LunaQuest Mission Summary

Submitted to the Aerospace Corp. �by LunaCorp on Sept. 14, 1998





	The LunaQuest mission will directly confirm suspected ice deposits at the Moon’s north pole in July 2002, with the aim of selecting the lunar poles as humankind’s best hope for a self-sustaining settlement off the home planet.
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	Lunar Prospector data indicate substantial ice deposits along the south wall of the crater Peary, among many other locations at the north and south poles.  Peary is an 80-km wide crater on the near (Earth-facing) side of the Moon’s north pole.   Much of the crater’s interior will be in sunlight at the time of the landing (during the summer at the Moon’s north pole when the Sun is at its highest elevation). The rover will land inside the crater in the sunlit portion and then proceed due south until it reaches the shadow of the south crater wall.  It will make successively deeper sorties into the shadowed area to prospect for ice, retracing its path to the sunlight to recharge via solar panels.  The rover will not have to climb in and out of craters to look for ice areas, resulting in lower risks and costs than first assumed for polar rover missions.  



	Because the Moon’s orbit is inclined 5 degrees to Earth, every 28 days the Earth (as seen from the north pole) goes through a cycle of rising to a height of 5 degrees above the horizon and then dropping to 5 degrees below the horizon.  The Sun (as seen from the north pole) goes through a similar pattern, on an annual cycle, due to the Moon’s 1.5 degree axial tilt.  The Sun’s maximum 1.5 degree elevation above the north pole horizon is reached every July.  The July 20, 2002, landing date was selected so that the Earth will be at its maximum 5 degree elevation and the Sun will be at its maximum 1.5 degree elevation as the rover enters the permanently shadowed area of the south crater wall, allowing line-of-sight communications to continue until the rover moves very close to the crater wall.



In the first half of 1999, the mission will benefit from three sources of more detailed information about Peary crater.  First, Lunar Prospector will drop from its current 100 km orbit to 25 km, greatly increasing the resolution of the ice-sensing instruments.  Second, the U.S. Geological survey intends to release an enhanced mosaic of the Clementine polar photos.  Finally, JPL intends to carry out a new campaign of radar mapping to increase knowledge of the lunar polar topography (slope angles and roughness of the terrain).



With this improved knowledge, the mission’s planners will be able to plot a Peary crater landing site and initial traverse to the crater wall.  Because the Earth will be only slightly above the local horizon, local dips and obstructions in the terrain may cause momentary breaks in communications.  The rover will be designed with enough autonomy to continue advancing in hope of regaining contact, and to retreat until it regains contact if advancing a short distance does not restore communications.



In addition, each sortie into the shadowed area will retrace the path of the previous trip, allowing the rover to move at its top speed to reach the boundary of its previous travels, where it will resume a cautious pace.  This style of deeper and deeper penetrations over mostly known terrain will allow the rover to carry less weight in batteries — it will need less power margin than a rover that traverses mostly unknown terrain and the steep slopes of crater walls.



The Water Question



	Dr. Alan Binder, the principal investigator for the Lunar Prospector mission, believes data from his probe indicates that water exists in permanently shadowed areas of the Moon’s poles.  However, as described later, Lunar Prospector’s instruments can only measure hydrogen.  The presence of water is inferred from the hydrogen.  Dr. Binder notes that only a surface rover can directly confirm that water is present, and in what quantities.  The Lunar Prospector instruments can only sense hydrogen that exists in the top meter of lunar soil;  everything beneath that is still unknown.  Using several assumptions, the Lunar Prospector team estimates that about three billion metric tons exists at each pole.



The water most likely was delivered by cometary impacts over the past two billion years all over the Moon’s surface.  The Moon gained a temporary wispy atmosphere after each impact, with winds that would tend to flow toward the polar cold traps because they would be low pressure zones due to the atmospheric water freezing out in the shadowed areas.



	Ice deposits, even in the shadowed areas, would be sputtered away due to solar wind and cosmic ray hits over a period of a few million years.  Dr. Binder postulates that ejecta from meteor strikes sometime during the ten million year period following a comet impact covered the ice, protecting it from sputtering.  This pattern of comet impact followed by meteor ejecta blanketing may have happened once or several times, resulting in one or several layers.  The data indicates the top-level soil cover probably has an average depth of about 50 centimeters.  The neutron spectrometer aboard Lunar Prospector can “see” down only a meter into the lunar soil, so the top of the ice deposits must, on average, come up to within that level.  The Lunar Prospector data shed no light on the lower extent of the ice layers.

 

	This scenario is inferred from the Lunar Prospector’s neutron spectrometer, which has detected sharp dips in the spectrum of medium energy (epithermal) neutrons when it crosses over the Moon’s poles, indicating they are being absorbed by hydrogen present on the Moon.  There is no similar dip in the spectrum for “fast” neutrons; a dip would be expected if the ice were on the lunar surface.  



	The lack of a dip in fast neutrons almost certainly rules out solar wind hydrogen as the cause for the hydrogen indications.  Solar wind hydrogen is implanted in only the very top few molecules of the lunar soil and would cause a dip in the spectra for both fast and epithermal neutrons.



	Water ice would be a crucial resource for the first human colony on the Moon.  However, the Lunar Prospector data only indicate that ice exists and furthermore, an ejecta blanket must be assumed to make sense of  the data.  Only a rover on the surface can make the direct test for the presence of water, and the depth of the layers.



The Rover’s Instrument Suite



	The rover will carry a drill capable of taking samples from a depth of 1.2 meters, which is more than double the average depth that Lunar Prospector data indicates the ejecta blanket to be.  When heated even slightly, any ice in the sample will begin to sublime in the Moon’s vacuum.  The vapor will be passed in front of a laser diode tuned to the absorption frequency of water molecules;  if the vapor contains water, there will be dip in the signal.  This will be direct confirmation of the presence of water.
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This reading of subsurface ice was collected in a field test of ground penetrating radar 
this sum
m
er 
at Houghton Crater in Canada by Alex Foessel of CMU’s Robotics Institute.

	The rover also will carry a radio frequency sounder (also called ground penetrating radar) that it will drop off at various locations.  As the rover moves away from the RF sounder, the rover’s receiver will collect echoes coming from interfaces between materials of different electric properties.  This data will be charted to reveal the subsurface structure:  how deep is the top ice layer, and whether there are multiple layers beneath the top layer.  The RF sounder will be retrieved at the end of each sortie into the shadowed area.



	In addition, LunaCorp and Dr. Binder will evaluate the potential inclusion of laser ablation spectroscopy.  In this technique, the rover would shoot laser blasts at rock and soil targets and analyze the spectrum of the resulting spark.  Laser spectroscopy can determine the elemental make-up of targets, but not their molecular composition.  In other words, if an ice particle is vaporized, the spectrum will show hydrogen and oxygen, not water.  However, once water is confirmed by the tuned laser diode and the laser spectroscopy readings are calibrated against known samples containing water, the laser gun method will allow sampling of targets that are out of reach to the rover’s drill (in a steep ravine or in a rock face, for example).  In addition, firing off laser blasts will greatly enhance the crowd appeal of the rover’s travels.



	The mission will be a success with the first drill sample that proves water exists in polar soil. The rover will continue drilling for samples and making RF soundings to begin sketching the extent of the ice deposits.  Future rovers will examine other craters to find the most promising location for the first lunar colonists.





Entertainment activities



In previous LunaCorp rover designs, the high-bandwidth communications for entertainment applications caused a great deal of cost.  Precision pointing while in motion required a multi-million dollar custom-built phased array antenna.  Extensive computer horsepower for data compression and high transmitter strength required hundreds of watts of power, which resulted in more costs for a high-power RTG (Radioisotope Thermal Generator) able to function even during the two-week lunar night at equatorial latitudes.  Reliance on space-qualified chips and components, some decades old, sacrificed the power efficiencies of new chips and boards.



The LunaQuest rover design is required to send back relatively low data-rate science information plus several types of entertainment information.  One type will be a medium resolution, low-frame-rate television image, perhaps only 2 frames per second.  This low frame rate (U.S. television is 30 frames per second) will be boosted after reception on Earth through the creation of interpolated frames — images created via computer processing that smooth out the shifts from one transmitted frame to the next.  LunaCorp is confident that the computing power available in 2002 will allow it to create interpolated images on-the-fly to bring the frame rate up to broadcast standards.



The other type of entertainment imagery will be very high resolution images with each frame requiring several seconds to transmit to Earth.  Some of these images will be used for high-quality magazine photos.  In addition, a series of these frames will be captured as the rover moves very slowly through a planned set of actions; when replayed at normal speed as a post-flight documentary or ride film, the action will appear to be happening at the expected pace.





The Environmental Challenge



	The two chief obstacles to exploring a cold trap are the extreme cold and the absence of sunlight.  The lunar cold, however, is unlike the polar climate on Earth where wind quickly strips away an object’s heat.  Since there is no lunar atmosphere, the rover will not lose heat due to this convection process.  Heat will be lost only via radiation and conduction, and conduction will take place only at the points where the wheels contact the lunar soil.  Preliminary estimates show that a well-insulated rover carrying 20 watts of RHUs (radioisotope heating units) will have no trouble maintaining sufficient warmth around its insulated electronics to carry out its mission.  (The RHUs would, in total, carry only 36 grams of non-weapons-grade plutonium 238.)



	The illumination challenge has several solutions.  Since the rover will always be in line-of-sight of Earth, it always will have Earth shine to illuminate its path.  However, at “noon” of the lunar day when the highest Sun angle allows the rover to charge up its solar panels closest to the presumed ice deposits, the Earth will be dark  — in its “new Earth” phase (simultaneously there will be a “full Moon” phase as seen from Earth).  During a “new Earth” phase, the rover will have to rely on its own sources of illumination — headlights or strobes to momentarily provide light for still images, from which the next several yards of travel path will be selected.







Launch Options



	NASA science missions are typically launched on a Delta II, without the benefit of insurance or funding to carry out a second mission if the first fails.  Intensive management oversight and documentation are NASA’s tools to deal with risk.  These tools carry their own costs;  an internal NASA study found that up to 50% of the cost of its missions went solely for the burden of meetings, trade studies and documentation.



	LunaCorp and its customers will select from several launch options, which are split into two general classes.  One class is the NASA-style “naked launch” with no insurance and no funds for a replacement flight; the other class has funding to buy two launches (and two rovers and two science packages) or insurance to pay for a replacement launch.



While there are many launch services available, only a few are appropriate for this project.  First, the launch vehicle must have sufficient power to boost a substantial rover and lander toward the Moon.  A Delta II is at the minimum end of this power range, with the ability to land a 110-175 kg rover (depending on the propulsive efficiency of the trans-lunar stage and the landing stage).  With 50 to 100 kg needed for batteries to operate the rover in the dark, the Delta’s delivery capability is right on the edge of rover feasibility. This eliminates less costly launchers such as Taurus, Athena, Molniya and the like.  
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All prices are for a privately directed project with tight budgetary controls;  prices would be much higher if this mission were attempted as a NASA-supervised project.  The Delta II-based Mars Pathfinder lander/rover cost over $250 million, for example.



	





Second, a Moon lander must be available or easily developed for a particular launch vehicle.  The Mars 98 lander, for example, is designed for the Delta II and could be adapted to become a Moon lander.  The Soviet-era “Luna” landers are designed for the Proton launcher and the Lavochkin Association has offered to sell a Proton-Luna package. While the dollar price of a Proton as marketed by the Lockheed/Krunichev joint venture is about $75 million, Lavochkin may be able to procure a Proton at a much less expensive ruble price.  LunaCorp will also seek to confirm speculation that the Luna lander could be adapted to fly on a less expensive Russian vehicle such as Soyuz, which reportedly has a dollar price of about $25 million.  



Other expendable launch vehicles are much more expensive than Delta II, or don’t have third stages appropriate for trans-lunar injection, and/or don’t have any hardware that could be quickly adapted for the landing phase.



Another alternative comes from the Rotary Rocket Company, one of the firms  developing new reusable launch vehicles.  Their Roton will serve the low Earth orbit market directly, and the geosynchronous communications satellite market via an OTV (orbital transfer vehicle).  Since the energy required to reach GEO is more than that required for a trans-lunar injection, LunaCorp intends to work with Rotary Rocket Company to develop a modified version of the OTV to be a lunar lander.

A piloted, reusable vehicle like Roton has a very low risk of accident compared to expendable vehicles, and a very low price compared to expendables since the per-mission cost is only the fuel, personnel and vehicle depreciation.



A reusable vehicle is designed from the start with larger safety margins than an expendable rocket to allow quick and repeated reflights.  The Roton in particular has the extra safety feature of a two-person crew to override any faults in the flight software and to deal with situations outside those the software was designed to handle.  In the event of an engine mishap, the Roton’s completely separate landing system (its free-spinning helicopter-style rotors) will allow it to return to Earth with the rover/lander payload intact.



Tank fabrication is under way at Scaled Composites, the integrating contractor for Roton, and an atmospheric test vehicle is on schedule to begin flights in the first half of next year.  Orbital flight attempts are to begin in the second half of next year with commercial service in 2000.  In short order, LunaCorp and its customers will know whether the Roton will be available four years from now when needed for this project.



In addition to reliability, Roton offers exceptionally low cost.  Rotary Rocket Company has agreed to a $10 million price, compared to $60 million for a Delta II.



In summary, there are three launch options that are appropriate for this project:

Roton:  lowest cost and highest safety, but not yet flying

Proton:  medium cost but tied to a teetering Russian economic system

Delta II:  highest cost but Boeing is certain to fulfill its contract





While any single one of the three launch options could be selected depending on budget and risk tolerance, LunaCorp is planning a mission based on selection of two different launch vehicles.  One will be an existing expendable rocket, and the other will be the Roton.  



Another avenue for reducing risk would be to purchase insurance.  However, insurance rates for communications satellites now run in the 20-25% range — for an activity that’s been routine for decades.  Insuring a novel Moon landing with new hardware (or the Soviet-era Luna lander) will result in premiums of at least 50% if not more.

  

The other hurdle is the space insurance practice of last-minute pricing. Commercial satellites often aren’t priced until days before the launch because rates will jump instantly if there have been any recent launch or in-orbit failures.  LunaCorp may be quoted an estimated insurance premium of 50% — but the actual price won’t be known until just days before liftoff.  Commercial satellite projects can afford such price swings at the last moment because they are generally very profitable enterprises.  LunaQuest will not have such a cushion against last-minute insurance spikes.

 Compared to buying insurance at premiums of 50% or higher, the alternative of buying two launches, two rovers and two sets of science instruments can be less expensive, especially if a new reusable vehicle like Roton is part of the mix.  For example, buying two rovers and two science instruments suites at the same time will result in a lower cost for the second copy of each.  The second unit can be built and put through quality assurance testing at the same time as the first unit, at a vastly lower cost than would be paid by an insurer seeking a replacement unit at a later time that would go through manufacturing and testing by itself. 



The costs in the following chart range from a high of $270 million for the Two Delta II option, down to only $105 million for the two Roton approach.  The Two Delta price is probably too high for the government and commercial customers interested in the Moon.  The double Roton, while relatively cheap, puts all eggs in an unflown basket.



Therefore, LunaCorp will focus its planned down-selection process on the two middle options:  the $145 million Proton/Roton combination, and the $199 million Delta/Roton option.  The Proton/Roton approach can deliver a common 250-kg rover, which will be less expensive to develop than the 125 to 175 kg rover that a Delta II can deliver.  In the Delta/Roton scenario, a single rover design limited to the Delta’s capacity would be developed but the landers would be different.  The Roton lander would have excess payload available since the Delta-weight rover would weigh much less than its capacity to deliver.
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The Markets for the Mission

	

	All current lunar and planetary exploration by the United States is funded and directed by NASA’s Code S, the science directorate of the space agency.  This mission would cost the government $250-$300 million if done as a Code S project utilizing a Delta II, since development of the rover and the lander would cost much more in the government’s hands than in the private sector.  



	LunaCorp will offer NASA the science data from this mission under a “data purchase” contract.  The space agency would bear no risk in the mission because it would not pay a cent until the data is delivered; no pre-launch oversight is required.



	The two launch scenarios favored by LunaCorp have total costs of $145 million to $199 million, either of which is less than NASA would pay to send its own lunar rover probe.  However, LunaCorp will offer the government a price even lower than these two prices because about $40 million of the project’s cost will be paid by commercial customers.  The cost to NASA for the science data will be only $105 million to $159 million.



	As noted before, this lunar ice data is crucial to charting the course for the first human colony off the home planet.  This means the funding for this project should come from the exploration division of NASA, Code M.  This division operates the Space Shuttle, is building the Space Station and is planning for human exploration of the solar system.



	Carnegie Mellon University has submitted a Discovery program “Mission of Opportunity” request to Code S to fund the drill and tuned laser diodes needed to confirm the presence of water.  Missions of Opportunity have an arbitrary limit of $22 million. If Code S awards CMU the $22 million, LunaCorp will seek substantial additional funding from Code M for the other aspects of the mission, such as the RF sounder to map the subsurface extent of the ice deposits.  Alternatively, the entire funding for NASA’s purchase of science data should logically come from Code M, the exploration division.





Mission management



	LunaCorp will set the mission requirements, in consultation with the National Geographic and NASA.  The science package is well defined now as a drill, tuned laser diode for water confirmation, and RF sounder for mapping subsurface layers.  The entertainment package will be a suite of cameras (which are required in any case to allow remote driving of the rover).  However, the nature of the cameras (stereo vs. mono vs. panospheric), their resolutions and their frame rates will be determined only after consultation with the National Geographic Magazine and its television affiliates.



	Once mission requirements are set, execution of the project will be the responsibility of Dr. Alan Binder of the Lunar Research Institute.  Dr. Binder’s experience includes 35 years working with the NASA and European space programs;  he was a Principal Investigator on the 1976 Viking Mars Lander Missions.  Today, Dr. Binder is the Principal Investigator for the Lunar Prospector satellite now in orbit around the Moon.  He selected the instruments and oversaw the design, construction and testing of the satellite.  He created Lunar Prospector under a very tight $63 million budget and it is now returning science data with 10 times the quality initially expected.  In addition, Dr. Binder confounded the skeptics by bringing the satellite to reality without the 20-30% weight gain that virtually all other planetary missions have suffered when going from initial design to actual product.



	Dr. Binder’s Lunar Prospector mission will end in July 1999, and he expects to hire a select few members of that team to work on the LunaQuest project.  



	If the launch option process results in a Delta/Roton combination, LunaCorp intends to hire a top engineer from the Mars 98 lander program now drawing to a conclusion at Lockheed-Martin.  This engineer would lead the modification of the Mars 98 lander design to serve as a Delta Moon lander.  He has indicated his interest in such a position.



	Modifying the Roton OTV to become a Moon lander will be a joint effort of Dr. Binder, the Rotary Rocket Company and Astrobotics, composed of Robotics Institute graduates contracted by Rotary Rocket to develop autonomous technologies including avionics, control and docking for their orbital transition vehicle.   Their overview of the Roton - OTV launch-landing strategy is attached as an appendix to this report.



	The Robotics Institute will be responsible for developing, manufacturing and testing the rover.  RI will draw upon a considerable bank of intellectual property to create the lunar polar rover;  for the new intellectual property created during the development process, RI will retain ownership with LunaCorp granted an exclusive license for lunar and planetary applications. 



The communications link will be based on rental of the Deep Space Network from NASA.  In addition, LunaCorp will seek to lease large antenna rigs from Russian companies and down-on-their-luck radio astronomers.  Dr. Binder will be in charge of contracting for communications services, as well as construction of a control center for management of the rover after it has landed on the Moon.



LunaCorp’s role after the requirements definition phase will be to produce the entertainment outputs expected by the commercial customers.  This will include software and hardware for Earth-side post-processing of the lunar imagery, boosting frame rates and apparent resolution.  In addition, LunaCorp intends to develop science-center-based MoonPorts where visitors can take part in the lunar exploration adventure, based on the imagery returned by the LunaQuest rover.
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�Astrobotics Inc. Report on �Lunar Rover Delivery Scenario Utilizing Roton

This appendix was prepared by Astrobotics Inc. which is developing autonomous technologies for Rotary Rocket Company, including avionics, control, and docking for their orbital transition vehicle. Astrobotics Inc. is a partner with LunaCorp and Carnegie Mellon University in the Lunar Rover Initiative. The procedures and orbital calculations described  below are the work of Astrobotics.  Additional information about Astrobotics Inc. or the content of this report can be obtained from Dr. Lalitesh Katragadda (lalitesh@astrobotics.com, 1-877-4ROBOTS)





Upon the realization of a reusable single-stage to orbit launch vehicle, such as the Roton under development by Rotary Rocket Company, a lunar mission can be achieved for a significantly lower cost than with any currently available launch and landing scenario. The decision to use a currently unproven launch vehicle increases the overall technical risk of delivering a rover to the lunar surface. However, the use of new technology means that the story of the mission and its exploration starts on Earth, rather than only after the rover is deployed upon the lunar surface, which helps to offset some of the programmatic risk.



In addition, the amount of payload delivered to the surface (384kg) is about three times greater with the Roton than with a more traditional Delta (assuming a slightly modified reproduction of the Mars98 lander). This allows the rover itself to become more capable and less costly. A Russian launch on a Proton can deliver a lunar payload similar to Roton.



Along with delivery mass, another advantage of using the Roton is that the payload experiences much less launch loads and negligible shock compared to either of the conventional rockets, which again reduces the requirements and cost on the rover development. Also, as the Roton is a piloted vessel, if there is trouble with the lander/rover after it is has been placed in Earth orbit there is the opportunity for trouble-shooting to be done, or for the lander/rover to be recaptured and returned to Earth for repair.



Multiple launches by the Roton will bring the lander/rover assembly and additional fuel drop-tanks into orbit, where they will assembled under pilot supervision. The three-stage assembly will use the additional fuel and drop the two tanks while performing trans-lunar injection (leaving Earth's gravitation). On its own, the lander/rover will enter into a lunar orbit and perform the descent and landing. The same technology used by Rotary Rocket for its delivery of satellites to their destination orbits and for assisting the pilots with the Roton landings on Earth will be used as the basis for the lander, meaning that it will have been flight tested before the lunar mission begins.



Launch

The exact scenario used to create the full rover delivery assembly in orbit is dependent upon the capabilities of the Roton. For the purposes of this evaluation, conservative estimates were used. The result is a Roton that can deliver 5000 pounds to a 120km quasi-stable Earth orbit. Three successive flights are used to deliver the lander/rover and a pair of fuel drop-tanks. The lander/rover ascends to a 300km orbit upon being released by the Roton. Each of the two drop-tanks are attached to a small orbital transfer vehicle that carries them from the unstable 120km orbit up to the 300km orbit where they dock with the lander/rover. This orbital-ferry and docking capabilities are part of the commercial business plan of Rotary Rocket Company for delivering satellites into stable orbits.



[Note: Rotary Rocket Company gives their payload capabilities in pounds, however the metric system is more convenient for discussing the other launch/landing parameters. The conversion is: 1kg = 2.2lb, 1lb = .454kg]





The Roton is a piloted launch vehicle that is completely reusable and is anticipated to have turn-around times between flights of about one week. The commercial success of this rocket depends upon its ability to carry satellites into space, and have them be delivered to their destination orbits. The current development schedule of the Roton has landing tests being performed before the end of 1998, launches to the one hundred nautical mile altitude (significant for the purposes of winning the X Prize) being performed before the end of 1999, and first orbits being performed in late 2000. In 2001, the Roton will begin carrying payloads in the 4000 to 7000 pound range to a low unstable orbit. It is possible that the Roton could carry five tons of payload for these flights, but a two to three ton payload is the conservative estimate.



A later Roton is expected to be able to carry payload directly into a stable orbit, but until that time, a ferry method is being developed to transfer the payload between delivery and destination orbits. This orbital transfer vehicle (OTV) utilizes the same thrusters as the Roton reaction control system (RCS). These thrusters are kerosene-peroxide based and have currently been demonstrated with a specific impulse (ISP) of 290 and are expected to yield a 310 ISP by 2001. The planned scenarios for satellite delivery in 2001 call for one Roton flight to deliver the fuelled OTV into the unstable orbit, and a second Roton flight to bring up the satellite itself. While under pilot supervision, the OTV docks to the satellite autonomously, which is then released by the Roton. The OTV then completes the delivery of the satellite into orbit in a manner identical to the fourth stage of currently available launch vehicles.



Depending upon the desired orbit of the payload, it may be necessary for additional fuel tanks to be connected to the OTV. For delivery of a satellite into a geosynchronous orbit, the full assembly would consist of the OTV, two fuel tank boosters, and the satellite. If the time between Roton launches is more than a day, it becomes more efficient to move these stages to a stable orbit (around 300 kilometers) rather than having the OTV burn fuel to remain at the Roton delivery altitude.  While the OTV is capable of returning to this lower altitude to dock with the next component and then moving back to the higher altitude, a less capable maneuvering booster could be attached to each stage and immediately carry it to the stable orbit where docking/assembly would be performed. This mini-OTV would be reusable, and the docking again overseen by the Roton pilots before they return to Earth.



[Note: Should the Roton be able to carry a payload in excess of 7000 lb. into orbit, it becomes possible to deliver 200kg to the lunar surface while using only two stages instead of three, potentially reducing both risk and the time the lander/rover must remain in orbit. It is also possible that multiple Rotons will be built, and so the three successive flights could take place in rapid succession.]

Earth to Moon Transition and Landing

The 5000 lb. payload and 290 ISP on a three-stage assembly result in the capability to deliver nearly 400kg to the lunar surface from the 300km Earth orbit through the expenditure of about a 5900 m/s DVelocity (deltaV). Each drop-tank is jettisoned as it is emptied during the burn to leave Earth's gravitation. Upon reaching the moon, the trajectory is circularized into a 100km orbit. During descent the lander/rover brakes to a hover at the 2km altitude and again just before landing for the purposes of site selection and surveying for rover exploration. The lander carries its own power and sensors, but uses the rover communication system to relay telemetry and imagery and receive commands from Earth.



Current estimates have the OTV consist of 300 pounds of thrusters, electronics and structure, and 500 pounds for fuel tanks and associated structure. The fuel boosters were estimated to contain the same 500 pounds for tanks and structure. These tanks were sized for a payload of 7000 pounds and so during calculations for lesser payloads, the tanks were linearly reduced in mass based on the ratio of the payload capability to 7000 pounds. As a result, for the 5000 pound estimate, the fuel tanks have a dry mass of 162kg (500 pounds*5/7), meaning they carry 2110kg of fuel. The estimates for the lander were based on the Rotary Rocket OTV and started with its 300 pounds (136kg) of thrusters/electronics/structure, and added 100kg for legs, ramps, and additional sensors needed for landing. The fuel tanks used on the lander are the same as on the boosters to avoid extra development and so would not be fully filled with fuel. This gives a total lander dry mass of 399kg.



From a 300km Earth orbit, about a 5900 DVelocity (deltaV) is required to complete landing on the lunar surface. This consists of a 3100 deltaV for performing the TLI, a 900 deltaV for circularizing into a lunar orbit, and an 1860 deltaV for performing a soft landing from a 100km lunar orbit (including a full 60seconds of hover time built into the descent). The fuel burn profile is as follows:



Initial mass of the full system is 6818 kilograms (two fully fueled tanks, and one partially fueled lander/rover).

First burn of 2110kg of fuel generates a deltaV of 1053. After which time the first fuel drop-tank is dropped, and the subsequent mass becomes 4545kg.

Second burn of 2110kg of fuel generates a deltaV of 1775. After which time the second fuel drop-tank is dropped, and the subsequent mass becomes 2272kg

A deltaV of 222 is remaining to complete the TLI, and so 171kg of fuel are expended, leaving a mass of 2101kg after TLI.

During the trip to the Moon, an estimated a deltaV of 50 is anticipated to perform attitude correction, using 36kg of fuel, dropping the weight to 2064kg.

After a deltaV of 900 is expended to perform circularization into a 100km orbit, the mass is 1504kg (560kg of fuel expended).

The delta V for landing (including the 60seconds of hover) is 1860, which requires 722kg of fuel, leaving a landed mass of 782kg. Subtracting the 399kg dry mass of the lander yields a rover+margin payload of 384 kg.



With the built in hover time, it is anticipated that the rover/lander will be able to be selective about where it chooses to land to help maximize a successful touchdown. In addition, the hover time allows the lander to eliminate all horizontal components to its velocity, meaning that once the location is selected, the lander can safely drop straight down upon it. 

To turn the Rotary Rocket OTV into a lunar lander, modifications are required to the structure, avionics, and software. Structural modifications include four legs, ramps for either forward or backward deployment of the rover, and connections for attaching the rover in place of the OTV satellite payload adapter. Additions to the avionics include a star-tracker for obtaining position and radar for determining the range to the lunar surface during descent. The autonomous docking software on the OTV needs to be modified to handle "docking" with the lunar surface instead of an in-orbit target. Software already being developed to assist the Roton pilots during their Earth-based landings will serve as the prototype for this lunar landing software.



The graph below shows the landed payload as the launch capabilities of the Roton are varied from 4000 to 7000 lbs. �EMBED Excel.Sheet.8  ���



Risks

There are a number of technical risks with the Roton based scenario for delivering a rover to the lunar surface. The principal risk is that Rotary Rocket Company may be unsuccessful in execution of their business plan and would not be available to get the fueled lander/rover assembly into orbit. Additional risks include the untested landing software, the dropping of the two fuel boosters during flight, the deployment of the ramps and the release of the rover.



A full discussion of the risks of the Rotary Rocket business plan is inappropriate in this document, and their intentions and claims are available for separate review, but a list of potential Roton risks are:



the Roton development could slip in schedule, and the Roton not be able to reach an 120km orbit with a payload of 4000 pounds (the 2002 mission date provides over 12months of margin on the Roton development, and sufficient milestones are in place for the Roton that its progress can be assessed during its development with time to make changes to the rover/mission design if another launch vehicle must be selected)



the OTV may not be tested and ready to move payloads from the 120km orbit to their final destinations (however, the thrusters have already been demonstrated and the satellite industry has existing technology for performing maneuvering and control while in orbit, so the creation of the OTV is more integration than R&D)



the autonomous docking capability may not exist for connecting the fuel boosters to the OTV (which could technically be performed by the pilots of the Roton during an EVA activity, but that is inherently risky as well)



Of the other risks, the landing software can be very accurately tested in simulation, and can probably be prototyped on a manned helicopter flying over the appropriate terrain. The separation of stages is a well-known task in aerospace developments, and is a risk on any of the scenarios currently available for lunar development. Similarly, the questions of deployment of ramps and release of the rover onto the lunar surface are issues for all of the launch scenarios.
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Joint input to the requirements-setting entity



Science Goals

Dr. Alan Binder, Lunar Research Institute; and NASA



Entertainment Goals

LunaCorp and the National Geographic



LunaCorp/LRI goals

Capabilities that need to be developed for later Moon missions



LunaCorp

Synthesizes requirements �and any modifications



Science Delivery

Dr. Binder’s Lunar Research Institute carries out collection, archiving, analysis, formal and informal publishing



Entertainment & Marketing Delivery

LunaCorp develops telepresence chambers, Web sites, toy design, TV and sponsor support services



Dr. Alan Binder,�Lunar Research Institute

Oversight, coordination and integration; lead entity for communications links, insurance; licensing.



Rover

Robotics Institute is prime on the design, test, manufacture



Lander

Dr. Binder is prime on Roton OTV adaptations, and also on Mars 98 adaptations if the Delta II is one of the launchers



Mission Operations

Dr. Binder is prime on simulations, training, scheduling, operations



Launch Vehicle

Dr. Binder is prime on managing the relationship to Boeing (if Delta II), with Lavochkin/Krunichev (if Proton/Soyuz) and  Rotary Rocket Company










