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Introduction

This paper summarizes the author’s doctoral dissertation, “Formulation of a Cislunar Transportation Architecture Through the Use of Analytic, Heuristic, and Parametric Algorithms,” (Howard, 2002) completed in the fall of 2002 at the University of Tennessee Space Institute.  Several subsets of this work have been presented at Return to the Moon Conferences II through IV, as well as High Frontier Conference XV.

The call for a return to the moon has been given repeatedly, ever since the final lunar landing.  During the period from 1969 to 1972, NASA landed six Apollo missions on the moon, thus fulfilling President Kennedy’s pledge to land a man on the moon and return him safely to Earth.  These six missions are the only times human beings have left the immediate vicinity of the Earth to travel to another heavenly body.  In subsequent years, however, calls to return to the moon have fallen largely on deaf ears.  Many times the response has been the question of why.  This question is asked with more intensity under the current climate.  NASA is facing immense challenges.  Costs for the International Space Station are climbing into orbit; Mars is far too unknown for human flight; robotic missions seem to fail nearly as often as they succeed; and the shuttle is becoming increasingly obsolete.

NASA has found itself challenged to proclaim a proper vision for its activities.  Congressman Mel Watt (D-NC) states, “I want them [NASA] to be constantly suggesting what the next frontier should be and making the case that that frontier is important to humankind.  Without them making that case I think the level of support will diminish over time.”  (Watt, 2002)  What is the focus NASA should pursue in the 21st century?

NASA must go back to the 1958 Space Act and reiterate why NASA exists; it must create an inspiring image of a future in space where people beyond the agency and its contractors are participants.  The National Aeronautics and Space Act of 1958 states in Title I, Sec. 102 (c), “The Congress declares that the general welfare of the United States requires that the National Aeronautics and Space Administration (as established by title II of this Act) seek and encourage, to the maximum extent possible, the fullest commercial use of space” (National Aeronautics and Space Act of 1958).

NASA has the congressionally mandated responsibility of opening up the space frontier.  Simply investigating LEO does not constitute an opening of the space frontier; this vision must include the moon as a near term destination.  There are valid opportunities for commercial enterprise on the moon.  NASA must find them and bring them into reality.  There are operational procedures and engineering technologies necessary to support lunar operations.  We have no idea what they are.  NASA must develop and validate them.  There are resources in the lunar environment that will enhance our capabilities for missions in other areas of space, both within the Earth-Moon system and further into the solar system.  NASA must identify these resources, learn how to tap into them, create the conditions to make their use a reality, and pass this knowledge on to American private industry.

This dissertation seeks to define a lunar transfer vehicle (LTV) that would serve as the transportation element in an American “trailblazing” return to the moon.  As such, the LTV is nicknamed, “Trailblazer.”

Mission Objectives

The first step in the development of any space mission is to develop a mission statement and mission objectives.  These drive the entire design process, as they describe what the mission is supposed to accomplish.  The scope of this dissertation is limited to the cislunar human transportation element, but it cannot be developed until a broad picture for the entire mission is developed.  For the Lunar Trailblazer concept advocated in this paper, the mission statement is to establish a human operational presence on the moon and provide a starting point for permanent occupation and utilization of the moon.  Lunar Trailblazer Preliminary Mission Objectives are as follows:

1. Land people on a lunar polar region, sustain each crew for a period of at least one month, return them safely to Earth, and rotate new crews through the lunar facility on a periodic basis

2. Develop an expandable lunar surface infrastructure to support future lunar launch, landing and construction endeavors, including survey and appraisal of existing terrain features, road surfacing, trench excavation, and landing site preparation

3. Develop and evaluate surface base equipment and operational techniques

4. Study the effect of low gravity on human health and performance

5. Locate and survey potential lunar fuel resources

6. Mine and process lunar fuels to prototype possibilities for use in support of future space activities

7. Return raw and processed fuel samples to earth for detailed analysis

8. Provide an environment capable of supporting Mars related testbed activities

9. Demonstrate that human space missions can be conducted in a cost effective manner

10. Develop and demonstrate American competence in human spaceflight beyond the gravitational influence of Earth

A lunar return is of significan because the United States has lost technological expertise it once had.  This nation no longer has the ability to conduct cislunar travel.  That capability must be restored.  Additionally, lunar ice and other extraterrestrial resources make the moon viable for numerous commercial reasons.  There is also significant lunar exploration potential that is well beyond the intended scope of the Apollo program.  

Lessons from the Past

An obvious question that comes to mind concerns why the United States has not returned to the moon.  If there have been ideas and suggestions since Apollo - and there indeed have been - why have none of them resulted in lunar programs, especially considering that there are important reasons for a sustained lunar presence?

In my opinion, previous lunar concepts have all suffered from several critical flaws that must be avoided in this design.  A lunar program must avoid several critical causes of program cancellation:

· Must be cognizant of the threat of budget cuts

· Must not rely on new super boosters

· Must not use controversial vehicle configurations (i.e. HLR open-cockpit lander)

· Must not rely on unproven use of in-situ resources

· Must give credible mass estimates

· Must accurately consider delta-v requirements of orbital transfers

· Must not require an Apollo-like massive budget increase

With these issues in mind, and considering complications faced by the space station program, the following are adopted as requirements and constraints for the Trailblazer program:

1. Assume no heavy launch vehicle development

2. Assume available launch vehicles will be limited to existing vehicles

3. Minimize the development of new space vehicles

4. Develop intelligent navigation systems with maximum possible versatility

5. Have the ability to receive ISS and STS support but be capable of operating with neither

6. No more than $3-6 billion increase in NASA annual budget for Trailblazer LTV activities

7. Five to ten year development timeline from concept to first crew landing

8. Ten year design lifetime

9. United States mission with limited or no foreign participation

10. Minimize ground operations support team (flight controllers, program offices, etc.).
Given the current trend towards international space missions, it is worthwhile to examine the constraint limiting the mission to the United States.  It is often stated that space missions are so expensive that no one nation can conduct them alone.  While that may be true for some nations, it has never been true for America.  A simple glance at other major American initiatives (Panama Canal, Hoover Dam, Strategic Defense Initiative, National Missile Defense, Operation Iraqi Freedom, etc.) reveal that America has always been capable of, and committed to, greater expenditures than human space projects such as Apollo, the Space Shuttle, and Trailblazer.  Space missions are expensive, and it is perhaps politically simpler to share costs, but using the International Space Station as an example, it is arguable that the original Space Station Freedom concept would have ultimately been less expensive for America than the final American contribution to the International Space Station Alpha.  ISS proved that international partnerships do not necessarily reduce cost, and can potentially increase cost and complexity significantly.  In truth, international missions merely allow the participating countries to participate in space activities that require a greater level of political commitment than what their respective governments are willing to provide by themselves.

International participation increases the number of organizations that will have the ability to add cost, risk and complexity to mission requirements, while decreasing the areas in which the Untied States can provide technological leadership and maintain its current expertise.  Where political considerations advise doing so for non-space related reasons, it may prove necessary for Trailblazer to use some international participation, but in all other situations the program should be strictly American.  There is significant room for international lunar expansion beyond the initial Trailblazer Outpost and the National Aeronautics and Space Act does provide for international participation.  International outposts could and should be landed at the Trailblazer site, incorporating crews, facilities, and experiments from multiple nations, leveraging off of the infrastructure developed by Trailblazer.  Trailblazer should ideally be the vanguard of a potentially international “city” on the moon.  However, the initial Trailblazer missions should be American.

Trajectory Overview

Human cislunar transfer is a greater challenge than many lunar advocates realize.  Despite the relative closeness of the moon as compared to other celestial bodies, the moon is still a significant distance from Earth.  Crossing this void was not a trivial undertaking during the Apollo program and it remains a challenge to this day.

The challenge is worse than that faced by the Apollo astronauts because we no longer possess heavy-lift surface to orbit capability in the Saturn V class and it is unlikely that any such boosters will be developed in the near to distant future.  Another challenge concerns the reality that the most effective rocket fuel we can currently produce (cryogenic propellants) cannot be stored in space for long periods of time and thus can only be used during the first few hours following launch from Earth.  Storable propellants are less efficient, effectively placing a severe upper limit on the total mass of any lunar transfer spacecraft.  Nuclear propulsion, while theoretically much more efficient than anything flown to date, simply does not exist at present.  Additionally, nuclear rockets require cryogenic propellants and are thus limited by cryogenic storage difficulties.  Finally, humans are particularly vulnerable to radiation and physiological deconditioning while in space.

These factors combine to produce a problematic situation in Earth orbit.  If the crew module is too massive, the propulsion system will not be able to transport it to the moon unless the tank volume is increased.  But if the tank volume is increased too far, the mass of the propulsion system will exceed the capabilities of any current boosters.  Consequently, any lunar transfer vehicles must be relatively small.  Additionally, due to microgravity and radiation exposure concerns, crew travel time in cislunar space must be minimized.

These issues are mitigated somewhat by using the Earth-Moon L1 point as a staging area for inbound and outbound flight.  See figure 1 for the Earth-Moon lagrange point configuration.  No launch vehicle is capable of sending the entire LTV from LEO to lunar orbit, but LTV components can reach the L1 point, where they can refuel or exchange propulsion units and continue on.  L1 is unstable, but only a low delta-v is required to maintain position.  A 28.5-degree LEO inclination is assumed, suggesting due east launches from Kennedy Space Center and no usage of ISS as a departure or recovery point.  (ISS departures are possible, but they require more fuel.)  Cryogenic propellants are used for outbound flight from LEO only; hypergolics are used elsewhere.  An upgraded TDRSS constellation is assumed at GEO and in Lissajous orbit around the Earth-Moon L2 for communications.  (The current Deep Space Network is assumed to be inadequate and a future space-based TDRSS constellation of three LEO and three Earth-Moon L2 satellites is included in this LTV design.  It is further assumed that this future TDRSS constellation will be shared by the LTV, lunar surface base, and existing TDRSS users.)


Figure 1.  Earth-Moon Lagrange Point Configuration
Trailblazer Missions Overview

Trailbazer is intended to conduct eight lunar missions over a four-year period: 

· Infrastructure Development Mission 1

· Infrastructure Development Mission 2

· Infrastructure Development Mission 3

· Fuel Prospecting Mission 1

· Fuel Prospecting Mission 2

· Fuel Prospecting Mission 3

· Commercial Opportunities Mission 1

· Commercial Opportunities Mission2
Trailblazer LTV Spacecraft Overview

The Trailblazer LTV is actually a combination of six different spacecraft classes which act alone and in concert at various locations between LEO and the lunar surface.  A modular approach was the only way to overcome limitations imposed by the lack of a Saturn-class launch vehicle.  Briefly listed, the six classes are:

· Crew Module (CM).

· Propulsion Module 1 (PM1).

· Aeroshell Module (AM).

· Ascent-Descent Vehicle (ADV).

· Propulsion Module 2 (PM2).

· Fuel Tanker (FT).

Crew Module
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Several options were considered to determine the structure of the LTV crew module, including an ISS module, Spacelab module, SpaceHab module, TransHab inflatable, X-38, Apollo, Gemini, and a unique design.  The X-38 was selected as the base design because of its ability to perform an emergency deorbit and becaue of its level of development as opposed to alternate concepts capable of earth entry.  While the crew module is based on the X-38, it is substantially different from the X-38 CRV designed at the NASA-Johnson Space Center.  Unlike the CRV, it carries a crew of two instead of seven, and operates for a 14.5 day mission instead of six to nine hours.

Figure 2.  Crew Module

CM life support uses stored oxygen and nitrogen, along with expendible Lithium hydroxide CO2 removal cannisters.  Cabin pressure is driven by EVA considerations and is maintained at 68 kPa, with a 28% O2 content and 72% N2.  Under these atmospheric conditions, no prebreathe time is required in preparation for an EVA, assuming a standard shuttle EMU. (Eckart, 1996)

The water supply uses a partially closed system with three water loops; two closed and one open.  A water recovery rate of 85% is assumed for the closed loops.  The open loop is a 68 kg water supply, providing potable water.  Loop 1 is a closed loop using multifiltration to supply hand wash and dishwashing water.  Loop 2 is also a multifilitration closed loop, supplying urine flush water.  The two loops have a 2.1-day supply source stock which doubles as a secondary radiation shield.  This shield is a backup to the primary shield, which is located onboard PM1.

It is necessary for the CM to have a radiation shield because it operates 3-4 days prior to rendezvous with PM1 and must have shielding for crew.  It is sized to protect two 95th percentile adult males, but does not leave room for crew to move around while shielded.  It further requires the CM to turn its aft section towards the radiation source.

As previously mentioned, the CM can support a crew of two for a 14.5 day mission, with limited space for cargo and medical provisions.  The internal volume of the X-38 is relatively small once life support and hardware associated with the lunar transfer mission are taken into account; thus the vehicle cannot accommodate a large crew.

Vehicle autonomy utilizes key technologies developed for the Deep Space One probe, including its AutoNav, Remote Agent, and Mode Identification and Recovery AI systems.  Sensors to support its autonomous navigation capabilities include two SIGI GPS units, two star sensors, six sun sensors, two horizon sensors, six laser rangefinders (three per docking port), and a flish air data system (used during entry, below Mach 3).  Working in concert, these sensors enable fully autonomous attitude, position and velocity determination at any point in all flight phases.

The flight computers are five radiation hardened Pentium laptops, communicating across a wireless network.  All LTV flight software is stored on all computers, enabling any computer to seamlessly take over for any other.

The CM thermal system is sized based on vehicle power, as all onboard generated power will eventually end up as waste heat.  The CM Thermal Control System utilizes two redundant loops of typical TCS subsystem elements: cabin air heat exchangers, coldplates, and heat pumps to collect and transport heat to two external radiators or the aft docking port, where it can be transferred to the TCS of a docked LTV vehicle (generally PM1).  Each radiator is mounted on the underside of a solar array wing, perpindicular to the array surface so it is in the shade when the array tracks the sun.

The CM uses existing X-38 tiles for its Earth entry TPS and water as the heat sink for entry thermal control  The associated temperature rise contained by the heat sink is not sufficient to cause the water to boil.

The CM is able to dock with other spacecraft through the use of two docking ports, one on the dorsal surface and one behind the aft propulsion unit.  The dorsal port is used for dockings with the ADV and AM, as well as for LTV dockings to the shuttle, ISS, or other spaceship.  The docking hatch is sized for crew transfer wearing an EMU.  The aft port is used to dock with PM1, PM2, and a FT.  It contains feed lines for propellant, power, and thermal fluid transfer.  Both docking ports utilize Magnetic Docking Aid Systems (MDAS).  (Schneider, Nagy, Schliesing, 1996)  This system consists of an APAS docking mount with electromagnets on extendible booms, as shown in figure 3.  The electromagnets contact the target APAS and the booms then retract, drawing the APAS on the CM and target vehicle together until a docking is achieved.  This significantly reduces docking impact loads and risks and increases the viability of automated, autonomous docking.
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Figure 3.  MDAS Augmented APAS

The CM communications system is sized to accommodate both video and data telemetry, with a 12 Mbps data rate.  Of this data rate, 10 Mbps is nominally allocated for voice/video and 2 Mbps for vehicle telemetry.  It uses a 46 GHz U-band frequency, which is also used by other LTV spacecraft and the future TDRSS system used to link the LTV to the ground.  The CM, along with the future TDRSS and all LTV vehicles use a 0.779 m antenna diameter.  The CM also carries a short range RF antenna for space-to-space communication with nearby vehicles and EVA astronauts.  Finally, the CM carries two satellite phones (e.g. Iridium) for voice and low volume data transfer from entry through landing.

CM propulsion is provided by two systems, an Auxiliary Propulsion System (APS) and an Attitude Control System (ACS).   The APS is mounted on a jettisonable frame behind the CM and is a single RS-72 hypergolic engine with associated tanks and plumbing.  It provides the delta-v for CM capture at L1 and deorbit.  The ACS consists of sixteen R-4D hypergolic thrusters, which have been in use in manned and unmanned spacecraft since the Apollo program.  The system is designed to provide a deadband of ten degrees in roll, pitch, and yaw when not in free drift.

Power is supplied by two Stretched Lens Array (SLA) triple junction solar array wings and lithium metal dry polymer electrolyte batteries.  The arrays are developed from the Deep Space One SCARLET array.  Lenses on the arrays concentrate sunlight onto GaInP/GaAs/Ge cells, achieving a 300 W/m2 power density.  (O’Neil et al, 2001)  The array wings are mounted on the APS frame.  The batteries have an energy density in the range of 250-350 Wh/kg, a cycle life of greater than 1000 cycles, and self-discharges at a rate of much less than 1% per month. (Lithium Power, 2002)  For this dissertation, an energy density of 300 Wh/kg is assumed.  This provides a superior mass trade over fuel cells and flywheels.  Additionally, it avoids the cryogenic boiloff and water dumping concerns with fuel cells.

Propulsion Module 1

[image: image9.bmp]Propulsion Module 1 (PM1), graphically depicted in figure 4, is the primary propulsion system for the LTV.  The APS on the CM is too limited for most of the delta-v requirements and sufficiently increasing its size would make the CM too massive to for any existing earth launch vehicle to lift into space.  It plays a role similar to the Apollo Service Module in that it provides the breaking thrust to capture the LTV in lunar orbit and depart from lunar orbit.  It also provides capture thrust at L1 as well as departure thrust from there.  Finally, it provides orbit circularization thrust following aerocapture in Earth orbit.  

Figure 4.  Propulsion Module 1

Significant commonality exists between PM1 and the CM, using identical subsystems where possible.  Most subsystems utilize interchangeable components.  PM1 contains virtually identical avionics to those on the CM.  Like the CM, it uses a combination of INS/GPS, laser rangefinders (for docking), star sensors, sun sensors, horizon sensor, autonomous navigation, and flight computers.  

PM1 has communications and power systems virtually identical to those on the CM.  The only exceptions are that the PM1 communications link is allocated power for a 384,000 km range, enabling it to communicate from lunar orbit.  (CM’s communication system is sized to communicate no further away than L1 and thus receives slightly less power.)  PM1’s arrays are also slightly larger, but are otherwise identical in design to those on the CM.

Unlike the CM, the PM1 thermal control system cannot use cabin air heat exchangers.  Instead, it uses cold plates and heat pipes.  In other aspects, it is similar to the CM TCS and is capable of connecting its thermal loops with those of the CM when the two vehicles are docked.

PM1 contains two docking ports, one on the forward surface along the vehicle axis, and the other at the vehicle aft nadir.  Both use the same MDAS augmented APAS found on the CM.  The forward port is used to dock with the CM and PM2.  The aft port is used to dock with the AM and FT.  Both ports contain fuel, power, and thermal fluid transfer conduits.  PM1 is also equipped with steel plates used by the AM’s magnetic grapple system, described later in this paper.

Like most of the LTV spacecraft, the PM1 is hypergolic, burning nitrogen tetroxide and monomethyl hydrazine.  Its propulsion system consists of two RS-72 and sixteen R-4D engines.  It is capable of in-space refueling and is refueled multiple times in LEO, at L1, and in lunar orbit.  PM1 cannot be sized to carry all necessary fuel in a single load, as doing so would cause PM1 to become too massive to lift from Earth into orbit or propel from LEO to L1 with existing upper stages.

PM1 has the responsibility of providing primary radiation protection for the lunar crew.  Its radiation shield is composed of polyethylene sandwiched between aluminum foil.  Because the shield is on PM1, it is necessary to orient the LTV to point PM1’s aft between the crew and the radiation source (the sun).

Because PM1 is a vital link in the return of astronauts from a lunar expedition, a spare PM1 is located at L1.  If there is a critical failure in the mission PM1, the spare can rendezvous with the LTV and take over.

Ascent Descent Vehicle

[image: image10.bmp]The Ascent Descent Vehicle (ADV) is the LTV’s lunar lander, shown in figure 5.  Unlike the Apollo lander, it does not travel with the crew from Earth but is instead waiting in lunar orbit.  Clearly, the ADV is a new spacecraft, but it heavily utilizes components derived from other vehicles.

Figure 5.  Ascent Descent Vehicle

Mass reduction in the ADV is critical.  It is the last link in the LEO to lunar surface transportation system, and as such, mass increases to the ADV have the greatest impact on total program osts.

The LTV is intened to support a lunar south pole mission and the associated polar orbit has some advantages for the ADV.  Continuous access to the surface is possible; continous access to L1 from orbit is possible, and the altitude drift (due to lunar mass concentrations) is approximately 20 km or less.  (Eckart, 1999)

The vehicle is divided into two sections, the crew compartment and the propulsion unit.  The ADV uses a TransHab-derived inflateable for the compartment.  An open-cockpit lander was not considered.  The crew compartment provides space for two EMU-suited astronauts, along with flight controls, cargo, maintenance tools, life support systems, the CM docking port, and the lunar egress hatch.  The propulsion unit consists of the ADV main engine and attitude control thrusters (one RS-72 and sixteen R-4Ds respectively), batteries, thermal, communications, navigation systems, landing gear, the FT docking port, ladder, and solar arrays.

Most systems are common to those used on other LTV spacecraft, with a few noteworthy exceptions.  The life support system does not maintain a pressurized atmosphere at all times.  It pressurizes the vehicle for dockings to the CM only.  The cabin slowly depressurizes after CM separation, so that the cabin is unpressurized on the lunar surface.  Also, instead of using GPS, the ADV uses a miniature inertial measurement unit.  (MIMU, 2001)  The ADV will also use two star sensors, two horizon sensors, and six sun sensors to complete its situational awareness.  Like other LTV vehicles, the ADV will be equipped with three laser rangefinders at each docking port (six rangefinders total) for close range situational awareness during docking operations.  Finally, the ADV will be equipped with two laser altimeters for altitude measurements.  The ADV will use as its laser altimeter the same LIDAR unit used on the Clementine mission.  The LIDAR has a range of 640 km, enabling it to be used during the entire ascent and descent trajectories. (Clementine Laser Rangefinder, 2002).

Aeroshell Module

The Aeroshell Module (AM) is the heat shield for the CM and PM1, shown in figure 6.  As is well known, the space environment imposes harsh conditions on humans that necessitate rapid transfer between Earth and the moon.  Thus, a large energy dissipation is required for capture into Earth orbit.

Figure 6.  Aeroshell Module

It is impactical to use rocket engines to brake into Earth orbit.  Any adequately sized propulsion system would be too massive and would require earth launch vehicles that simply do not exist.  Even the Saturn V rocket could not provide such a system.  Consequently, only direct entry and aerocapture are possible end of mission options.  This LTV concept uses aerocapture instead of direct entry.  Conesquently, the LTV (CM and PM1) require a head shield capable of protecting the vehicle.  Although the CM does have thermal protection tiles, they are inadequate to protect against the heat loads sustained from a return from the Earth-Moon L1 point.  The PM1 must also be protected, and it has no external thermal protection system (TPS).

In the process of aerocapture, the vehicle dips into the atmosphere and emerges back into space, using drag to slow it to an orbital velocity.  This is a thermally intense process and produces heat loads significantly higher than those experienced by spacecraft such as the space shuttle and Soyuz when they enter from simple orbital missions.

The vehicle will experience an entry velocity of 10.97 km/s, estimated by approximating orbit of correct energy, assuming a perigee of 100 km and atmospheric entry at 125 km.  Assuming an exit velocity of 7.93 km/s (needed to put the vehicle in position to circularize its orbit at an approximately 400 km altitude), the perigee velocity is found to be 9.35 km/s and the perigee altitude is 65.55 km.  The peak temperature and maximum heating rate (which generally determine the TPS material) are respectively 1812°C and 102.32 W/cm2.  Selected TPS materials to protect for such a flight profile are SIRCA, AETB-12, FRSI, and LI-900.  (Szalai, 2002)  SIRCA coats the areas of the AM exposed to the most severe heating.  Under this heating environment, SIRCA will act as an ablator.
It is impractical to place such a heat shield directly on CM or PM1.  The thick TPS required would push the mass limits of both vehicles beyond the limits of what conventional ELVs can deliver into Earth orbit.  It would also make both vehicles too massive for PM2 to deploy them to L1.  The intense heating requires SIRCA, an ablative (non-reusable) TPS which can withstand higher heat loads than any currently existing non-ablative system.  Were it attached to the CM and PM1, both craft would need to land on Earth for extensive servicing, driving up the mission cost.  Consequently, the LTV will use a separate, disposable module.  Due to the criticality of the AM, a primary and spare are both delivered to L1 before the crew leaves Earth for a lunar expedition.

The AM is essentially a large heat shield, a domed cylinder in shape and open at the aft end, with associated avionics, power, propulsion, and thermal systems, all of which utilize components used by their sister systems on other LTV spacecraft.  Uniquenesses to the AM include the fact that the AM contains a jettisonable solar array and radiator sized to accommodate the needs of the combined CM/PM1/AM vehicle during its inbound flight from L1 to aerocpature.  Also, the AM does not use a RS-72 main engine.  All of its propulsion needs are supplied by R4-D thrusters (except for its initial deployment from LEO to L1, which is provided by PM2.)

The AM contains a unique docking system to capture CM and PM1 and mount them internally.  In order to be protected by the AM’s TPS, the CM/PM1 LTV must enter and secure itself to two passive APAS docking mounts, one at the upper forward and the other at the lower aft of the vehicle interior.  To avoid propulsive firings inside AM, a magnetic docking system is used.  a magnetic guide system (MGS) will be employed to position the LTV inside the AM.

This MGS will consist of two guide rings mounted on a cable/winch system running along the interior wall of the LTV.  The forward ring will be capable of traversing the distance between the forward and aft APAS mechanisms.  The aft ring will traverse the distance between the aft APAS and the aft of the AM.  Each ring will be capable of 360-degree-roll rotation.  Each will also be equipped with three MDAS-derived extendible booms with an electromagnet and a laser rangefinder on each boom.  Each electromagnet will be capable of exerting a 2025N holding force (Dura Magnetics, 2002).

The following figures (7-10) depict the MGS capture sequence:
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Figure 7.  LTV Preparing to Enter Aerocapture Module
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Figure 8.  LTV Retraction into Aerocapture Module
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Figure 9.  LTV Positioning at Docking Mounts
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Figure 10.  LTV Docked with AM

Fuel Tanker

The limitation to use existing launch vehicles places severe restrictions on the total mass of any LTV component spacecraft.  In particular, most of the spacecraft cannot carry enough hypergolic propellant for their entire role in any lunar expedition and the reusable spacecraft will need new fuel for subsequent expeditions.  Consequently, they must be refueled in space.  The LTV Fuel Tanker (FT) exists for this purpose.

The FT, shown in figure 11, is nearly identical to PM1, except it contains twice the number of fuel tanks and no ventral docking port.  Unlike PM1, most of the FTs are not reused.  Multiple FTs are used during each lunar expedition – five in odd numbered expeditions, and six in even numbered expeditions.  The initial expedition also uses six FTs.  The FTs allow many of the LTV spacecraft to carry just enough fuel for a particular leg in the lunar transfer.  Each FT is designated according to its particular mission in a lunar expedition.

Figure 11.  Fuel Tanker

FT Mission 1 is used to refuel the Ascent-Descent Vehicle in lunar orbit.  Because it cannot carry enough propellant to completely fuel the ADV, FT Mission 1b is launched to supplement FT-M1 on the initial expedition and on even numbered subsequent missions.  FT-1b is launched with a full tank and only a portion of that propellant is required.  Consequently, it remains in lunar orbit and is used to supplement FT-M1 during the subsequent expedition.

FT Mission 2 refuels the docked CM/PM1 LTV in LEO.  It is the only FT recovered.  Because it is in LEO, the shuttle can retrieve it when it delivers the crew for the next outbound lunar expedition.  It will return FT-M2 to Earth for reprocessing and redeployment.

FT Mission 3 refuels PM1 at L1.  Note that even though CM will have used its propellant to arrive at L1, it is not refueled at this point.  CM’s engines are not needed until much later in the expedition and it would be inefficient to carry the mass of its fuel unnecessarily.

FT Mission 4 refuels PM1 in lunar orbit.  Finally, FT Mission 5 refuels both CM and PM1 at L1 during their return to Earth.

Propulsion Module 2

Propulsion Module 2 is the LTV component most identical to spacecraft already in use.  It is essentially a “dumb booster,” used to transport LTV components from LEO to L1.  Both the Centaur (Atlas Launch System Mission Planner’s Guide.  Revision 9, 2001) and Delta 4-2 (Delta IV Payload Planner’s Guide, 2000) upper stages can serve as PM2s with slight modification, though the Centaur is a more efficient stage for this purpose.  (Both boosters are cryogenic upper stages, burning liquid oxygen and liquid hydrogen.  As such, they – and PM2 – have short operational lifetimes and can only be used during outbound flights from LEO.)  This dissertation is based on use of a Single Engine Centaur as PM2 (shown in figure 12, transporting a Fuel Tanker), modified to carry additional batteries and a passive MDAS APAS in one of two configurations.  The nominal configuration mounts the docking port along the vehicle axis and is used for docking with all LTV spacecraft with the exception of the Aeroshell Module.  The AM configuration places the docking port on the forward nadir where it can dock with the AM aft docking port.

PM2 boosters will fly eight different deployment missions, indicated below:

1. Crew Module to L1

2. Propulsion Module 1 with Aeroshell Module to L1

3. Spare PM1 with Spare AM to L1

4. Ascent-Descent Vehicle to Lunar Orbit

5. Fuel Tanker-Mission 1 to Lunar Orbit (also FT-M1b in initial and even numbered lunar expeditions)

6. Fuel Tanker-Mission 3 to L1

7. Fuel Tanker-Mission 4 to Lunar Orbit

8. Fuel Tanker-Mission 5 to L1

Figure 12.  PM2 transporting a Fuel Tanker

LTV Mission Control

Mission Control operations are central aspects of the safety and success of any space mission and should be considered at the earliest stages of program development.  While the LTV will require a mission control similar to that of other human space programs, there are substantial uniquenesses that make it different from Apollo, shuttle, and ISS control centers.

The LTV is composed of various spacecraft in different locations (LEO, L1, Lunar orbit, Lunar surface, and in transit).  Additionally, five to fourteen LTV component spacecraft are permanently in space at any given time, some of which may or may not be docked together.  Further, crew may or may not be onboard during critical phases (orbital transfers, rendezvous, docking, refueling, etc.).

The LTV will utilize a single LTV Flight Control Room (FCR) with back room (MPSR) support operators.  Each console position is based around a particular aspect of LTV functionality.  Each position is responsible for that function on all LTV vehicles.  The LTV FCR employs 21 console positions, somewhat analogous to Shuttle and ISS FCR positions.  Assuming MPSR support, a total of 145 console operators are used during fully staffed periods (including all shifts).  LTV FCR positions are described as follows:

LTV FCR Position Descriptions

Flight – Flight Director

Flight serves as leader of the flight control team, and is responsible for the conduct of the overall team.  Acts as the focal point for all decisions made relative to the in-space mission.  Flight is identical to its shuttle and ISS counterparts.

CAPCOM – Capsule Communicator

CAPCOM serves as the prime communications link between MCC and the crew aboard the LTV.  CAPCOM is identical to its shuttle and ISS counterparts.

Surgeon – Flight Surgeon

The Surgeon monitors crew health, provides crew consultations, coordinates crew medical operations and advises the Flight Director of any related issues that may affect mission success.  Surgeon is identical to its shuttle and ISS counterparts.

MOD – Mission Operations Directorate

MOD provides a link from the FCR to top NASA and mission managers.  MOD is identical to its shuttle counterpart.

PAO – Public Affairs Officer

PAO provides mission commentary to supplement and explain space-to-ground transmissions and flight control operations to the news media and the public.  PAO is identical to its shuttle and ISS counterparts.

GC – Ground Controller

GC directs maintenance and operation activities affecting Mission Control hardware, software and support facilities.  GC coordinates the ground Space Flight Tracking and Data Network and the TDRSS used for data and voice transmissions between the MCC and the LTV spacecraft.  GC is identical to its shuttle and station counterparts.

EVA – Extravehicular Activities

EVA monitors all aspects of any spacewalks based out of the Crew Module, or into/out of the Ascent-Descent Vehicle when it is in lunar orbit.  This includes monitoring the technical operation of the spacesuits and the activities to be carried out as trained prior to the mission.  EVA is identical to its shuttle and ISS counterparts.

ELVIS – Earth Launch Vehicle Integration and Support Officer

ELVIS serves as primary interface between MCC and launch control teams for Earth launch vehicles transporting LTV spacecraft into orbit.  ELVIS is slightly analogous to the RIO position in both shuttle and station control centers.  The difference, of course, is that ELVIS interfaces with the launch/mission control teams for the shuttle, Delta, and Atlas control centers as opposed to RIO’s interface with the Russian space program.

SABER – Solar and Battery Electrical Power Resource Officer

SABER is responsible for the operation of all solar array and battery systems on LTV spacecraft.  SABER is responsible for the electrical energy resource management including the planning analysis necessary to ensure adequate resources are available for LTV operations.  SABER is similar to shuttle’s EGIL and ISS’s PHALCON.

LIFE – Life Support Systems Officer

LIFE is responsible for all life support systems on the Crew Module and Ascent-Descent Vehicle, including cabin pressure, temperature and humidity control, atmospheric revitalization, fire/smoke, waste collection, galley, and emergency response.  LIFE is also responsible for all preparation for extravehicular activities.  LIFE coordinates with corresponding positions on other flight control teams (i.e. shuttle, ISS) to ensure atmospheric compatibility during dockings to other pressurized spacecraft prior to hatch opening.  LIFE is similar to the portion of shuttle’s EECOM responsible for life support and to ISS’s ECLS.

TEMPER – Temperature Management Officer

TEMPER is responsible for the management of all active and passive thermal control systems on each LTV spacecraft.  TEMPER is also responsible for thermal load sheds and thermal assessments during all launch and flight phases.  TEMPER is also responsible for Aeroshell and Crew Module TPS.  TEMPER is similar to the portion of shuttle’s EECOM responsible for thermal control and to ISS’s THOR.

VADER – Voice and Data Relay Officer

VADER is responsible for maintaining a communications network consisting of all LTV spacecraft, the future TDRSS constellation, MCC, the lunar surface base and its support vehicles, and the White Sands Complex.  VADER will oversee the autonomous configuration of LTV spacecraft to serve as relays between FTDRSS and other LTV spacecraft.  VADER is responsible for photo/video, telemetry formats, and communications outage recorders.  VADER is also responsible for communication between LTV spacecraft and any EVA crewmembers.  VADER is similar to shuttle’s INCO and ISS’s CATO.

VEHICON – Vehicle Configuration Manager

VEHICON is responsible for maintaining real-time configurations of all LTV spacecraft, including masses and moments of inertia.  VEHICON also is responsible for LTV mechanical systems, crew systems, and in-flight maintenance.  VEHICON maintains cognizance of operations and status of LTV mechanical assets related to structures and mechanical systems functions.  VEHICON is additionally responsible for monitoring the space environment, including radiation, micrometeoroid, and orbital debris assessments.  VEHICON is the FCR POC for RAT, Surgeon, EVA, and LIFE when they are on-call.  VEHICON trains crew and flight controllers for in-flight maintenance.  VEHICON is similar to shuttle’s MMACS and ISS’s OSO, but is more involved than either.

STAR – Sensors, Trajectory and Attitude Recognition Officer

STAR is responsible for preflight planning and monitoring and verification of the performance of each LTV module’s autonomous navigation systems, including vehicle sensors and associated navigation software.  STAR is responsible for uploading trajectory and attitude targets to each LTV and coordinating with EMCEE to adjust timelines as necessary.  STAR is the FCR POC for HYPER, DART, and ELVIS when they are on-call.  STAR is analogous to a combination of shuttle’s FDO and the Sensors portion of GNC, as well as the portion of ISS’s ADCO responsible for sensors and trajectory.

PAC-MAN – Propulsion and Attitude Control Systems Manager

PAC-MAN is responsible for the Main Propulsion System and Reaction Control System on each LTV module, excluding the cryogenic Propulsion Module 2.  Working closely with STAR, the PAC-MAN team builds and manages the attitude timelines and propellant budgets for each vehicle, coordinating refueling with RAT and EMCEE.  PAC-MAN is responsible for the overall controllability of the LTV spacecraft and for health and performance monitoring of the thrusters, controllers and effectors utilized to control the vehicles.  PAC-MAN is analogous to a combination of shuttle’s PROP and the Controls portion of GNC, as well as the portion of ISS’s ADCO responsible for attitude control.

CANDIES – Computers and Networked Data Interface Systems

CANDIES is responsible for the management of the LTV’s networked computer systems.  CANDIES is responsible for the integration of all computer activities and utilization and analysis of computer resources.  CANDIES is also responsible for the coordination of commands to LTV spacecraft by other console positions.  CANDIES is responsible for Caution & Warning Management, Pre-Planned Command Package Management, file management, software and data files updates, memory management, network administration, and Time-tagged Command Queue Management.  CANDIES is similar to shuttle’s DPS and ISS’s ODIN.

EMCEE – Mission Coordinator

EMCEE is responsible for the overall mission timeline, working with other console positions to schedule and coordinate the relative positions of each LTV spacecraft.  EMCEE coordinates LTV interaction with all other spacecraft and landing sites and is the primary point of contact to other mission control teams.  EMCEE develops contingency schedules to accommodate missed launch windows or other unplanned delays.  EMCEE also plans and supports crew and automated activities, checklists, procedures and schedules.  EMCEE is similar to shuttle’s FAO and ISS’s OP, but is more involved than either.

RAT – Resupply and Transfer Officer

RAT is responsible for scheduling of consumables resupply to all LTV spacecraft.  RAT also maintains inventory of all supplies and equipment aboard the Crew Module and Ascent-Descent Vehicle.  RAT coordinates with EMCEE and shuttle FAO and Payloads to develop timelines for Crew Module servicing during shuttle dockings.  RAT is similar to shuttle’s Payloads and ISS’s ACO, but is more involved than either position.

AT-AT – Automated and Teleoperated Appendages and Tools

AT-AT monitors the performance of LTV manipulators, including the communications antenna, solar array, and radiator drive mechanisms, steerable camera pointing mechanisms, the Aeroshell Module’s Magnetic Guide System, and all Magnetic Docking Aid Systems.  AT-AT is similar to shuttle’s PDRS and ISS’s ROBO.

DART – Docking and Rendezvous Trajectory Officer

DART assists STAR in monitoring planned and in-progress vehicle trajectories and rates during all rendezvous, proximity operations, ascent, descent, docking and undocking phases.  DART is similar to the shuttle Rendezvous position.  ISS’s ADCO shares a greatly reduced version of similar responsibilities.

HYPER – High Energy Propulsion Officer

HYPER is responsible for monitoring Propulsion Module 2 performance, including cryogenic propellant tanks, main engine, attitude control, and inertial sensors.  HYPER coordinates with DART, STAR, ELVIS and AT-AT for all Propulsion Module 2 dockings to other LTV spacecraft.  HYPER is somewhat analogous to the shuttle Booster console position.  There is no ISS counterpart.

Each FCR and MPSR console will be configured somewhat differently from their shuttle and ISS counterparts.  Each console will be equipped with three computer workstations, driving twelve monitors.  Video and data can be directed to any screen, with audio directed to either workstation speakers or the DVIS communications loops.  Ten printers are shared in the FCR and MPSR and eight wall projector screens are located in the FCR.  The LTV Mission Control Center is assumed to be located in the Building 30 Mission Control complex at NASA-Johnson Space Center.

Cost Estimation

Cost estimation for the LTV was accomplished through the use of several estimating tools.  The communications network was estimated through a parametric estimate of the most recent TDRSS upgrade.  (ATDRS Quicklook, 2002).  Spacecraft vehicle development was estimated through the NASA Advanced Missions Cost Model.  (AMCM, 2002)  Spacecraft propellant was estimated based on published propellant cost data  applied to mass estimates obtained in the development of this dissertation.  Launch vehicles were based on published estimates of shuttle, Delta IV-Heavy, and Atlas V-Heavy launch costs.  Mission operations costs were based on workforce estimates of mission control and support personnel, based on current average annual salaries.  A cost breakdown is represented below:

Communications Network
$820 M

Vehicle Development

$22 B

Spacecraft Propellant

$28 M

Launch Vehicles

$15 B

Mission Operations

$3 B


Total Program Costs

$40 B

It should be noted that this cost estimate is only for the lunar transfer vehicle - encompassing eight lunar expeditions - and does not include any aspects of the lunar surface base.  It additionally does not include any modifications to the launch processing facilities at Cape Canaveral, which may be required at NASA, Delta, and Atlas facilities - one or both of the latter in particular for launches of the Aeroshell Module, which is wider and taller than the current Delta and Atlas payload fairings.

Discussion and Implications

The central purpose of this investigation was to pursue the fundamental question: Can human lunar transfer between Low Earth Orbit and Lunar surface be conducted with present launch vehicles, largely operational technology, and at a realistic funding level?

The answer is a clear Yes.  This travel can be completed using existing launch vehicles, primarily existing technology, and at a budget level of less than $5 billion a year.  While much work remains to be done, it is clear that no significant technological breakthroughs are required, though some development is necessary.  This is an endeavor easily within the capability of the Federal government, but not within the current capability of private entrepeneurship.

(It is worth pointing out, however, that the current global financial market has caused the costs of Russian space hardware to fall to significantly lower levels than their American counterparts.  It may well be that a similar architecture could be executed in the short term by an American financial venture using Russian hardware.  However, there is a risk that any recovery of the Russian economy may eventually inflate the costs of Russian space assets above the reach of private investors.)

The implications of action or inaction are significant.  A key historical lesson is that of the Chinese Treasure Fleet.  In the Middle Ages, China had superior naval technology to Europe, but decided sea power was unimportant.  China scuttled her massive, technologically advanced fleets shortly before European nations “discovered” China.  The result was Western domination of Asia.  It is clear that the United States is in a similar position to that faced by China in the Middle Ages.
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