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United Space Alliance, LLC., (USA) is pleased to provide to the National Aeronautics and Space 

Administration (NASA) Marshall Space Flight Center (MSFC) the Heavy Lift and Propulsion 

Technology (HLPT) Systems Analysis and Trade Study (SATS) Broad Agency Announcement (BAA) 

Final Study Rep01t under contract NNMl lAAl 7C, DRD 1384MA-003, in suppo1t of the trade space 

analysis of potential Heavy Lift Launch (HLL) and space transfer vehicle concepts. 

1.2 Background 

USA has leveraged our 25-year legacy of integration and operations of the Space Shuttle vehicle in 

developing the best possible architecture, systems, and subsystem considerations and recommendations 

for the Space Launch System (SLS). Our understanding of the NASA technology-enabled Exploration 

goals is (a) a human mission to Beyond Eait h destinations, a Neai· Eait h asteroid in 2025, and (b) a human 

mission to Mars orbit and return by mid 2030 with a Mai·s smface mission to follow. In suppo1t of 

Exploration, within the next 2 decades, the development of an SLS that can provide launch se1vices to 

multiple Customers for multiple reference missions will ensure its longevity. The SLS is not an end-state 

program; rather, it is a key element that enables NASA's Fiscal Year (FY) 2012-stated long-te1m 

Exploration Goals and Objectives (G&O). The SLS Program can be initiated using a complement of new 

and existing technology to provide the needed ascent heavy lift capability rapidly with minimal 

development cost. The result of the trade studies and analyses perfo1med in this BAA indicate where 

existing and new technology should be applied. Development must stait now to meet NASA's target 

need dates and be economically sustainable so its cost does not detract from new technology development 

funding for deep space exploration. 

Government and Industiy have demonstrated in the Life-Cycle Cost (LCC) Analysis (LCCA) discipline 

field that the longer you wait to consider operability, suppo1tability, and sustainability the more expensive 

the changes become in te1ms of affordability. USA, as the Space Shuttle integrator and operator, has 

wimessed these factors and understands their impacts. USA understands these analyses results from 

expedence on the Space Shuttle Program (SSP). This analysis is used as an impo1t ant factor in 

conducting trade studies for evaluating requirements and design alternatives or operations concepts within 

a project's ai·chitecture when cost is a key driver. Concepts would be developed to the lowest level 

necessaiy (e.g. , subsystem) to ensure that they ai·e deemed feasible and to a level that will reduce the risk 

low enough to satisfy the architecture's affordability. Depa1tment of Defense (DoD) acquisition 

programs in the 1980s with a se1v ice life of about 30 years, similar to Space Shuttle and potentially SLS 

~United Space Alllance 1-1 
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in the foture, indicate that operations and support cost can represent over 70 percent of the program LCC. 

Those same studies show that 85 percent of decisions defming total LCC have been made by the end of 

system design, as depicted in Figure 1-1. Early, effective requirement, design, operability, and 

sustainability decisions can significantly reduce overall system LCC, consistent with and validated by the 

1986 Packard Commission fmdings (President's Blue Ribbon Commission on Defense Management). 

USA's past performance is based on Space Shuttle design, integration, processing, and operations 

experiences and lessons learned over the past 15+ years, leveraged with previous heritage company 

expert ise. USA's scope executed under the BAA was based on research accomplished and submitted 

under the HLPT Request for Information (RFI) (RFI05042010PS30) in May 2010. USA's past 

architecture trades that are considered in context, but were not limited to the 1991 MSFC National 

Launch System Study, 2002 Future Shuttle Study, 2004 - 2005 Shuttle Derived Launch Vehicle 

Collaborative Industry Study, 2009 NASA Shuttle Derived Heavy Lift Launch Vehicle (HLLV) (Side 

Mount Versus In-Line) Study, and 2010 HLLV Industry Team Study. 

In 2004, USA entered into an agreement among Boeing, Lockheed Martin, Alliant Techsystems, Inc. 

(ATK), and Rocketdyne (now Pratt & Whitney Rocketdyne) to participate on the Shuttle Derived Launch 

Vehicle Collaborative Industry Study Team. USA's accountability on that team was to tr·ade vehicle 

configurations and their conesponding infrastructure needs against the concept of operations and then 

estimate the LCCs of the resultant architecture. The 18-month Study Team's results were pre-Exploration 

System Architecture Study (ESAS) and shaped USA's understanding that a car·go and crew HLLV was 

programmatically and technically feasible using a complement of existing and new innovations and 

technologies. The development cost and schedule of a new heavy lift launcher is proportional to the 

LCC 
decisions 

System 
engineering 
life cycle 

concept s 
D 
R 

design C development I 
D 0 

R C 

..------,- Operations and support 

1+--------=,........'-System acquisition _ _ ..,,_ ______ , 

28% ofLCC cost 72% of LCC cost 

HLPT-5ATS_001 

Figure 1-1. DoD study on 30-year program L CC considerations 
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amount of new technology infused, inse1ted, or transitioned. As an example, applying technology in 

select areas into the system development process using a progressive architecture approach and using 

building blocks in an evolving vehicle capability will provide the best probability to execute a program of 

record of 4 to 5 years. These results were used within the USA trade study as a benchmark for the HLPT 

SATS efforts, and this programmatic view was heavily considered within the trade space. 

During the execution of the trade study, USA inc01porated our Design for Operations (DFO) strategy, 

which provided a unique and high-payoff oppo1tunity to apply our expe1ience and lessons learned from 

past programs and evaluated the architectural design, model, and iterative maturation of integrated 

program processes. USA used its internal Knowledge Management System, which includes lesson 

learned databases, to suppo1t our trade study implementation decisionmaking. The collaborative effo1t 

between design, analysis, and operations to optimize and integrate design solutions on SLS will make the 

program affordable and sustainable. 

1.3 Experience 

USA was fo1med in 1996 by Rockwell International (purchased by Boeing in 1998) and Lockheed Mart in 

Co1poration to consolidate some 28 NASA contracts suppo1ting the SSP. USA plays a central role in all 

of NASA's human space flight programs with capabilities in virtually eve1y aspect of large-scale system 

integration, space operations, and engineeling that were leveraged on developing this trade study. Our 

dfrect relevant expe1ience included flight and ground systems and sustaining engineering, mission design 

and planning, ground operations and processing, space systems integration and program management, 

flight software, har·dwar·e and softwar·e development, and flight readiness ve1ification. 

Although USA has a distinguished integration and operations legacy, we have a broad Systems 

Enginee1ing and Integration (SE&I) and Design, Development, Test, and Evaluation (DDT &E) capability 

within both har·dware and softwar·e fields, particularly in regar·d to integrated perfo1mance and operability. 

Our availability of firsthand lessons learned and knowledge of Space Shuttle and International Space 

Station (ISS) integration and operations combined with our expelience on both the Lockheed Mart in 

Orion Crew Exploration Vehicle (CEV) and ATK Ares I Crew Launch Vehicle (CLV) Fil-st Stage (FS) 

DDT &E teams, along with logistical experience with unique low-production vehicles, provided MSFC 

insight into 25 plus year·s of human spaceflight operations. With a workforce of more than 5,000 

employees expe1ienced in all aspects of ground and flight operations, USA selectively used key personnel 

from its broad an ay of enginee1ing capability and competency to perfo1m the trade study activity. 

~United Space Alllance 1-3 
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USA is responsible for providing NASA SE&I support for development and management of 

requirements, configuration, and departure from the baseline at the system, project, and program levels on 

Space Shuttle. This capability exists at MSFC, Kennedy Space Center (KSC), and Johnson Space Center 

(JSC) and covers the entire human spaceflight vehicle and operations requirement set. These skills were 

applied to perform technical assessments; requirements refinement; design and operational risk 

assessments; development of alternatives; and identification of anticipated and contingency conditions 

and design for operability inputs to streamline Operations Requirements (con-ops). 

The integrated ConcU1Tent Engineering (CE) processes established within this asset provide unique design 

for operability for ground and mission operations to effect risk-based trade studies, optimize design 

solutions, and achieve sustainable program LCC targets. Significant trade studies conducted in the past 

include: Space Shuttle Upgrades across vehicle and infrastructure from a safety and support ability 

improvement focus; alternate Solid Rocket Booster (SRB) Thrust Vector Control (TVC) system; 

Advanced SRB; Flyback Booster; Ares I First Stage expendability versus reusability; and numerous 

studies for Ground Systems and integration within the Ground Operations Concept of Operations Study. 

1.3.2 Design and Development 

USA's design and development capabilities include both flight and ground elements. Design activities 

and support within this capability include flight (Shuttle SRB, X-33, Ares I, Orion, and Materials and 

Processes (M&P)) and ground systems (for Shuttle, Atlas, X-33 , Orion, and Ares I, including Ares 1-X). 

USA's launch vehicle design and spacecraft vehicle design capabilities used on the integration of Shuttle 

and their elements (e.g. , Orbiter, SRB), along with Orion CEV, Ares I CLV, and Ares 1-X, include 

strnctural, mechanical, thermal, and electrical/electronic analysis tools; flight software development and 

analysis (Prime Contractor on Shuttle Pr·imary Avionics Softwar·e System (PASS)); deceleration and 

recovery systems (land and water); separation system pyrotechnics; fluid systems (including high

pressure pneumatic and hydraulic systems); cryogenic and hypergolic propellants loading and storage; 

environmental control and life support; electric and electr·onic systems; avionics and range safety; low

and high-voltage power storage, control, and distribution; cable and circuit design using hard-line, fiber, 

and Radio Frequency (RF) components; command and contr·ol systems; instrnmentation; modeling and 

simulation and imaging with modeling; M&P management; and analysis that covers structural, 

vibroacoustic, thermal, and Electromagnetic Interference (EMI). 
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It is critical that the safety aspect of reliability is present in the design and development decisions. USA's 

system safety is a vital process that has been demonstrated on cunent human spaceflight programs, as this 

experience and knowledge was applied on the SLS Program as a "check and balance" with the design 

architects and operations. 

1.3.3 Integration and Operations 

USA's core strength is our ability to integrate the HLL components, including propulsion, from numerous 

suppliers into a functional launch system from an integrator and operator perspective. Our expe1tise and 

experience in procming and integrating multiple systems and designs at a system level provides an 

operations and suppo1t ability focus. USA understands the impo1t ance of reliable and safe flight-critical 

operations. 

When conside1ing LCCs, not only does the technical aspect provide a significant contribution, but the 

programmatics of the business model provide a large component of both the development and operations 

cost. We continuously improve program and business systems, infused with new innovations to maintain 

effective and affordable business practices dming our normal course of program execution. USA's 

programmatic methodology maintains an open, Customer-cent:Iic relationship, ensuring the honest 

communication necessaiy to facilitate issue resolution fundamental to any program's success. This 

successful approach was continued on the Constellation (Cx) Ares I-X flight test and is being used today 

on both the Ares I CL V First Stage and O1ion CEV contracts and was used on the HLPT SATS effort. 

USA, as the SSP operations and program integrator and more directly to MSFC as the SRB vehicle 

integrator, establishes the foundation of our understanding of program integration across large, complex 

programs. Our internal capabilities extended during Cx has shown that integrated design, manufactming, 

and resource planning tools have demonstrated efficiency in development and production programs. As 

an integrator, USA is heavily dependent on the ability to cont:I·ol the application of requirements, design 

products, assembly and test documents, and hardware usage throughout the life cycle of the program. 

Also based on our expedences, another programmatic area that can drive affordability on human 

spaceflight programs is configuration change management. USA has hands-on experience and capability 

in this area based on lessons learned on both the SSP and the Constellation Program (CxP). To achieve 

efficiency without comproinising integrity, USA developed a Configuration Change Cont:I·ol Express 

(CCCE) application to address this issue. CCCE is a suite of tools (Life Cycle Express, Change 

Management Express, Directive Management Express, and Action Management Express) that provides 

complete life-cycle tracking of enginee1ing change proposals number assignment, change assessment, 

directive creation, board agendas and Ininutes, action tracking, and final change implementation action 
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closeout ve1ification. The knowledge of what it takes to configuration control human spaceflight data 

will prove invaluable for the SLS LCC and operability insight. 

As detailed in the Ground Operations Concept of Operations Study (NNK06MB37C), USA's "Design for 

Operations" capability focus combines a unique flight and ground operations perspective with extensive 

design and analysis capability to achieve a balance of schedule, cost, and risk between the flight vehicle 

and the ground/flight infrastrncture required for development and mission success. USA's existing 

human space flight expe1ience provides state-of-the-a1t safety practices, reliability, redundancy, and fault

tolerance operations. While spacecraft n01mally receive the largest amount of attention on operability, 

launch vehicle systems' LCC will benefit enormously from an infusion of operability and sustainability 

considerations during the architecture definition, requirements development, and design phase. 

USA's lessons lived and learned on effective and affordable recmTing cost operations based on decades of 

planning, processing, and operating the Space Shuttle addresses launch vehicle equipment access points; 

vehicle system health monitoring and diagnostics; integrated vehicle processing; ground and mission 

facilities equipment; and infrastmcture requirements. The benefits are high confidence in expected 

results, well-defined margins in all modes of operation, and schedule success. 

USA's Flight Operations has suppo1ted NASA Mission Operations Directorate (MOD) since our 

company's inception on both Space Shuttle and ISS. USA has led and suppo1ted a Flight Design 

Operations Trade Study since 2007 with MOD. The purpose of that study was to develop a process to 

suppo1t preflight design of the trajecto1y and reconfigurable flight software parameters 

(i.e., I-Loads) for CxP-to-ISS missions. USA's clean-sheet approach to designing the new process is by 

assembling basic building blocks necessaiy to complete a mission design in the most affordable , operable, 

and reliable manner. Thus, the results ai·e easily extensible to different launch vehicles and/or spacecraft, 

including SLS. In Space Shuttle mission operations, our payload staging analysis tool capabilities, 

including previous Centaur Upper Stage efforts and flight dynamics analysis tool capabilities, provided 

MSFC an independent flight vehicle system analysis capability for the In-Space propulsion trade space 

down-select process. 

USA's knowledge capture and management database were used to the greatest extent possible to make 

info1med decisions during the SATS activities. 

Based on USA's past pe1fo1mance, breath of company expe1ience, and select expe1t ise chosen to work 

the HLPT SATS activities, USA's broad capabilities across systems engineering, design and 

development, and integration and operations were used to the fullest extent in this trade study. 
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USA submits this HLPT SATS Final Study Repo1t to NASA's SLS Program at MSFC in suppo1t of the 

trade space analysis of potential heavy lift launch and space transfer vehicle concepts. USA has 

leveraged our 25-year legacy of integration and operations of the Space Shuttle vehicle in developing the 

best possible architecture, systems, and subsystem considerations and recommendations for the SLS. 

USA's repo1t traceability to NASA's BAA Technical Objectives and USA's Statement of Work (SOW) is 

documented in Appendix B. 

USA's trade study approach and process is based on a robust SE&I foundation. As defined in 

Section 2.0, the methodology is considered thorough and complete. To guide USA's trade space 

boundaries, Groundmles and Assumptions (GR&A) were developed, that differed from NASA's 

boundaries, to provide guidance in the trade analyses as shown in Section 3.0. USA developed a broad 

set of trade study inputs based on different propulsion systems and integrated launch vehicle 

configurations, shown in Section 4.0, to have considerations of multiple different options. In Section 5.0, 

USA traded the Figures of Merit (FOMs) based on NASA's voice and USA's interpretation, 

decomposition, and allocation of the architecture, systems, and subsystems. USA's trade study results, as 

detailed in Section 6.0, consider six different trade tiial cases, four as end-state configurations and two as 

evolvable configurations. In additional to vehicle ti·ade results, In-Space systems, systems, and 

implementation ti·ade results are documented in Section 6.0, Trade Results. 

The Final Study Repo1t does not just encompass the ti·ade study results but also defines the end product 

"tool" that can help the NASA SLS Team in the final selection and provide justification of the 

architecture and vehicle configuration chosen. The Heavy Lift Launch Vehicle System Analysis Tool is 

an application that was designed to facilitate the trade study process using several tools, which, when 

integrated together end to end, enable a stiuctured approach to systems analysis and decisionmaking. 

This tool has been submitted in association with this repo1t deliverable as documented in Section 7.0. 

As outlined in Section 8.0, to follow is a surnma1y of the major and significant takeaways from this ti·ade: 

a. Collaboration with other NASA Programs, DoD and International Prutners to shru·e capability on 

missions, payloads, and infrast111cture will reduce SLS nomecun ing and recuning costs, thus 

enabling an affordable and sustainable program 

b. A "Progressive Architecture" approach and the use of building blocks in an evolving vehicle 

capability will provide an oppo1tunity to infuse new technology with the least amount of 1isk and 

provide a flexible capability for specific mission and objective needs; i.e., an architecture that 
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provides 100 mT of perf01mance to LEO will meet the majo1i ty of missions and objectives through 

2030 

c. Multiple acquisition and procurement options are available to establish an executable strategy, as 

numerous different contracting mechanisms can solve the low flight rate affordability dilemma 

(e.g., ATK to provide motors and USA to integrate booster; There would be no learning cmve as 

almost fo1m, fit, and function identical to SSP [see USA unsolicited iSRB proposal]; Also, splitting 

the contract provides more buying leverage for the Government) 

d. Heritage assets have a positive impact on near-te1m costs and the development timeline, although the 

operational requirements and processes will need to be reviewed and revised to reduce long-term 

LCC, as the architecture that meets schedule and cost in the near te1m may not provide the lowest 

long-te1m LCC 

e. Delaying operability, suppo1t ability, and sustainability decisions in the DDT &E phase will result in a 

less affordable solution, and changes become more expensive in the long te1m 

f. A new business operations model is needed in the context of recent NASA commercialization to 

reduce the Government and Contractor business costs; e.g., the lack of program-level taxonomy can 

impact affordability to the same degree as an architecture selection 
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USA's approach to the HLPT SATS involves staiting with the MSFC Technical Objectives (BAA 

Section III), and uses proven processes and tools that provide a logic- and method-based trade comparison 

that has been successfully demonstrated on both the SSP and CxP. 

The potential technical solutions (i.e., the architectures and the launch vehicle systems that comp1ise 

them) are many, and the benefits or penalties of each system architecture or component are often 

codependent. Evaluations of the technical solutions and the trade study outcome are also influenced by 

the background and work experiences of the various team members involved in the evaluations. For this 

reason, the team members from various organizations and work locations from within USA were selected 

to provide a well-balanced breadth of knowledge and occupational experiences. For USA, an integration 

and operations Point of View (POV) was selected as the study domain. USA's approach was not based 

on a launch vehicle or engine Original Equipment Manufacturer (OEM) POV but rather was focused on 

our SSP and CxP experience. As a result, USA's focus was on a "Shuttle-Derived" base architecture 

trade study. At an architectural level, the trade focused on three elements: vehicle and associated 

systems, ground systems and infrastmcture, and mission systems and their infrastrncture. Any 

configuration that was not evolvable, flexible , and extensible to capture all relevant mission objectives 

was removed from the trade space (e.g., Shuttle side mount). USA also assessed the direct versus 

progressive framework needed to reach the end-state capability within the cost and time constraints of the 

Program. Both destination-driven model and capability-driven model approaches were evaluated to 

determine which model could be used to balance cost, schedule, and perf01mance enveloped by 1isk. 

Our approach was to use a logical methodology within a CE environment in conceit with the Analytical 

Hierarchy Process (AHP), Quality Function Deployment (QFD), and Pugh Matrix processes and tools 

with initial Customer inputs. These processes and tools are ve1y well known in the Aerospace Industry , 

as well as throughout manufacturing industries, and allow for the evaluation of a broad range of factors, 

each with benefits, penalties, and interdependencies. Application of the AHP, Quality Function 

Deployment (QFD), and Pugh Matrix provides a logical methodology within the Requirement Analysis 

Cycle (RAC) and Design Analysis Cycle (DAC) to analyze alternatives that best achieve technical 

objectives. Using this method of solutions analysis, a nume1ical or quantitative value can be dete1mined 

from a qualitative set of crite1ia to make ranking or grading of the different combinations of vehicle 

architectures possible. 

Figure 2-1 depicts a notional ti·ade study process flow used by USA for a process-based QFD. 
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USA's SATS did not just consider the product (i.e., the vehicle and propulsion system) but also 

encompassed the implementation process to ensure that the complete life cycle is considered within the 

RAC and DAC. Significant unce1tainties exist in development, production, operations, and disposal costs 

early in the requirement and conceptual design cycle. Early decisions within the feasibility phase of 

concept definition are c1itical to reduce downstream costs resulting from design changes late in the 

production or operational phases of the hardware life cycle. 

Development and analysis suppo1t to the SLS Team began with understanding and defining the Voice of 

the Customer (VOC), including the technical objectives, GR&A to establish the boundaries and 

constraints, and top-level missions and objectives. These top-level qualitative goals and mission 

objectives fo1m the basis for definition of specific C1i tical Customer Requirements (CCRs). CCRs are 

qualitatively defined by functional characteristics and attributes of the architecture, vehicle or system 

element, or system, which, in tum, are quantitatively defined by FOMs. Trade iterations are conducted 

with the Customer's inputs in a CE environment down to the system level. 

After the completion of eve1y trade analysis iteration within the architecture, vehicle or system, or system 

level, a gap analysis was conducted to determine the strengths/weaknesses against the VOC. The gap 

analysis was conducted to dete1mine the risk assessment in quantitative scoring te1ms, which defined the 

cost, pe1fo1mance, and safety risks or identified the needed increase in pe1fo1mance or safety margin. 

Trades were perfo1med to assess alternatives and identify gaps in capability and perfo1mance. The 

process is iterative, enabling refinement of alternatives and optimization of solution perfo1mance against 

defined requirements. Alternatives in the fo1m of new or different technologies (i.e. , design features) are 

developed, inse1ted back into the trade space, and assessed against the FOMs. Technology inse1t ion is 

applied to the risk area, and the trade study process is iterated again. To facilitate the trade study analysis, 

USA developed and has delivered a desktop tool that facilitates decisionmaking and the analytical 

analysis of design options based on Customer evaluation cdteria. 

The following trade study definitions are provided to aid in the understanding of the study repo1t. 

a. Architecture - Ground systems, mission systems, and launch vehicle with associated onboard 

systems. Does not include payload in this context, as payload is framed by the missions and 

objectives definitions 

b. Launch vehicle(s) - Comprised of Booster Stage and Core Stage, could also include Upper Stage (or 

Eart h Departure Stage (EDS)) and/or In-Space elements 

c. Propulsion system(s) - Engines and Propulsion Systems for Booster Stage, Core Stage, Upper Stage, 

and In-Space Stage 
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d. Block upgrade(s) - Changes to Initial Operational Capability (IOC) vehicle that increased reliability 

and/or decreased LCC without degradation in performance 

e. Evolvability - Changes to IOC vehicle that provides a new increased perfo1mance capability that 

adds more missions and objectives into the architecture po1tfolio 

2.2 Trade Process 

USA's trade process is based on systems enginee1ing p1inciples that were first implemented at USA 

during Space Shuttle Upgrades Development and, since then, have been extensively used on CxP 

activities. The process struts with the VOC and derived inputs from the establishment of the GR&A and 

identification of missions and objectives. These top-level qualitative goals and mission objectives form 

the basis for definition of specific CCRs. CCRs are qualitatively defined by functional characte1istics and 

attributes of the architecture, system, or subsystem, which, in tum, are quantitatively defined by the 

FOMs. 

Examples of higher-order CCRs can be programmatic (e.g., business model using project alliance 

approach in lieu of conventional NASA/Contractor relationships) or technical (e.g., SLS defined as ascent 

vehicle to Low Ea1t h Orbit (LEO) only with Core Stage and common interface and all other stages (i.e., 

Second/Upper and potentially Third)) and are mission specific based on Customer reference mission 

requirements. 

Examples of functional pe1fo1mance charactedstics and att1ibutes are as follows: 

a. Reduced payload cost derived from increased mass/volume that allows reductions in complexity of 

design, development, assembly, integration, and testing 

b. Using a single launch to deploy several medium- to large-size payloads 

c. Increased propellant loads to provide expanded access or access to multiple destinations 

d. Increased power supplies and instnnnentation 

e. Increased payload life span with extra fuel, redundant systems, and additional shielding against harsh 

radiation exposure 

f. Reduction in mission timelines 

g. Greater flexibility for extended science missions, including sample return 

h. Ease of vehicle ground processing (reduced hazards due to lifts, hazardous commodities, complexity 

of vehicle propellant loading, etc.) 
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Trade iterations were conducted with the Customer's inputs in a CE environment to tier down from the 

architecture to the vehicle or system element (ground or mission) to the system levels. Our CE process 

included the capture of operator inputs dilling the requirements phase, including, for example, mission 

planning for n01mal and contingency operations, Ground Support Equipment (GSE) operation, nominal 

process flow, and in-field processing maintenance. Figure 2-2 shows the basic trade study flow process 

that was used and its iterative nature. With the foundation ofVOC and governed by the trade GR&A and 

trade inputs, the quantifiable FOM and resultant trade trial cases provide architectural ranking against 

different alternative configurations. 

Within the trade process, ARP and QFD are used to systematically determine relative importance and 

"build in" Customer wants and needs into the design based on the VOC, respectively. 
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After trade study iterations to the level desired was achieved, a gap analysis was conducted to determine 

the weaknesses against the VOC. The gap analysis provided quantification to the Iisk assessment. The 

risk assessment is conducted to define the cost, performance, and safety risks or to define the level of 

increase required in the performance or safety margin. Alternatives are assessed against the identified 

gaps in capability and performance. The gap analysis and risk assessment process are iterative after each 

nm of the trade process, enabling refmement of alternatives and optimization of solution performance 

against defined requirements. Alternatives in the form of new or different technologies were developed 

and assessed against the FOMs. Technology insert ion was applied to the risk area, and the trade study 

process is iterated again. 

Based on years of Space Shuttle processing, testing, and checkout, examples of operability to ensure 

significant benefits in the reduction of recurring LCCs and promote efficiencies are as follows: 

a. Ensure that access ports and doors are sized and located to permit replacement of parts and that 

hardware is accessible for preventive and coITective maintenance 

b. Ensure a finite but complete set of payload interfaces of hai·dwai·e and softwai·e (power-electrical, 

avionics-communication) for multiple different payload Customer requirements 

c. Avoid multiple redundancy tolerance checks on onboai·d trajectory initialization data, and avoid the 

limitation of uplink content 

While all of these guidelines ai·e real experiences, they ai·e critical in the definition of the early 

requirements development. If these requirements ai·e not considered in the conceptual definition of the 

ai·chitecture, the resultant design characteristics will be inadequately weak in these ai·eas, and the gap 

analysis in the coITesponding risk assessment uncovered that weakness for recommendation coITection. 

Safety and reliability ai·e integral in a design process; they drive associated costs and need to be 

considered in the trade space eai·ly. Similar processes and tools (i.e., Critical Item Review, Failure Modes 

Effects Analysis (FMEA), and Hazai·d Analysis), which ai·e commonly used in design and development of 

vehicles and systems, were used in simplified form during the trade study gap analysis. In addition, other 

processes and tools like human factors assessments for designs were used to determine the risk to mission 

success based on the voe. 

Based on the acceptable level of risk assessed by the Customer and determined within its likelihood and 

consequence rating, risk was quantified, and alternatives were sought via new or upgraded technologies or 

different design chai·acteristics. The technology was placed into the trade process and the trade study 

rerun. If the technology was deemed as an improvement to support the VOC, the technology insertion is 
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considered as "buying down" the risk. For example, system reliability can be maximized through 

selection of components that provide the greatest operational integrity. It cannot be accomplished across 

the complete system due to affordability or operational constraints, but applied technology selection can 

provide the most benefit for cost trade. 

Based on NASA Technology Program briefings, boiloff is one of the largest In-Space c1yo propulsion 

technology challenges. Alternatives should not only consider mitigating this 1isk with advanced c1yo 

The1mal Protection System (TPS) technology but also removing the c1yogenics from the architecture, 

thus, removing the risk by identifying a more suitable In-Space propulsion energy source (e.g., nuclear, 

solar/electrical, combination). 

2.3 AHP, QFD, and Pugh Matrix Tools 

2.3.1 AHP Impleme11tation 

The AHP technique is most effective in dete1mining the relative impo1tance of evaluation crite1ia when 

assessing multiple candidate solutions. The process supp01ts parametric analysis for advanced 

multiva1iate and modeling techniques (e.g., conelation, regression, decision matrix, Monte Carlo). For 

USA's trade study, a Pugh Matr·ix was applied to iterate combinations of candidate characte1istics against 

a defined baseline to optimize capability or perfo1mance across a spectr11m of CCR, characte1istics and 

atti·ibutes, or FOM. It was dete1mined that a classical AHP ranking scheme would be deployed to ensure 

clear separation between the FOMs. USA instituted the (1) equally impo1tant, (3) moderately more 

impo1tant, (5) strongly more impo1tant, (7) ve1y strongly more impo1tant, and (9) ove1whelmingly more 

impo1tant scoring breakdown. 

Once the FOMs are defined against the CCRs, the AHP provides a method that decomposes the 

decisionmaking process into a series of relative comparisons that conve1ts subjective assessments of 

relative impo1t ance into a set of overall scores or weights with accurate prioritization based on CCRs. 

The p1ioritized and ranked CCRs and functional characte1i stics and atti·ibutes strut to define the basic 

ai·chitecture of the Customer's SLS system, as shown in Figure 2-3. The House of Quality (HOQ) 

provides a disciplined, str11ctured analytical process based on Customer inputs. 

A robust and logical methodology is required to develop requirements, manage the analysis of multiple 

alternatives, and enable the selection of solutions that best address the requirements and objectives. For 

example, in the HOQ #1 , understanding the relative importance dete1mined with AHP is essential for 

p1ioritizing design chai·acteristics and attributes. The process also provides clear understanding of the 

significance of weighting applied to the CCRs. Weighting plays a key role in the pe1fo1mance outcome 

of each alternative. Weights ai·e often derived from or driven by fundamental GR&A made eai·ly in the 
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process. GR&A can impact both the definition of CCRs and the scoring of the FOM. Fundamental 

assumptions, such as "ship and shoot" versus "complete test and verify," can have significant influence 

on relative scoring for processing schedules and launch rates, labor resources, equipment and facility 

costs, and overall LCC for the program. 

2-3-2 Customer QFD I111pleme11tatio11 

USA employed an HOQ variant of the quality function deployment methodology for trade study analysis 

and requirement development in suppo1t of developing the trade space. The QFD technique is a 

recognized analytical Industiy standard that provides a disciplined, strnctured process, employing a 

mati·ix-based approach to leverage Customer crite1ia to achieve pe1fonnance objectives. 

As previously mentioned, sta1ting with the VOC and governed by the trade study GR&A, the Customer 's 

voice is the stait ing input into the QFD implementation, where the CCRs are decomposed from the VOC 

and developed for both the functional pe1fo1mance characte1istics and programmatic chai·acteristics. As 

the trade study matures fuit her into the trade space, the CCRs ai·e fuither decomposed into lower and 

lower quantifiable FOM as chai·acteristics and attributes. Each CCR had a tai·get assigned to ensure 
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quantification of each requirement. For HOQ #1 , pair-wise comparisons between each VOC goal and 

each CCR was pe1fo1med and scored on an O (none), 1 (weak), 3 (moderate), and 9 (strong) relationship 

scale. Then, correlations between each CCR were perf01med and scored on a strong positive, positive, 

none, negative, and strong negative scale to determine their interdependencies on each other. 

2.3.3 Pugh Ma.tr;x Impleme11ta.tio11 

USA deployed a decision-matiix method to evaluate the alternative configurations. The Pugh Matiix is a 

quantitative technique used to rank the multidimensional options of an option set. It is frequently used in 

the Aerospace Industiy, specifically in enginee1ing for making design decisions when multidimensional 

entities have to be analyzed. 

USA's decision matiix consists of establishing a set of criteiia based on the HOQ results, upon which the 

potential options can be decomposed, scored, and summed to gain a total score that can then be ranked. 

Impo1t antly, the c1ite1ia are weighted based on the QFD rankings to allow a prio1ity selection process. 

The advantage of this approach to decisionmaking is that subjective opinions about one alternative versus 

another can be made more objective. Another advantage of this method is that sensitivity studies can be 

perfo1med. The gap analysis uncovers the weakness, resulting in changes in the trade inputs, and then 

reevaluated to dete1mine if a lower-ranked alternative would out rank a competing alternative with those 

trade input changes (e.g., Core Stage diameter size increase, a more mature Second/Upper Stage 

propulsion system). 
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3.0 TRADE SPACE BOUNDARIES AND CONSTRAINTS 

In developing and documenting the trade study boW1daiies, USA evaluated the MSFC-defined BAA 

Technical Objectives to detemrine if the GR&A were impacting the objectives and stai1ed with the NASA 

SLS Team-provided GR&A that were made available at contract sta11. USA decomposed the grouping 

into either launch vehicle and propulsion configuration-specific or architecture-specific GR&A distinct 

groups. Overlaps were captured in both sets of GR&A as appropriate. USA then conducted a relative 

importance and sensitivity assessment to validate the mles and assumptions along with their inse11ion 

location in the trade process. Systems analysis GR&A were compai·ed to previous USA ai·chitecture 

study GR&A, then adjusted accordingly. Additional mles and assumptions were extracted from new 

policies as they were issued (e.g., White House National Space Policy, etc.). Measured adjustments to the 

mles and assumptions (i.e., moving fixed constraints to vai·iables in the trade space; e.g., propulsion 

system Technology Readiness Levels (TRLs)) were made to detemrine thresholds that affect the VOC. 

Trade iterations were conducted to determine the impact of those thresholds. 

3.1 Systems Analysis GR&A 

USA's GR&A that framed and boWld the laW1ch vehicle and propulsion configurations, called Systems 

Analysis GR&A, which are more technical in context, were reviewed and baselined prior to establishment 

of the vehicle alternative configurations or engine and propulsion systems were defined. Table 3-1 

defines the established vehicle and propulsion systems analysis GR&A. Table 3-2 defines the established 

safety and reliability systems analysis GR&A. 

Table 3-1. Vehicle and propulsion systems ana~ysis GR&A 

Vehicle and propulsion systems analysis GR&A 

Trajectory/ascent flight profile - General trajectory GR&A 

Max acceleration (inline concepts) = not to exceed 5.0 g 's for cargo-only missions 

Max acceleration (inline concepts) = not to exceed 4.0 g's for missions with crew 

Max dynamic pressw·e (inline concepts) = not to exceed 800 psf 

Launch from Pad 39A: gdlat = 28.608422 deg, long = 279.395910 deg, gdalt = 0 ft 
-

Grace GM02C gravity model 
-

Gram2007-Mean _ Annual_ Atmosphere-October2008 
-

Gram2007-Mean Annual Winds-October2008 - -
-

Start simulation at lift-off ( all liquid) or SRB ignition (if using solids) 

Begin pitchover at tower clearance (450 ft altitude) 

Pitchover ends and gravity twn begins when Q = 150 psf 
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Table 3-1. Vehicle and propulsion systems analysis GR&A (continued) 

Vehicle and propulsion systems analysis GR&A 

Alpha and sideslip angles are set to O during gravity twn 

Gravity twn ends when Q = 100 psf 
-

Optimized pitch profile after gravity twn 

A void instantaneous changes in vehicle attitude 

Serial bwn staging events (inline) occw· after core engine shutdown period/jettison, +4.0 sec coast 
-

SRB apogee is unconstrained (product of analysis) 

SRB separation time when SRB tluust = 40 Klbf ( each) 

Trajectory/ascent flight profile - Trajectory GR&A 

Orbital injection into LEO (inline) 

Perigee and apogee are relative to a spherical Earth whose radius equals Earth's mean equatorial radius 
- -

MECO altitude is optimized for elliptical orbits but must be ?:.75 n .mi. (driven by heating rate constraint) 
- -

For LEO mission (no Upper Stage) - Gross payload capability will be analyzed for 30 n.mi. x 130 n.mi. 
at 29. Orbital circularization assumed to be provided by the payload 

Luna1· and C3 trajectories 

Perigee and apogee are relative to a spherical Earth whose radius equals Earth's mean equatorial radius 
-

For beyond LEO missions, insert directly into 130 n.mi. circular at 29°. Loiter/checkout 6 lu· then depa1t to 
destination orbit 

TLI (LOR) dV: TLI dV from 130 n.mi. circ = 3,165 mis (for J2X Tluust class) 

Payload fairings (inline} 

Fairing is biconic shaped 

Fairing is assumed to be AL2l95 

Fairing structural weight determined by strnctural analysis 

Fairing jettison weight includes: structures, TPS and acoustic/thermal blankets 
-

Fairing jettisoned after core separation and when 3-sigma free molecular heating rate,::: O. l BTU/ft2-sec 
-

3-cr FMHR = (1/2 p V3) (K-factor) = (dynp) (vela) (K-factor) (conv) 
-

dynp = dynamic pressure; vela = atmospheric relative velocity 

K-factor= 2.0 (atmospheric density doubled to account for dispersions) 

conv = 0.00128593 BTU/ft-lb units conversion factor 

Payload volume (inline) LEO 

8.4 m (27.5 ft) fairing: 25 m length x 7.5 m diameter cylindrical payload dynamic envelope 

10 m (33 ft) fairing: 20 m length x 9.l m diameter cylindrical payload dynamic envelope 

Payload volume (inline} beyond LEO 

8.4 m (27.5 ft) fairing: 9 m length x 7 .5 m diameter cylindrical payload dynamic envelope 

10 m (33 ft) fairing: 9 m length x 9.l m diameter cylindrical payload dynamic envelope 

Launch Abort System (LAS} and Boost Protective Cover ffiPC} 

LAS+BPC mass = 16,005 lbm + 2,331 lbm (18,336 lbm total) 
-

BPC jettison at 27 seconds after SRB separation for no Upper Stage concept 

LAS jettison at 30 seconds after SRB separation for no Upper Stage concept 
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Table 3-1. Vehicle and propulsion systems analysis GR&A (continued) 

Vehicle and propulsion systems analysis GR&A 

BPC jettison at 27 seconds after Upper Stage ignition 

LAS jettison at 30 seconds after Upper Stage ignition 

LAS+CM+SM+vehicle adapter length = 70.7 ft 

Inline aerodynamics 

Three-DoF aero and base force generated by EV33 for HLL V 2.5 Stage Febmaiy 2009 generated for Ares V 

Wei1:hts and sizin1: (!NTROS for inline} - General W&S GR&A 
D1y mass mai·gins: Based on MGA schedule consistent with SA WE recommended practices. Composite 
stmctures = 25 percent 

Propellant density: 

LOX: 71.04 lbm/ft.3 

-

LH2: 4.404 lbm/ft3 

-
RP: 50.50 lbm/ft3 

- -

Unusable tank volume (ullage gas/manufacturing tolerance/loading accuracy/internal equipment and 
stmctures/cryo tank shrinkage): For all stage concepts: 0.04 (3 percent for gas volume and 1 percent for c1yo 
shrinkage and internal tank equipment) 

Miscellaneous secondary stmctures calculated as 5 percent of L VA prima1y stmctures for inline configurations 

Vehicle sizing is considered closed when the payload capability is between the target payload and the target 
payload plus 0.1 percent 

Propellant allocation 

FPR is 1 percent of the total ideal dV for the mission 

Final stage can-ies the entire FPR 

Any excess FPR is not calculated as payload 

Fuel bias (InLine): Fuel bias inass (lbm) = 0.0013 * mixture ratio/5.29 * usable propellant (based on INTROS 
inass estimating relationship) 

Applies to fuel tanks (Core and Upper Stages) 

Residuals (InLine): Stage residuals mass (lbm) = 0.0631 * (usable propellant)"0.8469 (based on INTROS inass 
estiinating relationship) 

-

Sta1t propellant: (side mount and inline) 
-

Core Stage calculated based on engine startup transients 
-

Air start stages: zero sta1t propellant allocated 

Boiloff: 

0.32 percent LH2 and 0.21 percent LOX per day based on full Upper Stage propellant load 
-

Additional boil-off for suborbital burn of engine(s) 

Othe1· propellant note: 

Ascent propellant includes all LOX in ve1tical po1t ion of feedline 

Othe1· INTROS configuration note concerning aeroshell for Upper Stage: 

Aeroshell applied to inline configuration Upper Stage to protect MLI during ascent from aero heating 
environment 

Aeroshelljettisoned prior to Ea1th depa1ture burn 
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Table 3-1. Vehic/.e and propulsion systems analysis GR&A (concluded) 

Vehicle and propulsion systems analysis GR&A 

Structures (L VA) - General structural GR&A 
-

Launch vehicle safety factors for new stages = l.4 ultimate strength (consistent with NASA-STD-5001) 
- -

Closing criteria for INTROS - In L VA add: 
-

Design liftoff acceleration = as flown in trajectory (POST) plus O. l g 
-

Design max acceleration = as flown in trajectory (POST) plus O. l g 
-

Design max dynamic pressure = as flown in trajectory (POST) plus l O psf 
-

Payload = as flown in trajectory (POST) plus 5,000 lb 

For propellant tanks, use 50 psia MEOP (50 psid). Head pressure is in addition to ullage pressure 

Pressure relief of flight loads on Core and Upper Stage 
-

For tanks with pressure relief of flight loads use 30 psia ( l 5.3 psid). No safety factor on pressure reliefload 
-

3 sigma dispersion estimation on angle of attack 
-

Stmctural Buckling Knockdown Factor (SBKF) of0.65 

No proof analysis on tanks 
-

Used combined worst-case loads analysis in L VA (i.e., all worst case loads happen simultaneously) with a 
1. 3 load uncertainty factor applied. (This matches very closely individually nm load cases with a dispersed 
max q and a 1. 5 load uncertainty factor) 

Structures (L VA) - General structural GR&A - Material prope11ies assumptions: 

Core Stage all Al-Li 2195 

Upper stages: Al-Li 2195 pressurized stmctw·es 

Shroud: Al-Li 2195 

Aluminum 2219: For forgings, pipes, and plates requiring resistance to corrosion and contamination if utilized 

-

-

Al-Li 2195 : No limit on plate thickness 

Al-Li 2050: Properties from manufactw·er's Web site 

Composites: IM7/8552 quasi-isotropic ifutilized 

Core Stage uses room temperature material properties 

Upper stages use cryogenic material properties (if available) 

Table 3-2. Safety and reliability systems analysis GR&A 

Safety and reliability systems analysis GR&A 

Orion/LAS/and service module design assumed with 95-percent Orion abo1t reliability applied to all vehicles 
( does not include launch vehicle failure environment) 

LAS jettison assumed to occur 30 sec after final ascent stage engine start 

Post jettison abo1ts are accomplished with service module for noncatastrophic failures 

LAS is assumed to be designed to abort with an acceleration of 10 g's and burning for 2 seconds 
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3.2 Trade Study Ground Rules and Assumptions 

USA' s GR&A that framed and bound the architecture trade, called Trade Study GR&A, which are more 

programmatic in context, were reviewed and baselined prior to establishment of any trade space were 

defined. Tables 3-3 through 3-6 define the established Trade Study Ground Rules and Assumptions for 

each aspect of the trade study. 

In addition to the established Trade Study GR&A, upon developing the FOMs for each level of trade, 

thresholds and/or targets were established as boundaries and included, but are not limited to, operational 

date(s), development (e.g., DDT&E) and operations costs by FY, flight rate, and technology and 

application readiness schedule thresholds. See Section 5.0 for a complete set of me1its. 

Table 3-3. Vehic/.e trade study GR&A 

Vehicle trade study GR&A 

General GR&A 

Technology readiness 

No vehicle component or subsystem technology development less than TRL 6 for launch vehicle stages 
(1st, Core, 2nd, Ea1t h deprut ure, and/or 3rd) 

No vehicle component or subsystem technology development less than TRL 4 for In-Space Stage 

Payload definitions 

Payload is defined as the total injected mass at destination orbit (LEO, TLI, LOI, C3 target, etc.) (depending 
on concept) not including the bumout mass of the final stage 

Payload margin 

Quoted launch vehicle payload capabilities are "gross mass" delivered to final destination, which includes 
any payload margin 

Table 3-4. Safety and reliability trade study GR&A 

Safety and reliability trade study GR&A 

All engines/vehicles have reached operational maturity 

Data reflects inherent reliability (mature) for the design, not first flight risk 

All end-state engines/vehicles are human rated: 

Engineering specs/standards apply or waivers required 

Govemment oversight/insight required 

Engine redlines (ARMS) incorporated 

Anytime abort capability 

Single failure tolerant to catastrophic event or approved DFMR approach 

No engine-out capability: 

Single engine failure results in Loss of Mission (LOM) 

All LOM events result in an immediate abort activation 

Vehicle must provide reliability and safety metrics no less then documented and accepted Shuttle metrics 
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Tab/.e 3-5. Cost trade study GR&A 

Cost trade study GR&A 

All cost estimates provided in FY 2011 dollars 

All time phased/funding costs are in real year dollars 
-

Costs include the HLL V, vehicle integration, ground operations, and associated full cost accounting elements 

Phasing of cost will be based on an HLL V development sta1t in FY 2011 with IOC at the earliest possible date based 
on schedule assessment 

Per flight variable costs will be phased based on the flight manifest of two to four flights per FY 

All flight hardware DDT&E and production fixed/variable costs are Pt·ime Contractor only with a 
fee of 10 percent 

Exception made for any HLL V that uses the Ares I Upper Stage 

Vehicle integration costs are assumed to be 8 percent based on average of historical data 

All costs are point estimates 

Reserves to reach 50 percent CL will be applied 

Full cost accounting factor of 19 percent based on Ares I and Shuttle experience 
Canying cost defined as minimum level of resources needed to maintain production capability until combination of 
DDT &E and production is sufficient to sustain 

Ares I project assumed to have no cost impact to SLS Program 

Assume Shuttle is retired by the end of FY 2011 and assets are available for redeployment 

Crewed vehicles are human rated when required on timeline and costed based on cwTent human rating requirements 

LCC for each scenario assessed tlu·ough 2030 

Table 3-6. Operations trade study GR&A 

Operations trade study GR&A 

Missions and their objectives must be achievable no later than 2030 

KSC Launch Complex 39 will be used (V AB, LCC, pad) 
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In reviewing the NASA Exploration Mission Manifest documentation and assessing a realistic flight rate, 

USA recognizes that a multiple-Customer HLL V capability is needed to sustain the SLS Program. The 

HLL system must be able to se1vice multiple Customers affordably and provide a service that shall be 

available to NASA, DoD, and Commercial and international payload communities for a wide range of 

reference missions. While the heavy lift capability's prima1y objectives are for NASA Exploration and 

Scientific missions, the heavy lift capability would provide large-mass and large-volume payload 

developers, providers, and operators with a launch platf01m never before available. In the past, payloads 

were constrained or complexities, such as folding mechanisms, were added into payloads due to launch 

vehicle mass and volume limitations. In sho1t, the launch vehicle affects almost eve1y other aspect of 

payload capability and operation. 

With an architecture that has the flexibility and adaptability of the launcher with the payloads, the 

HLL V's potential Customers encompass NASA's Human and Robotic Exploration and Scientific 

communities, including the Space Telescope Science Institute, DoD, international communities, and 

Commercial satellite providers. The SLS provides the large vehicle shrouds and injection capability that 

the large telescope and obse1vato1y payloads require. 

While it's primary role is to deliver large elements, in both mass and volume, to orbit to suppo1t human 

and robotic planeta1y exploration, the HLL system's main mission would be to deliver inte1planeta1y 

vehicle modules for constmction, delive1y, and se1vicing of orbital constmction suppo1t elements; 

consumable (fuel) supplies and transfer systems; and large-volume and large-mass satellites to LEO, 

Geosynchronous Eait h Orbit (GEO), Lagrange (L) points, and Trans-Lunar Injection (TLI). 

The SLS prima1y reference missions are destinations beyond LEO, with an operational capability, but not 

design, to go to the ISS if necessaiy. As a secondaiy reference mission, the SLS variants can be used in 

emergency conditions, as contingency, or to supplement the Commercial Crew and Cai·go providers. The 

heavy lift launcher may deliver an oversized NASA scientific payload to LEO or injection to rendezvous 

with a Near Ea1th Object (NEO) or deliver a space-based radar or space-based laser satellite for DoD, an 

X-37 platfonn, or other classified satellite into a specific orbit. The p1ima1y reference mission is beyond 

LEO, i.e., flexible-path-type missions. 

It was vital to assess the trades early and weigh the objectives and priorities of NASA. The trades include 

a strong consideration for benefits that can be realized across the Commercial Industiy, DoD, and 

International Pait ners (IPs), thus taking advantage of and successfully providing heavy lift capability to a 
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wide spectrnm of missions. The MSFC HLLV Study, Missions Assessed, dated May 20, 2010, provided 

a very good starting point for reference missions. In addition to that list, a set of MSFC study guidelines 

that affected mission definition were assessed as follows: 

a. The ultimate destination is Mar·s; the mission should lead towards developing Mars capability 

b. Requirements generated from a compelling mission sequence (roadmap) within a modified flex path 

scenario 

c. IOC schedule/compelling mission capability options 

d. Crew capable; ISS not precluded as a future potential mission 

e. Propellant transfer/depot capability not available for early missions 

f. Cooperation between robotic and human 

g. Orion is the crew vehicle 

USA encompassed those stated missions and expanded the study space to include other potential 

Customers and their reference missions. These missions were evaluated and ranked in relative 

importance via AHP to ensure that system capability is progressive against the timeline. 

As a start ing point, the mission objectives included but were not limited to the following: 

a. Enabling advanced on-orbit flight test demonstrations 

b. Enabling the new capability in lar·ge GEO platforms 

c. Placement oflarge observatories at L1 and L2 (Sun-Earth L points) 

d. Ability to expand observatory aperture (up to 16 m+) for revolutionary advances in astronomy and 

astrophysics 

e. Lunar· and planetary sample return missions 

f. Enabling crewed missions to lunar·, NEOs, and Mars destinations 

g. Delivery oflar·ge Orbital Replacement Units (ORUs) for ISS under contingency conditions 

h. Backup vehicle for ISS crew/cargo support 

Quantifiable performance measurements to successfully achieve these missions were established to define 

each mission. USA defined metrics including but not limited to destination, mass and volume to 

destination, and mission timeline from separation through insertion to destination. The missions and 
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objectives matrix was developed and comprised candidate missions (with designations) with respective 

objectives. Missions were grouped into the following three destination categories: 

a. Low Earth - Encompasses eight mission profiles 

b. Near Earth - Encompasses seven mission profiles 

c. Beyond Earth - Encompasses six mission profiles (one mission excluded) 

Parameters considered per mission designation included the following: 

a. Primaiy Customer and destination location 

b. Objective(s) and executive concept of operations (con-ops) summaiy (including timeline) 

c. Total useful mass required at destination 

d. Total useful volume required at destination 

e. Estimated number of launches to meet objective 

The missions and objectives matrix was bounded and framed by the trade study GR&A. 

Table 4-1 , Table 4-2, and Table 4-3 depict the Low Ea.Ith, Neai· Ea1th, and Beyond Ea1t h destinations, 

respectively, for the missions and objectives considerations that the ai·chitectures were assessed against. 
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MissioH I 
designation 

Destination location 

I 
Customer 

I 
Objectiw(s) 

I 
Low Earth 
LE-Ff- I LEO NASAESMD Enabling advanced on-orbit flight test 

Incl 29.0° demonstrat ions with delive1y of LEO inflatable 

Orbit 24 1 x 24 1 km module mission/inflatable habitat demonstrations, 
aeroassist demonstrations and In-Space propulsion 
system demonstrations 

LE-Ff-2 GEO Commercial Enabling advanced on-orbit flight test 
Orbit 35,700 km demonstrations of Space Based Solar Power 

(SBSP) collection satellites in GEO 

LE-EO-1 LEO NASASMD Insertion oflarge Earth observation platfon-ns into 
Orbit 705 km LEO for global wanning, weather 

(circular) tracking/predictions, long-life multiple payloads, 
etc. 

LE-EO-2 GEO NASASMD Enabling new capability in large Earth observation 
Orbit 35,700 km platfon-ns in GEO 

LE-ISS-1 LEO NASASOMD Delive1y of large Orbital Replacement Units 

Incl 51.6° (ORUs) (control moment gyros, solar ruTays, 

Orbit 278 to 460 km radiators, solru· rotary j oints, future upgrades via 

Perigee 347 km additional lru·ge modules) to ISS under contingency 

Apogee 360 km conditions 

LE-ISS-2 LEO NASASOMD Delive1y of ISS crew/cargo backup suppo1t 

Incl 51.6° and placement ofISS crew escape module 

Orbit 278 to 460 km (e.g., Orion) 

Perigee 347 km 
Apogee 360 km 

LE-MSS- 1 HEO NRO Inse1t ion of space-based sensors with large 

Incl 63.4° apertures (SBIRS) 

Perigee 538 km 
Apogee 39,300 km 

LE-MSS-2 LEO DoD-USAF Inse1tion of milita1y defensive systems, including 

Incl 40.0° small boost-phase intercept satellites, heavy kinetic 

Perigee 403 km energy satellites, or multiple USAF X-37 orbital 

Apogee 420 km test vehicles 

...:::t-united Space Alliance 

Tabl.e 4-1. L ow Earth destinations 

Exec con-ops summary, including timeline 

Ability to insert flight test payloads for NASA technology 
development and OCT activities. Single launch with 
ascent vehicle. Payloads could include Bigelow Inflatable 
Habitat BA 330, Sien-a Nevada Dream Chaser, ATV, HTV 
or other COTS vehicles 

Ability to insert flight test payloads for Commercial 
technology demonstrations along with NASA-sponsored 
Space Solar Power Exploratory Research and Technology 
(SERT) program 

Ability to place large observato1y apertures for 
revolutiona1y advances in Ea1ih sciences. Single launch 
with ascent vehicle. Payload has final insertion or orbit 
transfer capabilities if required 

Ability to expand observatory aperture (up tol6m+) for 
revolutionary advances in astronomy and astrophysics. 
Single launch with ascent vehicle. Payload has final 
insertion or orbit transfer capabilities if required. 
Examples are the 10 mT Single Aperture Far Infrared 
Telescope (SAFIR), 4.8 mT Advanced Technology 
Large-Aperture Space Telescope (ATLAST), Stellar 
Imager (SI), Generation-XX-ray telescope, Submillimeter 
Probe of the Evolution of Cosmic Structure (SPECS) 
spectrometer, and the Dark Ages Lunar Interferometer 
(DALI) 

Ability to deliver pressurized and unpressurized spares and 
cargo to ISS to achieve 2020 goal. Single launch with 
ascent vehicle. Payload has on-orbit transfer and 
rendezvous capabilities possible crurying ATV, HTV with 
COTS vehicles with emphasis on heavy and large cargo 
elements only HL V could deliver (73mT to LEO with 
40 mT of useful cargo to ISS) 

Ability to deliver crew and/or cargo to ISS in contingency 
posture to achieve 2020. Single launch with ascent 
vehicle. Payload has orbit transfer and rendezvous 
capabilities 

Ability to place up to four large (2. lm X 1.9m X 6m) 
sensor system aperture (4 .8 mT) for national 
reconnaissance. Single launch with ascent vehicle. 
Payload has insertion and station-keeping capabilities 
(no transfer) 

Ability to place a lru·ge missile defensive system or 
multiple (two) reconnaissance vehicles for national 
defense. Single launch with ascent vehicle. X-37 vehicle 
has inse1tion, station-keeping, and orbit transfer 
capabilities 
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I Totol ""ful mos, I Totol """'' volum, I Estim,t,d Humb"· I 
required at required at of launches to Source of data 
destination destination meet objectiw(s) 

-
25mT+ Varies 1 Bigelow and Sie1Ta Nevada 

Corp Web sites 

-

Varies Varies 1 toTBD Space Solar Power Satellite 
Technology Development at 
the Glenn Research Center, 
NHTC2000- 12067 

- -
2 - 19 mT 22 mLx 12 mH 1 NOAA Satellite Data and 

(similar to JWST) Information Service 
(NSDIS), Space, K.H- 12 
Advanced C1ystal, 4/25/2007 

25mT+ 18.3 m x 8.4 m usable 1 Heavy Lift for a New 
volume = 696 m3 Paradigm in Space 

Operations, 
AIAA 2010-2290 

-
40mT 12 m x 8.4 m usable 1 Deep Space Op erations 

volume = 493 m3 Enabled by HLLV, 
AIAA Space Ops 
Conference, 
April 2010-1906 

20.5 mT 12 m x 8.4 m usable 1 CxP CARD Req't 
volume = 493 m3 CA1005-PO 

-
SBIRS (4) = 19 mT 18.3 m x 8.4 m usable 1 Air Force Infrared Space 

volume = 696 m3 Systems Directorate Facts 
Sheet 812010, 
NASA/CP-2008-214588 

-
X37B(2) = 9.98 mT X37B(2) = 232 m3 1 toTBD CBO Alternatives to Boost 
BPI Sys:50-XX mT (8.9 Ill L X 4 .5 Ill Phase Missile Defense, 

Wx2.9mH) July2004 
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Table 4-2. Near Earth destinations 

MissioH I D . . 1 . I 
I I 

d . t· estmat100 ocat100 CustomH Objective(s) Exec con-ops summary, including timeline 
es1gna 100 

Near Earth 
NE-LO-1 Lunar orbit NASASOMD Lunar flyby with free retum Inse1tion into lunar orbit with crewed spacecraft. Direct 

insertion without LEO loitering 

NE-EMLl -1 Ea1th-Moon L1 NASASOMD Placement of large observatories and deep-space Insertion of Advanced Compoton Telescope (ACT), 
preparation/In-Space assembly/deep-space escape SAFIR, or Modem Universe Space Telescope (MUST) into 
staging point for long-range, large missions at Ll . Single launch with ascent vehicle and Upper Stage as 
L1 (Earth-Moon Lagrange point) EDS. Energy required for inse1tion C3 = -1.7 km2/s2

. EDS 
second bum provides final insertion. Payload has 
station-keeping capabilities 

NE-LO-2 Lunar cargo NASASOMD Placement oflarge supplies on the lunar surface Simplified version of the Cx 1nission profile for lunar cargo 
mission. Single launch preferred. EDS second bum for 
insertion into lunar orbit. Energy required for insertion 
C3 = -1.8 km2/s2. Rendezvous and docking capability, as 
required, provided by payload 

NE-LS-I Lunar surface NASASOMD Placement of crewed mission to the lunar surface Similar to Apollo mission profile for lunar surface mission 

NE-LO-3 Lunar orbit NASASOMD Lunar sample retum mission Based on previous Lunar retum missions (Luna 24) and 
future test missions for lander and crewed mission. 
Assume mass requirements are 65 percent of crewed 
llllSSIOn 

NE-SEL2-l Sun-Earth L2 NASASOMD Placement oflarge observatories at L2 (Sun-Earth Insertion of ATLAST (~16 mT) into L2. Single launch 
Lagrange point) with ascent vehicle and Upper Stage as EDS. Energy 

required for insertion C3 = -0.7 km2/s2. EDS second bum 
provide final inse1tion. Payload has station-keeping 
capabilities 

NE-LS-2 Lunar surface NASASOMD Placement of crewed mission to the lunar surface Similar to Cx mission profile for lunar surface mission. 
Multiple launches. First launch to parking orbit in LEO. 
Stationkeep. Second launch with rurays within 45 days. 
Two launched payloads rendezvous and dock in Ea1th 
orbit, checkout as integrated vehicle. EDS second bum for 
insertion into lunar orbit. Energy required for insertion 
C3 = -1.8 km2/s2. Rendezvous and docking capability, as 
required, provided by payload 

...:::t-united Space Alliance 
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Total useful mas, I Total ""ful ,·olum, I Estimat,d Humb.,·1 
required at required at of launches to Source of data 
destination destination meet objective(s) 

Orion = 20.5 mT 18.3 m x 8.4 m usable 1 NASA HLLV Summary of 
(20.2 T) volume = 696 rn3 Studies, 11/30/ 10 
Total = 35 mT Total = 405 m3 1 NASA HLLV Summa1y of 

(9 mmirrorx Studies, 11/30/ 10 
5mH) 

Total = 57 mT 17.2 m x 8.8 m usable 1 NASA HLLV Summary of 
volume = 860 rn3 Studies, 11/30/ 10 

Total = 66 mT 17.2 m x 8.8 m usable 1 to 2 NASA HLLV Summa1y of 
Orion = 20.5 mT volume = 860 rn3 Studies, 11/30/ 10 
(20.2 T) 
Lander = 45 .7 mT 
(45 T) 

-
Total = 43 mT 17.2 m x 8.8 m usable 1 Luna 24, NASA NSSDC 

volume = 860 rn3 ID: 1976-081 

Total = 56 mT 15 m x 6.5 m usable 1 NASA ATLAST Mission 
volume = 498 rn3 Concept Study, 05/10 

Total = 66 mT 17.2 m x 8.8 m usable 2 NASA HLLV Summa1y of 
Orion = 20.5 mT volume = 860 m3 Studies, 11/30/ 10 
(20.2 T) 
Lander = 45 .7 mT 
(45 T) 
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Mission 

I 

Destination 

I I I designation location 
Customer Objectiw(s) 

Beyond Ea11h 
BE-NEO-1 NEOGP2 NASASOMD, Rendezvous and proximity operations of crewed 

NASASMD spacecraft (e.g., Orion) with NEO GP2. Launch 
date of December 2019 on a 304-day mission to 
obtain detailed characterizations of surface 
m01phology, internal structure, mineral 
composition, topography, collisional history, 
density, pa1ticle size, etc. 

BE-NEO-2 NEOQJ142 NASASOMD Rendezvous and proximity operations of crewed 
NASASMD spacecraft (e.g., Orion) with NEO QJ142. 

Launch date of April 2024 on a 
200-day mission to obtain detailed 
characterizations of surface morphology, 
internal stmcture, mineral composition, 
topography, collisional history, density, particle 
size, etc. 

BE-NEO-3 NEOAOl0 NASASOMD Rendezvous and proximity operations of crewed 
NASASMD spacecraft (e.g., Orion) with NEO AOl 0, launch 

date of Sept 2025 on a 155-day mission to obtain 
detailed characterizations of surface 
m01phology, internal structure, mineral 
composition, topography, collisional history, 
density, pa1ticle size, etc. 

BE-NEO-4 NEOSM84 NASASOMD, Rendezvous and proximity operations of crewed 
NASASMD spacecraft (e.g., Orion) with NEO SM84 

BE-MARS-1 Mars Orbital NASASMD Placement of large robotic precursor mission to 
(Mars Orbit) surface with sample retum 

Constellation-Enabled Mai·s Mission Exhibiting 
New Technology (CEMMENT) 

BE-MARS-2 Mars Orbital NASASOMD Insertion of crewed spacecraft (e.g., Orion) into 
(Mars Orbit) Mars orbit and retum 

...:::t-united Space Alliance 

Table 4-3. Beyond Earth destinations 

Exec con-ops summary, including timeline 

Ability to explore another celestial body within reasonable 
distance from Earth. First t\¥ 0 launches to parking orbit in 
LEO. Stationkeep. Launch with crew of four within 45 days. 
Vehicles rendezvous in Earth orbit; parking orbit checkout as 
integrated vehicle. Ea1ih depa1iure with total delta-V of 
7.5 km/s to NEO rendezvous (3.5km/s for Ea1ih/Moon 
departure and 3.0km/s for rendezvous) . Mission duration is 
304 days with a I 0-day rendezvous at NEO 

Ability to explore another celestial body within reasonable 
distance from Earth. First two launches to parking orbit in 
LEO. Stationkeep. Launch with crew of four within 45 days. 
Vehicles rendezvous in Earth orbit; parking orbit checkout as 
integrated vehicle. Ea1ih depa1ture with total delta-V of 
7.5 km/s to NEO rendezvous (3.5km/s for Ea1th/Moon 
depaiture and 3.0km/s for rendezvous). Total mission duration 
is 200 days with a I 0-day rendezvous at NEO 

Ability to explore another celestial body within reasonable 
distance from Earth. First tv.•o launches to parking orbit in 
LEO. Stationkeep. Launch with crew of four within 45 days. 
Vehicles rendezvous in Earth orbit; parking orbit checkout as 
integrated vehicle. Ea1ih depa1ture with total delta-V of 
7.5 km/s to NEO rendezvous (3.5km/s for Ea1th/Moon 
depai·ture and 3.0km/s for rendezvous) . Total mission duration 
is 155 days with a 10 day rendezvous at NEO 

DRD 1384MA-003 
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I Total u"ful mass I Total ""ful volum, I E, timat,d numb"· I 
required at required at of launches to meet Source of data 
destination destination objective(s) 

Total = 399 mT 17.2 m x 10 m usable 3 to 4 NASA HLL V Summary of 
NTV (348 mT) volume = 925 m3 Studies, I l/30/ 10; 
habitat + shielding CxP Advanced Programs 
(5lmT) Office 2006 Study Report 

Total = 383 mT 17.2 m x 10 m usable 3 to 4 NASA HLL V Summary of 
NTV(333mT) volume = 925 m3 Studies, I l/30/ 10; 
habitat + shielding CxP Advanced Programs 
(50mT) Office 2006 Study Report 

Total = 367mT I 7 .2m x 10 m usable 3 to 4 NASA HLL V Summai-y of 
NTV (318mT) volume = 925 m3 Studies, I l/30/ 10; 
habitat + shielding CxP Advanced Programs 
(49mT) Office 2006 Study Repo1t 

VIOLATES TRADE STUDY GR&A. WILL NOT BE CONSIDERED AS FIRST OPPORTUNITY TO RENDEZVOUS WOULD N OT BE UNTIL 
JULY2046 

Mars Transpo1t Vehicle (MTV) consists of EDS ( I IO mT), Total = 150 mT I 7 .2m x 10 m usable 1 to 2 CEMMENT, 10/2008 
Ea1th Retwn Vehicle (ERV) and small lander ( 12 mT), and EDS (110 mT) volume = 925 m3 
AeroSystem and large lander (28 mT). Aerocaptw·e vehicle large lander and 
into a low-Mars orbit (atmospheric entI-y speed 7.4 km/sec). AeroSys (28 mT) 
Would reenter 24 MT for landing and land 8 MT on Mars ERV and small 
surface. Would retwn three 500-gram Mars samples to Eai·th lander (12 mT) 

-

MTV consists of Nuclear Themial Rocket (NTR) propulsion Total = 283 mT I 7 .2m x 10 m usable 3 to 4 Mars DRA Version 5.0, 
stage (131 mT) with 3-25 klbf engines (ISP ~ 900 sec) and MTV + TransHab volume = 925 m3 02/2009 
Core Stage propellant loading augmented with inline LH2 tank (273 mT) 
for TMI maneuver (101 mT). Transit Habitat (TransHab) Orion (10 mT) 
transpo1ts six crewmembers round trip from LEO to 
high-Mars orbit and retwn. Suppo1ts six crew for 400 days 
(plus 550 contingency days in Mars orbit) . Crew direct entry in 
Orion at 12 km/s. NTR stage and payload elements are 
delivered to LEO and assembled via autonomous rendezvous 
and docking 
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Mission 

I 

Destination 

I I I 
Customer Objective(s) designation location 

BE-MARS-3 Mars DRA 5.0 NASASOMD Inse1tion of crewed spacecraft (e.g., Orion) into 
(Mars Surface) Mars orbit, descent to surface for s01tie, and 

retum 

...:::t-united Space Alliance 

Table 4-3. Beyond Earth destinations (concluded) 

Exec con-ops summary, including timeline 

I 
Reference BE-MARS-2 for MTV/TransHab/Orion 
details. Surface Habitation (SHAB) cargo vehicle 
consists of an NTR propulsion stage, aeroshell ( 43 mT), 
and the SHAB (64 mT) that is predeployed to Mars 
orbit, transpo1ts 6 crew from Mars orbit to the surface, 
and suppo1ts the crew for up to 550 days on the surface 
of Mars. Descent/ Ascent cargo Vehicle (DAV) consists 
of an NTR propulsion stage, aeroshell ( 43 mT) and the 
DAV ( 63. 7 mT) that is predeployed to Mars orbit, 
utilizes locally produced propellants ( oxygen) from 
Mars atmosphere (methane transpo1ted from Ea1ih), 
and transpo1ts six crew from the surface of Mars to 
high-Mars orbit 

DRD 1384MA-003 
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T t 1 1 1 I Total useful volum, I Estimat,d numb"· I o a use u mass . 
Source of data • d t d f t· reqmred at of launches to meet 

reqmre a es ma 100 d . . b" • ( ) estmahon o Jectrve s 

Total = 849 mT 17.2 m x IO m usable 8 to 9 Mars DRA Version 5.0, 
MTV + TransHab + Orion volume = 925 m3 02/2009 
(283 mT) 
SHAB + Aeroshell 
(238 mT) 
DAV + Aeroshell 
(238 mT) 
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4.2 Engine and Propulsion Systems 
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The SLS mission profile can be broken down into the following distinct flight phases: ascent, insertion 

and transit. These phases can be accomplished with a variety of vehicle staging approaches, depending 

on engine selection and the resulting system architecture's pe1fo1mance. Ascent flight can be 

accomplished with either a Booster Stage (First Stage Booster) and Core Stage combined pe1fo1mance 

vehicle or a Core Stage-only perf01mance vehicle. Inse1tion flight can be accomplished with a Second 

(and Third) Stage, also known as an Upper Stage, depending on the vehicle staging configuration. Transit 

or transfer can be accomplished with an In-Space Stage pe1fo1mance vehicle. 

At a global level, current engine technology exists either in solid motor or liquid engine to suppo1t the 

expeditious development of the ascent flight phase for SLS. Cunent United States (U.S .) liquid engine 

capabilities, as defined by the cmTent SSP Space Shuttle Main Engine (SSME) RS-25D (>390 klbfthrnst) 

or the Delta IV Evolvable expendable Launch Vehicle (EELV) RS-68A (>650 klbfthlust) at sea level, are 

mature and have demonstrated reliability for a human-rated vehicle (or that expedite human rating 

ce1t ification). Industiy evaluations of existing capabilities do not identify any near-te1m oppo1tunities for 

significant pe1fo1mance growth with this or similar technology that would provide value to the SLS 

Program. SSME upgrades have been identified to fmther improve the cunent engines to reduce 

production and operating costs. RS-68 engines also have identified DDT &E modifications to improve 

operational efficiency and mission profile. Development costs to grow perfo1mance by 50 percent would 

be significant and would detract from the piima1y need to develop new engines to enable fast transit to 

NASA's interplanetaiy exploration objectives. Other engines considered to be on the fast ti·ack to human 

rating are those with previous NASA histo1y, such as the Liquid Oxygen (LOX)/RPI First Stage engine 

variant FIA or LOX/LH2 Upper Stage engine vai·iant J-2X, which were used dming Apollo/Satmn 

programs. 

The SLS Core Stage alone can provide the "off the pad" lift performance to inse1t the other stage(s) into 

LEO. The reference mission requirements dictate the launcher staging requirements. For LEO, no Upper 

Stage or a payload transfer vehicle would be required. For GEO or higher inclination LEO positions, an 

Upper Stage similai· to the baselined Ares I Upper Stage with a LOX/LH2 J-2X engine would be required. 

For Neai· Eait h space, depending on the specific destination, an EDS with either a single LOX/LH2 J-2X 

engine or three MB-100 engines would be required to leave Ea1t h's dwell and inject the payload into the 

conect alignment and desired position. A transfer vehicle could be added if the reference mission 

required for orbital positioning and In-Space thrnsting (if the payload does not have the inherent 

capability). For Beyond Earth space destinations, once a pai·king orbit is obtained, an EDS, along with an 
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Upper Stage or transfer vehicle, would be required to align and position the vehicle to its final mission 

objective destination. 

In reviewing the technology maturation of powerplants and accompanying engines, propulsion 

technology development trade space for In-Space propulsion has numerous perfo1mance, cost, and 

schedule benefits. While not a single technology "out-of-the-box" will satisfy all requirements, 

combining them would provide significant merits. As an example, when integrating a nuclear 

thermal-electric powe1plant with a Va1iable Specific Impulse Magnetoplasma Rocket (V ASIMR) engine, 

the VASIMR's unique ability to trade between power usage, Specific Impulse (Isp), and thrnst in flight; 

the combination of nuclear powe1plant complimented with large solar anays for in-situ power capture; a 

suitable and robust power storage system; and ion thrnster engines provides a ve1y positive initial trade 

quick look. 

In assessing "quickest" to IOC for the "lowest" DDT &E costs, the combination of SSP/Cx heritage SRBs 

and demonstrated reliable, liquid-fuelled engines provides a mature technology that is well understood 

and has demonstrated reliability to suppo1t the ascent phase for the SLS mission. To achieve lower 

LCCs, engine and propulsion system requirements and processes must be changed from SSP to achieve 

the lower operational budget targets. 

In assessing the engine and propulsion systems required, USA partnered with Pratt-Whitney Rocketdyne 

(PWR) and Aerojet to acquire both technical and programmatic data so a comprehensive trade could be 

accomplished. USA separated out the engine and propulsion systems by stage: First Stage, Core Stage, 

Second/Upper Stage, and In-Space Stage, depending on the vehicle configuration requirements. 

An engine and propulsion systems matrix was developed and comprised candidate engines and propulsion 

systems with respective pe1fo1mance parameters. Engines and propulsion systems were grouped into 

three classifications. 

Parameters considered per engine or propulsion system included in the following: 

a. Type, manufacturer, propellant, weight 

b. Sea-level and vacuum thrnst, sea-level and vacuum Isp 

c. Readiness, impacts to stage, availability, production rate, estimated number of engines per vehicle 

d. DDT &E cost, production cost, existing market base 

Engine and Propulsion Systems were bounded and framed by the systems analysis GR&A. 
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4.2.1 Core Stage 
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Early benchmarking conducted by USA indicates that liquid engines that could perfo1m to ascent 

perfo1mance requirements, clustered in either four or five engines, limited by vehicle diameter and 

potential thrnst strncture requirements, cunently exist within the engine market. While smaller thrnst 

class LOX/RP engines, such as the SpaceX Merlin variants, are newer, they do not produce the thrnst 

required without significantly increasing the number of engines and, conespondingly, reducing the 

reliability (e.g. , Falcon 9 Core Stage Main Propulsion System (MPS)). A large pait of the open trade 

space was whether the RS-68 or RS-25 core engines and their respective production capacities are 

optimal engines based on the LCCs. From a performance perspective, the recent Industiy Team 

developed engine characte1istics with variable power levels based on existing test data to determine the 

perfo1mance impact to the vehicle system. 

In reviewing the proposed programmatic data for the Core Stage engine cost and schedule pai·ameters that 

ai·e available, the SSME RS-25D (residual Government invento1y) and RS-68A (Delta IV) manufactudng 

ai·e available immediately to satisfy the early vehicle timeline requirements. The RS-68B first flight 

engines would be available approximately at the same time as the RS-25E due to existing work already 

accomplished under the advanced Ares V engine development. A small amount of engine development 

cost on integrating the RS-68A would be required, and the recuning cost per engine set (five RS-25E 

versus four RS-68B) would be significantly more (approximately 90 percent per engine; approximately 

$165M per flight set) for the SSME derivative. 

Table 4-4 depicts the Core Stage considerations that the architectures were assessed against.. 

...:::t-united Space Alliance 4-10 



June 1, 2011 

Table 4-4. Core Stage engine systems 

SL Vac Readiness ESt. . . 
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reqd no. of DDT&E Ex1stmg 
Type Manuf Propellant SL thrust Isp Vac thrust Isp Wt (lb) (l\"ASA Availability Prod rate . t Prod cost b Source of data 

· · engmes per cos market ase 
(sec) (sec) TRL) launch 

Core Stage engine system 
RS-25D PWR LO2/LH2 394,812 lb 364 490, 603 lb 453 7,750 9 Now using 15 engines 4 or 5 NASASSP NASA HLLV GR&A, 11/15109; 
(SSME (104.5 percent): (104.5 percent); (104.5 percent) (104.5 percent); Shuttle MPS available PWR_eng_HLLV _industiy_teamR4; 
heritage) 217,750 lb 313 313, 454 lb 451 configuration PWR Price Catalog, 214111 

(67 percent); (67 percent); (67 percent) ; ( 67 percent); 
416,169 lb 368 511,970 lb 453 
(109 percent) (109 percent) (109 percent) (109 percent) 

RS-25E PWR LO2/LH2 same same 512 klbm at 450 7,750 6 72 months l0lyr 4 or 5 Currently none NASA HLLV GR&A, 11/17109; 
(expendable RS-25D RS-25D 109 percent PWR_eng_HLLV _industry_teamR4; 
version of PWR Price Catalog, 214111 
SSME) 
RS-68A PWR LO2/LH2 702,000 lb 359 796,815 lb 408 15,145 9 Now using l0lyr 4 USAF PWR_eng_HLLV _industiy_teamR4; 

(108 percent): (108 percent); (108 percent): (108 percent); Delta IV MPS PWR Price Catalog, 214111 
663,000 lb 357 757,815 lb 409 configuration 
( 102 percent); (102 percent); (102 percent); (102 percent); 
330,986 lb 318 425,500 lb 409 
( 5 7 percent) (57 percent) (57 percent) (57 percent) 

RS-68B PWR LO2/LH2 same same 797 klbmat 412 15,145 6 60 months l0lyr 4 USAF/NASA NASA HLLV GR&A, 11/17109; 
(man-rated RS-68A RS-68A 108 percent PWR_eng_HLLV _industry_teamR4 
variant of 
RS-68A) 
RS-76 PWR LOi/RPl 900,000 lb 308 1,000,000 lb 342 8,720 5 Out of NIA NIA NIA Andrews Space and 

production Technology, 2001 
RS-84 PWR LOi/RPl 1,064,000 lb 301 1,130 klbm at 324 17,919 5 60 months l0lyr 4 or 5 Ctlll'ently none Encyclopedia Astronautica, 

FPL (PDR) NASA PDR package, The Boeing 
Company, www.boeing.com; 
PWR Price Catalog, 214111 

F- lA PWR LOi/RPl 1,800,000 lb 271 2,020,500 lb 304 19,876 6 60 months l 0lyr 3 or4 Currently none PWR Price Catalog, 214111 
LR87-AJ-11 Aerojet Aerozine 50 252 553 klbm 304 4,780 9 NIA NIA NIA Titan Purdue AAE Propulsion 

IN2O4 at FPL 
AJ26 (ORSC) Aerojet LOi/RPl 339,900 lb 298 379,900 lb 331 2,985 lb 9 4 years to ATP 15lyr 4 or 5 NIA "Liquid Engine Propulsion Technical 

Data," provided by Aerojet (Bossard) 

Upgraded Aerojet LOi/RPl 506,814 lb 312 552,000 339 4,160 lb 7 5 years to ATP 15lyr 3 or4 Currently none "Liquid Engine Propulsion Technical 
AJ26 Data," provided by Aerojet (Bossard) 
(500 klb) 
(ORSC) 
500K.lb GG Aerojet LOi/RPl 500,000 NIA NIA NIA NIA 5 5 years to ATP 15lyr 3 or4 Currently none "Liquid Engine Propulsion Technical 
Engine Data," provided by Aerojet (Bossard) 

lMLOX/ Aerojet LOi/RPl 1,013,628 312 1,104,000 lb 339 8,320 5 5 years to ATP 15lyr 2 or 3 Currently none "Liquid Engine Propulsion Technical 
RP dual Data," provided by Aerojet (Bossard) 
powerhead 
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Type Manuf Propellant SL thrust 

'" '" booster kerosene 

lMLBGG Aerojet LOi/ 1,000,000 lb NIA 
Engine kerosene 

2MORSC Aerojet LOi/ 2,000,000 lb NIA 
Booster kerosene 

2MlbGG Aerojet LOi/ 2,000,000 lb NIA 
Engine kerosene 

RD-170 NPO-EM LO2/RP 1,632,000 lb 309 

RD-180 RD LO2/RP 868 klbmat 311 
Amross FPL 

RP1.25M PWR (RD LO2/RP 1,250,000 NIA 
Amross) 

RP-2.0M PWR(RD LO2/RP 2,000,000 NIA 
Amross) 

...:::t-united Space Alliance 

Vac thrust 

NIA NIA 

NIA NIA 

NIA NIA 

1,777,000 lb 337 

933,000 lb 337 

NIA NIA 

NIA NIA 

Table 4-4. Core Stage engine systems (concluded) 

Wt Ob) 

NIA 

NIA 

NIA 

19,351 

12,081 

NIA 

NIA 

Readiness 

(NASA 
TRL) 

5 

5 

5 

9 

9 

5 

5 

Availability 

5.5 years to ATP 

6 years to ATP 

6 years to ATP 

NIA 

Now using 
Atlas VMPS 
configuration 

Developmental 

Developmental 

Prod rate 

15lyr 

15lyr 

15lyr 

NIA 

NIA 

NIA; 
developmental 

NIA; 
developmental 

DDT&E cost Prod cost 

(b) ( 4) 

2 or 3 

1 

1 

NIA NIA NIA 

NIA NIA NIA 

3 Not available; Not available; 
developmental developmental 

3 Not available; Not available; 
developmental developmental 
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Existing 
market base 

none 

C1mently 
none 

Cun-ently 
none 

C1mently 
none 

Energia LB 
and Zenith 

2 
Atlas III 
andV 

Develop in 
conjunction 
with DoD 
Develop in 
conjunction 
with DoD 

Source of data 

"Liquid Engine Propulsion 
Technical Data," provided by 
Aerojet (Bossard) 
"Liquid Engine Propulsion 
Technical Data," provided by 
Aerojet (Bossard) 
"Liquid Engine Propulsion 
Technical Data," provided by 
Aerojet (Bossard) 
"Liquid Engine Propulsion 
Technical Data," provided by 
Aerojet (Bossard) 
Andrews Space and 
Technology, 2001 

Encyclopedia Astronautica & 
Andrews Space and 
Technology, 2001 ; 
www.pw.utc.com literature (2009) 

HEFT repo1t 

HEFT report 
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The existing Reusable Solid Rocket Motor (RSRM) for Shuttle provides significant tlnust (3 ,100 klb) 

with demonstrated perfo1mance and reliability. Continuous development and improvement, in addition to 

innovative evaluation and analysis tools, over the life of the Shuttle have resulted in a significant 

understanding of this technology. The recent significant recmTing cost increase and stack integration 

costs of an open-grained segmented solid do have disadvantages. The infrastmcture impacts of using the 

SRB configuration, which would require little or no facility and equipment modifications, is 

advantageous. Although perceived as resource intensive to produce and assemble, studies are being 

unde1t aken to significantly reduce production and integration costs to best se1ve the SLS Program. 

Monolithic Solid Rocket Motors (MSRMs) in the tln11st range of IM lbf are not a cmTent capability and 

would require development and infrastmcture costs. Recent work by Aerojet on the Vega launch vehicle 

for the European Space Agency (ESA) has demonstrated a large MSRM with a tlnust range of 800 klbf. 

CmTently, no Industiy facility exists to pour a Solid Rocket Motor (SRM) of larger than 800 klbf. 

MSRMs have significant transportation and handling liinitations due to the inability to effectively inspect 

for propellant grain damage following shipment to the launch site. Options to multiple-batch cast from a 

number of separate Inixes is possible but introduces several critical 1isks, including but not liinited to, 

increased oppo1tunity for foreign object containination and susceptibility to Inix-to-Inix variability within 

the same motor. Development of a continuous cast capability for a motor this size would Initigate some 

of the Iisks associated with multiple batch production but would be an expensive infrastmcture to develop 

and sustain. Depending on the number of MSRM required, per flight costs will increase to cover 

additional separation systems and for TPS closeout for each individual booster. If continuous casting 

could be put in place at the launch site, two of the problems would be Initigated, thereby enabling an 

effective cost trade. If cost effective against flight rate, evolution to MSRB may become a viable 

"technology inse1t ion" if segmented solids are chosen to expedite IOC. 

In reviewing the proposed programmatic data for the First Stage engine cost and schedule parameters that 

are available, the SRB RSRM is a known entity, while the MSRM elements present a higher unce1t ainty. 

Table 4-5 depicts the First Stage Booster considerations that the architectures were assessed against. 
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Table 4-5. First-Stage booster systems 

SL Var Est. 
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Readiness reqd no. of DDT&E Existing 
Type Manuf Propellant SL thrust Isp Var thrust Isp Wt (lb) n,,; S TRL Availability Prod rate . t Prod cost b Source of data 

· \"'A A ) · engmes per cos market ase 
(sec) (sec) launch 

First Stage Booster System 
Four-segment ATK PBAN 3.1 Mlb ~ 267; bwn time 1,252 9 Now using NIA 2 NIA NIA NASASSP NASA 074-99, 
RSRB at T + 1 sec 126 sec Shuttle Gany Lyles HLV 

configuration Overview I l/3012010, 
Andrews Space and 
Technology, 2001 

Five-segment ATK PBAN 3.5 Mlb Bwn time 126 sec NIA 7 3 years NIA 2 NIA NIA NASA Ares I NASA 069-07, 
RSRB at T + 1 sec In development Gany Lyles HL V 

for Ares I Overview 11/3012010 
Five-segment ATK HTPB 4.7 Mlb Bwn time 108 sec NIA 5 6 years NIA 2 NIA NIA Cw,·ently none NASA 309-07, 
RSRB at T + 1 sec In development Gany Lyles HLV 

for Ares I Overview 11/3012010 

SRMU ATK 88 percent 1,700,000 ~ 286; bwn time 770 9 Recent NIA NIA NIA NIA TitanIVB, Andrews Space and 
HTBP 137.8 sec production three segment Technology, 2001 

AJ62 Aerojet ANB-3745 281,213 lbf Bwn time 93 sec 102 9 In production, NIA NIA Atlas V Aerojet SRM 
Atlas V Propulsion for SLS 

Studies (l/14110) 
(Bossard) 

P80 Avio Aerojet HTPB 1912 677,800 lbf ~280; bwn time 209 5 Preliminary study NIA NIA Avio (Italy) AerojetSRM 
monolithic 110 sec Propulsion for SLS 

Studies (l/14110) 
(Bossard) 

Pll0 Avio Aerojet HTPB 1912 795,000 lbs ~287; bwn time 254 7 In development, NIA NIA Avio (Italy) Aerojet SRM 
monolithic 114.3 sec first Vega Propulsion for SLS 

flight 2011 Studies (l/14110) 
(Bossard) 

P230SRM Aerojet HTPB 1814 1,572,000 lbf ~275; bwn time 594 9 In production, NIA NIA Ariane 5 AerojetSRM 
( segmented) 129 sec Ariane 5 Propulsion for SLS 

Studies (l/14110) 
(Bossard) 

P235, P250 Aerojet HTPB 1814 > 1.5 Mlbf NIA NIA 5 In development NIA 4 NIA Aerojet SRM 
SRM Propulsion for SLS 
( segmented) Studies, Appendix B 

(l/14110) (Bossard) 
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Development eff01ts for the proposed Cx J-2X Upper Stage engine have been progressing and have been 

reported to be 38 months from initial unmanned operational capability or 58 months from manned 

ce1tification. As it is likely that SLS will require an Upper Stage or orbital inse1tion stage to reach LEO; 

continued development of an air strut capability and upgrades to an existing engine provides best value to 

the Government. As indicated above the Industiy has not identified any neru·-te1m opportunities for 

significant pe1fo1mance growth with this or similar liquid engine technology that would provide value in 

time to support the SLS DDT &E Program. Smaller engines of similru· technology levels, such as the MB-

100, would be available within 5 years to suppo1t SLS development by incorporating modifications to 

allow throttling and vru·iable mix ratios. The MB-100 is a test-stand-ready engine developed by 

Mitsubishi/Boeing as pait of a class of affordable modulru· liquid rocket engines. Modifications to these 

two engines provide a relatively low development cost and leverage existing technologies. This would 

optimize the distiibution of SLS DDT &E funds and allow NASA to focus on technology development of 

In-Space or ti·ansfer engines. 

In reviewing the proposed programmatic data for the Second/Upper Stage engine cost and schedule 

parameters that ru·e available, the J-2X "to go" development is 38 months for nonhuman rating and 

58 months for human rating based on POR since it has already staited development, while the 

MB-100 engine would take much longer (68 months) to develop (approximately IS-percent longer 

timeline for the human-rated version). The nomecuning development cost of the MB-100 engine is 

approximately 10 percent more than the J-2X, and the recuning cost of one J-2X is about the same as 

three MB-100 engines. 

Table 4-6 depicts the Second/Upper Stage considerations that the architectures were assessed against. 
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Table 4-6. Second/Upper Stage engine systems 

SL Var Readiness ESt. . . 
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SL reqd no. of DDT &E Enstmg 
Type Manuf Propellant th t Isp Var thrust Isp Wt (lb) (l\"ASA Availability Prod rate . t Prod cost k b Source of data 

· rus · engmes per cos mar et ase 
(sec) (sec) TRL) launch 

Upper Stage Engine System 
J-2X PWR LOi/LH2 NIA NIA 238 klbm 453 5,587 7 3 years 10 engines/ 1 for NASA CDR package, Gan-y Lyles 
( derived from at 81 percent; (post CDR) (unmanned) year LO2/LH2 CS HLV Overview, 1113012010; 
Saturn V J-2) 294klbm 5 years 4 - 5 for PWR Price Catalog, 214111 

at 100 percent (manned) LO2/RPCS 
RL10A4-3 PWR LOi/LH2 NIA NIA 21 klbm NIA NIA NIA NIA NIA 4 NASA HLL V GR&A, 11/1 7109 
( derived from at derated PL 
RL10A4-2 and max: 24klbm 
RLl0B-2) at FPL 

RL10A4 PWR LOi/LH2 NIA NIA 22,300 lb 451 370 9 Now using 10 engines/ 4 Andrews Space and Technology, 2001 ; 
Atlas 3 and 4 year PWR Price Catalog, 214111 
Centaur config 

RLl0A-5 PWR LOi/LH2 NIA NIA max: 24klbm 452 NIA NIA NIA NIA 4 NASA HLL V GR&A, 11/1 7109 
at FPL 
21 klbm 
at derated PL 

RLl0B-2 PWR LOi/LH2 NIA NIA 24,800 lb 466 664 7 Out of NIA NIA PWR Price Catalog, 214111 
production 

RLl0C PWR LOi/LH2 NIA NIA 22,900 lb 450 410 7 NIA 10 engines/ 4 /ULA PWR Price Catalog, 214111 
year 

NGE PWR LOi/LH2 NIA NIA 35,000 lb 460 600 6 48mos 10 engines/ 4 PWR Price Catalog, 214111 
year 

AJ52 (solid) Aerojet ANB-3772 NIA NIA 91 ,300 lb bwn time 14,418 9 Full-scale NIA NIA Aerojet SRM Propulsion for SLS 
48 sec development Studies (1/14110) (Bossard) 

test completed 

AJ92 ( solid) Aerojet ANB-3783 NIA NIA 277,807 lb bwn time 63,844 5 In development, NIA NIA Aerojet SRM Propulsion for SLS 
59.4 sec first flight 2012 Studies (1/14110) (Bossard) 

LR91 -AJ-ll Aerojet LOi/RP NIA NIA NIA NIA NIA NIA NIA NIA NIA 
LOX/hyd Aerojet LOX/LH2 NIA NIA 100,000 lb 462 sec 1,310 5 NIA 15lyr 2 or 3 "Liquid Engine Propulsion Technical 
augmented Data," provided by Aerojet (Bossard) 
expander 

LOX/hyd Aerojet LOX/LH2 NIA NIA 150,000 lb 461 2,100 5 NIA 15lyr 2 
augmented 
expander 

LOX/hyd Aerojet LOX/LH2 NIA NIA 200,000 lb Developmental Developmental 5 NIA 15lyr 1 or 2 "Liquid Engine Propulsion Technical 
augmented Data," provided by Aerojet (Bossard) 
expander 

LOXIRPl Aerojet LOXIRPl NIA NIA 100,000 lb Developmental Developmental 5 NIA 15lyr 2 or 3 "Liquid Engine Propulsion Technical 
ORSC Data," provided by Aerojet (Bossard) 

LOXIRPl Aerojet LOXIRPl NIA NIA 200,000 lb Developmental Developmental 5 NIA 15lyr 1 or 2 "Liquid Engine Propulsion Technical 
ORSC Data," provided by Aerojet (Bossard) 

MB-100 MBIPWR LOi/LH2 NIA NIA 100,000 lb 464 2,000 5 60-month DDT &E program, 2 or 3 PWR _ eng_ HLL V _industry_ teamR4 
add 8 months for man rating 
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Based on benchmarking exercises conducted by USA, while the new technologies for Core Stage and 

Second/Upper Stage propulsion are not advancing on a timeline that will suppo1t an operational HLL 

system by 2025, the transfer vehicle In-Space propulsion systems have matured significantly over the past 

decade. These are considered "newer" technologies that are either in use on ClllTent satellites or in 

development and can be leveraged within the next IO years to field an operational engine for this intended 

use. Most of these technologies have been funded by the U.S. Government, e.g., NASA's Propulsion and 

C1yogenics Advanced Development (PCAD) Project under the NASA Exploration Technology 

Development Program, and others have been suppo1ted by NASA under Space Act Agreements, e.g., Ad 

Astra Rocket Company's V ASIMR engines. 

With a technology inse1tion focus on In-Space Stage propulsion, the V ASIMR propulsion system will be 

advanced today from a SO-kW engine in the development laborato1y to a I 00-kW human-rated engine. 

Two 100-kW VASIMR engines will comprise the VF-200 propulsion system that will be used on ISS for 

orbit boosts. With respect to a orbital transfer vehicle, a VASIMR-powered spacecraft for Beyond Earth 

Orbit (BEO) mission destinations will be much more efficient than traditional integrated chemical rockets 

at moving crew and cargo through space. A spacecraft requiring 34 mT through TLI would require over 

60 mT of LOX/LH2 propellant, while numerous VASMIR propulsion systems with a 1-MW solar array 

would be capable of delivering the same spacecraft transpo1ting only about 8 mT of argon propellant. 

Regardless of the technological solution, the In-Space engine requirements and characteristics that are 

critical are that the engine shall be restartable, capable of ve1y high acceleration, and shall maintain a high 

level of reliability through the system's life cycle. With these governing requirements and 

characte1istics, there are two major technology deployment approaches on In-Space engines: chemical 

propellant and in-situ resource. A detailed In-Space Stage propulsion system evaluation is described in 

Section 6.3 . 

Table 4-7 depicts the In-Space Stage considerations that the architectures were assessed against. 
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SL 
Type Manuf Propellant SL thrust Isp Vac thrust 

(sec) 

In-Space propulsion system 

Electl"ic (Hall effect or ion) 

BPT-2000 Aerojet Hall effect NIA NIA 92-142 mN 
-

HiVHAc Aerojet Hall effect NIA NIA 21-139mN 
BPT-4000 Aerojet Hall effect (Xe) NIA NIA 79-278 mN 
XR-12 (TSAT) Aerojet Hall effect NIA NIA 200 - 800 mN 
XR-20 (HPPS) Aerojet Hall effect NIA NIA 200 - 1,300 mN 

-
XR-50 Aerojet Hall effect NIA NIA 400 - 3,200 mN 
NEXT Aerojetl Hall effect (Xe) NIA NIA 42mN/kW 

NASA 
-

NEXT6.9kW Aerojetl Hall effect (Xe) NIA NIA 235mN 
NASA 

-

12kWHTPS Aerojet Hall effect (Xe) NIA NIA 
20kWHIPEP Aerojet Hall effect (Xe) NIA NIA 540mN 
3 kWHPPS Aerojet Hall effect (Xe) NIA NIA 90 mN/kW 
20kWHPPS Aerojet Hall effect (Xe) NIA NIA 46- 91 mN/kW 

601HP Boeing Xenon ion NIA NIA 18mN 
Thmster 

- -

702 Tluuster Boeing Xenon ion NIA NIA 165 mN 

-

ESADS4G ESA Xenon ion NIA NIA <0.5 nM/cm2 
-

VF-200 Ad Astra Argon ion NIA NIA ~5.5N at 
200kW 

Hypergolic chemical 

I Aero~et I N2HJNTO I 
NIA 

I 
NIA 

I 
> 100 lbf 

I Shuttle OMS AeroJet MMH/NTO NIA NIA 
Hydrogen/methane/othe1· chemical 

ESEXArcjet Aerojet Ammonia NIA NIA 0.5 N 
- -

ESEXArcjet Aerojet LOXILH2 NIA NIA 0.5N 
- -

Aerojet LOX/LC~ NIA NIA 3,500 lbf 
- -

RS-18 PWR LOX/LC~ NIA NIA 5,500 lbf 
- -

R-4D-15DM Aerojet NIA NIA NIA 100 lbf 
HiPAT 

-

R-42DM Aerojet NIA NIA NIA 200 lbf 
BiProp 
AMBR Aerojet NIA NIA NIA 140 lbf 
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Tab/.e 4-7. In-Space Stage propulsion systems 

Vac Readiness 
Isp Life (NASA AYailability 

(sec) TRL) 

1,500 - 1,800 >2,500 kW-hrs 9 XFC flight qual 
1,200 - 2,900 >60,000 kW-hrs 9 XFC flight qual 
1,100 - 2,000 >90,000 kW-hrs 9 Flying on AEHF-1 

1,200 - 2,300 >240,000 kW-hrs 9 XFC flight qual 
1,000 - 3,000 >400,000 kW-hrs 6 Developmental 

1,000 - 2,000 > 1,000,000 kW-hrs 5 Developmental 

4,200 NIA 6 In development 
with NASA 

-

>4,100 NIA 6 In development 
with NASA 

- -

NIA 6 NIA 
-

6,000 - 9,000 NIA 4 NIA 
-

3,000 NIA 6 USAF research 
-

1,000 - 3,000 NIA 6 USAF research 
-

2,568 NIA 9 In use (satellite) 

- -

3,800 NIA 9 In use (satellite) 

-

<10,000 NIA 7 NIA 
-

5,000 NIA NIA NIA 

>320 

I 
NIA 

I 
NIA I NIA 

NIA 9 In use (Shuttle) 

800 NIA 9 NIA 
-

360 - 450 NIA 7 NIA 
-

335 - 375 NIA 6 Developmental 
-

350 - 395 NIA 6 Developmental 
-

328 NIA 8 NIA 
- -

327 NIA 6 NIA 

332 NIA 6 NIA 

Est. 
Prod reqd no. of DDT&E 
rate engines per cost 

launch 

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 

I 
NIA 

I 
NIA 

I 
NIA 

I NIA NIA NIA 

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 
-

NIA NIA NIA 

-

NIA NIA NIA 

NIA NIA NIA 

Prod cost 

NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

NIA 

NIA 
NIA 
NIA 
NIA 
NIA 

NIA 

NIA 
NIA 

NIA 

I NIA 

NIA 
NIA 
NIA 
NIA 
NIA 

NIA 

NIA 
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Existing 
market Source of data 

base 

NIA 
NIA 
NIA 
NIA 
NIA 
NIA 
NIA 

NIA 

NIA 
NIA 
NIA 
NIA 

-

NIA www.Boeing.com/defense-
space/space/bsslfactsheetslxips 

NIA www.Boeing.com/defense-
space/space/bsslfactsheetslxips 

NIA www.esa.int1 ACT lprolpp/DS4G 
NIA 

NIA 

I NIA 

NIA 
NIA 
NIA 
NIA 
NIA 

NIA 

NIA 
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4.3 Reference Vehicle Design 
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USA's Operations Integration Team has a strong understanding of the overall process in both the 

Expendable Launch Vehicle (ELV) and Reusable Launch Vehicle (RLV) operating environments, due 

primruily to its extensive histo1y with the SSP. The Space Shuttle system is an example of a hybrid 

system with an expendable External Tanlc (ET), recoverable SRBs, and an Orbiter. 

It is crncial that the selection between expendable and reusable systems is dete1mined eru·ly, especially 

between Manufacturing and Ground Operations. This balance of p1iorities and operational objectives 

should continue through all DDT &E and mission operations phases, thereby ensuring the most effective 

long-te1m cost profile. At some point in the life cycle, it may become more affordable to move from 

reusable to expendable on specific launch vehicle elements. It should not be assumed that in all cases a 

reusable system would be the least costly until all operational factors are considered. Examples of 

metrics that were considered when decisions regarding expendable and reusable systems were made 

include the following: 

a. Cost of manufacturing versus cost of refurbishment 

b. Mission manifest flexibility due to scheduling limitations 

c. Manufactming or refurbishment prepru·ation cycle time 

d. Overall LCC of both systems 

e. Integration, facilities, systems, and labor costs 

f. Trade between perfo1mance and mru·gin to suppo1t reuse 

g. Certification and rece1tification requirements, processes and cost 

h. Prutial versus total recove1y/reuse 

i. Recove1y by land, water, or a combination 

The economics of each type of vehicle configuration were studied and traded with a realistic 

understanding of the expected operations and launch rate. 

As experienced on the SSP, generic age-life values such as "10 years" or " 100 missions" that are 

unsuppo1ted by analysis or test will, at a minimum, mislead the assessment on the front end or drive 

unsustainable program costs following implementation. 

NASA's selection of vehicle ru·chitectm·e will necessarily impose significant impacts on systems and 

operations. Reusability implies recoverability. That aspect will diive system and component safety 
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factors for strnctural integiity, achievable reuse cycles, typical component and system weight, and 

manufacturing and ce1t ification costs. While the reusability benefit is typically focused on affordability, 

retiieving hardware after use provides the user insight into the pe1fo1mance and behavior of the system, a 

benefit recognized on Shuttle Orbiter, SSME, and SRB but not on ET element. The specific architecture 

will also drive infrastmcture. This will include considerations for initial handling as well as recove1y 

systems. These could be in the fo1m of recove1y vessels or runway facilities and their systems, GSE, and 

operations personnel. 

Some operations areas are more impacted by the type of launch system selected, at a vehicle level, than 

others. For example, Flight Operations processes, data inputs, and architecture are not affected by 

whether a system is new or refurbished, so the vehicle system type has ve1y little impact. However, 

vehicle atti·ibutes, such as sizing of onboard software, uplink capability, system complexity, perf01mance 

envelopes, and autonomous onboard flight operations can have a large Flight Operations impact for 

design, crew training, and mission complexity. In contrast, Ground Operations could be significantly 

affected by an RL V or hybrid and would need to consider skills required for integi·ation, recove1y, 

refurbishment, and testing of the system to be flight ready. 

The Reference Vehicle Design (RVD) mati·ix was developed and comprised benchmark alternative 

configurations with designations. The RVDs were single-configuration vehicles for point solutions but 

could be integrated to provide an evolvable configuration path . 

Parameters considered per vehicle designation included the following: 

a. Core Stage definition (width, height, type, and number of engines) and Core Stage propulsion system 

b. First-Stage Booster definition (width, height, type, and number of engines) and booster propulsion 

system 

c. Second/Upper Stage definition (width, height, type, and number of engines) and Upper Stage 

propulsion system 

d. Inse1ted mass to LEO, TLI, and/or ti·ansinjection to NEO/Mars 

In-Space Stage was ti·eated as an integi·ated payload with activation of the stage post-EDS burnout. 

The RVDs were bounded and framed by the systems analysis GR&A. 

Table 4-8 depicts the RVD alternative configurations that architectures were assessed against. 
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Vehicle 
Core Stage definition 

Core Stage propulsion 
Booster definition 

designation system 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D Two four-segment 
3.RS25D-2.4S 3 RS-25D LOX/LH2 propellant RSRMs 

Standard LOX/LH2 tanks Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D evolving to Two four-segment 
3.RS25-2.4 3 RS-25 RS-25E RSRMs 
S-4.RLl0 Standard LOX/LH2 tanks LOX/LH2 propellant Steel cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-25D evolving to Two four-segment 
4.RS25-4S 4 RS-25 RS-25E RSRMs 

Standard LOX/LH2 tanks LOX/LH2 propellant Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D evolving to Two four-segment 
4.RS25-2.4S-l .J2X 4 RS-25 RS-25E RSRMs 

Standard LOX/LH2 tanks LOX/LH2 propellant Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D Two five-segment 
4.RS25D-2.5S 4 RS-25 LOX/LH2 propellant RSRMs 

Stretched LOX/LH2 tanks Ste.el cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D Two five-segment 
4.RS25E-2.5 4 RS-25 LOX/LH2 propellant RSRMs 
S- l.J2X Stretched LOX/LH2 tanks Steel cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-25D evolving to Two five-segment 
5.RS25-5S 5 RS-25 RS-25E RSRMs 

Stretched LOX/LH2 tanks LOX/LH2 propellant Ste.el cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D evolving to Two five-segment 
5.RS25-2.5S-l .J2X 5 RS-25D RS-25E RSRMs 

Stretched LOX/LH2 tanks LOX/LH2 propellant Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-25E Two five-segment 
5.RS25E-2. 5 RS-25 LOX/LH2 propellant RSRMs 
5CP-1 .J2X Stretched LOX/LH2 tanks Steel cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-25E Two five-segment 
5.RS25E-2. 5 RS-25E LOX/LH2 propellant RSRMs 
5S-2.J2X Stretched LOX/LH2 tanks Steel cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-25E Two five-segment 
5.RS25E-2. 5 RS-25 LOX/LH2 propellant RSRMs 
5CP-1 .J2X Stretched LOX/LH2 tanks Composite cases 

(length) 
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Tabl.e 4-8. R VD alternative configurations 

Booster Second/Upper Stage 
Inserted 

propulsion 
Second/Upper Stage 

(EDS) propulsion 
(payload) mass 

(EDS) definition capability to 
system system 

LEO (mT) 

PBAN NIA NIA 55 - 62 
Existing grain/fin 
configuration 

- -

PBAN 27.5-foot (8.4-m) RLl0 40 - 50 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration 4 RLl0 engines 

- -

PBAN NIA NIA 45 - 52 
Existing grain/fin 
configuration 

- -

PBAN 27.5-foot (8.4-m) J-2X 118 - 125 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration I J-2X engine 

- -
PBAN NIA NIA 73 - 77 
Existing grain/fin 
configuration 

- -

PBAN 27.5-foot (8.4-m) l -J-2X 112 - 120 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration I J-2X engine 

- -
PBAN NIA NIA 86 - 101 
Existing grain/fin 
configuration 

- -

PBAN 27.5-foot (8.4-m) l -J-2X 123 - 126 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration I J-2X engine 

-- -

PBAN 27 .5-foot (8.4-m) l -J-2X 123 - 129 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration I J-2X engine 

- -

PBAN 27.5-foot (8.4-m) 2-J-2X 137 - 143 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration 2 J-2X engine 

- -
PBAN 27.5-foot (8.4-m) l -J-2X 127 - 132 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration I J-2X engine 

Inserted (payload) mass 
capability to TLI or trans-

injection for NEO/BEO 
(if noted) (mT) 

NIA 

13 - 20 

NIA 

40- 43 

NIA 

36- 40 

NIA 

53 - 55 

43 - 46 

49 - 51 

46- 48 

DRD 1384MA-003 
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Source data 

HLL V Industry Analysis Data 
Trial Case 3, Alternative I, Phase 1 

-

HLL V Industry Analysis Data and MSFC 
HLLVData 
Trial Case 2, Baseline 

HLL V Industry Analysis Data 

HLL V Industry Analysis Data 

HLL V Industry Analysis Data 
Trial Case 3, Alternative 1, Phase 2 

HLL V Industry Analysis Data 

HLL V Industry Analysis Data 
MSFC HLL V Data 

HLL V Industry Analysis Data 
Trial Case 2, Option 1 

Trial Case 3, Alternative I, Phase 3 

03 SATs KO Gov Arch - - - -
Family 3, Option 5 

Trial Case 4, Baseline 
Trial Case 3, Alternative I, Phase 4 
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Vehicle Core Stage propulsion 
designation Core Stage definition 

system 
Booster definition 

LV-275- 27 .5-foot (8.4-m) dia core RS-25E Two five-segment 
5.RS25E-2. 5 RS-25 LOX/LH2 propellant RSRMs 
5CP-2.J2X Stretched LOX/LH2 tanks Composite cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-25E Two five-segment 
5.RS25E-2. 5 RS-25 LOX/LH2 propellant RSRMs 
5CH-2.J2X Stretched LOX/LH2 tanks Composite cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-25E SixAJll0 
5.RS25E-6. 5 RS-25 LOX/LH2 propellant Monolithic SRBs 
AJ110-21J2X Stretched LOX/LH2 tanks 

(length) 
LV-275- 27 .5-foot dia (8.4-m) core RS-25D evolving to Two LRB (LOX/RP) 
5.RS25-2LRB 5 RS-25 engines RS-25E boosters with two 

Stretched LOX/LH2 tanks LOX/LH2 propellant RS-84 engines per 

(length) booster 

LV-275- 27 .5-foot (8.4-m) dia core RS-25D evolving to Two LRB (LOX/RP) 
5.RS25-2.LR 5 RS-25 RS-25E boosters 
B-l .J2X Stretched LOX/LH2 tanks LOX/LH2 propellant 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-68 Two four-segment 
3.RS68-2.4S 3 RS-68 LOX/LH2 propellant RSRMs 

Standard LOX/LH2 tanks Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-68 Two five-segment 
3.RS68-2.5S 3 RS-68 LOX/LH2 propellant RSRMs 

Stretched LOX/LH2 tanks Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-68A evolving to Two five-segment 
4.RS68-2.5S 4 RS-68 engines RS-68B RSRMs 

Stretched LOX/LH2 tanks LOX/LH2 propellant Steel cases 
(length) 

LV-275- 27 .5-foot (8.4-m) dia core RS-68 Two five-segment 
4.RS68-2. 4 RS-68 engines LOX/LH2 propellant RSRMs 
5S-3.MBl00 Stretched LOX/LH2 tanks Steel cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-68B Two five-segment 
4.RS68B-2 . 4 RS-68B LOX/LH2 propellant RSRMs 
5CP-3.MB100 Stretched LOX/LH2 tanks Composite cases 

(length) 
LV-275- 27 .5-foot (8.4-m) dia core RS-68B Two five-segment 
4.RS68B-2. 4 RS-68B LOX/LH2 propellant RSRMs 
5CH-3.MB100 Stretched LOX/LH2 tanks Composite cases 

(length) 

...:::t-united Space Alliance 

Table 4-8. RVD alternative configurations (continued) 

Booster Second/Upper Stage 
Inserted 

Second/Upper Stage (payload) mass 
propulsion 

(EDS) definition 
(EDS) propulsion capability to 

system system 
LEO (mT) 

PBAN 27.5-foot (8.4-m) 2-J-2X 137 - 143 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration 2 J-2X engine 

-- -

HTPB 27.5-foot (8.4-m) 2-J-2X 146 - 151 
New grain/fin dia stage LOX/LH2 propellant 
configuration 2 J-2X engine 

- -

AJl 10 monolithic 27.5-foot (8.4-m) l -J-2X 131 - 140 
dia stage LOX/LH2 propellant 
I J-2X engine 

- -
LOX/RP NIA NIA 65 - 80 
propellant 
1.1 Mlbf class 

- -

LOX/RP 27.5-foot (8.4-m) J-2X 77 - 85 
propellant dia stage LOX/LH2 propellant 

I J-2X engine 

- -
PBAN NIA NIA 61 - 69 
Existing grain/fin 
configuration 

- -

PBAN NIA NIA 68 - 75 
Existing grain/fin 
configuration 

- -
PBAN NIA NIA 81 - 85 
Existing grain/fin 
configuration 

- -

PBAN 27.5-foot (8.4-m) 3 MB- l00 131 - 135 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration 3 MB- I 00 engine 

-- -

PBAN 27.5-foot (8.4-m) 3 MB- l00 133 - 138 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration 3 MB- I 00 engine 

- -

HTPB 27.5-foot (8.4-m) 3 MB- l00 143 - 149 
New grain/fin dia stage LOX/LH2 propellant 
configuration 3 MB- I 00 engine 

Inserted (payload) mass 
capability to TLI or trans-

injection for NEO/BEO 
(if noted) (mT) 

47 - 50 

49- 50 

47 - 50 

NIA 

25 - 29 

NIA 

NIA 

NIA 

44- 46 

46- 48 

50 - 51 
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Source data 

Trial Case 3, Alternative I, Phase 5 

Trial Case 3, Alternative I, Phase 6 

Trial Case 4, Option 3 

HLL V Industry Analysis Data 

HLL V Industry Analysis Data 

Trial Case 3, Alternative 2, Phase 1 

HLL V Industry Analysis Data 

Trial Case 3, Alternative 2, Phase 2 

Trial Case 3, Alternative 2, Phase 3 

Trial Case 3, Alternative 2, Phase 4 
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Vehicle 
Core Stage definition 

Core Stage propulsion 
Booster definition 

designation system 

LV-275- 27 .5-foot (8.4-m) dia core RS-68B Two five segment 
4.RS68B-2 . 4 RS-68B LOX/LH2 propellant RSRMs 
5S- I.J2X Stretched LOX/LH2 tanks Steel cases 

(length) 
LV-275- 27 .5-foot dia (8.4-m) core RS-68A evolving to Two LRB (LOX/RP) 
6.RS68-2LRB 6 RS-68 engines RS-68B boosters with two 

Stretched LOX/LH2 tanks LOX/LH2 propellant RS-84 engines per 

(length) booster 

LV-275- 27 .5-foot dia (8.4-m) core RS-68A evolving to Two LRB (LOX/RP) 
5.RS68-2. 6 RS-68 engines RS-68B boosters 
LRB-1J2X Stretched LOX/LH2 tanks LOX/LH2 propellant 

(length) 
LV-330- 33-foot (10-m) dia core RS-84 NIA 
3.RS84 3 RS-84 LOX/RP propellant 

LOX/RP 
LV-330- 33-foot (10-m) dia core RS-84 Two four-segment 
3.RS84-2.4S 3 RS-84 LOX/RP propellant RSRMs 

LOX/RP Ste.el cases 

LV-330- 33-foot (10-m) dia core RS-84 Two five-segment 
3.RS84-2.5S 3 RS-84 LOX/RP propellant RSRMs 

LOX/RP Steel cases 

LV-330- 33-foot (10-m) dia core RS-84 Two five-segment 
3.RS84-2. 3 RS-84 LOX/RP propellant RSRMs 
5S-3.MBl00 LOX/RP Ste.el cases 

LV-330- 33-foot (10-m) dia core RS-84 Two five-segment 
3.RS84-2. 3 RS-84 LOX/RP propellant RSRMs 
5CP-3.MB100 LOX/RP Composite cases 

LV-330- 33-foot (10-m) dia core RS-84 Two five-segment 
3.RS84-2. 3 RS-84 LOX/RP propellant RSRMs 
5CH-3.MB100 LOX/RP Composite cases 

LV-330- 33-foot (10-m) dia core RS-84 2 RS-84 
3.RS84-2.RS84 3 RS-84 LOX/RP propellant LOX/RP propellant 

LOX/RP 
LV-330- 33-foot (10-m) dia core RS-84 2 RS-84 
2.RS84-2. 3 RS-84 LOX/RP propellant LOX/RP propellant 
RS84-3.AJ100 LOX/RP 

LV-330- 33-foot (10-m) dia core AJ 2Mlbf 2AJ2MORSC 
3,AJ2M-2 . 3 AJ2Mlbf LOX/RP propellant LOX/RP propellant 
AJ2M-3.AJ100 LOX/RP 

...:::t-united Space Alliance 

Table 4-8. RVD alternative configurations (continued) 

Booster Second/Upper Stage 
Inserted 

propulsion 
Second/Upper Stage 

(EDS) propulsion 
(payload) mass 

(EDS) definition capability to 
system system 

LEO (mT) 

PBAN 27 .5-foot (8.4-m) J-2X 117 - 125 
Existing grain/fin dia stage LOX/LH2 propellant 
configuration I J-2X engine 

- -

LOX/RP NIA NIA 82 - 88 
propellant 
1.1 Mlbf class 

-- -

LOX/RP 27 .5-foot (8.4-m) J-2X 120 - 127 
propellant dia stage LOX/LH2 propellant 

I J-2X engine 

- -

NIA NIA NIA 21 - 24 

- -

PBAN NIA NIA 63 - 71 
Existing grain/fin 
configw-ation 

- -

PBAN NIA NIA 84- 88 
Existing grain/fin 
configw-ation 

-- -
PBAN 33-foot (10-m) 3MB-100 135 - 141 
Existing grain/fin dia stage LOX/LH2 propellant 
configw-ation 3 MB-100 engines 

- -

PBAN 33-foot (10-m) 3 MB-100 138 - 143 
Existing grain/fin dia stage LOX/LH2 propellant 
configw-ation 3 MB-100 engines 

-- -
HTPB 33-foot (10-m) 3 MB-100 147 - 154 
New grain/fin dia stage LOX/LH2 propellant 
configuration 3 MB- I 00 engines 

- -
RS-84 NIA NIA 53 - 56 
LOX/RP 
propellant 

- - -

RS-84 33-foot (10-m) 3 AJl00K 72 - 75 
LOX/RP dia stage LOX/RPI propellant 
propellant 3 AJl00K ORSC 

engines 
- - -

2AJ2MORSC 33-foot (10-m) 3 AJl00K 97 - 101 
LOX/RP dia stage LOXIRPl propellant 
propellant 3 AJl00K ORSC 

engines 

Inserted (payload) mass 
capability to TLI or trans-

injection for NEO/BEO 
(if noted) (mT) 

42 - 45 

NIA 

39- 44 

NIA 

NIA 

NIA 

42 - 45 

46-49 

48 - 51 

18 - 19 

25 - 26 

34- 36 

DRD 1384MA-003 
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Source data 

Trial Case 4, Option 1 
HLL V Industry Analysis Data 

HLL V Industry Analysis Data 
MSFC HLL V Data 

HLL V Industry Analysis Data 

Trial Case 3 Alternative 4, Phase 1 

Trial Case 3 Alternative 3, Phase 1 

Trial Case 3 Alternative 3, Phase 2 

Trial Case 3 Alternative 3, Phase 3 

Trial Case 3 Alternative 3, Phase 4 

Trial Case 3 Alternative 4, Phase 2 

Trial Case 3 Alternative 4, Phase 3 

Trial Case 5, Baseline 

Trial Case 3 Alternative 4, Phase 4 
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Vehicle 
Core Stage definition 

Core Stage propulsion 
Booster definition 

designation system 

L V-330-4 .AJ2M 33-foot (10-m) dia core AJ 2Mlbf NIA 
4AJ2M LOX/RP propellant 
LOX/RP 

LV-330- 33-foot (10-m) dia core AJ 2Mlbf NIA 
4.AJ2M -2 .J2X 4AJ2M LOX/RP propellant 

LOX/RP 
LV-330- 33-foot (10-m) dia core RS-68A evolving to Two four-segment 
5.RS68-4S-2.J2X 5 RS-68 engines RS-68B RSRMs 

Stretched LOX/LH2 tanks LOX/LH2 propellant Steel cases 
(length) 

LV-330- 33-foot (10-m) dia core RS-68A evolving to Two five-segment 
6.RS68-5S 6 RS-68 engines RS-68B RSRMs 

Stretched LOX/LH2 tanks LOX/LH2 propellant Ste.el cases 
(length) 

LV-330- 33-foot (10-m) dia core RS-68A evolving to Two five-segment 
6.RS68-2.5S-2.J2X 6 RS-68 RS-68B RSRMs 

Stretched LOX/LH2 tanks LOX/LH2 propellant Steel cases 
(length) 

LV-330- 33-foot (10-m) dia core RS-68A evolving to Two LRB (LOX/RP) 
6.RS68-2.5S-2 .J2X 6 RS-68 RS-68B boosters 

Stretched LOX/LH2 tanks LOX/LH2 propellant 
(length) 

LV-330- 33-foot (10-m) dia core RS-XXwlORSC NIA 
5.XX(I.25)-0 5 XX RP engine LOX/RP propellant 

Stretched LOX/RP tanks 1.25 Mlbf class 
(length) 

L V-330-5. l.25- 33-foot (10-m) dia core 1.25 Mlbf Two LRB (LOX/RP) 
2. l.25-2AJI00 5 1.25 Mlbf LOX/RPI propellant boosters 

Stretched LOX/LH2 tanks 
(length) 

LV-330- 33-foot (10-m) dia core RS-84 (1 .25 Mlbf) NIA 
5.XX(I .25)-0.00- 5 RS-84 wlORSC 
I .J2X Stretched LOX/RP tanks LOX/RP propellant 

(length) 
LV-330- 33-foot (10-m) dia core RS-XXwlGG NIA 
5.XX(2 .0)-0 5 XX RP engine LOX/RP propellant 

Stretched LOX/RP tanks 2.0 Mlbf class 
(length) 

LV-330- 33-foot (10-m) dia core RS-XX (2.0 Mlbf) NIA 
5.XX(2.0)-0.00- 5 RS-XX wlGG 
I .J2X Stretched LOX/RP tanks LOX/RP propellant 

(length) 

...:::t-united Space Alliance 

Table 4-8. RVD alternative configurations (continued) 

Booster Second/Upper Stage 
Inserted 

propulsion 
Second/Upper Stage 

(EDS) propulsion 
(payload) mass 

(EDS) definition capability to 
system system 

LEO (mT) 

NIA 33-foot (10-m) 3 AJI00K 79 - 87 
dia stage LOX/RP propellant 
3 AJI00K ORSC 
engines 

- - -

NIA 33-foot (10-m) J-2X 84- 92 
dia stage LOX/LH2 propellant 
2 J-2X engines 

-- -
PBAN 33-foot (10-m) J-2X 125 - 134 
Existing grain/ dia stage LOX/LH2 propellant 
fin configuration 2 J-2X -288 engines 

- -

PBAN NIA NIA 103 - 109 
Existing grain/ 
fin configuration 

-- -
PBAN 33-foot (10-m) J-2X 145 - 150 
Existing grain/ dia stage LOX/LH2 propellant 
fin configuration 2 J-2X engines 

-- -
RS-XX wl ORSC 33-foot (10-m) J-2X 139 - 142 
LOX/RP dia stage LOX/LH2 propellant 
propellant 2 J-2X -288 engines 
2 1.25 Mlbf 
class ea 

- -

NIA NIA NIA 49 - 54 

- -

RS-XX wlORSC 33-foot (10-m) 2 LOX/RPI 72 - 75 
LOX/RP dia stage AJ I00K 
propellant 2 AJ I00K LOX/RPI 
2 1.25 Mlbf class 

- -

NIA 33-foot (10-m) J-2X 110 - 116 
dia stage LOX/LH2 propellant 
I J-2X engine 

- -
NIA NIA NIA 61 - 65 

- -

NIA 33-foot (10-m) J-2X 101 - 109 
dia stage LOX/LH2 propellant 
I J-2X engine 

Inserted (payload) mass 
capability to TLI or trans-

injection for NEO/BEO 
(if noted) (mT) 

28 - 31 

30- 32 

43 - 47 

NIA 

49- 53 

48 - 50 

NIA 

25 - 27 

39- 42 

NIA 

37 - 39 
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Source data 

Trial Case 5, Option 1 

Trial Case 4, Option 2 

HLL V Industry Analysis Data 
MSFC HLL V Data 

HLL V Industry Analysis Data 

03 SATs KO Gov Arch - - - -

HLL V Industry Analysis Data 
MSFC HLL V Data 

Trial Case 2, Option 3 

HLL V Industry Analysis Data 
MSFC HLL V Data 

Trial Case 2, Option 2 
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Table 4-8. RVD alternative config11rations (concl11ded) 

Booster Second/Upper Stage 
Vehicle Core Stage propulsion Second/Upper Stage 

designation Core Stage definition 
system 

Booster definition propulsion (EDS) definition 
(EDS) propulsion 

system system 

LV-330- 33-foot (10-m) dia core RS-XX (2.0 Mlbf) with NIA NIA 33-foot (10-m) J-2X 
5.XX(2.0)-0.00- 5 RS-XX GG dia stage LOX/LH2 propellant 
l .J2X Stretched LOX/RP tanks LOX/RP propellant 4J-2X-288 engine 

(length) 
LV-330- 33-foot (10-m) dia core RS-XX (2.0 Mlbf) with NIA NIA 33-foot (10-m) J-2X 
6.XX(2.0)-0.00- 6 2MlbfGG GG dia stage LOX/LH2 propellant 
2.J2X Stretched LOX/RP tanks LOX/RP propellant 2 J-2X engine 

(length) 
LV-330- 33-foot (10-m) dia core RS-XX (2.0 Mlbf) with Six AJl 10 monolithic AJl 10 monolithic 33-foot (10-m) J-2X 
6.XX(2.0)- 62MlbfGG GG SRBs dia stage LOX/LH2 propellant 
4.AJl 10-2.J2X Stretched LOX/RP tanks LOX/RP propellant 2 J-2X engine 

(length) 

...:::t-united Space Alliance 

Inserted 
(payload) mass 

capability to 
LEO (mT) 

118 - 122 

- -

130 - 137 

- -
149 - 157 

Inserted (payload) mass 
capability to TLI or trans-

injection for NEO/BEO 
(if noted) (mT) 

38 - 40 

44-47 

52 - 57 
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Source data 

MSFC HLL V Data 

Trial Case 5, Option 2 
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5.0 FIGURES OF MERIT 
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To determine the quantitative benefits of each trade characteristic and att1ibute, USA developed and 

documented the trade study FOMs at each step in the assessment. USA identified the FOMs, p1ioritized 

the FOMs using ARP and QFD processes, developed FOM weighting and p1iodtized the weights using 

ARP and QFD, and conducted FOM sensitivity assessments by adjusting the relative impo1tance of the 

metrics within their groupings, depending on the Pugh Matiix results. The FOMs are categorized by 

trade level as either VOC, CCRs, or characte1istics and attributes. 

5.1 Voice of the Customer 

The development and analysis suppo1t to the MSFC SLS Team began with defining the VOC. USA's 

initial approach on VOC was based on the BAA NNMl 0ZDA00lK statement: ''NASA is examining the 

trade space of potential HLL and space transfer vehicle concepts. The focus is on affordability. 

operability, reliability. and commonality with multiple end users (NASA, DoD, Commercial, IPs, etc.) at 

the system and subsystem levels." 

USA reviewed and assessed the focus areas as described in the BAA and concluded that adjustments to 

the Customer's needs were appropriate based on numerous statements made by NASA Headquarters 

(HQ) and MSFC from the Exploration Ente1prise Workshop to the approval of the 2010 NASA 

Autho1i zation Act timeline. Based on that review, USA developed a set of VOCs that characte1ized the 

SLS goals. USA's identified VOCs were baselined as Affordability, Schedule, Operability, Pe1fo1mance, 

and Reliability. Each VOC was defined in detail to ensure that a mutual understanding was established so 

that consistent sco1ing would result. 

a. Affordability - Achieving the VOC within the Office of Management Budget (0MB) FY budget 

constraints. Includes commonality enabler 

b. Pe1fo1mance - Heavy lift capability to satisfy the maximum number of reference missions. Includes 

extensibility enabler 

c. Reliability - Measures required to achieve NASA reliability and safety standards. Includes mission 

assurance, quality, and safety 

d. Schedule - Quickest ( operational) flight launch milestones 

e. Operability - Ability (availability) and ease to process and operate the architecture (vehicle and 

ground/mission systems) with minimum resources and reduced schedule for multiple Customers, 

missions, and payloads. Includes flexibility enabler 

~United Space Alllance 5-1 
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USA conducted the AHP assessment for VOC with the mindset of NASA, the flight system design center, 

not as a Contractor operator, to help highlight the implications and impacts of initial weighting early in 

the design definition phase. The results, as shown in Table 5-1 , of relative impo1tance were generated: 

Affordability: 47 percent 

Performance: 25 percent 

Reliability: 14 percent 

Schedule: 10 percent 

Operability: 4 percent 

With the Customer focus on cost, the Affordability FOM is of significantly greater importance than 

Schedule, Operability, or Reliability FOMs. 

Table 5-1. VOC prioritization 

Alfo,·dabilit,· I s, h,dul, I op .. ·abi!;ty 1, ... ,., .... ". I R,lia bility 

Affordability 1.000 5.000 7.000 3.000 5.000 2.371 0.474 

Schedule 0.200 1.000 5.000 0.333 0.333 0.493 0.099 

Operability 0.143 0.200 1.000 0.143 0.200 0.1 3 .037 

Performance 0.333 3.000 7.000 1.000 3.000 5 

Reliability 0.200 3.000 5.000 0.333 1.000 0.727 0.145 

1.876 12 .200 25.000 4.810 9.533 1 ..... I __ _ 5.000 I I 1.000 

General obse1vations on USA's VOC prio1i ties are as follows: 

a. Affordability - Highest Most Important Requirement (MIR). Twice as impo1tant as the 

second-highest-ranked voe FOM 

b. Pe1fo1mance - Second-highest ranked behind MIR. Customer wants to hold on to lift capability to 

capture the most missions, limiting reliability impact. Justifies the evolution of capability to eve1y 

increasing performance. Tradable with schedule 

c. Reliability - Indicates importance, setting a minimum threshold that is nonnegotiable. Safety 

threshold was established at Shuttle ascent probability level. Buying more reliability/safety is 

negotiable 

d. Schedule - Low MIR but not as tradable as other FOMs. Schedule breakpoint to have an operational 

capability by 2017. NASA FOM was more likely driven by political rationale (influenced by 

Congressional VOC). If the political constraint changes, FOM would be tradable 
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e. Operability - Reflects perception of Customer operations' influences on life-cycle affordability and 

sustainability 

To validate USA's VOC results, USA extracted the NASA FOMs from NASA's "Prelimina1y Repo1t 

Regarding NASA's SLS and Multi-Purpose Crew Vehicle (MPCV), Pursuant to Section 309 of the 

NASA Authorization Act of 2010 (P.L. 111-267)," dated Januaiy 2011. Within the repo1t to Congress, 

NASA's stated FOMs were identified as 

Affordability: 55 percent 

Schedule: 25 percent 

Perfo1mance: 10 percent 

Programmatic: 10 percent 

In perfo1ming a gap analysis and compaiing the USA and NASA VOC FOMs, it was felt that the USA 

VOC p1iority was reasonable and no adjustments would be necessaiy based on the obse1vations and 

USA's understanding of NASA's goals. 

USA also recognizes that the VOC results may change during later program phases, such as reliability 

may be more impo1tant as one approaches the operational phase. However, these results ai·e approp1iate 

at this concept definition phase. 

5.2 Customer Critical Requirements 

In the development of the CCRs within the QFD HOQ #1, USA staited with the AHP results for the VOC 

to capture the Customer's needs and the priority weighting of each need. For each VOC FOM, CCRs 

were defined to determine how success in meeting the requirements will be measured, translating the 

Customer's te1ms into process or product terms, and then identifying the delive1y of those Customer 

needs. Once the CCRs were defined, the necessaiy perfo1mance tai·gets for each requirement were 

established. These targets were dete1mined by reviewing White House, Congressional, or NASA 

documentation (e.g., the Presidential budget, authorization bills). The inteITelationship matrix was 

developed by evaluating the relationships between the VOCs (i.e., Customer needs) and CCRs to 

determine the relative importance of each CCR. To complete the evaluation of the CCRs, USA 

developed the coITelation matrix to compare the CCRs to dete1mine if they ai·e in conflict with each other, 

leveraging each other, or have no effect on each other. Figure 5-1 depicts the matiix and CCRs. 

Development of the CCRs was based on USA's application of the Customer's needs. 

An immediate obse1vation with respect to the VOC-to-CCR relationship is the Operability FOM against 

the "Provide a HLL capability more reliable Loss of Mission (LOM) than cuITent U.S. launch vehicle 

~United Space Alllance 5-3 
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Obse1vations on the conelation matiix were in the areas of minimizing DDT &E costs, providing final 

HLL capability as soon as possible, and providing human-rated HLL capability as soon as possible. 

5.2.1 Minimize DDT&E Costs 

There were no sti·ong positive correlations noted. There were sti·ong negative correlations associated with 

the following: 

a. "Minimize LCC of launch vehicle" assuming lack of prio1itization of LCC driving operational 

considerations in a time- and money-constrained development environment in favor of achieving 

target perfo1mance, minimum reliability, and ce11ification 

b. "Minimize processing and operations costs" assuming the same as (a) above 

c. "Provide initial HLL payload capability (performance) As Soon As Possible (ASAP)" assuming that 

schedule and budget constraints will drive compromise in the achievement of actual target 

performance for inte1mediate value that fits within top-level consti·aints 

d. "Provide human-rated HLL capability (performance) ASAP" assuming that schedule and budget 

constraints will drive compromise in the achievement of full and sufficient human rating for 

inte1mediate configuration and perfo1mance that fits within top-level consti·aints 

e. "Provide HLL capability to Near Earth destination " assuming the same as (c) above 

f. "Provide HLL capability to Beyond Earth destination" assuming the same as ( c) above, resulting, 

ultimately, in failure to ever achieve final mission perfo1mance configuration p1ior to termination of 

funding 

5.2.2 Provide Fi11al HLL Payload Capability ASAP 

There were no sti·ong negative conelations noted. There were sti·ong positive conelations associated with 

the following: 

a. "Provide HLL capability to Low Earth destination" assuming that technology and capability 

readiness is within 6 and 8 years, respectively 

b. "Provide HLL capability to Near Earth destination " assuming that technology and capability 

readiness is within 6 and 8 years, respectively 
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5.2.3 Provide Human-Rated HLL Capability ASAP 
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There were no strong positive conelations noted. There were strong negative correlations associated with 

the following: 

a. "Provide HLL capability more reliable (LOM) than current U.S. launch vehicle market" 

b. "Provide HLL capability more safe Loss of Crew (LOC) than current U.S. human-rated launch 

system" 

Notable takeaways and conclusions include the following: 

a. Spending the effo1t upfront dming "building block" DDT &E to reduce overall LCC and avoid future 

1isks for both the vehicle and processing and mission supp01t systems will provide the best 

affordability over the life cycle but has to be balanced because the more cost and schedule put into 

DDT &E, the later the systems will be able to deliver payload 

b. Selecting hardware with proven reliability provides the best oppo1tunity for reducing DDT &E costs 

and meeting the highest p1iority of HLL capability soonest 

An obse1vation, as an experienced operator of complex human-rated launch systems, is that USA's 

perception of NASA's importance on the Operability FOM is ve1y low if the affordability focus is across 

the entire life cycle and not only near-term DDT &E costs, where operability considerations are typically 

removed to reduce costs. 

Interestingly, the lowest-priority scores, from the assumed perspective, all concern ground systems: 

reducing ground systems costs, ease/ability to process the vehicle, and a vehicle which results in a safer 

environment for the workforce, thus indicating that reducing the amount of resources required during 

processing drives the solution more than the ground systems. As a validation, USA's top-IO-ranked 

CCRs and associated targets are aligned with affordability, schedule and pe1fo1mance of NASA's top 

three voe FOMs. 

Based on the priority-weighted scores of the CCRs, the CCRs were listed in order of importance. 

Table 5-2 and an evaluation of "what requirements" were passed to the next evaluation cycle to dete1mine 

the architecture-level FOMs. Development of the CCRs was based on USA's application of the 

Customer's needs. 
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Table 5-2. Prioritized CCR list 

Critical Customer requirements Target Priority 

Provide HLL capability to Near Ea11h destination NLT 100 mT class IMLEO I 7.2 

Minimize DDT&E costs (includes flt test launches) Cost at/below $1 l .5B 5.8 
- -

Provide human-rated HLL capability ASAP LalDlch NLT CY 2019 (operational) 5.8 

I Provide HLL capability to Beyond Ea11h destination NLT 130 mT class IMLEO I 5.7 

I Minimize processing and operations costs Cost at/below $0.32B/year I 5.3 

I Provide initial HLL payload capability ASAP I 
-

LalDlch NLT CY 2016 (operational) 5 
-

Minimize LCC of launch vehicle 

(includes manufacture and production) 
Cost at/below $0.90B/year 4.9 

Minimize impacts to operations model after IOC Less than 5-percent impact 4.6 
- -

Provide final HLL payload capability ASAP LalDlch NLT CY 2022 (operational) 4.2 

Provide HLL capability to Low Earth destination NLT 70 mT class IMLEO 4.2 

Provide HLL capability more reliable (LOM) than cU1Tent U.S. lalDlch 
LOM 1 in 1,000 at mean value 3.8 

vehicle market 

Provide HLL capability more safe (LOC) than cU1Tent U.S. human-rated 
LOC 1 in 1,000 at mean value 3.6 

launch systems 

Provide HLL capability more safe (workforce) than cU1Tent U.S. launch 
25-percent decrease in catastrophic hazards from SSP 2.2 

systems 

Increase the ability/ease to process/operate the architecture NTE 90-day process flow from receipt of elements 2 

Minimize LCC of grorn1d/m.ission systems Cost reduction of25 percent from SSP I 1.7 

~ Affordability v o e 

~ Perfor mance v o e 

~ Reliability v o e 

~ Schedule voe 

~ OperabilityVOe 
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5.3 Characteristics and Attributes 

DRD 1384MA-003 
HLPT SA TS Final Study Report 

In the development of the architecture characteristics and att1ibutes requirements within the QFD 

HOQ #2, USA sta1ted with the QFD HOQ #1 results for the CCRs to capture the Customer requirements 

and the priodty weighting of each requirement. For each CCR FOM, an architecture characteristic or 

attribute requirement was defined to fmther determine how success in meeting the Customer requirements 

will be measured, translating the Customer's te1ms into process or product te1ms, and then identifying the 

method of delive1y of those Customer requirements. Once the architecture characteristic or attribute 

requirements were defined, the necessa1y perf01mance targets for each requirement were established. 

These targets were dete1mined by reviewing USA's developed integration and operational expe1iences 

and lessons learned from SSP and CxP. The intenelationship matrix was developed by evaluating the 

relationships between the CCR and architecture characte1istic and attribute requirements to determine the 

relative importance of each. To complete the evaluation of the architecture characteristic or attiibute 

requirements, USA developed the conelation mati·ix to compare the architectme characteristic or att1ibute 

requirements to dete1mine if they are in conflict with each other, leveraging each other, or have no effect 

on each other. Figme 5-2 depicts the matrix and defined architectme characteristic or atti·ibute 

requirements. Development of the architectme characte1istics and att1ibutes requirements was based on 

USA's application of the CCRs. 

An immediate obse1vation with respect to the CCR to architectme characteristics and atti·ibutes 

requirement relationship is "minimize LCC of launch vehicle (includes manufacture and production)" 

FOM against the "maximize the reusability of element and systems" FOM interdependency, which 

assumes that reusability is a cost savings/avoidance to manufactming new elements. A second 

obse1vation is "provide HLL capability more safe (workforce) than current US. launch systems" FOM 

against the "maximize the reusability of element and systems" FOM interdependency, which is a negative 

relationship due to hazards of open ocean recove1y. 

Obse1vations on the correlation matiix were in the areas of maximizing the use of NASA he1itage assets, 

maximizing the number of high-TRL major systems, and minimizing the time to vehicle C1i tical Design 

Review (CDR). 
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5.3.1 Maximizing the Use of NASA Heritage Assets 

There was a strong positive conelation noted with the following: 

a. "Maximize high TRL " assuming heritage is high TRL 

DRD 1384MA-003 
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b. "Minimize time to vehicle CDR" assuming systems are understood and acceptable for intended use, 

thereby reducing time to acceptance 

c. "Maximize demonstrated reliability" assuming that they come with that positive history 

d. "Minimize analysis and testing required to achieve human rating" assuming that they are human 

rated or provide NASA-accepted data for basis of rating 

e. "Minimize production facility (new or mod) expense" assuming production capability exists to 

deliver 

It should be noted that a stronger positive is given to assets used in the manner in which they were 

originally applied; i.e. , SSME (RS-25D) nm within SSP specifications and parameters. Still positive, but 

less so, is the application of heritage assets used outside of the demonstrated performance envelope or 

used as the basis for derivative systems; e.g., RS-25E operating at altered ratio or percentage limits. 

There was a strong negative conelation noted with the following: 

a. "Maximize the number of common systems with other launch vehicles" based on existing U.S. launch 

vehicle inventory 

b. "Minimize serial processing tasks" with segmented solids serial processing as a primary example 

5.3.2 Maximize the N umber of High-TRL Major Systems 

There were no strong negative conelations noted. There were strong positive conelations noted with the 

following: 

a. "Minimize time to vehicle CDR" assuming high TRL provides improved basis of acceptance for 

application 

b. "Maximize demonstrated reliability" assuming demonstrated reliability is how high TRL is achieved 

c. "Minimize the analysis and testing needed to achieve human rating" assuming demonstrated 

reliability in intended application is a fundamental basis for human rating 
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5.3.3 Minimize tlte Time to Vehicle CDR 
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There was a strong positive conelation with "minimize the analysis and testing required to achieve 

human rating" assuming that the analysis and testing chives the time to CDR. 

There was a strong negative correlation with "maximize critical system robustness (fail op) " assuming a 

histodcal pattern of trading "good enough" or even a accepting a waiver on schedule over extending a 

schedule to achieve the desired robustness. 

Notable takeaways and conclusions are that "heritage assets" have a positive impact on near-term costs 

and the development timeline, although the operational requirements and processes may need to be 

adjusted to have an affordable and sustainable program. Based on the selection and actual application, 

heritage systems with heritage requirements and processes may create negative to strong negative impacts 

to operability and programmatic LCCs. High-TRL systems provide positive impacts on both cost 

(existing market segment and supply chain) and schedule (availability), but a system that has a high TRL 

gives no indication as to complexity, number of C1i t 1 failure modes, producibility, operability, etc. 

Selecting an architecture and elements that require less site processing and integration, whether 

considered production or operations, will minimize overall program costs, improve timelines, and enable 

operational flexibility. Based on the p1iodty-weighted scores of the architecture characte1istics and 

attributes requirements, the architecture requirements were listed in order of importance in Table 5-3 

along with an evaluation of what requirements were passed to the next evaluation cycle to detemrine the 

system-level FOMs. Development of the architecture requirements was based on USA's application of 

the Customer's needs. 
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Table 5-3. Arcllitect11re attributes and characteristics requirements 

Architecture attributes and characteristics requirements 

Maximize the use of NASA heritage assets 

Maximize mission-critical system robustness (fail ops) 

Minimize the time to vehicle CDR 

Minimize the number of launches to satisfy mission objectives 

Maximize the ability to tailor vehicle configuration for mission objectives 

Minimize the number and/or reduce the complexity of systems requiring 
validation (receipt to launch) 

Maximum number of reference mission captmed by single latu1ch 

Minimize cost and schedule impacts to ground and mission systems changes 
( con-ops processes) 

Minimize the number of flight/ground systems hazards 

Maximize the number of high-TRL major systems 

Minimize the analysis and testing required to achieve (NPR 8705.2b) 
certification 

Minimize crit 1 system failure modes 

I Minimize processing assembly and integration operations 

Minimize the number of processing facilities and grotmd systems 

Maximize demonstrated reliability 

Minimize cost of process control verification 

Affol'da bility voe 
::===: 

Pel'formance voe 
Reliability voe 

::===: 
Schedule voe 

::=====: 
~-~ 

Operability voe 

~United Space Alllance 

!Target I Priority 

Fifty-five-percent use of heritage assets 3.7 

All critical systems are fail ops 3.5 

NLT design authority ATP to vehicle CDR of36 months 3.4 

Single launch 3 

Vehicle configuration(s) supports manifest/payload mission 3 

Reduce 35 percent of unique or special test equipment required to 
3 

verify system integrity 

Achieve 85 percent of defined missions with a single lam1ch 2.8 

No resource impact associated with change to meet flight rate 
2.8 

Less hazardous/severity operations than current U.S. launch 
2.8 

vehicle market 

TRL 6 or higher 2.5 

Vehicle CDR to vehicle cert of 18 months 
2.4 

Twenty-five-percent reduction in critical system failme modes 2.3 

I No more than three integrated elements 2 

Operations limited to V AB, LCC, and pad 2 

All first flight systems must have demonstrated reliability 1.8 

Element is testable at major element and fmal integration 
1.6 

assembly 
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Tabl.e 5-3. Architecture attributes and characteristics requirements (concluded) 

Architecture attributes and characteristics requirements Target Priority 

I Minimize critical system complexity 

Minimize the sustainment and maintenance of ground/mission systems 

Maximize the reusability of element and systems 

Minimize the number of dissimilar vehicle systems 

I Maximum the number of common systems with other launch vehicles 

I Minimize production facility (new versus mod) expense 

Minimize serial processing tasks 

~ Affol'dabilityVOe 

~ Pel'formance v o e 

~ ReliabilityVOe 

~ Schedule v o e 

~ Operability v o e 

~United Space Alllance 

Less critical system complexity than current U.S. launch vehicle 
market 

NTE 10 percent of annual operations costs 

Cost avoidance of $SOM per flight (2 boosters) 

Twenty-percent commonality across vehicle systems 

Two major systems (15 percent) 

No new facilities 

Fifty percent less than SSP vertical processing 

1.6 

1.6 

1.4 

1 

1 

0.9 

0.8 
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6.0 TRADE RESULTS 
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With the identification of the QFD HOQ #2 FOMs, including the prio1ity ranking of the architecture 

characte1i stic and attiibute requirements, USA assembled a set of trades at the architecture, launch vehicle 

stages, In-Space Stage, systems, and implementation. 

6.1 Architecture Trade 

In reviewing the top six p1ioritized Architecture FOMs, two are derived from the Affordability VOC, one 

from Reliability, one from Perfo1mance, one from Schedule, and the last from Operability VOC. 

"Maximize the use of NASA heritage assets," with a goal of 55-percent use of heritage assets, ranked first 

as it positively impacts near-te1m affordability and near-te1m schedule coupled with a community that 

understands the operability and reliability behavior of the hardware and software. "Maximize mission

critical system robustness," with a goal of all c1itical systems are fail ops, ranked second as it positively 

impacts reliability along with reducing processing validation and reducing the operational workarounds 

required. "Minimize the time to vehicle CDR," with a goal of no later than design authority Authority to 

Proceed (ATP) to vehicle CDR of 36 months, ranked third as it positively impacts near-te1m affordability 

and near-te1m schedule to achieve soonest entrance into the qualification program. "Minimize the number 

of launches to satisfy mission objectives," with a goal of accomplishing as many missions as possible with 

a single launch, ranked fourth as it positively impacts perfo1mance along with mission success reliability. 

"Maximize the ability to tailor vehicle configuration f or mission objectives," with a goal of having a 

vehicle configuration(s) that suppo1ts the manifest and payload mission, ranks fifth as it positively 

impacts the operational schedule along with reducing mission planning and processing cycle times. 

"Minimize the number and/or reduce the complexity of systems requiring validation from receipt to 

launch," with a goal of reducing the validation 35 percent of unique or special test equipment required to 

verify system integrity, ranked sixth as it positively impacts operability with increased utilization and 

validation flexibility along with reduction in test and checkout schedules and costs. 

As USA reviewed and assessed the p1iorities, it is recognized that they are significantly influenced by the 

Congressional schedule and budget constraints; therefore, any deviations from those constraints will 

change the architecture relationships. 

Across all architecture requirements, significant architectural considerations and impacts on the SLS 

Program are as follows: 

a. Reliability 

1. "Minimize ground and flight hazards" - Reduce processing costs and increase safety 
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2 . "Maximize mission-critical system robustness" - Minimize vehicle ground verification 

required prior to each flight and increase flight mission success 

b. Affordability 

1. "Minimize time to vehicle CDR " - Reduce DDT &E costs and achieve IOC quicker 

2 . "Maximize the use of NASA heritage systems or similar high TRL systems" - Significant 

understanding of system supply chain health and cost and reduce ce1iification costs by 

qual testing at system levels 

c. Schedule 

1. "Maximize tailorability of vehicle configuration to ensure flexibility and extensibility" -

Minimize reconfiguration of ground/mission systems 

2 . "Minimize analysis and testing required to achieve certification" 

d. Operability 

"Reduce number or comple..·dty of systems requiring process validation " 

e. Pe1fo1mance 

"Minimize number of launches or ma.·dmize number of missions that can be accomplished with 

single launch " 

At an architectural level, these five VOC groupings are all intenelated. They have "soft" dependencies 

on each other and can drive design solutions. Finding the balance within the p1iodties will provide an 

architecture that will be more stable to environment changes that are political, budgetaiy, or technical. 

6.1.1 Architecture Considerations Impact on Mission Systems 

Based on the assessment of the SLS impacts related to Shuttle Derived Heavy Lift Launch Vehicle 

(SDHLL V) concepts and their respective concept of operations, it was dete1mined that minimal impact to 

mission systems specifically related to launch vehicle, regai·dless of the evolving or end-state 

configurations proposed, would be realized. Regai·dless of architecture, it is c1itical that the evolvability, 

flexibility, and extensibility of the mission systems must be designed into the architecture with the end

state configuration in mind. Affordability can be improved by cost avoidance through shaiing 

overlapping skills and tasks with other NASA programs (specifically MPCV Orion). Examples of joint 

development of design methodologies and techniques with both the launch vehicle and spacecraft ai·e (a) 

ascent/abo1t integration and technical supp01t for flight pe1fo1mance system integration groups, (b) Range 

Safety Panel and trajecto1y working groups, (c) technical panels for Guidance, Navigation, and Control 

(GNC), loads, thermal, and perfo1mance, (d) Natural Environments Day of Launch (DOL) Working 
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Group, (e) First-/Second-Stage design and optimization techniques for Nominal and Abo1t trajectories, 

and (f) Mission planning, analysis, and software model verification. 

Architectural consideration impacts on mission systems are minimal when conside1ing SDHLL V 

concepts and collaboration with other programs is a must if affordability is a key decision point. 

6.1.2 Architecture Considerations Impact on Ground Systems 

Based on the assessment of the SLS impacts related to SDHLL V concepts and their respective concept of 

operations, it was detemrined that architecture selection has a large impact on ground systems, including 

ground elements of suppo1t and test equipment, facilities, and other SLS-specific infrastrncture. 

The SLS Program cannot afford nor sustain a unique ground system for ground processing and operations 

at KSC with a flight rate of two to four launches per FY. This operations model, similar to Shuttle, has 

proven to be costly and not life-cycle efficient. To achieve a reasonable cost target for operations and 

sustainment, the market distribution of infrastrncture costs must be maximized to cost-share initial and 

sustainment LCC over multiple users. One approach to this operations model is the Universal Launch 

Complex (ULC) concept, Figure 6-1, for SLS versus a dedicated launch complex. The ULC contains 

common infrastrncture and unique infrastrncture to accommodate SLS launch vehicle. The ULC contains 

the Universal Mobile Launcher (UML); Universal Ground Control System (UGCS); Vehicle Assembly 

I Emergency 
Escape 
System (EES) 
adjusts to 

------<•• A djustable Crew Access Arm (ACAA) 

level of crew • 

accessarm ' 
fora direct 
egress route 

Elevators 
exterior to 
tower 
provide 
direct 
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Fully adjustable, aircra ft-j etwa y-inspired, multispacecraft access 

• A djustable Access Platform (AAP) 
Eleva ting, translating, and flip access platfo1ms provide 
complete access to various vehicles 

• A djustable Umbilical Carrier (AUq 
Rolling beam design can be translated and positioned vertically 
to accommodate any vehicle inte1face demand 

• Removable Vehicle Launch Mounts (RVLMs): 
NASA SLS vehicle(s) Commercial vehicles 

NASA SLS 
tail service masts and 
holddown posts 

Figure 6-1. Universal Mobile Launcher (UML) 
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Building (V AB) with minimal modifications and access to SLS via UML so no dedicated V AB platfo1ms 

are required; Pads A and B with multiple propellant se1vicing systems; and Crawler modified to suppo1t a 

min of 16.8 Mlb capacity. The UGCS uses a vehicle data se1ver with interfaces to the vehicle console 

(located anywhere) across a vehicle data bus and ground control system vehicle interface controller to 

se1vice SLS or other vehicles. The data se1ver requires almost no reconfiguration, thus avoiding the 

costly expense of planning and preparation for each flight. In providing an upgraded and sustainable 

launch processing solution for SLS, NASA will then realize significant LLC avoidance with the 

commercial sector utilization ofLC-39 while providing human launch se1vices infrastrncture. 

Architectural consideration impacts on ground systems are significant when considering SDHLL V 

concepts, and, again, collaboration with other programs is a must if affordability is an impo1tant key 

decision point. 

6.1.3 Architecture Trade Results 

Any architecture selected has two fundamental elements, a system (vehicle, ground, and mission) and 

implementation (business model to operate the system). Based on cunent FY budget forecast constraints, 

development of an end-state launch vehicle with full BEO capability within the sho1test duration as 

possible is not feasible. By using a capability-driven model within the implementation framework, a 

launch vehicle capability that is increasing in extent and the increasing availability of Exploration system 

payloads (i.e., deep space vehicles, surface landers) provides a balance of near-te1m capability. Although 

initially perfo1mance limiting, the core vehicle can grow into a long-te1m Exploration system enabler. 

Named "Progressive Architecture," the architecture employs a block-type vehicle system evolution with 

increasing pe1fo1mance capability to satisfy new mission objectives and provides a continuous 

development flow, resulting in an affordable and sustainable framework. In assessing the missions and 

comparing the vehicle capability required, a launch vehicle configuration that will deliver 100 mT 

Inse1t ed Mass to Low Earth Orbit (IMLEO) will satisfy most mission objectives. Tailorability by adding 

an additional Core Stage engine to a core baseline vehicle, with associated increase in propellant 

consumables for NEO or BEO destinations, would reduce recuning costs for hardware costs. If your 

requirement is 130 mT, but 95 percent of your missions are below 100 mT, having flexibility to be 

extensible and tailorable on the architecture would enable NASA to optimize the configuration for that 

specific mission. This architecture and its implementation makes it possible to va1y your budget profile, 

as you can increase or decrease the capability thresholds to achieve your FY cost targets. This is a unique 

implementation approach of the Design to Cost (DTC) methodology. 

In developing the missions and objectives for SLS, there is much exploration and scientific interest in a 

HLL capability, both domestically and internationally. Based on the low flight rate required to suppo1t 
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NASA's Exploration missions in the future, there are not be enough flights per year to have a 

recognizable benefit to the projected LCC for the capacity that NASA has developed. Enabling mission 

payload partners and ground segment infrastmcture cost-sha1ing will significantly reduce LCC. More 

missions, including international payloads, must be acquired to increase the flight rate to stabilize the 

workforce and retain proficiencies. Commonality in launcher ground system (ground segment) 

infrastmcture between Commercial providers to LEO destinations and SLS to LEO/NEO/BEO 

destinations will allow cost-sharing distribution. 

USA has conducted and participated in numerous studies over the life of the SSP SRB program that 

addressed the question of reusability and the technical benefit and costs associated with this approach. 

The most recent NASA study conducted, Ares I First Stage Expendability Trade Study, dated 

September 9, 2007, assessed both Ares I and Ares V expendable versus reuse options and concluded that, 

"It is not Life Cycle Cost effective to adopt expendable over reusable Ares IFS and Ares V Boosters." In 

each study, the technical benefits of retrieval and inspection of the hardware has been recognized. The 

ability to ve1ify the flight performance by the design team versus relying solely on limited 

instmmentation and flight perfo1mance metrics has driven safety enhancements into the design and 

reduced program risk. However, there are costs associated with the retiieval and disassembly process and 

the flight hardware required for retrieval, such as parachutes, ordnance and logic circuits. The cost trade is 

driven significantly by the length of the program, the number of flights, and/or the value of the assets for 

follow-on programs. Recognizing the potential desire or need to use a nonreusable SLS booster based on 

budgetaiy constraints or a ve1y limited flight manifest, USA has made an assessment of the cost deltas 

between the continued retrieval and reuse of the SLS booster versus a single-flight approach. Due to the 

limited number of flights and cost consti·aints associated with the startup of the SLS Program, with 

respect to near-te1m affordability, implementing a nonrecoverable booster concept for the SLS booster 

would be prefeITed. This allows for the elimination of the decelerator subsystem, retrieval and recove1y, 

and refurbishment activities cuITently perfo1med for the Space Shuttle SRBs. This includes maintenance 

and occupancy of the Pai·achute Refurbishment Facility (PRF), hangai· AF, and the marine vessels. With 

respect to long-term affordability, if segmented solids remain in the evolving architecture beyond six 

flights, a recoverable booster concept would provide LCC benefits as the additional new manufacturing 

and production costs to replenish the expended assets would make reuse more affordable. 

The technology insertion methodology that NASA uses will be pivotal to achieving the LCC desired. 

New technology and designs can reduce LCC, by improving operability as an enabler to cost reductions 

and cost avoidance, but only after the technology is matured. Immediately relying on new technology 

(low TRL) adds development cost, programmatic risk, and time to achieving initial launch capability. An 
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architecture that can leverage and balance new technology and designs to allow tailorability, flexibility, 

and extensibility lowers operational delta costs. Be wa1y of "shiny new technology," as maturing it has a 

price and schedule. There are many lessons of failure when programs develop technology and design 

concunently where the design requires the technology to be successful. Once the technology has been 

demonstrated and the risks understood by the receiving technical community, inse1t the technology at 

specific inse1tion points, either at a block upgrade milestone or in Pre-Planned Product Improvement (P3I) 

points. Inse1ted technology should provide affordability benefits without degrading perfo1mance or 

capability or compromise safety and reliability. 

6.2 Launch Vehicle Stages Trade 

6.2.1 Trade 1 - Trial Case 1 Results 

It was dete1mined early that an end-state configuration trade should be conducted to assess different 

sensitivities in architecture that affected the launch vehicle, ground, and mission elements. In Trade 1 -

Trial Case 1, the focus was on the sensitivity of the different SLS boosters that could be integrated. A 

Shuttle-derived five-segment solid booster, Shuttle-like four-segment solid booster, liquid oxygen and 

kerosene boosters, and solid monolithic boosters were extracted from the Reference Design Vehicle 

Matrix, as shown in Figure 6-2. Note that the perfo1mance to IMLEO is into a 30xl30nm at 28.5° 

inse1tion orbit. Perfo1mance range is based on DOL conditions and variations in operational concept. 

.. 
Vehicle LV-275-5 RS25· LV-275--4.RS25· LV-330-6 RS68· LV-275-S.RS68-

designation SS-1.J2X 4S.I.J2X 2.2RP-2.J2X 4MS-U2X 

Geometry 27 .5-ft-dia. 27.S-ft-dia. 33-ft-dia. 21 .s.ft-dia. 
stretched height standard standard stretched 

Booste1· 2x 5-segment 2x 4-segment 2x 2 x 1.25 Mlbf 4x795Klbf RSRM metal case expended, migrate to 
PBAN PBAN LOXIR.P-1 monolith SRB expendable by flight S 

Co1·e engine SxRS-25D 4xRS-25D 6xRS-68A SxRS-68A RS-25D migrates to RS-2SE by flight 
4, RS-68A migrates to RS-68B for 
human rating 

Upper Stage lxJ-2X lxJ-2X 2xJ-2X lxJ-2X 

engine 

IMLEO 123 -129mT 110-llSmT 136 - 142mT 118 - 124mT 

Figure 6-2. Trade 1 - Trial Case 1, sensitivities to booster config11rations 
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To address the Reliability FOM for all trial cases, USA conducted the reliability analyses using the 

probabilistic risk analysis technique to determine nominal reliability with both engine out and no engine 

out conditions and an active Advanced Health Monito1ing System (AHMS) to detennine the loss of 

vehicle (LOV) estimates. As a benchmark, we used the most recent Space Shuttle LOCN probability of 

1 in 260 (ascent flight phase only based on SPRA Iteration 3.2). As applicable to the configuration 

assessed, the mean 1 per "n" at level 3 was calculated for SRB, RSRM, payload fairing, primaiy stmcture, 

avionics, software, propellant tanks, intertank, skiits, main propulsion system, hydraulic actuation system, 

and auxiliaiy propulsion system. Level 3 was rolled up to level 2. As applicable to the configuration 

assessed, the mean 1 in "n" at level 2 was calculated for Booster Stage, Core Stage engines, Core Stage 

stmctures and systems, in-line payload canier, Upper Stage engines, and Upper Stage stmctures and 

systems. Total vehicle LOV was taken at level 2 rollup. Assumptions on system functionality were 

assumed, as necessaiy. 

For Trade 1 - Trial Case 1, the LOV probability for the Baseline, Option 1, Option 2, and Option 3 were 

1 in 224, 1 in 238, 1 in 132, and 1 in 263, respectively. 

Once the ai·chitectures were defined and chai·acterized, the different vehicles were traded in a decision 

matrix as shown in Table 6-1. 

Tabl.e 6-1. Trade 1 - Trial Case 1 decision matrix 

Alternative confionrations 
Standard Option Option Option 

# R eauirements weioht B ase 1 2 3 
l Maximize the use ofNASAheritage assets 3.7 b + - -
2 Maximize mission-aitical system robustness (fail op) 3.5 b s + s 
3 Minimize the time to vehicle CDR 3.4 b + - -
4 Minimize. the number of launches to satisfy mission objectives 3.0 b - s s 
5 Maximiz.e the ability to tailor vehicle comiguration for mmion objectives 3.0 b - + + 

Minimize the number and/or reduce the complexity of systems requiring validation 
6 frec.-mt to launch) 3.0 b + ++ ++ 
7 Maximum number of reference missions captured bv sin"le launch 2.8 b - + s 

Minimize cost and schedule impacts to ground and mission systems changes 
8 (con-oos processes) 2.8 b - + + 
9 Minimize mmi>ec of flight/ground systems hazards 2.8 b + +++ + 
10 Maximize the number ofh;ah-1RL maior <=tems 2.5 b ++ - s 
11 Minimize the aoalvsis and testiru, remnred to achieve INPR.8705.2b) certification 2.4 b + - -
12 Minimize crit l <=tem failure modes 2.3 b + - + 
13 Minimize P£ocessin<> assembly and inte=tion =tions 2.0 b + +++ ++ 
14 Minimize the number of facilities and <>round <=tems 2.0 b s + + 
15 Maximize dmiaostnlted reliability 1.8 b + - s 

~ Sum 0 5 l 4 

Very much Mission designation LE-E0-1 {payloads >20 mn Score 0 11.8 1.2 7.3 
+++ 

betterthan ~ Affor dabilityVoe 
++ Much better ~J~r11a&br1 s.JJllfi2Hl'i1tilJII~ l!ibi,k dt~Wlati1n1 
+ Better Baseline LV-275-5.RS25-5S-l.J2X ~ Per-formance voe 
s Same Option l LV-275-4.RS25-4S-l .J2X ~ ReliabilityVoe - \Vorse Option2 LV-330-6.RS68-2.2RP-2.J2X 
- Much worse Option3 LV-275-5.RS68-4MS-l.J2X ~ Schedule voe 

- Very much ~ Oper-abilityVOC worse than 
b Baseline 
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A key point when evaluating the sums and scores of the decision matrix, the results are against the 

Baseline identified in a pairs-wise compa1ison, so you should not cany sums or scores from one trade 

space to the next trade space. 

In assessing the results, Option 1 against the Baseline, the Shuttle-like architecture traded ve1y well 

because of the much lower DDT &E costs and the quickness to field the system within the first 5 years 

after ATP. Liquid booster configurations have great processing advantages over the life-cycle 

affordability, but DDT &E costs within the first 5 years are not feasible based on the cmTent FY 2012 

budget constraints. 

The takeaways from Trade 1 - T1ial Case 1, are that an initial HLL capability within 5 years after ATP to 

LEO is c1itical to SLS Program viability. Quickly fielding of a system, ve1y SSP heritage with four

segment Polybutadiene Ac1ylonit1ile (PBAN) solid boosters and standard height/diameter core tank than 

that of the SSP ET, provides near-te1m early launch capability to LEO as compared to the baseline 

configuration. Hazards, verifications and inspections, special access, and special tooling ALL 

significantly impact operational LLCs in labor, schedule time, sustaining, and maintenance. These affect 

the affordability of the vehicle, ground systems, missions systems, and operations. While heritage SRB 

motors, four-segment PBAN RSRM, family provides "untouched" propulsion system perf01mance at 

3 .1 Mlbf each, LLC due to the limited market segment for that technology and the inherent hazards 

(i.e., open grain) along with additional integration operations (i.e. , more end items to integrate together) is 

not optimizing the long-te1m costs. 

6.2.1.1 Trade 1 - Trial Case IA Results 

When reviewing the results of Trade 1 - Tiial Case 1 of the end-state configuration ti·ade, a gap analysis 

was conducted to dete1mine if "weaknesses" in the architecture could be identified. In Option 2, by 

removing the unproven and undemonstrated 1.25 Mlbf LOX/RPI engines on the Booster Stage and 

replacing them with the same engine on the Core Stage, an engine that has a proven histo1y, existing 

supply chain and market segment, and a demonsti·ated reliability would increase the engine commonality 

within the integrated vehicle and thus increase the supply chain production rate per flight, lowering the 

recm1ing costs. Figure 6-3 depicts the change, in red shadow font, to Option 2. 
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Vehicle 
designation 

Geomen-y 

Booster 

Core engine 

Upper Stage 
engine 

IMLEO 

• 
LV-275-5 RS25- LV-275-4.RS25-

5S-1.J2X 4S-1.J2X 

27.5-ft-dia. 27 .5-ft-dia. 
stretched height standard 

2x 5-segment 2x 4-segment 
PBAN PBAN 

SxRS-25D 4xRS-25D 

I lx J-2X lxJ-2X 

123 - 129mT 110 - 118mT 

I I I 

LV-330-6.RS68-
2.2RS68-2.J2X 

33-ft-dia. 
standard 

2x2 X 

RS-6&A/B 

6xRS-68AIB 

2xJ-2X I 
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Option3 

LV-275-5 RS68-
4MS-1.J2X 

27.5-ft-dia. 
stretched 

4x 795 Klbf 
monolith SRB 

5xRS-68A 

lxJ-2X 

118 - 124mT 

I • 

Eltmtnt shading k•y 
0 Solid propellant SRB • Llquid hydrogen 
CJ Llquid oxygm 
D Llquid RP-I 

RSRM metal case expended, migrate to 

expendable by flight 5 

RS-25D migrates to RS-25E by flight 
4, RS-68A migrates to RS-68B for 
human rating 

Figure 6-3. Trade I - Trial Case IA, sensitivities to liquid booster configuration 
with known Core Stage engine 

For Trade 1 - T1ial Case IA, the LOV probability for the modified configuration Option 2 was 1 in 168. 

Once the changed architecture was defined and characterized, the Option 2 configuration was traded in 

the decision matiix as shown in Table 6-2. 

In assessing the results, inse1ting a higher TRL engine and not having two different fuel propellants helps 

the liquid booster concept score better, but it still requires a unique-stage DDT &E activity. Changes in 

Option 2 configuration, booster engine, to a common, well understood, and ClllTently available 

production-capacity propulsion system significantly improves the overall benefit as compared against the 

Baseline and Option 1 configurations. 
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Table 6-2. Trade 1 - Trial Case JA decision matrix 

i 
# 
1 
2 
3 
4 
5 

6 
7 

8 
9 
10 
11 
12 
13 
14 
15 

+++ 

++ 
+ 

Requirements 
Maximize the use ofNASAheritae:e assets 

Maximize mission-critical system robustness (fail op) 
Minimize the time to vehicle CDR 

Minimize. the number of launches to satisfv mission obiectives 
Maximiz.e the abilitv to tailor vehicle confionnotion fOI" mission nhiectives 
Minimize the number and/or reduce the complexity of systems requiring 

validation (receiJ>t to launch) 
Maximum number of reference. missions caotured bv sine:le launch 

Minimize cost and schedule impacts to ground and mission systems changes 
(con-""s orocesses) 

Minimize number of flight/ground systems hazards 
Maximize the number ofh;oh-TRL maior svstems 

Minimize the analvsis and testiru, reouired to achieve (NPR8705.2b) certification 
Minimize crit 1 svstem failure modes 

Minimize processing assembly and integration 0p1rations 
Minimize the number of orocessma facilities and e:round svstems 

~ 
Very much 
betterthan 

Much better 
Better 
Same 
Worse 

Maximiz.e demonstrated reliabilitv 

Mission desil:,!!ation LE-EO-1 (payloads >20 mT) 

A lternative c.onfigurations 

Baseline 
Option 1 
Option2 

Vehicle designation 
LV-275-5.RS25-5S-IJ2X 
LV-275-4.RS25-4S-U2X 

LV-330-6.RS68-2 .2RS68-2.J2X 
LV-275-5.RS68-4MS-l.J2X 

- Mu.chworse 
Very much 
worse than 

Option3 

b Baseline 

6.2.2 Trade 2 - Trial Case 2 Results 

Alternative confi, ....r.ations 
Standard Option Option Option 

weii!ht Base 1 2 3 
3.7 b + - -
3.5 b s + s 
3.4 b + - -
3.0 b - s s 
3.0 b - ++ + 

3.0 b + ++ ++ 
2.8 b - + s 

2.8 b - + + 
2.8 b + ++ + 
2.5 b ++ - s 
2.4 b + - -
2.3 b + - + 
2.0 b + +++ ++ 
2.0 b s ++ + 
1.8 b + - s 

Sum 0 5 6 4 
Score 0 11.8 13.5 7.3 

~ AffordabilityVOe 

~ Performance v o e 

~ ReliabilityVOC 

~ Schedule v o e 

~ Oper-abilityVOe 

Trade 2 - T1ial Case 2 was developed as an end-state configuration trade. The focus of Trade 2 was on 

the sensitivity of a LOX/RPI Saturn-like vehicle configuration as compared to the Shuttle-derived 

configurations that scored well in Trade I and an all LOX/RPI hybrid configuration. The Shuttle-based 

configurations and Saturn-based configurations are shown in Figure 6-4. 
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• 
Vehicle LV-275-3 RS25- LV-275-5.RS25-
designation 4S-4.RLI0 5S-U2X 

Geometry 27.5-ft-dia. 27 .5-ft-dia. 
standard heiglit stretched 

Booster 2x 4-Seg Steel 2x 5-Seg Steel 
CasePBAN Case PBAN 

Core engine 3xRS-25D Sx RS-250 

Upper Stage 4xRLI0 lxJ-2X 
engine 

IMLEO 40 - SOmT 123-126 mT 

• 
LV-330-5.RP2.0-

0-U2X 

33-ft-dia. 
standard 

None 

5,RP 
2.0M!bf 

Ix J-2X 

118 -122mT 
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~ ~ 
• 
LV-330-

5.RPl.25M-
2.2RPL25M-

2.RPI00K 

33-ft-dia. 
standard 

2x 2 x 1.25 Mlbf 
LOX/RP-I 

SxRP 
1.25 Mlbf 

2x I00Klbf 
LOX/RP-I 

72 -75mT 

Element shading key 
0 Solid propellant SRB • Liquid hydrogen 
D Liquid oxygen • Liquid RP-I 

Notes 

RSRM metal case expended. migrate to 

expendable composite RSRM by 
flight 5 

RS-25D migrates to RS-25E by flight4 

Figure 6-4- Trade 2 - Trial Case 2, sensitivities to an RP Saturn-like configuration as 
compared to a Shuttle-based architecture and hybrid 

For Trade 2 - Trial Case 2, the LOV probability for the Baseline, Option 1, Option 2, and Option 3 were 

1 in 182, 1 in 224, 1 in 170, and 1 in 112, respectively. 

Once the architectures were defined and characterized, the different vehicles were traded in a decision 

matrix, as shown in Table 6-3. 

In assessing the Option 2 results, the ability to tailor the vehicle, including the 33-foot-diameter shroud 

interface to accommodate multiple payload requirements, and one less element to integrate and operate, 

no boosters, depicts an operations-friendly configuration. This configuration is as close to "ship and 

shoot" as possible and can be operated with a reduced processing footp1int. 

Reducing the number of integrated elements (i .e., no boosters), with an all liquid system, which is 

end-item delivered with fully integrated propulsion systems, an engine cluster with propulsion system, 

MPS, and tmst vector control, improves affordability due to processing and operations simplicity (less 

process validation and less processing restrictions) as compared to the Baseline configuration. The lack 

of initial pe1fo1mance of the Baseline to achieve the 70-mT perfo1mance target allows the alternative 

configuration options to score better on the pe1fo1mance FOMs. 

~United Space Alllance 6-11 



June 1, 2011 
DRD 1384MA-003 

HLPT SA TS Final Study Report 

Table 6-3. Trade 2 - Trial Case 2 decision matrix 

Alternative confamrations 
Standard Option Option Option 

# R equirements weiJ!:ht Base 1 2 3 
I Maximize the use ofNASAheritage assets 3.7 b - - -
2 Maximize mission-critical svstem robustness (fail oo) 3.S b s ++ + 
3 Minimize the time to vehicle CDR 3.4 b - - -
4 Minimize the number of launches to satid'v mission obiectives 3.0 b + ++ + 
s Maximize the abilitv to tailor vehicle CODiururation for mission o· · 3.0 b + ++ ++ 

Minimize the number and/or reduce the complexity of systems requiring 
6 validation (rec.,;,.,t to launch) 3.0 b - +++ ++ 
7 Maxinrum number of reference missions caotured bv sinole launch 2.8 b + ++ + 

Minimize cost aid schedule impacts to ground and mission systems changes 
8 (con.,-ms nmresses) 2.8 b s + s 
9 Minimize nmmer of fliitht/l!1'0Ulld svstems haz.ards 2.8 b - + ++ 
10 Maximize the number ofhioh-1RL maior svstems 2.S b - - -

Minimize the analysis and testing required to achieve (NPR 8705.2b) 
11 certiIJCation 2.4 b - - -
12 Minimize crit 1 svstem failure mxies 2.3 b - ++ + 
13 Minimize orocessing assembly and intel!I'ation ooerations 2.0 b - +++ + 
14 Minimize the number of nrn.-,•ssin2 facilities and l!l'ound <.V<:tems 2.0 b s ++ ++ 
1S Maximize demonstrated 

..... 
1.8 b -

~ Swn 0 -6 9 1 

+++ Very much Mi~~WD d,~uatigg NE-SEL2-l Score 0 -1S.1 23.7 3.3 
better than 

~ AffordabilityVOe ++ Much better Alternative confjj:urations Vehicle desjj:nation 
+ Better Baseline LV-27S-3.RS.25-4S4.RLl0 ~ Performance v o e 
s Same Option 1 LV-27S-S.RS2S-SS-1.J2X ~ ReliabilityVOC 

Worse Option2 LV-330-S.RP2.0-0-1.J2X 
.. Much worse 

Option3 LV-330-S.RP1.2SM-2 .RP1 .25M-2.RP1 OOK ~ Schedule v o e 
Very much ~ Oper-abilityVOe -- worse than 

b Baseline 

Lower TRL systems, regardless of NASA heritage status, b1ings the lack of domain knowledge in product 

manufacturing, qualification testing, production, processing, and operations, that results in extended 

schedule and additional cost. 

In addition to propellant load increases, the 33-foot-diameter core tank provides added mission operations 

tailorability for oversized volume payloads for some mission objectives captured. This benefit does 

require additional DDT &E cost for infrastrncture changes in manufacturing, transpo1t ation, and ground 

systems, mainly GSE. 

6.2.3 Trade 3 - Trial Case 3 Results 

Based on the results from T1i al Case I and the gap analysis producing T1ial Case IA, along with the 

results from Trial Case 2, Trade 3 - Tiial Case 3 was developed as an evolvable family configuration 

trade. The general concept of operations is for the Block O vehicle to be nonhuman rated, whereas the 

Block 1 vehicle and subsequent configurations are human rated. The phase a.nows depict the migration 

from one capability to the next. A double a.now indicates that the configuration can be tailored for flight 

in either increasing or decreasing capability. For this trade, USA exaggerated the evolution phases to 
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determine what architecture or vehicle changes via technology steps impact the FOMs the most. In a 

practical evolution within family, it would not be recommended to plan for this many flight-designated 

block vehicles. Technology changes from one phase to the next are identified in blue font. 

The first set of in-family configurations were based on heritage SRB and SSME configurations, as 

depicted in Figure 6-5. 

i 
Element shading key 
0 Solid propellant SRB • Liquid hydrogen 
a Liquid O")'gm 
D Liquid RP-I 

Coufiu Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 
..,. Block O Block 1 Block 2 Block 3 Block 4 Block 5 

Booster· 4-segmeut steel 5-segmeut steel 5-segmeut steel 5-segment comp 5-segment comp 5-segmeut comp 
casePBAN casePBAN casePBAN case PBAN casePBAN caseHTPB 

Core tank 
27.5-ft-dia. 27.5-ft-dia. 127 .5-ft-dia. 27.5-ft-dia. 27 .5-ft-dia. 27 .5-ft-dia. 
standard height stretched stretched stretched stretched stretched 

Core engine 3xSSME 4x SS!\IE 5xRS-25E 5xRS-25E 5xRS-25E 5xRS-25E (RS-250) 

Second Stage NIA NIA lxJ-2X 2xJ-2X 

IMLEO 55-62mT 73 - 77mT 123-129mT 127 - 132mT 137 - 143 mT 146-151 mT 

Mission LEO LEO ILEO/NEO NEO/BEO NEO/BEO NEO/BEO 

~2 flights ~2 flights ~2 flight >2 flights >2 flights >2 flights 

Figure 6-5- Trade 3 - Trial Case 3, Alternative Configuration I - Baseline, sensitivities to technology 
steps required in a heritage SRB and SSME conjiguration-evolvab/.e launch vehicle family 

For Trade 3 - T1ial Case 3, Alternative Configuration 1 - Baseline, the LOV probability for the 

configurations range from 1 in 272 down to 1 in 205. In the early phases while you are attempting to 

demonstrate the reliability of the system, a design solution with no engine out capability drops the 

probability of 1 in 272 to 1 in 190. Subsequent block vehicle's LOV probability drops accordingly. 

The second set of in-family configurations were based on he1i tage SRB and high TRL LOX/LH2 Core 

Stage engine configurations, as depicted in Figure 6-6. 
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Element shading key 
0 Solid propellant SRB 
[J Liquid hydrogen • Liquid oxygen 
D Liquid RP-I 
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Confi Phase 1 Phase 2 Phase 3 Phase 4 
g. Block O Block 1 Block 2 Block 3 

Booster 4-segment steel case 5-segment steel case 5-segment composite 5-segment composite case 
PBAN PBAN case PBAN HTPB 

Core tank 27 .5-ft-dia. 27 .5-ft-dia. 27 .5-ft-dia. 27.5-ft-dia. 
standard height stretched stretched stretched 

Core engine 3xRS-68A 4xRS-68A 4x RS-68B 4xRS-68B 

Second Stage NIA NIA 3xMB-100 

IMLEO 61-69mT 8 1-85mT 133 - 138mT 143 - 149 mT 

Mission LEO LEO LEO/NEO/BEO LEO/NEO/BEO 

:S 3 flights 9 flights >4 flights >4 flights 

Figure 6-6. Trade 3 - Trial Case 3, Alternative Configuration 2- Option 1, sensitivities to technology steps 
required in a heritage SRB and L OXILH2 core engine configuration-evolvable launch vehicle family 

For Trade 3 - T1ial Case 3, Alternative Configuration 2 - Option 1, the LOV probability for the 

configurations range from 1 in 290 down to 1 in 126. 

The third set of in-family configurations were based on heritage SRB and low TRL LOX/RPI Core Stage 

engine configurations, as depicted in Figure 6-7. 
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i 
Element shading key 
D Solid propellant SRB 
c:J Liquid hydrogen 
D Liquid oxygen 
D Liquid RP-I 

Config. 

Booste1· 

Cor e tank 

Core engine 

Second Stage 

IMLEO 

Mission 

Phase 1 
BlockO 

4-segment steel case 
PBAN 

33-ft-dia. 
standard height 

3xRS-84 

NIA 

63 - 71mT 

LEO 

9 flights 

Phase 2 
Block 1 

5-segment steel case 
PBAN 

33-ft-dia. 
stretched 

3xRS-84 

NIA 

84 - 88mT 

LEO 

~3 flights 
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Phase 3 
Block2 

S-segmentcomposite case 
PBAN 

33-ft-dia. 
stretched 

3xRS-84 

138 - 143 mT 

NEO/BEO 

>4 flights 

Phase 4 
Block3 

S-segment composite case 
HTPB 

33-ft-dia. 
stretched 

3xRS-84 

3xMB-100 

147 - 1S4mT 

NEO/BEO 

>4 flights 

-SA s_o 6 

Figure 6-7. Trade 3 - Trial Case 3, Alternative Configuration 3- Option 2, sensitivities to technology steps 
required in a heritage SRB and LOX/RPI core engine configuration-evolvable launch vehiclefami(y 

For Trade 3 - T1ial Case 3, Alternative Configuration 3 - Option 2, the LOV probability for the 

configurations range from I in 282 down to 1 in 114. 

The fomth set of in-family configurations were based on LOX/RPI Core Stage engines and LOX/RPI 

engines in the booster configurations, as depicted in Figure 6-8. 
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Confio Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
., . Block 0 Block 1 Block 2 Block 3 Block 4 

Booster None hRS-84 2x 1 x AJHI ORSC 2x l x AJ2M ORSC 2x l x AJ2M ORSC 

Co1·e tank 33-ft-dia. 33-ft-dia. 33-ft-dia. 33-ft-dia. 33-ft-dia. 
standard height standard standard standard standard 

Co1·e engine 3xRS-84 3x RS-84 3xRS-84 3xRS-84 3x AJ2:'.\1 ORSC 

Second Stage NIA NIA 3x AJIOOKORSC 3x AJlOOKORSC 

IMLEO 21 - 24mT 53 - 56 mT 72 - 75mT 97 - 101 mT 134 - 140mT 

Mission LEO LEO LEO/NEO NEO/BEO 

>2 flights >4 flights >4 flights >4 flights 

Figure 6-8. Trade 3 - Trial Case 3, Alternative Configuration 4 - Option 3, Sensitivities to technology steps 
required in a LOX/RPI core engine with RP boosters configuration-evolvable launch vehiclefami~y 

For Trade 3 - T1ial Case 3, Alternative Configuration 4 - Option 3, the LOV probability for the 

configurations range from 1 in 224 down to 1 in 120. 

Once the architectures were defined and characterized, the different vehicles were traded in a decision 

matrix, as shown in Table 6-4. 

With its understood perfo1mance and limitations, along with inserting new technology incrementally, the 

Baseline depicts a strong in-family architecture. Conectly grouping the technology inse1tions to reduce 

the number of phases will be the implementation cornerstone. 

The Baseline-evolvable family configuration scores ve1y strong as pairs-wise compared against the 

alternative configuration options. The Baseline Block 1, 2, and 4 demonstrate the highest benefit per 

capability/cost step based on perf01mance increase as compared to development risk posture and cost. 

The Baseline configuration provides earliest flight capability and minimizes DDT &E required based on 

significant use of existing NASA heritage assets, including ground and mission systems. Limitations on 

flexibility and extensibility as vehicle tailo1ing for specific mission profiles are not as favorable as 

Options 2 and 3. He1i tage assets do come with the penalty of existing processing and operational 

requirements and processes that tend to be more restrictive and less efficient. To address the life-cycle 
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affordability, when using heritage assets, it will become ve1y impo1tant to perfo1m a bottoms-up 

assessment of how the system is built, acceptance tested, installed, integrated tested and verified, and 

operated. 

Table 6-4. Trade 3 - Trial Case 3 decision matrix 

Altem ative confi1mrations 
Standard Option Option Option 

# Requil'ements wei2ht Base 1 2 3 
I Maximize the use ofNASAheritage assets 3.7 b - - -
2 Maximize mission-critical ovctem robustness (fail nn) 3.5 b s - -
3 Minimize the time to vehicle CDR 3.4 b - - -
4 Minimize. the number of launche.s to satisfy mission objectives 3.0 b s s s 
5 Maximize the ability to tailor vehicle configuration for mission objectives 3.0 b s + + 

Minimize the number and/or reduce the complexity of systems requiring 
6 validation freceiot to launch) 3.0 b s s ++ 
7 Maximum number of reference missions caotured by sine:Ie launch 2.8 b s s s 

Minimize cost and schedule impacts to ground and mission systems changes 
8 (con-oos orocesses) 2.8 b s s + 
9 Minimize number of fli1>ht/<rmund svstems hazards 2.8 b s s ++ 
IO Maximize the number ofhigh-1RL major systems 2.5 b s - -
II -· . the ,malvcic and t-.na n•,mi....t to achieve fNPR 8705.2b) certification 2.4 b - -
12 Minimize crit 1 svstem failure modes 2.3 b s s + 
13 Minimize orocessine: assembly and inte1>ration ooerations 2.0 b s s ++ 
14 Minimize the number of processing facilities and ground systems 2.0 b s s + 
15 Maximize demonstrated reliahilitv 1.8 b s - -

~ Sum 0 -3 -7 -3 

Very much Mh§iPP desimatiou None (Lo\\r • Near • Beyond 
+++ 

betterthan Earth destinations) Score 0 -9.5 -21.4 -12.5 
++ Much better ~ Affol'dabilityVOe 
+ Better Alte1·native confii:urations Vehicle desil:!!ation 
s Same Baseline Heritage SRB and SSMEs ~ Perfol'mance v o e 
- Worse Option I Heritage SRB and LOX/LH2 core engines ~ ReliabilityVOC - Much worse 

Option2 Heritage SRB and LOX/RPI core engines 
- Very much 

Option3 LOX/RPI engines with RP boosters 
~ Schedule v o e 

worse than ~ OperabilityVOe b Baseline 

6.2.4 Trade 4 - Trial Case 4 Results 

Trade 4 - T1ial Case 4 was developed as an end-state configuration trade. The focus of Trade 4 was on 

the sensitivity of segmented solids vs. monolithic solids. As shown in Figure 6-9, two five-segment and 

two four-segment he1itage solids were compared against a known large monolith solid booster. 
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Config_ Baseline Option 1 

Vehicle LV-275-5 RS2S- LV-275-4 RS68-

designation SS-2.J2X SS-1.J2X 

Geometry 27.S-ft-dia. 27 .S-ft-dia. 
stretched height stretched 

Booster 2x 5-segmentsteel 2x 5-segment steel 
casePBAN casePBAN 

Core engine SxRS-2SE 4xRS-68B 

Uppe1· Stage 2xJ-2X lxJ-2X 

engine 

IMLEO 137-143mT 117 - 12SmT 

Option2 

LV-330-S.RS68-
4S-2.J2X 

33-ft-dia. 
standMd 

2x 4-segment steel 
casePBAN 

SxRS-68B 

2xJ-2X 

12S - 134mT 

Option3 

LV-27S-S.RS2S-
6MS-1.J2X 

27.S-ft-dia. 
stretched 

6xPII0SRB 
monolith 

SxRS-2SE 

lxJ-2X 

131 - 140mT 

Element shading key 
0 Solid propellant SRB • Liquid hydrogen 
C Liquid O")'gen 
0 Liquid RP-I 

Notes 

Figure 6-9- Trade 4 - Trial Case 4, sensitivities to segmented solids versus monolithic solids 

For Trade 4 - Trial Case 4, the LOV probability for the Baseline, Option 1, Option 2, and Option 3 were 

1 in 208, 1 in 233, 1 in 248, and 1 in 261 , respectively. 

Once the architectures were defined and characterized, the different vehicles were traded in a decision 

matrix, as shown in Table 6-5. 

In assessing Option 3 with the monolith solids against the other segmented solid booster configurations, 

reducing the complexity of the booster validation and reduction in the processing hazards depicts 

monolithic booster vehicles as a viable configuration. While not as performance capable as the current 

SSP SRBs, large monolith boosters demonstrate ve1y positive LLC affordability predictions. Allowing 

tailorability by adding or removing boosters from a core configuration to "right-size" perfo1mance and 

align cost against mission requirements is an enabler. 

The expendable versus recoverable affordability trade turns around at two to three flights per year instead 

of five to six flights per year for SSP SRBs when monolith boosters are recovered and refurbished or 

scrapped for reusable pa.its onsite at KSC. Monolith boosters are considered more "operations friendly" 

than segmented solids due to reduced operations, reduced hazards, reduced required inspections, and less 

failure modes. The development and production risk is low, as the Pll0 can be "up scaled" from 
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production P80 variant that are designed and built for the Arianespace Vega rocket, a joint project by the 

Italian Space Agency and the ESA. This 1i sk will be pa1tially mitigated by the time NASA requires the 

capability. 

Table 6-5. Trade 4 - Trial Case 4 decision matrix 

Alternative confiirul'ations 
Stan dal'd Option Option Option 

# Requirements wei2ht Base 1 2 3 
1 Maximize the use ofNASAherita!!e assets 3.7 b - - -
2 Maximize mission-critical system robustness (fail op) 3.5 b s ++ s 
3 Minimize the time to vehicle CDR 3.4 b + s s 
4 Minimize the number of launches to satisfv mission obiectives 3.0 b - + s 
5 Maximize the ability to tailor vehicle configuration fOI' mission objectives 3.0 b - + + 

Minimize the number and/or reduce the complexity of systems requiring 
6 validation freceiot to launch) 3.0 b s + ++ 
7 Maximum number of reference missions captured bv single launch 2.8 b s + + 

Minimize cost and schedule impacts to ground and mission systems changes 
8 (con-nns orocesses) 2.8 b s s s 
9 Minimize number of £lu,htf.,.,..,und svstems hazards 2.8 b s s ++ 
10 Maximize the number ofh;ah-1RL maior svstems 2.5 b s s s 

Minimize the analysis and testing required to achieve (NPR 8705.2b) 
11 certification 2.4 b - - s 
12 Minimize crit l system failure modes 2.3 b ++ + ++ 
13 Minimize processing assembly and integJlltion 0p1ntions 2.0 b s s ++ 
14 Minimize the number of processing facilities and ground systems 2.0 b s s + 
15 Maximize demonstrated relialnlitv 1.8 b s + s 

.swr. Sum 0 -3 5 9 

+++ Very much Mission desil:,!!ation BE-NE0-3 Score 0 -10.1 13.1 20.6 
better than 

~ Affol'dabilityVOe ++ Much better Alternative confil:,!!t'ations Vehicle desii:nation 
+ Better Baseline LV-275-5.RS25-5S-2.J2X ~ Perfol'mance v o e 
s Same Option I LV-275-4.RS68-5S- l.J2X ~ ReliabilityVOC - Worse 

Option2 LV-330-5.RS68-4S-2.J2X - Much worse 
Option3 LV-275-5.RS25-6MS- l.J2X ~ Schedule v o e 

- Very much 
~ Ope1'3bilityVOe worse than 

b Baseline 

6.2.5 Trade 5 - Trial Case 5 Results 

Trade 5 - T1ial Case 5 was developed as an end-state configuration trade. The focus of Trade 5 was on 

the sensitivities amongst LOX/RPI vehicles. While all Core Stage engines were LOX/RPI propellant 

propulsion systems, different Second/Upper Stages and Booster Stages were added, as shown in 

Figure 6-10. 
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Vehicle LV-330-3.RS84- LV-330- LV-330-

designation 2 .2RS84-3.AJ100K 4.RP2.0M-0-2 J2X 6.RP2.0M-0-2 J2X 

Geometry 33-ft-dia. 33-ft-dia. 33-ft-dia. 
slretched height standard s1retched 

Booster 2x2RS-84 None None 

Core engine 3xRS-84 4xRP 2.0Mlbf 6x RP2.0 Mlbf 
GG GG 

Upper Stage 3x All 00K ORSC 2xJ-2X 2xJ-2X 

engine 

IMLEO 66 - 75mT 84 - 92mT 130 - l37mT 
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I 

LV-330-
6.RP2.0M-4MS-

2.J2X 

33-ft-dia. 
slretched 

4xPll0 SRB 
monolith 

6x RP2.0 Mlbf 
GG 

2xJ-2X 

145 - 153 mT 

Element shading key 
D Solid propellant SRB • Liquid hydrogen 
D Liquid oxygen • LlquidRP-1 

I • 

Figure 6-10. Trade 5 - Trial Case 5, sensitivities between difference Core Stage RP engine configurations 

For Trade 5 - Trial Case 5, the LOV probability for the Baseline, Option 1, Option 2, and Option 3 were 

1 in 103, 1 in 181, 1 in 157, and 1 in 234, respectively. 

Once the architectures were defined and characterized, the different vehicles were traded in a decision 

matrix, as shown in Figure 6-6. 

The ability to tailor the vehicle, including the 33-foot-diameter shroud interface, and one less element to 

integrate and operate without the boosters, depicts an operations friendly configuration on Options 1 and 

2. All liquid propulsion and minimized integrated elements make Options 1 and 2 ve1y favorable against 

the Baseline configuration, although significant DDT &E schedule and cost are associated with the 

development of the new LOX/RP 2.0 Mlbr Gas Generator (GG) and/or lOOK Mlbr ORSC class engines 

for Options 1, 2, and 3. Two integrated stage developments on Options 1 and 2 in lieu of three integrated 

stage developments for the Baseline directs costs to two distinct element developments (i.e., core and 

upper) versus three (Booster, Core, and Upper) proves advantageous when assessing and reducing the 

near-te1m DDT &E costs. 
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Table 6-6. Trade 5 - Trial Case 5 decision matrix 

Stan dal'd 
# Requirements 
1 Maximize the use ofNASAheritage assets 

2 Maximize mission-critical cvctem robustness (fail nn) 

3 Minimize the time to vehicle CDR 
4 Minimize the number of launches to satisfv mission obiectives 
5 Maximize the ahilitv to tailor vehicle confiann,tion fOI" mission obiPM..,.... 

Minimize the number and/or reduce the complexity of systems requiring validation 
6 ( receiot to launch) 
7 Maximum number of reference missions captured by single launch 

Minimize cost and schedule impacts to ground and mission systems changes 
8 (con-oos processes) 
9 Minimize number of flight/ground systems hazards 

10 Maximize the number ofhi.,h-1RL maior svstems 
11 Minimize the analv..ic and t-.na .,.,,.uired to achieve l'Nl>R 8705.2b) certification 
12 Minimize ait I ,;vstem failure modes 

13 Minimize processing assemblv and iote<>ration ooerations 
14 Minimize the number of nrncessina facilities and !!found svstems 
15 

~ 
+++ Very much 

better than 

++ Much better 
+ Better 

Same 
\Vorse 

- Much worse 
Very much 
worse than 

b Baseline 

Maximize demonstrated reliahilitv 

J\1ission drsimatinn NE-LS-2 

AlkrnatiYr ronfiruratinus 
Baseline 
Option 1 
Option2 
Option3 

(payloads >60 mn 

Ythkle desieuation 
LV-330-3.RS84-2.2RS84-3.AJ100K 

LV-330-4.RP2.0M-0-2.J2X 
LV-330-6.RP2.0M-0-2.J2X 

LV-330-6.RP2.0M-4MS-2.J2X 

6.2.6 Trade 6 - Trial Case 6 Results 

wei!!ht 
3.7 
3.5 
3.4 
3.0 
3.0 

3.0 
2 .8 

2 .8 
2 .8 
2 .5 
2.4 
2.3 
2 .0 
2 .0 
1.8 

Sum 
Score 

Alternative confil!Ul'ations 
Option Option Option 

Base 1 2 3 
b s s s 
b + ++ + 
b ++ ++ + 
b s s s 
b + + ++ 

b ++ ++ s 
b s ++ ++ 

b ++ ++ s 
b ++ ++ -
b ++ ++ + 
b ++ ++ + 
b ++ ++ + 
b ++ ++ s 
b ++ ++ + 
b + + + 
0 21 24 10 
0 54.7 63.8 26.7 

~ Affol'dabilityVOe 

~ Perfol'mance v o e 

~ ReliabilityVOC 

~ Schedule v o e 

~ Oper-abilityVOe 

Based on the results from Trial Cases 1, IA, 2, evolvable family Trial Case 3, T1ial Cases 4, and 5, 

Trade 6 - Trial Case 6 was developed as an evolvable family configuration trade. These evolvable 

vehicle families have the technology steps logically grouped and therefore are more streamlined block 

changes. Again, Block O would be IOC, not human rated, and Blocks I , 2, etc would be human rated 

Alrnws depict capacity extensibility so the mission can be tailored. A double arrow indicates that the 

configuration can be tailored for flight in either increasing or decreasing capability. Technology changes 

from one phase to the next are identified in blue font. The first set of in-family configurations were based 

on heritage SRB and SSME configurations, as depicted in Figure 6-11. 
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i 
Element shading key 
=i Solidpropellant SRB 
D Liquid hydrogen 
D Liquid oxygen 
0 Liquid RP-I 

Config. 

Booster 

Core tank 

Core en gine 

Secon d Stage 

IMLEO 

Mission 

# of flightslconfig 

IOC 

llilti 
Block0 

4-segment steel case PBAN + 
spacer 

27 .S-ft-dia. 
stretched height 

3SSME 
(RS-25D, Shuttle-like MPS) 

NIA 

SS - 62mT 

LEO 

~2 

20 16 

~ 
Block 1 

5-segment steel case PBAN 

27 .S-ft-dia. 
stretched 

5 RS-25D/E 
(newl\1PS) 

NIA 

7S-81mT 

LEO 

>2 

2019 

~ 
Block2 

S-segment steel case PBAN 

27 .S-ft--dia. 
stretched 

S RS-2SE 

1 J-2X 

123 - 126 mT 

NEO/BEO 

>2 

2022 

Figure 6-11. Trade 6 - Trial Case 6, Alternative Configuration I - Baseline, sensitivities to evolution-increasing 
performance capability required in a Heritage SRB and SSME conjiguration-evolvable Launch vehicle f amity. 

For Trade 6 - T1ial Case 6, Alternative Configuration 1 - Baseline, the LOV probability for the phase 

configurations were 1 in 265, 1 in 242, and 1 in 224. 

The second set of in-family configurations were based on monolithic SRB and LOX/LH2 core engine 

configuration evolvable launch vehicle family, as shown in Figure 6-12. 
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i 
Element shading key • Solidpropellant SRB 
D Liquid hydrogen • Liquid oxygen 
0 Liquid RP-I 

Booster 

Core tank 

Core engine 

Second Stage 

IMLEO 

Mission 

# of flights/config 

IOC 

4xP110 
(monoSRB) 

27 .5-ft-dia . 
11 stretched height 

4xRS-68A 

NIA Ii 
66 - 73mT 

LEO 
11 

~3 

2017 11 

4x Pl 10 
(mono SRB) 

27 .5-ft-dia. 
stretched 

SxRS-68B 

lxJ-2X 

118-124mT 

LEO/NEO 

>4 flights 

2020 

~ 
Block2 

4 xP180 
(monoSRB) 

27 .5-ft-dia. 
stretched 

5xRS-68B 

lx J-2X 

132 - 140mT 

NEO/BEO 

>4 flights 

2022 

Figure 6-12. Trade 6 - Trial Case 6, Alternative Configuration 2 - Option 1, sensitivities to 
evolution-increasing performance capability required in a monolithic SRB and LOXILH2 

core engine conjiguration-evolvable /.armch vehicle family 

-SA S_02 

For Trade 6 - T1ial Case 6, Alternative Configuration 2 - Option 1, the LOV probability for the phase 

configurations were I in 295, I in 263, and I in 263. Increasing the pe1fo1mance of the monolith solid 

rockets did not introduce any new failure modes. 

The third set of in-family configurations were based on LOX/RPI engines with LOX/RPI booster 

configuration-evolvable launch vehicle family in Figure 6-13. 
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i 
Element shading key 
=i Solidpropellant SRB 
D Liquid hydrogen • Liquid oxygen 
0 Liquid RP-I 

Booster 

Core tank 

Core en gine 

Secon d Stage 

IMLEO 

Mission 

# of flights/config 

IOC 

l!Jwt.1 
Block 1 

2x2xRS-84 

33-ft-dia. 
standard height 

SxRS-84 

NIA 

98 - 103mT 

LEO 

>4 

2019 

II 

11 

l!Jwtl 
Block2 

2x2xRS-84 

33-ft-dia. 
standard 

SxRS-84 

3x AJIOOK ORSC 

127-131mT 

NEO/BEO 

>4 

2022 

~ 
Block3 

2x2xRS-84 

33-ft-dia. 
standard 

7xRS-84 

3x AJI OOK ORSC 

141- 148 mT 

NEO/BEO 

>4 

2024 

Figure 6-13. Trade 6 - Trial Case 6, Alternative Configuration 3 - Option 2, sensitivities to 
evolution-increasing performance capability required in a monolithic SRB and LOXILH2 

core engine conjiguration-evolvable /.armch vehicle family 

For Trade 6 - Trial Case 6, Alternative Configuration 3 - Option 2, the LOV probability for the phase 

configurations were I in 189, 1 in 138, and I in 78. The affect of the liquid engine reliability drives the 

total vehicle level probability ve1y low. 

The fomth set of in-family configurations were based on LOX/RPI engines, without boosters, 

configuration-evolvable launch vehicle family, as shown in Figure 6-14. 
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i 
Element shading key 
=i Solidpropellant SRB 
D Liquid hydrogen 
D Liquid oxygen • Liquid RP-I 

Booster 

Core tank 

Core en gine 

Second Stage 

Upper Stage 

IMLEO 

Mission 

# of flightslconfig 

IOC 

l!JwtJ. ~ ~ 
Block 1 Block 2 Block 3 

None None None 

33-ft-dia. 33-ft-dia. 33-ft-dia. 
stretched height stretched stretched 

4x F-l A 
SxF-lA 5xF-1A (~ 1.8 Mlbf@SL) 

lxJ-2X 3xJ-2X SxJ-2X 

NIA NIA 1 J-2X 

70 - 79 mT 99 - 109mT 145 - lS0 mT 

LEO LEO/NEO NEO/BEO 

>4 >4 >4 

2020 2022 2024 

Figure 6-14. Trade 6 - Trial Case 6, Alternative Configuration 4 - Option 3, sensitivities to 
evolution-increasing performance capability required in a L OX/RPI core and LOXILH1 

second engines conjiguration-evolvable launch vehicle family 

For Trade 6 - Trial Case 6, Alternative Configuration 4 - Option 3, the LOV probability for the phase 

configurations were 1 in 192, 1 in 142, and 1 in 62. With the addition of a third stage and three more 

liquid engines in the stack, the Block 3 's total vehicle level probability drops significantly. 

Once the architectures were defined and characterized, the different vehicles were traded in a decision 

matrix, as shown in Table 6-7. 

All liquid propulsion and minimized integrated elements make Option 3 a favorable evolvable family 

configuration against the Baseline configuration. When installing an understood Core Stage propulsion 

system, like the F-lA based on manufacturing two demonstration engines and test stand results, makes 

this "unflown" engine a ve1y good candidate as compared to the 2.0 Mlbf GG traded engine, which is 

feasible but without demonstrated pe1fonnance or reliability. The three stage vehicle introduces a new 

challenge on processing with respect to LLC (recuning) and development cost to design a third stage. 

This architecture from a processing flow standpoint is not any different than the three elements with 
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Table 6-7. Trade 6 - Trial Case 6 decision matrix 

Alternative confmurations 
Standan l Option Option Option 

# Requirements weiaht Base 1 2 3 
1 Maximize the use ofNASAheritage assets 3.7 b - - -
2 Maximize mission-critical =em robustness <fail nn) 3.5 b s ++ ++ 
3 Minimize the time to vehicle CDR 3.4 b - - -
4 Minimize the number of launches to satisfy mission obiectives 3.0 b + ++ ++ 

5 Maximize the mlitv to tailO£ vehicle C 
- for mission nhiectives 3.0 b + +++ ++ 

Minimize the number and/or reduce the complexity of systems requiring 
6 validation (...,,.,,_;,,t to launch) 3.0 b + ++ +++ 

7 Maximum number of reference missions captured by siru,Je launch 2.8 b + +++ ++ 

Minimize cost aid schedule impacts to ground and mission systems changes 
8 (con-oos l)focesses) 2.8 b - s -
9 Minimize numb« of tlu,ht/<rm1111d svstems hazards 2.8 b + ++ ++ 
10 Maximize the number ofhH>h-lRL maior svstems 2.5 b s - -

Minimize the aoalysis and testing required to achieve (NPR 8705.2b) 
11 certification 2.4 b - - -
12 Minimize crit 1 svstem failure modes 2.3 b ++ - + 

13 Minimize l)focessiog assembly and inte=tion = tions 2.0 b ++ + +++ 

14 Minimize the number of orocess;na facilities and !!:round svstems 2.0 b + - -
15 Maximize demonstnted 

. . 
1.8 b s -

~ Sum 0 5 0 6 

+++ 
Very much Mission designation None (Low • Near • Beyond 
betterthan Earth destinations) Score 0 9.2 3.7 16.5 

++ Much better 
+ Better Alte1·native c.onfil:l!rations Vehicle designation ~ Affor dabilityVoe 
s Same Baseline Heritage SRB and SSMEs ~ Pe1-formance voe 
- Worse Option 1 Monolithic SRB and LOX/LH2 core engines ~ ReliabilityVoe - Much worse 

Option2 LOX/RPl engines with RP boosters Very much ~ Schedule voe - worse than Option3 LOX/RP 1 core and LOX/LH2 second/upper engines 
b Baseline ~ Ope1·ability voe 

HLPT-SATS_027 

boosters on Option 2. Schedule is a driving factor in Option 3, if and only if the IOC is not a driving 

constraint, which will allow some FY distribution of costs. 

The benefit of the monolithic solids in Option I is in the Affordability and Reliability FOMs as compared 

to the Baseline, as this clearly depicts a reusable element with significant cost avoidance relative to 

segmented solids. In addition, with Option 1, you can avoid significant overhead and transportation costs 

if monolithic boosters are manufactured and refurbished at KSC. 

Tailorability of Option 1 to fly four or six boosters and ease of processing of Option 3 depict overarching 

benefits toward affordability. Liquid boosters in Option 2, while removing V AB hazards without 

segmented solids, due to immaturity of systems, do not score very well. 

USA's parametric cost evaluastions of Trade 6, baseline and option comparisions, are documented in 

Appendix C. 

6.2.6.1 Trade 6 - Trial Case 6A Results 

When reviewing the results of Trade 6 - Trial Case 6 of the end-state configuration tr·ade, a gap analysis 

was conducted to determine if "weaknesses" in the architecture could be identified. In Option 1, by 
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removing the high TRL but yet unproven human-rated RS-68 Core Stage engine and replacing them with 

the known SSME (RS-25D) on the Core Stage, an engine that has a proven histo1y, existing supply chain 

and market segment, and a demonstrated reliability, along with moving the higher perfo1m ance monolith 

boosters earlier in the evolution to compensate for reduction in the Core Stage engine performance going 

away from the RS-68 to the RS-25, would provide near-te1m schedule and cost benefits. Figure 6-15 

depicts the change, in red shadow font, to Option 1. 

i 
Element shading key • Solid propellant SRB • Li.quid hydrogen • Li.quid oxygen 
0 Li.quid RP-I 

Booster 

Core tank 

Core engine 

Second Stage 

™LEO 

Mission 

# of flights/config 

IOC 

lli2.! lliltl ~ 
Block O Block 1 Block 2 

4xP110 4xP180 4xP180 
(monoSRB) (monoSRB) (mono SRB) 

27 .5-ft-dia. 27 .5-ft-dia. 27 .5-ft-dia. 
stretched height stretched stretched 

5RS-2SD 5RS-25E 5RS-2SE 

NIA 1 J-2X 2J-2X 

61 - 66mT 116 - 123mT 132 - 135mT 

LEO LEO/NEO/BEO LEO/NEO/BEO 

9 >4 flights >4 flights 

2017 2021 2022 

-0- -0- -0-
Figure 6-15. Trade 6 - Trial Case 6A, Alternative Configuration 2 - Option 1, sensitivities to 

evolution-increasing performance capability required in a monolithic SRB and LOXILH2 
core engine conjiguration-evolvable launch vehicle family 

For Trade 6 - Trial Case 6A, the LOV probability for the modified configurations in Phases 1, 2, and 3 

were 1 in 301, 1 in 276, and 1 in 230, respectively. This is mainly due to 5 RS-25D/E having a 

probability of 1 in 234 and 4 RS-68A/B having a problability of 1 in 221 with no engine-out 

considerations. 

Once the changed architecture was defined and characterized, the Option 1 configuration was traded in 

the decision matiix, as shown in Table 6-8. 
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Table 6-8. Trade 6 - Trial Case 6A decision matrix 

i 
Alternl ,..,, confiirul'ations 

Stan dal'd Option Option Option 
# Requirements wei2ht Base 1 2 3 
I Maximize the use ofNASAheritage assets 3.7 b . - -
2 Maximize mission-critical """tem robustness (fail nn) 3.5 b s ++ ++ 
3 Minimize the time to vehicle CDR 3.4 b s - -
4 Minimize the number of launches to satisfv mission obiectives 3.0 b ++ ++ ++ 
5 Maximize the ahilitv to tailor vehicle coofion notinn for mission ohi,,,-tn,es 3.0 b ++ +++ ++ 

the number and/or reduce the complexity of systems requiring validation 
6 ( receiot to launch) 3.0 b + ++ +++ 
7 Maximum number of reference. missions captured by sine:le launch 2.8 b ++ +++ ++ 

Minimize cost and schedule impacts to ground and mission systems changes 
8 ( con-<»>s orocesses) 2.8 b s s -
9 Minimize number of flight/ground systems hazards 2.8 b + ++ ++ 
10 Maximize the number ofhigh-1RL major systems 2.5 b s - -
11 Minimize the anahmc and t-.no .,.,..,ir,,,f to achieve £NPR 8705.2b) certification 2.4 b - - -
12 Minimize crit 1 svstem failure modes 2.3 b + - + 
13 Minimize orocessing assembly and inte<rration oo,rations 2.0 b ++ + +++ 
14 Minimize the number of nrnr,,ssine: facilities and e:round svstems 2.0 b + - -
15 Maximize demoostrated reliabilitv 1.8 b s - -
~ Sum 0 10 0 6 

+++ Very much Mission designation None (Low • N ear • Beyond 
betterthan Earth destinations) Score 0 25.6 3.7 16.5 

++ Much better ~ AffordabilityVOe + Better Alternative confignl'ations Vehicle designation 
s Same Baseline Heritage SRB and SSMEs ~ Performance voe 
. Worse Option 1 Monolithic SRB and LOX/LH2 core engines ~ ReliabilityVOe - Mu.chworse Option2 LOX/RPI engines with RP boosters 
- Very much 

Option3 LOX/RPI core and LOX/LH2 second/upper engines ~ Schedule v oe 
worse than 

b Baseline ~ Opei-abilityVOe 

HLPT-SATS_(l29 

In assessing the results, a higher Core Stage engine understanding and tailorability of the number of 

monolithic boosters allows flexibility in vehicle configurations to optimize for specific mission profiles. 

Changing the RS-68A/B to RS-25D/E on the Core Stage and advancing the Pl80 monolithic solids 

fo1ward in the evolution makes Option I a more favorable evolvable family configuration as compared 

against the Baseline configuration. The benefits are reduction in Core Stage propulsion system schedule 

and cost to ce1tification, although the market segment for RS-25 is unique as compared to RS-68 family 

and commonality with Delta IV, thus more sensitive to supply chain volatility. With moving the higher 

perfo1mance boosters fo1ward in the evolution, the architecture provides more perfo1mance sooner and 

more tailorability to "1ight size" cost against mission requirements. 
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Over the past decade, multiple In-Space propulsion systems, along with accompanying energy and power 

systems, have matured significantly. The cun ent NASA Office of Chief Technologist (OCT) Technology 

Area (TA) T A-02 and T A-03 initiatives provide a ve1y good groundwork as a point of depa1ture for the 

trade. Once the data were reviewed, it was detennined that to trade the In-Space Stage, a framework was 

established specifically for this phase of operations. 

a. In-Space transfer operations to supp01t an operational HLL system by earliest 2022 to No Later Than 

(NLT) 2025 

b. Stage pe1fo1mance governing characteristics include the following: 

1. Engine shall be restaitable, capable of ve1y high acceleration and have high propellant 

efficiency 

2. Maintain a high reliability through the system's life cycle 

USA researched and leveraged past technology advancements to accomplish this trade. Reseai·ch in 

NASA's PCAD Project developments of the LOX/LCH. engines, NASA's Space Act Agreements for the 

development activity on the VASIMR propulsion systems, and NASA's SBTR Program for the 

development of the Electron Cyclotron Resonance propulsion systems to name a few. 

Because of the Inission operations constraints beyond Eaith's dwell, this is the phase of the Inission where 

technology developments can really pay off. Significant technology achievements and operational 

liinitations make you look for a better design solution. 

For technology achievements, USA broke them down into either cheinical propulsion stages or in-situ 

resource stages (i.e., electiic propulsion and power) "operational" classes. For cheinical propellant 

engines, these ai·e defined as engines that use a fuel propellant burned with an oxidizer propellant, 

expelled at a ve1y high speed, to product thmst. They require both a fuel propellant and oxidizer 

propellant. There ai·e three different categories of cheinical propellants. 

a. Solid propellants - Comprised of a fuel and oxidizer that is cured into a solid shape. Cannot be 

throttled in real time, although a predesigned thmst profile can be created by alteiing the interior 

propellant geometiy 

b. Liquid propellants - Comprised of a liquid fuel and liquid oxidizer. Higher efficiency than solid 

propellant engines and are capable of being throttled, shut down, and resta1ted. Although, they ai·e 

ve1y susceptible to the environment 

c. Hybrid propellants - Comprised of a solid fuel and a liquid/gas oxidizer. The fluid oxidizer can 

make it possible to throttle and restrut the motor just like a liquid-fueled rocket 
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The development of an advanced liquid oxygen/liquid methane engine has been in work for a few years 

across many different thrnst classes (3,500, 5,500, and 7,500 lbf). Multiple LOX/LCH.t engine providers, 

such as Aerojet and ATK, have been developing first-generation flight development prototype designs 

and have tested and evaluated them both at sea level and in vacuum (high-area-ratio nozzle altitude). The 

altitude engine requires an igniter and injector propellant valves, an ablative chamber, and a columbium 

nozzle extension. An operational 3,500-lbf engine is anticipated to produce a Isp of 335 to 375 seconds in 

vacuum. With a TRL of 6 (technology demonstration), these designs could be developed further and used 

in an In-Space Stage or transfer vehicle. 

The benefit of the LOX/LCI!t engine is that the propellant is c1y ogenically stable and it is non-toxic. This 

means that the propellant can be stored for long durations in space, which would be required for an 

interplaneta1y reference mission, and can be ground processed with easier restrictions and limitations. As 

compared to other conventional chemical propellants; e.g. , a hypergolic system, the propulsion system 

mass is a significantly lighter mass. 

The disadvantages of the LOX/LCH.t engine are due to the fuel consumption rate. The weight penalty for 

canying a mission plus margin of propellant mass from Eart h to stage initiation does not ti·ade well as a 

figure of me1it. This weight has to be canied during the launch and mission timeline without benefits to 

ascent. In addition, the engine wear (ablative chamber char) can severely limit the useful life of the 

engine. 

Initial demonsti·ation tests have shown perfo1mance 

levels that meet or exceed basic engine requirements 

for these class engines, as demonsti·ated dilling 

PCAD testing, as shown in Figure 6-16. 

NTO and N4H4 Engine 

The bipropellant Nitrogen Teti·oxide (NTO) and 

Hydrazine (N4Ht) engine has been used for many 

decades in reaction, maneuvering, and station

keeping propulsive systems. The engine class has 
Figure 6-16. NASAIPWR RS-18 engine in test cell 

understood pe1fo1mance characteristics, as the development and operational dsks are well understood, but 

ground hazards associated with toxic propellants inti·oduces processing risks and safety considerations. 

While on the ground, the propellant is stable at ambient temperatures/pressures and storable without 

special system designs, such as those required for c1yogenics. The implementation challenge is to 
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increase the perfo1mance at elevated temperatures in the combustion chamber. Recent testing in the 

Advanced Materials Bipropellant Rocket (AMBR) engine being developed with Glenn Research Center 

shows some promise, but the Capability Readiness Level (CRL) is ve1y low. Processing the In-Space 

Stage with the bipropellant has a negative impact on the vehicle processing con-ops and adds significant 

cost to the ground suppo1t infrastrncture in both facilities and GSE due to hazards associated with the 

handling of both fuel and oxidizer commodities. The weight penalty for canying a mission plus margin 

of propellant mass from Eaith to staging initiation is also a negative trade FOM as it will require complex 

solutions for the1mally protective fuel storage tanks, pressurization system tanks, etc. 

LOX/LH2 Engine 

The liquid oxygen/Liquid Hydrogen (LH2) engine has been in se1vice for decades, mainly for First Stage 

ascent flight. As an Upper Stage or transfer vehicle propulsion system, LOX/LH2 has been used on the 

Centaur configurations and Saturn Upper Stages. The RL-10 family of engines provides a small engine 

thrnst class propulsion, 14K lbf to 20K lbf, with respective Isp in vacuum of 360 to 450 seconds. 

The benefits of the LOX/LH2 chemical engine ai·e the understood perfo1m ance characteristics. The 

developmental and operational 1i sks ai·e understood, but the efficiency optimization required to increase 

perfo1mance and reduce lift cycle costs could compromise this position. 

The disadvantages of the LOX/LH2 chemical engine are that the propellant is c1y ogenically less stable 

and toxic. This impacts the vehicle processing con-ops and adds significant cost to the ground suppo1t 

infrastrncture in both facilities and GSE. The weight penalty for cai1ying a mission plus mai·gin of 

propellant mass from Eaith to staging initiation is also a negative trade FOM. 

Summary Assessment of LOX/LCH4 Engine for In-Space Stage Propulsion 

a. Propellant is c1yogenically stable and it is less hazai·dous (nontoxic) than other fuel propellants 

b. Propellant can be stored for long-durations in space, which would be required for an inte1planeta1y 

reference mission and can be ground processed with easier restrictions and limitations 

c. As compai·ed to other conventional chemical propellants (e.g., hypergolic system), the propulsion 

system is significantly lighter mass 

d. The poor fuel consumption rate results in a weight penalty for canying a mission plus mai·gin of 

propellant mass from Earth to stage initiation and does not trade well as an FOM 

e. Engine wear (ablative chamber char) can severely limit the useful life of the engine 
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Summary Assessment of Bipropellant NTO and Hydrazine (N4H4) Engine for In-Space Stage 

Propulsion 

a. Understood pe1fo1mance characte1istics, such as the development and operational risks, are 

understood, but ground hazards associated with toxic propellants introduces processing risks and 

safety considerations 

b. The propellant is stable at ambient temperatures/pressures and storable without special system 

designs, such as those required for c1yogenics 

c. The technology challenge to increase pe1fo1mance at elevated temperatures in the combustion 

chamber (AMBR engine) is being developed with Glenn Research Center 

d. The negative impact on the vehicle processing con-ops and adds significant cost to the ground 

suppo1t infrastrncture in both facilities and GSE due to hazards associated with handling of both fuel 

and oxidizer commodities 

e. The weight penalty for cany ing a Inission plus margin of propellant mass from Ea1th to staging 

initiation is also a negative trade FOM (e.g., fuel storage tanks, pressurization system tanks) 

Summary Assessment of LOX/LH2 Engine for In-Space Stage Propulsion 

a. Understood pe1fo1mance characte1istics, such as the development and operational risks, are 

understood, but the efficiency optiinization required to increase pe1fo1mance and reduce lift cycle 

costs comproinises the advantages 

b. The propellant is c1yogenically less stable and more hazardous (toxic) than other fuel propellants 

c. The technology challenge is to Initigate propellant management (e.g., boil-oft) 

d. There is a negative impact on vehicle processing con-ops that adds significant cost to the ground 

suppo1t infrastructure in both facilities and GSE 

e. The weight penalty for cany ing a Inission plus margin of propellant mass from Earth to staging 

initiation is also a negative trade FOM 

In-situ resource engines are defined as engines that use either in-situ available energy (e.g., solar) and/or 

high-density or long-life energy (e.g., nuclear) as the engine power. Various electr·onic propulsion 

systems use electii city to ionize the atoms of a fuel propellant, creating a gradient to accelerate the ions to 

high exhaust velocities. Electronic propulsion systems, better lmown as ion thrnsters, produce either 

electr·ostatic or electr·omagnetic forces to accelerate the propellant reaction mass (sti·eam of ions). 

Propulsion efficiency and thrnst are all inversely propo1t ional to exhaust velocity, requiiing large amounts 

of energy resulting in lower thrnst, but fuel usage rates are extr·emely low. With cunent technology of 
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electrical power, chemical, nuclear or solar, the maximum amount of power that can be generated limits 

the amount of thrnst that can be produced to a small value. Power generation adds significant mass to the 

spacecraft, limiting the vehicle performance, so balancing Isp-Thrnst profiles depending on mission 

requirements in a variable manner is desired. For ion thrnster engines, there are two different categories 

of ion thrusters: electrostatic ion thI1rsters and electromagnetic thrusters. 

Types of electrostatic ion thrusters include the following: 

a. Gridded electrostatic ion thrusters 

b. Hall effect thrusters 

c. Field Emission Electric Propulsion (FEEP) 

Types of electromagnetic thrusters include the following: 

a. Pulsed Inductive Thrusters (PIT) 

b. Magnetoplasmadynamic (MPD)/Lithium Lorentz Force Accelerator (LiLFA) 

c. Electrodeless Plasma thrusters 

d. Electrothermal thr1rsters 

e. Helicon Double Layer thr1rster 

Ion Thruster Engine 

An ion thruster is a form of electric propulsion that creates thrust by accelerating ions. There are two 

different category types of ion thr1rsters, electrostatic and electromagnetic. Electrostatic ion thI11sters 

accelerate the ions in the direction of the elect:Iic field. Electromagnetic ion thI11sters use a magnetic force 

to accelerate the ions. 

A plasma propulsion engine is a type of ion thruster that uses plasma in some or all parts of the thrust 

generation process. Though far less powerful than conventional chemical engines, plasma engines can 

operate at higher efficiencies and for longer periods of time. Plasma engines are well suited for long

distance interplanetary space missions. 

The benefit of the ion thI11ster is that it produces a very high Isp (i.e. , propellant efficiency). The high 

propellant efficiency is acquired thr·ough efficient propellant consumption management of the ion thruster 

propulsion system. The efficiency is obtained by high exhaust velocity. Power for the operation can be 

acquired by in-situ resources via solar aiTays. 
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The disadvantages of the ion tlnuster are that the tlnust created is ve1y small compared to conventional 

chemical rockets. Ion tlnusters consume large amounts of power, thus perfo1mance is ultimately limited 

by the available spacecraft power. When sizing space-qualified power sources, the accelerations given by 

these types of tln11sters are of order 0.03 to 0.05 ft/sec2
. 

The low tln11st requires ion tlnusters to provide continuous tlnust for a ve1y long time to achieve the 

needed change in velocity ( delta-V) for a pa1ticular mission. If continuous operation is not feasible due to 

available power, burst firing of the tln11ster engine is an operational consideration. To achieve these delta

Vs, ion tln11sters can be designed to last for pe1iods of years. Overnse of the ion tlnuster can lead to 

propulsion plate or discharge chamber failure. Use of in-situ solar resources provides sufficient energy 

for sho1t bursts, but a higher energy density is required for continuous operation. 

One example of the electromagnetic ion tlnuster is the VASIMR engine. The concept of heating hydrogen 

or helium into plasma was a biproduct of the research accomplished on nuclear fusion. The V ASIMR is 

intended to bridge the gap between high-tlnust, 

low-Isp propulsion systems and low-tlnust, high-Isp 

systems. V ASIMR is capable of functioning in 

either mode. Using helium or hydrogen in lieu of 

argon would remove toxic mate1ial from the 

vehicle, thus improving cost affordability. As prut 

of the Progressive Architecture, an In-Space Stage 

using a V ASIMR engine provides the technology 

inse1t ion to improve operability cost as shown in 

Figure 6-17. 
HLPT-SATS_034 

Figure 6-17. In-Space Stage with VAS/MR 
In summa1y, ion thrnsters are not feasible for propulsion system 

launching spacecraft into orbit, but they are practical for In-Space propulsion applications, like 

maneuve1ing and positioning. Ion tlnusters have many applications for In-Space propulsion. The best 

applications of the tlnusters make use of the long lifetime when significant tlnust is not needed. This 

includes but is not limited to orbit transfers, attitude adjustments, drag compensation for LEOs, and fine 

adjustments for more scientific missions. Ion tln11sters ru·e ideal for inte1planetruy and deep-space 

missions in which time is not crncial. The continuous tln11st over a ve1y long time can build up a lru·ger 

velocity than traditional chemical rockets. 
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In a nuclear electii c engine, nuclear the1mal energy is changed into electii cal energy that is used to power 

one of the electiical propulsion technologies. The nuclear powerplant provides the energy requirements, 

conve1ting heat to electricity, for the propulsion system. Numerous different reactor approaches have 

been used that which have demonstrated to be inherently safe. There are two different nuclear (fission 

reactor) the1mal-elect1ic powerplants that should be considered: the Stirling Conve1tor, which is a more 

efficient system and the Brayton-Cycle Engine, which is a more reliable system. 

Choosing the style of reactor that provides high power without excessive mass for shielding to contain the 

high pressures should be a critical FOM. Early research in nuclear propulsion began with studies for 

nuclear the1mal propulsion. NASA's Nuclear Engine for Rocket Vehicle Application (NERVA) project of 

the 1950's and 60's demonstrated a working design concept. The demonstrated perfo1mance of the engine 

was in the 190K lbf thrnst class and Isp of 825 seconds in vacuum. 

Harnessing mini nuclear powe1plants with electric propulsion units, such as an ion-drive motor, is the 

next technology step. In the past several decades the attention has turned to using the nuclear reactor to 

drive a turbine to produce electiicity, which is used to create plasma that is accelerated. An area that 

nuclear-powered system technology has developed has been under the Project Prometheus effo1t sta1ted 

in 2003 by NASA for long-duration space missions. This technology provides a 400-kW the1mal reactor 

and a gas turbine to produce electric power. 

The benefit of the nuclear the1mal-elect1ic system is that the overall gross lift-off mass of a nuclear rocket 

is about half that of a chemical rocket. When used as an Upper Stage, it approximately doubles or tiiples 

the payload capacity that can be canied to orbit. With the higher energy density of nuclear fuel as 

compared to chemical fuels, approximately 107 times, the resulting propellant efficiency (effective 

exhaust velocity) of the engine is at least twice as good as chemical engines. 

The disadvantages of the nuclear the1mal-elect1ic system is the safety aspect of crew health and radiation 

exposure if a breach of containment occurs. Separation of crew and powe1plant may not be feasible based 

on the vehicle design. 

Summary Assessment of Ion Thruster Engine for In-Space Stage Propulsion 

a. Produces ve1y high Isp (i.e., propellant efficiency) 

b. High propellant efficiency is acquired through efficient propellant consumption management of the 

ion thrnster propulsion system by high exhaust velocity 

c. Supplementruy power for the operation can be acquired by in-situ resources via solru· rurnys 
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d. Tlnust created is by very small acceleration (0.03 to 0.05 ft/sec2
) as compared to conventional 

chemical rockets. Trading Isp for tln11st in variable operation is desired 

e. Ion tln11sters consume lar·ge amounts of power, thus performance is ultimately limited by the 

available spacecraft power unless supplemented with other available power sources 

Summary Assessment of the Nuclear Thermal-Electric Powerplant 

a. Nuclear· thermal energy is changed into electri cal energy that is used to power one of the electrical 

propulsion technologies 

b. The overall gross lift-off mass of a nuclear· rocket is about half that of a chemical rocket 

c. With higher energy density of nuclear fuel as compared to chemical fuels , approximately 107 times, 

the resulting propellant efficiency ( effective exhaust velocity) of the engine is at least twice as good 

as chemical engines 

d. There is increased concern over the safety aspect of crew health and radiation exposure if a breach of 

containment occurs, where separ·ation of crew and powerplant may not be feasible based on the 

vehicle design 

6.3.1 In-Space Stage Impacts and Considerations on Ground Systems and Processing 

Ground operations considerations for chemical propellant loading are as follows: 

a. Ground systems to support fuel storage and delivery, potentially with remote monitoring and safing 

capability (system interfaces) 

b. Pressurant process - Pressurant commodity storage and delivery ground systems, including 

monitoring 

c. If there ar·e hazardous commodities; hazar·d monitoring systems are necessary 

d. Hazardous commodities typically require associated purge systems, storage, delivery, monitoring, 

and venting capability 

e. Fuel loading and pressurization timing within the process flow may drive specialized access for 

personnel and equipment (e.g. , at the pad) 

f. Fuel selection may result in commodity "standby time" constraints, impacting contingency 

consecutive launch attempt capability 
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g. Commodity loading and pressurization system configuration could impact contingency consecutive 

launch attempt capability for top-off/repress (remotely operated T - 0 versus manual se1vicing 

(e.g., ca1t)) 

h. Contingency dese1vice capability, equipment, process monitoring 

Ground Operations considerations on monito1ing, potentially with launch count no-go criteria, include the 

following: 

a. Manual ( console operator) - Sensors, hardwire safing 

b. Automated ground launch system - Sensors, SW control logic 

Chemical systems that are c1yogenic typically require strnctural TPS and have the following 

characte1istics: 

a. Susceptible to in-process collateral damage 

b. Susceptible to environmental damage (hail, birds, etc.) 

c. Repair processes typically involve stringent process controls, specialized application and inspection 

equipment, environmental controls during application (temperature, humidity, dew point), and 

extended cure times 

d. Access to full acreage for repair is rarely convenient 

Ground operations considerations with hypergolic systems include the following: 

a. Hypergolic systems are always an issue on payloads due to extreme toxicity and corrosivity 

b. Hypergolic systems require special mate1ial pe1mitting, storage, and handling 

c. Hypergolic systems require haz-mat containment/cleanup equipment 

d. Hypergolic systems require specialized PPE and process controls; Self-Contained Atmosphere 

Protective Ensemble (SCAPE) operations are required 

e. The long-term effect is elevated ground systems maintenance; QDs, seals, system decontamination, 

contaminated component processing procedures and facilities 

Ground operations considerations on solid propellant systems include the following: 

a. Solid propellants have unique hazards when handling the stage 

b. Solid propellants require ordnance pe1mitting, procedures, and hazard controls for storage and 

handling 
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c. Quantity/distance restrictions may impact processing facility constraints and operational uses 

d. Open propellant grain operations, if any, involve extended safety hazard area clears and operational 

restrictions 

Ground operations considerations with nuclear power/electii c/ion systems include the following: 

a. Historically (payloads), nuclear material anives to the processing site fully encapsulated, imposing 

no special ground processing restrictions 

b. Based on the form and quantity of the material involved, special hazard conti·ols may apply for 

permitting, storage, handling, monitoring, etc. , as these special requirements could drive the need 

and use of specialized ground processing equipment and monitoring equipment 

c. The state of the system during processing; i.e., active versus passive, can impact the nature and 

extent of processing conti·ols and support systems involved 

"Critical" systems, such as the In-Space Stage, typically cany unique hazard control and elevated levels 

of redundancy/certification requirements and associated verifications. It is accepted that the addition of 

any system will result in increased processing, integration, testing, and verification regardless of the 

nature of the system. The specific type and implementation of the selected system can significantly affect 

the extent of the impact. All systems require some amount of attention, but a system that does not require 

any additional ground system infrast111cture or processing will avoid costs and will not add schedule risk 

at KSC during launch processing. 

6.3.2 In-Space Stage Impacts and Considerations on Mission Design and Flight Operations 

Mission design groundi1lles and constraints, along with Flight Rules, should addi·ess whether loss of the 

high-Isp system results in LOC or loss of primary mission. This mission operations concept needs to be 

considered early as these consti·aints and mles di·ive the architecture design as failure scenarios of either 

propulsion system by mission phase is defined. In-Situ Resource Utilization (ISRU) propulsion 

generation can reduce propellant carTied outbound but adds more failure modes. If ISRU is to be 

considered, the ti·ade needs to addi·ess groundiules on how much propellant must be generated prior to 

committing to a crewed mission to a Beyond Earth destination. The institutional knowledge base for In

Space use of LOX/LH2 propellant is much larger than LOX/CR., NTO/N4Rt, or ion thrusters. Additional 

operational procedures and training will be required as there is an expectation that a "learning crnve" on 

the operational phase would be realized. 
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From a con-ops, once EDS is discarded, operational constraints on crew exposure limits, crew extended

duration proficiency, and consumable limitations drive the trade space. Crew and consumable limitations 

drive your answer in the trade space, and In-Space duration is the driving constraint to the selection. The 

development path of an In-Space Stage propulsion system should segregate out the propulsion system and 

energy/power system. In-Space Stage systems with chemical propellant require significantly larger 

operational processing and maintenance and introduction of new hazards, along with consumable 

limitations while in transit; therefore, ha.messing innovative powerplants with electric propulsion units, 

such as an ion-drive motor, is the next technology step. The SLS Program will need to overcome mission 

needs of periodic high thrnst versus pedodic high Isp druing the mission duty cycle. An in-situ or 

regenerating power system with ve1y little active consumption of reactant mass provides the best trade 

solution for deep-space powered flight. A single energy source, such as the nuclear-powered system 

technology developed under the Project Prometheus effo1t for long-duration space missions, is best. That 

system provided a 400-kW thermal reactor and a gas turbine to produce electric power, but may be not 

feasible on the NASA OCT technology roadmap. Coupling multiple power systems together to control 

the energy more effectively or the combination of power sources, nuclear and solar (e.g., FAST anay), 

trade well on both TRL and CRL metrics to achieve the operational readiness timeline. Power needs for 

variable systems (PIT or MPD) depend on the mission profile. Approximately 400 kW for missions not 

requiling expedited transit times and over 1 MW for crewed missions where transit time needs to be 

sho1t est are driving constraints on the In-Space Stage propulsion down select, thus development of the 

power generation, storage, and distribution is as impo1t ant as the propulsion system itself. 

6.4 System 

Start ing with the QFD HOQ #2 results, Architecture Characteristics and Attributes Requil'ements, USA 

conducted a QFD to develop the lower-level system requirements for QFD HOQ #2A. The system-level 

attiibutes and characte1i stics results were pdoritized based on the scores, and the desil'ed design feature 

and conti·ol feature enablers were dete1mined. These characteristics and attributes are satisfied by either 

design features and/or conti·ol features. In order of priority impo1t ance, Table 6-9 depicts the enablers. 
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System-level attributes and 
characteristics 

~ wnseloct sy,tom designs without 
rit 1 failure modes 

Operational efficiency 

Designed-in/built-in evolution 
capability 

Mission configurable performance 
thrust) profile 

Configuration tailorable (up or down 
capability) 

Affordability voe 
::=====: 

Perfo rmance voe 
Reliability voe 

~==: 
Schedule voe 

~==: 
~-~ OperabilityVOe 
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Table 6-9. QFD H OQ #2A system-level design and control enablers 

I Score I Design feature enabler I Control feature enabler 

14.07 Design with one level of redundancy (min). No crit l in Realistic probability of failw·e inclusive in crit 1 
avionics/controls. Redundancy in flight softv.•are. Pressmant definition. FMEA should be used as a design tool 
systems have one level redundancy (min) for function (and not an afte1ihought book-keeping document) 

13.88 Design in "testability" and maintenance. Keep accessible Establish human factors requirements for the 
components (e.g., fuses) out.side of avionics and electronic design with specific consideration to access, 
HW (STS-134 ALCA problem). Commonality of systems, assembly, and integration. Design standards 
components, GSE, tooling, required critical skills. Minimal should be used. Forced commonality between 
"manufactme" at the launch site (ship and shoot) . Minimize Contractors and between vehicle elements 
hazardous operations. Automation in system perfonnance 
verifications, system/vehicle health monitoring 

13.56 Standardized pa1ts and interfaces. Design-in margin that Standardized component test requirements 
supports upgrade. Design and ce1tify hardware with end 
state in mind. Qualify pa1is enveloping environment 
(e.g., vibration). Ce1tify subsystems with other subsystems 
in mind (modularity to avoid "domino affect" of changes) 

12.91 Engines should have multiple or defined ranges of throttle Define vehicle trajectory profile (abo1ts, control 
settings (li1nit to keep ce1tification costs down). Design-in Max Q, thermal issues) 
additional booster ( or booster segment) attach points. 
Design in variability to avoid Max Q violations. Main 
thrnst strnctw·e designed to accommodate different 
combinations/number of engines. Gimbal configuration and 
capability 

12.72 Standardized pa1ts and interfaces. Supply chain suppo1t. Define vehicle end state early in program. Build-
Design and certify hardware with end state in mind. Launch in spare/expansion/margin capability 
facility able to accommodate up/down capability configw·ation 
changes. Modular approach expands capabilities by adding 
more of the same, as opposed to redesigning to increase 
capabilities 
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System-level attributes and 
characteristics 

rnitial high perfonnance (>70 mT) 

revelopment testing 

f ertify by design (not by process) 

1~undancy 

~ultiapplioation/with pw-poso support 
qmpment 

rumhe, of o,itioal pmc,sses 

Failure modes can be inspected or 
ested at delivered-item level (no 
epeating of inspection or testing 

ah'eady accomplished at the OEM) 

r igh perfonnance (> 100 mT) 

riail ops protects crew return capability 
LOC) 

Affordability voe 
::====: 

Per fo rma nce voe 

Reliability voe 
::====: 

Schedule voe 
::====: 
~-~ OperabilityVOe 
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Table 6-9. QFD HOQ #2A system-level design and control enablers (continued) 

Score I Design feature enabler I Control feature enabler 

12.67 Selection of Core Stage propulsion Define engine cluster with sufficient thrust to 
achieve lift of pad capability 

12.66 Common vendors, common test facilities, common pass/fail Realistic definitions of qual test requirements 
criteria (nonreusable vehicle) 

12.57 Use designs that can be verified by the OEM prior to end item Establish design criteria to limit nonverifiable 
delivery featw·es 

12.53 Size redundancy to suppo1t LOM/LOCV. Redundancy should Define requirements/standards for minimum 
be weighed against reliability. Test for redundancy is levels of redundancy 
reliability versus consequence of failme/time to react to failme 

12.33 Common vendors, establish standards for interfaces, soft•Nare Design standards should be used . Forced 
commonality commonality betv.•een Contractors and betv.•een 

vehicle elements 

12.33 Make critical process definition be per engineering and not per Maintain realistic control on design tolerances. 
contract or pmchase order Definition of critical process. Critical processes 

should be controlled by the application of the end 
item and defined by engineering callout 

12.30 Have built-in test capability. Include health monitoring Properly flow requirements from OEM to launch 
systems. Design the vehicle/systems to include necessa1y test facility. Define what really needs to be retested 
points/inspection access due to transport/handling/installation or 

criticality. Identify appropriate level to perfo1m 
test based on level of risk 

12.10 Selection of Core Stage propulsion Define engine cluster with sufficient thrust to 
achieve lift of pad capability 

12.01 Increase intact abo1t capability. Minimize catastrophic failme Vehicle design/perfo1mance requirement 
scenanos 
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Table 6-9. QFD HOQ #2A system-level design and control enablers (concluded) 
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System-level attributes and I . I · h . . Score Design feature enabler Control feature enabler 
c aractenst1cs 

Vertical processing cycle efficiency 

l"'wremonts baselin, 

Simplify system designs 

ee common parts, components, 

1 

d/o, ass,mbli,s 

High design and process margin 

Affordability voe 
::====: 

Performance voe 

Reliability voe 
::====: 

Schedule voe 
::=====: 
'-----' Operability voe 
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1.98 

1.98 

1.97 

1.94 

1.93 

Design in "testability" and maintenance. Commonality of Vehicle design/maintenance requirement 
systems, components, GSE, tooling, required critical skills. 
Stack and shoot design. Minimize serial operations. Eliminate 
repetitive testing for component and systems. Minimize 
hardwire interfaces using command buses. Do not carry 
commodities (especially hazardous) across major elements 

NI A Establish a good set of requirements (no 
"TBDs"). Define targets and let the design 
process refine the criteria. Never go into CDR 
with TBDs 

Keep it simple and robust Have design requirements that satisfy the needs. 

Drive collllllonality of piece parts within each element and 
across elements 

Develop good models suppo1t ing hardware design margins. 
Validate models by tes t 

Simple integration plan collaborated across the 
vehicle. Consistent 
requirements/procedures/policies allow for a 
simple design 

Forced commonality between Contractors and 
between vehicle elements. Vehicle-level system 
responsibility that spans elements. Vendors use 
COllllllOn specs 

Design for high margins/factors of safety. 
Establish a minimum margin target over the 
design factor of safety 
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Launch vehicle 1isk and subsequent failures are n01mally associated to the complexity of the system and, 

therefore, related to the affordability of the system. Based on 27 years of vehicle failures, as shown in 

Figure 6-18, propulsion, GNC, and avionics were further evaluated. 

Based on perceived launch vehicle risk and historic failures, which is an indicator of cost, key focus areas 

are as follows: 

Risk-informed concentration 

a. Propulsion 

b. GNC 

c. Avionics 

d. Software 

e. Electrical 

f. Crew systems 

g. Separation systems 

Based on this list, the top three were fmther evaluated by OEM specialists in their respective fields. 

Six specialist companies in their respective fields pruticipated in USA's system-level trade. Feedback 

was integrated and consolidated into common themes by USA. On propulsion systems, Aerojet and 

' 
Electrical syst 

9 percent 

Software and 
computing systems 

9 percent 

naviga 

Operational 
ordnance 

Pneumatics 
and hydraulics 

13 percent 

Figure 6-18- 1980 to 2007 worldwide launch failure causes 

Ref_: FAA Launch Vehicle Failure Mode Database, May 2007 
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Pratt Whitney Rocketdyne provided pe1formance, schedule, and cost data. On the GNC system, Hamilton 

Sundstrand and Moog provided TVC concepts with pe1fo1mance and schedule data. On the Avionics 

system, L-3 Communications and Honeywell Space Systems provided Militruy-Off-the-Shelf (MOTS) 

and Commercial-Off-the-Shelf (COTS) thoughts, respectively, along with L-3 providing an Ares I First 

Stage assessment. 

Propulsion System Trade Results 

Industrial base sustainment is adversely affecting affordability. The anemic U.S. launch rates and U.S . 

propulsion demand is low. With the expendable market collapse in the late 90's, the industiial base 

sustainment of competitive segment markets eroded. The scarcity of new launch vehicle propulsion 

development programs in the Commercial market, DoD, or NASA is not developing the skills within the 

Industiy. The lack of U.S. "staying power" to see new programs through and the loss of propulsion 

capability due to the aging aerospace work force is diminishing the U.S. Industrial base .. The U.S. market 

share is being lost to foreign competition, where foreign markets are effectively closed to the U.S. 

Propulsion Industiy because of IT AR restrictions. The reliance on foreign suppliers of raw mate1ials 

(e.g. , carbon fiber) and products (e.g., RD-180) are also hampe1ing the development and production 

environments. 

In assessing the propulsion system and its inte1face to the vehicle, there are benefits in schedule and cost 

in an integrated propulsion system in te1ms of an "engine cluster" that would enable the Industiy base to 

be more stable with a bigger base, improve accountability, reduce overlap with the tank providers, and 

would allow tailorability for mission-specific requirements easier. A propulsion system in an engine 

cluster concept, which would include the engines, MPS, prima1y/secondruy strncture, and TVC as a 

delivered end item for higher order integration, moving the propulsion system interface to tank, would 

allow for a more cost-effective design and operations solution. As an example, acceptance test 

verification, known as green nm testing, at Stennis Space Center (SSC) could be accomplished with just 

the engine cluster, not requiring a large transpo1tation and handling costs of the Core Stage tank. 

GNC and Avionics Systems Trade Results 

In evaluating the GNC and avionics systems, it was discovered that there are many parallels between 

GNC and avionics, including common themes and concerns. At a system level, there are four significant 

Affordability FOMs, as shown in Table 6-10. To achieve affordability across the SLS platfo1m, the use 

of systems, subsystems, or components in multiple applications versus in a 1mique single application 

takes advantage of the market segment to benefit the SLS functional requirements. A single acquisition 

for avionics that would be used on Core Stage, boosters, if applicable, Second/Upper Stage, and maybe 
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Table 6-10. System current state versus recommendations to improve affordability 

System recommendations I Current system state 

Platform solutions for multiple applications 
( commonality within the SLS program and with 
other programs) 

• Orion CEV/MPCV is great example 
Achieve early risk reduction with fast-paced 
demonstrations 

• Tailored rules of engagement 
EEE pa1ts depot for the program 

• Possibly a small business contract 

NASA requests off-the-shelf components, but OEM effort 
to work with supply chain to align the system requirements 
and architectures is seldom executable 

I 
Rigorous development activities burdened by continuously 
evolving flight requirements 

I 
Each supplier acts independently and is burdened with lot 
charges and low quantity pricing 

Increase redundancy to reduce the need for Single-fault-tolerant system with grade 1 parts (unique to 
grade 1 EEE parts and extensive verification testing NASA) and extensive human-rated verification 
at system and component level 

• Consider two-fault-tolerance as a trade with reduced verification 

• Use more Industry-standard practices (i.e., J-STD with space addendum) 

even In-Space Stage, would maximize the production rate and allow cost avoidance and reduction in 

manufacturing, assembly, and testing. Institute fast-paced demonstrations to gain confidence and reduce 

the assessed technical dsk. Deploy a common Electiical, Electi·onic, and Electromechanical (EEE) pa1ts 

procurement pool where a buying agent can leverage multiple design requirements into a single buy. 

Change the implementation approach on redundancy and align with Industiy-standard practices for 

aerospace. 

NASA and the design authority should champion the development of systems that promote commonality 

across and within stages and that are extensible to other programs. Where possible, modular architectures 

and platfo1ms provide savings in ease of paits application and integration of those pa1ts and disti·ibution 

by increasing common parts usage and reducing assembly risk. The Aircraft Industry is cwTently 

switching over to electiic actuation systems, replacing the need for hydraulic and pneumatic systems, 

which, in twn, provides weight savings, reduced processing and operating costs, and eliminates 

high-pressure hazards. Leverage the complete aerospace mai·ket segment diversity to achieve the 

Affordability FOM. 

Only implement new technologies to reduce LCCs. Do not spread new technology over the vehicle, as 

technology inse1tion should be used only if it demonsti·ates a positive return on investment (ROI) over the 

life cycle. System LCC is only a component; consideration of integration and infrastiuctw·e costs need to 

be included in ti·ade space. 
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6.5 Implementation 

While the technical side of the acquisition equation 

is a significant contributor to affordability, how you 

implement the program will also contribute to the 

LCC in both developmental and operational phases. 

Acquisition and sustainment must stay linked to 

requirements and resources to ensure an affordable 

and sustainable program over the life cycle as 

depicted in Figure 6-19. 

When developing the requirements, att1ibutes, 

characte1istics, and resultant FOMs, a gap analysis 

was conducted to ensure that the team captured all 

FOMs that drove affordability and schedule. It was 

ve1y apparent that implementation approaches and 
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Requirements Resources 

Acquisition 
and 

Sustainment 

HLPT-SATS_031 

Figure 6-19. Continued relations/tip of requirements, 
resources, and acquisition and sustainment over tlte 

life cycle is tile key to affordability 

associated metiics that were not dependent on launch vehicle configurations or propulsion systems were 

not being captured in the trade space. Five implementation FOM categories, along with their associated 

approaches, were developed and defined, an AHP assessment was conducted to get the pairs-wise 

comparison priority impo1tance, and the following relative importance was generated as shown in 

Table 6-11 and Table 6-12. 

Tab/.e 6-11. Implementation FOM importance 

FOM I Implementation category I Importance 

1 Requirements and standards 37 percent 

2 Program effectiveness 34 percent 

3 Design and integration 15 percent 

4 Contracting 9 percent 

5 Business systems 5 percent 
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Category I 
Requirements and . 
standards . 

. 

. 

. 
Program . 
effectiveness . . . . 

-
Design and . 
Integration . 

. 

. 

. 

. 

. 
-

Contracting . . . . . 
Business systems . 

. 

. 

Table 6-12. Implementation FOM categories and approaches 

Approaches 

Initialization of a zero-based Requirements set - Question all requirements 
Provide direct association and flow down of requirements - A void blanket requirements 
Agile change control - Balance flexibility with minimizing late requirements 
Use simplified Earned Value Management (EVM) at the subcontractor level 
Common specifications and standards across program elements 

Program-level taxonomy 

DRD 1384MA-003 
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Common Prime Contractor PPMs - Eliminate or minimize functional redundancy across program activities 
Collaborative teams (blended workforce) - Clearly defined, lowest possible level RAA 
Use smaller, dedicated DDT &E teams with enhanced RAA and signature authority 
Ensure the proper level and frequency of reporting 

Integration of the integrators - Program, system, vehicle, and technology need to be balanced 
Performance margin management schemes 
Simplified integration with less labor 
Follow a DFO maturity model - Con-ops drives the evolving design 
Maximize use of modeling and simulation in lieu of physical hardware 
Simplify the CoFR responsibility and accountability (both process and product) 
Commonality of NASA parts and materials across program elements 

Apply risk-based contracting with incentives 
Alliance project (alliance contractual solution where KPis are aligned) - Clearly define functional roles and responsibilities 
Reduced number of prime OEM Contractors, make/buy, and GFE versus prime trades 
Contractual delivery of end-item in "ready-to-install, -assemble, or -integrate" configuration 
Eliminate duplication of engineering and M&P groups between OEM and operator 

Common element to element business systems - Interoperability at data level and standardization of toolset interfaces 
Suppo1i systematic integration of tools and data across and between systems with integrated PLM 
(vendor-to-supplier-to-provider-to- user) - Shared, single authoritative source 
Integrated configw·ation management and requirements control 
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The Implementation FOMs affect the program "-ilities," specifically how the "-ilities" are interpreted and 

implemented, which, as a result, influences affordability. The "-ilities" are defined as follows: 

a. Availability 

b. Commonality 

C. Maintainability 

d. Operability 

e. Producibility 

f. Reliability 

g. Reusability 

h. Testability 

i. Upgradeability 

J. Usability 

6.5.1 Requirements and Standards FOM Results 

Based on years of SSP experience and Cx lessons, it was detemrined that (a) initialize a zero-based 

requirements approach to eliminate nonnecessa1y requirements by sta1ting with basic functionality 

requirements that add value, (b) avoid legacy requirements development process by cap truing only 

mandato1y requirements by avoiding blanket requirements, (c) all requirements shall have clearly 

explanato1y intent and rationale so that the designer can implement it by captruing design assumptions, 

technology limitations, real or presumed constraints, etc., (d) avoid "To Be Detemrined (TBD)" callouts 

by staiting with quantified requirements (i.e., substantiated target) with accompanied "To be Revised 

(TBR)" callout to allow designers to stait with known metric, (e) when using he1itage hardware, when 

applying zero-based requirements approach in a "like but different" type function or limits, understanding 

the ce1t ification threshold(s) and basis of the ce1t ification will allow cleaner definition, and (f) accept and 

allow for equivalency assessment for hedtage hardwai·e. 

Zero-Based Requirements Example 

When requirements ai·e done poorly, the issue adversely affects Affordability, Sustainability, and 

Operability FOMs. Defmition and management of requirements fo1ms the basis of any program. 

Inadequate definition, or ineffective management of the requirements baseline will result in poor 

perfo1mance against cost, schedule and technical objectives. As an example, the CxP requirements 
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definition and management was assessed. In an effo1t to capture and leverage critical lessons learned 

from SSP, innumerable-system, and operational-level requirements were elevated to Level II, resulting in 

duplication, gaps, and conflicting crite1ia between requirements. Cradle was identified as the requirement 

management tool for CxP. However, organizations across the agency and program produced an extensive 

libra1y of requirements documents outside of the tool, providing little to no association or traceability 

between requirement levels. The resulting requirement set was difficult to assess for applicability, labor 

intensive to change manage, and would have been difficult and expensive to fully ve1ify. Numerous 

requirements existed at eve1y level with no documented intent/rationale. 

The solution(s) or recommendation(s) are to (a) begin requirement definition based on cmTent mission 

objectives (legacy lessons learned should be leveraged to reduce risk and not allowed to impose undue 

constraints), (b) enforce fundamental SE&I requirement flow-down with full bidirectional traceability 

(top-level requirements define "what" with successive levels of detail to define "how"), and (c) each 

requirement must include a documented intent/rationale, ultimately, with associated linkage to 

substantiating basis of ce1tification/acceptance; e.g., assumptions, analysis, test results, performance 

data, etc. 

Summary : Sometimes good intentions have bad consequences, as SSP lessons leai·ned were used to assist 

in the development of the CxP requirements. This resulted in duplication, gaps, and conflicting criteria 

between requirements. Fundamental SE&I methodologies would have reduced these weaknesses. 

Another area of requirements and standai·ds w01th mentioning is requirement ownership and management 

should be consistent with program-defined Responsibility, Accountability, and Authodty (RAA). Each 

requirement should have an assigned owner. Provide direct association and allocation/tlowdown of 

requirements by (a) starting with G&O for the SLS program, (b) tlowdown and decomposition of intent 

and rationale will provide operators a better understanding when deviations or departures from the 

ce1t ification baseline is required during the operational life cycle, and (c) keep requirements quantified to 

a lower level along with requirement intent to avoid requirement intent creep. 

6.5.2 Program Effectiveness FOM Results 

One of the lai·gest challenges in the Aerospace Industiy is data management. Using a simple technique of 

program-level taxonomy would solve the handling costs associated with lai·ge data sets. It is not about 

drawings and documents, but, rather, it is about data. If you cannot integrate the data, you cannot 

manage it. 

It was dete1mined that if you establish connectivity of requirements to design to manufacturing to 

assemble and integrate to operation in a data-driven taxonomy, the process will minimize program 
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Integration overhead by reducing the number of handoffs, translations, replications, and interpretations. 

In addition, it avoids large OEM launch site suppo1t that wants to ensure that requirements of their 

hardware are being properly implemented as intended, as all data, including as-built data, are available 

Program wide. 

Deploying collaborative teams that use smaller, dedicated DDT &E teams facilitates better optimized 

design solutions. Establish a NASA and Contractor "blended" team that use the best of expe1t ise from the 

competencies and proficiencies within both part ies. Clear·ly defined, lowest-possible-level RAA at the 

Integrated Product Team (IPT) that car1ies signature authority as decisionmaking should reside at where 

the requirement is owned, IPTs should be responsible for products and not reviews, with accountability 

for schedule and budget, and empower to the lowest level of decisionmaking. Encourage 

decisionmaking. 

Program-Level Taxonomy Example 

When not implemented by a program office, the resultant issue affects Affordability, Commonality, 

Operability, Usability, and Availability FOMs. Lack of a program-level taxonomy, hierarchical strncture, 

and number schema allows for introduction and use of multiple, unassociated numbering systems and 

info1mation fo1mats, significantly impeding effective and efficient info1mation and data exchange, 

driving manual translation and vedfication processes and minimizing the effectiveness of automated 

business systems. As an example, Constellation's Ares I-X lacked an integrated program-level 

requirement strncture or standards definitions. All OEMs provided element/systems har·dware designs in 

their own fo1mat, strncture and numbering schema. All vehicle designs were provided in "drawing" 

fo1mat, either as paper renderings or electronic Po1table Document Fo1mat (PDF) documents, requiring 

manual review, interpretation and entry of associated data into operations center business systems to 

suppo1t processing, and Certification of Flight Readiness (CoFR) verification. Inconsistencies in design 

content and strncture necessitated extensive labor hours to reconcile and approve p1ior to implementation. 

This process involved operations center, OEM, design center and level-II boar·d personnel for hundreds of 

items ranging from verification of controlling installation drawing to part callouts, source, and pedigree 

requirements. 

The solution(s) or recommendation(s) ar·e to (a) establish and implement a program-level taxonomy for all 

elements, both flight and ground, early in the program, applying it contractually to all part icipants to 

address the full supply chain and life cycle, to include evolution and (b) implement the structure in 

conformance with Industry or DoD standards for electronic data exchange to maximize leveraging best 

practices inherent in current COTS business systems and IT. 
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Another area of program effectiveness is the contractual issuance of the NASA Insight and Oversight 

models. The NASA governance model is an Insight/Oversight d.Iiver. The ability to tailor NPR 7120, 

7123 , and 8705.2 will reduce SLS Program cost, similar to Commercial crew tailorability approach. 

Clearly identifying and separating the Insight and Oversight Teams' RAAs will avoid both NASA and 

Contractor overlap. On insight, embed the MSFC SLS Insight Team within the Contractor Team to 

provide constant communication of understanding and recommendations to the Oversight Team. On 

oversight, modify the cunent, near-continuous practice to a discrete practice, where oversight decisions 

and direction are substantially less and more focused based on 1isk. This technique is pictorially shown in 

Figure 6-20. 

Oversight decisions 
and direction 

MCR 

Oversight decisions 
and direction 

PDR CDR Mate Launch 
review Life-cycle timeline 

bu 1111111 a1 D . 
MCR PDR CDR 

Development 

Mate 
review 

Launch 

Life-cycle timeline 

Production and ops 

HLPT-SATS_032 

Figure 6-20. Cu"ent oversight versus proposed Oversight models 

6_5-3 Design and Integration FOM Results 

The lack of integration within a program can significantly impair a team's efficiency and cohesiveness. 

An integration of the integrators allows for a sufficient amount of SE&I planning and baseline framework 

to be established p1ior to release of requirements to OEM element providers and enables standardization 

and commonality across integrators and elements 

SE&I is an enabler for affordability. The SE&I requirements analysis process is a key contiibutor to 

defining and optimizing affordability, as the Design To Cost (DTC) and Cost As an Independent Vaiiable 

(CAIV) processes play a pivotal role. Based on lessons learned from SSP, changes that were planned for 

Ares I, and changes that were paitially demonstrated on Ares 1-X, instituting a sound SE&I foundation 
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(e.g., requirements control) will provide cost avoidance opportunities (and you cannot afford not doing it) 

to achieve the FY budget targets. 

As detailed in Section 1.2, the DFO Maturity Model will assist with the interoperability of systems across 

elements, as this evaluation should be accomplished early, not after each piece has designed its own and 

the conections become too expensive to implement. The concept of operations and requirements 

relationship must be established to ensure that DFO is canied through the design cycle. Consideration of 

Operability, Maintainability, Testability and Usability FOMs when developing vehicle- and system-level 

requirements will reinforce the DFO Matmity Model. When trading the top-level FOMs, cany 

performance margin for the purpose of trading for increased operability. 

When assessing the design cert ification, simplifying the CoFR responsibility and accountability in a 

CoFR streamlining initiative will eliminate CoFR overlap of sustainment and certification between design 

and operations centers. As an example, the design center and its OEM Contractor(s) are responsible and 

accountable for the design and cert ification thereof, to include operational departures from certification 

baseline. The operations center and its processing Contractor(s) are responsible and accountable for all of 

their processes and the proper implementation of the defined requirements as provided by the design 

center's cert ification. 

DFO Maturity Model Example 

Operational considerations in the design are proport ional to operations costs. Specific Shuttle examples 

are factually to the point. When operations are not considered early in the RAC, the issue affects 

Operability, Reusability, and Availability FOMs. Design decisions made early in a program's 

development can significantly affect the operational efficiency of the delivered vehicle, and thus cost over 

the life cycle. The number, complexity, and evasiveness of the operations causes a proport ional increase 

in labor and physical resources that has a direct affect on the recm1ing cost of the spacecraft and launch 

systems. There are many examples from the SSP where operability considerations were either not made 

or original assumptions differed significantly from actual implementation. The cost of a reusable, 

complex, multifunctional, aging Space Shuttle vehicle are additionally challenged by the following initial 

program decisions: 

a. The Space Transport ation System (STS) was optimized at the subsystem level and not at the 

integrated vehicle level 

b. Every Orbiter function, whether used or not on a given mission, must be verified and checked out 

prior to flight 

c. Numerous critical functions must be monitored and managed to avoid a catastrophic event 

~United Space Alllance 6-52 



June 1, 2011 
DRD 1384MA-003 

HLPT SA TS Final Study Report 

d. Reusability of aging complex systems requires ever increasing manual operations to maintain 

performance and safety 

e. The design is difficult to evolve in response to actual or changing operational environments 

f. STS design turnaround time was 160 hours. Actual turnaround time is 1296 hours minimum 

g. STS design flight rate was 10 flts/veh/year. Actual flight rate 2.5 - 3 flts/veh/year maximum 

h. STS planned recur1ing costs were $100/lb to LEO. Actual recuning costs are $10,000/lb to LEO 

The solution(s) or recommendation(s) are (a) maximize integration at the architecture level; launch 

vehicle, spacecraft, ground systems) at the start of the design; (b) minimize the number and complexity of 

subsystems; (c) automate systems test and verification where practical to minimize manual operations, 

equipment wear, and damage; (d) baseline Level 1/Il con-ops at PRR, which will allow a realism 

assessment and manage the requirement changes thereafter; and (e) include manufacturing and operations 

paiticipation in the DDT &E processes. 

Another area of design and integration to consider is the streamlining of the design review. streamlining 

the design review approach will avoid or reduce large costs associated with DDT &E major milestones. 

Current NASA HSF major milestone design reviews are conducted with a lai·ge number of agency 

personnel. A wide range of materials equates to large number of candidate issues (e.g., Rills). This is 

ve1y expensive, requiring a large infrastrncture, logistics, and technical disposition costs. Streamlining 

can avoid/reduce the costs of design reviews by up to one-third based on Odon CEV /MPCV data. This is 

accomplished by (a) expanding the use of subsystem design reviews, (b) focusing technical review on 

design products, (c) changing the identification and vetting of issues, and (d) limiting paiticipation to 

highly qualify personnel with the identified ability, responsibility, and authodty. 

6.5.4 Contracting FOM Results 

Appling 1isk-based contracting with an incentives approach provides a contractual mechanism to rewai·d 

productivity. Deploying contract strnctures to incentivize profile for productivity with recognition of 

products and se1vices that contribute directly to successful completion of mission objectives and 

incentivizing for process improvements that reduce overall cost with improvement or no negative impact 

to technical or schedule perfo1mance nor impact to risk baseline. 

Establishing cleai· lines of accountability will assist in reduction of Contractor overlap. As an example, 

the contractual delive1y of end item in a "ready-to-install, -assemble, or -integrate" configuration will 

avoid the overlap between OEM and operator. The delive1y of an as-ce1t ified, as-built product end-item 

should complete contract obligation, thus eliminating RAA overlaps and duplication of costs in 

operations by delive1y of ce1t ified, ready-to-assemble end items to the operations and processing center. 
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Establishment of a program-level-defined RAA to the centers that should flow to their contracts to 

eliminate duplication. Examples are Engineering, M&P, Non-Destructive Evaluation (NDE), and other 

support groups. End-item delivery must contain hardware and all the associated data, information, 

standards, etc., in compliance with program-level taxonomy. 

On SSP, the Launch Support Services (LSS) cost to provide OEM knowledge domain onsite at KSC is 

significant. Dilling "down periods" in the vehicle flow at KSC, the productivity and efficiency of the 

LSS workforce is low. A model used in the EELV market, known as an "operations campaign," is to 

bring OEM knowledge, if it is not local to the launch site, to either Cape Canaveral or Vandenberg AFB 

dming a l-to-2-week period just before launch for launch preparation and just after a launch for postflight 

activities. This technique allows for a very small OEM footprint at the launch site dming the year, while 

still being able to provide expertise at the launch complex dUiing terminal launch countdown and 

postflight analysis. 

Risk-Based Contracting Example 

Ideally, NASA would like to reward performance for productivity, products, and services that directly 

contribute to successful completion of mission objectives. Providing an incentive reward of fee for 

reaching a milestone date should be avoided. While Level of Effort (LOE) provides NASA flexibility in 

using the Contractor base, it is perceived to inflate the program costs. 

When the contracting mechanism for incentivizing the Contractors are not thoroughly evaluated against 

their scope, the issue affects Supp01tability, Operability, and Availability FOMs. Contracting 

mechanisms have significant influence in achieving the near- and long-term program objectives for cost, 

schedule, and technical performance. Incentives must be devised to motivate Contractors to deliver the 

desired results at an affordable price and within acceptable risk. 

As an example, the Space Shuttle contracting evolution is a good example. The cost-plus contracts 

provided the desired LOE support and flexibility for early development activities, modification periods, 

and changing mission manifests but were perceived to result in elevated workforce numbers and program 

costs. Cost-based incentives provided motivation for Contractors to reduce total operating budgets but 

were perceived to result in a trade of safety versus profit and increased programmatic risk. 

The solution(s) or recommendation(s) are to (a) deploy contract stmctmes to incentivize productivity; 

products and service that contribute directly to the successful completion of mission objectives, 

(b) incentivize process and performance improvements that reduce overall cost with no negative impact to 

the risk baseline, and ( c) manage issuance of contract scope consistent with the defined RAA of the 

issuing agency/organization to avoid cost of duplication and potential conflicts dming execution. 
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Business systems should enhance the user 's ability to manage a program. Too often, business systems 

become an ineffective tool in the program manager's ability to evaluate the program's perfo1mance, and 

therefore, corrective action is either misaligned against the real risk or goes unnoticed. Common 

element-to-element business systems with interoperability via standardization of toolset inte1faces provide 

a complete programmatic health picture. Mandating the use of common, Industiy standards for tools and 

data compatibility and complying with program-level taxonomy will allow interoperability at the data 

level. Interconnecting data access to suppo1t all processes and life-cycle phases, while minimizing the 

number and costs of disparate inte1faces and info1mation translations, provides the program manager in

depth insight into the program perf01mance. This was demonstrated by USA on Ares 1-X between the 

First Stage and ground processing, which resulted in a more responsive and efficient activity. 

Compatibility Standards Example 

Although the example was not a life-cycle driver on CxP because it was a flight test, the Ares 1-X lack of 

interoperability of business systems is a good example of what to fix in your data stream. As a 

benchmark, USA evaluated the SSP business systems. Verification of system configuration is a large cost 

on SSP. Having business system compatibility between NASA and its SLS Contractors is cmcial to have 

the ability to manage the data required to be efficient in the future, thus managing LCC. Even though the 

example appears to impact the programmatic, actually, the issue affects Commonality, Operability, 

Usability, and Availability FOMs, as the business systems "touch" all aspects of program execution. 

Legacy, paper document-based processes and lack of interoperability among the va1ious program element 

business systems impedes effective communication, restricts visibility to essential info1mation, delays 

dissemination of time-critical data, and drives up the cost of suppo1t and verification labor necessaiy to 

manage programmatic risk. As an example, the Ares 1-X program was comprised of many diverse 

systems and processes operating without overall data standards and with limited interconnectivity. KSC 

developed and provided Collaborative Integrated Processing Solutions (CIPS), a standai·ds-based Data 

Information Management System (DIMS) with interorganizational connectivity between NASA centers 

and Contractors to suppo1t processing operations, integration, and CoFR. The system included a 

collaborative working environment with electronic work instrnction autho1ing and approval; paperless 

work execution with enhanced process controls via wireless Land Area Network (LAN), Integrated 

Supply Chain Management with task, mate1ial, and labor planning; closed-loop requirements and 

configuration management; Web-based training and processing po1tal with real-time metrics, info1mation, 

and repo1ts; and integrated data management and repository, including nonconfo1mance. 
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CIPS provided major productivity improvements, including (a) reduction of paper documents 

(piint/copy/distiibute/file), (b) elimination of manual postexecution documentation quality reviews, 

( c) reduction of work plan update process from months to days, and ( d) automated task and as-built versus 

as-designed status. Based on KSC USA Shuttle process data, the savings exti·apolated to other centers 

produced projected annual program savings approaching $9M. 

The solution(s) or recommendation(s) are to (a) establish, contractually obligate, and enforce 

interoperability standards; (b) select and implement proven market technologies to satisfy requirements at 

minimum cost; (c) take advantage of standardization based on common functions by avoiding multiple 

solutions for common need; ( d) provide secure access to authoritative source information across the 

program, build once, use many; (e) minimize the data collection burden while improving product quality; 

and (f) leverage Industry best practices inherent in COTS technologies. 
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Concunent with the trade study activities, USA developed, designed, built, and will deliver a HLL V 

System Analysis Tool (HLSAT), along with a user's handbook, in association with the Final Study 

Report under DRD 1384MA-003. The tool will use common desktop browser software, be support ed by 

multiple desktop operating systems, and will not require additional software licensing and specialized 

configurations. The tool will provide flexibility to allow updates to the cri teria and weighting as shown in 

Figure 7-1. 

Based on the cunent SLS study work accomplished to date by MSFC's SLS Team, the trade process, 

specifically, the HLSAT, was used with the cunent trade study data. In addition to the tool and user's 

handbook, provided on a separate Compact Disk (CD), the USA six trades and respective trial cases of 

architecture life-cycle evaluation of SLS are also provided in the tool database. These trial cases 

demonstrated the tool's validity, ensming flexibility and extensibility of the tool capability. The output of 

the tool at each iteration is provided in the database, which couples the affordability, schedule, reliability 

(including safety), operability, and performance characteristics and attr·ibutes for the architectures 

evaluated. 

Heavy Lift Launch Vehicle System Analysis.=Tool -

Analytical Hierarchical Process Quality Function Deployment 
Define \ "oice of Cu,totller {VQC) Create Characteristic List 

Cpdatc Voice of Customcr (VOC) Cpdatc Oinractcristic Lht 

Anah-tical Hierarchical Process (AHP) Create K cw OFD 

ltcmtc or Edit Exis"~? OFD 

Trade Study Help 
Create Alrernative List Svsrern Analvsis Tool Hr.,dbook 

t:ndate Altematrre List 

Create Pu«ti :-fatrix Analvsis 

t:odate Pu$ :Vlaou Analvsii 

HLPT•SATS_005 

Figure 7-1. HLSAT home page 
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8.0 SYSTEMS ANALYSIS ANU TRADE STUDY CONCLUSIONS AND 

RECOMMENDATIONS 

No single technical concept in the SLS HLPT trade study was clearly better than the other configuration 

on eve1y measure of the Affordability, Pe1fo1mance, Schedule, Reliability, and Operability FOMs. 

USA's evaluation includes many options that yielded strengths and weaknesses that were ve1y dependent 

on near-te1m or long-te1m considerations affecting affordability. In addition, scoring and the resultant 

weighting of the FOMs plays a key role in compruing alternatives. It was critical in the process to define 

and document our understanding; i.e., what we meant and why we meant it, as achieving a common 

understanding of te1minology and impo1tance was cmcial. The timeline constraint of eru'lier than 2017 

for initial launch capability results in significant negative impacts to any alternative that requires 

development beyond that predicted IOC for existing heritage systems, even outweighing Operability 

FOMs that ultimately diive LCC. Cost considerations with respect to dual development and 

infrastmcture changes score ve1y negatively and, therefore, liinit architecture evolvability. These factors 

combine to indicate that major architecture changes, either evolution or changeover outside the initially 

selected configuration, are generally cost prohibitive, while evolution within a launch vehicle 

configuration fainily remained cost feasible. USA's product and results were reviewed independently by 

Davidson Technologies. Their study repo1t review is documented in Appendix D. To follow ru·e USA's 

conclusions and recommendation on the HLPT SATS results. 

8.1 Conclusions 

A "Progressive Architecture" that employs a block-type vehicle evolution with increasing perf01mance 

capability using a capability-diiven model methodology to satisfy new Inission objectives apperu·s to 

balance cost and schedule, both neru·-te1m and long-te1m, resulting in an affordable and sustainable 

framework. The implementation of that model will depend heavily on the NASA acquisition model 

deployed by the SLS Program and MSFC Procurement Offices. The use of NASA he1itage assets, along 

with their matuiity and knowledge domains, kept the initial DDT &E costs within the forecasted FY 

budgets, but LCC in the out years broke the FY budget thresholds. Heiitage assets have a very positive 

impact on near-te1m costs and the development timeline. In general, high-TRL systems typically provide 

positive impacts on both cost and schedule. With he1i tage assets, to Initigate this long-term affordability 

risk, legacy requirements and processes associated with he1itage assets need to be readdi·essed to improve 

efficiency and realign the asset usage to achieve sustainability. With the heritage assets, it is also 

imperative that a schedule for P3I to improve affordability; i.e., increase supportability and decrease 

obsolescence, be implemented to sustain the SLS Program. 
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In reviewing the "hardware and software" aspect of the architecture trades, it became apparent that 

implementation of the MSFC business operations model to execute the program was as impo1tant as 

selecting the best architecture. One aspect of that model is the program integration approach. Instituting 

a ve1y strong SE&I function from conceptual design through system operation will provide closed-loop 

engineering accountability. SE&I should be executed in an integrated manner across the entire SLS 

Program with a focus on system perfo1mance and margins, operations costs, and program schedule. To 

have the authority, SE&I must be directly accountable to the SLS Program manager. The second aspect 

of the model is the requirements strategy. Zero-based requirements were dete1mined to be the 

highest-ranking implementation approach to improve affordability and schedule. The SLS Program 

should consider implementing and stmcturing organizationally to address requirements at the sta1t of the 

program; i.e. , initially, eve1yone should be system engineers working requirements. The third aspect of 

the model is technology inse1tion. To balance cost and schedule, especially near-te1m, technology 

inse1t ion on the ascent launch vehicle stage elements must "fight its way" into the initial baseline. 

Technology inse1t ion can provide risk buy-down on cost, schedule, and/or technical (e.g., pe1fo1mance, 

safty). It must be traded carefully to realize target gain without incuning undue costs or schedule 

impacts. It is clear that ascent boost technology is in place today, with many different perfo1mance and 

cost options, for a successful SLS, thus, development should be focused on higher architectural risk; e.g., 

In-Space Stage propulsion systems, In-Space Habitats, etc. New technologies can be applied at specific 

transition points when mature enough for acceptable 1i sk to increase capabilities and pe1fo1mance and/or 

reduce LCC. 

From the Operator standpoint and independent of a mandated availability consideration; i.e., time to 

develop and ce1t ify, and assuming reliability and perfo1mance being equal, a vehicle architecture that is 

"operationally friendly" and minimizes evasive operations, limits inspections and ve1ifications, reduces 

processing hazards, and requires minimal special tooling or access, consistently scores better for 

operational affordability and sustainability with respect to full Program LCC. Consider operability early 

in the design and development phase, as histoiically, a low priority has been placed on operations 

considerations dming the flight system DDT &E phase, but it is a significant LCC diiver on the long-te1m 

Program. 
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Based on USA's analyses and study results, the following programmatic recommendations are offered for 

consideration: 

a. To achieve an affordable and sustainable SLS Program, a stable DDT &E path and a new NASA 

programmatic implementation (operating model) will be required. NASA should challenge all 

"business as usual" cultural business rhythms and tailor existing policies from Level O down 

b. Consider LCC influences early in the development cycle. LCC decisions must be made early in the 

SLS Program. Postponing decisions will adversely affect long-te1m affordability as the design 

becomes baselined. Minimizing DDT &E costs impacts the ability to implement innovations to 

reduce LCCs 

c. To reduce the recuning and the allocated nomecuning fixed costs on a per-flight basis, SLS needs to 

market distiibute the costs by cost sha1ing or increasing the business base. Common infrastiucture 

and processes with other programs within NASA, DoD, and IPs to share capability and reduce costs 

is needed. Cost sharing the Ground Segment with other users; e.g., NASA Commercial Crew, will 

address the nonrecur1ing cost burden on common and universal infrastmcture. The NASA 

Exploration manifest alone will not supp011 the SLS Program. To address the recuning costs, more 

than two flights per year are desired. To achieve this manifest, NASA's portfolio of payload 

Customers needs to be expanded beyond NASA Exploration. Do not optimize manufacturing 

capacity at four flights per year, as the potential launch manifest only shows one to two flights per 

year through 2025 

d. Integration is essential for SLS Program's success. Building on a successful SE&I foundation will 

be critical to smvive nlllllerous changes both internal to the program and from external political 

influence. NASA has many options and technologies to "pull on" to succeed, and the SLS Program 

needs a ve1y capable integration effo11 to pull those pieces together in a timely approach. Regarding 

the political aspect, USA believes that the "consti·aints" will change or additional "consti·aints" will 

be added over the life cycle, thus designing and developing only an end-state vehicle for one purpose 

would be taking on additional SLS programmatic 1i sk The selection of an architecture should not 

only consider the technical, budget, and schedule "winds of change" going fo1ward but the political 

change, too 
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Based on USA's analyses and study results and in consideration of the recommended implementation 

changes above, the following technical and perfo1mance recommendations are offered for consideration: 

a. Near-te1m solution: To optimize pe1fo1mance and balance cost and schedule requirements 

within the next 6 years, an SDHLL V configuration using heritage ET tank features and engines 

(RS-25D • RS-25E) for Core Stage and segmented solids (4-segments • 5-segments) for Booster 

Stage as defined in Trade 6 - Trial Case 6 scenario, alternative configuration 1 (baseline), is 

recommended 

b. Midte1m solution: To optimize operability and balance cost and schedule requirements over the life 

cycle, an SDHLL V using ET tank features and engines (RS-25D • RS-25E) for Core Stage and 

demonstrated large monolith solids (Pl 10 • P180 size) for Booster Stage in combinations of four or 

six, depending on mission requirements as defined in Trade 6 - T1ial Case 6A scenruio, alternative 

configuration 2 (option 1), is recommended 

c. Long-term solution: To optimize pe1fo1mance and operability, although with higher costs and longer 

schedules over the next 8 years, with lower life-cycle operations costs (both recuning and 

nonrecmTing), a LOX/RPI Core and LOX/LH2 Second Stage "Saturn-like" vehicle using the F-lA 

and J-2X development work to date and developing new manufacturing techniques for the 33-foot 

diameter Core Stage tank as defined in Trade 6 - Trial Case 6, alternative configuration 4 (option 2), 

is recommended 

The time-dependent, affordability-considered solutions above depict an in-family evolution with 

technology inse1t ions to increase perfo1mance and lower LCC in the future. An out-of-family evolution 

from near-te1m segmented solid boosters to midte1m monolith solid boosters is ve1y feasible, assuming 

the eru·ly block vehicle has end-state design considerations for the out-of-family migration (e.g. , Core 

Stage propulsion cluster has load bearing attachments for monolithic solid boosters). If the Phase 1, 

Block O or 1 vehicle, does not have these features, MSFC's acquisition options for Phase 2 will be 

limited. 
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APPENDIX A 

AAP 
ACAA 
ACT 
AF 
AHMS 
AHP 
AIAA 
ALCA 
AMBR 
ASAP 
ATK 
ATLAST 
ATP 
ATV 
AUC 

BAA 
BEO 
BPC 
BTU 

CARD 
CCCE 
CCR 
CD 
CDR 
CE 
CEMMENT 
CEV 
CIPS 
CLV 
CoFR 
con-ops 
COTS 
CRL 
cs 
Cx 
CxP 
CY 

DAC 
DALI 
DAV 
DDT&E 
DFMR 
DFO 
DIMS 
DoD 
DoF 

ACRONYMS 

Adjustable Access Platfo1m 
Adjustable Crew Access Alm 
Advanced Compoton Telescope 
Audio Frequency 
Advanced Health Monitoring System 
Analytical Hierarchy Process 
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American Institute of Aeronautics and Astronautics 
Aft Load Controller Assembly 
Advanced Materials Bipropellant Rocket 
As Soon As Possible 
Alliant Techsystems, Inc. 
Advanced Technology Large-Aperture Space Telescope 
Authodty to Proceed 
Automated Transfer Vehicle 
Adjustable Umbilical Canier 

Broad Agency Announcement 
Beyond Earth Orbit 
Boost Protective Cover 
Bus The1mal Unit 

Constellation Architecture Requirements Document 
Configuration Change Control Express 
C1itical Customer Requirements 
Compact Disk 
C1itical Design Review 
Conctment Enginee1ing 
Constellation-Enabled Mars Mission Exhibiting New Technology 
Crew Exploration Vehicle 
Collaborative Integrated Processing Solutions 
Crew Launch Vehicle 
Ce1tification of Flight Readiness 
Operations Requirements 
Commercial-Off-the-Shelf 
Capability Readiness Level 
Civil Servant 
Constellation 
Constellation Program 
Calendar Year 

Design Analysis Cycle 
Dark Ages Lunar Inte1ferometer 
Descent/ Ascent Cargo Vehicle 
Design, Development, Test, and Evaluation 
Design for Minimum Risk 
Design for Operations 
Data Info1mation Management System 
Depa1tment of Defense 
Degrees of Freedom 
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DOL 
DRA 
DTC 

EDS 
EEE 
EELV 
EES 
ELV 
EMI 
ERV 
ESA 
ESAS 
ESMD 
ET 
EVM 

FMEA 
FMHR 
FOM 
FPL 
FPR 
FS 
FY 

G&O 
GEO 
GG 
GNC 
GR&A 
GSE 

HEFT 
HEO 
HLL 
HLLV 
HLPT 
HLSAT 
HLV 
HOQ 
HQ 
HTPB 
HTV 

IMLEO 
roe 
IP 
iPLM 
IPT 

Day of LaW1ch 
Design Reference Analysis 
Design to Cost 

Eaith Depruture Stage 
Electrical, electronic, and Electromechanical 
Evolvable Expendable Launch Vehicle 
Emergency Escape System 
Expendable Launch Vehicle 
Electromagnetic Inte1ference 
Eaith Return Vehicle 
European Space Agency 
Exploration System Architecture Study 
Exploration Systems Mission Directorate 
External Tank 
Eained Value Management 

Failure Modes Effects Analysis 
Free Molecular Heating Rate 
Figures ofMe1it 
Full Power Level 
Flight Perfo1mance Propellant Rese1ve 
First Stage 
Fiscal Year 

Goals and Objectives 
Geosynchronous Ea.Ith Orbit 
Gas Generator 
Guidance, Navigation, and Control 
GroW1dmles and Assumptions 
GroWld Suppo1t Equipment 

Human Exploration Framework Team 
Highly Elliptical Orbit 
Heavy Lift LaW1ch 
Heavy Lift LaW1ch Vehicle 
Heavy Lift and Propulsion Technology 
HLLV System Analysis Tool 
Heavy Lift Vehicle 
House of Quality 
Headqua1ters 
Hydroxyl-Te1minated Polybutadiene 
H-II Transfer Vehicle 

Inserted Mass to Low Eruth Orbit 
Initial Operational Capability 
International Paitner 
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Institutionalized Product Life Cycle Management 
Integrated Product Team 
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Isp 
ISRU 
ISS 

JSC 
JWST 

KPI 
KSC 

L 
LAN 
LAS 
lb 
LCC 
LCCA 
LEO 
LH2 
LiLFA 
LOC 
LOCV 
LOE 
LOM 
LOR 
LOV 
LOX 
LSS 
LVA 

M&P 
MIR 
MLI 
MOD 
MOTS 
MPCV 
MPD 
MPS 
MPTA 
MSFC 
MSRM 
mT 
MTV 
MUST 

NJI4 
NASA 
NDE 
NEO 
NERVA 
NLT 
NOAA 

Specific Impulse 
In-Situ Resource Utilization 
International Space Station 

Johnson Space Center 
James Webb Space Telescope 

Key Perfo1mance Indicators 
Kennedy Space Center 

Lagrange 
Land Area Network 
Launch Abort System 
pound(s) 
Life-Cycle Cost 
Life Cycle Cost Analysis 
Low Earth Orbit 
Liquid Hydrogen 
Lithium Lorentz Force Accelerator 
Loss of Crew 
Loss of CrewNehicle 
Level ofEffo1t 
Loss of Mission 
Lunar Orbit Rendezvous 
Loss of Vehicle 
Liquid Oxygen 
Launch Suppo1t Services 
Launch Vehicle Assembly 

Materials and Processes 
Most Impo1tant Requirement 
Multi-Layer Insulation 
Mission Operations Directorate 
Militaiy -Off-the-Shelf 
Multi-Purpose Crew Vehicle 
Magnetoplasmadynamic 
Main Propulsion System 
Main Propulsion Test Alticle 
Marshall Space Flight Center 
Monolithic Solid Rocket Motors 
metric Tons 
Mars Transpo1t Vehicle 
Modem Universe Space Telescope 

Hydrazine 
National Aeronautics and Space Administration 
Non-Destrnctive Evaluation 
Near Eaith Object 
Nuclear Engine for Rocket Vehicle Application 
No Later Than 
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National Oceanic and Atmosphe1ic Administration 
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NRO 
NSDIS 
NTE 
NTO 
NTR 

OCT 
OEM 
0MB 
ORSC 
ORU 

p31 

PASS 
PBAN 
PCAD 
PDF 
PDR 
PIT 
PL 
PLM 
POR 
POV 
PPE 
PPM 
PRF 
PWR 

QD 
QFD 

RAA 
RAC 
RF 
RLV 
RP 
RSRM 
RVD 
RVLM 

SAFIR 
SATS 
SBIRS 
SBKF 
SCAPE 
SDHLLV 
SE&I 
SERT 
SHAB 
SI 
SL 

National Reconnaissance Office 
NOAA Satellite Data and Info1mation Se1vice 
Not to Exceed 
Nitrogen Tet:roxide 
Nuclear Thermal Rocket 

Office of Chief Technologist 
Original Equipment Manufacturer 
Office of Management Budget 
Oxygen Rich Stage Combustion 
Orbital Replacement Unit 

Pre-Planned Product Improvement 
Prima1y Avionics Software System 
Polybutadiene Ac1ylonitrile 
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Propulsion and c1yogenics Advanced Development 
Portable Document Format 
Prelirninruy Design Review 
Pulsed Inductive Thrusters 
Power Level 
Project Lift Cycle Management 
Program of Record 
Point of View 
Personal Protective Equipment 
Program Performance Metiic 
Pru·achute Refurbishment Facility 
Pratt-Whitney Rocketdyne 

Quick Disconnect 
Quality Function Deployment 

Responsibility, Accountability, and Authority 
Requirements Analysis Cycle 
Radio Frequency 
Reusable Launch Vehicle 
Rocket Propellant 
Reusable Solid Rocket Motor 
Reference Vehicle Design 
Removable Vehicle Launch Mounts 

Single Aperture Fru· Infrared Telescope 
Systems Analysis and Trade Study 
Space Based Infrru·ed System 
Stiuctural Buckling Knockdown Factor 
Self Contained Atmosphere Protective Ensemble 
Shuttle De1ived Heavy Lift Launch Vehicle 
Systems Engineering and Integration 
Space Solar Power Explorato1y Reseru·ch and Technology 
Surface Habitation 
Stellar Imager 
Sea Level 
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SLS 
SMD 
SPECS 
SPOC 
SRB 
SRM 
SSC 
SSME 
SSP 
STA 
STS 
SW 

TA 
TBD 
TBR 
TLI 
TMI 
TPS 
TransHab 
TRL 
TVC 

U.S . 
UGCS 
ULA 
ULC 
UML 
USA 
USAF 

VAB 
Vac 
VASIMR 
voe 

W&S 
Wt 

Space LaW1ch System 
Science Mission Directorate 
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Submllimeter Probe of the Evolution of Cosmic Stmcture 
Space Program Operations Contract 
Solid Rocket Booster 
Solid Rocket Motor 
Stennis Space Center 
Space Shuttle Main Engine 
Space Shuttle Program 
Static Test Alt icle 
Space Transpo1tation System 
Software 

Technology AI·ea 
To Be Dete1mined 
To Be Revised 
Trans-Lunar Injection 
Trans-Mars Injection 
The1mal Protection System 
Transit Habitat 
Technology Readiness Level 
Thiust Vector Control 

United States 
Universal Ground Control System 
United LaW1ch Alliance 
Universal Launch Complex 
Universal Mobile Launcher 
United Space Alliance, LLC. 
United States Air Force 

Vehicle Assembly Building 
Vacuum 
V ruiable Specific Impulse Magnetoplasma Rocket 
Voice of the Customer 

Weight and Sizing 
Weight 
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APPENDIX B BAA TECHNICAL OBJECTIVES AND USA SOW TRACEABILITY MATRIX 

Report 
Paragraph 

1.1 

1.2 

1.3 

1.4 

2.0 

2.1 

2.2 

2.3 

3.0 

3.1 

3.2 

4.0 

4.1 

4.2 

4.3 

5.0 

5.1 

5.2 

5.3 

Report Paragraph Title 

Background, Experience, and Summary 

Introduction 

Background 

Experience 

Executive Summary 

Study Apprnach & Methodology 

Trade Approach 

Trade Process 

AHP, QFD, and Pugh Matrix Tools 

Trade Space Boundaries and Constraints 

Systems Analysis GR&A 

Trade Study GR&A 

T1·ade Input Considerations 

Missions & Objectives 

Engine & Propulsion Systems 

Reference Vehicle Designs 

Figures Of Merit 

Voice of the Customer 

Customer Critical Requirements 

Characteristics and Attributes 
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(b) ( 4) 

(b) ( 4) 

• Identify how alternative GR&As impact the identified alternative system 
solutions 

(b) ( 4) 

• Provide a recommended list of key decision attributes and rationale associated 
with each 

• Provide a recommendation for the weighting of the recommended key decision 
attributes 

• Identify how changes to the weighting of key decision attributes affect the 
architectures 

4.0 

4.1 

(b) ( 4) 

4.0 

4.0 

4.3 
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P 
Report h I Report Paragraph Title I NASA BAA Technical Objectives I Stat~=~nt of 
aragrap Work (SOW) 

6.0 

6.1 

6.2 

6.3 

6.4 

6.5 

7.0 

8.0 

8.1 

8.2 

T1·ade Results 

Architecture 

Launch Vehicle Stages 

In-Space Stage 

System 

Implementation 

HLLV Systems Analysis Tool 

Systems Analysis and Trade Study 
Conclusions and Recommendations 

Conclusions 

Recommendations 

~United Space Alllance 

• Identify how innovative or nontraditional processes or technologies can be 
applied to the heavy lift systems to dramatically improve its affordability and 
sustainability 

• Identify how aspects of a heavy lift system (including stages, subsystems, and 
major components) could have conunonality with other user applications, 
including NASA, DoD, Commercial, and intemational partners 

• Identify how incremental development testing, including ground and flight 
testing, of heavy lift system elements can enhance the heavy lift system 
development 

• Identify capability gaps associated with the heavy lift system, and for each 
capability gap, identify specific areas where technology development may be 
needed 

• Identify capability gaps associated with the First Stage main engine functional 
performance and progranunatic characteristics required to support each heavy 
lift system studied 

• Identify capability gaps associated with the Upper Stage main engine 
functional performance and progranunatic characteristics required to suppo1t 
each heavy lift system studied 

• Identify capability gaps associated with all other technical aspects of heavy lift 
system 

• Identify capability gaps associated with the In-Space space propulsion 
elements functional performance and programmatic characteristics required to 
support each heavy lift system studied 

• Identify capability gaps associated with all other technical elements of the In
Space space propulsion element 

• Identify which In-Space space propulsion elements, if any, should be 
demonstrated via s ace fli t ex eriments 

4.0, 4.5, and 
4.6 

4.4 

4.0 and4.6 

B-2 



June 1, 2011 

Report 
Paragraph -AppendixB 

AppendixC 

Appendix D 

Report Paragraph Title 

Acronyms 

BAA Technical Objectives and USA SOW 
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Cost Evaluations 
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When addressing the cost component of the trade study, USA used a parametric evaluation approach due 

to the numerous trade study cases that were analyzed. The process for the parametric evaluation is to 

develop a baseline architecture cost and then leverage the FOMs, as developed and discussed in 

Section 5.0, on the other configurations to develop the discrete cost values. 

USA selected the Trade 6 - Trial Case 6 scenaiio, Alternative Configuration 1 (Baseline) as the cost 

"baseline" architecture. The selected baseline architecture was cost estimated using parametric estimating 

techniques by cost element, inputting Indust:Iy data from previous SDHLL V efforts, and escalating the 

inputs for CY 2011 dollars. On developing the cost estimates, a cost estimate validation was 

accomplished using recent Industry and NASA cost estimating values ( external) along with recent USA 

proposal estimates (internal). 

With respect to the alternative configurations, because cost is both directly and indirectly affected by the 

FOMs, it is important to assess the options against all FOMs that impact cost.. USA established and 

defined an Affordability FOM (VOC met:I·ic), then piioritized the FOMs via AHP pairs-wise comparison, 

which resulted in a relative importance of 47 percent at the program level. To determine the dist:Iibution 

of the FOM, USA established Affordability FOM allocations at the architecture and vehicle and element 

system (ground and mission) levels with associated target levels. Figure C-1 depicts the Affordability 

FOM decomposition and allocation of the FOMs that directly affect LCCs. For each Trade Tri al Case, 

USA ranked each alternative configuration architecture with coITesponding vehicle and element system 

against the baseline configuration. 

The other four VOC components, Schedule, Performance, Operability, and Reliability FOMs, also affect 

affordability indirectly. These were identified, and a smaller scaling factor against the baseline 

configuration costs was applied. 

C.l Baseline Architecture Cost GR&A 

To follow are the costing GR&A for the baseline architecture: 

a. Part ial STA and full-up MPTA (DDT&E costs) and two flight tests (flight Hardware (HW) costs) 

b. Block 1 configuration flight test article in 2015; Block 2 configuration flight test article in 2018 

c. IOC for Phase 1 (Block O vehicle configuration) capability in CY 2016 with Phase 2 (Block 1) IOC 3 

year·s later; Phase 3 (Block 2) IOC 3 years later 

d. Contractors assume element design authority 
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HOO#l 

Mlnimi,oDDT&E ,o,u I 
(includes flight test 

launches) 

H00#2 

Maximize the use of 
NASA heritage assets 

Affordability 

MinimizeLCC ofj d launch vehicle MinimizeLCC of 
(includes manufacture ground/mission systems 

and production) 

Maximize the numj er 
ofhigh-TRL major 

systems 

Minimize the time to 
vehicleCDR 

Minimize processing 1 Minimize the number of 
assembly and integration processing facilities and 

operations ground systems 

Minimize the number 
of dissimilar vehicle 

systems 

===-'== 

Minimize processing l 
and operations cost~ 

Minimize the 
sustainment and 
maintenance of 

ground/mission systems 

Maximum the number 
of common systems with 

other launch vehicles 

facility (new versus mod) Mimm1ze cos~ ~f p1_ ocess 
· conh·ol venf1cation 

expense 

Maximize the reusability 
of element and systems 

Minimize producti~ n . . . . 

~========-•~=======~ 

HLPT-SATS_(J36 

Figure C-1. Affordab/.e FOMs that affect LCC 

e. NASA assumes system design and integration management - NASA costs not included in USA 

parametii c estimate 

f. NASA implements pa1t ial implementation affordability initiatives, which reduce both NASA CS and 

Contractor costs 

g. Cost estimated at FY 2011 costs with 4-percent escalation thereafter 

h. Existing SSP and Cx contracts modified to suppo1t IOC milestones 

i. Use SSP and CxP sunken costs on DDT &E and facilities and systems 

J. First three Core Stage tanks are prutially complete (using ET elements) 

k. 21st Centuiy Launch Complex sustains and improves KSC infrastiu cture (i.e., not an SLS Program 

cost burden - SLS Program will fund SLS-specific requirements only) 

1. Excludes SLS missions operations, payload assets, payload integration, payload canier, and payload 

mission suppo1t 
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To determine the operations cost associated with the baseline configuration and options, USA developed 

a ground processing and operations concept of operations, Figure C-2, to determine the flow approach. 

Receiving 

Last transport 

iSRB 
processing 

Integrated 
processing 

~~ 
from OEM VAB 

Payload and/or ~..,......-
pacecraftfrom ~ 

OEM 
~ 

~~ lA 
from OEM ~ 

.$JI .. Booster 

Core Stage 
from OEM 

segments 

RPSF I 
~ 

Launch 

~B1111,H~:i 
LCCFR 1/4 

Recovery and 
refurbishment 

(optional) 

~ 
Hangar AF m 

Marine 
operations 

Aft skirt 

Forward e 
assembly £. Booster casings 

to vendor 

+- ~ARF Forward 
~ ~ assembly 

...._~.,..~Aft skirt 

,.£:v 
HLPT-SATS_037 

Figure C-2. Processing and launch flow concept of operations 

Using the SSP processing and launch flow as a benchmark, USA then compared the baseline and options 

against the benchmark, as shown in Figure C-3, with comparison notes in Table C-1 , to dete1mine the 

recuning costs for each configuration. 
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i 
Element shading key • Solid propellant SRB • liquid hydrogen 

• liquid oxygen a D liquid RP-I 

--. 

Vehicle LV-275-

designation 5.RS25-4S 

Core 201 

Booster 55 days2 

Core engine 73 

Upper Stage 3 days4 

Payload 2 days 

Integrated test 9 days 

Launch preps 28 - 30 days6 

Launch count 4 days7 

LV-275-
5.RS25-5S-

J.J2X 

5 - 7 days 

58 days 

0 

3 - 5 

3 - 5 

Option 1 

LV-275-
4.RS25-4S-

l .J2X 

5 - 7 days 

55 days2 

0 

3 - 5 days 

3 - 5 days 

I - 2 days 

• 
LV-330-
6.RS68-

2.2RP-2.J2X 

5 - 7 days 

5 - 7 days 

0 

I I I 

LV-275-
5.RS68-

4MS-J.J2X 

5 - 7 days 

3 - 5 days 

0 

3 - 5 days 

2 days 

I - 2 days 

• 
LV-330-

5.RP2.0-0-
J.J2X 

5 - 7 days 

0 

0 

2 - 3 days 

ys 

I - 2 days 

HLPT-SATS_038 

Figure C-3. Processing and launch flow comparisons 

Table C-1. Comparison notes 

Element I Notes 
Core 

Booster 

Core engine 

Upper stage 

Payload 
Integrated test 

Launch preps 

Launch count 

SSP includes ET receipt to SRB mate plus umbilical mates and leak tests (Orbiter and ET) 
2 

Include aft booster buildup and stacking - (SSP stacking operations runs three shifts) 
- Liquid booster configuration assumes receipt with engines integrated; includes umbilical mate 

and checkout 
3 

SSP values include orbiter engine integration and leak tests timelines 
- All HLL V configmations assume engines received integrated with core 
4 

Orbiter mate as baseline 
- All HLL V configmations assume payload integration and checkout prior to rollout 
All vehicles include integrated testing and system closeouts operations prior to rollout 
5 
Assumes liquid booster involve more systems verifications than solids (valves, monitoring, 

purges, instrumentation, etc.) 
6 

SSP includes ground interface mates and validations, battery installations, vehicle closeouts, and 
testing prior to fueling 
- All HLL V configmations assume vehicle umbilical mates, validations, and closeouts made 

prior to rollout. Ground interfaces are made and validated by autocoupler 
- SRB configmations assume SSP-like TVC fuel loading, a.ft skirt closeouts, ignition S&A pin 

removal, and fo1ward skirt closeouts 
7 

SSP - 3 days driven by payload and crew requirements 
- All configurations include pressurizations, fuel loading, and tenninal count to launch 
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C.3 Baseline Architecture Parametric Cost Estimate 

DRD 1384MA-003 
HLPT SA TS Final Study Report 

In reviewing the cost modeling tools available, PRICE-H and NAFCOM, it was determined that for a 

complex system like SLS with unique conditions (e.g., assets already available) and implementing a 

revised business operating model different than NASA has used previously, the model-based cost 

estimating would not be appropriate. In reviewing the histo1ical cost data from previous bottoms-up 

estimating, the baseline cost was based on the Industiy Team's STS Derived Launch Vehicle Trades 

( case F) budgeta1y estimate. The budgetaiy estimate was adjusted for changes in architecture, escalated 

to FY 2011 costs, and then escalated 4 percent for out yeai· projected costs. The total SLS Program costs 

for the baseline configuration ai·e show in Table C-2, parametiic costs estimates by FY, and Figure C-4, 

pai·ameti·ic cost funding profiles. 

A key assumption to SLS cost estimating is allocating ground infrastrncture and modification costs 

necessaiy for KSC to be the launch complex for numerous programs. There ai·e two distinct categories 

for KSC capability and capacity: (a) universal infrastiucture, which means that all programs use the same 

facilities and equipment, and (b) special infrastrncture, which is unique to a single program only. In the 

cost estimating, it is assumed that the universal infrastrncture, typically institutional capability and 

capacity, will be funded with KSC funding under 21st Centmy Launch Complex or equivalent budget 

source and not SLS Program funding. For the SLS Program to be successful, MSFC needs to take 

advantage of the synergy at KSC between SLS and numerous commercial crew launch vehicle 

requirements. 
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Using a cost-sharing methodology, the areas of potential synergy in the architectures are in the (a) launch 

vehicles, (b) ground systems, and (c) maybe missions systems. All three areas should be thoroughly 

examined for common requirements that lean toward a universal solution and provide the cost-sharing 

oppo1tunities: 

a. In the launch vehicles area, the selection of SLS vehicle systems that share systems with commercial 

vehicles; e.g., engines, avionics, and other components, that share an Indust1y base, supply chain, 

etc. 

b. In the ground systems area, the selection of SLS-required infrastrncture (facilities, GSE/STE, etc.) 

that share with the Commercial Crew-required infrastrncture: universal mobile launcher concept that 

can enable multiple vehicles without incuning full cost of dedicated launch facility by all operators, 

even if the architectures are different 

c. In the mission systems area, the selection of SLS mission systems and processes that share with the 

Commercial Crew (human-rated mission operations)-required systems 

In summaiy, capitalize on anything that is not a point solution and consider a design solution that helps 

alignment with facilities, find synergies with common direction. This type of analyses and decisions is a 

NASA HQ programmatic decision, not necessarily a commercial crew or SLS initiative, but the potential 

benefits to both programs could be significant. 
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C.4 Contractor DDT &E Parametric Cost Breakout 
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For DDT &E costs from Industiy for the Block O configuration, BOE/BOM verification from SDHLL V 

Design to Cost, Cycle 3, In-Line Heavy (Case F), 13 May 2005, was used to develop the estimates. It 

should be noted that the Block O System Testing and Flight Test Vehicle HW are accounted for in 

separate line items on the Total Program Cost cha.it, Figure C-2, and not in the Block O DDT &E rollup 

costs depicted in Table C-3. 

For DDT &E costs from Industiy for the Block I configuration, BOE/BOM verification from SDHLL V 

Design to Cost, Cycle 3, In-Line Heavy (Case F), 13 May 2005, was used to develop the estimates. It 

should be noted that the Block I System Testing and Flight Test Vehicle HW ai·e accounted for in 

separate line items on the Total Program Cost cha.it , Table C-2, and not in the Block I DDT &E rollup 

costs depicted in Table C-4. 
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C.5 Contractor Production Parametric Cost Breakout 
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For Production costs from Indust.Iy for the SLS Block O configuration (SDHLLV, St.I·etched ET, 

3 RS-25D, Shuttle-like MPS, 4-segment PBAN plus spacer SRB, no U.S . element), the BOE/BOM data 

from SDHLLV Evolution Path I Recuning Costs Estimates, 13 May 2005, was used to develop the 

estimates. The element costs have PM and SE&I embedded, and the first Block O Production ait icle is a 

single IOC flight, one flight per yeai· thereafter until 2019 (three flights total). It should be noted that the 

Block O system testing and flight test vehicle HW ai·e accounted for in sepai·ate line items on the Total 

Program Cost cha.it, Table C-2, and not in the Block O Production rollup costs depicted in Table C-5 . 
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For production costs from Indust:Iy for the SLS Block I configuration (SDHLLV, Stretched ET, 

5 RS-25D migrating to RS-25E, Shuttle-derived MPS, 5-segment PBAN SRB, no U.S. element), the 

BOE/BOM data from SDHLLV Evolution Path I Recuning Costs Estimates, 13 May 2005, was used to 

develop the estimates. The element costs have PM and SE&I embedded, and the first Block 1 production 

article is a single IOC flight. Long-lead pa1ts costs are included in FY 2019 for two flights per year 

thereafter, projected to sta1t in 2020 (costs not estimated or projected). It should be noted that the Block 1 

system testing and flight test vehicle HW are accounted for in separate line items on the Total Program 

Cost cha1t, Table C-2, and not in the Block I production rollup costs depicted in Table C-6. 
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C.6 Parametric Cost Estimate Comparison using FOMs 
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Once the baseline costs were detennined, using the Affordability FOMs as shown in Figure C-1 and the 

other FOMs that indirectly affect cost, cost elements were adjusted by scaling cost in the direction based 

on Trial Case 6 results and their influence magnitude, yielding cost estimate comparisons as shown in 

Figure C-7. 
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C.7 Parametric Cost External Validation 
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To validate the parametiic cost estimates, with the recognition that some estimating GR&A could be 

slightly different, USA looked at four sets of data for a comparable product cost analogy. The Industiy 

Heavy Lift Vehicle (HLV) Trade Study In-Line Cost Estimate, dated October 2010, and the NASA 

Shuttle-De1ived HLLV Assessment, dated March 2010, were used as reasonable Rough Order Magnitude 

(ROM) budgeta1y estimates for benchmarking. The Industiy estimate broke cost into DDT &E, 

production, and sustaining cost elements, and the estimates were segregated by ftmction and WBS. The 

estimates were developed using histo1ical data and modeling (PRICE-H and NAFCOM). The GR&A 

were ve1y siinilar to USA's Trade Study GR&A. The total program as defmed, no U.S. element and 50 

mT to LEO, including three flight tests, was estimated at design and development = $2.2B, system test 

HW = $2. 7B, and first flight ait icle = $650M. 

The NASA estimate broke cost into DDT&E and total cost (DDT&E and 18 operational flights). The 

in-line, three SSME, four-seg SRB, no U.S. element, 70 tol00 mT to LEO was estimated at 

DDT&E = $10.4B and total = $35.7B. The in-line (HEFT), five SSME, five-seg SRB, no U.S. element, 
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100 mT to LEO was estimated at DDT&E = $14.9B and total= $42.0B. The in-line (HEFT), five SSME, 

five-seg SRB, U.S. element, 130 mT to LEO was estimated at DDT&E = $16.9B and total = $45.SB. 

Adjusting for milestones and performance capability, the USA parametri c cost estimates for the different 

Block vehicles are within range of Industry and NASA's benchmark estimates. 

C.8 Parametric Cost Internal Validation 

As a cost element data point, USA's trade study parametric costs were reviewed against the USA SLS 

iSRB proposal submitted to MSFC Procurement Office on May 24, 2011, for both reusable and 

nonreusable SRB options to determine if the Booster Stage cost element line item was reasonable. The 

booster includes all SRB components necessary to fully integrate the SLS booster and RSRM (segments) 

that would be provided as GFE to USA for integration. In comparing the costs, as show in Table C-7, 

then adjusting for milestones and accelerating the performance capability of the iSRB, the USA 

pai·ametdc costs for the SLS Booster Stage are within range of bottoms-up estimates. 
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1 PROBLEM DEFINITION AND BACKGROUND 
This report was prepared under a NASA contract for a Heavy Lift and Propulsion technology 
Systems Analysis and Trade Study awarded in response to 2010 NASA Broad Agency 
Announcement NNMIOZDAOOIK) NASA's overarching motivation for solicititJ,g this input is 
described in the BAA Announcement: 

NASA is seeking an innovative path for human space exploration that strengthens i~ capability 
to extend human and robotic prese.nce throughout the solar system. The information also may 
help lay the groundwork for humans to safely reach multiple potential destinations, including 

asteroids, Lagrange points, the moon and Mars. 

The BAA also implies that, beyond surmounting technical challenges, the affordability of 
developing domestic heavy lift capability will strongly affect the viability of the program: 

The focus will be on developing affordable system concepts that may be used by multiple entities, 
such as the Department of Defense, commercial corporations and international space agencies. 

This document is SpaceX's final report in the Heavy Lift & Propulsion Technology Systems 
AnaJysis and Trade Study. The report's main finding is the presentation of an ~ffordable path 
forward for a super heavy lift system that has applicability to a much wider mark.et than the 
current plan and is thus sustainable on a recurring basis. The document is structured as fol1ows: 

Section 2 contains a market analysis of the commercial, civil, national security, and super heavy 
lift markets. Section 3 discusses the top-level trade study framework, including the trade study 
methodology, the ground rules and assumptions, and the key decision attributes used in the 
study. Section 4 presents a trade tree and performs a top-level juncture analysis using the pre
described decision attributes as the drivers for making recommendations at each juncture. This 
analysis is designed to be very high-level with recommendations, when possible, made based on 
mostly qualitative rationale. Section 5 provides a further architecture downselect. The level of 
these trades is lower than that of Section 4, but not yet low-level enough to be considered a 
comprehensive downselect. The trades are performed in a similar method to that .of Section 4. 
Section 6 presents a downselected configuration in detail, including trajectory profiles and 
potential options upgrade options. Section 7 presents a sensitivity analysis on the configuration 
presented in Section 6. Section 8 describes the ground processing concept of operations for the 
configuration presented in Section 6. Section 9 switches gears and perfonns a top-level trade 
study using weighted metrics on various types of in-space propulsion; the decision attributes 
qualitatively described in Section 3 arc quantitative inputs to the top-level study. Section l 0 
presents conclusions, including a discussion of cost data and capability gaps. Appendix A shows 
a compliance matrix between the report and the Statement of Work. Appendix B shows a 
compliance matrix between the report and the original Broad Agency Announcement. 
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2 MARKET ANALYSIS 
The market consists of commercial, civil, and national security space segments. The foJlowing 

analysis describes the current and projected demand for each segment through 2020, which is 

summarized in Figure 1. Using Evolved Expendable launch Vehicle (EELV)-class definitions 

for mass and adjusting NASA and FAA commercial classes to the EEL V standard, on average, 

there are 11 small/medium class launches per year, 2 l intermediate class launches per year, and 

approximately 1 heavy class launch every other year. 

30 
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~ ::, 20 
!1 
0 15 .. 
J: 10 
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Launch Vear 

• Small/Medium • Intermediate Heavy 

Figure 1: Projected number of launches by mass class 

The mass classes are defined as follows: 

• Small/Medium: Less than 3860 kg (total payload weight) 

• Intermediate: Between 3860 and 8620 kg 

• Heavy: Greater than 8620 kg 

2.1 Commercial Market Outlook 
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3 TRADE STUDY FRAMEWORK 

3.1 Trade Study Methodology 
The steps used in performing the trade study were as follows: 

I. Establish and understand the study ground rules and assumptions. 
2. Clearly state the key decision attributes and rationale behind the attributes. 
3. ~et up a trade tree and perform a high-level juncture analysis using the ·decision attributes 

as the inputs to the decisions at each juncture. The analysis is mostly qualitative with a 
clear focus on the decision attributes set up in Step 2. 

4. Perfonn lower level trades with similar methodology to those used in Step 3. 
S. Use the results from Steps 3 and 4 to create a down-selected baseline configuration that is 

used as a point solution for additional analysis. 
6. Demonstrate the evolvability and configuration options with regard to the point solution. 

Steps I and 2 are examined below within Section 3 of the report. The remaining steps are 
examined in subsequent sections. 

3.2 Stud Ground Rules and Assum 
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4 TRADE TREE AND JUNCTURE ANALYSIS 
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5 ADDITIONAL ARCHITECTURE TRADES 
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6 DOWNSELECTED CONFIGURATION 
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The operations concept for a launch vehicle from manufacturing through test and launch is among 
the most important drivers for recurring cost. For Falcon 1 and Falcon 9, SpaceX has pursued an 
organized, fast-paced concept of operations that has figured prominently in lowering launch costs. 
A similar series of operations is proposed for the heavy and super-heavy lift launch vehicles. 

8.1 Manufacturing and Test 
Figure 22 shows the major steps in the process flow from manufacturing through transportation of 
all flight hardware to the launch site. The first-stage tanks will be constructed very close to the 
launch and integration faci1ities, at Kennedy Space Center (K.SC) or Cape Canaveral Air Force 
Station (CCAFS). Manufacturing the first stage in Hawthorne was considered but ultimately 
rejected due to dramatically higher transportation costs for assemblies of this size. The most 
practical option for transport from the West coast, barge via the Panama Canal. would lead not 
only to high transportation costs, but also an elongated schedule and the potential for serious 
weather-related delays. Processing flight assemblies rapidly (while attending to quality control) is 
a foundational principle at SpaceX because it minimizes the time that capital is tied up in hardware 
on the ground. For these reasons, building very large components near the launch site presents a 
substantial advantage. 

Rgure 22: Manufacturing & Test Process Flow 

A leading candidate for tank manufacturing is the Assembly and Refurbishment Facility (ARF), 
which could comfortably hold-outer diameter first-stage cores simultaneously in the high 
bay. Additionally, the ARF main doors have ample capacity for first-stage cores. The ARF is 
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conveniently located and· would cost significantly less than a new facility, Some alternative 
facilities are marked .in green on Figure 24. 

The - engines for the first stage and stra:JH)n boosters will be shipped from the factory in 
Hawthorne to a test facility. The preferred choice for -testing is the SpaceX Rocket 
Development Facility in McGregort TX; backup options include a Stennis Space Center test stand 
or a converted Cape/K.SC launch pad. 

First-stage tank acceptance testing will occur at a new structural test stand to be built at KSC based 
on a scaled version of the Falcon 9 first-stage structural test stand. Once tank and subassembly 
acceptance testing is complete, the Wngines will be delivered to a horizontal integration 
facility at KSC or CCAFS for integration with the first-stage core thrust sttUcture. The preferred 
choice for this facility is a new hanger, scaled up from the Falcon 9 integration facility at LC-40. 
Some backup integration facilities are shown in green in Figure 24, including the Vertical 
Assembly Building (V AB). Acceptance testing of the first-stage integrated thrust assembly 
(engines+ tank) in the single core configuration will occur at a test stand to be built at KSC or 
CCAFS, preferably a converted CCAFS/KSC launch pad. Some prospective facilities for testing 
the first stage are shown in orange in Figure 24. The baseline approach for the triple core vehicle 
would be to conduct a static-fire test on each core individually, then assemble the three cores to 
form the first stage 

The entire second stage, including engines and all other assemblies easily transported_ by truck, 
will be manufactured at SpaceX headquarters in Hawthorne, where Falcon 9 components are 
cU1TCDtly manufactured. Following the same processes already in place for Falcon 9, the second
stage engine and tanks would be shipped to SpaceX's McGregor,. TX, test facility for individual 
acceptance testing. Assembly of the second-stage engine and tanks would occur in parallel in 
McGregor. Static-fire testing of booster stages is planned prior to final integration of the integrated 
launch vehicle. Second-stage testing would occur in the McGregor test stand which has processed 
two Falcon 9 upper stages to date. 

As soon as acceptance testing is complete, each stage will be transported to the same horizontal 
integration facility used for mating the first stage thrust structure to the tank. Other assemblies 
such as the interstage and flight termination system would also be received and installed at this 
facility. Most flight assemblies will be transported using trucks, but the first-stage cores are a 
special case. Each core will be transported either by rail or road through all stages of processing 
(manufacturing to final vehicle integration). For the prefetted rail option, a scaled-up variant of the 
Falcon 9 transporter-erector would carry the core, while the road option would use a wheeled 
transporter such as a KAMAG. 

8.2 Integration and Launch 
As hardware arrives at the horizontal integration facility, the final integration and launch process 
flow begins (Figure 23). A11 flight hardware is planned to anive by-The payload will arrive 
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in Florida b) 991$j,d be processed in -te •. Checkouts of the stage propulsion and 
avionics systems will be proceed betwee and Note that the timeline presented here has 
substantial margin built in. Following checkouts, the upper stage will be mated to the first stage at 

- The next step is to transfer the payload from its processing facility and horizontally mate to 
the launch vehicle a· illd 

The fully integrated vehicle is lifted via crane and secured to the transporter-erector 8 days prior to 
I' 14 

it I I 1 I 

I 1 I, 1, 

vertical position. A brief static--fire test is planned in order to check out the first-stage systems and 
automated ground systems which load propellant and helium. The static fire could also verify 
cross-feed functionality, if necessary. Immediately following static fire, the vehicle will return to 
the integration facility for abo•a~ before 
launch. After several successful flights, the static--fire process would be phased out, accelerating 
the launch schedule by aboutlliays. After.install, the vehicle will roll out to the pad and go 
vertical once more, then laun~ on the following day. At ignition, hold-down pylons restrain the 
vehicle to confirm that all telemetry parameters are within expected ranges before releasing the 
vehicle. This check, analogous to an airliner"s end-of-runway check, assures the vehicle's 
reliability before liftoff. 
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In order to minimize the cost of ground equipment and maintenance, both single- and 3-core 
vehicles would launch from the same pad. Using one pad for both vehicles will not create a 
bottleneck because only a few super heavy launches are expected per · year. While other launch 
pads could perhaps be upgraded to accommodate the single-core vehicle, only the LC-39 launch 
pads are large enough for the super-beav.y variant and even then would require modifications . .f\.s 
the designated SLS launch pad, LC-39B is preferred. 

* 
Po · IBoo ter 
Proce&Sing and 
Manufacturing 

Potential 
LaunchPad 

Potential Boos 
Core~ Stand 

• Ext ting Ft 
Infrastructure 

Figure 24: Potential Manufacturing & Launch Facilities 

, 

-,J'l,aceXLC~ 

The SpaceX integration and launch flow enables use of a single pad across a robust customer base. 
With reduced time on the pad for the launch vehicle, multiple users are able to leverage the sharing 
of large infrastructure sustainment costs. SpaceX has a diverse launch manifest that in the future 

(b) (4) will include Falcon 9 cargo/crew/commercial, Falcon Heavy commercial/cargo, and 
•p•aunches. In addition, SpaceX vehicles are designed for rapid countdown and launch 
operations using highly automated countdown sequences as well as quick turnaround in case of a 
launch scrub. 
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With a focus on reliability and low cost, SpaceX will use its experience with three different launch 
site activation efforts to reduce cost, increase operational availability, and reduce on-pad and pad 
turnaround times. To the extent that it makes sense, we will leverage existing facilities while not 
tying ourselves to legacy concepts and expensive heritage operations and maintenance costs. The 
SpaceX horizontal processing and integration concept streamlines pad infrastructure requirements 
while enabling robust integration with existing pad systems. 

A significant element of the launch operations and vehicle integration effort is a review of the 
required launch pad, ground system, and facilities and infrastructure required to support a heavy
lift booster. Leveraging the concept of operations described above, the SpaceX team developed a 
comprehensive set of modifications required to support the launch base processing of the PIP 

(b) (4 ) vehicle. The SpaceX-estimated price of launch pad, ground systems, and KSC 
infrastructure totale~ pp•(Table 1 ), ~hich includes a large amount of margi~ - ')Ver 
the current internal cost estimates. This large margin is included due to general uncertainty, the 
assumed financial risk in a firm fixed-price contract, and the uncertainty in specific assets on the 
Range. A roll-up of the necessary upgrades, along with descriptions of those upgrades and any 
assumptions on existing or future capability that can or will be provided by NASA, is discussed 
below. 

Table 1: Estimated Launch Pad, Ground System, Facilities and Infrastructure Costs 

(b)(4 ) 
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In assessing the required upgrades to LC-39 to support the we made 
a number of assumptions on what work would be accomplished as part of the NASA 21 st Century 
Launch Complex effort or as part of the baseline NASA Heavy ~ enabled 
SpaceX to bound the work to that specifically required to support the -concept. 

Ground Rules and Assumptions: 
SpaceX assumed the primary LC-39 commodity, pneumatics, power, and communications/data 
systems would be maintained by NASA in the post-shuttle period before a heavy-lift variant is 
ready to fly. Therefore, the cost estimate for launch pad, ground, and infrastructure improvements 
is focused on those items unique to the vehicle. The estimate includes all 
costs to achieve initial launch capability but does not include the recurring costs of maintaining the 
basic pad and supporting systems in ensuing years. It also assumes that NASA will maintain any 
infrastructure outside the fence line of the pad such as gas and commodity supply lines, 
communications and data circuits, etc. NASA insight was assumed to be similar to what Spit,ceX 
has experienced on the COTS and CRS programs as commercially procured services. 

includes minor mission-unique modifications to the LOX system storage, pump, and pad interfaces 
to support 

Fuel (RP-1) System--SpaceX assumed the existing cross-country lines from the previous RP-1 
tank area would be left in place. The SpaceX estimate includes the costs of adding RP-1 storage 
tanks as well as a fuel pump system and. pad interface to support Falcon Heavy and Falcon Super 
Heavy. 

Gaseous Nitrogen and Heliui,i--SpaceX assumed LC-39 would remain connected to the existing 
gaseous nitrogen and helium pipelines. In order to support SpaceX unique engine spin start and 
vehicle pressurization requirements, SpaceX included updates to the helium and nitrogen systems 
to modify the storage, pressurization, and supply system to support both 

Lightning Protection--SpaceX assumed the existing lightning protection system would be 
maintained to support any future heavy-lift concept. We did include estimated costs to upgrade the 
system to meet .vehicle-unique electromagnetic interference and lightning susceptibility 
requirements. 

Water Deluge/ Acoustic Suppression-SpaceX assumed the existing water system at LC-39 
would be maintained and that the capacity available would be ~300,000 gallons. The high-end 
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SpaceX estimate includes upgrades to the existing infrastructure to support the required flow rates 
as well as modifications to plumbing and orifices to support the necessary acoustic suppression 
requirements for both variants of the 

Flame Duct-SpaceX assumed significant modifications to the flame duct would be needed to 
expand it beyond the current 58-ft width. 

expanding the flame duct, the· estimate includes the cost of potential structural upgrades and flame 
resistance modifications to accommodate both 

Launch Pad Electrical Power, Communications, and Data-SpaceX assumed the existing LC-39 

infrastructure in these three areas would be maintained to support the future heavy-lift vehicle. 
Our estimate includes costs to implement the necessary interfaces with our unique transporter
erector and ground support equipment systems. We assume ground and vehicle power wi1l be 
available and that critical. circuits will be supported by uninterruptable power supplies or other 
backup power means •. We assumed the existing communications architecture would support our 
communication and network data requirements and we would be penJlitted to use our SpaoeX 
command and control suite to execute test and countdown operations from either a SpueX unique 
control center or a shared-use launch control center. We included a cost estimate to complete the 
network and data interfaces to tie our system into the NASA backbone as well as estimated costs 
associated with developing any unique payload customer pad· interface requirements. 

Crew lngress/Egress .. -The launch pad upgrades scoped in this study do not include astronaut 
ingress and egress. It is assumed that any ingress/egress system will be developed separately and 
may be provided by NASA as part of its 21 • Century Launch Complex effort. 

8.3.2 Ground Systems 
In addition to launch pad upgrades, there are a number of significant ground system upgrades 
required to support booster and engine test operations. · The ground system upgrades included in 
the cost estimate are a booster tank load testing capability, a large engine test stan~ and the 
transporter-erector used to move the integrated booster from the integration facility to the pad. 

Booster Structural Load Test Capability-The SpaccX concept locates manufacturing of the large 
20-ft-diameter tanks at or near KSC. As noted above, a primary option for this work is the existing 
Assembly and Refurbishment Facility at KSC. Once manufacturing is complete, the tanks will 
need to complete design qualification and acceptance testing, which includes structural strength as 
well as burst·pressure tests. These tests will be perfonned at a SpaceX-developed structural test 
stand at or near the stage manufacturing site. 
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Large Engine Test Stand--In addition to booster tank testing, large-scale engine testing of multi
engine thrust assemblies is required to validate design and to sufficiently check out flight thrust 
assemblies. This test stand will be capable of longer duration full-stage firings. Primary options 
for this capability are vacant launch sites on CCAFS such as LC-36 or LC-17. The development 
of such a test capability is included in the estimated launch operations and integration estimate. It 
assumes a site would be available on KSC or CCAFS and that a real estate agreement (similar to 
the Air Force agreement for SpaceX license use ofLC-40) can be reached to allow SpaceX use. 

Transporter-Erector--The transporter-erector is a major element of ground support equipment 
and is used to transport the integrated booster stack from its horizontal processing facility to the 
launch and to raise the entire assembl to the vertical launch sition once at the ad. 

-The transporter-erector consists of a strong back used to carry the loads of the 
integrated horizontal stack, coupled with a launch mount that acts as the interface between the 
rocket and the ground propellant and pneumatics systems. Hold-downs secure the booster to the 
launch mount prior to going vertical. Upon arrival at the pad, hydraulics is used to raise the entire 
integrated booster/transporter/erector into the vertical launch configuration (see Figure 23). It is 
assumed that SpaceX will manufacture the transporter-erector at or near KSC. Costs for upgrades 
to the hydraulics system at LC-39 are included in the launch pad upgrades estimate. 

8.3.3 Facilities and Infrastructure 
The final area requiring improvements to support the concept is supporting 
facilities and infrastructure. The main elements included in this section are the booster tank 
manufacturing facility, the horizontal integration facility, and any upgrades required to the 
transportation infrastructure to handle the movement of the booster components. 

Booster Stage Manufacturing--Due to the logistics associated with the large first-st.age and strap
on boosters, SpaceX plans to manufacture these elements on or near KSC. This location allows us 
to avciid the large recurring costs of rail or ship transport of these major assemblies to Florida. Our 
baseline is the Assembly and Refurbishment Facility on KSC as it is sized for this type of work 
and resides in close proximity to the Vehicle Assembly Building and launch pad. The facilities 
and infrastructure cost estimate includes the cost of upgrading an existing facility on or off KSC to 
accommodate booster stage production requirements. 

Horizontal Integration Facility--The baseline horizontal integration facility will be a SpaceX 
facility on KSC where the will be assembled and tested before rolling to the 
launch pad. As mentioned, an alternate integration capability is available using the transfer aisle of 
the Vehicle Assembly Building. The integration facility will be based on existing facilities 
designed and built at our Cape LC-40 and Vandenberg SLC-4East launch sites, which allow for 
testing of individual stages, mating of the first stage and strap-on cores, and lift of the integrated 
booster assembly into the transporter/erector. 
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Transportation Upgrades-Modernization of the basic transportation infrastructure may be 
required to support the movement of large launch vehicle assemblies, and related costs are 
included in the launch and integration cost estimate. In particular, modifications may be required 
to the pad access roads to accommodate the SpaceX horizontal transporter-erector. This could be 
the addition of rails from the horizontal integration facility to the pad or a modification to the road 

infrastructure to handle a wheeled transporter. In addition, ·specialized ground support equipment 
will be required to move booster assemblies from the manufacturing facility to the structural and 
engine test stands; a cost estimate is included in the scope of ~is effort. 

In summary, the launch operations and integration ooncept described here is 
aimed at achieving a reliable, low-cost heavy-lift capability while achieving increased operational 
availability and flexibility. 
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This would be the price in a firm fixed-price contract; thus, SpaceX's internal cost 
estimates are actually much lower, with the fmal price reflecting an increase over cost to accowit 
for uncertainty and inherited risk. 

The~ce includes an design, development, test, and evaluation; systems engineering; 

launch site, test facility, and manufacturing facility upgrades; and an HL V test flight. The 
breakdown (with systems engineering, systems integration, and management costs built in) is 

approximately: 

The expected development costs as a function of time are shown below in Figure 30. These cost 
values have been broken down into much more detail and shared with NASA persomel, but that 

proprietary data is not included here. 

' Figure 30: Estimated SLV development costs as a function of time 
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To support the cost estimates above, Table 5 shows empirical data points of SpaceX's previous 
development costs ("blank-sheet to operational''): 

Table 5: SpaceX Empirical Cost Data Points 

SpaceX's total company expenditures since inception in 2002 are approximate)~ 

This value includes all of the developments above, as well as the cost of SpaceX' s seven launches 
as of May 2011. SpaceX is aware that the is likely not consistent with the 

standard costing models. However, these costing tools are not yet calibrated to SpaceX's 
demonstrated capabilities and culture. As an example, one standard tool estimated that Falcon 9 
development would cost .alllwtien in fiwt it cost 

10.1.2 Recurring Costs 
As discussed in this study, recurring costs are minimized through simple design and maximum 
commonality across vehicles. This can be seen by examining three launch vehicles: Falcon 9, 

n the assumption that the 

The production rate, given the development and facilities costs quoted in this study, would be on 

the order of 
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10.2 Capability Gaps 
In performing the trade study, several capability gaps were identified, most of which were 
mentioned in the analyses in previous sections. However, with regards to the recommended 
configurations, it is useful to consolidate the key capabili!,Y gaps in one section. Note that these arc 
relevant to the flight vehicle with ground and testing needs discussed in Section 8. With regards to 

technical readiness, all items listed in the table below are based on heritage and/or standard 
technologies such that SpaceX believes the underlying technical risk of said developments are low. 
However, with the exception of ID 5, the actual physical demonstration ofthe·heavy-lift versions 
of these items has not yet begun. 

Table 6: Key capabilriy Gaps Identified During Study 

Due to the suggested use of the current along 
with common Avionics and software, the number of capability gaps in the baseline, non-upgraded 
vehicle is much smaller than was initially expected.. This results in a configuration which 
minimizes development time. 

The all configuration provides a payload capability o 
rformance upgrades· to 

The configuration minimizes cost and development time 
while maximizing reliability and sustainability through: 

• Common propel1ants between stages . 

• 
• 

• 
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