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Preface

January 23rd, 2012, marked the start of the Year of the Dragon in the Chinese
calendar and, in May 2012, SpaceX’s Dragon became the first privately developed
spacecraft to visit the International Space Station (ISS). Space travel is one of the
most difficult of all human endeavors, and success is never guaranteed. The Dragon
flight introduced a series of new challenges and new magnitudes of complexity and,
by docking with the ISS, SpaceX once again made history by becoming the first
private company to send a spacecraft to the ISS.

Dragon is a spacecraft unlike any other. Not only is it the first privately developed
spacecraft to successfully return from Earth orbit, it is also the only reusable
spacecraft in operation today. It also happens to be just another element in Elon
Musk’s goal of making humanity a spacefaring civilization. Just as Elon Musk’s
PayPal product took internet payments that cost US$0.40 or more per transaction
via credit cards and made them free, his SpaceX rockets and spacecraft are going to
revolutionize space travel with new lower prices. While humanity becoming a
spacefaring species may be inevitable in the long term, if personal income keeps
growing, applying modern manufacturing, testing, control, and management
techniques to spaceflight may allow us to see substantial strides this decade.
Leading the charge will be SpaceX.

SpaceX is applying modern manufacturing techniques such as friction stir welding
and modern CAD and production data management techniques to build its rockets.
It’s also developing its Falcon 1, 9, and other rockets in quick succession, reusing many
components and design and manufacturing strategies. Not satisfied with business as
usual, SpaceX doesn’t rely on decades-old space-proven products or even the veteran
aerospace testing firms; instead, it builds new components and tests them in-house.

SpaceX: Making Commercial Spaceflight a Reality is an account of commercial
spaceflight’s most successful start-up. It describes the extraordinary feats of
engineering and human achievement that have placed SpaceX at the forefront of
the launch industry and positioned it as the most likely candidate for transporting
humans to Mars. Since its inception in 2002, SpaceX has sought to change the space
launch paradigm by developing a family of launch vehicles that may ultimately
reduce the cost and increase the reliability of space access by a factor of 10.



viii Preface

This book describes how SpaceX is based on the philosophy that simplicity, low
cost, and reliability can go hand in hand. It explains how, by eliminating the
traditional layers of management, internally, and subcontractors, externally, SpaceX
reduces its costs while speeding decision-making and delivery. Likewise, by keeping
the vast majority of manufacturing in-house, the book explains how SpaceX reduces
its costs, keeps tighter control of quality, and ensures a tight feedback loop between
the design and manufacturing teams.

Forged by Elon Musk in 2002, the founder of PayPal and the Zip2 Corporation,
SpaceX has already developed two of the coolest new launch vehicles, established an
impressive launch manifest, and been awarded funding by NASA to demonstrate
delivery and return of cargo to the ISS. Supported by this order book and Mr.
Musk’s substantial resources, SpaceX is on an extremely sound financial footing as
the company moves towards volume commercial launches.

Although drawing upon a rich history of prior launch vehicle and engine
programs, SpaceX is privately developing the Dragon crew and cargo capsule and
the Falcon family of rockets from the ground up, including main and upper-stage
engines, the cryogenic tank structure, avionics, guidance and control software, and
ground support equipment. The Falcon 9 and Falcon Heavy are the only US launch
vehicles with true engine out reliability. They are also designed such that all stages
are reusable, making them the world’s first fully reusable launch vehicles. And the
Dragon crew and cargo capsule, currently under development, may revolutionize
access to space by providing efficient and reliable transport of crew and cargo to the
ISS and other low Earth orbit destinations. This book explains how. Here is an up-
close portrait of the maverick company that is, in short, one of the most spectacular
aviation triumphs of the twenty-first century.
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Elon Musk: The space industry’s Tony Stark

After a near flawless nine-day mission, the Dragon capsule splashed down on target
in the Pacific Ocean just off the coast of Mexico, marking the end of the first
commercial mission to ferry supplies to the International Space Station (ISS).
Tethered to three large parachutes, the unmanned gumdrop-shaped capsule (Figure
1.1), which had carried food, water, clothing, and equipment to the orbiting outpost,
hit the water at 8:42 a.m. local time on May 31st, 2012, about 900 kilometers west of
Baja, California, witnessed by technicians from the remarkable company that had
built and flown it — Space Exploration Technologies, or SpaceX:

1.1 Dragon capsule. Courtesy: SpaceX

E. Seedhouse, SpaceX: Making Commercial Spaceflight a Reality,
DO110.1007/978-1-4614-5514-1_1, © Springer Science+Business Media New York 2013
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1.2 Elon Musk. Courtesy: NASA

“This really couldn’t have gone better. I'm overwhelmed with joy. It’s been 10
years, and to have it go so well is incredibly satisfying.”

Elon Musk, SpaceX chief executive, speaking at a televised

news conference from the company’s headquarters

in Hawthorne, California

The Dragon had separated from the ISS about seven hours before splashdown, after
astronauts had loaded it with used equipment, experiment samples, and trash. The
success of what was really just a trial run for the spacecraft positioned SpaceX to
begin regular supply missions with bigger payloads to the ISS and paved the way for
manned missions perhaps as early as 2015. The flight of the Dragon was also notable
for the fact that, since the Space Shuttle program had ended the previous year, the
station had been resupplied by Russian and European spacecraft.

In 2002, Elon Musk (Figure 1.2) was just another Internet mogul starting a
commercial space company. But Musk was bolder than his peers. Simply providing a
suborbital trip to space like Sir Richard Branson’s SpaceShipOne! wouldn’t satisfy the
South African native; Musk wanted to fly resupply missions with astronauts to the ISS.

' That rocket, and the passenger version that will make up Sir Richard Branson’s Virgin

Galactic fleet reached an altitude of more than 100 kilometers in 2004.



Elon Musk: The space industry’s Tony Stark 3

It was a bold goal because, as any space engineer will tell you, getting to orbit is by
several orders of magnitude more difficult than reaching suborbital altitudes. In fact, it
is such a challenge that only eight countries and a few private companies have reached
orbit independently. Orbital flight also happens to be very, very expensive, but Musk
reckoned he could do it cheaper and turn a profit. His plan? Run his company like an
Internet start-up and launch a new age in space exploration.

Perhaps one of the most intriguing aspects about how Musk works is the fact that
he works at all. After all, by his early thirties, his Internet ventures had made his net
worth about US$200 million. He could have retired but chose instead to enter
perhaps the riskiest, costliest, and most unforgiving businesses there is: launching
rockets.

Born in South Africa in 1971, the son of a Canadian mother and a South African
father, it didn’t take long for Musk to demonstrate his entrepreneurial spirit. He
bought his first computer at the age of 10 and quickly taught himself computer
programming. Two years later, he wrote code for Blastar, a video game, which he
subsequently sold to a computer magazine for US$500. Then, when he was 17,
spurred by the prospect of avoiding compulsory service in the South African
military,2 Musk moved to Canada, spending two years at Queen’s University,
Kingston. He had planned a career in business and worked at a Canadian bank one
summer as a college intern. After Kingston, Musk moved to the US, where he earned
degrees in physics and business at the University of Pennsylvania. He had intended
to begin a graduate program at Stanford in 1995 but, after just two days, chose
instead to devote the next four years to developing Zip2, a company that enabled
companies to post content on the Internet. In February 1999, Compaq Computer
Corporation bought Zip2 for US$307 million — in cash. It was one of the largest cash
deals in the Internet business at the time and Musk walked away with a cool US$22
million for his 7% share. He was only 28.

He used US$10 million to start X.com, an online bank, which went online in
December 1999. The following month, Musk married his first wife, Justine, whom he
had met while studying in Canada. Two months later, in March 2000, X.com merged
with Confinity, which had developed a service you may have heard of — PayPal,
which provides customers with payment transactions over the Internet. Musk
increased his fortune when eBay bought PayPal for US$1.5 billion in 2002. The deal
saw his net worth rocket past US$100 million. By that time, he and Justine had
moved to Los Angeles and had their first child, a boy named Nevada Alexander.
Tragically, while having a nap one day, Musk’s son stopped breathing and, by the
time the paramedics had resuscitated him, the 10-week-old infant had been without
oxygen for so long that he was pronounced brain-dead. He spent three days on life

Musk has explained in several interviews that he doesn’t have a problem with military
service but he didn’t like what the South African military was doing in the late 1980s,
especially the brutal oppression of the black majority. When he moved to Canada to avoid
conscription, it was against the wishes of his father and the two rarely speak as a result of
the younger Musk’s decision.



4 Elon Musk: The space industry’s Tony Stark

support before Musk and his wife made the agonizing decision to take him off it.
Sudden Infant Death Syndrome was the verdict.

Having had enough of the Internet, Musk searched for a new challenge and
founded Space Exploration Technologies, or SpaceX, in June 2002. To kick-start his
company, he tried buying a rocket from Russia, but soon realized the proposition
was too risky and instead considered building his own rocket. Establishing a rocket
company was seen by many in the space industry as an audacious move. After all,
Musk possessed very little background in the field of rocket science. He could have
been forgiven if he had chosen to buy rockets from established rocket-building
companies but that just wouldn’t have been Musk. Instead, he decided to build
SpaceX from the ground up. His initial goal was to reduce the cost of launch services
— a milestone spurred by Musk’s frustration with not only how much money NASA
spent on the space program, but also how little the costs of space exploration have
decreased in the decades since the end of the Apollo Program. Once he had solved
the inefficiencies of the space program, Musk had his sights set on low-cost human
travel into orbit and establishing a colony on Mars. But, before he could send
humans to Mars, Musk needed to get his rockets into orbit.

The challenges facing Musk were formidable. Between 1957 and 1966, just as the
space age was gaining momentum, the US had sent 429 rockets into orbit, a quarter
of which failed. To date, only governments have managed to harness the capital and
intellectual muscle necessary to launch rockets into orbit. In fact, practically every
Russian, Chinese, and American rocket that exists today is a legacy of ballistic
missiles. And building those rockets didn’t come cheap. The American, Russian, and
Chinese space programs required small armies of engineers working with nearly
unlimited budgets. For example, the Apollo Program employed more than 300,000
people and cost more than US$150 billion in 2007 dollars, or more than 3% of the
US federal budget. Even the now-retired Space Shuttle required a ground crew of
50,000 and cost more than half a billion dollars every time it flew. Incidentally, even
the extraordinary amounts of money that were thrown at the Shuttle didn’t increase
safety because it is still the most dangerous rocket system ever created. (NASA
administrators originally stated the risk of catastrophic failure was around one in
100,000; NASA engineers put the number closer to one in 100; a more recent report
from NASA said the risk on early flights was one in nine. The eventual failure rate
was two out of 135.)

The few private companies that save managed to get something into orbit have
used hardware developed under government programs. And their services aren’t
cheap. If you want to launch a satellite into orbit on a Sea Launch Zenit (Figure 1.3),
it will set you back a cool US$50 million to US$75 million. Even if you happen to be
the US Air Force (USAF), putting a 200-kilogram payload into low Earth orbit
(LEO) on an Orbital Sciences Pegasus will cost around US$30 million.

“What’s the fastest way to become a commercial space millionaire? Start as a
commercial space billionaire.”

Hackneyed joke spawned by the number of companies that

have tried and failed to launch rockets into LEO
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1.3 Sea Launch Zenit. Courtesy: Sea Launch

To Musk, launch prices were a damning indictment of the state of space exploration,
a business that had spent hundreds of billions of dollars on rocket technology in the
past 50 years with the result that, before SpaceX came along, the cost of putting
something into LEO was still around US$10,000 per pound. It was this lack of
progress that particularly frustrated Musk, who decided he would aim to reduce
those costs by half — or more.

To many space industry observers, it was a tall claim.

Musk knew the stakes would be high. After all, he knew very little about the
rocket industry and had never actually built anything — except Internet companies —
in his life. The odds were hardly in his favor. But Musk had thrived in businesses
where the default expectation was failure, so why not roll the dice on building
rockets? The question was how to do it.

Musk started by going to the heart of the acrospace world in El Segundo,
California, one of the beach cities just south of Los Angeles International Airport,
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and began recruiting industry veterans for SpaceX. One of his first hires was Tom
Mueller, one of the world’s leading propulsion experts. Designing propulsion
systems had come naturally to Mueller, who came from a hands-on background.
Born in St Maries, Idaho, a tiny logging community of about 2,500 people, Mueller’s
dad was a log truck driver and he wanted his son to be a logger, so it was only
natural that the younger Mueller grew up around logging trucks and chainsaws. It
was an environment that spurred an interest in figuring out how things work, which
probably explains why he took his dad’s lawnmower apart. When his dad found the
parts, he was upset because he didn’t think he could put the pieces back together, but
the younger Mueller reassembled it and the machine ran pitch perfect. From
rebuilding lawn mowers, Mueller moved on to building and flying toy rockets. He
bought Estes rockets from his local hobby shop, although they didn’t last long
because he usually crashed them or blew them up. In junior high, Mueller submitted
a hybridized life sciences propulsion project to the science fair which was to fly an
Estes rocket with crickets in it to see what the effects of acceleration were on the
crickets. Unfortunately, the parachute failed and the deceleration when the rocket
hit the ground killed the crickets. Not wanting to kill any more wildlife, Mueller
restricted his next project to building a rocket engine out of his dad’s oxyacetylene
welder and made a rocket engine out of it by injecting water into it to see what effect
that had on its performance. The first time he ran it, the engine burned a hole
through the side of the chamber but, with some minor modifications, he was able to
run it in a steady state — an achievement that allowed him to reach the regional round
of the science fair.

Mueller earned a master’s degree in mechanical engineering from the Frank R.
Seaver College of Science and Engineering and received job offers for work in Idaho
and Oregon, but it was for non-rocket stuff. So Mueller decided to move to
California to get a rocket job, eventually taking a position with TRW Space and
Electronics, where he spent 14 years running the Propulsion and Combustion
Products Department. Along the way, he earned the TRW Chairman’s Award and
filed several patents in propulsion technology. Mueller was happy working there, but
his ideas about rocket engine design in a company in which rocket engines weren’t a
core component were lost. To satisfy his creative impulses, Mueller turned to the
Reaction Research Society, building his own engines and launching them in the
Mojave Desert with fellow rocketeers.

Even for an experienced propulsion engineer like Mueller, building rocket engines
wasn’t easy; these engines rely on myriad valves and seals to control the flow and
need super-cooled oxidizers to mix with the fuel so it can ignite. The resulting
combustion, which can be described as a controlled explosion, is channeled at high
pressure into the nozzle, creating the thrust that propels the rocket. These challenges
didn’t deter Mueller though. By 2002, he had almost completed the world’s largest
amateur liquid-fuel rocket engine, capable of producing 13,000 pounds of thrust.
Musk met the enterprising propulsion engineer in January 2002 just as Mueller was
preparing to attach his monster engine to an airframe. For Musk, building rocket
engines was the key to his commercial spaceflight enterprise. He took one look at the
rocket engine and asked whether Mueller could build a bigger one.
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1.4 Gwynne Shotwell was recruited by CEO Elon Musk in 2002 to be vice president of
business development. Shotwell is responsible for day-to-day operations of SpaceX and
manages customer and strategic relations, including those with NASA. Courtesy:

NASA




