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Praise for Reentry


“I have followed the rise of SpaceX for almost two decades, and flown on the company’s rockets and spacecraft. But only after reading Reentry can I appreciate the challenges SpaceX overcame to launch a new space age.”


—Michael López-Alegría, six-time astronaut


“Eric’s books, Liftoff and now Reentry, capture the story of perhaps the world’s most remarkable and ambitious corporate endeavor, led by an exceptionally bold and accomplished visionary in Elon Musk. These works take the reader on a behind-the-scenes journey through SpaceX’s highs and lows, the flaws, failures, and world-changing accomplishments.”


—Jared Isaacman, commander of the first all-civilian spaceflight


“Ever wonder how Elon Musk and SpaceX have managed to single-handedly disrupt the entrenched and all-powerful aerospace industry in record time? Eric Berger takes us inside the meeting rooms, factories, and test stands where it all happened. Colored with personalities, technical details, and context, Reentry tells the as-yet-untold story of the drive and determination it took to reuse rockets and launch a new space age.”


—Lori Garver, former NASA deputy administrator and author of Escaping Gravity


“In Reentry, Eric Berger goes behind the scenes to tell the stories of the heroes behind SpaceX’s success. He lays bare what it takes to succeed in an unforgiving business, while also leaving the reader questioning if there might be another way. The result is a brilliant narrative of individual and collective toil, strife, sacrifice, and ultimate triumph—a must-read, and nothing less than a critical addition to humanity’s historical record.”


—Andy Lapsa, cofounder and CEO of Stoke Space
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A VIOLENT BEAST


November 22, 2008


McGregor, Texas


Tom Mueller bounded up timeworn concrete steps, two at a time, into the vast and starless Texas night. After toiling so long on a spectacular new space machine, the wiry rocket scientist hastened to not miss its birth, with all the attendant sound and fury.


Less than half a mile away, a mighty rocket roared, its nine engines rapidly consuming half a million pounds of fuel. As these Merlin engines burned, they produced more than enough power to electrify the entire Los Angeles area—with every last one of its bright Hollywood lights—twice over.


During the countdown to this key test, Mueller had watched his computer monitors from the control room inside a concrete bunker. For more than a year he and his propulsion team at SpaceX had sweated the details of arranging nine engines, each a separate inferno, so they would burn brightly but not scorch one another. They had devised the intricate plumbing to deliver all of that rocket fuel. And they had managed the careful process of igniting the nine engines nearly simultaneously. Mueller’s team had then clamped the rocket atop a large concrete tower, known simply as the “tripod,” intending to test-fire it for 178 seconds as if the booster were launching into space.


The countdown had proceeded smoothly, and as each engine lit the computers reported no anomalies. All well and good. But as the rocket started to burn, Mueller wanted to feel the power of his creation, not just stare at numbers on a screen. Though the half-buried blockhouse lay close to the tripod, its sturdy walls muffled the test’s sounds. “I’m going to watch!” Mueller shouted to the team of engineers monitoring the test at a clump of desks and monitors, running out of the bunker toward a roaring wall of brilliant light.


“There was a bright orange glow everywhere,” he said. “And it was louder than hell.”


Though the Falcon 9 era dawned brightly in Central Texas that night, its tremors barely registered in the broader aerospace industry. No one, really, took SpaceX all that seriously. In a little more than six years since its founding by Musk, the company had launched its small Falcon 1 rocket four times, and failed on three of those attempts. To date, the company had not lifted a single customer payload into orbit.


Despite this shoddy record, Musk had started to talk about “full reusability” for Falcon 9 rockets, about staging dozens of launches a year, and about flying NASA astronauts into space. Many thought the entrepreneur, still in his thirties, to be just another reckless self-promoter with a large ego. Privately, and sometimes publicly, they mocked the would-be disruptor. Musk’s bold talk won critics not just among his competitors in the U.S. aerospace industry, but in important corners of Washington, D.C., space policy. Charles Bolden, who would serve as NASA Administrator during President Obama’s tenure in the White House, was a self-described extreme skeptic of Musk and SpaceX. And the powerful U.S. senator who held NASA’s purse strings, Richard Shelby of Alabama, declared that efforts to rely on private companies like SpaceX represented a “death march” for NASA.


“We cannot continue to coddle the dreams of rocket hobbyists and so-called ‘commercial’ providers who claim the future of U.S. human spaceflight can be achieved faster and cheaper,” Shelby said in 2010.


Such skepticism fueled Musk, and indeed many of his employees. By Musk’s reckoning, the launch industry snickering behind his back was ripe for disruption. Launching the Falcon 9 rocket would offer a suitable retort. Only a handful of nations had the capability to lift large payloads into orbit in 2008, and, with its new rocket, SpaceX aspired to join this elite club.


Whereas the Falcon 1 could lift a maximum of about 1,000 pounds into orbit, the Falcon 9 would be capable of pushing 23,000 pounds into space, putting it in line with the major rockets of the day. But even this was not enough to satisfy Musk. He demanded that each Falcon 9 be capable of flying multiple missions. He did not want to burn those nine brilliant engines for a few minutes, and then watch them fall into the sea, the standard practice for rocketry.


Imagine, Musk would often say, the first flight of a $100 million passenger aircraft. Suppose that at its destination all of the people onboard had to parachute out of the plane, with the jet subsequently crashing into the ocean. In such a world, air travel would be rare, dangerous, and prohibitively expensive. But that’s largely how space travel worked.


Musk was far from the first visionary to understand that humanity’s future among the stars could only be unlocked by launching rockets, landing them, and then rapidly reflying the same hardware for pennies on the dollar. Musk’s genius is that he not only saw this future but believed in it enough to keep pushing, to keep fighting, and to will it into existence.


Now his team of talented engineers was taking the first steps toward that goal by firing up the Falcon 9 for the first time. Yet the sound whirling and tumbling and whipping over Mueller and a couple of dozen other SpaceX employees that night did not stop at the test site’s fence-line, near the small Central Texas town of McGregor. Rather it rolled onward and outward, across the mostly treeless flatlands. This firing of the Falcon 9 rocket’s first stage proved far louder than any previous test, and not just because its nine engines ran for nearly three minutes.


Days earlier a cold front had come barreling through, driving temperatures down near freezing. But by Saturday, November 22, 2008, a more temperate southerly flow returned, building a thick layer of clouds that swaddled the land like a newborn. When the rocket’s nine engines ignited at 10:30 PM local time, the wind had died down, creating ideal conditions for the propagation of noise. Humid air absorbs less acoustical energy. The lack of wind allowed noise to spread undisturbed. And although sound waves do not bounce off clouds, their presence betrayed a temperature inversion, with warmer air above the surface. Because of this, as the Falcon 9 rumbled to life that night, its sound waves were bent back toward the Earth’s surface, rather than continuing upward toward space. Such inversions are more common at night, which is why distant trains often sound louder after dark.


And so Central Texans saw and heard something that night that they never had before. The test rattled the windows and nerves of residents for twenty miles around. Some wondered if exploding bombs heralded the onset of World War III. Others felt the biblical end times had come and hid in closets. One child asked his mother if the Sun had exploded. Those who had actually heard of the SpaceX test site wanted to know just what the hell Elon Musk and his rocket company thought they were doing in the middle of the night. Even as Mueller and his propulsion team basked in the glow of success, panicked calls began to flood the local 911 operators.


In Southern California, the rest of the company’s employees gathered around large screens showing the test, cheering as the Falcon 9 burned its engines. When calls of alarm started to flood in from Texas, however, SpaceX’s senior leadership broke off their celebrations to respond to these concerns. “We certainly did not anticipate that reaction,” said Gwynne Shotwell, the company’s newly minted president and chief operating officer, who was also celebrating her forty-fifth birthday that night.


She had tried to warn local residents beforehand. Although the company had conducted more than 2,000 engine tests during the previous half decade, the vast majority fired up a single Merlin rocket engine for a much shorter period of time. Shotwell wanted Texans to know this one would be different, likely sparking more than the usual complaints of hot dogs rattling off grills or a cow’s milk going bad. So SpaceX placed a notice in the local newspaper, the McGregor Mirror, and posted about the Saturday night test on the high school marquee. SpaceX officials had given interviews to local media. But all of this was to no avail as the community shook and an eerie orange glow spread across the horizon.


“We were up late that night,” Shotwell said. “We were writing press releases to calm everyone down, explaining that it was not an alien invasion, that it was not the end of the world.”


Faster than anyone, too slow for Elon


The earliest years of SpaceX were truly desperate, as I recounted in Liftoff (William Morrow, 2021), my book about the origins of the company. Musk founded SpaceX to build a fleet of reusable rockets and spacecraft in order to, one day, settle Mars. This audacious goal had a simple first step, proving that a small team of engineers and technicians could build a basic rocket with a single engine and reach orbit at an affordable price. This meager task of building the Falcon 1 almost broke SpaceX. Down to its last chance in September 2008, the company enjoyed only the narrowest of successes on the fourth launch.


Afterward, SpaceX faced a difficult path. Though the Falcon 1 had finally reached orbit, few customers were lining up. The rocket was too small and had not yet proven itself to be reliable. The future, if SpaceX had one, lay in a bigger rocket and a larger pool of customers. The most important of these was NASA, which needed help shipping food and water to astronauts onboard the International Space Station. That fall, as SpaceX worked toward test-firing the Falcon 9 in Texas, NASA officials watched closely. And a mere month after the full-duration firing in late November, NASA awarded SpaceX $1.6 billion for a dozen cargo delivery missions. With this money SpaceX could complete development of the Falcon 9 and begin experimenting with reusing the first stage. But there was a catch: SpaceX would only receive the bulk of this funding once it started delivering cargo.


Money, therefore, remained tight. SpaceX raced to complete the Falcon 9 rocket, and the Dragon spacecraft to carry cargo, before the money ran out. Musk, the ringmaster, guided the company along this razor-thin line, and his methods were at times ruthless. Always, he urged his managers to spend less, and he pressured them to work harder and faster. But it was never fast enough. Originally he expected the launchready Falcon 9 to debut in 2008. In reality, his engineers and technicians worked miracles to achieve the first full-duration test-firing in late 2008. No one understood this better than Mueller, who spent countless nights and weekends away from his young family alongside his propulsion team. Even as the Falcon 9 brilliantly lit up that cloudy November night, Mueller understood it would never be enough.


“We were out there beating history, but Elon was still pissed at us,” Mueller said. “Like everything else we’ve ever done, it was way slower than Elon wanted, and way faster than anyone had ever done it before. It was pretty much the story of our lives.”


When Mueller dashed out of the control room bunker to see that first Falcon 9 firing, he left behind a key lieutenant hunkered over his computer monitors, looking at data. This trusted deputy was a young aerospace engineer named Kevin Miller. Whereas Tom Mueller felt pure joy as the rocket ignited, Miller simply felt relief. He bore responsibility for the nine Merlin engines and knew how much could go wrong as they ignited one by one. And if something did go wrong, Musk and Mueller would descend on him for answers.


During summers when he was growing up in Indiana, Miller would visit his grandparents in nearby Michigan. Every year, a highlight was a trip to the Michigan Space and Science Center. Though modest in scope, the museum boasted the Apollo 9 capsule that had flown into space in 1969 among its collection. The commander of the mission, Jim McDivitt, had gone to college in Jackson, and arranged for the small museum there to house the historic object. Miller loved peering into the capsule to see where McDivitt and the other astronauts had floated in space. Outside the museum, which has since closed, he would slowly walk around the monstrous F-1 rocket engine that stood on a concrete pad.


While he dreamed about space, Miller had no illusions about one day climbing on top of a rocket himself. A streak of Midwestern realism runs through him, and Miller recognized that since he got dizzy riding on a merry-go-round, microgravity was probably not for him. But as a boy gaping up at that F-1 engine and watching videos of it launching astronauts to the Moon, Miller became hooked. If he couldn’t ride on big rockets, he would build them.


That goal had carried him to the in-state school Purdue, where Miller thrived and earned a coveted slot as a NASA “co-op” during his freshman year. This allowed him to spend part of his time working on real aerospace problems, with real engineers at the space agency. At the turn of the century, nearly all his classmates aspired to work at NASA, which had sent astronauts to the Moon and now proudly flew the space shuttle. After several co-ops, however, Miller realized a career in civil service was not for him. “I had met a lot of people who worked on things for twenty years and never saw anything fly,” he said.


After earning a graduate degree in 2005, Miller looked toward the private sector. The dominant U.S. rocket propulsion company was Rocketdyne, but new entrants SpaceX and Jeff Bezos’s Blue Origin offered an alternative pathway and more hands-on work. During his visit to Blue Origin in Washington, Miller faced eight hours of challenging technical questions in an academic-like setting. Although the engineering questions were difficult, the overall vibe was casual. SpaceX, then located in buildings scattered across El Segundo, California, proved far more chaotic.


Tim Buzza, the company’s launch director, was too busy for a sitdown interview with Miller. So they walked and talked while Buzza oversaw work on a Falcon 1 stage being readied for shipment. Miller saw the rocket on the factory floor, with hardware scattered all about, as SpaceX worked toward the first Falcon 1 launch. Welders and machinists banged away in a machine shop. Seeing this beehive of activity drove home the difference between SpaceX and Blue Origin.


“It was pretty much night and day, what SpaceX was doing,” he said. “Seeing the first stage on the floor sold me. They were really going to give this a go and build this rocket with just a few people.”


Miller already had a job offer from Blue Origin. But his interviews with Buzza, Mueller, and others went well. He would be immediately helpful to the rocket startup and its small but growing propulsion team. SpaceX offered him a position just before Miller’s drop-dead date to let Blue Origin know. He accepted the SpaceX offer—a big part of the allure was a chance to work alongside Mueller.


Even then, years before SpaceX had any appreciable success, Mueller was highly regarded in the industry for his inventive thinking and technical adroitness. He had signed on to SpaceX as a founding employee with another engineer, Chris Thompson, back in 2002. Mueller oversaw propulsion, and Miller thought he would make a good teacher. After joining SpaceX in June 2005 as a development engineer, Miller worked alongside Jeremy Hollman, another great mentor who oversaw the Merlin rocket engine’s development. Two years later, when Hollman left the company to start a family, Miller had earned the trust of Mueller and Musk. He was given responsibility for the most important piece of machinery at SpaceX, the Merlin engine.


Falcon 1 to Falcon 5 to Falcon 9


Around the time Miller hired on, Musk began thinking seriously about a larger rocket, powered by more than the single Merlin engine that propelled the Falcon 1. Initially, he believed the logical next step for SpaceX was to evolve from a rocket with one Merlin to five, with one engine at the center and four clustered around it. But Musk changed his mind about that shortly after the debut flight of the Falcon 1. In the spring of 2006, the company started writing a detailed proposal to deliver cargo to the International Space Station for NASA. It became clear that the so-called Falcon 5 would simply not be powerful enough to meet NASA’s requirements for multiple tons of water, food, and other supplies to be delivered by a single spacecraft.


Musk often makes important decisions in the middle of the night, hours after midnight. And, as far as he’s concerned, the best time to communicate this decision is, of course, right then. So, one morning Musk called Chris Thompson in the wee hours. As the vice president of structures groggily took notes at his kitchen table, Thompson contemplated all the work they’d already done on the Falcon 5 project. It would all have to be scrapped. The following day he and Tom Mueller grumbled about the changes they would have to make to the thrust structure that supported the engines, to the propellant tanks, and to a hundred other major components.


“The next morning we were like, ‘WTF is he thinking?’” Thompson said. “He was screwing all this crap up. But at the end of the day, he was the boss. Five engines, nine engines, whatever. Ten-foot diameter for the rocket, or twelve feet, doesn’t matter to me.”


At the time, Thompson and the rest of the SpaceX team were already drowning in the work of trying to reach orbit for the first time with the Falcon 1. Any plans beyond that might as well have been set on Jupiter. But Musk had the luxury of seeing the bigger picture, and he knew that a larger rocket would enable SpaceX to eventually launch humans into orbit. As he usually does when faced with a difficult choice, Musk went for the bolder option: nine engines instead of five.


It was a practical decision. Musk and the propulsion team had also considered building this second rocket with just a single, much more powerful engine. The basic idea was to scale up the Falcon 1’s size and power. A single “Merlin 2” engine would be capable of putting at least ten times as much mass into orbit. But after some trade studies, this option was discarded. While Musk definitely wanted to develop a more powerful rocket engine, he understood this would be a major commitment. Building a more powerful Merlin would have cost hundreds of millions of dollars and years of development time. When SpaceX won the contract to deliver cargo to the International Space Station in August 2006, the space agency wanted deliveries to begin in 2010.


“We just didn’t have the time or money to develop the Merlin 2 engine,” Mueller said. “So Elon decided that instead of having one big engine, we’re going to use a lot of Merlins. And we’re like, ‘Whoa, man. That’s going to be tough.’”


Mueller well knew who would be putting in that tough work. He led the propulsion team by example, working late into the night alongside his engineers and technicians and approaching engine development with a curious mind. Rocket engine design involves a lot of tinkering to get the flow of propellants into a thrust chamber just right, to precisely control their combustion and channel the exhaust away. Mueller taught his team to pay attention to details and listen to the hardware for potential failures before they occurred. Mueller would engage with interns in the same attentive manner as he would with senior leaders at SpaceX, including Musk. His team loved him for this.


In the spring of 2007, the propulsion team had a big challenge before them. SpaceX’s first Merlin engine could only be used for a single launch, as key components were charred when superheated gases moved through. With the Merlin 1C, SpaceX sought to upgrade the engine for multiple uses. They did this by embedding tiny channels within the thrust chamber and nozzle, using them to flow room-temperature kerosene throughout the engine as a coolant. This added complexity to the design, and the propulsion team struggled with clogged channels and cracked engine parts during tests. They kept burning through hardware as fast as it could be made.


But by mid-April, Kevin Miller and the other engineers were closing in on a full-duration test-firing of the new, regeneratively cooled Merlin 1C engine. Miller’s life had settled into something of a routine by then, working part-time at the company’s factory in California, and spending the remainder at the engine test site in McGregor, Texas. Every few weeks Miller and a handful of engineers and technicians would fly from Los Angeles to McGregor, running tests until the hardware gave out. When there were no more spare parts, Miller and the Merlin team would return to Los Angeles to regroup, fiddle with the engine, and plan their next test campaign.


They came close to completing a full duration test on a Saturday night, April 28, before their final nozzle failed. The next morning, ahead of his flight back to Los Angeles, Miller stopped by the blockhouse at McGregor to tidy up. Upon entering, Miller saw the test site director on the phone, his face turning ashen. After the call ended, Miller understood why. Musk had issued an unequivocal directive: they had to complete the full-duration engine test, without delay.


Such demands were part of the deal at SpaceX. Musk hired the smartest, hardest-working, and most creative people he could find. He provided fair compensation and generous stock options to give employees skin in the game. As they succeeded, the private valuation of SpaceX rose and their wealth increased. Some people joined because of this potential for financial reward. Others came because they truly believed in Musk’s messianic mission to settle Mars and make humans a multiplanetary species. Working at SpaceX offered the best chance on Earth to make science fiction dreams a reality, and many employees relished being part of the journey. Still others knew that by putting in a few years at SpaceX they would learn a hell of a lot, earning a PhD from the rocketry equivalent of Harvard University. With SpaceX on a résumé, an engineer could write a ticket to anywhere in the industry.


Where Musk offered a lot, he also made wrenching demands. During crunch time on important projects, to work at SpaceX meant to live at SpaceX. An employee might go home for a few hours to sleep, but one’s mind never strayed far from the job. Musk provided the vision, funding, and intense focus on building a reusable orbital rocket. He frequently led technical meetings and often made the most difficult decisions. And always, he pushed relentlessly forward, seeking to bring projects toward completion. But sometimes these project deadlines were arbitrary, driven by some external event rather than a reasonable schedule. This might be a public speech or presentation by Musk, and, when Musk wanted a flashy thing to share with the world, his team had to put in long hours to make it happen. For the Merlin 1C test, Musk had a meeting with space policymakers early the next week in Washington, D.C. Eager to show progress with his Falcon rockets, Musk intended to share video of the test.


Accordingly, Miller understood that Musk’s demand was nonnegotiable. They would work until the job was done. Musk expedited the shipment of replacement hardware on his private jet to McGregor on Sunday. After its arrival, Miller and the engineers and technicians in Texas spent Sunday night preparing the reconfigured Merlin engine for the crucial test. After they worked straight through thirty-six hours, the Merlin 1C engine was ready.


It fired successfully for 170 seconds, and Musk got to give his triumphant speech the next day. SpaceX also issued a news release trumpeting the test. In his comments in this release, Musk even gave a nod to his exhausted team, saying “The success of Merlin is really due to the joint function of a great propulsion and test team.”


Developing the new Merlin engine gave the propulsion team fits in other ways. For example, it would regularly spit out a part called a pintle injector into the open field at McGregor. A pintle design, which is similar in concept to a coaxial cable, feeds propellant into the engine’s thrust chamber, with liquid oxygen running down the center and kerosene flowing around it in a separate tube. Calling this failure “punting the pintle,” the engineers were confused because the design had worked on the original Merlin 1A engine. A few small modifications seemed to resolve the issue, but the root cause remained a mystery.


As ever, Musk was pushing his engine team to deliver the Merlin faster, and there were still so many issues to work through. With the Band-Aid fix in place, it would have been easy to consider the pintlepunting problem a closed issue. But instead, Tom Mueller shut down engine testing and worked with his engineers to fully understand the problem. He knew from long experience, shared with his team through stories about his hobbyist days and early SpaceX years, that unresolved small technical issues can become big problems on launch day.


So the team stood down for weeks, and Mueller took his lumps from Musk. A handful of engineers on the propulsion team were so flummoxed by the problems facing Merlin that they quit and left for Blue Origin. But all the while, Mueller’s remaining engineers worked on these problems, including the pintle injector, and trusted their leader. Eventually they solved what could have been a fatal issue with the injector by designing a complex joint, with four different metal alloys squeezed into less than an inch between the copper pintle and aluminum injector.


“Even in the lowest times of engine development, my feeling was always that there was no technical obstacle we’d run into that Tom couldn’t navigate us through,” Miller said.


Dog not scared


After SpaceX completed the full-duration Merlin 1C test in April 2007, much of the propulsion team’s focus shifted to attaching one and then several Merlins onto the Falcon 9 rocket for additional testing. This was hot and dirty work, often performed high above the Texas scrublands on the facility’s imposing, 135-foot-tall tripod. This concrete structure towered strikingly above an otherwise unremarkable stretch of countryside.


The nearby small town of McGregor is somehow located both in the middle of the state of Texas as well as in the middle of nowhere. The tripod takes its name from the three massive legs on which it rises above the surrounding landscape. It stands 135 feet tall from its base to a landing platform, where engineers mounted the Falcon 9 rocket’s first stage for tests. Visible for miles around, the tripod was a remnant of Beal Aerospace, a company founded in the late 1990s by Dallas banker Andy Beal, who had aspirations of becoming a rocket magnate. After Beal Aerospace flamed out in 2000, SpaceX acquired hundreds of acres at the McGregor property for tests of the Falcon 1.


During those early years the tripod went largely unused, not needed for the smaller booster. But it was sized properly for a bigger rocket like the Falcon 9. Because it stood so high, rocket engines could burn without the need to divert flame or exhaust, or concerns about damage to nearby buildings.


“The tripod is pretty kick-ass,” Musk told me. “It’s this giant booster stand, and I’ve been on that tripod a million times. It’s a beast. There’s a shitload of concrete and steel, thanks to Andy Beal. It was practically the only useful thing on the site when we got it.”


In the early years, Musk made sure his employees knew the tripod would be used in the future. A classmate of Miller’s at Purdue, Josh Jung, graduated in December 2003 and came to McGregor. Because he grew up in nearby Fredericksburg, Texas, Jung chose to call the test site home, and in January 2004 became the first full-time engineer to work there. Jung loved smoke and fire, and he brought this passion to SpaceX.


On his very first day on the job, Tim Buzza gave Jung the site tour. As they got to the tripod, Buzza gestured up to the tower and said that one day they were going to test big rockets up there. Jung just nodded along. At the time SpaceX didn’t have a functional rocket engine, and cows were grazing in the grass nearby, milling about as if they owned the place. But sure enough, four years later, Jung was scrambling way up there with other engineers and technicians preparing the tripod for test-firings.


The tripod proved an intimidating place to work. Cold fronts during the fall, winter, and spring months would drop out of the north, howling across the exposed platform high in the sky. The tripod’s platform, suspended more than 100 feet in the air, housed large doors like those in the bomb bay of a military aircraft. Only instead of opening to drop bombs, these sheet-metal plates would roll back to create an opening for the rocket’s engines to expel their fire, heat, and exhaust downward, into the open air. When engineers and technicians needed to work on the rocket, such as while draining a turbopump after a test, these sheet-metal doors were of course closed. But this offered only minimal comfort.


“As you were crawling around under the engines on these bomb bay doors, they would move and ripple and dent,” said Roger Carlson, a physicist who worked on Falcon 9 stage testing. “You would start to wonder whether they were going to hold your weight.”


A technician who worked at McGregor, Cory Stewart, had taken in a stray, part black Labrador retriever that had shown up on-site one day, and named her Rockette. She faithfully followed Stewart everywhere, including up on the tripod. Atop this platform, with the bomb bay doors closed, Rockette thought nothing of scampering across the thin metal sheets. When someone asked, “Dog not scared?” the phrase caught on immediately. Soon, “Dog not scared” became the standard response when someone showed a bit of trepidation on the tripod. It became the SpaceX equivalent of “Hold my beer,” used widely at the company as a way of saying yes to any seemingly impossible job or schedule challenge.


Even reaching the tripod’s platform required a measure of fortitude. One option was to scale a ladder with more than 100 rungs in a steel frame cage. Or a worker could ride a construction elevator that climbed one of the three tripod legs. No one liked the elevator, though. It wobbled side to side as it slowly went up and down its single track, emitting a discordant shriek that was equal parts the tumbling of a large, unbalanced washing machine and a howling wild animal. The experience was all the more nerve-wracking because every time the Falcon 9 fired its engines, it violently shook the elevator and its components. During these tests the elevator was kept at the top of the tripod, because if left on the ground the engine exhaust plume would have badly burned it. After every test, the elevator would be lowered, lifted, and lowered again as a safety check before anyone would be permitted to ride it.


SpaceX had never had an on-the-job fatality, but that record almost came to an end because of the tripod elevator. Tom Mueller had responsibility for the site one day in 2008, when some welders were working on the tripod platform in preparation for the full-stage test-firing. Another welder was working in the bucket of a JLG crane that had been lifted up to the tripod’s edge. Due to this ongoing work, there was a lockout-andtagout safety procedure in place, which meant that the elevator was not to be used. However, Mueller said, the safety person on-site decided to take the elevator to the top of the tripod to check on the progress of the welders. As the elevator reached the top it bumped into the JLG crane, and the welder fell out.


“The only thing that saved his life is that he fell into that cage around the ladder,” Mueller said. “He was lying there with a broken leg, all busted up, and unconscious. But if he hadn’t hit that cage, he would have fallen all the way to the ground.”


Risks aside, the view from atop the tripod could be sublime. The SpaceX facility sat within the boundary of an old, massive munitions facility built during World War II to help fuel the Allied efforts. The Bluebonnet Ordnance Plant, named after the Texas state flower, built four million bombs during its three-year life, some weighing as much as two thousand pounds. The government constructed more than 220 bunkers to store munitions during the war, and six decades later dozens still dotted the green fields and farms surrounding the tripod.


As part of preparation for stage testing, SpaceX hauled a 100-foot service structure to the top of the tripod to support the Falcon 9 rocket. The rickety structure included a stairway that topped out on a platform without any protective rails. Up there, the tall, thin structure would sway in the wind, leading to a dizzying, almost otherworldly effect. Employees referred to the steps leading to the very top of the tripod, more than 200 feet above the ground, as the “Stairway to Heaven.”


It proved a good place to awe visitors and, sometimes, play practical jokes. When one of the company’s new computer programmers, Robert Rose, came to McGregor, veteran launch engineer Ricky Lim offered to show him around. As they climbed the Stairway to Heaven, Lim explained that testing rockets in Texas afforded SpaceX much more freedom than in California. For example, Lim said, the company could easily test hypergolic fuels, which immediately catch fire when combined. In a cautionary tone, he added that employees should be prepared to evacuate immediately in case of a leak. How do you know there was a leak? Well, Lim helpfully explained, it has this characteristic rusty, burning, metallic smell. About a dozen steps later, Rose thought he smelled this very scent, and asked Lim if he did. In response to this question, Lim made no reply but to bolt down the stairs. Rose followed and found him two flights below, howling with laughter.


“Are we safe?” Rose asked, panting and nervous.


Lim stopped laughing long enough to explain that he was just messing with the newbie. The smell came from a pulp mill nearby. And then he started walking back up the steps.


For those fearful of heights, the Stairway to Heaven felt like the opposite of its name. Bulent Altan, an avionics engineer, thought he had conquered his fear of heights during the Falcon 1 years inside the basket of a lift. But on that exposed stairway, three times higher in the sky, his old fears came rushing back.


“I hated it,” he said. “Think about a stairway that goes nowhere. It feels wobbly. It was windy and exposed. What really gets you is the rocket. You’re standing there and this much larger and robust-looking thing is just moving in the wind, and that just freaks you out.”


As senior director of avionics, Altan would sometimes visit McGregor to work with Catriona Chambers, an engineer who had responsibility for the first stage avionics and spent months on end in Texas. When something went wrong with the rocket’s electronics, perhaps a power loss or controller issue, the avionics team would have to climb to the very top of the rocket, at the interstage, where the computer boxes were housed. During one of Altan’s first visits to the tripod, Chambers, an old hand at the climb, led the way up the stairs. When she got to the small platform at the very top, she turned around to see Altan, crawling on hands and knees, at her feet. This big, burly, garrulous guy was just quivering on the metal stairs.


“What are you doing, Bulent?” Chambers asked. “Are you okay?”


He was not.


“I barely breathe, or anything.”


A single Merlin in 2008 produced 94,000 pounds of thrust by rapidly burning through oxidizer and propellant. And I do mean rapidly. If you were to drive a sedan nonstop from New York City to Miami, its internal combustion engine would consume about 350 pounds of gasoline over the course of a twenty-four-hour trip. Inside a Merlin engine, which could very nearly fit beneath the hood of most cars, a turbopump pressurizes and hurls 350 pounds of liquid oxygen and kerosene fuel into the combustion chamber per second.


Once ignited, this fuel produces a super-heated gas that is channeled through the thrust chamber and out of the nozzle, the cone-shaped exhaust channel that projects from the bottom of the engine. This gas blasts into the nozzle, traveling several thousand miles per hour. To channel the flow of this super-heated, supersonic gas, the nozzle must have strong walls, capable of absorbing an incredible amount of energy. This comes to about 10 megawatts, the average amount of power consumed by thousands of homes in the United States at any given time. And this nozzle is only about three feet across at its widest point.


“The Merlin rocket engine is a violent beast,” Tom Mueller said.


Per Musk’s directive, Mueller’s propulsion team had to cluster together nine of these violent beasts as tightly together as possible, to fit within the twelve-foot diameter of the Falcon 9 rocket’s base. Thousands of pounds of fuel, flowing into nine engines, producing superheated gas, all inside a tightly packed space. What could possibly go wrong?


The biggest problem, initially, was lighting the engines. This may sound fairly simple, but in reality, introducing just enough propellant, but not too much, at just the right time, proved tremendously difficult. There is a fine line between a controlled explosion—which is, basically, what makes a rocket fly—and a disastrous, uncontrolled explosion. When SpaceX first began test-firing the Merlin 1C engine at McGregor, engineers successfully ignited it at the right moment about 25 percent of the time. Sometimes after an abort, rocket fuel would leak into the engine and damage the nozzle. It was a dirty, messy, frustrating business.


And that was just one engine. “It was always like, man, how are we going to start nine of these things when we have trouble starting one?” Kevin Miller said. “We had gone through so many hard knocks with the Falcon 1, and that was a much simpler system. At times, it seemed like this was going to be insurmountable.”


They started with one engine on the tripod in Texas. By early 2008, they had installed two, then three, then five, until finally there were nine engines on the stand. That summer, as the Falcon 1 engineers scrambled to save SpaceX with their fourth attempt to reach orbit from Kwajalein Atoll in the Pacific Ocean, the McGregor engineers were making progress on the much larger rocket.


The team confronted a seemingly unending sequence of challenges. An engineer’s life consists of staring down one technical problem after another, fixing this or modifying that, in an interminable quest to make something work. Sometimes failure necessitates a wholesale redesign of a system. Then the whole pattern repeats itself: Design. Build. Test. Fix. Retest. Redesign. Retest. And so on. All in the hope that, one day, you will reach a point where everything, finally, more or less works. The right mindset for an engineer is to approach each problem as a puzzle, finding joy in the discovery of a solution. God bless them. For some of us non-engineers, a life of unending problems sounds pretty terrifying. Rocket science is not for us.


As the engineers and technicians in Texas progressed toward a vehicle with nine engines, one worry started to press upon Miller more than any other, above even his concerns about lighting the Merlins. He lost sleep over a part called the TVC actuator, a relatively small component at the top of the engine assembly that guides the direction of its thrust.


As you may remember from school, Newton told us that for every action there is an equal and opposite reaction. A rocket moves in the opposite direction of the flow of superheated gas expelled by its engines. The primary control for a rocket’s direction, therefore, is the orientation of its engine nozzles. At launch, they are pretty much vertical. But during ascent, these nozzles will start to gimbal, or tilt, to change the direction of the rocket’s thrust.


For each Merlin engine, two mechanical components physically moved the engine nozzle in the pitch and yaw dimensions (that is, side to side and up and down). These were known as thrust vector control (TVC) actuators. From the beginning of their development, Miller had worked with a supplier, Jansen’s Aircraft Systems Controls, on the design of these actuators. As the Falcon 9 program advanced, the propulsion team kept having difficulties with them. The failure of one of the eighteen actuators in flight, leading to an offset engine, would not be catastrophic, as the other eight engines could compensate for the errant thrust. The problem is that when one of the actuators failed, it often would shove the affected nozzle “hard over,” pushing it beyond the normal extension. This could be caused by something as simple as sensor error, or even a very tiny piece of debris as small as one-thousandth of an inch. In flight the nine Merlins were ballet dancers, moving in one direction, pirouetting, and then gliding back to their original position. But if one dancer fell, this would trip up the next dancer, and so on.


“The fear on the first stage was the close proximity of the nine engines and the nozzles,” Miller said. “The clearances were tight. I was always afraid that we were going to ram an engine into its neighbor, or a wall. I was responsible for the engine, and I was responsible for the actuator. And if either one of those things went wrong and it caused damage to an engine, or we lost the stage, it was going to be a really bad day for me.”


There were a million problems like this to work through. Throughout the summer and fall of 2008, Musk kept pressing the company to go faster. Everyone pitched in, from structures and avionics to software and test teams, as Musk was desperate for the full-duration test-firing to occur before NASA reached a decision on contracts for delivering cargo to the International Space Station. Seeing the Falcon 9 come to life for the first time would give NASA confidence that SpaceX was up to the task. But the propulsion team needed more time, as the engines still were shutting down prematurely.


As the Merlin delays mounted, Buzza started to worry about receiving a “silver bullet” call from Musk for the nine-engine test. This phenomenon dated back to the Falcon 1 days, on Kwajalein in the Pacific Ocean, the remote atoll that served as SpaceX’s first launch site. Though they worked with just a single Merlin engine then, there were still teething pains, with aborts due to fuel injectors, igniters, or other issues. Sometimes these aborts were spurious, but often they indicated serious problems, such as a gunked-up injector or another issue that, left unchecked, would be disastrous.


Typically the U.S. Army, which operated the range on Kwajalein, gave SpaceX two or three days to conduct a Falcon 1 test-firing or a launch. If the company missed that short window, they might have to wait another month to try again. The lost weeks frustrated Musk to no end.


“Elon thought we were being too conservative with our aborts, and there were times when he would want to go all in,” Buzza said. “He told us he would take the responsibility to remove that conservatism. He said, ‘When I tell you to let it go, turn off all the aborts and let it go.’”


Buzza and another launch engineer, Anne Chinnery, named this a “silver bullet.” Chinnery went so far as to write test and launch procedures should Musk call in a silver bullet. In this scenario, the onboard flight computer was instructed to ignore all aborts coming from sensors on the rocket, be it a slightly high pressure or temperature or some other errant reading. It was the ultimate let-’er-rip move. “You shoot a vampire with a silver bullet,” Buzza said, “You’ve got one shot.”


On the night before the planned Falcon 9 test-firing, SpaceX engineers in McGregor were still refining their procedures. Because they were not running a silver bullet scenario, out-of-bounds readings by sensors would still trigger an abort. To ensure the test software correctly handled those scenarios, engineers ran endless dry runs of the countdown. At about 2 AM on the morning of November 22, said Josh Jung, they ran a scenario in which the software should have commanded the opening of water valves on the tripod to douse a fire. But instead, a single errant line in the software commanded every valve on the rocket, from propellant to igniter fluid, to open. Had this been a real countdown, in the real world, it might have destroyed the rocket. They fixed the bug and ran more tests.


“We ended up not going home that night,” Jung said. “We just rolled up our jackets into pillows and slept beneath our desks for a few hours. It wasn’t the first time we had done that.”


The next morning, at about 7 am, preparations began for the full-duration test-firing. Musk wanted the team to test early in the day, but of course that did not happen. Technical problems pushed the test from about ten o’clock in the morning until after ten at night. Through it all, Kevin Miller monitored the health of the nine Merlins. So much could go wrong. He tracked all of these possibilities in the data on his computer screens and in spreadsheets with detailed procedures. During critical tests he would almost invariably be pushed to the edge of consciousness in the final moments, consumed by the myriad possibilities for error and mesmerized by the flow of data about the rocket’s health. “When we get down near T-0, I more or less black out,” he said. “It’s because I’m so locked in, looking for anything to go wrong. I barely breathe, or anything.”


But that night the engines came on. All nine of them. Then the flow of propellant through the engines increased, with thousands of pounds gushing through the Falcon 9 per second. The fury of its output violently shook the Texas countryside and rattled the bunker. Miller could start to breathe.


He was just twenty-nine years old and had worked at SpaceX for only a little more than three years. Yet he already more or less ran the Merlin development program. And the engines were out there, in the humid Texas evening, kicking ass. “I thought about my co-op experience at NASA that night, where people worked on things that got canceled, and didn’t get to see anything come to fruition,” he said. “This was already my second rocket. It felt like a career-making achievement.”


This was exactly what Miller had set out to do with his life. He had spent summers as a kid gazing up at history-making rocket engines in Michigan. Now, he was making some history of his own.


And yet there was still so much more to be done. SpaceX had a big rocket. It had come to life for the first time. But it still had to fly.










| 2 |



LEARNING TO BE SCRAPPY


January 10, 2009


Cape Canaveral, Florida


Six weeks after its dramatic test-firing in Texas, a shiny white Falcon 9 rocket rolled out to its launch pad in Cape Canaveral, Florida. This seemed nothing short of a miracle, coming so soon after the first stage’s hot fire test. But now here the rocket was, fully assembled and apparently ready to fly.


As SpaceX employees looked on at the launch pad, powerful hydraulic pistons slowly swung the rocket from a horizontal to vertical position, pointy end up. And there it stood, basking in the Florida sunshine, a beastly beauty. This milestone afforded those who had worked so hard to reach it a few minutes of relaxation and celebration.


Jubilant SpaceXers climbed one of the four lightning towers flanking the pad to gaze down on their creation and capture the moment in pictures. “It is pretty damn wild and scary up on top of those candlesticks, but it was one of the greatest days of my life,” said Roger Carlson, who texted Musk a picture from atop the tower.


Musk, too, was eager to share his rocket with the world. He ordered large floodlights delivered to the site, and the company’s communications director, Roger Gilbertson, spent hours arranging them for dramatic shots after dark. One of the resulting nighttime images captured the beams forming a large X across the rocket. As Carlson left the Air Force station that night, a guard suggested that perhaps the company should fly one of their rockets before putting on such a show.


But Musk was all about the show.


The miracle of that day is that it came so soon after SpaceX performed the full duration test-firing in Texas. After this test, Musk felt confident enough about the Falcon 9’s prospects heading into the new year to tell reporters the rocket would be on the pad in Florida “in the next few months,” preparing for a launch in 2009. Since then, the company had shipped the first stage from Texas, added a second stage, and topped the rocket with a bulbous payload fairing. Now, with a completed rocket on the pad in early January, it appeared that, for once, SpaceX had managed to keep to one of Musk’s wildly optimistic schedules.


Musk’s propensity for overambitious launch dates would later become known publicly as “Musk time,” but his schedules were already legendary within the company. To ease the pain of Musk’s demanding timelines, his team began referring to this as a “green lights to Malibu” philosophy. The drive from SpaceX’s headquarters in Hawthorne to Malibu was about thirty miles, mostly along the Pacific Coast Highway. There were about a dozen traffic lights along the way, and if a driver were to hit every green light, and was willing to go about fifteen miles over the speed limit, the trip could be made in thirty minutes. With traffic, and hitting a majority of red lights, the drive could easily take an hour or longer. Essentially, then, it was impossible to reach Malibu in thirty minutes. Musk’s schedules for SpaceX projects, however, invariably assumed green lights all the way to Malibu.


During the final weeks of 2008, the SpaceX team had scrambled to ship the first and second stages to Florida, and then spent the Christmas holiday assembling them on a concrete pad where a hangar would one day be built. As they worked long days and nights to integrate the first Falcon 9 rocket, Carlson came up with an impertinent nickname for the project: “Capricorn One.”


This was a reference to a thriller movie that only the older hands at SpaceX would have seen in a theater, as it came out in 1978. Starring Elliot Gould as a reporter, and James Brolin, Sam Waterston, and O. J. Simpson of all people as astronauts, the plot centered around NASA’s first mission to Mars, Capricorn One. Only the mission turns out to be fake, with the astronauts removed from the spacecraft just before launch. The movie’s tagline was “Capricorn One: The mission that never got off the ground.”


This was hardly the message SpaceX wanted to send about the Falcon 9, but the Capricorn One name nevertheless reflected the sentiment some employees felt about selling this rocket as a finished product. Because smashing though it looked on the launch pad, the Falcon 9 was not all it pretended to be. The first stage and its nine engines were real enough, but the rocket had almost none of the flight computers and other avionics needed for flight. The second stage was mostly hollow.


And the composite payload fairing on top, which protects a satellite on the ride to space, was also a mock-up that would never fly. The original Falcon 9 rocket, version 1.0, was designed to launch the Dragon spacecraft to the International Space Station. Dragon had almost exactly the same diameter as the twelve-foot-wide rocket it sat on. The composite fairing in Florida, by contrast, was more than sixteen feet across, to accommodate larger satellites. But the structure of version 1.0 of the rocket could not withstand the downward pressure exerted by that large fairing during launch. As the booster blasted upward, through the lower atmosphere, the loads on the fairing would crush the rocket. SpaceX had not even finalized the design of a usable payload fairing for the Falcon 9, so about half of the rocket displayed in Florida was fake.


No matter. After SpaceX raised the Falcon 9 rocket into a vertical position, reporters were invited to a news conference in the company’s launch control center in Florida. With the rocket standing impressively tall nearby, the launch team spoke confidently about how SpaceX was performing important tests. The ground systems supporting and fueling the rocket prior to takeoff had checked out, Musk said. The transportererector that moved the rocket from its processing location to the launch pad, and then lifted it into a vertical position, worked perfectly. Brian Mosdell, SpaceX’s launch site director; Tim Buzza, the vice president of launch operations; and Chris Thompson, vice president of structures, then took some questions.


At one point a reporter asked about the company’s next steps to get ready for a launch. Buzza took the question and gave an honest answer. “It has some more paces to go through,” Buzza acknowledged. After some additional testing in Florida, he explained that the rocket would be broken into pieces, which would be sent back to Texas or California for further work and tests.


This revealing comment had taken some of the shine off Musk’s event, which was meant to establish how close SpaceX was to launch, not describe how the rocket would be removed from the launch pad and disassembled for shipping. “Elon was not happy about that, so he and I agreed that was my last press conference,” Buzza said.


Musk was also not particularly happy when he found out about the Capricorn One sobriquet. He had taken the event really seriously. In his mind, shipping the Falcon 9 to Florida and standing it up on the launch pad represented meaningful progress. It showed the space community, and especially policymakers in Washington, D.C., that this scrappy little company from California could operate at America’s oldest, and most storied, launch facility along the Florida coast. And that they had done meaningful work. SpaceX demonstrated that the Falcon 9 rocket fit with the infrastructure at Cape Canaveral, and they’d wrung out the hydraulics used to lift the booster. Given that, it’s probably a good thing Musk never saw his team’s mock movie poster, with images of Buzza, Mosdell, and Thompson superimposed over Brolin, Waterston, and Simpson.


“Once Elon heard about it, we had to stop using that name,” Carlson said. “I guess he felt that Capricorn One was a little too flippant. And it was much more than a sales job. As a launch operations guy, I see the value of doing a pathfinder.”


Carlson had meant no disrespect. Yet he, Buzza, and the others working in Florida also knew the truth. The Falcon 9 rocket standing in the Florida sunshine that weekend, bathed in lights at night, was not close to being ready to launch. Musk said during the news conference that the Falcon 9 rocket would launch that summer.


He would be off by a year, as SpaceX ran into some red lights on the way to Malibu.


The future of SpaceX is blowin’ in the wind


Amid the mad scramble to deliver the Falcon 9 rocket to Florida that winter, one of the first big jobs was getting it down off the tripod in Texas. This task, improbably, fell partly on the shoulders of Carlson, who had only recently joined the company. A physicist by training, Carlson, forty-one at the time, had spent the previous six years working at Northrop Grumman helping to test and integrate the James Webb Space Telescope. But by 2008 he could see that the oft-delayed project remained a long way from going to space, and he could not envision hanging around to see a payoff. (It would not, in fact, launch for thirteen more years.) Carlson applied to SpaceX that summer and joined the company days before the full-duration firing.


“I was basically hired to be the integration guy for launch, to make sure the rocket got fully assembled in the factory and shipped out to the launch site,” Carlson said. “So I thought I was going to work in a factory, never see a launch site, and never travel.”


During his first week on the job in California, Tim Buzza threw Carlson a curveball. The company needed to get the Falcon 9 rocket’s first stage down off the tripod in Texas, so it could be shipped to Florida. Buzza recalled that Carlson had worked with cranes before, with the Webb telescope, and asked him to travel to McGregor to help. Carlson did have experience with cranes, but those had been indoor bridge cranes, a specialized type used in controlled environments. Such cranes are connected to the building and are used to lift heavy objects in clean rooms. Carlson had never worked with an outdoor crane. But he was the new guy, ready to help any way he could.


It proved to be no simple task. At the base of the rocket was a thrust structure, a square metal frame that housed the Merlin engines. It looked something like a tic-tac-toe board, with each box supporting an engine. On top of this thrust structure was a “run” tank, which held the kerosene fuel and liquid oxygen propellant. This run tank had thicker and more durable walls than the flight version of the tank. The flight tank could be more delicate, with less mass, as it was not designed to take dozens of refuelings and engine firings.


After the test-firing, to get the Falcon 9 first stage down from the tripod tower, SpaceX planned to use a large crane to lift the run tank off the top of the thrust structure and set it on the ground. The crane would then pick up the flight tank and raise it to the top of the tripod, where technicians would secure it to the thrust structure. After the two sections were bolted together, the first stage would be lifted down from the tripod onto a waiting semitrailer bound for Florida.


There was one big flaw in this plan: the wind. At the top of the tripod, conditions were often gusty, and the wind blew even harder another 100 feet up at the top of the stage. It was nerve-wracking for engineers and technicians to work up there, hopping from the top of the Stairway to Heaven onto the rounded top of the tank and back.


“I wouldn’t say I was afraid of heights before coming to SpaceX, but I was certainly cautious about heights,” Carlson said. “By the time I was done at SpaceX, I could have been one of those guys walking around on the steel girders, building the Empire State Building.”


SpaceX hired Wales Crane & Rigging Service for the task. The company brought what it advertised as the second-largest crane in Texas to perform the delicate operations in the sky. Initially, SpaceX tried to wait out the wind. Carlson and the other engineers held up operations for a few days, trying to find optimal conditions in which to work. Finally, they decided to try in the middle of the night when winds typically were lowest. Late one night in November, the skilled crane operator and technicians did manage to remove the run tank and bring it down to the ground. It had been a close call, however, as the large tank swayed in the wind like a billowing sail on the seas.


During this operation Carlson and the others realized they were not going to be able to lift the Falcon 9 flight tank and attach it to the thrust structure. That process was a bit like assembling a piece of IKEA furniture, with pins and holes. Only in this case there were 144 steel rods, about as thick as an index finger, that connected the engine section to the flight tank. Each of these rods had a tight clearance around the thrust structure and its nine engines, and had to line up just right. With the flight tank dangling from a crane and blowing in the wind, it soon became clear that this kind of precise, delicate work was impossible.


So they improvised a backup plan. This entailed bringing down the thrust structure with the engines and shipping it to Florida separately from the flight tank. This would not be overly difficult, as the thrust structure was dense and less prone to swaying in the wind. However, it created a new problem. Rocket engines are complex machines, built with the least possible mass. Therefore, while their performance is robust, the engines themselves are not designed to carry weight. So the thrust structure could not be set on the ground because it might damage the engine nozzles that protruded from its bottom. The structure needed a cradle, rather like a carton of eggs, its framework carrying the weight at the thrust structure’s hard points. The problem was, SpaceX had no such cradle on which to set the thrust structure, because no one had anticipated taking the engine section down separately. So as darkness closed in, the thrust structure hung off the end of the second largest crane in Texas.
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