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Preface

The Advanced Transportation System Studies (ATSS) Technical Area 2 (TA-2) Heavy Lift
Launch Vehicle Development contract, NAS8-39208, was led by the Missile Systems Division
of Lockheed Martin Missiles & Space, and supported by principal TA-2 teammembers Lockheed
Martin Space Operations (LMSO), Aerojet, ECON, Inc., and Pratt & Whitney. Addition
technical task support was provided by Lockheed Martin Skunk Works (LMSW).

The ATSS TA-2 contract was managed by James B. McCurry, Lockheed Martin Missiles &
Space (LMMS), and performed for Mr. Gary W. Johnson, Contracting Officer's Technical
Representative (COTR), of the Launch Systems Concepts Office (Organization Code PT-51),
National Aeronautics and Space Administration George C. Marshall Space Flight Center
(MSFC).

The purpose of the TA-2 contract was to provide advanced launch vehicle concept definition and
analysis to assist NASA in the identification of future launch vehicle requirements. Contracted
analysis activities included vehicle sizing and performance analysis, subsystem concept
definition, propulsion subsystem definition (foreign and domestic), ground operations and
facilities analysis, and life cycle cost estimation. The basic period of performance of the TA-2
contract was from May 1992 through May 1993. No-cost extensions were exercised on the
contract from June 1993 through July 1995.

This document is the final report for the TA-2 contract. The final report consists of three
volumes:

Volume I Executive Summary

Volume II Technical Results

Volume III  Program Cost Estimates

Volume I provides a summary description of the technical activities that were performed over the
entire contract duration, covering three distinct launch vehicle definition activities: heavy-lift
(300,000 pounds injected mass to low Earth orbit) launch vehicles for the First Lunar Outpost
(FLO), medium-lift (50,000-80,000 pounds injected mass to low Earth orbit) launch vehicles,
and single-stage-to-orbit (SSTO) launch vehicles (25,000 pounds injected mass to a Space
Station orbit).

Per direction from the TA-2 COTR, Volume II provides documentation of selected technical
results from various TA-2 analysis activities, including a detailed narrative description of the
SSTO concept assessment results, a user's guide for the associated SSTO sizing tools, an SSTO
turnaround assessment report, an executive summary of the ground operations assessments
performed during the first year of the contract, a configuration-independent vehicle health
management system requirements report, a copy of all major TA-2 contract presentations, a copy
of the FLO launch vehicle final report (NASA document with contributions from TA-2), and
references to Pratt & Whitney's TA-2 sponsored final reports regarding the identification of
Russian (NPO Energomash) main propulsion technologies.

Volume III provides a work breakdown structure dictionary, user's guide for the parametric life
cycle cost estimation tool, and final report developed by ECON, Inc., under subcontract to
Lockheed Martin on TA-2 for the analysis of heavy lift launch vehicle concepts.

Any inquiries regarding the TA-2 contract or its results and products may be directed at Mr. Gary
W. Johnson, NASA Marshall Space Flight Center, (205) 544-0636.

Lockheed Martin i
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1.0 Introduction

The original charter of the Advanced Transportation System Studies (ATSS) Technical Area 2
(TA-2) Heavy Lift Launch Vehicle (HLLV) Development contract was to define and assess
HLLYV concepts that supported cargo and crewed missions to the Moon and Mars, as part of the
Bush Administration's Space Exploration Initiative (SEI). Congressional support for SEI was
slow to materialize, and culminated with the ellimination of funding specifically for SEI in the
Fiscal Year 1993 budget. A recovery plan was divised by the Office of Space Flight
Development at NASA Headquarters during the spring and summer of 1993 to define the
complete picture of NASA's space transportation requiremens. Three study teams were formed,
comprised principally of representatives from each of the NASA centers and the Department of
Defense, to identify launch system requirements for three respective space transportation system
architectures: to upgrade and evolve the Space Shuttle fleet to continue Shuttle operations
through the year 2020 using existing technologies (Option 1), replace the Shuttle fleet in the
2005 umeframe with a series of expendable launch vehicles (ELVs) and crew/cargo return
vehicle elements utilizing current technologies (Option 2), and to replace the Space Shuttle fleet
in the 2005 timeframe with a fully reusable launch system utilizing advanced technologies

(Option 3).

The Advanced Transportation System Studies (ATSS) Technical Area 2 (TA-2) Heavy Lift
Launch Vehicle (HLLV) Development contract team was initially tasked to support the Option 2
team with the definition of ELV concepts, as was discussed in the executive summary of this
document (Volume I). Examples of the vehicle configurations that were defined for Option 2 are
provided in two of the ATSS contract summary presentations for the year 1993, as containted in
Section 12 of this volume.

The Option 3 team, led Gene Austin of the Marshall Space Flight Center (MSFC), assessed
various kinds of two-stage and single-stage, rocket-only and mixed-propulsion-cycle concepts.
The Option 3 team ultimately down-selected to rocket-only, fully reusable, SSTO vehicles, and
more specifically, focused on the definition and detailed assessment of a winged (or wing-body)
vertical-takeoff/horizontal-landing SSTO concept that the Langley Research Center (LaRC) had
divised. The TA-2 team was directed in June of 1993 to assess first-order design sensitivities of
Single Stage to Orbit (SSTO) launch vehicle concepts that had not previously been addressed by
the Option 3 team.  The first seven sections of Volume II of this report present a detailed
discussion of the significant results from TA-2's Option 3 support.

Wh TO?

A brief explanation of why SSTO concepts should be considered for new space transportation
systems is in order, prior to further discussion of TA-2's SSTO design efforts. Classical rocket
sizing equations based on the rocket equation have historically indicated that the combination of
multiple Jaunch vehicle stage elements, usually two to three stages, provides the "best” solution
to accomplishing a given mission delta velocity (AV). The definition of what constitues the
"best" solution becomes a direct function of the figures of merit that are used in the assessment.
Figure 1.0-1 illustrates the typical figures of merit that have historically been used in past launch
system definition studies.

Lockheed Martin 1-1
Missiles & Space- Huntsville



ATSS Final Report LMSC P038190
Volume II NASS8-39208

Past Figures of Merit

P Vehicle Size (Physical Dimensions) » Safety and Reliability

» Gross Liftoff Weight * Mission Model Requirements
p Structural (Dry) Mass * DDT&E Cost

» Propellant Mass Fraction (Mprop/Mtotal) * Life Cycle Cost

» Structure Mass Fraction (Mstr/Mtotal)

» Payload Mass Fraction (Mpl/Mtotal)
Figure 1.0-1 Past Figures of Merit

Cost Per Flight

Figure 1.0-2 illustrates the primary figures of merit used in today's launch system studies.

Today's Figures of Merit

* DDT&E e Operability
} Recurring Costs * Performance
» Safety e Programmatic Risk

f Reliability * Way of Doing Business

Figure 1.0-2 Today's Figures of Merit

Historic subsidies by governments to develop new launch vehicles has masked the influence of
economic forcing functions on launch system design, and has diluted the ability to incentivize
operational efficiencies. The mission cost chargeable to payload customer is typically a function
of several factors, such as: recurring fixed cost, as influenced by such things as the system
infrastructure and ways-of-doing-business; cost due to vehicle size, as influenced by such things
as materials selection and manufacturing methods; cost due to technologies and design, as
influenced by such things as design complexity, integration, degree of resuse or refurbishment,
and test and check-out; and design, development, test, and evaluation (DDT&E) cost
amortization. In order for an SSTO concept to be valid, the concept must ballance the benefit of
fewest number of stage elements with performance efficiency, operational efficience, and design
complexity needed to accomplish the applicable mission requirements.

TA-2 Approach

Four first-order SSTO design aspects were addressed by the TA-2 team: outer moldline
considerations, major structural element layout, main propulsion propellant combinations, and
main propulsion selection. Figure 1.0-3 summarizes the major steps of the approach that were
used by the TA-2 team to define and assess SSTO concepts. In order to have an "apples-to-
apples” comparison between TA-2's SSTO concepts and those of the Option 3 team, the
groundrules, assumptions, mission requirements, and types of technologies that were used by the
Option 3 team were used by Lockheed to define the wing-body SSTO concepts; the details of
which are discussed in Section 5 of Volume 2.

Lockheed Martin 1-2
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Concurrent Engineering brainstorming of first order design issues
(pros/cons) between SSTO configuration types
- Qualitative identification of major design weaknesses

b Baseline a common set of mission requirements, ground rules, and
constraints and figures of merit
— Bounds the design solution set

p Identity sets of vehicle configurations to be sized that will assess
the relative benefit of different design solutions subject to the

figures of merit

- Propellant combination - Propulsion system
-- Structural materials - Major subsystem layout
-- Outer moldline shape - TPS types

-- Operations scenarios

P Size the vehicles, simulate ascent/entry trajectories
-- Performance — Aerodynamic heating
- First order loads — Flight mechanics

P Resize as needed
Figure 1.0-3 SSTO Design Process

Lockheed developed SSTO vehicle sizing tools that were calibrated against know sizing methods
used by LaRC in the definition of NASA's wing-body, integral tank, tripropellant SSTO concept.
A common sizing methodology was used by Lockheed during the assessment of each
configuration type. Unfortunately, TA-2 funding was depleted prior to the completion of
engine/propellant option trade studies, engine performance sensitivity assessments, and the
assessment of enhancing technology sensitivities. Four major categories of fully reusable SSTO
concepts were identified that were fundamentally defined by the vehicle's method of performing
takeoffs and landings: horizontal takeoff and vertical landing (HTVL), vertical takeoff and
landing (VTOL), vertical takeoff and horizontal landing (VTHL), and horizontal takeoff and
horizontal landing (HTHL). From the work performed by the Option 3 team, and initial
brainstorming of vehicle concept pros and cons performed by the TA-2 team, Lockheed decided
to focus on the definition of VTOL and VTHL concepts, as illustrated in Figure 1.0-4. A design
trade tree was defined for the VTOL and VTHL assessments that encompassed the majority of
first-order design options that were possible, as shown in Figures 1.0-5 and 6. The primary focus
of the SSTO configuration assessments was to compare side-entry VTOL concepts against lifting
body VTHL concepts. A wing-body VTHL SSTO configuration was also sized and compared to
the Option 3 team's initial wing-body concept as a calibration point for Lockheed's SSTO sizing
tools. Time and budget limited the TA-2 team's ability to assess further design options. Figures
1.0-7 through 9 illustrate the respective three types of SSTO concepts.

The TA2 team used a similar integrated approach in defining and assessing candidate SSTO
concepts as was utilized during the expendable launch vehicle assessments, in which subsystem-
independent and subsystem-dependent vehicle design goals were balanced against the following
first-order design drivers:

* Basic sizing and performance capability

» Definition of the vehicle's outer moldline

* Shroud/payload concept

* Stage propellant tank design

* Vehicle construction/manufacturig methods
Lockheed Martin 1-3
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Primary structure materials selection
Intertank/interstage design

Stage thrust structure design
Propellant feed subsystem design
Main stage propulsion type

LMSC P038190
NAS8-39208

SSTO

(

Option 3 Mission Groundrules and Constraints )

I |
Horizontal/ || vertical Takeoff
Vertical Vertical Landing

1 |
Vertical Takeoff || Horizontal/
Horizontal Horizontal
Landin

Note: Bold indicates path taken on ATSS TA-2 contract

Figure 1.0-4 Single Stage to Orbit Vehicle Design Path

Figures 1.0-10 through 22 summarize the significant subsystem-independent and subsystem
dependent design goals that were utilized during the TA-2 SSTO configuration assessments.
Many of the design goals are applicable to any class of advanced transportation system.

Lockheed Martin
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Figure 1.0-8 Wing-Body VTHL Concept
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Subsystem Independent Design Goals

I Minimize number of subsystem-to-subsystem functional interfaces

r Minimize to maximum extent possible all Criticality 1 failure modes

(loss of crew or vehicle)

— Strive for conversion of Crit 1 failure modes to Crit 1R/2 or Crit 1R/3
(dual redundant or triple redundant

— Based on safety and cost of failure

l* Minimize to extent possible all Crit 2 failure modes (loss of mission)
~ Strive for conversion of Crit 2 failure modes to 2R/2 (dual redundant)

F Minimize to extent possible Critical Iltems (essential to mission or life)
- Redundant items not capable of being checked out prelaunch

- Loss of a redundant item is not readily detectable in flight

- All redundant items can be lost by a single cause or event

» Maximize extent of line-replaceable units and ease of accessibility

Maximize autonomous subsystem test, check-out, and health
management

e Strive for VHM test/check-out down to LRU

L Allow for routine access and servicing
— Minimize ground support equipment (GSE)

— Eliminate "tail number specific" GSE

— Service in shirt-sleeve environment

» Avoid use of hazardous fluids and gases to enhance operability
Figure 1.0-10 Subsystem-Independent Design Goals
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|.Active Thermal Control
Retain design options for 5-7 day mission duration

— Current Space Station baseline used by Access to Space studies
and typical for satellite retrieval/servicing missions

L- Design options must handle five mission phases
- Prelaunch

- Ascent

— On-orbit

— Entry

- Post-landing (which may include ferry flight)

Should not have an abort mode specific ATC
- Maximize mission use & minimize payload capability hit

Figure 1.0-11  Active Thermal Control Design Goals

lA vionics
Use open architecture

- Independent of flight software language and CPU/DPU type
— Distributed multiplexers/demuitiplexers
— Provide transparent component state-of-the-art upgrades

r Provide autonomous guidance, navigation, and control
— Maximize use of mission independent flight software

- Autonomous targeting for orbital insertion, on-orbit op.s, deorbit,
and terminal area energy management

» Eliminate requirement for ground uplink capability for real-time

reconfiguration
— Studies show cost of autonomous capability less than

verification, training, and flight controller op.s costs

T Eliminate requirement for flight-to-flight ground-based validation of
onboard flight software
— Validate on ground only when major software "Operational
Increment” functional updates occur
Figure 1.0-12  Avionics Design Goals
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Crew Escape
F Level | decision needed on basic crew escape requirement
— "Vehicle itself" is the lifeboat

- Varying degrees of crew escape are provided (seats, escape
capsule, etc.)

- Relative ability of vehicle's VHM or crew's capability to detect and
act upon a life-threatening failure determines the failure modes
protected

Lr Will be cost-prohibitive to eliminate all "black zones"

b Crew escape modules have historically been turned down for

launch vehicles due to cost, weight penalty, and associated

dynamics & flight control issues during module ejection
Figure 1.0-13  Crew Escape Design Goals

Electrical Power

b Electrical power generation requirements directly tied with input

requirements of other vehicle subsystems

— Degree and location of power conditioning a trade between
complexity of EPS versus other subsystems

» Power generation will impose a major load on the active thermal
control subsystem

kb Classical trade between high power density, high complexity, more
complicated maintenance & refurbishment of high density fuel cells

versus APUs/generators, and batteries
- Fuel cells have additional requirement of special grade reactants

 Operability trade pits all-electric vehicle against design having

hydraulics and pneumatics

- Industry/Govt. development studies of EMAs have cleared
actuator technology hurdles; power systems now pacing items

Figure 1.0-14 Electrical Power Design Goals
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Environmental Control & Life Support

» Initial decision to be made on type of crew cabin environment

-~ Shirt-sleeve
- Partial/full pressure suit

3 Safety considerations rule out pure oxygen crew cabin environment

» Possible requirement to support EVA capabilities requires trade of
EVA supportability (minimum/no pre-breathe) versus crew comfort

and fire/leak contingencies

r Use of air-cooled equipment favors use of one-atmosphere in
equipment bays

b Degree of ECLSS loop closure based on mission duration
— Closed loop decreases consumables requirement but increases

design complexity, power requirements, and lowers reliability

» Level | decision required regarding degree of crew interaction with
in-flight ECLSS servicing
~ Crew involvement detracts from mission timeline & requires
training
Figure 1.0-15 Evironmental Control & Life Support Design Goals

Main Engine
Strive for maximum density-impulse to keep vehicle dry weight to

a minimum
— Helps to minimize number of required engines for vehicle thrust-

to-weight goal

f Strive for lift-off thrust-to-weight ratio of 1.3-1.4, while balancing
ascent thrust acceleration limiting (4-5 Gs) with gravity losses
— Helps to minimize number of required engines

» Provide for active control of overboard mixture ratio to keep flight
performance reserve low

Strive for minimum NPSP capability to help minimize pressurization
system and POGO suppression sizing

Provide minimum of step-throttle capability for operational
flexibility

kAllow for fuel depletion cutoff to eliminate fuel bias

rAllow for shutdown from any throttle setting for op.s flexibility
Figure 1.0-16 Main Engine Design Goals
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[Main Engine Propellant Pressurization & Feed

3 Minimize number of piece parts to maximize reliability and operability

P Minimize number of flow control valves to maximize reliability
— Utilize fixed orifice flow control where possible

» Minimize joints, flex lines, and avoid interconnects and cross-feed
— Minimizes isolation valve count
— Minimize leak potential and cost of leak checks

T Minimize complexity of pressurization subsystem
— Avoid use of combustion gas driven heat exchangers (Crit 1

failure source)

» Maximize on-component VHM for prelaunch test/verification to
minimize processing time

» Trade MPS modularity and single-element-checkout (with higher
parts count) against integrated (minimum parts count) design
requiring Main Propulsion Test Article certification

L Utilize spherical flanges to minimize load concentrations, damaged
seals, and allow relaxed fit tolerances (as perfected by Russians)
Figure 1.0-17 Main Engine Propellant Pressurization and Feed Design Goals

Wechanical

P Requirement for unmanned vehicle operations will require
autonomous activation of mechanical subsystems, thereby
increasing complexity and decreasing associated reliability

P Trade study between ground uplink (as prime or backup) activation
versus solely onboard autonomous for mission critical components

— Trade of onboard redundancy level and alternate path redundancy

P Built-in-test via component resident VHM needed to significantly
reduce preflight test and checkout

b Utilize electromechanical actuation in place of hydraulic or
pneumatic actuation

l Strive for minimum number of mechanical components to increase
vehicle reliability and operability
Figure 1.0-18 Mechanical Subsystem Design Goals

Lockheed Martin 1-14
Missiles & Space- Huntsville



ATSS Final Report LMSC P038190
Volume I1 NASS-39208

’Orbital Maneuvering
Size for ~1000 fps AV capability (insertion, on-orbit, deorbit)

P Avoid interconnects with RCS to enhance reliability
- Minimizes isolation valve count

Consider use of +X RCS for OMS function
- Lowers vehicle complexity and operations costs versus
performance

&- Avoid dependency on helium blow-down pressurization to avoid
helium leak contingencies

P Minimize need for active engine/propellant thermal conditioning to
help minimize piece parts

P Allow nozzle gimbaling to increase burn attitude flexibility
- RCS burn-to-attitude serves as back-up to gimbaling

Figure 1.0-19 Orbital Maneuvering Subsystem Design Goals
Passive Thermal Control

Allow weather penetration for outer moldline PTCS
— Enhances operability while maintaining vehicle safety/integrity

&» Allow capability to "patch" repairs to outer moldline PTCS
— Enhances operability

¢ Design outer moldline PTCS for minimum recurring touch labor
P Avoid requirement for minimum cold-soak times to enhance

contingency flexibility
Figure 1.0-20  Passive Thermal Control Design Goals
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Reaction Control

P Avoid interconnects with OMS to enhance reliability
-~ Minimizes isolation valve count

p Consider use of +X RCS for OMS function
— Lowers vehicle complexity and operations costs versus performance

P Avoid dependency on helium blow-down pressurization to avoid
helium leak contingencies

» Minimize need for active engine/propellant thermal conditioning to
help minimize piece parts

» Provide vernier RCS capability for proximity operations
- Helps to minimize plume impingement issues while keeping
approach velocities low

» Leverage use of "low Z" off-axis RCS/VRCS to help minimize plume
impingement issues during prox. op.s

» RCS sizing and associated AV for ascent governed by method of roll
control and desired rates (which is an ascent performance tradeoff)

» Size AV capability for sum of on-orbit and entry requirements to ~100 fps
Figure 1.0-21 Reaction Control Subsystem Design Goals

Structure

» Load path design is coupled with aerodynamics, MPS, and

propulsion design & layout
— Strive for short and simple load paths

» Static and dynamic load paths for free-standing vehicle will drive

structural design of propellant tanks, intertank(s), interstage(s), etc.

— Propellant tank arrangement a trade between load path and vehicle
stability & control requirements/capabilities

» Manufacturing designs chosen to minimize mechanical fasteners
and manufacturing touch labor, while facilitating non-destructive
test and certification

p Classical factors of safety 1.4 for "dynamic" structures and 1.2 for

nondynamic

- Design margins a trade between performance (inert mass penaity)
and operability

P Design to avoid requirement for active load relief during ascent and entry

» Design to avoid pre-loaded structural elements, to simplify ground
processing

Figure 1.0-22~  Structure Design Goals

Lockheed Martin 1-16
Missiles & Space- Huntsville



LMSC P038190

ATSS Final Report
NASS8-39208

Volume 11

2.0 SSTO Design Groundrules

The top level design rules that were used in the TA-2 analysis of candidate SSTO concepts are
shown in Figure 2.0-1. These groundrules were explicitly taken from the Access to Space
Option 3 guidelines in order to provide the most consistent comparison between the SSTO
concepts developed by the Option 3 team and those of the TA-2 team.

argo Bay--
Payload Capability--

Crew Capability--

Crossrange Capability-—

Flight Loads:
scent--

ntry--

bort--

ission Duration-—
Dn-Orbit DV Capability—
Dry Mass Contingency-

. aunch Window--

Diameter = 15 i.; Length = 30 H.

25,000 Ibm to 220 nm, 51.6 deg. orbit
(uncrewed option)

2 flight crew and 4 passengers for Space
Station crew rotation (crewed option)

Not a design constraint

3 Gs max. axial acceleration

2.5 Gs max. normal acceleration (winged only)

Mission completion with engine-out not a design constraint
7 days (launch through landing)

1,100 fps

15 percent (applied to all subsystems)

5 minute minimum for Space Station rendezvous

ltalics indicate an Access to Space Option 3 Team guideline that was used

Figure 2.0-1 SSTO Design Groundrules

Lockheed Martin
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3.0 Operations Issues and Lessons Learned

During the definition and assessment of new launch systems, a major aspect of the concurrent
engineering design process is the provision for operability. A thorough understanding of those
factors that influence recurring launch services costs is also required from the very start of the
vehicle design process, in order to produce a programmatically viable launch system concept.
Operations costs become a dominant portion of the recurring costs of operating an SSTO fleet
under the premises that the SSTO fleet is small and fully reusable. The Lockheed Space
Operations Company (LSOC), which is responsible for performing all of the ground operations
activities for NASA's only partially-reusable launch vehicle, the Space Shuttle, was tasked under
TA-2 to leverage Shuttle operations lessons-learned in helping to guide the SSTO concept
definition activities. The following sections document LSOC's SSTO effort. Additionally,
Section 9 contains the findings of an SSTO turnaround assessment that was performed by
reliability, maintainability, and supportability (RM&S) personnel at Lockheed's Skunk Works for
TA-2, utilizing an aircraft-based RM&S approach.

3.1 Operations Issues — Lessons Learned

An important corequisite to SSTO technology development is the application of operations and
program management lessons-learned from the Space Shuttle Program, as suggested in Figure
3.1-1. NASA has flown over fifty-five Shuttle missions and thus has accumulated a large amount
of experience in operating a reusable fleet of launch vehicles and spacecraft. It is important that
the comparable subsystems between SSTO and Shuttle be identified, and that the operations
"costs” for these Shuttle subsystems be baselined as accurately as possible. This baselining
process will allow the current problem areas to be identified and prioritized for new technology
or methodology investment, and will provide insight into alternate design solutions.

An example of operations baselining is the 1993 Orbiter APU/Hydraulics Baseline Assessment,
performed by LSOC for NASA KSC as part of the Electric Actuation Technology Bridging
Program. Shuttle APU, hydraulics, and flight control subsystem launch processing was
baselined. The baseline included overviewing flight hardware and processing tasks, identifying
GSE, performing schedule analysis, identifying planned and unplanned maintenance tasks, and
estimating manpower and costs. This baseline process should be expanded to cover the mission
operations functions at JSC for comparable Shuttle subsystems. It should also be broadened to
cover non-hardware related operations functions such as program management.

Lockheed Martin 3-1
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Baseline Operations
Infrastructure
of Orbiter & ET subsystems

Access to Space

Access to Space Option Option 3 Panel-
1 Panel- Shuttle Next Generation ETO
Enhancements &Vehicles

SSTO Advanced Development L &
& Technology Plan

I NASA has attempted only one partially reusable ETO vehicle fleet
r Apply operations and programmatic lessons-learned from Shuttle to SSTO

* SSTO will utilize subsystems comparable to Orbiters and ETs -- baseline
operations infrastructure for each subsystem

» Example -- 1993 Orbiter APU/Hydraulics Baseline Assessment

(Hardware & processing overview, GSE and shop aids, planned/unplanned maintenance
analysis, schedule analysis, manpower estimates)

Figure 3.1-1 Operations Issues— Lessons Learned

To summarize, NASA must clearly understand and prioritize the operations and management
problems encountered with the current reusable Shuttle fleet before investing in a new reusable
launch system.

3.2 Operations Issues — Requirements Flowdown

Early in the SSTO design, a substantial amount of effort should be placed on defining operations
requirements. The capability to rapidly turnaround and operate a reusable launch vehicle will be
driven at least as much by program requirements as technology. The ground and mission
operations philosophy is driven from the top-down. It is imperative that streamlined Level I and
Level II requirements be dictated in the program, since these multiply dramatically at the
ultimate "operator level" where operations and maintenance instructions (OMIs) requirements
are levied, as illustrated in Figure 3.2-1.

Lockheed Martin 3-2
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e Ability to rapidly turnaround a reusable launch vehicle with a streamlined
ground and mission operations infrastructure is strongly influenced by
program requirements that dictate how to operate the vehicle

Level | Program Level Il Integrated Master Operations & Operations &
Requirements System 19 veritication 1% paintenance |9 Maintenance
Requirements Plan Requirements & Instructions
Spaciticationg .
Way of Doing Business

Vor¥,

Figure 3.2-1 Operations Issues— Requirements Flowdown

Top-level oversight and enforcement of the end-to-end requirements flowdown process must be
maintained to insure that an unwieldy number of end-user requirements are not levied on
operators who are attempting to turnaround and operate an SSTO faster and cheaper than today's
Shuttle fleet.

3.3 SSTO Operability Pros/Cons of Tripropellant Versus Bipropellant

A top-level trade which needed to be resolved early in the SSTO vehicle design was propellant
selection. This was important since propellants are the number one driver of vehicle volume,
tankage and propellant feedline layout and engine selection. The ATSS TA-2 team members
qualitatively assessed the operational merits and weaknesses of utilizing two versus three
propellants for main propulsion on the SSTO vehicle. The bipropellant was assumed to be
LOX/hydrogen, and the tripropellant was assumed to be LOX, hydrogen and a hydrocarbon,
such as RP-1.

Pros and cons of tripropellant versus bipropellant selection were made assuming that recurring
operating cost was the major vehicle design driver. Propellant type was the variable in this
qualitative parametric analysis. Thus, it was assumed that vehicle configurations would all meet
the same reference payload performance requirements, and that all vehicles in the same class
(i.e., vertical lander) would require the same number of main engines.

The tripropellant was compared to the bipropellant vehicle concept with the following question
in mind: "Does tripropellant help reduce recurring operations costs relative to bipropellant?" If
tripropellant reduced costs, the reasoning was denoted in the "pro” column, and if tripropellant
increased costs relative to bipropellant, the reasoning was denoted in the "con" column. Three
charts of these pros and cons (or neutral issues) were drafted by the ATSS TA-2 team in a
concurrent engineering meeting, shown in Figure 3.3-1.

Lockheed Martin 3-3
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Pros

Cons

Neutral

¢ Less stand-off structure (for
non-integral propeliant tank
designs) allows less
structural maintenance

* Less TPS allows less body
TPS refurb. & repair

+ Use of noncryogenic third
propellant facilitates prop.
loading timeline vs.
cryogenic third propellant

+ Smaller vehicle will require
less primary structure and
associated TPS materials

* ~-50% increase in main prop.
feed & press. parts count,
increasing processing
test & checkout by 50%

¢ Increased parts count
increases likelihood of
unscheduled maintenance

¢ Increased unscheduled
maintenance increases
logistics burden (spares)

* "New" nature of triprop.
propulsion increases
likelihood of infant mortality
failures in propulsion
components

¢ Increased complexity
increases processing
learning curve

» Decreased vehicle size
and increased parts count
increases maintenance
accessibility difficulty (if not
considered in the design)

¢ Increased propulsion

complexity will require more
ground checkout and launch
software

¢ Increased ground checkout
and launch software will
increase sustaining software
maintenance

¢ Increased hydrogen tank sizing
for dual-fuel Mode 1 is traded
against not having capability
to fully verify engine health on-
pad if single-fuel in Mode 1

* No capability to verify 90%
engine health onpad in both
modes prior to liftoff

* Higher flight performance
reserve for 3 propellants

» Use of cryogenic third prop.
complicates prop. loading
timeline

* Fuel mode optimization
complicates nominal/abort
flight design

*Smaller vehicle but not a driver
for SSTO class
- Same number of engines to
process as biprop. for new
‘rubber engine*
-- Processing not atfected by
vehicle size (up to a point)

Figure 3.3-1 Bipropellant vs. Tripropellant Pros/Cons
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Pros Cons Neutral

« Increased propulsion complexity will
require more flight ops software

¢ Third propellant is an additional
commodity to buy, transport, store
and load at launch pad

e Environmental hazard mitigation for
hydrocarbons will require spill pond,
water sample wells, and possibly a
waste water treatment facility

* Increased propulsion complexity will
require more extensive engine
qualification and certification program

» Additional hazardous gas detection
hardware onboard

* Additional propellant tankage
with associated tank insulation

Figure 3.3-1 Bipropellant vs. Tripropellant Pros/Cons (Concluded)

The major benefit of utilizing tripropellant on an SSTO vehicle is that it reduces the propellant
tank volume and attendant tank weight, thermally protected surface area and structural
attachment weight (for non-integral tank designs) compared to bipropellant. However, size is not
a primary driver of operations processing costs for vehicles roughly 30 percent different in
volume. Subsystem parts count and complexity instead are first-order operations drivers.

The major benefit of utilizing bipropellant is that it reduces propulsion subsystem
complexity/parts count. Bipropellant main propulsion and attendant systems will have only half
the parts count of tripropellant. This will result in approximately half the test and checkout
procedures compared to tripropellant. Bipropellant systems have been in operation on various
launch systems for decades, whereas liquid tripropulsion is a new endeavor. Therefore,
tripropellant will likely experience more infant mortality failures early in the operations phase of
the SSTO program life cycle.

Bipropellant fuel selection simplifies not only the vehicle propulsion system hardware compared
to tripropellant, but also the ground and flight operations software. Bipropellant will likely
require less ground checkout and launch software and attendant software maintenance during the
operations phase of the program life cycle. Bipropellant will also simplify ascent flight
design/planning due to fewer engine-out permutations existing for two versus three propellants.
Bipropellant will also be safer, since engine health can be verified at approximately 90% throttle
before liftoff. Tripropellant cannot feasibly verify 90% engine health in both fuel modes before
liftoff.

Bipropellant fuel selection simplifies not only the vehicle propulsion system hardware compared
to tripropellant, but also the ground hardware. A third propellant would require more equipment
for propellant transport, storage and transfer. Further, the hydrocarbon third propellant would
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require environmental hazard mitigation. In summary, tripropellant requires the same support as
bipropellant with added support required for the hydrocarbon third propellant.

It is the recommendation of the ATSS TA-2 team that bipropellant propulsion be chosen over
tripropellant for use on SSTO, given the previous assumptions. Tripropellant is an unnecessarily
more complex solution to the earth-to-orbit transportation problem than bipropellant, and will
likely result in a more expensive, harder-to-maintain vehicle than bipropellant. A tripropellant
vehicle will likely cost more to operate than the bipropellant due to added complexity, and will
likely cost more to develop due to the new tripropellant engine type.
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4.0 Vertical-Takeoff/Landing Versus Vertical-Takeoff/Horizontal-
Landing

The ATSS TA-2 team (LMSC, LSOC, Aerojet, ECON) met in a concurrent engineering session
to define the qualitative pros and cons of SSTO generic vertical takeoff and landing (VTOL)
versus vertical takeoff/ horizontal landing (VTHL) configurations. The pros and cons were
comprised of the following areas: engine design and development, flight control risk, structural
efficiency, landing system design, landing opportunities, vehicle processing and operations, and
miscellaneous. Four worksheets of pros and cons were developed for the VTOL concept, and
four worksheets were developed for the VTHL concept.

4.1 VTOL/VTHL Pros/Cons Results Summary

A summary of the pros and cons of VTOL versus VTHL SSTO concepts are shown in Figure
4.1-1. The major benefits of the VTOL vertical lander compared to VTHL are that it provides
for more control during terminal descent due to the engine power-on state, it allows for a simpler
load path due to the symmetrical shape, and the vehicle allows for a single launch processing
orientation (vertical). The major weaknesses of this landing concept are that the MPS system is
more complex (engine power-on during ascent and descent), landing and post-mission propellant
deservicing is riskier, and the vehicle requires vertical (versus horizontal) access throughout the
entire prelaunch, launch and landing processing flow.

The major benefits of the VTHL horizontal lander compared to VTOL are that no engine
conditioning and restart is required for descent, the flight mechanics are well-understood for
vertical powered ascent and unpowered descent, and airstrips of 10000 - 15000 ft length exist
worldwide for a horizontal lander. The weaknesses of the horizontal lander concept are that it is
less structurally and volumetrically efficient due to the asymmetrical shape, and it requires both
horizontal and vertical access during the prelaunch, launch and landing processing flow.
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VTOL

VTHL

e More physical options for landing
opportunities

*No requirement for main engine
conditioning & restart post-

MECO
Pros *Simpler load path and primary
structure design eLess hazardous post-flight
deservicing
e Larger static stability margin
possible «Conventional flight mechanics
& dynamics during all phases
*More complicated main propulsion sLess volumetrically efficient
& feed subsystems outer moldline
Cons Higher risk entry/TAEM flight Higher structural dry mass

mechanics & dynamics
* Higher risk post-flight deservicing

« Vertical ground processing required

Figure 4.1-1 VTOL/VTHL Pros/Cons Results Summary

4.2 Vertical Take-off/Vertical Landing Pros and Cons

The engine design and development pros and cons for the VTOL configuration are shown in
Figure 4.2-1. They include potential for base-entry/descent during engine firing and ease of
engine arrangement on an axisymmetrical boattail. Engine weaknesses include the requirement to
perform on-orbit propellant conditioning and restart for descent, deep throttling and attitude
control requirements during terminal descent, and increased transonic base/engine drag.
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Pros Cons
* Use of altitude compensating * Requires deep (10:1) throttling
nozzle allows reentry on engines
engine * Engine design and development
- Heat loads on engine nozzle more complex
higher when engine firing - Deep throttling required
than during reentry - 2 position nozzle required
* Plug nozzles can utilize engine - Restart required
for entry heat shield - 2cycles/mission = 1/2 life
* Less yaw moment from engine- |+ Requires restart conditioning
out * Base area large. Limits
* Easy to incorporate modular propulsion options
engine concept * Requires engine restart for safe
- Thrust cells landing
» Easy to incorporate TVC by * Must have a roll control system
throttling engine sectors (if use differential throttling)
e Modular engine reduces * No satisfactory existing plug
development nozzle engine
- New engine development
* Engine development test
facilities more complex
* Require on-board purge
(engine) for restart (especially
for an abort return)

Figure 4.2-1 VTOL Engine Design and Development Pros and Cons

The flight control pros and cons for the VTOL configuration are shown in Figure 4.2-2. The
benefit for VTOL includes reduced yaw moment from engine-out. All cons were related to
concerns over powered descent, such as propellant slosh and increased gimbal rate requirements
during terminal descent, powered pitcharound maneuvering, and plume blow-back. A larger
number of failure modes were anticipated for a vertical lander during terminal descent/landing.
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Pros Cons
* Reduced yaw moment from e Vehicle flight dynamic during
engine out landing

¢ Slosh damping required for
powered pitcharound in addition
to ascent/trade of which "MV"
term sizes the baffles

* Flight dynamics of powered

pitcharound for landing is

complex and risky, including

plume blow-back issues

Unfamiliar control requirements

High gimbaling rate requirement

Larger gimbal angle requirement

Requires large body flaps for

aerodynamic control

* Failure modes associated with
landing higher than horizontal
landing

¢ Array of intact abort options is
more complicated to design
autonomously than their benefit

¢ Vertical landing vehicles have
inherent higher accident rates
than HL

¢ Center of gravity placement
versus Cp difficult to achieve

Figure 4.2-2 VTOL Flight Control Risk Pros and Cons

The landing opportunity pros and cons for the VTOL configuration are shown in Figure 4.2-3.
The benefits for the VTOL concept include the need for only a small prepared landing area due
to the VTOL's accurate vertical landing capability (powered flight), the ability to land in many
potential sites due to the small area, and the ability to dissipate unnecessary fuel in hover mode
prior to landing. The major landing opportunity weakness was the assumed lower L/D compared
to VTHL and lower resulting crossrange.
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Pros Cons

Propellant dissipation maneuver | » Landing dispersions
for abort (atmospheric) is hover |¢ Low vehicle L/D translates to
mode low cross range capability
Return "anywhere"
- More options
Minimum take-off landing facility
Have more abort site
opportunities
Small landing area
Does not require a runway for
landing
Wider choice of possible landing
places
More potential launch sites

Figure 4.2-3 VIOL Landing 6pportunities Pros and Cons

The landing system pros and cons for the VTOL configuration are shown in Figure 4.2-4. The
VTOL configurations have the weakness of requiring added structure for handling horizontal
(sideways drift) as well as vertical loads, and the need to support the vehicle's higher center of
gravity.

Pros Cons

* Landing gear requires extra
beef-up for drift protection as
well as vertical loads

* Requires robust landing gear

Figure 4.2-4 VIOL Landing System Design Pros and Cons

The payload integration pros and cons for the VTOL configuration are shown in Figure 4.2-5.
The benefits include the ability to integrate and launch payloads in a single orientation, and the
ability to have a larger payload center of gravity envelope, due to powered descent.
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Pros Cons

* Larger C.G. envelope
* Payload can be on top of
vehicle
- Easily accommodate
variable length payload
- Vehicle less sensitive to
payload c.g.

Figure 4.2-5 VTOL Payload Integration Pros and Cons

The miscellaneous pros and cons for the VTOL configuration are shown in Figure 4.2-6. Despite
the concerns of landing acoustics (particularly on an flat surface with no water deluge for
attenuation), the VTOL concept could be easily evolved/modified for use as a vertical lander for
lunar or planetary exploration.

Pros Cons
* Provides for free vent of * Landing acoustics
Hydrogen/Oxygen

All vertical payload operations
and integration

¢ All vertical vehicle integration
and operations

Can probably evolve to a
“Lunar” lander

Figure 4.2-6 VTOL Miscellaneous Pros and Cons

The structural efficiency pros and cons for the VTOL configuration are shown in Figure 4.2-7.
The benefits of VTOL include high volumetric efficiency and simple load path due to the
axisymmetrical layout of a generic configuration and the vertical launch and landing loads. The
body shape is simpler which allows easier tooling and manufacturing (i.e., tanks with circular
cross sections). Lighter landing gear are possible due to the lower landing speeds and use of pads
versus wheels with brakes. The structural efficiency cons of VTOL focus on the requirement for
storing additional main engine and reaction control system (RCS) propellant for deorbit and
landing use. Added propellant causes weight increases in tankage, support structure, and thermal
insulation. Landing propellant and associated flight performance reserves (FPR) reduce the
payload capability at a 1:1 ratio.
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Pros Cons
* High mass fraction structure * Propellant for landing is payload
* Should have best vehicle mass |. mMust add either an extra
fraction _ subsystem or size extra
- Smaller, lighter, cheaper propellant tanks, structure for
vehicle ) AV
* Body shape inherently stiff * On-orbit storage of LO2/LH2 for
e Circular cross section tanks 3-14 days (boiloff and propellant
possible _ management)
e Squat shape reduces vehicle e Larger mission velocity
“unitized"construction of major - Landing maneuver
structural elements - Questions on how much
* Body shape has good hover capability required
volumetric efficiency * Probably heavier than VTHL
Simple structure * Higher on-orbit and deorbit

Simple load path

Lighter landing gear

Shape allows in-line propellant
tank configuration

Less propellant tanks due to
geometry

Less high temperature TPS area
Minimizes thermal protection
surface

Allows for non-lifting body
design which increases
accessibility by not being as
volumetrically limited

Simple aerodynamics (easy to
predict)

Simple body shape for tooling
and manufacturing

mass
Size propellant tanks to carry
landing propellant which is
payload hit (includes tanks,
insulation, structures)

Fuel bias extra hit if can't handle
fuel depletion cut

Base area larger, requiring more
engineering to minimize base
drag

RCS propellant required for
landing maneuvers (weight
penalty)

Perception problem, does not
land on a runway

Safe abort (recovery of vehicle)
during landing with propulsion
system failure is large penalty
FPR sizing rqmts. for landing;
hit to payload

Limited pilot visibility during
final descent

Requires large propellant mass,
larger tanks

Figure 4.2-7 VTOL Structural Efficiency Pros and Cons

The vehicle processing and operations pros and cons for the VTOL configuration are shown in
Figure 4.2-8. The VTOL concept is simplified by the single vehicle orientation during launch
and landing operations and during payload integration. The weakness of VTOL is that this
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processing is done in the vertical. Vertical access is more restrictive and requires taller, therefore
more expensive, access platforms and buildings. Vertical ground transportation would be a
problem, particularly cost-effective transport from remote landing sites to the launch site(s). Post
landing deservicing operations are more complex and hazardous due to the presence of cryogenic
propellant residuals. Blast debris danger will also exist in the VTOL landing area.

Pros Cons

Landing area blast debris
Vertical cargo integration
Vertical processing
Vertical checkout required
Requires vertical vehicle
processing and payload
integration
* Range safety issue of landing
with propellant
* Post landing servicing of vehicle
with propellant residuals
IOP or MLP
e Ground transportation of vehicle
Payload volume difficult to
integrate within vehicle moid line

* Single orientation (vertical) for
payload operations and
integration

Figure 4.2-8 VTIOL Vehicle Processing and Operations Pros and Cons

4.3 Vertical Take-off/Horizontal Landing Pros and Cons

The engine pros and cons for the VTHL configuration are shown in Figure 4.3-1. They are
derived from a single start requirement— the engines only need to fire during ascent. Engines
require no restart for landing, and the propulsion system is simplified. No added landing
propellants need to be stored. The tanks can be vacuum-inerted on-orbit following main engine
cutoff (MECO). Only moderate engine throttling is required since the engines are not used
during landing when the vehicle is lightest. Also, the base/engine area drag is reduced due to the
decreased base area. The engine con for VTHL is that the smaller boattail allows less engine exit
area. Parametrically, the effect of this would be to require a higher engine chamber pressure to
achieve the same thrust level.
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Pros Cons
¢ Can use either bell or plug ¢ Smaller boattail requires a higher
nozzle engine chamber pressure for a
* Could use existing engines given area ratio engine

¢ Minimum base area expands
propulsion configuration
options

* Body shape incurs less base
drag for larger range of
propulsion options

* Moderate (3:1) throttling
requirement

* Engines can be stowed for
return

 Capability to purge LO5/LH,
system on-orbit to vacuum (no
post flight propellant hazards)

¢ More choices on TVC
- Differential throttling
- Gimbaling engines

* No restart requirement
Single engine burn
No requirement for main engine
restart post-MECO
- With associated MPS

simplification and payload
savings

¢ Engine has "fewer" operating
requirements- throttling, restart
control, etc.

* Engines not required for
landing

Figure 4.3-1 VTHL Engine l-)esign and ]-)evelopmentf’ros and Cons

The major flight control pros and cons for the VTHL configuration are shown in Figure 4.3-2.
They are the ascent, entry and landing guidance and control modes are well understood from
Shuttle. Also, the nominal guidance is less complex, since descent and landing is unpowered.
The flight control cons of VTHL are that the vehicle is more sensitive to center of gravity during
descent, and more yaw moment is potentially created from an outboard engine-out.
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Pros Cons

« Simpler flight software (fewer | * More yaw moment from engine-
guidance modes) out

 Perception, lands on a runway |* Vehicle sensitive to cg
More robust landing method * Use of bell engines makes
Able to handle higher vehicle cg more critical
crosswinds during
landing (terminal descent);
body should have
weathercock stability

e Entry and terminal area
energy management
maneuvers are less dynamic
and more predictable (no PPA,
no slosh issues during entry)

e Well understood landing
process (Shuttle)

Figure 4.3-2 VTHL Flight Control Risk Pros and Cons

The structural pros and cons for the VTHL configuration are shown in Figure 4.3-3. They are no
added propellants need to be carried, stored and conditioned on-orbit for descent and landing,
and an inert weight penalty for wings can be avoided by using a lifting body shape. The
structural efficiency weaknesses of VTHL are that the body shape is less volumetrically efficient,
the lifting body shape causes more propellant tanks to be used, and to be shaped more complex.
This increases the tooling and manufacturing costs of the tankage. Finally, the structure must
absorb vertical ascent loads and horizontal landing loads.
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Pros

Cons

Easier to fly a lifting trajectory
Moderate gimbal angle
requirement

Moderate gimbal rate
requirement

Reasonmable volumetric
efficiency possible

Probably lightest option
Lower inert weight than VTOL
No return propellant
requirements

Gjoss Can be less if fly Ifting

ascent

Body shape less volumetrically
efticient

Moderate gimbal rate
requirement

Lifting body not an efficient
propellant tank

Less efficient volume

More propellant tanks due to
geom

Possibly compiex body shapes,
increasing compiexity of
tooling, fabrication, production
Requires high angle-of-attack

* Lower total mission velocity . ';::g ;l;?:;a:'g‘:: 1PS
required -

* Possible to have simple load . m::zr;slsh temperature TPS
path area g P

¢ Structurally stiff

* No inert weight penaity for
wings

* Will not require ablative or
actively cooled heat load

¢ Lifting reentry reduces peak
heat flux temperature

* Larger crossrange is at
expense of worse vehicle mass
fraction

* Load path vertical for ascent
and horizontal for re-entry and
landing

* More restrictive payload bay,
larger payload bay increases
vehicle size and weight

* Wings or body lift required for
landing

* Tankage not necessarily of
circular cross section

¢ Hard to achieve high mass
fraction structure

ﬁEum 43-3 VIHL Structural EEIciency Pros and Cons

The landing opportunities pros and cons for the VTHL configuration are shown in Figure 4.34.
They include a higher L/D which allows a larger cross range. This allows more opportunity to
land at existing runways. Horizontal landers can take advantage of this existing landing site
infrastructure instead of having custom landing sites prepared. The major landing opportunity
weakness is that the landing speed will be greater for VTHL, thus requiring a runway in the first
place.
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Pros Cons

Existing landing infrastructure | * Terminal landing speed higher

Can have large cross range (H-dpt, Vx) requiring heavier
* Improved landing landing gear(?)
opportunities e Fewer return site options

* Limited places to land or abort
to requires a runway

* Requires large landing facility

* Requires prepared landing
surfaces

Figure 4.3-4 VTHL Landing Opportunities Pros and Cons

The landing gear design pros and cons for the VTHL configuration are shown in Figure 4.3-5.
The weakness is that the larger landing speeds and horizontal landing profile require stronger
gear with wheels and brakes, thereby requiring more structure in the landing gear. However, less
landing and deceleration subsystem "loss of vehicle" failure modes are envisioned during
terminal landing for VTHL than VTOL.

Pros Cons
e Consequences of landing/ e High landing speeds require
deceleration subsystem during extensive landing gear tire
terminal area energy development

management maneuvers/
landing are more survivable
(crew/payload) than VTOL

Figure 4.3-5 VTHL Landing System l-)esign Pros and Cons

The vehicle processing and operations pros and cons for the VTHL configuration are shown in
Figure 4.3-6. The benefits include horizontal vehicle checkout and ground transport, and
horizontal or vertical payload integration flexibility. Horizontal processing facilities provide for
faster, easier access, and are less costly to build than vertical facilities. Existing shuttle orbiter
processing facilities (OPFs) could possibly be used for VTHL horizontal processing. Another
benefit is that VTHL requires no post landing hazardous cryogenic propellant deservicing. The
central VTHL processing and operations weakness is that the vehicle must be rotated to vertical
for launch following horizontal prelaunch processing.
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Pros Cons

e Enables horizontal processing/ e Must have residual propellant

check-out pre-and post-mission disposal prior to landing

with better accessibility * Requires horizontal to vertical
» Large experience base repositioning
e Traditional experience e GSE
» Easy transport to processing * Rotation to vertical

facility ¢ Mixed horizontal and vertical
¢ Can be towed from place to vehicle operations

place on its landing gear by
aircraft tow cart

e Horizontal P/L integration,

engine;

Accessory access

Cockpit

Can use Shuttle facilities

Can be horizontally processed

Payload volume

Easy to integrate

Rollover ground transport

All horizontal payload

integration (if baselined)

* Option of vertical or horizontal
checkout

Figure 4.3-6 VIHL Vehicle Processing and Operations Pros and Cons
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5.0 SSTO Design Results

This section presents the results of a preliminary design trade study that assessed the three major
types of SSTO vehicle configurations using a common set of groundrules and program
requirements. Both bipropellant and tripropellant main propulsion concepts were also assessed.
The goal was to assess, within a vehicle concept and engine type, how the choice of propellant
combination affected the vehicle dry mass. A secondary goal was to determine if the propellant
choice effects were also dependent upon the vehicle concepts used.

The three vehicle concepts that were evaluated were a vertical take-off/vertical-landing (VTOL)
side-entry cone, a vertical-takeoff/horizontal-landing (VTHL) winged body, and a VTHL lifting
body, as shown in Figures 5.0-1, 5.0-2, and 5.0-3 respectively.

The propellant combinations selected were oxygen/hydrogen, oxygen/hydrogen/RP-1, and
oxygen/hydrogen/propane. The combination of oxygen/hydrogen was used because of the high
achievable specific impulse, and availability of advanced engine concepts using this propellant
combination. The combination of oxygen/hydrogen/RP-1 was chosen because it had become a
popular tripropellant combination within the main propulsion community. The combination of
oxygen/hydrogen/propane was chosen because its density and specific impulses fall between the
other two propellant combinations. Aerojet provided engine data on three different engines with
each engine using the propellant combinations.

During the course of the trade study, additional engines were added, as discussed in Section 5.3.
The definition of these engines came from different propulsion vendors, thereby implying
different design assumptions being used. Each main engine option used only one propellant
combination. The engines were added to the trade study engine matrix because they were of
interest to the NASA RLV program and they provided additional data on possible engine
concepts.

Since the SSTO vehicle dry mass is expected to correlate well with the expected vehicle
development and production costs, it was used as the primary figure of merit in this trade study.
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Figure 5.0-1 Side Entry Conical VIOL Launch Vehicle Configuration
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Figure 5.0-2 Winged Body VTHL Launch Vehicle Configuration
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Figure 5.0-3 Lifting Body VTHL Launch Vehicle Configuration
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5.1 Major Design Considerations

The major launch vehicle configuration concept design decisions can be split into the outer mold
line decisions, the major structural element layout decisions, the propellant combination used,
and the type of main engines used.

The vehicle concept is fundamentally defined by the outer mold line decisions. The outer
moldline provides answers to such questions as: is the vehicle reusable?; how is reentry
handled?; how are launch and landing handled?; what approach is used to handle the crossrange
requirements?; where is the payload stored?; and what does the vehicle body look like? The
decisions made at this point in the design process define the vehicle aerodynamic and reentry
environments. The vehicle concepts used in this study are discussed in Sections 5.5, 5.6, and 5.7.

The next set of decisions involve the location of the major vehicle elements. These decisions
define the vehicle load paths, the vehicle cg location during all flight regimes, and the vehicle
volumetric efficiency. The cg location in relation to the vehicle cp location affects the vehicle's
controllability. The vehicle's volumetric efficiency is a measure of how much of the vehicle’s
internal volume is taken up by propellant tankage. The vehicle's volumetric efficiency has a
major impact on its mass fraction and therefore on it's size, mass, and volume.

The use of a bipropellant combination vs. a tripropellant combination is the first decision made
on the selection of a propellant combination used on the vehicle concept. The next decision
made is the selection of the propellants used. These decisions affect the operability of the
vehicle concepts. The propellant densities define the tankage volume required to hold the
propellant used for ascent and therefore the mass of these propellant tanks. The propellant tank
masses in turn affects the vehicle mass fraction and therefore the size, mass, and volume of the
resulting vehicle concept. The propellant combinations used in this analysis are discussed in
Section 5.3.

The next decision is the choice of engines used on the vehicle concept. The major engine
parameters are the engine thrust-to-weight ratio (which defines the engine mass) and the engine
specific impulse (which defines the amount of propellant required). Both of these parameters
affect the vehicle mass fraction and therefore the size, mass, and volume of the resulting vehicle
concept. The engine length and mass distribution affect the vehicle cg location. The engine
diameters and gimbal requirements define the minimum engine spacing distances. The engine
choice also defines a point vs. distributed engine load thrust structure design. The engines used
in this analysis are discussed in Section 5.3.

5.2 Vehicle Sizing Process

Vehicle sizing is an iterative process, as shown in Figure 5.2-1. The first step is entering the
mission definition information into the sizing tool. This information includes the payload, the
target orbit inclination, perigee and apogee, and the ascent trajectory acceleration constraints.
The sizing tool goes through an iterative process to calculate the vehicle size and mass properties
for the required mission velocity. Lockheed used a proprietary version (modified for advanced
space transportation system assessments) of the NASA-standard Simulation and Optimization of
Rocket Trajectories (SORT) program, which is a three-degrees-of-freedom trajectory
optimization and simulation tool, to calculate the actual vehicle payload when flying an optimal
nominal ascent trajectory.
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Mission Requirements

r

Sizing of Vehicle to Meet
Estimated Mission Velocity

r

Update of Vehicle
Mass Fractions

Y

Has Vehicle
Converged No

* Yes

SORT * Trajectory Run
to Find Actual Vehicle
Payload Capability

¢

Has Vehicle
Converged [,

* Yes

Sizing
Completed

* Simulation and Optimization
of Rocket Trajectories
(SORT)

Figure 5.2-1 Vehicle Sizing Process

The preliminary value of the mission payload requirement used to size the SSTO concept is
compared to the payload calculated by the SORT program. If these two payload values are
within acceptable limits, the vehicle sizing process has converged and there is a solution. If the
two payload values are not within acceptable limits, a new mission velocity requirement is
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calculated and the sizing tool goes through another iteration. This process is continued until a
converged solution is reached.

For more detail regarding the sizing tool and its use, see the sizing tools User's Guide contained
in Section 8 of this volume.

5.3 Technology Assumptions and Sizing Groundrules

The matrix of the launch vehicle configurations, engines, and propellant combinations used in
this study are shown in Table 5.3-1.

Table 5.3-1 SSTO Configuration Assessment Main Propulsion Matrix

Engine Source Propellant Configuration
Evolved SSME Option 3 1 1,2,3
RD-701 Option 3 3 1,2,3
RD-704 Pratt 3 1,3
Full Flow Staged Combustion Rocketdyne 1 1,3
Dual Mixture Ratio (7/1 & 10/1) Rocketdyne 1 1,3
Expander Cycle Rocketdyne 1 1,3
Dual Expansion Aerojet 1,2,3 1,3
Dual Throat Aerojet 1,2,3 1,3
Plug Aerojet 1,23 1,3
Propellant Key Configuration Key

1 02/H2 1 Side Entry Cone VTOL

2 02/H2/Propane 2 Wing/Body VTHL

3 02/H2/RP-1 3 __Lifting Body VTHL

The performance characteristics of these engines are shown in Table 5.3-2.
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Table 5.3-2 SSTO Engine Performance Characteristics
Expander Cycl Dual Expansion
Mode 1:
Oxidizer Oxygen Oxygen Oxygen Oxygen
Fuel 1 NA NA Propane RP-1
Fuel 2 Hydrogen Hydrogen Hydrogen Hydrogen
MR Oxidizer (%) 85.71 87.50 79.50 77.19
MR Fuel 1 (%) NA NA 17.32 19.63
MR Fuel 2 (%) 14.29 12.50 3.18 3.18
Isl1 (sec) 367.50 366.00 329.00 329.00
Iv1 (sec) 444 .80 448.00 374.00 373.00
Fsl/We (Ibf/Ibm) 84.73 80.08 79.79 81.08
Mode 2:

Oxidizer Oxygen Oxygen Oxygen Oxygen
Fuel 1 NA NA NA NA
Fuel 2 Hydrogen Hydrogen Hydrogen Hydrogen
MR Oxidizer (%) 85.71 87.50 87.45 87.45
MR Fuel 1 (%) NA NA NA NA
MR Fuel 2 (%) 14.29 12.50 12.55 12.55
Isl2 (sec) NA NA NA NA
Iv2 (sec) 444.80 468.00 462.00 462.00

Table 5.3-2 SSTO Engine Performance Characteristics (Continued)

Dual Throat
Mode 1:
Oxidizer Oxygen Oxygen Oxygen
Fuel 1 NA Propane RP-1
Fuel 2 Hydrogen Hydrogen Hydrogen
MR Oxidizer (%) 87.42 79.48 77.25
MR Fuel 1 (%) NA 17.37 19.61
MR Fuel 2 (%) 12.58 3.45 3.14
IslT (sec) 366.00 326.00 325.00
vl (sec) 442.00 375.00 372.00
Fsl/We (Ibf/lbm) 73.72 69.49 71.67
Mode 2:
Oxidizer Oxygen Oxygen Oxygen
Fuel 1 NA NA NA
Fuel 2 Hydrogen Hydrogen Hydrogen
MR Oxidizer (%) 87.69 87.66 87.61
MR Fuel 1 (%) NA NA NA
MR Fuel 2 (%) 12.31 12.34 12.39
Isl2 (sec) NA NA NA
lv2 (sec) 461.00 461.00 471.00
Lockheed Martin 5-8
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Table 5.3-2 SSTO Engine Performance Characteristics (Concluded)

Plug Nozzle |
Mode 1:
Oxidizer Oxygen Oxygen Oxygen
Fuel 1 NA Propane RP-1
Fuel 2 Hydrogen Hydrogen Hydrogen
MR Oxidizer (%) 87.50 79.56 77.29
MR Fuel 1 (%) NA 17.13 19.43
MR Fuel 2 (%) 12.50 3.31 3.28
Isl1 (sec) 354.00 344.00 340.50
vl (sec) 460.00 401.00 397.00
Fsl/We (Ibf/lbm) 80.35 106.67 109.09
Mode 2:
Oxidizer Oxygen Oxygen Oxygen
Fuel 1 NA NA NA
Fuel 2 Hydrogen Hydrogen Hydrogen
MR Oxidizer (%) 87.50 87.47 87.47
MR Fuel 1 (%) NA NA NA
MR Fuel 2 (%) 12.50 12.53 12.53
Isl2 (sec) NA NA NA
LIv2 (sec) 460.00 460.00 460.00

All three vehicle configurations used in this study (a VTHL winged body, a VTHL lifting body
and a VTOL side entry cone) were SSTO. Both the lifting body and side entry conical vehicle
configurations were included in this study because they are being considered by industry as
possible alternatives to a winged body vehicle configuration. Due to the lack of publicly
available information, the lifting body configuration and the side entry conical vehicle
configuration used in this study were independently defined. Both of the configurations used the
full set of engines and propellant combinations shown in Table 5.3-1.

‘The winged body vehicle configuration used in this study was derived from the winged body
vehicle configuration in the NASA Option Three Access to Space Study. The vehicle body
length to diameter ratio, the wing shape, the wing loading, the winglet definition, propellant tank
locations, and the payload bay definition were all taken from the Option Three Access to Space
Study final report. The winged body vehicle configuration was included in this trade study to
calibrate the vehicle sizes and masses generated by the sizing tools used in this trade study
against the sizes and masses of this vehicle configuration generated in the Option Three Access
to Space Study. Due to lack of time, only the two engines from the Option Three Access to
Space Study in Table 5.3-1 were used on this vehicle configuration.

Data on the first two engines in Table 5.3-1 were taken from the Option Three Access to Space
Study. The version of the evolved SSME used here has a lower chamber pressure, a larger throat
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and a smaller nozzle area ratio than a standard SSME. This engine used the oxygen/hydrogen
propellant combination. The RD-701 engine used here is the version of the RD-701 engine used
in the Option Three Access to Space Study. This engine used the oxygen/hydrogen/RP-1
propellant combination. Unlike the other bell nozzle engines, the RD-701 engine was assumed
to have a self contained hydraulic engine gimbal system built into it. The mass of this gimbal
system was included in the engine mass, therefore the vehicle mass model did not include an
allowance for the engine gimbal system mass or an allowance for the mass of the engine gimbal
system energy supply system. These two engine designs do not have a common set of
groundrules.

The next engine in Table 5.3-1 is the RD-704 engine. This engine data was supplied by Pratt &
Whitney. This engine used the oxygen/hydrogen/RP-1 propellant combination. It was added to
the study engine and propellant trade matrix because NASA is interested in the Russian
tripropellant engine for SSTO application.

The major difference between the RD-701 and RD-704 engines is the lower hydrogen flow rate
of the RD-701 engine during Mode 1. The RD-701 engine therefore has a lower specific impulse
and higher propellant density during Mode 1. Also, the vehicle configuration with the RD-704
engines has a separate engine gimbal system.

Data on the next three engines in Table 5.3-1 were from a Rocketdyne study on advanced
engines for SSTO applications. These three engines used the oxygen/hydrogen propellant
combination. The first engine used a Full Flow Staged Combustion Cycle (FFSCC). The second
engine used a dual mixture ratio cycle where the engine mixture ratio was 10/1 at liftoff. The
engine shifted to a mixture ratio of 7/1 during ascent to orbit. The third engine used an expander
cycle. Due to the smaller amount of power available to drive the turbopumps in an expander
cycle engine, this engine used a significantly lower chamber pressure and nozzle area ratio than
the other two Rocketdyne engine designs. The FFSCC engine is heavier and has higher specific
impulses than the dual mixture ratio engine and the expander cycle engine. Since the dual
mixture ratio engine runs at a higher mixture ratio, it's propellant combination is denser than the
propellant combination used by the other two engine cycles. A common set of groundrules was
used in these three engine designs. The three engines were added to the engine and propellant
trade study matrix to enable a comparison between vehicle configurations with a conventional
staged combustion cycle bell nozzle engine, a dual mixture ratio bell nozzle engine and an
expander cycle bell nozzle engine.

Data on the last three engines in Table 5.3-1 were generated by Aerojet for this trade study. To
enable comparisons between vehicle configurations using different propellant combinations, the
three engine types each have a version that could use the propellant combinations of oxygen/
hydrogen, oxygen/hydrogen/RP-1, and oxygen/ hydrogen/propane. The dual expansion engine is
a bell nozzle engine with a ring of thrust cells wrapped around its throat. During Mode 1, both
the center engine and the thrust cells are operating. During Mode 2, the thrust cells are shut
down and the center engine only is operating. The second engine type is a dual throat. This type
of engine uses a small modular, rectangular thrust cell split into two parts by a partition in the
combustion chamber (Figure 5.3-1). During Mode 1, both parts of the combustion chamber are
operating. During Mode 2, one part of the combustion chamber is shut down. The last engine
type is a plug nozzle engine. The engines using the propellant combination of oxygen/hydrogen
have the highest Mode 1 vacuum specific impulse. The engines using the propellant
combination of oxygen/hydrogen/ propane have a slightly higher Mode 1 vacuum specific
impulse than the engines using the propellant combination of oxygen/hydrogen/RP-1. The dual
throat engines have a lower engine thrust-to-weight ratio than the dual expansion engines.
Across the three propellant combinations, the engine thrust-to-weight ratio does not change
significantly for the dual throat and dual expansion engines. For the propellant combination of
oxygen/hydrogen, the plug nozzle engine has a slightly better thrust-to-weight ratio than the dual
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expansion engine. Unlike the other two engine types, the engine thrust-to-weight ratio improves
significantly as the propellant combination is changed from oxygen/hydrogen to oxygen/
hydrogen/propane and then to oxygen/hydrogen/RP-1.

Mode 1 Propellant Flow Mode 2 Propellant Flow
(both Is\id&s) (one side only)

Figure 5.3-1 Typical Dual Throat Thrust Cell Concept

With the exception of the Rocketdyne expander cycle engine, all engines in this trade study use
a staged combustion power cycle.

With the exception of the Aerojet dual throat and plug engines, all engines in this main
propulsion matrix use a bell nozzle.

The bell engine cases use engine gimbaling to provide vehicle Thrust Vector Control (TVC).
The engines are gimbaled by electromechanical actuators. Vehicle prime power supplies the
energy required to gimbal the engines. The dual throat and plug engine cases use differential
throttling for TVC. (The RD-701 engines are assumed to use self-contained hydraulic engine
gimbaling systems, therefore no vehicle resources are used.)

Table 5.3-3 shows the technology assumptions used in this trade study that were common to all
vehicle configurations. Most of these technology assumptions were taken from the Option Three
Access to Space Study. The exceptions were the use of a graphite epoxy liquid hydrogen tank
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and the use of Space Shuttle fuel cells for prime power. The graphite epoxy liquid hydrogen tank
was used because this is the direction that the NASA RLV program is heading. The Space
Shuttle fuel cells were used for prime power because data was not available on the advanced fuel
cells and batteries used in the Option Three Access to Space Study. The side entry conical
VTOL vehicle configuration has additional technology assumptions associated with being able to
perform the landing maneuver. These additional technology assumptions will be discussed in the
conical side entry VTOL vehicle configuration section.

Table 5.3-4 shows the vehicle sizing groundrules used in this trade study that were common to
all vehicle configurations. The groundrules that were specific to each vehicle configuration are
discussed in the vehicle configuration sections. Most of the technology assumptions were taken

from the Option Three Access to Space Study.

The decision to vent the main propellant tanks and feed lines was partially an operability issue
decision and partially a performance decision. The operability issue was the potential safety
hazard of working around a vehicle with propellant trapped in the main propellant tanks and feed
lines. The performance issue was venting residuals reduces the mass of the vehicle during on-
orbit operations and therefore it reduces the amount of propellant required for on-orbit

operations.

All vehicle configurations in this trade study are designed to land with the design payload in the
payload bay after the ascent propellant has been burned.
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Table 5.3-3 Technology Assumptions
* Graphite epoxy is used for the LH2 tank

* « Graphite epoxy is used for the unpressurized structures
* o Aluminume-lithium is used for the LO2 and kerosene tanks
¢ Aluminum-lithium is used for the propane tank
* o Skin stringer construction is used for the propellant tank construction
* » Honeycomb with ring frames is used for the unpressurized structures
* o Thermal Protection System
— Advanced Carbon Carbon (ACC) is used for the high temperature areas
— Tailorable Advanced Blanket Insulation (TABI) is used on windward side
of the vehicle
— Advanced Flexible Reusable Surface Insulation (AFRSI) is used on the
leeward side of the vehicle
— The blankets are attached to the structure by a silicone rubber adhesive
(RTV)

* » Engine bay heat shield is a graphite epoxy honeycomb structure with a TABI
blanket bonded to it

* « Propellant tank cryogenic insulation is an external Rhoacell foam
* » Advanced composite landing gear is used

* » The main propellant system (MPS) uses composite and metallic feedlines
with foam insulation

* » The RD-701 engines use a self contained hydraulic system to gimbal the engines
* » The thrust structure uses graphite epoxy truss
* » Reaction Control System (RCS) uses pressure fed LO2/LLH2 engines

*  Orbital Maneuvering System uses pump fed LO2/LH2 engine

*Same as Access to Space Option 3 SSTO(R) Assumption
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Table 5.3-3 Technology Assumptions (Concluded)

* Prime power is supplied by Space Shuttle Orbiter O2/H2 fuel cells and
batteries

» » Power conversion and distribution system supplies 270 volt DC
electrical power to vehicle systems
— Power conversion is done locally

~ ¢ Electromechanical actuators (EMAs) with light-weight rare earth magnets are
used to move aero surfaces

» » Avionics

— Adaptive guidance navigation & control (GN&C)
— Health monitoring systems

— Smart sensors

« ¢ Environmental control and life support systems
— No crew on the vehicles modeled
— Avionics waste heat is heat sinked into the vehicle structure

 Configuration specific technology assumptions will be discussed in the
configuration sections

*Same as Access to Space Option 3 SSTO(R) Assumption
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Table 5.3-4 Sizing Groundrules

* » 25 000 Ibm payload
» » Payload bay size is 15 feet in diameter and 30 feet long
++ No crew
+ « 3 Gs maximum acceleration during ascent
* » Mission duration is 7 days
» 1.4 factor of safety used for items subjected to a dynamic environment
— Applied to ultimate strength of materials
— Used in sizing of wings and unpressurized structures
» Allowable stresses reduced by 20% to account for fatigue
» *» Target orbit is a 220 n.mi. circular orbit with 51.6° inclination (Space Station)
* « MECO condition is 50 by 100 n.mi. orbit with 51.6° inclination
* Propellant tank ullage factor is 5%
+ « RD-701 engine used
— Described in the Access to Space, Advanced Technology Team Final Report
— Updated propellant mass flow rate data supplied by Doug Stanley/NASA-
Langley
—- RD-701 engine gimbal system weight included in engine weights

= o Liftoff thrust-to-weight is 1.2 Gs

= » Electromechanical actuators are used
— RD-701 engine gimbal system is self contained

* » Oxygen/hydrogen OMS and RCS systems are used
— OMS velocity budget is 1,100 ft/sec
— RCS velocity budget is 110 ft/sec for on-orbit operations and 40 ft/sec for

entry
— OMS and RCS engine performance is from the Access to Space, Advanced
Technology Team Final Report

*Same as Access to Space Option 3 SSTO(R) Assumption
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Table 5.3-4 Sizing Groundrules (Concluded)
Flight performance reserves
— Ascent flight performance reserve is 1% of ascent velocity and is bookkept
as 1% degradation in engine specific impuise
— OMS and RCS flight performance reserve, 40 ft/sec and 45 ft/sec
respectively, is bookkept as additional on-orbit propellant

3
[ ]

Propellant densities
— LO2 density is 71.20 Ibm/ft3

— LH2 density is 4.43 Ibm/ft3

Kerosene density is 50.50 Ibm/ft3
Propane density is 36.26 Ibm/ft3

* Main propellant tanks and propellant feed systems are vented upon reaching
orbit (operability issue)
— Main propellant tanks are pressurized to just over one atmosphere for entry
— Main propellant flight performance reserves and residuals are vented

Thrust structure mass for the modular engine vehicle configurations and the plug
nozzle engine vehicle configurations are 75% of the thrust structure mass of the bell

engine vehicle configurations

* Average on-orbit power demand is 5 kw

Average on-orbit heat rejection demand is 10 kw

* Configuration specific groundrules will be discussed in the configuration sections

“Same as Access to Space Option 3 SSTO(R) Assumption
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5.4 Sizing Tool Description

Launch vehicle configurations modeled by the sizing tools are a conical side entry VTOL SSTO.
a winged body VTHL SSTO, and a lifting body VTHL SSTO.

The launch vehicle sizing tools use an iterative approach to calculate the size and mass of a
launch vehicle configuration, as was shown previously in Figure 5.2-1. The sizing tools estimate
the velocity requirement to reach the mission orbit, the propellant load required to reach the
velocity requirement, and the vehicle structural mass necessary to contain the amount of
propellant required. Each iteration gets these three parameters closer to a converged solution.
After the vehicle sizing calculations have converged, the estimate of the velocity requirement to
reach the mission orbit should be checked against a trajectory analysis on the resulting vehicle
configuration. This trajectory analysis should then be used to calculate a temperature map of the
launch vehicle configuration during reentry. This temperature map should be used to check the
initial assumptions on the thermal protection system (TPS) required to protect the launch vehicle
configuration during reentry.

The mission requirements are entered into the sizing tool input data file. These requirements
include the payload mass, payload bay size, acceleration limits, destination orbit inclination,
apogee, and perigee, on-orbit mission velocity requirements, number of crew, time spent on-
orbit, and the average on-orbit power and heat rejection requirements. The Q-bar and Q-alpha
limits are not used by the sizing tools. However, they do come into play when the mission
velocity requirement is refined by a trajectory analysis.

The side entry cone VTOL sizing tool, the winged body VTHL sizing tool, and the lifting body
VTHL sizing tool were developed from a generic SSTO sizing tool. Separate sizing tools were
developed because these launch vehicle configurations were too different to be covered by a
single general purpose sizing tool. These three sizing tools have a performance spreadsheet and
a weights spreadsheet, as illustrated in Figure 5.4-1. Information flows both ways between these
spreadsheets until the sizing tool has converged on a solution.

Performance Spread Sheet Weights Spread Sheet
Input Data Propellant Tank Geometry
* Mission L * Oxidizer
¢ Engine Definition e Fuel 1
¢ Subsystem definition e Fuel 2
+ Etc.

Mission Performance :
Burn Velocity Split |a———p-| | Vehicle Geometry
Burn Propellant Load
Engine Thrust Requirements
Etc. Subsystem Mass
* Engines

P - * Propellant tanks
Mission Velocity . ThrEst structure

Requirements * Etc.

Figure 5.4-1 Common Sizing Tool Features
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The performance spreadsheet has an input data section, a mission performance section. and a
mission velocity requirements section. The input data section contains all of the data used by the
sizing tool to define the launch vehicle configuration model. The mission performance section
uses the vehicle masses supplied by the weights spread sheet, the calculated mission velocity
requirement, and the rocket equation to calculate the amount of propellant needed by the vehicle
to reach main engine cutoff (MECO) conditions. The mission delta velocity requirements
section calculates the delta velocity required as a function of the Mode 1 burn and the Mode 2

burn initial thrust-to-weight ratios.

The weights spreadsheet has a propellant tank geometry section, a vehicle geometry section. and
a subsystem mass section. The propellant tank geometry is calculated from the propellant load
requirement supplied by the performance spreadsheet. The vehicle geometry is calculated from
the tank geometry. The vehicle masses are calculated from the vehicle geometry, the propellant
masses, and the engine thrust supplied from the performance spreadsheet.

The vehicle masses are then supplied back to the performance spreadsheet for the next pass
through the iterative loop. This iterative loop continues until the model has converged onto a

solution.

The approach used in the sizing tools is to split the mission velocity required to reach orbit into
endoatmospheric (first) and exoatmospheric (second) velocity segments. The sizing program
calculates the total velocity requirement. The user supplies a burn two velocity estimate. The
sizing program then calculates the burn one velocity requirement, the burn one and two
propellant requirements and the resulting vehicle masses. The second burn delta velocity
capability is varied by the user to find the first and second burn propellant loads that result in the
total minimum structural mass. This approach was used to allow the use of rocket engines that
have different performance characteristics in modes one and two. If the vehicle configuration
used the mixed mode concept, Mode 1 is burn one and Mode 2 is burn two.

The vehicle sizing tools will converge on a single point design. Each of the three launch vehicle
configurations have their own configuration specific geometrical sizing parameters. In addition,
the burn two velocity split, the initial vehicle liftoff thrust-to-weight ratio, and the burn two
initial thrust-to-weight ratio are general launch vehicle sizing parameters. The configuration can
be optimized by varying the sizing parameters.

The sizing tools use a thrust structure mass model where the thrust structure mass is a function of
the number of engines and the engine maximum thrust. This thrust structure mass model was
designed for use with the point loads from bell nozzle rocket engines. If the rocket engines have
a distributed load around the edge of the vehicle and there is a short load path to react these
engine thrust loads into the vehicle mass, one engine and a reduced set of thrust structure
coefficients are used.

Table 5.4-1 shows the sources of the vehicle subsystem mass equations used in the development
of the sizing tools.

Further information can be found in the sizing tools User's Guide in Section 8.
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Table 5.4-1 Sizing Tool Description

Parentage of the Sizing Model

* Most of the equations and some of the technology coefficients were from
NASA TM 78661, "Techniques for the Determination of Mass Properties of
Earth-To-Orbit Transportation Systems,” by I. O. MacConochie and P. J.
Klich, June 1976

* Additional technology coefficients were from "Space Transportation
Architecture Study Special Report - Final Phase, Book 3," General
Dynamics Space System Division, November 1987, Contract NAS8-36615

* Residual propellant equation and the data that was used to develop the
thrust structure equations were from "Space Shuttle Synthesis Program
(SSSP), Volume II, Weight/Volume Handbook Final Report,” General
Dynamics Convair Aerospace Division, December 1970, Contract
NAS9-11193

* An equation to calculate the non optimum weight factors on the design of
propellant tanks was from "A Semi-Empirical Method for Propellant Tank
Weight Estimation,” L. A. Willoughby, 27th Annual Conference of the
Society of Aeronautical Weight Engineers, May 1968

 Space Shuttle Orbiter component mass information was from "Orbiter Detail
Weight Statement (OV-103)," SD75-SH-0116-216, Rockwell International,
August 2, 1993 and "Press Information, Space Shuttle Transportation
System," Rockwell International, January 1984

* The SSTO(R) component mass information was from "Access to Space
Study, Advanced Technology Team (Option 3) Final Report," July 1993

* Equations to calculate the unpressurized structure unit mass for the side entry
conical configuration were from "Aerospace Vehicle Design, Volume II,
Spacecraft Design”, by K. D. Wood

5.5 Side Entry Conical VTOL Concept

This launch vehicle configuration is a conical VTOL design with integral propellant tanks. The
vehicle reenters on its side. Prior to landing, it does a rotation maneuver. This rotation
maneuver changes the vehicle orientation from horizontal to vertical. The launch vehicle then
lands vertically on it's base.

The vehicle configuration uses some combination of the main engines, the reaction control
system, and the body flaps to rotate the vehicle. The two basic approaches to the rotation
maneuver are to rotate the vehicle without changing it's velocity vector or to bring the vehicle's
velocity vector to a halt during the rotation maneuver. The first alternative would minimize the
propellant used during the rotation maneuver. However, it would require the launch vehicle to
fly through it's main rocket engine plume. The second alternative would not require the launch
vehicle to fly through its main rocket engine plume. However, the launch vehicle's body flaps
would loose effectiveness during the rotation maneuver and the propellant requirements for the
rotation and landing maneuvers would be higher.
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The rotation/landing maneuver requires the ability to ignite and throttle the engines that will be
used for the rotation/landing maneuver in a timely and dependable manner.

Since there was not sufficient time to optimize the rotation and landing maneuvers, the body flap
size and landing hover time used in sizing these launch vehicle configuration cases are the best
current estimates and are subject to further design iterations.

This launch vehicle concept requires the assumption that there are satisfactory answers to the
problems in rotating the vehicle and igniting the engines for rotation/landing maneuver.

Since this launch vehicle configuration is a cone with integral propellant tanks, it has a load path
going from the main engines through the skin of the vehicle to the propellant tanks and payload.
Therefore, the cases using the dual throat engines and the plug nozzle engines have their engines
on the periphery of the launch vehicle base. These cases therefore use smaller thrust structure
coefficients (see Section 5.4).

Table 5.5-1 shows the sizing groundrules that are specific to this launch vehicle configuration.
The entry RCS velocity budget was increased from 40 ft/sec to 80 ft/sec because a conical
axisymmetric vehicle configuration must be held at a sideslip angle to give it a cross range
capability and the RCS thrusters would be used to do this prior to the body flaps becoming
effective. The allowance of 16 seconds of hover time (which translates to a 1,000 ft/sec rotation/
landing maneuver velocity requirement) and a total body flap planform area of 25 % of the
vehicle base area were used prior to doing an optimization of the rotation and landing maneuvers.

Figures 5.5-1, 5.5-2, and 5.5-3 show the results of a vehicle configuration sensitivity study on the
rotation and landing maneuver requirements, the vehicle base diameter and the vehicle cone half
angle respectively. This vehicle configuration is very sensitive to a rotation landing maneuver
velocity requirement larger than 1,500 to 2,000 ft/sec. There is an optimum value for the vehicle
base diameter and cone half angle. This study used a landing hover time of 16 seconds (which
translates into a rotation/landing maneuver velocity requirement of approximately 1,000 ft/sec)
and a vehicle cone half angle of 5.5 degrees. An optimum vehicle diameter was found for each
engine and propellant combination case.

Cases were run using the side entry conical VTOL vehicle configuration and the engine and
propellant combination shown in Table 5.3-1. The resulting vehicle dry masses are plotted in
Figure 5.5-4. Descriptions of the resulting vehicle configuration mass properties and sizes for
these cases are shown in Figures 5.5-5 through 5.5-19.

The first two cases in Figure 5.5-4 use the Evolved SSME and the RD-701 engines. As shown in
the option three Access to Space final report, a vehicle configuration using the RD-701 engines is
significantly lighter than a vehicle configuration using the Evolved SSME.

The next case uses the RD-704 engine. The dry mass of a vehicle configuration using the RD-
704 engine is about half way between the dry mass of vehicle configurations using the Evolved
SSME and the RD-701 engines. The reasons for the difference in the dry masses of vehicle
configurations using the RD-701 engines and the RD-704 engines are the RD-704 engine is
heavier and the extra hydrogen flow during the Mode 1 burn make the RD-704 vehicle
configuration propellant tanks larger and therefore heavier.

The next three cases use the Rocketdyne SSTO study engines. A vehicle configuration using
FFSCC engines is lighter than vehicle configurations using dual mixture ratio engines or
expander cycle engines. The higher specific impulse of the FFSCC engines offset this engine
cycle's higher weights.
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The next nine cases used the three Aerojet engines with the three propellant combinations.

Vehicle configurations using the dual throat engine and the plug nozzle engines are lighter than
vehicle configurations using the dual expansion cycle engines. The reason for this is thought to
be the lighter thrust structures and the use of differential throttling for TVC used on the vehicle
configurations using these engines. There was not enough time to check this hypothesis out.

Vehicle configurations using the plug nozzle cycle engines were lighter than vehicle
configurations using dual throat cycle engines.

A striking result here is the change in the relative ranking of the vehicle dry mass for the
different propellant combinations and engine types. The conclusion is the best propellant
combination is a function of which type of engine that is used.

Table 5.5-1 VTOL Side Entry Cone Concept Results

Configuration Speciﬁc Sizing Groundrules

* Payload bay mass 1s 5,786 Ibm (Option 3 vehicle payload bay mass and mass of the
faring over the payload bay and crew cabin)

* Payload bay is transverse to the vehicle axis

* Entry RCS budget has increased to 80 ft/sec to allow holding the vehicle at a side slip
angle to increase the vehicle crossrange capability by use of the RCS jets prior to the
body flaps becoming effective

*  Vehicle has an allowance of 16 seconds of hover time after the vehicle terminal velocity
has been nulled (rotation/landing maneuver velocity requirement approximately
1000 ft/sec)

* There are four body flaps with a total planform area of 25% of the
vehicle base area

* A minimum vehicle area unit weight of one pound psf is used for the unpressurized
structures

*  The nose cone is a biconic with hemispherical nose tip; dimensions are defined by the
user

*  Number of engines
— Vehicle configurations using bell engines have seven engines
- Vehicle configurations using modular engines and plug nozzle
engines have one engine

Lockheed Martin 5-21
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Figure 5.5-1 Relationship between Vehicle Dry Mass and Landing Maneuver Velocity
Requirement
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Figure 5.5-2 Relationship Between Vehicle Dry Mass and Base Diameter
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Figure 5.5-4 Side Entry Conical Vehicle Configuration Dry Mass as a Function of
Engine and Propellant Used
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GLOW: 3,273,748 Ibm
Length: 157 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 284,383 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,855,166 Ibm

--Mode 2 1,026,322 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 14,996 lbm
OMS & RCS Propellant 33,907 Ibm
Landing Propellant 33,975 Ibm
Landing Specific Impulse 390.4 sec
Main Engine Type/No.: Evolved SSME/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 561,214 Ibf

Sea Level Isp (@100 % RPL): 390.4 sec
Vacuum Thrust per Engine (@ 100% RPL) 643,010 Ibf
Vacuum Isp (@100 % RPL): 447.3 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 283,717 Ibf
Vacuum Isp (@100 % RPL): 447.3 sec

Figure 5.5-5 Side Entry Conical Vehicle Using Evolved SSMEs Concept Summary
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GLOW: 2,409,834 Ibm
Length: 145 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 176,196 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,376,847 Ibm

--Mode 2 772,038 Ibm
Propellant Combination:

--Mode 1 LOX/LH2/Kerosene

--Mode 2 LOX/LH2
Ascent Residuals 11,394 Ibm
OMS & RCS Propellant 22,429 Ibm
Landing Propellant 25,930 Ibm
Landing Specific Impulse 333.5 sec
Main Engine Type/No.: RD-701/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 413,114 |bf

Sea Level Isp (@100 % RPL): 333.5 sec
Vacuum Thrust per Engine (@ 100% RPL) 477,033 Ibf
Vacuum Isp (@100 % RPL): 385.1 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 206,598 |bf
Vacuum Isp (@100 % RPL): 452.7 sec

Figure 5.5-6 Side Entry Conical Vehicle Using RD-701 Engines Concept Summary
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GLOW: 2,876,495 Ibm
Length: 158 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 228,325 Ibm
Usable Propellant Mass (including FPR):
--Mode 1 1,586,898 Ibm
--Mode 2 964,294 |Ibm
Propellant Combination:
--Mode 1 LOX/LH2/Kerosene
--Mode 2 LOX/LH2
Ascent Residuals 13,391 Ibm
OMS & RCS Propellant 28,033 Ibm
Landing Propellant 30,553 Ibm
Landing Specific Impulse 356.0 sec
Main Engine Type/No.: RD-704/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@ 100% RPL) 493,113 Ibf

Sea Level Isp (@100 % RPL): 356.0 sec
Vacuum Thrust per Engine (@ 100% RPL) 563,756 Ibf
Vacuum Isp (@100 % RPL): 407.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 257,919 Ibf
Vacuum Isp (@100 % RPL): 452.0 sec

Figure 5.5-7 Side Entry Conical Vehicle Using RD-704 Engines Concept Summary
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GLOW: 1,826,799 Ibm
Length: 136 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 159,467 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 928,685 |bm

--Mode 2 665,710 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 8,321 Ibm
OMS & RCS Propellant 20,140 Ibm
Landing Propellant 19,477 lbm
Landing Specific Impulse 401.7 sec

Main Engine Type/No.: Full Flow Staged Combustion/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 313,166 Ibf

Sea Level Isp (@100 % RPL): 401.7 sec
Vacuum Thrust per Engine (@ 100% RPL) 358,850 Ibf
Vacuum Isp (@100 % RPL): 460.3 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 179,623 Ibf
Vacuum Isp (@100 % RPL): 460.3 sec

Figure 5.5-8 Side Entry Conical Vehicle Using Full Flow Staged Combustion Engines
Concept Summary
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Volume I1 NASS8-39208
GLOW: 2,352,271 Ibm
Length: 136 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 186,688 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,289,698 Ibm

--Mode 2 791,870 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 11,141 Ibm
OMS & RCS Propellant 23,328 Ibm
Landing Propellant 24,546 Ibm
Landing Specific Impulse 373.5 sec
Main Engine Type/No.: Dual Mixture Ratio/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 403,246 Ibf

Sea Level Isp (@100 % RPL): 343.9 sec
Vacuum Thrust per Engine (@ 100% RPL) 481,340 Ibf
Vacuum Isp (@100 % RPL): 410.5 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 212,515 Ibf
Vacuum Isp (@100 % RPL): 455.5 sec

Figure 5.5-9 Side Entry Conical Vehicle Using Dual Mixture Ratio Engines
Concept Summary
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GLOW: 2,706,355 Ibm
Length: . 150 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 225,781 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,409,245 Ibm

--Mode 2 976,678 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 12,640 Ibm
OMS & RCS Propeliant 27,663 Ibm
Landing Propellant 29,347 Ibm
Landing Specific Impulse 367.5 sec
Main Engine Type/No.: Dual Expander Cycle Bell/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 463,947 Ibf

Sea Level Isp (@100 % RPL): 367.5 sec
Vacuum Thrust per Engine (@ 100% RPL) 561,533 Ibf
Vacuum Isp (@100 % RPL): 444.8 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 259,422 Ibf
Vacuum Isp (@100 % RPL): 444 .8 sec

Figure 5.5-10 Side Entry Conical Vehicle Using Dual Expander Cycle Bell
Engines Concept Summary
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GLOW: 1,836,795 Ibm
Length: 129 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 159,058 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 950,585 Ibm

--Mode 2 651,884 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 8,616 Ibm
OMS & RCS Propellant 20,286 Ibm
Landing Propeliant 21,366 Ibm
Landing Specific Impulse 366.0 sec
Main Engine Type/No.: Dual Expanding Bell/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 314,879 Ibf

Sea Level Isp (@100 % RPL): 366.0 sec
Vacuum Thrust per Engine (@ 100% RPL) 385,426 Ibf
Vacuum Isp (@100 % RPL): 448.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 177,242 Ibf
Vacuum Isp (@100 % RPL): 468.0 sec

Figure 5.5-11 Side Entry Conical Vehicle Using Dual Expanding Bell Engines and
Oxygen/Hydrogen Propellants Concept Summary
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GLOW: 2,681,674 Ibm
Length: 147 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 201,535 Ibm
Usable Propellant Mass (inciuding FPR):

--Mode 1 1,560,701 Ibm

--Mode 2 829,845 Ibm
Propellant Combination:

--Mode 1 LOX/LH2/C3H8

--Mode 2 LOX/LH2
Ascent Residuals 12,648 Ibm
OMS & RCS Propellant 25,029 Ibm
Landing Propellant 26,918 Ibm
Landing Specific Impulse 366.0 sec
Main Engine Type/No.: Dual Expanding Bell/7

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 459,716 Ibf

Sea Level Isp (@100 % RPL): 329.0 sec
Vacuum Thrust per Engine (@ 100% RPL) 522,596 Ibf
Vacuum Isp (@100 % RPL): 374.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 224,195 Ibf
Vacuum Isp (@100 % RPL): 462.0 sec

Figure 5.5-12 Side Entry Conical Vehicle Using Dual Expanding Bell Engines and
Oxygen/Hydrogen /Propane Propellants Concept Summary
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GLOW: 2,495,971 Ibm
Length: 142 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 185,347 Ibm
Usable Propellant Mass (including FPR):
--Mode 1 1,455,061 Ibm
--Mode 2 770,575 Ibm
Propellant Combination:
--Mode 1 LOX/LH2/Kerosene
--Mode 2 LOX/LH2
Ascent Residuals 11,765 Ibm
OMS & RCS Propellant 23,239 Ibm
Landing Propellant 24,984 Ibm
Landing Specific Impulse 366.0 sec
Main Engine Type/No.: Dual Expanding Bell/7

Figure 5.5-13

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 427,881 Ibf

Sea Level Isp (@100 % RPL): 329.0 sec
Vacuum Thrust per Engine (@ 100% RPL) 485,105 Ibf
Vacuum Isp (@100 % RPL): 373.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 208,182 Ibf
Vacuum Isp (@100 % RPL): 462.0 sec

Side Entry Conical Vehicle Using Dual Expanding Bell Engines and

Oxygen/Hydrogen/Kerosene Propellants Concept Summary
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GLOW: 1,594,567 Ibm
Length: 118 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 129,834 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 832,800 Ibm

--Mode 2 564,373 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 7,468 Ibm
OMS & RCS Propellant 17,070 Ibm
Landing Propellant 18,022 Ibm
Landing Specific Impulse 366.0 sec
Main Engine Type/No.: Modular Dual Throat/1

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@ 100% RPL) 1,913,481 Ibf

Sea Level Isp (@100 % RPL): 366.0 sec
Vacuum Thrust per Engine (@100% RPL) 2,310,815 Ibf
Vacuum Isp (@100 % RPL): 442.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 1,066,474 Ibf
Vacuum Isp (@100 % RPL): 461.0 sec

Figure 5.5-14 Side Entry Conical Vehicle Using Modular Dual Throat Engine and
Oxygen/Hydrogen Propellants Concept Summary
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GLOW: 2,117,862 Ibm
Length: 131 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 153,726 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,230,508 lbm

--Mode 2 657,572 Ibm
Propellant Combination:

--Mode 1 LOX/LH2/C3H8
--Mode 2 LOX/LH2
Ascent Residuals 10,035 Ibm
OMS & RCS Propellant 19,750 Ibm
Landing Propeliant 21,271 Ibm
Landing Specific Impulse 366.0 sec
Main Engine Type/No.: Modular Dual Throat/1

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 2,541,434 ibf

Sea Level Isp (@100 % RPL): 326.0 sec
Vacuum Thrust per Engine (@ 100% RPL) 2,923,429 Ibf
Vacuum Isp (@100 % RPL): 375.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 1,242,296 Ibf
Vacuum Isp (@100 % RPL): 461.0 sec

Side Entry Conical Vehicle Using Modular Dual Throat Engine and

Oxygen/Hydrogen/Propane Propellants Concept Summary
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GLOW: 1,806,057 Ibm
Length: 124 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 131,025 Ibm
Usable Propellant Mass (including FPR):
--Mode 1 1,054,635 Ibm
--Mode 2 551,177 Ibm
Propellant Combination:
--Mode 1 LOX/LH2/Kerosene
--Mode 2 LOX/LH2
Ascent Residuals 8,525 Ibm
OMS & RCS Propeliant 17,231 Ibm
Landing Propellant 18,464 Ibm
Landing Specific Impulse 366.0 sec
Main Engine Type/No.: Modular Dual Throat/1

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@ 100% RPL) 2,167,269 Ibf

Sea Level Isp (@100 % RPL): 325.0 sec
Vacuum Thrust per Engine (@100% RPL) 2,480,689 Ibf
Vacuum Isp (@100 % RPL): 372.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 1,051,991 Ibf
Vacuum Isp (@100 % RPL): 471.0 sec

Figure 5.5-16  Side Entry Conical Vehicle Using Modular Dual Throat Engine and

Oxygen/Hydrogen/Kerosene Propellants Concept Summary
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GLOW: 1,428,257 Ibm
Length: 120 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 116,816 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 726,404 Ibm

--Mode 2 520,395 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 6,845 Ibm
OMS & RCS Propellant 15,693 Ibm
Landing Propellant 17,104 Ibm
Landing Specific Impulse 354.0 sec
Main Engine Type/No.: Modular Plug Nozzle/1

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@ 100% RPL) 1,713,908 Ibf

Sea Level Isp (@100 % RPL): 354.0 sec
Vacuum Thrust per Engine (@100% RPL) 2,227,112 Ibf
Vacuum Isp (@100 % RPL): 460.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 982,594 Ibf
Vacuum Isp (@100 % RPL): 460.0 sec

Figure 5.5-17  Side Entry Conical Vehicle Using Modular Plug Nozzle Engine and
Oxygen/Hydrogen Propellants Concept Summary
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GLOW: 1,388,459 Ibm
Length: 123 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 98,717 lbm
Usable Propellant Mass (including FPR):
--Mode 1 772,959 Ibm
--Mode 2 456,583 Ibm
Propellant Combination:
--Mode 1 LOX/LH2/C3H8
--Mode 2 LOX/LH2
Ascent Residuals 6,562 Ibm
OMS & RCS Propellant 13,693 Ibm
Landing Propellant 14,945 |bm
Landing Specific Impulse 354.0 sec
Main Engine Type/No.: Modular Plug Nozzle/1

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@ 100% RPL) 1,666,151 Ibf

Sea Level Isp (@100 % RPL): 344.0 sec
Vacuum Thrust per Engine (@100% RPL) 1,942,228 Ibf
Vacuum Isp (@100 % RPL): 401.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 861,700 Ibf
Vacuum Isp (@100 % RPL): 460.0 sec

Figure 5.5-18  Side Entry Conical Vehicle Using Modular Plug Nozzle Engine and

Oxygen/Hydrogen/Propane Propellants Concept Summary
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GLOW: 1,357,839 Ibm
Length: 121 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 94,928 Ibm
Usable Propellant Mass (including FPR):
--Mode 1 760,826 Ibm
--Mode 2 442,869 Ibm
Propellant Combination:
--Mode 1 LOX/LH2/Kerosene
--Mode 2 LOX/LH2
Ascent Residuals 6,423 Ibm
OMS & RCS Propellant 13,276 Ibm
Landing Propellant 14,517 Ibm
Landing Specific Impulse 354.0 sec
Main Engine Type/No.: Modular Plug Nozzle/1

Figure 5.5-19

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@ 100% RPL) 1,629,406 Ibf

Sea Level Isp (@100 % RPL): 340.5 sec
Vacuum Thrust per Engine (@100% RPL) 1,899,778 Ibf
Vacuum Isp (@100 % RPL): 397.0 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 835,818 Ibf
Vacuum Isp (@100 % RPL): 460.0 sec

Side Entry Conical Vehicle Using Modular Plug Nozzle Engine and

Oxygen/Hydrogen/Kerosene Propellants Concept Summary

5.6 Winged Body VTHL Concept

This launch vehicle configuration is a cylindrical winged body VTHL design with integral
propellant tanks. The small delta wings and tip fins are designed for the landing of the launch
vehicle and payload after the ascent propellant has burned off. Since this configuration is a
cylinder with integral propellant tanks, it has a load path going from the main engines through
the skin of the vehicle to the propellant tanks and payload. Therefore, the cases using the dual
throat engines and the plug nozzle engines have their engines on the periphery of the launch
vehicle base. These cases use smaller thrust structure coefficients (see Section 5.4).

Table 5.6-1 shows the sizing groundrules that are specific to this launch vehicle configuration.
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Table 5.6-1 Winged Body Configuration Specific Sizing Groundrule
* Maximum normal acceleration is 2.5 Gs (sensitivity trade study should be
performed)

* Payload bay is mounted transverse to the vehicle long axis

* Payload bay weight is 5,786 Ibm (Option 3 vehicle payload bay mass and mass of
the fairing over the payload bay and crew cabin)

* The nose cone is a biconic with hemispherical nose tip; dimensions are defined by
the user

* This launch vehicle configuration has six engines

This launch vehicle configuration was based on the winged SSTO rocket configuration in the
Option Three Access to Space Study. One reason for including a winged body vehicle
configuration in this trade study was to facilitate a comparison of the dry masses for a launch
vehicle configuration as calculated by the sizing tools against the dry mass of a similar launch
vehicle configuration using more elaborate design tools that was documented in the Option Three
Access to Space final report.

The two cases that were run for this vehicle configuration used the Evolved SSME and RD-701
engines. The dry masses of these vehicle configurations using these engines can be seen in
Figure 5.6-1. As shown in the Option Three Access to Space final report, a vehicle configuration
using the RD-701 engines is significantly lighter than a vehicle configuration using the Evolved
SSME. Descriptions of the resulting vehicle configurations and mass properties using these
engines are shown in Figures 5.6-2 and 5.6-3.

The sizing tools estimated a dry mass of 251,480 lbm (see Figure 5.6-2) for a winged body
launch vehicle configuration using Evolved SSME engines and a graphite epoxy liquid hydrogen
tank. The corresponding vehicle configuration in the Option Three Access to Space final report
had a dry mass of 198,980 1bm.

The sizing tool estimated a dry mass of 162,145 Ibm (see Figure 5.6-3) for a winged body launch
vehicle configuration using RD-704 engines and a graphite epoxy liquid hydrogen tank. The
corresponding vehicle configuration in the Option Three Access to Space final report had a dry
mass of 130,218 lbm.

A detailed comparison was made between the vehicle dry masses in the Option Three Access to
Space final report and the vehicle dry masses calculated by the sizing tools. The major
discrepancy found was the thrust structure mass calculations. If the option three Access to Space
final report values for the thrust structure masses were used in the sizing tools and the vehicle
configuration was resized, the sizing tools calculated a dry mass of 139,046 1bm for a vehicle
configuration using RD-701 engines and a dry mass of 212,084 Ibm for a vehicle configuration
using Advanced SSMEs.
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Figure 5.6-1 Vehicle Dry Masses
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Volume I1 NASS8-39208
GLOW: 2,647,250 Ibm
Length: 179 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 251,480 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,382,943 Ibm

--Mode 2 949,310 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 12,134 Ibm
OMS & RCS Propeliant 26,383 Ibm
Landing Propeliant N/A
Landing Specific Impulse N/A
Main Engine Type/No.: Evolved SSME/6

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 529,450 Ibf

Sea Level Isp (@100 % RPL): 390.4 sec
Vacuum Thrust per Engine (@ 100% RPL) 606,616 Ibf
Vacuum Isp.(@ 100 % RPL): 447.3 sec
Mode 2 Propuision Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 295,005 Ibf
Vacuum Isp (@100 % RPL): 447.3 sec

Figure 5.6-2 Winged Body Vehicle Using Evolved SSMEs Concept Summary
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Volume II NASS8-39208
GLOW: 1,994,088 Ibm
Length: 151 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 162,145 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,139,963 Ibm

--Mode 2 639,688 Ibm
Propellant Combination:

--Mode 1 LOX/LH2/Kerosene

--Mode 2 LOX/LH2
Ascent Residuals 9,434 Ibm
OMS & RCS Propellant 17,858 Ibm
Landing Propellant N/A
Landing Specific Impulse N/A
Main Engine Type/No.: RD-701/6

Mode 1 Propulsion Specifications:
Sea Level Thrust per Engine (@100% RPL) 398,818 Ibf

Sea Level Isp (@100 % RPL): 333.5 sec
Vacuum Thrust per Engine (@ 100% RPL) 460,524 Ibf
Vacuum Isp (@100 % RPL): 385.1 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@100% RPL) 199,296 |bf
Vacuum Isp (@100 % RPL): 452.7 sec

Figure 5.6-3 Winged Body Vehicle Using RD-701 Engines Concept Summary

The conclusions that were drawn from this comparison are that the sizing tools provide a
conservative estimate of the launch vehicle configuration's dry mass and that the lighter thrust
structure design used in the Option Three Access to Space Study would significantly reduce the
size and mass of the launch vehicle configurations reported in this study.

3.7 Lifting Body VTHL Concept

This launch vehicle configuration is a lifting body VTHL design. The lifting body launch
vehicle configuration has a smaller ballistic coefficient than the other configurations considered
in this study. Therefore it encounters lower heat loads during reentry. The lifting body
configuration has a lower wing loading and therefore a lower landing speed than the winged
body configuration.

This launch vehicle configuration does not use integral propellant tanks. Therefore, the cases
using the dual throat engines and the plug nozzle engines do not use smaller thrust structure
coefficients (see Section 5.4).

Lockheed Martin 5-44
Missiles & Space- Huntsville



ATSS Final Report LMSC P038190
Volume 11 NASS8-39208

Table 5.7-1 shows the sizing groundrules that are specific to this launch vehicle configuration.

Table 5.7-1 Lifting Body Configuration Specific Sizing Groundrules
» Maximum normal acceleration is 1.6 Gs (from unconstrained trajectory results)

* Payload bay is located parallel to the launch vehicle long axis
* Payload bay weight is 3,925 Ibm (Option 3 vehicle payload bay mass )
* Nose cap length is five feet

» Nose cap base is an ellipse: minor axis is five feet and major axis is eleven feet

* These launch vehicle configurations have five engines

Figure 5.7-1 shows the layout of the propellant tanks, payload bay, and engine bay used by the
lifting body launch vehicle configuration. The payload bay, the liquid oxygen propellant tank
and the engine bay are mounted along the centerline of the launch vehicle configuration. The
fuel is stored in the two outboard propellant tanks. The outboard fuel tanks are bent double
cones. The bipropellant vehicle configurations have a total of three main propellant tanks, two
liquid hydrogen tanks and a liquid oxygen tank. For the tripropellant launch vehicle
configurations, the bent double cone fuel tanks are split into forward hydrocarbon fuel tanks and
aft liquid hydrogen tanks. The tripropellant vehicle configurations have a total of five main
propellant tanks, two hydrocarbon tanks, two liquid hydrogen tanks, and a liquid oxygen tank.
Although it 1s not shown on this figure, there is space for a crew cabin and some of the vehicle
subsystems forward of the payload bay.

The point of maximum fuel tank diameter is the dividing line between the forward and aft parts
of the lifting body launch vehicle configuration body.

The lifting body launch vehicle configuration used in this study have three body parameters that
have a large impact on the configuration mass and size. These parameters are the oxidizer tank
radius, the forward fuel tank cone half angle, and the engine bay height.
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Figure 5.7-2 shows the relationship between the oxidizer tank radius and the vehicle dry mass.
As can be seen here, increasing the oxidizer tank diameter dramatically lowers the vehicle dry
mass. Since the oxidizer tank volume is fixed, a larger oxidizer tank diameter reduces the
oxidizer tank length. This reduces the aft lifting body surface area which lowers the mass of the
vehicle skin and TPS.

Figure 5.7-3 shows the relationship between the forward fuel tank cone half angle and the vehicle
dry mass. As can be seen here, decreasing the forward fuel tank cone half angle lowers the
vehicle dry mass. Since the fuel tank volume is fixed, decreasing this half angle increases the
forward fuel tank forward radius and reduces the forward fuel tank aft radius. This reduces the
forward lifting body surface area which lowers the mass of the vehicle skin and TPS.

Figure 5.7-4 shows the relationship between the engine bay height and the vehicle dry mass. As
can be seen here, increasing the engine bay height decreases the vehicle dry mass. Because of
the aerodynamic affects, the lifting body configuration used in this study assumes a constant
angle between the maximum fuel tank width and the engine bay height. Therefore increasing the
engine bay height also increases the aft fuel cone aft radius and decreases the aft fuel tank
forward radius. This reduces the aft lifting body surface area which lowers the mass of the
vehicle skin and TPS.

If no constraints were imposed on the lifting body launch vehicle configuration body parameters,
the minimum dry mass solution would result in a short, wide vehicle configuration with a small
aft body length. Since the aerodynamics of this minimum dry mass solution was deemed
unacceptable, it became necessary to impose constraints on the vehicle configuration body
parameters to improve the launch vehicle configuration's aerodynamic characteristics. A set of
constraints on the body launch vehicle body parameters were defined that resulted in acceptable
aerodynamic characteristics. These constraints made the launch vehicle configuration heavier,
longer, and slenderer. The lifting body launch vehicle configuration should have a trade study
done to better define the relationship and tradeoffs between it's aerodynamic characteristics and
dry mass.

Cases were run using the lifting body VTHL vehicle configuration and the engine and propellant
combination shown in Table 5.3-1. The resulting vehicle dry masses are plotted in Figure 5.7-5.
Descriptions of the resulting vehicle configuration mass properties and sizes for these cases are
shown in Figures 5.7-6 through 5.7-20.

The first two cases in Figure 5.7-5 use the Evolved SSME and the RD-701 engines. As shown in
the option three Access to Space final report, a vehicle configuration using the RD-701 engines is
significantly lighter than a vehicle configuration using the Evolved SSME.

The next case uses the RD-704 engine. The dry mass of a vehicle configuration using the RD-
704 engine is about half way between the dry mass of vehicle configurations using the Evolved
SSME and the RD-701 engines. The reasons for the difference in the dry masses of vehicle
configurations using the RD-701 engines and the RD-704 engines are the RD-704 engine is
heavier and the extra hydrogen flow during the Mode 1 burn make the RD-704 vehicle
configuration propellant tanks larger and therefore heavier.

The next three cases use the Rocketdyne SSTO study engines. A vehicle configuration using
FFSCC engines are lighter than vehicle configurations using dual mixture ratio engines or
expander cycle engines. The higher specific impulse of the FFSCC engines offset this engine
cycle's higher weights.

The next nine cases used the three Aerojet engines with the three propellant combinations.
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Vehicle configurations using the dual throat engine and the plug nozzle engines are lighter than
vehicle configurations using the dual expansion cycle engines. The reason for this is thought to
be the lighter thrust structures and the use of differential throttling for TVC used on the vehicle
configurations using these engines. There was not enough time to check this hypothesis out.

Vehicle configurations using the plug nozzle cycle engines were lighter than vehicle
configurations using dual throat cycle engines.

In these nine cases, the tripropellant hydrocarbon engine vehicle configurations were lighter than
the bipropellant hydrogen engine vehicle configurations.
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Figure 5.7-2 Lifting Body Configuration Dry Mass as a Function of Oxidizer Tank Radius
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GLOW: 2,919,677 Ibm
Length: 135 ft
Vehicle Specifications:

Vehicle Dry Mass @ Liftoff: 286,840 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,514,660 Ibm

--Mode 2 1,050,064 Ibm
Propellant Combination:

--Mode 1 LOX/LH2

--Mode 2 LOX/LH2
Ascent Residuals 13,356 Ibm
OMS & RCS Propellant 29,757 Ibm
Landing Propellant N/A
Landing Specific Impulse N/A
Main Engine Type/No.: Evolved SSME/5

Mode 1 Propuision Specifications:
Sea Level Thrust per Engine (@100% RPL) 700,723 Ibf

Sea Level Isp (@100 % RPL): 390.4 sec
Vacuum Thrust per Engine (@ 100% RPL) 802,851 Ibt
Vacuum Isp (@100 % RPL): 447.3 sec
Mode 2 Propulsion Specifications:

Sea Level Thrust per Engine (@ 100% RPL) N/A
Sea Level Isp (@100 % RPL): N/A
Vacuum Thrust per Engine (@ 100% RPL) 393,405 Ibf
Vacuum Isp (@100 % RPL): 4447 sec

Figure 5.7-6 Lifting Body Vehicle Using Evolved SSMEs Concept Summary
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GLOW: 2,143,771 Ibm
Length: 131 ft
Vehicle Specifications:
Vehicle Dry Mass @ Liftoff: 180,737 Ibm
Usable Propellant Mass (including FPR):

--Mode 1 1,224,895 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>