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PREFACE TO THE
FOURTH EDITION

When I was thinking about what to say in this foreword to the fourth edition, I had a
look back over the previous editions to get a flavour of what was going on when they
were published—the first two decades ago! Obviously a great deal has changed in that
time, which is of course reflected in the current book’s content. However, one aspect that
has remained constant throughout that time is the influence that the US Space Shuttle has
had as the work-horse of the West’s human spaceflight programme.

The Shuttle’s first launch three decades ago, in 1981, was for me one of those landmark
events that somehow spurs the memory to recall exactly where you were and what you
were doing at the time. For me, the 12 of April 1981 was a glorious spring day, during
which my wife and I enjoyed the climb of a peak in the remote north-west Highlands of
Scotland. However, sensing the historic character of the day’s events, I do recall a resolve
at the end of that glorious day to find out how the first historic flight of Shuttle Columbia
had gone. The subsequent history of the Shuttle programme is well documented. Despite
the high cost of operations, the programme has overall been hugely successful, but also
overshadowed by the human cost of desperate tragedies. Coming full circle, this year sees
the retirement of this remarkable machine, again an event with a personal dimension—the
commencement and retirement of the Shuttle’s space career have coincided closely with
my own career in the space industry and academia! Consequently, like an old friend, it’s
always been there.

The Shuttle retirement has inevitably forced a rethink of the US human spaceflight
programme. As a consequence, the Bush administration proposed the Constellation pro-
gramme which centred on a new crewed spacecraft Orion. This was to be lifted to orbit by
the Shuttle replacement—the man-rated Ares 1 launcher. The other significant component
of the programme was a heavy-lift launch vehicle called Ares 5, which would indepen-
dently orbit the massive payloads required for human exploration beyond Earth orbit. The
main objectives of the programme were a return to the moon by 2020, and preparations
for a crewed landing on Mars in the longer term. However, the incoming Obama admin-
istration has effectively overturned the ‘Bush vision’, throwing open the development of
human access to orbit to private venture, abandoning the immediate prospect of human
exploration beyond Earth orbit, and extending the lifetime of the International Space Sta-
tion to 2020. In the short-term this has led to the rather bizarre situation of focusing
US human spaceflight activities on Earth orbit, but without the independent means of
US astronauts to reach it. At the time of writing, the future development of US human
spaceflight is unclear, which raises the prospect that the next footprints on the moon’s
surface may be those of Chinese taikonauts. As far as the book content is concerned,
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this has not been a good time to attempt to write about this aspect of space activity.
For example, reference to the Space Shuttle is minimal throughout the current edition,
and the emphasis in the launch vehicles section (Chapter 7) is on the European Ariane
launcher programme (although there is some discussion of the Ares launchers, which in
the fullness of time may, or may not, be relevant).

The majority of the book content, however, focuses on the design and engineering of
unmanned spacecraft, and around the turn of the millennium, the ‘faster, better, cheaper’
design philosophy was particularly influential in reducing the size and mass of science
spacecraft in particular. However, this has been tempered somewhat by the occurrence of
inopportune in-orbit failures, which have provided lessons that maybe faster and cheaper
are not necessarily better. However, the explosion of interest in small, capable spacecraft
continues unabated, and this is reflected in an updated Chapter 18 on small satellite
engineering.

At the other end of the size range, there are a number of major robotic spacecraft
programmes that will be making the headlines soon after this edition hits the book shelves.
Perhaps, the most significant of these is the follow-on to the Hubble Space Telescope,
which has been christened the James Webb Space Telescope. This is to be launched in
around 2014 to the L, Sun-Earth Lagrange point, around 1.5 million km from Earth.
With a mirror nearly three times the size of Hubble’s, the scientists are looking forward
to an explosion of new cosmological discoveries resulting from its operation. At the same
time, the ESA comet probe Rosetta should be beginning its mission in orbit around comet
67P/Churyumov-Gerasimenko, and it is anticipated that the Rosetta data will provide a
step function in our understanding of the origins of our local environment, the solar
system. In the world of application satellites, a new global navigation satellite system
called Galileo should become operational, also around 2014. This is a civil programme,
funded by the European Union, involving the launch of a constellation of 30 satellites
in Earth orbits at a height of around 23 000 km. It is hoped that the introduction of this
non-military system will remove the reticence of civilian organisations to embrace the
technology of satellite navigation in their operations. One significant development arising
from this is the prospect of satellite navigation being fully utilized in the arena of civil
air traffic control.

This fourth edition of Spacecraft Systems Engineering has been significantly revised and
updated throughout, so that readers can master the many facets involved in an unmanned
space vehicle project, like those mentioned above, from early system design through to
in-orbit flight operations. There are also some ‘all-new’ features which are worthy of
additional mention. Current trends in interplanetary missions have suggested that a new
section on low-thrust trajectories would be helpful, and this has been added to the already-
extensive Mission Analysis chapter (Chapter 5). The previous Chapter 14 on Ground
Stations has been rewritten. The new version has been entitled ‘Ground Segment’ to
emphasize that this area is not just about ground station aspects, but also includes many
other activities such as flight operations. A new chapter (Chapter 17) has been added
devoted to the important topic of Assembly, Integration and Verification, which focuses
on the later stages of a spacecraft project when the whole system is brought together
and tested prior to launch. The old chapter on Product Assurance has been completely
rewritten (Chapter 19) to reflect the diverse aspects of PA, including that of software. This
is particularly pertinent in the space sector, in which the manufactured ‘products’ often
must survive many years in a hostile environment without the benefit of maintenance.
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The final chapter on Spacecraft System Engineering (Chapter 20) has also been rewritten,
changing the emphasis to discuss system design methods—in particular that of concurrent
engineering design. System design in action is illustrated by discussion of the design
development of the ESA Cryosat spacecraft, which is used as a case study.

Finally, the editors wish to thank the army of contributors who have given their time
and effort to bring this edition to fruition—without them a new edition would not have
been possible. We are also indebted to the team at Wiley, in particular to Nicky Skinner
and Gill Whitley, whose assistance throughout the period of compilation of the manuscript
was invaluable. As this stage was drawing to a close, and the production process was
beginning, we were shocked and saddened by the sudden death of Nicky Skinner in March.
My regret is that our working relationship was conducted purely by email as is often the
case these days. Although I did not have an opportunity to meet up and consolidate
that relationship, nevertheless I feel I got to know Nicky very well. I am thankful for
her assistance throughout, and it is entirely appropriate that this edition is dedicated to
her memory.

Graham Swinerd
Southampton, March 2011



PREFACE TO THE
THIRD EDITION

Graham Swinerd, my friend and colleague, took over the running of the Space Technology
short courses at Southampton University when I retired in 1989. Who would be a better
choice than Graham to take over the role of principal editor for this new edition of
Spacecraft Systems Engineering? I am sure that Graham will build on the reputation that
the past editions have achieved, and I wish him success in his new role. Over to you,
Graham. . .

Peter Fortescue, Southampton, July 2002

Since the publication of the previous edition, Dan Goldin’s ‘Faster, Better, Cheaper’ space
mission philosophy has had a major impact upon American activities. As a consequence,
the last of the heavyweight interplanetary spacecraft, Cassini, was launched in October
1997 on its mission to Saturn. Programmes such as NEAR Shoemaker, which launched
a relatively small but capable spacecraft in February 1996 to orbit and ultimately to land
on a small body—the asteroid 433 Eros—have substituted this type of mission. These
‘small missions’ have significantly influenced current and proposed planetary exploration
programmes.

In the same interim period, we have also seen the launch of constellations into low
Earth orbit, for global mobile communications using handheld telephones—in particular,
the Iridium constellation, the first satellites of which were lofted in May 1997. Although
financial problems have impacted this programme, it nevertheless heralds large-scale use
of constellation systems in many application areas. There are great benefits to the usage
of these distributed systems, not only in communications and navigation applications but
also in improving the temporal coverage of Earth observation. There is also an implicit
trend here to use a number of small, but capable, spacecraft to do the job of one or two
large satellites.

The principal driver for the development of small satellite technology is the reduction
in cost associated with access to space. The elements contributing to this philosophy are
low launch costs, a short design, build and test period, a less complex ground interface
and operations, and the recognition of a means of testing new spacecraft technologies in
a relatively low financial risk environment.

At the other end of the size spectrum, December 1998 saw the first elements of the
International Space Station (ISS) being brought together in orbit. If development continues
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as originally planned, around 2005, the ISS will become the largest structure (~400
tonnes) ever to be deployed in Earth orbit, marking the beginning of permanent habitation
in space.

These various developments have had a significant influence on the structure of the new
edition of the book. The major changes involve the removal of the chapter on atmospheric
re-entry, and the addition of a new chapter on small satellite engineering and applications.
Much of the removed material has been redistributed in other chapters, however, for
example, Earth atmosphere re-entry is included in Chapter 7 (Launch Vehicles), and
sections on aero-manoeuvring have been included in Chapter 5 (Mission Analysis). The
new Chapter 18 on Small Satellites has been contributed by Martin Sweeting and Craig
Underwood of the Surrey Space Centre, based at the University of Surrey, UK. Both
individuals are recognized internationally for their expertise in this field. The chapter,
built on the huge expertise of the Surrey Space Centre, gives insights into small satellite
systems engineering in general. Given the growing activity in this area, no textbook of
this kind is complete without such a contribution.

Other chapters have been rewritten—in particular, Chapter 8 (Spacecraft Structures),
Chapter 11 (Thermal Control), Chapter 16 (Electromagnetic Compatibility) and
Chapter 19 (Spacecraft Systems Engineering)—and most of the others have been
substantially revised, including a discussion of constellation design and small-body
missions in Chapter 5 (Mission Analysis).

Some of the authors of the second edition have retired, and new names have appeared
in the contributors list. The editors are grateful to all of them for their contributions. It is
also sad to report that three of our previous authors have died in the interim—Howard
Smith (Telecommunications), Les Woolliscroft (Spacecraft Electromagnetic Compatibility
Engineering) and Mervyn Briscoe (Spacecraft Mechanisms). Each of them will be sadly
missed.

The reader may have noticed the dedication at the front of the book to one of these
authors, Mervyn Briscoe, who was actively involved in revising his chapter on Mecha-
nisms when he died in 2001. Our thanks are also due to Guglielmo Aglietti who jumped
into the hot seat to complete the revision of Mervyn’s chapter as a co-author. Mervyn
gave loyal service as a contributor to the short course activity at Southampton over many
years, and we would like to acknowledge this by dedicating this edition to his memory.

Finally, it is appropriate to thank both Peter Fortescue and John Stark for their pio-
neering work in bringing the previous editions to fruition, and for their valued assistance
with this one.

Graham Swinerd
Southampton, July 2002



PREFACE TO THE
SECOND EDITION

This second edition comes in response to a phone call that we editors had been dreading.
‘Had we thought of producing a second edition?” After much consideration our answer
was ‘Yes’, and here it is.

Not only has it given our contributing authors a chance to update the material in their
chapters—the technology is developing all the time and five years is a long time! It
has also given us the opportunity to rectify some of the errors in the first edition (and
possibly to introduce some new ones), and to respond to suggestions from readers about
the content and to our inevitable ‘second thoughts’ on the matter. As a result there are
two new chapters.

The first is on Mechanisms—important equipment on spacecraft. They are an essential
part of many of the systems that are covered in the other chapters, but having their own
requirements we have given them chapter status here. They are a specialist topic, involving
the problem of moving one mechanical part relative to another. For an application that has
a long life, no servicing, no disturbance to the structure, and ideally no single point failure
as design objectives, mechanism designers are faced with a challenging task. Chapter 16
tells us how they have responded to it.

The second additional chapter addresses the subject of System Engineering. The first
edition has no hyphens in its title. Those who read the title as meaning ‘The Engineering
of Spacecraft Systems’” will probably have found that the content was much as they had
expected. Indeed there have been enough satisfied readers to cause the dreaded question
of a second edition to be raised. However, it could also be read as meaning ‘Systems
Engineering of Spacecraft’, and those who interpreted it as such will no doubt have been
disappointed to have found little on the discipline of System Engineering in the book.

So our response is to retain the same ambiguous title, and to retain the same thrust
as in the first edition. But we have added a new chapter (No. 19), which focuses on the
subject of Systems Engineering of spacecraft. It is written by authors within the spacecraft
industry who have experience in that activity. We hope it will bring together the pieces
of the jigsaw puzzle that are to be found among the other chapters, and will show how
they can be fitted together harmoniously to form a viable whole—a spacecraft that meets
its design objectives in a viable manner.

Since the first edition some of our authors have moved to new locations; some have
retired. New names have appeared in our list of contributors. We editors are grateful to
them all—new and old—and trust that this edition presents ‘second thoughts’ that are
an improvement on the first.



PREFACE TO THE
FIRST EDITION

This book has grown out of a set of course notes, which accompany a series of short
courses given at Southampton University. These courses started in 1974 with a two
week ‘space technology’ course, and they are aimed at the recent science or engineering
graduate who wishes to become a spacecraft engineer. The courses are still thriving, now
serving much of European industry, with one-week versions for experienced engineers,
sometimes senior ones, who are specialists in their own fields.

On the courses, the attendees work in competing teams on a project that involves design-
ing a spacecraft in response to an overall objective. Over the years, mission designs
have been directed at all application areas: science, astronomy, communications and
Earth observations. There is now a ‘museum’ of models that demonstrate vehicle lay-
outs and support the attendees’ presentations covering operation, subsystem specification
and launch constraints. These models demonstrate system viability rather than detailed
design. The projects are designed at ‘system level’, and their supervision has provided a
basis for deciding the level of detail that should be included in this book.

The coverage in this book is therefore aimed at giving the breadth that is needed by
system engineers, with an emphasis on the bus aspect rather than on the payload. The
specialist engineer is well served with textbooks, which cover many of the subsystems
in detail and in depth. He is unlikely to learn very much about his own specialist topic
from this book. But he may well learn something about other specialists’ disciplines, and,
it is hoped, enough for him to appreciate the trade-offs that affect his own subsystem in
relation to others.

Chapters 2 to 5 set the general scene for spacecraft, and particularly for satellites. They
must operate in an environment that is generally hostile compared to that with which we
are familiar on Earth, and the main features of this are described in Chapter 2. Chapters 3
and 4 address the dynamics of objects in space, where the vehicles will respond to forces
and moments that are minute, and which would be discounted as of no significance if
they occurred on Earth. Indeed, most of them do occur here, but we do not often operate
in a fully free state, and our Earth-bound vehicles are subject to other, much larger forces.

Chapter 5 relates the motion of the spacecraft to Earth rather than to the inertially based
reference system of celestial mechanics.

Chapters 6 to 15 address the main subsystems. Chapters 7 and 8 cover the subjects
of getting off the ground and returning through the atmosphere. Chapters 6, 9 to 12 and
14 deal with the main subsystems on board the spacecraft, that include the on-board end
of the telemetry and control link (Chapter 14) with ground control (Chapter 15). The
communication link is covered in Chapter 13 in which the fundamentals of the subject
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are included together with their rather special application to spacecraft. This is relevant
to the telemetry and control link and to a communications payload.

Chapter 16 introduces electromagnetic compatibility (EMC), one of the subjects that
must be addressed by the systems engineer if the various subsystems are to work in
harmony. Product assurance is of vital concern to spacecraft engineers. Their product(s)
must survive a hostile launch environment and then must last many years without the
luxury of any maintenance. It does great credit to the discipline they exercise, that so
many of their products do so.

We editors would like to express our thanks to the authors who have contributed
chapters in the book. Most of them have lectured on the courses mentioned above. Our
task has been to whittle down the material they have provided since they have been very
generous. We are grateful too for their patience. The conversion of course notes into a
book was expected to be a short process. How wrong we were!

We would also like to thank colleagues Graham Swinerd and Adrian Tatnall, who read
some of the texts and gave advice. And finally our thanks to Sally Mulford, who has
converted some much-abused text into typescript with patience and good humour.
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Transfer Vehicle

Antenna Pointing
Mechanism, also
Attached Pressurized
Module

Active Pixel Sensor

AQAP

ARQ
ASAP

ASAR
ASIC
ASK
ASS
ASW
ATCS
ATSR
AU
BCDT

BCH

BCR
BDR

BER
BMDO

BMU
BOL
BPF
BPSK
BRTS

BSF
BSR
CA

Allied Quality Assurance
Publication

Automatic report queuing

Ariane Structure for
Auxiliary Payloads

Advanced Synthetic
Aperture Radar

Application-specific
integrated circuit

Amplitude-shift keying

Antenna Support Structure

Address and
synchronization word

Active Thermal Control
System

Along-track Scanning
Radiometer

Astronomical Unit (mean
distance from Earth to
Sun)

Binary code data transfer

Bose-Chaudhuri-
Hocquenchem

Battery Charge Regulator

Battery Discharge
Regulator

Bit error rate

Ballistic Missile Defence
Organization

Battery Management Unit

Beginning of life

Band-pass filter

Bi-phase-shift keying

Bilateration Ranging
Transponder System

Back-Surface Field

Back-Surface Reflector

Contingency Analysis
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CAD
CADU
CAM
CCB
CCD
CCIR

CCITT

CCSDS
CCU
CDF
C&DH
C&DM
CDMA
CDR
CE
CEV
CFDP
CFRP
CHAMP
CHRIS
CIS

CLA
CLTU

CMG
CMOS

CNES

COMSAT

LIST OF ACRONYMS

Computer Aided Design

Channel Access Data Unit

Civil, Aircraft, Military

Configuration Control
Board

Charge coupled device

Comité Consultatif
International de
Radiocommunication

Comité Consultatif
International de
Téléphonie et de
Télégraphie

Consultative Committee for
Space Data Systems

Central Communications
Unit

Concurrent Design Facility

Control and Data Handling

Configuration and Data
Management

Code-division multiple
access

Critical Design Review

Concurrent Engineering

Command Execution
Verification

CCSDS File Delivery
Protocol

Carbon fibre reinforced
plastic

CHAllenging Minisatellite
Payload

Compact High Resolution
Imaging Spectrometer

Confederation of
Independent States

Coupled loads analysis

Command Link Transfer
Unit

Control moment gyroscope

Complementary metal oxide
semiconductor

Centre National d’Etudes
Spatiales (French
National Space Agency)

Communications Satellite

COTS
CPL
CPM
CR
CRP

CSG
CTM
CVCM

Cw
DARPA

DB
DC
DCP
DoD
DLR
DM

DOF
DORIS

DPL

DPSK

DRS

DSBSC

DS-CDMA

DSN

DSP

ECR

ECSS

EDA

EDAC

EEE

Commercial off the shelf

Capillary-pumped loop

Coarse pointing mechanism

Corrosion resistance

Contingency Recovery
Procedure

Centre Spatial Guyanais

Collapsible Tube Mast

Collected volatile
condensable materials

Continuous-wave

Defence Advanced Research
Project Agency

Data Base

Direct current

Data Collection Platform

Department of Defence
(USA)

(German Aerospace Centre)

Development Model

Degree of freedom

Determination of Orbit and
Radiopositioning
Integrated by Satellite

Declared Parts List

Differential phase-shift
keying

Data Relay Satellite

Double side-band
suppressed carrier
modulation

Direct Sequence Code
Division Multiple Access

Deep Space Network

Digital signal processing,
also Digital Signal
Processor

Engineering Change
Request

European Cooperation for
Space Standardization

Electrically Despun
Antenna

Error detection and
correction

Electrical, Electronic and
Electromechanical



EGSE

EIRP

ELV
EM

EMC

EMI
EMP
EOEP

EOL
EOS

e.p.
ER-MIL
ERS
ERT
ESA
ESATAN

ESD
ESOC

ESTEC

ESTL

EUMET-
SAT
EURECA

EUTEL-
SAT

EVA
EWSK
FAR
FBC
FCP
FDIR

FDMA

FE

LIST OF ACRONYMS

Electrical Ground Support
Equipment
Equivalent isotropic radiated
power
Expendable Launch Vehicle
Electrical Model, also
Engineering Model
Electromagnetic
compatibility
Electromagnetic interference
Electromagnetic pulse
Earth Observation Envelope
Programme
End of lifetime
Earth Observing System
Equivalent particle
Established Reliability-MIL
Earth Resources Satellite
Earth Received Time
European Space Agency
European Space Agency
Network Analyser
Electrostatic discharge
European Space Operations
Centre
European Space Research
and Technology Centre
European Space Tribology
Laboratory
European Meteorological
Satellite Organization
European Retrievable
Carrier
European
Telecommunications
Satellite Organization
Extra-vehicular activity
East-West Station Keeping
Flight Acceptance Review
Faster, Better, Cheaper
Flight Control Procedure
Fault detection, inspection
and recovery
Frequency-division multiple
access
Finite element

FEA
FEEP

FEM
FET
FFSK
FGSE

FIFO
FIRST

FITS
M

FMECA

FOG
FOP

f.o.r.
FOV
FPGA

FPM

FRB

FRR

FRSI

FS

FSK

FTA

GEM

GEO
GLONASS

GMT
GNSS

GOCE

GOES

GOMOS

GPS

XXVii

Finite element analysis

Field emission electric
propulsion

Flight Engineering Model

Field effect transistor

Fast frequency-shift keying

Fluids Ground Support
Equipment

First-In-First-Out

Far Infra-Red Space
Telescope

Failures per 10° hours

Flight Model, also
Frequency Modulation

Failure Mode Effects and
Criticality Analysis

Fibre optic gyroscope

Flight Operations
Procedure

Frame of reference

Field of view

Field Programmable Gate
Array

Fine Pointing Mechanism,
also Fine-pointing mode

Failure Review Board

Flight Readiness Review

Flexible reusable surface
insulation

Fail safe

Frequency-shift keying

Fault Tree Analysis

Giotto Extended Mission

Geostationary Earth orbit

Global Navigation Satellite
System

Greenwich Mean Time

Global Navigation Satellite
System

Gravity field and steady
state Ocean Circulation
Explorer

Geostationary Orbit
Environmental Satellites

Global ozone monitoring by
the occultation of stars

Global Positioning System
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GRACE

GRO
GSE
GSFC

GSOC

G/T
GTO
HEO
HGA
HGAS
HOTOL

HPA
HRG

HRSI

HST

IC
ICBM

ICU

IDE

IDHT

IDM
IF
IFOV
IFR
IFRB

M

INMAR-
SAT

INTELSAT

IOAR
10T
1P

LIST OF ACRONYMS

Gravity Recovery And
Climate Experiment

Gamma Ray Observation

Ground Support Equipment

Goddard Space Flight
Center

German Space Operations
Centre

Ground track

Geostationary transfer orbit

Highly elliptical orbit

High Gain Antenna

High Gain Antenna System

Horizontal take-off and
landing

High power amplifier

Hemispherical Resonator
Gyroscope

High-temperature reusable
surface insulation

High Speed Telemetry,
also Hubble Space
Telescope

Integrated circuit

Inter-Continental Ballistic
Missile

Instrument Control Unit,
also Intelligent Control
Unit

Integrated Design
Environment

Instrument data-handling
and transmission

Integrated Design Model

Intermediate frequency

Instantaneous field of view

Inertial frame of reference

International Frequency
Registration Board

Intermodulation

International Maritime
Satellite Organization

International
Telecommunications
Satellite Organization

In Orbit Acceptance Review

In Orbit Test

Internet Protocol

IPN
IPNRG
1Q
IRAS

IRIG
IRTF

ISC
ISDN

ISO

ISS
IST
IT
ITU

JAXA

JGM
JHUAPL

JPL
KSA
KSC
LAM
LBR
LDEF

LEAF
LED
LEO
LEOP
LET
LHP
LISA
LISN

LNA

Interplanetary Internet

IPN Research Group

In-phase and Quadrature

Infra-Red Astronomical
Satellite

Inter-Range Instrumentation
Group

Internet Research Task
Force

Integrated System Check

Integrated Services Digital
Network

Infrared Space Observatory,
also International
Organization for
Standardization

International Space Station

Integrated System Test

Information Technology

International
Telecommunications
Union

Japan Aerospace
Exploration Agency

Joint Gravity Model

Johns Hopkins University
Applied Physics
Laboratory

Jet Propulsion Laboratory

K-band Steerable Antenna

Kennedy Space Center

Liquid Apogee Motor

Low bit-rate

Long Duration Exposure
Facility

Large European Acoustic
Facility

Light emitting diode

Low Earth Orbit

Launch and Early Orbit
Phase

Linear energy transfer

Loop heat pipe

Laser Interferometer
Spaceborne Antenna

Line impedance stabilization
network

Low noise amplifier



LO
LOS
LPF
LRR
LRSI

LSS
LST
LTP

MA
MAC
Mbps
MCC
MCPC

MCS
MCU
MDBS
MEMS

MEO
MERIS

MET
MFR
MGSE
MHS
MIL-STD
MIPAS
MIPS

MLI
MMBS

MMH
MMIC

MMS

MOD
MOP

LIST OF ACRONYMS

Local oscillator

Loss of signal

Low-pass filter

Laser retro-reflector

Low-temperature reusable
surface insulation

Large Space Simulator

Low speed telemetry

Long-haul Transport
Protocol

Multiple access

Medium Access Control

Mega bits per second

Mission Control Centre

Multi-Channel Per
Carrier

Monitoring and Control
System

Mode Control Unit

Mesh double bumper shield

Micro Electro Mechanical
Systems

Medium height Earth Orbit

Medium Resolution Imaging
Spectrometer

Mission Elapsed Time

Multi-function receiver

Mechanical Ground Support
Equipment

Micro Humidity Sensor

Military Standard

Michelson interferometer
for passive atmospheric
sounding

Million instructions per
second

Multi-layered insulation

Multiple mesh bumper
shield

Mono-methylhydrazine

Monolithic microwave
integrated circuit

Multi-mission Modular
Spacecraft

Ministry of Defence

Multiple On-line Peripheral,
also Meteosat Operational
Programme

MOS
MOSFET

MPD
MPG
MPS
MRB
MSG
MSH
MSS
MST
MTBF
MTTF
MVS
MW
MWR
NASA

NASP
NBFM

NCR
NDT
NEAR
NERVA
N-MOS
NSSK
OBC
OBDH
OBS
occ
OMS
OSCAR

OSR
OTA

OoTV
PA
PAEHT

P-MOS

XXIX

Metal oxide semiconductor
Metal oxide semiconductor
field effect transistor
Magneto-plasma-dynamic
Multi Point Grounding
Mission Planning System
Materials Review Board
Meteosat Second Generation
Micro Humidity Sounder
Multishock shield
Micro systems technology
Mean time between failures
Man-Tended Free Flyer
Machine Vision System
Momentum wheel
Microwave Radiometer
National Aeronautics and
Space Administration
National Aero-Space Plane
Narrow-band frequency
modulation
Non Conformance Report
Non-destructive testing
Near Earth Asteroid
Rendezvous
Nuclear engine for rocket
vehicle applications
N-type metal oxide
semiconductor
North-South Station
Keeping
On-Board Computer
On-board data handling
On-board software
Operations Control Centre
Orbital Manoeuvring
Subsystem
Orbiting satellite carrying
amateur radio
Optical Solar Reflector
Optical Telescope
Assembly
Orbital Transfer Vehicle
Product Assurance
Power-Augmented
Hydrazine Thruster
P-type metal oxide
semiconductor



XXX

PAM
PAM-A

PAM-D

PC
PCB
PCDU

PCM

PDC
PDF
PDHT

PDR
PDUS
PEB
PEEK
PEM
PF
PFM
PID

PIM

PLC
PLM
PM

PMC
PML
PMP

PN
POEM

PPF
PPHSS
PPL
PRARE

PRK
PRR

LIST OF ACRONYMS

Payload Assist Module
Payload Assist
Module— Atlas-sized
Payload Assist
Module—Delta-sized
Personal computer
Printed circuit board
Power Control and
Distribution Unit
Pulse Code Modulation, or
Phase Change Material
Project Design Centre
Probability Density Function
Payload data handling and
transmission
Preliminary Design Review
Primary Data User Station
Payload Equipment Bay
Polyether Ether Ketone
Payload Electronics Module
Protoflight
Protoflight Model
Proportional, integral and
differential
Passive intermodulation
product
Payload Carrier
Payload Module
Phase modulation, also
Pulse modulation
Payload Module Computer
Preferred Materials List
Parts, materials and
processes
Pseudo-random noise
Polar Orbiting
Earth-observation Mission
Polar Platform
Preservation, Packaging,
Handling, Storage and
Shipping
Preferred Parts List
Precise Range and
Range-rate Equipment
Phase-reversal keying
Preliminary Requirements
Review

PSK
PT
PTCS

PTFE
PU
PUS
PVG

QA
QF
QM
QPL
QPSK

QR
RA
RAL

RAM

RAMS

RARR
RBI
RCC
RCE
RF
RFA
RFC

RFD
RFW
RIG
RKA

RLG
RLV
RMS
ROM
Rpm
RS
RTG

RTU

Phase-shift keying

Prototype

Passive Thermal Control
System

Polytetrafluoroethylene

Pattern Unit

Packet Utilization Standard

Piezo-electric Vibratory
Gyroscope

Quality Assurance

Quality Factor

Qualification Model

Qualified Parts List

Quadrature phase-shift
keying

Qualification Review

Radar altimeter

Rutherford Appleton
Laboratory

Random Access Memory, or
Radio-frequency
Anechoic Material

Reliability, Availability,
Maintainability and
Safety

Range and range rate

Remote Bus Interfaces

Reinforced carbon-carbon

Reaction Control Equipment

Radio Frequency

Request for approval

Radio frequency
compatibility

Request For Deviation

Request For Waiver

Rate-Integrating Gyroscope

Russian Federal Space
Agency

Ring Laser Gyroscope

Reusable Launch Vehicle

Remote Manipulator System

Read-only Memory

Revolutions per minute

Reed-Solomon

Radioisotope Thermoelectric
Generator

Remote Terminal Unit



RW
SA
SAD
SADM

SAO

SAR

SAS

SAW

SBE

SCC

SCF

SCIA-

MACHY

SCPC
SCPS

SCPS-FP
SCPS-NP
SCPS-SP
SCPS-TP
SCRAM-
JET
SDR
SDUS

SEE
SEL
SEU
SFT
SGL
SIRAL

SL
SLR
SM
SMM
SMOS

SNAP-19

SNR
SOHO

LIST OF ACRONYMS

Reaction Wheel

Single access

Solar Array Drive

Solar array drive
mechanism

Smithsonian Astrophysics
Observatory

Synthetic Aperture Radar

Solar Array System

Surface Acoustic Wave

S-Band Exciter

Stress corrosion cracking

Satellite Control Facility

Scanning Imaging
Absorption Spectrometer
for Atmospheric
Cartography

Single channel per carrier

Space Communications
Protocol Standards

SCPS File Protocol

SCPS Network Protocol

SCPS Security Protocol

SCPS Transport Protocol

Supersonic Combustion
RAMIET

System Design Review

Secondary Data User
Station

Single event effect

Single-event latch-up

Single event upset

System Functional Test

Space-to-ground link

SAR and Interferometric
Radar Altimeter

Safe life

Satellite laser ranging

Structure Model

Solar Maximum Mission

Soil Moisture and Ocean
Salinity

System for Nuclear
Auxiliary Power

Signal-to-noise ratio

Solar and Heliospheric
Observatory

SOP
SPA
SPE
SPELDA

SPG
SP-L/PM

SPOT

SPS
S3R

SRE

SRP
SRR

SSA
SSB
SSLV

SSM
SSMA

SSME
SSPA

SSTL
SSTO
SSUS
STDN
STRV
STS
SVM
SVT
SW
SYLDA

TCP/TP

XXXI

Spacecraft overhead pass

Solar Power Array

Solid Polymer Electrolyte

Structure Porteuse pour
Lancement Double Ariane

Single-point grounding

Split Phase-Level/Phase
Modulation

Satellite Pour 1’Observation
de la Terre

Satellite Power System

Sequential switching shunt
regulation

Spacecraft Ranging
Equipment

Solar radiation pressure

System Requirements
Review

S-band Steerable Antenna,
also Space Situational
Awareness

Single side-band

Standard Small Launch
Vehicle

Second Surface Mirror

Spread-spectrum multiple
access

Space Shuttle Main Engine

Solid State Power
Amplifier

Surrey Satellites Technology
Limited

Single Stage To Orbit

Solid Spinning Upper Stage

Spaceflight Tracking and
Data Network

Space Technology Research
Vehicle

Space Transportation
System

Service Module

System Validation Test

Software

Systeme de Lancement
Double Ariane

Transmission Control
Protocol/Internet Protocol



XXX

TC&R

TCS
TDM
TDMA

TDPS

TDRS

TDRSS

TIU
TLE
TLM
™
TML
TMM

TM/TC
TPS

TRB
TRL
TRR
TT&C
TTL
TWT
TWTA
UARS
UART

UHF

LIST OF ACRONYMS

Telemetry, Command and
Ranging

Thermal Control System

Time-Division Multiplexed

Time-division multiple
access

Tracking and Data
Processing Station

Tracking and Data Relay
Satellite

Tracking and Data Relay
Satellite System

Time Interval Unit

Two Line Elements

Telemetry

Thermal Model

Total Mass Loss

Thermal Mathematical
Model

Telemetry/Telecommand

Thermal Protection
Subsystem

Test Review Board

Technology Readiness Level

Test Readiness Review

Tracking, Telemetry and
Control

Transistor-transistor logic

Travelling Wave Tube

Travelling Wave Tube
Amplifier

Upper Atmosphere Research
Spacecraft

Universal Asynchronous
Receiver and Transmitter

Ultra High Frequency

UOSAT
UQPSK

USAF

USB

USNO

USSTRAT-
COM

UT

UTC

VCDU
VCHP

VCO
VCXO
VHDL
VHF
VLSI
WARC
WBFM

WRC
WSGT

WTR
WwWw
XMM
XPD
YSM

University of Surrey
Satellite

Unbalanced quadrature
phase-shift keying

United States Air Force

Upper side-band

US Naval Observatory

US Strategic Command

Universal Time

Universal Time
Co-ordinated

Virtual Channel Data Unit

Variable-Conductance Heat
Pipe

Voltage-Controlled
Oscillator

Voltage-Controlled Crystal
Oscillator

Very High level Design
description Language

Very high frequency

Very large scale integrated

World Administrative Radio
Conference

Wide-Band Frequency
Modulation

World Radio Conference

White Sands Ground
Terminal

Western Test Range

World Wide Web

X-ray Multi-mirror Mission

Cross-Polar Discrimination

Yaw-steering mode
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University of Southampton

Man has only had the ability to operate spacecraft successfully since 1957, when the
Russian satellite Sputnik I was launched into orbit. At the time of writing (2010) the
Space Age is just over half a century old. In that time technology has made great strides,
and the Apollo human expedition to the Moon and back is now a rather distant memory.
In little more than five decades, unmanned explorer spacecraft have flown past all the
major bodies of the Solar System, apart from the ‘dwarf planet’ Pluto—this exception will
soon be remedied, however, by the ‘New Horizons’ spacecraft that is due to fly through
the Pluto-Charon system in 2015. Space vehicles have landed on the Moon and Venus,
and in recent years Mars has seen a veritable armada of orbiters, landers and rovers in
preparation for a hoped-for future human expedition to the red planet. The Galileo Jupiter
orbiter successfully deployed a probe in 1995, which ‘landed’ on the gaseous ‘surface’
of Jupiter. The Cassini/Huygens spacecraft has been a stunning success, entering orbit
around Saturn in 2004, and executing a perfect landing on Titan of the European built
Huygens probe in 2005. Minor bodies in the Solar System have also received the attention
of mission planners. The first landing on such a body was executed by the Near Earth
Asteroid Rendezvous (NEAR) Shoemaker spacecraft, when it touched down on the Eros
asteroid in February 2001. This was succeeded in 2005 by the attempted sampling of
material from the Itokawa asteroid by the Japanese Hayabusa spacecraft. Although the
sampling operation was unsuccessful, the spacecraft is now on a return journey to Earth
in the hope that some remnants of asteroid material may be found in its sealed sampling
chamber. Similarly, a prime objective of the ambitious European Rosetta programme is
to place a lander on a cometary body in 2014. There is also a growing awareness of the
impact threat posed by near-Earth asteroids and comets, which is driving research into
effective means of diverting such a body from a collision course with Earth.

Since our brief sojourn to the Moon in 1969—1972, human spaceflight has been confined
to Earth orbit, with the current focus on construction and utilization of the International
Space Station (ISS). The United States, Europe, Russia and Japan are all involved in this
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2 INTRODUCTION

ambitious long-term programme. The ISS has been a major step for both the technology
and politics of the space industry, and has been a useful exercise in learning to live and
work in space—a necessary lesson for future human exploration of the Solar System. The
‘work horse’ of this activity has been the US Space Shuttle, which has been the United
States’ principal means of human access to orbit over almost three decades. However,
2011 sees the retirement of the Shuttle. This is a major event in NASA’s space operations,
and it has forced a radical rethink of the United States’ human spaceflight programme.
This led to the proposal of a less complex man-rated launch vehicle, Ares 1, which is
part of the Constellation Programme. The objective of this programme is to produce a
new human spaceflight infrastructure to allow a return of US astronauts to the Moon, and
ultimately to Mars. However, the shuttle retirement coincides with a deep global financial
recession, and the political commitment to the Constellation Programme appears to be
very uncertain. This re-evaluation by the US will perhaps herald the reinvigoration of the
drive towards the full commercialization of the space infrastructure.

There is no doubt, however, that the development of unmanned application spacecraft
will continue unabated. Many countries now have the capability of putting spacecraft into
orbit. Satellites have established a firm foothold as part of the infrastructure that underpins
our technological society here on Earth. There is every expectation that they have much
more to offer in the future.

Before the twentieth century, space travel was largely a flight of fantasy. Most authors
during that time failed to understand the nature of a spacecraft’s motion, and this resulted
in the idea of ‘lighter-than-air’ travel for most would-be space-farers [1, 2]. At the turn of
the twentieth century, however, a Russian teacher, K. E. Tsiolkovsky, laid the foundation
stone for rocketry by providing insight into the nature of propulsive motion. In 1903, he
published a paper in the Moscow Technical Review deriving what we now term the rocket
equation, or Tsiolkovsky’s equation (equation 3.20). Owing to the small circulation of
this journal, the results of his work were largely unknown in the West prior to the work
of Hermann Oberth, which was published in 1923.

These analyses provided an understanding of propulsive requirements, but they did not
provide the technology. This eventually came, following work by R. H. Goddard in Amer-
ica and Wernher von Braun in Germany. The Germans demonstrated their achievements
with the V-2 rocket, which they used towards the end of World War II. Their rockets
were the first reliable propulsive systems, and while they were not capable of placing a
vehicle into orbit, they could deliver a warhead of approximately 1000kg over a range
of 300 km. It was largely the work of these same German engineers that led to the first
successful flight of Sputnik 1 on 4 October 1957, closely followed by the first American
satellite, Explorer 1, on 31 January 1958.

Five decades have seen major advances in space technology. It has not always been
smooth, as evidenced by the major impact that the Challenger (1986) and Columbia
(2003) disasters had on the American space programme. Technological advances in
many areas have, however, been achieved. Particularly notable are the developments
in energy-conversion technologies, especially solar photovoltaics, fuel cells and batter-
ies. Developments in heat-pipe technology have also occurred in the space arena, with
ground-based application in the oil industry. Perhaps the most notable developments in this
period, however, have been in electronic computers and software. Although these have
not necessarily been driven by space technology, the new capabilities that they afford
have been rapidly assimilated, and they have revolutionized the flexibility of spacecraft.
In some cases they have even turned a potential mission failure into a grand success.
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But the spacecraft has also presented a challenge to Man’s ingenuity and understanding.
Even something as fundamental as the unconstrained rotational motion of a body is
now better understood as a consequence of placing a spacecraft’s dynamics under close
scrutiny. Man has been successful in devising designs for spacecraft that will withstand
a hostile space environment, and he has found many solutions.

1.1 PAYLOADS AND MISSIONS

Payloads and missions for spacecraft are many and varied. Some have reached the stage of
being economically viable, such as satellites for communications, weather and navigation
purposes. Others monitor Earth for its resources, the health of its crops and pollution.
Determination of the extent and nature of global warming is only possible using the
global perspective provided by satellites. Other satellites serve the scientific community
of today and perhaps the layman of tomorrow by adding to Man’s knowledge of the
Earth’s environment, the solar system and the universe.

Each of these peaceful applications is paralleled by inevitable military ones. By means
of global observations, the old ‘superpowers’ acquired knowledge of military activities on
the surface of the planet and the deployment of aircraft. Communication satellites serve the
military user, as do weather satellites. The Global Positioning System (GPS) navigational
satellite constellation is now able to provide an infantryman, sailor or fighter pilot with
his location to an accuracy of about a metre. These ‘high ground’ space technologies have
become an integral part of military activity in the most recent terrestrial conflicts.

Table 1.1 presents a list of payloads/missions with an attempt at placing them into
categories based upon the types of trajectory they may follow. The satellites may be
categorized in a number of ways such as by orbit altitude, eccentricity or inclination.

It is important to note that the specific orbit adopted for a mission will have a strong
impact on the design of the vehicle, as illustrated in the following paragraphs.

Table 1.1 Payload/mission types

Mission Trajectory type

Communications Geostationary for low latitudes, Molniya and Tundra for
high latitudes (mainly Russian), Constellations of
polar LEO satellites for global coverage

Earth resources Polar LEO for global coverage
Weather Polar LEO, or geostationary
Navigation Inclined MEO for global coverage
Astronomy LEO, HEO, GEO and ‘orbits’ around Lagrange points
Space environment  Various, including HEO
Military Polar LEO for global coverage, but various
Space stations LEO
Technology Various
demonstration

Note: GEO: Geostationary Earth orbit; HEO: Highly elliptical orbit; LEO: Low Earth Orbit; MEO:
Medium height Earth Orbit.
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Consider geostationary (GEO) missions; these are characterized by the vehicle having a
fixed position relative to the features of the Earth. The propulsive requirement to achieve
such an orbit is large, and thus the ‘dry mass’ (exclusive of propellant) is a modest
fraction of the all-up ‘wet mass’ of the vehicle. With the cost per kilogram-in-orbit
being as high as it currently is—of the order of $30000 per kilogram in geostationary
orbit—it usually becomes necessary to optimize the design to achieve minimum mass,
and this leads to a large number of vehicle designs, each suitable only for a narrow
range of payloads and missions.

Considering the communication between the vehicle and the ground, it is evident that
the large distance involved means that the received power is many orders of magnitude
less than the transmitted power. The vehicle is continuously visible at its ground control
station, and this enables its health to be monitored continuously and reduces the need for
it to be autonomous or to have a complex data handling/storage system.

Low Earth orbit (LEO) missions are altogether different. Communication with such
craft is more complex as a result of the intermittent nature of ground station passes.
This resulted in the development, in the early 1980s, of a new type of spacecraft—the
tracking and data relay satellite system (TDRSS)—operating in GEO to provide a link
between craft in LEO and a ground centre. This development was particularly important
because the Shuttle in LEO required a continuous link with the ground. More generally,
the proximity of LEO satellites to the ground does make them an attractive solution
for the provision of mobile communications. The power can be reduced and the time
delay caused by the finite speed of electromagnetic radiation does not produce the latency
problems encountered using a geostationary satellite.

The power subsystem is also notably different when comparing LEO and GEO satellites.
A dominant feature is the relative period spent in sunlight and eclipse in these orbits. LEO
is characterized by a high fraction of the orbit being spent in eclipse, and hence a need for
substantial oversizing of the solar array to meet battery-charging requirements. In GEO,
on the other hand, a long time (up to 72 min) spent in eclipse at certain times of the year
leads to deep discharge requirements on the battery, although the eclipse itself is only a
small fraction of the total orbit period. Additional differences in the power system are
also partly due to the changing solar aspect angle to the orbit plane during the course
of the year. This may be offset, however, in the case of the sun-synchronous orbit (see
Section 5.4 of Chapter 5), which maintains a near-constant aspect angle—this is not
normally done for the benefit of the spacecraft bus designer, but rather because it enables
instruments viewing the ground to make measurements at the same local time each day.

It soon becomes clear that changes of mission parameters of almost any type have
potentially large effects upon the specifications for the subsystems that comprise and
support a spacecraft.

1.2 A SYSTEM VIEW OF SPACECRAFT

This book is concerned with spacecraft systems. The variety of types and shapes of these
systems is extremely wide. When considering spacecraft, it is convenient to subdivide
them into functional elements or subsystems. But it is also important to recognize that
the satellite itself is only an element within a larger system. There must be a supporting
ground control system (Figure 1.1) that enables commands to be sent up to the vehicle and
status and payload information to be returned to the ground. There must also be a launcher
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system that sets the vehicle on its way to its final orbit. Each of the elements of the overall
system must interact with the other elements, and it is the job of the system designer to
achieve an overall optimum in which the mission objectives are realized efficiently. It
is, for example, usual for the final orbit of a geostationary satellite to be achieved by a
combination of a launch vehicle and the boost motor of the satellite itself.

This starts us towards the overall process of systems engineering, which will be treated
in detail in the final chapter of this book. Figure 1.1 shows the breakdown of the elements
needed to form a satellite mission. Each of these may be considered to perform func-
tions that will have functional requirements associated with them. We can thus have an
overriding set of mission requirements that will arise from the objectives of the mission
itself. In the process of systems engineering, we are addressing the way in which these
functional requirements can best be met, in a methodical manner.

Chambers Science and Technology Dictionary provides the following very apt definition
of the term ‘system engineering’ as used in the space field:

‘A logical process of activities that transforms a set of requirements arising from
a specific mission objective into a full description of a system which fulfils the
objective in an optimum way. It ensures that all aspects of a project have been
considered and integrated into a consistent whole.’

The ‘system’ in question here could comprise all the elements within both the space and
the ground segments of a spacecraft project, including the interfaces between the major
elements, as illustrated in Figure 1.1. Alternatively, the system approach could be applied
on a more limited basis to an assembly within the space segment, such as an instrument
within the payload. In the case of an instrument, the system breakdown would include
antenna elements or optics and detectors as appropriate, and the instrument’s mechanical
and electrical subsystems.

The mission objectives are imposed on the system by the customer, or user of the
data. They are statements of the aims of the mission, are qualitative in nature and should

Satellite

Launcher

-
T
Ground station ‘g %

iy

Figure 1.1 The total system —the combined space and ground segments
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be general enough to remain virtually unchanged during the design process. It is these
fundamental objectives that must be fulfilled as the design evolves.

For example, the mission objectives might be to provide secure and robust three-
dimensional position and velocity determination to surface and airborne military users.
The Global Positioning System (GPS) is a method adopted to meet these objectives.

An illustration of the range of methods and the subsequent requirements that can stem
from mission objectives is given by the large number of different concepts that have been
proposed to meet the objective of providing a worldwide mobile communication system.
They range from an extension of the existing Inmarsat spacecraft system to schemes
using highly eccentric and tundra orbits (see Chapter 5 for the definitions of these), to a
variety of concepts based around a network of LEO satellites, such as The Globalstar or
Iridium constellations.

This example demonstrates an underlying principle of system engineering, that is, that
there is never only one solution to meet the objectives. There will be a diverse range of
solutions, some better and some worse, based on an objective discriminating parameter
such as cost, mass or some measure of system performance. The problem for the system
engineer is to balance all these disparate assessments into a single solution.

The process that the system engineer first undertakes is to define, as a result of the
mission objectives, the mission requirements. The subsequent requirements on the system
and subsystems evolve from these initial objectives through the design process. This is
illustrated in Figure 1.2, which shows how a hierarchy of requirements is established.
In Chapter 20 this hierarchy is further explained and illustrated by considering a number

Mission objectives
User requirements

Political constraints
Financial constraints

'

Mission requirements
Performance Reliability
Coverage Cost

Lifetime

Spacecraft system

Launch vehicle

requirements
Volume  fequirements Ground segment
) Orbit Power Ground station
Environment Confi ti M Data processin
Mass distribution ontiguration | ass P 9
Operation

!

Subsystem requirements
Thermal Power Communications

Structure Electronics  Attitude control

Figure 1.2 Objectives and requirements of a spacecraft mission
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of specific spacecraft in detail. At this point, however, it is important to note the
double-headed arrows in Figure 1.2. These indicate the feedback and iterative nature of
system engineering.

We turn now to the spacecraft system itself. This may be divided conveniently into
two principal elements, the payload and the bus (or service module). It is of course the
payload that is the motivation for the mission itself. In order that this may function it
requires certain resources that will be provided by the bus. In particular, it is possible to
identify the functional requirements, which include:

The payload must be pointed in the correct direction.

The payload must be operable.

The data from the payload must be communicated to the ground.

The desired orbit for the mission must be maintained.

The payload must be held together, and on to the platform on which it is mounted.
The payload must operate and be reliable over some specified period.

An energy source must be provided to enable the above functions to be performed.

Nk L=

These requirements lead on to the breakdown into subsystems, which is shown in
Figure 1.3. Inset in each of these is a number that relates it to the functions above.

The structure of this book recognizes this overall functional breakdown, shown in
Figure 1.3. The individual subsystems are covered separately in the chapters. Thus, in
Chapter 8 the structural subsystem is considered, and in Chapter 15, mechanism design is
outlined. The power subsystem, including the various ways in which power can be raised
on a spacecraft, is described in Chapter 10. The main elements of an attitude control
subsystem are indicated principally in Chapter 9, although the underlying attitude motion
of a free body such as a satellite is covered in Chapter 3. Telemetry and command subsys-
tems may be conveniently considered alongside on-board data handling (OBDH); these

Space segment

Structure (5) Attitude and Thermal Propulsion
orbit control (1) and (6) (1) and (4)
(1) and (4)
Power Telemetry (2) Data handling
(7) and command (3) 2)
Mechanisms

(%)

Figure 1.3 Spacecraft subsystems
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topics are covered in Chapter 13, with the underlying principles and practice of space-
craft communications in the previous chapter. The thermal control subsystem appears in
Chapter 11. Propulsion, as it relates to on-board systems, is described in Chapter 6, while
its application to launch systems is described in Chapter 7.

One facet of these subsystems is that the design of any one has impacts and resource
implications on the others. A most important feature of spacecraft system design is to
identify what aspects of the mission and what elements of the design provide the major
influences on the type of satellite that may meet the specific mission requirements. This
process is the identification of the ‘design drivers’. In some cases the drivers will affect
major features of the spacecraft hardware. The varied mission requirements, coupled with
the need to minimize mass and hence power, has thus led to a wide variety of individual
design solutions being realized. However, the spacecraft industry is now evolving towards
greater standardization—in the shape of the specific buses that may be used to provide
the resources for a variety of missions (e.g., the SPOT bus, the Eurostar bus, Mars/Venus
Express, etc.—see Chapter 20).

It is not simply the nature of its payload that determines the design that is selected for a
given mission, although this will have a considerable influence. Commercial and political
influences are strongly felt in spacecraft engineering. Individual companies have special-
ist expertise; system engineering is dependent on the individual experience within this
expertise. This was perhaps most notably demonstrated by the Hughes Company, which
advanced the art of the spin-stabilized satellite through a series of Intelsat spacecraft.
Spacecraft systems engineering is not all science—there is indeed an art to the discipline.

This leads to another major feature of spacecraft system design, namely, the impact
of reliability. The majority of terrestrial systems may be maintained, and their reliability,
while being important, is not generally critical to their survival. If a major component
fails, the maintenance team can be called in. In space, this luxury is not afforded and while
the Shuttle did provide in-orbit servicing for a limited number of satellites, this was an
extremely expensive option. This requires that the system must be fault-tolerant, and when
this tolerance is exceeded the system is no longer operable and the mission has ended.

There are two principal methods used to obtain high reliability. The first is to use a
design that is well proven. This is true for both system and component selection.

The requirement to validate the environmental compatibility of components (Chapter 2)
leads to relatively old types being used in mature technology, especially in electronic
components. This tends to lead to a greater demand for power than the terrestrial
‘state-of-the-art’ technology. At system level a ‘tried and tested’ solution will minimize
development risk, reducing system cost while also achieving high reliability.

The second method of achieving high reliability is via de-rating (Chapter 19). By reduc-
ing the power of the many electronic components, for example, a greater life expectancy
can be obtained. This leads to an overall increase in mass.

The net effect of designing for high reliability is that spacecraft design is
conservative— ‘if it has been done before then so much the better’. Much of satellite
design is thus not state-of-the-art technology. Design teams evolve a particular design
solution to meet varied missions—because it is a design they understand—and hence
system design is an art as well as a science.

In making the selection of subsystems for the spacecraft, the designer must have a good
grasp of the way in which the subsystems work and the complex interactions between
them, and they must recognize how the craft fits into the larger system. Further, the



THE FUTURE 1.3 9

designer must be able to trade off advantages in one area with the disadvantages in
another and achieve a balance in which the end result will work as a harmonious whole.
While each subsystem will have its own performance criterion, its performance must
nevertheless be subordinated to that of the system as a whole.

1.3 THE FUTURE

As we enter the second half century of the Space Age, we are approaching a new frontier
in space. Up until now, we have been able to gain access to space, and demonstrate a
competent exploitation of this environment principally in terms of the use of application
satellites—however, our utilization of it is still limited. This limitation is mainly related to
the very high cost of access to orbit, and this obstacle needs to be overcome in opening
up the new frontier. Beyond the frontier, however, we will require to establish space
infrastructure; including the prime elements of communications, and safe and reliable
transportation, with a permanent human presence in space—initially on space stations,
but then on the Moon and Mars. Over the last 40 years or so, space exploration has had
to adapt to changes in world politics. Before that, in the Apollo era, the funding available
was motivated by a political end—that of winning the ‘space race’ and so demonstrating
the superiority of one political ideology over another.

Clearly, to set up the infrastructure there must be a space transportation system.
The first step—getting off the ground—requires the development of next-generation
launchers, which are truly reusable, having aircraft-like operational characteristics. This
poses huge technological challenges principally for propulsion engineers and material sci-
entists. However, the rewards for such a breakthrough would be enormous—the resulting
reduction in cost to access to orbit would open up the new frontier, not only in terms of
space applications and science, but also for human space exploration and space tourism.

The early part of the twenty-first century will see the completion and operation of
the ISS. Although this has been a controversial and expensive programme, it will no
doubt be superseded by future space stations, which will be used as staging posts, where
‘a new team of horses’ can be obtained. Surely such orbital staging posts will eventually
become assembly and servicing posts as well, so that spacecraft venturing beyond Earth
orbit do not have to be designed to withstand the full rigours of launch, when their
subsequent stages of travel are relatively stress-free. Manufacturing in space also has
significant potential, not only for exotic materials, but also for lightweight structural
materials extruded in zero gravity, for use in zero gravity. A communications infrastructure
is already in use. There will be a requirement for ‘accommodation units’ in orbit, fulfilling
both scientific and space tourism needs. This will be aided by the store of knowledge
being gathered each year of Man’s ability to live in space. There is a requirement for a
power generating and supply system ... and so the list goes on.

We are, however, at a crossroad in the way we develop our presence in space.
Throughout the past 50 years there has been debate concerning the presence of humans
in space: what role should we have and how should this be accomplished. Over the past
30 years there has also been the parallel debate about how space endeavours should be
financed—whether by governmental funds or private capital. The philosophies of the
past may of course reassert themselves, with the result that we see funding for space
programmes once again dominated by tax payers money, but maybe not. This issue is
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central to the current controversy (of 2009/10) which has been stimulated by the Obama
administration and the Augustine Commission, resulting in the cancellation of the
Constellation programme.

The issues are drawing together in a way never before witnessed. Up until very recently,
the advent of space tourism has only been the province of the dreamer and the science
fiction aficionado. This is now changing, stimulated without doubt by the winning of
the Ansari X-prize in October 2004 by SpaceShipOne, built by the company Scaled
Composites. Their subsequent teaming with Virgin Galactic in 2005 means that it is now
possible (in 2010) to reserve a seat online on the first commercial sub-orbital flights.
There is, as a result, the potential for the commercial airline industry (which itself was
initiated by the not dissimilar Orteig Prize, won by Charles Lindbergh in 1927) to address
the issue of access to space. The enabling technologies are gradually emerging alongside
the commercial realization that some people can afford to fly into space at a commercial
price tag. This is all coming at a time when the prevailing political situation in the
USA is pointing to a reassessment of the role NASA should play in future access to
space. It seems quite probable that this nexus will indeed further stimulate the progress
to the commercial utilization of space. There is a subtle but significant shift. Rather than
attempting merely to commercialize the sale of a largely government-funded collection of
data products from satellites, typified by the approaches adopted in the 1980s and 90s, a
movement can be perceived towards the commercialization of the core process of access
to space by individuals.

There is a whole new exciting arena waiting to be explored, occupied and used for the
benefit of all mankind.
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2.1 INTRODUCTION

Spacecraft operation is characterized by its remoteness from the Earth and thus the loss of
the Earth’s protective shield, namely, the atmosphere. This atmosphere evidently provides
a suitable stable environment in which the human species has been able to evolve. Coupled
with the gravitational force of the Earth, ‘the one-g environment’, it provides familiarity
in design, and its removal has significant and sometimes unexpected implications. The aim
of this chapter is to introduce the reader to the nature of the spacecraft’s environment and
the implications that it has on spacecraft design, by considering both the way materials
behave and the way in which systems as a whole are influenced. The final section looks
very briefly at the implications for human space flight.

Before considering the environment in detail it should be noted that the different phases
in the life of a space vehicle, namely, manufacture, pre-launch, launch and finally space
operation, all have their own distinctive features. Although a space vehicle spends the
majority of its life in space, it is evident that it must survive the other environments
for complete success. Whilst the manufacturing phase is not specifically identified in
the following section, it has an effect upon the reliability and the ability to meet design
goals. Cleanliness, humidity and codes of practice are critical in the success of spacecraft
missions, and these issues are addressed in Chapters 17 and 19.

2.2 PRE-OPERATIONAL SPACECRAFT ENVIRONMENTS

2.2.1 Pre-launch environment

The design, manufacture and assembly of a large spacecraft, and its final integration
into a launch vehicle is a lengthy process, lasting typically 5—10 years. Components and
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subsystems may be stored for months or even years prior to launch (e.g. the Galileo
mission to Jupiter). Careful environmental control during such periods is essential if
degradation of the spacecraft system as a whole is to be avoided.

2.2.2 The launch phase

From an observer’s viewpoint, the launch of a space vehicle is evidently associated with
gross noise levels. This impinges on the structure of a satellite contained within the
launcher’s shroud. The launch sequence entails high levels of vibration, associated both
with the noise field and structural vibration, modest-to-high levels of acceleration during
ascent, mechanical shock due to pyrotechnic device operation and stage separation, a
thermal environment that differs from both laboratory and space environments, and for
most launch vehicles, a rapidly declining ambient pressure. These features are described
separately below.

The severe acoustic/vibration environment during launch is due to both the operation
of the launch vehicle’s main engines, and also the aerodynamic buffeting as the vehicle
rises through the lower region of the Earth’s atmosphere. Two peak levels occur.

The first peak occurs at the moment of lift-off. The overall build-up of the rocket motor
firing and the exhaust products reflected from the ground reaches a peak at launcher
release. During ascent, the contribution from ground reflection decreases, but a variety
of mechanical components, such as liquid fuel turbopump operation, continue to excite
the vehicle’s structure. The vibration is not only directly transmitted to the spacecraft
through structural components, but it also excites the launch shroud to generate a sec-
ondary acoustic field. For light, flexible components such as the solar array, the acoustic
environment may be more severe than the mechanically induced vibration [1].

The second peak in the acoustic field occurs during transonic flight. The launch shroud
is again excited, this time by the unsteady flow field around the vehicle.

Measurement of the field is generally made in dB with reference to a pressure of
2 x 107 Pa. The sound pressure level / is then measured in decibels, given by

F
I = 2010g10 (m) dB

where F is the acoustic field intensity. The frequency spectrum of the noise field will
be dependent on the launch vehicle and will change during the launch sequence. Data
is provided by the launch agency for design purposes, thus enabling the designer to
quantify the vibrational inputs that individual components and the whole space vehicle
will experience. The design noise spectrum for Ariane 5 is compared with that of the
now decommissioned Ariane 4 in Figure 2.1 [2, 3]. The random vibration is indicated in
Figure 2.2 for Ariane 4. Data for the Ariane 5 launch vehicle shows a similar trend, but
with the peak amplitude shifted to a lower frequency.

The steady component of launch acceleration must achieve a speed increase of about
9.5 km/s. Its time history is again dependent on the launch vehicle used. Low-mass payload
vehicles such as Scout, sounding rockets, and air-launched systems such as Pegasus gen-
erally exhibit high peak acceleration, whereas those of large payload/crewed vehicles are
smaller. For multi-stage vehicles, the acceleration increases during the burn of each stage
and peaks at burn-out/stage-separation. This is demonstrated for Ariane 5 in Figure 2.3.
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Figure 2.1 Ariane noise spectrum under the SPELTRA fairing, Ariane 4 [2] and
SPELTRA/Ariane 5 [3]. (Reproduced by permission of Arianespace)

During this launch profile, event H1 is the solid rocket booster flame-out and separation,
event FJ is the fairing jettisoning, event H2 is the main cryogenic stage engine shutdown
and separation and event H3 is the upper stage shutdown. The air-launched Pegasus, a
three-stage solid rocket vehicle, shows peak static acceleration at stage burnout, with the
actual value being heavily dependent upon the payload mass. Thus for a 50kg payload at
stage 3 burn-out, the 30 acceleration is 13 gy [4]. However, for the near maximum payload
of 600kg this falls to nearly 4.5 go(go is the surface gravitational acceleration, 9.8 m/s?).
Table 2.1 shows the design loads that a satellite must achieve associated with various
mission events for the Ariane 5 launch vehicle (see also Section 8.4.2 for discussion of
the impacts of these launch loads on structural design).

For human flight, it is necessary to place the astronaut in a suitable position to
withstand peak acceleration levels; Figure 2.4 shows the typical maximum levels that
may be withstood. Greatest protection is provided when the astronaut is on his or her
back during launch.

Mechanical shock is experienced when devices such as latches or explosive bolts
are used, or at ignition of rocket motor stages and their subsequent separation, launch
vehicle/payload separation, or when docking or landing.

These instantaneous events can provide extremely high-acceleration levels lasting
only a few milliseconds locally, or in some cases, extending to the complete system.
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Figure 2.2 Ariane 4 random vibration spectrum [3]. (Reproduced by permission of

Arianespace)

Table 2.1 Acceleration values for the Ariane 5 launch vehicle [3]. (Reproduced by
permission of Arianespace)

Acceleration (g) Longitudinal Lateral Algggi((;\?/arig;e
- . Static +
Critical flight events Static Dynamic Dynamic
Lift-off -1.8 +1.5 +2 10
Maximum dynamic _27 405 49 14
pressure
SRB end of flight —4.55 +1.45 +1 20
Main core thrust tail-off -02 +14 +0.25 0
Max. tension case:
+
SRB jettisoning +23 £0.9 0

Their frequency spectrum is characterized by high-frequency components. In the case of
Ariane 5, during payload separation the peak excitation at the spacecraft interface is
some 2000 gy for frequencies in the range 1-10kHz. For Pegasus, the highest shock
loading is experienced above a frequency of 1.5 kHz where the design load is 3500 go.
The thermal environment experienced during launch is determined generally by
the temperature reached by the launch shroud. Its high temperature arises from the
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aerodynamic frictional forces of the vehicle moving at high velocity through the atmo-
sphere. The temperature reached is determined by the specific heat of the shroud material
and a balance between friction heating and radiative and convective heat losses. The sub-
sequent temperature rise of the payload within the shroud is dominated by radiative and
heat conduction paths between shroud and payload. Once the shroud has been jettisoned,
payload heating arises directly as a result of frictional forces, but the low density of the
atmosphere then results in only modest heat fluxes.

Figure 2.5 shows the heating experienced during the Ariane 5 launch ascent into geosta-
tionary transfer orbit (GTO) [3]. The altitude at which the fairing is jettisoned is governed
by an aerothermal flux limit which ensures that the launcher payload is not exposed to a
level beyond 1135 W/m? once the fairing has been ejected.

The ambient atmospheric pressure declines during launch. The rate at which depressur-
ization occurs depends on the venting of the shroud volume. Generally, this is fixed by the
inclusion of venting ports; for example, on Ariane 5 the static pressure declines at a rate
of 2kPa/s although there is a brief period during ascent where this may reach 4.5 kPal/s.
Venting control is particularly important because of possible adverse static loads being
placed on structural members. It should be noted that venting of electronic boxes is also
generally required within the satellite payload.

Great care is required during payload integration to ensure that electromagnetic
interference (EMI) does not present a hazard. Hazards may present themselves in a
variety of forms but the most severe are cases in which EMI may result in the activation
of part of the payload, which could lead to death of attendant personnel, perhaps via
the ignition of an on-board propulsion system. Figure 2.6 shows the EMI environment
associated with Ariane 5.
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Figure 2.6 Electromagnetic interference for Ariane 5 [3]. (Reproduced by permission of
Arianespace)

2.3 OPERATIONAL SPACECRAFT ENVIRONMENTS

2.3.1 Solar radiation

The Sun provides all the heat input to the solar system (excluding planetary radioactive
decay processes), and its mass is 99.9% of the total. It is not surprising that it dominates
the space environment of the whole Solar System, and it is therefore appropriate to outline
its significant features as they affect the near-Earth environment.

The Sun itself is not a particularly significant body in the universe. It is a star of mass
~2 x 10*" kg, modest by stellar standards, and is one of ~10'! stars that form our galaxy.
It is classified as a G2V star, having a yellowish appearance because its radiated light
peaks at ~460nm, and it is termed a yellow-dwarf star. Its radius is 7 x 108 m.

After the Sun, the nearest star is 3.5 light years away (1 light year = 9.46 x 10'2 km)
and between the stars the gas density is low, with hydrogen as the dominant species. The
density amounts to only 3 atoms/cm?, in comparison to the nominal number density of
our own atmosphere at sea level of ~3 x 10'” molecules/cm?.

The Sun is fundamentally a giant thermonuclear fusion reactor, the surface temperature
of which is ~5800 K. The photosphere is optically thick, and its spectrum approximates
to that of a black body.

The solar spectrum is shown in Figure 2.7, with a 5900 K black body for comparison.
It is evident that it departs from the black-body spectrum at some wavelengths, these
discrepancies arising in the solar atmosphere. There are two primary regions of this. The
lower, or chromosphere, extends to a few thousand kilometres above the photosphere
and is a region of increasing temperature, peaking at ~10000K; it is responsible for
enhanced ultraviolet (UV) emission. The upper atmosphere, called the corona, becomes
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more tenuous and extends to several solar radii. Its nominal temperature is around
2 x 10°K, and it emits substantial amounts of X-rays. The nominal release of energy
from the Sun is at a rate of 3.85 x 102 W. In order to gain an insight to this power
level, if the Earth’s fossil fuel resources were to be burnt at this rate, then they would be
exhausted in a mere 50 milliseconds.

The solar wind is another outward flux from the Sun. It is a flow of plasma expelled
at high velocity. In reality it forms the outermost layer of the solar atmosphere, being
continuously driven outward as a result of the Sun’s radiation pressure. At Earth, the
speed of the wind is ~450km/s, its density is ~9 protons/cm’ and its kinetic temperature
is ~100 000 K.

Sunspots are an indication that there are significant disturbances taking place on the
Sun’s surface and through its atmosphere. These, first observed by Galileo, are regions
of its disc which are cooler than the surrounding surface. They emit less radiation and
thus appear as dark spots. Periods of high solar activity occur when there are a large
number of sunspots and then enhanced emission of radiation occurs, most notably at
radio wavelengths and at X-ray and y-ray energies. This enhanced emission is generally
associated with solar flares, which occur at sites near sunspots. They may last from a
few minutes to several hours and occur as frequently as one every two hours during high
solar activity.

The Zurich sunspot number R, is used to quantify the overall number of sunspots on
the Sun at any time. It is defined as R, = K (10g + f), where f is the number of sunspots
that exhibit umbrae, and g is the number of groups into which these spots fall. K is a
factor that relates to the observing instrument and is used as a normalization factor.

The detailed prediction of individual flares is not yet possible, but the general level
of activity has a well-defined 11-year cycle as shown in Figure 2.8. However, owing to
magnetic pole reversal of the Sun at peak solar activity, the real period is 22 years. It may
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Figure 2.8 The sunspot number over five solar cycles. Reproduced by permission of
the Solar Influences Data Center (http://sidc.oma.be)
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Table 2.2 Solar variability [5]. (Reproduced by permission of NASA)

Spectral region Wavelength Flux (J/(m? s um)) Variability
Radio A>1mm 10-1—10" x 100

Far infrared I mm > x> 10um 1073 Uncertain
Infrared 10pum > A > 0.75 um 1073-102 Uncertain
Visible 0.75um > A >0.3um 10° <1%
Ultraviolet 0.3um > A >0.12um 107'-102 1-200%
Extreme ultraviolet 0.12pum > A > 0.01 um 107! x10

Soft X-ray 0.0lum > A> 1A 10-1-1077 x 100

Hard X-ray 1A > A 1077108 x 10— x 100

be seen that the magnitude of the peak varies from cycle to cycle. The past five cycles
are shown in Figure 2.8 and it is notable that the period of low solar activity in 2009/10
exhibited one of the lowest levels of activity on record. Regular updated sunspot activity
may be readily accessed at a number of web sites including http://www.dxlc.com/solar,
which provides daily data on a variety of forms of measuring solar activity, including
sunspot number, the geomagnetic indices and maps of solar active regions. The site
http://sidc.oma.be/index.php3 provides a long-term historical record of solar activity from
1700 when the first regular recording of sunspot activity took place.

Table 2.2 shows the typical intensity variability of the Sun at particular wavelengths
where it has been established. There is good correlation between sunspot number and
radiated power at some specific wavelengths and this is used to provide an additional
measure of the overall level of solar activity. The most frequently used monitor is the
solar flux at a wavelength of 10.7 cm. One source for such data is from NOAA, in the US.

An enhanced flux of radiation and high-energy particles is also associated with major
solar flares. Two components may be distinguished when it arrives at the Earth. The first
occurs approximately 20 min following the flare, when the electromagnetic emissions first
increase, and then a more prolonged component arrives about a day later. These latter
particles appear to be an enhanced component of the solar wind, travelling at velocities
of ~103km/s. Figure 2.9 shows the variability of particle fluxes in the interplanetary
medium caused by solar activity. Detailed descriptions of ionizing radiations are given in
the next section.

2.3.2 Earth orbit environment

The Earth orbits the Sun at a mean distance of one astronomical unit (AU), equal to
1.496 x 108 km. It is a nearly spherical body having a mass of only 3 x 107 times that
of the Sun, but having a gravitationally bound atmosphere and a significant magnetic
field. Each of these features is important in determining the near-Earth environment, in
which the majority of space vehicles operate.

The atmosphere at sea level is predominantly molecular nitrogen (78%) and molecular
oxygen (21%), with a variety of trace elements, the most significant being argon. Standard
sea-level pressure is accepted to be 1.013 x 103 Pa [6]. The lower atmosphere, up to
~86km, is sufficiently turbulent to result in a homogeneous gas mixture, albeit with a
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Figure 2.9 Electron and proton spectra. (From [1]: Solar Cell Array Design Handbook
by Rauschenbach, Copyright ©1980 by Van Nostrand Reinhold. All rights reserved)

pressure decreasing exponentially. Above this height, photochemical processes disturb the
homogeneity. Of particular importance is the absorption of UV radiation from the Sun,
leading to the dissociation of oxygen in the upper atmosphere. The details of the processes
are beyond the scope of this chapter and the interested reader is referred to Reference
[6]; however, the resultant atmosphere above ~120km is one in which each atmospheric
constituent is decoupled from all the others. For each species, it is then possible to write
down an equation of the diffusive equilibrium of the form

dn; 1 ;) dT i M;
n (I+a)dT | gn ):O .0

mvi + Dy (d_Z Tz TR T
where n; is the number density of species i, having a molecular weight M; at altitude Z, v;
is the vertical transport velocity of the species, and D; and «; are its molecular and thermal
diffusion coefficients, T is the atmospheric temperature, R* is the universal gas constant
and g is the height-dependent acceleration due to gravity. If negligible vertical transport
takes place, and for species in which thermal diffusion is negligible, equation (2.1) reduces
to a hydrostatic equilibrium equation wherein the number density profile is driven by the
atmospheric temperature. Figure 2.10 shows the variation of number density with height
for different species.
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Figure 2.10 Species concentration (a) in the US standard atmosphere, and (b, c) under
extreme conditions

For detailed calculation of the atmosphere, a variety of models are available (e.g.
References [7, 8]). Each of these requires the specification of a temperature at some height,
and then by using a pre-defined temperature profile, the density may be determined through
equation (2.1). Figure 2.11 shows the general form of such profiles. It can be seen from this
that at extreme altitudes the temperature tends to a limiting value, the so-called exospheric
temperature, T,. Within the exosphere the atmosphere is effectively isothermal. T, rises
through increased solar activity; most models relate it to the flux of solar radiation at
10.7 cm (Fj.7) through an algorithm, and also include the effects of geomagnetic activity,
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Figure 2.11 The temperature profile of the atmosphere with altitude

stimulated by the interaction of the solar wind and the Earth’s magnetic environment or
magnetosphere (see below). Since under conditions of hydrostatic equilibrium, the density
falls from that at sea level, pgy, at a rate

p=psLexp Mz 2.2)
R*T

then for a given altitude, the atmospheric density will increase with solar activity and this
will result in reduced lifetimes for low orbiting vehicles.

Equation (2.2) provides the simplest formulation for air density as a function of alti-
tude, and other more sophisticated analytic descriptions have been developed to yield
expressions for the rate of orbit decay for low Earth orbiting (LEO) vehicles. The pio-
neering work of King-Hele in this field [9] provides the most comprehensive of these
analytic models, which have the potential to describe the variation of scale height in the
atmosphere with altitude, and the effects of atmospheric oblateness and rotation. Whilst
these expressions can become complex, for the case wherein only scale height variations
around a single orbit are concerned, the equivalent density may be written:

—1/1o
Mo
P = Pp [1 + ip(r — rp):| 2.3)
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where suffix p refers to conditions at perigee of the orbit, H is the scale height and 1, the
altitude gradient of H , is a constant of order of the eccentricity of the orbit (see Chapter 4).

For circular orbits in which e is zero, clearly equation (2.3) provides difficulty. However,
in such cases the altitude of the satellite remains constant, and it is then inappropriate to
consider the variation in scale height.

The most recent US standard atmosphere 1976 [6] is shown in Figure 2.10. At altitudes
typical of LEO vehicles (300-900 km) the density is low, but not insignificant. At geosta-
tionary altitude, ~36 000 km, the density of the neutral atmosphere is approximately the
same as in the interplanetary medium, namely, 1072° kg/m?, and the pressure is ~10~!3 Pa.
The dominant species of the atmosphere in LEO is generally either atomic oxygen or
helium. The effects of atomic oxygen on surfaces are considered in Section 2.4.1.

One of the most frequently used models of the thermosphere is the MSIS model [7].
This was originally produced in 1986 but has been revised in the MSISE-90 model
and in 2001 as NRLMSISE-00. This includes both shuttle flight data and incoherent radar
scattering data. It is now possible to access a variety of atmospheric models on the NASA
FTP site at ftp://nssdcftp.gsfc.nasa.gov/models/atmospheric. This can be used to produce
density profiles of the major atomic and molecular species together with temperature and
total density information on a longitude, latitude specific basis.

Few atomic/molecular collisions take place between components of the atmosphere
and spacecraft in either LEO or GEO. Table 2.3 shows that above 200km altitude the
mean free path is significantly greater than the dimensions of most space vehicles. This
has two consequences.

Firstly, the ability to exchange heat energy with the environment is solely as a result
of radiation. Thus the dominant radiative heat input is due to solar radiation, which in the
near-Earth environment is 1371 & 5 W/m?. Secondary input occurs as a result of Earth
albedo (the reflection of solar radiation from the top of the atmosphere) and Earth shine
(the black-body radiation of the Earth), which has a magnitude of ~200 W/m?. The neutral
atmosphere at ~103 K and the solar wind at ~2 x 10° K provide negligible heating. The
temperature that a space vehicle reaches is thus dependent upon a balance of radiative
heat input and output (see Chapter 11).

Secondly, the aerodynamics of spacecraft at orbiting altitudes must be based upon free
molecular flow as briefly described in Chapter 4. Since the density is low, the frictional
heating forces are negligible, even though the relative velocity approaches 8 km/s.

The ionosphere, above ~86km, is a region of increasing plasma density caused by
photo-ionization, due to incident UV photons. The plasma has a significantly lower density

Table 2.3 Mean free path A as a function of altitude

Altitude (km) Ao (m) Altitude (km) Lo (m)

100 0.142 300 2.6 x 10°
120 3.31 400 16 x 103
140 18 500 77 x 103
160 53 600 280 x 107
180 120 700 730 x 10°

200 240 800 1400 x 103
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than the neutral density below an altitude of ~1000 km, even though its peak value occurs
at 300—400 km. It has significant influences upon the propagation of radio waves; for an
electron density 7, electrons cm™>, frequencies below the plasma frequency, given by
fp ~ 90004/n, Hz, cannot propagate, and thus radio waves of lower frequency incident
upon such a plasma will be reflected. If there is additionally a magnetic field present, as
is the case in the near-Earth environment, then the polarization of any electromagnetic
radiation propagating through the plasma will be rotated due to Faraday rotation; ineffi-
ciencies can then occur in communication systems if linearly polarized radio waves are
used (see Chapter 12).

The Earth’s magnetic field has two primary sources. The dominant one at its surface
is due to currents circulating within its core, while at higher altitudes the currents caused
by the differential motion of electrons and ions in the magnetosphere play a significant
role. The solar wind plasma, carrying its own magnetic field, distorts the Earth’s simple
dipole field into the shape shown in Figure 2.12, with both open and closed magnetic
field lines.

From Figure 2.12 it is apparent that at high altitude the magnetic field structure is
complex; however, at lower altitude it is possible to make certain observations. Firstly,
the overall strength of the magnetic field is not constant, but is decreasing at ~0.05% per
year. This field is weakest on the equator, and Figure 2.13 shows its dependence on both
latitude and altitude.

lonizing radiations

In the near-Earth environment, there are several types of ionizing radiations that impact
upon spacecraft systems.
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Figure 2.12 The Earth’s magnetosphere. (From Wertz, R. et al. (1978) Spacecraft
attitude determination and control, p. 858. Reproduced by permission of Kluwer
Academic Publishers)
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Figure 2.13 (a) Earth’s magnetic field intensity at the magnetic equator as a function of
altitude (Adapted from [11]) and (b) relative intensity of the Earth’s magnetic field as a
function of magnetic latitude. (From Wertz, R. et al. (1978) Spacecraft attitude
determination and control, p. 858. Reproduced by permission of Kluwer Academic
Publishers)
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Figure 2.14 The structure of the Van Allen radiation belts (idealized)

The Van Allen radiation belts contain energetic protons and electrons that are trapped in
the Earth’s magnetic field and generally follow the magnetic field lines. There may also be
significant fluxes of heavy ions such as of helium (He), nitrogen (N) and oxygen (O) whose
atmospheric densities depend on solar and geomagnetic activity. The overall structure of
the Van Allen belts can be seen from the highly simplified diagram in Figure 2.14.

Proton energies range from 0.01 to 400 MeV with fluxes in the range of 10® to 600/cm?
s, respectively. Electron energies are in the range from 0.4 to 4.5 MeV with fluxes from
4 x 108 to 100/cm? s, respectively. One of the most notable features of the radiation belt
particles is the large variation with both altitude and latitude. Figure 2.15 shows typical
contour plots of the electron and proton fluxes at various locations [12].

To predict electron and proton fluxes for LEO missions, the NASA models AE8 [13]
and AP8 [14] are used. Since these particle fluxes va<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>