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Introduction

Routine access to earth orbit has long been considered the distant vision for civilian space users, military strategists, and public space supporters.  The ability to reach space using a refuelable spaceliner has long been regarded as the ultimate expression of low cost, routine space access.  Unfortunately this vision has been clouded with the realities of physics.  Simply put, climbing out of the gravity well through an unforgiving atmosphere prefers the expensive, labor intensive approach of stacking vehicles that can shed propellant tank weight once they have been depleted.  The desire to move away from this costly expendable launcher architecture is the driving force behind all Reusable Launch Vehicle (RLV) studies.  The X-33 program explored the feasibility of performing this challenging mission using a single stage to orbit approach in pursuit of the lowest operating cost solution.  More recently, the NASA’s Space Launch Initiative has approached this challenge through use of multi-stage reusable vehicles.  Even this less demanding approach presents a number of challenges.

In ongoing studies, the area of greatest challenge has been identified as propulsion.  The main engines have consistently been shown to require improvement if reliability and cost goals are ever to be met.  This paper examines some of the areas being explored at Boeing’s Rocketdyne Propulsion and Power business unit to address reusable launch vehicle propulsion for ongoing RLV programs.

The Challenge

To date, there has been only one reusable booster engine placed into operation anywhere in the world.  That is the Space Shuttle Main Engine.  This engine has flown over 100 missions (or over 300 engine flights) without a single catastrophic failure.  This flight database is augmented by about one million seconds of ground test experience.  Over the twenty years of operation, the issues of reusable space launch have become well characterized.  While all liquid booster engines are designed for multiple firings, to accommodate acceptance/calibration testing and on-pad launch aborts, there are a number of fundamental design differences that make multi-flight engines very different from other engines.

They must be designed using different criteria.  The SSME design differed from previous engines because its configuration was driven by fatigue life concerns, rather than more conventional material property limitations such as yield and ultimate strength of materials.  This reliance on understanding fatigue properties in unconventional environments required the creation of all new material property databases merely to analyze the design.  One of the main areas of improvement in the SSME over the years of service has been in the understanding of which types of mechanisms truly govern life.  Nearly all of the SSME’s block improvements have addressed better understanding of the environmental and material characteristic uncertainty learned through actual operation.

Reusable engines typically require high performance.  Reusable vehicles aren’t as tolerant to large propellant tanks due to the leveraging effects on weight and size caused by wings and other subsystems enabling reuse.  The SSME increased the state of the art performance from the prior generation of hydrogen fueled engines by over 20 seconds of specific impulse.  It is clear that any next generation propulsion system will require this class of high, closed cycle performance.

One of the significant advantages of reusable systems is that they can be made much more affordable since their fabrication cost can be amortized over a number of engine flights.  The SSME, which is used for 27 missions, has an amortized hardware cost less than any other booster engine.  To achieve this, the SSME has a large contingent of supporting engineering, and field service personnel.  In order to meet the cost goals of a next generation system, each of these cost areas must be reduced significantly.

The engines must be more reliable.  While this SSME has never experienced a catastrophic failure in flight, it’s ground test program has demonstrated (and repaired) a number of 

potentially catastrophic failure scenarios.  In order to benefit from the reuse cost savings, a new system must decrease the chance of catastrophic failure by nearly an order of magnitude.

These challenges must be addressed within yet another difficult constraint, affordable development costs.  Traditionally, rocket engine development cost is a major cost barrier to any new launch system.  Even relatively low-performing expendable engines require billions of dollars in non-recurring funding.  This is in addition to a sum many times that for the launch system.  Limiting issues in this area are insufficient market size to amortize over a commercial launch base and government agency funding limitations.  The reduction in engine development cost is imperative to make any case for RLV’s acceptable.

What has become clear is that the simultaneous achievement of reaching reliability and cost goals requires the incorporation of a number of technologies not available to the industry during the time the SSME was designed.  Despite the huge benefit seen in the SSME from incorporating some of these improvements, it is believed that a quantum leap in capability can most easily be achieved through complete system reoptimization properly weighing the costs and benefits of current state-of-the-art technologies.

Recent Developments

During the twenty years of operation of the SSME, a great many lessons have been documented and addressed.  Many improvements have been made to the engine over a series of block upgrades which have now enabled the engine to fly ten missions before it has to be removed for scheduled inspections.  While the engine continues to be removed after every flight to afford better access for servicing vehicle subsystems, it has the capability to remain in place.  These documented improvements in characteristics lend a great deal of support for quantifying operability in any future system.

In addition to the operability database, propulsion technology advancements have been seen over the past decade in a number of key areas.  Advances in component technology such as hydrostatic bearings for turbopumps, improved property chamber liner materials, and more durable nozzle fabrication processes, to name a few, directly address today’s SSME life limiting components.  Programs such as NASA’s RLV technology and the US Air Force's Integrated High Pay-off Rocket Propulsion Technology Program have provided a wealth of demonstrated component technologies that apply to a 2nd generation reusable vehicle.

Also available today is the ability to provide an engine with advanced health diagnostic capability.  Development of advanced process sensor technology along with greatly increased diagnostic computing power enable systems that significantly reduce the catastrophic failure fraction of rocket engines.  Furthermore, these capabilities allow for health management functions that eliminate the need of performing manual inspections on components between flights.  This has the potential for reducing turnaround operations to mainly maintenance for cause items.  Individual technologies have been demonstrated on a piece-by-piece basis, however routine use on an actual engine has yet to be implemented.

Development processes are also benefiting from ongoing capability investment.  Electronic modeling of hardware which directly translates to finite element environmental and structural models has been reduced to common practice.  These models contain fabrication process characteristics which allow statistical analysis of “as-built” configurations before a single part is actually built.  They pull data from on-line material databases to allow selection of the most appropriate materials needed to meet goals.  The net effect of all these linked models is the ability to design considering the real as-built configuration in closely simulated environments using high level structural characteristics.  These directly lead to a reduction in the “test-fail-fix” cycle which can account for 75% of all engine development costs.  These types of savings have been realized on programs such as the XRS-2200 Aerospike and the RS-68 EELV engines.

Current Effort

The focus of reusable launch vehicle studies has shifted from the more operationally efficient, but most technically challenging, approach of single stage to orbit to the two stage to orbit architecture.  With this refocus on U.S.  RLV efforts comes a change in priorities for propulsion technology.  The emphasis on performance improvement has been significantly decreased.  While the SSTO required higher specific impulse, higher thrust-to-weight engines, the TSTO vehicles can instead focus on retaining performance levels seen in the SSME today while improving reliability and cost characteristics.  This is the focus of the NASA’s Space Launch Initiative.

These engines seek an order of magnitude improvement in all forms of engine reliability while significantly reducing operations cost.  In order to address these areas, SLI is pursuing risk mitigation technology demonstrations culminating in tested engine prototypes.  This approach actively addresses technology implementation, something largely ignored in past programs, as well as propulsion system interaction issues.  What this enables is a detailed comparison of candidate engine traits to allow a selection based on all the pertinent facts.

The TSTO emphasis of SLI’s 2nd Generation RLV allows for system level optimization to drive propulsion concept selection.  Current study trends indicate a high probability of requiring propulsion systems using two different propellants.  Under current study are engines using oxygen/hydrogen propellants as well as oxygen/RP propellants.  H2/O2 appears to be the appropriate propellant combination for orbiter stages due to it’s high specific impulse while RP/O2 appears to be desirable for a booster stage due to it’s high density impulse.  While there is considerable cost driven desire to reduce engine costs by employing only one new engine, some vehicle level trade studies show that there is a system optimization savings to be seen by developing two different propulsion systems.

Rocketdyne’s contribution to the SLI program are currently two engines that integrate the most promising technologies developed over the last decade into system level, flight engine prototypes.  These are the RS-83 and RS-84.

The RS-83 is a fuel-rich staged combustion cycle O2/H2 engine with performance comparable to the SSME.  The prototype thrust level was selected to be approximately 50% larger than the SSME to address the technical risk of scaling-up this type of closed cycle engine.  The prototype will demonstrate such scaling issues as combustion stability as well as manufacturing process issues.  The RS-83 is optimized to improve reliability in a number of tangible means.  The engine has only one preburner (vs. the SSME’s two) which simplifies the start transient and the engine control logic.  The turbines are placed in series (rather than parallel for the SSME) to preclude failure modes resulting in significant mixture ratio excursions previously seen to cause catastrophic failure.  The turbine temperatures are reduced significantly to maintain material properties in a state more tolerant to variation in temperature.  All components use current manufacturing technologies which allow reduced part-counts and reduced opportunities for undetected manufacturing defects.  These factors along with an advanced health management system and derated operation result in the desired order of magnitude improvement engine reliability over today’s Block II SSME.

The RS-83 provides cost benefits due to greatly reduced fabrication costs amortized over a four times improvement in engine life.  This reduces the single most costly recurring cost of the SSME by nearly an order of magnitude.  The second most costly aspect of operating a reusable engine, sustaining engineering, is addressed by using fully documented system engineering procedures during design and retaining detailed electronic models and their associated analyses for flight anomaly resolution.  The use of these techniques would allow retention of the ENTIRE RS-83 design team throughout the flight program while still decreasing the sustaining engineering costs of the SSME by a factor of four.  Effort is underway to fully understand the potential of this cost savings.

The third most costly element of operating a reusable engine is the hand-on labor at the operating site.  The RS-83 is being designed to incorporate specific design features that eliminate the need to perform engine servicing between missions.  These redesigned features are augmented through the use of health management sensors and algorithms that greatly reduce the number of inspections required to maintain safe engine operation.  The final portion of operating cost reduction is in the design of simplified component access to facilitate ease in maintenance for cause scenarios.  Using the current SSME database, it is possible to produce a probabilistic simulation of unscheduled maintenance to evaluate those components most likely requiring this type of maintenance.  These components have been placed in the engine layout to assure timely access in operation.

Currently the design of the RS-83 is at a conceptual design review level and is progressing towards preliminary design review in September 2002 and critical design review in May 2003.  If the SLI program decides to pursue the fabrication of it’s prototype, the RS-83 will be in engine system test in mid 2005.  Key component demonstrations are scheduled throughout the program with the first full-scale hotfire test of the liquid-liquid preburner occurring during the summer of 2002.

To address the likely need for a RP/O2 engine, the SLI program has begun design studies on the RS-84 engine.  This is an oxidizer-rich staged combustion engine sized to provide approximately 1.1 million pounds of thrust at sea level.  It represents a new type of engine in that it will be the first reusable engine not using hydrogen fuel.  While many of the technologies of the RS-83 apply to this engine, such as advanced health management, use of advanced design/analysis tools, and modern fabrication processes, this engine must also consider the reusability aspects associated with non-cryogenic propellants such as chamber cooling, combustion stability, and non-chemical reusable ignition systems.

Efforts on RS-84 detail design are just getting underway, however it will incorporate a number of technologies developed under IR&D at Rocketdyne to address these unique RP engine issues.  The design features long life components such as hydrostatic bearings, reliability enhancing features such as uncoated oxidizer compatible structural materials in all Gox systems, and operability enhancing health management diagnostic systems.

The RS-84 is scheduled to reach preliminary design review by April 2003 and critical design review by December 2003.  The prototype engine will be ready for testing in the second quarter of 2006, in time to provide data for the scheduled RLV downselect decision.

Summary and Conclusions

The ability to successfully develop reliable and affordable 2nd generation reusable launch vehicle propulsion is contingent on three factors.  The first is understanding the reliability and cost drivers for a real, operational reusable propulsion system.  Only in this way can design improvements be effectively quantified to anchored data.  The second factor is the successful incorporation of those technologies that directly address reliability and cost problems.  Since there are a significant number of new technologies that are available, there must be a careful screening process to avoid an over-reliance on risky design approaches.  Without effective technology maturation and screening the engine’s full-scale development costs will be unaffordable and unpredictable.  The third factor is the address of system interaction risk.  While each included technology can be made to work in isolated testing, it is still possible to have interactions void their effectiveness.  The use of a prototype engine is an effective way to explore any adverse interactions within a propulsion system architecture.

Currently all three of these factors are being addressed.  The SSME operational database provides a sound anchoring point for all systems that follow.  This quantifiable starting position provides specific targets for improvement to alleviate the fear of creating yet another 1st generation reusable engine.  Technologies have been actively explored and characterized over the last decade.  Many of the most beneficial technologies have already provided proven results as demonstrated by the new engines for the X-33 SSTO demonstrator and the flight certified RS-68 engine for the Delta IV launch system.  Finally, the SLI program is providing the opportunity to integrate all these items into a prototype RLV engine that will identify any system interaction risks prior to making a full-scale development decision for a launch system.  By 2006, when SLI concludes, there will be sufficient predictability in FSD costs to make an informed decision whether that investment should be made.

It can be concluded that reliable and affordable reusable engines remain a significant engineering challenge but there is a path that can overcome this challenge.  While it has taken nearly a decade to reach this point and is expected to take nearly another decade to reach fruition, there is good reason to believe that this incremental, determined approach will ultimately prove successful.

