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PREFACE

The F-35’s journey through time has been unlike any other in the annals of aerospace and defense history. It was devised under the gospel of acquisition reform, it undertook the unprecedented challenge of unifying three very different US armed services in a common platform to replace ten existing and aging aircraft, it involved eight other allied nations in the development and production phases, and it was charged with delivering transformational military capability across the joint allied partnership.

The F-35 has been vilified by critics from multiple corners. A barrage of headlines over the last two decades has focused on its cost and delays and has highlighted every problem and bump in the road. It is a program of near-unfathomable complexity along multiple dimensions that include the integration of transformational new technologies.

The design, development, and production have proceeded against a backdrop of international stakeholders and a supply chain spanning all eight partner countries and thousands of companies, within an environment of interservice rivalries and competition for dollars. Somehow, amid a roar of criticism, some deserved but much ill-informed and driven by competing interests, the program continued on.

This book captures that journey through the accumulation of over one hundred interviews with the people that made it happen. The program challenges, trials, setbacks, and successes are documented through their eyes. The idea for the book came about from discussions between Adrian Pitman, who led a series of six reviews for the Australian Government Department of Defence, and Betsy Clark, who participated in those reviews. Betsy’s first introduction to the program was as part of a mandatory US Department of Defense F-35 review team following the Nunn-McCurdy breach in early 2010. Over the initial series of reviews, Pitman and Clark had a growing and shared sense that the program, while far from perfect, was unfairly maligned in the press and that the program’s accomplishments were not well appreciated outside of the people intimately involved in the program. Their original idea was to write a case study for future program managers in the government and contractor communities. They approached Steve Over, who at that time was Lockheed’s lead for Australia. Steve enthusiastically endorsed the idea and approached Lockheed Martin to obtain support in allowing Pitman and Clark to interview specific individuals to gain the benefit of their experience and advice. Permission was also granted by the F-35 Joint Program Office and the Australian Government Department of Defence. This book would have never gotten off the ground without Steve Over’s assistance.

One of the people interviewed was Tom Burbage, who had retired, but who, as the former general manager of the F-35 program over a thirteen-year period, had unmatched knowledge about the program’s history and its many twists and turns. Burbage offered to help and joined forces with Pitman and Clark. At this point, the book transformed from a case study to a book for a more general audience encompassing the human journey of the F-35 from its very beginnings. The journey moves from the research programs in the 1980s and 1990s to the competition between the X-32 and X-35 concept demonstrators and the contract award in 2001 that changed the course of history in several ways. It recounts the multitude of challenges, some technical, many human, to the ultimate delivery of the F-35 to the warfighters of the US services and their international allies.

The F-35 program is unlike any previous program. Hundreds of thousands of people have been involved around the world in its challenges and in its success. The real storytellers of this book are the more than one hundred people who participated in the interviews and the many hundreds of thousands of other people both in the government and contractor communities around the world who have been involved in the program over its more-than-twenty-five-year history and who continue to make the F-35 a reality. This is their story.


Chapter 1

A DARK AND STORMY NIGHT

Contemplate this:

You’re standing on the deck of a rather small ship, far out on a sky-tented sea. A chill rain drizzles down as the cold creeps through your flight suit. The steel deck, only a few yards wide, rises and falls with a booming roar. An icy wind slaps your cheeks, ruffling your hair and stinging your eyes until tears run.

Beside you, towering over you, rises an aircraft. Assembled, it seems, of angular, slanted surfaces, with abrupt juts to the broad wings and canted twin tail fins. It’s painted—or is that actually paint?—in strange, muted hues of light and dark gray. Its insignia are a paler fog on the dark slate of a shark’s back. And it does resemble a shark, with aggressive fins and forward-jutting, sharp-edged intakes. Its flattened fuselage blends smoothly into a thick wing, giving it a husky, broad-shouldered appearance. Yet everything is smoothly faired. Not even a bomb pylon mars the sleek lines. Its lethality is hidden from sight in internal weapon bays.

A warplane, obviously. Yet there’s no runway here. Not even a catapult. Just a not-so-large patch of American steel, far out on a stormy, whitecapped sea.

This futuristic-looking machine is the end product of the most expensive defense program in history, one more costly than the Manhattan Project, Polaris, or Trident. More than the B-2 stealth bomber. But those sound bites are deceptive and often misunderstood. The F-35 program replaces fourteen different aircraft in the flying services of the United States and our closest allies. A true accounting of final costs would have to factor in major savings in training expenses, combined operations, and sustainment over the course of this massive upgrade from a miscellany of aging, less-capable air fleets.

But this isn’t the fastest plane ever built, though it’s fast. Or the most maneuverable, though it’s a bitter opponent in a dogfight. Nor the most heavily armed, or possessing the longest range, or carrying the heaviest bomb load, or reaching the highest operational ceiling.

None of these traditional attributes of a successful warplane even hints at the most revolutionary aspect of this implausible aircraft.

Modern war is still, in the end, taken to the enemy with bombs and missiles. Yet that’s only the final link in what the military calls the “kill chain.” Long before that point, a network of human intelligence assets, satellites, sensors, and computers has detected, classified, and localized those targets.

But, of course, the enemy operates sensors, radars, and computers too, many of them just as advanced as ours. To keep us from scoring our goals.

So, to survive in the face of modern defenses, an aircraft must become . . . nonexistent. Invisible. Transparent, not just to radar, but to infrared vision, and to other, passive detectors, which listen for an attacker’s communications and radars, as well.

The aircraft standing beside you on this rain-swept deck can eradicate any trace of itself. Not only that. It can mislead and disorder those advanced enemy sensors. Presenting false targets, or none at all. Confusing, sabotaging, and crippling enemy missiles and radar from a distance, without ever dropping an explosive or triggering a gun.

Until it, or accompanying, less-stealthy aircraft, goes in for the kill.

This warplane of the future is being built in three versions. The A variant is the “conventional” model, designed for takeoff and landing on land-based military airstrips or civilian airfields. Destined for the U.S. Air Force and foreign air forces, it is the “Swiss Army Knife” of coalition future fighter forces. The B version—your plane, here on the slanting deck, today—adds a short takeoff capability, and can land vertically, like a helicopter. It’s tailored for the U.S. Marines and for deployment from small ships and secondary or expeditionary airfields, or even sections of civilian highways. The C version is designed to absorb the much higher structural loads of catapult launches and arrested landings aboard the U.S. Navy’s big deck aircraft carriers. Its slightly larger wing allows it to fly its approaches at lower speeds, making it much safer in the shipboard landing phase. That larger wing, and additional volume available from not carrying an internally mounted gun, also allows it to carry additional fuel, thereby extending the carrier battle group’s striking range.

The aircraft on the rain-swept deck next to you is the F-35B Lightning II. And you’re about to fly it on a combat mission.

“Lieutenant?” Your crew chief beckons. In coveralls, boots, a helmet, and ear protectors, she hoists a thumb. “You’re good to go.”

After a quick walkaround you climb in, mounting via an internal ladder that drops down, allowing the pilot to scale one smooth side of the craft. Following you up, the crew chief buckles you in snugly. Your “brick,” a combination of your physical stature, your mission requirements, and your cyber protection code, is inserted and marries you with your aircraft. In front of you, instead of multiple dials, switches and indicators, is one panoramic touch screen. You activate an umbilical cord, connecting you to the life-support systems of the mother ship, welding human and machine into one integrated fighting element. And lastly, don your helmet, connecting you to the real-world video arcade.

You start the engine. Its turbine spools upward with a whine, quickly growing into a deafening roar that seeps through your helmet’s sound protection and vibrates through your soul.

And just like that, you’re superhuman. Like Argus, the farsighted, many-eyed watchman of Greek myth. The helmet-mounted display lets you see the contours of the land, far to the west. Every ship and plane and terrain feature for hundreds of miles around. The helmet feeds you warmed oxygen, maintains pressure even if the cockpit’s shattered by enemy fire, and scrubs the carbon dioxide from your breath. Essentially, you’re wearing a space suit. The helmet of this one, however, also has a media room built in. High-definition cameras surface mounted within the aircraft’s fuselage feed live video to a mission computer. The computer stitches the entire 360-degree surround into a single scene that seamlessly follows your head movement. You don’t see the aircraft you’re sitting in. Instead, you’re suspended in space. When you look down now, you see the ship’s deck beneath you.

The aircraft you’re warming up for combat is the first true fifth-generation multi-role, multiservice coalition fighter.

But even that term is a misnomer. A “fighter” isn’t all the Lightning is, by a long shot. The F-35’s talent at instantaneously collecting, analyzing, then sharing information across a whole theater of war—day and night, in any weather, while remaining hidden from enemy defenses or countermeasures—makes it far more.

During World War II, it took weeks of research, planning, rehearsal, and thousands of men and women—spies, radar operators, SIGINT interpreters, observers, plotters, high-altitude reconnaissance, photo analysts, then the pilots, navigators, gunners, and bombardiers of hundreds of bomber aircraft and escorting fighters—to destroy one high-value enemy target . . . such as a ball-bearing factory.

This single aircraft you’re sitting in could have destroyed the entire plant complex at Schweinfurt, Germany, on its own. In minutes. And never have been spotted.

It could have detected, localized, and shattered the tanks of the 21st Panzer Division as they clanked toward the beach at Normandy. All on its own.

It could have evaded the Nazi radar and early warning systems, detected the buried bunker in Berlin, and killed the genocidal dictator in his subterranean lair with one concrete-penetrating bomb.

A flight of four Lightning IIs could have done all these things, and ended that war, on the same mission.

While you were belting in, the plane’s internal diagnostics have been busy. Nearly 1,200 hardware components share software handshakes in seconds to ensure mission readiness. You don’t need to compare dozens of dials to a checklist, or cycle rudder or ailerons. Any flaw or fault will be presented automatically on your screen. A glance is all you need to reassure yourself all systems are go.

Out on the deck, you spot the Fly 1 Petty Officer responsible for the silent-launch process. You turn on your wingtip lights, signaling you’re ready to go. He touches the deck with his covert night wand, clearing you to launch.

You check the screen one last time and advance the throttle to full power.

Heavier-than-air flight has always depended on engines. The Wright brothers’ four-cylinder aluminum-block engine, more powerful for its weight than any before, allowed them to finally lurch a few yards into the air. That pitifully primitive power plant generated a whopping twelve horsepower.

But behind you now, a Pratt & Whitney F135 radar and infrared stealthy afterburning jet engine is spooling up to generate 43,000 pounds of thrust. Thirty thousand horsepower, 2,500 times more muscle than the Wrights had. The most powerful fighter engine ever built, and the most complex.

You’ll need every erg to get aloft. Almost half of the aircraft around you is fabricated of advanced structural composites, including lighter-weight epoxies in which carbon nanotubes are embedded. But it still weighs sixty thousand pounds. About a quarter of that is fuel.1 Your internal weapon bays are loaded with two tons of air-to-ground and air-to-air weapons. Once enemy air defenses are mitigated, you can also carry weapons externally, on pylons, at the sacrifice of some stealth.

A large rear-opening door lifts behind the cockpit, exposing a ducted fan. The noise builds to a roar, only partially masked by the helmet and cockpit soundproofing. You begin your takeoff roll to generate early lift over the wings. The engine nozzle swings down, adding its thrust to that of the counterrotating lift fan. They both strain to bench-press thirty tons of fuel, electronics, weapons, airframe, and pilot.

As the deck quickly recedes, you’re airborne and accelerating. The lift fan disengages, and the lift-fan door slowly closes. Your F-35B is now nearly identical to any other advanced enemy fighter in the up-and-away flight regime.

The ship shrinks to a gray dot in a black, wind-whipped sea.

Aloft, your sensors sharpen. Your view reaches out literally hundreds of miles. Your consciousness expands in a vast sphere. Multi-spectrum sensors on wings and fuselage stream data into your computers, interpreting infinitesimally minute pulses of radar and visible and infrared light into actionable intelligence. Even far from the approaching coast, you can peer deep inland. You can make out individual tanks parked in a dense forest. You can distinguish actual missile batteries from inflated dummies. Or identify and track aircraft or drones, even those flying at treetop level.

And you’re not alone. Every allied ship, plane, and ground force in the entire battlespace is an information-sharing node, and you know and see everything they do.

A warning tone sounds in your earphones, and a scarlet symbol winks to life on your helmet visor. The plane’s calling your attention to a possible threat. You zoom in with electro-optics. A patrol boat’s lurking in a mangrove swamp off the coast you’re approaching. Your systems identify it as enemy. You agree, tag it for destruction, and hand off the info to a British carrier far to seaward of you, maintaining a combat air patrol. Within minutes, a British F-35B, acting on your targeting information, releases a smart bomb. A massive blast strews fire, fragments, and torn-apart bodies across the hidden stream and into the jungle. Moments later a secondary explosion rips the foliage, as a stockpile of shells hidden nearby goes off as well.

There’s only one pilot in your plane, but two intellects. The “back seat driver,” your sensor manager, is continuously scanning the environment for threats and targets of opportunity. This artificial intelligence can work autonomously, or you can direct the system’s attention to a specific area or type of target. You’re the final decision-maker. Once you notice a point of interest, or the sensors call your attention to it, you can zoom in optically and identify it—even in complete darkness—to prevent targeting friendly forces and minimize civilian casualties. But you’re getting information from other sources as well: other aircraft, ships, antimissile radars, even satellites passing high above. It’s all one picture, as if you had a thousand eyes and ears, senses far beyond human, and a superhumanly fast analyst with you in the cockpit.2

It’s as if you’re one with the Lightning II. A melding of mind and computer. Your own consciousness is ultimately in charge, but with your senses and intelligence augmented and multiplied thousands of times.

Besides being a fighter, the F-35 is also a reconnaissance aircraft, an electronic warfare jamming platform, a warning and control platform, a massively capable data fusion center, a precision night bomber, and a control node for pilotless aircraft. Seven aircraft in one.

Far below, the coast pushes up over the horizon. But what you see in your helmet is “denied battlespace.” A hemisphere of air and near-space that an adversary intends to bar against you. An enemy who’ll quickly kill you if he can see you. His radars have been searching for you since you left the deck, many miles back. His radar pulses are even now groping to detect your presence, so he can target you.

But those hostile impulses die within your fuselage and wings, trapped and muffled. They’re twisted by your computers, and sent back attenuated, altered, until nothing at all registers on the enemy’s screens. You’re not even a phantom. You are invisible.

But you’re still known to the three other aircraft in today’s mission. You launched from widely separate locations, so there’s no formation, no concentration to vector interceptors against. Two Lightning IIs cruise far ahead of you, scanning and sanitizing the battlespace ahead of your strike mission. And another strike plane, forty miles off your starboard wing, disguises the attack vectors, but is in constant communication with the flight lead. Only one of these escorts is American, a U.S. Air Force F-35A; the others are Australian and Japanese. From time to time, hostile radars flicker, then are extinguished, as your sweepers dispense radar-homing missiles to obliterate surface-to-air batteries, clearing your path.

Then you glimpse something far ahead, pushing up over the blue curve of the earth. A symbol winks on and off: the primary target. Perhaps a command bunker. A transporter-erector-launcher, carrying a road-portable ICBM with a thermonuclear warhead. Or a transport plane, speeding toward a war-torn, savagely tormented country to deliver a load of prohibited weapons to ruthless terrorists.

But new symbols light on your visor. Fast-moving aircraft! To your three o’clock, high! They haven’t seen you. Not yet. With a terse voice command, heard only within your mask, you put markers on them. Enemy. Possible target. The symbols illuminate on your binocular view inside the helmet, along with a pulsing green line showing the direction to the primary target. You fly the line but keep a watch on the enemy fighters as your plane keeps you constantly updated on where they are, how fast they’re going, and what aircraft type they are. You have that information on your tactical display screen, too.3

Engage them? Hmmm . . . you decide not to. When you can see and the other guy can’t, you can pick and choose your battles. Why risk a knife fight on the way to a bank heist? But though you’re invisible to their radar, you can still be glimpsed with the naked eyeball if they get close enough. If that should happen, you’ll pickle off defensive missiles. If those fail, you’ll dogfight with cannon, a four-barreled 25mm with 186 rounds. But the good news is, yours is a very maneuverable plane. It’s forgiving, easy to fly, and almost impossible to stall or spin.4

Pulling an incredibly abrupt maneuver, you slow, roll hard right, and dive for the forest, skimming the treetops at a hundred feet. The enemy fighters, the latest in their inventory, flash overhead without detecting you. Then, suddenly, they begin to dodge, evade, and finally explode and fall. One of your sweep planes, also invisible, has cut down their ranks with supersonic missiles that seem to suddenly assemble themselves out of empty space.

Altering course again, you set up for the final leg of the mission. The smart bombs you carry don’t depend on GPS. They derive their positioning from your computers, updated instant by instant with inertial guidance. If the target’s on the move, its position is fed to those same computers by the network of sensors. They knit the sky with invisible beams from overhead, from far over the horizon, from your own aircraft, and from a deep-cover team of special forces operators thirty miles away.

As weapon door clamshells open in the smoothly faired belly the plane gives the bomb its last instructions. You don’t need to worry about flying the right approach. You’ve pushed a button. Locking the plane into the attack pattern. You could almost go to sleep. Except of course you can’t! The enemy may still offer a surprise. So, you stay alert, continually scanning. Managing your battle space. You issue a final permission, and a moment later the weapon drops away. It will guide itself from here, correcting course, then detonating at last above the surface, at ground level, or far beneath, depending on its target. Meanwhile you’ve banked smoothly away, heading for the next objective.

Half an hour later you’re headed back. Not for the ship, but to land on a captured island. It pushes up over the horizon, a dreadfully short strip of asphalted road that would take the pilot of any other aircraft hundreds of flight hours to dare tackling. All you need to do is line up, press a button on your throttle, and the plane holds approach landing speed and the proper angle of attack. You nudge it a bit to correct for wind. You’ve used up most of your fuel and expended most of your ordnance, putting the jet in the envelope for a vertical landing. You touch down exactly on the designated point and as the wheels thump to the ground, the engine drops to idle.

Time to clamber out for a short break while the crew swarms over the plane, refueling and rearming. Then you climb in again for the next sortie.

[image: image]

You’ve just flown a sample mission in the F-35.

Now you understand why the “Lightning II,” also known as the Joint Strike Fighter, is the most advanced aircraft ever built. The most capable single plane that flies in the world today.

Also, the most complex. It’s been called “the costliest and most technically challenging weapons program the Pentagon has ever attempted.”5 Running the mission you just returned from required nearly 9 million lines of computer code and thousands of person-years of coding and debugging. To put that in perspective, the Apollo 11 Lander required only 145,000 lines of code, and NASA’s Mars Curiosity Rover about 2.5 million.6

The cost for developing, producing, operating, and sustaining the fleet over the lifetime of the jet, is by some estimates pushing a trillion and a half dollars . . . but no program has ever tried to estimate those costs. The same estimators say that the cost of the family of airplanes the F-35 is replacing, under the same set of assumptions, may be three to four times more expensive.

This flying marvel has its detractors. In development for over fifteen years before the first declaration of initial operational capability, with two significant cost overruns, one of which resulted from a redesign, it’s been called a “scandal,” a “global wrecking ball,” and a “fiasco” by critical journalists. It’s been attacked for problems in its oxygen supply systems, landing gear, ejection seat, and helmet and for its weight, mission reliability, maintenance expenses, software glitches, aeronautic design, logistics footprint, exhaust temperature, low sortie rate, limited range, stall recovery, testing delays, and dozens of other alleged or real shortfalls or compromises.7 Not all of these issues were significant. Many were corrected before the reporting agencies even released their negative evaluations. But as early costs increased and delivery dates were pushed further into the future, initially enthusiastic partner nations reevaluated their participation. In some cases, partners reduced their buys.

Today, it’s the future of both air defense and offensive operations for all of the original partners, with the exception of Turkey, which was kicked out of the program in 2019 after buying Russian’s S-400 missile defense system. That makes a dozen nations: the United States, Britain, the Netherlands, Italy, Israel, Australia, Denmark, Japan, Norway, South Korea, Canada, and Singapore. In addition, following the Russian invasion of Ukraine, Poland, Belgium, Finland, Switzerland, Germany, and others are now lining up to be part of the F-35 alliance. To date, the F-35 has not lost a competitive evaluation by any allied air force.

The Lightning II has also become famous as the most heavily spied-upon program since the Manhattan Project. The most aggressive cyberattacks in history have targeted it. These cyberattacks have been launched by China, but also by Russia, North Korea, and possibly other state and nonstate actors. They salivate for the smallest detail: design specifics, maintenance procedures, performance statistics, diagnostics, sensor spectra. Complicating security, production has been spread among eight NATO allies and hundreds of contractors, with each having access to different tranches of data. Thus, penetration of a less rigorously cyber-defended ally or small contractor may provide access to secrets that are more closely guarded in the United States or Britain. Chinese cyber penetrations by the Technical Reconnaissance Bureau, were passed to the state-run aviation industry. They are being used to build a new fighter that attempts to mimic the capabilities of the F-35.

Widely derided first as too futuristic and ambitious, then as too expensive and complicated, the Lightning has retraced the developmental history of every breakthrough weapons system, from the Monitor to the Garand rifle. It was called impossible, then derided, and finally recognized as indispensable. The fighter will fly until the middle of this century—and if history is any guide, far longer. It’s already seen action in the skies of Syria with the Israeli Defense Forces and is forward deployed with the U.S. Marines and U.S. Air Force in the Pacific. Like its namesake predecessors, the twin-boom Lockheed P-38 Lightning and the English Electric Lightning supersonic interceptor, our leaders expect it to penetrate the skies of our enemies at will and wreak havoc on aggressors while holding them at arm’s length from our homeland and those of our allies.

But history’s also replete with “wonder weapons” that never worked. Along with Monitors and Spitfires came hydrogen-filled battle dirigibles, Brewster Buffalos, and the Puckle Gun. Not to mention others that were simply so expensive that although effective in a limited way, they exhausted a nation’s treasury and ultimately weakened it—think the V-2, or the Maginot Line.

Which will the F-35 Lightning ultimately be? Only time will tell. But for better or for worse, in a very real sense the West has pushed in all its chips to bet on this one plane. The evidence to date, based on limited operational experience and exercises, says it’s a winning wager.

In the pages to come, you’ll read about the F-35’s four precursor programs and how they were rolled into an overarching vision of one fighter to rule them all.8 You’ll witness its development and growing pains, its challenges and setbacks. You’ll see how heroic men and women, engineers and test pilots, military and civilian, managers and technicians, labored to break through the iron gates of politics and the more arcane yet even more robust barriers of advanced technology. They pioneered new accomplishments in high angle of attack and low-speed flight. They integrated and built on the forty other vertical takeoff and landing (VTOL) aircraft that preceded this one but with the sole exception of the Harrier and the V-22 Osprey, never attained operational status. They overcame skepticism, criticism, and doom-laden jeremiads from the Congressional Research Service and the GAO and from multiple participating nations.

“Expanding the envelope,” as test pilots say, became an everyday occurrence. Engineers advanced the state of the art in aerodynamics, cybersecurity, computer engineering, and defense analysis to forge an invisible sword of awesome, nearly godlike power. As the program dodged potholes and icebergs, managers negotiated and horse-traded with political and military leaders in six languages and four continents. This complex sarabande of dramatic reversals and near-disasters at times left the program nearly dead, and the alliance nearly defenseless against hostile and quickly advancing peer competitors overseas. Security experts, programmers, and counterespionage operatives had to wage a whole new campaign of shadowy battle to keep these hard-won secrets from a cunning and deceitful adversary and secure the Holy Grail of advanced technology against those who would steal it from the Holy of Holies.

It’s a compelling drama, packed with more twists and turns than the fictions of Tom Clancy or Alan Furst. And that’s where this book will take you.

The settings will be the design teams at Lockheed Martin and Pratt & Whitney, the testing grounds at Edwards and Eglin and Pax River and at sea. The cabinet offices of Canberra and Ottawa and London. The halls of Congress and the Pentagon and their partner equivalents. And, most importantly, the shop floors where workers around the world toiled to build a weapon system like none before it, with materials new to aircraft fabrication.

The cast of characters will include pilots, politicians, managers, engineers, and workers, all the way from the guys and gals who “bend metal” to the “green eyeshades” who fight to keep the program on budget and on schedule.

This book is the epic chronicle of a dream conceived in vaunting ambition and pushed resolutely ahead despite enormous technical and political obstacles. An idea that was attacked, derided, and set back . . . yet whose proponents still persisted. They were spied on, defunded, defended, and debugged. But at long last their incredible warbird rose screaming into the sky, with grace and power and maneuverability and deadliness that has astonished the planet and dismayed those who consider themselves our adversaries.

This will be the story of that aircraft, and of those men and women.

The amazing true story of the Lightning II.
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Chapter 2

HISTORY OF FIGHTER AIRCRAFT

The development of heavier-than-air fighting craft paralleled the rapid evolution of modern warfare in the twentieth and twenty-first centuries. The very earliest days, roughly 1900–1914, produced wood, wire, and fabric airplanes based on early observations of avian flight by Otto Lilienthal, the Wrights, Octave Chanute, and others.

The first necessity of powered flight is lift: the upward force necessary to counteract gravity and hoist the weight of an earthbound object into the air. Generating lift depends on a deep understanding of wing camber and other elements of basic aerodynamic engineering. For sustained flight it must be artificially generated, not a secondary effect of thermal updrafts or wind. Thus: Thrust, to overcome the entropic influence of drag, or put more simply, enough forward force to overcome air resistance and generate lift via a pressure differential over a moving wing. The final necessity is control, the fine balance of stability and instability that permits a pilot to manage the velocity and direction of a craft in flight.

These basic demands, limited by the available power, materials, and techniques, defined the early challenges of aircraft design. Of course, things quickly become exponentially more complicated.

Although the first combat aircraft were intended for observation, they quickly diversified into subtypes: reconnaissance, transport, bomber, ground attack, and pursuit (fighter). During World War I the single-engine, single-pilot fighter inherited the panache and glamour of the cavalryman. Fighter pilots battled man against man, machine against machine, dueling high above the trenches in the central blue.

The fighter’s subsequent evolution has been highlighted by several significant technological innovations.

Consider the fact that the early battles in the clouds were fought with pistols and rifles. The first real advance was mounting a machine gun. Unfortunately, the optimal line of sight, between the pilot’s eye and the target, was interrupted by a rapidly rotating propeller, which could quickly be shot away. This required guns to be positioned on top of the upper wing. But this yielded poor accuracy and few lethal results.

The French were the first to come up with an answer, though not a great one. Roland Garros equipped the propeller of his Morane-Saulnier L with steel wedges. As the gun fired, any bullets encountering the propeller would deflect off the plates, one hopes in some other direction than toward the cockpit. He shot down three Germans with the arrangement, but the bullets’ impacts delaminated his wooden props.
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Anthony Fokker, a Dutchman, owned Fokker Aeroplanbau in Johannisthal, Germany. At the outbreak of World War I, the German government took over his factory. Fokker built a line of bi-wing, tri-wing, and finally monoplane fighters, made famous by legendary pilots like the Red Baron, Manfred von Richthofen. Fokker was the largest manufacturer of aircraft in the world at one time. They would also be a key partner many years later on the F-35.

Fokker came up with the Stangensteuerung mechanism. This cam-and-rod arrangement prevented the gun from firing when the prop blade was in the way. Now the gun could be mounted on the forward fuselage just ahead of the pilot, greatly improving his aim. The synchronization-equipped Fokker Eindecker (a monoplane) is considered by many to mark the real beginning of fighter aviation.

The Germans kept their technological lead in this area until mid-1916, when the French and British designers were able to match, then exceed, the German advantage with the excellent SPAD and Sopwith designs, faster, more agile, better-performing platforms for aerial combat.

In the two decades between the end of World War I and just before World War II, military aviation, and particularly fighters, progressed more gradually. Wood and fabric construction reached the limits of speed, maneuverability, and endurance. Only a few aero engines could develop as much as 250 horsepower, and top speeds of 120 miles per hour were exceptional.

The replacement of wood by metal was the next step, but this would be a significant cultural change for an industry dependent on artisanal skill. Although the first all-metal airplane flew as early as 1915, widespread use did not occur until the 1930s. Over the next decade, every major power fielded all-metal monoplanes with closed cockpits and retractable landing gear. Gyroscopically driven flight instruments and electrical cockpit lighting permitted night flying as well as sorties in adverse weather. Pilots were provided with oxygen masks. They could converse with other aircraft and ground stations by voice radio, and parachutes had become standard equipment.

Each of these advances provided incremental advantages to fighter performance but the critical edge still remained the skill of the pilot flying the machine.

One of the most distinctive and influential fighters in the latter stages of World War II was the Lockheed P-38 Lightning, namesake for the F-35. Designed for the Army Air Corps, the P-38 had a distinctive twin-boom design flanking a central nacelle containing the cockpit and armament. Dual turbosuperchargers gave it a significant performance advantage at higher altitudes. The placement of the Lightning’s machine guns on the nose was unusual among American fighters of World War II, which usually relied on wing-mounted guns. While wing-mounted guns were calibrated to shoot at converging trajectories of between 100 to 250 yards, the Lightning’s straight-ahead arrangement gave its armament a significantly longer useful range. P-38s could reliably deliver concentrated machine gun fire at up to one thousand yards. In addition, the P-38 was the first American fighter to make extensive use of stainless steel and smooth, flush-riveted, butt-jointed aluminum skin panels. These drag reduction techniques made it the first military airplane to fly faster than 400 mph in level flight.1 (See Figure 1: Lockheed P-38 Lightning)

The Republic P-47 Thunderbolt was huge by the standards of World War II and the heaviest fighter of the conflict. Ironically, the “Jug” had initially been conceived as a light interceptor, but between proposal and prototype, the Army raised concerns about the engine, resulting in the substitution of a more powerful one. This in turn meant the plane no longer needed to be small or short-ranged. Two important lessons came out of the Thunderbolt. First, the effect of “requirements creep” on the development of a high-performance fighter requires careful management of critical trade-offs. Second, the eventual operator may change war-fighting tactics to take full advantage of the product he or she is given. Both lessons were hard-learned over the history of fighters and remained key factors in the Joint Strike Fighter program, especially the Short Takeoff and Vertical Landing (STOVL) variant.

The Japanese Mitsubishi A6M “Zero” was the first carrier-based fighter capable of besting land-based opponents. American naval aviators were dismayed to discover their Brewster F2As and Grumman F4F Wildcats were outclassed by the faster, more maneuverable, longer-ranged Zero. It was clear an improved shipboard fighter was needed. Grumman had been working on a successor to the F4F prior to America’s entry into the war. Its foldable wings, for easier storage in narrower spaces, allowed aircraft carriers and transports to carry a greater number of fighters. The F6F was faster, more powerful, more maneuverable, and had a longer range than its predecessor. It outclassed the Zero in every way, except maneuverability at low speed.

In parallel with the move to metal construction was the widespread realization by aero designers and engineers that a new propulsion concept was essential. It was physically impossible to design much more speed into an aircraft with a propeller whirling in front of it. The jet engine was independently invented at about the same time in two countries that would soon be at war once more. In Germany, Hans Joachim Pabst von Ohain developed a working gas turbine to power the Heinkel HE 178. In Britain, Royal Air Force officer Frank Whittle received a patent for his concept in 1930. He developed the first jet engine to fly, in the Gloster E 28.

With the jet engine, the limitations of the propeller-driven planes fell away, introducing dramatic new performance regimes and began the elusive chase for the next great fighter. The evolution of future fighter aircraft would pick up the moniker of “Generations.”
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Each generation of aircraft would be defined by a functional compromise between threat definition and scientific and engineering innovation. A “generational shift” occurs when new technology can no longer be incorporated into existing planes through life-cycle upgrades or retrofits. This presents a challenge. Any new design must overcome current performance limitations, while at the same time the military and industry must accurately specify requirements, usually quickly, to anticipate a possible opponent. These requirements must reach far enough in the future to accommodate the lengthy design, development and fielding time element, while resulting in a plane that will still have combat value years later. Then, designers must use the latest technology, or even develop new technologies, to meet those requirements.

“First generation” jet fighters were the Meteors, Me 262s, and Bell Airacomets coming out of World War II. Aerodynamic designers were providing dramatically increased speeds and altitudes, as well as a dawning understanding of the dynamics of transonic and supersonic flight. Wing shapes were developing from straight wing to swept wing for controllability in these new flight regimes. In terms of sensors, first-generation fighters were limited to visual engagements. Their armament consisted of machine guns, cannon, and unguided bombs and rockets.

There’s no clear line between first and second generation, but the experience gained in the Korean War, plus breakthroughs in materials and avionics, drove significant changes for the next iteration of fighters. Onboard radar and guided antiair missiles, like the AIM-7 Sparrow, the AIM-9 Sidewinder, and the K-5 Alkali, coupled with the advent of afterburning turbojet engines, dramatically increased the operating envelope.

Third-generation fighters continued the modernization, but their designers increased the emphasis on aerial maneuvering and ground attack. Experience in Korea and Vietnam emphasized the ability to win close-in dogfights. Aerodynamic enhancements introduced new flight control surfaces, such as canards and variable sweep wings, as well as complex flow-control devices like slats and blown flaps. Early thrust vectoring techniques triggered development of several innovative concepts with STOVL capabilities. Only one would progress to full production, the AV-8 Harrier “jump jet.” Air-to-air missiles became the primary weapons, and sophisticated electronic countermeasures increased mission complexity. Finally, rising costs and research difficulties resulted in a new focus on multi-role aircraft. The McDonnell F-4 Phantom became the first fighter in history to be used by every branch of the United States Armed Services.

While the capabilities of airplanes continued to improve, the threat had also evolved. Surface-to-air radars and missile batteries neutralized many of the advances in speed and maneuverability and led to heavy US losses in Vietnam.

Fourth generation fighter jets, such as the F-16 and F-18, MiG-35, Rafale, and Grifon, were almost all multi-role aircraft. Advanced “fly-by-wire” systems—with flight surfaces controlled by computers rather than by hydraulics—allowed designers to relax earlier stability and control constraints. This increased complexity and cost, but dramatically improved maneuverability. Other sophisticated electronics included head-up and multifunction displays, long-range frequency-shifting radars, and more capable missiles. Again, this expanded the tactical capabilities of the fighter. Breakthroughs in advanced composite structures and early stealth applications revolutionized the construction processes. But at the same time, the threat continued to keep pace.
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In December 1964, three days before Christmas, a revolutionary aircraft took flight for the first time. Legendary aerospace engineer Clarence “Kelly” Johnson based the shape of the SR-71 on the A-12, one of the first aircraft designed with a reduced radar cross section. The Blackbird could operate at speeds above Mach 3 and above 80,000 feet. Even today, its capabilities have not been equaled. Its canted tails and Johnson’s application of new materials to withstand the blazing heat of near-hypersonic flight foreshadowed developments that would radically change fighter aviation.

As we’ve said, during the Vietnam War Soviet- and Chinese-supplied air defenses damaged and shot down a significant number of Allied aircraft. Consequently, the Defense Advanced Research Projects Agency (DARPA) launched an effort to find a way to defeat the very effective radar systems that were defining this new generation of threats. Adding fuel to the fire was a study analyzing Israeli losses in the Yom Kippur War. According to this study, a potential Warsaw Pact invasion across the central European plain would have seen NATO forces “out of airplanes” in a fortnight.2

In 1975, Ben Rich became the head of Lockheed’s famed Skunk Works in Burbank, California. Under the leadership of Kelly Johnson, the Skunks had concentrated on changing the rules of pure performance with the invention of the P-38, U-2, and SR-71 and others. Ben recognized the emerging new threat to survivability and moved the research toward the advent of stealth. Surprisingly, Lockheed was not invited, in the beginning to participate in the DARPA project. Lockheed had always done their work with CIA money, not Department of Defense. Ben would need CIA backing to jump into this fray. Stealth was much more of an art than a science in the early days with the heavy concentration on becoming “nearly invisible” to radar but also reducing other forms of detectability like the visual, infrared, electromagnetics, and acoustics spectra. Combining these new technologies into an airplane that could actually fly was a challenge, but first, they had to address the vulnerability to radar. They found an unlikely ally.
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A Soviet physicist and mathematician named Pyotr Ufimtsev became interested in describing the reflection of electromagnetic waves. His theory was that angled surfaces could deflect radar pulses away from radar sites. He gained permission to publish his research results internationally because they were considered to be of no significant military or economic value. In retrospect, his work was foundational to the development of stealth.3

Denys Overholser, a stealth engineer at the Skunk Works, was famous for his technical acumen and his reverence of John Wayne. As Tom Burbage recalled, “when I first met Dennys, I felt like I was in a shrine for John Wayne. He had a number of pictures of ‘the Duke’ on his office walls and I thought he may have resonated with his tough-guy image in his battle with the so-called ‘skeptical experts.’” Dennys had read the publication and felt that Ufimtsev had created the mathematical theory and tools to allow finite analysis of radar reflection. Overholser discovered a set of formulas in Ufimtsey’s work that could apply. The formulas had been derived by a Scottish physicist and refined by a German electromagnetics expert. “As Denys admitted,” Rich later wrote in his memoir, “the paper was so obtuse and impenetrable that only a nerd’s nerd would have waded through it all.”4

Overholser’s idea was to compute the radar cross section of an airplane by dividing it into a series of angled flat panels that would divert or scatter radar beams.5 He thought he would need six months to create the software at a time when computers were in their infancy. Rich gave him three months. He delivered his revolutionary software program, called “Echo 1” in five weeks, validating Lockheed’s decision to hire him because he was an engineer who could write computer code.

The key to Lockheed’s project would hinge on the accuracy of radar cross section calculations, which denote how detectable an object is with radar. The smaller the radar cross section, the more difficult it is to detect. The engineers built a model they named the Hopeless Diamond for testing in their secret facility. The prototype completely evaded radar detection. “That’s when they decided instead of the village idiot, I was the village genius,” Overholser said.6

The USAF awarded Lockheed a contract to design and build two demonstrators under the Code name Have Blue with the option for a full contract if the military was interested in the project. The project was labeled black, or highly classified, which meant it was not acknowledged publicly by the government, military personnel or defense contractors.

The Have Blue demonstrator, a complex-shaped design, owed a lot to electrical engineers’ efforts to implement Denys Overholser’s new ideas on dissipating radar energy. Once the electrical experts had calculated the shapes, the design was turned over to the aerodynamic engineers to try to make it fly. Unfortunately, on its first flight, the Have Blue demonstrator crashed in 1977, highlighting the challenge of merging a stealthy design with traditional flight controls. Bill Park, the Lockheed pilot on that flight, was badly injured in ejection.

On August 22, 1980, Secretary of Defense Harold Brown, in a Pentagon press conference, announced the existence of a “stealth” program. The announcement caused some concern about releasing this news. But by then the program was already three years old. The circle of knowledgeable people had widened and there had already been leaks in the media. Frank Reynolds on ABC reported the announcement, and NBC shortly followed. Even as the Air Force acknowledged its existence, they were creating a new security category to protect information about it. The most important revelation in SecDef Brown’s speech was that “stealth technology does not involve a single technical approach but is a complex synthesis of many.” In June 1981, Lockheed test pilot Hal Farley flew the first flight on the F-117. (See Figure 2: F-117 Nighthawk)

The slowly-building, top secret F-117 force was based in the Nevada desert, at Tonapah, far from any prying eyes. The weird-looking jets would fly only at night on training missions in Northern California. In the early 1980s, well before its existence was acknowledged, one crashed in the mountains. The crash was only covered on local California TV stations but there was a real risk that, even though the crash site was remote, the community of stealth conspiracy zealots would try to find the crash site and could compromise the technology. A quick mission was set up to load a C-130 from Point Mugu with a jumble of smashed-up parts from an F-101 crash years earlier. It flew over the site and dumped them to create confusion.

The F-117 had some unique features. Its “stealth switch” would retract all antennas below the skin to go covert. The Nighthawk drivers were essentially flying with no communications, alone, in the dark. Technology advances would later incorporate conformal antennas embedded in the skin. In the end, about 70 percent of the Nighthawk stealth was derived from its shape, and the rest was from a complex set of radar absorbing materials.

Harken back to the origins of the famous “Skunk Works” name. It originated from the old Al Capp cartoon series where a mysterious “moonshine still” emitted strange odors. In the cartoon strip Al called it the “Skonk Works,” and the strange Lockheed operation across the runway in Burbank in the early days emitted similar noxious odors as scientists developed those stealth coatings. The Skonk Works became the now-famous Skunk Works, picked up a friendly skunk logo, and changed history.

The Nighthawk’s baptism by fire was the “Trip to Downtown Bagdad” on the first night of the Gulf War. On 22 June 2001, at the gala celebration of the twentieth anniversary of the F-117’s first flight, Major General Dave Deptula recounted “I see some of those combat pilots out there tonight who, in the run up to the Gulf War, said to themselves, ‘I sure hope this stealth stuff really works.’ By the January 16, 1991, there was a certain degree of confidence. Everybody waited that first night, trying to look confident, but since you flew ‘stealthed up’, once you left the tankers, nobody would have contact for the next couple of hours until the antennae came back out to contact the tanker for the trip back home.”7

The pilots that night deserve a huge thanks for having the stones to take an untried aircraft over one of the most heavily defended cities in the world. They penetrated Saddam’s Soviet-supplied and very dense air defenses with no losses, and placed a very high percentage of their ordnance right on target. Though only fifty-nine were ever built, the F-117 was proven to be a very effective combat system. Stealth technology suddenly became highly desirable.

The F-117 traded off aerodynamic performance for the geometric shapes called for by early stealth theory, and it required sophisticated treatments and coatings.
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After the Gulf War, technology quickly evolved from the Nighthawk’s flattish, faceted surfaces and sophisticated microwave-absorbing coatings to curved surfaces and tailless flight control technology. This can be seen in the Northrop Grumman B-2 Spirit bomber. (See Figure 3: B-2 Spirit)

Tails present a particularly difficult challenge for stealth designers, due to the laws of physics. As most sailors know, the intersection of horizontal and vertical surfaces creates a corner reflector for radar. (One often sees corner reflectors on sailboat masts.) The B-2 is a very effective, covert, subsonic, high weapon capacity delivery system, but it too was a compromise. Like the F-117, it’s black, and operates most effectively at night, since the trade-off for stealth in this tailless design was lack of maneuverability. If the plane’s detected visually, by a high-performance fighter or ground-launched missile system, sluggish maneuverability was a clear weakness.
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Any discussion of the history of high-performance airplanes would be remiss without attention to the power plant that drives them. While the public conception of the lethality of any new weapon is generally an image of its exterior, the major design driver for a fighter has traditionally resided in its propulsion system. In 1903 the Wright Brothers were trying to fly the first heavier-than-air, self-propelled, maneuverable piloted aircraft. They needed a power plant that could drive two counterrotating propellers behind the wings. That early engine had no fuel pump, carburetor, or spark plugs. Nor did it have a throttle. It did, however, use aluminum for the first time in aircraft construction.8 Yet this simple, light motor produced twelve horsepower, an acceptable margin above the Wrights’ minimum requirement of eight.

Demands for more power with less weight have driven engine technology ever since. At no time was this more critical than during the two world wars. The evolution from airscrew propulsion to the jet engine, occurring in the early 1940s, provided a distinct combat edge to early adopters. In the following decades, jet technology continued to advance in dependability, altitude, and pure power, often under classified cover. This evolved into revolutionary machines such as the U-2 (the highest-flying single-engine craft) and SR-71 (the only one so far capable of flying three times the speed of sound). But these capabilities were limited to unique, small-quantity missions.9

Government investments in the Joint Advanced Fighter Engine Program in 1983 boosted reliability, fuel efficiency, and efficient production for a new generation of turbines. Breakthroughs included high-temperature composite structures, which could reduce weight and improve the fatigue life of critical components. While military buyers still focused on higher thrust, often driven by weight growth over the life of a tactical fighter as weapons and sensor payloads increased over time, fuel efficiency also became essential to the next generation of engines.

Pratt & Whitney and General Electric had faced off for the contract that would power the Advanced Tactical Fighter (later the F-22). Each of the airframe contractors would build two prototypes, one using the Pratt & Whitney and the second using the GE engine. In a sense, it was a competition within a competition. The government would evaluate the engine manufacturers and the airframe competitors separately. On 3 August 1991, Pratt & Whitney was awarded the contract for the ATF engine, and the Lockheed/Boeing/General Dynamics team won the airframe contract.

P&W’s winner, the YF119, was an afterburning turbofan evolved from the earlier F-100, but with over 20 percent more thrust and 40 percent fewer parts. It was rated at 35,000 foot-pounds of thrust at supercruise, and could sustain speeds up to Mach 1.8 without the afterburners. It also had thrust vectoring; the exhaust could swivel twenty degrees up or down to enhance maneuverability.10 Despite all this, it was a more conventional design compared to General Electric’s YF120. During the competition, Pratt & Whitney accrued far more test hours, and their proposal emphasized the lower risk of their design.

Interestingly, the Lockheed Martin winning bid for the airframe, designated the YF-22, offered a higher-risk design. The evaluators chose the higher-risk airframe and the lower-risk engine alternative.

In the Pentagon press room on April 23, 1991, the Honorable Don Rice, the Secretary of the Air Force and source selection authority, said, “There were other considerations, including the potential need for a Naval Variant which also had some unique engine and airframe considerations. It was clear the Lockheed and Pratt Whitney combination was a better solution for that requirement.”11

On September 7, 1997, the F-22 Raptor completed its first flight at the Lockheed Martin production facility in Marietta, Georgia. The test pilot on that flight was Paul Metz, and the F-22 Executive Vice President and general manager observing that flight (and providing moral support to a very nervous Mrs. Metz), was Tom Burbage. Both men would later play major roles on the Joint Strike Fighter.

[image: image]

Speed and maneuverability are the ultimate measures of fighter performance. Stealth technology had continued to advance and, when coupled with the very high, very fast performance of the Raptor, could allow some relaxation of traditional stealth design to allow increased maneuverability.

But you had to be very fast and very agile. In the words of one of the Raptor’s test pilots, “hitting Mach 2 at high altitude in an F-15 is very uncomfortable, as the engines start to struggle and the controls battle with the thin atmosphere. Meanwhile, the F-22 remains as smooth as riding in a limousine”12 Agility is another revolutionary Raptor capability with the integration of software algorithms connecting thrust vectoring engines with flight control surfaces. So where is the relaxation?

The best example of “some relaxation” is the use of large, canted vertical tails, which are needed to ensure stability in high supersonic flight, compared to the tailless design of the B-2 bomber. The unique combination of high altitude, non-afterburning supersonic flight, fully integrated engine and flight controls and very low observable radar signature, is why, at the time of publication of this book, the Raptor remains the dominant air-to-air fighter design in the modern world. (See Figure 4: F-22 Raptor)

One of the more interesting criteria for the F-22 was a carryover from the F-117. Early stealth theory essentially eliminated any electronic emissions, such as radio, radar, or data transmission, to further reduce risk of detection. The initial Raptor model could receive information from a variety of sources passively, but its designers rigorously limited any transmissions. Thus, it had little ability to covertly share information.
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The design freeze between the F-22 and the F-35 was over ten years. That decade saw many technology evolutions, both in electronics and in materials that would change the design strategy for the Joint Strike Fighter. The evolution of digital design tools would now enable a truly integrated three-dimensional design. This drove the implementation of the F-35 “Digital Thread,” which became a major enabler of the multinational partnership.

The use of advanced composite manufacturing was also in its infancy but evolving quickly during that ten-year gap. This meant major structural segments that still had to be metal in complex areas on F-22 and earlier stealth airplanes could move to composite structures for F-35. Aluminum, titanium, and stainless steel required sophisticated surface treatments, not only in their initial manufacturing, but throughout their lives, to maintain low observable features. These treatments needed temperature- and humidity-controlled environments. While this isn’t a problem for the Air Force, with their huge, environmentally controlled hangars, it would be a big challenge for any aircraft designed to serve with the Navy and Marine Corps that would be housed and maintained in dusty, rainy environments and at sea.

In the late 1990s, high-level decision-makers at the Secretary of Defense and senior Air Force levels faced the question: What next? A program of gradual improvements for the F-22? Or an entirely new aircraft? And if the latter, what should it look like? Revolutionary design changes cannot be retrofitted into existing designs without prohibitive costs. Replacing metal parts with composite parts changes the fundamental structural characteristics of an airplane requiring significant structural and operational testing.

In the end, they decided to look far ahead and seek a transformational design. Clearly, current generation combat aircraft, a huge inventory of older aircraft, were not survivable in the projected threat environment of more sophisticated enemy radars. The opportunity to implement a common training and tactics environment across all three US services and their allies could, for the first time, enable reduction in expensive training and support infrastructure. It could also allow much greater burden sharing across all partners as none would be left behind due to inferior configurations. Remember transformations? New inventions and procedures aren’t just technological advances, they alter how the community feels, acts, and interacts, and shakes up the national and even global balance of power.

But that decision immediately presented two major challenges. First, the United States and its allies hadn’t flown and fought as a single service or a single country for the last several decades. A transformational air combat system had to weld the Navy, Air Force, and Marines, and maybe the Army and space assets too into an integrated joint fighting machine, while recognizing the unique operational environments of each. Additionally, it had to include the closest allies of the United States as a truly interoperable force. And, presumably, also ensure something like equitable burden sharing in long-term war-fighting and peacekeeping operations.

Introducing a transformational plane would depend on an ability to manufacture and deliver the new aircraft on a reasonable time line. Two competing forces had to be kept in mind. The first was Moore’s law: Digital technology doubled its power every two years or so, making previous technology quickly obsolete. The second was the long acquisition and test time lines typical of complex, expensive defense programs. When these two factors butt heads, large-scale programs tend to be starved or even killed off. Another critical piece would be the ability to develop, scale up, and transform a global supply chain to meet the tight tolerances required for stealth component manufacturing.

There would also be political and bureaucratic obstacles. Ever-changing governments, on top of fluid and sometimes contradictory environmental and investment concerns, would continually threaten to deep-six any such program. Considering the internal politics of three US services, eight international partners, four special-category nations, and additional countries considering joining the program, this dimension might prove to be the most frustrating Rubik’s Cube of all.

If all these challenges could be managed, coordinated, and integrated, a transformational air combat system might succeed.

Perhaps the largest cultural issue—we’re speaking about the early to mid 1990s—was the fact that each of the US services were starting development programs to replace their aging frontline fighters.

The Marine Corps was farthest along. It was developing prototypes for an advanced short takeoff and vertical landing (ASTOVL) replacement for the venerable AV-8 Harrier, a Hawker Siddeley design that had been improved by McDonnell Douglas into the successful and versatile AV-8B.

Along with the Marines, the United Kingdom was a partner in codeveloping the concept. Both countries had signed a document that defined the requirements. Three major prime contractor teams were competing. Boeing was proposing a “direct lift” concept—channeling main engine exhaust to rocket-like nozzles at the fuselage and wingtips—generally like the Harrier layout. McDonnell Douglas, teamed with Northrop Grumman and BAE Systems, envisioned a second gas turbine, for augmented lift during the short-takeoff and vertical-landing stages of flight. They called this the “gas-driven lift fan” concept. The third competitor, Lockheed, stayed with a single engine, but added a disengageable lift fan driven through a gearbox, the “shaft-driven lift-fan concept.” Lockheed was convinced that only this last concept could achieve the exigent combination of supersonic flight, internal weapon carriage, and STOVL performance.

The U.S. Air Force was also in the early stages of developing the operational requirements for a multi-role fighter (MRF). They needed to replace several aging fleets, including the F-16, A-10, and potentially the F-117.

The U.S. Navy had been through several attempts to replace their 1960s-vintage F-14/A-6/A-7 carrier-operated inventory, including the A-12 Avenger II stealth attack plane (overweight, over budget, and finally canceled by Secretary of Defense Richard Cheney in 1991) and a derivative of the F-22 called the Naval Advanced Tactical Fighter (NATF) succeeded by the AX/AFX. All had been abandoned in favor of a less-risky approach, upgrading and modernizing the F-18 into the F/A-18 E/F Super Hornet.

In 1992, Cheney was faced with severe pressures on the defense budget. He decided to change the historical, individual service acquisition paradigm to one of joint acquisition. He based this decision on the reality that for the last several decades, both our combat and our peacekeeping efforts had depended on joint and allied cooperative engagement—not on going it alone.

The two largest drawbacks to this new model were the lack of interoperability (communication and shared situational awareness) among participants, and the technology gap between US platforms and those of the other participants. Many of our allies were flying frontline American planes, procured through foreign military sales channels, but often with lesser capabilities. Both problems decreased operational effectiveness and made burden-sharing harder.

On 23 February 1993 the Department of Defense initiated a formal bottom-up review (BUR) of US military forces and modernization plans. The purpose of the BUR was to develop a strategy for defense planning in the post–Cold War era. The review assumed that the United States should be able to fight and win two near simultaneous major regional conflicts. In September 1993, the results of the BUR were formally announced. The F-22 and F/A-18 E/F program would continue while the Air Force’s MRF and the Navy’s A/F-X would be canceled. A new Joint Advanced Strike Technologies, or JAST, program would be started. The program would develop a Joint Strike Fighter intended to replace the Air Force F-16 and F-111 and F-117 and the Navy’s A-6 and F-14 as well as a few other allied frontline fighters. The objective was to introduce, for the first time in history, a true tri-service, multinational-coalition force. The plane would be able to operate in the very different environments of the USAF (land-based runways), the Navy (catapult launches, arrested landings, and cramped hangars) and the USMC (STOL/VSTOL ops from expeditionary fields and ships without catapults and arresting gear). This would demand three variants, with significant structural differences, that would “look” identical to the pilot and share many parts in common. Such standardization would, for the first time, enable true interoperability . . . in short, they could all fight shoulder to shoulder.

The second element of Cheney’s vision was to make the JAST an example of acquisition reform. This included rapid development, with a heavy dependence on modeling and simulation for proof of concept and test and evaluation. Designing for rapid manufacturing and assembly would be critical to drive down production time. If successful, this could allow procurement in larger quantities, capturing economies of commonality and scale.

The third element of the grand vision was to form a true partnership with our closest allies. They would participate in funding the system development and demonstration (SDD) Phase. They would be represented by National Deputies in the Joint Program Office and participate in critical decisions. They would buy their planes in common production lots with the US government, helping everyone achieve economies of scale. An additional incentive, and one of the most challenging aspects of the program, was the invitation from the US government for all allies joining the program to help build the plane. Industrial participation would be based on a concept referred to as “best value” rather than offset.

(“Offset” meant that if an ally bought a given US weapon system, we would incorporate some of their technology or subsystems if feasible or would establish unrelated procurements of their goods and services to “offset” their costs of procurement. Italy buys F-16s for their air force; we buy Beretta pistols for our army.) No one really liked that system, but foreign leaders had to justify “buying American” somehow. The JAST would be different. Companies from Allied countries would secure high-technology work directly related to the development and production of the new fighter. Participation would be on a competitive basis, and would be for the entire production run, not just for those planes being bought by the individual country.

The rewards for participating would be great. A small participating partner, like Denmark, could buy a small quantity of F-35s but provide parts and components for thousands of F-35s if they could remain competitive and provide best value to the F-35 supply chain. No partner wants to pay more for their F-35. The risks, relative to traditional “offset,” were also huge. No longer would industrial benefits be considered a gift to an ally. Everyone would have to pull their weight, or the whole program would crash and burn.

The plan to build three variants was not without its critics. Vice Admiral (ret.) Joe Dyer, who was the chief engineer for the Naval Air Systems Command (NAVAIR) and later served as its commander, argued that the STOVL variant for the Marine Corps added significant risk.

Dyer said, “I’m a big supporter of Marine aviation, but I counseled strongly and unsuccessfully against including the Marine Corps version because it was a technical challenge in and of itself and one that was going to drive three airframes and that brought significant cost and technical risk. STOVL is just harder than conventional fixed wing. When it was apparent that the Office of the Secretary of Defense was hell-bent on a common airplane, I went over to talk with—we’ll call him a senior executive—and said, ‘Look, it’s going to take longer than you’re talking about. It’s going to cost more than you’re talking about. . . . If you really want to de-risk the program and reduce the cost, then do STOVL as a separate program.’”13 In retrospect, VAdm Dyer’s assessment was valid, as the STOVL variant was a very significant challenge to the program. But the need for the STOVL variant was more critical than for the other US services and pressurized the time line for the program. In the end, the ability to close the technology challenge of maintaining all three variants proved the original vision of the F-35 founding fathers. Years later, VADM Dyer would say, “I’m glad the program proceeded with the three variants. My point to OSD was ‘You’ll have to take the heat on cost and schedule.’”

But, as aerospace and defense expert Bill Sweetman said in his book The Ultimate Fighter: Lockheed Martin F-35 Joint Strike Fighter, “We know how to build a stealth fighter. We know how to build a long-range agile fighter. We may even have a good way of building a fighter that can land and take off vertically. But trying to build a fighter that can do all three is very, very difficult.”14

As it turned out, Sweetman was wrong. It wouldn’t be very, very difficult.

It would prove to be damn near impossible.
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Chapter 3

THE TENSION BUILDS

By 1994, the Joint Advanced Strike Technologies (JAST) program was rolling. This tri-service, multinational-coalition plane had to be able to fly from land-based runways, large Navy nuclear carriers, smaller L-Class ships, and expeditionary fields. It would be developed quickly, with close attention to manufacturability to restrain costs and speed up final assembly. Finally, the plane would be both designed and built in a close partnership with our allies. But a lot had to happen before metal could be pressed.

In the United States, major defense acquisition programs typically move from advanced concept studies to a concept demonstration phase, system development and demonstration, and low-rate initial production, and—eventually—full-rate production. At each stage, certain requirements must be met. This process takes a long time, and managers and Congress are always trying to speed it up and save money. The JAST program was no exception. It included cost sharing between the US government and the competing contractors for the concept demonstration phase. Also, there was extensive use of high-fidelity simulations to develop sensors and subsystems, and also to replace some of the traditional (and expensive) flight tests.

When the services finally okayed the draft requirements—while stipulating they could revisit them later—the concept development phase launched. The request for proposals outlined an aircraft that would replace several “legacy” fighters in the current inventory, and be stealthier and cheaper. It could also be sold to our allies. As discussed in chapter 2, three variants would be needed to meet the unique operating environments of the Air Force, Navy, and Marine Corps. While there would be differences among the variants, such as a heavier undercarriage needed by the Navy for catapult launches and wire-arrested landings on carriers, it did seem possible to design variants using the same basic “air vehicle” design, vehicle management systems, engines, and mission systems. This would enable level of interoperability and force multiplication never before possible. This could also save on both production and maintenance costs and simplify the logistical and training tails as well. It promised to dramatically reduce the cost of sustaining long-term peacekeeping or combat air operations.

The government team for the concept demonstration phase was led by Major General Mike Hough, call sign “Hog.” He began as an enlisted sailor who received an appointment to the Naval Academy in 1965. He would retire as a lieutenant general responsible for all Marine Corps aviation, holding the record as the longest-serving graduate of his USNA class.

Lieutenant General Jon “Dog” Davis USMC was a protégé of Mike Hough and later rose to the same position in the Corps. Jon recalls, “Hog Hough was not only forward thinking but he had the work ethic and common sense of a blue-collar guy. He had a solid reputation as a fair but demanding leader. He focused on execution. In DC, he looked at future capabilities from the perspective of a warfighter, but also from the eyes of a mechanic that would have to sustain a platform in harm’s way.”

“General Hough was well versed, experienced and had mastered what he called ‘Beltway 101’ and tutored us in how to successfully fight the enduring battle in DC to garner and protect resources to bring USMC requirements to life and sustain them once we had them. His sense of humor was legend, as was his invective if you acted in a way that hurt our Corps or our cause. As majors, he taught us that you could be a flag officer that got hard stuff done, have fun doing it, not take yourself overly seriously, and be a normal human. There would be no F-35 without Mike Hough.”1
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One “paper” proposal was from McDonnell Douglas, builder of the F-18 and many other Navy and Air Force fighters over the decades. Another came from Boeing, which hadn’t built a fighter since the 1930s, but was a leader in commercial aviation and bombers. The final entry was from Lockheed, fresh off a major win with the F-22 Raptor.

Hough, and his widely distributed team at the Naval Air Test Center in Patuxent River, Maryland, and the Air Force Systems Command in Dayton, Ohio, evaluated the proposals in sections. The proposals were so detailed and extensive that no individual could review the entire set of documents. The sections were evaluated separately and then assigned a grade. The section grades were then weighted and totaled to determine a final evaluation assessment. The team finished their evaluations in 1996.

The biggest shocker was the quick elimination of McDonnell Douglas, which had partnered with British Aerospace and Northrop Grumman, from further competition. Their entry was futuristic-looking, with twin inlets and a shallow V tail. An exhaust gas-driven fan mounted behind the cockpit provided lift to the front during vertical takeoff and landing. This complex concept was a “calculated gamble,” and seemed to be a higher-risk system. The loss, along with their previous withdrawal from commercial airliner building, doomed McDonnell Douglas as an aircraft prime manufacturer. It led to intense soul-searching as to what future remained for one of the most successful aircraft design organizations in history, and in 1997 the company merged with Boeing.

Now there were two left standing.

The stakes were immense. As originally announced, the production runs envisioned were 3,000 for the US military, 250 for the United Kingdom, and probably many more thousands to allies throughout the world, if the sales record of the F-16 was any guide. It was billed as the “largest acquisition program in the history of the Department of Defense” and “the last manned fighter.” Executives and engineers at both corporations realized this would be the most important competition of their lives.

The final bout would take place high over the desert, far from prying eyes. But a lot had to happen before then.
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Why was this new fighter so necessary? As the clock ticked down toward the end of the twentieth century, the combat planes that made up the bulk of the US inventory dated back to the 1980s and even the 1960s. Primarily intended to fly beneath enemy radars and mix it up in dogfights, they had great performance at low altitudes, but weren’t designed for stealth, either in the radar or infrared spectra. They operated independently, or communicated by voice radio, rather than being able to pass data to ground stations, ships, or other aircraft.

Worst of all, they were wearing out. The Navy was experiencing problems with wing cracking, since carrier landings imposed heavy stresses on F-18 airframes. The Air Force’s aging F-15 Strike Eagle was showing structural fatigue too, leading to safety stand-downs. The A-10, a close air support plane designed specifically to kill tanks, dated to 1975. Though excellent for its time, it was fast becoming a billboard flashing “Shoot Me” over a modern battlefield.

The Marine Corps was desperate for a replacement for the Harrier, which operated from short runways and landed vertically. But the AV-8B was slow, carried a limited bomb load, and suffered a high accident rate.

Vertical and/or short takeoff and landing technology was a tough nut to crack. For more than forty years, US, Soviet, and European aerospace enterprises had pursued V/STOL, yielding only the subsonic Harrier as a truly operational fighter. Only three research vehicles had demonstrated both hovering and supersonic capability: the German VJ-101C, French Mirage III-V, and the Soviet Yak-141. However, none were operational weapons platforms, and their limited performance had prevented them from accomplishing hover and super-sonic flight in a single mission.

The whole concept of the original JAST program had been to replace all these legacy aircraft with a single design that could operate far into the twenty-first century. It would be “fifth-generation” from the start, with stealth, advanced sensor fusion, and unprecedented connectivity across a wide variety of other combat aircraft and weapon systems. It would have to penetrate the defenses of advanced adversaries and support operations across a multi-domain battlespace including air, land, sea, cyberspace, and space. It also had to pull out of the costly “death spiral” experienced by the F-22 where increasing costs resulted in fewer planes being bought by the Air Force. As a result, the cost per plane became even higher, resulting in even fewer being bought. Thus, this new plane would need to be affordable and produced in large quantities.

Pretty much a perfect storm of high expectations. Supersonic, vertical takeoff, stealthy, carrier capable, and cheap? History was against it. The last tri-service aircraft had been Robert McNamara’s F-111 Aardvark. Overweight, over budget, and terrifically complicated, it had ended up rejected by the Navy and the British. The Royal Australian Air Force were fond of its long-range features, which were a match for their unique operational environment, and performed a midlife avionics systems upgrade in the 1990s.

Not a great example for the Joint Strike Fighter to follow.
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Since historically great aircraft have resulted from great engines, and underperforming ones from lousy engines, it’s worth looking more closely at how both companies intended to power their designs.

Pratt & Whitney dated back to 1860, when it made guns for the Union Army. Their aircraft subsidiary, established in 1925, had built the Wasp and Hornet air-cooled piston engines that powered early Navy and Air Corps fighters in the 1930s. In World War II, their engines lofted half the combat aircraft America fielded. They entered the jet age in 1952 with the revolutionary J57 turbojet, which powered the F-100 Super Sabre, the F-102 Delta Dart, the Navy F8U-1, the U-2, and other famous planes and missiles.2

P&W had developed the F119 for the F-22 Raptor program. This impressive engine combined low-observable technologies with high thrust-to-weight performance. Its two-dimensional pitch-vectoring exhaust nozzle provided extreme maneuverability when coupled through software with the flight control systems. While the F119 had the potential to adapt to short takeoffs, it was not adaptable for vertical takeoff and landing. The Raptor’s two F119s gave the Raptor “supercruise”—the ability to fly supersonically without turning on fuel-gulping afterburners, reducing the infrared signature for high-speed flight.

One of the challenges of adapting the F119 to the JSF Navy mission was the extremely high temperatures such power outputs demanded. The heart of the engine, the turbine, featured single-crystal superalloy blades and complicated cooling technologies. But questions remained as to whether it would be reliable enough, especially over water. This was the reason so many famous Navy jets—the Banshee, Phantom, and Tomcat—had been twin-engined. Pratt’s winning argument was that there were many redundant safety features built into a single-engine fighter that were not included in a multi-engine configuration because of the redundancy of the second engine in the event of an emergency. Eliminating a second engine would significantly reduce the acquisition and life-cycle costs of a fleet of new fighters. P&W’s reliability tests, coupled with historical statistics, proved that there were no significant safety or reliability differences between single or dual engine fighters.

Bennett Croswell was a charismatic PW partner and had worked closely with Burbage as the engine lead on the F-22 program. He moved from there to the JSF as the X-plane F119 program manager, cementing a long-term relationship that went through many years developing fifth-generation fighters F-22 and F-35. Bennett and the Pratt & Whitney team had the responsibility for delivering all of the engine combinations to both Boeing and, with their Rolls-Royce lift-fan partner, to the Lockheed Martin team. Bennett said, “PW contributed a lot to make the lift fan work. It was apparent that the STOVL version was critical to winning this program, and we were committed to make it succeed.”3

Previous American fighter programs had always considered the engine a subsystem . . . a part that could be swapped out more or less at will. This fostered competition among contractors, both to force innovation and drive down prices. But the daunting performance requirements of the JSF meant only one existing engine had the capability to power both challengers in this early competitive phase. That was the 119. Both Boeing and Lockheed Martin would use it in their concept demonstrators.

This essentially preselected P&W as the engine provider for the F-35, without competition.4 One essential program objective thus became to develop a second engine that could compete with the P&W engine when the program got into full production. This opportunity for a second engine would become a significant flashpoint later.

But integrating the F119 into the two X-airplanes would prove unexpectedly difficult. Bob Cea was the Pratt & Whitney VP for the JSF concept demonstration program. A New Yorker, he was a straightforward “what you see is what you get” engineer. Bob recalled, “Our biggest challenge was software. We had to develop new engine modifications around the F119 core engine to power the competing X-32 and X-35 concepts, which had some very significant differences. We had twenty months to get both engines into test. The Lockheed engine was ready first, but we had to run both before we could make a public announcement. We also had the requirement to integrate the Rolls-Royce lift fan engine into the Lockheed X-35. The lift fan was having development issues with dissimilar metals, oil leaks, and clutch dynamics, which made our job much more difficult.”5

Frank Gillette, Pratt & Whitney’s chief engineer on the F119, was drafted to bring that capability to the JSF. “We had to modify the most advanced fighter engine in the world to meet two different X-airplane development designs and integrate another version of the engine into the unique Lockheed STOVL Lift Fan integration design. While all that was going on, we were simultaneously developing a preferred system concept for the eventual production designs that both Lockheed and Boeing were proposing. I’m not sure anyone really appreciated the magnitude of that task.”6
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DoD acquisition programs typically move from phase to phase at the pace of a snoozing snail. This is regularly reviled by Congress and the media as “wasteful,” “slow,” and “bureaucratic,” but it’s intended to reduce cost by defining and solving problems before major investments are made. (On the other hand, if a plane crashes, the program suddenly becomes “too risky” “too hasty” and “inadequately managed.”)

The concept demonstration phase falls between paper concept and production aircraft. It’s a “fly before you buy” approach, to make sure designs perform to specifications. In the JSF’s case, since a family of commonly and concurrently derived airplanes was envisioned, the concept demonstration phase would test their aerodynamic concepts and generate credible flight sciences data. Not only would the planes fly, the mission systems and the planes’ observables (how visible they were to radar and infrared) would be demonstrated in laboratory tests.

Congress appropriated $3 billion for the concept development process. A relatively small portion of that would go to the flight demonstration phase with the remainder going to the many other development activities in wind tunnels, laboratories and simulation facilities. Four aircraft would be built, two from Boeing and two from Lockheed Martin. Having two aircraft afforded some redundancy in case of a crash, and let the competitors respond to the challenges of the three variants.

Both for the companies involved, and for the United States, the stakes were huge: the survival of the allies against rapidly evolving defenses—not just fighters, but also missile systems—by peer competitors such as Russia and China.

But, although the two remaining companies used the same engine, their proposals envisioned radically different aircraft. The battle would take place in the air over the Chesapeake Bay and the Mojave Desert and in arcane software labs. Other campaigns would rage in the press and in national and local political arenas. Both companies were among the heaviest hitters in American politics, always working to sway decision-makers to their side.

The battle would rage over half a decade. The victor would sweep the board; winner take all. The loser might well go out of business forever.
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The Boeing design was now designated the X-32, the Lockheed plane the X-35. But why those numbers? And what happened to X-33 and X-34?

The “X” planes, beginning with the famous X-1, were “experimental” aircraft. From various manufacturers, each plane incorporated such new technologies as supersonic flight, new engine designs, flight controls, and stealth. Over the years, some had been judged successful, and others failures. But all had been radical departures in one way or another, and each contributed to pushing the envelope of aircraft design.

The X-32 had been the original designation of McDonnell Douglas’s ASTOVL demonstrator, mentioned in the previous chapter. When Boeing bought McDonnell Douglas in 1996, announced exactly one month after the latter company had been eliminated from the JSF competition, that designator rolled over into the JSF requirement.

The 1999-ish X-33 was Lockheed’s unmanned “space plane,” a single-stage-to-orbit experimental vehicle. After technical problems developed, it was canceled. The X-34, Orbital Sciences’ attempt at the same type of reusable spaceplane, was also canceled. That left “X-35” as the next designator available, so it was assigned to the Lockheed Martin version of the JSF.
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