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Jack, do you really want to climb a Beanstalk?





By 




David G. Stephenson

Since the dawn of history there have been those who have dreamed of reaching above the atmosphere and voyaging in the space beyond. Fifty years have passed since the start of the space age but, alas, even today only a handful of people have realized that dream and looked down in wonder on our planet from orbit.
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Rising into space at the top of an augmented, cold war surplus missile is uncomfortable, dangerous and prohibitively expensive. Putting a kilogramme into orbit using the Space Shuttle costs about 20,000 dollars. Commercial launcher suppliers charge around 10,000 dollars a kilogramme and a ticket for a one week’s holiday on the space station sets adventurous billionaires back a mere $20 million! Rocket science is simple. Throw a huge volume of explosive fuel at the ground as fast as possible, and, with luck, the result will be that a tiny payload will end up in orbit.
[image: image2.jpg]



There has to be better way.
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Ancient peoples were the first to attempt the obvious route to the heavens. They built upwards. Egyptian and Meso-American pyramids were intended as staircases to the abode of the gods. The Bible tells how the tower of Babel collapsed amid chaos. There is little doubt that today we could build structures many kilometers high, but towers high enough to reach space would be impracticable. Towers are compressive structures; every level carries the weight of those above and must bear down on those below. Compressed structures are massive and rigid, and hence their size is limited. Tensile structures, on the other hand, can be light and flexible. The Romans built their massive many arched bridges from the ground up. Modern bridges are suspended from cables that span several kilometers. In 1960 the Soviet scientist Artsustov turned the tower of Babel on its head when he suggested that a cable could be dropped to Earth from the 24 hour Clarke orbit. [image: image4.jpg]Counterweight
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Tension in the cable would take the strain as payloads were be smoothly hauled up into space using much less fuel than contemporary rockets.  


The two critical components of Artsustov’s proposal were a strong enough cable and a ‘Sky Hook’ in geostationary orbit to which the cable could be attached. For the latter, Artsustov proposed moving an asteroid into geostationary orbit as an anchor of the skyward end of cable. If the cable were lowered toward the Earth the asteroid would drift to a higher altitude, so keeping the center of mass of the cable and its anchor in the 24-hour orbit and hovering over one place on the equator. Once the cable was firmly fixed to the Earth, the space elevator would function as a very long string with a rock on the end being spun round by the rotation of the Earth. 

Other authors soon improved Artsustov’s original concept. The elevator cable was tapered, with the cable thinning as it descended. The higher sections near the asteroid had to carry the weight of over 30,000 kilometers of cable, but as it approached the Earth that load reduced, and a thinner cable reduced the tension in the cable above. This improved cable was supplemented by a second outward aiming cable, rising from the asteroid. The two cables would be deployed together so the tensions applied to the asteroid were always in balance. Not only did this make construction easier, but when complete the space elevator would be able to lift payloads from Earth to beyond geostationary orbit where the spin of the Earth could fling them to the Moon, Mars or even on course to the outer Solar System without the expenditure of fuel. 
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Arthur C Clarke’s famous science fiction novel “The Fountains of Paradise” introduced the concept of a space elevator to the general public. In his story the elevator is build downward and outward from an asteroid orbiting over a fictional clone of his home island Sri Lanka conveniently situated on the equator in the Indian Ocean. 


Alas the resulting publicity turned out to be the space elevator’s undoing. When engineers calculated the properties of a real space elevator, they discovered that no known material was strong enough or light enough to span that enormous distance between Earth and space. The taper in the cable is the critical factor in the calculation.  Steel has a tensile strength of around 5 Gigapascals and weighs about 8 tonnes per cubic metre. To support a steel cable without breaking the top would have to be 1.7 x 10 ^33 larger than the bottom!!! A cable made from Kevlar, the strongest and lightest material available in the 1970’s,  which has a tensile strength of 3.8 Gpa and weighs only about 1 and half tonnes per cubic metre would only have to have a taper of 1 x 10 ^8. After flirting with carbon fibers and dreaming of spun diamond engineers dismissed the space elevator to science fiction amid ridicule and taunts of ‘unobtainium’ and bolonyium’. Their mirth was perhaps a little premature. [image: image8.jpg]A Space Elevator?  wewisnsSEHomessp
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Nanotubes were discovered in 1991. Carbon stands almost alone amongst the elements for its ability to form complex molecules. In particular it bonds with itself to form molecular chains and rings. The backbones of the spiral molecules of life are chains of carbon atoms. Carbon has four electrons forming an outer shell around the nucleus. That shell is stable only if it is filled by eight electrons, like the outer shell of the chemically inert gas Neon. Carbon is only too willing to share its electrons in return for others from other atoms to complete its shell. The shared electrons bind the atoms forming a co-valent bond, and the strongest bonds are the symmetrical bonds that form between two atoms of the same element. Diamond is crystallized carbon and is the hardest substance known because each carbon atom is bound tightly to four other atoms. 
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Nanotubes are a new form of crystallized carbon. Imagine a sheet of chicken wire, with the wires replaced by molecular bonds, and at each joint there is a carbon atom. Now roll this sheet into a cylinder and join the edges. The result is a crystal that could be the strongest material in the universe, yet is light, tough and flexible. Moreover each carbon atom in a nanotube has a loosely bonded electron that can move freely along the crystal, making nanotubes good conductors of heat and electricity. They can act as semiconductors and when cooled to close to absolute zero they may even be superconductors.                                                           
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Theoretically the tensile strength of nanotubes could exceed 130 Gpa, yet they are lighter than Kevlar. Nanotube fibers, however, are not easy to manufacture. The longest nanotube threads made today are less than 10 cm long and thinner than a human hair. Visionary engineers, however, are already dreaming of the day when nanotubes will form a cable stretching from Earth to Heaven, for the diameter of cable would less than double on its way from Earth to geostationary orbit.
In 2004 the Institute for Space Research reviewed the most recent research into space elevators. Their findings were published in an extensive report that is available on the Internet at: 
www.ISR.us/SEHOME 

The original concept of using an asteroid as an anchor in geostationary orbit might postpone the construction of a space elevator for perhaps a century or more, even if nanotube cables could be mass-produced today. Moving an asteroid would be a potentially risky maneuver and would demand a deep space infrastructure far beyond the world’s current capabilities. Instead today’s engineers have suggested that a space elevator could be built like a long span suspension bridge. To build such a bridge two towers are constructed and a single thin strand is stretched between them. This is only strong enough to carry the weight of a spool wound with another strand of wire. The spool is drawn across the gap unwinding the strand as it goes. Once this new strand is anchored the strength of the cable has been doubled. The spool is refilled and returns laying another strand to the growing cable. This is repeated until a cable several meters in diameter, and capable of supporting the road deck and its traffic, bridges the span.   [image: image13.jpg]3>
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Fig. 1.2: lllustration of how a space elevator is constructed in
several science fiction books. First, an asteroid is captured and
placed in Earth orbit. Second, the asteroid is mined for its
carbon. Third, a large cable is extruded both upward and
dowmward until complete.
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Fig 1.3: lllustration of the deployment scenario
for the space elevator. A) A spacecrafi is sent to
‘geosynchronous orbit where it begins deploying
a small cable. As the cable is deployed the
spacecraft floats outward. B) When the end of
the cable reaches Earth it is retrieved and
anchored. C) Climbers are sent up the initial
cable to strengthen it. D) A usable, high-capacity
cable is completed.




The initial space elevator cable will be small enough to launch into geosynchronous orbit directly from Earth. When the ISR report was published NASA was planning to continue to use the space shuttle for at least two more decades. Tragically NASA has since learned what every independent observer has known for 25 years, that the space shuttle is a dangerous, fragile and outrageously expensive experimental craft that should never flown in the first place. Following the loss of the Columbia and its crew over Texas, President Bush redirected NASA to return to the Moon by 2025 and then proceed into interplanetary space. 

As will be explained later, the first strand of the space elevator would be a nanotube ribbon, rather than a conventional cable, and this would be lowered from a large spacecraft in geostationary orbit. This spacecraft would have the large propellant tanks and thrusters needed to carry 91,000 kilometers of nanotube ribbon to geostationary orbit. Since the geostationary orbit is not stable, small thrusters will be needed to station the spacecraft over the anchor point on Earth. In addition to the control mechanisms needed to pay out the cable the spacecraft will carry as small subsatellite fixed to what will be the downward end of the cable. This will pull the end of the cable ten kilometers downwards. At that distance the subsatellite will not longer be in a stable orbit around the Earth and will continue to fall, pulling the cable with it. Before it could start on its journey to the Clarke orbit the 150 tonne spacecraft with its cargo of nanotube ribbon would have to be assembled from components launched from Earth. [image: image14.jpg]Send up small cable first then add to it: payload 150 t.
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The original plan assumed these would be carried into space aboard the space shuttle. Hopefully, the Space Shuttle will soon be replaced by the Ares launchers. The Ares V is designed to be a heavy cargo launcher derived from the Shuttle’s external tank and fitted with advanced engines and two solid boosters. This vehicle will be able to place over 100 tons in low Earth orbit. If fitted with four solid boosters the Ares V would be able to loft space elevator’s initial 150-ton payload directly into low Earth orbit.

Once the construction craft reached its designated position in the Clarke orbit, the first cable strand would be slowly payed out from orbit until it reached the Earth. At the same time the spacecraft would drift slowly outwards from geostationary orbit. With the lower end of the cable retrieved and anchored the spacecraft would become a dead mass spun by the rotation of the Earth. Like a stone spun on the end of a string, the spacecraft will tension the cable, and this tension will draw out the spacecraft’s remaining cable. Eventually a taught ribbon 91,000 kilometres long, 5 centimetres wide and thinner than a sheet of paper would stretch from space to a point on the equator. It would seem fragile, but none the less it would be strong enough to carry the weight of a climber deploying a second strand of nanotube ribbon as it rose into space at 200 kilometers an hour.
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 As it climbed the second strand would be glued to the existing cable. 20 days after it started its long climb the empty climber will have joined the original spacecraft at the end of a strengthened ribbon. A third climber would now start its long ascent. As the cable widens and thickens several heavier climbers might be found adding their loads to the elevator simultaneously. 
 After a little more than two years and two hundred ascents the final cable will mass 750 tons and be able to safely support several freight climbers and their 20-ton payloads. It is a long way to space and at 200 kilometers and hour a climber would take over a week to cross the Earth’s radiation belts and reach geostationary orbit! The first space elevators will clearly not carry passengers, but then the first rule of every transportation business, anywhere, any time is that it is freight that pays the bills! At first sight a space elevator seems the ideal way of delivering thousands of tons every year into space at a price far below current prices. 

Consignments destined for deep space would travel out beyond geostationary orbit. From there the rotation of the Earth would fling them out to the Moon, Mars and beyond. Efficient, low thrust ion engines would transfer geostationary cargoes from the geostationary level of the elevator to their stations over the cities of the world. Packages for low orbit would be dropped off the elevator below the geostationary level and would fall into an elliptical orbit around the equator. Small thrusters or perhaps aerodynamic baffles deflecting the air as the payload skimmed the outer atmosphere would then place the satellite into its final orbit.

As a way of accessing the resources of space the space elevator looks almost too good to be true, and it is. Nanotube technology is in its infancy, and has hardly left the laboratory. Even if high quality nanotube fibres could be manufactured in quantity, space is far from a benign environment and the builders of the first space elevator will face many challenges on their road to the stars.

The climbers will need to be powered during their long ascent. Chemically powered fuel cells or a power cable from the ground are clearly impracticable. Nuclear reactors are much too heavy and would be politically unacceptable. Instead it is proposed to beam infra red light to the climbers from large lasers on the ground. Infra red light passes easily through thin clouds and a beam focused on semiconductor cells on the base of a climber could provide more than enough electricity. Most of the current would power several motors turning rollers gripping the cable. The rest would feed the climber’s control and cable spinning systems. 
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The elevator and its base

Even laser beams spread out with distance and as it rose a climber’s power supply would weaken. Fortunately at the same time its effective weight will be reduced by the centrifugal force imparted by the elevator as it was spun around by the Earth. 
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The Ultimate Space Elevator

The elevator will not be a simple ribbon of nanotube fibres laid side to side. It will have to be the most sophisticated laminated material ever made. On Earth each fibre will have to be glued to its neighbours in a complex web, and in space the final cable will be constructed from hundreds of component ribbons glued together on the fly. The epoxy glue will have not only to be strong and cure reliably untended in the vacuum of outer space, it will have withstand the passage of hundreds of climbers and years of exposure to solar ultra violet rays. Manufacturing a suitable resin will tax our adhesive technologies to the limit, and newly stretching from Earth to deep space the space elevator’s troubles will have only just begun. 
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[image: image21.jpg]Problems: The atmosphere is rough, space is worse!
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small: thicken cable 300 to 1500 kms.
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Above break: rises into orbit. Insurance loss!




Space is far from empty! The space elevator will be a vast conducting wire crossing the Earth magnetic field, which flaps and billows in Solar Wind. As Michael Faraday discovered, a moving magnetic field induces a current to flow in a conductor, and the elevator will be no exception. The equatorial electrojet is a multi thousand ampere meandering river of electricity carried by the atmosphere fifty kilometers above the equator. It too has a magnetic field and will induce surges of current into the elevator. The induced currents will heat the elevator and in space heat can only be lost by radiation. A cylindrical cable could overheat and weaken, but the large surface area of the elevator ribbon will readily dissipate the heat from induced currents into space.

Space is filled with a steady drizzle of micrometeorites. They may be smaller than a grain of sand, but they move at cosmic velocities, and explode when they hit anything solid. A round elevator cable could be sand blasted to nothing within a few months. Most micrometeorites would simply go through a very thin nanotube ribbon leaving a microscopic hole; even so the elevator would eventually fray and break. The elevator will have to be made of nanotube fiber layers if it is to resist fraying. The load bearing fibres will stretch side by side vertically from Earth to Space. Shorter fibers will have to be laid over them under tension at an angle of a few tens of degrees. They will preserve the integrity of the cable when it is punctured. 
 The cable may be temporally self-repairing. Eventually, however, the damage will have to be permanently repaired. At frequent intervals shipments will be stopped and maintenance climbers will have to ascend to find and patch the damaged sections of ribbon. Like a major railway or road bridge on Earth, the space elevator will have to be continuously maintained and repaired. 

Eventually a micrometeor will strike the elevator ribbon edge on to cut most of the nanotube fibres, and perhaps even slice the elevator in two. A flat ribbon is too vulnerable to be used as an elevator. The elevator ribbon must be curved with its edges a few centimetres out of the plane of the centre. Any micrometeorite striking such a ribbon cable could, at worst, punch two small holes that could be repaired by the maintenance climbers.

The world’s space programmes have been notoriously untidy. A shell of garbage orbits the Earth. Junk ranging in size from small paint chips to failed satellites could easily strike the elevator and bring it down; while operational satellites in low Earth orbit are certainly not going to yield the right of way to the elevator. 

An impact by an orbiting fleck of paint or splinter of metal will be no worse than a micrometeor strike, but just above the atmosphere they will hit the elevator with alarming frequency. Between about 400 and 1500 kilometers from the Earth the thickness and width of the ribbon will have to be doubled to withstand this bombardment.
 Larger satellites will present a different challenge. There is no way even a nanotube cable could withstand the impact of an abandoned satellite, and the owners of an operational satellite would be, to say the least, very annoyed to lose an expensive space asset. Clearly the cable will have to move. Fortunately the USAF tracks all objects larger than 10 centimeters across and their orbits are entirely predictable. 

Arthur C. Clarke anchored his space elevator to an island, but the terminus of a real elevator will have to move, indeed it will have to float. Sea Launch uses a converted oilrig to launch Zenit launchers from the equator. It can move under its own power at ten knots. A future space elevator will terminate on a floating platform that can move the lower reach of the ribbon to avoid objects in low orbit! If a space elevator were in operation today it would only have to move approximately once every 9 months to avoid hazards in low Earth orbit. Of course, if an elevator were available to provide low cost launches, the number of possible impactors would be greater, and the elevator would have to adjust its position more frequently. 

We breathe molecules containing two atoms of oxygen. As they drift up to the edge of space Ultraviolet light from the Sun splits them into highly reactive radicals that will combine with almost any other element. Between 300 and 1500 kilometers above the Earth atomic oxygen radicals could oxidize the carbon nanotube fibres of a space elevator to carbon monoxide within a month, and its epoxy glue could be corroded to uselessness in even less time. Only the noble metals gold and platinum can withstand the corrosive effects of atomic oxygen for long. For over a thousand kilometers the elevator will have to be gold plated. Indeed if the elevator is going to survive long enough to be completed as each new layer is added it will have to giving a coating of gold. The final plating, moreover, will have to withstand the tread of hundreds, perhaps thousands of climbers rising at two hundred kilometers an hour on their way to space. 
The atmosphere will present its own challenges to the elevator builders. A lightening strike could vaporize the thin conducting thread of the elevator. Winds will tear at it and storms will buffet the floating base. Dense clouds will block the laser beams driving the climbers and cut into profit margins. Fortunately, there is an area of doldrums west of the Galapagos Islands. Here, far from the track of hurricanes, winds are usually light and thunderstorms are rare. The base of the space elevator will float here and unlike a land-based anchor it will simply move to avoid local adverse weather conditions. In space the elevator cable will be a wide, very thin ribbon that could be easily disrupted by even the occasional winds of the doldrums, and for its first 10 kilometers the space elevator will be thickened and its width narrowed.
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Though simple in concept the space elevator will be by far humanity’s most sophisticated structure. Reaching out into space, every 12 hours it will expand and contract in the light of the Sun, while the tidal forces of the Moon and Sun’s gravity tug at it. As every child knows a taught string will vibrate strongly if it is repeatedly plucked at its resonant frequency. The elevator’s planned length of 91,000 kilometers has a resonant frequency of only seven hours and will not respond to tidal forces. Any residual oscillations from heating, the motions of the anchor and the wind will be damped out if at all times climbers are randomly located up the cable.

Despite overcoming so many challengers the future builders of a space elevator will still have to answer ‘what happens when it breaks?” The image of 91,000 kilometers of cable majestically winding itself around the equator and slicing everything in its path will be hard to dispel. The cable below the break will fall to Earth. The tension in the cable will pull it down rapidly into the atmosphere. The lowest parts will float in the atmosphere and drift downwind of the anchor. In space the cable will accelerate under gravity until it hits the lower atmosphere, where the heat of re-entry will destroy the glue holding the cable together. The nanotube fibres will spread out through the stratosphere and eventually fall gently to Earth. It is not yet known if the industrial use of nanofibers constitutes a health hazard. In all probability the wreckage of the space elevator would spread so widely and mostly over the ocean so as to pose no threat to human health. 

The climbers and their cargoes will be more of a problem. Each fully loaded climber would weigh perhaps 50 tons. Released by a cable break they will fall back to Earth and re-enter the atmosphere at much lower speeds than today’s decaying satellites, and in all likelihood will not completely burn up in the atmosphere. Still moving with the rotation around the Earth imparted by the elevator when it broke they will hit the surface east of the elevator base. Their height when the cable broke, the local winds, and the angle at which the hit the atmosphere will determine where they hit the surface. Governments and insurers will no doubt insist that a space elevator be surrounded be the same sort of safety zone that surrounds a contemporary rocket launch site. As each climber ascends its most probable impact point will have to be calculated in real time. 

The upper section of a severed cable will suddenly find itself in a low unstable orbit, and will be flung outwards. The path of the slack cable will be very difficult to calculate and it will pose a hopefully small but real danger to every other satellite then in orbit. Unless it is swiftly recovered and re-installed a broken space elevator will certainly represent history’s’ largest single risk insurance loss! 

As the twenty first century begins, and despite many challenges that face its builders, the space elevator seems at least technically feasible. But is it a viable project that is worth perusing? The ISR report optimistically estimates that the first space elevator would cost $40 Billion to develop and build. Research cost estimates are unreliable, and space research estimates are notoriously so. If the Space Shuttle is any guide, building the space elevator will easily cost over $100 Billion. All round the world companies and governments are investing in research into the properties and industrial uses of nanotubes. It is not surprising that research organizations and companies are supporting work that could make the space elevator a reality. There are even competitions to demonstrate model elevator climbers. At the very least, the vision of the space elevator is a stimulating dream to draw talented young men into a career in aerospace engineering. What nerd could resist being responsible for the world’s largest erection?
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The path to the future is full of pitfalls, and the way is littered with the triumphs of engineering over common sense. In the mid nineteen eighties space engineers realized that communications receivers, transmitters and sophisticated switching systems could be installed in dozens of small low orbit satellites. From a few hundred kilometres up they would provide cellular telephone service to clients all around the world. Major communications companies invested billions in systems that would compete for this lucrative market. Alas they forgot one simple fact.               

The new communications technology they were putting in their satellites could more cheaply, more quickly, and more simply be installed at the tops of masts and towers on earth. The price of one satellite could buy a lot of cell telephone towers. The cost of each tower was small, and they could be sited exactly where they would make the most profit. Satellite telephones were the size of a house brick, while mobile telephones to reach the nearest tower made Star Trek’s communicators look clunky.
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Iridium Satellite
Imagine a bank draft for $10, 000, 000, 000 floating in the bowl of a toilet, now turn the flush! That is how much investors lost from the rise and the fall of the Iridium and Globalstar communications satellite constellations. The space elevator will require a robust, mass produced, space rated, nanotube cable to be its enabling technology. Comparing a space elevator to today’s launchers is as mendacious as comparing today’s cell telephones to a telegraph key. It will be prudent to consider the effects of nanotube materials on our current means of reaching space. 

Nanotubes promise to change civilization as much as the purified silicon of the microchip; indeed they may even replace it! Long before nanotubes can be fabricated into a 91,000 kilometer space rated ribbon, they will formed into sheets and shapes for use on Earth. The impact of materials 25 times stronger than steel, yet lighter than Kevlar will be profound. They will certainly replace carbon fibers as the reinforcing material in lightest and strongest available composites. You could drive a smart car made of nanotube composites to the beach, and then play volleyball with it! In the place of today’s diesel engine and its fuel tank will be a nanotube conductor electric motor and a nanotube ultra-capacitor, but I digress.
No doubt the aerospace industry will be amongst the first to benefit from these new wonder materials, and space launchers will benefit most of all. A space elevator will have to compete for payloads against nanotube structured vehicles, not cold war surplus missiles. The Kanhoh Maru is a convenient and simple design for examining how nanotube composites will impact the performance of space vehicles.
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The Kanhoh Maru is a design study published in 1994 by the Japanese Rocket Society. Their report is available on the web at:

 www.spacefuture.com/pr/archive/vehicle_design_for_space_tourism.shtml
The Kanhoh Maru is a Single Stage to Orbit commercial vehicle designed to transport 50 tourists on a two orbit trip around the Earth. It used contemporary structures and engines burning the cryogenic liquids hydrogen and oxygen. As it sits on the pad ready for launch, like all SSTO rockets over ninety percent of the mass of the Kanhoh Maru will be propellant. Forgetting the propellant for the time being, the dry weights of the various components are shown in the graph. Nanotube composites promise to be just as strong but perhaps 90% lighter than the metals and plastics used in the design of the Kanhoh Maru. I have assumed they will be 70% lighter and nanotubes are not used in the engines. Replacing metals and plastics with nanotube composites increases the payload six fold for the same launch cost!
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Of course fuel and oxygen cost money, but fortunately they are relatively cheap! A bulk delivery of liquid oxygen costs less than 10 cents a kilogramme. Liquid hydrogen is more expensive at somewhere between $2 and $3 a kilogramme. Fueling the Kanhoh Maru will cost less than $250,000. That is somewhat less than the cost of filling a 747 for a trans-oceanic flight. Advocates for the space elevator who argue that their project will save fuel costs and so dramatically lower the cost of going into space, are simply spaced out, for their words are vacuous. In reality the price of the propellant is but a very small part of the cost of going into space. 

The space elevator will use robust, space rated nanotube fibers. If the same materials are used in a conventional launcher, the launcher will be fully reusable, and fly at least a hundred times with only routine servicing between flights. If each Kanhoh Maru costs half a billion dollars to build, then the vehicle will depreciate at $5 million per flight. This admittedly very simple exercise shows that the space elevator will have to have a crude cost to orbit of under $20 a kilogramme to compete with the launchers of its time. True, the crude cost of reaching geostationary orbit or interplanetary space using a rocket will at that time be around $100 a kilogramme. To a first crude approximation a multistage vehicle will multiply the gains in each stage that uses nanotubes instead of conventional materials. The payload of a two stage cargo vehicle could be over 20 times that of today’s launcher of a similar size. Once nanotubes become available the capital cost of the launcher and its fuel costs will become only very modest fraction of cost of reaching orbit. The vast majority of the money spent to reach space, by what ever means, will pay for the human costs of maintenance, range control, insurance and other services.
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A space elevator will face formidable competition for investment dollars and customers. Nanotube composite rocket launchers could ascend from many sites around the world. They will place satellites in polar, as well as equatorial orbits, and they will represent a much lower individual insurance risk than a space elevator. Governments have paid most of the cost of developing today’s launchers and will almost certainly continue to play a major role in determining the course of space flight. 
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The Future of Space Transportation

The space elevator would be a large, vulnerable, fixed, very high value target, and is unlikely to receive support from the military. Incorporating nanotube composites into single stage and two stage to orbit launchers will be simpler, and cost far less than developing a space elevator. 

Few doubt that when nanotubes are manufactured in quantity they will make low cost access to space a reality. The performance of nanotube composite launchers was presented at a plenary session at the World Space Congress in 2002, yet there seem little interest in what will be a revolutionary generation of reusable launch vehicles. Instead attention is focused on reworking existing technology for NASA’s Moon, Mars and Beyond strategy, or on the space elevator.
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NASA pays $4.5 billion a year to service the space shuttle, even if it never goes into orbit. A ponderous bureaucracy supervises every aspect of its operation. The X-33 was NASA’s attempt to build a research vehicle that would explore the high altitude flight characteristics of a reusable launch vehicle using a small ground crew. The X-33 became a triumph of engineering over common sense. By the time it was terminated behind schedule and over budget it had become a complex, expensive assembly of as many undeveloped, untested, but exciting technologies as the contract would allow. Like the space shuttle it could not be progressively tested during low altitude flights. It would have had to fly perfectly first time, and therefore would have sustained the Shuttle’s hugely expensive quality control bureaucracy. 

The X-33 was a sticky honey pot that drew limited research resources and political attention away from developments that could have threatened the existing hierarchy of the management of space. Nanotubes pose an even greater threat to that established order. Reaching down from the sky the space elevator would be an enticingly complex exercise of extremely advanced technology. If it is ever built it will demand constant, expensive maintenance and permanently vigilant quality control. Today it threatens to draw resources away from more immediately productive research concepts and ensnares the imagination of a rising generation of engineers and entrepreneurs who otherwise could really change our way of doing business in space. 
THE END

