e The AOA enables the spacecraft to circle the
Earth once for a period of about 90 minutes
and make a normal reentry and landing:

- In the AOA abort mode an OMS thrusting
sequence is made to adjust the post-Main
Engine Cutoff (MECO) orbit so that a second
Orbital Maneuvering System thrusting
sequence will enable the vehicle to land.

- Shuttle Orbiter landing options are White
Sands, New Mexico, Edwards Air Force Base

and the Kennedy Space Center.

- Examples of possible abort emergencies
include loss of cabin pressure, electrical
power fallu_res, a_nd when |ns_uff|C|ent_OMS Orbiter Abort Once Around Profile
propellant is available to achieve orbit.

Abort Once Around (AOA)
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Emergency abort modes also enable the Shuttle
Orbiter to land at sites in Europe and Africa, or to
boost to a safer orbital altitude:

¢ A Transoceanic Abort Landing (TAL) can occur

if the vehicle lacks sufficient speed to achieve a

nominal orbital trajectory following MECO:

- The TAL landing site is selected based upon
the trajectory inclination, and lasts about 35
minutes following liftoff.

- This mode involves a ballistic trajectory which
does not require an OMS maneuver.

e An Abort to Orbit (ATO) mode is used to
achieve a safe orbital altitude if a vehicle
cannot reach the planned orbit:

- An example would be if adequate orbital
insertion speed is not achieved in the region
of MECO.

- OMS engines would be used to circularize the
lower orbit.

PATHWAYS AND DESTINATIONS

External tank
separation (ET sep)

Solid Rocket Booster
(SRB) separation

Launch (KSC) Landing
(Europe, Africa)

Orbiter Transoceanic Abort Landing

/ Nominal orbit
! .
/ altitude

Orbiter Abort to Orbit Profile

TAL & AOA Abort Maneuvers
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A Return to Launch Site (RTLS) abort option I‘;_“t“’h“':d P Nominal
would be executed in the event an engine AICHREONE.(PER) launch
failure or other major system malfunction SReeoR
occurred within about 4 minutes and 20 Power RILS

seconds into a launch:

e This must take place while there is still
sufficient Main Engine propellant remaining
to enable the return, and consists of 3
stages:

- A powered stage takes place when the
Main Engines are still thrusting to a Nominal entry
Powered Pitcharound (PPA) point above > trajectory
the nominal launch trajectory.

- An External Tank (ET) separation stage 0 50 100 150 200 250 300 350 400
occurs immediately following MECO and a Lift-off/
preceding Powered Pitch Down (PPD) Landing
maneuver about 350 nautical miles from
the launch/ landing site. Shuttle Orbiter Return to Launch Site Profile

- A glide phase enters its trajectory at an
altitude below the nominal entry trajectory
about 150 nautical miles from touchdown.

/ initiation

*— Powered Pitch
Down (PPD)

Altitude, H, ft

Range to landing site, R, nm.

Return to Launch Site Abort
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Velocities necessary to put spacecraft on hyperbolic
escape velocities that transfer them to
interplanetary space are determined by the “depth”
of the celestial body’s “gravity well” which must be
overcome:

The velocity can be calculated by the formula

/ZGm
V:
r

Where r = the distance from the center of the body and
Gm = the gravitational constant.

= Applying this formula, the escape speed from the
surface of the Earth (r) = about 4,000 miles and v is
calculated in miles per hour, so that

2
V(Earth)| 22 4%60%01 24,900mph

(7mi/se 11km/sec)

= Applying the formula to lunar and Moon returns:
-Escape from the Moon (2,172 miles diameter) requires
an escape velocity of 5,355 mph (2.38 km/sec).
-Escape from Mars (4,246 miles diameter) requires an
escape velocity of 11,250 mph (5km/sec).

PATHWAYS AND DESTINATIONS

Earth Escape Assuming No Atmosphere

Hyperbolic Escape Velocities
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Mean Radius Circular Velocity

Gravitational
Planet/Sun (km) (km/s) Parameter (km®/s?)

Sun - - 1.327 x 10"

Mercury 57.9 % 108 2232 « 10*
Venus 9.281 x 107 3.257 x 10°
Earth 14.95 x 107 3,986 x 10°
Mars 22,78 x 107 4.305 x 10*
Jupiter 77.8 %107 1.268 x 108
Saturn 14,26 x 10° 3.795 %107
Uranus 28.68 x 108 5.820 x 10°
Neptune 44.94 x 108 6.896 x 10°

Pluto 58.96 x 108 3.587 x 10°

Parameters from Various Departure Origins
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Parking orbit

Hyperbolic departure
trajectory

v park at Earth Av boost

—
v hyperbolic at Earth
From an Earth-entered perspective, delta-V at park must
be increased by delta-v'boost”

Hyperbolic Escape from Earth

Hyperbolic Escape Velocities
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NASA considered 3 different trajectory options for lunar
missions:

e A direct ascent approach would have sent a single
rocket from Earth to the Moon, landed it, and returned:

- This was rejected because a rocket large enough to
carry all fuel required to leave Earth, brake at the
Moon, return, and brake again at Earth was deemed
unrealistically massive.

e An Earth-Orbit Rendezvous (EOR) approach would
separately launch a lunar mission vehicle and transfer
rocket to LEO using available Saturn boosters:

- The lunar mission vehicle would proceed to orbit the
Moon, and then return to LEO.

¢ A Lunar-Orbit Rendezvous (LOR) approach was
selected:

- Everything would be launched from Earth to lunar
orbit in a single rocket and dispatch a small light
weight module that would land with a crew, ascend,
and then rendezvous with the spacecraft in lunar
orbit for crew Earth return.

Direct Ascent

Apollo Mission Option Considerations
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The Apollo Program’s Lunar-Orbit Rendezvous
approach used a Hohmann transfer maneuver that was
timed with the Moon’s orbit around the Earth for
optimum Lunar Orbit Insertion and TransEarth Injection:

¢ The trajectory concept afforded several advantages
over the other options:

- It utilized existing Saturn boosters, saving
development time and money, particularly in
comparison with a massive new vehicle that would
be required for direct ascent.

- It afforded means to place people and equipment on
the lunar surface.

- Since only a small lightweight module would land
(rather than an entire spacecraft) large fuel savings
would result.

e Apollo trip times ranged from 2.75-3.75 days,
depending upon the Moon'’s position in orbit and the
landing site location:
- Minimum-energy Hohmann transfers require about 5
days.
- Slightly higher delta-Vs can reduce transit time by a Mission Transfer Sequences
day or more, but require more fuel.

Apollo Program LOR Approach
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The Moon can also be reached from Earth via SPACEFLIGHT
Lagrangian (or “liberation”) points L1 or L2 using either

direct ballistic or minimum-energy trajectories: ~ Minimum Energy
o . 8-9 days to L2
e Mission staging from L1 or L2 allows access to any

point on the lunar surface at any time without limits on
phasing or orbital geometry associated with other 12 Staging Syl
trajectory types:
- Orbit maintenance is low because a spacecraft

naturally remains in the Lagrange point orbit with

little or no station keeping. \_/-—/ fz-?od;f ,:32:1
- Disadvantages are extra flight time needed to reach Minimum Energy PN

the Moon and return to Earth, and added propellant LiStaging  Cavsto "'gg y A

required to enter/ depart. / / _ /’ 4-6 days to L1

e The minimum-energy way to reach L1 or L2 is to fly //
near the Moon where its gravity reshapes the // P
trajectory and lowers the necessary delta-V: 51—?001?1&;5 ;;:::]
- This approach can reduce delta-V costs by as much
as 100 m/s.

- A minimum-energy disadvantage is added flight time L1 and L2 Staging Comparisons
(3-4 days for L2 staging, and 1-2 days extra for L1
staging).

Mission staging through Lagrangian Points
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Low-thrust trajectories use smaller thrust levels
over longer periods of time to accelerate away
from a planet (such as Earth) on a spiral course:

e Once out of the planet’s sphere of influence or
after velocity is built up sufficiently, the trajectory
appears ballistic:

- The principal advantage of low-thrust
trajectories is associated with their highly
efficient propulsion systems.

- Efficiency benefits are offset for some
applications (such as crew missions) by greatly
extended travel times required during the spiral-

out and spiral-in trip segments. .
: : Low-thrust systems can thrust continuously, or can reach
- Spiral-out segments from Earth are particularly o . : 7 .
. ballistic trajectories and coast to the destination orbit. They
troublesome due to added time in the . . .
can also reverse vector orientation near mid-course and

nazardous Van Allen radiation belts, decelerate for gradual propulsion brakin
- Fuel efficiencies of low-thrust systems may be 9 prop 9:

most at_tracnve fo_r cargo transport and extgnded Low-thrust Options
time/ distance missions to Mars where spiral-
out time is small relative to total transit time and
fuel requirements.
Low-thrust Trajectories
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Apollo missions used various free return and powered
return trajectories with abort options that took
advantage of the Moon’s substantial mass for a
swingby (or “slingshot”) boost:

e A free return trajectory was used for Apollo 8, 10
and 11 missions:

- The spacecraft flew by the Moon and used the
lunar gravitational field to bend the orbit and
enable a return directly back to Earth without
any intermediate propulsive maneuvers.

¢ A modified free return called “H Mission” was
used for Apollo 13 and 14:
- The early trajectory followed Apollo 13 until
successful docking with the Lunar Module,
then used the LM’s engine to alter the trajectory.

¢ A powered return was used for later Apollo 15, 16

and 17 missions: Apollo missions used 3 different trajectory approaches
- The trajectory was similar to the others, but that incorporated abort opportunities.
required intermediate propulsive maneuvers to

keep the Moon’s gravity from bending the Apollo Trajectories with Aborts
trajectory too far from Earth.

Free and Powered Returns/ Aborts
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WSBT Orbit
Weak Stability Boundary (WSB) orbits exploit low-
gravity fields in “chaotic dynamic” regions located
where the gravitational “pulls” of large bodies cancel
out to benefit spacecraft velocities/ orbits for one-way
cargo missions:

¢ WSB conditions in a boundary region about the '_ jw Lunar Orbit (LLO)

Moon are similar in some respects to Lagrange
points 1 and 2, where small maneuvers can have
large effects upon spacecraft motion that offer
important advantages: E,
- Departing a 200 km LEO altitude and crossing
Sun-Earth WSB at about 1.5 km from Earth can
substantially increase Translunar orbit energy.
- Upon arrival at the Moon, the Earth-Moon WSB
can be used to reduce the spacecraft delta-V to a
level that it is captured by the Moon’s gravity Distances in 1000 x km
(potentially saving about 25% of propulsive
requirements).
- WSB potentially offers access to all lunar surface
sites, an exclusive advantage over all other Weak Stability Boundary Transfer Orbit
trajectories, and with no Earth launch window
constraints.

capture

Applying Weak Stability Boundaries
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Apollo missions used surface sites within + 40°
longitude to enable landing and ascent
operations to be tracked from Earth:

e Each of the Apollo free and powered
trajectories presented severe restrictions
regarding sites that were accessible:

- Free return trajectories were limited to lunar
orbit inclinations of + 5° about the Moon’s
equator (assuming that the abort option isn’t
used and the spacecraft enters into lunar
orbit).

- H and J missions allowed trajectories at
higher latitudes, but could not reach polar
sites without giving up the option of free or
powered abort returns to Earth.

- Polar sites have received recent interest due
to the possibility that surface water may exist
in these areas as a source of hydrogen for
propellant and other uses.

C-36
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1-Apollo 11 site 5- Descartes (Apollo 16 site)
2-Apollo 12 site 6- Alphonsus

3~ FRA Mauro (Apollo 14 site) 7- Gassendi

4- Hadley-Apennine (Apollo 15 site) 8- Taurus-Littrow (Apolio 17 site)

I Later missiong .
Dotted line areas near the equator are accessible using

free return, and solid lines bound areas accessible by H
and J mission trajectories.

Apollo Landing Sites

Accessible Landing Sites
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4. Powered Descent Initiation (PDI)
Location: Periapse of transfer orbit

Powered lunar descent strategies must provide for Allitude = 17.5 km

q A q g AT a5t = 57 min
abort contingencies, trajectory shaping to clear Powered landing is iniiated with the conclusion of the coast
phase. In the event of missed ignition, the crew can continue

terrain, pilot or sensor viewing, and piloted or 1o safely orbit the Moon until the problom s resolved.
automat.ed detection and avoidance of landing P e : 5 Powers PT———
hazards: e > Alttude = 0.0 km

Spacecraft coasts nearly § , 3 g::r: ::nseagrf; .

e The process begins with a small propulsive burn in il ol el Spacecraft performs a braking
g ; ; ‘ D panapse. \ maneuver, followed by a combination
the lunar parking orbit to put the vehicle into a o4 pitchup and throttiedown maneuver,
transfer descent orbit: _ ,- e encac

- The transfer orbit has an apoasis (similar to
apogee on Earth) of about 100 km, and a
. . . 2. Deorbit B 1. Lunar Parking Orbit
pe”apSIS (pengee on Earth) Of abOUt 17.5 km. Loc;tion::prgapse of transfer L 100x1l}olcnr1.?:irwlarparkingmbi1
. . . . . i b S ft ts il rking orbit until
- The periapsis altitude is high enough above the - _ P reaching proper locaion 0 periorm
surface to keep the vehicle orbiting in the event of e e iy geomnbun.

descent engine failure. e e e
- The direction of landing can be retrograde
(opposite the Moon's rotation) because the A deorbit burn lowers the spacecraft from a circular 200km
rotation is slow, costing only about 10 m/s more parking orbit to a 100m X 17.5km transfer orbit. It then
delta-V than for a landing. coasts from apoasis to periapsis to begin powered descent
- Following deorbit from parking, the vehicle coasts to the surface.
from apoasis to periapsis, fires its engines, and Deorbit, Coast and Descent to the Surface
lands softly on the surface.

Powered Descent & landing
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Powered lunar descent consists of 3 basic
landing phases:

¢ A braking phase removes most of the
vehicle’s horizontal velocity and altitude:
- Engines thrust at the nominal maximum
level (but may be less than their
maximum thrust to allow for a possible
abort).

¢ A pitching up-throttling down phase
achieves a vertical altitude and reduces
thrust acceleration for landing:

- A reduced delta-V improves engine
efficiency and slows the approach
speed to enable crew or survey sensors
(visual, infrared optical imaging, laser,
radar) to evaluate the landing site.

¢ A final vertical descent phase decreases
the vertically-oriented vehicle’s delta-V for
landing:
- This begins at a 30 m —100 m altitude for
a landing at about 1.2 lunar g’s.

PATHWAYS AND DESTINATIONS
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Final Phases of Powered Descent

Powered Descent & landing
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Lunar polar Lander & Apollo Lunar Module Lunar Polar Lander & Apollo Lunar Module

Powered Descent & landing
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If a crew or sensors detect site hazards
they must have opportunities to
redesignate an alternative location,
applying 3 key considerations:

¢ Timelines of the maneuver to
redesignate:
- By diverting early, the vehicle can
stay on a landing trajectory that
conserves fuel.

¢ Distance to the landing site:

- If a vehicle is close to the surface it
will require substantial fuel/ delta-V to
offset gravitational acceleration
without reducing velocity or altitude.

e Target constraints:

- A final vertical descent altitude of
100 m affords the crew or sensors a
good viewing perspective, and a slow
approach provides time for
navigation corrections.

Powered Landing Target

Redesignation Av is Affected by:

» Timeliness of the target redesignation maneuver
+ Redesignation distance

* Target constraints

Early Landing Site Target Redesignation

+ Landing flight profile similar to nominal profile

* Lower additional Av for a given divert distance

* Constrained by sensor suite capability to identify hazard
and processors to select new landing site (automated)

Late Landing Site Target Redesignation

+ Landing flight profile deviates from
nominal profile

+ Higher additional Av for a given
divert distance

« Constrained by commitment for final
landing sequence

Large
uprange
divert

HUMAN
SPACEFLIGHT

downrange

landing \ s

Small site Small
uprange downrange
divert divert

Redesignating a Landing Site Target
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Abort to Orbit (ATO) decisions must Abort to Orbit
: i . — Immediate staging or descent stage assist
be made early in the braking phase: Powered Descent Phase — Immediate pitchover to ascent attitude
— Maximum throttle setting

e The delta-V required to abort Start Loss of Main
increases as phase elapsed time Egv;;é:f Descent Eﬂ?&g"
progresses: b Engine

- During early descent a vehicle
has greater downrange velocity,
requiring less delta-V for abort.

- Later in the descent profile when
a vehicle is rapidly descending
with relatively little down range
velocity, abort can require more
delta-V than is needed for
surface liftoff.

Depending upon how far a multi-engine stage (4 engines) has

descended, a lander can do 2 possible aborts if an engine fails: 1)

jettison the failed descent stage and ignite the ascent stage and

- A vehicle can be descending so return to orbit; 2) throttle up the remaining descent stage engines
fast that an ascent stage can't and land.

stop it before it hits the surface. Abort to Orbit or Surface with Engine failure

Aborts During Landing
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If a 4-engine lander loses 1 or more engines it
can abort either back to orbit or to the
surface:

e The design of the descent flight profile
allows an Abort to Orbit (ATO) at any time
during the descent:

- Assuming the descent stage is discarded
and the ascent stage is used for the
maneuver, more propellant may be
required than would be needed for
nominal ascent from the surface.

e For an Abort to Surface (ATS), a lander can
recover if 1 or 2 engines fail:

- Depending upon when the descent
engine(s) fail, it may be possible to throttle
up the remaining engines so that they

have the same thrust as 4 engines do for
nominal descent. Abort to Orbit or Surface with Engine failure

Aborts During Landing
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Hohmann transfer trajectories for Trans-Lunar
Injection (TLI) can potentially be launched either
from the Earth’s surface or from LEO (such as the
ISS orbit):

e Missions departing from Earth typically have 2
launch opportunities/ day:

- Launches place the vehicle in an appropriate
parking orbit that intersects the desired transfer
orbit to the Moon.

e From an ISS LEO orbit the vehicle must wait until
the orbit is tangentially aligned with the TLI plane
to avoid costly out-of-plane thrusting penalties:

- The Moon moves around Earth at
approximately 13°/ day in a prograde direction.

- The ISS orbital plane inclination regresses
about 5°/ day.

- Combining these 2 motions yields a TLI launch
opportunity averaging once each 9 days, but
can vary from 6-11 days.

- Windows for each launch typically last less than
1 day.

HUMAN
SPACEFLIGHT

The Spacecraft must lead the Moon as it departs, but the
trajectory does not need to be in the same plane as the Moon’s
Earth orbit.

Departure Conditions from Earth to Moon

Earth & LEO TLI Launch Windows
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If a mission requires a lunar orbit, the ground track SPACEFLIGHT
requirements or landing site accessibility affect the
lunar orbit’s desired inclination:

¢ For a mission driven by a particular landing site,
the orbital inclination should be greater, than or
equal to the landing site’s latitude:

- Once in lunar orbit, the spacecraft can descend
to the surface or ascend from it only during
certain windows of opportunity.

- The plane of the orbiting vehicle remains
essentially fixed in internal space, while the
surface site rotates at the Moon'’s rate of about
13°/day (360° in 27 days).

- For the special case of a spacecraft in an
equatorial orbit, the vehicle has nearly continuous , ol inclinati i i
access to all near-equatorial sites (+ 5° latitude), A Spacggr_aft s orbital inclination dl_ctates S't(_a
orbital period. intervals between ascent/ rendezvous opportunities.

- In-plane lunar ascent/ rendezvous opportunities Relationships Between Orbits and Landing Sites

for other orbits have 27 days.
Orbital Planes & Site Access/ Windows
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The phasing required for returning to Earth is
comparable to leaving for Earth:

e The lunar orbit must be correctly oriented with
respect to the Trans-Earth Insertion (TEI)
trajectory:

- Spacecratft in lunar orbits near the equator
(inclinations less than about 15°) can depart %
for Earth once every orbit. 4 Trans-Edh

. . . . . . traject
- Spacecraft in higher inclination orbits can e
have Earth return windows lasting about 3 Spacecraft in polar orbits can On-orbit

. access any site on the lunar it ti
days and occurring about every 14 days. surface. watttime

- Spacecraft departing from inclinations
between about 15° and polar orbits can also
have opportunities to leave every 14 days to
land on the Earth’s surface or enter Earth Trans-Earth
orbit, but not necessarily to the ISS orbit. trajectory

- The worst-case scenario for phasing from
the lunar surface to orbit, and from lunar
orbit to Earth orbit, would require 27 days.

any time

Earth Return: Launch Window Opportunities

Phasing of Earth Returns
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Phasing of transfers from Earth to lunar orbits,
surface landings and returns is also influenced by
operation and safety factors:
¢ Apollo missions required a specific solar lighting
angle with respect to the lunar surface to enable
crews to detect and avoid obstacles such as rocks
and craters:
- Sometimes a specific landing site had necessary
conditions only once each month.
¢ Apollo missions also required Earth landing in
daylight to assist safe recovery:
- Since crews landed in open oceans, recovery
forces needed to be able to rapidly locate them
and relocate to the landing area.
¢ Future missions may require returns to the ISS
orbit which impose unique access maneuvers and

phasing, or to surface sites with night landing o
accommodations: Returns from the Moon to the ISS Earth orbit impose

- Abort Contingencies must account for orbital safe more restrictive constraints than Earth surface

haven provisions, and for landing at alternate landings.
Iocat|_o_ns to avoid unaccgptable weather ISS Orbit Return Constraints
conditions at a planned site.

Special Phasing Restrictions
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LEO and L2 are logical staging points for missions to
(VETEH

e Circular LEO can be used as a place to assemble
and supply transfer vehicles and payloads:

- This will enable huge mass requirements for
Mars to be delivered to the departure orbit in
parts using commercial-class launches, avoiding
a need to develop enormous new boosters.

- Staging might take advantage of ISS support, but
the ISS orbit inclination may not align with the
Mars departure vector when transfers are
desired.

e Staging from L1 might be beneficial in the event
that hydrogen and/ or oxygen from the Moon could

be used for propellant:
Staging from L1 can be beneficial if lunar propellant is

made available. Less escape energy is needed than from
LEO, and transfer mass could be reduced.

- This might split the fuel supplies between Earth
and lunar sources.

- L1 staging to Mars would require less energy
than from LEO, potentially reducing Mars Staging from LEO and L1
transfer vehicle size and mass.

Staging Points
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Most Mars mission scenarios assume an Apollo-like
strategy that retains an Earth return vehicle in a
Martian orbit while a smaller descent/ ascent vehicle
is dispatched to the surface.

e Two types of Martian parking orbits might be
used:

- Low Mars orbits offer advantages of reduced
entry heating and less delta-V required for
ascent from the surface, but need more
Delta-V to access from Earth and depart
from.

- Highly elliptical orbits (similar to the Molniya
orbits at Earth) place greater delta-V costs on
vehicles ascending from the surface, but relieve
some delta-V burdens for Mars departures.

- Properly positioned highly elliptical orbits can be
used for communication relay between Earth-
return vehicles and Earth throughout the parking

periods. Low-altitude and Elliptical Orbits

Mars Destination Orbits
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Staging for Mars missions might also be conducted
from the Martian moon Phobos:

e This approach anticipates the possibility that
Phobos might be a source of useful materials,
including propellants:

- Phobos is relatively high in the Martian gravity
well, making it less costly to reach and depart
from on a round-trip mission than from the
surface.

- A disadvantage of Phobos as a staging point is
that a vehicle needed to land on Mars and return
will be massive due to the required propellant.

- To access Phobos it will be logical to achieve
capture at Mars’ periapsis, followed by a rise to a
circular orbit that intersects a desired parking
orbit around Phobos.

- A second burn would circularize the parking orbit

around Phobos and prepare for possible descent ) )
to its surface. Staging from the Martian Moon Phobos

Phobos as a Staging Point & Destination

PATHWAYS AND DESTINATIONS MARS TRAJECTORIES




HUMAN
SPACEFLIGHT
Orbit alignment issues for lunar missions also apply
to Mars missions, but a larger phasing problem
results from movements of the Earth and Mars
around the Sun which influence Earth departure and
return opportunities:

¢ Relative locations of the Earth and Mars determine
outbound/ return trajectory options and flight times:

- While Earth completes 1 rotation around the Sun
in 365.25 days (average angular rate of 0.9856°/
day), Mars completes 1 rotation in 686.79 Earth
days (average angular rate of 0.5242°/ day).

- A Hohmann transfer between Earth and Mars
requires 258.8 days to complete the 180° transit
traveling at an average rate of 0.6954°/ day.

- Using these averaged angular dates, Mars must
be 44.3° ahead of Earth at time of launch in order

for rendezvous to occur 258.8 days later. Minimum-energy Transfer to Mars

Influences of Planetary Motions
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Using a minimum-energy transfer, Mars must be For return, Mars must be 75° ahead of Earth at
44.3° ahead of Earth at the time of departure. departure. Correct alignment will require 44 days
The outbound trip will require about 259 days. of waiting plus 259 days of return travel.

Earth-Mars Travel Time Surface and Return Time

Minimum-energy Mission Time
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Repetition rate for identical phasing =
360 deg
0.9856deg/day —0.5242deg/day

=780 days

Number obpportunities for fullprogressiom
360 deg -
49 deg peropportunityy

around Sun=

The Earth and Mars return to their
original initial positions on the 8"
sequence.

The time required between comparable alignments of 2 orbiting bodies is called the “synodic period”. This
period for the Moon and Mars is 780 days (26 months), which is the time between successive opportunities
to launch spacecraft to Mars. On the 8th opportunity in this sequence, the Earth and Mars will return to the
same inertial space they occupied on the 1st opportunity 15 years earlier.

Repetitive Phasing of Earth & Mars

PATHWAYS AND DESTINATIONS MARS TRAJECTORIES




HUMAN
SPACEFLIGHT
Three general categories of trajectories proposed for
Earth-Mars missions are “conjunction- class”,
“opposition-class” and “Venus flybys”.

¢ Conjunction-class refers to Hohmann-type
minimum-energy trajectories which are the most
traditional and slowest approach, providing long
stay times at Mars:

- At Mars arrival, Earth is moving into conjunction
with Mars (the Sun and Mars are on the same
side of Earth).

- The 2 planets are out of phase for return until 1.5
years (516 days) later.

- When planetary phasing is correct, the return
trajectory concludes with a relatively short flight
(191 days return vs. 235 days outbound).

- Long stay times in combination with travel times
require 2.9 years for lowest-energy cases.

- Long outbound travel times make these low
delta-V trajectories particularly attractive for Typical Conjunction-class Category
cargo missions.

Conjunction-class Missions
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A conjunction-class variation is a “fast-transit” type
which offers relatively short transit times to and from
Mars at the cost of higher delta-V requirements:

¢ The spacecraft overtakes Mars following a 120 day
outbound leg, and returns to Earth in the same
amount of time about 1.7 years later:

- Shortened travel times may offer health
advantages for crews by reducing deconditioning
effects of weightlessness in addition to lessened
exposures to space radiation.

- Travel time advantages may be offset to some
extent by extended surface time (more than 3
months longer than conventional conjunction-
class), although total mission time will be reduced
by nearly that much.

- Larger delta-V requirements translate into more
fuel mass that must be launched from Earth,

: SR Fast-transit Conjunction Trajectory
adding substantial mission expense.

Conjunction-class Missions
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Total Mars Total
Mission Stay- Mission
Launch Outbound Av Av Return  Duration Av Launch Av  Outbound Av Time Aw Return  Duration v
Date : (days) mor' TEI  (days) (days) Total” Date ™ (days) Mol'  (days) TEI (days) (days) Total

4/03/01 200 2532 2108 950 8278 09/12/05 4850 4130 624 5010 120 13,990
6/08/03 204 2085 2647 943 8316 11/01/07 5706 5749 622 6392 17,848
8/20/05 2038 923 12/10/09 6141 6882 621 6641 19,664
10/06/07 2032 2278 947 011612 6213 6998 618 18,804
11/08/09 1988 2064 922 02/24/14 5817 6157 614 15,818
11/28M11 2532 1989 929 04/1116 4649 624

11714 3832 2794 458 1941 06/12/18 3345 639

31116 3739 2677 529 1983 08/20/20 3559 624 4431

51118 3530 2230 553 2466 10/14/22 5192 624 5946

7/27/20 3807 2031 517 2748 11/25/24 6055 6509 - 621 6706

TMI  Trans-Mars Injection Launch from 1SS altitude orbit TMI Trans-Mars Injection * Launch from ISS altitude orbit
MOI Mars Orbit Insertion 500 km circular orbit at Mars MOI Mars Orbit Insertion 500 km circular orbit at Mars
TEl Trans-Earth Injection ** Assumes direct entry upon Earth return (all velocities in m/'s) TEl Trans-Earth Injection ** Assumes direct entry upon Earth return (all velocities in m/s)

This data assumes that aerocapture will be used to A flight time of 120 days was selected to be within
make propellant delta-V for Earth braking current US mission experience. Earth aerocapture

unnecessary. is assumed.
Earth-Mars Travel Time Surface and Return Time

Conventional & fast-transit Conjunction-class Parameters
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Opposition-class (high-energy) trajectories can
reduce total mission durations by half over all
conjunction-class missions, but at the cost of more
fuel:

e The spacecraft arrives at Mars as Earth is leaving
opposition with Mars (the Sun and Mars are on
opposite side of the Earth):

- Surface stay time is relatively short (20-40 days),
after which the spacecraft must get back on a
return trajectory to catch up with Earth which is
moving out of phase.

- The vehicle must move inside Earth’s orbit

(closer to the Sun) in order to achieve the high

velocity needed to catch up, adding substantial

fuel requirements.
These trajectories have 2 unequal transfer “legs” which
afford options of placing the longer leg on either the
outbound or inbound mission segment as desired.

- Approximate 3-6 week surface times may be
adequate for most human Mars missions, and
combined with reasonably short travel times may
afford significant crew health/ safety advantages. Phasing of Arrival and Departure

Opposition-class Missions
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This data assumes that aerocapture will be used to
make propellant delta-V for Earth braking

unnecessary.
Opposition-class Missions
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Mars Total

Stay- Mission
Launch Av Venus Outbound Av Time Av  Return Duration Av
Date TMI*  Swingby (days) Mol*  (days) TEl (days) (days) Total**

04/01/01 3635 Inbound 201 2538 40 4248 345 10,422
08/22/02 3820 Outbound 302 4744 40 3134 11,704
06/09/04 Outbound 4429 40 2639 11,198
08/27/07 4600  Inbound 4341 40 4030 12,972
01/17/09 4208 In & Out 3339 40 3367 11,342
11/28/10 4426 Outbound 3502 40 2494 10,422
11/2113 3692  Inbound 2464 40 4419 10,575
10/26/15 4865 Inbound 3136 40 4810 12,811
04/06/17 4181 Outbound 3780 40 2531 10,502

06/09/20 4164 Inbound 2707 40 3961 10,832

TMI Trans-Mars Injection * Launch from ISS altitude orbit
MOI Mars Orbit Insertion * 500 km circular orbit at Mars
TEl Trans-Earth Injection ** Assumes direct entry upon Earth return (all velocities in m/s)

This data assumes that aerocapture will be used to
make propellant delta-V for Earth braking
unnecessary.

Venus Flyby Missions

Opposition-class & Venus Flyby Parameters
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Opposition-class trajectories can be made more
efficient by applying a deep-space “flyby” maneuver
that uses another planet such as Venus as a
“slingshot” to reduce propellant requirements:

e This trajectory applies the same opposition-class
outbound transfer, using the swingby to add
velocity on the return leg:

- Flight crews will now stay on the Mars surface for
roughly 60 days (compared with 3 weeks) before
the Earth catch-up maneuver on the return.

- Venus would reshape the return trajectory to
provide a gravity-assist for a tangential approach
to Earth.

- Total trip time increases slightly to about 1.9
years (0.4 year more than non-swingby), but
requires much less fuel with a more reasonable
stay time.

- Use of this approach requires proper phasing
with Venus as well as with Mars.

PATHWAYS AND DESTINATIONS
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Mars arrival
2/15/2008

Depart Mars
3/26/2008

Q Mars at Earth
departure

Earth at Mars
departure

Mission Times
Outbound 169 days
Stay 40 days
Return 361 da
Total mission 570 days

O Mars at Earth
return

One leg of this trajectory passes well inside the Earth’s
orbit relative to the Sun.

Venus Flyby Between Earth and Mars

Opposition Mission with Flyby

MARS TRAJECTORIES
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LI New orbit

after gravity

: . . Original orbit before /" assist
During a gravity-assist maneuver, a planet pulls the gravity assist

spacecraft, changing its velocity with respect to the Sun
and altering its orbit.

~

If a spacecraft passes behind a planet in the planet’s
orbit around the Sun, the spacecraft’'s energy/ velocity
will increase (a).

If a spacecraft passes in front of a planet in the planet’s
orbit around the Sun, the spacecraft's energy/ velocity
will decrease (b).

Planet 1

Spacecraft Passing Behind a Spacecraft Passing Between a
Planet in its Orbit of the Sun Planet and the Sun

Flyby Orbit Gravity- assists
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Low-thrust trajectories for Mars are similar in fundamental
aspects to those formerly discussed for the Moon:

¢ Beginning with a slow outward spiral to gain velocity
necessary to escape Earth’s gravity well, they continue
to accelerate to interplanetary speed, then coast, and
later reverse orientation to thrust for deceleration to the
destination orbit:

- If used also for Earth return, the procedure is
reversed, although they may be most useful for
efficient one-way cargo delivery missions.

- Surface stay times prior to Earth return opportunities
may range from 100-200 days, with total missions
requiring about 2.5 years (depending upon the
particular system’s thrust characteristics).

- Flight times can actually be faster than low-energy
ballistic trajectories can achieve, but prolonged
periods of spiral transitions through the Van Allen

radiation belts present crew hazards. Low-thrust Trajectory Phases

Low-thrust Missions
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Cycler orbits are proposed to enable spacecraft to
repeatedly re-encounter Earth and Mars to transfer crews
and supplies using shuttle-type “taxis” to rendezvous
between the surface and orbit at both planets.

¢ A “Versatile International Station for Interplanetary
Transports” (VISIT) concept would accomplish each
round-trip voyage in a 1.25 year period:

- The VISIT orbit is commensurable with Earth in a 4:5
ratio (as the spacecraft travels around the Sun 4 times,
the Earth would go around 5 times).

- The spacecraft would re-encounter Earth every 5
years.

- With Mars, the same orbit has a commensurability of
3:2 (the spacecraft completes 3 orbits while Mars
orbits the Sun twice), and the spacecraft re-encounters
Mars every 3.75 years.

- To use these orbits most effectively, 2-3 cycler
spacecraft would operate simultaneously in different
Earth-Mars orientations.

PATHWAYS AND DESTINATIONS
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The VISIT Concept

Low-thrust Cycler Orbits
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Apollo Astronaut, Dr. Buzz Aldrin has proposed a cycler
concept known as the “UP/ DOWN-Escalator” orbit:

e The UP part of the orbit originates with a short transfer

“up” past Mars for a longer transfer “down” through an
Earth orbit:

- An Earth gravity-assist maneuver around the orbit’s
major axis sets the spacecraft on a path for the next
Mars encounter, followed by another long trip back for
another Earth swingby.

- The swingbys adjust the spacecraft course to enable it
to keep up with the progressive process of Earth-Mars
phasing orientation (rotating the semi-major axis about
50° counterclockwise between successive phases
around the Sun).

- The Escalator orbits have relatively higher encounter
velocities at Earth and Mars than the VISIT concept,
but offer much more frequent encounters (every 2

years compared with 3.75), potentially reducing the

number of cyclers needed. UP/ DOWN- Escalator Concept

Low-thrust Cycler Orbits
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Additional information relevant to this section can be found in Part | of this SICSA Space Architecture Seminar
Lecture Series titled Space Structures and Support Systems.

Key reference sources are the Cambridge Encyclopedia of Space (Cambridge University Press), the International
Reference Guide to Space Launch Systems - Second Edition (AIAA Publication), Human Spaceflight Analysis and
Design (The McGraw Hill Companies Inc.) and Spacecraft System Design and Operations (Kendall/Hunt Publishing
Company). These and other relevant publications are listed below:

American Astronautical Society, The Journal of Astronautical Sciences, quarterly publication of the American
Astronautical Society

Astore, W., Giffen, R., Larsen, W., Understanding Space: An Introduction To Astronautics. 2nd Edition. The
McGraw-Hill Companies, Inc., 2000

Bate, Roger, R., et al. Fundamentals of Astrodynamics, Dover Publications, 1971. Calculus level mathematics

Battin, Richard H., 1987, An Introduction to Mathematics and Methods of Astrodynamics, New York, NY: AIAA
Education Series

Belbruno, E., and Carrico, “Calculation of Weak Stability Boundary Ballistic Lunar Transfer trajectories”, AIAA/AAS
Astrodynamics Specialist Conference, AIAA 2000-4142, Denver, Colorado, August 14-17, 2000

Capellari, Jr., J.O, ed. 1972, Where on the Moon? An Apollo Systems Engineering Problem. The Bell Systems
Technical Journal, 51:995-1127

Cortright, Edgar, M., editor, Apollo Expeditions to the Moon, NASa SP-350, Government Printing Office, 1975
Damon, T.D. Introduction To Space : The Science of Spaceflight, 3rd Edition, Krieger Publishing Co., 2000
Melbourne, William, G., “Navigation Between the Planets”, Scientific American, June, 1976
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Conference, AAS Science & technology Series, Vol. 62, July 10-14, 1984, Boulder, co.

Houston, A., Rycroft, M., Keys to Space- An Interdisciplinary Approach to Space Studies, McGraw Hill, 1999

Jursa, A.S., ed. “Handbook of Geophysics and the Space Environment”, Air Force Geophysics Laboratory,
Hansfcom, AFB, 1985

Kivelson, M., Russel, C.T., eds. Introduction to Space Physics, Cambridge University Press, 1995

Larson, W., Pranke, L., Human Spaceflight: Mission Analysis and Design, 1st edition, McGraw hill, 1996

Little, A.D., Inc. 1987, Final Report of the Advanced Space Transportation Systems (ASTS) Study, ADL Reference
54104.

Muolo, Michael, J., et al. Space handbook, Vol. 1, A Warfighter's Guide to Space and Vol.2, An Analyst’s Guide, Air
University Press, December, 1993. Mostly descriptive with some algebra

Neihoff, J.C., and S.J. Hoffman.1996, “Strategies for Mars: A Guide to Human Exploration”, Science & technology
Series, A Supplement to Advances in the Astronautical Sciences, Vol. 86, AAS 95-478, ed. Carol Stoker and Carter
Emmert, San Diego, CA: Univelt, Inc.

Nicogossian, A., Huntoon, C., Pool, S., Lea and Febiger Space Physiology and Medicine, Lea & Febiger,
Philadelphia, PA, 1989

Peters, J., Spacecraft Systems Design and Operations, Kendall/ Hunt Publishing Co., Dubuque, lowa, 2002
Prussing, John E., and Bruce A. Conway, Orbital Mechanics, Oxford University Press, 1993. Vector calculus levels
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