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Author’s preface

It is hardly surprising that the Apollo programme, which was lauded as one of
humanity’s greatest achievements, should have spawned a vibrant niche in
publishing. In the wake of the missions, innumerable books commemorated the
flights of the Apollo crews as publishers took advantage of the public’s interest. But
then, within ten years, the story was held to be less fascinating and new books on
Apollo became increasingly rare.

Things began to change, however, beginning with the twentieth anniversary of the
first manned landing on the Moon in 1969. A generation who had watched Apollo
on their parents’ television screens with wide-eyed wonder had grown up and taken
the reins of society. To them and those who were born after the landings, the
programme became the product of the previous generation and, at this point,
retrospectives began to appear. Apollo is now written as history rather than as
current events. However, much that has become available concentrates on the
programme’s conception and on those who transformed it from engineers’ dreams
into a superpower’s goals. A particularly popular sub-niche is the astronaut
biography, a somewhat variable collection of tomes that do much to relate the story
of humanity’s only foray away from the grip of planet Earth. Other volumes relate,
in varying levels of detail, what the intrepid explorers actually did during their far
too brief spells on the surface of another world.

Remarkably few books discuss the practical aspects of how the voyage from the
Earth to the Moon was achieved. The genre seldom describes the equipment that was
used; nor does it relate the procedures and techniques that allowed the Apollo crews
to accomplish their audacious task: in general, historians are not concerned with
how a feat was achieved technically. Instead, the dominant form of written history
on Apollo studies the experiences and interrelationships of the people involved, the
political and social milieu in which they operated or it is the polemic and ranting of
those who are doing the commentating. This is all well and good — to a point. The
same applies to the modern media. The details of how something was achieved are
considered to be the realm of the ‘geek’ or ‘nerd’, and should not be presented to the
general public.

One particularly thoughtful television programme of the late twentieth century
looked at the conflict between reporting as the dissemination of facts, and reporting
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as the telling of human interest stories. Produced by actor Tom Hanks, the drama
series From the Earth to the Moon included an episode about the flight of Apollo 13,
a flight that has become a byword for human doggedness and ingenuity in the face of
overwhelming challenges. Rather than remake a story that had been well told in an
earlier cinema release, the writers concocted a battle of wills between two characters
— an older journalist who read up on the technicalities and complexities of the
mission and did his level best to explain them to the public, and a young, upstart
reporter whose mantra was human interest. Not for him the reading of the
spacecraft’s checklist or of NASA'’s official press kit. A line from the upstart makes
the case for the modern view. ““You think America wants to know about PC burns
and passive thermal rolls? That’s not news, man. That is ‘Sominex’ ” — the latter
being a brand of sleeping pill. He perceived an America that neither understood nor
cared about science and had little interest in engineering niceties. What they wanted
to read about was the emotional state of the families of the stricken astronauts.

But in the age of the internet, this uninformed public is swimming in an ocean of
information, much of which is of dubious accuracy. Among this deluge of ideas is
one that tests their understanding of historical truth. In recent years, whether for
financial gain or just as a pseudo-intellectual prank, people have taken to
questioning the veracity of Apollo’s greatest achievement. Websites abound that
mock the very idea of America having achieved moonlandings in the 1960s and
1970s. They pick spurious holes in the historical record, relying on the ignorance of
the public at large, and they feed on a distrust of big government in order to sell
books and TV to a section of society that savours and favours mammoth conspiracy
theories.

The fact that one of the best documented events of history could be considered to
be a hoax thrives partly because so few people actually know how the feat was
achieved, or how the most basic laws of physics express themselves beyond the
surface of our planet. I once spoke with a head teacher — an educated man in charge
of over a thousand teenage pupils — who could quote Shakespeare as knowledgeably
as he could discuss football. I asked him why the crews on board the Space Shuttle
were seen to float about the cabin. ““Because there’s no gravity in space, of course,”
was the reply. At the time, I didn’t have the heart to enquire of him what kept the
Moon in its orbit around Earth. I wasn’t trying to mock him but I wanted to
understand the extent to which concepts derived from basic science were understood
by the public. I soon learned that ignorance in science and engineering is the norm.

The provocative suggestion that the Moon landings were faked is what
evolutionary biologist Richard Dawkins would call a successful meme. Like the
gene, it is self-replicating; an idea that has the requisite characteristics that allow it to
sustain and be passed from one credulous mind to the next — carried forward because
it can easily replicate through a population who are largely scientifically illiterate.
Distorting facts to support a false theory is a straightforward exercise, including a
sprinkling of pseudo-scientific jargon, when the audience lacks the tools, and often
the inclination, to examine them critically. To refute these false tales requires
intellectual rigour and a well-grounded knowledge of the physical world, the
possession of which would likely inoculate a person from taking such claims
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seriously in the first place. One of my motives for writing this book was to provide a
little of the knowledge that might help to refute the absurd assertion that Apollo was
faked.

Another reason behind the book was a desire to share something of my own
personal journey in reaching an understanding of how this wonderfully audacious
adventure was achieved. Like so many of my age, Apollo happened at an
impressionable time in my life. I was only just old enough to realise that a flight to
the Moon would be an incredible, fantastic thing to attempt; at which point, I
watched America promptly realise that dream before my eyes. The deep, almost
primeval sense of wonder that this adventure left with me transcends its grubby,
political roots, and has never really departed with childhood. Then the arrival of the
internet in our household, soon after the 25th anniversary of the Apollo 11 landing,
blew pure oxygen over the embers of this fascination. It lit a vigorous fire because,
for the first time, I could find material that explained in great detail just how this
difficult endeavour was executed. Equally important was being able to connect with
others who had been similarly touched by Apollo, eventually having the honour to
link up with some of those who were lucky enough to have taken part.

This book and my personal journey through Apollo, discovering how it all
functioned and what happened on another world, owe an endless debt of gratitude
more to one man than to any others I have encountered along the way. Geographical
distance has so far prohibited me from having the opportunity to shake his hand and
thank him personally, as he lives on the other side of the world. Yet the internet
allows me to count him as one of my closest friends. Eric Jones took on the
monumental task of compiling a journal of the first era of lunar exploration after
becoming frustrated at how his country had shelved the lessons learned when they
spent billions of dollars in going to the Moon. Inspired by J. C. Beaglehole’s journals
of Captain James Cook’s exploration 200 years earlier, he recounted and explained
every moment the Apollo crews spent on the lunar surface. By making his efforts
freely available on the internet, I and people from around the world came on board,
adding our time and talents to make the Apollo Lunar Surface Journal website one of
the most remarkable historic documents from the twentieth century.

My chosen role was to extend the journal to include the portions of the flights to
and from the Moon. Taking Eric’s work as my model, I set out to explain what was
occurring moment by moment, and while doing so, I learned more than I could have
imagined about how, at a broad level, the Apollo jigsaw fitted together. This book is
my attempt to pass on this knowledge to a wider audience.

Most of the book will take the reader through the various stages of the Apollo
flights, from before their spectacular launches at Kennedy Space Center in Florida to
the decks of the aircraft carriers that recovered the crews from the Pacific Ocean a
week or two later. For newcomers to the subject, I have devoted the first two
chapters to outlining Apollo’s genesis and achievements; and a bibliography at the
end of the book will provide years of excellent reading for those who wish to delve
further.

This is the tale of how Apollo flew to the Moon and how the United States of
America brought together the finest of its people and skills to achieve a dream as old
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as the human race, turning the ancient light in the sky into a new world to be
explored. It describes the efforts involved not only in successfully flying to the Moon,
but in returning safely, providing new knowledge and a new perspective on the
human position within the cosmos.

It may be appropriate to mention a few points on general terminology, as
American engineers, scientists and technologists have a habit of constructing long
descriptive names for their ideas and systems, which they promptly shorten to an
acronym. Their use of the resulting words and phrases then settles into a form that is
often chaotic and contradictory. In this book, I have been unable to avoid filling the
text with some of the same arcane acronyms that clog up so much discussion of
technical matters. However, those that I have used are so ubiquitous in the Apollo
story that they will soon be seen as old friends, and readers will be well served by
making them a familiar part of their vocabulary. Notes have been included in the
glossary to try to deal with the various and inconsistent ways in which acronyms
were pronounced.

Through my own science and engineering education, I have a bias towards the use
of SI units and, as a result, those units have been used throughout the book. This is a
controversial path to tread as it is often pointed out to me that those who carried out
the achievement used ‘English’ or ‘Imperial’ units, and that it would only be proper
for books on the topic to do likewise. This argument holds no more weight for me
than the suggestion that books on Egyptology should exclusively be written in
cubits. SI is the dominant system of scientific and engineering expression in the
world. NASA also began to use it for its science publications in 1970. It therefore
seems appropriate to explain Apollo in units that will have the widest possible
understanding. Where English units are used in dialogue, a suitable SI equivalent
will be near at hand.

So here’s my book, and I hope you like it.

Bearsden, W. David Woods
Scotland
September 2007
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Early in the morning on 26 July 1971, the good ship Endeavour, and its crew of three
— myself, Al Worden and Jim Irwin — departed Earth-space for the Moon with the
lunar module Falcon in tow. Once on the lunar surface on a plain nestled at the base
of Mount Hadley in the Apennine Mountains, and near the eastern rim of a sinuous
rille, Jim and I were to unstow Lunar Rover-1 and use it to explore the site. It was to
be the most demanding Apollo mission to date.

The preparation for our voyage had begun 20 months earlier, with more than
100,000 people working to prepare the launch vehicle and the two spacecraft, gather
equipment, provisions and instruments, and plan the Apollo 15 expedition in
exhaustive detail. In fact, the planning and preparation for our mission had been so
thorough that there was no doubt in our minds that we really knew “how to fly to
the Moon” — and in any conceivable situation. As an example; once we had departed
Earth orbit, and at any point in the mission thereafter, the crew had to be prepared
to operate on their own using only the equipment and computers on board and pre-
calculated manoeuvre data. For, among the many potential emergencies during such
a voyage, one of the most serious was loss of communications with the Mission
Control Center (MCC) in Houston; whereby the crew and their spaceship would be
alone in the ocean of space, even on the surface of the Moon, miles from the lunar
module (LM). (MCC actually had no ‘control’ over the spacecraft, and in fact we
had a ‘Block Uplink’ switch to prevent any signals from entering the spacecraft
whatsoever — remember, the spacecraft was designed during the ‘Cold War’ with the
Soviet Union, and any interference in this vital journey could be unforgiving.)

How ““we” (all 400,000 people working on the Apollo programme) prepared to fly
to the Moon was so complex to often be almost overwhelming — flying to the Moon
and returning to Earth (successfully that is) is very, very difficult. So, just how did we
plan and prepare Apollo to fly to the Moon?

The Apollo programme could be considered the evolution of three fundamental
phases — perhaps the ‘“ABCs’ of how to fly to the Moon:

A: Adopt a method by which men could fly to the Moon and return safely.
B: Build the spacecraft and ground facilities to implement the method.
C: Create the techniques and procedures to operate the spacecraft and ground
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facilities; train the flight crews and ground crews in the use of these techniques
and procedures; and most importantly develop a ‘flight plan’ to establish the
precise sequence of all of the mission activities.

A: ADOPT A METHOD

In May, 1961, after President Kennedy had challenged America to landing a man on
the Moon and returning him safely to Earth, NASA soon defined three methods of
achieving this objective: (1) direct ascent from the surface of the Earth to the surface
of the Moon; (2) rendezvous of all of the elements in Earth orbit and then direct to
the lunar surface (EOR); and (3) rendezvous in lunar orbit (LOR). In November
1962, 18 months later, LOR was announced as NASA'’s decision. Thus ‘rendezvous’
became the key to the method, though it appeared perhaps the most hazardous
option at the time — we had not yet even attempted a rendezvous of any type, even in
Earth orbit (the first would not be for 3!, more years), much less during an orbit
around the Moon, 240,000 miles [400,000 km] away, where, on the far side, there was
no ground tracking or any contact with MCC. But the LOR decision drove the
design of the entire lunar landing ‘system’ — spacecraft (hardware and software);
ground facilities, and especially the resulting complex flight operations, techniques
and procedures.

To illustrate the necessary complexity of this method, we were to fly ten distinct
phases of the mission, each phase operating in a different domain: (1) launch from
Earth; (2) Earth orbit; (3) translunar (and later trans-Earth); (4) entry into lunar
orbit (and later departure from lunar orbit); (5) operations in lunar orbit; (6) descent
to the surface and landing; (7) surface operations; (8) lunar ascent; (9) lunar
rendezvous; and (10) Earth re-entry.

B: BUILD THE SPACECRAFT

To traverse these domains, nine different ‘vehicles” were designed and built — three
stages of the giant Saturn V launch vehicle; four spacecraft modules (command
module (CM), service module (SM), descent stage and ascent stage of the LM)); and
on the lunar surface, the lunar roving vehicle (LRV) and the spacesuit and its
backpack with oxygen, cooling and communications. Each of the four spacecraft
modules required several systems — operating, support, and supply — including
specific combinations of guidance and navigation (G&N), electrical, communica-
tions, control (rockets), environmental, sequential (pyros) and consumables
(propellant, water, cooling); and each system itself consisted of several subsystems
and a myriad of components.

The four spacecraft modules alone contained three navigation systems (one in the
CM and two in the LM); four guidance systems (two in the CM and two in the LM)
and six propulsion systems. Navigation was dependent on superb software, as each
of the primary computers in the CM and the LM had only 38,000 words of memory
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(today’s mobile phones have 2 billion words!). These essential systems had 25 modes
of operation (automatic, semi-automatic and manual — for both prime and backup
systems), using a total of 51 rocket engines of five different types — all of which had
to be operated at precisely the correct time (the flight plan) using precisely the correct
procedures and ‘mission techniques’.

And simultaneously with the spacecraft, the ground ‘systems’ were designed and
built, including a worldwide network of tracking and communications — and
especially the MCC in Houston. The very complex and capable MCC in its broader
sense was like a spider’s web — consisting of a central hub with ever-expanding
sequential ‘rings’ and connected through nodes like spokes on a wheel — each node
was, in its own way, a ‘mission control centre’, and was manned by the true experts
in that particular area of discipline.

The hub of this network was the mission operations control room (MOCR).
Within the MOCR, the flight director supervised 14 different operating positions, or
consoles, each of which was manned by one or more flight controllers (44 total active
personnel during the first shift of Apollo 15). Backing up these front-line operators
was the first ring of 15 ‘back rooms’ (staff support, computer, science and
communications rooms). These in turn were supported by direct links to the next
ring, which comprised the other NASA field centres as well as the prime contractors,
who in turn were connected to their particular subcontractors in the next ring, who
in turn were linked to component suppliers and other supporting operations and
elements at the outermost ring.

C: CREATE THE TECHNIQUES, PROCEDURES, AND FLIGHT PLAN

This vast assembly of systems, subsystems, components, astronauts, flight
controllers, support staff, and the like, had to be tightly integrated and they had
to play in harmony — just like a 100-piece orchestra. Everybody had to be on the
same page, the same line, and the same note; or there would be no music. Two
concepts were key to preparing this orchestra: (1) mission techniques; and (2) crew
procedures.

Mission techniques. Of special significance during Apollo was the conductor of
this orchestra — someone who could bring all of the instruments together, read all the
music and communicate with all the ‘players’, someone who could lead the vast
Apollo team in its preparation for the missions.

One of the key figures in NASA management, whose contribution was absolutely
crucial in making sure that communication between all parts of the Apollo
‘orchestra’ worked in close harmony, was Howard W. Tindall, Jr, the Chief of Data
Priority (otherwise known as ‘mission techniques’). Bill Tindall’s unique ability to
get people talking and communicating clearly and openly became vital to actually
using both hardware and software right across the board. His meetings were always
very lively discussions, where firm decisions and commitments were made on the
spot. These meetings were highly technical, deeply thought, with often very tense
debates. For one of the big meetings, there were as many as 100 engineers, managers,
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astronauts, flight controllers, contractor representatives and other essential players.
Tindall himself summarised the essence of these meetings: “In short, the primary
purpose of these meetings was to make decisions, and we never hesitated!”

Bill Tindall’s way of summarising the outcome of these meetings became known
as ‘Tindallgrams’ — they became legendary. These memos were always clear,
informative and succinct. But their tone was often folksy and humorous, and
everybody read them, especially and fortunately senior management, for these
memos represented the consensus of all of the many complex elements of Apollo; the
manner in which the orchestra would play on concert day, in harmony.

Crew procedures. To implement the mission techniques, the spacecraft had to be
operated in a manner that would be consistent with the results of the Data Priority
decisions — the crew procedures; several volumes of step-by-step and switch-by-
switch procedures for each system, each spacecraft and each phase of the mission.

Within the command module alone there were 566 switches and circuit breakers
as well as 111 event indicators and warning lights. Within the lunar module there
were an additional 396 switches and circuit breakers as well as 129 indicators and
warning lights. All told, there were 1,202 specific ‘functions’ that the crew had to
understand, evaluate and operate either in primary modes, backup modes,
emergency modes, or trouble-shoot to determine the cause of a failure or an
anomaly.

Procedures had to be developed, integrated, and tested, time and again to ensure
that during the flight every action was performed in precisely the correct, and
verified, sequence. Procedures were developed and verified during countless hours of
simulation and training in mission simulators, procedures trainers, part-task
trainers, mock-ups, other representations of actual hardware and software, and
even a simulated lunar surface (the ‘rock pile’). Using these procedures as well as the
mission techniques, our crew of Apollo 15 (prime and backup) spent almost 8,500
hours in preparation and training for the mission.

Flight plan. The flight plan was developed as a fully integrated time line of events
and activities to bring together the mission objectives, the mission techniques, and
the crew procedures for each phase of the mission. It served many functions
including references to the particular technique to be used, an index to checklists, the
equipment to be used, spacecraft system constraints, consumables limitations,
specific tasks for each member of the crew, ground tracking coverage, day—night
cycles, and even eating and sleeping periods. Alternate and contingency flight plans
were also included. As an example, during Apollo 15, an aggregate of 445 pieces of
equipment were stowed at launch, each of which had been procedurally integrated
into the flight plan.

Three months before launch, all the basic documents necessary to conduct an
Apollo mission were compiled into a preliminary ‘flight data file’ — the flight plan,
checklists, mission rules, lunar surface procedures, contingency procedures,
malfunction procedures, equipment lists, time lines, systems data, G&N dictionary,
CSM rescue book, maps, charts, cue cards, etc. This package was distributed to both
NASA and contractor personnel — 1,300 copies in all, or a total of nearly 12 tonnes
of paper! The spacecraft onboard flight data file, loaded at launch, consisted of 52 of
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these documents. These documents were then discussed, reviewed, corrected, revised
and printed again in their entirety several days before launch.

And finally, throughout all the planning, preparation and actual flight operations,
a major part of the success of the Apollo programme was its ‘culture’. The special
conditions and sequence of events that made Apollo a success are exemplary of the
unique qualities of the Apollo programme, its people and the manner in which they
behaved and worked together for a common and rewarding goal. When the
programme began, people from many different organisations were assembled to
work together; and each of these organisations had its own culture — and these
cultures had to be blended and smoothed. Everybody was aware of the high-risk
nature of this new venture, and everybody was encouraged to speak up, to express an
opinion or define a concept, without fear of retribution or reprisal (although
sometimes friendly ridicule would occur). For the most part, the people involved
loved their work, and loved being part of this grand adventure; and they were so
proud of their many contributions. And it showed, everywhere, even today — “My
dad worked on the valves in the rocket engines, he was part of Apollo!”

Hardware will come and go. Software will come and go. Astronauts, cosmonauts,
and whoever will come and go. But like wheels rolling on roads, and ships floating
on the seas, this exceptional book describes the manner in which manned spaceships
will fly to the Moon (and return!) for most likely decades to come.

David R. Scott
Commander, Apollo 15

Los Angeles, California
August 8, 2007
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Apollo: an extraordinary adventure

THE MEANING OF APOLLO

The Apollo programme was not just a Cold War stunt, though many correctly saw it
as such. Neither was it just an example of superpower posturing, though it most
certainly was that too.

As is the nature of so many decisions in the human realm, America’s decision to
go to the Moon in the middle of the twentieth century had repercussions that were
barely imagined when the President’s advisers steered him towards his historic
decision. In a speech on 25 May 1961, to a Joint Session of Congress on “Urgent
National Needs”, President John Fitzgerald Kennedy justified his goal by stating
that ... no single space project in this period will be more impressive ...”. Was he
right? Probably. It was certainly a magnificent example of how a state-run command
system can successfully fund and manage a megaproject given a conducive political
environment. Ironically, this characterised the very Soviet system that America was
trying to upstage when it went to the Moon, perhaps a demonstration that people are
more similar than they are different.

As the programme came to its successful climax with Apollo 11 the media were
filled with commentators proclaiming that such a wondrous achievement was bound
to bring humanity closer together. There was a sense that this was the obvious
culmination of a rising drive towards peaceful endeavours by an increasingly
enlightened western society. In an interview for British television on the day after
Apollo 11 reached the Moon, NASA Administrator Thomas O. Paine asked: “Why
aren’t our political institutions more tuned in to bringing to people around the world
this great common aspiration that we all have: world peace, freedom from hunger
and ignorance and disease? Why can’t we do better in many of these other areas as
we reach out and touch the Moon?”

In the short term, the media lost a measure of its cynicism and adopted an almost
reverential tone. During the coverage of the launch of Apollo 11, veteran BBC
commentator Michael Charlton spoke to the British audience while Neil Armstrong,
Michael Collins and Edwin ‘Buzz’ Aldrin boarded the van that would take them out
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to their space vehicle. In solemn, awed tones, he commented, “They take with them,
this morning, the good wishes and the admiration of a world of people, as Man, a
species born and who has lived all his life on Earth, moves, with this journey, out
into the Solar System. And so, presumably begins, with this journey, his dispersal in
other places out in the Universe.”

In a documentary made for the 25th anniversary of Apollo 11’s achievement, one
of those on the front line of the Apollo programme, Frank Borman, who orbited the
Moon on Apollo 8, pointed out how the pragmatic President Kennedy, in his bid to
end the Cold War, had used his ability as a wordsmith to sell a voyage to the Moon
as a great endeavour for exploration. “Fiddlesticks,” exclaimed Borman. “We did it
to beat the Russians.” In the same documentary, Armstrong’s introduction
suggested that as well as national posturing, other forces and impulses within the
minds of the participants were driving the quest to the Moon with equal force. “The
dream of venturing beyond our own planet was too powerful to resist. We wanted to
explore the unknown. We wanted to push the limits of space flight.”

Apollo therefore could become whatever its detractors or protagonists wanted it
to be. To those scientists whose unmanned missions were shelved or commandeered
for the sake of Apollo, it was a wasteful enterprise; spending vast sums where similar
knowledge could be gained for much less cost. Others from the scientific community
who bought into the programme for the opportunities it offered claimed that the
presence of humans would greatly increase the science yield. Historian Lewis
Mumford dismissed Apollo as “an escapist expedition” from a world beset by
problems of malice and irrationality. In the view of economist Barbara Ward, it was
a sign that humanity’s destiny could be outside this planet and that the view of the
Earth from space could change the thrust of human imagination to one that would
lead humans to coexist better.

Apollo was undoubtedly NASA’s greatest achievement, but in its very success it
became a burden. NASA’s funding came directly from the US government, annually
allocated according to the political whims of a fickle Congress. When the political
imperative behind the programme faded, NASA naturally looked around for
projects that would allow it to continue to exist in the manner to which it had
become accustomed — as would any maturing government bureaucracy. But there
was no project that could come anywhere near Apollo’s scale and expense while still
carrying the political momentum needed to fund it. In the post-Apollo era, therefore,
NASA sold the Space Shuttle to the American taxpayer as a new, cheaper route to
the new frontier, and in the process, found themselves with an expensive, versatile
‘space truck’. But the Shuttle was also fragile, and it threatened the agency’s very
existence each time it killed a crew, which it did twice. Apollo was a very difficult act
to follow.

One of the ways NASA tried to justify its continued funding was to point out the
technological spin-offs that came from the research and development that supported
the quest for the Moon. Certainly, American industry learned much from Apollo in
a very wide range of fields: from metallurgy to computer simulation, from electronics
to fluid valve design. But the problem for those who would use spin-offs to justify
further space exploration was that most of these advancements were as much tied up
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with the larger defence and aerospace effort being undertaken by the United States
at the time, as they were with Apollo. On close inspection, it was difficult to
disentangle a new technique, material or system from parallel developments in
ballistic missiles or aircraft design or reconnaissance satellites. From an economic
and industrial standpoint, it would be more accurate to say that a primary benefit of
the billions spent on Apollo was the cash injection it gave to the US aerospace
industry and the jobs and know-how that resulted. At any rate, this was part of
Kennedy’s motivation in setting the lunar goal.

However, unlike the shadowy exploits of the US defence community, Apollo was
carried out in the open. It was a fantastic feat executed in full view of the world for
its propaganda benefits, even though such a stance left NASA exposed at every
failure of machine or management, or every time a crew was killed. One result of this
openness was the inspiration it gave to vast numbers of children to take up careers in
science and technology. On 4 October 2004, a small oddly-shaped spacecraft won the
X-prize, a $10-million sum offered to the first privately financed three-man ship to
rise above the internationally agreed threshold of space at an altitude of 100
kilometres, although on this occasion ballast replaced the weight of two passengers.
Despite the substantial prize, no profit was made from this early effort in commercial
space transport, as it relied on a $20-million investment by Paul Allen, an
entrepreneur whose fortune began in the mid-1970s when he co-founded the software
giant Microsoft. As a boy, he avidly watched the progress of the Mercury, Gemini
and Apollo missions. “I really got enthralled [by the early space efforts of the USA],
and probably more than most kids.”” He is just one of a collection of multimillionaire
entrepreneurs from the computer and internet industries who were brought up on the
dreams of Apollo and who later expressed their interest in space by investing in new,
start-up commercial space efforts that may make that dream a reality for many
others.

During their voyages to the Moon,
Apollo crews would sometimes look
out of their spacecraft windows, see
Earth in the distance and take a
photograph. Some have claimed that
the resulting extraordinary imagery
was directly responsible for the mod-
ern environmental movement, when
people who were concerned about the
state of the planet’s biosphere
pounced on images of the jewel-like
Earth rising above the barren limb of
the Moon, or a full-Earth image
captured en route between the two
worlds. These images have been
reproduced endlessly as symbols of
the fragility of our planet. They
served as the opening line of the

Full Earth, as seen from Apollo 17.
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green movement’s clarion call, and are heavily used by corporations to display their
environmental credibility. In truth, and somewhat ironically, though much was
learned from the Moon, the most profound thing we discovered through Apollo was
Earth itself.

In some ways, the Apollo programme was the ultimate adventure for the
American people because it fed into the frontier spirit that imbues much of their
society, and gave the astronauts of that era an almost god-like status. In his book,
The Right Stuff, author Tom Wolfe described the early American space programme
and its crews in terms of single combat whereby, in some ancient civilisations, battles
would be pre-empted by one-on-one combat between the best warrior from each
side. In the Cold War, tribal heroics between the two superpowers on Earth were
being enacted, not by knights on horseback, but by men from the fighter-pilot
fraternity — afterburner jet-jockeys who were willing to risk their lives for their
country’s prestige. These were warriors who wanted to rise to the peak of their
profession’s ziggurat, a pyramid of ever faster, jet-propelled aircraft reaching ever
greater heights — the dangerous world of the test pilot. In this arena, where it was
accepted that men would die for a worthy goal, the dawning of the space age had
introduced a new peak to entice the need-for-speed hot-shots and it seemed more
dangerous than ever. Through television broadcasts of early unsuccessful space
attempts, the American public had witnessed the unreliability of the early rockets.
They became steadfast in their admiration for men who would strap themselves to
the top of these jittery, controlled bombs and be blasted into space to demonstrate
their country’s prowess. In Ron Howard’s movie, Apollo 13, there is an iconic
sequence leading up to a superbly rendered dramatisation of a Saturn V launch. It is
no coincidence that James Horner’s score for this scene is strongly reminiscent of a
regal coronation. These men were being anointed — prepared to be sent to the realm
of the gods for the glory of a nation.

The Moon landings eventually came to be the ultimate expression of technical
competence to the extent that a cliché entered the language: If we can land a man on
the Moon, why can’t we . ..? Seeing the intention of Apollo as solely a demonstration
of technical prowess, it became a yardstick against which the stuttering progress of
the western world in other fields came to judge itself. In the light of such a dazzling
display of what humans could do, why did real-world achievements appear tarnished,
tardy and piecemeal? In truth, the world moved on to other preoccupations that
equally tested human ingenuity; in particular, the rising power of the computer,
increasingly fluid communications and information flow via the internet and mobile
telephony. In a world that was increasingly looking in on itself, the outward-looking
achievements of Apollo appeared outlandish, superficial and almost naive.

In many ways, Apollo was an aberration, a sample of twenty-first-century
exploration tackled by the technology of the 1960s, brought forward by perhaps two
generations by political circumstance and pushed through by the dreams and
technical inventiveness of the thousands who took part.
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DREAMING OF THE MOON

In the years after World War II, in the bowels of America’s aeronautical research
facilities, a few remarkably gifted engineers were having ideas above their station.
Thinking outside the box, as we now call it, they wondered how a manned spacecraft
(women were never considered) that had been blasted outside Earth’s atmosphere,
could possibly return without killing its crew. Two in particular, Max Faget and
Owen Maynard, were formulating a plan that might just allow the challenges to be
overcome — one that would bring together diverse technologies that were then
maturing, and might allow the dream of space travel to be realised. Many of these
technologies were also concerned with the delivery of nuclear weaponry — the most
prominent examples being the liquid-fuelled rocket, the ablative heatshield and the
blunt-body re-entry vehicle.

Both the USA and the Soviet Union had been familiarising themselves with
rocket technology gleaned from the defeated German forces of World War II. By
learning from the cadre of rocket engineers that had worked for the Nazis, both
superpowers had launched vehicles either looted or built locally on the basis of
German experience. It soon became apparent that these rockets would be useful
carriers for the newly developed nuclear warhead, able to dispatch these weapons
across large distances in a short time. Both sides in the Cold War had nuclear
armaments, and both realised that in the event of an exchange, early delivery of their
warheads would be crucial to national survival.

Fast delivery of nuclear weapons required development of the intercontinental
ballistic missile 1CBM) whose long, coasting flight could cross continents in half an
hour. Though this class of missile was not required to go fast enough for orbital
flight, much of its flight path was spent beyond the atmosphere and one of the chief
problems encountered in this arrangement was dealing with the punishing heat the
payload had to endure as it re-entered the atmosphere at hypersonic speeds. After
dispensing with solutions that tried to absorb the energy in a heat sink, engineers
turned to the ablative heatshield. This was a layer of material on the outside of the
warhead fabricated from materials that would ablate — that is, they would slowly
char and burn away, protecting the bomb as it came hurtling back into the
atmosphere. At the same time, the work of H. Julian Allen had shown that by
forming the shape of a re-entering body into a blunt shield, the searing hot
shockwave that always accompanied high-speed aerodynamics could be made to
stand away from the fabric of the hull, and thus keep the hottest and most erosive
gases clear of the vehicle.

Faget and Maynard investigated whether this technology could be arranged so
that a person could sit inside the rocket’s payload instead of a warhead, enter space
and return to Earth without being roasted, chilled, asphyxiated, crushed or drowned.
An ecarly implementation of their work was the one-man Mercury spacecraft, a
relatively unsophisticated capsule that let America log its first minutes and hours of
manned space flight. However, even before the first such flight was attempted,
engineers had begun to consider the design of a successor that could sustain a three-
man crew for an extended flight in space and make a controlled descent through the
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Sketches from October 1960 for the “Apollo-Control Capsule”.

atmosphere to land on the ocean. Perhaps, they thought, such a spacecraft could
even fly to the Moon.

The name for this spacecraft, Apollo, was coined in mid-1960 by the Director of
NASA’s Office of Space Flight Programs, Abe Silverstein, who delved into Greek
mythology for inspiration. Apollo was the son of Zeus and had associations with
Helios the Sun god. The idea of Apollo riding across the face of the Sun seemed an
appropriate metaphor to Silverstein for the grand sweep of the proposed
programme. Though there would be precursors to the resulting ship — namely the
Mercury and Gemini spacecraft — the basic shape of the Apollo re-entry module was
arrived at early on, even though it still had no mission.

In May 1961, with America having hardly dipped its toe in space with the 15-
minute flight of Alan Shepard, President Kennedy proclaimed a mission for this
nascent spacecraft when he challenged his country to send a man to the Moon and
return him safely to his home planet, and to do so within the eight and a half years
still remaining of the 1960s. Kennedy’s early months as President had been troubled
by the success of the Soviet Union in achieving space firsts, particularly on 12 April
1961 when Yuri Gagarin became the first person to fly in space. Further trouble with
an abortive invasion of Soviet-backed Cuba made Kennedy search for something
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President John F. Kennedy announces his lunar challenge to Congress on 25 May 1961.

that would raise America’s profile around the world. Landing men on the Moon, a
goal that people within NASA were already thinking about, and carrying it out
within a deadline, seemed like an enterprise at which his country could excel. The
Apollo system would be pressed into this role.

THE APOLLO SPACESHIP

Apollo was conceived as a two-part spacecraft. The three-man crew occupied the
conical re-entry section, from which they controlled the mission. This command
module (CM) carried much of the equipment the crew needed for their flight, and
everything they needed for re-entry. Most of their consumables (air, water, power)
and their chief means of propulsion and cooling were carried in a cylindrical section
attached behind the command module’s aft heatshield. This service module (SM)
remained attached to the CM for most of the flight, the two sections acting as one
spacecraft under the acronym CSM, for command and service module. On the return
journey the SM was discarded just prior to re-entry into Earth’s atmosphere. This
distinctive cone-and-cylinder arrangement, with a nozzle sticking out of its aft end,
became the archetypal spacecraft in the minds of many children who grew up at this
time, fascinated by space flight.

Early plans envisaged taking some arrangement of the CSM all the way to the
Moon’s surface as part of a larger vehicle that would sport a set of landing legs to
allow the combination to touch down. Although this would have been a rather
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Apollo 14 CSM Kitty Hawk in orbit around the Moon.

unwieldy craft to land, the requirement to lift the CSM off the Moon dictated the
thrust of the spacecraft’s large main engine.

WHICH WAY?

Even as Kennedy announced that the Moon would be the destination for America’s
aerospace community, managers still had to decide how to make the trip. At first,
two competing methods, or modes, were investigated, both of which had powerful
advocates and detractors. A third plan struggled for attention and was often
mocked.

The first plan was known as direct ascent, and though it appeared at first glance to
be the simplest solution, it was the most audacious of all. It entailed the development
of a truly monumental booster that would hurl a large spacecraft directly at the
Moon without pausing in Earth orbit. This Apollo ship would carry everything
needed to complete the mission and get back home; landing gear, supplies for the trip
and for the lunar surface, and engines powerful enough to lower and then raise the
entire vehicle from the Moon. This was a brute-force method, whose proponents
argued was the simplest and easiest proposal to realise within the time allowed,
avoiding complexity where possible. On the minus side, however, it would have
required the Nova, a rocket of simply stupendous proportions to execute — one that
would have dwarfed even the mighty Saturn V that was eventually built. For a time,
the direct mode was championed by Robert Gilruth, leader of the Space Task
Group, which was a small organisation within NASA that included Faget and
Maynard and which would form the core of the Manned Spacecraft Center, now
renamed as the Johnson Space Center in Houston.
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The charismatic German rocket
engineer Wernher von Braun — the
director of the Marshall Space Flight
Center in Alabama — had different
ideas. He and his team had been
brought to the United States after the
war and had helped the US Army to
develop its first useful rockets. They
then formed part of an effort to
create a family of large launch vehi-
cles collectively known as Saturn.
While some at Marshall welcomed
direct ascent and the Nova, von
Braun preferred Earth-orbit rendez-
vous (EOR) believing it to be more
attainable. This called for a rapid
sequence of launches of the smaller
Saturn vehicles to place into Earth
orbit the components of the ship,

Wernher von Braun beside an early where they would be assembled and

Saturn launch vehicle. sent on towards the Moon. When the

launch facilities at Merritt Island near

Cape Canaveral were being laid out
by von Braun’s compatriot Kurt Debus, EOR appeared to be the best way to achieve
the lunar goal. The perceived need for launches to occur in quick succession, and the
associated processing, defined the layout of the new Moon port. In the event, these
capabilities would barely be brought to full use.

As engineers and designers studied the options, huge problems became evident in
both of the favoured modes for getting to the Moon, and these shortcomings
threatened to slip the success of the project past the deadline set by President
Kennedy. A major headache was the sheer size of the Nova rocket. Building,
transporting, fuelling and finally launching such a gargantuan rocket was becoming
difficult to comprehend. One engineer put it in plainer terms: “It would have damn
near sunk Merritt Island.” Contractors had to make a start on building the launch
facilities and the type of launch vehicle to be used would be crucial to their layout.
One of the larger Saturn derivatives on the drawing board, the C-5, itself around 36
storeys tall, seemed to be a much more sensible solution. This vehicle was later
renamed Saturn V, pronounced as ‘Saturn Five’.

Both schemes envisaged sending a single large Apollo spacecraft to the Moon,
and its shape and layout were proving to be an equal headache. Seated in a heavy
conical Apollo command module mounted at the top of a huge rocket-powered
landing stage, the crew would find that all their windows looked towards the sky
when, like all pilots, they would rather look down at their approaching landing site.
It slowly dawned on them that the CM’s shape could hardly have been less suited to
a lunar landing.
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Gilruth’s Space Task Group was based at NASA’s aecronautical centre in Langley,
Virginia at this time. Another research group at Langley, who were studying possible
trajectories to the Moon, had pointed out the huge weight savings that could be
made by using a lunar parking orbit within the mission. In parallel with engineers at
Vought Astronautics, they devised a daring but highly efficient means of travelling to
the Moon using only a single Saturn C-5 vehicle. It was this third mode that
eventually won the day and became America’s path to a new world.

LUNAR ORBIT RENDEZVOUS

Any journey in space is heavily influenced by the propellant available to achieve it.
At the same time, the amount of propellant required is largely determined by the
mass of the object that is to make the journey and how quickly the journey has to be
undertaken. The alternative scheme, known as lunar orbit rendezvous (LOR) sought
to limit the amount of mass that had to be propelled at any stage of the journey. A
reduction in the quantity of propellant required for the Apollo spacecraft would also
minimise the initial mass that would begin the journey and bring the entire mission
within the capability of a single Saturn V.

The advantages are best understood by working backwards through a mission.
The only part of the spacecraft that really needed to be propelled out of lunar orbit
and returned to Earth was the heatshield-protected command module, and this
defined the amount of propellant the service module would require for the task.
Next, instead of taking a lot of redundant mass down to the Moon’s surface and up

John Houbolt of Langley, the champion of lunar orbit rendezvous.
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again, a dedicated lander would be designed specifically for the task, leaving the
Apollo mothership, the CSM, with the consumables and the propellant to get home,
in lunar orbit. This lander would only have to take two of the crew down to the
surface, leaving the third to take care of the CSM. Moreover, there was no need for
the engine, or the landing gear, or the empty tanks that had taken them down to the
surface, to come back up to lunar orbit. The crew could return to the mothership in
only the top part of the lander, using a smaller engine and propellant load for the
task. As there would be no need to bring the remaining part of the lander back to
Earth, it, too, could be discarded at the Moon. Therefore, the final propellant load
for the CSM was made up by the fraction required to get the entire assemblage into
lunar orbit, plus the fraction required to get itself to Earth. At every stage of the
flight, only a minimum amount of mass would be accelerated, and everything else
would be discarded when its function had been fulfilled.

The cumulative weight savings made the LOR scheme highly attractive in
engineering and cost terms, but it caused NASA to face certain operational realities
which, in the early days of space flight, seemed daunting. As with EOR, having
separate spacecraft meant learning how to rendezvous in orbit when both were
travelling at what were then perceived to be incredible speeds. The ships would have
to join together, or dock, to allow crewmen and cargo to transfer from one craft to
the other. Neither of these techniques had yet been demonstrated in Earth orbit, yet
the LOR concept was calling for them to occur nearly half a million kilometres away
in the lonely vicinity of the Moon. A failure of the rendezvous would doom the
occupants of the lander to certain death in lunar orbit, while a failure of the docking
would require crewmen to don spacesuits and manocuvre themselves from one craft
to another by going outside. At a time when no one knew what challenges the
weightless environment would present to a crewman in a bulky pressure suit, this
seemed to be a very risky thing to do.

Many in the burgeoning space community were aghast at the audacity of LOR. It
seemed foolhardy and dangerous. However, convinced of the benefits, and with an
almost religious zeal, its leading advocate, John Houbolt, drove through layers of
NASA bureaucracy and the entrenched positions of its various centres, to try to
convince the organisation that there was little chance of getting to the Moon, as they
had been tasked, unless LOR was adopted.

NASA debated the mode issue for more than a year after Kennedy had laid down
the challenge of a landing within the decade, during which time, direct ascent and its
incredible Nova launch vehicle was largely discarded, leaving EOR, championed by
von Braun, and LOR, which had become Gilruth’s preferred option, as the
competing schemes. As work on the spacecraft could not begin in earnest until the
matter was settled, Joseph Shea from NASA headquarters asked each side to report
on the other’s scheme — a management strategy that brought von Braun around to
seeing the benefits of LOR. In June 1962, at a large meeting at Marshall, NASA
acceded to Houbolt’s campaigning and chose LOR as the way they would get to the
Moon.

With the mission mode settled, the definition, design and construction of the
spacecraft could begin. The command and service modules would be built by North
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American Aviation. These craft were already well into their initial development, but
their role could now be precisely defined; there being no need for a landing stage on
the SM, for example. Major components for the SM had already been designed. It
was decided to leave the thrust of its propulsion system at its original design value
and take this into account in mission planning. Two versions of the CSM would be
built. Block I would be incapable of supporting a mission to the Moon, but would
allow procedures to be practised and experience to be gained in Earth orbit until
Block II spacecraft became operational. The Block II would be the Moonship
proper. Complete with fuel cells for power, hardware for docking, deep-space
communications and a fully capable guidance and navigation system, the Block II
CSM would be the linchpin in the Apollo story, delivering a spidery landing craft to
another world. In a sense, the CSM was a mini-planet, providing everything three
men would need for two weeks in space while taking them on a journey that had
been a dream of humans over the ages. In the event, the design of the Block II would
be forged in the lessons learned from the fatal flaws that would prevent the Block I
from flying a manned mission.

EQUIPMENT

The Apollo spacecraft

The command module was a stubby,
conical craft almost entirely covered
with a heatshield that was thickest
across its base to sustain most of the
punishment of re-entry. The outer
rim of the cone was packed with
small tanks, thrusters, various anten-
nae and two small ports for the
ejection of waste water and urine.
The apex of the cone had a remov-
able probe mechanism to enable it to
dock with the Apollo lander and a
tunnel through which the crew could
transfer between the two spacecraft.
Parachutes were carefully packed
around the outside of this tunnel,
along with other paraphernalia of
the Earth landing system.

The main bulk of the CM’s
volume was taken up by the pressure hull which accommodated three crew members
and much of their electronic equipment. For lightness, the hull was constructed from
two layers of aluminium sheet with an aluminium honeycomb in between. During
launch and re-entry, the crew lay on couches with their backs to the aft of the
spacecraft. In general, though not exclusively, at the time of launch the commander

Computer rendering of the Apollo
command module. (Image courtesy of
Scott Sullivan.)



Cutaway of the command module interior.

(Image courtesy of Scott Sullivan.)
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occupied the left couch for access to
most of the flight instruments; the
lunar module pilot (LMP) took the
right couch and took responsibility
for the spacecraft’s systems, as this
was where many of the relevant
switches and displays were located;
and the command module pilot
(CMP) had the middle seat, with
his head next to the spacecraft
hatch. For major manoeuvres in
space, the CMP occupied the left
seat. Directly in front of the crew
and ranged around the entrance to
the tunnel was the main display
console — a vast panel of some 400
knobs, switches, meters and displays
with which most of the flying of the

spacecraft was achieved, in association with various hand controllers that sprouted
from the ends of armrests. Above the console, in the eye-lines of the commander and
LMP, were two small forward-facing windows. Other panels, windows and
compartments were arranged around the crew. In particular, at the CMP’s feet
was the lower equipment bay which included all the gear he would need to navigate
the spacecraft, a task for which he was responsible.

Attached to the rear of the CM was the cylindrical SM that supplied most of the

consumables; electrical power,
water, air and cooling. It also
carried an array of parabolic anten-
nae for deep-space communication,
thrusters for attitude control and
the spacecraft’s main means of
propulsion, an ultra-reliable service
propulsion system (SPS) engine that
protruded from its rear. This engine
took the crew into orbit around the
Moon and, when their exploration
had been completed, sent them back
towards Earth. Most of the service
module’s bulk was taken up with
four large tanks that carried over 16
tonnes of propellant for this engine.
Smaller tanks of oxygen and hydro-
gen provided the reactants for three
fuel cells where a little chemical
magic combined these elements to

Computer rendering of the command
module instrument layout. (Image
courtesy of Scott Sullivan.)
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Cutaway of the CSM interior. (Image courtesy of Scott Sullivan.)

provide the crew with not only electrical power, but also water good enough to
drink. The oxygen tanks also supplied the CM’s cabin air.

The Apollo lander

The CSM was a streamlined and sturdy craft, designed to ascend through the
atmosphere of Earth, and, in the case of the command module, withstand a
punishing re-entry. In complete contrast, the lunar lander was a true spacecraft

because it was entirely incapable of

flight in an atmosphere.

Known as the lunar module (LM),
its construction was entrusted to the
Grumman Aircraft Engineering Cor-
poration. This was a truly exotic ship
in which every aspect of its major
systems pushed the know-how of the
engineers who designed it. When
originally conceived, it was called the
lunar excursion module and therefore
received the acronym LEM. However,
managers decided in 1965 that the use
of excursion was too flippant as it
suggested that the crews were going
on a vacation. The name was shor-
tened to [lunar module but the pro-
nunciation as ‘lem’ stuck.

Orion, the Apollo 16 LM, prior to its
descent to the lunar surface.
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Computer rendering of the LM descent stage. (Image courtesy of Scott Sullivan.)

The LM needed to be sturdy enough to withstand the acceleration and vibration
of a launch from Earth and the shock from a rough landing on the lunar surface. It
also had to be as light as could humanly be achieved in order not to outweigh the
ability of both the Saturn V and the CSM to deliver it to lunar orbit. Its largest
engine had to be throttleable to provide adequate control of the astronauts’ descent
to the surface of another world without the aid of wings or runways. Its flight path
was controlled by two small computers in an age when entire floors of buildings were
given over to such machines. Its propellant systems operated at extreme pressures,
yet its engines had to be completely reliable.

Prior to Apollo, no one had dealt with the realities of designing a lunar module
which meant that Grumman could start with a clean sheet, but even before they won
the LM contract, their engineers had produced preliminary designs. They then
worked through a number of iterations before settling on the final design. The idea
of the LM being a two-part craft was adopted immediately as an essential
requirement of the LOR concept. It operated as one vehicle until the moment of
departure from the lunar surface. The form and layout of less fundamental aspects of
the LM, like the number of legs and the seating arrangements, required some extra
thought. Three legs would have been the lightest arrangement and most adaptable to
an undulating terrain, but a failure of any leg would be bad news. Five legs provided
excellent stability and safety but the layout conflicted with the arrangement of the
tanks for the propellant, and would have necessitated more structure and more mass.
Four legs proved to be a suitable compromise. The lower or descent stage was a
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cross-frame carrying an engine in its
centre surrounded by four propel-
lant tanks. At each end of the cross-
frame, a landing leg was mounted,
one of which included a ladder. The
bays of the frame between the land-
ing gear were used as stores for the
equipment the crews would need
when their roles changed from that
of spacecraft pilots to lunar explorers,
and, on later flights, would provide
somewhere to carry a fold-up electric
car.

The upper stage of the LM was
the crew quarters. Since it would lift
the crew off the Moon, it was known
as the ascent stage. A pair of
propellant tanks protruded like cheeks on either side of a horizontally mounted
cylindrical pressure hull, and a small rocket engine was set in the centre of the stage.
Early designs for the cockpit included seats and large, high-visibility windows, as in a
helicopter. In spacecraft design, there is a tendency for the mass of a spacecraft to
rise as engineers go from initial concepts and estimates to final hardware. The Apollo
LM could not afford such increases and the constant pressure to minimise the
spacecraft’s mass continued up to and beyond its first successful mission. Engineers
conceived the innovative idea of removing the seats because they realised that a
crewman’s legs would make excellent shock absorbers for the low g-forces
encountered during descent. Also, in the low gravity of the Moon, standing would
be effortless. This change had a profound effect on the layout of the ascent stage.
Had the crew been seated, their heads would have been placed well away from the
windows, entailing huge areas of heavy glass to give an adequate field of view. A
better solution was to have the two crewmen stand close to the front wall of the
spacecraft where they could look out of two small downward-tilted triangular
windows from which they could see an approaching landing site and steer towards it.
This arrangement saved a large amount of mass. Major electronics systems were
placed to the rear to balance the crew, quad packages of thrusters were placed at
each corner for attitude control, and a collection of antennae were mounted on the
roof, where function dictated. The result was a remarkable manned spacecraft that
was perhaps aesthetically ugly, yet perfectly designed for the function it had to
perform.

Computer rendering of the LM ascent stage.
(Image courtesy of Scott Sullivan.)

The launch escape system

When the spacecraft was sitting on top of the Saturn V, it included one extra element
of the Apollo system that everyone hoped would never be used. If it had, it would
have been a particularly bad day for all involved. Attached to the tip of the CM was
a truss structure upon which was mounted a thin, pencil-like tower which included a
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Diagram of the launch escape system.

powerful solid-fuelled rocket motor. This was the launch escape system (LES).
Wrapped around the shiny surface of the command module was a fibreglass and
cork shroud, called the boost protective cover (BPC), which shielded the CM from the
heat of friction with the air during the first 3 minutes of a nominal ascent, and from
the blast of exhaust from the rocket mounted just above, if this were to be used.

If a mishap had occurred with the Saturn V, this motor would have burned for
just 8 seconds, but it would have produced a force equivalent to 66 tonnes weight
and an acceleration in excess of 7 g that would whip the CM and its crew away from
a wayward Saturn. The motor’s exhaust exited through four nozzles that were canted
to the side to direct its blast away from the spacecraft. If the launch was normal and
the launch escape system was not needed, then after the first 3% minutes another
smaller rocket motor near the top of the tower pulled away the launch escape system,
including the boost protective cover, to fall into the Atlantic Ocean.

SWORDS TO PLOUGHSHARES: VON BRAUN’S ROCKETS

Despite the weight advantages that were gained from the adoption of the lunar
orbit rendezvous concept, an Apollo spacecraft and lander were still a huge mass to



18 Apollo: an extraordinary adventure

lift off Earth and send to the Moon, and a very special rocket would be needed for
the task.

In every way, the Saturn V epitomised the sheer audacity of the Moon
programme. It was big — in size, thrust and weight; it required huge facilities to
build, test, transport and launch; and its engines consumed massive quantities of
propellant at a prodigious rate. It also demanded fine, subtle control of the
enormous forces it produced, and it stretched the will of NASA even to conceive of
it. The fact that they did was perhaps because, at the outset, its designers had
proposed an even larger vehicle. In comparison, the Saturn V may have seemed
relatively straightforward but when the time came to turn ideas to reality, its
procurement strained the US aerospace industry every bit as much as the spacecraft
it carried.

The lineage of the Saturn V led back to a pre-war German amateur rocketry club,
the VIR (Verein fiir Raumschiffahrt or Society for Space Travel) where a young
Wernher von Braun first shone as a gifted rocket engineer and motivator of men. As
Germany armed itself for an assault on Europe, its military, denied conventional
long-range artillery by the Versailles treaty, took an interest in the successes of the
VIR and how its new rocket technology could be applied to sending warheads
towards an enemy.

Von Braun headed a group of engineers based at Peenemiinde, a peninsula on the
large island of Usedom on Germany’s Baltic coast, where his A-4 rocket, fuelled by
alcohol and liquid oxygen, was developed. Towards the end of the war, conventional
warheads were installed atop the A-4 and the rocket was renamed the V-2 or
Vergeltungswaffe 2 (Vengence 2) by the German propaganda ministry. An explosion
in Chiswick, London, on 8 September 1944, signalled the first use of the V-2 as a
terror weapon. Subsequently, thousands of these rockets, built largely by slave
labour under the control of the notorious German secret service (the SS) were
launched in the last months of the war in a last-ditch attempt to ruin the morale of
the British population.

As the Allied forces marched across Europe in the war’s final days, teams of
intelligence specialists searched for useful military technology. Von Braun knew that
the knowledge and experience of his engineers would be a great prize for whichever
Allied power reached them first. The Soviets were closer but he preferred the western
option, and arranged for his team to surrender themselves to the American forces.
Additionally, he helped his captors to retrieve hardware and documents that would
prove useful to them. Though he shamelessly used the military as a means to develop
his rocket, von Braun had something else on his mind — space travel.

In 1956, the US Department of Defense made the US Air Force responsible for
procuring the country’s long-range missiles. Over the succeeding years, the USAF
and the companies that worked for it developed the Atlas, Thor and Titan missiles.
In the meantime, von Braun’s group, still part of the US Army — initially based at the
White Sands Proving Ground in New Mexico but now at the Army Ballistic Missile
Agency in Huntsville, Alabama — had already devised the Redstone and Jupiter
missiles. The former was America’s first rocket capable of sending a payload into
orbit. After the Soviet Union started the space race by launching Sputnik on 4
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October 1957, von Braun’s Juno I rocket (a Redstone with solid-fuelled upper stages)
countered for America by placing the more scientifically useful Explorer I into high
orbit. However, rockets were inextricably tied up with the nuclear weapons they were
designed to carry, and since, by now, America could build lightweight nuclear
devices, its military rockets tended to be lower powered and less useful as lifting
vehicles for spacecraft. Soviet nuclear weapons, on the other hand, were large, heavy
affairs, and therefore their rockets had to be relatively powerful, giving them greater
capability as space vehicles. Realising this shortcoming, von Braun’s team first
added solid-fuelled rockets to the top of their Jupiter missile, which was essentially a
scaled-up Redstone, to make the Juno II space launcher, then moved onto the
development of a heavy-lift booster specifically for space use. Initially designated the
Super Jupiter, this booster would cluster first-stage engines and tanks to achieve the
desired thrust. This project evolved into the Saturn. As early Saturn development
continued into 1960, von Braun’s team found themselves transferred to NASA with,
at last, a civilian role for their rockets. Their facilities in Huntsville became the
Marshall Space Flight Center, with von Braun as its director. Once President
Kennedy’s lunar goal had been set, the development of the Saturn rockets became
part of the civilian space effort, with their final design being firmly linked to the
needs of the Apollo spacecraft they would carry.

Though an entire family of launchers were envisaged, only three Saturn rockets
came out of the programme. The Saturn I was primarily a development series that
proved the concepts of engine clustering in order to achieve high thrust levels as well
as testing early Apollo hardware. The Saturn IB used an improved form of the first
stage and made use of a new, highly efficient rocket stage, the S-IVB, which was
manufactured by the McDonnell Douglas Company. This stage would be crucial to
the Apollo programme. It formed the third stage of the Saturn V, in which role it
would provide the final impetus to take all NASA’s manned spacecraft to the Moon.
In the Saturn IB, the S-IVB was a second stage in a man-rated vehicle that could take
either a CSM or a LM, but not both, to Earth orbit. The big member of the Saturn
family of launchers was the Saturn V, so-called because, in von Braun’s mind, there
were three paper configurations after the Saturn I that were never built. In truth, as
NASA’s early plans shifted, there were many configurations that were put on paper
to match machines to missions. Many of these used varying quantities of two engines
that were being developed, the F-1 and the J-2, but it was the iconic Saturn V, which
could lift both the CSM and the LM, that utilised them to fulfil the lunar goal.

The F-1: a brutal machine

The F-1 rocket engine is still the most powerful liquid-fuelled engine ever built,
although the Russian-designed RD-170 that came a generation later approaches its
output with greater efficiency. The F-1 began as an Air Force programme in 1955,
which NASA then nurtured for its bigger missions. It was ideal as an engine for a
first-stage cluster in a huge booster owing to its prodigious power, but its gestation
was as difficult as any in the Apollo/Saturn story. In operation, a single engine
consumed 3 tonnes of kerosene and liquid oxygen every second and produced a force
that could balance 680 tonnes of mass. It soon became obvious to its developers that
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simply scaling up the design of contemporary engines was not going to work.
Injecting so much propellant into a huge 90-centimetre chamber often led to brutal
combustion instability that destroyed engine after engine. It took nearly five years of
trial and error for engineers at the Rocketdyne company to tame the F-1 to the point
where a small bomb could be ignited within its combustion chamber and the
resultant instability would dampen itself out within half a second.

The J-2: a high-energy engine

While the F-1 used conventional kerosene-type fuel, the J-2 improved its
performance through the use of relatively exotic liquid hydrogen, which nearly
doubled its efficiency. Despite being more efficient, it could not match the raw power
levels attained by the F-1, making it more suitable for an upper stage. A single engine
could balance over 100 tonnes and it could be restarted in space. It traced its origins
to work done in the 1950s to create a hydrogen-burning rocket engine but its
development funding came solely from NASA who wanted the inherent benefits of
hydrogen applied to its Saturn vehicles.

The Saturn V

Engineers at Marshall worked through a series of potential configurations available
to them and finally arrived at a super-booster that would have the capability to
complete an Earth-orbital-rendezvous mission with two launches, or a lunar-orbital-
rendezvous mission with only one — the Saturn V. Including the Apollo spacecraft
and launch escape system on top, it was a 110-metre-tall behemoth, designed as a
three-stage rocket. The manufacture of each stage was handed out to a different
company after an often acrimonious tendering process with every part of the
production carefully monitored by NASA’s engineers. Each stage differed in size and
power and each presented unique difficulties for its designers.

The first stage: S-IC — Raw power

Although the S-IC (pronounced s-one-c) was the largest of the Saturn V stages, its
manufacturer, Boeing, had relatively few
problems. The design was conservative and
largely a straightforward stretching of then
current technologies. To lift the Saturn V’s
3,000 tonnes, five F-1 engines were brought
together at the S-IC’s base. Steering was
provided by mounting the four outer engines
on gimbals. Signals from the rocket’s gui-
dance system aimed them very precisely,
directing their great force in the direction
required to send the space vehicle where it
was intended to go. The rest of the stage’s 42-
metre length comprised two huge tanks, each
Five F-1 engines at the base of an S- 10 metres across, stacked one above the
IC first stage. other. Over 800,000 litres of refined kerosene
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fuel called RP-1, similar to that used
in jet aircraft, sat in the lower tank,
while the larger tank above carried
1.3 million litres of very cold liquid
oxygen (LOX) — a cryogenic propel-
lant whose temperature had to be less
than minus 183°C to render it liquid.
Although these LOX tanks were
huge, it was said that not as much
as the residue from a fingerprint was
permitted to be left on their interiors
for fear of causing an explosion when
LOX was pumped into them. Five
enormous insulated ducts from the
LOX tank ran down through the fuel
tank to feed oxidiser to the five
engines.

Despite its dominance of the
Saturn V’s profile, the S-IC’s con-
tribution to an Apollo flight lasted a Apollo 8’s first stage during stacking at
little over 2'2 minutes before it was  Kennedy Space Center.
cast away to fall into the Atlantic
Ocean 650 kilometres from the launch
pad, where 13 S-ICs now litter the sea floor.

The third stage: S-IVB — Extremes of temperature

The smallest stage of the Saturn V was the S-IVB (pronounced s-four-b), and was the
earliest to fly. McDonnell Douglas had already been building them as the second
stage of the Saturn IB rocket and little modification was needed to make it work with
the rest of the Saturn V stack. It used the high-energy combination of liquid
hydrogen and oxygen burning in a single restartable J-2 engine.

Liquid hydrogen is another cryogenic propellant, although in this case, it had to
be brought down to 20 K, only 20 degrees above absolute zero, or minus 253°C, to
become liquid. Rather than having two separate tanks requiring a heavy support
structure between them, mass was saved by fabricating one huge tank for both
cryogenic propellants with an insulated bulkhead separating the LOX in the lower,
ellipsoidal compartment from the liquid hydrogen in the upper section. As materials
can have odd properties at these extremely low temperatures, insulation was
painstakingly applied to the tank’s interior in the form of carefully machined blocks
to protect the tank’s aluminium skin. Including the conical interstage that joined it to
the rest of the vehicle, the overall length of the stage was 18 metres with a 6.6-metre-
diameter tank section.

The second stage: S-II — A difficult birth
The S-II (pronounced s-two) stage was the last of the Saturn’s three stages to be
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Apollo 12’s S-IVB stage during transportation on a Super Guppy aircraft.

developed, and while the other two stages faced formidable engineering problems,
neither caused the headaches that the S-II brought onto managers at NASA and North
American Aviation, the company that won the contract to build it. The stage not only

Apollo 10’s S-II stage about to be
stacked as part of the launch vehicle.

had to carry cryogenic propellants, it was large,
matching the 10-metre diameter of the S-IC,
and was nearly 25 metres long. Additionally,
because the other two stages were much further
along in their design cycles, there was a
tendency for mass reductions to be demanded
from the S-II. The decreasing mass of the stage
during development led to the destruction of
two stages during testing and, for a while, the
S-1I became the pacing item in the race for the
Moon. Scathing reports on the management
style of North American — which was building
the S-1I as well as the Apollo spacecraft — came
close to ending the Apollo programme in the
wake of the Apollo 1 tragedy.

At first glance, the S-II is like a very large
S-IVB, sharing the same basic tank design.
However, North American chose to save
further weight by fabricating the tank walls
from metal alloys that actually gained in
strength when chilled by liquid hydrogen.
This, however, required insulation to be
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added to the outside, which was a difficult
task when the adhesive had to work at 20 K.
Gaps between the insulation and the tank
wall could not be tolerated in case the air
within froze and caused the panels to loosen
or fall off. Eventually, an arrangement of
grooves within the insulation was implemen-
ted which was purged with helium (which
would not freeze as air would) throughout the
loading of the fuel. The stage carried five non-
restartable J-2 engines which produced a
combined thrust that could balance 520
tonnes.

The instrument unit for Apollo 17
during stacking operations.

Instrument unit: the mind of the machine

One of the fortuitous design choices made by the Apollo/Saturn engineers was that
the rocket ought to depend, in the first instance, on its own autonomous guidance
system rather than being controlled by the spacecraft’s guidance system. All the
equipment required to steer the vehicle was installed within the instrument unit, a
6.6-metre annular ring positioned atop the S-IVB that extended the height of the
vehicle by 1 metre. Both the Saturn IB and Saturn V had an instrument unit that
carried all its equipment mounted around the inside. This included a digital
computer, a stabilised guidance platform, the sequencers, etc., that were needed to
control the entire launch and the ascent to orbit. Arrangements were also made to
allow the Apollo spacecraft to control the Saturn V in case of failure.

The Apollo 12 flight of November 1969 vindicated the engineers’ decision when
lightning hit the ascending vehicle shortly after launch. The guidance system in the
command module was temporarily knocked out by the surge of current, yet the
Saturn continued on its way under the control of its instrument unit, giving mission
control and the crew time to recover from the disruption. Had the spacecraft’s
systems been in control, the vehicle would have gone awry and the mission surely
aborted by firing the LES motor.

Saturn’s legacy
American companies learned a lot from building the Saturn; it was experience that
was applied to the other fleets of rockets they built — the advanced versions of the
Atlas, Delta and Titan families. However, it took over 30 years for these expendable
rockets to match even the thrust of the Saturn IB, itself only as powerful as a single
F-1 engine on the base of a Saturn V. After Apollo, America’s heavy lift capability
was entrusted to the Space Shuttle, which could match the lift-off thrust of the
Saturn V but only by the dangerous expedient of employing massive solid-fuelled
boosters that tragically constrained the spacecraft’s safety during ascent.

It is debatable whether the Shuttle system was a more cost-effective means of
lifting large payloads into space. However, not only did the Saturn never kill anyone
as it roared into space, it also gave crews survivable options to escape from serious
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mishap at every stage of its flight. Yet, despite its spectacular success, the remaining
Saturn V stages now hang as museum pieces or as lawn ornaments at various NASA
centres while exquisitely built F-1 and J-2 engines sit out in the Florida rain to be
poked and prodded by curious tourists. One day they will be joined by the surviving
Shuttles.
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The Apollo flights: a brief history

AN ALPHABET OF MISSIONS

Owen Maynard, one of the engineers who had been designing manned spacecraft for
NASA from the beginning, reduced the task of reaching the Moon to a series of
missions that, one by one, would push Apollo’s capability all the way to the lunar
surface. These missions were assigned letters of the alphabet: A, B, C, etc. Managers
believed that if the lunar goal was to be realised, each of these preliminary missions
would have to be successfully flown — more than once if necessary — before the
subsequent mission could be attempted.

The A-mission would be an unmanned test of the Saturn V rocket to rate it for
manned flight and test the ability of the Apollo command module to re-enter safely;
the B-mission would take an unmanned lunar module up for a workout on a Saturn
IB launch vehicle; the C-mission would be an Earth orbital test of the CSM with a
crew, again using the Saturn IB; and the D-mission would be a full manned test, in
Earth orbit, of the CSM and LM Apollo system, launched by a Saturn V.

NASA would then begin to move away from the Earth. The E-mission would be
another full test of both spacecraft, this time taking an orbit that would go much
higher than any manned spacecraft had gone previously, testing the combination
away from Earth where navigation, thermal control and communications would be
different. The F-mission would be a full dress rehearsal of a flight to the Moon,
carrying out every manoecuvre except the actual landing. This would give crews in the
spacecraft and the people in mission control their first operational experience of
lunar orbit. The first landing was designated the G-mission, whose goal would not
extend much beyond the landing, as its crew would take only one short walk on the
Moon’s surface.

Three further mission types were later envisaged by the planners. The H-mission
would maximise the capabilities of the basic lander to allow a crew to make two
forays outside the lunar module on foot, and to deploy a suite of science instruments
on the surface. The I-mission, which was never flown, would have used only the
CSM for a month-long stay in lunar orbit. Cameras and other remote-sensing
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instruments built into the side of the service module, or an instrumented module
docked onto the CSM, would have mapped the entire Moon. The final mission type
to enter the planners’ lexicon was the J-mission, which would use an uprated Saturn
V and LM to extend surface operations to three days. In the event, a little electric car
would be added to allow its crew to venture much further around the landing site
and explore areas with multiple scientific objectives. Because the bulk of this book
deals with the steps involved in flying to the Moon, the following is a résumé of what
each flight achieved.

Across two hectic years of 1965 and 1966, the highly successful Gemini
programme taught NASA the fundamentals of spaceflight. Ten increasingly
ambitious flights were launched at two-monthly intervals, each tasked with testing
some technique that would be central to Apollo — controlled re-entry, rendezvous,
docking, spacewalking and long-duration flights being among its achievements. It
placed America ahead in the space race for the first time. As ‘Go-fever’ gripped the
programme, NASA looked forward to getting the Apollo programme flying in the
new year of 1967.

FAILURE OF IMAGINATION

In the early years of the space
programme, America had lagged
behind the Soviet Union in the lifting
ability of their launch vehicles.
Attempts to lighten payloads became
habitual as the American space
industry strove to maximise space-
craft capability within the constraints
of the available rockets. One decision
to save weight would have tragic
consequences for what was to have
been the first manned Apollo mis-
sion.

On Earth, the atmosphere consists
of four-fifths nitrogen and one fifth
oxygen, the latter being the gas
necessary to sustain life. To save the
substantial mass of the equipment
required to supply two gases in a
manned spacecraft, NASA decided
that the cabins in its spacecraft would
be filled with 100 per cent oxygen,
but at a lower pressure to ensure that
the crew received only the concentra- CM-012 scorched by the intense heat from its

tion of oxygen molecules to which  internal conflagration.
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their lungs had been accustomed. This arrangement worked well throughout the
Mercury and Gemini programmes. As the first Apollo crew prepared for the first test
flight of the command and service module, this single-gas decision nearly ended the
programme.

On 27 January 1967, the AS-204 mission, so designated because it was to use the
fourth vehicle in the Saturn IB series, but informally dubbed Apollo 1, was three
weeks away from its planned launch. The Apollo spacecraft, CSM number 012, was
a Block I type and was sitting on top of an unfuelled launch vehicle. Its crew of three
were strapped in for a ‘plugs out’ countdown simulation whereby the entire stack’s
ability to function on its own power would be tested. Its cabin had been
overpressurised with pure oxygen in order to test for leaks, as had been done in
ground tests for the Mercury and Gemini programmes. Five and a half hours into a
simulated countdown that had made only halting progress, a fire began near the
commander’s feet. In the super-oxygenated environment, it quickly grew into an
intense conflagration that ruptured the hull of the spacecraft and asphyxiated the
three crewmen — Gus Grissom, Ed White and Roger Chaffee.

NASA sustained heavy criticism from the press and political classes for this
tragedy. Some of the blame landed on the spacecraft’s manufacturer, North
American Aviation, with accusations of sloppy workmanship. North American
rebutted, pointing out that as it tried to build the spacecraft, NASA had insisted on
interfering with the process by ordering a succession of changes. During
congressional hearings on the fire, Frank Borman appealed for support from the
lawmakers. “We are confident in our management, our engineering and ourselves. 1
think the question is: are you confident in us?”’

NASA learned many lessons from this accident and applied them to the rest of the
Apollo programme. Some commentators have said that there was a very real
possibility that, had the fire not occurred, NASA would never have realised its lunar
dream because the shock of the deaths spurred all those involved with the
programme, especially at NASA and North American, to make the Block II
spacecraft into the great spacefaring ship it became. Without the changes brought
about by the tragedy, casualties may have occurred later in the programme, possibly
in space. At the very least, the development problems of the Block I Apollo
spacecraft that were brought into sharp focus by the tragedy would probably have
crippled the programme at a later stage.

Although NASA wanted to keep this unflown mission’s name as AS-204, it
acceded to the widows’ requests that the name Apollo 1 be reserved for their dead
husbands’ flight. Apollos 2 and 3 never existed, lost within the memos of NASA’s
bureaucracy relating to missions that would have flown later in 1967 if the fire had
not prompted their cancellation.

Meanwhile, a few months after the Apollo fire the Soviet Union lost its first
cosmonaut, testing the new Soyuz spacecraft, which set back that nation’s race to the
Moon.
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BACK IN THE SADDLE: APOLLO 4

NASA resumed their Apollo operations on 9 November 1967 with the A-mission,
the first unmanned flight of the Saturn V launch vehicle, as Apollo 4. As so often
happens with new, complex systems, getting this vehicle ready for flight proved to be
a slow, difficult affair. Its Block I spacecraft, CSM-017, had to be modified in the
light of the investigation into the AS-204 fire, and its S-II second stage caused
headaches by repeatedly exhibiting cracks during inspections.

The Saturn V launch vehicle turned the normal procedures of rocket development
upside down. Traditionally, engineers would follow a careful, progressive

The launch of Apollo 4, the first flight of the
Saturn V.

programme of testing a rocket stage
to ensure that it worked before setting
another stage on top, and testing
that. To test the entire configuration
at once — so-called a/l-up testing — was
deemed too risky. However, when
George Mueller became head of
NASA’s Office of Manned Space
Flight in 1963, he argued that this
incremental approach to testing
rocket stages not only wasted expen-
sive flight-capable stages, it also
wasted precious time. He ordered
that the engineering and ground
testing of the rocket’s components
should be of such a quality that all
stages of the vehicle could be flight
tested at the same time. Apollo 4
would prove to be a triumphant
vindication of his methods.

When it finally launched, a noise
like none that had ever been heard
before across Cape Canaveral blew
away much of the pessimism from the
spacecraft fire. As the acoustic and
thermal energy was enough to cause
substantial damage to the launch
tower, NASA had subsequently to
make modifications to the launch
pads in order to suppress the extreme
conditions.

As well as testing the entire rocket
system, Apollo 4 placed its CSM
payload into a high ballistic arc from
where the SPS engine powered the
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command module into a high-speed dive into the atmosphere to test its heatshield by
re-entering at the speed it would have if it were returning from the Moon. The CM
was recovered for analysis in the Pacific after an 8'2-hour flight that, in all
important respects, was a complete success.

THE LUNAR MODULE FLIES: APOLLO 5

Launched on 22 January 1968, Apollo 5 is the flight that history treats almost as a
footnote. It was neither manned nor did it have the remarkable Saturn V as its launch
vehicle. It used the AS-204 launch vehicle that had been intended to lift Apollo 1, but it
is important to the story as it tested the first Apollo lunar module, LM-1, and was the
B-mission in the planners’ minds. The test allowed engineers to verify the lunar
module’s structure and its response to the launch environment, and it gave them their
first opportunity to test the spacecraft’s two engines in the space environment.

In the case of the ascent engine, it was NASA’s first opportunity to try out a fire-in-
the-hole burn when they ignited the ascent engine just as the descent stage was being
jettisoned. In their effort to give crews
the best possible chance of escape
from any reasonable failure of equip-
ment, the LM’s designers planned that
if the descent engine should fail while
a crew were descending to the Moon,
the ascent engine should fire and lift
the crew back to the safety of an orbit.
For this to happen, its engine would
have to ignite while the descent stage
was still attached beneath it, literally a
fire in the hole. Despite some prob-
lems, the legless module successfully
demonstrated everything that was
asked of it, and a second B-mission
was cancelled. The second test lander,
LM-2, therefore became an exhibit at
the National Air and Space Museum
in Washington DC where it rests to
this day. The next spacecraft to fly,

The unused, flight capable LM-2, now at the
National Air and Space Museum, Washington )
DC. LM-3, would be entrusted with the

lives of two men.

THE SATURN BALKS: APOLLO 6

By the spring of 1968, with two flights successfully completed, the Apollo
programme seemed to be hitting its stride. It had demonstrated that the Saturn V



30 The Apollo flights: a brief history

worked, the command module had survived its high-speed re-entry, and an early
version of the lunar module had been flown successfully. NASA wanted to further
prove the Saturn V before declaring it fit to carry astronauts, so a second A-mission
was ordered. This flight was Apollo 6 and, once again, the results threatened to stop
the programme in its tracks.

After a successful launch on 4 April 1968, the first minute of flight was trouble-
free, but towards the end of the S-IC’s flight, the first problem appeared. Rockets
have always been prone to vibrations along their length, but for about ten seconds
immediately before the first stage completed its task, the backwards and forwards
shaking of the entire vehicle (known as pogo) became alarming. Meanwhile, at the
front end of the rocket, the conical acrodynamic shroud that would normally protect
a lunar module (but not carried in this case) was losing chunks of its outer surface.
Since this section had to support the mass of the CSM multiplied by the g-forces of
acceleration, its structural integrity was of some concern.

Halfway through the flight of the S-1I stage, one of its five J-2 engines began to
falter, which prompted the instrument unit to shut it down. As it did so, another
engine also promptly shut down, causing the thrust from the other three to be
applied asymmetrically to the stage. Considering that the Saturn’s control system
had not been programmed to deal with a two-engine failure, it did a remarkably
good job of compensating for the off-axis thrust and burned the remaining engines
for longer on the residual propellant. The first burn of the S-IVB third stage
successfully put the vehicle in orbit, but a subsequent command to restart the engine
failed. Some of the flight’s objectives had been met, but if the problems could not be
fixed, NASA would not dare to put men on top of the next Saturn V, as was being
considered instead of flying a third test.

In the event, engineers managed to find solutions for all these problems. The first
stage vibrations were suppressed by the addition of helium gas to cavities in the LOX
feed lines, which damped out pressure oscillations. Elaborate tests on the J-2 engine
discovered a design fault in a liquid hydrogen fuel line that not only led to the
shutdown of one of the engines on the S-II, but also prevented the engine on the S-
IVB from restarting. Compounding the S-II problem, a wiring error had sent the
shutdown command from the Saturn’s instrument unit to the wrong engine, shutting
it down unnecessarily. The aerodynamic shroud had failed because trapped moisture
and air within its cork insulation had expanded owing to frictional atmospheric
heating as the rocket went supersonic, causing the skin to peel away in sheets. This
problem was cured by making small vent holes in the shroud’s skin.

The launch vehicle issues apart, the CSM-020 spacecraft it carried performed as
planned, making several remote-controlled manoeuvres that ended with splashdown
in the Pacific Ocean. Preparations for Apollo 7 continued because it would use a
Saturn IB launch vehicle. If it was successful, managers decided that the third Saturn
V could indeed carry a crew.



Testing the Block II: Apollo 7 31

TESTING THE BLOCK II: APOLLO 7

The Apollo programme became a
juggernaut towards the end of 1968
as flights began lifting off every two
to three months in the race to achieve
Kennedy’s deadline. The C-mission
of Apollo 7 gave the Block II space-
craft, without a lander, its first
manned test starting on 11 October
1968 with a launch on top of the
smaller Saturn IB vehicle. Its crew of
Wally Schirra, Donn Eisele and Walt
Cunningham spent 11 days in orbit
around Earth — a duration that
would be more than enough time
for a mission to get to the Moon and
back, which proved that the new
spacecraft was a worthy, spacefaring
ship.

As soon as the spacecraft achieved

Apollo 7’s S-IVB and its deployed shroud
petals.

orbit, the crew separated it from the S-IVB second stage and attempted to practise
the type of turnaround manoeuvre that would be required of future flights, when the
lander would have to be plucked from inside its protective shroud. As soon as he saw
the S-IVB, Schirra noticed that one of the four hinged petals of the shroud had not

The Florida peninsula, as seen from Apollo 7.
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fully deployed. He cancelled a simulated approach manoeuvre for fear of it hitting
the spacecraft, and later recommended that the panels be jettisoned instead.

Throughout the early part of the mission, the crew concentrated on achieving
their most important goals: firing the main engine repeatedly to make rendezvous
passes with the S-IVB (whereupon it was noted that the balky shroud petal had
properly deployed) and proving the operation of the spacecraft’s navigation system.
With these test satisfactorily performed, the crew spent their remaining time carrying
out secondary tests of the Apollo system and completing a programme of Earth
photography.

Despite the operational success of the mission, history tends to remember this
flight for the breakdown that occurred in relations between the crew and flight
controllers in mission control. A dose of the common cold had made its normally
wise-cracking commander increasingly grumpy. A cold in space is made more
unpleasant by the inability of the congested head to drain itself. The other two
crewmen, both rookies, were drawn into the soured atmosphere with the result that,
having irritated management, neither of them flew in space again. Schirra had
already announced his retirement from space flight.

GUTSY DECISIONS: APOLLO 8

Even before Apollo 7 had launched,
managers were dreaming up some-
thing special for Apollo 8: an auda-
cious six-day excursion to the Moon.
This was a hastily arranged mission
that took full advantage of an other-
wise unfavourable set of circum-
stances.

Apollo 8 had originally been
planned as the D-mission, a test of
the entire Apollo system including a
lunar module in low Earth orbit, on
the assumption that Apollo 7 would
successfully carry out the C-mission.
However, the first man-capable LM
was not ready for flight owing to a
litany of problems: stress fractures The Moon’s far side, photographed from
had appeared in some of its structural ~ Apollo 8 after it departed for Earth. The
components; the type of wiring used distinctive dark-floored crater is Jenner, 71
on the intended spacecraft was prone  kilometres in diameter.
to breakage; and the engine for the
ascent stage was prone to combustion instability. Bereft of a LM, managers were
unwilling simply to repeat Apollo 7, so they altered the mission sequence and
brought the deep-space goals of the E-mission forward, but without a lander.
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Furthermore, they took the gutsy decision to
send the CSM all the way to the Moon and
place it in orbit. Although this would fulfil
some of the goals of the E-mission (deep space
tracking, deep space thermal control, lunar
navigation), NASA labelled it as a C’-mission
(C-prime-mission) on the basis that it would
be a CSM-only flight. It would give NASA the
operational experience it needed to manage

TV image of the Moon’s sunrise lunar missions, but its unstated purpose was
terminator as seen through a space- to reach the Moon before the Soviet Union.
craft window, broadcast as the Intelligence reports were suggesting that a
Apollo 8 crew read from the book Soviet circumlunar mission was close, and the
of Genesis.

propaganda value of such a mission, even
though it would not land, would be immense.
If the Americans could get there first, they
could claim to have essentially won the space race as long as the Soviets did not
achieve a landing.

On the morning of 21 December 1968, Frank Borman, Bill Anders and Jim Lovell
rode a Saturn V away from Earth to become the first people to swap the Earth’s
gravitational hold for that of another world. The three-day long coast out to the
Moon gave Jim Lovell plenty of time to practise monitoring the ship’s trajectory by
taking sightings of Earth, the Moon and the stars. By 24 December 1968, Apollo 8
took its crew around the lunar far side where they fired its SPS engine to enter lunar
orbit to begin 10 revolutions, each lasting two hours. As they coasted 110 kilometres
above the cratered surface, the crew closely examined two sites that were being
considered for the first landing and, along with tracking stations on Earth, practised
techniques for navigating around the Moon. Much of Earth’s population with access
to television watched with amazement when the crew made an extraordinary
Christmas-time black-and-white television broadcast on their penultimate orbit
during which they read the first few verses from the Bible’s book of Genesis, while the
stark early morning landscape of the Moon passed in front of the camera.

If their burn to enter lunar orbit had failed, the crew would have simply slingshot
around the Moon and returned to Earth with little intervention. It was Apollo 8’s next
manoeuvre that really scared the managers. Although the SPS engine had been
designed for utmost reliability, everyone was aware that its failure would doom the
crew to stay forever in the Moon’s grasp. Worse, as the firing of the engine would take
place around the Moon’s far side, no one on Earth would be able to monitor its
progress, and instead would have to wait until the spacecraft re-emerged, hopefully on
a path for home. Shortly after midnight in Houston, Texas, on Christmas Day, Apollo
8 reappeared around the Moon’s eastern limb exactly on time, with Jim Lovell
playfully informing mission control, “Please be informed, there is a Santa Claus.”

Sending Apollo 8 to the Moon raised the morale of the many thousands who were
working brutal hours towards the landing goal, and it gave NASA the operational
experience it needed to make future lunar trips by allowing navigation, thermal
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The first image of Earthrise taken by a human. Bill Anders’s Apollo 8 photograph was
taken a few seconds before more famous colour images were snapped.

control and communication procedures to be tested. On a philosophical level, the
flight gave the human race its first glimpse of its home planet as seen from another
world. The crew returned TV images of Earth to millions from a vantage point
between the two worlds. While orbiting the Moon, they photographed Earth rising
over a barren lunar horizon as they watched in awe. These photographs became a
catalyst for the rise of the environmental movement and icons of the age.

A COMPLETE SYSTEM TEST: APOLLO 9

By now, NASA had confidence in the Apollo CSM, but no one had yet flown the
flimsy lander that was to take crews to the Moon’s surface. So NASA ticked the D-
mission box by flying the entire Apollo system, consisting of the main spacecraft and
a fully configured lander, LM-3, in Earth orbit as Apollo 9. This flight would
rehearse all the manoeuvres that a Moon flight would require and it was the first
time astronauts would entrust themselves to a craft that had no heatshield and could
not bring them home, but it was a trust that would have to be gained if the LM was
to take their colleagues to the Moon’s surface.

After a successful launch on 3 March 1969, the crew followed a ten-day timeline
roughly similar to a lunar mission without leaving low Earth orbit. This began with
pulling the LM from its station on top of the S-IVB stage, one of many firsts
achieved in this crammed mission. Controllers on the ground then commanded the
booster stage to reignite its engine to leave Earth’s vicinity, as if dispatching an
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Rusty Schweickart’s view from the lunar module’s porch of David Scott in the CM’s
open hatch.

Apollo mission to the Moon, in the process escaping from Earth’s gravity and
entering its own independent orbit around the Sun. After a number of firings of their
SPS engine to set up the correct orbit, Jim McDivitt and Rusty Schweickart entered
the LM, call sign Spider, and powered it up. David Scott remained behind in
Gumdrop, the CSM. The names selected by the crews simply reflected the shapes of
their spacecraft.

Schweickart was due to test the type of space suit and back pack that crews were
to use on the Moon by going out of the LM’s front hatch. He was also due to prove
that, in the event of an unsuccessful docking or a blocked tunnel, a crewman could
make his way from one spacecraft to another by using handrails on the outside. The
attempt was cancelled when Schweickart experienced a bout of space adaptation
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sickness the day prior to his task. Instead, managers limited him to moving out onto
the LM ‘porch’ to prove the space-worthiness of the suit and back pack, while Scott
stood in Gumdrop’s hatch to retrieve samples from the spacecraft’s surface.

Four days into the flight, McDivitt and Schweickart sealed the tunnel between the
two vehicles and undocked Spider. After a visual inspection by Scott, they fired the
LM’s descent engine to move 185 kilometres away from Gumdrop and set up the
conditions for a lunar-type rendezvous. After jettisoning the descent stage, they flew
the LM’s ascent stage back to Scott, as would happen on a lunar mission, eventually
docking and transferring back to the command module without difficulty.

For the remainder of the flight, the crew practised navigation techniques, made
multiple adjustments to their orbit with their dependable SPS engine, and carried out
experiments including multispectral photography of Earth’s surface in support of
future Earth resources satellite programmes and Skylab. Apollo 9, though less
glamorous than the missions to come, was a highly successful overture to Apollo’s
climax: flying to the Moon.

A DRESS REHEARSAL: APOLLO 10

Most of the major components and procedures required for a landing had been
tested, though not always in the context in which they would be needed during a
lunar flight. To minimise the surprises that the landing mission would uncover,
NASA wanted to practise a complete lunar mission as far as they dare, short of
actually touching down on the Moon. This dress rehearsal flight, the F-mission, was
accomplished by the crew of Apollo 10 — Tom Stafford, Eugene Cernan and John

Waypoint to a landing. Left, crater Moltke at 6 kilometres diameter. Right, the Apollo
10 CSM Charlie Brown over a distinctive triangular feature named ‘Mount Marilyn’ by
Jim Lovell. Both features led the way to the Apollo 11 landing site.



Task accomplished: Apollo 11 37

Young. Their spacecraft were named after well-known characters from Charles
Schultz’s cartoon strip Peanuts, who had also featured in NASA campaigns
promoting quality control. The CSM was therefore named Charlie Brown while the
LM took the name Snoopy.

Launch took place on 18 May 1969. Every element of the launch vehicle had to
operate exactly as it would on a landing mission, including the firing of the S-IVB
stage to send the spacecraft to the Moon. Likewise, all the functions of the CSM to
take a lunar module to an orbit 110 kilometres above the Moon had to work.

Once the two docked spacecraft had entered a parking orbit, the crew settled
down for their first night in lunar orbit as their ship hurtled around the Moon at
5,800 kilometres per hour. Next day, Stafford and Cernan entered the lunar module
Snoopy, separated from Young in the command module Charlie Brown, and took the
LM into the same low orbit from which a landing mission would make its final
descent. This orbit brought Snoopy down to an altitude of less than 14,500 metres
above the lunar surface from where Stafford photographed and described the
approach to the landing site NASA had selected. The most important task was to
prove that lunar orbit rendezvous would work as planned. After jettisoning the
descent stage, the ascent engine was used to set up an orbital situation similar to that
which would be presented after lift-off from the Moon. NASA’s management had
once been wary of bringing two speeding craft into close proximity when they were
in orbit around another world, and wished to prove that the techniques worked prior
to committing a lander to the surface. This successful rendezvous and docking finally
cleared the way to a landing attempt.

As is usually the way with the media, Apollo 10 is more often remembered for the
‘son-of-a-bitch’ language Cernan used when a pilot error caused the LM to gyrate
unexpectedly as the descent stage was being jettisoned. The journey home was
uneventful except for the unprecedented colour television coverage of a receding
Moon that was beamed to Earth soon after Charlie Brown’s SPS engine was fired.
Stafford had promoted the importance of TV to Apollo, not only to the public, but
also to engineers and lunar scientists. The 8-day flight of Apollo 10 put NASA on the
home straight, leaving the G-mission with no unknowns except the landing itself.

TASK ACCOMPLISHED: APOLLO 11

Apollo 11 departed the Kennedy Space Center in the early morning of 16 July 1969
on a mission to attempt to land on the lunar surface. It is widely quoted that over a
million people gathered in the vicinity of Cape Canaveral to witness what promised
to be an event of epic historic import. For the first four days, its crew of Neil
Armstrong as commander, lunar module pilot Edwin ‘Buzz’ Aldrin and the
command module pilot Michael Collins successfully followed a path already trod by
their predecessors. The crew even took extra time out to give viewers to the TV
networks an extended tour of their lunar module, Fagle, with an improved colour
camera.

On their fourth day, Armstrong and Aldrin left the command module, Columbia,
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-\ o~
The Apollo 11 crew during suiting up before their flight. Neil Armstrong, Buzz Aldrin
and Michael Collins.

in the charge of Collins, undocked, and fired Eagle’s descent engine to enter the
descent orbit around the Moon. As communications proved to be somewhat
troublesome, Armstrong reoriented the LM slightly to improve reception. As they
approached the point where they were to reignite their descent engine for the landing
phase, Armstrong began timing the passage of landmarks to help to determine
whether their trajectory was as it should be, but they seemed to be a little ahead. The
final burn of the descent engine proceeded smoothly, and for a time the crew could
continue to monitor the passage of the landscape below. After three minutes, they
rotated the LM to face upwards and allow their radar to take altitude measurements.

At this point, things began to become hair-raising, especially for the flight
controllers in Houston who lacked the crew’s situational awareness. Because of a
flawed procedure, a switch had been left in the wrong position and, as a result, the
onboard computer began to complain of being overloaded. Most people at mission
control, as well as the two crewmembers in the spacecraft, had little idea of the
nature of the problem. However, just two weeks before the mission, the LM
computer experts had studied the computer codes that the crew were seeing and
could give a go-ahead for Armstrong and Aldrin to continue down. As Aldrin read
out relevant numbers, Armstrong used them to monitor the piece of lunar landscape
to which the computer was guiding them. When he saw that their destination
appeared to be a boulder field near a large crater, he took manual control earlier
than planned, and manoeuvred the LM to a point 300 metres further down their
flight path. As he flew the LM to smoother ground, mission control began to worry
about a possible shortage of propellant. With only 15 seconds remaining before
mission control would have called the crew to abort the landing attempt, Eagle
successfully realised John F. Kennedy’s goal on 20 July 1969 by landing in the
southwest corner of Mare Tranquillitatis.

In the minds of the crew, the difficult part of Apollo’s goal had been achieved, yet
perversely, the public was more eager to witness an event whose scale was much
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Buzz Aldrin deploys a seismometer at Tranquillity Base during Apollo 11.

more human and personal. This was the moment when a man made a boot
impression in the lunar dust. Armstrong later pointed out that the moonwalk carried
far fewer dangers than manoeuvring seven tonnes of flimsy spacecraft loaded with
explosive propellants down onto an unknown rocky surface on the end of a rocket
flame, while surrounded by a hard vacuum.

Over the subsequent hours, in one of the most memorable television events in
human history, first Armstrong and then Aldrin went outside onto the wastes of
Mare Tranquillitatis, their activities transmitted to Earth by a black-and-white
television camera that gave them a ghostly appearance. There they took
photographs, collected samples and set up three simple scientific experiments: a
small seismic station, a laser reflector and a solar wind collector. The social
significance was not forgotten when the flag of the United States was raised on
behalf of the nation that had paid for the venture. Additionally, a plaque was
unveiled to inform any future visitors to Tranquillity Base that its first visitors “‘came
in peace for all mankind’ and the two explorers took a telephone call from President
Richard Nixon. After 2% hours, the moonwalk ended. Armstrong and Aldrin took
their exposed film and boxes of rock samples up to the ascent stage, repressurised the
cabin and tried to get some fitful sleep before performing lift-off for the second time
in less than a week. Their return to Collins in Columbia and the trip back to Earth
were uneventful, with a landing in the Pacific Ocean on 24 July.

NASA'’s programme to explore the Moon had been designed to be aggressive
from the outset, with launch facilities at KSC constructed for multiple or closely
spaced launches. Now, with the moonlanding successfully accomplished, and
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America’s spending on the Vietnam War draining the nation’s purse, the scale of
Apollo’s exploration was cut back by Congress. Nevertheless, the programme’s
momentum brought another landing attempt only four months later.

LIGHTNING STRIKES: APOLLO 12

By concentrating almost single-mindedly on the goal of a manned lunar landing,
secondary considerations like landing accuracy and science had taken a back seat. In
the event, Apollo 11 had landed about seven kilometres beyond its planned site and,
for some time, no one knew exactly where they were. Not even Mike Collins had
been able to see Eagle through his sextant — a powerful optical instrument built into
Columbia’s hull. The mission’s science payload had been severely limited through
weight constraints and lack of time. Future missions would make amends because
America had invested heavily in the infrastructure to support Apollo and wanted to
see it used. It also demanded justification for the continuing costs. Fittingly, science
became that justification.

To gain knowledge from the Moon, NASA had to go to sites where Earth-based
and orbital imaging suggested that answers to questions might lie. However, given
the limited walking range of an astronaut on the lunar surface, the ability to land at a
given target became paramount. Although Apollo 12 was not sent anywhere of
particular geological importance, it was given a very small target to aim for:
Surveyor 3, a small robotic craft that NASA had sent to Oceanus Procellarum, 31
months earlier.

Having courted disaster by flying
through a rain cloud and invoking a
lightning strike on their vehicle, the
Apollo 12 crew continued to the
Moon amid fears that their command
module may have been damaged by
the surge of power that passed through
it. In the event, the CSM Yankee
Clipper proved to be unharmed and
on 24 November 1969, Charles ‘Pete’
Conrad and Alan Bean landed their
LM Intrepid, 1,500 kilometres west of
where Eagle had landed and only 200
metres from Surveyor 3. This pinpoint
landing demonstrated that ground
controllers and crew could bring a
LM down exactly where they wished.
Richard Gordon, orbiting overhead,
confirmed their position by spotting both the LM and the Surveyor probe on the
surface through his sextant.

Conrad and Bean made two moonwalks. On the first, they laid out an ALSEP, an

The unmanned spacecraft, Surveyor 3, with
the Apollo 12 LM Intrepid beyond.
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autonomous scientific station, which operated on the lunar surface for many years
after they left. The next day, they hustled across the surface in a circle for over a
kilometre, stopping at preplanned points of interest, ending with a visit to the
Surveyor probe. After examining and photographing the probe, they removed pieces
to return to Earth where researchers could study the effects of 31 months’ exposure
to the lunar environment on the equipment. In terms of public relations, the low
point for this fun-loving crew was when their television camera was ruined early in
their first moonwalk by being inadvertently pointed towards the Sun. TV networks
struggled to provide a visual accompaniment to the crew’s voice communication and
audiences quickly became bored of listening to indistinct and often arcane yakking
by the two guys on the surface. Nonetheless, like every crew after them, Conrad’s
and Bean’s two joyous forays out on the surface yielded samples of greater bulk than
the previous mission, and the scientists were more than happy with what they
brought. In particular, tiny grains of a very slightly radioactive rock type began to
lift the lid on important aspects of the Moon’s early history.

Despite the lightning strike that punctuated Apollo 12’s departure, Yankee
Clipper’s splashdown ended a successful, if charmed, 10-day mission that was marred
only by the loss of TV.

THE SUCCESSFUL FAILURE: APOLLO 13

Now that NASA knew how to land accurately on the Moon, it could pursue its science
goals with increased vigour with a view to finding out how the Moon formed, though
whether the tax-paying American wanted to know this information is a moot point.
Lunar studies before Apollo had focused upon one large feature as perhaps being a
key to understanding much of the visible lunar landscape. This was Mare Imbrium,
one of the lunar ‘seas’ that was readily visible. In reality, it is a massive 1,300-kilometre
structure created when an asteroid hit the Moon in the distant past and later filled with
dark lava. Like any impact structure, the Imbrium Basin would have been surrounded
by a blanket of material ejected during its formation. The cadre of lunar scientists
involved in Apollo believed that much could be learned by sampling this ejecta
blanket, which appeared to dominate the near side. To sample it, they proposed a
landing site for Apollo 13 in hummocky terrain just north of the crater Fra Mauro.

Apollo 13 started to run into problems a few days before its 11 April 1970 launch
when the command module pilot, Ken Mattingly, was replaced by his backup, Jack
Swigert, after a possible exposure to rubella. The glitches continued soon after
launch when one of the five engines in the second stage of the Saturn V shut down
prematurely. However, these issues were as nothing to what happened 328,300
kilometres from Earth and 90 per cent of the way to the Moon. Almost 56 hours into
the mission, as Swigert, in response to a request from mission control, operated a fan
to stir the contents of an oxygen tank, the tank violently burst. The resultant shock
blew out one of the skin panels of Odyssey’s service module and damaged enough of
its oxygen system to leak most of the spacecraft’s supplies of the vital gas out to
space.
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This traumatic event deprived the spacecraft of electrical power and began a four-
day feat of dedication, ingenuity and endurance by the crew, the flight control team
and thousands of support staff to effect a safe return to Earth despite a catalogue of
complications resulting from the damage to their ship. Every system in the SM was
rendered inoperable, from the blast itself, from lack of power, or from the engineers’
fear of using systems that may have been damaged. The CM had to be powered down
very quickly to save its remaining consumables as they would be needed for the re-
entry into Earth’s atmosphere. This left the unused LM Aquarius as the only way the
crew could sustain themselves while the two joined ships swung around the Moon and
headed for Earth. It also became the sole means of propulsion when engine firings
were required to speed their return and control the accuracy of their arrival.

Without power, the interior of the
spacecraft soon cooled to around
6°C. In these uncomfortably low
temperatures, the crew grew increas-
ingly exhausted as they took refuge in
the LM while they nursed their dead
CSM to the safety of Earth, its
command module being the only
way to get through the atmosphere.
During the long fall to Earth, they
had to construct devices to remove
toxic carbon dioxide from their air, Apollo 13’s shattered service module.
work their way through complex
checklists to fire the LM’s main engine, and also control it for the correct duration
while ensuring that it was correctly pointed. They found themselves carrying out
difficult and often unpractised procedures without having slept for days.

In the flight’s final moments on 17 April as it re-entered Earth’s atmosphere, the
world was gripped by the tension of not knowing whether Odyssey’s heatshield had
been damaged by the blast. A safe splashdown in the Pacific Ocean ended a failed
mission that became perhaps the finest hour for a spacecraft’s crew, its ground
control team and the supporting organisations behind them. It showed that in
spaceflight, and in the face of terrible odds,
toughness and competence could yield suc-
cess.

Despite the superstition that surrounds the
flight number, and knowing with hindsight
that the spacecraft left Earth with a flaw on
board, Apollo 13’s oxygen tank rupture
occurred at just about the most opportune
_ time. Much earlier and their coast to the
™~ Moon and back would have been too long for
A Y the LM to sustain them. Much later, and they

The exhausted crew of Apollo 13 after might not have had a LM available to act as a
their recovery from the Pacific Ocean. lifeboat. A case of lucky 13.
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TRY AGAIN: APOLLO 14

With Apollo 13, NASA had dodged a bullet. The flight had very nearly killed its
crew and, as always happens when it is hit by traumatic events, NASA needed a
hiatus to investigate and understand what had disrupted Odyssey’s service module.
Although there were calls both from inside and outside the administration to end
Apollo before someone got killed, its managers kept faith with it. The programme of
exploration they instituted, now almost forgotten, visited immensely beautiful
regions with spectacular vistas. Enhanced equipment allowed crews to explore
further from the LM, and although the results from these missions had little political
impact, their prodigious scientific output now underpins our understanding of the
Solar System.

Apollo 14 returned the programme to the Moon to achieve what its predecessor
had set out to do; visit the Fra Mauro area to gain insight into the formation of the
Imbrium Basin. The precise target for the lunar module Antares was near an impact
feature dubbed Cone Crater. Its attraction came from a useful property of crater
formation whereby, when an impactor hits the ground, it removes the target rock
such that the most deeply excavated material ends up at the crater’s rim with
successively shallower material deposited at increasing distances in the form of an
ejecta blanket. Therefore, by having the surface crew of Alan Shepard and Edgar
Mitchell radially sample this blanket as they walked towards its rim, geologists
hoped to use Cone Crater as a convenient 25-million-year-old ‘drill hole’ to sample
down through the great ejecta blanket of the Imbrium Basin impact itself, now
thought to have occurred 3.91 billion years ago.

The launch from Earth on 31 January 1971 was successful. After checking the
spacecraft out in Earth orbit and heading for the Moon, Stu Roosa separated the
CSM Kitty Hawk, turned around and attempted to dock with the LM Antares. The
docking was unsuccessful and five further attempts were required to capture the
lander. At the Moon, just before Antares was due to begin its final descent to the

Apollo 14’s LM Antares and the landing site at Fra Mauro.
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surface, an intermittent short circuit threatened to abort the mission as soon as its
engine ignited. It required a virtuoso engineering effort between mission control and
the crew to deftly reprogramme the computer byte by byte to work around the
problem.

Being the last of the H-missions, the surface crew had two excursions outside. On
their first day, Shepard and Mitchell set up a second ALSEP science station and
explored their locale. The second day was set aside for a trek of over a kilometre
across the hummocky plain and up a ridge to approach the rim of the 370-metre
Cone Crater. The climb proved to be tiring and, on nearing the summit, they had
difficulty locating the crater within the monotonously undulating terrain. They had
come 400,000 kilometres to get to this rim and they were reaching the limits of their
oxygen supply. With time running out, they collected a clutch of samples and turned
back. Analysis later showed that they had been within 30 metres of Cone’s rim, near
enough to gather material from deep within the Imbrium ejecta.

Back at the LM, Shepard pulled off a famous stunt by attaching a genuine golf
club head to the shaft of one of his tools and hitting a golf ball he had smuggled to
the Moon. Meanwhile, in lunar orbit, Roosa had planned an aggressive campaign of
orbital photography with a high-resolution mapping camera attached to the hatch
window. This was cut short when the instrument failed, and he had to improvise by
carrying out some of the mission’s photographic goals using handheld cameras and
clever flying.

Apollo 14 was a highly successful mission that restored NASA’s confidence and
prepared it for the triumphs of exploration and science to come. It was also the last
time lunar explorers were required to undergo a period of biological isolation after
landing on Earth. The rocks they returned allowed scientists to probe the nature of
the ejecta blanket from the Imbrium formation event. By seeing how other lunar
features sat with respect to this event, geologists could now distinguish between pre-
Imbrium and post-Imbrium.

EXPLORATION AT ITS GREATEST: APOLLO 15

The final three flights of the programme took Apollo to new and worthy heights of
exploration, science and discovery. Since the engineering had been largely proved,
science became the driving force behind choices made in landing sites and the
equipment to be carried. Both the LM and CSM were upgraded to carry more
supplies and increase their endurance. To further facilitate this final push for
knowledge, a small fold-up electric car was carried on the side of the lunar module
and a suite of sophisticated sensors and cameras were fitted into an empty bay of the
service module.

Pushing the capabilities of the Apollo system ever further, the 12-day flight of
Apollo 15 had everything. Its landing site was an embayment of a lunar plain
between two stunning mountains of the Apennine range and a meandering channel
called Hadley Rille. Unusually, it was well north of the equatorial band to which
Apollo had heretofore been restricted. It was an enchanting site for exploration,



Exploration at its greatest: Apollo 15 45

The Apollo 15 landing site (circled) next to the 1.5-km-wide Hadley Rille.

where the story of the Moon’s most ancient time began to be revealed. Apollo 15’s
launch from Earth on 26 July 1971, while as spectacular as any, gave no surprises.
The coast to the Moon was punctuated by a fault in the main engine’s control
circuits and a leak in the CM’s water supply, both of which were dealt with
successfully. Once they had landed at Hadley Base, the crew of the LM Falcon,

David Scott and Jim Irwin, depressurised the
cabin to allow Scott to survey the site by
poking his head out of the top hatch of the
lander. The following three days saw the two
explorers carry out a relentless programme of
exploration that sampled the rocks of both
the mare beneath them and the mountains
beside them, while the mobility provided by
their ‘rover’, and the ground-controlled TV
camera that went with them, allowed an
audience on Earth to share with them land-
scapes that Capcom Joe Allen described as
“absolutely unearthly”.

The TV view along Hadley Rille
described as “‘absolutely unearthly”.
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The presence of the rover changed the rules of lunar exploration. Instead of
working near the LM for the first part of a moonwalk, then going on an excursion, a
rover-equipped crew jumped on board and made tracks as soon as they could so
that, if it failed, they would have adequate reserves of oxygen to walk back to the
safety of the LM.

Their first excursion took them on a drive to where Hadley Rille ran below Mount
Hadley Delta. Scott found driving the little vehicle somewhat sporty but both
crewmen benefited from the rest gained while driving between stops. After their
return to the LM, they set up a third ALSEP science station and Scott discovered the
difficulties of drilling into the lunar soil when he endeavoured to emplace sensors for
a heat-flow experiment. To the depth he drilled, the soil was an unconsolidated mass
of powder and debris, but billions of years of time had compacted it as hard as rock,
and there was no air to help to loosen it. The drill had to be redesigned.

In their second excursion they drove up the lower slopes of Mount Hadley Delta,
where they hoped to find fragments of the original lunar crust. Near a fresh crater,
they picked up a candidate piece which the press instantly dubbed the ‘Genesis Rock’
because scientists told them that this sample would yield stories of the Moon’s
earliest era. Back at the LM, Scott battled once more with the balky drill to gain a
core that was more than two metres long, but then found he could not extract it. By
this time, the crew were far behind their planned timeline, and this led to their third
moonwalk being shortened. On their final venture outside, and with Irwin’s help,
Scott finally extracted the deep core before they drove to the edge of Hadley Rille
where they could see layers of lava exposed in the opposite wall. As a final flourish,
this time in the name of science rather than golf, Scott carried out a simple
experiment of dropping a hammer and a falcon feather simultaneously to prove the
theories of Galileo and demonstrate that objects of differing mass fall at the same
speed in the absence of air.

While the surface crew redefined lunar surface exploration at Hadley, Alfred
Worden operated the new cameras and instruments built into CSM Endeavour. As it
orbited the Moon, large swathes of terrain were photographed with modified
reconnaissance cameras, and the surface surveyed with instruments that could read
the composition of the lunar material. A laser altimeter measured the varying
elevation of the ground passing beneath, data which quickly demonstrated the
relationship between the highlands and lowlands and, along with how their
composition differed, yielded important clues about the Moon’s history. Before they
left for Earth, the crew deployed a subsatellite that continued taking measurements
of the Moon’s environment for seven months.

The knowledge gained from Apollo was beginning to tell a story of an ocean of
molten rock whose surface cooled to an aluminium-rich crust, and was later
punctured by massive asteroid impacts whose wounds were later filled in as iron-rich
lava welled up through deep fractures. It was a story that would also tell of Earth’s
earliest years.
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NEW KNOWLEDGE: APOLLO 16

The scientific feast continued with
Apollo 16, launched on 14 April 1972
to explore what were believed to be
‘highland volcanics’ within the
rugged hills near the crater Descartes
towards the centre of the Moon’s
disk. Its crew of John Young, Charlie
Duke and Ken Mattingly nearly had
to abort their mission some hours Charlie Duke works at the lunar rover during
before landing, when the main engine ~ Apollo 16.

on board the CSM Casper began to

wobble when Mattingly tried to test its back up steering system preparatory to a
scheduled burn. Once this glitch had been overcome, Young and Duke made a
successful landing six hours late in their LM Orion.

After a night’s sleep, they stepped onto the surface, immediately prepared their
rover, and set up their ALSEP science station. Although Duke had no difficulty
drilling into the surface for the heat-flow experiment, Young tripped over its cable,
ripping it from its connector and disabling the instrument. Their first traverse was a
short one to craters where they only found breccia or ‘instant rock’, made in the
high-energy environment of an impact event as fragments were bound together by
the melting of powdered rock. Their second and third days also concentrated on
traverses looking for signs of the expected volcanism, but none was found — only
beat-up rocks of a vast ejecta blanket. In orbit, Mattingly continued the same type of
observations that Apollo 15 had made, but over a largely different swathe of terrain.

The surface crew returned to the CSM, and then, in view of the engine steering
problem, departed lunar orbit a day early. Apart from being unable to deploy their
subsatellite into the correct orbit, this curtailment of the Apollo 16 flight hardly

John Young and the lunar rover next to Plum crater during Apollo 16. (Panorama by
Erik van Meijgaarden.)
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impinged on the quantity and quality of its
results.

It was an example of classic scientific
research. A hypothesis had been proposed
by geologists to explain the origin of light-
toned plains that were visible across some
areas of the lunar highlands. Part of Apollo
16’s brief was to test this hypothesis, and with
samples and observations to hand, the
theories were proved wrong. This is how
scientific progress is made, because it led to a
new hypothesis and a better understanding of
the Moon’s evolution as a planetary body.

THE LAST HURRAH: APOLLO 17

Apollo’s final lunar mission took advantage
of behind-the-scenes lobbying by the lunar
Apollo 16’s CSM Casper and science' com.n%unity to have a professional
Earthrise taken from the LM during geologist visit the Moon. Many of the
station-keeping. astronauts, whose backgrounds were usually
in the fighter-pilot/test-pilot milieu, believed
that a dangerous environment such as an
experimental spacecraft in the vicinity of the Moon was just not the place to take
someone who was not already inculcated in the philosophies surrounding aviation.
Indeed, it was a requirement for the five scientist/astronauts taken on by NASA in
1965 that they learn to fly jets. Only one of them, Harrison ‘Jack’ Schmitt, was a
geologist, and he proved a worthy representative when he flew with Eugene Cernan
and Ron Evans on the 12'-day Apollo 17 mission to explore a region of unusually
dark soils in a valley near the shores of Mare Serenitatis. The interest in this site was
stirred by Al Worden’s observations during Apollo 15 of dark halo craters on the
floor of the valley which looked like a possible source of modern lunar volcanism.
Apollo 17’s launch on 7 December 1972 was notable by being the only night
launch in the programme, the Saturn V’s fire rising like an artificial sun to light up
the eastern coast of Florida. To reach the location of their landing site, the spacecraft
had to adopt a Moon-bound trajectory that took longer than any other to get there.
The subsequent orbital dance around the Moon was the most involved of all the
missions. Having landed, Cernan and Schmitt immediately began preparations to
exit the LM Challenger, deploy their rover and set up their ALSEP science station.
Similar to Scott’s experience on Apollo 15, Cernan had difficulty extracting the deep
core drill out of the ground, despite having a special jack to aid him in the task. The
extra time taken to extract it meant that a planned short drive to a nearby crater was
consequently curtailed.
On their second day, during a moonwalk that lasted over 7% hours, they drove




Jack Schmitt using a rake to sample lunar
stones on Apollo 17.

showed that it was certainly due to volcani
spectacular fire fountains had sprayed molten
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over seven kilometres west to the base
of a mountain. Here they sampled
boulders that had rolled down from
outcrops further up the slopes, allow-
ing them to collect samples from sites
that were well beyond the rover’s
reach. On the way back, they stopped
at a crater that was later dubbed
‘Ballet’ because as he took samples in
it, Schmitt nearly lost his footing and
performed wild gyrations in an
attempt to regain his balance.

A frisson passed through those
conducting the mission, both on
Earth and Moon, when deposits of
orange soil were found on the rim of
one of Worden’s dark halo craters.
Nothing like it had ever been seen on
previous missions, and its colour
suggested iron oxidation or rusting,
something that normally requires
water — a substance notable by its
apparent absence on the Moon. Sub-
sequent analysis of the material
sm, but of an ancient variety when
rock hundreds of kilometres into the

sky some 3 billion years ago. It had simply been excavated by the impact that made

the crater.

A productive range of stops on the final moonwalk of the Apollo era included a

visit by Cernan and Schmitt to another
mountain where a split boulder had come to
rest. Schmitt’s expert eye spotted the signs of
alteration that showed how more than one
massive impact had worked and reworked the
surface of the Moon, and by implication,
Earth during their infancy.

Evans, working in the CSM America was
not idle either. The complement of instru-
ments built into the side of his service module
had been changed compared to what Apollo
15 carried because its orbit would repeat much
of Endeavour’s swathe. As with the two
previous missions, thousands of high-resolu-
tion images of the Moon were taken on giant
rolls of film that Evans had to retrieve during

Eugene Cernan and Jack Schmitt’s
split boulder.
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Eugene Cernan at the rover during Apollo’s final moonwalk.

the coast back to Earth by exiting the hatch and manoeuvring along the SM to fetch

them.

The visit of Apollo 17 to a site nearly as
grand as Hadley was the peak of a specta-
cular mission that brought the initial human
exploration of the Moon to a highly success-
ful close.

GOODBYE APOLLO

Although Apollo 17 ended the lunar phase of
the Apollo programme, America’s investment
in its hardware and infrastructure continued
to pay back for three more years. A spare S-
IVB stage became an orbital workshop called
Skylab. This massive 77-tonne space station
was launched by a Saturn V on 14 May 1973
and serviced by three crews riding modified
Apollo CSMs launched by Saturn IBs. The
crews stayed on board for 1, 2 and 3 months

The view of Earth as Apollo 17 came
around the Moon.
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respectively. The final Apollo flight was also to Earth orbit as part of the Apollo—
Soyuz Test Project in 1975, again using a Saturn IB, when an American Apollo and a
Soviet Soyuz spacecraft met and docked in space as a political act of détente, thereby
ending the ‘space-race’ amicably. The two remaining Saturn Vs were turned into
lawn ornaments.
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Launch: a fiery departure

PREPARATIONS FOR LAUNCH

Leaving the VAB

Final preparations for the launch of an Apollo mission began weeks in advance,
when a 2,700-tonne diesel-powered crawler/transporter employing tracked tractor
units derived from heavy open-cast mining equipment entered the 160-metre-tall
vehicle assembly building (VAB), jacked itself up under a platform bearing a service
tower and a complete but unfuelled Apollo/Saturn space vehicle — a combined load
of 5,700 tonnes — and carried it out through one of the VAB’s massive doors and
along a 5’ -kilometre crawlerway to one of two launch complexes, 39A or 39B, from
which the rocket would make its fiery departure.

The crawler/transporter was one element of a mobile launch system that had been
inspired by members of Wernher von Braun’s rocket team. They had suggested that
with a vehicle as large as a Saturn V, the task of stacking its stages and installing the
Apollo spacecraft on top, would be best carried out inside a large hanger. The
resulting VAB was a huge box-shaped building 52 storeys tall at the focus of
Kennedy Space Center, and it was within its cavernous halls that an Apollo/Saturn
space vehicle came together for the first time. In a sense, it was from here that a
journey to the Moon began.

If the space vehicle had to be stacked indoors, a method had to be devised to get it
out to the launch pad. Barges within dedicated canals were considered, as were great
layouts of railway tracks, before the mobile launcher concept was decided. This
called for a large steel platform, 49 by 40 metres, upon which the space vehicle would
be fixed until the moment of launch. A tower even taller than the rocket sprouted
from one end of the platform, taking the height of the whole affair to 136 metres.
This launch umbilical tower (LUT) supplied the space vehicle with its essential
services by way of nine huge arms that reached across from the tower. These tended
the vehicle until they were swung away either just prior to launch, or in some cases
disconnecting and pulling away only as the rocket began its flight. Though they
weighed an average of 22 tonnes, these arms had to be capable of quickly



54 Launch: a fiery departure

The Apollo 11 space vehicle leaving the VAB bound for Pad 39A.

accelerating away from a rising rocket, and just as quickly braking to a halt before
hitting the tower.

With the VAB doors open, the crawler/transporter lifted the platform clear of six
supporting pillars and carted the entire assemblage away at about 1.5 kilometres per
hour. To accommodate the pressure of the crawler’s 456 treads, each weighing nearly
a tonne, a specialised roadway had to be constructed wherever it needed to go. A
metre depth of support ballast formed a bed for a layer of aggregate that bore the
immense weight of the crawler and its load as they were steered along their journey
to the launch pads.

At the pad

The soft-sounding term ‘launch pad’ belied the true nature of Pads A and B at
Launch Complex 39. Each of these two massive, hard, angular concrete structures
consisted of a low concrete hill split in two by a trench whose base was level with the
surrounding land. This was to allow a large wedge-shaped flame deflector of
appropriately large dimensions to be wheeled beneath the rocket without descending
below the local water table. The alignment of the trench ran along a line towards true
north.



This was engineering audacity on
an immense scale. The entire space
vehicle with its launcher and trans-
porter was substantially heavier than
the Eiffel Tower. Yet all of its 8,400
tonnes were driven up a 5-per cent
incline to the top of the 12-metre hill.
As it climbed, the launcher was kept
level by the crawler’s jacking system,
and then gently set down upon six
piers to sit astride the trench. The
crawler then withdrew and the flame
deflector rolled beneath the cavity in
the launch platform to force the
flames from the Saturn’s first-stage
engines sideways along the trench in
order to protect the vehicle from
damage from reflected acoustic
energy.

All the surfaces directly facing
the Saturn’s 1,500°C exhaust had to
be lined with a suitable refractory
material. Arranged around the pad’s
central hill were ancillary buildings
and equipment for storing and feed-
ing propellants, gases, water and
power to the vehicle, ponds for fuel
spills, a hydrogen-burning pond and
a network of roads.

The designers of the Apollo/
Saturn launch facilities had been
swept up in the optimism of the
programme’s early days, when the
Earth-orbit rendezvous method of
getting to the Moon implied a much
higher launch rate than was ever
realised when the complex saw use.
Thus two pads were built with plan-
ning for a third having left a tell-tale
kink in the crawlerway leading to Pad
B. The complex had been designed to
process as many as three stacks
simultaneously. In reality, Pad B
was only ever used once during the
Apollo programme, for Apollo 10.
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The Apollo 10 space vehicle stands on Pad
39B.
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This was during the very peak of the
programme as the final push was
being made for the Moon in 1969 and
launches were occurring at bimonthly
intervals.

Having delivered the space vehicle
to the pad, the crawler’s next task
was to retrieve another huge tower
from its parking site just off the
crawlerway and bring it to the rocket.
This mobile service structure (MSS)
shiclded the spacecraft from the
weather and provided access all
around it for final preparation. This
was yet another mobile engineering
marvel among marvels, itself weighing over 4,700 tonnes.

The mobile service structure near the Apollo 4
space vehicle.

Rehearsal

Three weeks to launch and the launch team would begin rehearsing for launch day.
The most important of these rehearsals was the Countdown Demonstration Test.
Simply put, the Countdown Demonstration Test was a complete stab at preparing for
the launch of the space vehicle up to, but not including, the ignition of the F-1 engines
of the first stage. The spacecraft was fully powered, fuelled with its highly toxic
propellants, and occupied by the prime crew. All the Saturn’s propellants were loaded
according to plan, including the cryogenic hydrogen and oxygen, and all the tanks
were pressurised. Everyone in the nearby launch control room and at the Mission
Control Center in Houston was at their consoles, each ensuring that their system was
operating within limits. This attention to detail and procedure paid off by the
excellent record the launch team would attain throughout the Apollo/Saturn period.

Countdown to launch
The numbers that express the scale of the Saturn V are often quoted: 110 metres tall,
10 metres wide, weighing about 3,000 tonnes at launch. There was, however,
something about this vehicle that surpassed quantitative expression. This was a
sleek, white, slender ship that rose to the heavens like no other machine before or
since. It was not only functional; it was beautiful and seemed to be perfectly styled
for the task of taking mortals to heavenly realms. Moreover, its beauty was set
against the ugliness of the steel towers that nursed it to the point of its departure.
Chock full of extreme technologies, this ship hid many ways to kill or injure the men
who would ride it. Yet it, and the smaller Saturns that preceded it — all of which were
swords turned to ploughshares; peaceful ships derived from military technology —
had an excellent record of success, in some cases flying on in the face of failure and
danger to reach their peaceful goals.

The launch of a Saturn V was orchestrated around the familiar countdown, a
timeline leading up to the moment of launch and beyond, with which everyone and
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everything associated with the final
stage of getting a rocket off the
ground coordinated their tasks. Ger-
man film maker Fritz Lang is usually
credited with introducing the concept
of the countdown as a device to raise
suspense in his 1929 film Frau im
Mond (The Girl in the Moon). It was
adopted by the German rocket pio-
neers in the VfR, who maintained its
use after their move to the United
States.

The countdown was not continu-
ous as it progressed towards the
launch. At preplanned points it was
deliberately paused to allow engineers
to catch up with tasks and resyn-
chronise their preparations. In many
cases, these holds allowed small tech-
nical gremlins to be chased and
rectified. If a problem seemed to
require a longer time to correct, a
hold could be extended, but only up
to the point where the delay would
push the time of launch beyond
acceptable limits.

Although the countdown has been
retained in the American rocket industry, its precise implementation can vary. In the
case of the Saturn V, the descending count eventually led to the point where the
vehicle left the pad and began its flight. With other rockets, such as the Titan II that
liftted the Gemini spacecraft to orbit, the zero point was when the engines were
ignited.

Apollo 16 on Pad 39A two weeks prior to
flight.

Launch window

Like most launches, the lift-off of an Apollo mission could only occur within well-
defined spans of time known as launch windows. Launch could not be attempted
outside the launch window because some operational constraint would be exceeded.
The major constraints on an Apollo launch window were propellant, communica-
tions and lunar lighting.

It had been determined that the best time to land on the Moon was in the lunar
morning. Surface temperatures were moderate and the low-angle lighting made the
landscape’s shape stand out, accentuating the topography and aiding the
commander as he looked for a smooth place to set down. Therefore, a landing
could be made at a particular landing site only once a month, thus restricting the
launch to a single day each month. In case a launch had to be postponed for a day,
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NASA sometimes certified landing sites further west, where the lighting would be
suitable two or three Earth-days later. In light of the propellant available on board,
planners then worked backwards from each landing opportunity to calculate when
the launch had to occur.

Now the complexities of flight planning really became apparent. To get to the
Moon, the engine of the third stage had to be reignited in Earth orbit and continue
burning propellant for a few minutes. By knowing where the Moon would be when
the spacecraft arrived, orbital mechanics (of which more later) said that this ‘burn’
would have to occur on the opposite side of Earth. But NASA wanted this important
burn to occur while there were good communications with mission control, including
the hours directly afterwards in case a quick return to Earth became necessary. This
meant that the burn had to occur near Hawaii so that the spacecraft’s rise from
Earth would be covered by a string of ground stations and communications aircraft
across the eastern Pacific Ocean and the United States. As Earth turned, the Hawaii
region moved into the correct position for the burn once a day, constraining the
launch further. Then, as the S-IVB stage could not store its cryogenic propellants for
more than a few hours in space, the number of Earth orbits prior to leaving were
restricted, so planners allowed just two 90-minute revolutions to give the crew time
to check their spacecraft prior to heading for the Moon. If the time of launch slipped
a little, the limited flexibility allowed controllers to delay the burn for the Moon by
another orbit.

The launch window for Apollo 11 began at 09:32 Eastern Daylight Time on 16
July 1969 and lasted nearly 42 hours, to allow Armstrong and Aldrin to reach their
favoured site in Mare Tranquillitatis. There were further opportunities to launch for
sites further west 2 days and 5 days later. If those were missed, the same three sites
became accessible a month later and indeed for each subsequent month.

Tanking the ship

On launch day, final preparations began with the countdown clock at 13 hours
before lift-off (or T minus 13 hours in the parlance of the rocket men at KSC) when
the lower of the S-IC’s two massive tanks was filled with refined kerosene (RP-1)
propellant. Whereas the rest of the Saturn’s propellant tanks carried volatile and
super-cold hydrogen and oxygen that had to be loaded during the final hours before
lift-off, the RP-1 could remain in its tank for extended periods.

Next, the Saturn’s cryogenic tanks were prepared to accept their loads. Both
hydrogen and oxygen are gaseous at normal pressures and temperatures. To use
them in a large rocket, their quantities had to be concentrated within their tanks and
there are only two ways to achieve that. Either they are stored under very high
pressure, which would have made their tanks hopelessly heavy to achieve the
required strength, or their temperature is lowered sufficiently to liquefy them. To be
used in the Saturn V, oxygen needed to be at minus 183°C, becoming liquid oxygen
(hereinafter referred to as LOX), while the very light hydrogen fuel had to be chilled
to minus 253°C, only 20 degrees above absolute zero. Use of these cryogenic
propellants in any rocket demands elaborate insulation but the effort is worth the
benefit as liquid hydrogen is a very high-energy fuel. In particular, the tanks had to
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be carefully conditioned before the contents could be loaded. This required removal
of every trace of water vapour from the tanks and, in the case of the hydrogen tanks,
even air had to be purged to prevent the nitrogen in it from freezing and
contaminating the fuel. To achieve this, increasingly cold helium gas was pumped
through the tanks of the upper two stages, while dry nitrogen cleared out the S-IC’s
LOX tank.

Once the tanks had been purged of contaminants, the propellants could be
loaded, but even that had to be carefully handled because, compared to the liquids
they would receive, the walls of the cryogenic tanks were hot and the propellants
boiled furiously when they were first introduced. It was similar to pouring water into
a saucepan that has been sitting on a flame for too long. To begin with, propellant
was pumped in slowly and allowed to boil, removing heat as it did so and further
chilling the tank. Eventually a pool of liquid settled at the bottom of the tank, at
which point the ground crew began to pump in propellant at the maximum rate.
When the tanks were nearly full, a slow fill rate was resumed to fill them completely
and compensate for the ongoing boil-off, caused by the ambient Florida heat that
was leaking into the tank. This state was maintained until a few minutes before
launch when the venting valves were shut and the pressures inside the tanks were
allowed to build to their operating values.

Preparing the CSM

Most of the preparation of the CSM and LM was completed while the mobile
support structure was still around the space vehicle. All the food and equipment in
the two craft had been packed into
their designated storage spaces, and
their propulsion tanks filled with
storable propellant long before load-
ing of the Saturn V began, ensuring
that, on the day of launch, only a few
final tasks remained to be completed
by hand. Throughout the countdown,
and for much of the journey to the
Moon, the LM was without power
and inert, saving its precious batteries
for its foray to the lunar surface. The
CSM, on the other hand, was a
buzzing, vibrant machine whose
health was monitored closely by flight
controllers and contractors through-
out the countdown in case a problem
occurred.

While it sat on the launch pad, it
was powered by electricity supplied
from the ground. For flight, power
came from fuel cells that made

The Apollo 8 CSM as the MSS was withdrawn.
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electricity by reacting hydrogen and
oxygen from tanks in the service
module. Two days before launch,
these tanks were filled with reactants
and their contents checked for con-
tamination before being introduced
to the fuel cells. Rechargeable chemi-
cal batteries augmented the space-
craft’s power requirements in space,
and these were fully charged as part
of the launch preparations.

One member of the backup crew,
usually the backup command module
pilot, entered the command module
prior to the crew’s arrival and ran
through an extensive checklist to
ensure that every switch, knob and indicator was in the appropriate position for
launch. There were hundreds of these, each taking a line of the checklist. In the later
Apollo flights, there were over 450 lines to be checked before the prime crew arrived.
With that done, the backup crewman usually waited for the crew to arrive at the
white room before he retired to the launch control centre to continue working with
them by voice up to the point of launch.

The large main display console in the CM that
stretched from one side of the cabin to the
other.

The crew arrive
Having had a hearty but low-residue
breakfast in the crew quarters located
some kilometres south of the VAB,
the prime crew moved on to the
suiting-up room where a covey of
technicians helped them to don their
spacesuits. These would protect them
if they left the spacecraft for a
planned venture outside, or if the
cabin were to become unexpectedly
depressurised. Careful checks were
made to ensure that their suits were
airtight (checking the pressure integ-
rity in NASA parlance) before the
crew were finally sealed in, with only
a portable supply of oxygen which
they carried with them to the launch | yur:
pad. | S

The reason for sealing the crew in sl e e
so early was linked to the Apollo 1 The crew of Apollo 8 carrying their portable
fire. After that fire, it was decided  ©xXygen supplies on their way to the launch pad.

3
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that prior to launch the spacecraft
would have a mixed atmosphere of
nitrogen and oxygen, making the
interior of the spacecraft much less
flammable. After launch, as the vehi-
cle ascended and the outside air
pressure dropped, the cabin atmo-
sphere was allowed to vent overboard
and be replaced by pure oxygen from
the spacecraft’s tanks. Throughout
the ascent, automatic systems always
ensured that adequate pressure was
The white room at the ‘320-foot’ level against malptalned, never gomg'below about
the Apollo 14 CM. a third of the atmospheric pressure at

sea level. The pressure in the suits

also dropped, and without prepara-
tion this could cause any nitrogen in a crewman’s bloodstream to come out of
solution and give him the ‘bends’ — a problem also faced by divers who rise too
quickly through a column of water. To avoid this condition, any nitrogen was
flushed out of the crew’s bodies by having them breathe pure oxygen for a few hours
before launch while sealed in their suits.

Three hours before launch, the crew arrived at the 320-foot level of the launch
umbilical tower and walked along the highest of the nine access arms, nearly 100
metres above the launch platform.
This arm led to the so-called ‘white
room’, a controlled environment high
above the Florida sands that gave
access to the command module’s
hatch. One by one they entered the
cramped confines of the CM cabin
aided by the pad crew who strapped
them tightly into their couches and
changed their oxygen supplies from
the portable kit to the spacecraft’s
circuit.

The commander, who entered first,

settled into the left couch from where
he could scan the instruments and Tom Stafford and Eugene Cernan wait to enter
the Apollo 10 spacecraft.

watch for any problems arising in
their trajectory. If trouble arose that
threatened the crew, he was ready to twist the translation control with his left hand
and abort the mission. From Apollo 11 onwards, he also had the option of flying the
Saturn rocket to orbit manually, instead of using the Saturn’s guidance system.
Normally the lunar module pilot (LMP) entered next, taking up the right couch. In
this position he watched over the spacecraft’s systems. The command module pilot
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(CMP) entered last to occupy the centre couch. During ascent, his major role was to
assist the commander in watching the progress of their climb and to operate the
computer.

There was only one exception to this arrangement when Mike Collins, CMP on
Apollo 11, took the right seat and entered before Aldrin, who was LMP. Collins felt
that the start of the elevator ride at the bottom of the launch umbilical tower was
really the start of his journey to the Moon. Walking across the ninth arm, he was
impressed at the contrasts in his field of view. “On my left is an unimpeded view of
the beach below, unmarred by human totems; on my right, the most colossal pile of
machinery ever assembled.” By the time Collins was named with Neil Armstrong
and Buzz Aldrin as the prime crew of Apollo 11, his crewmates had already served as
backup crew on Apollo 8 and had practised launch procedures with Buzz in the
centre couch. It was decided not to change this and Collins should train for the right
seat for the launch.

Collins continued a Space Age tradition by giving the leader of the pad team,
Guenter Wendt, a going-away gift; in this case, a tiny trout nailed to a plaque in
recognition of Wendt’s tall fishing tales. There were often little gifts or pranks that
helped to lift the tension in the white room in the edgy moments before a crew were
shut away in the spacecraft. Armstrong gave Wendt a ticket for a ‘space taxi ride’
and Aldrin presented him with a Bible, the German returning the favour with a mock
‘Key to the Moon’, which he pre-
sented to Armstrong. Another exam-
ple was when the Apollo 14 crew
were boarding the CM. Alan She-
pard, then the oldest of the astro-
nauts and already a grandfather,
presented Wendt with a German
Army helmet, gaining a mock walk-
ing stick dubbed the ‘lunar explorer
support equipment’ in return.

When the crew was safely inside,
the pad team retired to a safe distance
and the swing arm was rotated 12
degrees away, placing the white room
at a close distance from where it
could be returned to the CM’s hatch
should an emergency arise that
required the crew to exit the space-
craft. At this early stage, the crew
kept themselves occupied with checks of their ship, and working with the spacecraft
test conductor at the local launch control centre to check off as many vital systems as
possible. Communications were tested — especially a special circuit set aside for
calling an abort to the mission. Tanks for the service module’s four sets of little
manoeuvring thrusters, the reaction control system (RCS), were pressurised to force
propellant towards the thrusters and enable them to work. The guidance system was

Guenter Wendt presents Alan Shepard with a
walking stick before Apollo 14.
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initialised; the spacecraft would not direct the rocket but it had to know where it was
and it needed to keep track of where the Saturn V was taking it in case the
commander had to assume control. Then with four minutes of the countdown
remaining, the ninth arm carrying the white room was swung away from its interim
position to be fully retracted on the opposite side of the launch tower, as far away as
possible from the plume of flame that the rocket would leave in its wake as it lifted
off.

LIFT-OFF

Final seconds

At the very tip of the Saturn V stack, the rounded point of the launch escape tower
(LET) included eight small holes which led to a device called the Q-ball. Shortly
before launch, the cover was removed that had protected these holes from debris and
insects. Their function was not dissimilar to the pitot tube seen on conventional
aircraft for measuring airspeed, because the Q-ball measured how the air pressure
across the eight holes changed as the vehicle rammed through the atmosphere during
the ascent.

The point of having eight holes on the Saturn was not to measure airspeed, but to
measure whether the air was hitting them equally and thereby determine whether the
rocket was flying straight and true through the atmosphere. The angle-of-attack they
sensed was displayed on a dial for the crew’s benefit. If the flight had to be aborted,
and the spacecraft pulled clear by the escape tower, the Q-ball would then help to
determine which way round the command module and tower were flying.

With 2 minutes to go, a crewman pulled a knob in the cabin which stopped
coolant flowing to radiators on the side of the spacecraft. Normally, in space, these
panels received hot liquid from the cooling system and shed that heat by radiation.
However, as the rocket ascended, the frictional heat generated by passing through
the atmosphere warmed the radiators and temporarily made them useless, indeed
counterproductive, and so for the few minutes of ascent they were bypassed.

Saturn’s guidance
At T-20 seconds, swing arm 2 was retracted from its position connected to the top of
the S-IC. As it arced back to the tower, the guidance system on the Saturn was finally
set for the flight. In the instrument unit above the S-IVB stage, there was a
conventional gimbal-mounted guidance platform — the type that can hold its
orientation while the vehicle around it rotates. As the Earth turned with the Saturn V
on the pad, the platform kept its alignment with respect to the stars. If an onlooker
could have watched it over a few hours, it would have appeared to rotate, making
one full turn each day. Both CM and LM contained a similar device, which will be
discussed more fully later in the book.

The Saturn’s guidance platform provided two important pieces of information
needed to guide the space vehicle to the required orbit. One was knowledge of the
direction in which the rocket was pointed. This was derived from the platform’s
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property as a reference against which
the vehicle’s orientation (normally
referred to as its attitude) could be
measured. The second came from a
set of accelerometers mounted on the
platform with which the instrument
unit’s computer could sense the
movement of the rocket, and hence,
its three-dimensional path from the
Earth and through space.

The positioning of the Saturn on
the pad, and indeed of the pad itself,
was not haphazard. It had been
carefully thought out prior to being
built. Each pad was aligned to the
cardinal points of direction, with the
flame trench running exactly north—
south. The launch vehicle was
brought to it with its umbilical tower
to the north. From here, the most efficient heading was to fly directly to the east, so
the rocket was presented with the spacecraft’s hatch also facing east. This way, when
the rocket ascended and entered orbit, it did so with the spacecraft windows facing
Earth and its navigation optics facing out into space.

Most Apollos did not fly directly east but on a heading a little north or south of
east to ensure that they reached the spot over the Pacific Ocean where the burn for
the Moon would be made. The heading taken by the launch vehicle was known as its
flight azimuth, where a heading due east was said to have an azimuth of 90 degrees.
For the flight, the orientation of the platform had to be aligned to match the flight
azimuth, but this could only be done a few seconds prior to lift-off. Had the platform
been aligned too early and left uncorrected, Earth’s rotation would have rendered
the alignment invalid by the time lift-off occurred.

What was done on the Saturn V was to align its orientation with respect to a
theodolite that was mounted some way from the pad between the crawlerway tracks.
A small window in the side of the instrument unit was provided for this purpose. The
platform’s alignment was then held rigid until T-17 seconds, the time of guidance
reference release when it was set free. This allowed it to hold its orientation with
respect to the stars. This moment has been immortalised in the recordings from that
era when the NASA public affairs officer announced to the world, “Guidance is
internal”. If the countdown had to be stopped after T-17 seconds, a new flight
azimuth had to be calculated and the platform realigned to it.

The geographical layout of an Apollo/Saturn
launch pad.

The fires begin

At 8.9 seconds to lift-off, a command was sent to the Saturn V to begin the ignition
sequence for the five F-1 engines at the base of the first stage. The Saturn’s
instrument unit then sent start commands to each engine, their timing slightly
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staggered in order to prevent the launch
vehicle sustaining a single jarring ignition
transient. First to be commanded was the
centre engine, followed at quarter-second
intervals by diagonally opposed pairs of
engines. Each engine then went though an
elaborate sequence that was carefully chor-
eographed to minimise rough starting, with
all engines having reached full thrust by T-1
second.

A description of the astonishing F-1
engine is necessary before going through its
ignition sequence. The most prominent com-
ponent of the engine was the bell or nozzle,
usually seen with an extension added to
improve its performance. This tapered to
the throat and a cylindrical space, not quite a
metre across, called the combustion chamber.
At the far end of the chamber was a thick
steel injector plate with hundreds of slightly =~ The F-1 engine. On the right is the
angled holes like a giant shower head. turbopump whose wraparound
Alternate rings of these holes sprayed jets of ~ €xhaust fed into the bell.
fuel or oxidiser that impinged and burned
together. The walls of the chamber and nozzle were constructed of piping through
which the kerosene fuel was circulated to cool the chamber walls prior to being
sprayed through the injector plate.

It was not enough for the fuel and oxidiser to flow from the tanks and directly
enter the engine, as the huge internal pressures of the F-1 would have forced the
propellants back through the holes in the injector plate. Each engine, therefore, had
its own dual high-pressure pump arrangement to force the propellants into the
combustion chamber. This dual turbopump was mounted to the side of the
combustion chamber and driven by the burning of some of the propellants. In an
action somewhat similar to that in a jet engine, the hot gases from this combustion
forced a turbine to spin a shaft which drove the pumps. The final task for the
turbopump’s exhaust gases was to be expelled around the end of the engine bell, but
above the nozzle extension via a large wrap-around manifold. Although the
turbopump exhaust was hot, it protected the nozzle extension from the much hotter
gases coming from the chamber. Four pipes, two each for fuel and LOX, led from
the pumps to the injector via valves that controlled the engine.

The ignition sequence for the F-1 began with firework-like igniters going off,
some of which burned to start the turbine, others to ignite its fuel-rich exhaust gases
when they reached the engine bell. They burned through links to send a signal to
start the LOX valves opening, pouring LOX into the combustion chamber. This in
turn, caused another valve to open, allowing a feed of fuel and LOX to be sent to
power the turbopump. As the turbopump accelerated, the pressure in the fuel lines
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rose, bursting a cartridge of hypergolic' fluid and injecting its contents into the
chamber followed by fuel. Engine start-up was ensured by the spontancous ignition
of the hypergolic fluid with the LOX already in the bell.

When combustion was detected in the chamber, the fuel valves opened, flushing
ethylene glycol out from the cooling pipework and into the chamber where it helped
to soften the thrust build-up, as the engine strove to assume its steady-state
condition. For about a second after all engines had reached full thrust, the great
flames roared from below the static spire of the Saturn V while sensors measured
each engine’s performance. In that second, and every subsequent second of the S-
IC’s powered flight, each engine consumed fully one tonne of kerosene and a further
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Diagram of the F-1 engine.

' Hypergolics are a family of chemicals that ignite spontaneously when mixed.
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two tonnes of LOX — 15 tonnes altogether — as the vehicle sat at full power, waiting
for the confirmatory signal that all five engines had achieved full thrust and the
Saturn V could be released.

The monster flies

Up to the moment of launch, the entire weight
of the space vehicle had been resting on four
hold-down arms mounted around the edge of
a l4-metre hole in the launch platform
through which the engines could belch their
fire. These arms included strong pincers with
mechanical linkages that firmly held the base
of the first stage to the platform. When the
computers controlling the launch had decided
that all the engines were up to full thrust, the
four hold-down arms were opened by their
linkages being pneumatically collapsed.
Simultaneously, three small masts that had
been supplying fuel and other services to the
bottom of the S-IC disconnected and swung
upwards. Protective hoods fell over both the
arms and masts before the vehicle rose and the
full blast of the F-1 exhaust hit them.

The release of the Saturn V was not
instantaneous: it was once described as more
of an ooze-off rather than lift-off. This was in
part due to a number of tapered pins mounted
to the launch platform, which were pulled
through dies affixed to the bottom of the S-

. g Apollo 15 begins its ascent from Pad
IC. Their deformation controlled the accel- 394 a5 the swing arms retract.

eration of the rocket for the first 15 centi-

metres of ascent.

As soon as the immensely heavy vehicle began to rise, it could not safely return to
the pad, so for the first 30 seconds of flight, intentional shutdown of the engines was
explicitly inhibited. Reacting to this change in circumstances, five access arms that had
continued to service the vehicle up to the moment of launch had to swing clear
immediately, their motion triggered by the first 2 centimetres of travel. As part of that
action, all the umbilicals connected to the vehicle had to drop away, their disconnection
serving as the starting point for the first of seven timebases that orchestrated the control
of the Saturn V. Timebase 1 would operate through most of the first-stage burn.

As 3,000 tonnes of metal and volatile propellant rose past the umbilical tower, it
could be seen to lean disconcertingly away as though it were about to go out of
control. This was an entirely planned yaw rotation designed to manoeuvre the rocket
away from the launch tower as a precaution in case a swing arm were to fail to
retract or a gust of wind were to push the vehicle back towards the unyielding tower.
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It took about 10 seconds for the entire length
of the space vehicle to clear the tower, and
responsibility for the mission then passed from
the Launch Control Center in Florida to the
Mission Operations Control Room (MOCR)
on the outskirts of Houston, Texas.

Twenty seconds after lift-off, the four
outboard engines canted away from the
centreline so that if one of them were to fail,
the others would be directing their thrust
nearer to the vehicle’s centre of gravity,
improving the chances of the instrument unit
continuing to steer the rocket successfully.

The first two minutes of the Saturn V’s
flight was a spectacular affair attracting many
hundreds of thousands of sightseers to the
roads and beaches around Kennedy Space
Center to witness each launch. Over a million
people are believed to have gathered for the
launch of Apollo 11. At the launch of Apollo
4, the first time the Saturn V had flown, TV
Apollo 11, eight seconds into its presenter Walter Cronkite was bemused to
flight. find pieces of the ceiling coming down around

him as the roar from the five F-1s shook the
temporary CBS studio from 5 kilometres away as millions of viewers looked on.
Until then, few had appreciated the intensity of sound from five of these engines in
free air. Once the sound finally reached them, people described how they didn’t so
much hear the rocket as feel it. The slow rate of this leviathan’s majestic rise only
served to lengthen its assault on the body.

The freight train

What about the astronauts up top? Riding a Saturn V was never a relaxing
experience for the crews, but a few — usually those taking their second flight —
exhibited much lower heart rates than their rookie colleagues. Bill Anders, a rookie
astronaut, was part of the first crew to experience the rocket on Apollo 8. “The thing
that impressed me about the early stages of lift-off was the very positive control
during the gimballing of the S-IC engines. It was very positive.” In the initial
moments of its flight, most of the weight of a Saturn V was at the bottom,
particularly in the huge kerosene tank just above the engines of the first stage. The
upper stages, although large, were taken up with massive tanks of relatively light
hydrogen and, consequently, the centre-of-gravity of the stack was quite low,
somewhere in the first stage. Bill found himself on the end of a very long lever and
was able to feel the steering motions of the four outer engines at the bottom of the
first stage although they were occurring nearly 100 metres below him. All the steering
of the first stage was achieved by swivelling the four outer F-1 engines in response to
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commands from the instrument unit’s computer. Roll manoeuvres were made by
moving opposite engines in opposite directions to give a slight screw effect to the
vehicle. Moving them in the same direction at once allowed control for pitch and
yaw manoeuvres, causing the vehicle to rotate about its centre-of-gravity. Because
the crew sat far away, on the opposite side of this point, they felt the vehicle’s
rotation doubly as it shook them from side to side. Anders had expected this from
rides the crew had taken in a simulator, one that was capable of moving and shaking
them while they practised their procedures but, as he noted, the simulation failed to
live up to the real thing. “In fact, it felt to me on the first stage ride like an old freight
train going down a bad track.”

Later in that mission, the commander, Frank Borman, gave his impressions of the
very high noise levels at lift-off to a voice tape, the contents of which were later replayed
to Earth on a separate channel. “The launch was nominal in almost every respect.
There was no difficulty determining lift-off. Vibrations were noticed before the thrust
came up to commit to launch, and then when the hold-down arms released, the
vibration went away.” Anders by then had firmed up his impressions of the launch.
“The thing was still rattling like a freight train as it became clear of the tower.”

Ed Mitchell on Apollo 14 concurred with Anders’s observation. “Just can’t beat
it, huh?” he told his crewmates. ““Just like a railroad coach in this couch,” he added.
In his post-mission debrief, Eugene Cernan on Apollo 17 even took the railway
analogy right back to the start of the flight. ““You could feel the ignition. You could
feel the engines come up to speed. Ignition was like a big old freight train sort of
starting to rumble and shake and rattle as she lifted off.”

The crew of Apollo 16 had similar recollections at their debrief as John Young
brought up the next subject to talk about: “S-IC Ignition?” “Wow!”” was Charlie
Duke’s instant reaction. “Wow is right,” Young agreed. ““There goes a train that is
leaving. Lift-off — you can tell lift-off because everything is moving.” Duke
elaborated further: “It is like an elevator slowly lifting off. It just kept shaking at the
same frequency throughout the whole S-IC burn. You felt yourself going faster and
faster and faster. I had the feeling it was a runaway freight train on a crooked track,
swaying from side to side. That was all the way through the first stage.”

GETTING THROUGH THE ATMOSPHERE

Abort modes

By carrying out its Moon programme in the full glare of world publicity, NASA had
been bound to do its best to ensure the safety of the crew. This was not to be the
world of the test pilot from which most of the astronauts had come — a world where a
great many gifted pilots died in obscurity at remote bases, wringing out the problems
from capricious new aircraft for the military. The prestige of the Apollo programme,
NASA and, indeed, of the United States, could not afford the public loss of a crew
whose persona had been built up in the media during the weeks leading up to the
launch. NASA'’s leaders decided that, as far as could be envisioned, there should be
no part of the flight where a single failure was not survivable.
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This policy was aggressively pursued during the incredibly dynamic ascent from
Earth. During the ascent to space, prodigious amounts of carefully directed energy
were expended from an assemblage of tanks filled with volatile fuel, pushing through
the atmosphere at increasingly high speeds. There were so many things that could go
wrong; and in the lower levels of the atmosphere, things could go wrong very
quickly. Of particular concern was the possibility that engines might fail, especially
during the first few moments of flight when the Saturn needed all five F-1s working
to get off the ground. For years, the mission planning team analysed and argued over
the details of the ascent, eventually breaking it down into sections. For each section,
they defined an ‘abort mode’ or appropriate get-out-of-there-quick plan that would
whisk the crew away from an errant rocket to safety, either to continue the flight into
orbit if possible, or to splashdown in the sea if not. To assist in these rescue
scenarios, the tip of the command module sprouted the launch escape system (LES)
with its powerful rocket, the LET, to pull the crew clear of the Saturn V.

Abort mode one-alpha

The first 42 seconds of the flight up to a height of about 3 kilometres was flown in
abort mode one-alpha, meaning that the crew and equipment were poised to react in a
certain way in the event of a launch vehicle failure. The escape tower above the
command module would fire its large solid-fuelled motor, quickly pulling the CM up
and away from the service module and the rest of the stack below. A smaller
sideways-firing rocket motor at the top of the tower, the pitch control motor, would
steer the CM eastward out over the ocean to ensure that it would not subsequently
descend into the conflagration caused by the destruction of its launch vehicle. Safely
clear, the CM would dump its manoeuvring fuel (nasty, toxic, highly corrosive stuff,
which would otherwise present a danger to the recovery forces), jettison the escape
system and the forward heatshield, then finally deploy its parachutes and make a
normal landing in the ocean.

At the centre of the abort decision was the commander. From the launch pad to
orbit, he closely monitored various lights and displays on the panel that supplied him
with whatever information was relevant to making that decision. All the equipment
that fed these displays, and sensed whether an emergency was imminent, was called
the emergency detection system (EDS). It was decided that he would not react to a
single cue, lest it be spurious, but if two cues from the EDS called for an abort, this
was enough information for him to twist the T-handle in his left hand counter-
clockwise, activating the appropriate sequence to leave a malfunctioning launch
vehicle behind and get to safety. There was also a set of abort conditions that could
initiate an automatic abort. The idea of ending a half-billion-dollar mission on the
behest of a few bits of hardware necessitated detection systems that were triple-
redundant and were required to ‘vote’ electronically for an abort. The automatic
portion of the EDS was switched off once the rocket was out of the thickest part of
the atmosphere where situations could not develop so rapidly.

The EDS was responsible for lighting a cluster of indicators that showed whether
each engine was running at full thrust, whether the rocket was veering too fast and
whether the Saturn’s guidance system still knew which way was up. In the latter case,
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from Apollo 11 onwards, if the commander saw that the Saturn was incapable of
guiding itself, he had the option of twisting the T-handle clockwise to pass control of
the entire rocket to the spacecraft, and if that was also failing, he could manually
guide it to orbit. Another prominent light informed him when launch control in
Florida, or a range safety officer, also in Florida, or mission control in Houston,
believed an abort was advised. A gauge that normally showed the state of the
spacecraft’s main engine for the rest of the mission was pressed into service by the
EDS to show the rocket’s angle-of-attack; that is, it was moving cleanly through the
air and not slipping sideways — a condition that could impose such aerodynamic
stress as to cause the break-up of the vehicle’s structure.

Guiding to orbit

The Saturn V took care of its own guidance
and, assuming everything went smoothly with
the ascent, the crew had little to do except to
keep a careful watch over it. This they did by
running Program 11 (P11) on their computer,
which displayed their speed, height and how
rapidly that height was changing. P11 also
drove their displays to show what their
attitude should be throughout the ascent, so
that any deviation could be seen. Should the
commander have to take over control of the
Saturn, he would fly it by following the cues
given by P11.

Making certain that a rocket gets to where
it needs to go is a significant part of what is
commonly referred to as ‘rocket science’,
although it would be better described as
rocket engineering as it has little to do with
science. While the details of rocket guidance
are immersed in mathematics and physics, the
basic concepts behind it are not so difficult to
understand. What a space rocket is usually
trying to achieve is to reach a point above
most of Earth’s atmosphere at a defined time,
and to be travelling at a certain speed and in a
certain direction when it gets there. Fulfilling

S - Apollo 16 tilts towards the east, its
these criteria should result in the rocket and  flame twice as long as the rocket,

its payload travelling in the desired orbit
around Earth.?

2 The concept of the orbit is explained in the next chapter.
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The Saturn V, and many other launch vehicles after it, handled its guidance in two
distinct and separate ways: one dumb, the other smart. It started off dumb, switching
to smart once it was beyond the majority of the atmosphere. The dumb technique
went something like this. “I don’t care where I am,” says the rocket’s computer. “I'm
just going to manoeuvre myself upwards through the air, tilting over in a fashion
that’s been programmed into me, and I'll see where I get to at the end.” Engineers
began the flight with this guidance philosophy because it was considered unwise to
have the Saturn make large steering turns while it was travelling at high speed
through the thicker regions of the atmosphere. For the first three minutes or so, the
rocket flew according to a pre-programmed tilt sequence, a series of manoeuvres
designed to ensure that its structure endured minimal sideways aerodynamic forces.
This tilt sequence consisted of four major manoeuvres.

The first of these was the 1.25-degree yaw manoeuvre that tended to scare
onlookers during the first few seconds of ascent as it steered the Saturn V away from
the launch umbilical tower. Once clear of the tower and upright again, it then made
its second manoeuvre, rolling around its long axis to align the Saturn V’s minus-z
axis with the flight azimuth. Think, for example, of the Saturn V sitting on the pad
with the launch umbilical tower to the north and the spacecraft’s hatch facing
towards the east; the minus-z axis is also pointed in an easterly direction, and in that
position the vehicle’s azimuth was 90 degrees. The roll manoeuvre’s job was to aim
this axis in the direction they wanted to go so that thereafter the whole space vehicle
would only need to make a simple tilting manoeuvre around its y axis, and start
picking up horizontal speed. For most Apollo missions, the flight azimuth was
around 72 degrees, a direction around east-northeast which allowed for the most
efficient path to a highly desirable free-return lunar trajectory. Apollo 15 and Apollo
17 had flight azimuths very near due east which helped them to access the unusual
lunar orbits that they had to achieve.

Once the rocket had aligned its own coordinate system with its flight azimuth, the
third and largest manoeuvre of the tilt sequence began; very slowly pitching the
vehicle over, taking them from a vertical attitude to one that would increase towards
the horizontal as they began to accelerate not just upwards, but along the flight
azimuth. The whole of the S-IC’s flight was carried out in dumb mode. The smart
mode of rocket guidance came later.

Through the lightning
The decision to control the Saturn V from its own instrument unit instead of using
the capabilities of the command module’s guidance system was primarily driven by
the expectation that the vehicle would one day be called upon to carry payloads
other than the Apollo spacecraft. It was dramatically shown to be a fortuitous
decision when the Apollo 12 stack was struck by lightning only 36 seconds after it
lifted into overcast cloud on 14 November 1969. Although the nearest natural
lightning was kilometres away, the exhaust of the rocket left a trail of ionised gas
that acted like a giant conductor, leading the cloud’s static charge down to the
ironwork of the launch tower.

“What the hell was that?” called Dick Gordon after the interior of the cabin was
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flooded by a flash of white light. Gordon, the
CMP for this mission, and his commander
Pete Conrad were carefully watching the main
display console. “I lost a whole bunch of
stuff,” yelled Gordon.

Directly in front of him, the caution and
warning panel “was a sight to behold” as
Conrad would later recount. He began updat-
ing the flight controllers in Houston who had
just taken over responsibility for the mission.
“Okay, we just lost the platform, gang. I don’t
know what happened here; we had everything
in the world drop out.” He continued to
inform them that the fuel cells that powered
the spacecraft were no longer doing so, and
that the guidance platform in the command
module had tumbled out of alignment. The
platform was now useless as a tool to guide
anything, never mind the giant rocket that was currently powering them to space.
Below them, the Saturn V had been entirely unaffected by the electrical catastrophe
that had befallen its payload and it continued its programmed ascent without
missing a beat. The crew rode the Saturn on into orbit, where they were able to bring
the spacecraft’s power back on line, align their guidance platform and continue
successfully to the Moon.

Pete Conrad was one of the most colourful characters among the astronauts and
was never short of a quip. I think we need to do a little more all-weather testing.
That’s one of the better sims, believe me,” he joked, comparing this real-life drama
to the many simulated dramas they had practised endlessly prior to the mission. The
Capcom at that time, Gerry Carr, jokingly informed him, “We’ve had a couple of
cardiac arrests down here, too, Pete,” to which Apollo 12’s commander replied,
“There wasn’t any time for that up here.”

Later in the mission, Conrad laughed about the experience. “The launch was
almost as good as me getting to fly the Saturn V into orbit.” His was only the second
Saturn equipped to allow the commander to fly manually to orbit — a contingency
that, while never called upon, would have been welcomed by the hot-shot
commanders within the astronaut corps.

The launch tower hit by the same
lightning discharge that disrupted
Apollo 12.

Abort mode one-bravo

After 42 seconds of flight, the rules of what would happen in case of an abort
changed slightly to take account of the fact that the space vehicle had tilted over
substantially and had also gained plenty of horizontal speed. The mission had moved
into abort mode one-bravo which lasted until it reached an altitude of 30.5 kilometres.
If an abort were to be called during this period, the escaping command module
would no longer be in danger of falling into the Saturn’s debris, and the small motor
intended to steer it out to sea would no longer be required. What was needed,
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however, was a way to ensure that the CM would turn to face the correct direction
after being pulled from an aborting Saturn. This was because tests had shown that
at hypersonic speeds, it was possible for the CM/escape tower combination to be
stable in a nose-first attitude. The tower could not be safely jettisoned in this mode
because the airflow would ram the boost protective cover onto the CM hull, which
would not only prevent the tower pulling away but also prevent the parachutes from
deploying. Once the escape tower had pulled an aborting spacecraft free in a one-
bravo abort, two skin sections near the top of the escape tower, known as canards,
would deploy after the launch escape motor had done its job, creating drag and
thereby forcing a turn-around manoeuvre, if one were needed, to face the heatshield
in the direction of travel, and allow the jettison of the tower and the safe
deployment of the parachutes.

Higher and higher: max-Q
At an altitude of about 8 kilometres,
the Saturn V attained the speed of
sound, or Mach 1, and went super-
sonic. It was approaching a dangerous
region of the ascent. As the stack rose,
the atmosphere around it gradually
thinned, yet the rocket’s increasing
speed continued to ram air onto its
forward-facing surfaces, especially at
the conical sections, increasing the
stresses on the skin. At about 14
kilometres, this dynamic pressure,
known as ‘Q’, reached its greatest
extent, a point in the flight called
‘max-Q’. Beyond this point, the
rapidly thinning air reduced these
aerodynamic stresses.

This was considered to be a risky
phase of the launch and one that was

. ! Apollo 15’s S-IC exhaust plume expands in the
always annunciated by the public  thinner air.

affairs commentator in view of the

fears it held, when any weakness in the structure would be revealed or when a slight
deviation of the great length of the rocket in its true passage through the air at Mach
1.7 could result in the catastrophic break-up of the vehicle.

Forces of acceleration

The job of the S-IC and its five F-1 engines was to lift the stack to an altitude of 70
kilometres and accelerate it to a speed of about 8,500 kilometres per hour. As it did
so, the acceleration felt by the crew gradually increased. In common parlance,
acceleration is stated in terms of g-forces, because the force we feel on Earth due to
gravity is directly comparable to the force imparted by an accelerating vehicle.
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Therefore, it is useful to relate acceleration forces to something of which everyone
has a lifetime’s experience, so when the Saturn was sitting on the pad, the crew felt an
acceleration of 1 g, due entirely to Earth’s gravity.

Because the Saturn V weighed down on the launch pad with almost as much force
as the engines were pushing up, the stack initially rose quite gently with g-forces
barely above 1 g. However, the consumption of 15 tonnes of propellants every
second lightened the vehicle considerably as it flew, decreasing the mass the engines
had to push against, so increasing the acceleration forces imposed upon the crew.

A small additional source of rising acceleration was the improving efficiency of
the F-1 engines. A rocket engine works by burning propellants in a combustion
chamber. The heat of combustion causes the gases to expand very rapidly, exerting
massive pressure on the walls of the chamber. If one of those walls is missing
(because someone has placed a nozzle there), the pressure within the chamber
becomes unbalanced, resulting in a force. However, at sea-level, the pressure of
Earth’s atmosphere has the effect of slightly capping the open end of the nozzle,
somewhat inhibiting the high-speed flow of exhaust gases and reducing the thrust
that the engine can generate. By the time the virtually empty S-I1C gave its final push,
the atmosphere had become essentially a vacuum, reducing the back-pressure against
which the exhaust gases had to contend as they left the nozzle and improving the
thrust by nearly 20 per cent. Each engine, which had started out with a thrust
equivalent to 680 tonnes, was pushing with 815 tonnes force just prior to the
exhaustion of the first stage.

In response to these two effects — an increasingly light S-IC and five increasingly
efficient engines — the acceleration continued ramping up ever faster until about 2%
minutes into the flight when, having reached nearly 4 g, the centre engine of the S-IC
was commanded to shut down to keep their subsequent acceleration within limits.
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Under the power of the remaining engines, the g-forces continued to rise as the
vehicle lightened. Cutting off one engine early not only curtailed the rising
acceleration, it also lessened the jolt felt by the stack and the crew when the
remaining engines cut out. Additionally, it flagged the Saturn’s computer to think
about starting Timebase 2, which did begin once the computer had sensed that
adequate speed had been gained. The computer then sensed propellant levels in the
nearly empty tanks and prepared to shut down the remaining four engines. The
acceleration again rose to 4 g about 25 seconds after the centre engine cut-off, by
which time the outer four engines were expected to have shut down.

Abort mode one-charlie

From an altitude of about 30 kilometres until after the second stage had taken over,
the abort rules changed slightly once again. By this time, the vehicle was so high and
the air was so thin that the canards at the top of the LET would not have been able
to ensure that the CM was in the correct attitude for jettisoning the tower. Instead,
the abort scenario required the crew to use an array of little rockets around the CM
to bring it to the correct orientation.

This system of rockets, the RCS, was one of the crucial systems on the spacecraft.
Both the command module and the service module had its own set and they were the
only way the spacecraft could control its attitude when the larger propulsion systems
were not operating, which was most of the time. Later spacecraft would use the
properties of fast-spinning wheels to provide something against which the spacecraft
could push when adjusting attitude, thereby saving propellant. The command
module’s RCS thrusters were only ever intended for use in an abort or in the final
stages of an Apollo flight after the service module had been cut adrift.

SECOND STAGE

The first staging event: cutting up the ship

Rocketry theory had demonstrated early on that building a rocket using a series of
modular stages would allow engineers to loft payloads into space with much greater
efficiency than trying to use a single stage, at least with current technology.
Therefore, the Saturn V was built as a
three-stage vehicle. When each stage
was exhausted, it was cut adrift to
coast on alone to its fate while a fresh
stage took up the task of getting the
spacecraft out of Earth’s atmosphere
and then to the Moon. The point
where one stage took over from
another was called staging, and was
always a complex and carefully chor-
eographed event which, in the Saturn  Apollo 11’s S-IC stage falls away as the S-IT
V, was controlled by the instrument takes over.
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An onboard camera caught the moment an S-IC stage fell away.

unit’s computer and sequencers. In the space of a few seconds, a nearly exhausted
stage had to be shut down in a controlled manner, the stages had then to be pulled
apart and the propulsion system of the fresh stage had to be ignited and brought up
evenly to full thrust. How all this was achieved on the Saturn V depended on the
configuration of each stage.

Before the first staging event could take place — that is, when the S-IC gave way to
the S-1I — the final manoeuvre of the tilt sequence had to be made. Throughout most
of the S-IC’s burn, the tilt sequence had been gently rotating the vehicle towards the
horizontal. However, at staging, the Saturn vehicle would to all intents and purposes
be cut in half. As it was undesirable to have these two very large pieces rotating near
each other, the final manoeuvre of the tilt sequence was tilt arrest. This minimised
the rotation of the stack so that the useless S-IC and the interstage ring between the
two stages could depart without danger of either of these disposed items contacting
the engine bells of the S-II.

Once the rocket’s attitude had stabilised, sensors in the propellant tanks signalled
to the Saturn V’s computer that depletion was near, at which point the four
outboard engines were shut down and Timebase 3 began. The logic programmed
into the sequencers ensured that this new timebase could only start if Timebase 2
(activated at centre-engine shutdown) had already occurred, to avoid the possibility
of it being accidentally started on the ground, for it coordinated all the events
relating to staging and the control of the S-II stage for the entire duration of its burn.

The separation of the S-IC and the S-II stages was technically known as a dual
plane separation since the vehicle was to be cut around its girth in two places, on
either side of a ring called the interstage. This ring or skirt was a 5.5-metre section of
the Saturn V’s skin which acted as a spacer between the first and second stages to
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The departure of the
interstage ring from the
base of the S-1I.

accommodate the latter’s engines. It had been decided that
the ring should not separate with the S-IC, lest any
rotation between the stages caused it to hit the engine
bells. On the other hand, its long-term presence was
thought to entail overheating problems around the S-1I
engines. The solution was to separate the S-IC first, wait
30 seconds until the second stage was firing smoothly and
rapidly accelerating, and then cut the skirt free. Failure of
the skirt to separate was considered serious enough to
cause the mission to be aborted, because to carry so much
extra weight would have seriously degraded the stage’s
performance. The skirt did fail to separate on the last
Saturn V to fly — the unmanned launch of the Skylab
orbital workshop to orbit in May 1973. Fortunately, the S-
II stage tolerated the heat and its lower payload allowed it
to reach orbit with 2.5 per cent of its propellant remaining.

Cutting the skirt was not the only event involved in
staging. Immediately after the first stage had shut down,
two opposing sets of solid-fuel rockets ignited to pull the
two halves of the Saturn apart. Up to eight forward-firing
retro rockets were mounted in the conical fairings at the
base of the first stage and a similar number of rearward-
firing ullage rockets were fitted to the outside of the skirt.
Ullage is a brewer’s term for the space in a bottle or cask
that is left unfilled. When applied to rocketry, it refers to the
portion of a propellant tank’s volume that is filled with gas.
When starting a liquid-fuelled rocket engine, it is usually
unwise to allow gas from the tank to enter the engine
pumps. However, when the first stage engines shut down,
the rocket was temporarily in freefall and the liquid in the
S-II’s propellant tanks was free to slosh around. Designers,
worried that gas-filled voids could enter the engines,
avoided this problem by using the ullage rocket motors to
settle the tank’s contents prior to second-stage ignition.
Simultaneously with the ignition of the solid rockets, an
explosive cord at the top of the S-IC was detonated to cut
the vehicle’s skin across the first separation plane, freeing
the dead weight of the useless stage from the rest of the
rocket. For the final three heavily loaded Apollo missions,
the Saturn V’s payload capability was improved by the
deletion of some of the retro rockets on the S-IC and all of
the ullage rockets on the skirt. The conservative engineers
under von Braun had gained enough experience to know
what was really working and what added little to their
creation’s performance.
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One second after the first stage was jettisoned, the five J-2 engines of the S-1I stage
were commanded to start. The empty first stage continued upwards in a ballistic arc
for some time, then impacted with the Atlantic Ocean some 650 kilometres from the
launch site. Twenty-nine seconds after engine start — a period deemed long enough for
the smooth running of the second stage to be established — explosive cord cut around
the interstage ring, allowing it to fall away from the accelerating second stage.

Frank Borman was an all-business astronaut who, during a post-flight debriefing,
summed up the violence of Apollo 8’s first staging event on his terms. ““The S-1C/S-I1
separation was nominal; the crew was thrown forward in their seats, as you would
expect in a staging. Then the g-load was shifted from 4 to about 1. Consequently,
you noticed the change in thrust quite distinctly. There was some indication of light
flash at staging through the hatch window.”

Other crews were less reserved in their reaction. “Man, that staging was quite a
sequence!”” exclaimed Tom Stafford, Apollo 10’s commander. Shortly after, Eugene
Cernan, his LMP, asked of mission control, “Charlie, are you sure we didn’t lose
Snoopy [their lunar module] on that staging?”’ Charlie Duke replied “No, I think
Snoopy is still there with you. You’re looking good.”

On Apollo 13, rookie Fred Haise was completely unprepared for the shock.
“Man, I’ll tell you, that first stage. When that shut down, man, I thought I was going
through the instrument panel. I was so surprised.” His commander Jim Lovell was
already a veteran of the Saturn V. “I should have warned you,” he told his
crewmate.

Ken Mattingly, on the other hand, had been warned. “I was well braced for it. I'm
sure glad I was. That really gets your attention!”” Sitting next to him was John
Young, commander of Apollo 16, who had flown the Saturn V previously and knew
from experience what to expect. He was supposed to be gripping a T-shaped abort
handle which, by a simple twist counter-clockwise, would have brought the mission
to an end. He was worried by the possibility of the event’s violence causing him to
unintentionally operate the handle. ““I was holding on to the bottom of the T-handle,
at that point, because I sure didn’t want to do the wrong thing.”

Part of what made the first-stage separation so exciting was the unloading of the
launch vehicle’s entire structure. Up to the point when the remaining four F-1
engines shut down, the 110-metre length of the Saturn had been slightly compressed
by the 4-g acceleration they imparted. When that was suddenly removed, the
structure tried to bounce back to an unloaded state. Later Apollo crews were
prepared for the shock, as Ed Mitchell on Apollo 14 noted: “When the outboards cut
off, as we had previously been briefed and as previous crews had discussed, there was
a sharp unloading. I expected to be thrown against the instrument panel, and I had
my hands out to brace against it. But it was not as much as I expected.”

Apollo 17’s launch was distinctive by being the only night-time launch of a Saturn
V, and its commander Eugene Cernan, who was also having his second ride on the
big rocket, commented in his debrief on some effects at staging that he never saw on
his first ride: “I don’t think it’s ever been recorded on a daylight launch before, but
as soon as the S-IC shut down, the trailing flame of the S-IC overtook the spacecraft
when we immediately went into that zero-g condition. And, for just a second, as the
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S-II lit off, we went through the flame. It was very obvious. We could see it out of
both windows. I particularly could see it out of the left-hand window. It was not a
smoke; it was not an orange fireball; it was just a bright yellow fire of the trailing
flame of the S-IC; and it happened for just a split second.” In fact, the Apollo 15
commander David Scott did notice something similar when he commented to his
crewmates soon after his mission’s daylight staging: “Okay, I got the big fireball
going by at staging. I don’t know whether you saw it or not. That beauty really
goes.”

Jack Schmitt’s recollection of the Apollo 17 staging echoed just about everyone
else’s. “Just pushing 4 g on the thing and it quits just like that. I was prepared for it
because Gene had said, ‘Hey, brace yourselves because it is going to happen,” and it
happened all right. It just flat quit when we went from 4 g to zero.” Cernan then
added a full stop to the crews’ experiences of the S-IC. “The great train wreck.”

High-energy fire

The reaction between hydrogen and
oxygen is one of the most powerful
sources of rocket thrust there is, with
the exception of some highly exotic
combinations that include fluorine as
an oxidiser. Engineers are always
keen to use it where possible due to
its high efficiency and relatively
benign propellants and exhaust. On
the Saturn V, both the second and
third stages used these two propel-
lants through J-2 engines to get the
Apollo spacecraft most of the way to
Earth orbit and to boost it on
towards the Moon. Five engines were
mounted on the S-II and a single
example on the S-IVB.

Outwardly, the J-2 might seem like The five J-2 engines at the base of an S-II stage.
a smaller version of the F-1 engine
but beyond having a chamber and nozzle fabricated from fuel-warming pipes, there
were few similarities between these motors. In particular, because the temperature of
the liquid hydrogen fuel was barely above absolute zero, the J-2 had to cope with two
cryogenic propellants. Prior to start-up, and to prevent the propellants turning to gas
as soon as they entered the engine block, the J-2 had to be pre-chilled by feeding a
small amount of propellant through its components.

Two entirely separate turbopumps, driven from a single supply of hot gas, forced
liquid hydrogen fuel (henceforth called LH,) and LOX into the combustion
chamber. The high-pressure flows coming from both pumps were fed via control
valves to the injector, where they entered the combustion chamber. The injector was
very different from the drilled metal plate in the F-1. It consisted of a stainless steel
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mesh arrangement through which over 600 tubes-within-tubes passed. These carried
LOX through their central passage and LH» in the outer. Some fuel was diverted to
cool the mesh.

An important component of the engine was a valve that could reduce the flow of
LOX to the injector. This operation altered the thrust a little but the point of having
it was to allow the consumption of LOX and LH, to be balanced over the length of
the burn to ensure that the propellants were equally utilised. Another important
component was the spherical start tank — which was actually a tank within a tank.
The inner tank held helium, whose pressure operated the engine’s valves. The outer
tank held LH, to spin up the turbopumps prior to hot gas becoming available from a
gas generator that would keep them running. In the restartable version of the J-2 for
the third stage, this outer tank could be refilled in preparation for its second burn —
the burn that would send the crews away from Earth to the Moon.

1. GIMBAL 9. OXIDISER TURBINE 16. GAS GENERATOR

2. FUEL INLET DUCT BYPASS VALVE 17. ELECTRICAL CONTROL

3. OXIDISER INLET DUCT 10. TURBINE BYPASS DUCT PACKAGE

4. OXIDISER TURBOPUMP  11. MAIN FUEL VALVE 18. PRIMARY FLIGHT

5. START TANK 12. HIGH PRESSURE INSTRUMENTATION

6. AUXILIARY FLIGHT FUEL DUCT PACKAGE
INSTRUMENTATION 13. START TANK 19. ANTI-FLOOD CHECK VALVE
PACKAGE DISCHARGE VALVE 20. HEAT EXCHANGER

7. EXHAUST MANIFOLD 14. FUEL TURBOPUMP 21. MIXTURE RATIO

8. THRUST CHAMBER 15. FUEL BLEED VALVE CONTROL VALVE

Diagram of the J-2 engine
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The starting sequence for the J-2 engine was equally as complex as that for the F-1
and only a summary is within the scope of this book. The basic ignition source was
the augmented spark igniter — NASA terminology for what was basically a spark plug
which lit a flame source in the combustion chamber. The main fuel valve was opened
and LH,, pushed only by the fuel tank’s pressure, began to flow around the pipes
that formed the engine’s walls, conditioning them to the fuel’s extreme chill. After a
short delay, the hydrogen in the start tank was discharged through the pump
turbines to make them spin before the gas generator began burning LH, and LOX to
produce hot gas for the same task. The LOX valve was then opened, allowing LOX
to begin burning in the combustion chamber with the LH, that had been circulating
through the chamber walls. As the turbopumps spun up to full speed, this valve was
slowly opened to bring the engine gently up to its rated thrust.

Tower jettison
On Apollo, it was usual to cut, eject or actuate parts of the vehicle using carefully
arranged explosives that ranged from small squibs that operated helium valves on
the lunar module, to the two great rings of explosive bridge wire that ran around
the interstage, and were powerful enough to cut the vehicle in two. Notwithstand-
ing the fact that the Saturn contained enough propellant to simulate the bang of a
small nuclear device, its structure was festooned with explosives, including the
propellant tanks themselves. Enormous strips of shaped charges had been placed
along the sides of the tanks to rip them open in case of an abort while in the
atmosphere. This would enable the propellants to disperse before the vehicle
impacted the ground. The only time the crews were able to see one of these charges
in operation was when the LET and the boost protective cover (BPC) that
surrounded the command module were jettisoned by the detonation of four
explosive bolts that held the base of
the tower to the top of the CM. A
small rocket motor near the top of
the LET was enough to pull it away
from the already accelerating space-
craft. For the first time, the crew
could see through all five windows,
rather than the one or two portholes
in the BPC. Ed Mitchell described
what he saw out of his windows at
the Apollo 14 post-flight debrief.
“When the escape tower and the
BPC jettisoned, there was quite a bit
of noise and flash associated with it,
and quite a bit of debris that came
off.” Mitchell was probably witnes-

sing the detonation of the bolts that
held the tower to the CM. “It was Streaks run across the hatch window of the

Apollo 12 spacecraft.

louder and more dramatic than I
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expected,” he added. His commander Alan Shepard reinforced the observation:
“There wasn’t any question about the fact that it went.” “It’s like all the pyro
functions,” added Stu Roosa. “You know they happen.”

John Young took two rides on the Saturn V to appreciate the spectacle; first in the
centre seat on Apollo 10, then in the left seat on Apollo 16. “You can see the whole
works go off. I didn’t see it on Apollo 10, but I sure saw it this time.”

When Apollo 12 had launched after a rain shower, Pete Conrad, who was still
trying to take in the repercussions of their lightning strike, noted how the boost
protective cover had failed to be as watertight as expected. “The tower and BPC
went as advertised; but when they did they unloaded a whole pile of water on the
spacecraft again, and this water streaked down the windows and froze immediately.
At the same time, the water picked up particles from the LET jettison motor and
deposited a white ash in the form of oil droplets and streaks all over the windows.
The ice sublimated later en route to the Moon, but it left white deposits in the form of
spiderweb-like things in the corner crevices and as a white deposit on the windows.”

Smart guidance

With much of the atmosphere behind it and the second stage working smoothly, the
Saturn changed the way it guided itself to orbit. So far, it had not compensated for
the distance that the wind and other forces had pushed it from its ideal flight path.
Nor had it tried to correct for any under- or over-performance of the engines.
Instead, during the tilt sequence, the instrument unit had merely kept track of where
it was at any moment. The new guidance regime was given a typically NASA-ese
name of the iterative guidance mode. While in force, equations in the Saturn’s
computer plotted the most efficient flight path from ‘wherever the vehicle was’ to
‘the point in space where it wanted to go’ — in this case, insertion into a parking orbit
around the Earth. To anthropomorphise the situation, what the computer was
thinking was, “OK, I know where the wind and such has pushed me to. What do I
need to do to reach the position and speed that I have to get to?” As the S-II
powered ahead, the computer monitored the vehicle’s progress and sent steering
commands to the four gimballed outer engines of the stage as necessary to achieve
the desired result. This steering was maintained for the rest of the S-II burn, then
suspended and the stack’s attitude held steady, which allowed S-II staging to occur
and the third stage to ignite and begin to power the vehicle to orbit. With the S-IVB
thrust established, the steering recommenced.

The pogo stick
As has been said herein repeatedly, the Saturn V was a big vehicle and its length
helped to contribute to one of the most uncomfortable sensations most crews had to
tolerate during their ascent to space — pogo. Pogo was named after a stick-like toy of
the 1960s on which children could bounce along, aided by a large spring that stored
the energy of each jump. Engineers found that many rockets, not least the Saturn V,
were prone to severe longitudinal vibrations which they called pogo for obvious
reasons. These could, and sometimes did, cause serious damage to launch vehicles.
Like all structures, the Saturn V was prone to resonating at particular frequencies.
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It operated in a highly dynamic environment; five huge engines were pushing
forward and liquids were flowing by the tonne to the rear, making the vehicle
especially susceptible to vibrations along its length. Ugly mechanisms took hold
whereby small, perfectly normal variations in the engines’ thrust affected the
pressure of the propellant feeding those engines. This resulted in further thrust
variations that interfered with the flow of large volumes of propellant coming down
the pipes, inducing ever larger surges, and the natural resonance of the rocket’s huge
structure sometimes reinforced these vibrations. Moreover, as the tanks emptied, the
resulting resonances constantly changed, sweeping through a substantial range of
frequencies. To further complicate matters, payloads and mass distributions were
altered from mission to mission, which changed the nature of the pogo vibrations
and made it difficult to design the problem out of the structure. Contrary to popular
misconception, pogo was not related to the tendency of liquid propellant to slosh
about in the tanks, although this phenomenon also had to be suppressed by the
installation of anti-slosh baffles within the tanks.

The second unmanned test flight of the Saturn V (Apollo 6), suffered a spell of
pogo in its first stage that would have nearly shaken a crew senseless had there been
anyone on board. Engineers suppressed the S-IC pogo problem by pumping helium
into cavities in the propellant lines to make them act like shock absorbers. However,
pogo was never completely eliminated and affected most of the operational flights to
some degree.

As Apollo 8 ascended, Frank Borman relayed his impressions. “Okay. The first
stage was very smooth. And this one is smoother.” Perhaps he was trying to keep the
flight controllers from worrying because his crew, and others on the early Apollo
flights, noticed that pogo was especially strong towards the end of the second stage
and, according to his post-flight debrief, it gave Frank Borman a little cause for
concern. “Quite frankly,” he said, ““it concerned me for a while, and I was glad to see
S-1I staging.” By Apollo 10, engineers had decided that shutting down the S-II’s
centre engine early would be the easiest way to avoid pogo in that stage, but when
Apollo 13 ascended on its second stage, the pogo vibrations got so bad that switches
designed to detect improper thrust in its central J-2 engine were inadvertently
activated and the engine shut itself down early. Jim Lovell was in command:
“Houston, what’s the story on engine 5?7 Capcom Joe Kerwin in mission control
didn’t know why the centre, or inboard, engine had quit but he was being told that
the other engines were doing a good job. “Jim, Houston. We don’t have a story on
why the inboard-out was early, but the other engines are Go and you’re Go.” Fred
Haise was monitoring the rate at which their height was changing, a quantity known
as h-dot, and immediately saw that they weren’t gaining as much height as expected.
“Okay. We're a little bit low on h-dot now, but that’s to be expected.” The loss of the
centre engine was not as problematic as might be expected, because the other four
engines continued to give a balanced thrust and the instrument unit compensated to
some extent by burning them for longer, using up the remaining propellant. The crew
continued monitoring.

“Didn’t like that inboard [shutting down early],” said Lovell as the S-1I drove on
using four engines, but his CMP Jack Swigert gave him comforting news. “Okay,
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we’re 1,400 feet a second low on v;. That’s not too bad.” The quantity v; was their
inertial velocity. Swigert realised that although they were 430 metres per second
slower than they should have been, the Saturn had enough in reserve to make up the
shortfall. “Watch the trajectory closely, Jack,” asked Lovell.

“You’re S-IVB-to-orbit capability now,” announced Swigert eight minutes into
the mission. If the S-II gave up completely, the S-IVB third stage would have enough
power to take them into Earth orbit. Mission control reassured them that the Saturn
wasn’t defeated yet.

“Thirteen, Houston. Looking good at eight minutes.”

“Roger,” replied Lovell before asking Haise, “How’s those systems, Fred? Are
there any. ..” His lunar module pilot was quick to reassure, “They’re looking good.”
Swigert continued his analysis. “Okay, now, h-dot is low, Jim, [but the] S-IVB ought
to pick you up.” The S-II was not meant to take Apollo to orbit anyway and the
final burst of speed was provided by a short burn by the S-IVB. Lovell was
concerned that if the S-IVB had to make up more speed to compensate for his ailing
S-11, it might not have enough propellant left over to send Apollo 13 to the Moon.
He need not have worried. Changes to the pipeline feeding LOX to the centre engine
made sure that this particular source of pogo was suppressed in future flights.

Once in Earth orbit, Lovell summed up the experience: “There’s nothing like an
interesting launch,” he said, not knowing how ‘interesting’ Apollo 13 was to become.

Abort mode two

As soon as the escape tower was jettisoned, the rules changed again on what to do
in the case of emergency. The flight was now being flown in abort mode two, which
took account of the fact that, to all intents and purposes, the remaining stack was
in space and catastrophic break-up from aerodynamic forces was no longer a
worry. The abort mode-two scenario called for the CSM to detach itself from the
rest of the stack and use ecither the service module’s main engine or its small RCS
thrusters to increase its distance from the failing launch vehicle. Once clear, the
CM would detach from the SM and descend on parachutes to a normal
splashdown in the Atlantic at some point downrange. These abort rules applied
until the S-IT was spent.

Abort mode three

By 6 minutes into the mission, the S-II had worked long enough that, were it to fail,
it could be jettisoned and both the S-IVB and the service module’s engine would
allow the spacecraft to reach orbit. This was essentially abort mode three but the
scenario was more often known as contingency orbit insertion (COI). However, had it
been invoked, the spacecraft would have had no propulsion remaining that could
take it to the Moon. Instead, it would have had to embark on a planned for, but
never implemented, Earth orbit mission.

Haulin’ the mail
Pogo problems notwithstanding, crews generally found that if the S-II wasn’t
buzzing and rattling, it gave them a smooth ride after the thrash and fury of the S-
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IC. Whereas the first stage had given them a good squeeze over a couple of minutes,
the acceleration from this stage smoothly rose over 62 minutes from less than 1 g to
a little below 2 g — less than half that of the first stage. Charlie Duke gave his
impressions of the Apollo 16 S-1I during his debrief: ““I thought the S-1I was very
smooth and very quiet. I had the sensation of very low acceleration or g’s and no
noise at all that I could tell. I felt like we were almost floating at that time.”

Also around the 6-minute point, the stack had more or less reached its orbital
altitude. From then on, the S-II’s main task was to add additional horizontal
velocity to get them into orbit. To reach a valid orbit, the space vehicle had to
achieve a speed of 7.4 kilometres per second with respect to the Earth below. The S-
IC provided about 30 per cent of this, and the S-II took it up to 90 per cent. The final
10 per cent was provided by the S-IVB stage in the first of its two burns.

However, once a rocket has left Earth’s atmosphere there is no longer a need to
quote its speed with respect to the surface of the home planet. In space, the rocket’s
physics is only dictated by the gravitational pull of Earth. As it ‘feels’ no effect from
the revolving planet below, its speed in space is quoted with respect to some wider
frame of reference, usually referred to as inertial space, but more often with respect
to the stars.

In this inertial frame of reference, Earth itself supplied an initial 0.4 kilometre per
second by virtue of its rotation. In total therefore, the stack had to be travelling at
7.8 kilometres per second to maintain a useful orbit.

Every last drop
Soon after the centre engine had shut down as planned on Apollo 16, and as they
approached the final minute of the S-II's flight, the crew felt a slight, but expected
drop in thrust.

“PU shift,” called out John Young, the mission’s commander.

“Sixteen, Houston. We saw the PU shift. Thrust looks good, and you’re Go for
staging,” replied Gordon Fullerton, the launch Capcom.

What was shifting was a valve in each engine that controlled the flow of LOX to
the combustion chamber. This was the propellant utilisation valve and it was one of
the strategies brought into play to ensure that the propellants were utilised as fully as
possible. These strategies were implemented by the engineers at North American as
they struggled to squeeze as much impulse out of the stage as possible in the light of
the narrowing weight limits to which they were constrained. If a substantial quantity
of either LH, or LOX remained in the tanks after shutdown, it was useless weight
that had not only failed to contribute to the task required of that stage, but had also
consumed useful propellant by being lifted and accelerated to space. Engineers were
keen to balance the consumption of the two propellants in order to minimise the
quantities remaining in the tanks at shutdown. However, small errors in the quantity
of propellant loaded before the flight, and an imprecise knowledge of how fast the
engines would consume it, made it difficult to plan for matched consumption. The
method chosen to minimise wastage was to monitor the levels in the tanks and
change the mixture ratio at a point that would lead to simultaneous depletion.

The normal mixture ratio of LOX to LH, in the J-2 engine was 5.5 to 1. Every
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kilogram of hydrogen was burned with 5% kilograms of LOX. While the engines
burned at this mixture ratio, sensors in the tanks determined how quickly the level of
each of the propellants was falling. From this information, the computer in the
instrument unit decided when to change the ratio to a richer mixture of between 4.5
and 4.8 to 1. If the timing was correct, the two tanks could be made to empty almost
simultaneously.

The shift in mixture ratio occurred on every flight of the S-II, though not all the
crews noticed the change like Young had. Twenty-five seconds later, another call
came from mission control.

“You have level sense arm now.”

This cryptic call was related to another strategy to ensure that the stage’s propellant
was fully utilised. The S-II was a high-energy stage and its designers wanted it to burn
for as long as possible with the propellant it had available. In its role for the Apollo
lunar flights, when it took the stack to about 90 per cent of orbital speed, it did not
have to shut down at a precise speed. Doing so would always hold the possibility that
large quantities of wasted propellant would be left on board. Its job was to add as
much speed as its propellant could deliver. The final increment of speed would be
supplied by the restartable S-IVB engine. It was therefore important that shutdown
occurred when the tanks were as empty as possible and, for this, designers used the
falling propellant levels to initiate shutdown of the stage. The two propellant tanks
each contained five sensors that would indicate that the stage was nearing exhaustion.
As soon as two sensors within either one of the tanks indicated depletion, the engine
cut-off signal was sent, shutting the stage down. Engineers had feared that these
sensors might send a false shutdown command so they arranged for this system not to
be armed until a separate gauging system had verified that the tanks were indeed
nearing depletion. This was the point where the ‘level sense’ system was ‘armed’.

THIRD STAGE

The second staging event

It was only when the S-II tanks had run dry and a signal had been sent to shut down
its engines, that the Saturn’s computer could begin the next stage of the ascent — the
staging event that discarded the spent S-1I and ignited the S-IVB for the first of its
two burns. The same signal began Timebase 4 in the instrument unit to choreograph
everything that had to occur.

Unlike the dual-plane separation between the first and second stages, this cut was
made across a single plane at the top of the interstage that separated the S-II and S-
IVB stages. This conical structure was actually manufactured as part of the S-IVB,
although it was discarded with the S-II. Within a second of S-II cut-off, solid-fuel
retro rockets mounted around the interstage ignited along with two ullage rockets at
the base of the S-IVB. A pyrotechnic device then cut the two stages free. Engineers
were less worried about the possibility of accidental contact because the S-IVB
carried only a single centrally mounted engine and its extraction from the interstage
occurred well above the atmosphere.
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Crews generally found this staging event much less violent than the first, as Dave
Scott opined after his Apollo 15 flight. “The S-II to S-IVB staging was about a
quarter to a fifth the force of the S-IC staging. It was again a positive kind of feeling,
but it wasn’t a violent crash like we felt on the S-IC.” Eugene Cernan pointed out
other differences: “On the S-II [shut down], although it’s sharp and a very hard hit,
you don’t unload the entire stack like you do when you’re on the S-IC.”” However,
Ed Mitchell had been so keyed up for the S-IC separation on Apollo 14 that he was
unprepared for the jolt the S-II staging delivered. ““I thought the S-II cut-off was
more dramatic than the S-IC. Maybe that’s because I had been thinking about the S-
IC being the dramatic one and not thinking about the S-11.” On his Apollo 10 flight,
Cernan told Capcom Charlie Duke how a cloud of debris was produced on staging
that moved with the stack. ““Charlie, lots of stuff out the window on staging. We’re
catching up and passing it now.”

The ullage motors continued to burn for about 8 seconds, helping to push
propellant down the pipes and into the turbopump, during which time, the single J-2
engine brought itself up to full power. They were then jettisoned from the stage to
avoid their dead weight being carried to orbit. The start sequence of this engine was
identical to the J-2 engines used in the S-II, except that the fuel was allowed to flow
through the engine walls for a longer period before ignition. The dead S-II, having
reached at least 90 per cent of the speed required for orbit, managed to coast to a
watery impact in the Atlantic Ocean, 4,500 kilometres from Kennedy Space Center.
The S-1VB continued to push the spacecraft to orbit with a burn that typically lasted
140 seconds.

The crews felt an acceleration of only 0.5 g, which rose to 0.75 g as the burn
progressed, until the Saturn’s guidance system had sensed that the required speed
had been achieved and shut down the engine. This was also the signal to start
Timebase 5, which sequenced all the tasks required to settle the stage and its
spacecraft payload in their orbital coast. In only 11% minutes, the Saturn V had
accomplished its first major task by getting the spacecraft into orbit, completing one
of the riskiest parts of the mission.

During a post-flight debriefing, Eugene Cernan summed up the Saturn V in
layman’s terms: ““I think the S-IC acted and performed like some big, old, rugged,
shaky, big monster. It has to be noisy, has lots of vibration and smoothed out
somewhat after max-Q, but still was a rumbling bird. The S-II was a Cadillac: quiet,
less than 1 g flight most of the time until we built up our g-load prior to staging. It
was quiet, smooth, had very little noise, or feeling of rumbling or anything else. The
S-IVB: a light little chugger, is probably the best way I can describe it. It just sort of
rumbled on, not anywhere near the extent of the S-IC, but just sort of continued to
rumble on through the burn.”
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Earth orbit and TLI

SETTLING INTO ORBIT

In only 11% minutes, the Saturn V
had accelerated the Apollo space-
craft to nearly 8 kilometres per
second. The length of the stack
had been reduced by two-thirds
and the remaining stage, along
with the spacecraft, had been lifted
to an altitude of 170 kilometres
above Earth and above the vast
majority of the atmosphere though
by no means out of it completely.
It was in orbit and the crew were experiencing weightlessness. They had just less
than three hours to give their ship a thorough checkout before being sent
Moonward with an engine burn called translunar injection (TLI), and no one was
keen to ignite it unless they knew it was sending a good ship. In that time, they
would make not quite two orbits of Earth although, if required, there was a
contingency for an extra orbit.

As soon as the J-2 engine at the rear end of the S-IVB third stage had shut down,
tiny auxiliary rocket engines at the base of the stage’s skin burned for a minute or so
in an effort to keep the propellants settled at the bottom of their tanks. Other small
manoeuvring engines began to operate to ensure that the stage would always point in
the direction of travel with the spacecraft’s windows facing Earth and its optical
systems facing the stars. Once everything had settled down, a valve was opened to
allow hydrogen gas from the S-IVB’s supercold fuel tank to safely vent to space as
heat leaked in and caused the fuel to boil. This venting was arranged so that the gas
departed to the rear of the stage, where it acted like a very weak rocket thruster and
provided a very small propulsive force that continued to keep the propellants settled
at the bottom of their tanks long after the auxiliary thrusters had stopped.

Diagram of the spacecraft and third stage during
the Earth orbit phase.
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Microgravity

Weightlessness is the common term for what is usually known in the industry as
microgravity, and the body reacts in ways that are now quite well understood. When
Apollo began to fly, however, no one had been in space for more than two weeks,
and that had been in a claustrophobic Gemini cabin. After their Apollo 16 flight,
veteran astronaut John Young and rookie Charlie Duke described their reactions to
it. “It’s really neat; beats work,” was Young’s opinion. Duke noticed how, with the
cardiovascular system no longer having to work against gravity, the body’s fluids
tended to go towards the head. “For the first rest period, I had that fullness in the
head that a lot of people have experienced. More of a pulsing in the temples, really
than a fullness in the head.” Young attempted to anticipate this. “I tried to outguess
it by standing on my head for five minutes a night a couple of weeks before launch.
Standing on your head is a heck of a lot harder.”

Like a lot of crewmen, and in view of the nausea experienced during earlier flights,
Alan Bean took his time moving around the cabin at first. “‘I think we were all pretty
careful and I had the feeling that if I had moved around a lot, I could have gotten
dizzy. But I never did. Everyone was pretty careful and after about a day, it didn’t
make any difference. We were doing anything we wanted.” Bean also noted the way
fluids gather in the head: ““Your head shape changes. I looked over at Dick [Gordon]
and Pete [Conrad] about 2 hours after insertion [into Earth orbit] and their heads
looked as if they had gained about 20 pounds.”

AROUND THE WORLD IN 90 MINUTES

The concept of the orbit, and of weightlessness, is one that is often misunderstood by
laypeople who harbour the mistaken idea of there literally being no gravity up there.
To understand how objects move in space, otherwise known as celestial mechanics,
one has first to grasp the concept of freefall, because, for much of the time, that is the
condition of everything in space. Our communications and weather satellites are in
constant freefall around Earth, as is the Moon. Earth itself, along with the other
planets, is in a permanent state of freefall around the Sun, which itself freefalls
around our galaxy. Even the immense Milky Way galaxy that we inhabit is
freefalling along with a collection of others in our local group of galaxies in an
eternal gravitational dance that is essentially no different to the freefall experienced
by a stone dropped off a bridge into a river.

The crucial ingredient that transforms freefall from a short-term descent that ends
in a messy impact, into the essential element of an orbit, is speed — very high
horizontal speed. A common thought experiment that explains the concept of the
orbit is one that invokes a perfectly smooth, airless Earth with an imaginary tower.
At the top of the tower is our intrepid imaginary experimenter — presumably wearing
an imaginary spacesuit — whose task is to fling an object to the ground and watch
how it travels before it impacts Earth’s surface. Let us imagine that this object is a
box containing beads, so that the effects of weightlessness can be observed from at
least the perspective of our mind’s eye.
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In this thought situation, our experimen-
ter begins by simply dropping the box from
the tower. The box accelerates until it hits
the ground. The beads within the box
experience an identical acceleration such that
not only is the box falling, but so are the
beads. In our mind’s eye, looking within the
box, the beads can be seen freely floating
around, and they appear to be weightless.
Viewed from outside, however, they are
falling with the box until they both meet
their end directly below the point from which
they were dropped.

The next incarnation of the thought
experiment deals with what happens when,
instead of just dropping the box, our
experimenter throws it horizontally. For
the few hundredths of a second that the
throw is being executed, the beads are
pushed against the back of the rapidly
accelerating box, and experience whatever
g-forces the experimenter’s arm can achieve
until the throw is complete. Once it has left
the thrower’s hand and is coasting, the box
follows a curved path to the ground that can
be resolved into two components: the hor-
izontal and the vertical. Following Newton’s
first law of motion, once horizontal velocity
has been imparted by the throw, it is
maintained until something causes it to change; and there is nothing in our thought
experiment to do that because we have exorcised the effects of the atmosphere. In
the vertical direction, however, the gravitational effect of Earth exerts the same
force on the box as it did in the previous scenario, pulling the box and its beads to
their untimely end on our imaginary airless surface. By combining these two
velocities, we arrive at a curved path as the acceleration of gravity takes our subjects
to their doom. Inside the box, the beads float around, apparently weightless and
unaware of their fate. Although the box now follows a longer distance in its curved
path to the surface, the time taken to reach the surface is essentially identical to the
simple drop.

The next case for our thought experiment above our idealised Earth is where
arrangements are made to throw the box at a far greater speed than is achievable by
a human arm; say something of the order of a few thousand kilometres per hour.
Traditionally, this can be achieved by an immense, imaginary cannon. Once the
cannon has done its rather violent job of quickly accelerating the box, we see the
same two influences affecting the box’s flight. Gravity accelerates the box and its

The dynamics of falling objects in a
thought experiment.
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beads down to Earth while the constant horizontal speed takes it away towards the
horizon, resulting in a curved path to the surface. Once the beads within the box
have recovered from their sudden acceleration, they again float freely, exhibiting
what we call weightlessness. However, on this occasion, the flight lasts rather longer
than in the previous cases. The box’s speed is so great, and so much horizontal
distance is being gained as it drops, that by the time it has fallen the height of the
tower, the curvature of Earth has dropped the surface level a little, and so the box
has to fall further to reach the surface.

In successive versions of our thought experiment, we raise the power of the
cannon higher and higher, reaching ever greater starting velocities. As we do so, we
find that the effect of Earth’s curvature becomes ever greater, increasing the time
that the box coasts in freefall until impact. In every case, the beads gaily float around
inside the box, appearing to be weightless to anyone who could look.

Eventually our thought experiment reaches a special case where the horizontal
velocity of the box is so high that it manages to fall in a great ballistic arc all the way
to the opposite side of our perfectly smooth, imaginary Earth without hitting it. You
might think that it would simply travel a little further before meeting its doom but
that is not what happens. By the time the box has reached the opposite side of the
planet, the antipode, it not only has the horizontal velocity imparted by the cannon,
but has also an additional momentum by virtue of the speed gained by its fall
towards Earth. This momentum means that the box not only continues around
Earth, but it also climbs back up to the altitude from which it was launched, much
like a pendulum that, having fallen to the lowest point in its arc, has the momentum
to continue to the top again. There is no case where the horizontally fired box will
impact the surface beyond the antipodal point. In our idealised scenario, our
experimenter had better watch out, because about 90 minutes after firing it from the
cannon, his box will come whizzing
by at the same speed, about 28,300
kilometres per hour, that it had
when it was first set on its journey.
The box has completed an orbit of
Earth during which the beads within
it experience the same weightless
effects of freefall that they experi- ;
enced in all the previous cases. Imaginary Earth

Having achieved an orbit, there
are three further cases of orbital
travel we can look at. The basic
orbit just illustrated has two impor-
tant features that are typical of
nearly all orbits where a small body
revolves around a much larger one.
At the point where it just missed the
surface on the opposite side of the Freefall becomes an orbit in a thought
planet, it was at its lowest altitude. experiment.
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For an orbit around Earth, this is termed the perigee. The point at which it was
launched was, in this case, the highest point in its Earthly orbit and is termed the
apogee. This lop-sided trajectory around a large body is called an elliptical orbit.
Continuing with our thought experiment, there is a specific case with a slightly
higher starting speed than the previous example, where the box maintains a constant
altitude. The curvature of Earth’s surface is falling away in exact sympathy with the
box’s path, making the two concentric and the orbit becomes circular. Again, the
beads float around weightless within the box, and again, our space-suited
experimenter needs to keep his head
down as the box will whizz by in

about 90 minutes. PO e B, i I
Finally, we need to look at what Py R <.

happens when the experimenter adds / \
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side of Earth where it reaches an

apogee. The box’s vertical travel, i.e. A freefall thought experiment extends the orbit.

its movement away from Earth’s

surface, has come to a stop and it gains no more height. Having passed apogee, it
continues on its path, descending all the time and regaining all the speed it began with
until, at the tower, it reaches its perigee, ready to repeat its elliptical orbit to apogee. In
this, as in the previous cases, the beads within our box float around in the same state of
apparent weightlessness as they felt when on their way to destruction in our first
example. The orbit is simply a special case of freefall in a universe where gravity is king.

Applying this rather fun analysis to real life, the Saturn launch vehicle was both
our cannon and our tower. It lifted our box, the Apollo spacecraft, to an altitude
beyond the sensible atmosphere, accelerating it horizontally until it had enough
speed to fall all the way around Earth. The beads represent the crewmen who found
themselves floating around in their cabin, weightless, until another force pushed
them back in their seats.

The elliptical nature of orbits was first worked out by Johannes Kepler in the
early seventeenth century. His first law of planetary motion states that all planets
move in ellipses with the Sun at one of the two foci of each ellipse. The same holds
true for spacecraft orbits with Earth, the Moon or whichever planet is being orbited
at one focus.
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Diagram showing how a spacecraft raises its orbit by a Hohmann transfer.

Changing orbits

At this stage, having achieved an orbit, it is worth considering what a spacecraft does
to change it. Our box of beads has no means of propulsion and once released into its
orbit, it is doomed to revolve around our imaginary Earth to the end of time. Of
course, real life isn’t like that. Spacecraft usually have some kind of rocket motor,
especially human-carrying ships that must return to the home planet.

Imagine, then, that our box of beads is a spacecraft with an engine. Let us assume
that, having entered a circular orbit, we want to reach a higher orbit. To do so, we
must increase speed further by firing the engine, aiming its nozzle rearwards. This
would straighten out the flight path a little and cause the spacecraft to enter an
elliptical orbit in which it would coast to an apogee on the other side of the planet.
The point at which the burn was made becomes a perigee, and if the duration of the
burn is appropriately timed, the spacecraft can be made to ascend to any desired
apogee altitude. Half an orbit later, having slowed down considerably (just like any
object tossed upward in a gravity field), it arrives at apogee but does not have
enough momentum to stay at that altitude and falls back to its perigee as it continues
around the planet. Apogee then becomes a good place to adjust the altitude of the
orbit’s perigee. By adding yet more speed at apogee with another burn, the flight
path is straightened out further, so that the spacecraft does not fall quite so far as it
descends to perigee. If enough extra speed is applied at apogee, the shape of the orbit
can be made circular again, this time at the higher altitude. This method of
transferring from one orbit to another involving a pair of burns performed 180
degrees apart is known as the Hohmann transfer orbit and was formulated in the
early part of the twentieth century by Walter Hohmann, a member of the same
German rocketry club as Wernher von Braun.
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Now comes the counter-intuitive bit. Although our imaginary spacecraft’s speed
had been increased on two occasions, it ended up travelling much more slowly than
when it was in the lower orbit. Its speed had been traded for height — a situation that
will be familiar to all fighter pilots. There are all sorts of ramifications to this in
terms of spaceflight operations, especially for Apollo. For example, if one spacecraft
wanted to catch up with another further ahead in the same orbit, the wrong thing to
do would be to aim towards the target, light the rockets and try to fly directly
towards the quarry. This would make its orbit more elliptical, raise it to a higher
apogee and it would therefore travel more slowly, thereby opening the range, which
is exactly the opposite of the desired effect. The right thing to do would be to turn the
craft around and fire to slow down, thereby making the orbit elliptical with a lower
perigee, increasing the spacecraft’s speed and closing the range. Then, to effect a
rendezvous the spacecraft would need to turn around yet again and make another
burn to rise back up to the target’s orbit at just the right time.

Clearly, making large manoeuvres in space has to be done with careful
forethought. Computers and radars are also indispensable tools. This was especially
true during an Apollo flight where the success of the mission depended on the ability
of two spacecraft to rendezvous successfully. It was also true from the point of view
of their next major manoeuvre — the burn to set them on a path to the Moon, itself
essentially a Hohmann transfer.

Immediately after the Apollo/Saturn stack had achieved orbit, Earth-based radars
began tracking the vehicle and determining its trajectory as precisely as they could.
From these measurements, Earth-based computers calculated a suitable Moon-
bound trajectory and the details of a burn that would achieve it, given the constraints
of what the S-IVB could manage. These details were transmitted to the computer
within the instrument unit. Whatever information was relevant to the crew was
passed on to them also in a list of numbers manually read up by the Capcom. Based
on these calculations, and after a little more than 2% hours orbiting Earth, the S-
IVB stage reignited and set the Apollo spacecraft on its path to the Moon.

COASTING AROUND EARTH

Okay to go?
One of the original concepts put forward for getting to the Moon was the direct
ascent mode, whereby a rocket from Earth left the planet on a direct trajectory for
the Moon. A major objection to this plan was that it included no opportunity to
check whether the spacecraft had come through the stresses of launch unscathed
before committing it and its human crew to a lengthy journey in deep space. The
competing arrangements — Earth orbit rendezvous and the ultimately successful /unar
orbit rendezvous concept — did include a period in parking orbit around Earth as part
of their mission plan, which permitted a comprehensive check to be made of the
spacecraft’s systems.

Earth orbit was an important staging point on Apollo’s lunar journey. It was 25
hours or so during which the crew and the flight controllers on the ground checked
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every system they could and prepared for the 5-minute translunar injection burn. For
the first time in the flight, the spacecraft was being exposed to a true space
environment after having endured the vibration and shock of launch and ascent. It
was generally the task of the lunar module pilot (LMP) to work through a series of
checklists to confirm the status of every major system on board the spacecraft. In
this, he was normally aided by the commander.

Careful checks were made of the environmental control system to ensure that the
supply of oxygen to the crew was properly controlled, that the system was capable of
providing necessary cooling for the many electronic and mechanical systems, and
that it would maintain the cabin at a comfortable temperature for the crew. Special
attention was given to the radiator panels on the side of the service module and the
evaporators in the CM, which supplemented the radiators when cooling needs
increased. The radiators carried pipes that took the hot fluid from the spacecraft and
cooled it by radiation into space. If a leak had sprung in one of these panels, there
would be no mission to the Moon.

Neither would they be heading for the Moon if a problem arose in one of the sets
of thrusters arranged around the spacecraft. These small, low-thrust rockets were the
business end of the reaction control system (RCS) of which there were two: one each
in the command and the service modules. While the thrusters built into the command
module would only be required upon re-entry, those on the side of the service
module were required throughout the mission and were crucial to just about
everything that happened; from simply aiming the spacecraft for the collection of
science data to controlling the spacecraft’s attitude for critical operations such as
guidance sightings, engine burns and thermal control.

Aligning to the stars
While the commander and LMP busied themselves with equipment checks, the third
crewman prepared for his guidance role. When the stack was inserted into orbit, it
did so with the spacecraft’s hatch facing the Earth. This attitude also faced the
apertures for the optical systems out into space and towards the stars. The command
module pilot (CMP) used the optics to take sightings on stars and thereby properly
align their guidance platform, essentially refining the system’s sense of direction. Not
only did this prepare their guidance system for the all-important engine burn to take
them to the Moon, it also allowed the CMP to satisfy himself that the system was
working well and could be trusted to enable the flight to proceed to the next stage.
The first task in the CMP’s alignment procedure was to remove the covers that
protected the exterior surfaces of the sextant and the telescope — two optical
instruments on the spacecraft’s hull that were articulated and could be aimed to view
any object within the range of their movement. As he peered through the telescope to
report what he saw, he pushed a control lever fully to the right to actuate the ejection
mechanism. On Apollo 8, Jim Lovell was surprised at what appeared. “The optics
cover jettison worked as advertised; however, when they are first ejected, there is so
much debris ejected with them (little sparkles and floating objects in front of the
optics) it is hard to tell exactly what occurred.” A problem faced by the CMP was
that the spacecraft was usually bathed in full sunlight yet he was expected to
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Richard Gordon in an Apollo CM cabin during training for Apollo 12.

sight on relatively faint stars through complex optical systems. The tiny points of
light he was trying to see were many magnitudes dimmer than the nearby Sun. When
additional floating particles were illuminated by the Sun, it only made the task more
difficult. “It is very difficult at first to see stars through the optics because of the
jettisoning of the covers and the putting out of quite a bit of dust with them. As a
matter of fact, during the entire mission some of this dust would come out every time
we rotated the shaft.”

Unsurprisingly, it became standard practice to align the guidance system while
passing over the night-time side of Earth, when the particles, although present,
would not be lit up, giving the CMP a better chance of finding his way around the
constellations. Richard Gordon was particularly busy when Apollo 12 entered
Earth’s shadow for the first time. The guidance platform on board Yankee Clipper
had been completely knocked out of alignment by the lightning strike on the
spacecraft soon after lift-off. This meant that Gordon not only had to carry out a
fine alignment like all the CMPs did, but he first had to align the guidance platform
from the beginning and this coarse alignment was proving troublesome. “When I
looked in the telescope I couldn’t see anything,”” he later explained. “There was no
light or anything coming from there. I thought it must be because I'm not dark-
adapted and probably this was correct.”

It generally takes half an hour for a person’s vision to adapt to dark surroundings.
As stars are so dim, and as there was a substantial loss of light through the complex
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optical system, the CMP needed some help to know which star he was pointing at.
But since the guidance system was completely misaligned, it could give no assistance
by pointing the instrument in the general direction that was required as a starting
point for the check.

“Fortunately Al [Bean] was helping me with this. He was looking out his window
and could see Orion coming up on his side. So, I just waited until it came into the
field of view of the optics.” Orion, one of the best known constellations, was of
assistance to Gordon because it not only contains two bright stars, Betelgeuse and
Rigel, but is also near to Sirius, the brightest star in the sky excluding our Sun.
Usefully, Orion’s belt points roughly towards Sirius. “I saw the belt of Orion dimly
in the very edge, and then I could pick up Rigel and Sirius. Once I had picked up
Rigel, I could find Sirius. They were the only stars I could see in the entire field of
view.”” Having aimed the optics at known stars, he used Program 51 in the computer
to roughly align the guidance platform. Once coarsely aligned, the job became easier
because the computer could aim the optics in roughly the right direction for a
particular star and Gordon could then use Program 52 for the all-important fine
alignment.

“The pressure was on and fortunately those two stars were the only ones I ever
did recognize,” said Gordon. “They were Rigel and Sirius. They were just barely in
the field of view. I grabbed those two quickly and got a P51 and did a quick P52. I
think that one of the stars [the P52] came up with was Acamar. I wouldn’t have been
able to find that in any circumstances.”

Having aligned the platform during their first night-time pass over Australia,
Gordon repeated the P52 exercise on the second revolution to check that the
platform alignment was not drifting excessively. “The second P52 over Carnarvon
[West Australia], just before TLI, indicated that we had a good platform. Drift
angles were very low. Everybody breathed a sigh of relief that we had our platform
back again.”

Intermittent communications

When Apollo was blazing its pioneering trail to the Moon, the nascent space
industry had yet to set up a comprehensive, worldwide communications network
using satellites and ground stations. It would take the efforts of another generation
to arrange an infrastructure that would allow crews to at least talk to mission control
at any point in their orbit. Apollo crewmen could only talk to Houston for brief
intervals of up to seven minutes as they passed over a scattering of ground stations
along their orbital path. As with many aspects of Apollo, the exact configuration of
these stations changed from mission to mission as operational experience was gained
and priorities changed. Early missions supplemented their coverage with extra
ground sites and a scattering of specially equipped ships filled the gaps between the
main sites.

Stations were sited on islands or on board ships strung across the Atlantic Ocean
away from Cape Canaveral to provide coverage for the Saturn’s ascent to orbit. A
station on one of the Canary Islands off the west coast of Africa permitted
communications on the opposite side of the Atlantic, and another on Madagascar
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was used during the early missions for coverage as the spacecraft set out over the
Indian Ocean. An outpost near Canberra on the east coast of Australia gave
coverage on the opposite side of the world. An important station was set up on
Hawaii, in the middle of the Pacific Ocean, which covered the first few minutes of the
spacecraft’s departure for the Moon. This was supplemented with ships and Apollo
range instrumentation aircraft (ARIA) which filled in the gaps before a string of
stations across the continental United States gave constant coverage to the Atlantic.
The ARIA were EC-135 jets — similar in structure to the Boeing 707 jetliner — that
were specifically equipped to support Apollo communications.

During each short period of communication, data about the state of the crew and
spacecraft were exchanged with updates from mission control. Another vital job for
some of the ground stations at this time was to track the speed and position of the
spacecraft as accurately as possible to refine mission control’s knowledge of its
trajectory — information that was necessary to ensure an accurate burn towards the
Moon. In particular, the station on the Canaries could provide an initial orbital
determination and Carnarvon in Australia refined the determination antipodal to
insertion.

High atop the world

Once in orbit, the crew could remove their helmets and gloves to give themselves a
little more freedom, but would remain in their suits. As they busied themselves with
their tasks, the cabin became cluttered as cameras and lenses were unstowed,
ancillary equipment was fished out and installed, and the necessary system checks
and alignments made. In addition to their spacesuits, the crew of Apollo 8 were still
wearing life vests in case the CM had to ditch in the Atlantic after launch. As Jim
Lovell was moving around, his life vest caught something and began to inflate from
its internal gas supply.

“Oh, shoot!”

“What was that?”” asked his commander.

“My life jacket,” he replied.

“No kidding?” laughed Borman.

Bill Anders was aware that whatever they said was being recorded for later
transmission to Earth and began a running commentary. “Lovell just caught his life
vest on Frank’s strut.”

“It’s hard to get off, too,” commented Lovell. The three crewmen soon realised
that the vest had been inflated with carbon dioxide, and if too much of that gas was
dumped into the cabin it would overwhelm the lithium hydroxide canisters that were
carried on board to absorb the toxic gas in their own exhaled breath. Anders came
up with the solution: “Tell you what we’ll do: we’ll dump it out with the vacuum
cleaner over the side there.” The CM’s vacuum cleaner worked simply by dumping
cabin air overboard, taking dirt with it. By feeding the contents of the life vest down
the vacuum cleaner, the carbon dioxide could be removed.

Although they only had about 2% hours in Earth orbit, the Apollo crews usually
considered that to be enough time to complete a rigorous series of systems checks
and still have an opportunity to look out of the window at the wondrous sights
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passing below. For some crewmen, this would be their first experience of spaceflight,
but this was not so for the Apollo 11 crew, all of whom were Gemini veterans.

“Trees and a forest down there,” said Mike Collins, as they flew somewhere
around the western United States. “It looks like trees and a forest or something.
Looks like snow and trees. Fantastic. I have no conception of where we’re pointed or
which way we’re going or a crapping thing, but it’s a beautiful low-pressure cell out
here,” he enthused.

This crew, and many of the other Apollo crewmen, had flown in the cramped
confines of the earlier Gemini spacecraft — a couple had even been squeezed into the
tiny one-man Mercury capsule. Apollo gave them a bit more space to move around.
“I’'m having a hell of a time maintaining my body position down here,” noted
Collins after he had manoeuvred down to the lower equipment bay where the
eyepieces for the optical instruments were stored. “I keep floating up.”

“How does zero-g feel?” asked Neil Armstrong of his crew. “Your head feel
funny, anybody, or anything like that?”

“No, I don’t know, it just feels like we’re going around upside down,’
Collins who was still transfixed by the experience.

Flying near Earth was something that all the crews wished could have lasted
longer. “Jesus Christ, look at that horizon!” yelled Collins on seeing how quickly the
Sun rose in orbit, even though he had already witnessed the spectacle during his
Gemini mission in 1966.

“Isn’t that something?”’ echoed Armstrong.

“God damn, that’s pretty; it’s unreal.”

“Get a picture of that,” suggested Armstrong.

“Oh, sure, I will,” replied Collins who then had to contend with the compact and
complex space that was an Apollo cabin. “I’ve lost a Hasselblad. Has anybody seen a
Hasselblad floating by? It couldn’t have gone very far, big son of a gun like that.”

Eugene Cernan, the commander of Apollo 17, noted how their night-time launch
affected their experience in orbit. “Launching at night, we just had a somewhat
different view of the Earth than most other flights have had. The first real view we
got of being in orbit was pretty spectacular because it happened to be Earth sunrise
and that’s a very intriguing and interesting way to get your first indoctrination to
Earth orbit.”

Certainly Cernan’s LMP, Jack Schmitt, flying for the first time, did not hold back
in describing what he saw as he saw it — a characteristic this scientist/astronaut would
exercise both on the Moon and in orbit around it. For example, while flying over the
dark United States, he described the lights of the American towns and cities to
Capcom Bob Parker. “Man’s field of stars on the Earth is competing with the
heavens, Bob. I think we got the Gulf Coast showing up now, by the band of lights.”

Half and hour later, over the daylight side of Earth, he applied some geological
terms with which he was familiar to the delicate patterning he saw in the great cloud
systems that lay below him: “Bob, we’re over what might be intermediate to low
strata that have a very strong crenulation pattern — pulling out some geological terms
here. I don’t think I’ve ever seen anything like it flying.”

The exposed desert landscapes of the Sahara brought him back to thinking about

bl

replied
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rocks. “Bob, we had almost a completely weather-free pass over Africa and
Madagascar. And the scenery, both aesthetically and geologically, was something
like I’'ve never seen before, for sure. There were patterns like I haven’t even seen in
textbooks. Maybe I haven’t been looking enough, but some of the desert and
grassland patterns had the appearance of ice crystals almost.”

The crew of Apollo 12 had been entranced by seeing countless tiny pinpricks of
light across the night-time expanse of the Sahara Desert as nomads sat by their
campfires. The Apollo 16 crew also spotted this reminder of the human race’s
relationship with flame, one that had lifted them off the planet.

“Look, look, John,” said Duke.

“What?” asked Young, ever unflappable.

“The fires. Out the right side. Looka there!”” said Duke in some wonder. He had
heard the stories from the Apollo 12 crew about them. “They were right. They were
really right. Beautiful!”

“What’s that?”’ asked Young.

Ken Mattingly, CMP on this mission, reminded his commander: “The fires of
Africa. They’re there. Like he said. Isn’t that spectacular?”

“That is really beautiful!” said Duke.

“Can you see them, John?” asked Mattingly.

“Yeah, I see them. Yeah, yeah. Good gosh!”

“There must be a hundred or so,” added Duke. “What are they from?”’

“Nomads,” said Mattingly. “All the nomads and stuff that are out there.”

Sharp-end forward

While the crew busied themselves to ensure that their ship was healthy, the S-IVB
had not been idle as it prepared for its main burn. Throughout the one-and-a-half
orbits made before TLI, a set of small rocket thrusters attached around its base kept
the stack pointed forward into the direction of travel. The vehicle was still in the
upper fringes of Earth’s atmosphere and this sharp-end-forward attitude presented
the smallest area to the hypersonic air flow, minimising frictional heating. They also
kept the cabin windows facing Earth and the spacecraft optics on the opposite side
facing out to the stars for the CMP’s navigational duties.

As the sharp-end-forward attitude was also required for TLI, maintaining it
throughout the Earth-orbit phase avoided having to make a large adjustment just
prior to the burn that would have stirred up the propellant in the part-used tanks. An
early test flight had shown that it ought to be possible to rotate an S-IVB, but
excessive motions of the stage had to be avoided in case large slosh waves were
generated within the tanks. Unfortunately, Apollo 15’s S-IVB managed to lose a
quarter of a tonne of LOX when it readjusted its attitude too quickly. The stack had
entered orbit in an excessive nose-down attitude and the slosh wave that resulted
from the readjustment managed to reach a vent. Fortunately, the loss did not impact
the mission.

Attitude control of the S-IVB stage was somewhat different from the first and
second stages of the Saturn. While these stages could use their main engines to turn
the ship in all three axes, the S-IVB’s single engine could only gimbal to provide
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Inertial attitude Orbital rate attitude

Diagram comparing inertial attitude and orbital rate attitude.

control of pitch and yaw. It had no means to control roll, and, additionally, it was
required to maintain its attitude during coasting flight. The engineers’ solution was the
auxiliary propulsion system (APS), two modules that were attached at the base of the
stage’s cylindrical section, each of which held four small rocket engines that burned
hypergolic propellant from their own tanks. During powered flight, only the APS roll
engines had to operate; and after the main engine shut down and the stage began to
coast, the APS modules assumed control of all three axes: roll, pitch and yaw.

This method of flying around a planet or moon with one side constantly facing
the surface required an orbital rate rotation to be set up. If it takes 90 minutes to
orbit Earth (typical for a low Earth orbit), then by pitching down at a slow
rotational speed that also takes 90 minutes per revolution, one side of the spacecraft
can be made to face the ground at all times. This orbital rate attitude is obviously a
useful technique for the many satellites that need to bring instruments to bear on a
planet’s surface. Conversely, if a spacecraft orbits a body but maintains its attitude
with respect to the stars — for example, the Hubble Space Telescope — its attitude is
said to be inertial and, as a result, it will continuously change the face it presents to
the world below as it orbits. Apollo often used orbital rate motion during both Earth
orbit and lunar orbit phases because so many operations required a ground-based
frame of reference (pointing cameras, for example), and they became easier to
understand and control that way.

Monitoring an orbital rate rotation was a little problematic for a spacecraft that
had been designed to show inertial attitudes. A way had to be found to make the 8-
ball rotate at orbital speed so that it, too, would be displaying attitude with respect
to the ground. The solution was one that reflected the hurried nature of the
programme. There was not enough time within Kennedy’s deadline to redesign the
guidance system to implement such a feature. Instead, engineers added a
workaround; a little box, given the acronym ORDEAL, that the crews had to
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install after they attained orbit. The acronym stood for orbital rate display, Earth and
lunar, and its operation was simple. On the assumption that an orbital rate attitude
was simply a slow pitch-down motion (which it would be if the S-IVB was oriented
as planned), the ORDEAL supplied a calibrated drive signal that caused the 8-ball to
pitch at the same speed. With this box properly set up, the crews could read off their
attitude with respect to the ground. For later flights, they learned how to use the
ORDEAL to monitor their attitude during the TLI burn, which was carried out in
an orbital rate attitude. If it could be accurately monitored, the commander could
take over control of the stack in the event of the S-IVB guidance system failing,
thereby further increasing the redundancy of the entire Apollo system.

While in Earth orbit, the crew avoided using their RCS thrusters as any motion
imparted by them would be immediately counteracted by the independently
operating S-IVB stage. One exception was a short firing made to check their
operation. Pete Conrad on Apollo 12 made a particular point of testing his
spacecraft’s RCS thrusters with a few short pulses. His vehicle had sat in heavy rain
prior to launch and he was convinced that that would have affected the upward-
facing thrusters. “I was still worried about the water in those thrusters. I wasn’t
convinced, in my mind, that we had not frozen some thrusters full of ice as there was
water on the windows. Everybody thought [the water on the windows] would
disappear and it hadn’t. I was concerned about those service module RCS thrusters,
but the ground assured me they were working okay and it was alright with us.”

THE ROUTE TO THE MOON

Translunar injection

Flying to the Moon, when you don’t have a lot of propellant to hose around, is like a
stone throw — a ballistic lob across 400,000 kilometres of space between two worlds.
The impulse for this ‘throw’ came from the S-IVB stage of the Saturn V which added
an additional 3 kilometres per second to their speed with a burn nearly 6 minutes
long. As this translunar injection (TLI) burn progressed, it modified the spacecraft’s
circular orbit into an increasingly long, stretched elliptical orbit whose apogee
reached further and further into space. By the time the S-IVB shut down, it had set
the Apollo spacecraft on an orbit around Earth that had a perigee of only 170
kilometres, but with an apogee at an altitude of over half a million kilometres — if
only the Moon had not been in the way!

The precise details of Apollo’s throw to the Moon, its duration, direction and
timing, depended on a collection of constraints. These were often contradictory, but
they narrowed the possible options for the S-IVB’s burn to a unique but very useful
trajectory. One constraint was propellant, which becomes a very expensive
commodity by having to be lifted off Earth’s surface. Consequently, planners
tended to prefer trajectories that did not demand long burns of rocket engines.
Getting to the Moon was not going to be a quick affair. At the other end of the scale,
there are ways of reaching the Moon that require very little propellant, but these
result in complex trajectories that can take weeks or months to complete. The
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consumables carried on board the Apollo spacecraft would never last long enough
and the physical endurance of the crew in the confined space would be sorely tested.
For human spaceflight, there comes a point where the advantages of reduced
propellant requirements become more than matched by the increases in food, power
and radiation shielding required by the crew.

Another constraint was the landing site. When Apollo reached the Moon and
inserted itself into lunar orbit, that orbit had to pass over the landing site. Therefore,
to save propellant, their trajectory had to place the spacecraft in the best position to
achieve its orbit. Planners also had to consider the lighting conditions at the time of
landing and the thermal conditions on the Moon’s surface. Landings had therefore
to be made in the lunar mornings to use the low angle sunlight and benign thermal
environment.

The choice of burn was further constrained by crew safety considerations. This
was paramount in the minds of planners in view of Kennedy’s pledge to return a
crew safely to Earth. Any option that maximised NASA’s ability to bring an
endangered crew back home was keenly
adopted. The engineering mantra was: if Moon
there is a problem with which you cannot PUOS lonyAN il PO
deal directly, then do as little as possible in ~ ~
case you make things worse. What the
planners really wanted was an option that
would still allow the crew’s safe return even
if the spacecraft’s propulsion system had
completely failed. Fortuitously, one existed —
the free-return trajectory.

Free-return

Even before Kennedy’s challenge, the lunar
free-return trajectory had been recognised as
a safe and efficient means by which a
spacecraft could make the journey. This
was a wonderful solution to the problem,
one whose propellant needs were within the
capabilities of the Saturn V, that could get a
crew to the Moon within three days and
allow the entire mission to be carried out
within 14 days, well within the duration for
which the Apollo spacecraft was being
designed. Furthermore, if something went
wrong with the SPS on the way to the Moon
that would prevent major manocuvres, the
free-return trajectory would bring the crew i
back towards Earth, and any fine tuning on TLI

the homeward leg was within the capability

of their RCS thrusters. This was an inher- Diagram of the free-return trajectory.

Earth
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ently attractive option for an agency that had a presidential directive to preserve the
life of its human crews.

The free-return trajectory relied on using the Moon’s gravity as a steering device
for the spacecraft. It is a technique that has been used by interplanetary probes for
decades to move around the solar system more quickly than would be possible with
rockets alone. If a spacecraft comes in from beyond the sphere of influence of a
planet, it will have the same speed on both the incoming and outgoing legs when
measured with respect to that body. However, if it passes by the trailing hemisphere,
its heliocentric velocity is increased as it exchanges a little of that body’s momentum
in its favour, and its aphelion is increased. This is often characterised as a slingshot
effect. Conversely, if it passes the leading hemisphere of the body, the exchange is
away from the spacecraft, slowing its heliocentric velocity and forcing its aphelion to
drop. The same possibilities apply to a vehicle heading for the Moon. With the free-
return trajectory, the leading-edge case is taken to extremes, with the spacecraft
being made to swing all the way around the far side of the Moon and onto a path
back to Earth, thereby tracing out an immense figure-of-eight. The free-return
trajectory also affords a slower approach velocity with respect to the Moon, again
reducing the amount of propellant required to achieve lunar orbit. A win—win
scenario.

Once the free-return trajectory had been brought into the TLI calculation, there
were very few solutions remaining to the equations that calculated the burn for the S-
IVB. Such equations took into account the motions of Earth, the Moon and the
spacecraft as well as the other major bodies in the solar system whose gravity would
to some degree influence the spacecraft’s path. They also accounted for the trajectory
the lunar module would be taking during its descent to the surface, particularly when
Apollos 15 and 17 had to approach through mountain ranges. One particular flight
controller in mission control was responsible for procuring the details of a TLI burn
that would fulfil as many of the desired conditions as possible. The flight dynamics
officer (FIDO) worked with a backroom team and a room full of mainframe
computers to calculate a range of possible solutions based on the Earth orbit the
stack had achieved. These could be optimised for fuel efficiency, duration of flight,
suitability for entering lunar orbit, and flight safety in terms of their return-to-Earth
characteristics. From these, he picked one which, by his judgement, was the best
compromise; one that required the Saturn’s third stage to fire along its flight path in
order to change the speed of the spacecraft by a certain amount at a certain time. It
was then up to the S-IVB’s J-2 engine to supply that change in velocity.

Over the course of the Apollo lunar flights, the manner in which planners used
free-return altered as NASA’s confidence increased. A pure version of the trajectory,
one that would set the spacecraft on a path directly to Earth without intervention,
would pass across the far side of the Moon at a distance of roughly 500 kilometres,
depending on the details of the Earth/Moon/Sun geometry. For the early flights (up
to and including Apollo 11) controllers sent the spacecraft on a trajectory that was a
near approximation to this and which, if a return to Earth was necessary, only
required minor burns of the RCS thrusters to steer it to the desired splashdown site.
Since the free-return trick only worked if the flight was kept within the plane of the
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Moon’s orbit around Earth, it limited prospective landing sites to those that lay
along the track of the resulting lunar orbit. Since the Moon’s equator lies nearly in
the plane of its orbit around Earth, the selected landing sites were all equatorial.

The H-missions, Apollos 12, 13 and 14, started out from Earth on a free-return
trajectory, but once safely on their way their path was modified by a small burn to
improve its approach characteristics, knowing that a corrective burn from either the
SPS engine on the CSM, or the large engines on the LM, would be sufficient to
return them to a safe coast home. The latter contingency had to be used on Apollo 13
to restore a free-return after the SPS engine was disabled. The J-missions were
injected directly into a non-free-return trajectory, one that would not bring them
home directly. Again, they relied on either the SPS engine to effect a safe return or, if
that was out of action, on the large LM engines.

Imagining the path

The flight path to the Moon can be difficult to visualise. Imagine a vantage point
looking down at the Earth and Moon from the north, with an Apollo spacecraft
about to make a TLI burn for a free-return path. The spacecraft had been orbiting
Earth towards the east (anticlockwise in our visualisation), a direction it shared with
the rotation of Earth, and indeed almost everything else in the solar system. The TLI
burn was timed to occur at a point in this orbit that was roughly on the opposite side
of Earth from where the Moon and spacecraft would come together three days later.
The burn placed the spacecraft on a path that ordinarily would have been a long,
slow elliptical orbit with an apogee half a million kilometres out from Earth, which is
slightly beyond lunar distance. Meanwhile, the Moon at TLI was about 40 degrees
further back in its path around Earth, approaching the point where its orbit would
intersect the spacecraft’s path. The timing of TLI was such that the spacecraft would
reach lunar distance before the Moon came along.

As it headed out, the influence of Earth’s gravity on the spacecraft gradually
weakened while that of the Moon, approaching from the side, grew stronger;
attracting the spacecraft and deflecting it from its original anticlockwise elliptic path.
By virtue of careful calculation of the required trajectory prior to the TLI burn, the
spacecraft was aimed to pass close to the Moon’s leading hemisphere and be pulled
around its far side travelling in a clockwise direction. If nothing else were done, and if
the timing and direction were correct, such a trajectory, under the Moon’s
gravitational influence, would swing right around the lunar far side and fall back to
Earth. Such a path made its closest approach about midway around the far side, so
in order to stay in the Moon’s vicinity, the crew had to fire their main engine against
their direction of travel at this point. This burn took energy out of the spacecraft’s
trajectory, slowed it down and made it enter a clockwise, or retrograde lunar orbit.

What if...?

After only 90 minutes in space, the Apollo stack on top of the S-IVB had made one
revolution of Earth and was coasting over United States territory where it had
continuous communication from Hawaii to the Atlantic. This 20-minute opportunity
was mainly given over to reading up to the spacecraft three huge lists of numbers,
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called PADs (short for pre-advisory data)." Each list passed on the details of three
engine burns relevant to the next few hours, one of which, the TLI PAD, the crew
would almost definitely use. The other two were for burns they hoped they would
never have to make, because they were contingencies to abort the mission.

Throughout every mission, NASA implemented strategies that would attempt to
make any reasonable technical failure survivable. Sometimes this was by providing
redundant systems. Another strategy was to lay down procedures that tried to pre-
empt failure so that the crew and the flight controllers already knew what to do at
any point in the mission should a problem make a return advisable. The strength of
this approach was dramatically and successfully vindicated on Apollo 13 when they
overcame a failure that was both crippling to the spacecraft and completely
unforeseen.

One procedure was based on the premise that the crew might lose communica-
tions with Earth while on their way to the Moon, or in lunar orbit. In case this
happened, mission control always ensured that while they could still talk with the
crew, they would keep them updated with enough data to enable them to return
home as safely and as quickly as was appropriate. This was the function of the other
two PADs read up while passing over Hawaii. They gave the crew all the
information they would need if, for any reason, they had to return home soon after
TLI.

As the first was calculated on the basis of an ignition time 90 minutes after TLI, it
was called the ‘TLI+90° PAD and would have required the CSM to burn its main
engine for more than 5 minutes against their momentum away from Earth. The
second was known as the “TLI+4 hours’ PAD in the early Apollo flights, becoming
a ‘TLI+5 hour’ burn on Apollo 11. For the remainder of the missions, it was
calculated on a time relative to lift-off, usually 8 hours after lift-off. Once the two
abort PADs had been passed to the crew, they could concentrate on the translunar
injection PAD and the preparations for the burn itself.

Countdown to TLI
As the stack passed over NASA’s network of communication stations around the
world, its orbit was carefully measured and intensive calculations made on FIDO’s
behalf that allowed him to choose exactly when and how the TLI burn should be
made. This information was radioed up to the Saturn’s instrument unit, which would
control that burn. In particular, the computed time of ignition was back-timed to a
moment 9 minutes and 38 seconds earlier, when the instrument unit needed to begin
Timebase 6 — a choreographed sequence of events that would lead up to ignition and
through the burn.

The start of Timebase 6 was indicated to the crew by a lamp coming on for 10
seconds. This was one of the cluster of lamps that had informed them of the status of
the launch vehicle throughout its flight. At this point, the Saturn’s computer checked

' See Chapter 8 for a fuller explanation of the PAD, including a worked example.
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the state of a switch in the CM to verify that the crew really did still want to go to the
Moon. This switch was provided so that further preparations for ignition could be
terminated in case a problem surfaced that meant calling off the lunar phase of the
mission. If all was progressing well, valves were closed to stop the S-IVB’s tanks
from venting, and a burner was ignited to heat the helium that repressurised the
tanks, preparing them for operation.

At 100 seconds before ignition, the computer display blanked to let the crew know
that the guidance system had begun to measure whatever acceleration the S-IVB was
about to impart. With 80 seconds to go before ignition, the aft-facing ullage motors
within the APS modules fired to push the fuel and oxidiser to the base of their tanks
in order to settle them and provide a little head of pressure into the engine. The crew
still had options to stop the S-IVB from starting up. If they did so earlier than 18
seconds remaining to ignition, the inhibit switch would work; otherwise, an adjacent
switch, one which normally made the second and third stages of the Saturn separate,
had to be used.

At 8 seconds prior to ignition, valves were opened to route hydrogen fuel through
the walls of the engine to chill them. As this was a restartable engine, the ‘start’ tank
had been refilled with hydrogen during the first burn. At the calculated time of
ignition, the contents of this tank were discharged through the pump turbines,
spinning them up and increasing propellant pressures in the pipes leading to the core
of the engine. The propellant valves, which had been cracked open slightly at this
point, then began to fully open, allowing a rush of fuel and oxidiser into the
combustion chamber where a flame initiated full combustion and the engine brought
itself up to full thrust.

Off to the Moon

One second prior to ignition, the central light in the indicator cluster came on to tell
the crew that the J-2 was about to spring into life. When it did, the crew felt an
acceleration of about 0.5 g that gently rose to about 1.5 g over the duration of the
burn as the tanks in the third stage emptied. Translunar injection typically lasted just
under 6 minutes, increasing their speed from 7.8 to 10.8 kilometres per second. As
soon as the burn began, the position at which it occurred became the perigee of the
stack’s new elliptical orbit. Then as the burn proceeded and as they continued to
orbit around Earth, their height began to rise; slowly at first, but at an increasing
rate as the apogee was drawn out. The crew continuously monitored their
instruments in case the S-IVB showed signs of trouble, but they were not averse
to taking a look out of the window and enjoying the view, which Eugene Cernan
described on Apollo 17: “As the S-IVB manoeuvred, we flew through a sunrise
during TLI, which in itself was very interesting, very spectacular.”

It was common for commentators of the day to say that the TLI burn accelerated
Apollo to Earth escape velocity. This statement implied that when the S-IVB finished
its work, the stack was travelling so fast that it would never return to Earth’s vicinity
without some intervention, whether from the Moon or a rocket engine. Strictly
speaking, this was not true, as the stack’s long elliptical orbit around Earth would
have eventually returned them to perigee if the Moon had not intervened.
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Nevertheless, it was well within the capability of the S-IVB to add the few extra
metres per second to its speed and attain true escape velocity.

With respect to the ground, the stack’s new trajectory was moving less and less
parallel to Earth’s surface, and instead more and more perpendicular to it as it pulled
away from the planet. As it did so, its horizontal speed across the ground diminished
— so much so, in fact, that the rotation of the planet began to catch up with the
spacecraft, with the result that the ground track, which had been towards the cast,
slowed, halted and began to travel towards the west, which kept the spacecraft in
view of Hawaii.

For a few minutes, as they raced away at about 10 kilometres per second, the crew
passed through the van Allen belts, where they received a small dose of radiation.
The Apollo flights represent the only example of human spaceflight through and
beyond the van Allen radiation belts into interplanetary space. These belts consist of
diffuse volumes around Earth within which radiation levels are elevated by the
planet’s magnetic field trapping energetic particles from the Sun. There is an inner
torus populated by energetic protons, which the spacecraft passed through in a
matter of minutes, and which was largely shielded against by the spacecraft’s skin.
The spacecraft took about an hour and a half to traverse the more extensive outer
torus, but because this region has mainly low-energy electrons, it was less of a worry
to mission planners. Over a complete mission, including exposure to very energetic
particles encountered in the solar wind environment beyond Earth’s magnetosphere,
crews were believed to have sustained a dose of a similar magnitude to that allowed
annually for workers in the nuclear industry. There were additional dangers from
occasional explosive events on the Sun when huge quantities of particle radiation
were spewed out in a solar flare, but the Apollo programme simply ran the gauntlet
of these flares, accepting such risks along with the many other risks already inherent
in an Apollo mission. Astronauts came from the test-pilot milieu where danger was a
given and risks had to be weighed against the gains of mission success.
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Retrieving the lander

LEAVING EARTH

In the years that have elapsed since the Apollo programme, people have forgotten
the scale of what the S-IVB was designed to achieve. There is little appreciation of
the difference between low Earth orbit and the reaches of space to which this engine
took the Apollo crews. In any case, many fail to understand the relative scale of the
Earth—Moon system. I once gave a talk to schoolchildren about the Moon and used
the popular method of scaling the solar system down to what our minds can handle.
As props, along with a model of the Saturn V launch vehicle and some good
photographs, I took my own model of the Earth-Moon system. Earth was
represented by a 20-centimetre globe that I had been given some years earlier. The
Moon was represented by a lucky find I made during a visit to the holy grail of
aerospace memorabilia: the National Air and Space Museum in Washington, DC, in
the USA. While browsing the museum’s gift shop, I had come across a 5-centimetre-
diameter foam ball, grey and pockmarked with craters, that perfectly matched the
scale of my globe of the Earth, as the Moon’s diameter is very nearly one-quarter
that of Earth.

During the talk, I threw my foam Moon out among the schoolchildren and asked
the boy who caught it to come forward and hold the Moon beside my Earth at what
he thought would be its correct distance. Repeated attempts by various children
suggested distances between 0.5 and 1 metre. Of course, I had previously calculated
the correct distance and cut a piece of string to length, which I had rolled up around
a pencil. I asked the final child to place the foam Moon at the end of the string and
walk back until I had fed out its full length. Back she went up the aisle between the
rows of seated children. Their teacher sat at the far end of the aisle and I noticed how
her eyes widened as the schoolgirl took my Moon up to where she was seated. On the
scale of my little model, the mean distance between Earth and the Moon was
represented by a piece of string 6 metres long. I then explained how every flight into
space by humans since the end of the Apollo programme had risen above Earth
between 300 and 600 kilometres, no more than the thickness of that girl’s little finger.
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It was by the power of the S-IVB that Apollo transcended any space exploration
before or since, and took men into the realms of deep space.

Astronaut Michael Collins understood the significance of the TLI burn and wrote
about it in his autobiography, Carrying the Fire. He was at the Capcom console in
the mission operations control room (MOCR) in Houston, usually called simply
mission control, and acted as the intermediary between the crew of Apollo 8 and the
huge team of people occupying the building with him. He realised that TLI was what
made this first manned flight to the Moon different from all the flights that had
preceded it. On his own flight, Apollo 11, he yearned for a deeper appreciation of
what TLI really meant.

“The umbilical snipping ceremony carries about as much drama as asking for a
second lump of sugar. ‘Apollo 11, this is Houston. You are Go for TLI.” I answer,
‘Apollo 11. Thank you.” There should be more to it.”

Only 30 minutes after the completion of the TLI burn, the stack was already
approaching an altitude equivalent to Earth’s radius. The home planet no longer
filled half the sky as it had when their
spacecraft hugged the world in its
parking orbit. Now the crew could
see the planet as a globe and view
entire continents in a single glance.

“You could see all of the United
States. If the pictures come out, there
will really be some pictures.” This
was praise indeed from the laconic
John Young during the debriefing for
Apollo 16. His CMP Ken Mattingly
concurred. “The Earth was right
there in the window. And centred
right in the middle of the Earth was
the United States, without a cloud
over it.”

“All the way from the Great Lakes

to Brownsville,” added Charlie Earth, as seen from Apollo 16 after it left for

Duke. . . the Moon. The Baja California peninsula is
“Just as if you had drawn it and  yisible in the centre.

set it up so you could take a picture
of it,” continued Mattingly.

Young then changed the subject. “Why don’t you talk about TD&E, Ken?”

Young was referring to transposition, docking and extraction, a typically NASA-
ese piece of nomenclature concerning the CSM’s separation from the S-IVB, a short
coast away, turning, coming back, docking with the LM and pulling it away from the
nearly spent stage. By Apollo 16, Mattingly was familiar with this series of tasks.
“That’s got to be the simplest manoeuvre performed in space flight,” he said
afterwards. “That was exactly like the simulator.”

During the Gemini programme, NASA learned how to safely dock two spacecraft




Transposition, docking and extraction 113

together, in the knowledge that it would be an important part of future operations in
space. For Apollo missions, once the third stage of the Saturn launch vehicle had set
them on course for the Moon, the crew put the techniques learned to good use and
docking became a means to an end rather than an end in itself.

The lunar module sat below the command and service modules, hidden away in a
conical shroud known as the SLA (pronounced ‘slaw’) which took the vehicle’s
diameter from the 6.6-metre-wide S-IVB to that of the 3.9-metre service module. The
initials SLA variously stood for spacecraft or service module to lunar module adapter,
and it was the CMP’s task to retrieve the LM from its embrace in the final intensive
task that had to be completed before the crew could settle down to the translunar
coast. It did not always go according to plan.

TRANSPOSITION, DOCKING AND EXTRACTION

Preparations

The first step in the whole process was to ensure that the command module’s cabin
was pressurised with air up to its maximum extent, about two-fifths of an
atmosphere. This was in preparation for later when, to save the LM’s scarce
resources, its initial air supply would be drawn from the CM cabin air. Valves on
each side of a tunnel that would eventually connect the two spacecraft would then
allow air to be exchanged between them.

While the crew worked through the TD&E checklist, the APS modules at the aft
end of the S-IVB, which controlled the stack’s attitude, fired to bring it to the correct
orientation for the manoeuvres. Planners had calculated the most appropriate
attitude for the S-IVB to adopt to avoid the CMP being blinded, either by the Sun or
by reflections from the lander’s metal surfaces, yet give good illumination of a
docking target mounted on the LM that was to aid the alignment of the two craft as
the CSM came in to dock.

The CMP could monitor the whole manoeuvre using the entry monitor system
(EMS), an example of a piece of equipment that was meant for one purpose being
pressed into service for another. The EMS was a unit built into the main console that
was to monitor the spacecraft’s re-entry into Earth’s atmosphere at the end of a
mission. One of its displays was a digital readout that showed how many nautical
miles they still had to travel during a re-entry before landing in the ocean. It was
switched to display how many feet separated the CM and an approaching LM when
the crew were performing a rendezvous. For other manoeuvres, it could display how
their speed was changing in response to the thrust produced by the engines. This
versatile unit could also send a shut-down command to the engines once a preset
change in speed had been accomplished. Most of these functions were for later, but
for the TD&E, the command module pilot was interested in knowing how his speed,
or to be more precise, his velocity had changed — a quantity known as delta-v.

In space flight, and in physics in general, an important difference is made between
speed and velocity. Speed simply defines distance travelled over a set time. No
account is taken of the direction of travel. With velocity, direction becomes part of
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the equation. In the three-dimensional arena of space, it is customary to measure
speed after resolving it into three components of velocity. Therefore some frame of
reference has to be brought into play where the directions of left/right, up/down and
backwards/forwards are defined, usually labelled x, y and z. As an example of how
this works, an object whose velocity is 3 metres per second along the x axis and 4
metres per second along the y axis is actually travelling at 5 metres per second in a
direction somewhere between these two axes by simple application of the Pythagoras
Theorem.

Unlike the spacecraft’s main guidance system, which resolved delta-v in three
axes, the EMS measured it along one axis only — in this case, along the spacecraft’s
longitudinal axis — and displayed it on the digital readout in feet per second. It had
its own accelerometer (a device that measured velocity changes), whose sensitive axis
was aligned parallel to the spacecraft’s long axis. The delta-v display could therefore
be used by the CMP to monitor how thruster firings were affecting the spacecraft’s
velocity as he separated from, and manoeuvred relative to, the S-IVB. Before
separation, he could zero the display, then directly read off how his velocity had
altered with respect to the stage. However, pilots on the early missions had noticed
that the delta-v display did not work well around the zero mark, so they began
presetting it to read minus 100 feet per second, which gave better results and was
easier to interpret. A step was eventually included in the checklist to this effect.

Bang!

The precise time for the CSM to separate from the rest of the stack was not critical
but, as was NASA’s nature, they defined it as part of their carefully organised flight
plan. The major constraint to this whole exercise was that the S-IVB had to be left
with enough battery power for its final manoeuvres to steer away from the
spacecraft’s flight path.

A one-hour event timer that was preset to read 59:30 was started 30 seconds
before the planned moment of separation. Counting up, it reached zero at the point
of separation, and helped the crew to coordinate activities with their checklist both
before and after the key moment. The timer was often used in this way for critical
events in the mission.

With only 2 seconds remaining, the CMP, sat in the left couch, eased the
translational hand controller in his left hand forwards, away from himself. At his
command, rear-facing thrusters on the service module began to fire so that, as soon
as the CSM became free, it would move away from the SLA. The separation itself
was executed by a guarded pushbutton on the main display console. This switch was
one of a group of eight such buttons that could be used to initiate pyrotechnic events,
but it was the only one that was meant to be used during a normal mission; the
others allowed backup manual control of events that normally occurred
automatically.

Separation was a fast and complex event. An explosively driven guillotine severed
the electrical connections between the spacecraft and the S-IVB. Next, a complex
train of explosive cord was detonated to cut the service module free and to slice the
top three-quarters of the SLA into four separate panels. These panels were not
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allowed to immediately drift free of the stage. Rather, each had two partial hinges
mounted along its lower edge. The pyrotechnics also forced small pistons mounted in
the lower section of the SLA to push on the outside edges of the panels, ensuring that
they rotated away as desired.

Once the panels had swung away about 45 degrees, the hinges disengaged and the
panels departed, pushed away from the S-IVB by springs built into the hinge
mechanism. Each continued on its own path away from Earth; perhaps to impact the
Moon, more likely to be cast by the Moon’s gravity into some chaotic orbit around
Earth and then be deflected by the Moon into solar orbit, to interact with the Earth—
Moon system every few decades.
Today there are as many as 36 SLA
panels out there that will drift aim-
lessly for perhaps many thousands of
years. In the fullness of time, some
may re-enter the Earth’s atmosphere
and burn up, while others may be
thrown into the deeper reaches of our
solar system for eternity.

NASA did not originally intend to
jettison the panels. During Apollo 7,
the crew attempted a partial simula-
tion of the TD&E manoeuvre for the
first time. There was no LM occupy-
ing the SLA and partial hinges were
not used for the panels, engineers
having chosen to keep them attached.
Apollo 7’s S-IVB had no LM but included a As the CSM returned to the S-IVB to
target for docking practise. manoeuvre near their mock docking

target, the commander Wally Schirra
observed how one of the panels had not properly deployed and was flexing
uncomfortably close to where they intended to practise. His CMP Donn Eisele
described the scene to mission control: “The SLA panel at the top, left and bottom
are opened at [what] I would guess to be about a 45-degree angle, and the SLA panel
on the right is just opened maybe 30 degrees at the very best.” Schirra elaborated:
“Except for that one panel, everything looks like it’s just as you’d expect it to be on
that S-IVB SLA deployment.” Eventually, Schirra invoked the commander’s
prerogative and cancelled the docking practice. Instead, he elected to station-keep
with the S-IVB. “We’re a little worried to get backed up in there with that one
cocked panel.” Next day, when they rendezvoused once again with the S-IVB, the
panel was found to have fully deployed, but the practice approach was not
attempted.

CSM turnaround
Having separated from the Saturn, the CMP continued thrusting forward,
controlling with the translational hand controller, until the EMS indicated that he
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had gained a speed of half a foot per second. Then, once enough time had elapsed to
ensure that the CSM was well clear of the third stage, he pulled back on the
rotational control in his right hand. A different pattern of thrusters fired and the
CSM began a half turn, pitching up the nose of the spacecraft until it pointed at the
lunar module nestled in the top of the spent rocket. The LM’s docking port was at
the top of the lander while the CSM’s was built into the apex of the command
module, and the turnaround had brought the two ports face to face. It was only a
matter of flying slowly towards the LM to bring them towards final docking.

One reason for using the EMS was because the crew could not see whether the
spacecraft had cleared the third stage, and it was felt safer to rely on empirical
measurement rather than guesswork. Not all the crews agreed with this approach. In
his post-flight debrief, Richard Gordon of Apollo 12 felt the EMS got in the way. “If
I'd been smart and used my head, I'd have taken these TD&E procedures and
scratched all reference to the EMS whatsoever.”

Both he and his commander Pete Conrad felt that it would have been enough
simply to fire the thrusters for a set period of time, thereby simplifying the
procedures. “That’s exactly what I would have done,” continued Gordon. “I would
have separated from the SLA. I'd have thrust forward for the time to get 0.8 feet per
second. I’d have waited to 15 and I would have backed off thrusting for a couple
more seconds. And that’s all you need.” An additional problem using the EMS was
that it could not track the delta-v very well if the CSM was rotating, or was subjected
to shock, both of which were happening in this task. Having set the display to read
minus 100, Gordon found it had jumped to read minus 98 when he was expecting a
reading over 100. “So I had no idea how much velocity I’d put in to the thing and I
just continued thrusting forward for a few seconds, probably being conservative
because I wanted to make sure I got far enough away from the booster before we did
the turnaround.”

When the pyrotechnics fired to separate the CSM from the launch vehicle and to
cut the SLA into four, a lot of debris could be generated, as many Apollo crews
noted. Even before Apollo 17°'s CSM America had turned around to face the LM
Challenger, Ron Evans exclaimed, “My gosh, look at the junk!”

By the time of this final Moon mission, the procedures for separation were well
rehearsed. Evans let the CSM drift out for a few seconds. “Okay; there’s 15 seconds.
Pitch her up.” As the spacecraft came around to view the S-IVB, Eugene Cernan
spotted the debris surrounding it, “Houston, we’re right in the middle of a snowstorm.”

“Roger,” confirmed Capcom Bob Parker. “And we’d like Omni Delta.” The
rotation of the CSM meant that the omnidirectional antenna they were using was no
longer well placed and they needed to switch to another to maintain communication.
He wasn’t particularly interested in the debris.

“And there goes one of the SLA panels,” called Cernan.

“Yes,” agreed Evans as they continued rotating. “We’re not there yet. Long ways
to go yet.”

“There goes another SLA panel, Houston, going the other way,” said Cernan.

Jack Schmitt had his own windows to look out of. “Hey, there’s the booster!”” he
yelled as the S-IVB came into view.
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“Roger,” said Parker. “Bet you
never saw the SLA panels on the
simulator.”

Cernan agreed. “No, but we’ve
got the booster and is she pretty?
Challenger’s just sitting in her nest.”

“Roger. We’d like Omni Bravo,
now, Jack,” requested Parker.

Cernan had been watching the
particles that were floating outside
his window. “And, Houston, some
of the particles going by the window
fairly obviously seem to be paint.”

Once the CSM had turned around
to face the LM, the rotation was
stopped. Then, by pushing on the
translational hand controller, the
CMP could kill the drift away from
the third stage and start to
approach. As the two spacecraft
slowly came together, he had to keep
them aligned. To aid him, he had an
optical aid, known as the crewman
optical alignment sight (COAS),
which was rather like a gun sight.
It was mounted in the forward-facing window on the left and it gave him a consistent
line of sight. A ‘stand-off” target was mounted on the LM, appropriately positioned
so that the combination of the COAS
and the docking target allowed him to
adjust for left/right, up/down and
angle of approach to bring the two
spacecraft accurately together.

Ken Mattingly was surprised at
how easy this manoeuvre proved to
be — a testament to the fidelity of the
simulations prior to the flight. “When
we pitched over, the crosshairs on the
COAS were almost exactly centred on
the target. It was just a matter of
pushing it, sitting there, and waiting
for the two to come together. I made
one lateral correction and one vertical

correction. We didn’t do another
The target on Apollo 12’s LM guided Richard thing until contact.”
Gordon to an accurate docking.

Apollo 15’s lunar module still within the S-IVB
and surrounded by a cloud of particles.
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Probe and drogue: spacecraft sex

The docking system was one of the many engineering wonders of the Apollo
programme and one whose importance is perhaps underplayed. The docking system
was an ingenious, compact, pneumatic and mechanical arrangement that managed
to elegantly fulfil an enormous range of tasks: it self-centred the two spacecraft as
they contacted; it absorbed the shock of that contact to achieve a soft-dock; and,
finally, it pulled the two craft together to achieve hard dock and straightened their
axes as it did so. It was then collapsible and removable from either the LM or CM
side and could be stowed when not required. Years later, Apollo 15 commander
Dave Scott who was also the first CMP to use the Apollo docking system on Apollo
9, wrote about how crucial it was. “It is really quite important to the whole scheme
of the Apollo concept — a very
complex apparatus and one of the
few single-point failures in the entire
system. But at the end of the dayj, it
was probably one of the more
brilliant mechanical devices of the
programme.”

Like so many plug/socket combi-
nations in the electrical and electro-
nics world, it was a sexed affair with
the CSM carrying the male docking
probe and the LM providing the
receptacle into which the probe was
inserted. The movie Apollo 13 played An engineering model of the probe and drogue
up the suggestive nature of this  docking mechanism.
arrangement when the character of
Jack Swigert, who would be the CMP on the Apollo 13 mission and was a bachelor
with a reputation as a ladies’ man, was shown using a glass and bottle to
demonstrate the Apollo docking system to a beautiful young woman. Although the
male/female nature of the system limited its scope for later androgynous spacecraft
designs by virtue of its inherent inflexibility, the probe and drogue arrangement was
well suited to the needs of Apollo.

On the CM side, an articulated tip was mounted on the end of a retractable rod.
Around this rod was a tripod of arms with shock absorbers. The whole probe
assembly was mounted within the docking ring which itself was bolted to the apex of
the command module. This ring carried 12 automatic latches around its
circumference that engaged with the LM’s docking ring when the probe brought
the two together on retraction.

The LM’s side of the affair was much simpler. The drogue was really just an
inverted cone with a hole in its centre. The cone’s purpose was to gently shepherd the
tip of the probe into the carefully sized hole. Three small spring-loaded capture
latches built into the probe’s tip then caught the edge of the hole. This was the ‘soft-
dock’ condition. When commanded, one of four small bottles of nitrogen gas inside
the probe energised the retraction mechanism to pull the spacecraft together and as it
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did so, three pitch arms ensured that both spacecraft were aligned by contact with
the drogue’s cone.

When the CSM was manoeuvred towards the LM by using the docking target and
the COAS, it helped to ensure that they were both aligned in pitch, yaw and roll.
Pitch and yaw errors were removed by the shock absorbers in the pitch arms as the
retraction took place. Any roll errors were usually small because the COAS and
docking target were displaced well away from the centre-line of the docking system.
At a later stage of the mission, the LM’s guidance system would be given an
approximate alignment by the appropriate numbers from the command module
being read across and adjusted for the difference in attitude between the two
spacecraft. This calculation meant taking account of any angular misalignment
between the two vehicles. The docking tunnel included marks that allowed the
docking index angle to be read off.

“NO LATCH, HOUSTON.”

As Stu Roosa was the command module pilot on the Apollo 14 mission, it was his
job to guide the CSM Kitty Hawk towards the LM Antares which was still parked on
top of the S-IVB.

Lunar module pilot Edgar Mitchell gave the television viewers a running
commentary of their view of the approaching LM. “Okay, I'll chat for a minute,” he
began. “The S-IVB is surrounded here by typically thousands, or millions of
particles that came out when we separated. They look like little winking stars,
floating around in a very random pattern. The sunlight is shining very strongly off
the top of the lunar module as we drift into it. Stu’s doing an excellent job of sliding
in here very slowly. As you can see, our approach speed is a few tenths of a foot per
second, probably. And the LM is starting to get very large in our field of view;
starting to cover the window. And the LM and the S-IVB are bore-sighted right out
our x axis.” The approach to the captive LM was carried out in such a slow, careful
manner that it hardly appeared to move on the TV. A viewer’s attention had to be
taken away for a moment to realise, when looking back, that they had actually edged
closer to the LM.

Mitchell continued as the final distance was closed. “We can see all of the orange,
yellow thermal protection around the LM. The colours stand out very nicely. And
Houston; we’re about to dock. We’re probably a foot or 18 inches to 2 feet out
now.”

The probe contacted the drogue and scraped its way down to the central hole. As
it nestled into the apex of the drogue, he called out, “And we docked.”

But they had not docked. The capture latches had failed to engage with the
drogue and Roosa found that his spacecraft was gently rebounding away from the
LM. He immediately tried again.

A minute later, he radioed his failure to achieve soft-dock. “Okay, Houston. We
hit it twice. Sure looks like we’re closing fast enough. I'm going to back out here and
try it again.”
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Over the next minute, Roosa made a third
attempt, giving the CSM an extra push home
by continuing to fire the RCS thrusters after
the probe settled home. Again the latches
failed to work.

“Man, we’d better back off here and think
about this one, Houston. We're unable to get
a capture,” Roosa concluded.

For the next 5 minutes, Capcom in mission
control had Roosa check the spacecraft’s
configuration but everything appeared to be
just as it should. For a fourth time, he
manoeuvred the spacecraft towards the LM.

“Okay, Houston. I hit it pretty good and
held 4 seconds on contact and we did not
latch.”

The crew could see the scratches on the
drogue’s surface where the probe had been
guided into the hole but there was no obvious
reason why the two ships were not holding. As ~ Propellant being vented from Apollo
they waited for the controllers and engineers 14’s S-IVB.
in Houston to assess the situation, they were
treated to a spectacular display of countless liquid droplets shimmering before them
as the S-IVB began a planned dump of some of its propellants. Mitchell enthused
about the sight as they drifted among the particles of propellant all around them.

“There’s lightning — the whole sky. Of course, it’s the source of another ten
million particles floating out in front of us.”

Over an hour passed as possibilities were weighed, engineering minutiae were
discussed and two large spacecraft flew in exquisite formation a distance greater than
the diameter of Earth. Then Capcom made another call. “Okay, we’d like to
essentially try the docking again with the normal procedures rather than going to
more drastic alternate procedures. Make your closing rate on this not fast, not slow,
just a normal closing rate.”

“Okay,” replied Roosa. “We'll try it. I thought that’s what I had the first time,
but we’ll give it a go.” Ed Mitchell picked up on the commentary again.

“Okay, Houston, we’re starting to close on it now.”

“14, Houston. Roger.”

“About 4 feet on it, Houston.”

“Roger, Ed.”

“Here it comes,” continued Mitchell as the probe homed in on its quarry for the
fifth time, resulting in another disappointed call.

“No latch.”

“No latch, Houston,” echoed Stu Roosa. His commander, Alan Shepard voiced
what was on his mind. “I’'m sure you’re thinking about the possibility of going hard
suit and bringing the probe inside to look at, as we are.”
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Mission control was thinking of this possibility, where the crewmen would seal
themselves in their suits, depressurise the cabin and remove the probe to allow it to
be inspected. But first they had one more suggestion that would avoid this
cumbersome procedure. The backup commander Eugene Cernan, who had been
working with the people analysing the situation, took the Capcom position.

“Okay. We got one more idea down here, before doing any hard suit work. We’re
thinking of attempting to dock actually without the aid of the probe.”

Their idea was to use the probe only as a way of aligning the docking rings of the
two spacecraft. In a normal docking, once the probe had latched onto the hole in the
drogue, it was pneumatically retracted, pulling the docking rings of the two
spacecraft together and allowing the twelve strong docking latches to engage.
Cernan’s suggestion was for Roosa to manoeuvre the probe back to the centre of the
drogue for a sixth time, then, while he continued to use the thrusters to push
forward, Shepard would retract the probe. The hope was that the alignment of the
docking rings would be maintained as they came together, so that the docking
latches would be activated. However, having had one unexplained malfunction in the
system, mission control had serious doubts about whether the probe would retract as
commanded. Once again, Mitchell picked up the commentary for the TV viewers.

“Okay, Houston. We’re about 12 to 15 feet away.”

“Roger, Ed,” replied Capcom. “We got a very good picture.”

Again the probe was guided to the hole at the centre of the drogue. Once it seemed
to have settled in, Shepard retracted the probe. “We got some, Houston. I
believe. ..” Shepard was cut off as the loud bang-bang-bang of the engaging docking
latches rippled through the cabin. Stu Roosa triumphantly exclaimed, “We got a
hard dock, Houston.”

“Outstanding,” came the relieved reply from Houston. “Super job, Stu.”

After the crew had folded up the docking equipment and brought it out of the
tunnel for inspection, they could find no fault in its mechanism and it was used
successfully for the crucial docking in lunar orbit after Shepard and Mitchell
returned from their exploration of the lunar surface. Usually, the probe was
discarded along with the LM at the Moon, but Apollo 14’s was returned to Earth
where no fault could be found. The engineers could only surmise that some unknown
foreign debris had temporarily jammed the mechanism.

During a normal docking, after the capture latches had gripped around the edge
of the drogue’s hole, the crew would have waited a while to allow any swinging
motion of the two spacecraft to damp down. The probe tip was gimballed to
facilitate this rotation and it included springs to make it self-centre. Once everything
had settled, the probe would be retracted as normal, bringing the docking rings
together and engaging the twelve docking latches around the circumference of the
tunnel.

Al Worden on Apollo 15 found that the capture latches appeared not to engage
when he brought the CSM Endeavour up to the drogue in the LM Falcon. He then
made sure of a positive engagement by a little extra forward push on the thrusters.
This extra thruster firing, combined with the rotation given to the CSM by the probe
being shepherded towards the centre of the drogue, contributed to a misalignment of
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the two vehicles. The two docking rings did not meet face on when the probe was
retracted, putting some stress on the tunnel’s structure.

On Apollo 16, Mattingly tried to ensure that the two craft were better aligned
before retracting the probe. However, having engaged the capture latches, he found
the spacecraft remarkably difficult to manoeuvre. “Whatever gas we used during
TD&E, we used after I hit in trying to get it re-centred.” Mattingly was trying to
make sure that the long axes of the two craft were aligned before he pulled them
together with the probe retraction. “They [management] busted the [Apollo] 15 guys
about forcing it in. I tried to centre it up, and that is a pretty expensive operation. It’s
very inefficient when you have your nose hooked to something you’re trying to push.
I was using the translation controller and I was really surprised. Either the friction
on the probe head or something is a lot more than I expected. It was very
ineffective.”

With all the thruster activity he was generating around the two spacecraft,
Mattingly became aware of an unexpected noise from the RCS thrusters. “I didn’t
hear any RCS sounds when I got off the S-IVB. I didn’t hear any sounds during the
turnaround; and, I didn’t hear anything on closure until I got in real close. I would
swear — I know it’s not possible — but I'd swear I could hear the jets impinge on the
LM before we docked.” This was a surprise to him. Sound cannot travel in a
vacuum, yet he seemed to be hearing the gas from the thrusters washing over the
LM. He thought that perhaps the exhaust was forming a temporary local
atmosphere around the spacecraft.

He continued, “And you could certainly see it. Maybe I was visually seeing the
skin of the LM kind of flutter and I knew that should make a noise. I heard the same
noises every time we fired the engines after that. I don’t know if there could be
enough local atmosphere or whether you can get a reflected shock that you could
hear. I don’t know how it is, but, I know I could hear reflections off the LM before
we docked.” The mission’s commander John Young supported his pilot. “I think
that is possible, Ken, with the gas going out and coming back and bouncing off your
vehicle. There are a lot of particles in there.”

Ejection: freeing the lander
The final stage of the TD&E process was the ejection of the lunar module from the
top of the S-IVB, which was not a simple process of just throwing a switch and
watching it happen. Throwing the switch would come at the end, but first, they had
to get the signal from the switch in the CM, down past the LM to the pyrotechnically
fired spring thrusters that pushed the LM free. That meant that the CMP had to
connect two umbilical cables that ran power and signals between the two spacecraft.
However, to do that, he had to get into the tunnel, which is a short void between
the command module’s forward hatch and the lunar module’s overhead hatch.
Immediately after the docking, the tunnel was still a vacuum and the CMP had
therefore to bleed air from the CM into the void and, in doing so, he also fed air into
the LM cabin. Prior to launch, the dump valve in the LM’s overhead hatch was left
open so that, as the Saturn V lofted both spacecraft to orbit, the atmosphere within
the LM was gradually exhausted, leaving the interior essentially a vacuum. By
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Mike Collins working in the tunnel during training. Left, at the forward hatch. Right,
below the probe mechanism.

docking with the LM, the tunnel had been placed over the hatch and, therefore, also
over the dump valve. Consequently, when the CM cabin’s oxygen was fed into the
tunnel, it also entered the LM. Once the air pressure on both sides of the forward
hatch was equalised, the hatch itself could be removed, the umbilicals could be
connected to feed power to the pyrotechnic devices for freeing the LM, and a check
could be made to ensure that all twelve latches had properly engaged. Finally, the
switch could be thrown to eject the LM from the S-IVB and allow the Apollo stack
to continue its journey to the Moon.

None of these steps was simple, as each had its own checklist of items that had to be
set or verified to ensure that the crew did not configure the spacecraft in a way that
might endanger their lives. Each step was carried out in a slow, methodical fashion of
checks, verification and cross-checks, just to allow them to throw one switch.

THE FATE OF THE S-IVB

In some romantic sense, the S-IVB stage had the most bittersweet, almost tragic fate
of all the Saturn components. These large, perhaps elegant stages had been faithful
servants to their Apollo masters, who they dutifully sent onwards to the Moon. They
were spared the ignominious crash into the sea that befell their larger brethren, the S-
IC and the S-II. Instead, they were sent away from Earth to meet a celestial end. Of
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the ten manned Saturn V third stages — nine of which were Moon bound — half were
sent to impact the Moon’s surface at high speed in the name of science and lunar
seismometry, while the others flew away from the Earth—-Moon system to follow
lonely orbits around the Sun.

Once the Apollo spacecraft left them, they became spacecraft in their own right,
controlled from Earth and by their own internal systems in the Saturn’s instrument
unit until either their batteries ran out or the ground stations ceased to track the
receding hulks. The people who controlled the S-IVB from Earth had to use what
little residual propulsion the stage had left to achieve these final ends.

After translunar injection, both the S-IVB and the spacecraft were on very similar
trajectories which were basically long, elliptical orbits. However, the intervening
gravitational influence of the Moon determined the final fate of both craft. While the
Apollo spacecraft continued on a path to lunar orbit, the S-IVB was given one of two
fates.

For the early lunar Apollo missions, a decision was made to ensure that the S-IVB
would be taken well clear of the spacecraft and, in effect, dumped in solar orbit. To
achieve this, its remaining propulsion was used to slow it down, and while the
spacecraft passed the Moon’s leading hemisphere, the stage was targeted to pass the
Moon’s trailing hemisphere. By doing so, it received a gravitational slingshot that
threw it out of the Earth—-Moon system. This was the fate of four of the Apollo S-
IVB stages and they are out there, drifting still.

Although the Apollo 9 mission never went to the Moon, its S-IVB was
nevertheless sent out of Earth orbit as a rehearsal and it, too, orbits the Sun. Like the
others, it is slightly inside Earth’s orbit and periodically catches up with Earth.

Apollo 17°s S-IVB after extraction of the LM.
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As Apollo 17 headed out from the Moon, the crew saw something in the distance
flashing at them regularly. Jack Schmitt had seen it earlier and Cernan had caught a
glimpse of it. “‘Hey, Bob, I'm looking at what Jack was talking about,” said Cernan
to Robert Parker, their Capcom, “It is a bright object, and it’s obviously rotating
because it’s flashing. It’s way out in the distance. It’s apparently rotating in a very
rhythmic fashion because the flashes come around almost on time.”

They discussed the idea of turning the spacecraft around to enable them to look at
the object with their optics, which were mounted on the opposite side. What could be
seen out of the windows could not be viewed through the optics any more than
windows at the front of a house could be used to look around the back. Anyway,
Schmitt was in the habit of using a 10-power monocular to view Earth’s weather
patterns and when he trained it on the object, he reckoned it to be their S-IVB, some
way off.

“One unique thing about it, Bob, is that it’s got two flashes,” said Cernan. “As it
comes around in rhythmic fashion, you get a very bright flash; and then you get a
dull flash. And then it’'ll come around with a bright flash, and then a dull flash.”

“That’s the side of the S-IVB,” said Schmitt, “and then the engine bell, Gene.”

Cernan didn’t believe him. “The commander doesn’t think that I can see the
engine bell on that thing,” commented Schmitt.

“Roger, Jack. Is that with the monocular you’re looking at it?”” asked Parker.

“He couldn’t see the engine bell if he had ten monoculars,” said Cernan wryly.

“Bob, couple of revolutions ago when I was looking at it, I had a much brighter
view and I believe I was looking at it broadside,” said Schmitt. “It looks to me like it
may be flashing more or less end-on now. But it’s not as bright now as it was a while
ago. I just hadn’t put it together as maybe being the S-IVB. I thought it was just
some other particle out there.”

“Hey, Bob,” said Cernan later. “We got two of those flashers out there. They
could be SLA panels. I don’t know. They’re alike in intensity and pretty regular in
the bright and dim flashes they come out with, and they’re widely separated.”

We’ll never know whether Cernan and Schmitt were seeing the S-IVB stage or a
couple of SLA panels. But it was not the last meeting the human race would have
with an Apollo cast-off.

Intruder from outer space

On 3 September 2002, astronomer Bill Yeung discovered a faint, 16th magnitude
object that was orbiting Earth.! Initial excitement about this apparent asteroid,
designated JOO2E3, centred on the remote possibility that it might, one day, impact
Earth. As more data on its orbit was gathered, analysis showed that it could not
have been in Earth’s vicinity for long and had probably been in a heliocentric orbit
before being captured by Earth. Additionally, spectroscopic studies revealed that

! The apparent brightness of astronomical objects is stated in magnitudes. A bright star is
about magnitude 0, one at the limit of human eyesight is magnitude 6 while the faintest star
visible with an Earth-based telescope is about magnitude 25.



126 Retrieving the lander

its surface colour was consistent with titanium oxide, the pigment in white paint. It
was no asteroid.

Projecting the orbit of JOO2E3 around the Sun backwards in time showed that it
had previously been in the Earth—-Moon vicinity in 1971, around the time of the
Apollo 14 mission. However, since all of the components of that mission had been
accounted for, it could not have come from Alan Shepard’s flight. Suspicion shifted
to the Apollo 12 S-IVB.

After Richard Gordon had completed his TD&E exercise, the two Apollo 12
spacecraft, Intrepid and Yankee Clipper, continued on their path to the Moon in
November 1969. NASA intended that Apollo 12’s S-IVB should go the same way as
the previous Moon-bound third stages by having its residual propulsion slow it down
sufficiently to pass the Moon’s trailing limb and be slung into heliocentric orbit.
Unfortunately, a guidance error by mission control resulted in a burn that lasted too
long and the stage was slowed more than intended. It therefore passed too far from
the Moon to achieve a proper slingshot and instead entered a large Earth orbit from
which, due to a later encounter with the Moon, it subsequently escaped. As far as
anyone can tell, it was this S-IVB that Bill Yeung caught in his telescope that
September night.

Impact Moon

When Neil Armstrong and Buzz Aldrin went outside the lunar module Eagle for
their historic moonwalk, one of their tasks
was to place on the surface a seismometer
that would study moonquakes after they
departed. However, the project to produce
this instrument was conceived in a hurry. Its
power came from two small panels of solar
cells and, unfortunately, the chill of its first
lunar night permanently damaged it. It was
turned off during the next lunar day.

It fell to the next crew, from Apollo 12, to
place on the Moon the first full science
station, known as ALSEP, which included a
seismometer that drew its power from a self-
contained power unit. Subsequently, all
missions that reached the Moon’s surface,
except Apollo 17, emplaced seismometers,
creating a network of stations sited across the
near side. From Apollo 13 onwards, all S-
IVB stages were steered onto trajectories that
led to a violent end, each forming a new
crater on the Moon’s surface.

The lunar crater formed by the impact Flight controllers had two major sources
of Apollo 14’s S-IVB. Photographed of propulsion with which to control the
during the Apollo 16 mission. trajectory of the spent S-IVB. The two APS
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modules had some leftover propellant, and there was still a small quantity of LOX
that could be jettisoned through the J-2 engine nozzle under pressure from whatever
heat was leaking into its tank. Minor additional thrust came from dumping the
remaining hydrogen from the fuel tank and the helium gas from the pressurising
system.

Control of the nearly dead stage was seldom very accurate and controllers never
brought their rocket stage down on the Moon nearer than 150 kilometres from the
planned target. Nevertheless, they were able to track them accurately to their end
and the impacts provided lunar geologists with a seismic event of known energy
occurring more or less in a known place. With each successful S-IVB impact
sending lunar shockwaves to increasing numbers of seismometers, the quality of
information that could be mined from each impact improved and, eventually, the
network of instruments could provide triangulated readings from any impact,
natural as well as those due to the S-IVBs and the discarded ascent stages of the
lunar modules. These impacts yielded detailed information about the Moon’s
interior based on the travel time of the sound wave to the emplaced seismometers.
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Navigating to the Moon

CROSSING CISLUNAR SPACE

There is a poetic beauty to the Apollo flights which lies in the fact that the crews
navigated between worlds by sighting on the very same stars their ancestors would
have employed to guide boats and ships across the oceans of Earth. The maritime
connection even extended to the instrument used for the task, because the Apollo
spacecraft had its own sophisticated version of the sextant, an optical device used for
centuries by sailors to measure angles between stars, the Sun and Earth’s horizon.
Yet sighting on celestial objects was only one of a range of techniques that NASA
brought to bear on the problem of guidance and navigation, skills that had to be
mastered to ensure that 400,000 kilometres of space between Earth and the Moon
were crossed in both directions accurately and safely. These skills required
consummate finesse in the measurement of extremely subtle parameters, and
mathematical competence to interpret the results correctly, as excessive errors were
utterly and lethally unforgiving. This region of space, encompassed by the Moon’s
orbit around Earth, is termed cislunar space. Finding a way across it is therefore
called cislunar navigation.

The problem

Guidance and navigation underpinned much of the challenge of Apollo. Indeed, it is
crucial to any form of spaceflight and, consequently, major systems on board the
command module and lunar module were devoted to it, as were a large number of
consoles in the mission operations control room (MOCR, pronounced to rhyme with
‘poker’), particularly in the front row, known to its occupants as “The Trench’. These
were the flight dynamics guys and on a single shift, two flight controllers, GNC
(guidance, navigation and control) for the command module and Control for the
lunar module, kept a close watch on the hardware with which it was performed. A
further three — the guidance officer (Guido), the flight dynamics officer (FIDO) and
the retrofire officer (Retro) — thought about nothing other than where the spacecraft
was, where it was going and how it could return to Earth if something went wrong,
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respectively. As this is a necessarily complex topic that is not always amenable to
verbal description and requires a certain amount of three-dimensional visualisation,
it is worth taking some time out to discuss the problem and consider how it might be
solved.

Guidance is how to make a spacecraft go where intended. Navigation is how to
determine where a spacecraft is. Control is operating the hardware to ensure that a
spacecraft reaches its intended destination. Contrary to misconceptions raised by the
entertainment industry, spacecraft do not fly around the cosmos with their engines
ablaze. Instead, everything in space, be it spacecraft, our Earth or the entire galaxy,
generally coasts along following ballistic paths, moving in free-fall with their motion
determined by gravity. A major step towards guiding a spacecraft is to understand
how those paths work, and how they might be measured, predicted and then
controlled.

At its simplest, Apollo’s path to the Moon can be likened to throwing a stone. If
you throw a stone almost vertically, it follows a sharply curved path travelling
slowest when it is near the top of that path. Apollo’s trajectory was directly
comparable. After the spacecraft had entered Earth orbit, it was ‘thrown’ towards
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Apollo’s initial ellipse becomes a flight path to the Moon.
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the Moon by the S-IVB stage on an extended, curved trajectory away from Earth,
governed by the same natural laws that took the stone along its ballistic arc; one that,
without outside intervention, would reach a slow peak before falling back to Earth.

The trick for lunar flight was to work out the time and duration of the S-IVB’s
throw that would cause the Moon’s gravity to intervene on the spacecraft’s path in a
beneficial manner. By careful calculation, NASA’s trajectory experts picked the
correct place and time, and just the right amount of shove from the S-IVB’s engine, to
set up a rendezvous between the spacecraft and the Moon. For the three days in which
Apollo coasted on its extended ellipse out from Earth, the Moon moved a quarter of a
million kilometres along its own orbit (about a tenth of a complete revolution).

Had the technology of spaceflight produced some fabulous ship with unlimited
propellant, the trip could have been made much more quickly by having the crew fire
their engines all the way there and back, using brute force to expedite the journey.
Unfortunately, no space faring nation has yet had that luxury. Lifting propellant off
Earth’s surface and into space is an extremely expensive proposition. Having paid
dearly to get it there, it must be used in the most efficient manner possible to avoid
carrying any more propellant than is needed for the task. It was this type of thinking
that allowed the Apollo missions to be accomplished with a single Saturn V in the
first place. Flying through space using chemical rockets has always meant short
engine burns that modify long coasting flights.

It is helpful to think of the problem in terms of our stone-throwing analogy.
Imagine that someone kicks a football high across a field and that you throw your
stone from underneath, at the right time with the right force to hit the ball. This
would be analogous to a spacecraft being sent to the Moon and impacting its surface
— not something Apollo would want to do, but a fate that deliberately befell the
Ranger probes in the early-to-mid-1960s. But if the stone had been travelling a little

Diagram of a stone and football thought experiment
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more slowly, the football would fly across its path early, leaving the stone to coast
past the ball’s trailing side. If the stone had been moving a little faster, it would reach
the football’s flight path before the football arrived, and would therefore pass in
front of it. Finally, if there was a way to control the timing and force of the throw
accurately, and then to study the stone’s flight path very carefully and change it if
required, the stone could be made to pass the leading side of the football by any
number of millimetres we wished.

Getting an Apollo spacecraft to the Moon was a very similar exercise except that a
football has no appreciable gravity and the Moon does, and this had to be taken into
account. If the trajectory inherited from the TLI burn was correct, the spacecraft
would miss the Moon by about 100 kilometres, but it would be pulled around the
lunar far side and slung in the direction of Earth in an approximation of the
intrinsically safe free-return trajectory. This was when the spacecraft was to
intervene by firing its SPS engine. It was fired near the point of closest approach to
slow the spacecraft and have it enter lunar orbit. But what would have happened if
the Moon-bound trajectory had not been precisely right? If the spacecraft were
moving towards the Moon too quickly, it would have reached the Moon’s distance
too early and have flown over the surface at a higher altitude. A failure of the SPS
engine to slow the spacecraft down for lunar orbit would have allowed it and its crew
to sail on into deep space, never to return, at least not alive. At the other end of the
error scale, an ever-so-slightly slow coast would have reduced their miss distance
with the Moon, creating a very real risk of the spacecraft impacting the lunar surface
as it swung around the far side.

It was obviously critical to the lives of the crew that the spacecraft be placed onto
the ideal Moon-bound trajectory. It was equally important to determine whether or
not that trajectory was being followed. One of the inherent problems in ballistic
flight is that tiny perturbations early in a trajectory have large effects when followed
forward to its destination. Even an apparently perfect trajectory from the TLI burn
contained errors initially too small to measure, but whose effects became apparent
through time. Additionally, ground controllers had to understand the many factors
that could interfere with Apollo’s trajectory, the most significant of which was the
size and direction of the push given to the spacecraft by the S-IVB at translunar
injection. Despite being well-engineered and controlled, this rocket stage, like any
rocket in existence, was unlikely to deliver a perfect burn. There was always some
small deviation from the ideal that would later have to be compensated for.
Additionally, as the spacecraft coasted to its destination, housekeeping manoeuvres
carried out by the crew using the RCS thrusters tended to cause tiny changes to the
trajectory. Also, the expulsion of any liquids or gases by the crew as part of their
daily operation generated tiny thrust forces. Water vapour from the spacecraft’s
cooling system, waste water from the fuel cells as they generated electricity, and urine
from the crew were all necessary emissions that generated sufficient thrust to perturb
their trajectory. To compensate for all these compounded perturbations, the crew
had to make small correction burns. However, they had to know how much
correction to make, and to do this it was necessary to measure their trajectory with
extreme accuracy.
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The state vector of a thrown stone.

The state vector

In order to describe a flight path in space, the trajectory experts simply need to know
two things: where the spacecraft is and how fast it is going at any particular time in
the flight. But before they can express these two concepts they must have some frame
of reference against which to measure them.

If I were throwing a stone across my back garden and wished to define its path —
assuming I had access to the necessary measuring equipment — I might be able to
state that 1 second into its flight, the stone was 4 metres from my neighbour’s fence
behind me, 3 metres above the lawn and 2 metres from my house wall. For the same
moment in time, I could also analyse the stone’s speed, stating how fast it was
moving away from the fence, its speed away from or towards the lawn, and how fast
it was moving with respect to my house. In total, for that moment in time, I would
have six numbers that would not only define the stone’s position and speed in three
dimensions, but could also be applied to Newton’s laws of motion to predict the
stone’s continuing journey.

Describing a spacecraft’s trajectory is exactly analogous. Its position and speed at
a given time are expressed in three dimensions with respect to some reference or
sense of which way is up. Position is expressed as three coordinates; each plotted
along the x, y and z axes of the current reference. Likewise, speed is resolved to three
velocities, a definition of speed where the direction of motion is taken into account;
and again, they are plotted along the x, y and z axes. This set of six numbers is
collectively known as the state vector. Computers use the state vector as a starting
point in their calculations and extrapolate the flight path forward from that point to
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predict where the spacecraft will be at any time in the future, given the gravitational
fields of any bodies in the solar system that would significantly affect its flight
through space. Since the lives of the Apollo crews depended upon the accuracy of a
spacecraft’s state vector, a lot of effort was expended in refining it.

In the early days, around the time Apollo became a mission to the Moon as
opposed to being a generic, advanced spacecraft whose role had not been defined,
managers expected that the state vector would be determined solely by the crew.
Apollo had become a part of the Cold War, a grab for prestige by the United
States at a time when they and the Soviet Union stared at each other, each with
nuclear weapons in hand, waiting for the other to blink. There were serious
concerns that the Soviets might try to interfere with the Apollo flights, perhaps by
jamming radio transmissions, therefore it was decided that the guidance and
navigation system should be completely autonomous. Once dispatched to the
Moon, the crew should be able to navigate, conduct their mission, and return
home entirely without assistance from the ground. This philosophy drove the
design of the spacecraft’s guidance system by the Instrumentation Laboratory of
the Massachusetts Institute of Technology. However, by the time Apollo was
ready to fly, a lot had changed.

In the mid-1960s, NASA had begun to send probes to the Moon that were either
deliberately crash-landed (the Ranger probes), soft-landed (the Surveyors) or sent
into orbit (the Lunar Orbiters obviously). These were mainly for reconnaissance
purposes in support of Apollo, with some scientific gain coming off the back of
them. With time, the people running these missions became increasingly adept at
controlling their spacecraft from the ground. Moreover, techniques to accurately
determine the state vector from Earth using radio tracking were refined to levels of
exquisite accuracy. Also, although Cold War rivalry was still real, it had become less
belligerent. NASA decided that ground-based techniques would be the prime means
of determining the state vector. The crew would still make their own separate
determination, but only as a backup to be used in case of emergencies.

GROUND-BASED TRACKING

Keeping track of a spacecraft’s motion far away from Earth is a wondrous
application of human ingenuity and knowledge. It requires a blend of heavy
engineering to build and control huge dish antennae, allied to the subtle, precise
reception and measurement of vanishingly weak radio signals.

Two techniques were used for Apollo tracking and both of these were cleverly
interwoven into the same radio signals that carried all the communication between
the spacecraft and Earth: voice, television and telemetry from the spacecraft’s
systems and data uploads from the ground station on Earth to the spacecraft’s
computer. Because so many functions were brought together into one S-band radio
signal, the system was known as Unified S-band. Its tracking capability could
determine range and radial velocity — that is, the distance to the spacecraft and how
fast it was approaching, or receding from, the antenna system on Earth.
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Doppler radar trap

The measurement of radial velocity relied on the Doppler effect, whereby the
movement of a transmitter altered the received pitch or frequency of whatever wave
was transmitting. This is familiar to most people as the change in pitch of a constant
note, perhaps from an engine or a horn, as it passes the listener. We hear its pitch
drop as it passes by and departs. The same effect applies to radio transmissions
where the frequency of the received signal changes slightly according to whether the
transmitter is approaching or receding from the receiver. This frequency can be
accurately measured and, by knowing the precise frequency with which it was
transmitted, the velocity of the transmitter can be calculated. The system is similar in
some respects to radar speed traps used to catch speeding car drivers.

To use the Doppler effect well, the frequency of the transmitted signal from the
spacecraft had to be known with great precision. The equipment to generate a signal
of sufficient accuracy — one whose frequency was precise and stable despite the
thermal extremes of space, would have been excessively heavy and power-hungry.
However, an elegant solution existed that kept the heavy equipment on the ground,
yet could yield a measurement that was more accurate than that attainable by having
the generating equipment on board. Instead, engineers simply arranged for the signal
that carried voice and data from Earth to be modified in the spacecraft in a known
way, and retransmitted back to the ground, this time carrying information from the
spacecraft. If the frequency of the signal from Earth was precisely known, then so
was that from the spacecraft.

For Apollo, the ground station transmitted data and voice signals from mission
control to the spacecraft on a carrier signal called the uplink. This carrier was
synthesized from a very accurate frequency standard installed at the station. Ground
stations supporting the Apollo programme had some of the most accurate frequency
standards available at the time. For the CSM, the carrier had a frequency of
2,105.40625 MHz while that for the LM was 2,101.802 MHz. On reception by the
spacecraft antenna, an onboard transponder took this signal, multiplied its
frequency by the ratio of 240/221 (about 1.086) and sent it back to Earth, using
this new signal as the carrier for the downlink.

When received by the ground station, the precise frequency of the downlink was
measured and compared to the uplink. If the precise 240/221 relationship was
maintained, the spacecraft was neither approaching nor moving away from the
ground station, such as when moving across the face of the Moon. A higher received
frequency meant that the spacecraft was approaching; a lower frequency indicated
receding motion. This was a very powerful system because it measured Doppler shift
over both the up and down legs of the signal’s journey, doubling the sensitivity of the
system to the point where it could even detect the velocity change caused by the
minuscule thrust that was generated when the crew dumped their urine overboard.

Cosmic tape measure

The second ground-based tracking system determined the range or distance to the
spacecraft by measuring delay. Most people are familiar with the annoying delay
introduced into television interviews carried out over satellite links. It takes light,
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and therefore radio about one and a quarter seconds to travel from the Moon to
Earth, so the return travel time for a signal to a spacecraft at the Moon is about two
and a half seconds. Engineers used this delay to measure range by putting a marker
onto the radio signal which the spacecraft preserved and returned to Earth. The
marker consisted of a digital code called pseudo-random noise, essentially a very
large random number carefully chosen not to add undesirable artefacts to the radio
spectrum. When the spacecraft synthesised the downlink carrier using the 240/221
relationship, it preserved this code, and sent it back to Earth. Engineers recovered
the code and compared it with the transmitted code, ‘sliding’ one over the other until
they matched. The amount of ‘slide’ yielded a time for the round trip, and hence,
knowing the speed of light which is fixed, the distance. This technique was powerful
enough to measure a spacecraft’s distance with an accuracy of better than 30 metres,
and it could do so to a distance of nearly a million kilometres. For all of these
ground-based systems, the movement of the ground station due to the rotation of
Earth had to be taken into account before deriving measurements of the state vector.

NAVIGATION FROM THE SPACECRAFT

An entirely different method of determining position and velocity was used in the
spacecraft, which relied on sightings of the stars, Earth and the Moon. It was
designed by MIT under the direction of
Charles Stark Draper. To reinforce his faith
that his team could successfully come up with
an accurate system to navigate to the Moon
and back, and to the mirth of folks at NASA,
he put himself forward as an astronaut
candidate. The MIT system was based on a
computer, an inertial platform, and optical
devices that were directly descended from an
instrument used by generations of sailors to Apollo 17 commander, Eugene
navigate across the world. Cernan, in front of the optics panel

On the side of the command module  on board America.
opposite the hatch, were two apertures in the
hull that accommodated the spacecraft’s optics. The smaller was for a so-called
telescope, although it hardly justified the name as it had only a ‘times-one’
magnification. Neil Armstrong later quipped, “NASA is probably the only
organisation in history that’s been sold a one-power telescope.” Its function was
to give the CMP a wide-angle overview of the constellations visible at that side of the
spacecraft as an aid to pointing the other instrument, the sextant.

The second aperture in the hull was a disk and slit affair that accommodated the
objective optic of the sextant, a 28-power device used by the CMP to measure angles.
Like a mariner’s sextant, it had two lines of sight with the ability to move one with
respect to the other. The version used by marine navigators for hundreds of years
works by viewing the horizon through a small telescope mounted on an arc which
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sweeps through one-sixth of a circle (hence the name °‘sextant’). A mirror
arrangement on a radial arm permits the image of a celestial body (the Sun, Moon
or a star) to be aligned with the view of the horizon. The angle between the two could
then be read off a scale at the circumference of the arc. If carried out when the Sun
was at its highest point, this measurement could yield the ship’s latitude.

The role of the sextant on the Apollo spacecraft was similarly to measure angles,
and it worked in much the same way, but with huge refinements. It also had two lines
of sight — one fixed, the other movable — both of which peered through the slitted
disk in the spacecraft’s skin. The fixed line of sight, also called the landmark line of
sight (LLOS), had to be aimed by controlling the attitude of the entire spacecraft. A
dense filter was placed in its light path so that the relatively bright horizons of Earth
or the Moon would not swamp the stars with which they were to be compared. The
movable line of sight was usually aimed at a star, and was thus called the star line of
sight (SLOS). It could be swung up to 57 degrees away from the fixed line of sight to
bring the image of a star into alignment with the image of the horizon. It was
important that the star image be placed on that part of the horizon that was nearest
to or furthest away from the star, depending on which horizon was lit. Because the
computer was closely integrated with the optics, the angle between the two lines of
sight could be directly fed to it and used in its calculations of the state vector. The
entire optical head could be rotated about the fixed line of sight and, as it did so, the
disk on the outer surface of the spacecraft also turned to accommodate it. A crude
sextant had been tested during the Gemini programme with mixed results. Mike
Collins had tried using two hand-held models without success on Gemini 10. Later
on Gemini 12, Buzz Aldrin brought one into play to help with angle measurement
during a rendezvous after the spacecraft’s rendezvous radar had failed.

This ability to measure the angle between a planet’s horizon and a star was what
enabled onboard determination of the state vector to work. As a spacecraft coasts
from one world to another, the apparent position of either orb against the stars will
change, and this change will reflect the progress of the craft along its trajectory. The
angle between the planet and the star at a particular time can only be valid for a
single trajectory given the laws of celestial mechanics and the layout of our solar
system. It can therefore be used by an onboard computer to calculate their current
state vector. Repeated measurements could be used to refine the state vector.
Because Program 23 in the computer was being used for this task, crews referred to
their navigation task as doing a ‘P23’.

One of the problems encountered when this system was being finalised was the
difficulty of knowing exactly where the horizon of a planet was. Firstly, there a
50:50 chance that the point on a planet’s horizon nearest the star being used would
be in darkness. To work around this, the CMP had to tell the computer whether he
was using the nearest point or, if it was dark, the furthest point of the horizon
relative to the star he was using. The second problem was that optical navigation
was most sensitive when the spacecraft was near the planet on whose horizon the
CMP was trying to sight. Unfortunately, the nearer they were to Earth or to the
Moon, the less well-defined was the horizon. In the case of Earth the atmosphere
blurred the precise edge of its limb, and the rough terrain on the Moon could make
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its limb decidedly knobbly when
observed up close. Based on the
pioneering work of Jim Lovell, who
proved the onboard guidance system
during Apollo 8, MIT set up a
simulator to train the astronauts
how to choose an appropriate hor-
izon when trying to mark on a nearby
Earth or Moon.

During the flights, the CMPs made
it a matter of pride to excel in their
navigation exercises, even though, in
CMP Jim Lovell sighting through Apollo 8’s most cases, their results were only
scanning telescope. meant as a backup in case commu-

nications were lost. Nevertheless, a
friendly rivalry existed between some crews and the trajectory experts on Earth as to
whose evaluation of the state vector was the most accurate. When Lovell put the
onboard navigation system through its paces for the first time, there was a lot of
interest in his results. Two days out from Earth on Apollo 8, and one day from the
Moon, Lovell informed mission control of his progress with the P23 navigation
work. “It might be interesting to note that after sightings, we ran out P21, and we
got a pericynthion of 66.8 [nautical] miles.”

Lovell had used P21 in the spacecraft’s computer. He had simply entered a time
and the computer returned an altitude above the Moon’s surface for that time based
on its calculations using his state vector. As he knew roughly when they should
arrive, he tried entering times at 10-minute intervals around their expected closest
approach. With each advancing time entered, he noted how their predicted altitude
above the lunar surface dropped, reached a minimum value, and then began to rise
again. The point where it reached a minimum was their pericynthion — the
spacecraft’s closest approach to the Moon. The point Lovell was making to mission
control was that his predicted value for the pericynthion was very near the ideal of 60
nautical miles (110 kilometres). Bill Anders’s wit intervened. I knew if he did it long
enough, he’d finally get one that was close.”

Lovell continued making P23 measurements and checked his resultant state vector
once again with P21. Frank Borman informed Mike Collins in Houston of his
results. “Mike, we ran the latest state vector we have through the P21, and it showed
the pericynthion at 69.7 [nautical] miles. We’ve got the navigator, par excellence.”
This may have been a gentle dig at Collins, who had originally been CMP on the
Apollo 8 crew until he had to withdraw to undergo surgery. Nevertheless, the flight
controllers were impressed. “You can tell Jim he is getting pretty ham-handed with
that P21,” congratulated Collins. “He got a perilune altitude three-tenths of a mile
off what we are predicting down here. Apparently, he got 69.7 [nautical miles], and
the RTCC says 70.” The RTCC was the real time computer complex, a bank of huge
IBM-360 mainframe computers at mission control that were processing the radio
tracking data.
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Thus, at the first outing of the Apollo navigation system, two entirely different
systems were coming up with determinations of the spacecraft’s position that agreed
to within 500 metres at a range of 300,000 kilometres out from Earth. It was a huge
confidence boost, proving that the engineers had done their work well. Procedure
dictated that Lovell’s determination would be noted, but the crew would be
instructed to place a switch into the correct position to accept data uplinked from the
ground, whereby the Earth-based solution would be sent up by radio and loaded
directly into the onboard computer’s memory where it would supplant Lovell’s
effort. Apollo 8’s navigator saw the opportunity for a little one-upmanship.

“Houston, Apollo 8,” called Lovell.

“Apollo 8, Houston,” replied Collins.

Lovell then jokingly reversed the usual procedure. “Roger. If you put your
[telemetry switch] to Accept, we will send you our state vector.”” Mission control had
no such switch and the request was in jest. But Lovell knew his state vector was as
good as theirs and Collins knew it too. “Touché,” Collins responded.

Later, as Apollo 8 coasted back towards Earth and Lovell continued his P23
navigation exercises, it was hard to say whether his solution or the one from Earth
was better. Jerry Carr informed the commander: “Frank. Let him know the state
vectors have converged. They are very, very close now.”

“Is that right, Jerry?” replied Borman. “Okay. I'll tell him. Thank you.”

“Don’t let his head get big, though,” suggested Carr.

“You guys are going to make it impossible to live with him,” moaned Borman.
“It always was pretty hard.”

A day later, Lovell was doing even better. Carr brought the bad news. ““I hate to
tell you this, Frank, but that last set of marks put your state vector right on top of
the [ground’s] state vector.” Borman returned with a mock plea. “Come off that,
Jerry. Come on; you promised.”

The mid-course correction

The purpose of determining the state vector was to see if their course to the Moon
was true and, if not, to do something about it. With this in mind, seven occasions
were set aside in the flight plan for possible trajectory corrections; four on the way
out and three for the return trip.

Having determined the state vector and calculated the current trajectory, FIDO —
the controller primarily concerned with planning the spacecraft’s trajectory — then
brought the RTCC computers to bear on the task of working out the magnitude and
direction of a mid-course correction, the manoeuvre that would restore their current
path to the ideal. If the mid-course correction was small, as it usually was, it could be
made with the RCS thrusters on the side of the service module; otherwise the SPS
engine was called upon to make larger changes to the trajectory. On some occasions,
the flight controllers deliberately started the crew on a trajectory that was slightly
away from ideal in order to allow them to correct it using the SPS, thereby providing
an opportunity to exercise the big engine and see how well it worked. Everyone knew
how crucial this engine was and even a short burn lasting a second or two — little
more than a burp — generated reams of engineering data.
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Having worked out the details of any required burn and checked them carefully,
FIDO passed all the information on a standard form where about six copies would be
made using no-carbon-required paper. Capcom read the top copy up to the spacecraft
as pre-advisory data (PAD) — a list of numbers abbreviated down to barely the digits
with units and decimal points omitted. Accuracy and interpretation was much easier
when the PAD was laid out on a standard form. On board, the list was copied, usually
by the LMP, onto an identical form and read back to Earth as a check of their
accuracy. As the time for the burn approached, the data from the PAD was entered
into the first of a series of programs on the computer that automatically controlled the
burn. The PAD included three items that were crucial for the burn: when it should
occur; the amount by which it should change the spacecraft’s velocity; and the direction
in which the spacecraft should be pointing at the time of the burn. The PAD also
included supplementary data: some was for the computer and its control routines; some
was to improve the safety of the burn by offering details of backup methods of shutting
down the engine; and some was to ensure that the attitude of the spacecraft was correct.

When flying in space, and especially when firing engines, knowing the direction in
which a spacecraft is pointing is of paramount importance, and three methods of
checking this were included in a typical PAD. A crewman could look through the
sextant, having previously aimed it to a given angle, where he would expect to see a
specific star centred in the eyepiece. A second check came from sighting another star
with the COAS, having first mounted this sight in a window to look in a known
direction. Their primary method of attitude determination relied on one of the major
systems on board the spacecraft; the guidance and navigation (G&N) system with its
inertial measurement unit (IMU) — a gyroscopically stabilised platform built into the
spacecraft’s lower equipment bay below the optical systems. With the spacecraft
aimed correctly and the PAD data entered into the computer, the burn could be
controlled automatically or manually, as desired, with its results displayed for the
crew to monitor.

THE GUIDANCE AND NAVIGATION SYSTEM

The guidance and navigation system on board the Apollo command module was not
only used for cislunar navigation exercises. It also formed an entire control system in
itself that, to list just a few of its abilities, could be used to manoeuvre the spacecraft,
control its attitude and make calculations relevant to many operations that might be
carried out in orbit or during cislunar coast. It could fire the SPS engine, calculate
the size and shape of orbits, aim cameras and other instruments at any target or
maintain a desired attitude.

The design of the G&N was one of the first contracts awarded by NASA after
President Kennedy set his lunar challenge. It was given to MIT, which had gained
much experience in this field by designing inertial navigation systems for the US
military for use in submarines, aircraft and the Polaris missile system. The design
was based around three tightly integrated systems that worked together to provide a
large range of functions.
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How can you get to the Moon with just that?

At the core of the G&N system was the Apollo guidance computer. Now seen as
primitive in comparison to its successors, it was nevertheless one of the items in the
Apollo programme that helped to drive forward important technologies in
electronics and computing. It demanded compactness and low power consumption,
allied with high computational power — capabilities that could only be performed by
a new device that was just coming out of American research laboratories: the
integrated circuit or ‘chip’. When production of computers for the Apollo
programme was at its peak, it consumed fully half of the world’s output of
integrated circuits to construct only the 75 units that were built between 1963 and
1969.

It is common for the Apollo guidance computer to be compared with modern
domestic computers. More often, people display incredulity that a task perceived to
be as complex as a mission to the Moon could be achieved with a computer no more
powerful than a digital watch, pocket calculator or some other lowly item of
electronic hardware. This is to misunderstand the nature of computers and how they
work. Though limited in resources, the Apollo computer was carefully programmed
at the machine code level. It did not require huge resources because its functions
were very narrowly defined. The layers of abstraction that go into modern
programming, where a high-level language has to be translated to a lower level of
coding, were largely unnecessary, and computing power was not required to support
sophisticated ancillary devices such as video displays. There was no word processor,
spreadsheet, or even a simple decimal calculator, and it lacked even a QWERTY
keyboard. Rather than make comparisons with modern stand-alone computers, the
Apollo machine is better thought of as being like an embedded controller, tightly
integrated into the spacecraft systems around it.

In hardware terms, too, it can be difficult to directly compare then and now.
There was no one-chip processor at the heart of the machine. The processing unit
was a card full of simple chips whose processing cycle was a seemingly meagre 80,000
cycles per second. The data moved about the machine, arranged as 15-bit words
(plus a parity bit to detect errors) whereas computers from later generations settled
on 8, 16, 32 or even 64 bits. Its sparse memory was very carefully and efficiently
programmed with an extensive range of routines to assist the crews with the
operation of their spacecraft. There were a total of 44 programs in the case of
Colossus III — which was the name given to the software loaded into Apollo 15’s
command module computer — packed into the equivalent of about 64 kilobytes of
computer memory and stored on hand-verified, machine-wired core rope, an archaic
memory technology that is no longer in use.

The crew ‘spoke’ to the machine in a language of programs, verbs and nouns.
Programs were numbered in groups according to the broad field of operation with
which they were concerned. For example, programs used for the spacecraft’s descent
to a planet’s surface were numbered in the range 61 to 67. Four programs for
aligning the guidance system were numbered from 51 to 54. The selection of these
programs and the functions they offered were not arrived at easily. As Apollo went
through its gestation, engineers, planners and crews wanted the computer to handle
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an ever-increasing range of tasks, but had a poor grasp of exactly how these should
be achieved. Soon programmers complained that the meagre memory available to
the computer was filling up, causing management to set up an elaborate bureaucracy
to carefully define what was essential, how best to achieve it, and what could be left
off the machine. In truth, the computer was always running a number of programs
simultaneously in order to carry out background tasks such as updating the state
vector, but one program was dominant at any one time, and was known as the major
mode. The crew could call up a program as necessary, or in some cases one program
could call up another.

The crew gave the computer instructions using numerical codes called verbs. For
example, Verb 49 was an instruction to automatically manocuvre the spacecraft to a
new attitude, and Verb 06 instructed the computer to display a requested value in
decimal form. Any value that the
crew might wish to access was given a
name, called a noun. Each noun was a
numerical code that led to a value or
a set of values stored in the computer.
For example, during launch, the crew
ran Program 11 and punched in Verb
06, Noun 62 which asked the com-
puter to display, in decimal form,
three values that told them their
speed, their height and how rapidly
that height was changing.

All interaction between the crew
and the computer was by way of a
dedicated display and keyboard, affec-
tionately known as the DSKY and
pronounced ‘diss-key’. This had ten
numerical keys, a plus key, a minus key and seven other control keys that allowed
the crew to engage in a dialogue with the computer. Above the keyboard were a
cluster of lights to indicate the status of the machine and an arrangement of seven-
segment displays, stacked vertically. Three of these displays, each with five digits,
allowed the crew to enter data into the computer, or let them read the result of the
computer’s efforts. To keep the machine’s programming simple, there was no facility
for the decimal point. Number entry and readout could be in octal or decimal and
was pre-scaled with the position of the decimal point assumed. It was left to smart
astronauts to know where it was.

Apollo crews came to respect the computer’s reliability and capability. David
Scott said in 1982, “With its computational ability, [the computer] was a joy to
operate — a tremendous machine. You could do a lot with it. It was so reliable, we
never needed the backup systems. We never had a failure, and I think that is a
remarkable achievement.”

This was not a stand-alone machine. It was tightly integrated into the spacecraft
around it. It was able to both control and read the angles to which the optical

A display and keyboard (DSKY), a crew’s
interface with the computer.
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systems were aimed; it could start and stop the engines; and it could adjust the
spacecraft’s attitude based on the reference it gained from the gyroscopically
stabilised guidance platform, i.e. its knowledge of which way was up.

The computer in the command module was called the CMC, for command module
computer. The lunar module had an essentially identical machine, the LGC or lunar-
module guidance computer, which necessarily operated a different version of the
software, named Luminary. Programming had to be specific to the tasks that were
relevant to the spacecraft. For example, the LGC had to handle the lunar landing
whereas the CMC needed routines for Earth re-entry. Also, the systems into which
the computer was integrated were substantially different; for example, whereas the
CMC only needed to start and stop the SPS engine, the LGC needed to control the
throttle capability of the LM’s main engine. They were not interchangeable.

The optics, described previously, formed the second part of the system in the
command module. The sextant and telescope were not only useful for navigation,
but being motorised they could also be commanded to sight on landmarks and track
them to maintain the line of sight as the spacecraft passed overhead. The sextant’s
optical power and tracking capability were such that a crewman in the command
module could peer through its eyepiece and, if the coordinates were correct, see his
colleagues’ landing craft on the lunar surface while passing more than 110 kilometres
above at a speed of nearly 6,000 kilometres per hour. Moreover, he could take marks
that allowed the exact position of the lunar module to be calculated and refined.

The third major element of the guidance and navigation system defined which
way was up.

Which way is up?

Standing on Earth, we know, to the depths of our being, which way is up because
gravity defines every action we take. On a spacecraft, any sense of direction that the
crew has is artificially imposed by their personal knowledge of the cabin, its layout
and their view from the windows. Beyond that, there is no up or down in space.
However, to aim an engine in the correct direction and get to a destination, there
must be some measurable definition of which way is which; up, down, left, right,
back, forward. In fact, there were many operations on board the Apollo spacecraft
that needed some sense of direction — although not the same sense in all cases. To do
that, engineers had to provide a reference against which the spacecraft’s current
orientation was to be measured. Once again, the answer was in the stars.

The Earth, Moon and the rest of the solar system are, along with the other stars
that make up the Milky Way galaxy, wheeling around the galaxy’s centre at speeds
that are literally out of this world, but taking 250 million years to make one
revolution. Although they mostly move in roughly the same direction, each star
takes its own, independent path because it is tugged and pulled by the gravity of the
stars around it. However, the galaxy’s size is immense; it takes many thousands of
years for a light beam to travel across the galactic disk, and on the scale of humans
and our meagre range of travel, the stars appear to be fixed points. Their apparent
motion is so slow that over a human lifetime they hardly move, and throughout the
centuries of human exploration their seemingly static display has provided a useful
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A schematic of the guidance platform and its supporting gimbals.

‘fixed’ reference against which progress could be metered. Apollo continued a long
tradition of employing the stars for navigation.

We have already seen how the angular relationship between a star and a planet
could be used to pin down a spacecraft’s position and velocity. The stars contributed
in another essential way by helping to define direction. The magnitude of an engine
burn was not only important to its success, but it had to be fired with its nozzle (and
hence the spacecraft) aimed in the right direction. Correcting for any misalignment
would be wasteful of precious propellant, and such misdirection could possibly
jeopardise the crew. The orientation of a spacecraft in space is known as its attitude
(not to be confused with altitude) and, in an Apollo spacecraft, measuring attitude
was the role of the inertial measurement unit (IMU).

Encased in a spherical housing a little larger than a soccer ball, the IMU consisted
of three nested gimbals that supported a platform at their centre. Their arrangement
isolated the platform from the spacecraft’s structure. The platform carried three
gyroscopes mounted orthogonally (at 90 degrees to each other). If a change in
orientation was detected, the gyroscopes signalled motors to return the platform to
its previous orientation. This arrangement ensured that as the spacecraft rotated this
way and that, the orientation of the platform remained the same, at least for a few
hours. The attitude of the spacecraft could then be measured, relative to the
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platform’s orientation, by encoders
built into the axes of the gimbals,
yielding three angles that told the
computer the direction in which the
spacecraft was pointing.

The spacecraft attitude angles
were displayed to the crew using the
elegant (and elegantly named) flight
director/attitude indicator (FDAI)
which was more usually referred to
as the ‘8-ball’. It is best to think of
this as the spacecraft’s equivalent of
One of the two FDAIs on the Apollo 15 CSM the ?.rtiﬁcial horizon display found in
Endeavour- the instrument panel of almost every

aircraft, and its inclusion reflected

the aviation background of the crews
that flew Apollo. Usually, the ball at the centre of the display was driven to match
the orientation of the platform. If the spacecraft rotated, it would appear to do so
around the 8-ball, mimicking the way it actually rotated around the stable platform.
Graduations marked on the ball’s surface then allowed the crew to read their current
attitude off the display as degrees of pitch, roll and yaw. Further meters and needles
built into the FDAI told the crew where their ideal attitude was, and how fast they
were rotating. The reason for calling it an ‘8-ball’ was a red disk on either side of the
ball. This represented a range of attitudes that the spacecraft should keep away from,
which we shall discuss later. Each spacecraft had two FDAIs on its instrument panel,
for redundancy.

The IMU had another important function. As well as providing a reference
against which the spacecraft’s attitude could be determined, its stable platform also
provided an excellent base for the measurement of acceleration. Mounted alongside
the gyroscopes were three accelerometers that detected changes in velocity along the
three axes of the platform. Measurement of acceleration allowed the computer to
calculate the effect of an engine burn. If you start from a known point in space,
measuring acceleration will tell you how much your velocity has changed. Knowing
your velocity allows you to calculate how your position has changed, and position is
an important element of the state vector. Although the state vector was periodically
determined externally by the ground or the crew, the IMU’s ability to measure
acceleration accurately allowed the G&N system to update the state vector on an
ongoing basis, especially during engine burns.

In the realm of guidance and navigation, the IMU’s measurements only made
sense if the computer knew which way the platform was oriented in space, i.e. which
way was up, and this required some kind of external fixed reference. Neither Earth
nor the Moon could be used because the spacecraft was moving substantially with
respect to both of these bodies. Instead, the platform’s orientation was defined
against a frame of reference for which the stars were the fixed points.
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Captain REFSMMAT
The set of numbers that defined the desired orientation of the platform had their
own peculiar abbreviation — the REFSMMAT, a remarkably simple concept
couched in very opaque terms. Not only was this acronym extraordinary in its size, it
was also ubiquitous, being peppered throughout the crews’ conversation with the
ground and their documentation. It stood for reference to a stable member matrix, an
incomprehensible jumble of jargon; but it was — S
simply a numerical definition of an orienta- 7“‘P"-“?"SW"---“F??“}_?ff‘f‘f._."‘fjf""?‘:ff,,
tion in space, one to which the platform could
be aligned. Being an inertial orientation, it
was defined with respect to the stars and
therefore, the alignment of the platform was
always carried out by taking sightings on the
stars with the scanning telescope and sextant.
Ed Pavelka was one of the flight controllers
who occupied the FIDO console in the Trench
at mission control. As a way to cement the
esprit de corps among the flight dynamics
team, he invented a fictional character called
Captain REFSMMAT who represented the
ideal flight controller. Urged on by one of his
bosses — the tough but sensitive Eugene Kranz
— Pavelka imagined a figure of military stature
with a radar. ig his helme.t, and drew a series of One of Ed Pavelka’s drawings of
posters depicting Captain REFSMMAT and  cuptain REFSMMAT. (Courtesy of
his arch enemy, Victor Vector. During the Chuck Deiterich.)
Apollo years, people in the MOCR scribbled
little comments on these posters, often sarcas-
tic, to let off a little steam.

P52: a quest for ‘all balls”
Although the IMU was finely engineered, the platform inevitably drifted very slowly
out of perfect alignment with the REFSMMAT, and had to be realigned at regular
intervals. Naturally, the CMP turned to the spacecraft’s optical system to take
sightings of the stars. Because this task was carried out in conjunction with the
computer using Program 52, it was simply known as doing a P52, another ubiquitous
term in Apollo jargon. If the crew needed to perform any kind of propulsive burn,
which always required accurate aiming of the spacecraft’s engines, then a P52 was
performed beforehand as a matter of standard procedure. It was also carried out if
some time had elapsed since the previous P52 because many other operations, such
as the aiming of cameras and cislunar navigation, depended on a properly aligned
platform. At any rate, engineers were keen to monitor the rate of drift of the
platform as an indicator of the IMU’s overall health.

With two stars, a P52 could determine the orientation of the entire universe around
the spacecraft. With the spacecraft held in a steady attitude, the sextant’s movable line
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of sight was pointed towards a specified star. Once the star was accurately aligned in
the eyepiece graticule, a button was pressed to tell the computer to note the star’s
apparent position with respect to the slightly misaligned platform. The sextant was
then aimed at a second star, where another mark was taken. The computer now knew
where the stars appeared to be and, from its internal knowledge of where they really
were, could calculate the amount by which the platform had drifted since its previous
realignment. These angles were usually very small, and were expressed to an accuracy
of thousandths of a degree. Their values were displayed on the DSKY to be passed on
to the controllers in Houston, and indicated how the gimbals needed to be rotated, or
torqued, to bring the platform back into accurate alignment.

As in every aspect of their work, the command module pilots were competitive
about aligning the platform well, and the P52 procedure included a measurement of
their sighting accuracy so as to let them gauge their performance. From its internal
tables, the computer knew what the angle between two stars should be. Once the
CMP had made the two star sightings, it also knew what the measured angle between
them was and could display the difference between these two angles to hundredths of
a degree. If the pilot had made a perfect P52, the zero difference would be displayed
on the DSKY as a row of five noughts, 00000, which the crew gleefully referred to as
‘all balls’. A zero figure was commonplace, as was ‘four balls one’ — an error of only
one hundredth of a degree. Only occasionally was an error of 0.02 degrees extant. Of
course, a well-aligned platform was as important for an accurate determination of
the state vector as it was for the crews’ bragging rights.

The concept behind the P52 became familiar to amateur astronomers of the
generation after Apollo as powerful computers became small and cheap enough to
build into backyard telescopes. By aligning these inexpensive instruments on two
stars in succession, their computers learned the orientation of the universe around
them and could quickly and easily aim themselves at any desired celestial object in a
manner greatly reminiscent of the Apollo G&N system.

Stars for Apollo

A catalogue of 37 bright stars distributed across the sky was programmed into the
rope memory of the onboard computer. There were some quite faint stars in the list,
but this was only because the brightest stars are unevenly distributed across the sky.
Planners had wanted to ensure that irrespective of the direction in which the optics’
fixed line of sight was pointed, the crew would find a star bright enough within the
range of the movable line of sight to view through the sextant. Each star had a
numerical code in base eight (octal) so that the crewman could tell the computer the
star he wanted to use, or the computer would indicate the star it had chosen for a
specific operation.

Some of the objects in the Apollo star list were not stars at all. Three numbers
were set aside so that the Sun, Moon and Earth could be referenced by the crewman
for other tasks, and there was also a code that allowed a planet to be defined if
needed.

Three of the fainter stars in this list have unconventional names that were added
as a practical joke by the crew of the ill-fated Apollo 1 during their training. Star 03,
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00 Planet 16 Procyon 34 Atria

01 Alpheratz 17 Regor 35 Rasalhague
02 Diphda 20 Dnoces 36 Vega

03 Navi 21 Alphard 37 Nunki

04 Achernar 22 Regulus 40 Altair

05 Polaris 23 Denebola 41 Dabih

06 Acamar 24 Gienah 42 Peacock
07 Menkar 25 Acrux 43 Deneb

10 Mirfak 26 Spica 44 Enif

11 Aldebaran 27 Alkaid 45 Fomalhaut
12 Rigel 30 Menkent 46 Sun

13 Capella 31 Arcturus 47 Earth

14 Canopus 32 Alphecca 50 Moon

15 Sirius 33 Antares

The Apollo star code list.

Navi, 1s the middle name of Gus Grissom (Ivan) spelled backwards. Likewise, his
two crewmates added oblique references to themselves among the Apollo star list:
Star 17, Regor, is the first name of Roger Chaffee spelled backwards; and Edward
White II gave his generational suffix to the prank as Star 20, Dnoces, is ‘second’
spelled backwards. The people of Apollo kept these names in their literature as a
mark of respect to a fallen crew and they have been known to appear in a few star
atlases and books in succeeding years.

Gimbal lock

After Neil Armstrong and Buzz Aldrin had landed their LM Eagle on the Moon and
while they were preparing for their foray onto the surface, Mike Collins made
strenuous efforts to locate the tiny LM among the monotonous wastes of craters on
Mare Tranquillitatis by aiming his sextant where mission control reckoned they
were. Getting the optics around to face the surface and back again involved carrying
out a number of manoeuvres. It was during the manoeuvres after one such viewing
opportunity that Collins got a call from Capcom Owen Garriott.

“Columbia, Houston. Over.”

“Columbia. Go,” replied Collins.

“We noticed you are manoeuvring very close to gimbal lock. I suggest you move
back away.”

“Yes. I am going around it,” said Collins. “Doing this CMC-auto manoeuvres to
the PAD values of roll 270, pitch 101, yaw 45.”

“Roger, Columbia,” said Garriott.

“How about sending me a fourth gimbal for Christmas,” commented Collins,
showing his annoyance at the restriction imposed by gimbal lock. Garriott could not
make him out. “Columbia, Houston. You were unreadable. Say again please.”

Collins let it lie in the spirit of their triumph. “Disregard.”

>
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What was rankling him was a weight-saving measure that had the downside of
substantially complicating some of the operational aspects of flying a mission
because it limited the range of attitudes that the spacecraft could adopt. Because of
this, the crew and flight controllers had to avoid orienting the spacecraft in certain
directions with respect to the guidance platform.

This characteristic was inherent in the system as designed by the MIT team who
had settled on a three-gimbal mounting for the platform, similar to the system they
had designed for the Polaris missile, and unlike the four gimbals found in the Saturn
V instrument unit and the Gemini spacecraft. Collins was a veteran of Gemini, and
knew the advantage given by the fourth gimbal. But there were good, solid reasons
for implementing only three gimbals. As well as saving the weight of a heavy outer
gimbal, trade-offs included a reduced tendency for the platform to drift in its
orientation, and greater accuracy. However, the three-gimbal arrangement had this
unfortunate side effect whereby, if the gimbals were moved in a particular fashion,
the assembly lost its ability to maintain the platform’s alignment — a condition
termed gimbal lock, and one that meant that the system had lost all knowledge of the
direction in which the spacecraft was pointing. Having a fourth gimbal avoided this
problem. As a result, care had to be taken during the flight-planning process, and
throughout the flight itself, to avoid risking gimbal lock.

If gimbal lock did occur, it was a
time-consuming procedure to fully
realign the platform, possibly with
the loss of important operational
work. Even worse, if it occurred near
a time critical manoeuvre where good
platform alignment was important,
there would be no time available to
correct it. To help crews to steer clear
of it, two areas on the 8-ball’s surface
were marked in red. Manoeuvring the
spacecraft to bring them towards the
centre of the display meant risking
gimbal lock.

The mechanism that causes gimbal
lock is not easy to describe. As
previously discussed, the platform
was mounted within three nested
gimbals. Each had a rotation axis
which was arranged 90 degrees away
from the axis of the adjacent gimbal.
In the normal arrangement, these
three axes allowed three degrees of
freedom because they were pointing
A schematic of how a guidance platform can in three different directions. The
go into gimbal lock. problem arose when an attitude was
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adopted that allowed the axes of the outer and inner gimbals to line up. When this
condition was approached, the gimbal system lost its ability to isolate the platform
from the spacecraft’s rotations because there were now only two degrees of freedom.
All the gimbal axes were now on a single plane, so any rotation of the spacecraft
around an axis outside that plane could not be accommodated by any of the gimbal
axes. Since the region that flirted with gimbal lock was defined by the current
REFSMMAT, whenever the spacecraft needed to manoeuvre to an attitude that
might approach gimbal lock, mission control had to give the crew a new
REFSMMAT according to which the platform could be realigned. Of course, all
this was worked out during mission planning. As many as eight REFSMMATSs
might be used during a mission, switching as the operational requirements changed.
Each time the REFSMMAT changed, the platform would be duly realigned. But
avoiding gimbal lock was only one reason for changing the REFSMMAT. A more
important reason was to aid the monitoring of critical events, such as launch, re-
entry, and the major manoeuvres that required long engine burns or where the
correct attitude of the spacecraft was paramount. By aligning the guidance platform
to an appropriate REFSMMAT that matched the required attitude for the
manoeuvre, the crew would find that when the spacecraft was pointing in the right
direction, the 8-ball display would be easy to interpret. Any attitude errors, which
must be avoided during an engine burn, could therefore be easily spotted and
corrected.

When Apollo 8 made the first manned flight to the Moon, only three
REFSMMATSs were required. The purpose of the mission was simple — get to the
Moon, orbit it ten times, and get back. There was little reason for the spacecraft to
adopt widely varying attitudes. For the journey to the Moon, the platform was
aligned to the launch pad REFSMMAT. This represented the launch pad’s attitude in
space at the moment of launch, as determined with respect to the stars. This
orientation made it easy for the crew to monitor the progress of their ascent from
Earth’s surface. Later, as they approached the Moon, they realigned their platform
to a new REFSMMAT, one that coincided with their ideal attitude for the engine
burns that took them into lunar orbit. Choosing such an orientation for their
platform made it much easier for them to monitor their attitude on the spacecraft’s
displays. Once they had left the Moon, Lovell realigned Apollo 8’s platform to a
suitable REFSMMAT for re-entry into Earth’s atmosphere, again to make it easier
to monitor this critical event.

For the advanced J-missions, Apollos 15 to 17, much more sophisticated use was
made of the Apollo hardware and a total of eight REFSMMATSs were defined for
the guidance system. The start of the journey began with the platform aligned with
the launch pad, as with Apollo 8. Coasting to the Moon required the spacecraft to be
turned slowly to distribute heat around its surface. As this rotation had to avoid the
gimbal lock range, a special REFSMMAT was generated to suit. Each of the three
major manoeuvres by the CSM at the Moon had its own REFSMMAT to simplify
crew monitoring. Two additional REFSMMATSs were defined to aid the lunar
landing and lift-off, each representing the orientation of the landing site at the times
of these events. Finally, as with Apollo 8, a REFSMMAT was defined for re-entry.
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Inertial or horizontal?

As the design of the G&N system was being finalised in the early 1960s, a conflict
arose between those who designed the equipment and those who would fly with it.
The designers at the Instrumentation Laboratory at MIT led the field of applying
mathematics to the problems of guidance, whether in a submarine, an aircraft, a
nuclear-tipped missile or travelling in space. They saw the problem from a wide
context in which all guidance could be reduced to equations that modelled the solar
system as it sat surrounded by the stars. Their fundamental point of view was an
inertial one, which was expressed during Apollo’s gestation by an intention that the
spacecraft’s attitude should be displayed as a set of numbers with respect to inertial
space. The crews, on the other hand, were pilots, and pilots see flight largely in terms
of movement with respect to the horizon of whatever planet (usually the Earth) they
are flying over. Their point of view dealt with a local frame of reference that stayed
aligned with the ground beneath their spacecraft, even as they flew around a curved
planet.

These two viewpoints on spacecraft control influenced the Apollo guidance and
navigation system as it evolved at breakneck speed during its development; the
inertial point of view dictating its fundamental structure, but with the astronauts’
preferences heavily influencing the final mode of operation because they had
experience on their side. They had cut their teeth on the Gemini flights of 1965 and
1966 that had taught NASA how to operate in space. They pointed out that most
manoeuvres needed to be carried out with respect to the ground below, especially the
all-important rendezvous manocuvres on which the Moon-bound flights relied. Since
the Apollo G&N system had been largely designed by the time they had gained this
experience, both hardware and software modifications had to meet the crews’
expectations. In particular, the crews insisted on having the ‘8-ball’ FDAI display,
which was very similar to the artificial horizon in an aircraft cockpit with which they
were already familiar. Also, by the time Apollo flew, the ORDEAL had been
introduced, which was a quick-fix add-on that had to be installed in the cabin after
launch, effectively turning the 8-ball into the artificial horizon that crews preferred.

Redundancy in control
The designers of the Apollo spacecraft were always careful to build redundancy into
their systems to ensure that a single point failure could not jeopardise the crew — a
philosophy that extended to the guidance and navigation system. The designers were
very aware that any of its exotic components could fail at any point in the mission.
To this end, the command module had a second control system which, although it
shared many components with the G&N system, could operate entirely separately.
This was the stabilization and control system (SCS) that could autonomously
maintain attitude, allow the crewmen to make accurate manoeuvres and even
manually control the SPS engine if necessary. Like the G&N system, it used
gyroscopes, but these were arranged in a different way to the gyroscopically
stabilised IMU.

The gyroscopes for the SCS were not attached to a stabilised platform. Instead,
they were fixed to the spacecraft structure and had to move with it. Being mounted in
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this way prompted the name body-mounted attitude gyros (BMAGS). Like all gyros,
they have a tendency to want to remain in one attitude, and when the spacecraft
rotated, they exerted a force on their mountings. As this force was a measure of the
rate of the spacecraft’s rotation, the BMAGs were very suitable for measuring rates
of rotation rather than absolute attitude. Only by processing the rate information
within electronic boxes could a measure of absolute attitude be derived. The
resultant attitude reading was highly prone to drift, much more so than the IMU, so
prior to using the SCS intensively, the crew would press a button which updated the
BMAGS’ electronics with a better idea of the spacecraft’s attitude from the IMU’s
platform. If, in an emergency situation, the IMU failed to work, the crew had a
procedure whereby the attitude information from the BMAGs could be aligned by
sighting on the stars.

A slip of the fingers

On one occasion, while Apollo 8 was returning home, Jim Lovell was continuing
with his program of navigation exercises. As he punched away at the DSKY, its
attitude light went out. “For some reason,” he called to Mike Collins in mission
control, “‘we suddenly got a Program 01 and no attitude light on our computer.”

Program 01 was only meant to be used at the start of a mission to initialise the
IMU platform. In effect, the computer had lost its knowledge of which way was up.

“Stand by one, Jim,” said Collins. “We’re working on a procedure for getting you
cranked back up again.”

“Okay.”

Lovell had meant to enter Program 23, the navigation program, and then use Star
01. A slip of the fingers and a couple of missing keystrokes meant that he had entered
Program 01 in error. Unfortunately, there was no Undo button. In view of the huge
amount of work Lovell had to do on this pioneering flight, and his disrupted sleep
patterns, an occasional slip was to be expected. At least it had occurred when it had
no impact on the mission. To recover from the error, he had to realign the platform,
and mission control had to uplink a new REFSMMAT and check other data in
memory because of what the computer had forgotten during the reset, all of which
took about an hour of their 3-day coast home.

With humour, both Borman and Anders never let Lovell forget his error,
constantly ribbing him about it for the rest of the journey.
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Coasting to the Moon

THREE MEN IN A SUBMARINE

A large part of the Apollo journey was spent in coasting flight; a period of time,
usually somewhere between the Moon and Earth, when the three crewmen waited to
reach a destination or when the command module pilot was waiting for his two
crewmates to return from their exploration of the lunar surface. Although this part
of the flight held little interest for the news media, the crew were nevertheless kept
busy with a great variety of tasks ranging from the clever precision of the CMP’s
navigation commitment to matters of personal hygiene.

NASA made sure there was plenty to keep its crews occupied. Exotic conditions
like the command module in deep space had cost the taxpayer dearly and did not
occur often, unlike the continuous time in weightlessness offered by later space
stations. Being in deep space meant that the crew were exposed to an environment
beyond the shielding effects of Earth’s magnetic field. As a result, crews found that
mission planners, managers and controllers very rarely allowed them to relax during
a flight. This was particularly true of later flights, when the business of just keeping
the spacecraft running had become somewhat routine.

The openness with which NASA conducted its primary objective, whereby it
allowed unprecedented access to most of what it did, demanded that its costly
missions should at least appear to extract as much as possible from every minute of
the flight even beyond the goal of reaching the Moon. If the crew were not busy
dealing with the upkeep of their mini-planet or of their own bodies, they would find
themselves involved in a series of scientific experiments, out-the-window observa-
tions, television broadcasts, changes to the flight plan or the execution of carefully
calculated adjustments to their trajectory.

The sleep problem

NASA’s manned space experience began with Alan Shepard’s 5-minute sample of
weightlessness in May 1961 on board the first manned Mercury spacecraft. In just
eight years, through the Mercury and Gemini programmes, NASA became
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increasingly sophisticated in Earth-orbit operations, culminating in October 1968
with the 12-day ‘shakeout’ flight of Apollo 7 when the first manned Block II
spacecraft was put through its paces in Earth orbit. Yet, by the time that the
pioneering flight of Apollo 8 was launched towards the Moon on 21 December 1968,
managers found themselves vexed by a very basic problem — the disturbed sleeping
patterns of the three-man crew in the limited volume of the Apollo command
module.

Throughout the early years of planning for the Apollo lunar flights, it had always
been assumed that the best arrangement for sleep would be a rotation system in
which at least one crew member would always be awake to monitor the systems.
Apollo 7 followed this regime. Donn Eisele, the command module pilot, took his rest
period alone. The commander Wally Schirra and lunar module pilot Walt
Cunningham took theirs simultaneously. The crew never reported problems with
this arrangement during their debriefing; although any tiredness could have been
masked by the irritating head colds that they endured and the irritability that they
displayed could have been exacerbated by lack of sleep. In any case, Apollo 7 was
confined to Earth orbit and its crew were not in the position of being the first
humans to orbit another world for 20 hours.

Things started well on board Apollo 8 with only a bout of space motion sickness
from the commander Frank Borman causing any medical concern. The coast to the
Moon was relatively uneventful and the crew kept the ship running smoothly. The
major activity was by Jim Lovell as the CMP, who practised the cislunar
navigational techniques that subsequent crews would use. However, as the
spacecraft’s flight progressed, the crew found that their planned sleep patterns
became increasingly disrupted.

A common problem occurred whenever a crewmember spoke to mission control,
as his chatter would disturb the slumber of his colleague. A possible reason for this
was that, unlike an Earth-orbit mission of the time, there were no long periods
during the coast when radio silence was enforced by the sparse distribution of the
tracking sites. During the coast to the Moon, the flight controllers in mission control
were in permanent communication with the spacecraft and the Capcom would not
only speak to the crew whenever an operational need arose but would also engage in
idle chat, so communication was often ongoing. Also, with three men occupying the
very cramped confines of the cabin, any activity to carry out chores tended to disturb
the sleeping crewman who usually slept on his couch or underneath it. In the
command module, there were no sleeping bags, and no place to escape from
colleagues. By the time they reached their destination, they were all somewhat
groggy from their attempts at napping, and needed the adrenaline produced by the
excitement of making ten orbits around an alien planet to help them to perform their
duties successfully and safely.

All three men were captivated by the forbidding, stark landscape that was passing
beneath their windows. They worked hard at their full schedule of photography, TV
broadcasts and navigational sightings, all the time keeping up a busy chatter with
mission control until the seventh orbit, when Borman decided to discard the timeline
for the remainder of their orbital sojourn. Although an incredibly sophisticated
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machine for 1960s’ technology, the spacecraft could only achieve its capability by
being necessarily complex and intricate. There were countless ways in which a tired
crew could kill themselves through inappropriate operation of its many controls.
Borman knew this, and ordered Jim Lovell and Bill Anders to take some rest before
the trans-Earth injection burn.

Mission planners took the Apollo 8 experience to heart when they reviewed the
sleeping arrangements for subsequent flights. It was decided that since the
controllers on the ground had a better view of the spacecraft’s systems through
telemetry, the crews would sleep concurrently, following Houston time, with one
crewman wearing a headset in case Houston felt the need to wake them up. As
subsequent missions became increasingly complex and demanding, this change in
the sleep regime allowed crews to sleep well and helped them to cope more easily
with the immense physical and mental strain they had to endure when their
opportunity came to explore another world in the very limited time Apollo could
give them.

SUSTAINING LIFE

The Apollo command module (and
to a lesser extent the lunar module)
could be thought of as a mini-planet.
All the basic requirements for human
life over a two-week period were
brought together inside a sealed
conical machine less than 4 metres
across and little over 3 metres high
that could transport its occupants
between worlds. Along with its ser-
vice module, the spacecraft provided
air, water, power and propulsion. It
included a means of navigating
across space and a way to negotiate  Apollo 17’s command module, prior to being
Earth’s atmosphere upon return. It  mated with its service module.

contained adequate supplies of food

and warmth as well as the equipment that its crew would need for a programme of
science during their journey. The life-support infrastructure of the Apollo spacecraft
was under the watchful eye of the flight controller who sat at the EECOM console.
EECOM stood for electrical, environmental and communications, though changing
roles within mission control had removed the communications responsibility without
changing the name.

Power: the fuel cell
Buried within the pie-shaped structure of the service module were originally two
(later three) tanks each of oxygen and hydrogen. Although these two substances are
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excellent propellants for rocket engines, pro-
pulsion was not their purpose in the Apollo
design.

A common notion is that spacecraft usually
derive their electrical power from the Sun via
large arrays of solar cells. While this is
generally true for automatic spacecraft in the
inner solar system and for the international
space station, the high power demands of a
typical Apollo flight would have required such
large panels as to make them cumbersome.
This size would not have been a problem
during a coasting flight, but when the space-
craft’s large engine was fired, the mechanical
stress from the acceleration would have
required them to be folded away at the very
time that their power was most needed. An Apollo fuel cell.
Storage batteries could have brought electrical
power from Earth. Although they could have supported a short flight, as they did for
the early manned Gemini flights, they could not support the Apollo spacecraft for
two weeks without being prohibitively heavy.

It was up to the Gemini programme to prove the concept of a third alternative,
the fuel cell, as a source of electricity for long-duration flights. First developed before
the Second World War in Britain, the operation of the alkali fuel cell is remarkably
simple. It acts like a battery by using the chemical reaction of two substances, in this
case oxygen and hydrogen, and making available the energy of the reaction in the
form of prodigious quantities of electricity. However, unlike a conventional battery,
the reactants can be replenished constantly. The fuel cell does not run down as long
as fresh reactants are fed past the electrodes. Even more remarkable is the fact that
the waste product of this reaction is water that is sufficiently pure to be drunk.

The adoption of the fuel cell in Apollo therefore killed two design quarries with
one stone. Not only did it produce lashings of electricity (a single fuel cell could
generate well over 1 kilowatt of electricity at peak demand), but the water it
produced became a sort of lifeblood of the spacecraft. It quenched the thirst of the
crew and rehydrated their food in metered amounts through a pistol-style ‘squirt
gun’ on the end of a hose. It also supplemented the cooling of the spacecraft’s
electronic equipment by being evaporated into space, taking heat with it. Any excess
was periodically discarded through an orifice in the spacecraft’s hull.

The high-energy reaction that occurs when hydrogen and oxygen are burned in
the combustion chamber of a rocket makes it greatly favoured by rocket engineers.
In the Apollo fuel cell, most of this energy was expressed as electricity, but although
it could reach efficiencies of 70 per cent, the reaction still yielded significant amounts
of heat. Some of this was used to warm the extremely cold reactants before they
entered the cell; the rest was rejected through eight radiator panels around the upper
circumference of the service module. An early version of the fuel cell flew on seven of
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the Gemini flights, giving engineers a chance to iron out the teething troubles with
this promising technology. By the time the Apollo programme finished — Apollo 13’s
oxygen tank explosion notwithstanding — no Apollo flight suffered from a failure of
their fuel cells. It was one of the many technologies and techniques for which the
Apollo programme depended on Gemini to pioneer.

Among the limitations of the Apollo fuel cells was that they were very sensitive to
the presence of impurities in the reactants. Even with hydrogen and oxygen of the
highest purity that NASA could procure, the build-up of contaminants required that
they be purged from time to time to avoid the resultant loss of electrical power.
Oxygen purges were carried out daily, while hydrogen purges happened every second
day. Three switches on the LMP’s side of the main display console allowed the gases
to be routed to any of the three cells for this function. Electric heaters were included
to ensure that the purging gas was warm enough to ensure that the water in the cells
did not freeze.

Power: the batteries

The fuel cells were not the only source of power in the spacecraft. A collection of
batteries were included and, despite their weight, there were good reasons for their
inclusion. The fuel cells had a limited range of output power. They could not deliver
more than 1.4 kilowatts at any one time, yet their power output had to be maintained
above 400 watts at all times. The demands from the spacecraft were much more
variable, especially when the SPS engine was operating. It had sizeable motors that
gimballed its nozzle from side to side during a burn, and these made heavy drains on
the spacecraft’s electrical system. Batteries were a way of smoothing out the load on
the fuel cells by supplying extra power during the peaks in demand. At other times,
their need to be recharged provided a load for the fuel cells. At the end of the
mission, after the fuel cells had departed along with the rest of the service module,
the batteries were all that remained to power the command module as it streaked
through the atmosphere during re-entry. They were therefore essential!

The CM carried a total of five silver oxide—zinc batteries mounted in the lower
equipment bay below the navigation instruments. Two of them were never recharged
after launch. Their only use was to provide energy for the various pyrotechnic
devices around the spacecraft. These devices separated the launch escape tower, the
S-IVB and, at the end of its mission, jettisoned the lunar module. At re-entry, they
separated the CM and the SM, jettisoned the upper heatshield from around the
spacecraft’s apex and deployed the parachutes.

A further three batteries provided supplementary power during busy periods, and
became the main power supply through re-entry, splashdown and post-landing
operations. It was these that were recharged at times when the load on the fuel cells
was low. All five batteries were installed in separate pressure cases and, in case they
were to emit gases through failure or improper operation, these could be vented to
space to ensure that it did not enter the cabin.

In general, the batteries gave very little trouble. Only once, during the Apollo 7
Earth-orbital flight, were problems encountered when Walt Cunningham discovered
that the batteries were recharging more slowly than expected. Then when the CM
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separated from the SM for re-entry, the voltage delivered by the batteries fell low
enough to make the caution and warning lights ““glow yellow the rest of the way”, as
Cunningham put it. ““This was a slightly traumatic experience at this point because
we hadn’t expected anything like it,” he added. However, the spacecraft’s systems
operated satisfactorily with the slightly low operating voltage.

THE PERSONAL BIT

When humans are cooped up in a spacecraft for a week or two, they have a potential
waste and hygiene problem that has to be dealt with just as much as guidance,
propulsion or power. In the Apollo era, individual astronauts who were not on a
specific flight assignment were regularly sent to do the public relations rounds on
NASA’s behalf, showing the American taxpayer how their money was being spent.
Mike Collins, the CMP for Apollo 11, reported that the all-time favourite question
asked of the astronauts by the public was, “How do you go to the bathroom in space?”
He answered the question in his autobiography by detailing the 20 steps a crewman had
to accomplish to urinate during the Gemini 7 flight by Borman and Lovell.

On Apollo, a crewman had multiple methods of urinating depending on whether he
was suited or not and whether he preferred to simultaneously dump the urine into
space. If he was suited, urine would be collected by a device worn under the suit which
filled until the crewman had an opportunity to dump its contents overboard; a valve in
the suit enabled the bag to be drained while suited. However, wearing a suit was not
the norm over the span of a mission. Instead,
the crew spent most of the coasting period
wearing at least their constant—wear garment,
and perhaps some coveralls. Urination then
required the use of a rollover tube and a short
hose that led to a bag. The contents of this bag
could be dumped later, or be dumped even as
the crewman was filling it, with a bypass valve
protecting him from the direct vacuum of
space. The exterior of the command module
sported two nozzles through which either
waste water or urine could be dumped. These
Water and urine dump nozzles below were heated to prevent ice forming and
the roll thrusters on Apollo 10’s CM.  blocking the orifices. When the liquid was

dumped into space, it sprayed into a gleaming
cascade of ice crystals that sparkled in the sunshine. At a press conference, Wally
Schirra dubbed this starry display, the “Constellation Urion™, a play on Orion.

Whereas urine could be expelled from the spacecraft, facces had to be kept on
board and returned to Earth for analysis. Defecation was carried out into a bag
whose adhesive flange allowed the crewman to attach it to his buttocks. Having
finished his motion, the bag was removed and a germicidal sachet added. Once the
bag was sealed, the sachet was ruptured and mixed with the contents by kneading.




The personal bit 159

However, this wasn’t enough because the bag contained air at cabin pressure and, on
the final three missions a spacewalk out of the command module’s hatch was
planned. Therefore the faecal bag was placed in an outer bag with double seals to
ensure that the contents would, hopefully, remain there, even when the cabin was
exposed to vacuum. However, the Apollo 16 crew had their doubts.

“Our concern was that with cabin depressurisation, the bag would blow up,” said
Ken Mattingly during their debriefing.

John Young agreed. “Boy, would that have been a mess!”

This crew had placed their double-sealed faecal bags into a large black bag to keep
them contained, but Mattingly wanted to get as much air out of the bag as possible.
“I vented the bag to make sure that the big bag didn’t burst. That had nothing to do
with the little bags. As far as I know, none of them burst. I didn’t open the bag to
find out either!”

“Fortunately, you can’t really get an airtight seal on those faecal bags,” said
Charlie Duke. “That probably saved us. I'm sure they went down. We filled up that
black bag.”

The truth was that this crew for one, at least, did not like carrying their solid
waste around with them in the command module. At least the LM crew had to
lighten their ship by jettisoning their waste, including any faeces. Mattingly
continued, “I guess the rationale for using the supplementary bag first was a
holdover from the desire to be able to throw it away, which we weren’t allowed to do
for other reasons, but I really think that’s what you should do.”

“You should have been in the LM when we got rid of it,”” said Young.

“I just don’t think you ought to carry that stuff around, if you can avoid it. I
think it’s a health problem if you ever get some of that stuff loose in there.”

In fact, Apollo 16 was given some preliminary research to do in support of the
upcoming Skylab programme. Duke was first to try one of these experiments. “The
first time I had to go was right after waking up on the first day. Ken broke out one of
those Skylab bags, and I tried that the first time. I thought it worked pretty good.
Once you performed the task, the clean up was still as horrendous as ever.”

While on his own in lunar orbit, Mattingly got the task of dealing with human
bodily functions down to a fine art. When his crewmates returned, he told them all
about it. ““Man, one of the feats of my existence the other day was, in 42 minutes, |
strapped on a bag, went out of both ends, and ate lunch,” he laughed, “by doing it
all at one time.”

“Fantastic,” said Duke. “That’s a record!”

“I had this bag on the front end, a plastic bag on my rear, and a juice bag in my
mouth,” laughed Mattingly. “That’s the only chance I had all day; with one back-
side pass.”

Mattingly’s mirth continued. ‘I used to want to be the first man to Mars. This has
convinced me that, if we got to go on Apollo, I ain’t interested.”

The bags used on Apollo were the same as used on the Gemini spacecraft. Their
design included a moulded finger tube. The theory was that the crewman could use it
to help dislodge any faeces adhering to their skin. Young and his crew did not like it.
“I still don’t see any use for that finger in the bag,” he said during their debriefing.
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“That was one thing I was going to add,” said Duke. “You want to get that finger
out of there.”

“Get the finger out of there to keep the faeces from hanging up,” affirmed Young,
“which it does every time the finger’s in the way. All that’s going to do is give you a
bigger cleanup problem than you already got.”

Mattingly agreed: ““I tried doing it the way they suggested — pulling the finger
thing out first and then use it afterwards. All that does is smear. Absolutely no
advantage to it. It looks to me like you could simplify the bag and remove one more
potential weak spot in it by just deleting that whole [finger] thing.”

Frankly, doing a ‘number two’ on Apollo was no joke. According to Duke, “Our
technique was to abandon the [lower equipment bay] to whoever had to go, get
naked, and go. That was about a 30- to 45-minute task.”

Apollo 11’s Buzz Aldrin had come to a similar conclusion after his flight. “It
certainly is messy and it’s distasteful for everybody involved to do it in that
particular fashion.”

On the later, longer flights, the crews were finding that towards the end, they were
becoming more prone to bowel problems. Apollo 17°s Jack Schmitt pointed out the
dangers. “The best thing you can do is to work out some prevention of loose stools
rather than trying to handle them. Loose stools is one of the major hygiene, sanitary
and operational problems that you can have on a flight. I can’t emphasize that more.
If it happened on a daily basis, you would eventually cut the efficiency of the crew
member as much as 30 per cent. I think it’s important to try to understand why
Apollo 17 was different than Apollo 16 in the delay of the problem of loose stools till
about the eleventh or twelfth day.”

Faecal bags were stored in a container on the right-hand side of the cabin. In case
of leakage or burst bags, there was a vent with which any odorous air could be
expelled overboard.

Cleanliness
Just as there was no conventional toilet, the spacecraft contained no shower or basin.
On a flight lasting less than two weeks, personal hygiene had to be demoted to a
simpler regime. Washing was per-
formed by just having a wipe with
one of the available cleansing cloths.
Two types were available: wet and
dry; each about 10 by 10 centimetres,
with the wet cloths containing a
germicide. These were specifically
intended for general cleansing after
food and defecation. Afterwards, the
skin was dried with tissues from one
of seven dispensers available for the _ :
flight. .

For cleaning teeth, crews had a Ron Evans, Apollo 17’s CMP, brushing his
choice of either chewing gum that teeth.
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could be swallowed, or using a brush and edible toothpaste to save them from having
to rinse out their mouths. After Apollo 12, Pete Conrad spoke about brushing teeth
en route to the Moon. “I guess everybody used his toothbrush to one degree or
another. I didn’t use it as much because my mouth doesn’t get that bad in 100 per
cent oxygen. I did use the dental floss. I guess we all did. We all used the toothpaste.”

“I liked the toothpaste,” said Alan Bean.

“I don’t know where the rest of the guys kept their toothbrushes,” said Conrad,
“but I just put mine back in my pocket after I cleaned it. I think everybody did.”

“We found that once a day we liked to strip down,” said Dick Gordon. “We’d
strip down completely and use the hot water with those towels that we did have on
board. We’d completely sponge down and give ourselves a bath. I don’t think
enough can be said for this type of thing and for the way you feel. We wanted to
shave and bathe daily, on a regular basis, but we simply didn’t have the equipment
on board to do it.”

One of the essentials missing on earlier flights was soap, as Conrad explained. “The
potable water was used for personal hygiene, and I’d also like to have some soap along
for personal hygiene and just to get clean after lunar surface operation — just to get the
dirt off. That’s another reason we wanted more towels. We all stripped down all the
way and washed down with the water and our towels several times during the flight.”

Lunar soil was a pervasive substance that covered everything after a crew had
been on the surface. As Jack Schmitt related, the soap taken on later flights helped
washing arrangements to work well. “I washed several times with soap, and, post-
rendezvous, I actually washed [my] hair quite adequately by putting a lot of water on
a towel and wetting the hair quite well. Then, just in a normal terrestrial way, I
rubbed soap into it and then washed the soap out again with a couple of wet towels.
The soap on board seemed to be quite good. It did a good job of cleaning but also
was not overly sudsy and seemed to wipe off or wash off very well. It did not leave
any noticeable residue that was uncomfortable.”

Lunar whiskers

Shaving was optional. Many lunar
explorers returned to Earth with two
weeks” growth proudly displayed as
they stepped off the helicopter follow-
ing their recovery. Others chose to
shave even though it could be diffi-
cult. Mike Collins did a bit of both,
returning to Earth with a decent
moustache. Although these normally
fastidious men tolerated such limita-
tions to their personal hygiene for the
duration of a mission, many began to ¢ oid : -
be irritated by them towards the end Michael Collins displays his Moon moustache
and were only too glad to get back to  after the recovery of Apollo 11. Neil Armstrong
Earth and cleanliness. and Buzz Aldrin are alongside.
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The crew of Apollo 10 tried using old-fashioned shaving cream and a razor
instead of a mechanical shaver. “We’re in the process now of commencing scientific
experiment Sugar Hotel Alpha Victor Echo [SHAVE],” joked Eugene Cernan, “and
it’s going to be conducted like all normal human beings do it.”

Later, during a TV broadcast, Capcom Charlie Duke commented on the pictures
coming down of commander Tom Stafford. “Okay, 10. I think we’re looking at
Tom’s left shoulder there now, and the Sun coming in his window. Yes. There’s his
old grinning face, clean shaven.”

“Roger,” said John Young. “This is a remarkable innovation. After spending a
lot of money on mechanical shavers which always manage to leave the whiskers
flying around in the atmosphere, somebody finally came out with the idea of using a
straight razor and brushless shaving cream. You rub it on, it keeps the whiskers
when you shave it off, you put it in a towel and dispose of it, and you end up clean
shaven.”

“That’s amazing, 10,” said Duke. “That’s what the space age does for you.”

“I’ll tell you, Charlie,” said Cernan, “that’s one of the most refreshing things
that’s happened in the last couple of days. That was really great. We were getting
where we could barely stand ourselves there for a while.”

However, a continuing problem was dealing with the effects of weightlessness on
fluids and the hairs that had been shaved off, as Neil Armstrong explained: “We did
shaving on board, and didn’t have a lot of
real good luck with that. For some reason or
other, we let our whiskers get pretty long
before we tried that and found out it was an
hour’s job to shave.”

Aldrin elaborated: “It takes a lot more
water than you’d think ahead of time, and
getting water on your face is not too easy a
task. You can get some to accumulate on
your fingers in a thin film and then get it on
your face, but invariably it’s going to start
bubbling and get all over the cockpit in
various places.”

“The only difficulty really was condition-
ing the beard for shaving,” continued Arm-
strong. ‘“Handling the equipment was no
problem and there was no problem with
shaving cream getting away from you. It
wasn’t that kind of a problem.”

“Well it did use up a fair number of tissues

Above. Ed Mitchell shaving on to keep wiping it off,” said Aldrin.
Apollo 14. Below. Three bearded Collins had kept his moustache but other-
crewmen on Apollo 15 line up for wise had a go at shaving. “Now, in 1 g, what

their press conference; David Scott, Al you do when you get all through shaving is to
Worden and Jim Irwin. bend over the bowl, you take water, wipe it all



Jack Schmitt tackling a wet shave on
Apollo 17.
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over your face, and all the bits and pieces of
hair go down the sink. But the way we were
doing it, when you got through, they were all
over your face; then you had to wipe each and
every one off. It was sort of hard to get them
off. For hours afterwards, they were scratch-
ing and itching.”

The Apollo 15 crew decided not to bother
with shaving throughout their mission. The
increasing length of their beards became
obvious just prior to conducting a press
conference on the penultimate day of the
journey. Karl Henize was Capcom at the time:
“Hey, 15, we’'re getting a beautiful picture
coming through.”

“Yes,” confirmed Scott. “Go ahead with
your questions.”

“Roger. We’ll admire the beautiful picture
for a few minutes here,” complimented
Henize.

The crew appeared on camera in a row.
Scott was camera-left, Worden in the middle
and Irwin on camera-right. Behind them was
the lower equipment bay with the optics above
Scott’s head and the DSKY between Scott and
Worden. All were sporting over 10 days’
growth on their chins.

“Deke just passed out from the shock,
incidentally,” joked Henize. They all laughed.
Deke Slayton was the crew’s boss in Houston.

“Do we look that scroungy?” asked Irwin.

“No, we look so good,” quipped Scott. “He
probably can’t believe it.”

“It’s just because we haven’t shaved in two
weeks,” Irwin reminded them.

“Is that a fact?” said the laconic Worden.

Irwin: “Yes.”

By Apollo 16, John Young and his crew
were still comparing wet shaving with mechan-
ical shavers.

“I tried the windup,” said Mattingly, “and
that worked great until you missed a day. If
you miss a day, you’ve had it, because that
thing feels like its pulling the whiskers out
instead of shaving them off.”
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Young had tried wet shaving again, with mixed results. “The Wilkinson worked
okay if you’d taken that cream and made a lather out of it.”

“Well, you looked pretty bloody, John, the time you used it,” Duke reminded
him.

“You wouldn’t have sold any blades, John,” said Mattingly.

“I really didn’t get too good, did 17’ agreed Young. “Pretty bad.”

“Somehow we ought to be able to find a way to let you have a razor that you can
open up like any other safety razor and clean off,” suggested Mattingly. ““That’s the
big problem. You get that thing all crudded up and that’s it. There must be some way
to do that without producing a free floating hazard.”

After Apollo 17, Cernan said how important shaving was to the crew. ““I think it’s
one of the most clean feelings a guy can get in the spacecraft.”

Schmitt agreed. ““It’s great. I could only shave about a third of the face at a time,
maybe a fourth, so that’s the way you do it. You put a little bit on and shave that
part off and start again. I’ve got a recommendation on the razors. And Gene didn’t
have that problem. I guess my beard is a little thicker or something, but I couldn’t
use a two-bladed razor. I could get one scrape out of the thing and it was full. There
is just no way to clean it out and it just wouldn’t cut anymore. The single-blade razor
is the one that evidently has enough room in there. Even though it got plugged up
with the shaving cream, it still worked okay.”

Medical matters

Although the Apollo crews were drawn from a pool of very fit men, each of whom
had undergone an exhaustive medical examination before being hired and again
before the flight, they were nonetheless human and ended up suffering the normal
range of minor illnesses and conditions during their flights that one would expect
from any sample of healthy people. One perennial problem that afflicted the early
flights was the common cold. It made life much harder for the Apollo 7 crew when
they all contracted colds early in their 11-day flight, and it caused the launch of
Apollo 9 to be delayed for three days to enable its crew to recover from a bout of
sniffles and congested noses. Their susceptibility was attributed to their high work
rate prior to launch, which sapped their immune system, and to the large numbers of
people with whom they came into contact in those final weeks and days. Afterwards,
NASA began to quarantine their crews to reduce the likelihood of their catching
colds.

Of some surprise and initial concern to the doctors was the prevalence of motion-
related sickness experienced by Frank Borman on Apollo 8 and Rusty Schweickart
on Apollo 9. Motion sickness had not been a problem during the Mercury and
Gemini flights, and nor had it shown up on Apollo 7; so when Borman began
vomiting within a day of Apollo 8’s launch, doctors and managers feared for the
mission. Borman was unwilling to mention how ill he was feeling on the normal
communications channel, so he left a message on the voice track of the spacecraft’s
tape recorder. This was later transmitted to Earth on a secondary communications
channel within the S-band signal, and the crew gave mission control a subtle hint
that they should check the recorder’s voice quality.
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When mission control eventually decided that there was something to listen to,
they heard about Borman’s condition and arranged to have a private conversation
with him from another control room in the Mission Control Center building. Their
diagnosis was that Borman must have contracted a viral infection, but by that time,
he had recovered. With hindsight, his condition was attributed to motion sickness.
After Schweickart suffered similar symptoms, NASA had its crews try to condition
themselves to extremes of motion by performing acrobatic manoeuvres in the T-38
aircraft that were made available to them.

The problem seemed to stem from the greater space available to the crew in the
Apollo cabin. Mercury and Gemini spacecraft were very small and a crewman could
do little more than sit in his couch. In the Apollo command module, especially with
the centre couch folded away, there was room enough to do weightless spins and
somersaults. Some crewmen found the disturbance to their vestibular system
upsetting. The longer term history of spaceflight has shown that a proportion of
space travellers simply have to overcome an initial adjustment to weightlessness.

To try to mitigate the effects of so-called space adaptation syndrome, the crew
could dip into a medical kit that had been included in the cabin. There wasn’t room
for much, but doctors had tried to cover most of the minor ailments from which an
otherwise healthy man might suffer. On Apollo 11, the kit carried ointments, eye-
drops, sprays, bandages and a thermometer. It included an assortment of pills, such
as antibiotics, anti-nausea tablets, analgesics and stimulants. There were aspirins,
decongestants, anti-diarrhoea pills and sleeping pills. There was also a selection of
injectors for pain suppression and motion sickness. A smaller kit was kept in the
lunar module.

“It was pretty clear that the medical kits were not carefully packed,” said
Armstrong during Apollo 11’s debrief. “The pill containers blew up as if they had
been packed at atmospheric pressure. The entire box was overstuffed and swollen. It
was almost impossible to get it out of the medical kit container.”

“I ripped the handle off as a matter of fact, trying to pull it out,”” added Collins.

“That was even after we cut one side off the medical kit,”” said Armstrong, “‘so it
would be less bulky and we would be able to put it in the slot.”

The restaurant at the edge of the universe

One of the clichés that has become firmly set in the public’s mind since the space age
began 50 years ago is that space food is a bland, dehydrated mush that comes in a
tube. Certainly, for the earliest flights, this was true. However, on Apollo, things
began to change a little.

Some of the food taken on Apollo was dehydrated, for good reason. Water makes
up a substantial component of soups and juices, and makes them heavy. Since spare
water was plentiful anyway as a by-product of the fuel cells, it made little sense to
carry more from Earth. Instead, some of the crew’s food was freeze-dried, packed
into plastic bags and vacuum-sealed to save space. When required, it was retrieved
from its storage locker and water was injected through an orifice in the bag. It was
then kneaded and left for a few minutes to be fully absorbed. When ready, the corner
was cut off with scissors and the contents squeezed out into the mouth.
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The Apollo spacecraft had a feature that made eating soups somewhat more
pleasurable than on previous spacecraft — hot water. Because the fuel cells had to
constantly generate electricity, designers could afford to add a small water heater
that could then be used for making coffee and soup. Unfortunately, the limited
power available on the lunar module meant that there could be no hot water on that
spacecraft, and crews had to spend their time on the surface eating cold food.

On most flights, main meals were similar to modern ready meals, set out in
aluminium trays with peel-back lids. Some were kept in a freezer, others in the food
stowage lockers. As a small electric food warmer was provided in the command
module, these packages could be heated before consumption. Each meal was
planned before the mission, with each crewman choosing what he would like from an
available range. Enough food was packed on board to provide each crewman with
2,500 calories daily. For Pete Conrad, the menu for his second day in space went like
this: For breakfast, he had apricot pieces, rehydratable sausage patties and
scrambled eggs, finishing off with two rehydratable drinks, grapefruit juice and
coffee. At lunchtime, he heated a tray of turkey with gravy, ate it with four cheese
crackers, and downed it with rehydrated orange and grapefruit drink. His evening
meal consisted of pork and potatoes which had to be rehydrated, a slice of bread
with spread and some sweeties, all of it washed down with rehydratable cocoa and an
orange drink.

On Apollo 8, the crew found an extra treat on Christmas 1968. “It appears that
we did a grave injustice to the food people,” said Jim Lovell to Mike Collins in
Houston. “Just after our TV show, Santa Claus brought us a TV dinner each, which
was delicious, turkey and gravy, cranberry sauce, grape punch; outstanding.” These
foil-wrapped dinners became the norm for Apollo 10 onwards. Additionally, the
Apollo 8 crew found that three small bottles of brandy had been packed among their
Christmas food rations. Borman, however, pulled rank and said they could not
partake of the brandy until they got home. Being one of the early Apollo flights, all
their food was in rehydratable form.

“The food has generally been good,” commented Bill Anders while making audio
notes into the onboard tape recorder. “Particularly the last meal: butterscotch
pudding, beef stew, grapefruit drink and chicken soup.”

“Well, Bill, you might mention the hot water makes a big improvement, too,”
added Lovell. He and Borman had already experienced the longest space mission yet,
as they spent two weeks in the Gemini 7 spacecraft. Compared to its cramped
accommodation, the Apollo cabin was relatively luxurious, especially the supply of
hot water.

Later, during a TV show, Borman and Anders prepared a drink for the camera.
“Well, here we have some cocoa,” said Anders. “Should be good. I'll be adding
about five ounces of hot water to that. These are little sugar cookies, some orange
juice, corn chowder, chicken and gravy, and a little napkin to wipe your hands when
you’re done. I’ll prepare some orange juice here.”

Borman picked up the narration. ““Okay. You can see that he’s taking his scissors
and cutting the plastic end off a little nozzle that he’s going to insert the water gun
into. The water gun dispenses a half-ounce burst of water per click. Here we go; Bill
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has it in now, and the water is going in. I hope that you all had better Christmas
dinners today than us, but nevertheless, we thought you might be interested in how
we eat.”

“Roger,” said Collins at the Capcom console. “I haven’t heard any complaints
down here, Frank. We’ll bring you up to speed on your food when you get back.
Looks like a happy home you’ve got up there.”

Borman continued. “Ordinarily, we let these drinks settle for five or ten minutes,
but Bill’s going to drink it right now. He cuts open another flap, and you’ll see a little
tube comes out ...”

“This is not a commercial,” interjected Lovell.

... and he drinks his delicious orange drink,” continued Borman. “Maybe 1
should say he drinks his orange drink. He’s usually not that fast. Bill is really in a
hurry today. Well, that’s what we eat. Now another very important part of the
spacecraft is the navigation station or the optics panel. And we — just a minute; Bill
wants to say something.”

“That’s good,” said Anders, “but not quite as good as good old California orange
juice.”

As Gemini veterans, Pete Conrad and Dick Gordon appreciated the improved
culinary features of the Apollo spacecraft. But as they neared the Moon on Apollo
12, Al Bean had a question for Don Lind, the Capcom in mission control. “How
about asking the food experts down there, we had a can of tuna fish spread salad last
night, and there’s about a half a can left today, and that stuff’s still good to eat, isn’t
it?”

“We’ll check,” said Lind. “T’ll be right back with you.”

In a moment, the medical doctor occupying the Surgeon console had passed on
what he thought to Lind who told the crew. “The surgeon suggests you try a new
one.”

“Well, Dick has this one in his hot hand,” said Bean, “and we just opened it last
night. You sure that one isn’t all right?”

The wheels of mission control were starting to crank up. “We’re still checking
with some people down here whether there’s any problem over that tuna fish,” said
Lind, “but why don’t you hold off eating it until we get a better answer for you?”’

With the flight otherwise proceeding smoothly, managers and backroom people
suddenly had a concern and all were keen to come to the correct decision.

“Apollo 12, Houston,” called Lind after 10 minutes had passed.

“Go ahead,” replied Conrad.

“You can’t imagine what consternation your tuna fish question has raised down
here. We have a wide diversity of opinion.”

Gordon had also been thinking about it. “I decided it was okay,” he said.

“Well, we have a vote that it’s okay,” said Lind. “The majority says throw it
away; there’s a minority report that says everybody can eat it except Dick Gordon.”

“Okay. That’s done,” said Conrad.

“Roger. They recommend that you probably throw it away,” said Lind.

“Okay.”

Perhaps Gordon got to enjoy his tuna. It is difficult to know. But the problem was
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very real. Gordon had trained more than either of the other two crewmen to fly the
spacecraft back through the atmosphere at the end of the flight. Had he become ill
through bad food, the re-entry would have had to be flown by less experienced crew,
and while a normal re-entry would have been something Conrad could easily have
handled, he simply had not practised for the range of possible abnormal situations
that could arise. A possibly dodgy can of tuna could not be allowed to threaten the
mission. They had enough risks to contend with.

The food and drink provided was thought to give the crews everything they would
need for a flight, but the demands placed on the final three crews proved this was not
so. From Apollo 15 onwards, crews were expected to work for up to 7 hours on the
lunar surface. They were intensively schooled in the methods of geology and their
missions had much more activity packed into all phases of the flight, ranging from
onboard science experiments and advanced photographic mapping operations, to
the careful documenting of every rock sample lifted from the dust.

To achieve these enhanced demands, the crews going to the lunar surface
repeatedly practised the tasks that they would fulfil during their precious few hours
on the Moon. As the date of launch approached, much of this training was carried
out in the heat of the Florida sun. Apollo 15 was launched at the height of summer
and in the days leading up to its launch, Dave Scott and Jim Irwin laboured for
hours on end inside their training suits, simulating the techniques that would make
their work on the Moon as efficient as possible. The cooling systems they would use
on the lunar surface could not work on Earth and so this work was hot and
demanding. Both men sweated copiously and both drank as much juice as they
needed to compensate.

On the Moon, as they worked on the plain at Hadley, their heart rhythms were
radioed back to the doctor on the Surgeon console at mission control. Towards the
end of their lunar stay, he noticed that their hearts occasionally gave an abnormal
beat. This was somewhat alarming but, since the mission objectives had been met, an
emergency return would not have been any faster than letting the crew complete the
mission as planned. After their return, further investigation showed that their bodies
were lacking in potassium. It had been leached out of their systems by their profuse
sweating and imbibing prior to the flight and this had upset their electrolyte balance.
Future flights would compensate by having their crews take fruit drinks laced with
potassium.

On Apollo 16, John Young, who had adopted Florida as his home state, got a
little tired of the quantity of orange juice he was being expected to drink and the
flatulence it was causing. He began to complain to Charlie Duke about it after their
first moonwalk. However, an electronic fault meant that his voice was unexpectedly
transmitted to Earth.

“I have the farts, again,” he moaned. “I got them again, Charlie. I don’t know
what the hell gives them to me. I think it’s acid stomach. I really do.”

“It probably is,” said Duke.

“I mean, I haven’t eaten this much citrus fruit in 20 years!” laughed Young. “And
I'll tell you one thing, in another 12 fucking days, I ain’t never eating any more. And if
they offer to sup[plement] me potassium with my breakfast, I'm going to throw up!”
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He continued, laughing: I like an occasional orange. Really do. But I'll be
durned if I’'m going to be buried in oranges.”

Apollo 17, like other flights, found that they tended not to eat very much during
the coasting phases. The crew’s relative inactivity and the weightless environment
reduced their calorie needs and their appetite. When mission control asked for an
update on what they had eaten, it was partly to enable John Zieglschmid at the
Surgeon console to check that the crew could maintain a proper balance of
electrolytes in their system in the light of Apollo 15’s problems.

“And are you ready for the trotting gourmet’s report?”” asked Jack Schmitt.

“Roger,” replied Bob Parker. “Everybody’s here with all ears.”

“Okay,” started Schmitt. “The commander today had scrambled eggs and three
bacon squares and a can of peaches and pineapple drink for breakfast. And then
later on in the day, he had peanut butter, jelly and bread with a chocolate bar and
some dried apricots. The LMP had scrambled eggs and four bacon squares, an
orange drink, and cocoa for breakfast, and potato soup, two peanut butter and jelly
sandwiches, and a cherry bar and an orange drink.” Schmitt then went on to relate
what Ron Evans, who had been making a TV broadcast earlier, had eaten. “And
that hero of the matinee, the matinee idol of Spaceship America, had scrambled eggs,
bacon squares, peaches, cinnamon toast, orange juice and cocoa for breakfast.
That’s how he keeps his form. And, for lunch, he had a peanut butter sandwich and
citrus beverage. And that’s it, since there’s nobody else up here.”

“Jack, we appreciate all your information,” said Parker, “and we’d like to just
pass on some recommendations here from the ground that we’d like you to keep on
with your regular menu as much as possible. And, if you do cut anything off, we’d
like you to concentrate on eating the meats, the juices and the fruitcake, which are
the most effective for maintaining your electrolyte balance.”

Eugene Cernan then piped up. “Okay, Bob. We understand what you’re saying.
It’s just a lot of food, that’s all.”

“Roger. We understand, Gene,” replied
Parker. ““Also, on that group of foods, peanut
butter’s great for the electrolyte balance, also;
so you’re doing okay.”

“I knew it was good for something,” said
Cernan. “It couldn’t be that good without
being good for something.”

Imagine it. You spend two hours getting
into a space suit, you go outside into the
hardest vacuum possible for seven hours’ hard
labour and you need another hour or so to get
back out of the suit on your return. While
your helmet is on, there is no way to get so
much as a hand to your mouth, never mind
taking a meal. This was the scenario faced by  Jim Irwin suited during training. His
the J-mission crews, so to ease their inevitable  drinking tube can be seen inside the
hunger and to provide extra energy for the  neck ring.

7
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exertions of working outside, a bar of food was placed inside the neck ring of their
suits. Then when the urge took them, they could crane their necks down and chew on
1t.

Additionally, they had about a litre of water stored in a bag attached to the neck
ring of their suits. As he worked outside, a crewman could slake his thirst by sipping
through a short tube placed within reach of his mouth. Apollo 14 used these first, but
on Apollo 15, Irwin’s tube failed, leaving him dehydrated after their first moonwalk.
On his subsequent outings he tried to compensate by drinking more before and after
their time outside.

COOL AIR

The early Apollo service modules carried two oxygen tanks that supplied feedstock
for the fuel cells for the generation of electricity, and air for the crew to breathe.
After the Apollo 13 incident, when the contents of both tanks were lost after an
overpressured tank burst, a third was added. This was isolated from the other two,
both physically and by the routeing of its plumbing. Many assume that this tank was
added in view of Apollo 13’s near catastrophe, but it had actually been planned
earlier as part of the upgrades to the spacecraft to support the extended operations of
the J-missions.

The decision on the type of air to use in an Apollo cabin was not arrived at easily,
and was tied up with the tragedy of the Apollo 1 fire. The difficulty was not in
choosing the air supply for space. The problem arose because the air supply on the
ground, prior to flight, proved to be a lethal mix of high-pressure oxygen and
excessively flammable materials spread throughout the cabin, including Velcro and
nylon netting.

The reasoning behind the cabin atmosphere to use in space was simple enough.
On Earth, we experience air pressure at about 1,000 millibars. Since about 20 per
cent of that air is oxygen, we say that the partial pressure of oxygen is about 200
millibars. To simplify the design of the Apollo spacecraft and to save weight, NASA
decided to use a single gas, oxygen, for all stages of the flight. By having pure
oxygen, there was no need to engineer the spacecraft’s hull to hold sea-level pressure
against the vacuum of space, or to carry apparatus to store nitrogen and to regulate
the gas mixture. Instead, the spacecraft designers set the cabin pressure so that the
concentration of oxygen molecules presented within the lung, where gases are
exchanged to and from the blood, was similar to what would be found on Earth.
This was achieved by regulating the oxygen atmosphere within the cabin at around
350 millibars. By adopting this lower pressure, the hull could be lighter, since it only
had to hold two-fifths of sea-level pressure at most.

The problem with this arrangement arose on the ground. The early version of the
Apollo spacecraft, Block I, had no facilities whatsoever for a two-gas atmosphere,
even at the launch pad. Once the crew were sealed in, the system supplying them with
oxygen had no option but to maintain it at the full sea-level pressure of 1,000
millibars because the hull was not designed to withstand high pressure from the
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The Apollo 1 crew; Roger Chaffee, Ed White and Gus Grissom; with Robert Gilruth,
the director of the space centre at Houston.

outside. Worse, when the spacecraft was being tested for leaks, the internal pressure
was pumped even higher, despite being pure oxygen. Right through the Mercury and
Gemini programmes that preceded Apollo, spacecraft tests on the ground were
carried out with the cabin pressurised at about 10 per cent above the ambient
pressure. But on 27 January 1967, the complexity of the Apollo spacecraft and the
rush to launch it caught up with this flawed policy. Three weeks before the planned
launch of Apollo 1, during a practise countdown on top of an unfuelled Saturn IB,
an unknown ignition source set the interior of spacecraft 012 alight. Fed by high-
pressure oxygen, the cabin burned intensely with the resultant deaths of the three
crewmen on board: Virgil I. Grissom, Edward H. White II and Roger B. Chaffee.

In the light of this tragedy, the Block II spacecraft was redesigned to have a two-
gas atmosphere while on the ground, mixing oxygen and nitrogen at a 60/40 ratio
with a pressure of 1,000 millibars. Although this ratio was relatively rich in oxygen
when compared to normal air, it suppressed flammability while minimising the time
required to flush nitrogen out of the cabin after launch. During ascent, the cabin
pressure was maintained at sea-level pressure until the outside pressure had dropped
by 400 millibars, at which point the pressure relief valve began bleeding the nitrogen/
oxygen air out of the spacecraft to maintain a 400-millibar difference across the hull.
During this time, the crew were sealed in their space suits breathing only oxygen
from the suit circuit. The pressure in their suits was kept slightly high so that the
excess gas would help to flush the nitrogen out of the cabin air. Like passengers in an
aeroplane, they could feel the drop in pressure make their ears pop.

Because the total reduction in pressure during the ascent was quite large and
occurred over a relatively short space of time, the crew had to condition their blood
beforehand. A diver who rises to the surface too quickly can consequently suffer
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from the bends — a debilitating and painful condition, so-named because it makes the
victim curl up tightly. Similarly, an Apollo crewman who took no precautions would
also get the bends as the nitrogen gas that was dissolved in his bloodstream would
come out of solution in the form of bubbles as the pressure dropped, just like the
bubbles a fizzy drink bottle produces when opened. To prevent this occurring, the
crew breathed pure oxygen from the time they suited up three or more hours prior to
launch in order to flush dissolved nitrogen out of their blood.

By the time they reached orbit, the cabin pressure had settled at around 350
millibars and most of the nitrogen was gone. The crew could break open their suits
by removing their helmets and gloves and begin preparing their ship for the Moon.
Later, they removed their suits completely and worked in a shirtsleeves environment
until a situation arose that required the suits to be donned again.

Extreme outdoor gear

When the crew of Apollo 8 removed their
suits as they headed Moonward, they did not
put them back on for the rest of the mission,
as there were no plans for a spacewalk or any
undocking event that risked the integrity of
the cabin pressure. After the flight, Frank
Borman wondered whether they had been
required at all. “’I would not have hesitated to
launch on Apollo 8 without pressure suits,”
he said at the debriefing after the mission. He
continued, “We wore them for about 3 hours
and stowed them for 141 hours. I see no
reason to include the pressure suits on a
spacecraft that’s been through an altitude
chamber.” However, suits were needed for
the ascent to allow the crew to breathe pure
oxygen, and for the whole flight in case the
spacecraft’s hull was breached for some
reason.

All subsequent flights did require the crews
to suit up regularly, either for operational
reasons (going outside being the obvious
occasion) or as a precaution when pyrotech-
nic charges were cutting pieces from the spacecraft. For example, the final jettison of
the lunar module meant having an explosive cord cut through the tunnel right beside
the forward hatch.

In some ways, a space suit can be seen as the ultimate in extreme outdoor gear.
Just as a climber on the peak of Mount Everest has to dress up appropriately, an
Apollo astronaut had to protect himself from the conditions he was about to
encounter. Like the mountaineer, he needed a supply of oxygen as well as protection
from the cold and the heat in the rays of the Sun. Two distinct types of suit were

Bill Anders’s space suit. Hardly worn,
it is on display at the Science Museum,
London.
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Alan Bean holds a sample container. His gold visor reflects Pete Conrad who is taking
the picture.

produced for Apollo. The CMP had a simpler suit while the surface crews’ suits were
designed to support a back pack that allowed them to work on the lunar surface. The
following refers to the surface suit.

Air to breathe was fed into the suit either from the back pack, called the portable
life support system (PLSS, pronounced ‘pliss’), or from the spacecraft via hoses. A
fine network of water-filled tubes worn next to the skin kept control of the suit’s
internal temperature as the crewman worked. The main part of the suit had an
airtight bladder with layers of Dacron fibre, Mylar foil and woven Teflon cloth to
protect against heat and cold. The outermost of the suit’s 18 layers was white Teflon
cloth that helped to protect against abrasion.

Instead of sunglasses or goggles, a polycarbonate helmet was worn over the head
that allowed almost all-round vision. An additional cover, which was worn over the
helmet, included various visors, including one that was thinly plated with gold to
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reflect light and infra-red radiation. It also had a set of pull-down shades at the top
and to each side that the crewman could deploy to protect his eyes from the intense
lunar sunlight.

When inflated to a pressure of 250 millibars, the suits ballooned and stiffened,
making them difficult to bend and hold in a set position. To counter this, flexible
joints were built into various parts of the suit and a network of cables within the
layers allowed a posture to be adopted and held. The gloves contained thermal
insulation and the fingertips were made from silicone rubber to help to improve the
astronaut’s sense of touch. On Apollo 15, Dave Scott arranged to have his
fingertips up against the end of his gloves with the result that, over the course of his
18 hours on the surface, his fingernails were bruised and had begun to lift from his
fingers.

The PLSS carried batteries for powering the pumps and communications gear,
high-pressure oxygen for breathing, a lithium hydroxide canister for removing
carbon dioxide from the suit’s air, and a supply of water for cooling. The cooling
element was a clever piece of kit called a sublimator. Water was fed through a porous
metal plate where, on reaching a vacuum, it evaporated, thereby removing heat to
form ice. From that point on, the ice sublimated to space, taking heat with it as long
as more water was fed to replace the lost ice. This cooled the separate water circuit
that went around the crewman’s skin.

By the end of Apollo, a crewman’s suit was a heavily abused item of clothing that
had undergone 20 hours of intense work in the hostile environment of the Moon.
Often a crewman would accidentally fall over, covering himself in dirt, or the
mudguards over the wheels of the rover would break off and the crew would be
sprayed with dust as they drove. The suit’s outer layer was therefore heavily
ingrained with dirt and its locking rings around the neck and wrists threatened to
seize up because of the highly abrasive nature of the all-pervasive lunar dust. These
multimillion-dollar wonders of engineering are now museum fodder.

Keeping your cool

After the loss of power on board Apollo 13, its crew found themselves in the
uncomfortable situation of discovering what happens to the cabin temperature of a
spacecraft after a power cut. With no electricity running through the systems of the
CSM and very little in the LM, hardly any heat was being generated — heat that the
crew depended on for warmth and comfort. Despite the unfiltered rays of the Sun
falling on the ship, a chill permeated the cabin until an equilibrium temperature of
only 6°C was reached.

In a properly functioning Apollo spacecraft, the substantial amount of electronic
gear that it contained generated copious quantities of heat and, for the designer, the
problem was to keep the spacecraft cool. Heaters were only required for items of
peripheral equipment that felt the chill of space. To control internal temperatures,
the CSM had a sophisticated cooling system that took heat from where it was not
wanted, sent some of it to where it was wanted, and rejected the rest into space.

The electronic boxes in the command module were mounted on metal plates,
known as cold plates. These were cooled by pipes containing a mixture of water and
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glycol — the same mixture used in the radiators of cars to cool the engine block. By
the time it had passed through all the cold plates, the coolant was quite warm and, if
required, could be used to heat the cabin air, which again is something similar to the
system in a typical automobile (at least one without air conditioning).

The warm liquid was then pumped to the service module where it was passed to
one of two large radiators built into the spacecraft’s skin. At any given time, one of
these radiators would be basking in the full heat of the Sun while the other was being
chilled by the cold of deep space. As automatic controls fed the coolant to whichever
radiator was colder, the heat from the command module was released through
radiation. For the sake of redundancy, the spacecraft had two independent parallel
radiator circuits in case one developed a leak or became blocked. Automatic systems
monitored the outlet temperature of these radiators to keep them from freezing. The
cold water/glycol mixture was then returned to the command module where it could
absorb more heat from the spacecraft’s electronics.

These radiator panels were not designed to lose all of the command module’s heat
but they provided a simple, passive method of dealing with most of it. A second,
much more active system was built into the command module to take care of peaks
in the spacecraft’s heat output — for example, during preparation for a burn when
most of the spacecraft’s systems were powered. This was the evaporator, often
referred to by the crew as a ‘boiler’, which worked because energy is required to
convert a liquid to a gas.

When water evaporates, it takes heat from its surroundings, which is why we
sweat when we are too warm. The evaporator uses the same principle, but by
introducing the water to the vacuum of space, the evaporation is much more
vigorous, making it a very efficient cooling system. In the spacecraft’s evaporator,
spare water generated by the fuel cells was fed through metal plates that contained
many tiny holes. Beyond the plates, the water encountered a mass of porous stainless
steel called a wick, the other side of which was exposed to space. The evaporation of
water from the wick kept it cold. Pipes from the coolant system were passed through
this assembly and the water/glycol within them gave up its heat to the vaporisation
process.

The water vapour from the evaporator was led to space through a duct, called the
steam duct, which exited from a port just below the crew’s left-most window. A valve
in the duct controlled the loss of vapour to ensure that the wick remained wet and
did not freeze. A frozen evaporator was considered a danger because there was a
possibility that the expanding ice could breach the spacecraft’s pressure hull.
Redundancy dictated that there should be two evaporators, one each for the primary
and secondary cooling systems.

PTC: SPACECRAFT ON A SPIT

Space is a strange place for those of us who are used to the warmth of Earth. Here on
our planet, the air around us, the oceans and the land absorb the heat from the Sun
and, as a result, temperatures are moderated. We know instinctively the importance
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of air in the transportation of heat, whether it is between the sea and land, within the
rooms of our houses or inside the equipment we possess. In space, things are very
different.

Imagine placing an object in cislunar space, not too near the Earth, sitting
motionless. The side facing the Sun will become warm. How much depends on its
characteristics but as it gradually warms, it also radiates heat. The warmer it gets, the
more heat it radiates until it eventually reaches a point where it radiates as much heat
as it receives. At this point, it is at thermal equilibrium and its surface temperature,
probably quite high, is constant. Meanwhile, the side of the object opposite the Sun
will also radiate whatever heat it had, but this will not be replenished. The surface
temperature will gradually fall until the minimal sources of heat available to it
become comparable to the heat it is losing. Given time, and assuming that little heat
leaks through the object from the sunward side, this area will become extremely cold.
These extremes of temperature easily coexist in an environment where there is no air
to transport heat.

In the Apollo spacecraft, there were various reasons why it was undesirable to
allow these temperature extremes to exist for long. For example, tests had shown
that the heatshield material around the command module would crack and flake if it
were allowed to get too cold, while the tanks for the RCS thrusters had to be kept at
moderate temperatures at all times to prevent freezing or overpressurisation. The
simple solution was to rotate the spacecraft gently around its long axis, side-on to the
Sun. This technique was formally known as passive thermal control (PTC) but for
many commentators, a far more descriptive term was the ‘barbecue’ mode.

Apollo 8 was the first to try to set up a PTC roll. Mission control gave Frank
Borman an initial attitude that would place the spacecraft side-on to the Sun while
avoiding gimbal lock and maintaining good communications. Once there, he began a
constant, slow roll of only 0.1 degree per second, taking the spacecraft an hour to
make a complete rotation. However, physics abhors such a rotation, at least in the
long term, and especially when large quantities of fluid are involved. With time, the
rotation axis itself began to rotate, making the spacecraft’s long axis sweep out a
cone with an ever-increasing angle — a motion appropriately known as coning.

It was soon found that this simple method of initiating and maintaining PTC
would not be suitable for later missions, where the greater length of the stack with
the lunar module attached would make the simple roll manoeuvre even more difficult
to maintain. Instead, use was made of the tracking programs in the command
module’s computer to carefully control the overall attitude as the rotation
progressed. Another change for later missions was to generate a reference
orientation for the platform, a REFSMMAT, which was specifically appropriate
to the manoeuvre.

STIRRING THE TANKS: GENESIS OF A FAILURE

One of the regular tasks for the CMP was the perfectly routine stirring of the service
module’s cryogenic tanks that contained the oxygen and hydrogen gases. Each tank
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was essentially an efficient vacuum flask whose contents were best described as being
a very dense fog rather than a liquid. As the gas was drawn off for the fuel cells or for
the cabin air, the pressure in the tanks reduced slightly. If the pressure falls and the
volume stays the same, then according to the gas law that shows how pressure,
volume and temperature are related, the temperature must also fall. Therefore,
electrical heaters, which could be switched on automatically or manually as required,
were installed to help the tanks to maintain their operating pressure.

Two long devices ran the length of each tank. One was a spiral fan. The other was
a probe that determined the quantity of gas remaining in the tank. It consisted of a
tube within a tube and measured the electrical characteristics across the gap between
them — a quantity known as capacitance. The capacitance of the probe depended on
the density of the gas between the tubes, and this could be calibrated to yield how
much gas there was in the tank. However, in the zero-g environment of space, the gas
tended to gather in layers of differing densities against the probe, which skewed the
readings. This was where the fan came in. At regular intervals, it was switched on to
stir the tank’s contents, homogenise its density and allow an accurate reading. When
EECOM Sy Liebergot asked Capcom Jack Lousma to ask CMP Jack Swigert on
Apollo 13 to stir the tanks in Odyssey’s service module as they neared the Moon, the
result became part of popular culture.

“13, we’ve got one more item for you, when you get a chance,” said Lousma.
Liebergot had been getting poor data from the quantity sensors and had been calling
for more frequent stirs. “We’d like you to stir up your cryo tanks.”

“Okay. Stand by,” replied Swigert.

A minute or so passed as Swigert began stirring all four tanks sequentially.
Suddenly, the data stream to Earth began dropping out, interrupting the flow of
information about the spacecraft to the controllers’ displays. Something had
disturbed the spacecraft’s attitude and caused the dish antenna to lose lock. Then a
call came from Swigert. “I believe we’ve had a problem here.”

“This is Houston,” said Lousma, his voice suddenly taking a more authoritative
tone. “Say again, please?”’

Lovell immediately took over. ““Houston, we’ve had a problem.”

He then launched into a technical discussion of what was happening on the
spacecraft. “We’ve had a main bus B undervolt.” The CSM was losing power.

So began a 4-day drama that gripped the world and seriously threatened the lives
of the crew. The story was traced back 18 months, to when an oxygen tank originally
intended for Apollo 10 was dropped a small distance. The tank seemed to be
undamaged but a tube that allowed it to be filled and emptied may have worked
loose. It was then installed as the number two oxygen tank in Apollo 13’s service
module. Three weeks before launch, the tank was filled as part of a routine test, but
technicians found that it was slow to empty. Their solution was to switch the tank’s
heaters on and boil the gas out. The second major thread in the story then kicked in.

The heater circuits included thermostatic switches that should have stopped the
tank from overheating. When originally designed in the early 1960s, NASA’s
engineers had specified that spacecraft systems should run on 28 volts, but they later
instructed their contractors to rate everything for 65 volts instead, as this was to be

>
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used at the launch site. Unfortunately, the message was not passed to the sub-
subcontractor who supplied the switches. When the tank became too warm during
the attempt to empty it, the thermostat tried to open the circuit, became welded shut
by an arc of electricity that it could not handle, and continued to feed power to the
heaters until the temperature within the tank exceeded 500°C. As a result, the
insulation on the wiring was baked and became brittle.

At 328,300 kilometres from Earth, as Apollo 13 coasted towards the Moon, the
agitation caused by tank 2 being stirred brought exposed wires into contact, and the
short circuit ignited their insulation. A vigorous fire ensued within the tank, fed by
the extremely dense oxygen and the combustible materials that constituted the tank’s
innards. The pressure rose rapidly until the tank wall ruptured with such a force that
the entire panel from that side of the service module was blown off. The
consequential disruption to the plumbing allowed the oxygen in the undamaged
tank 1 to leak out into space as well, thereby depriving the command module of its
source of power and air, and therefore its propulsion.

It might have ended there had the blast occurred on Apollo 8 — four days away
from home, heading away from Earth with the crew slowly dying of asphyxiation in
a dead ship — except for Apollo 13’s lunar module Aquarius. Luckily, it was still
attached with its supplies unused. NASA had even studied the possibility that one
day, the LM might be used as a lifeboat. Although it was far from ideal and could
not re-enter Earth’s atmosphere, it had plentiful oxygen, a working RCS and
reasonably powerful engines, and it enabled the remaining consumables in the
command module to be preserved so that, once the spacecraft returned to Earth, the
command module would take them to the surface.

More than at any other time, the toughness and competence of mission control
and the huge array of supporting staff behind them came to the fore to overcome the
almost intractable problems that Lovell, Swigert and Haise had to deal with. The
range of hazards they faced cannot be understated, and each was handled with a
creativity and tenacity beyond expectations. The LM seemed to lack sufficient
battery power for the return. Its RCS thrusters were never intended to steer a ship
that had a 30-tonne dead weight hanging off the end of it. There were problems of
guidance, of communication and tracking, of excess carbon dioxide, of sleep
deprivation, of cold and discomfort. In addition, in the command module there was
the problem of condensation over a mass of electronics that had to work on re-entry.

Thanks to a successful Hollywood movie in the 1990s, the story of Apollo 13 and
its successful return has become a by-word for the never-say-die, failure-is-not-an-
option doggedness that turned the flight into the successful failure of the Apollo
programme.

COMMUNICATIONS
Unified S-band and VHF

Apollo used two radio frequency ranges for communications: VHF and S-band.
Originally, NASA had intended to implement the radio systems that they already
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had available to fulfil the disparate requirements of voice, data, television, as well as
the need to track the spacecraft out to the Moon. But it soon became clear that this
would involve the installation of multiple items of hardware, with severe weight
penalties, and so, as far as possible, the engineers strove to implement many of these
communications needs into a single
system — and the result was the
Unified S-band or USB system.

The frequencies used, above 2
GHz, were well suited to long-dis-
tance operation, but their highly
directional nature made the USB
system less suitable during the final
stages of re-entry, and when the crew
were talking between vehicles at the
Moon. For this, a VHF system was
added.

The antennae to support these
radio systems were arranged all
around both spacecraft, and, for the
most part, were hidden within the
smooth lines of the CSM in order to
preserve its streamlined shape for the
ascent through the atmosphere or the
later re-entry. In comparison, the LM
appeared to bristle with various
dishes, helixes and rods as function  Endeavour, Apollo 15’s CSM in lunar orbit.
overcame form on a ship that needed The four dishes of its high gain antenna are
no streamlining. The most prominent  visible near the engine bell.
antenna on the CSM was an array of
four dishes mounted on the end of an arm known as the high-gain antenna (HGA).
Its mounting was articulated, and could swivel under automatic or manual control to
aim at Earth. Like an adjustable torch, the array itself could be electronically
configured in three ways: wide beam, medium beam and narrow beam, each focusing
the antenna’s pattern into a tighter beam to concentrate its ability to send and
receive the USB radio signal over the large distances to which the spacecraft
travelled.

As the HGA was mounted on one side of the spacecraft, it could only be used
when that side was facing towards Earth. For other occasions, four flush-mounted
omnidirectional antennae were built around the periphery of the command module.
As the spacecraft rotated, these could be switched into use as necessary to ensure
constant communications with the ground. Being omnidirectional, their pattern of
reception and transmission was unfocused; their usefulness was limited because they
could not carry high amounts of data. As a result, the use of the communications
system for high-bandwidth data had to be carefully choreographed with the attitudes
the spacecraft adopted for its various tasks. If the flight controllers wanted a detailed
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look at the spacecraft’s systems, then the telemetry had to carry much more digital
data. From near lunar distances, this could only be handled by the HGA. Similarly,
the high-bandwidth demands of television required this dish array when in the
vicinity of the Moon. There were occasions, however, when tests were carried out to
send TV or high-bandwidth data using the omnidirectional antennae and large
dishes on Earth. For VHF communication, mostly to the LM, the CSM sported a
pair of scimitar antennae housed in semicircular mouldings on each side of the
service module.

The LM had a single dish antenna for high-bandwidth communications to Earth
and a pair of omnidirectional antennae mounted fore and aft. It also sprouted three
VHF antennae: two mounted fore and aft for communication with the CSM and one
to link the two crewmen walking outside on the lunar surface, both with each other
and with mission control. It had two other antennae, but these were for radar rather
than communications.

Beep — ‘This is Houston’ — beep

One iconic symbol of the ‘space programme’ was the strange ‘beep’ that constantly
seemed to punctuate the conversation between mission control and the spacecraft.
Anyone mimicking or lampooning the spacemen felt the need to pepper their speech
with the curious tone that came on the public feed of audio to the press and
broadcasters from NASA. Despite their association with something hi-tech, their
purpose was rather prosaic. They were called Quindar tones and their purpose was
simply to control a switch.

The USB radio system required that a radio carrier was sent to the spacecraft at
all times for tracking purposes (see Chapter 6) in contrast to the situation with a
walkie-talkie where the carrier is transmitted only when the push-to-talk button is
pressed. However, it was not desirable for Capcom’s microphone to be constantly
live on the uplink to the spacecraft. He had to talk to others in the mission operations
control room (MOCR) and indeed to any other site on the net, and his microphone
could also pick up nearby conversation. Nor was it desirable for the long-distance
line from Houston to the ground station to reach the spacecraft as it was prone to
interference. A decision was made to only allow the line to be fed to the spacecraft
when Capcom wanted to speak, and so a method had to be found to tell the ground
station when he had pressed his push-to-talk button and when he had released it.
However, to have arranged a separate circuit just to carry a signal to tell the ground
station to switch would have been expensive, so engineers sent Quindar tones on the
same line as the one used by Capcom.

When he wanted to speak to the crew and pressed his push-to-talk button, a
quarter-second burst of 2.525 kHz tone was produced. This was detected at the
ground station, where it operated an electronic switch to place Capcom’s line
onto the uplink. When Capcom had finished speaking and released his push-to-
talk button, another quarter-second burst of tone, this time of a slightly lower
pitch of 2.475 kHz, signalled the switch to remove the Houston line from the
uplink.
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TELLY FROM THE MOON

It has often astonished commentators
from more recent and media-savvy
years that television, which would be
of tremendous public relations
importance, was almost pushed aside
as a distraction to the exacting job of
actually achieving the Apollo pro-
gramme’s prime goal. Wally Schirra
resisted having a TV camera on
Apollo 7, but the success of black-

and—white teleViSi.OH from Apo!lo 8, Engineer Stan Lebar with the black and white
which brought pictures of a dlstar.1t TV camera like that used for Apollo 11.
Earth and the Moon’s dramatic

terminator to the public sold the idea

to NASA. These events drew massive audiences from around the world and NASA
soon realised that TV could play an important role in shaping how history would
remember Apollo.

A few months prior to the historic moonwalk by Armstrong and Aldrin, NASA
had intended to send them to the surface with only a 16-mm movie camera and an
amount of film that was insufficient to record the entire moonwalk. Max Faget, one
of the spacecraft designers, described it as “almost unbelievable [that the mission] is
to be recorded in such a stingy manner”. Thus, the pendulum swung towards
acceptance of the technology in the spacecraft and on the lunar surface. The
commander of Apollo 10, Tom Stafford, embraced the idea of TV from a spacecraft
and helped to push the development of a colour TV camera that allowed him and his
crew to make regular transmissions from their orbit around the Moon, further
raising the importance of television in the minds of crews and managers.

Despite this acceptance, the frantic pace of flight development and the difficulty
of developing a lightweight colour camera for the harsh conditions on the lunar
surface meant that Apollo 11’s Eagle took only a simple black-and-white TV camera
to Tranquillity Base while a colour unit stayed in the comfy warmth of the command
module. The lesson had been learned, and from Apollo 12 onwards, colour TV
cameras were taken to the Moon’s surface. To get television back to Earth, a part of
the bandwidth in Apollo’s radio system was set aside for auxiliary signals, be it
scientific data, recorded onboard data or television. The implementation of
television technology was very different between the black-and-white and the colour
systems, though both used the auxiliary communications channel.

Before describing how TV images reached our sets from the Moon, a quick lesson
in terminology is in order. In the United States, conventional TV images were built
up within a frame of 525 lines. A complete frame was sent 30 times per second but
the lines within it were not sent sequentially. Instead, all the odd-numbered lines
were sent first, followed by all the even-numbered lines, giving two interlaced scans
of the image to make a frame. Each of these scans was called a field. To an
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approximation, the US television system of the late twentieth century had 60 fields
per second of 262.5 lines per field, or 30 frames per second of 525 lines per frame,
though not all of those lines carried imagery.

The black-and-white TV system

Black-and-white television was, by far, the simpler of the two systems, and the less
greedy of radio bandwidth. The camera, as used on Apollos 8, 9 and 11 had just one
imaging tube and operated at scan rates that would normally be called slow-scan
television. The frame rate used was only 10 frames per second with 320 lines per
frame. The bandwidth of the signal (which defined how well the fine detail of the
image was handled) was restricted to
a very low value of 0.4 MHz (as
compared to about 5 MHz for
broadcast TV). The camera used a
vidicon type of imaging tube that
was notorious at the time for exhi-
biting excessive image lag, whereby a
ghostly smear would trail behind the
moving image.

When the pictures reached Earth
at this non-standard frame rate, they
were electronically incompatible with
just about every TV system on the
planet, so the ground stations had
converters to generate standard US
television signals from them. The
converter worked in two stages. The
first simply consisted of aiming
another vidicon TV camera at a
small television screen. The screen
displayed the images from the Moon
at 10 frames per second while the camera, running at 60 fields per second, was
allowed to take a valid image each time a full image was displayed, which was every
tenth of a second. In other words, only one field in six from the camera contained a
picture.

The second stage was to recreate the missing five fields by recording the single
good frame from the TV camera onto a magnetic disk and replaying it five times to
reconstruct the full 60-fields-per-second TV signal, ready for distribution to
Houston. The repetition of the fields and additional lag from the second camera
added to the ghostly impression left by Apollo 11’s moonwalk coverage.

A question that is often asked is, if Neil Armstrong was the first man on the
Moon, who operated the TV camera? It is a spurious question because it assumes
that all cameras must have a cameraman behind them. In fact, Eagle’s camera was
mounted upside-down inside a fold-down panel next to the ladder. At the top of the
ladder, Armstrong pulled a lanyard to open the panel and thereby reveal the camera.

Apollo 11’s TV camera mounted upside down
on one of Eagle’s panels.
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On Earth, the conversion equipment had a switch which the operator flicked to right
the upside-down picture. Once both crewmen were on the surface, Armstrong lifted
the camera from its mount and placed it on a stand from where the TV audience
could watch proceedings. The operator threw his switch back to restore the image’s
orientation.

Colour TV from a black-and-white world
During Apollo, colour television was still in
its infancy and was notorious for complicating
the technology. Conventional colour TV
cameras of the time required that there be at
least three imaging tubes generating simulta-
neous images in red, blue and green. The
cameras were therefore large, heavy and
required constant attention to keep the three
images aligned in the final camera output. A
simpler system was required and designers
turned to a derivative of one of the earliest
methods of generating colour TV, the colour
wheel.

CBS, one of the United States’ three major
TV companies at the time, initially developed
the colour wheel camera in the days before a
rival system was adopted for general use. The
colour wheel camera had one great advantage
that lent itself to use in space. Since the colour ~ Apollo 12’s troublesome colour TV
scans were expressed sequentially instead of ~ camera on its tripod on the Moon.
simultaneously, only a single imaging tube
was required and the camera could be made much smaller than conventional
cameras of the time.

The Apollo colour camera produced what was essentially a standard black-and-
white signal at 60 fields per second, 262.5 lines per field, with about 200 useful lines
per field. Directly in front of the imaging tube, between it and the lens, was the
colour wheel. This had six filters as two sets each of red, blue and green. It was spun
at 10 revolutions per second such that each field from the camera was an analysis of
the image in red, then blue, then green, over and over. If viewed on a black-and-
white monitor, the image would display a pronounced 20-Hz flicker because the field
that represented green was brighter than the other two, but would only come around
20 times per second. The bandwidth given over to this television signal was increased
to 2 MHz which overlapped other components in the Apollo S-band radio signal.
Careful filtering was required to remove these from the TV image.

The flickering black-and-white signal received from the spacecraft, or from the
Moon’s surface, had to undergo extensive processing at Houston. In television
studios of the Apollo era, it was crucial that the timing of the TV signal was stable.
In other words, the pulses within the signal that define the start of a line or field
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should occur with extreme regularity and precision. In addition, all equipment
dealing with the signal had to agree when the lines and fields began — that is, they all
had to be synchronised. This was a problem for Apollo, owing to the velocity of the
spacecraft or of the landing site with respect to the receiver on the turning Earth, and
the resulting Doppler shift constantly altered the timing of the received TV signal.

Being in the days before mass digital storage made the task easy, engineers used
two large videotape recorders to correct the signal’s timing. The first machine
recorded the pictures coming from space, synchronising itself with the pulses that
were built into the television signal. However, instead of the tape going onto a take-
up reel, it was passed directly to a second videotape machine which replayed the
tape. This second machine took its timing reference from the local electronics,
allowing it to reproduce the signal with its timing pulses occurring synchronously
with the TV station.

With the timing sorted, a colour signal had to be derived from the three separate,
sequential fields that represented red, blue and green. To achieve this, a magnetic
disk recorder spinning at 3,600 rpm (once every 60th of a second) recorded the red,
blue and green fields separately onto six tracks. From this disk, the appropriate fields
could be read out simultaneously using multiple heads and combined conventionally
to produce a standard colour television signal.

Apollo 10 proved that a colour camera worked within the overall Apollo system
and, starting with Apollo 12, colour TV was transmitted from the lunar surface — or
at least it was until the camera was inadvertently aimed either at the Sun or at one of
its reflections from the LM, destroying part of the sensitive imaging tube!

The cameras for Apollos 11, 12 and 14 were merely placed on stands near the LM,
which was acceptable as long as activity was centred around the LM, but when the
Apollo 14 crew set off for their traverse, the audience was left watching an
unchanging scene for several hours. It was clear that when lunar exploration stepped
up a gear for the J-missions, the TV camera would have to be mounted on the lunar
rover. It could not be operated while
driving, but at each stop, Ed Fendell
in mission control operated the cam-
era by remote control. In this way,
many eyes in Houston could watch
what the two crewmen were doing
nearby. This also enabled the scien-
tists to build up panoramic views of
each site and look around for inter-
esting rocks for the astronauts to
inspect.

For the final two missions of the
Apollo programme, TV signals were
linked to California where a proprie-
tary system enhanced the images  Apollo 16’s remotely-controlled colour TV
before returning them to Houston camera mounted on the rover.
for distribution.
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The changing image from the Moon. Still frames from the TV coverage on Apollo 11
(left) and Apollo 17 (right).

CHECKING THE LUNAR MODULE

During the coast out to the Moon, the crews lived in the command module to
preserve the LM’s consumables. At least once during the coast, they took time to
open up the tunnel between the two spacecraft and make a preliminary inspection of
the lander. No one had seen the inside of the LM since it was on the launch pad and
no one knew how well it had survived the rigours of launch. As Armstrong and
Aldrin prepared to enter Eagle for the first time on their third day in space, Collins
powered up Columbia’s colour television camera and gave mission control, and
anyone else watching, a TV show.

“Apollo 11, Houston,” said Capcom Charlie Duke. “We're getting the TV at
Goldstone. We’re not quite configured here at Houston for the transmission. We’ll
be up in a couple of minutes. Over.”

Collins had got the camera working early, an hour or so in advance of a planned
TV show, causing technicians to hustle to get the signal from California to Houston
by landline and convert it to colour.

“Roger. This is just for free,” he said. “This isn’t what we had in mind.”

“It’s a pretty good show here,” said Duke, watching their progress on the huge
Eidophor projection TV screen at the front of the MOCR. “It looks like you almost
got the probe out.”

The crew had earlier pressurised the LM cabin with air from the command
module. When the pressures on both sides of the forward hatch had equalised, the
hatch could be removed and the tunnel cleared of the docking equipment: first the
probe, then the drogue. Once Armstrong got the probe out, he inspected its tip for
signs of damage from the impact with the drogue during Collins’s docking.

“Mike must have done a smooth job in that docking,” he told Duke. “There isn’t
a dent or a mark on the probe.”

“Roger,” replied Duke. “We’re really getting a great picture here, 11. With a 12-
foot cable, we estimate you should have about 5 to 6 feet excess when you get the
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camera into the LM.” During their training, they had discovered that they were to be
supplied with a short cable that would not have reached into the LM, and arranged a
longer substitute.

With the tunnel cleared, one of the crew could read off the docking roll angle.
“We went up in the tunnel checking the roll angle, Charlie, and it’s 2.05 degrees,”
called Collins. “And that’s a plus,” he added. When he had docked the two
spacecraft two days earlier, he used visual aids to help him to line up. In a perfect
docking, the angle between the coordinate systems of the two vehicles would be 60
degrees. Any slight deviation from this was read off a calibrated scale in the tunnel
between the two craft. The measurement was later factored into calculations when
the orientation of the CSM’s guidance platform was transferred to the LM.

Access to the LM was finally gained by opening the hatch at the top of its cabin.
Typically, crews would discover small items of detritus floating around that had
been left over from the LM’s manufacture. In the factory, they would have fallen
down into some inaccessible corner but could float freely in the weightless
environment of space. Often crews would see a lonely washer gently floating
around the cabin. “There wasn’t very much debris in the command module or the
LM,” said Aldrin as he moved about Eagle’s cabin. “We found very few loose
particles of bolts, nuts and screws and lint and things. Very few in each spacecraft.
They were very clean.”

The Apollo 15 crew found something a little bit different floating around Falcon’s
cabin. Unlike all the earlier flights, it had been decided that Scott and Irwin should
inspect their LM a day earlier, on the second flight day. “One little problem we
ought to discuss with you before we go on,” said Scott as he looked around. “It
seems that somewhere along the way, the outer pane of glass on the tapemeter has
been shattered. About 70 per cent of the glass is gone. The inner pane of glass seems
to be okay. There’s no apparent damage to the tapemeter itself. I found one piece
that’s almost an inch in size, and there’s some small ones around. We'll try to pick it
up with the [sticky] tape, and then get the vacuum cleaner later on to get it all up.”

Spaceflight has a knack of taking what, on Earth, appears like a trivial problem
and making its possible consequences very profound. First, the shards of glass did
not fall to the floor. They were floating about the cabin, moved around by any
passing air current, which meant that they could easily be breathed in by the crew.
There was little experience of what would happen when sharp glass shards entered a
human’s respiratory system and they certainly did not want them entering the eye.

Second, the tapemeter was an important instrument. It told the commander how
far away something was — be it the ground during a landing, or the CSM during
rendezvous — and it told him how fast the object was approaching or departing. Its
manufacturers had filled it with helium gas to minimise corrosion of its parts, and
sealed it at sea-level pressure. Immediately Scott reported the broken glass, NASA
realised that this gas had been lost, and arranged to have an identical instrument
tested to see how well it operated with an oxygen atmosphere at one third of its
design pressure, and indeed in a vacuum (as it would experience while the LM was
depressurised during the moonwalks). Mechanical devices can suffer from various
problems when operated in a vacuum. Lubricants can evaporate and close-fitting
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surfaces can stick together without a film of air to separate them. This is known as
vacuum welding.

As Scott had suggested, sticky tape and their vacuum cleaner dealt successfully
with the glass, and testing showed no problems with operating the tapemeter in
alternative atmospheres. By having the crew enter the LM a day early, NASA had
given themselves an extra day to examine problems such as these.

While they were in the LM, some of its systems were powered up to allow mission
control to examine the telemetry coming from them. As an aid for this, their
checklists included diagrams of the spacecraft’s circuit breaker panels. Those
breakers that had to be closed were black, the others white, making it easier for the
LMP to match the patterns and know he had operated the correct breakers. The
LM’s power budget was tight, and no one wanted to deplete the batteries more than
necessary. Just as the backup CMP had checked all the command module switches
and knobs prior to launch, this was an opportunity for the LMP to check that
everything was properly set for landing day — it was a ‘get-ahead’ exercise. Readings
were taken on the pressures in their emergency oxygen supplies and the voltages of
the LM’s batteries. Checks were also made of the communications systems. Could
they talk with mission control using S-band? Could they talk to the CSM using
VHF? Was spacecraft telemetry getting through to mission control along with the
data from their biomedical sensors?

Checks complete, the LM crew powered the spacecraft down and returned to the
CSM, closing the hatch behind them in case a meteor strike to the lander dumped its
atmosphere. On later flights, a second check was made of the LM on the third day.
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Entering lunar orbit: the LOI manoeuvre

On the journey to the Moon, two
events symbolised the crew’s daring
and acceptance of risk more than any
other. One was the landing itself,
which committed two crewmen to an
utterly inhospitable lunar surface
unless a small rocket engine worked
properly to get them off and begin
their journey home to Earth. The
other was lunar orbit insertion (LOI),
the point in the journey when Apollo
crews committed themselves to the
gravity of the Moon. After LOIL, there
was no possibility of a return to Earth
except by the successful operation of
one major system within the service
module. This was the service propul-
sion system (SPS), whose most
obvious component was a large bell
that protruded from the engine at the
rear of the module. This engine, and
the tanks that fed it, took up the bulk
of the service module’s volume and
mass, and its requirements largely

Columbia, the Apollo 11 CSM, during
processing at Kennedy Space Center.

defined the module’s layout and construction.

THE SERVICE MODULE

The cylindrical form of the service module consisted of a long central tunnel, with
the volume around this divided into six sectors shaped like pieces of a cake. The
structure was designed to support the weight of the command module and the launch
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escape tower, a load that increased by a factor of 4 towards the end of the Saturn’s
first stage of flight. Its strength came from the beams and trusses of its internal
skeleton, and the panels that subdivided its volume and formed its external skin.
These panels were largely hollow, formed from a sandwich of aluminium honeycomb
bonded between aluminium sheets.

The sectors around the tunnel were numbered 1 to 6. The first was one of the
smaller sectors, subtending only 50 degrees, and was left empty for the early Apollo
missions apart from a load of ballast that served to keep the craft’s centre-of-gravity
within limits. After the Apollo 13 explosion, an additional oxygen tank was added to
this sector for Apollo 14. For the J-series missions that followed, this sector gained
another tank filled with hydrogen in order to help to supply the increased power
needs of these more demanding flights. Another modification for these intensively
scientific missions was the addition into this sector of a suite of remote-sensing
instruments and cameras to study the Moon from orbit.

Sectors 2 and 3 occupied 70 degrees and 60 degrees respectively of the volume
around the central tunnel. They accommodated two large cylindrical tanks that held
oxidiser for the SPS engine. Both they and the fuel tanks opposite were fabricated
from titanium. The electrical power supply for the CSM was contained in sector 4
which, like its opposite number, swept only 50 degrees of the available volume. Three
fuel cells were mounted near the top of the sector, towards the command module.
They produced electricity by the reaction of hydrogen and oxygen supplied from
four tanks located in the remainder of the sector. As with sectors 2 and 3, sectors 5
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and 6 accommodated a pair of titanium tanks for the SPS engine, in this case for
fuel. In the central tunnel, two tanks of helium provided gas to pressurise the fuel
and oxidiser tanks.

SPS: the engine that just had to work

The SPS engine was mounted at the rear of the central tunnel, below the helium tanks.
This was the one major engine in the Apollo system that had to be capable of being
regularly restarted from the point of view of crew safety. Failure to operate at its first
major firing to enter lunar orbit could be tolerated, because the spacecraft would loop
behind the Moon and return to Earth’s vicinity. Other engines could then restore a
trajectory home. However, a spacecraft already in lunar orbit was completely
dependent on the successful restarting of that engine to bring the crew home.

With maximum reliability in mind, engineers endowed the engine with two of just
about everything: two control systems, two sets of plumbing, two ways to pressurise
the propellant tanks. In fact, except for the rather passive combustion chamber and
bell, and the injector plate, the SPS engine was really two engines in one, with the
crew having entirely separate control of either. Even pumps were banished from its
systems in order to avoid having to rely on the moving parts that they contained.
Instead, helium gas provided the pressure needed to push the propellants through the
piping and into the combustion chamber with sufficient force. This helium was
stored at extremely high pressure and passed through regulators which reduced its
pressure to that required by the large propellant tanks.

Reliability was further assured by the use of a hypergolic f