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PREFACE
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entitled Structures and Materials and Aerodynamic, Aerothermodynamic and Acoustics
(SMAAA) Technology for Aerospace Vehicles, satisfies the final report deliverable as defined in
Section 4.0 of the statement of work. The report summarizes Boeing contractor products
developed during the task order period of performance between July 23, 2007 and February 6,
2008.
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ABSTRACT

An assessment was performed to identify the applicability of composite material
technologies to major structural elements of the NASA Constellation program. A qualitative
technology assessment methodology was developed to document the relative benefit of 24
structural systems with respect to 33 major structural elements of Ares I, Orion, Ares V, and
Altair. Technology maturity assessments and development plans were obtained from more than
30 Boeing subject matter experts for more than 100 technologies. These assessment results and
technology plans were combined to generate a four-level hierarchy of recommendations. An
overarching strategy is suggested, followed by a Constellation-wide development plan, three
integrated technology demonstrations, and three focused projects for a task order follow-on.
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1.0 INTRODUCTION

1.1 Objective and Approach

The objective of this task order was to perform a survey and study of composite material
technologies and their potential application to NASA’s Space Exploration Architecture Elements
(Constellation program).

The approach was to develop qualitative technology assessment methodology, obtain
technology assessment data from Boeing subject matter experts, assess applicability of
composite material technologies to major structural elements of NASA Constellation program,
and derive recommendations for potential follow-on activities.

1.2 Ground Rules and Assumptions

Figure 1.2-1 summarizes the ground rules and assumptions. The large scope of the task,
involving a broad variety of Constellation elements and an equally broad array of composite
structures technologies, necessitated that the assessment be qualitative and relative. The results
and recommendations are nevertheless valid, being derived from substantial expert opinion.
Also, there is no Boeing proprietary or otherwise restricted information presented or referenced
in this report. Finally, several technologies and programmatic factors are not considered in the
assessment. For example, the current (early 2008) Ares I upper stage cryotanks are designed with
aluminum-lithium. The study includes these cryotanks, thus indicating possible future weight or
cost reduction initiatives.

* Analysis and results are relative and qualitative
* Only public domain and no ITAR -restricted literature are
used for reference

* Not considered
 Existing programmatic decisions
— e.g., Ares | and Orion
» Pressurized cargo carrier (Orion variant)
* Main propulsion system components
— Feedlines, valves, etc.
 Fabrication locations or logistical constraints
— Especially large -scale Ares V structures
* Inflatable structures
* Nano-composites technologies
+ Surface elements
— Rovers, cranes, etc.

Figure 1.2-1. Ground Rules and Assumptions

1.3 Study Organization

The study was executed in nine related steps (Figure 1.3-1). The technology assessment
characterized 103 individual technologies in terms of TRL, performance and cost benefits,
Boeing assessment expertise, and suggested development activities. A structural system
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assessment rated 24 sets of technologies in terms of four criteria. The requirements criticality of
each of the 33 Constellation elements was defined during the Constellation element assessment
step. This information became the basis for the calculation of Technical fit, which related the
benefit of each structural system to the requirements of each Constellation element. Similarly,
Program fit was calculated by determining the relationship between the maturity of each
structural system and the time to technology commitment for each Constellation element.
Technical-Program fit combined Technical fit and Program fit for each structural system and
each Constellation element. The Technical-Program fit metric was used to identify cross-cutting
structural systems for further study. Each cross-cutting structural system was detailed with a
high-fit intersection description. The final step involved identifying technology
recommendations and associated development plans based on the selected cross-cutting
structural systems and the technology assessment database.

The methodology uses Excel spreadsheets that can be readily modified and updated with
other scoring methods, composite (and metallic) technologies, and Constellation elements.

Technology T
assessment 1 F
{TRL, 4 -facior beneft,
litsaarch, Bosing
capahility)

High-fit intersection

{Refionale for structural
system applicaiion)

Figure 1.3-1. Study Approach Flowchart
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2.0 TECHNOLOGY ASSESSMENT

{fime o PDR, crifical fimeframe and TRL)
requirements | High-fit intersection
description
{Rafionale for structural
systam applicaiion)

2.1 Assessment Expertise

Figure 2.1-1 illustrates some related programs, including LDEF, Space Shuttle, X-37, RAH-
66, 787, ACT Wing, Delta, ISS, V-22, A-160, HSR, Composite cryotanks, Minotaur, C-17, 702,
and F-22. Many of the subject matter experts who provided input to this study have related
experience in these (and numerous other) development and production programs.
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Space Shuttle

LDEF

Composite

Cryotanks

]

Figure 2.1-1. Related programs reflect substantial Boeing composites assessment expertise.

2.2 TRL, Boeing Expertise, Technology Value to Constellation

A database of individual technologies was developed for this study to provide the foundation
for the focused recommendations (Figure 2.2-1). The database is organized by the seven NASA-
provided categories. The original “Threat/Environment” category was changed to “Design for
Threat/Environment” to highlight the need for special design technologies to mitigate against
degradation or failure from various environmental conditions.

Figure 2.2-2 shows the rating scales used in the following technology assessment. TRL has a
three-point scale and is color-coded to readily visualize technology maturity. Boeing capability is
differentiated as to whether the technology is in production, or is either in development or is
provided by a supplier. Technology value/benefit is indicated as being highly beneficial
(enabling), moderately beneficial (enhancing), or of little value to the Constellation program.
The scoring of the value/benefit was defined to allow no more than one enabling benefit in order
to focus on the most important aspect of the technology.

Figures 2.2-3 through 2.2-18 contain the assessment of all 103 technologies considered in
this study. The benefit of each technology was considered with respect to performance,
development cost, production cost, and operation cost. Materials and Processes technologies
provide primarily performance benefits (Figures 2.2-3 and 2.2-4). Manufacturing Methods
technologies offer primarily production cost benefit (Figures 2.2-5 through 2.2-7). Innovative
Design technologies primarily provide performance (e.g., reduced weight) value (Figures 2.2-8
through 2.2-10). Analysis, Modeling, and Simulation technologies offer performance value, such
as safety, weight, and reliability improvements, and to a lesser extent, lower development cost
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(Figures 2.2-11 through 2.2-13). Design Criteria and Allowables technologies have primarily
performance value, and specifically offer safety, weight, and reliability improvements (Figures
2.2-14 and 2.2-15). Development, QA, and Certification technologies reduce development cost
(Figures 2.2-16 and 2.2-17). Design for Threat/Environment technologies have performance and
operation cost improvements (Figure 2.2-18).

A mapping between the NASA-provided technologies and the assessed set of technologies is
provided in the Appendix B.

Design for threat/environment
Development, QA, and certification
Design criteria and allowables
Analysis, modeling, and simulation

Innovative design
Manufacturing methods
Materials and processes

Integrated set of

ey
ngine apps and reentry
atshield)

H ar
technologies — -
ro— g
‘- = e cur includes E p, toughened 8t tank, DC-X tank, SLI Toughness
_ fepoxies (including those for TA-2, 787, F22 (cr s) forD&DT
e
Current TRL i, B P
ced nonautociave __cu any - highly CALA60,SDMD,  X- Weight (part Towertemp
e e e F e = ==
45C, Proprietary fastener
. = B ol
Boeing assessment - o e —
L develt =l
expertise et Ay
6+ Delta (now ULA), all Weight
aircraft/spacecraft
u s for 45 In developm ent or vendor Weight volume.
Technology value to o 0|
exploration program = g
- beecaosites X lapgron and
wmmm\—l‘t::* 2CSiC_

flaperon and uddervator

Figure 2.2-1. Overview of Individual Technologies, Boeing Expertise, and Technology Value

TRL Boeing Capability
Production
5 In development or
4. vendor

Figure 2.2-2. Technology Rating Scales
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Value/Benefit and Rationale
Perfor- Devel-
. Current Example of Boeing mance opment Produc- Operation
Technology Definition ) . .
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
1. Materials and Processes
Advanced autoclave cure M&P  |Includes Ep, toughened 8-t tank, DC-X tank, SLI Toughness
epoxies (including those for TA-2, 787, F-22 forD&DT
cryotanks), BMI, PI.
Process = cure cycle
Advanced non-autoclave cure  |Many varants, highly CAl, A160, SDMD, X- No large Lower temp
M&P mature. Many suppliers 45A, Bid of Prey,  X- autoclave repair
45C, Proprietary for large-
Programs size, low-qty
parts
Infusion polymer M&P VARTM, CAPRI, etc. 787 frames, in Long out
development time and
sheff life,
size imit
Sandwich (core) M&P Honeycomb, foam, Detta (now ULA), all
combined, various materials aircraft/spacecraft
Inflatable structure M&P Multifunctional fabrics for In development or vendor
pressure, radiation, MMOD
protection, etc.
High-temperature composites Carbon, ceramic, and Shuttie C-C LE,
M&P refractory metal composites X-37 C-C flaperon and
for very high temperature ruddervator, X-37 C-SiC
engine apps and reentry flaperon and ruddervator
(heatshield)
Molding compounds M&P Forfittings, padups, and 787 window frames
engine parts (e.g., HexMC)
Figure 2.2-3. Technology Assessment (1 of 16)—Materials and Processes
Value/Benefit and Rationale
Perfor- Devel-
. Current Example of Boeing mance opment Produc- Operation
Technology Definition . . .
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
1. Materials and Processes
Bonded joining M&P Co-cure, cobond, and All platforms, CAI Elminate
(adhesives) secondary cost of
Many variants, highly driling and
mature. Many industries inspecting
holes,
fasteners,
rework
Bolted joining M&P (fasteners) Pemanent and removable All platforms, esp. 787 Assembly Access
types Shuttle, X-37 fastener
sourcing
Coatings and sealants For galvanic and other All platforms
corrosion, propellant
leakage, EMI, etc.
Nano-composites Chemical and physical 4-ish  ]In development or vendor Reduced Mfg rate Enhanced
property enhancements qual and Improve- adhesion =
cert costs ments reduced
since through paint
multtiple reduced problems;
materials materials acoustic
replaced by usage improve-
one ments in
faiings
3-D woven prefoms ForY joints and other 3- 4 In development or vendor
dimensional geometry

Figure 2.2-4. Technology Assessment (2 of 16)—Materials and Processes
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methods

Resin Infusion manufacturing
methods

CAPRI, VARTM, etc.

Value/Benefit and Rationale
Perfor- Devel-
. Current Example of Boeing mance opment Produc- Operation
Technology Definition TRL | Reference/Experience (weight, Cost | tion Cost Cost

| safety, etc.) (DDT&E)
2. Manufacturing Methods
Non-autoclave  manufacturing For carbon/polymers CAl, A160, SDMD, X- Weight (part Shorter time
methods Scale-up of oven-cure 45A, Bird of Prey, ~ X- integration;

process (1.6) 45C, Proprietary fastener

Programs elimination)

Autoclave manufacturing Large autoclaves 787 fuselage, Delta IV
methods to large (33-ft dia) (now ULA) 5-m fairings

structures
Fiber placement methods Tape/tow/broadgoods 787 fuselage, Delta (now

placement machines for ULA\) faiings

very high fiber laydown

rates
Large (reusable) tooling Monoithic or breakdown 787 fuselage (high qty) Accuracy and

repeatabilty =

Address large moments of higher

inertia, stabiity, and allowables

structural rigidity of rotating

tools for large structures
Sandwich (core) manufacturing Sandwich core splicing Detta (now ULA) foam

fairings, Shuttle (HC
core) PL doors, aiplane
sec str, A-160

787 fuselage frames, C-
17 gear doors, NASA
studies

Figure 2.2-5. Technology Assessment (3 of 16)—Manufacturing Methods

Value/Benefitand Rationale

Perfor- Devel-
. Current Example of Boeing mance opment Produc- Operation
Technology Definition TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
2. Manufacturing Methods
Inprocess inspection More important with larger Al platforms. Quality/relia-
techniques scales biity (fewer
Acceptance methodology defects)
Ultrasonic curing manufacturing Also E-beam curing? 45 In development or vendor No
methods Requires specialized autoclave $
material?
Low-cost (expendable) tooling Foam and/or low-temp cure A160 helicopter Shorter
epoxy fabric composites. tooling buid
Match with non-autoclave time for low-
manufacturing methods qty, large,
complex
parts
Improved assembly methods Such as self+tooling, CA|, (F-35 fwd fus)
reducing imperfections, 787 metrology
and guaranteeing adequate
tolerance
Inflatable shell manufacturing Packing, deployment 4-sh  |In development or vendor

Figure 2.2-6. Technology Assessment (4 of 16)—Manufacturing Methods
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Value/Benefit and Rationale

Perfor- Devel-
” Current Example of Boeing mance opment Produc- Operation
Technology Definition TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
2. Manufacturing Methods
Bonded assembly Co-cured, cobonded, 787 stringers (co-cured) Fastener
secondary weight
Bolted assembly Bolts, rivets, mechanical 787 fuselage/wing
fasteners assembly
Molding compound Also 3D woven 787 window frames
for lightly loaded fittings and
frames
High temp composites CVD, fumaces In development or vendor
manufacturing
3D reinforcement Stitching, pinning, weaving, C-17 doors
etc.,
Optional part of infusion str
sys
Grid-stiffened structure Trapped rubber and fiber Minotaur payload fairings Integrated
manufacturing methods placement process structure =
less labor
Figure 2.2-7. Technology Assessment (5 of 16)—Manufacturing Methods
Value/Benefit and Rationale
Perfor- Devel-
" Current Example of Boeing mance opment Produc- Operation
Technology Definition TRL | Reference/Experience (weight, Cost | tion Cost Cost
safety, etc.) (DDT&E)
3. Innovative Design
Efficient bolted joints between Optimize Mechanical 787 fuselage barrel and Determin-
large sections Fastener Use frame) attach, Delta (now istic assy
ULA) LV inter-stage joints for less
tooling
Multfunctional designs Actuation, strength, themmal, Al platforms, especially
radiation, acoustic, etc.) spacecraft (702)
Sandwich designs Link with muttifunctional All platforms
structures
Isogrid/orthogrid designs Integral stiffeners Delta (isogrid) faiings
and tanks, Minotaur
payload faiings
Hybrid (metallcomposite) GLARE, TiGr, other FMLs 787 composite/titanium Wear
structures for lower cost and longer studies; ARALL on C17 reistance,
fatigue life cargo door durability,
fatigue life,
Impact DT

Figure 2.2-8. Technology Assessment (6 of 16)—Innovative Design
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Value/Benefit and Rationale
Perfor- Devel-
Technology Definition Current Example of Boeing mance opment Produc- Operation
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
3. Innovative Design
Tailored composites Tow steered, variable - 7-87 fuselage Less waste
stiffness Boeing JSF inlet duct
Primariy bonded structures Co-cured, cobonded, sec 5 Co-cured 787 fuselage
bonded. Limited by size, fail hats, ATCAS, CAl
safety
Stitched designs Eliminate most fasteners, C-17 nose and main LG Weight,
benign failure mode doors -
Point load introduction Fittings (metal/composite), Rotorcraft, Shuttie PLBD,
3-D woven or other out-of- Delta (now ULA), 787
plane reinforcement for
complex local loading
Inflatables (multifunctional shell, Bigelow, gossamer 5 CRYV landing airbags,
hatches) experments ISAT
High temperature engine and Ceramic (C/SiC and C-C) X-37, Shuttle
heatshield design and refractory metal
composites
Composite pressure vessels Deleted "overwrap" (with or Delta (now ULA), Shuttle
(nonintegral) without metal or polymer pressurant tanks
liner)
High pressure (3-5000psi)
Crashworthiness incorporated For Orion hard landing? Manned rotorcraft
in design (Apache), 787

Figure 2.2-9. Technology Assessment (7 of 16)—Innovative Design

Value/Benefit and Rationale
Perfor- Devel-
Technology Definition Current Example of Boeing mance opment Produc- Operation
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
3. Innovative Design
Interaction between Payload fairings/shroud Delta (now ULA), Sea Assy and
components (acoustics, payload...) Launch integration
Integrated TPS, radiation Cooptimization (also SLI, 8t tank, Shuttle,
protection MMOD, themal, EMI, etc.) ISS (MMOD)
Lightweight structure for load High-efficency space Delta upper stage truss,
transfer frames, trusses, and shear payload adapter, Space
panels Telescope metering truss
Methods of preventing damage Crack stoppers (discrete ACT wing (stitching). 787 Operational
growth feature = SSF design), ife
softening strips
MMOD resistant design W hipple/multiayer shields, ISS, Shuttle Operate with
component vulnerabilty damage

Skin-stringer-rame design

Combinations of
bonded/bolted stringers and
frames

787 fuselage and wing
cover, 8-t tank

Figure 2.2-10. Technology Assessment (8 of 16)—Innovative Design
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compliant joints)

Faiure mechanism/prediction Include progressive failure
methods at RT or extreme
temperatures

Optimization methods Part of multifunctional and

multiscale systems (not just
structure, not just macro)

Value/Benefit and Rationale
Perfor- Devel-
. Current Example of Boein mance opment Produc- Operation
Technology Definition TRL Referen'::elExperienze (weight, ’::ost tion Cost pCost
safety, etc.) (DDT&E)
4. Analysis, Modeling and Simulation
Sandwich analysis For primary structure (not primariy for control Less testing
control surfaces) surfaces
Isogrid and orthogrid analysis Composite, taiored integral Used to size Minotaur Less testing
stiffening, survivabiity faiings. Successfuly
launched.
SSF analysis Optimize SSF structures 787 Less testing
Analysis of effects of defects (E.g., missing stitches, local 787 Less testing
debonds, porosity
Analysis of highly tailored Typically for aerodynamic 787 fuselage skin Less testing
composites wings rotors tailoring
Simulated test and evaluation "Virtual test" In development or vendor Weight
Themo-structural analysis E.g., CMC hot str. to cold NASP, X-37 Less testing
str (e.g., themally Messinger patent

6,042,055
Shuttle LE, 787

Figure 2.2-11. Technology Assessment (9 of 16)—Analysis, Modeling, and Simulation

Less testing

Less testing

health monitoring,
diagnostics, and
prognostics, postdamage
reliabiity prediction,

damage tolerance DC&A, in-
space/ground repair
methods

Value/Benefit and Rationale
Perfor- Devel-
" Current Example of Boeing mance opment Produc- Operation
Technology Definition TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
4. Analysis, ﬁodeling and Simulation
Fatigue/life prediction Exploration missions are 787 (about 50,000 hrs) Less testing
short term, fatigue-wise
Probabilistic risk Link up with reliabittly and Shuttle Upgrade, Detta IV Less testing Less main-
assessment —NASA technology ~ |maintainabiity allocation, Engine, Delta IV EVBS, tenance
link up with MMOD risk Orbital Space Plan
assessment
Reliabiity-based or risk-based Link up with safety factors SLI, IR&D, EELV Less testing Less main-
design and analysis based on aircraft approach, tenance
standardized alowable,
optimization methods, and
knockdown factor analysis
Certification to needed risk or Link up with accelerated Accelerated Insertion of
reliabiity — similar to simulated aging and test methods, Composite Material
test and evaluation certification by analysis,
certification by simulation,
improved test methods, and
postdamage detection and
prognostics
Risk-based or reliabilty-based Link with NDE standard, in B-1and C17 Aging Less testing
maintenance —similar to situ damage detection, and Aircraft Risk Assessment
fatigue/iife prediction prognostics, structural

Figure 2.2-12. Technology Assessment (10 of 16)—Analysis, Modeling, and Simulation

10
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Value/Benefit and Rationale
Perfor- Devel-
L Current Example of Boeing mance opment Produc- Operation
Technolo Definition
9y TRL Reference/Experience (weight, Cost tion Cost Cost

safety, etc.) (DDT&E)
4. Analysis, Modeling and Simulation
Hierarchical analysis Substructuring Al platforms Less testing
Intemal and residual stress Typically imited to thick 5 In development or vendor Less testing
analysis and/or themal gradients
Scaling and validation Especially large propellant 5 SSTO, 8t tank

tanks

MMOD impact analysis Spacecraft kinetic threat ISS, Shuttle, CEV Ph 1 Less testing

survivabilty and
vulnerabiity assessment
(ke Bumper)

Bonded joint analysis

Optimize bonding, adhesion

Bolted joint analysis

Optimize fastener use

Inflatable structure analysis

Al platforms

Al platforms

In development or vendor

Cost analysis

P-BEAT, COSTADE,

Al platforms

Less testing

Less testing

Difficult
ground
testing

Develop
optimum
system with
cost
credibilty

Figure 2.2-13. Technology Assessment (11 of 16)—Analysis, Modeling, and Simulation

Value/Benefit and Rationale
Perfor- Devel-
Technology Definition Current Example of Bo.elng ma-nce opment !’roduc- Operation
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
5. Design Criteria and Allowables
Damage tolerance DC&A Not MMOD; bird strike ACT wing (stitching), Operate with
during launch; operational 787, Shuttle damage to
colisions reduce main-
tenance
Radiation protection DC&A ICosmic ray/themal ISS, Shuttle
protection of humans,
lelectronics, and structural
integrity
MMOD resistant DC&A Damage tolerance ISS, SLI (LEO), CEV
Phase 1
Standardized allowables Such as MIL-HDBK-17 All platforms Less testing
m odifications
Environmental durabilty DC&A Use DOE to reduce testing; ISS Longer life
lenvionmental influence on lowers
design maintain-
ance

Figure 2.2-14. Technology Assessment (12 of 16)—Design Criteria and Allowables
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Value/Benefit and Rationale

Perfor- Devel-
Technology Definition Current Example of Bo?ing m:fnce opment _Produc- Operation
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
5. Design Criteria and Allowables
Knockdown factors Develop and justify less 6+ 787 Weight
conservative factors
Safety factors based on aircraft Develop and justify more 6+ 787/IFARs Safety
approach reasonable FSs
Develop NDE standards Design common use 6+ All platforms Less Fewer
composites standards inventory standards
required
Minimum gage specifications Develop composites 787, rotorcraft Weight
standards
Bonded joint DC&A Joint width, thickness, flaw 6+ 787 Weight
size, etc.
Botted joint DC&A FAA 6+ 787 Weight
Inflatable shel DC&A 4-ish  ]In development or vendor Reliabilty,
weight

Figure 2.2-15. Technology Assessment (13 of 16)—Design Criteria and Allowables

Value/Benefit and Rationale
Perfor- Devel-
Technology Definition Current Example ofBo?mg ma.nce opment !’roduc- Operation
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
6. Development, Quality Assurance and Certification
Nondestructive inspection C-scan, X-ray, themo, etc. 6+ All platforms Reliabilty Insp time
methods
QA to structural perfomance Effects of defects 4-sh  ]In development or vendor Reliabiity
correlation
Postdamage reliabiity Tested predicted level of 4-sh  ]In development or vendor Weight
prediction accepted damage tolerance
In situ damage detection and In-flight SHM 5 DC-XA LH2 tank, X-34 Less testing QA Lower maint
prognostics prognostics = TRL 3 wing, AFRL SOV SHM and insp
Structural health monitoring, Groundffiight damage 5 Detlta IV structural Less testing QA
diagnostics, and prognostics detection; prognostics = proof/qualiication testing
TRL3
Hot spot intemogation Design with integrated 5 787 composite damage Less testing QA Lower maint
SHM; Establish minimum detection and insp
complexity
Scaling effects Identify smallest test scale 6+ Shuittle stack (1/4 scale Subscale or
where full envionmental dynamic), ISS ground substruc-
(including in-space) test qual turing to
simulation is required reduce cost
Figure 2.2-16. Technology Assessment (14 of 16)—Development, QA, and Certification
Value/Benefit and Rationale
Perfor- Devel-
Technol Definiti Current Example of Boeing mance opment Produc- Operation
echnology nition TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
6. Development, Quality Assurance and Certification
Certification by analysis Also termed qualification by 6+ Al platforms Weight Less testing
analysis
Certification by simulation System-evel only 44sh  |In development or vendor Weight Less testing
Improved test methods Bonded, bolted, shel, etc. 6+ 787 fuselage panels Weight Less testing
Database development Multiscale 4-sh HSR, CAI Less testing
Accelerated aging and test LDEF, simulation 4-sh HSR Shorter test
methods time
In-space/ground repair methods QA function, applies to 6+ Shuttle LE, 787 Safety Reduce Operational
sandwich, grid, and SSF spares lfe
design concepts
Improved leak detection 02 and H2 detection 5 Shuttle aft fuselage Safety Reliabilty
ground, ascent, and in
space

Figure 2.2-17.
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Value/Benefit and Rationale
Perfor- Devel-
. Current Example of Boeing mance opment Produc- Operation
Technology Definition ) X .
TRL Reference/Experience (weight, Cost tion Cost Cost
safety, etc.) (DDT&E)
7. Design for ThreatEnvironment
MMOD (unarLEO) Tmpact survivabilty [ 1SS, SUT(LEO) Weght,
safety
Lunar dust Contamination, also 3Hish In development or vendor Reliabilty
coatings
Aging in lunar and space Also in deep space 4-ish Satelites (702, etc.) bus Reliabilty Operational
envionment envionment and solar amays, ISS, lfe
MISSE
Static charge (On Earth or Moon) 6+ Satelites (702, etc.) Reliabilty Operational
ife
Themal cycling Lunar polar extreme 6+ HSR, Satelites, 8-t tank Reliabilty Operational
ife
Radiation Cosmic, solar, etc. 6+ ISS, Satelites (702, etc.) EMIEMC, Operational
safety life
Noise Cryofoam, MLI, acoustic 6+ All platforms Cryo, high
blankets (shrouds) temp, LEO
Toxicity and outgassing VOCs 6+ Satelites (702, etc.) Contamina-
tion

Figure 2.2-18. Technology Assessment (16 of 16)—Design for Threat/Environment

2.3 Individual Technology Development Plan

The third part of the technology assessment comprises the individual suggested development
plans of all assessed technologies (Figure 2.3-1 through 2.3-15). At least 30 Boeing subject
matter experts were solicited to obtain a few important development activities. Some
development plans were augmented, substantiated, or obtained from the public domain literature,
which is referenced in Appendix A.

Technology

Definition

Development Plan Options

1. Materials and Processes

cure M&P

JAdvanced autoclave

Includes Ep, toughened
epoxies (including those for
cryo tanks), BMI, P1.
Process = cure cycle

1. Use higher operating temperature toughened Ep and BMI with lower cure temp and
pressure

2. Use higher operating temp thermoplastics with lower consolidation temp and
pressure

3. Improve hydrogen impermeability for cryotanks

4. Employ thin-ply laminates (ref. Tsai)

JAdvanced non-

|autoclave cure M&P

Primarily Epoxy (including
those for cryo tanks)

1. Develop material and process with across-the-board autoclave-like properties
2. Acquire epoxies with a lower cure temp and a higher working temp

protection, efc.

|infusion polymer M&P  [VARTM, CAPRI, etc. 1. Acquire higher temperature resins
2. Develop higher modulus fiber reinforcement
3. Improve rapid preforming
[Sandwich (core) M&P Honeycomb, foam, 1. Design a multifunctional, multicomponent core with strength, thermal, radiation, self-
combined, various materials repair, etc., properties
2. Incorporate sandwich panel purge/vent system integration
3. Use low permeability co-cured sandwich facesheets
Inflatable structure Multifunctional fabrics for 1. Evaluate a TransHab-type MMOD protection concept with potential Constellation
M&P pressure, radiation, MMOD options; impact data is available

High-temperature
lcomposites M&P

Carbon, ceramic, and
refractory metal composites
for very high temperature
engine apps and reentry

(heatshield)

1. Develop/characterize one C-C system with balanced processibility, operating
temperature, properties, integration, operability, and cross-cutting applicability
(including other non-Exploration NASA missions)

2. Develop one well-characterized C-SiC system

Figure 2.3-1. Technology Development Plan (1 of 15)—Materials and Processes
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Technology

Definition

Development Plan Options

1. Materials and Processes

Molding compounds
IM&P

For fittings, padups, and
engine parts (e.g., HexMC)

1. Adapt BCA MCs for space apps

Bonded joining M&P Co-cure, co-bond, and 1. Develop open air plasma treatment for lower cost and cycle time for
(adhesives) secondary cobond/secondary bond applications
Many variants, highly mature.  |2. Develop inspection process for surface preparation prior to secondary bonding
Many industries 3. Scale-up and validate surface energy-based methods developed in CAl program
4. Improve joint design/durability/damage tolerance for cryotanks
5. Develop bonded joint NDE methods (correlate to strength)
Bolted joining M&P Permanent and removable 1. Implement low-cost fasteners for composites
(fasteners) types

Coatings and sealants

For galvanic and other
corrosion, propellant leakage,
EMI, etc.

1. Develop multifunctional, multicomponent coatings (including nano) with thermal,
radiation, repair, etc., properties

2. Implement more durable conductive thermal control coatings

3. Use a chrome-free cryogenic primer for LO2/LH2 cryotanks

4. Develop low-cost conductive thermal control coatings (silicone resin/zinc oxide) for
space applications

Nano-composites

Chemical and physical
enhancements

1. Multifunctional, multicomponent coatings with (electical, thermal, radiation, repair,
acousticmechanical, etc., properties (ref. Rice University/NASA URETI project)

3-D woven preforms

ForY joints and other 3-
dimensional geometry

1. Use 3-D woven ring frames
2. Integrate woven preforms with resin infusion M&P

Figure 2.3-2. Technology Development Plan (2 of 15)—Materials and Processes

high fiber laydown rates

Technology | Definition Development Plan Options
2. Manufacturing Methods
Non-autoclave For Gr/Ep 1. Develop material and process with across-the-board autociave-lke properties
manufacturing Scale-up of oven-cure
methods process
JAutoclave For structures as large as 33-  |1. Define large-scale autoclave (10 m) design, fabrication, operation, and cost
manufacturing ftdia
methods
Fiber placement Tapeftow/broadgoods 1. Increase material laydown rates with multiple head processes for larger scale parts
methods placementmachines for very  |2. Trade hybrid processes that mix 3 in to 12 in tape with 1/8 to 1/2 in tow for optimal

rates
3. Optimize machine configuration for 5 m parts and for 10 m parts (Ares V)
4. Design low-cost, right-sized fiber placement process

Large (reusable)
Jtooling

Monolithic or breakdown.
Address large moments of
inertia, stability and structural
rigidity of rotating tools for
large structures

1. Develop tooling materials and fabrication for large-scale (10 m) cryotanks (optimum
number of parts and joints)

2. [dentify interaction of mass, inertia, and deflection for large scale part on production
equipment and autoclave processes

[Sandwich (core)
manufacturing
methods

Sandwich core machining,
handling, cleaning, splicing,
etc.

1. Implement single-cure for facesheets and core (of various types)
2. Consider all edge details and inserts

Resin Infusion

CAPRI, VARTM, etc

1. Scale-up for integrally reinforced and complex-geometry parts
2. Validate cost/weight savings versus other approaches

In-process inspection
techniques

more important with larger
scales
acceptance methodology

1. Promote in-process inspection —link up with nondestructive inspection methods and
QA to structural performance methods

Ultrasonic curing M&P

also E-beam curing?
Requires specialized
material?

No recommendation

Figure 2.3-3. Technology Development Plan (3 of 15)—Manufacturing Methods
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Technology

Definition

| Development Plan Options

2. Manufacturing Methods

Low-cost (expendable)
|too|ing

Foam and/or low-temp cure
epoxy fabric composites

1. Develop the capability of tooling epoxies with a low cure temperature and a high
working temperature.

|improved assembly
methods

such as self-tooling,
reducing imperfections

and guaranteeing adequate
tolerance

1. Promote determinant assembly (ref. Factory of the Future)
2. Use laser metrology (ref. Cramer)

IInflatable shell
manufacturing

Packing, deployment,

No recommendation

Bonded assembly

co-cured, co-bonded,
secondary

1. Promote a balanced use of bonding and bolting methods

Bolted assembly

bolts, rivets, mechanical
fasteners

1. Adapt 787 technology for low production quantity (less automated)

IMolding compound

For lightly loaded fittings and
frames

1. Develop composite molding for highly loaded fittings and frames

High temp composites
manufacturing

CVD, furnaces

No recommendation

3D reinforcement

Uses stitching, pinning,
weaving, etc. Optional part of
infusion str sys

1. Specify 3D woven fabrics for high-load fittings
2. Implement stitching for high-damage prone applications

Grid-stiffened structure
manufacturing

Trapped rubber and fiber
placement process

1. Scale-up to moderate-scale applications
2. Develop flyaway (foam) tooling

between large sections

use

methods 3. Demo subsystem integration (attachment)
4. Develop low-cost, reusable compaction tooling
5. Develop high-rate grid fabrication processes
Figure 2.3-4. Technology Development Plan (4 of 15)—Manufacturing Methods
Technology | Definition | Development Plan Options
3. Innovative Design
Efficient bolted joints Optimize mechanical fastener |1. Develop an all-composite bolted joint (replace Al or Ti fitting or ring frame)

IMultifunctional designs

Actuation (SMAs)
(strength, thermal, radiation,
acoustic, efc.)

1. Incorporate MMOD-radiation-acoustic protection in structure for long-duration space
applications (ref. ISS)
2. Implement active vibration control for LV payloads

Sandwich designs

Multifunctional structures,
incorporate shielding, TPS in
laminate

1. Minimize weight penalty of openings and joints combine core
2. Develop sandwich for failure-redundant propellant tank with multifunctional core
thermal, MMOD, acoustic

JIsogrid/orthogrid Composite 1. Increase the strength of blade-to-skin attachment
Hybrid GLARE, TiGr, other FMLs for  |1. Develop hybrids for higher-efficiency bolted joints (ref. Fink)
(metal/composite) lower cost and longer fatigue

Tailored composites

Tow steered, variable
stiffness

1. Apply fiber steering to large structures

2. Identify methods of controlling and analyzing steering
3. Perform mechanical testing to validate modeling results
4. Determine weight savings for various structure types

Primarily bonded

Co-cured, cobonded, sec

1. Develop/validate Z-reinforced cobonded/cocured joints for fail safety (composite-

benign failure mode

Jstructures bonded. Limited by size, fail composite and metal-composite joints)
safety 2. Balance bolted and bonded approaches
Stitched designs Eliminate most fasteners, 1. Evaluate stitched designs under MMOD impact

Point load introduction

Fittings (metal/composite), 3-
D woven or other out-of-plane
reinforcement for complex
local loading

1. Use composite fittings with molding compounds or resin infusion

Figure 2.3-5. Technology Development Plan (5 of 15)—Innovative Design

15




@ﬂafl,va

PWDMO08-0005
February 6, 2008

Technology Definition | Development Plan Options
3. Innovative Design
Inflatables (multi- Bigelow, gossamer No recommendation
|functiona| shell, experiments
hatches)
High temperature Ceramic (C/SiCand C-C)and [1. Evaluate X-37 C-SiC development for Orion heatshield
engine and heatshield |refractory metal composites
design

Composite pressure
vessels (nonintegral)

Deleted "overwrap" (with or
without metal or polymer
liner)

high pressure (3-5000psi)

1. Develop tanks with and without polypropylene liner for (1) short-term, then (2) long-
term, storage of cryogenic fluids or gaseous He

Crashworthiness
incorporated in design

For Orion hard landing?

No recommendation

radiation protection

thermal, EMI, efc.)

Jinteraction between Payload fairings/shroud No recommendation
lcomponents (acoustics issues, payload,
efc.)
|Integrated TPS, Co-optimization (also MMOD, [1. Implement sandwich (with septum) designs that enable multi-layer MMOD

protection and leak redudancy

2. Promote the dentification and prioritization of material performance for MMOD and
radiation protection emphasizing materials that provide best for both—particularly in
fiber or resin selection for composites; establish a standard or materials requirement
template for Constellation use

Figure 2.3-6. Technology Development Plan (6 of 15)—Innovative Design

Technology

Definition

Development Plan Options

3. Innovative Design

Lightweight structure
ffor load transfer

High-efficency space frames,
trusses, and shear panels

1. Develop truss structure with integral and/or composite end fittings

component vulnerability

Methods of preventing  |Crack stoppers (discrete 1. Apply stitching to local damage-prone areas only
damage growth feature = SSF design),
softening strips
MMOD resistantdesign  [Whipple/multilayer shields, 1. Investigate further development of the Apollo hypervelocity impact database on

honeycomb cell sizing to minimize channeling effects of honeycomb core; would apply
to composite or metallic honeycomb. (required for honeycomb sandwich use)

2. Work to mitigate the tendency of composites to delaminate and debond upon
hypervelocity impact. (required for composite use)

3. Determine the maximum / optimum height for honeycomb sandwiches; for MMOD,
more space is better (sandwich improvement, i.e., lower priority than 1 and 2)

Skin-stringer-frame
design

Combinations of
bonded/bolted stringers and
frames

1. Minimize fastened parts for minimum weight
2. Design for secondary bonding (with minimum fasteners) of frame caps or other
buildup

Figure 2.3-7. Technology Development Plan (7 of 15)—Innovative Design
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Technology

| Definition

Development Plan Options

4. Analysis, Modeling, and Simulation

[Sandwich analysis

For primary structure (not
control surfaces)

1. Improve analytical techniques for predicting disbond and crack arrestmentin
sandwich structures

lIsogrid/orthogrid
analysis

Composite, tailored integral
stiffening, survivability

1. Automate analysis procedure

Skin-stringer-frame
lanalysis

Optimize SSF structures

1. Analyze stiffener terminations and discontinuities

JAnalysis of effects of Such as missing stitches, 1. Adapt commercial aircraft defect analysis BOK

defects local debonds, porosity

JAnalysis of highly Typically for aerodynamic 1. Study the cost and benefit of highly-tailored composite structures

Jtailored composites wings rotors

Simulated testand "Virtual test" 1. Develop simulations to complement test and evaluation efforts and to lessen the
evaluation need for repetitive testing

Thermo-structural Hot (CMC)-to-cold str (e.g., 1. Adapt X-37 lessons learned to Orion (and other) heatshield

analysis thermally compliantjoints)

Failure Include progressive failure 1. Analyze failure modes

mechanism/prediction

methods at RT or extreme
temperatures

2. Develop a database

Optimization methods

Part of multifunctional and
multiscale systems (not just
structure or macro)

1. Develop multifactor (performance and cost) and multifunctional (structure, radiation,
MMOD, etc.) optiimization techniques

Fatigue/life prediction

Exploration missions are
short term, fatigue-wise

1. Characterize environmental (e.g., thermal cycling) degradation

Figure 2.3-8.

Technology Development Plan (8 of 15)—Analysis, Modeling, and Simulation

Technology

[ Definition

Development Plan Options

4. Analysis, Modeling, and Simulation

Probabilistic risk
assessment

Link up with reliabiltiy and
maintainability allocation; link
up with MMOD risk

1. Evaluate, balance level of engineering data available to support PRAs: MMOD is
usually fairly detailed since design is statistically driven; others often are less
probabilistic in nature

based analysis

based on aircraft approach,
standardized allowable,
optimization methods, and
knockdown factor analysis

assessment 2. Develop common data requirements for Constellation program to use in data set
acquisition and development
3. Document data confidence levels
Reliability-based or risk- |Link up with safety factors 1. Develop a database to support reliability-based design and analysis

2. Link up with factors of safety based on an aircraft approach
3. Develop standardized allowables, optimization methods, and knockdown factor
analysis

Certification to needed
risk or reliability -
similar to Simulated
test and evaluation

Link up with accelerated
aging and test methods,
certification by analysis,
certification by simulation,

1. Develop database to support probabilistic certification

2. Link up with Accelerated aging and test methods, certification by analysis,
certification by simulation, improved test methods, and postdamage detection and
prognostics.

Risk-based or reliability-

based
maintenance —similar
to fatiguellife prediction

Link up with NDE standard, in
situ damage detection and
prognostics, structural health
monitoring, diagnostics, and
prognostics, postdamage
reliability prediction, damage
tolerance DC&A, in-
space/ground repair methods

1. Develop a database to support reliability-based maintenance program

2. Link up with NDE standard, in situ damage detection and prognostics, structural
health monitoring, diagnostics, and prognostics, postdamage reliability prediction,
damage tolerance DC&A, in-space/ground repair methods

Hierarchical analysis

Substructuring

1. Develop the hierarchical analysis of structural systems
2. Link up with nanotech efforts

Figure 2.3-9. Technology Development Plan (9 of 15)—Analysis, Modeling, and Simulation
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Technology

| Definition

| Development Plan Options

4. Analysis, Modeling, and Simulation

Ilnternal and residual
stress analysis

Typically limited to thick
and/or thermal gradients

1. Minimize residual stresses through cure cycle optimization

Scaling and validation

Especially large propellant
tanks

1. Implement scaling and validation of scaled composites (ref. esp. Johnson, Morton,
Kellas, and Jackson)

MMOD impact analysis

Spacecraft kinetic threat

asessment (like Bumper)

survivability and vulnerability

1. Automate the transfer of CAD models into Bumper-compatible formats

2. Continue algorithm development —the shadowing algorithm in Bumper has
restrictions on relative size of elements; work has been done on ISS to develop new
algorithm to remove this restriction (models from #1 tend to have significant variation
in element sizing)

3. Improve body of knowledge on failure criteria as itis a significant source of impact
analysis error. Need to plan for agency/industry wide development of common
database; on ISS we're trying to obtain residual asset hardware for impact testing with
some success; this approach needs to be expanded

Bonded joint analysis

Optimize bonding, adhesion

1. Apply new 3D parametric FEM tools to bonded joints

2. Enable inclusion of nonlinear behavior and both peel and shear stress in bondline,
and be able to predict both cohesive failures in adhesive as well as failures in
composite adherends in one integrated anlysis model

3. Use Strain Invariant Failure Theory for damage initiation and growth prediction in
both adhesive layer and surrounding composite plies

4. Use new fracture interface element methods for damage growth predictions.
Analytical tools exist, but need to measure appropriate materials properties and
validate across a range of joint designs and environments

Bolted joint analysis

Optimize fastener use

1. Incorporate thermal effects, seals and leakage

Inflatable structure
|ana|ysis

No recommendation

|Costanalysis

P-BEAT, COSTADE

1. Validate tools with hardware design, build, and test

Figure 2.3-10.

Technology Development Plan (10 of 15)—Analysis, Modeling, and Simulation

Technology

| Definition

| Development Plan Options

5. Design Criteria and Allowables

Damage tolerance
DC&A

Not MMOD; bird strike during
launch; operational collisions

1. Characterize acceptable and reasonable levels and likelihood of damage for
complete life cycle (with and without on-board SHM)

Radiation protection
DC&A

of humans, electronics, and
structural integrity

Cosmic ray/thermal protection

1. Characterize materials evaluation/assessment; particle transport and dose
attenuation in lunar environment

durability DC&A

testing. Influence of
environmenton design

MMOD resistant DC&A  |Damage tolerance 1. Develop improved failure critera, mainly through impact testing; including database
of all performed nonproprietary impact tests and developed equations (ref. JSC good
database)

2. Document confidence levels in the data

Standardized Such as MIL-HDBK-17 1. Develop and standardize body of knowledge on allowables

allowables modifications

Environmental Such as DOE to reduce 1. Empirically establish environmental effects on most likely (cross-cutting) structural

systems

Figure 2.3-11. Technology Development Plan (11 of 15)—Design Criteria and Allowables
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Technology

| Definition

Development Plan Options

5. Design Criteria and Allowables

Knockdown factors

Develop and justify less
conservative factors

1. Validate knockdown factors with probabilistic analysis

Safety factors based
on aircraft approach

Develop and justify more
reasonable FSs

1. Trade the levels of test, analysis, and allowable safety factors (commercial and
military AC can amortize extensive testing and analysis)

2. Evaluate the use of qualified commercial or military aircraft systems with FAA-
approved factors of safety

Develop NDE Design common use 1. Develop standards for NDE during product development
Istandards composites standards

Minimum gage Develop composites 1. Evaluate extra-thin prepreg tape while considering all other criteria
specifications standards

Bonded joint DC&A

Joint width, thickness, flaw
size, efc.

1. Adapt FAA criteria for space applications

Bolted joint DC&A

FAA

1. Adapt FAA criteria for space applications

|Inflatable shell DC&A

No recommendation

Figure 2.3-12. Technology Development Plan (12 of 15)—Design Criteria and Allowables

Technology

| Definition

Development Plan Options

6. Development, Quality Assurance, and Certification

Nondestructive
Jinspection methods

C-scan, X-ray, thermo, etc.

1. Scale-up and validate the laser-based inspection device (LBID) for interrogating the
strength of bonded joints
2. Develop ultrasonic phased-array technology

QA to structural
performance
correlation

Effects of defects

1. Scale-up and validate LBID for interrogating the strength of bonded joints

Postdamage reliability
prediction

Tested predicted level of
accepted damage tolerance

1. Develop postdamage reliability prediction methods to determine availability versus
given flight risks
2. Link-up with damage tolerance design criteria and allowables

IIn situ damage
detection and
prognostics

In-flight SHM
prognostics=TRL 3

1. SHMreasoner —develop an integrated SHM reasoner that will integrate multisensor
systems to detect, diagnose, and report structural health information for supporting
mission planning and maintenance actions

2. Adaptflight system testing and qualification to in situ methods

Structural health
monitoring,
diagnostics, and
prognostics

Ground damage detection
prognostics=TRL 3

1. Develop diagnostic criteria for various damage/failure modes that are of concern to
structural test and production

2. Develop tools and processes for structural health monitoring, diagnostics, and
prognostics

Hot spotinterrogation

Design with integrated SHM
and minimum overall
complexity

1. Develop enhanced diagnostic capability with a minimum complexity added to the
structures

Scaling effects

Identify smallest test scale
where full environmental
(including in-space)
simulation is required

1. Analytically model and experimentally verify the scaling of large cryotank structures

Figure 2.3-13.

Technology Development Plan (13 of 15)—Development, QA, and Certification
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Technology |

Definition

Development Plan Options

6. Development, Quality Assurance, and Certification

Certification by Also termed qualification by 1. Assess probabilistic certification methodology (ref. Han-Pin Kan)

|analysis analysis

Certification by System-level only 1. Develop simulation methods for certification of flight structures esp. for uninhabited
simulation vehicles

|Improved test methods

Bonded, bolted, shell, etc.

1. Standardize MMOD certification; currently variations exist between programs that
produce nontrivial cost and weightimpacts on certification

[Database development

Multiscale

1. Promote the development of a certification body of knowledge (BOK) and database
2. Link up with the adaptation of commercial aircraft BOK for the certification of
composite airstructures

[Accelerated aging and
Jtest methods

LDEF, simulation

1. Assess probabilistic aging method (ref. Torng)
2. Review HSR methods

|In-space/ground repair
methods

QA function; applies to
sandwich, grid, and SSF
design concepts

1. Investigate self-healing methods

IImproved leak
detection

02 and H2 detection ground,
ascent, and in space

1. Develop fiber-optic sensors for lightweight and higher reliability
2. Develop noncontact leak detectors

Figure 2.3-14. Technology Development Plan (14 of 15)—Development, QA, and Certification

Technology | Definition Development Plan Options

7. Design for Threat/Environment

MMOD (lunar/LEO) Impact survivability 1. Develop ultra-high-speed (15 - 20 km/sec) launch capability to characterize meteor
impact effects; three-stage light gas guns are under development, but not
"production"; integrate Navy's development work with rail guns for weaponry and
general increases in materials technology (ability to withstand high rail contact
pressures during launch at higher velocities) may have enabled technology

Lunar dust Contamination, also coatings | 1. Incorporate NASA Glenn antidust coatings for lunar and Mars dust —a coating of

Americium-241 paint to neutralize the electrostatic charge on the dust particles
2.Repeat LDEF on lunar surface or atLLO

JAging in lunar and
Ispace environment

Also in deep space
environment

1. Repeat LDEF on lunar surface or atLLO

Static charge

(On Earth or Moon)

1. Study static charge mitigation in structures for both dust repulsion and the
management of ESD risks to life and electronics

[Thermal cycling

Lunar polar extreme

1. Repeat LDEF on lunar surface or atLLO

Radiation Cosmic, solar, efc. 1. Radiation effects on electronics parts using lunar LDEF
Noise Cryofoam, MLI, acoustic 1. Use multifunctional sandwich structures
blankets (shrouds)
Toxicity and VOCs 1. Repeat LDEF on lunar surface or atLLO
outgassing

Figure 2.3-15. Technology Development Plan (15 of 15)—Design for Threat/Environment
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3.0 STRUCTURAL SYSTEM ASSESSMENT
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3.1 Definition of Structural Systems

The first part of this section is a definition of a structural system, a fundamental concept used
in this study. The technologies evaluated in this study are organized into sets termed structural
systems. A structural system consists of a number of unique technologies and selected common
technologies (Figure 3.1-1). The study assessment evaluates 24 rigid shell structural systems
with respect to the Constellation elements. In addition, two joint structural systems are defined
and become an integral part of the technology recommendations. There are also a set of common
technologies that apply equally to all rigid shell and joint structural systems.

A typical composite structural system consists of three constituent types—material, design
concept, and manufacturing method (Figure 3.1-2). A few major options for each constituent
type were selected in this assessment. Material options include lower performance and cost
Gr/Ep, and higher performance and cost Gr/Ep Fabrication methods include fiber placement
(includes filament winding), Resin infusion, and hand layup. Design concepts include skin-
stringer-frame, iso/orthogrid, sandwich, and monocoque. Given these nine constituents, there are
24 possible structural systems.

Figures 3.1-3 through 3.1-8 describe the unique technologies associated with each of the 24
rigid shell structural systems. Each structural system has a three-component abbreviation as
defined on the right side of the figures. For example, structural system 1 comprises a relatively
lower performance and cost composite material, fiber placement and non-autoclave curing
manufacturing, and skin-stringer-frame design and analysis. This structural system, like all of the
other systems, also requires many of the Common technologies listed previously that are
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associated with the categories of Design Criteria and Allowables; Development, QA, and
Certification; and Design for Threat/environment. Structural system 1 is abbreviated LoMat-
Fiber-SSF.

Joint structural systems consist of a set of technologies with the same seven categories as for
the rigid shell structural systems (Figure 3.1-9). The bonded joint structural system consists of
adhesives M&P, bonded assembly manufacturing, primarily bonded structures design, and
bonded joint analysis technology. The Design Criteria, Development, and Threat categories
include a number of common technologies, the specific technologies depending on the particular
Constellation application. A similar definition applies to the bolted joint structural system.

NASA provided a list of technologies early in the study period. Many of those technologies
are necessary for any rigid shell or joint structural system. As such, these common technologies
are aggregated in Figure 3.1-10 and are an essential part of any future development program,
regardless of which unique shell or joint structural system is selected.

Unique technologies Common technologies

1 Materidisand Processes
Coalingsand seslants

InnovaiveDesign
Mulunciona designs
Tailored composites
Interacion between components
Mehods of prevening damagegrowth
4 Analysis Modeiing and Sim
Anaysisofeflecisof defects
Andysis of highly ilored composites
Simulated testand evaluaion
Thermosructural andysis
Failuremechanismipredicion

24 Rigid Shell
Structural Systems

Internal and residual sress analysis

5 Design Criteriaand Allowables
Damageolerance DCEA
Stndardized Alowables
Environmentd durabiiity DCBA
Knoddown fctors
Safely factors based on araatapproach
Develop NDE sendards
Minimum gage spedficaions

6 Development, QAand Cert
Nondestrucivelnspecion Methods.
QAo Strudura Performance Correlion
Postdamagerelizbiliy predicion
In it Damage Detection and Prognostics
Stuctural health monitoring, diagnastics, and progrnostics
Hotspotinterrogation
Certificaion by analysis
Cerfificaion by simulation

Improved tstmehods.
Detzbase development
Inspacdground repar methods.

MMOD (unarLEO)

Lunar dust

= Agingin lunar and spaceenvironment
i Stiiccharge

2 Joint
Structural Systems

i
i

34 aiF%
;

Figure 3.1-1. Structural Systems—Overview
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Constituent Type

1. Materials and
Processes
Material System

2. Manufacturing Methods

3. Innovative Design

Fabrication

Design

Structural
System

Low Perf
and Cost

High Perf
and Cost

Fiber
Placement

Resin
Infusion

Hand Layup

Iso/

SSF Orthogrid

Sandwich Monocoque

Figure 3.1-2. 24 Structural systems organize a wide range of related structures technologies.

1. Materials and 2. Manufacturing 3. Innovative 4. Analysis, 5. Design 6. Develop-ment, | 7. Design for System Component
WIS, Processes Methods Design Modeling, and Criteria and QA, and Threats
Rigid Simulation Allowables Certification Material Fab Design
1 Advanced non-  [Non-autoclave Skin-stringer- SSF analysis No unique No unique No unique LoMat Fiber SSF
autoclave cure manufacturing frame design (Common) (Common) (Common)
M&P methods
Fiber placement
methods
2 Advanced non-  |Non-autoclave Isogrid/ Isogrid and No unique No unique No unique LoMat Fiber Grid
autoclave cure manufacturing orthogrid orthogrid (Common) (Common) (Common)
M&P methods designs analysis
Fiber placement
methods
3 Advanced non- Non-autoclave Sandwich Sandwich No unique No unique No unique LoMat Fiber Sand
autoclave cure manufacturing designs analysis (Common) (Common) (Common)
M&P methods
Sandwich (core) Sandwich (core)
M&P manufacturing
methods
Fiber placement
methods
4 Advanced non- Non-autoclave Lightweight No unique No unique No unique No unique LoMat Fiber Mono
autoclave cure manufacturing structure for (Common) (Common) (Common) (Common)
M&P methods load transfer
Fiber placement
methods

Figure 3.1-3. Rigid Shell Structural Systems (1 of 6)
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1. Materials and 2. Iring 3. Innovative 4. Analysis, 5. Design 6. Develop-ment, 7. Design for System Component
Shells, Processes Methods Design Modeling, and Ciiteria and QA, and Threats
Rigid Simulation Allowables Certification Material Fab Design
5 Infusion polymer  |Resin Infusion Skin-stringer- SSF analysis No unique No unique No unique LoMat | Infusion SSF
M&P manufacturing frame design (Common) (Common) (Common)
methods
6 Infusion polymer Resin Infusion Isogrid/ Isogrid and No unique No unique No unique LoMat | Infusion Grid
M&P manufacturing orthogrid orthogrid (Common) (Common) (Common)
Sandwich (core) methods designs analysis
M&P
7 Infusion polymer  |Resin Infusion Sandwich Sandwich No unique No unique No unique LoMat | Infusion Sand
M&P manufacturing designs analysis (Common) (Common) (Common)
methods
Sandwich (core)
8 Infusion polymer  |Resin Infusion Lightweight No unique No unique No unique No unique LoMat | Infusion Mono
M&P manufacturing structure for (Common) (Common) (Common) (Common)
methods load transfer
Figure 3.1-4. Rigid Shell Structural Systems (2 of 6)
1. Materials and | 2. Manufacturing 3. Innovative 4. Analysis, 5. Design 6. Develop-ment, | 7. Design for System Component
Shells, Processes Methods Design Modeling, and Criteria and QA, and Threats
Rigid Simulation Allowables Certification Material Fab Design
9 Advanced non- Non-autoclave Skin-stringer- SSF analysis No unique No unique No unique LoMat Hand SSF
autoclave cure manufacturing frame design (Common) (Common) (Common)
M&P methods
10 Advanced non- Non-autoclave Isogrid/ Isogrid and No unique No unique No unique LoMat Hand Grid
autoclave cure manufacturing orthogrid orthogrid (Common) (Common) (Common)
M&P methods designs analysis
11 IAdvanced non- Non-autoclave Sandwich Sandwich No unique No unique No unique LoMat Hand Sand
Jautoclave  cure manufacturing designs analysis (Common) (Common) (Common)
M&P methods
Sandwich (core)
manufacturing
methods
12 IAdvanced non- Non-autoclave Lightweight No unique No unique No unique No unique LoMat Hand Mono
autoclave _ cure manufacturing structure for (Common) (Common) (Common) (Common)
IM&P methods load transfer
Figure 3.1-5. Rigid Shell Structural Systems (3 of 6)
1. Matenals and 2. Manufacturing 3. Innovative 4. Analysis, 5. Design 6. Develop-ment, | 7. Design for System Component
“Shells, | Processes Methods Design Modeling, and Criteria and QA, and Threats
Rigid Simulation Allowables Cettification Material Fab Design
13 Advanced Autoclave Skin-stringer- SSF analysis No unique No unique No unique HiMat Fiber SSF
autoclave cure manufacturing frame design (Common) (Common) (Common)
M&P methods, Fiber
placement methods
14 Advanced Autoclave Isogrid/ Isogrid and No unique No unique No unique HiMat Fiber Grid
autoclave cure manufacturing orthogrid orthogrid (Common) (Common) (Common)
M&P methods designs analysis
Sandwich (core) Fiber placement
M&P methods
15 Advanced Autoclave Sandwich Sandwich No unique No unique No unique HiMat Fiber Sand
autodave cure manufacturing designs analysis (Common) (Common) (Common)
M&P methods
Sandwich (core)
manufacturing
methods
Fiber placement
methods
16 Advanced Autoclave Lightweight No unique No unique No unique No unique HiMat Fiber Mono
autoclave cure manufacturing structure for (Common) (Common) (Common) (Common)
M&P methods load transfer
Fiber placement
methods

Figure 3.1-6. Rigid Shell Structural Systems (4 of 6)
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1. Materials and | 2. Manufacturing 3. Innovative 4. Analysis, 5. Design 6. Develop-ment, | 7. Design for System Component
Shells, Processes Methods Design Modeling, and Criteria and QA, and Threats
Rigid Simulation Allowables Certification Material Fab Design
17 Advanced Resin Infusion Skin-stringer- SSF analysis No unique No unique No unique HiMat Infusion SSF
autoclave cure manufacturing frame design (Common) (Common) (Common)
M&P methods
18 Advanced Resin Infusion Isogrid/ Isogrid and No unique No unique No unique HiMat Infusion Grid
autodave cure manufacturing orthogrid orthogrid (Common) (Common) (Common)
M&P methods designs analysis
Sandwich (core)
M&P
19 Advanced Resin Infusion Sandwich Sandwich No unique No unique No unique HiMat | Infusion Sand
autoclave cure manufacturing designs analysis (Common) (Common) (Common)
M&P methods
20 Advanced Resin Infusion Lightweight No unique No unique No unique No unique HiMat Infusion Mono
autoclave cure manufacturing structure for (Common) (Common) (Common) (Common)
M&P methods load transfer
Figure 3.1-7. Rigid Shell Structural Systems (5 of 6)
1. Materials and 2. Manufacturing 3. Innovative 4. Analysis, 5. Design 6. Develop-ment, | 7. Design for System Component
§He||s, Processes Methods Design Modeling, and Criteria and QA, and Threats
Rigid Simulation Allowables Cettification Material Fab Design
21 Advanced Autoclave Skin-stringer- SSF analysis No unique No unique No unique HiMat Hand SSF
autoclave cure manufacturing frame design (Common) (Common) (Common)
M&P methods
22 Advanced Autoclave Isogrid/ Isogrid and No unique No unique No unique HiMat Hand Grid
autoclave cure manufacturing orthogrid orthogrid (Common) (Common) (Common)
M&P methods designs analysis
23 Advanced Autoclave Sandwich Sandwich No unique No unique No unique HiMat Hand Sand
autoclave cure manufacturing designs analysis (Common) (Common) (Common)
M&P methods
Sandwich (core) Sandwich (core)
M&P manufacturing
methods
24 Advanced Autoclave Lightweight No unique No unique No unique No unique HiMat Hand Mono
autoclave cure manufacturing structure for (Common) (Common) (Common) (Common)
M&P methods load transfer
Figure 3.1-8. Rigid Shell Structural Systems (6 of 6)
1. Materials and 2. Manufacturing 3.Innovative 4. Analysis, 5.Design 6. Develop-ment, 7.Design for
Processes Methods Design Modeling, and Criteria and QA,and Threats
Simulation Allowables Certification
Bonded |Bonded joining Bonded assembly Primarily Bonded joint No unique No unique No unique
Joints M&P (adhesives) bonded analysis (Common) (Common) (Common)
3-D woven structures
preforms
Bolted |Bolted joining Bolted assembly Efficient bolted Bolted joint No unique No unique No unique
Joints M&P (fasteners) joints between analysis (Common) (Common) (Common)
3-D woven large sections
preforms

Figure 3.1-9. Joint Structural Systems
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1. Materials and Processes
Coatings and sealants

2. Manufacturing Methods
In-process inspection techniques

3. Innovative Design
Multifunctional designs
Tailored composites
Interaction between components
Methods of preventing damage growth

4. Analysis , Modeling, and Simulation
Analysis of effects of defects
Analysis of highly tailored composites
Simulated test and evaluation

6. Development, QA, and Certification
Nondestructive inspection methods
QA to structural performance correlation
Postdamage reliability prediction
In situ damage detection and prognostics
Structural health monitorin g, diagnostics, and prognostics
Hot spot interrogation
Certification by analysis
Certification by simulation
Improved test methods
Database development
In-space/ground repair methods

7. Threat/Environment
MMOD (lunar/LEO)

Thermo -structural analysis
Failure mechanism/prediction
Optimization methods
Fatigue/life prediction
Probabilistic analys is
Hierarchical analysis

Lunar dust

Thermal cyclin g

Aging in lunar and space environment
Static charge

Radiation

Noise

Intemal and residual stress analysis

5. Design Criteria and Allowables
Damage tolerance DC&A
Standardized Allowables
Environmental durability DC&A
Knockdown factors
Safety factors based on aircraft approach
Develop NDE sta ndards
Minimum gage specifications

Toxicity and outgassing

Figure 3.1-10. Common Technologies

3.2 Four-Factor Rating of Structural System

The second part of the structural system assessment is a four-factor rating of each structural
system. This rating will be used in subsequent Technical fit and Program Fit analyses.

A simplified rating scale allows for the relative and subjective comparison of the structural
system constituents with respect to performance, development cost, production cost, and
operations cost criteria. A brief rationale is provided. In general, the cost factors are defined in
terms of cost reduction (or avoidance) potential. This definition allows the scoring to indicate
that a higher score is better, such that more cost reduction is potentially available from a
particular constituent. Also, monocoque design is a separate type of structure which cannot be
directly compared with the other design concepts. As indicated in the Technical, Program fit, and
Technical-Program fit spreadsheets, monocoque is applicable to certain structural elements. For
example. monocoque performance is exceptionally high for pressure vessels. Since monocoque
is only applied to such pressure-only applications, then its rating is given a 3 (high).

A simple 3-point rating scale allows for the relative and subjective comparison of the
structural system constituents with respect to performance and development cost avoidance
criteria (Figure 3.2-1). Higher performance is associated with autoclave curing materials, fiber
placement manufacturing, and sandwich (or monocoque) design. Higher development cost
avoidance is associated with well-established autoclave-cured epoxy composites, non-automated
hand layup fabrication, and lower-part-count sandwich (or monocoque) design.

The relative and subjective comparison of the structural system constituents with respect to
production cost avoidance and operations cost avoidance criteria is provided in Figure 3.2-2.
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Higher production cost avoidance is associated with non-autoclave curing materials, hand layup
manufacturing, and sandwich (or monocoque) design. Higher operations cost avoidance is
associated with toughened epoxy composites, infusion manufacturing (with stitching for
durability), and grid or stiffened designs for easier inspection.

The performance rating of each structural system is based on the performance of the
constituent material, fabrication method, and design concept (Figure 3.2-3). The constituent
ratings are applied to each structural system. The rating of each structural system is the addition
of the ratings of the three constituents. The ratings are then converted to a three-point (1-3) score
that will be used in the intersection analysis. Structural system 15 (toughened Gr/Ep, tape
placement manufacturing, and sandwich design) has the highest non-monocoque performance.
Structural system 16, the highest-performance monocoque system, consists of toughened Gt/Ep,
tape placement manufacturing, and monocoque design.

The development cost avoidance of each structural system is based on the development cost
avoidance of the constituent material, fabrication method, and design concept (Figure 3.2-4).
Structural system 23 (toughened Gr/Ep, hand layup, sandwich) has the highest development cost
avoidance (or lowest development cost). Structural system 24 (toughened Gr/Ep, hand layup,
monocoque) has the highest development cost avoidance for a monocoque system.

The production cost avoidance of each structural system is based on the production cost
avoidance of the constituent material, fabrication method, and design concept (Figure 3.2-5).
Structural system 3 (non-autoclave Gr/Ep, fiber placement, sandwich) and Structural system 4
(non-autoclave Gr/Ep, fiber placement, monocoque) have the highest production cost avoidance.

The operation cost avoidance of each structural system is based on the operation cost
avoidance of the constituent material, fabrication method, and design concept (Figure 3.2-6). Of
the monocoque systems, Structural system 20 (toughened Gr/Ep, infusion, monocoque) has the
highest operation cost avoidance. Other than non-monocoque systems, Structural systems 17
(toughened Gr/Ep, infusion, SSF) and 18 (toughened Gr/Ep, infusion, grid) have the highest
operation cost avoidance.

The normalized scores are summarized to indicate the highest value structural systems in
terms of performance, development cost avoidance, production cost, and operations cost
avoidance (Figure 3.2-7). This result is purely generic and does not consider Constellation
requirements. The requirements criticality of the Constellation elements will significantly affect
the applicability (“value added”) of a particular structural system. These normalized scores will
be used in the intersection analysis. In general, sandwich-based structural systems tend to have
the highest performance. Hand-layup structural systems tend to have the highest development
cost avoidance (lowest development cost). Non-autoclave-cure structural systems have the
highest production cost avoidance (lowest production cost). Resin infusion-based structural
systems have the highest operation cost avoidance (lowest operation cost).
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Relative
Value Rationale
Material LoMat 1 Lower allowables at temp
HiMat 3 Higher allowables at temp
Fabrication | Infusion 1 Fabric preforms
Hand 2 Prepreg limited placement
Fiber 3 Optimum fiber volume, placement
Design SSF 1 More holes, knockdowns
Grid 2 Integral, fewer joints
Sand 3 High buckling allowable, large acreage
Mono 3 Efficient for pressure and tubes only
Development Cost Avoidance
Relative
Value Rationale
Material LoMat 1 Few flying spacecraft parts
HiMat 3 More flying spacecraft parts
Fabrication | Infusion 1 Limited aerospace experience
Fiber 2 Many wound parts; machine development required
Hand 3 More aerospace applications
Design Grid 2 Fewer parts, lower aerospace experience
SSF 2 Higher parts, higher primary structure experience
Sand 3 Fewer parts, higher primary structure experience
Mono 3 Fewest parts, higher aerospace experience

Figure 3.2-1. Structural System Constituent Rating Scales (1 of 2)

Production Cost Avoidance

Relative
Value Rationale
Material HiMat 1 Autoclave, hard tooling
LoMat 3 Non-autoclave, soft tooling
Fabrication Hand 1 Less setup, not as scalable
Infusion 2 More setup, scalable (boats)
Fiber 3 Less setup, scalable
Design SSF 1 More parts, more complex tooling
Grid 2 Fewer parts, more complex tooling
Sand 3 Fewer parts, less complex tooling
Mono 3 Fewer parts, less complex tooling

Operations Cost Avoidance

Relative
Value Rationale
Material LoMat 1 Untoughened —more repair
HiMat 3 Toughened —less repair
Fabrication Hand 1 More tailored
Fiber 2 Less tailored
Infusion 3 Assume stitched
Design Sand 1 Difficult inspection, difficult repair
SSF 2 Easier inspection, harder repair
Grid 2 Easier inspection, harder repair
Mono 3 Easiest inspection and repair

Figure 3.2-2. Structural System Constituent Rating Scales (2 of 2)
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Structural System

Total Performance Rating
4 5 6 7 8 9

System Component Constituent Score Total
Sys Matl Fab Design Matl Fab | Design | Score
1 LoMat Fiber SSF 1 8 1 5
2 LoMat Fiber Grid 1 8 2 6
3 LoMat Fiber Sand 1 3 3 7
4 LoMat Fiber Mono 1 3 8 7
5 LoMat | Infusion SSF 1 1 1 3
6 LoMat | Infusion Grid 1 1 2 4
7 LoMat | Infusion | Sand 1 1 8] 5
8 LoMat | Infusion | Mono 1 1 3 5
9 LoMat Hand SSF 1 2 1 4
10 LoMat Hand Grid 1 2 2 5
11 LoMat Hand Sand 1 2 3 6
12 LoMat Hand Mono 1 2 3 6
13 HiMat Fiber SSF 3 8 1 7
14 HiMat Fiber Grid 3 8 2 8
15 HiMat Fiber Sand 3 3 3 9
16 HiMat Fiber Mono 3 8 3 9
17 HiMat | Infusion SSF 3 1 1 5
18 HiMat | Infusion Grid 3 1 2 6
19 HiMat [ Infusion | Sand 3 1 3 7
20 HiMat | Infusion | Mono 3 1 3 7
21 HiMat Hand SSF 3 2 1 6
22 HiMat Hand Grid 3 2 2 7
23 HiMat Hand Sand 3 2 3 8
24 HiMat Hand Mono 3 2 3 8
Rating | Score Description
35 1 Lower weight savings
6-7 2 |Medium weight savings
8-9 3 |Higher weightsavings

Figure 3.2-3. Structural System Performance Rating
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Structural System

a o
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Development Cost Avoidance Rating
3 4 5 6 7 8 9

30

System Component Constituent Score Total

Sys | Matl Fab |Design | Matl Fab |Design | Score
1 LoMat | Fiber | SSF 1 2 2 5
2 |LoMat | Fiber | Grd 1 2 2 5
3 |LoMat | Fiber | Sand 1 2 3 6
4 |LoMat| Fiber | Mono 1 2 3 6
5 LoMat [Infusion | SSF 1 1 2 4
6 LoMat [Infusion | Grid 1 1 2 4
7 | LoMat (infusion [ Sand 1 1 3 5
8 | LoMat |Infusion | Mono 1 1 3 5
9 LoMat | Hand SSF 1 3 2 6
10 |LoMat | Hand Grid 1 3 2 6
11 |LoMat | Hand | Sand 1 3 3 7
12 | LoMat | Hand | Mono 1 3 3 7
13 | HiMat | Fiber | SSF 3 2 2 7
14 | HiMat | Fiber | Grid 3 2 2 7
15 | HiMat | Fiber | Sand 3 2 3 8
16 | HiMat | Fiber | Mono 8 2 3 8
17 | HiMat |Infusion | SSF 8 1 2 6
18 | HiMat |Infusion | Grid 8 1 2 6
19 | HiMat {Infusion [ Sand 3 1 3 7
20 | HiMat [Iinfusion | Mono & 1 & 7
21 | HiMat | Hand | SSF 3 3 2 8
22 | HiMat | Hand Grid 8 8 2 8
23 | HiMat | Hand | Sand 3 3 3 9
24 | HiMat | Hand | Mono 3 3 3 9

Rating | Score Description

35 1  [Lowerweightsavings

6-7 2 |Medium weight savings

8-9 3 [Higher weight savings

Figure 3.2-4.

Structural System Development Cost Avoidance Rating
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System Component Constituent Score Total
Sys Matl Fab Design Matl Fab | Design | Score
1 LoMat Fiber SSF & 8 1 7
2 LoMat Fiber Grid 3 3 2 8
3 LoMat Fiber Sand 3 3 3 9
4 LoMat Fiber Mono & 3 3 9
5 LoMat Infusion SSF & 2 1 6
6 LoMat | Infusion Grid 3 2 2 7
7 LoMat | Infusion Sand 3 2 3 8
8 LoMat | Infusion Mono 3 2 3 8
9 LoMat Hand SSF 3 1 1 5
10 LoMat Hand Grid 3 1 2 6
11 LoMat Hand Sand & 1 8 7
12 LoMat Hand Mono & 1 8 7
13 HiMat Fiber SSF 1 38 1 5
14 HiMat Fiber Grid 1 3 2 6
15 HiMat Fiber Sand 1 3 3 7
16 | HiMat | Fiber | Mono 1 3 3 7
17 HiMat Infusion SSF 1 2 1 4
18 HiMat Infusion Grid 1 2 2 5
19 HiMat Infusion Sand 1 2 3 6
20 HiMat | Infusion Mono 1 2 3 6
21 HiMat Hand SSF 1 1 1 3
22 HiMat Hand Grid 1 1 2 4
23 HiMat Hand Sand 1 1 3 5
24 HiMat Hand Mono 1 1 8 5
Rating | Score Description
35 1 |Lower weightsavings
6-7 2 |Medium weight savings
8-9 3 [Higher weightsavings

WN =20 0OoO~NOOAARWN-=

= A aa

tural System

-
N

15}

Production Cost Avoidance

Rating
4 5 6 7 8 9
| | | |
I Il Il i
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Figure 3.2-5. Structural System Production Cost Avoidance Rating
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System Component Constituent Score Total
Sys Matl Fab Design Matl Fab | Design | Score
1 LoMat Fiber SSF 1 2 2 5
2 LoMat Fiber Grid 1 2 2 5
3 LoMat Fiber Sand 1 2 1 4
4 LoMat Fiber Mono 1 2 8 6
5 LoMat | Infusion SSF 1 3 2 6
6 LoMat | Infusion Grid 1 3 2 6
7 LoMat | Infusion Sand 1 3 1 5
8 LoMat | Infusion Mono 1 3 5 7
9 LoMat Hand SSF 1 1 2 4
10 LoMat Hand Grid 1 1 2 4
11 LoMat Hand Sand 1 1 1 3
12 LoMat Hand Mono 1 1 3 5
13 HiMat Fiber SSF 3 2 2 7
14 HiMat Fiber Grid 3 2 2 7
15 HiMat Fiber Sand 3 2 1 6
16 HiMat Fiber Mono 3] 2 3 8
17 HiMat Infusion SSF 3 3 2 8
18 HiMat Infusion Grid 3 3 2 8
19 HiMat | Infusion Sand 3 3 1 7
20 HiMat | Infusion Mono 3 3 3 9
21 HiMat Hand SSF 3 1 2 6
22 HiMat Hand Grid 3 1 2 6
23 HiMat Hand Sand 3 1 1 5
24 HiMat Hand Mono 3 1 8 7
Rating | Score Description
35 1 |Lowerweightsavings
6-7 2 |Medium weight savings
8-9 3 |Higher weight savings

Structural System

© 00 N O b WN =

a A A a a
A W N = O

15

Operations Cost Avoidance Rating
3 4 5 6 7 8 9

Figure 3.2-6. Structural System Operation Cost Avoidance Rating
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Total Score Normalized Score
Dvt Prod Ops Performance Dvt Cost | Prod Cost | Ops cost

'U
©
3

Sys | Matl Fab Design

LoMat Fiber SSF
LoMat Fiber  Grid
LoMat Fiber Sand
LoMat Fiber Mono
LoMat Infusion SSF
LoMat Infusion Grid
LoMat Infusion Sand
LoMat Infusion Mono
9 LoMat Hand SSF
10 | LoMat Hand  Grid
11 | LoMat Hand Sand
12 | LoMat Hand Mono
13 | HiMat Fiber SSF
14 | HiMat Fiber  Grid
15 | HiMat Fiber Sand
16 | HiMat  Fiber Mono
17 | HiMat Infusion SSF
18 | HiMat Infusion Grid
19 | HiMat Infusion Sand
20 | HiMat Infusion Mono
21 | HiMat Hand SSF
22 | HiMat Hand Grid
23 | HiMat Hand Sand
24 | HiMat Hand Mono
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Figure 3.2-7. Summary of Structural System Normalized Scores
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Technology T T T 3%
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it search, Bosing A

s
Constellation element
assessment
{fimne to PDR, i
oo High-fit intersection
description
{Rafionale for structural
system application)

4.1 Constellation Element Description

The NASA Constellation program consists of several major transportation and lunar surface
elements. Each major element in turn consists of structural elements that were evaluated in this
study (Figure 4.1-1). Not included in this study are surface elements such as habitats and rovers.
Nevertheless, the results for may be expected to be similar to those generated for Altair and, in
particular, the Altair crew cabin.

The Ares I program has baselined the conceptual structural design of the first stage,
interstage, upper stage, and instrument unit (Figure 4.1-2). For example, the intertank is
baselined as a common bulkhead. Also, the five-segment solid rocket motor first stage is
included in this assessment, despite the fact that the baseline uses the existing metal case design.
These results may be useful when considering weight reduction initiatives.

Orion is also in advanced development, but its major structures are included in this
assessment (Figure 4.1-3).

The major elements of Ares V and Altair are in concept design and have the opportunity to
be designed with composites technologies (Figures 4.1-4 and 4.1-5, respectively).
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Constellation Element

Ares 1

Orion

Ares V

Altair

First stage

Interstage

Upper stage Aft Section
LO2 tank
Intertank (CB)
LH2 tank
Instrument Unit

Spacecraft adapter

Service module Tanks
Shell

Crew module Crew cabin
Aeroshell , fwd
Aeroshell , aft

LAS Shroud
Tower

First stage Aft section
LO2 tank
Intertank
LH2 tank

Interstage

EDS Aft section
LO2 tank
Intertank
LH2 tank

LSAM Shroud

Descent stage LO2 tank(s )
Support  Str
LH2 tank(s )
Legs

Ascent stage LO2 tank(s )
Support str
LCH4 tank(s )
Crew cabin

Figure 4.1-1. Constellation Elements and Associated Primary Structures

Instrument Unit ———mm<+——|nstrument

Structural it Constellation
LH2 Tank —» uni
elements  \nertank (common —» elements
considered bulkhead) Upperstage - nsidered

LO2 Tank ———»
Aft Section ——» ...

o

S

Interstage >

w!
"
[+

Interstage

g

+~—First stage

]‘“'m 102] 150K S
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Figure 4.1-2. Constellation Elements: Ares |
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Structural Constellation
elements elements
considered Tower — & considered

+<——— Launch Abort System (LAS)
Shroud
Aeroshell , aft (backshell)

Crew cabin (internal) i Orion Crew Module
Aeroshell , fwd (heatshield)
Service Module, Tanks (internal) ' Service Module
Service Module, Shell

Spacecraft Adapter ‘f ]— Spacecraft Adapter

Figure 4.1-3. Constellation Elements: Orion

Structural

L SAM Shroud Constellation
elements LSAM Shroud elements
considered considered

LH2 Tank
Intertank E D
L02 Tank Earth Departure Stage (EDS)
Aft Section
Interstage Interstage
LO2 Tank First Stage
Intertank
LH2 Tank Boosters
Aft Section

Figure 4.1-4. Constellation Elements: Ares V
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Structural Constellation
elements elements
considered considered

Ascent stage

LO2 Tank(s )

- Support Structure Ascent Stage
* LH2 Tank(s )
* Crew Cabin
Descent Stage

Descent Stage

» LO2 Tank(s )

» Support Structure
* LH2 Tank(s)

* Legs

Figure 4.1-5. Constellation Elements: Altair

4.2 Constellation Element Requirements

Constellation requirements are categorized by performance, development cost, production
cost, and operations cost. As shown in Figure 4.2-1, each category has a three-level criticality
scale (low, medium, and high). Performance criticality depends primarily on the weight
sensitivity of the Constellation element in the launch stack and the total impact (size) on system-
level performance. Development cost criticality depends on the size of the Constellation element.
Production cost criticality depends on the complexity of the Constellation element. Operation
cost criticality depends on operational life time and whether the element is reusable or
expendable.

In Figure 4.1-2, the Constellation elements are scored with the 3-point relative scale in terms
of performance, development cost, production cost, and operation cost. For example,
performance-critical elements are those that travel to (and/or from) the lunar surface. High
development cost and high production cost elements include large cryogenic hydrogen tanks.
Relatively low criticality elements include dry structure such as intertanks and shrouds.
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Figure 4.2-2. Constellation Element Requirement Scoring

Category Approximate
Criticality Value Description Rationale
Performance
Low 1 |JFirst stage; smaller Low system weight impact
Medium 2 [|Second stage Moderate system weight impact
High 3 [Lunar stage; larger High system weight impact
Development cost
Low 1 JLow complexity
Medium 2 [Moderate Complexity Number of parts, temps, life cycles
High 3 JHigh complexity
Production cost
Low 1 |<10-ft diameter
Medium 2 |10 to 20-ft diameter All elements of low quantity and rate
High 3 [>20-ft diameter
Operations cost
Low 1 ]Shortlife, expendable eg., ELV
Medium 2 |Long life, expendable eg., LSAM
High 3 [JReusable e.g., crew cabin, hab module
Figure 4.2-1. Constellation Requirement Factors and Scales
Requirements
Constellation Element Perf (wt) Dvt $ Prod $ Ops $
Ares 1
First stage 1 2 2 1
Interstage 1 2 2 1
Upper stage Aft Section 2 2 2 1
LO2 tank 2 2 2 1
Intertank (CB) 2 1 1 1
LH2 tank 2 3 2 1
Instrument Unit 2 1 1 1
Orion
Spacecraft adapter 2 1 1 1
Service module Tanks 3 1 1 2
Shell 3 1 1 1
Crew module Crew cabin 3 3 2 3
Aeroshell, fwd 3 2 2 2
Aeroshell, aft 3 2 2 2
LAS Shroud 1 1 1 1
Tower 1 1 1 1
res v -
First stage Aft section 2 2 2 1
LO2 tank 2 2 3 1
Intertank 2 1 2 1
LH2 tank 2 3 3 1
Interstage 2 1 2 1
EDS Aft section 3 1 2 1
LO2 tank 3 2 2 1
Intertank 3 1 2 1
LH2 tank 3 3 3 1
LSAM Shroud 2 1 2 1
i I
Descent stage LO2 tank(s) 3 2 1 2
Support str 3 1 1 2
LH2 tank(s) 3 2 1 2
Legs 3 2 1 2
Ascent stage LO2 tank(s) 3 2 1 2
Support str 3 1 1 2
LCH4 tank(s) 3 2 1 2
Crew cabin 3 3 2 3
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5.0 TECHNICAL FIT, PROGRAM FIT, AND TECHNICAL-PROGRAM FIT

Technical — Pregram Fit
[comibine Technical fit and

Program fit
(imersection betwesn
fimeframe and THRL)

5.1 Intersections

The intersection score is a relative, three-level indication of the ability of a structural system
to satisfy the requirements of a Constellation element. Each intersection between a structural
system and a Constellation element consists of four criteria - performance, development cost,
production cost, and operations cost. The intersections are determined by comparing the
requirement criticality with the structural system benefit. As shown in Figure 5.1-1, a good
match between requirement and benefit yields a high-scoring intersection. Conversely, a low (or
high) criticality requirement is poorly matched with a high (or low) benefit. The intersection
scores, provided in Figures 5.1-2 through 5.1-7, are used to calculate Technical fit in the
subsequent section.
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Higher weight savings
or cost avoidance

or cost avoidance
Score | Match Description
1 Poor | Structural system over-capable of satisfying application requirement
2 Partial
3 Perfect |Structural system perfectly satisfies application requirement
2 Partial
1 Poor | Structural system under-capable of satisfying application requirement
Figure 5.1-1. Intersection Scoring Method
[Structuralsystems
LoMat Fiber S-SF LoMat Fiber Grid LoMat Fiber Sand. LoMat Fiber Mono
1 2 3 4
Requirem enis Perf | Dw$ JProd$ [Ops$ | Perf Du$ ProdS Ops$ | Perf Dw$ Prod§ Ops$ | Perf Dw$  Prod$ Ops$
[Exploration A pplication Perf Dv$ Prod $ Ops § T T 2 T 2 T 3 T 2 2 3 T 2 2 3 2
JAres 1
Firststage 1 2 2 1 2 3 2 2
Interstage 1 2 2 1 3 2 3 3 2 2 2 3 2 3 2 3
Upper stage AftSection 2 2 2 1 2 2 3 3 3 2 2 3 3 3 2 3
LO2 tank 2 2 2 1 2 2 3 3 3 2 2 3 3 3 2 3
Intertank (CB) 2 2 1 1 2 2 2 3 3 2 1 3 3 3 1 3
LH2tank 2 3 2 1 2 1 3 3 3 1 2 3 3 2 2 3
InstrumentUnit 2 1 1 1 2 3 2 3 3 3 1 3 3 2 1 3 3 2 1 2
[Orion
Spacecraftadapter 2 1 1 1 2 3 2 3 3 3 1 3 3 2 1 3
Service module Tanks 3 1 1 2 1 3 2 2 2 3 1 2 2 2 1 2 2 2 1 3
Shell 3 1 1 1 1 3 2 3 2 3 1 3 2 2 1 3
Crew module Crew cabin 3 3 2 3 1 1 3 1 2 1 2 1 2 2 2 1
Aeroshell, fwd 3 2 2 2 1 2 3 2 2 2 2 2 2 3 2 2
Aeroshell, aft 3 2 2 2 1 2 3 2 2 2 2 2 2 3 2 2
LAS Shroud 1 1 1 1 3 3 2 3 2 3 1 3 2 2 1 3
Tower 1 1 1 1 3 3 2 3 2 3 1 3 2 2 1 3 2 2 1 2
JAres V
Firststage Aftsection 2 2 2 1 2 2 3 3 3 2 2 3 3 3 2 3
LO2 tank 2 2 3 1 2 2 2 3 3 2 3 3 3 3 3 3
Intertank 2 1 2 1 2 3 3 3 3 3 2 3 3 2 2 3
LH2 tank 2 3 3 1 2 1 2 3 3 1 3 3 3 2 3 3
Interstage 2 1 2 1 2 3 3 3 3 3 2 3 3 2 2 3
EDS Aftsection 3 1 2 1 1 3 3 3 2 3 2 3 2 2 2 3
LO2 tank 3 2 2 1 1 2 3 3 2 2 2 3 2 3 2 3
Intertank 3 1 2 1 1 3 3 3 2 3 2 3 2 2 2 3
LH2 tank 3 3 3 1 1 1 2 3 2 1 3 3 2 2 3 3
LSAM Shroud 2 1 2 1 2 3 3 3 3 3 2 3 3 2 2 3
Altair
Descentstage LO2 tank(s) 3 2 1 2 2 3 1 3
Supportstr 3 1 1 2 2 2 1 3
LH2tank(s) 3 2 1 2 2 3 1 3
Legs 3 2 1 2 2 3 1 3
Ascentstage LO2 tank(s) 3 2 1 2 2 3 1 3
Supportstr 3 1 1 2 2 2 1 3
LCH4 tank(s) 3 2 1 2 2 3 1 3
Crew cabin 3 3 2 3 1 1 3 1 2 1 2 1 2 2 2 1 2 2 2 2

Figure 5.1-2. Intersections (1 of 6)—Systems 1-4
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Structural Systems

LoMat Infus. SSF LoMat Infus. Grid LoMat Infus. Sand. LoMat Infus. Mono
5 6 7 8
Requirements Perf  DW$ _ Prods Ops$ Perf DS Prods  Ops$ | Perf Dv$ _ Prods  Ops$ | Perf  DWS _ Prod$  Ops$
[Exploration Application Perf DVS Prod$ | Ops$ T 1 2 2 T T 2 2 T 1 3 1 T T 3 2
Ares 1
Firststage 1 2 2 1 3 2 2 2
Interstage 1 2 2 1 3 2 3 2 3 2 3 2 3 2 2 3
Upper stage AftSection 2 2 2 1 2 2 3 2 2 2 3 2 2 2 2 3
LO2 tank 2 2 2 1 2 2 2l 2 2 2 B 2 2 2 2 8l
Intertank (CB) 2 2 1 1 2 2 2 2 2 2 2 2 2 2 1 3
LH2tank 2 3 2 1 2 1 3 2 2 1 3 2 2 1 2 3
InstrumentUnit 2 1 1 1 2 3 2 2 2 3 2 2 2 3 1 3 2 3 1 2
Orion
Spacecraftadapter 2 1 1 1 2 3 2 2 2 3 2 2 2 3 1 3
Service module Tanks 3 1 1 2 1 3 2 3 1 3 2 3 1 3 1 2 1 3 1 3
Shell 3 1 1 1 1 B 2 2 1 g 2 2 1 B 1 B
Crew module Crew cabin 3 3 2 3 1 1 3 2 1 1 3 2 1 1 2 1
Aeroshell, fwd 3 2 2 2 1 2 3 3 1 2 3 3 1 2 2 2
Aeroshell, aft 3 2 2 2 1 2 3 3 1 2 3 3 1 2 2 2
LAS Shroud 1 1 1 1 3 3 2 2 3 3 2 2 3 3 1 3
Tower 1 1 1 1 3 3 2 2 3 3 2 2 3 3 1 3 3 3 1 2
Ares V
Firststage Aftsection 2 2 2 1 2 2 & 2 2 2 g 2 2 2 2 3
LO2tank 2 2 3 1 2 2 2 2 2 2 2 2 2 2 3 3
Intertank 2 1 2 1 2 3 3 2 2 3 3 2 2 3 2 3
LH2tank 2 3 3 1 2 1 2 2 2 1 2 2 2 1 3 3
Interstage 2 1 2 1 2 3 3 2 2 3 3 2 2 3 2 3
EDS Attsection 3 1 2 1 1 3 3 2 1 3 3 2 1 3 2 3
LO2tank 3 2 2 1 1 2 3 2 1 2 3 2 1 2 2 3
Intertank 3 1 2 1 1 & 3 2 1 3! al 2 1 3 2 &
LH2tank 3 3 3 1 1 1 2 2 1 1 2 2 1 1 3 3
LSAM Shroud 2 1 2 1 2 3 3 2 2 3 3 2 2 3 2 3
Altair
Descentstage  LO2tank(s) 3 2 1 2 1 2 1 3
Supportstr 3 1 1 2 1 3 1 3
LH2 tank(s) 3 2 1 2 1 2 1 3
Legs 3 2 1 2 1 2 1 3
Ascentstage LO2 tank(s) 3 2 1 2 1 2 1 3
Supportstr 3 1 1 2 1 3 1 3
LCH4 tank(s) 3 2 1 2 1 2 1 3
Crew cabin B 2l 2 2l 1 1 g 2 1 1 Bl 2 1 1 2 1 1 1 2 2
Figure 5.1-3. Intersections (2 of 6)—Systems 5-8
Structural Systems
oMa an ova an T ova an ova an no
9 10 11 12
| Requirements Perf Dw$ Prod$ Ops$ Perf Dwt$ Prod$ Ops$ Perf D#$ Prod$ Ops$ Perf Dw$ Prod$ Ops$
ploration Application Perf Dv$ Prod $ Ops $ 1 2 1 1 1 2 2 1 2 2 2 1 2 2 2 1
jAres 1
Firststage 1 2 2 1 2 3 3 3
Interstage 1 2 2 1 3 3 2 3 3 3 3 3 2 3 3 3
Upper stage AftSection 2 2 2 1 2 3 2 3 2 3 3 3 3 3 3 3
LO2tank 2 2 2 1 2 3 2 3 2 3 3 3 3 3 3 3
Intertank (CB) 2 2 1 1 2 3 3 3 2 3 2 3 3 3 2 3
LH2tank 2 3 2 1 2 2 2 3 2 2 3 3 3 2 3 3
InstrumentUnit 2 1 1 1 2 2 3 3 2 2 2 3 3 2 2 3 3 2 2 3
Spacecrafttadapter 2 1 1 1 2 2 3 3 2 2 2 3 3 2 2 3
Servicemodule  Tanks 3 1 il 2 1 2 3 2 1 2 2 2 2 2 2 2 2 2 2 2
Shell 3 1 1 1 1 2 3 3 1 2 2 3 2 2 2 3
Crewmodule  Crew cabin 3 3 2 3 1 2 2 1 1 2 3 1 2 2 3 1
Aeroshell, fwd 3 2 2 2 1 3 2 2 1 3 3 2 2 3 3 2
Aeroshell, aft 3 2 2 2 1 3 2 2 1 3 3 2 2 3 3 2
LAS Shroud 1 1 1 1 3 2 3 3 3 2 2 3 2 2 2 3
Tower 1 1 1 1 3 2 3 3 3 2 2 3 2 2 2 3 2 2 2 3
s v I
Firststage Aftsection 2 2 2 1 2 3 2 3 2 3 3 3 3 3 3 3
LO2 tank 2 2 3 1 2 3 1 3 2 3 2 3 3 3 2 3
Intertank 2 1 2 1 2 2 2 3 2 2 3 3 3 2 3 3
LH2tank 2 3 3 1 2 2 1 3 2 2 2 3 3 2 2 3
Interstage 2 1 2 1 2 2 2 3 2 2 3 3 3 2 3 3
EDS Aftsection 3 1 2 1 1 2 2 3 1 2 3 3 2 2 3 3
LO2tank 3 2 2 1 1 3 2 3 1 3 3 3 2 3 3 3
Intertank 3 1 2 1 1 2 2 3 1 2 3 3 2 2 3 3
LH2tank 3 3 3 1 1 2 1 3 1 2 2 3 2 2 2 3
LSAM Shroud 2 1 2 1 2 2 2 3 2 2 3 3 3 2 3 3
Descentstage  LO2tank(s) 3 2 1 2 2 3 2 2
Supportstr 3 1 1 2 2 2 2 2
LH2tank(s) 3 2 1 2 2 3 2 2
Legs 3 2 1 2 2 3 2 2
Ascentstage LO2tank(s) 3 2 1 2 2 3 2 2
Supportstr 3 1 1 2 2 2 2 2
LCH4 tank(s) 3 2 1 2 2 3 2 2
Crew cabin 3 3 2 3 1 2 2 1 1 2 3 1 2 2 3 1 2 2 3 1

Figure 5.1-4. Intersections (3 of 6)—Systems 9-12
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Eructuralsyslems

HiMat Fiber SSF HiMat  Fiber Grid HiMat Fiber Sand. HiMat Fiber Mono
13 14 15 16
Requirements | Perf Dwv$ Prod$ Ops$ Perf Dwt$ Prod$ Ops$ Perf Dwt$ Prod$ Ops$ Perf Dw#$ Prod$ Ops$
[Exploration Application Perf Dv$ | Prod$ Ops $ 2 2 1 2 3 2 2 2 3 3 2 2 3 3 2 3
JAres 1
Firststage 1 2 2 1 1 2 3 1
Interstage 7 > > T 2 3 2 2 1 3 3 2 1 2 3 2
Upper stage AftSection 2 2 2 1 3 3 2 2 2 3 3 2 2 2 3 2
LO2 ank 2 2 2 1 3 3 2 2 2 3 3 2 2 2 3 2
Intertank (CB) 2 2 1 1 3 3 3 2 2 3 2 2 2 2 2 2
LH2 tank 2 3 2 1 3 2 2 2 2 2 3 2 2 3 3 2
Instrum entUnit 2 1 1 1 3 2 3 2 2 2 2 2 2 1 2 2 2 1 2 1
[Orion
Spacecraftadapter 2 1 1 1 3 2 3 2 2 2 2 2 2 1 2 2
Servicemodule  Tanks 3 1 1 2 2 2 3 3 3 2 2 3 3 1 2 3 3 1 2 2
Shell 3 1 1 1 2 2 3 2 3 2 2 2 3 1 2 2
Crew module Crew cabin ] B 2 ] 2 2 2 2 3 2 3 2 3 3 3 2
Aeroshell, fwd 3 2 2 2 2 3 2 3 3 3 3 3 3 2 3 3
Aeroshell,aft 3 2 2 2 2 9 2 9 g g gl 9 3 2 g 9
LAS Shroud 1 1 1 1 2 2 3 2 1 2 2 2 1 1 2 2
Tower 1 1 1 1 2 2 3 2 1 2 2 2 1 1 2 2 1 1 2 1
jAres V
Firststage Aftsection 2 2 2 1 3 3 2 2 2 3 3 2 2 2 3 2
LO2 @nk > 2 3 7 3 3 1 2 2 3 2 2 2 2 2 2
Intertank 2 1 2 1 3 2 2 2 2 2 3 2 2 1 3 2
LH2 tank 2 3 3 1 3 2 1 2 2 2 2 2 2 3 2 2
Interstage 2 1 2 1 3 2 2 2 2 2 3 2 2 1 3 2
EDS Aftsection 3 1 2 1 2 2 2 2 3 2 3 2 3 1 3 2
LO2 tank 3 2 2 1 2 3 2 2 3! 3 3| 2 3 2 3| 2
Intertank 3 1 2 1 2 2 2 2 3 2 3 2 3 1 3 2
LH2 ank B 3 3 7 2 2 1 2 3 2 2 2 3 3 2 2
LSAM Shroud 2 1 2 1 3 2 2 2 2 2 3 2 2 il 3 2
Attair
Descentstage LO2 tank(s) 3 2 1 2 3 2 2 2
Supportstr 3 1 1 2 3 1 2 2
LH2 tank(s) 3 2 1 2 3 2 2 2
Legs B 2 1 2 3 2 2 2
Ascentstage LO2 tank(s) El 2 1 2 3 2 2 2
Supportstr E] 1 1 2 3 1 2 2
LCH4 tank(s) 3 2 1 2 3 2 2 2
Crew cabin 3 3 > 3 2 2 2 2 3 2 3 2 3 3 3 2 3 3 3 3
Figure 5.1-5. Intersections (4 of 6)—Systems 13-16
[StructuraiSystems
Va nws At s T M n Va s, fono
17 18 19 20
Requirements Perf Dwv$ Prod$ Ops$ Perf Dv$ Prod$ Ops$ Perf Dwv$ Prod$ Ops $ Perf Dw$ Prod$ Ops$
[Exploration Application Perf Dv$ Prod Ops § il 2 il 3 2 2 T 3 2 2 2 2 2 2 2 3
Ares 1
Firststage 1 2 2 1 2 3 3 1
Interstage 1 2 2 1 3 3 2 1 2 3 2 1 2 3 3 2
Upper stage AftSection 2 2 2 1 2 3 2 1 3 3 2 1 3 3 3 2
LO2 tank 2 2 2 1 2 3 2 1 3 3 2 1 3 3 3 2
Intertank (CB) 2 2 1 q 2 3 3 1 3 3 3 1 3 3 2 2
LH2 tank 2 & 2 1 2 2 2 1 3} 2 2 1 3 2 3 2
InstrumentUnit 2 1 1 1 2 2 3 1 3 2 3 1 3 2 2 2 3 2 2 1
[Orion
Spacecraftadapter 2 1 1 1 2 2 3 1 3 2 3 1 3 2 2 2
Service module Tanks 3 1 1 2 1 2 3 2 2 2 3 2 2 2 2 3 2 2 2 2
Shell 3 1 1 1 1 2 3 1 2 2 3 1 2 2 2 2
Crew module Crew cabin 3 3 2 3 1 2 2 3 2 2 2 3 2 2 3 2
Aeroshell, fwd 3 2 2 2 1 3 2 2 2 3 2 2 2 3 3 3
Aeroshell, aft 3 2 2 2 1 3 2 2 2 3 2 2 2 3 3 3
LAS Shroud 1 1 1 1 3 2 3 1 2 2 3 1 2 2 2 2
Tower 1 1 1 1 3 2 3 1 2 2 3 1 2 2 2 2 2 2 2 1
Ares V
Firststage Attsection 2 2 2 1 2 3 2 1 3 3 2 1 3 3 3 2
LO2 tank 2 2 3 1 2 3 1 1 3 3 1 1 3 3 2 2
Intertank 2 1 2 1 2 2 2 1 3 2 2 1 3 2 3 2
LH2 tank 2 3 3 1 2 2 1 1 3 2 1 1 3 2 2 2
Interstage 2 1 2 1 2 2 2 1 3 2 2 1 3 2 3 2
EDS Attsection 3 1 2 1 1 2 2 1 2 2 2 1 2 2 3 2
LO2 tank 3 2 2 1 1 3 2 1 2 3 2 1 2 3 3 2
Intertank 3 1 2 1 1 2 2 1 2 2 2 1 2 2 3 2
LH2 tank 3 3 3 1 1 2 1 1 2 2 1 1 2 2 2 2
LSAM Shroud 2 1 2 1 2 2 2 1 3 2 2 1 3 2 3 2
Altair
Descentstage LO2 tank(s) 3 2 1 2 2 3 2 2
Supportstr 3 1 1 2 2 2 2 2
LH2 tank(s) 3 2 1 2 2 3 2 2
Legs 3 2 1 2 2 3 2 2
Ascentstage LO2 tank(s) 3 2 1 2 2 3 2 2
Supportstr 3 1 1 2 2 2 2 2
LCH4 tank(s) 3 2 1 2 2 3 2 2
Crew cabin 3 3 2 3 1 2 2 3 2 2 2 3 2 2 3 2 2 2 3 3

Intersections (5 of 6)—Systems 17-20
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Structural Systems
HiMat _Hand F HiMai __Hand rid [AiMat _Hand _ Sand. HiMat _Hand _ Mono
21 22 23 24
I Requirements ] [ Perf Dw$ Prod$ Ops$ | Perf Dw$ Prod$ Ops$ | Perf Dw$ Prod$ Ops$ | Perf Dw§ Prod$ Ops$
[Exploration Application Perf Du$ Prod § Ops $ 2 3 1 2 2 3 1 2 3 3 1 1 3 3 1 2
JAres 1
Firststage 1 2 2 1 1 2 2 2
Interstage il 2 2 1 2 2 2 2 2 2 2 2 il 2 2 3
Upper stage AftSection 2 2 2 1 3 2 2 2 3 2 2 2 2 2 2 3
LO2 tank 2 2 2 1 3 2 2 2 3 2 2 2 2 2 2 3
Intertank (CB) 2 2 1 1 3 2 3 2 3 2 3 2 2 2 3 3
LH2tank 2 3 2 1 3 3 2 2 3 3 2 2 2 3 2 3
Instrum entUnit 2 1 1 1 3 1 3 2 3 1 3 2 2 1 3 3 2 1 3 2
[Orion
Spacecraftadapter 2 1 1 1 3 1 3 2 3 1 3 2 2 1 3 3
Service module  Tanks 3 1 1 2 2 1 3 3 2 1 3 3 3 1 3 2 3 1 3 3
Shell 3 1 1 1 2 1 3 2 2 1 3 2 3 1 3 3
Crew module Crew cabin 3 3 2 3 2 3 2 2 2 3 2 2 3 3 2 1
Aeroshell, fwd 3 2 2 2 2 2 2 3 2 2 2 3 3 2 2 2
Aeroshell, aft 3 2 2 2 2 2 2 & 2 2 2 & & 2 2 2
LAS Shroud 1 1 1 1 2 1 3 2 2 1 3 2 1 1 3 3
Tower 1 1 1 1 2 1 3 2 2 1 3 2 1 1 3 3 1 1 3 2
JAres V
Firststage Aftsection 2 2 2 1 3 2 2 2 3 2 2 2 2 2 2 3
LO2 tank 2 2 3 1 3 2 1 2 3! 2 1 2 2 2 1 3!
Intertank 2 1 2 1 3 1 2 2 3 1 2 2 2 1 2 3
LH2tank 2 3 3 1 3 3 1 2 3 3 1 2 2 3 1 3
Interstage 2 1 2 1 3 1 2 2 3 1 2 2 2 1 2 3
EDS Aftsection 3 1 2 1 2 1 2 2 2 1 2 2 3 1 2 3
LO2tank 3 2 2 1 2 2 2 2 2 2 2 2 3 2 2 3}
Intertank 3 1 2 1 2 1 2 2 2 1 2 2 3 1 2 3
LH2tank 3 3 3 1 2 3 1 2 2 3 1 2 3 3 1 3
LSAM Shroud 2 1 2 1 3 1 2 2 3 1 2 2 2 1 2 3
Attair
Descentstage  LO2tank(s) 3 2 1 2 3 2 3 3
Supportstr 3 1 1 2 3 1 3 3
LH2tank(s) 3 2 1 2 3 2 3 3
Legs 3 2 1 2 3 2 3 3
Ascentstage LO2 tank(s) 3 2 1 2 3 2 3 3
Supportstr 3 1 1 2 3 1 3 3
LCH4 tank(s) 3 2 1 2 3 2 3 3
Crew cabin 3 3 2 3 2 3 2 2 2 3 2 2 3 3 2 1 I 3 3 2 2

Figure 5.1-7. Intersections (6 of 6)—Systems 21-24

5.2 Technical Fit, Program Fit, and Technical-Program Fit

Scoring scales were chosen to be analytically simple and visually apparent for this qualitative
study (Figure 5.2-1). Each structural system is subjectively evaluated with respect to each
Constellation element using these scales. Scoring scales are defined to determine relative
Technical fit, Program fit, and Technical-Program fit.

For Technical fit, each structural system is subjectively evaluated in terms of its ability to
satisfy the requirements of each Constellation element (Figure 5.2-2). Program fit depends on the
structural system initial TRL and development time period of the Constellation element (Figure
5.2-3). Thus, Program fit is the risk and investment required to achieve TRL 6 within a given
time period. Technical-Program fit for each Constellation element and each structural system is a
combination of Technical fit and Program fit (Figure 5.2-4).
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Figure 5.2-1.

Technical Fit

Technical Fit

Technology Score
1 2 3
o 1 1 1 1
il s -
3 1 2 3
Program Fit
TRL
2-3(1) | 4-5(2) | 6+(3)
Application | <5yr (1) 1 1 2
time to tech | 5-10 yr (2) 1 2 3
commitment | >10 yr (3) 2 & S
Program-Technical Fit
Technical Fit
Low Med High
(4,5,6) | (7,8,9) |(10,11,12)
Low (1) 1 1 2
Program Fit |Medium (2) 1 2 3
High (3) 2 3 3

PWDMO08-0005
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Scoring Scales for Technical Fit, Program Fit, and Technical-Program Fit

R 2 —
1 2 3 Strucura System
PN 1 1 1 T 2 3 ] 4 | 5 3 7 3 5 0 kil 2 () 7 5 i3 i B B 2 il 2 3 2%
oo |72 2 2 2 M | Lovat | v | Loviat [ ovia [lova [lova |lova [Lovia [Lovia |lava [lovia | HMa | HMa | Hva | HMa | HMa | HMa | HMa | HMa | Hve [ HMe | HMa | Hma
- 1 - Ficer | Fiber | Fibr | Fibr | Infis | infis | Ifis ifis | Had | Had | Had | Had | Fibr | Fiber | Fiber | Fibr | s | ifis | ifis | ifs | Hod | Had | Hed | Hed
Consillafion Element ssF | Gid | Sad | Moo | ssF | Gid | Sad | Moo | SSF | Gid | Sad | Moo | SSF | Gid | Sed | Moo | SSF | Gid | Sed | Moo | ssF | Gid | Sad | Moo
Ares 1
Firststage: 9 9 11 7 9 7
Inerstege: 11 9 10 10 10 10 1 12 11 9 9 8 8 8 10 8 8 8
Upper stage A Sadicn 10 10 11 9 9 9 10 11 12 10 9 7 9 11 9 9 9
02tk 10 10 11 9 9 9 10 11 12 10 9 7 9 1 9 9 9
Inteterk (CB) 9 9 10 8 8 8 1 10 11 1 B 8 10 10 10 10 10
L2tk 9 9 10 8 8 8 9 10 11 9 9 10 6 8 10 10 10 10
Instument Urit 10 10 9 8 9 9 9 8 10 9 10 10 10 8 7 6 7 9 9 8 9 9 9 8
Oiion
Spevecratt ackpter 10 10 9 9 9 9 10 9 10 10 8 7 7 9 9 9 9 9
Sevicemadde Taks 8 8 7 B 9 9 7 9 8 7 8 9 10 10 9 7 6 9 9 8 9 9 9 B
Srll 9 9 8 8 8 8 9 8 9 9 9 8 6 8 8 8 8 10
Cewmadie Qeweatin 6 6 7 7 7 5 6 7 8 8 10 1 5 9 9 9 9 9
Aercshel, fwd 8 8 9 9 9 7 8 9 10 10 12 1 6 9 1 9 9 9
Aercshel, at 8 8 9 9 9 7 8 9 10 10 12 1" 6 9 " 9 9 9
LAS Shoud 11 9 8 10 10 10 1 10 9 9 7 6 8 8 8 8 8 8
Tower 11 9 8 7 10 10 10 9 11 10 9 9 9 7 6 5 8 8 8 7 8 8 8 7
AresV
Firststege: Aftsedion 10 10 11 9 9 9 10 11 12 10 10 9 7 9 11 9 9 9
LO2tark 9 1 12 8 10 9 10 11 9 9 8 6 8 10 8 8 8
Itetrk 1 1 10 10 10 10 9 10 11 9 9 8 6 8 10 8 8 8
LH2tark 8 10 11 7 9 8 9 10 8 8 9 5 7 9 9 9 9
Interstage: 11 1 10 10 10 10 9 10 11 9 9 8 6 8 10 8 8 8
EDS Aftsection 10 10 9 9 9 8 9 10 8 10 9 5 7 9 7 7 9
L02tark 9 9 10 8 8 8 9 10 11 9 11 10 6 8 10 8 8 10
Intertark 10 10 9 9 9 9 8 9 10 8 10 9 5 7 9 7 7 9
L2tk 7 9 10 6 8 7 8 9 7 9 10 4 6 8 8 8 10
LSAM Shoud 11 1 10 10 10 10 9 10 11 9 9 8 6 8 10 8 8 8
Altar
Desoart stage LO2tarkds) 9 7 9 9 9 1
Supatstr 8 8 8 8 8 10
LHRtarks) 9 7 9 9 9 11
Legs 9 7 9 9 9 11
Ascert stege LO2tarkis) 9 7 9 9 9 11
Supatsr 8 8 8 8 8 10
LCHAtark(s) 9 7 9 9 9 11
Qeweatin 6 6 7 8 7 7 5 6 6 7 8 8 8 10 1 12 5 9 9 10 9 9 9 10

Figure 5.2-2. Technical Fit
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Progam Fit
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6.0 ANALYSIS OF ASSESSMENT RESULTS

Cross -cutting

structural systems
[Lenverage across ‘

{fime 1o PDR, crifical fimedrame and TRL)
requirements

6.1 Analysis by Structural System

Analysis of the assessment results is provided in this section. Figure 6.1-1 plots the total (2
and 3) Technical-Program fit scores of the 24 structural systems. Higher scores indicate higher
degree of applicability of a structural system to various Constellation elements. A three-tier (top,
middle, and bottom) classification is used to arbitrarily differentiate between the highest and
lowest cross-cutting systems Structural systems in the top tier are strong candidates for further
development. Structural systems in the middle tier are candidates for limited development.
Structural systems in the bottom tier would not be candidates for further development.

A narrative description of each structural system is provided in Figures 6.1-2 through 6.1-5.
Figure 6.1-5 summarizes the results of the assessment analysis. In particular, six high cross-
cutting structural systems are the basis for subsequent analysis and recommendations.
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Structural System Architecture-Wide Scores

Top tier

Total of

fit 2 + 3 scores

Technical -Program

1

Middle tier

Bottom tier

5 6

T 8 9 11 12 13 14 15 16 17 18 19 20 21 22

23

Lohdat | Lohat
Fiber | Fiber
SSF Grid

3 4
Lohat | LomMat
Fiber | Fiber
Sand | Mona

LoMat | Lotat | Lomat | LoMat | LoMat | Lofat | Lokat | Loat | Hitat | HiMat | Hibat | Hitat | Hitat | HiMat | Hidat | Hifdat | Hikdat | Hibat | Hivat

Infus | Infus
SSF Grid

Infus Infug | Hand | Hand | Hand | Hand | Fiber | Fiber | Fiber | Fiber | Infus | Infus Infus Infug | Hand | Hand | Hand
Sand | Mone | SSF Sand | Mone | SSF Grid Sand | Mono | SSF Grid Sand | Mono | SSF Grid Sand

Hitdat
Hand

Structural System

Figure 6.1-1. Six structural systems have the greatest cross-cutting applicability.

SS| Matl Fab Design Narrative Analysis
1 | LoMat  Fiber SSF |Moderate fit for Ares V dry structure
2 | LoMat Fiber Grid |Moderate fit for Ares V dry structure and cryotanks
4 | LoMat Fiber Mono |Moderate fit for several Altair elements
5 | LoMat Infusion SSF |Low fitdue to lower M&P maturity
6 | LoMat Infusion Grid |Low fit due to lower M&P and design maturity
7 | LoMat Infusion Sand |Low fit overall due to lower M&P maturity
8 | LoMat Infusion Mono Low fit overall due to lower M&P maturity, even for monocoque

applications

Middle Tier

Botiom Tier

Figure 6.1-2. Narrative Analysis (1 of 3)—Structural Systems 1-8
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SS| Matl Fab Design Narrative Analysis
9 | Lovat Hand SSF Low-moderate fit for near-term and mid-term, moderate size, dry
structure
10 | LoMat Hand Grid |Moderate fit for Ares | interstage and Ares V first-stage aft section
11| LoMat Hand Sand
12| LoMat Hand Mono [Moderate fit for Altair
13 | HiMat Fiber SSF
14| HiMat  Fiber Grid |Moderate fit for EDS and crew module aeroshell
15| HiMat Fiber Sand
. . Moderate for for Altair
16 ] HiMat Fiber Mono High fit for crew cabin

Top Tier

Middle Tier
Botiom Tier

Figure 6.1-3. Narrative Analysis (2 of 3)—Structural Systems 9-12

SS| Matl Fab  Design Narrative Analysis

17 | HiMat Infusion SSF |Low fit overall

18 | HiMat Infusion Grid |Low fit overall

19| HiMat Infusion Sand Moderate fit fgr Ares | aft section, crew module aeroshell, and Ares V first-
stage aft section

20 | HiMat Infusion Mono |Moderate fit for crew cabin only

21| HiMat Hand SSF Moderate fit fgr Ares | upper stage intertank and LH2 tank, Ares V first-
stage aft section, and crew cabin

22| HiMat Hand Grid Moderate fit fgr Ares | upper sta.ge intertank and LH2 tank, Ares V first-
stage aft section, and crew cabin

23 | HiMat Hand Sand

24 | HiMat Hand Mono

Top Tier _

Middle Tier
Bottom Tier

Figure 6.1-4. Narrative Analysis (3 of 3)—Structural Systems 17-24
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» 6 top-tier structural systems provide highest technical -program fit
across the Constellation program
» May be candidates for follow -on guantitative trade studies
 Associated technologies are candidates for high -priority development funding
» PowerPoint descriptions are provided for these structural system s

* 11 middle -tier structural systems provide moderate technical -program
fit across the Constellation program
» May be candidates for follow -on gualitative trade studies
 Associated technologies are candidates for lower -priority development funding

« 7 bottom -tier structural systems and associated technologies are
likely not candidates for further evaluation or development

Figure 6.1-5. Intersection Evaluation Summary

6.2 Analysis by Constellation Element

Analysis of the assessment results by Constellation element is provided in this section. Figure
6.2-1 plots the average (2 and 3) Technical-Program fit scores of the Constellation elements.
Higher scores indicate a higher number of applicable (high-fit) structural systems. A three-tier
(top, middle, and bottom) classification is used to arbitrarily differentiate between Constellation
elements. Constellation elements in the top tier may benefit from a wide variety of structural
systems. Constellation elements in the middle tier may benefit from a moderate number of
structural systems. Constellation elements in the may benefit from only a few structural systems.
For example, Ares I has higher Technical fit and lower Program fit. Consequently, the
Technical-Program fit is low-moderate. Conversely, Altair has moderate Technical fit and high
Program fit. The resulting Technical-Program fit is high.

A narrative description of each Constellation element in terms of Technical, Program, and
Technical-Program fit is provided in Figures 6.2-2 through 6.2-4. Figure 6.2-5 summarizes the
results of the assessment analysis.
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Cc ion Element
Ares 1
Firststage
Interstage
Upperstage Aft Section
LO2tank
Intertank  (CB)
LH2tank
Instrument Unit
Orion
Spacecraft adapter
Servicemodule Tanks
Shel
Crew module Crew cabin
Aeroshel ,fwd
Aeroshel ,aft
LAS Shroud
Tower
AresV
Firststage Aftsection
LO2tank
Intertank
LH2tank
Interstage
EDS Aftsection
LO2tank
Intertank
LH2tank
LSAMShroud
Attair
Descent stage LO2 tank(s )
Support Str
LH2 tank(s )
Legs
Ascentstage LO2 tank(s )
Support str
LCH4 tank(s )
Crew cabin

Average S
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Average score
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Average score
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Figure 6.2-1. Technical and Program fit by Constellation element reflects number of
applicable structural systems.

Constellation Element

Ares 1

Orion

First stage
Interstage
Upper stage

Aft section
LO2 tank
Intertank (
LH2 tank
Instrumen

Spacecraft adapter

Service module

Crew module

LAS

Tanks
Shell

Crew cabin

Aeroshell,
Aeroshell,
Shroud
Tower

Narrative Analysis

Near-term technical maturity yields lower program fit
Lower requirements (first-stage expendable) yields low technical fit

Near-term technical maturity yields lower program fit.

CcB) Nevertheless, relatively smaller size allows some higher-maturity
structural systems to be considered

tunit

fwd
aft

Lower 4-factor reiuirements does not need comiosites benefits

Near-term technical maturity yields lower program fit
Complex (multiple, high 4-factor) requirements yields moderate
technical fit

Figure 6.2-2. Narrative Analysis by Constellation Element (1 of 3)—Ares | and Orion
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Constellation Element

Ares V

First stage Aft section

LO2 tank
Intertank

LH2 tank
Interstage
EDS

Aft section
LO2 tank

Intertank

LH2 tank

LSAM Shroud

Narrative Analysis

Mid-term technical maturity allows consideration of many structural
systems for moderate/high program fit

Moderate-criticality 4-factor requirements yields moderate/high technical
fit with many structural systems (LoMat systems higher scoring than
HiMat)

Mid-term technical maturity allows consideration of many structural
systems for moderate/high program fit

High-criticality performance requirement yields moderate/high technical fit
with many structural systems

Mid-term technical maturity allows consideration of many structural
systems for moderate/high program fit

High-criticality performance and development cost requirements yields
lower technical fit with many structural systems

Mid-term technical maturity allows consideration of many structural
systems for moderate/high program fit

Moderate-criticality 4-factor requirements yields moderate/high technical
fit with many structural systems (LoMat systems higher scoring/fit than
HiMat)

Figure 6.2-3. Narrative Analysis by Constellation Element (2 of 3)—Ares V

Constellation Element

Altair
Descent stage

LO2 tank(s)

Support str

LH2 tank(s)

Legs

Ascent stage LO2 tank(s)

Support str

LCHA4 tank(s)

Crew cabin

Narrative Analysis

Mid-term technical maturity allows consideration of many monocoque
structural systems for high program fit

Lower-criticality cost avoidance requirement yields lower technical fit with
many monocoque structural systems

Mid-term technical maturity allows consideration of many monocoque
structural systems for high program fit

Lower-criticality production cost avoidance requirement yields lower
technical fit with many monocoque structural systems

Long-term technical maturity allows consideration of all structural systems
for high program fit

High-criticality 4-factor requirements yields higher technical fit with many
HiMat structural systems

Figure 6.2-4. Narrative Analysis by Constellation Element (3 of 3) Altair Descent and Ascent Stage
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* 6 top -tier Constellation Elements benefit from many, diverse
structural systems
» May be candidates for follow -on guantitative trade studies
» Associated technologies are candidates for high -priority development funding
(e.g., design criteria, environmental degradation)

* 13 middle -tier Constellation Elements benefit from selected structural
systems
» May be candidates for follow -on qualitative trade studies
» Associated technologies are candidates for development fundingi f selected as
part of cross -cutting system of structural systems

* 14 bottom -tier Constellation Elements may not significantly benefit
from composite structures

» Near-term need date and lower technical payoff discourage further study

Figure 6.2-5. Intersection Evaluation Summary—by Constellation Element
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7.0 Highly Cross-Cutting Structural Systems

Technology T T T TT T IE
{THL, 4 facior banedit, -
it search, Bosing

Cross -cutting

structural systems
[Leverage across

{fimea o PDR, crifical fimeframe and TRL)
TEUIrEments )

{Rafionale for structural
sysiem application)
This section contains a summary of each of the six highly cross-cutting structural systems
(Figures 7-1 through 7-6). The technical fit, program fit, and technical-program fit data for each
structural system is extracted from the overall respective spreadsheets to summarize and explain
the results.
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Structural System 3
 Structural System definition Sl i el
* Lower -performance/cost (Gr/Ep) prepreg — ” n
material AresT
T First stage
* Fiber placement, non -autoclave cure interstage _ 10 1 1
. . Upper stage Aft section KK 1 2
fabrication Lo2tank T 7 p
. . Intertank (CB) 10 1 1
» Sandwich design etk s : !
Instrument uni
+ Technical fit orion
Spacecraft adapter 9 1 1
* Moderate performance — mod. perf Senvcematie  Tarks 7 1 1
matches mod req. Crew mode Crew catin 7 7 i
Aeroshel, fwd 9 1 1
* Moderate developmentcost for Aeroshelaft g 1 1
. . LAS Shroud 8 1 1
material/design database Tower 3 7 7
; AresV [
* Lower production cost for large -scale apps Fist stage At section i z :
. . LO2tank
* Lower operations cost avoidance matches tertark 0 z 2
LH2tank 2 2
expendable app ’s interstage 0 2 2
- EDS Aft section 9 2 1
* Program fit Loztark i z z
. Intertal
* Moderate TRL constrains near -term apps Lh2tank 0 p 2
. - LSAM shroud 10 2 2
* Technical -Program fit Atak
. . Descent sta LO2tank(s)
 Moderate T-P fit primarily for Ares V * Simtar
N LH2 tank(s)
» High T-P fitfor Ares V first stage LO2 tank Legs
Ascent stage LO2tank(s)
Support str
LCH4 tank(s)
Crew cabin 7 3 1
Figure 7-1. Structural System 3: LoMat/Fiber/Sandwich
_ ‘StructuralSystem 11 _
+ Structural System definition Il S
» Lower-performance/cost (Gr/Ep) prepreg N , "
material ™ etotoe
* Hand-layup, non-autoclave cure fabrication B e AftSoctin i ! 2
+ Sandwich design e (C8) i L 2
: . LH2tank il 1 2
+ Technical fit _ et 5 L :
* Moderate Performance matcheslow req " s pacocrattceter 0 1 1
Service module Tanks 8 1 1
* Moderate Development cost from database shel 5 7 7
TeW me Crew cabin 8 1 1
development fromete et ; :
. Aeroshel, aft 10 1 1
* Moderate Production costfor scale -up Las Shroud g 7 7
. Tower 9 1 1
» Higher Operations cost matches expendable laresv
a s First stage IL\gz stel::;m :: ; 2
pp . Intertank 1" 2 2
* Program fit Lztani © z z
. - Interstage
* Moderate (about5) TRL delays applicability EDS At sectn r z z
until Mid -/Far-term itertark 70 2 2
. . LH2tank 9 2 1
* Technical -Program fit LSAM Shroud i : 7
|Altair
* Moderate fitfor Ares | Descortstage  LO2tark(s)
* Moderate fitfor Ares V i
» High fit for Ares V First Stage Aft Section pocotstoge L)
Support str
LCH4 tank(s)
Crew cabin 8 3 1

Figure 7-2. Structural System 11: LoMat/Hand/Sandwich
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Structural System 13
Technical Program | Technical-
Fit Fit Program
* Structural system definition _ s
. [Constellation Element 3
« Higher -performance/cost (Gr/Ep) prepreg (Ares
material o . . .
« Fiber/tape placement, autoclave cure Umerstage  Aftscton 1 z :
fa brl cati pn ) men:nk(CB) 11 2 2
* Skin-stringer -frame design 2k 2 2 1
[Orion
* Technical fit Senveemane | Tarks [
* Moderate performance matches lower oo > 2 1
stage requirements Aeroshel,fwd 70 2 7
* Moderate developmentcost  for scale -up s Aeroshelaft i 2 2
* Moderate production cost for large scale . Tower ° 2 1
; res [
* Moderate operations cost matches Frststage Aftsection 10 s :
expendable elements oztark £ g 2
LH2tank 8 & 1
* Program fit e " atesctn - - 7
* High TRL (ref. 787 production) allows Loztark S : 2
near -term adaptation to space Lh2tank 7 3 L
LSAM shroud 9 3 2
|Altair
* Technical -Program fit Doscotsia LO2takly)
* Moderate fit primarily for wide range of dry U2 tank(s)
Legs
structure and LO2 tanks pocototage Lomtande)
Support str
LCH4 tank(s)
Crew cabin 8 1

Figure 7-3. Structural System 13: HiMat/Fiber/SSF

Structural System 15
Technical Prog)',:m Technical
age Fit Fit Program
 Structural System Definition R
. Constellation Element 3
+ Higher-performance/cost (Gr/Ep) prepreg T _
. irst sta
material terstage g g 0
. . U t: Aft secti 9 2 1
« Tape placement, autoclave cure  fabrication , wSE Loz s : :
. . Intertank (CB) 8 2 1
« Sandwich design e 170 z 2
+ Technical fit orion |
Spacecraft adapter 7 2 1
» Higher Performance matches weight critical Serviemedie  Tarks : 2 !
apps covmeas covcan [ 2
» Lower Developmentcost — (adapt existing LA Aorostol ot f 2 2
material/fab/design) oy Tower 5 2 i
* Moderate Production cost — (moderate Fiststage Afsecton : : 2
scale) tertank 0 3 7
LH2tank 9 3 2
* Lower Operations cost matches long -term iterstage Aftsoction s 3 1
app’s Lo2tank 0 3 2
' bzt S ’
* Program fit A strou I : 2
* High TRL allows near -term adaptation A escortstage LOZtank(s)
+ Technical -Progra.m flt_ . Sipportatr
* Moderate fit primarily for Orion and EDS Legs
Ascent stage LO2tank(s)
fclmri::s)
Crew cabin

Figure 7-4. Structural System 15: HiMat/Fiber/Sandwich
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Structuralsystem 23
+ Structural System Definition semeal | Froeem §j°ga“"°"*m’
 High-performance/cost (toughened R
Gr/Ep) material o ST FeTe .
» Hand lay -up, autoclave -cure fabrication et . . .
+ Sandwich design Uppersiage At Secten 2 £ :
. Techplcal fit . itetark (CE) i z z
» Higher Performance matches weight - oren istrument Uit s 2 i
Py S — |
critical apps Spacecraft acapter 9 2 1
Service module: Tanks 9 2 1
* Lower Development cost for near -term Shel 10 2 2
a p ps Crew module Crew cabin 9 2 1
Aeroshel, fwd 9 2 1
* Higher Producti t fab. match et J z L
igher Production cost — (fab. matches s ——r - > v
moderate scale) sy - ———
» Higher Operations cost matches First stage At socton s 2 2
expendable apps tertank g 3 7
. LH2tank 9 3 2
* Programfit ierstage 5 3 7
« High TRL allows near -term adaptation =0 v 0 3 :
+ Technical -Program fit e ¥ < c
* Moderate fit primarily for EDS and Ares | o : : :
US and weight -critical Altair crew cabin Descarestoge Loz tark()
LH2tank(s)
Ascent stage I-ELb2gstarl((s)
S str
Lclm:nl:(s)
Crew cabin

Figure 7-5. Structural System 23: HiMat/Hand/Sand

Structural System 24
* Structural System Definition Tochal | Progam TToeveat
* Higher-performance/cost (Gr/Ep) prepreg — ; R
material Ares
. . First stage 7 2 1
* Hand-layup, autoclave cure fabrication torstage
. Upper stage Aft section
* Monocoque design Lo2tark
+ Technical fit Uit
« Higher Performance — (high perf. system oren remmentnt . . 0
matches high req.) Senicomosss " Tarks g : .
* Lower Developmentcost - environmental Cowmotle o
effects database required Py
 Higher Production cost matches low qty, s Sovoud _ . .
smaller sizes . A st Attsecton
* Moderate Operations cost matches long Loztark
duration apps ot Lhztark
. erstage
* Programfit EDS Afsecton
- e al
* High TRL enables near -term opportunities tertank
. - LH2tank
* Technical -Program fit LsAMstroud
+ Moderate/High fit for all Altair elements O escantsiage Loatanke ” g g
Support str 10 B 2
LH2tank(s) 1 3 3
Legs 11 3 3
Ascent stage LO2 tank(s) 11 & 3
Support str 10 3 2
LCH4 tank(s) " 3 3
Crew cabin 10 3 Z

Figure 7-6. Structural System 24: HiMat/Hand/Mono
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8.0 TECHNOLOGY RECOMMENDATIONS

Technology
assasEment

TRLA fockrtorst N |

{fimea o PDR, crifical
TEUIrEments )

Three of the six cross-cutting structural systems were found to minimize the number of
materials and processes, fabrication methods, and design concepts that needed to be
characterized, thus minimizing Constellation-wide complexity, risk, and cost (Figure 8-1).
Structural systems 13, 15, and 24 are highly complementary, with structural system 13 most
beneficial for Ares I, Orion, and lower-stage parts of Ares V. Structural system 15 applies to the
entire Orion crew module and entire EDS. Structural system 24 has highly applicable to Altair.
In contrast, structural systems 3, 11, and 12—all LoMat—were not as comprehensive as the
HiMat-based system of structural systems. Thus, the set of three structural systems is defined in
this study as a system of structural systems.

This section consists of a hierarchical set of technology recommendations, organized into a
general strategy, a Constellation-wide program, integrated technology demonstrations, and task
order follow-on projects (Figure 8-2). These recommendations are based on the set of three
structural systems defined above.
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3 11 12
LoMat LoMat LoMat
Fiber Hand Hand
Sand Sand Mono

Constellation Element

Ares 1

* Autoclave -cure Gr/Ep

First stage
Interstage . Hand |ayup
Upper stage At section
L02 tank » Monocoque
Intertank (CB)
LH2 tank
Ihstrument Unit
Orion

Ares V

Altair

Spacecrat adapter

Senvice module  Tanks
Shel

Crew module Crew cabin
Aeroshel, fvd
Aeroshel, at

* Autoclave -cure Gr/Ep
* Fiber placement

LAS Shroud * Sandwich
Tower
First stage At section
LO2 tank
ntertank
LH2 tank
Interstage
EDS At section
LO2 tank
ntertank
LH2 tank
LSAM Shroud + Autoclave -cure Gr/Ep

* Fiber placement
« Skin strin

Descentstage  LO2 tank(s)
Support str
LH2 tank(s)
Legs

Ascentstage  LO2 tank(s)
Support str
LCH4 tank(s)
Crew cabin

Figure 8-1. Three related, single-material structural systems satisfy
majority of Constellation program.

Constellation Program

Execute building block program
for 3 shell an

systems
diverse

Task order

Focus on NA unigue, subs:: :le technolo
demonstra;:uns for early risk reduction

Figure 8-2. Hierarchical Set of Recommendations
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8.1 General Strategy

Figure 8.1-1 summarizes the recommended general strategy. This strategy is based on the
observation that most of the applicable technologies have been developed to at least TRL 6 in
other aerospace programs.

+ Adapt commercially available and/or nonunique

technologies for Constellation applications
» Most individual technologies have been developed for aerospacet o
TRL 6+
* Minimize development cost/risk with little performance penalty
* e.g., extend existing autoclave -cure M&P to space environment

* Develop unique technologies for Constellation

applications
» Multifunctional designs (Innovative Design category)
— For extremely weight -critical applications (e.g., Altair)
+ All aspects of Design for Threat/environment category
— MMOD, lunar dust, aging, static charge, thermal cycling, radiati  on, noise,
and toxicity and outgassing
» Large-scale, expendable, and low -quantity structures
» Cryotanks

Figure 8.1-1. Recommended General Strategy

8.2 Constellation-wide Technology Development Plan

The second level of the hierarchy of technology recommendations involves the building-
block development of the integrated set of technologies associated with the three Rigid Shell
Structural Systems, the two joint structural systems, and the applicable common technologies
(Figure 8.2-1). A recommended Constellation-wide technology development plan is a classic
building block approach that focuses on the selected system of structural systems. Quantitative
trade studies are required to finalize the selected systems and to benchmark performance and cost
attributes. These trade studies are used to identify and select specific structural system
constituents and associated technologies. For example, IM7/977-2, a toughened Gr/Ep prepreg,
is a likely candidate for all three structural systems. A detailed development plan defines the
building block program. The building block development program would proceed using the
selected constituents.

The system of structural systems consists of three rigid shell structural systems, two joint
structural systems, and applicable common technologies (Figure 8.2-2). These parts provide the
framework for the entire technology portfolio. Three rigid shell structural systems consist of
unique technologies related to the material, design, and manufacturing method. Common
technologies are associated with the analysis, design criteria, certification, and environmental
technology categories. Two (bolted and bonded) joint structural systems also are characterized
by unique material, design, and manufacturing method technologies.

Common technologies are those which may apply to all 24 rigid shell structural systems and
two joint structural systems (Figure 8.2-3), depending on the Constellation element application.
For example, Coatings and Sealants technology is required for all structural systems and all
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Constellation elements and thus needs to matured to the same level as all other constituents of a
selected structural system before the structural system is committed to production. A different
type of common technology is exemplified by the Internal and Residual Stress Analysis
technology, which is common to the extent that a Constellation element requires thick laminates
or complex geometries.

Figures 8.2-4 through 8.2-18 are a compilation of all technologies associated with the three
rigid shell structural systems and the two joint structural systems. The development plan is
extracted from the comprehensive technology plan described earlier. The third column identifies
the structural system to which the technology refers. The fourth column indicates the top-level
strategy to either adapt an existing capability or to uniquely develop the technology for NASA’s
Constellation program.

3 kil i B B A3
e |

1. Perform selected quantitative trﬁ-@f—sys(omrm Lo Lo Lo [ T o o
of structural systems for associafZ&#— - posssan S Srrdoams
Constellation elements g i e I =

« Autoclave -cured Gr/Epffiber -placementSkin -diiffiger fres TN, TN | SLEE
frame (#13) [ i b | s
 Autoclave -cured Gr/Epffiber -placen%%m&aMa«uﬂ i (0 v
(#15) R 5 St .
« Autoclave -cured Gr/Ep/hand -layup/moifSEBtuE® (#2415 I
+ Bonded joints Oumae  Gaatn B ST 2
° Boltedjoints s g-:fl,él @‘6 = :;ﬂ,m :‘3:‘5
« Common Tonr o= Toid e
2. Select specific structural system|Comatiiuasns [rrmm || | rus [ T —
Y Dx:'
and associated technologies [T ) o]
Htak adiB T, Ba.

3. Prepare development plan for selpcted ™ ﬁ%,g R ﬁ%«; ;
Constellation elements using specific o  |siases || ﬁ e
structural systems e b s

4. Initiate building -block developmgus* # ¥ x=mmn ~£=n 1T s i

e 2 Desoatsiap )
selected specific structural systems Tor h”&fg‘fﬁ - [ = m’
payoff Constellation elements e £l s
Asatsap LO2trk) El Aeaatsap LCEL“S)
Sygmtsr =z ST
10HtEie) o )
Qewcdin BEA % I'QAA

Figure 8.2-1. Recommended Constellation-wide Technology Development Program
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Shells, | 1. Materials and 2. Manufacturing 3. Innovative | % A:i"“'yj:i cfi'monff‘:d 6.Dvt, QA, | 7. Design for
Rigid Processes Methods Design ng, and Cert Threats
Simulation Allowables
13 Autodave manufacturing Sin-stringer- SSF analysis No unique No unique No unique
methods frame design (Common) (Common) (Common) +Autoclave -cure Gr/Ep
Fiber placement «Fiber placement
+Skin stringer frame
methods
15 Autodave manufacturing Sandwich Sandwich No unique No unique No unique
Advanced autodave me.thods designs analysis (Common) (Common) (Common) . AuccaeEers
aure M&P Sandwich (core) Gr/Ep
manufacturing methods + Fiber placement
Fiber placement + Sandwich
methods
24 Autodave manufacturing Lightweight No unique No unique No unique No unique 0 étjténclave -cure
r/Ep
methods strudure for load (Common) (Common) (Common) B
transfer « Monocoque
Joint structural systems
4. Analysis, 5. Design
1. Materials and 2. Manufacturing 3. Innovative | 00 4 ; | e 'ag " | ©6Dvt,0A, [ 7. Designor
Processes Methods Design ng, and Cert Threats
Simulation Allowables
Bonded | Bonded joining M&P Bonded assembly Pimarily bonded Bonded joint No unique No unique No unique
Joints (adhesives) strudures analysis (Common) (Common) (Common)
3-D woven preforms
Bolted Bolted joining M&P Bolted assembly Effident bolted Bolted joint No unique No unique No unique
Joints (fasteners) joints between analysis (Common) (Common) (Common)
3-D woven preforms large sedtions

Figure 8.2-2. System of structural systems includes all technology categories and
two joint systems.

1 Materials and Processes
Coatings and sealants
2. Manufacturing Methods
In-process inspection techniques
3. Innovative Design
Multifunctional designs
Tailored composites
Interaction between components
Methods of preventing damage growth
4. Analysis, Modeling and Sim
Analysis of effects of defects
Analysis of highly tailored composites
Simulated test and evaluation
Thermo-structural analysis
Failure mechanism/prediction
Optimization methods
Fatigue/life prediction
Probabalistic analysis
Hierarchical analysis
Internal and residual stress analysis
5. Design Criteria and Allowables
Damage tolerance DC&A
Standardized Allowables
Environmental durability DC&A
Knockdown factors
Safety factors based on aircraft approach
Develop NDE standards
Minimum gage specifications

6. Development, QA and Cert
Nondestructive Inspection Methods

QA to Structural Performance Correlation

Post-damage reliability prediction

In-Situ Damage Detection and Prognostics

Structural health monitoring, diagnostics, and prognostics
Hot spot interrogation
Certification by analysis
Certification by simulation
Improved test methods
Database development
In-space/ground repair methods

7. ThreatEnvironment
MMOD (lunar/LEO)

Lunar dust
Aging in lunar and space environment
Static charge

Thermal cycling

Radiation
Noise
Toxicity & outgassing

Figure 8.2-3. Recommended Constellation-wide Technology Portfolio (Common)
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M&P (adhesives)

cobond/secondary bond applications

2. Develop inspection process for surface preparation prior to
secondary bonding

3. Scale up and validate surface energy-based methods developed in
CAl program

4. Improve joint design/durability/damage tolerance for cryotanks

5. Develop bonded joint NDE methods (correlate to strength)

1. Materials and Processes HOuELLE Strategy
System

Advanced 1. Utilize higher operating temperature toughened Ep and BMI with 13,15,24 Adapt
autoclave cure lower cure temp and pressure
M&P 2. Utilize higher operating temp themmoplastics with lower consolidation

temp and pressure

3. Improve hydrogen impemeability for cryotanks

4. Employ thin-ply laminates to minimize microcracking in cryotanks

(ref. Tsai)
Sandwich (core) 1. Design a multifunctional, multicomponent core with strength, 15 Adapt
M&P themal, radiation, self-repair, etc., properties

2. Incorporate sandwich panel purge/vent system integration

3. Utilize low pemeability co-cured sandwich facesheets
Molding 1. Adapt BCA MCs for space applications Bolted Adapt
compounds M&P
Bonded joining 1. Develop open-air plasma treatment for lower cost and cycle time for Bonded Adapt

Figure 8.2-4. Constellation-wide Technology Development Plan (1 of 15)—M&P

Technology | Development Plan
1. Materials and Processes Stsr;sc:::l Strategy
Bolted joining 1. Implement low-cost fasteners for composites Bolted Adapt
M&P (fasteners)
Coatings and 1. Develop multifunctional, multicomponent coatings (including nano) Common Adapt
sealants with thermal, radiation, repair, etc., properties
2. Implement more durable conductive themmal control coatings
3. Utilize a chrome-free cryogenic primer for LO2/LH2 cryotanks
4. Develop low-cost conductive thermal control coatings (silicone
resin/zinc oxide) for space applications
Nano-composites |1. Develop multifunctional, multicomponent coatings with (electrical, Common NASA-
themal, radiation, repair, acoustic, mechanical, etc., properties (ref. unique
Rice University/NASA URET] project)
3-D woven 1. Utilize 3-D woven ring frames Common Adapt
preforms 2. Integrate woven preforms with resin infusion M&P

Figure 8.2-5. Constellation-wide Technology Development Plan (2 of 15)—M&P
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Technology | Development Plan
. Structural

2. Manufacturing Methods S Strategy
Autoclave 1. Define large-scale autoclave (10 m) design, fabrication, operation, 13,15,24 Adapt
manufacturing and cost
methods
Fiber placement 1. Increase material laydown rates with multiple head processes for 13,15,24 Adapt
methods larger scale parts

2. Trade hybrid processes that mix 3 in to 12 in tape with 1/8 to 1/2 in

tow for optimal rates

3. Optimize machine configuration for 5 m parts and for 10 m parts

(Ares V)

4. Design low-cost, right-sized fiber placement process
Large (reusable) 1. Develop tooling materials and fabrication for large-scale (10 m) 13,15,24 Adapt
tooling cryotanks (optimum number of parts and joints)

2. |dentify interaction of mass, inertia, and deflection for large-scale

part on production equipment and autoclave processes
Sandwich (core) 1. Implement single-cure for facesheets and core (and all edge details 15 Adapt
manufacturing and inserts)
methods

Figure 8.2-6. Constellation-wide Technology Development Plan (3 of 15)—Manufacturing Methods

Technology | Development Plan
2. Manufacturing Methods SUEE] Strategy
System
In-process 1. Promote in-process inspection  —Ilink up with nondestructive Common Adapt
inspection inspection methods and QA to structural performance methods
techniques
Improved 1. Promote determinant assembly (ref. Factory of the Future) Common Adapt
assembly 2. Utilize laser metrology (ref. Cramer)
methods
Bonded assembly |1. Promote a balanced use of bonding and bolting methods Bonded Adapt
Bolted assembly  |1. Adapt 787 technology for low production quantity (less automated) Bolted Adapt
Molding 1. Develop composite molding for highly loaded fittings and frames Bolted Adapt
compound
3D reinforcement |1. Specify 3D woven fabrics for high-load fittings Bolted Adapt
2. Implement stitching for high-damage prone applications
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Technology | Development Plan
3. Innovative Design S:;:tt::l Strategy
Efficient bolted 1. Develop an all-composite bolted joint (replace Al or Ti fitting or ring Bolted Adapt
joints between frame)
large sections
Multifunctional 1. Incorporate MMO D-radiation-acoustic protection in structure for long- Common NASA
designs duration space applications (ref ISS)
2. Implement active vibration control for LV payloads
Sandwich designs |1. Minimize weight penalty of openings and joints combine core 15 Adapt
2. Develop sandwich for failure-redundant propellant tank with
multifunctional core thermal, MMOD, acoustic)
Hybrid (metal/ 1. Develop hybrids for higher-efficiency bolted joints (ref Fink) Bolted Adapt
composite)
structures
Tailored 1. Apply fiber steering to large structures Common Adapt
composites 2. Identify methods of controlling and analyzing steering
3. Perform mechanical testing to validate modeling results
4. Determine weight savings for various structure types
Primarily bonded  |1. Develop/validate Z-reinforced cobonded/co-cured joints for fail Bonded Adapt
structures safety (composite-composite and metal-composite joints)
2. Balance bolted and bonded approaches
Point load 1. Utilize composite fittings with molding compounds or resin infusion Bolted Adapt
introduction

Figure 8.2-8. Constellation-wide Technology Development Plan (5 of 15)—Innovative Design

Technology | Development Plan

3. Innovative Design Sg;:g:' Strategy
Composite 1. Develop tanks with and without polypropylene liner for (1) short- 24 Adapt
pressure vessels  |term, then (2) long-term, storage of cryogenic fluids or gaseous He
(nonintegral)
Lightweight 1. Develop truss structure with integral and/or composite end fittings 24 Adapt
structure for load
transfer
Methods of 1. Apply stitching to local damage-prone areas only Common Adapt
preventing
damage growth
MMOD resistant | 1. Investigate further development of the Apollo hypervelocity impact Common NASA
design database on honeycomb cell sizing to minimize channeling effects of

honeycomb core; would apply to composite or metallic honeycomb

(required for honeycomb sandwich use)

2. Work to mitigate the tendency of composites to delaminate and

debond upon hypervelocity impact (required for composite use)

3. Determine the maximum/optimum height for honeycomb

sandwiches; for MMOD, more space is better (sandwich improvement,

i.e., lower priority than 1 and 2)
Skin-stringer- 1. Minimize fastened parts for minimum weight 13 Adapt
frame design 2. Design for secondary bonding (with minimum fasteners) of frame

caps or other buildup

Figure 8.2-9. Constellation-wide Technology Development Plan (6 of 15)—Innovative Design
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Technology | Development Plan
. . . . Structural

4. Analysis, Modeling and Simulation ST Strategy
Sandwich 1. Improve analytical techniques for predicting disbond and crack 15 Adapt
analysis arrestment in sandwich structures
Skin-stringer- 1. Analyze stiffener terminations and discontinuities 13 Adapt
frame analysis
Analysis of 1. Adapt commercial aircraft defect analysis BOK Common Adapt
effects of defects
Analysis of highly- |1. Study the cost and benefit of highly tailored composite structures Common Adapt
tailored
composites
Simulated test 1. Develop simulations to complement test and evaluation efforts and Common Adapt
and evaluation to lessen the need for repetitive testing
Themo-structural ]1. Adapt X-37 lessons leamed to Orion (and other) heatshield Common Adapt
analysis
Failure 1. Analyze failure modes Common Adapt
mechanism/ 2. Develop a database
prediction

and Simulation

Figure 8.2-10. Constellation-wide Technology Development Plan (7 of 15)—Analysis, Modeling,

Technology | Development Plan

4. Analysis, Modeling and Simulation St;;::::l Strategy
Optimization 1. Develop multifactor (performance and cost) and multifunctional Common Adapt
methods (structure, radiation, MMOD, etc.) optimization techniques
Fatigue/life 1. Characterize environmental (e.g., themrmal cycling) degradation Common Adapt
prediction
Probabilistic risk 1. Evaluate, balance level of engineering data available to support Common Adapt
assessment PRAs: MMOD is usually fairly detailed since design is statistically

driven; others often are less probabilistic in nature

2. Develop common data requirements for Constellation programs to

use in data set acquisition and development

3. Document data confidence levels
Reliability-based 1. Develop a database to support reliability-based design and analysis Common Adapt
or risk-based 2. Link up with factors of safety based on an aircraft approach
analysis 3. Develop standardized allowables, optimization methods, and

knockdown factor analysis
Certification to 1. Develop a database to support probabilistic certification Common Adapt

needed risk or
reliability — similar
to simulated test
and evaluation

2. Link up with accelerated aging and test methods, certification by
analysis, certification by simulation, improved test methods, and
postdamage detection and prognostics.

and Simulation
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4. Analysis, Modeling and Simulation SN Strategy
System

Risk-based or 1. Develop a database to support reliability-based maintenance Common Adapt

reliability-based program

maintenance —  |2. Link up with NDE standard, in situ damage detection and

similar to prognostics, structural health monitoring, diagnostics, and prognostics,

fatigue/life postdamage reliability prediction, damage tolerance DC&A, in-

prediction space/ground repair methods

Hierarchical 1. Develop the hierarchical analysis of structural systems Common Adapt

analysis 2. Link up with nanotech efforts

Intemal and 1. Minimize residual stresses through cure cycle optimization Common Adapt

residual stress

analysis

Scaling and 1. Implement scaling and validation of scaled composites (ref. esp. Common Adapt

validation Johnson, Morton, Kellas, and Jackson)

MMOD impact 1. Automate the transfer of CAD models into Bumper-compatible Common NASA

analysis formats

2. Continue algorithm development-the shadowing algorithm in
Bumper has restrictions on relative size of elements; work has been
done on ISS to develop new algorithm to remove this restriction
(models from #1 tend to have significant variation in element sizing

3. Improve body of knowledge on failure criteria as it is a significant
source of impact analysis error. Need to plan for agency/industry wide
development of common database; on ISS we're trying to obtain
residual asset hardware for impact testing with some success; this
approach needs to be expanded

Figure 8.2-12

and Simulation

Technology

| Development Plan

. Constellation-wide Technology Development Plan (9 of 15)—Analysis, Modeling,

4. Analysis, Modeling and Simulation

Structural
System

Strategy

Bonded joint
analysis

1. Apply new 3D parametric FEM tools to bonded joints

2. Enable inclusion of nonlinear behavior and both peel and shear
stress in bondline, and be able to predict both cohesive failures in
adhesive as well as failures in composite adherends in one integrated
analysis model

3. Use Strain Invariant Failure Theory for damage initiation and growth
prediction in both adhesive layer and surrounding composite plies

4. Use new fracture interface element methods for damage growth
predictions. Analytical tools exist, but need to measure appropriate
materials properties and validate across a range of joint designs and
environments

Bonded

Adapt

Bolted joint
analysis

1. Incorporate themmal effects, seals and leakage

Bolted

Adapt

Cost analysis

1. Validate tools with hardware design, build, and test

Common

Adapt

Figure 8.2-13

and Simulation
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Technology | Development Plan
5. Design Criteria and Allowables S Strategy
System

Damage 1. Characterize acceptable and reasonable levels and likelihood of Common Adapt
tolerance DC&A  Jdamage for complete life cycle (with and without on-board SHM)
Radiation 1. Characterize materials evaluation/assessment; particle transport & Common Adapt
protection DC&A |dose attenuation in lunar environment
MMOD resistant  |1. Develop improved failure criteria, mainly through impact testing; Common NASA
DC&A including database of all performed non-proprietary impact tests and

developed equations (ref JSC good database)

2. Document confidence levels in the data
Standardized 1. Develop and standardize body of knowledge on allowables Common Adapt
allowables
Environmental 1. Empirically establish environmental effects on most likely (cross- Common Adapt
durability DC&A cutting) structural systems
Knockdown 1. Validate knockdown factors with probabilistic analysis Common Adapt
factors

Figure 8.2-14. Constellation-wide Technology Development Plan (11 of 15)—

Design Criteria and Allowables

Technology Development Plan
5. Design Criteria and Allowables SUELITE] Strategy
System
Safety factors 1. Trade the levels of test, analysis, and allowable safety factors Common Adapt
based on aircraft  |(commercial and military AC can amortize extensive testing and
approach analysis)
2. Evaluate the use of qualified commercial or military aircraft systems
with FAA-approved factors of safety
Develop NDE 1. Develop standards for NDE during product development Common Adapt
standards
Minimum gage 1. Evaluate extra-thin prepreg tape while considering all other criteria Common Adapt
specifications
Bonded joint 1. Adapt FAA criteria for space applications Bonded Adapt
DC&A
Bolted joint DC&A |1. Adapt FAA criteria for space applications Bolted Adapt

Figure 8.2-15. Constellation-wide Technology Development Plan (12 of 15)—

Design Criteria and Allowables
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Technology | Development Plan
6. Development, Quality Assurance, and Certification Sl Strategy
System
Nondestructive 1. Scale up and validate the laser-based inspection device (LBID) for Common Adapt
inspection interrogating the strength of bonded joints
methods 2. Develop ultrasonic phased-array technology
QA to structural 1. Scale up and validate the LBID for intemogating the strength of Common Adapt
performance bonded joints
correlation
Postdamage 1. Develop postdamage reliability prediction methods to determine Common Adapt
reliability availability versus given flight risks
prediction 2. Link up with damage tolerance design criteria and allowables
In situ damage 1. SHM Reasoner: Develop an integrated SHM reasoner that will Common Adapt
detection and integrate multisensor systems to detect, diagnose, and report
prognostics structural health information for supporting mission planning and
maintenance actions
2. Adapt flight system testing and qualification to in situ methods
Structural health 1. Develop diagnostic criteria for various damage/failure modes that Common Adapt

monitoring, are of concem to structural test and production
diagnostics, and 2. Develop tools and processes for structural health monitoring,
prognostics diagnostics, and prognostics

and Certification

Figure 8.2-16. Constellation-wide Technology Development Plan (13 of 15)—Development, QA,

Technology | Development Plan
6. Development, Quality Assurance, and Certification S Strategy
System
Hot spot 1. Develop enhanced diagnostic capability with a minimum complexity Common Adapt
interrogation added to the structures
Scaling effects 1. Analytically model and experimentally verify the scaling of large Common Adapt
cryotank structures
Certification by 1. Assess probabilistic certification methodology (ref. Han-Pin Kan) Common Adapt
analysis
Certification by 1. Develop simulation methods for certification of flight structures Common Adapt
simulation especially for uninhabited vehicles
Improved test 1. Standardize MMOD certification; currently variations exist between Common Adapt
methods programs that produce nontrivial cost and weight impacts on
certification
Database 1. Promote the development of a certification body of knowledge Common Adapt
development (BOK) and database
2. Link up with the adaptation of commercial aircraft BOK for the
certification of composite air structures
Accelerated aging |1. Assess probabilistic aging method (ref Tomg) Common Adapt
and test methods |2. Review HSR methods
In space/ground 1. Investigate self-healing methods Common Adapt
repair methods
Improved leak 1. Develop fiber optic sensors for lighter weight and higher reliability Common NASA
detection 2. Develop noncontact leak detectors

and Certification
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Technology | Development Plan
- . Structural
7. Design for Threat/Environment System Strategy
MMOD 1. Develop ultrahigh-speed (15 to 20 km/sec) launch capability to Common NASA
(lunar/LEO) characterize meteor impact effects; three-stage light gas guns are
under development, but not "production”; integrate Navy's
development work with rail guns for weaponry and general increases
in materials technology (ability to withstand high-rail contact pressures
during launch at higher velocities) may have enabled technology
Lunar dust 1. Incorporate NASA Glenn antidust coatings for Lunar and Mars Common NASA
dust—a coating of Americium-241 paint to neutralize the electrostatic
charge on the dust particles
2. Repeat LDEF on lunar surface or at LLO
Aging in lunar and |1. Repeat LDEF on lunar surface or at LLO Common NASA
space
environment
Static charge 1. Study static charge mitigation in structures for both dust repulsion Common NASA
and the management of ESD risks to life and electronics
Themal cycling 1. Repeat LDEF on lunar surface or at LLO Common NASA
Radiation 1. Radiation effects on electronics parts using lunar LDEF Common NASA
Noise 1. Utilize multifunctional sandwich structures Common NASA
Toxicity and 1. Repeat LDEF on lunar surface orat LLO Common NASA
outgassing

Figure 8.2-18. Constellation-wide Technology Development Plan (15 of 15)—Design for Threat/
Environment

8.3 Integrated Technology Demonstrations

The third level of the hierarchy of recommendations consists of three Integrated Technology
Demonstrations (ITDs). These ITDs are based on the Constellation-wide technology
development plan, and were selected to represent a broad array of NASA-unique technologies.
Each ITD represents one of the three cross-cutting structural systems and a major Constellation
element (Figure 8.3-1). ITD 1 represents structural system 13 as applied to the Ares V Interstage.
This ITD demonstrates large-scale producibility and weight-critical structure (Figures 8.3-2
through 8.3-5). ITD 2 develops structural system 15 specifically for the Altair Crew Cabin.
Unique features include multi-functional and weight-critical sandwich structure (Figures 8.3-6
through 8.3-15). ITD 3 uses structural system 24 to demonstrate long-term durability of LO;
tanks (Figure 8.3-16 through 8.3-22).
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Figure 8.3-1. Recommended Integrated Technology Demonstrations

Technology | Development Plan

1. Materials and Processes Structural Strategy
System

Advanced 1. Utilize higher operating temperature toughened Ep and 13 Adapt
autoclave cure BMI with lower cure temp and pressure
M&P
Bolted joining 1. Implement low-cost fasteners for composites Bolted Adapt
M&P (fasteners)
3D woven 1. Utilize 3-D woven ring frames Common Adapt
preforms 2. Integrate woven preforms with resin infusion M&P

Figure 8.3-2. Recommended Technologies for ITD 1 (1 of 4)
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Technology | Development Plan
2. Manufacturing Methods SUENE] Strategy
System
Autoclave 1. Define large-scale autoclave (10 m) design, fabrication, 13 Adapt
manufacturing operation, and cost
methods
Fiber placement  |1. Increase material laydown rates with multiple head 13 Adapt
methods processes for larger scale parts
2. Trade hybrid processes that mix 3-in to 12-in tape with
1/8 to 1/2 in tow for optimal rates
3. Optimize machine configuration for 5m parts and for 10-
m parts (Ares V)
4. Design low-cost, right-sized fiber placement process
Large (reusable) |1. Develop tooling materials and fabrication for large-scale 13 Adapt
tooling (10-m) cryotanks (optimum number of parts and joints)
2. Identify interaction of mass, inertia, and deflection for
large-scale part on production equipment and autoclave
processes
Improved 1. Utiize determinant assembly (ref. Factory of the Future) Common Adapt
assembly 2. Utilize laser metrology (ref. Cramer)
Bolted assembly  |1. Adapt 787 technology for low production quantity (less Bolted Adapt
automated)
3D reinforcement 1. Specify 3D woven fabrics for high-load fittings Bolted Adapt
2. Implement stitching for high-damage prone applications

Figure 8.3-3. Recommended Technologies for ITD 1 (2 of 4)
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Technology | Development Plan
3. Innovative Design S | iy
System
Efficient bolted 1. Develop an all-composite bolted joint (replace Al or Ti Bolted Adapt
joints between fitting or ring frame)
large sections
Point load 1. Utilize composite fittings with molding compounds or Bolted Adapt
introduction resin infusion
Skin-stringer- 1. Minimize fastened parts for minimum weight. 13 Adapt
frame design 2. Design for secondary bonding (with minimum fasteners)
of frame caps or other buildup
Technology | Development Plan
4. Analysis, Modeling, and Simulation LTSI | S S
System
Skin-stringer- 1. Analyze stiffener terminations and discontinuities 13 Adapt
frame analysis
Simulated test 1. Develop simulations to complement test and evaluation Common Adapt
and evaluation efforts and to lessen the need for repetitive testing
Hierarchical 1. Develop the hierarchical analysis of structural systems Common Adapt
analysis
Scaling and 1. Implement scaling and validation of scaled composites Common Adapt
validation (ref. esp. Johnson, Morton, Kellas, and Jackson)
Bolted joint 1. Incorporate thermal effects, seals and leakage Bolted Adapt
analysis
Cost analysis 1. Validate tools with hardware design, build, and test Common Adapt

Figure 8.3-4. Recommended Technologies for ITD 1 (3 of 4)
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Technology | Development Plan

5. Design Criteria and Allowables Structural | Strategy

System
Safety factors 1. Trade the levels of test, analysis, and allowable safety Common Adapt
based on aircraft  [factors (commercial and military AC can amortize
approach extensive testing and analysis)
2. Evaluate the use of qualified commercial or military
aircraft systems with FAA-approved factors of safety
Bolted joint DC&A 1. Adapt FAA criteria for space applications Bolted Adapt

Technology | Development Plan

6. Development, Quality Assurance, and Certification SULEMEL || S

System
Nondestructive 1. Scale-up and validate the laser-based inspection device Common Adapt
Inspection (LBID) for interrogating the strength of bonded joints
Methods 2. Develop ultrasonic phased-array technology
Scaling effects 1. Analytically model and experimentally verify the scaling Common Adapt
of large cryotank structures

Technology | Development Plan

Structural | Strategy

7. Design for Threat/Environment
System

Figure 8.3-5. Recommended Technologies for ITD 1 (4 of 4)
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Technology | Development Plan
1. Materials and Processes Structural Strategy
System

Advanced 1. Utilize higher operating temperature toughened Ep and 15 Adapt
autoclave cure BMI with lower cure temp and pressure
M&P 4. Employ thin-ply laminates to minimize microcracking
Sandwich (core) 1. Design a multifunctional, multicomponent core with 15 Adapt
M&P strength, thermal, radiation, self-repair, etc., properties

2. Incorporate sandwich panel purge/vent system

integration

3. Utilize low permeability co-cured sandwich facesheets
Molding 1. Adapt BCA MCs for space applications Bolted Adapt
compounds M&P
Bonded joining 1. Develop open air plasma treatment for lower cost and Bonded Adapt
M&P (adhesives) |cycle time for cobond/secondary bond applications.

2. Develop inspection process for surface preparation prior

to secondary bonding.

3. Scale-up and validate surface energy-based methods

developed in CAl program.

4. Improve joint design/durability/damage tolerance

5. Develop bonded joint NDE methods (correlate to
Coatings and 1. Develop multifunctional, multicomponent coatings Common Adapt
sealants (including nano) with thermal, radiation, repair, etc.,

properties

2. Implement more durable conductive thermal control

coatings

3. Utilize a chrome-free cryogenic primer for LO2/LH2

cryotanks

4. Develop low-cost conductive thermal control coatings

(silicone resin/zinc oxide) for space applications

Figure 8.3-6. Recommended Technologies for ITD 2 (1 of 10)
Technology | Development Plan

2. Manufacturing Methods Sg:;:::' Strategy
Autoclave 1. Define large-scale autoclave (10m) design, fabrication, 15 Adapt
manufacturing operation, and cost
methods
Fiber placement  |4. Design low-cost, right-sized fiber placement process 15 Adapt
methods
Sandwich (core) |1.Implement single-cure for facesheets and core (and all 15 Adapt
manufacturing edge details and inserts)
methods
In-process 1. Promote in-process inspection--link up with Common Adapt
inspection Nondestructive Inspection Methods and QA to structural
techniques performance methods
Bonded assembly |1. Promote a balanced use of bonding and bolting Bonded Adapt

methods
Molding 1. Develop composite molding for highly loaded fittings Bolted Adapt
compound and frames

Figure 8.3-7. Recommended Technologies for ITD 2 (2 of 10)
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Technology | Development Plan

3. Innovative Design Stsr;:::r:‘al Strategy
Multifunctional 1. Incorporate MMOD-radiation-acoustic protection in Common Adapt
designs structure for long-duration space apps (ref ISS)

2. Implement active vibration control for LV payloads
Sandwich 1. Minimize weight penalty of openings and joints 15 Adapt
Designs combine core

2. Develop sandwich for failure-redundant propellant tank

with multifunctional core thermal, MMOD, acoustic)
Primarily bonded |1. Develop/validate Z-reinforced cobonded/cocured joints Bonded Adapt
structures for fail safety (Composite-composite and metal-composite

joints)

2. Balance bolted and bonded approaches
Point load 1. Utilize composite fittings with molding compounds or Bolted Adapt
introduction resin infusion
Methods of 1. Apply stitching to local damage-prone areas only Common Adapt
preventing
damage growth
MMOD Resistant |1. Investigate further development of the Apollo Common NASA
Design hypervelocity impact database on honeycomb cell sizing to

minimize channeling effects of honeycomb core; would

apply to composite or metallic honeycomb. (required for

honeycomb sandwich use)

2. Mitigate tendency of composites to delaminate and

debond upon hypervelocity impact. (required for

composite use)

Figure 8.3-8. Recommended Technologies for ITD 2 (3 of 10)
Technology | Development Plan

4. Analysis, Modeling, and Simulation Sg;::::' Strategy
Sandwich 1. Improve analytical techniques for predicting disbond 15 Adapt
analysis and crack arrestment in sandwich structures
Analysis of 1. Adapt commercial aircraft defect analysis BOK Common Adapt
effects of defects
Simulated test 1. Develop simulations to complement test and evaluation Common Adapt
and evaluation efforts and to lessen the need for repetitive testing
Thermo-structural |1. Adapt X-37 lessons learned to Orion (and other) Common Adapt
analysis heatshield
Failure 1. Analyze failure modes Common Adapt
mechanism/ 2. Develop a database
prediction
Optimization 1. Develop multifactor (performance and cost) and Common Adapt
methods multifunctional (structure, radiation, MMOD, etc.)

optiimization techniques
Fatiguellife 1. Characterize environmental (e.g., thermal cycling) Common Adapt
prediction degradation

Figure 8.3-9. Recommended Technologies for ITD 2 (4 of 10)
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Technology | Development Plan

4. Analysis, Modeling, and Simulation sg;':tt::' Strategy
Probabilistic risk 1. Evaluate, balance level of engineering data available to Common Adapt
assessment support PRAs: MMOD is usually fairly detailed since

design is statistically driven; others often are less

probabilistic in nature

2. Develop common data requirements for Constellation

programs to use in data set acquisition and development

3. Document data confidence levels
Reliability-based 1. Develop a database to support reliability-based design Common Adapt
or risk-based and analysis
analysis 2. Link up with factors of safety based on an aircraft

approach

3. Develop standardized allowables, optimization methods,

and knockdown factor analysis
Certification to 1. Develop a database to support probabilistic certification Common Adapt
needed risk or 2. Link up with accelerated aging and test methods,
reliability —similar |certification by analysis, certification by simulation,
to simulated test  Jimproved test methods, and postdamage detection and
and evaluation prognostics

Figure 8.3-10.. Recommended Technologies for ITD 2 (5 of 10)
Technology I Development Plan

4. Analysis, Modeling, and Simulation Stsr;':tt:r:]al Strategy
Risk-based or 1. Develop a database to support reliability-based Common Adapt
reliability-based maintenance program
maintenance —  |2. Link up with NDE standard, in situ damage detection
similar to and prognostics, structural health monitoring, diagnostics,
fatiguel/life and prognostics, postdamage reliability prediction,
prediction damage tolerance DC&A, in-space/ground repair methods
MMOD impact 1. Automate the transfer of CAD models into Bumper Common NASA
analysis compatible formats

2. Continue algorithm development —the shadowing

algorithm in Bumper has restricitons on relative size of

element

3. Improve body of knowledge on failure criteria as itis a

significant source of impact analysis error. Need to plan

for agency/industry wide development of common

database
Bonded joint 1. Apply new 3D parametric FEM tools to bonded joints Bonded Adapt
analysis 2. Enable inclusion of nonlinear behavior and both peel

and shear stress in bondline, and be able to predict both

cohesive failures in adhesive as well as failures in

composite adherends in one integrated anlysis model

3. Use Strain Invariant Failure Theory for damage initiation

and growth prediction in both adhesive layer and

surrounding composite plies

4. Use new fracture interface element methods for

damage growth predictions

Figure 8.3-11. Recommended Technologies for ITD 2 (6 of 10)
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Technology | Development Plan

5. Design Criteria and Allowables Sg;sctt:r:‘al Strategy
Damage 1. Characterize acceptable and reasonable levels and Common Adapt
tolerance DC&A  |likelihood of damage for complete life cycle (with and

without onboard SHM)
Radiation 1. Characterize materials evaluation/assessment; particle Common Adapt
protection DC&A |transport and dose attenuation in lunar environment
MMOD resistant  |1. Develop improved failure critera, mainly through impact Common NASA
DC&A testing; including database of all performed nonproprietary

impact tests and developed equations (ref. JSC good

database)
Environmental 1. Empirically establish environmental effects on most Common Adapt
durability DC&A likely (cross-cutting) structural systems
Knockdown 1. Validate knockdown factors with probabilistic analysis Common Adapt
factors
Safety factors 1. Trade the levels of test, analysis, and allowable safety Common Adapt
based on aircraft  [factors (commercial and military AC can amortize
approach extensive testing and analysis)

2. Evaluate the use of qualified commercial or military

aircraft systems with FAA-approved factors of safety
Develop NDE 1. Develop standards for NDE during product development Common Adapt
standards
Minimum gage 1. Evaluate extra-thin prepreg tape while considering all Common Adapt
specifications other criteria
Bonded joint 1. Adapt FAA criteria for space applications Bonded Adapt
DC&A

Figure 8.3-12. Recommended Technologies for ITD 2 (7 of 10)
Technology | Development Plan
6. Development, Quality Assurance, and Certification Structural Strategy
System

Nondestructive 1. Scale-up and validate the laser-based inspection device Common Adapt
Inspection (LBID) for interrogating the strength of bonded joints
Methods 2. Develop ultrasonic phased-array technology
QA to structural 1. Scale-up and validate the LBID for interrogating the Common Adapt
performance strength of bonded joints
correlation
Postdamage 1. Develop postdamage reliability prediction methods to Common Adapt
reliability determine availability versus given flight risks
prediction 2. Link-up with damage tolerance design criteria and

allowables
In situ damage 1. SHM Reasoner —Develop an integrated SHM reasoner Common Adapt
detection and that will integrate multisensor systems to detect, diagnose,
prognostics and report structural health information for supporting

mission planning and maintenance actions

2. Adapt flight system testing and qualification to in situ

methods

Figure 8.3-13. Recommended Technologies for ITD 2 (8 of 10)
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Technology | Development Plan
. . Structural
6. Devel t, lity A , and Certificat
evelopment, Quality Assurance, and Certification System Strategy

Structural health  |1. Develop diagnostic criteria for various damage/failure Common Adapt
monitoring, modes that are of concern to structural test and production
diagnostics, and  |2. Develop tools and processes for structural health
prognostics monitoring, diagnostics, and prognostics
Certification by 1. Assess probalbilistic certification methodology (ref. Han- Common Adapt
analysis Pin Kan)
Improved test 1. Standardize MMOD certification; currently variations Common Adapt
methods exist between programs that produce nontrivial cost and

weight impacts on certification
Accelerated aging |1. Assess probabilistic aging method (ref. Torng) Common Adapt
and test methods |2. Review HSR methods
In-space/ground |1. Investigate self-healing methods Common Adapt
repair methods
Improved leak 1. Develop fiberoptic sensors for lightweight and higher Common NASA
detection reliability

Figure 8.3-14. Recommended Technologies for ITD 2 (9 of 10)
Technology | Development Plan
7. Design for Threat/Environment Structural Strategy
System

MMOD 1. Develop ultra-high-speed (15 to 20 km/sec) launch Common NASA
(lunar/LEO) capability to characterize meteor impact effects
Lunar dust 1. Incorporate NASA Glenn anti-dust coatings for Lunar Common NASA

and Mars dust —a coating of Americium-241 paint to

neutralize the electrostatic charge on the dust particles

2. Repeat LDEF on lunar surface or at LLO
Aging in lunar and |1. Repeat LDEF on lunar surface or atLLO Common NASA
space
environment
Static charge 1. Study static charge mitigation in structures for both dust Common NASA

repulsion and the management of ESD risks to life and

electronics
Thermal cycling 1. Repeat LDEF on lunar surface or at LLO Common NASA
Radiation 1. Radiation effects on electronics parts using lunar LDEF Common NASA
Noise 1. Utilize multifunctional sandwich structures Common NASA
Toxicity and 1. Repeat LDEF on lunar surface or at LLO Common NASA
outgassing

Figure 8.3-15. Recommended Technologies for ITD 2 (10 of 10)
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Technology | Development Plan
1. Materials and Processes CLUIELTE Strategy
System
Advanced 1. Improve hydrogen impermeability for cryotanks 24 Adapt
autoclave cure 2. Employ thin-ply laminates to minimize microcracking in
M&P cryotanks (ref. Tsai)
Coatings and 1. Develop multifunctional, multicomponent coatings Common Adapt
sealants (including nano) with thermal, radiation, repair, etc.,
properties
2. Implement more durable conductive thermal control
coatings
3. Utilize a chrome-free cryogenic primer for LO2/LH2
cryotanks
4. Develop low-cost conductive thermal control coatings
(silicone resin/zinc oxide) for space applications
Technology | Development Plan
. Structural
2. Manufacturing Methods System Strategy
Figure 8.3-16. Recommended Technologies for ITD 3 (1 of 6)
Technology | Development Plan
. . Structural
. D
3. Innovative Design System Strategy
Multifunctional 1. Incorporate MMOD-radiation-acoustic protection in Common Adapt
designs structure for long-duration space applcations (ref. ISS)
2. Implement active vibration control for LV payloads
Composite 1. Develop tanks with and without polypropylene liner for 24 Adapt
pressure vessels  [(1) short-term, then (2) long-term, storage of cryogenic
(non-integral) fluids or gaseous He
Lightweight 1. Develop truss structure with integral and/or composite 24 Adapt
structure for load |end fittings
transfer
MMOD Resistant  |2. Mitigate the tendency of composites to delaminate and Common NASA
Design debond upon hypervelocity impact

3. Determine the maximum/optimum height for
honeycomb sandwiches; for MMOD, more space is better
(sandwich improvement, i.e., lower priority than 1 and 2)

Figure 8.3-17. Recommended Technologies for ITD 3 (2 of 6)

79




PWDMO08-0005
@EHEING February 6, 2008
Technology | Development Plan
4. Analysis, Modeling, and Simulation Structural Strategy
System

Simulated test 1. Develop simulations to complement test and evaluation Common Adapt
and evaluation efforts and to lessen the need for repetitive testing
Optimization 1. Develop multifactor (performance and cost) and Common Adapt
methods multifunctional (structure, radiation, MMOD, etc.)

optimization techniques
Probabilistic risk 1. Evaluate, balance level of engineering data available to Common Adapt
assessment support PRAs: MMOD is usually fairly detailed since

design is statistically driven; others often are less

probabilistic in nature

2. Develop common data requirements for Constellation

programs to use in data set acquisition and development

3. Document data confidence levels
MMOD impact 1. Automate the transfer of CAD models into Bumper Common NASA
analysis compatible formats

2. Continue algorithm development —the shadowing

algorithm in Bumper has restricitons on relative size of

elements

3. Improve body of knowledge on failure criteria as it is a

significant source of impact analysis error

Figure 8.3-18. Recommended Technologies for ITD 3 (3 of 6)
Technology | Development Plan

5. Design Criteria and Allowables Sg;::::' Strategy
Radiation 1. Characterize materials evaluation/assessment; particle Common Adapt
protection DC&A  [transport and dose attenuation in lunar environment
MMOD resistant 1. Develop improved failure critera, mainly through impact Common NASA
DC&A testing; including database of all performed nonproprietary

impact tests and developed equations (ref. JSC good

database)

2. Document confidence levels in the data
Environmental 1. Empirically establish environmental effects on most Common Adapt
durability DC&A likely (cross-cutting) structural systems
Safety factors 1. Trade the levels of test, analysis, and allowable safety Common Adapt
based on aircraft  |factors (commercial and military AC can amortize
approach extensive testing and analysis)

2. Evaluate the use of qualified commercial or military

aircraft systems with FAA-approved factors of safety
Develop NDE 1. Develop standards for NDE during product development Common Adapt
standards
Minimum gage 1. Evaluate extra-thin prepreg tape while considering all Common Adapt
specifications other criteria

Figure 8.3-19. Recommended Technologies for ITD 3 (4 of 6)
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Technology | Development Plan
6. Development, Quality Assurance, and Certification S LIE] Strategy
System

Structural health 1. Develop diagnostic criteria for various damage/failure Common Adapt
monitoring, modes that are of concern to structural test and production
diagnostics, and 2. Develop tools and processes for structural health
prognostics monitoring, diagnostics, and prognostics
Certification by 1. Assess probabilistic certification methodology (ref. Kan) Common | Adapt
analysis
Improved test 1. Standardize MMOD certification; currently variations Common Adapt
methods exist between programs that produce nontrivial cost and

weight impacts on certification
Accelerated aging |1. Assess probabilistic aging method (ref. Torng) Common Adapt
and test methods |2. Review HSR methods
Improved leak 1. Develop fiberoptic sensors for lightweight and higher Common NASA
detection reliability

2. Develop noncontact leak detectors

Figure 8.3-21. Recommended Technologies for ITD 3 (5 of 6)
Technology | Development Plan
7. Design for Threat/Environment Structural Strategy
System

MMOD 1. Develop ultra-high-speed (15 to 20 km/sec) launch Common NASA
(lunar/LEO) capability to characterize meteor impact effects; three-

stage light gas guns are under development, but not

"production”; integrate the Navy's development work with

rail guns for weaponry and general increases in materials

technology (ability to withstand high rail contact pressures

during launch at higher velocities) may have enabled
Aging in lunar and [1. Repeat LDEF on lunar surface or at LLO Common NASA
space
environment
Static charge 1. Study static charge mitigation in structures for both dust Common NASA

repulsion and the management of ESD risks to life and

electronics
Thermal cycling 1. Repeat LDEF on lunar surface or at LLO Common NASA
Radiation 1. Radiation effects on electronics parts using lunar LDEF Common NASA
Toxicity and 1. Repeat LDEF on lunar surface or at LLO Common NASA
outgassing

Figure 8.3-22. Recommended Technologies for ITD 3 (6 of 6)

8.4 Recommended Technologies for Task Order Follow-on

At the lowest (and most specific) level of the hierarchy of recommendations, three projects
are recommended that may be executed as an immediate follow-on to the current Task Order.
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Task order Project 1 is derived from Integrated Technology Demonstration 1 (Figure 8.4-1).
This project represents a section of the Ares V Interstage. Four subtasks are proposed, each of
which is described by a development plan taken from the comprehensive technology database.

The second proposed Task Order project provides initial data for the design of a multi-
functional shell for a Ascent Stage Crew Cabin (Figure 8.4-2). Eight subtasks are proposed to
demonstrate multi-functional and weight-critical sandwich structure.

The third Task Order project would provide initial data for the design of an Altair LO, tank
(Figure 8.4-3). This project, and its parent ITD 3, uses structural system 24 to demonstrate long-
term durability of LO, tanks. Four subtasks are proposed.

Technology | Development Plan
Structural
2. Manufacturing Methods
Subtask g System Strategy
1a Fiber placement 1. Increase material laydown rates with multiple head 13 Adapt
methods processes for larger-scale parts
2. Trade hybrid processes that mix 3 inch to 12 inch tape
with 1/8 to 1/2 in tow for optimal rates
3. Optimize machine configuration for 5 m parts and for 10 m
parts
1b Large (reusable) |1. Develop tooling materials and fabrication for large-scale 13 Adapt
tooling (10 m) cryotanks and dry structure (optimum no. of parts and
joints)
2. Identify interaction of mass, inertia, and deflection for
large scale part on production equipment and autoclave
processes
4. Analysis, Modeling, and Simulation
1c Cost analysis 1. Validate tools with hardware design, build, and test Common Adapt
5. Design Criteria Allowables
1d Knockdown factor [1. Validate knockdown factors with test and statistical Common Adapt
analysis

R

!. ale

b=

Ares 'V
interstage

Figure 8.4-1. Recommended Task Order Project 1
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Technology | Development Plan
Subtask |1. Materials and Processes Structural Strategy
System
2a Sandwich (core) |1. Design a multifunctional, multicomponent core and 15 Adapt
M&P facesheets with strength, thermal, radiation, self-repair, etc.,
properties
2. Incorporate sandwich panel purge/vent system integration
3. Utiize low-pemmeability co-cured sandwich facesheets
3. Innovative Design
2b Multifunctional 1. Incorporate MMO D-radiation-acoustic protection in structure Common Adapt
designs for long-duration space apps (ref ISS)
2c Sandwich 1. Minimize weight penalty of openings and joints 15 Adapt
Designs 2. Develop sandwich for failure-redundant propellant tank and
dry structure with multifunctional properties
4. Analysis, Modeling, and Simulation
2d Optimization 1. Develop multifactor (performance and cost) and Common Adapt
methods multifunctional (structure, radiation, MMOD, etc.) optiimization
techniques
5. Criteria and Allowables
2e Safety factors 1. Trade levels of test, analysis, and safety factors Common Adapt
based on aircraft |2. Evaluate use of FAA-approved commercial or military
approach aircraft factors of safety
6. Development, QA and Cert
2f Accelerated 1. Assess probabilistic aging method (ref Torng) Common Adapt
aging and test 2. Review HSR methods
methods
7. Design for Threat/Environment
29 MMOD 1. Develop ultra high-speed (15 - 20 km/sec) launch capability Common NASA
(lunar/LEO) to characterize meteor impact effects
2h Radiation 1. Evaluate radiation effects on electronics parts and crew Common NASA

Subscale
ascent stage
crew cabin

Figure 8.4-2. Recommended Task Order Project 2
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Technology | Development Plan
Subtask |1. Materials and Processes Structural Strategy
System
3a Advanced 3. Improve hydrogen impemeability and LO  » compatibiity 24 Adapt

autoclave cure for cryotanks
M&P 4. Employ thin-ply laminates to minimize microcracking in

cryotanks (ref. Tsai)

3. Innovative Design
3b Composite 1. Develop tanks with and without liner for (1) short-term, 24 Adapt
pressure vessels  |then (2) long-term, storage of cryogenic fluids or gases
(non-integral)
6. Development , QA, and Certification
3c Accelerated aging |1. Assess probabilistic aging method (ref Tomg) Common Adapt
and test methods |2. Review HSR methods

3d Improved leak 1. Develop fiber-optic sensors for low weight and high Common NASA
detection reliability

Subscale
descent

stage LO,
tank

Figure 8.4-3. Recommended Task Order Project 3
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9.0 SUMMARY

Figure 9-1 summarizes the major accomplishments of the task order. This task order
generated a well-grounded and highly-integrated set of recommendations. The recommendations
are based on the inputs of over 30 subject matter experts and set of public-domain references. A
QFD-like methodology was created specifically to address the wide scope of over 100 composite
structures technologies and 33 Constellation structural elements. The methodology identified the
Constellation elements most likely to benefit from the application of composite structures
technologies. At a higher level, all structures development needs to be coordinated as a system of
structural systems. The ultimate benefit of this approach is to minimize development cost, reduce
technical and program risks, and increase the acceptance of advanced composite structures in
NASA Exploration missions.

* Developed comprehensive qualitative (QFD -like) assessment
methodology and composite structure technology database from
public -domain literature and Boeing expertise on related programs

« Recommended one system of structural systems that provides
integrated solution for Constellation -wide structure requirements

» Defined a comprehensive technology development plan based on
recommended system of structural systems

* ldentified three integrated demonstrations that support the
comprehensive technology development plan

» Derived focused technology development plans for a Task Order
follow -on

Figure 9-1. Summary
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APPENDIX B MAPPING NASA-PROVIDED TECHNOLOGIES TO ASSESSED SET
OF TECHNOLOGIES

NASA Boeing
1. Materials and Processes 1. Materials and Processes
1.1. Materials for cryo applications for fuel containment (e.g., Advanced autoclave cure M&P

microcracking, pemmeability, durability and insulation)

1.2. Surface preparation and bonding processes for improved
adhesive joints

1.3. Bonded joining concepts, e.g., pijoints

1.4. Co-cure, co-bond, and secondary bond process Bonded joining M&P (adhesives)
characterization for repeatable production of bonded structures
1.5. Establish equivalence of out-of-autoclave cure processes by
detailed screening, and characterization

1.6. Advanced non-autoclave cure methods (materials) Advanced non-autoclave cure M&P
1.7. Long out-time/Long shelf-life materials
1.8. Nanocomposite development Infusion polymer M&P

Sandwich (core) M&P

Inflatable structure M&P
High-temperature composites M&P
Molding compounds M&P

Bolted joining M&P (fasteners)
Coatings and sealants

3-D Woven Preforms

Technology Mapping (1 of 8)—Materials and Processes
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Boeing

2. Manufacturing Methods

2. Manufacturing Methods

2.1. Develop improved non-autoclave pFocesses for traditional
carbon/resin systems

Non-autoclave manufacturing methods

2.2. Scale up of manufacturing methods to large (33-ft dia)
structures

Autoclave manufacturing methods

2.3. Manufacturing technologies for large scale structures, e.g.,
tape/tow/broadgoods placement machines for very high laydown
rates

2.4. Develop methodology to address large moments of inertia,
stability and structural rigidity of rotating tools for large structures

Large (reusable) tooling

2.5. Vented core and core splicing technology (fabrication)
development

Sandwich (core) manufacturing methods

2.6. In-process inspection techniques and acceptance
methodology

In-process inspection techniques

2.7. Nontraditional cure methods such as ultrasonics

Ultrasonic curing manufacturing methods

2.8. Low-cost tooling

Low-cost (expendable) tooling

2.9. Improved assembly process such as self-tooling, reducing
imperfections and guaranteeing adequate tolerance

Improved assembly methods

Fiber placement methods

Resin Infusion manufacturing methods

Inflatable shell manufacturing

Bonded assembly

Bolted assembly

Molding compound

High temp composites manufacturing

3D reinforcement

Grid-stiffened structure manufacturing methods

Technology Mapping (2 of 8)—Materials and Processes
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Boeing

3. Innovative Design

3. Innovative Design

3.1. Efficient bolted or bonded joints between large sections

Efficient bolted joints between large sections

3.2. Multifunctional designs (strength, themrmal, radiation, acoustic,

)

Multifunctional designs

3.3. Sandwich designs

Sandwich designs

3.4. Iso-, Orthogrid stiffened designs, selective reinforcement

Isogrid/orthogrid designs

3.5. Hybrid (metal/composite) stiffened structures

Hybrid (metal/composite) structures

3.6. Tailored (tow steered, variable stiffness) composites

Tailored composites

3.7. Primarily bonded structures

Primarily bonded structures

3.8. Stitched designs

Stitched designs

3.9. Point load introduction

Point load introduction

3.10. Inflatables

Inflatables (multifunctional shell, hatches)

3.11. In-space/ground repair methods

3.12. Nanocomposites for load bearing applications and reduce
damage growth

3.13. Nanocomposites for nonload bearing applications such as
electrical, IVHM, thermal

3.14. Very high temperature capability as needed for engines and
on reentry

High temperature engine and heatshield
design

3.15. Composite overwrap pressure vessels

Composite pressure vessels (non-integral)

3.16. Crashworthiness incorporated in design

Crashworthiness incorporated in design

3.17. Interaction between components (acoustics issues,
payload...)

Interaction between components

3.18. Integrated TPS, radiation protection

Integrated TPS, radiation protection

3.19. Lightweight mechanisms for load transfer

3.20. Methods of preventing damage growth

Methods of preventing damage growth

Lightweight structure for load transfer

MMOD Resistant Design

Skin-stringer-frame design

Technology Mapping (3 of 8)—Materials and Processes

NASA

Boeing

4.  Advanced Analysis, Modeling, and Simulation

4. Analysis, Modeling, and Simulation

4.1. Advanced analysis for composite shell structures considering
imperfections, failure mechanisms

4.2. Design methodology for stiffener terminations and other
discontinuities

4.3. Effects of defects in novel design concepts, e.g., missing
stitches, local debonds, porosity

Analysis of effects of defects

4.4. Improved methods of analyzing highly tailored composites

Analysis of highly tailored composites

4.5. Simulated test and evaluation of structural designs

Simulated test and evaluation

4.6. Themo-structural design, e.g., themmally compliant joints

Thermo-structural analysis

4.7. Failure mechanism/prediction at RT or extreme temperatures

Failure mechanism/prediction

4.8. Optimization methods

Optimization methods

4.9. Failure mechanism/prediction at extreme temperature

4.10. Fatigue/life prediction

Fatigue/life prediction

4.11. Probabalistic design

4.12. Progressive failure methods

4.13. Hierarchical analysis

Hierarchical analysis

4.14. Prediction of intemal and residual stresses and design to
minimize or take advantage of such stresses

Technology Mapping (4 of 8)—Materials and Processes
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NASA Boeing
4. Advanced Analysis, Modeling, and Simulation 4. Analysis, Modeling, and Simulation
4.15. Scaling and validation Scaling and validation

4.16. Coupled Loads analysis

Sandwich analysis
Isogrid and orthogrid analysis

SSF analysis

Probabilistic risk assessment —NASA
technology

Reliability-based or risk-based design and
analysis

Certification to needed risk or

reliability —similar to simulated test and
Risk-based or reliability-based

maintenance —similar to fatigue/life prediction

Intemal and residual stress analysis
MMOD impact analysis

Bonded joint analysis

Bolted joint analysis

Inflatable structure analysis

Cost analysis

Technology Mapping (5 of 8)—Materials and Processes

NASA Boeing
5. Design Criteria and Allowables 5. Design Criteria and Allowables
5.1. Define damage tolerance requirements Damage tolerance DC&A
5.2. Radiation protection Radiation protection DC&A
5.3. MMOD resistant design MMOD resistant DC&A
5.4. Standardized allowables such as MIL-HDBK-17 modifications Standardized allowables
5.5. In-space durability and environmental influence on design Environmental durability DC&A
5.6. Develop and justify less conservative knockdown factors Knockdown factors
5.7. Develop and justify more reasonable safety factors based on Safety factors based on aircraft approach
aircraft approach
5.8. Develop NDE standards Develop NDE standards
5.9. Better understand and refine minimum gage specifications Minimum gage specifications
5.10. Develop database for better understanding of damage
Bonded joint DC&A
Bolted joint DC&A
Inflatable shell DC&A

Technology Mapping (6 of 8)—Materials and Processes
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Boeing

6. Development, Quality Assurance, and Certification

6. Development, Quality Assurance, and
Certification

6.1. Inspection methods

Nondestructive inspection methods

6.2. QA to structural performance correlation

QA-to-structural performance correlation

6.3. Postdamage reliability prediction

Postdamage reliability prediction

6.4. In situ damage detection and prognostics

In situ damage detection and prognostics

6.5. Structural health monitoring, diagnostics, and prognostics

Structural health monitoring, diagnostics, and
prognostics

6.6. Establish minimum complexity for design hot spot
interrogation

Hot spot interrogation

6.7. Identify smallest test scale where full environmental (including
in-space) simulation is required

Scaling effects

6.8. Establish level of certification that can be accomplished by
analysis

Certification by analysis

6.9. Increased reliance on simulation rather than testing for
certification

Certification by simulation

6.10. Reducing development cost

6.11. Improved test methods

Improved test methods

6.12. Database development

Database development

6.13. Accelerated aging and accelerated test methods

Accelerated aging and test methods

In-space/ground repair methods

Improved leak detection

Technology Mapping (7 of 8)—Materials and Processes

NASA

Boeing

7. Threat and Environment

7. Design for Threat/Environment

7.1. MMOD protection (lunar/IEO)

MMOD (lunar/LEO)

7.2. Lunar dust impacts

Lunar dust

7.3. Improved leak detection (H2, O2, air)

7.4. Aging in lunar environment

Aging in lunar and space environment

7.5. Static charge issues (on Earth or Moon)

Static charge

7.6. Lunar polar extreme temperature fluctuations

Thermmal cycling

7.7. Radiation hardened structures

Radiation

7.8. Noise, insulation

Noise

7.9. Coatings and sealants

7.10. Toxicity including outgassing

Toxicity and outgassing

Technology Mapping (8 of 8)—Materials and Processes
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APPENDIX C BLOCK 2 SCENARIO

Objective

* Determine technology applicability to block upgrade to entire
Constellation program

+ Identify technology advancements (and in turn performance
enhancements) available to each Element

Approach
* Increase Constellation element timeframe rating by 1.

+ Compare Block 1 and Block 2 results

Technology TRL -

730 | 450 | o-oglock 1 Timeframe Block 2 Timeframe
Application | <oyrs(1) 1 1 21 e s
t]met[?tedq 5-10yrs(2) 1 2 Constellation Element | frame onstellation Element frame
commitment [>10yrs (3) 2 3 Ares | Ares 1

First stage 1
Interstage 1 First stage 2
Upper stage Aft section 1 Interstage 2
LO2 tank 1 Upper stage Aft section 2
Intertank (CB) 1 LO2 tank 2
LH2 tank 1 Intertank (CB) 2
Instrum ent Unit 1 Iﬂq‘:fﬂ:::gm Unit 5
Orion - _
Spacecraft adapter 1 Orion
Service module  Tanks 1 Spacecraft adapter 2
Service module  Tanks 2
Shel i Shel 2
Crew module ir:r:s:imfv‘/d 1 Crew module Crew cabin 2
Aeroshell, aft 1 ﬁzgﬂz“: favatd g
LAS Shroud 1 LAS Shroud 2
Tower 1 Tower 2
Ares v [ .y [
First stage Aft section 2 First stage Aft section 3
LO2 tank 2 LO2 tank 3
Intertank 2 Intertank 3
LH2 tank 2 LH2 tank 3
Interstage 2 Interstage 3
EDS Aft section 2 EDS Aft section 3
LO2 tank 2 LO2 tank 3
Intertank 2 Intertank 3
LH2 tank 2 LH2 tank 3
LSAM Shroud 2 LSAM Shroud 3
Attair -I LSAM -
Descent stage LO2 tank(s) 2 Descent stage LO2 tank 3
Support str 2 Support str 3
LH2 tank(s) 2 LH2 tank 3
Legs 2 Legs 3
Ascent stage LO2 tank(s) 2 Ascent stage LO2 tank 3
Support str 2 Support str 3
LCH4 tank(s) 2 LCH4 tank 3
Crew cabin 3 Crew Cabin 3

Comparison Between Block 1 and Block 2 Constellation Element Timeframes
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1] 2 3 4 5 6 | 7 8 9 10 1 12 13 14 15 16| 17 18 19 20 21 22 23 24
LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | LoMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat | HiMat
Fiber | Fiber | Fiber | Fiber | inus | infus | Infus | infus | Hand | Hand | Hand | Hand | Fier | Fiber | Fiber | Fiber | ifus | infus | infus | infus | Hand | Hand | Hand | Hand
[Exploration Element ssF | Gid | sand | Mono | ssF | Gid | sand | Mono | ssF | Gid [ sand | Mono | ssF | Gid | sand | Mono | ssF | Gid | sand | mono | ssF | Gid | sand | Mono
fes
Firtsage o 9 11 7 o 7
Intersage 11 9 10 10 10 10 1 12 1 9 9 8 8 8 10 8 8 8
Uppersiage AftSecion 10 10 1 9 9 9 10 1 12 10 10 9 7 9 1 B B B
LO2 tank 10 10 11 9 ) 9 10 (] 12 10 10 ) 7 9 11 9 9
Interank (CB) 9 9 10 8 8 8 1 10 1 1 9 8 8 10 10 10 10 10
LH2 tank 9 9 10 8 8 8 9 10 1 9 9 10 6 8 10 10 10 10
Instum entUnit 10 10 9 8 9 9 9 B 10 9 10 10 10 B 7 6 7 9 9 B 9 9 8
orion
Spacecaftadapter 10 10 9 9 9 9 10 9 10 10 8 7 7 9 9 9 9 9
Senicemodule  Tanks 8 8 7 8 9 9 7 9 8 7 8 9 10 10 9 7 6 9 9 B 9 9 9 8
Shel 9 9 B 8 8 8 9 8 9 9 9 B 6 B 8 B 8 10
Cewmodule  Crew cabin 6 3 7 7 7 5 6 7 8 8 10 1 5 9 9 ) 9 9
Aeroshel, fvd 8 8 9 9 9 7 8 9 10 10 12 1 6 9 11 9 9 9
Aeoshell aft B B 9 9 9 7 B 9 10 10 12 1 6 9 1 9 9 9
LAS Shroud 1 9 8 10 10 10 1 10 9 9 7 6 8 8 8 8 8 8
Tower 11 9 5 7 10 10 10 9 11 10 9 9 9 7 6 5 [ 5 [ 7 5 5 5 7
esv
Firtsiage Asecion 10 10 11 9 9 9 10 11 12 10 10 9 7 9 11 9 9 9
LO2 tank 9 At 12 8 8 10 9 10 1 9 9 8 6 8 10 8 8 8
Intertank i1 At 10 10 10 10 9 10 At 9 9 8 6 8 10 8 8 8
LH2 tank B 10 1 7 7 9 B 9 10 B B 9 5 7 9 9 9 9
Intersiage 1 1 10 10 10 10 B 10 1 9 B B 6 B 10 B B B
EDS Asecion 10 10 9 9 9 9 8 9 10 8 10 9 51 2 9 7 2 9
LO2 tank 9 9 10 8 8 8 9 10 1 9 i 10 6 8 10 B 8 10
Interank 10 10 9 9 9 9 B 9 10 B 10 9 5 7 9 7 7 9
LH2 tank 7 9 10 B 5 8 7 8 9 7 9 10 1 B 8 B B 10
LSAM Shroud 11 11 10 10 10 10 9 10 11 o 9 ) 6 8 10 8 ] 8
Desentstage  LO2tank(s) 9 7 9 9 9 11
Suppottsr B B 8 B B 10
LH2 ank(s) ) 7 9 S ) 11
Legs 9 7 9 9 9 11
Ascentsage LO2 tank(s) 9 7 9 9 9 11
Suppottsr 8 8 8 8 8 10
LH2 tank(s) 9 7 9 9 9 11
Suface elem ents
Habitatm odule 6 6 7 8 7 7 5 6 6 7 8 8 8 10 11 12 5 9 9 10 9 9 9 10

Block 2 Technical Fit remains the same as that for Block 1.

1 2 3 | 4 5 6 7 8 | o 10 [ 11 | 12 | 13 | 14 | 15 16 | 17 18 | 19 | 20 21 | 22 23 | 24
LoMat | LoMat [ LoMat | LoMat [ LoMat [ LoMat | LoMat [ LoMat | LoMat [ Lomat [LoMat | Lomat | Hnat | Hmat | Hmat | Hivat [ Himat | Hivat [ Hivat [ rimat | rimat [ rimat | riviat | vt
Fiber | Fiber | Fiber | Fiber | ifus | ius | ius [ ifus | Hana | Hand | Hand | Hana Fiber | Fiver | mius | ius [ ifus | nfus | Hand | Hand | Hand | Hana
ssk_| cid ssf_| Gid_| sand Gid_| sand | Mono sand | Mono | ssF_| Gid | sand | Mono | ssF | Gid | sand | Mono
L o | | SoF | Sand L o | L oo | | Sand | =S od }Sand tono L ST _1oid 1 Sand | Mono |
Time
Exploraton Appiicaion fame | TR 2 2 2 3 2 2 2 3 2 2 2 3 3 2 3 3 2 2 1 2 3 3 3 3
Aes
Firstsiage 2 3 3 3 3 2 3
Inersage 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Uppersage  Aftsecion 2 2 2 2 2 2 2 2 2 2 g 2 3 2 2 1 3 3 3
LOZ tank 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Inferiank (CB) 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
L2 fank 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Instument Unit 2 2 2 2 3 2 2 2 3 2 2 2 3 3 2 3 3 2 2 1 2 3 3 3 3
Oion
Spacecaftadapter 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Senice module  Tanks 2 2 2 2 3 2 2 2 3 2 2 2 3 3 2 3 3 2 2 1 2 3 3 3 3
shell 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Qewmodule  Qewcabin 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Aershel, fud 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Aeshell aft 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
LAS Shoud 2 2 2 2 2 2 2 2 2 2 3 2 3 2 2 1 3 3 3
Tover 2 2 2 2 3 2 2 2 3 2 2 2 3 3 2 3 3 2 2 i 2 3 3 3 3
ArsV
Firststage Afisecton 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3
LO2tank 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3
Inferank 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3
LH2 ank 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3
Interstage 3 3 3 3 3 3 3 3 3 g g 3 3 3 3 2 3 3 3
EDS Aftsecion 3
LO2 tank 3
Interank 3
LH2 tank 3
LSAM Shoud 3
LsAM
Desentsage  LOZ2f@ank 3 3 3 3 3 3 3
Suppottst 3 3 3 3 3 3 3
LH2 tank 3 3 3 3 3 3 3
Legs 3 3 3 3 3 3 3
Ascentsiage  LO2fank 3 3 3 3 3 3 3
Supportstr 3 3 3 3 3 3 3
LCHt tank 3 3 3 3 3 3 3
CewCabin 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 3 3 3 3 3

Block 2 Program Fit
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ToMat
Hand

Sand
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Hand

Giid

ToMat
Hand

oWt

Infus

SSE

Mono

Tovat
Infus

Sand

Toviat

Infus

Giid

ToMat

Infus

SSFE

ToMat

Fiber

Mono

ToMat

Fiber

Sand

ToMat

Giid

Toviat

SSE

[Explomation E lement

fares 1

First stage

Interstage

Aft Section
LO2tark.

Upperstage

Interark (C8)

LH2tank

Instrum ent Uit

jorion

Spacecratt adapter
Sewvice module

Tanks

shell

Crew cabin

Crew module

Aeroshell, fwd

Aeroshell, aft

Shroud

Las

Tower

fares v

Aftsection
LOZtank

First stage

Intetank

LH2tank

Interstage

Aftsection
LO2tark

Intetank

LH2tank.

LSAM Shroud

Lsam

LO2tark(s)

Descent stage

Suppot Sir
LH2tank(s)

LO2tark(s)

Ascent stage

Supportstr
LH2tank(s)
Crew Cabin

Block 2 Technical — Program Fit

Technical-Program Fit
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Comparison Between Block 1 and Block 2 Technical-Program Fit
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Structural System Architecture-Wide Scores

40 + Top tier

Total 2&3 Scores

17 18 20
Lahat| Hikat | Hitat | Hibat | Hitat [ Hikat| HiMat] Hikat | Hivat| Hitat | Hibdat | Hitat | Hibdat
Hand | Fiber | Fiber | Fiber | Fiber [ Infus | Infus | Infus | Infus | Hand | Hand | Hand | Hand
Mono| SSF | Grid | Sand | Mona| SSF | Grid | Sand | Mono| SSF | Grid | Sand | Mong

LoMat] LoMat| LaMat] LomMat| LoMat| Lotat| Lobdat| Lotat| Lobat)
Fiber | Fiber | Infus | Infus | Infus | Infus | Hand | Hand | Hand
Sand | Mona| SSF | Grid | Sand | Mono| SSF | Grid | Sand

Structural System

IS | | T 1Y x

LoMat] Loktat
Fiber | Fiber
SSF | Grid

Block 2 Structural System Total (2 and 3) Technical-Program Fit Scores

Suciral Systern Archikec el 1de Soares

Block 1 Total (2&3)

Technical -Program
Fit

Block 2 Total (2&3)

Technical -Program
Fit

Eal ) Gre | Gur

Comparison Between Block 1 and Block 2 Technical-Program Fit
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APPENDIX D JANUARY 23, 2008, FINAL BRIEFING

@_ﬂﬂf]ﬂﬂ Engineering, Operations & Technology
Phantom Works

NASA NAS1-NNLO4AA11B Task NNLO7ADS6T
Structures and Materials and Aerodynamic,
Aerothermodynamic and Acoustics (SMAAA) Technology
for Aerospace Vehicles

Evaluation of Advanced Composite Structures
Technologies for Application to NASA’s Vision for

Space Exploration

Final Briefing

Pl: Ross Messinger (714) 317-0687
January 23, 2008

Objective and Approach

Engineering, Opel Technology | Phan orks Materials and Structures Technology

» Objective
» Perform a survey and study of composite material technologies and
their potential application to NASA’s Space Exploration Architecture
Elements (Constellation program)

* Approach
+ Develop qualitative technology assessment methodology
+ Obtain technology assessment data from Boeing subject matter
experts
+ Assess applicability of composite material technologies to major
structural elements of NASA Constellation program
+ Derive recommendations for potential follow-on activities
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Constellation Elements

Eng

PWDMO08-0005
February 6, 2008

2

hanto Materials and Structures Technology

Constellation Element
Ares 1
First stage
Interstage
Upper stage Aft Section
LO2 tank
Intertank (CB)
LH2 tank
Instrument Unit
Orion
Spacecraft adapter
Service module Tanks
Shell
Crew module Crew cabin
Aeroshell, fwd
Aeroshell, aft
LAS Shroud
Tower
Ares V
First stage Aft section
LO2 tank
Intertank
LH2 tank
Interstage
EDS Aft section
LO2 tank
Intertank
LH2 tank
LSAM Shroud
Altair
Descent stage LO2 tank(s)
Support Str
LH2 tank(s)
Legs
Ascent stage LO2 tank(s)
Support str
LCH4 tank(s)
Crew cabin

s | 2

Study Approach Flowchart

Materials and Structures Technology

assessment

assessment

requirements)

Structural system

(4-factor criteria)

N

Technology
assessment
(TR, 4-factor bener,
lit search, Boeing
capability)
Technical fit

Constellation element

(time to PDR, critical

{intersection between
requirements and benefit)
Technical — Program Fit
{combine Technical fit and
Program fit)

Program fit
(intersection between
timeframe and TRL)

Technology
recommendations
(Specific technologies and
development plans)

Cross-cutting
structural systems
{Leverage across
multiple elements)

High-fit intersection
description
{Rationale for structural

system application)
BP12NI |
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Related Programs Reflect Substantial Boeing @

Composites Assessment Expertise

Enginee atic chno

Materials and Structures Technology

Space Shuttle
LDEF

Composite
Cryotank

aizmeia | 4

Overview of Individual Technologies, Boeing @

Expertise, and Technology Value

Engineerin chno anto orks Materials and Structures Technology

Design for threat/environment
Development, QA, and certification
Design criteria and allowables
Analysis, modeling, and simulation
Innovative design
Manufacturing methods

Integrated set of

Valus/Eans 1tand Ratianals
-

Techroiogy
i Part it
technologl wmnt| emmpn of uirg | @i | pratue- | omrtian
= Dartan TRL | Ratwrancasexpuriones | | ety n.y | {oomey| toncant| cart
1 _Materialy and Preca i
= RIS W1 e EIE WaF | UcHaES E3. Bigie e S+ |steb, 0c-xta, S| [T we it Towghes
epma ks gichdig tiose B TA2, -2 cryotks) BIDSDT
i nE), BMILP I
Current TRL gl
AdaI2d IIITEE CI e |MEiyvara, gl B+ [calaleo, comD,  x] [ Wenitgat No tige | Lower €mp
uap matire. wary sip e i, 6idotprey, - | [ negntor; avpchue | repar
- 452, Prop iktary Tatere | i Rige-
Boai t Prograns i aton i br-
qy pa)
OEIng assessmen TITIEE FEymE r WAP RI.PE. 33 TET Manes, b Eqrml= = we Lowg ot
A devebpme it Pt = wer e and
expertise o et e,
L= )
s \ o eycams, tam, S+ | Demmow ULAal Vit
combined, variois mzk na| alErartspace car
e M
TEChnology Value to ITRESE sicte WAP R u:mu 15 | devekpmertorve sdor] [Wekitvolme|
O - FIEESETRE S
EXplDratlQn pro [T T o1, 2 ram e, a1d S ohtECCLE, et
&5 SETE-C pe on el
[Brery ) —
e1ghe apm aid eeity Toperor and nokk pavi[ |0
peaki e

iz | D
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Comprehensive Technology Development Plan

Is Basis for Focused Recommendations

erin > chnc >hanton Materials and Structures Technology

Technology | Definition | Development Plan Options
1. Materials and Processes
Advanced autoclave cure M&P [Includes Ep, toughened 1. Utilize higher operating tem perature toughened Ep and BMI
epoxies (including those  |with lower cure temp and pressure
for cryo tanks), BMI, PI.  [2. Utilize higher operating temp thermoplastics with lower
Process = cure cycle consolidation temp and pressure
3. Imprave hydrogen im permeability for cryotanks
4. Employ thin-ply |
Advanced non-autoclave cure  [Primarily E poxy (including [1. Develop material and process with across-the-board
M&P those for cryo tanks) autoclave-like properties
2. Acquire epoxies with a lower cure temp and a higher
working temp
Infusion polymer M&P VARTM, CAPRI, etc. 1. Acquire higher temperature resins
2. Develop higher modulus fiber reinforcement
3. Improve rapid preforming

Sandwich (core) M&P Honeycomb, foam, 1. Design a multifunctional, multicomponent core with
combined, various strength, themnal, radiation, self-repair, etc., properties
materials 2. Incorporate sandwich panel purge/vent system integration

3. Utilize low permeability co-cured sandwich facesheets

Inflatable structure M&P Multifunctional fabrics for |1. Evaluate a TransHab-type MMOD protection concept with

pressure, radiation, MMOD |potertial Constellation options; impact data is available
protection, etc.
High-temperature composites |Carbon, ceramic, and 1. Develop/characterize one C-C system with balanced
M&P refractory metal processibility, operating temperature, properties, integration,
composites forvery high  |operability, and cross-cutting applicability (including other nory
temperature engine apps  [Exploration NASA missions)

and reentry (heatshield) 2. Develop one well-characterized C-SiC syste

Maolding compounds M&P For fittings, padups, and  [1. Adapt BCA MCs for space apps

engine parts (e.g., HexMC)
Bonded joining M&P Co-cure, co-hond, and 1. Develop open air plasma treatm ent for lower cost and cycle
(adhesives) secondary time for cobond/secondary bond applications

aizmeia | 6

24 Structural Systems Organize a Wide Range

of Related Structures Technologies

Materials and Structures Technology

Constituent Type

1. Materials and
Processes
Material System Fabrication De si_g_n

Structural | | ow Perf | HighPerf Fiber Resin Iso/
system | and cost | andcost | Placement | Infusion |HANdLaVuP[  SSF | 4 oaria

2. Manufacturing Methods 3. Innovative Design

Sandwich | Monocoque

aizmaia | 7
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Technical Fit Relates Structural System Values

to Constellation Requirements

Engineering, Operations & Technology | Phantom : Materials and Structures Technology
Techrnlogy Scoce
——— Sroctl Systemn
Agliatn ——————T 1 2 N T I P € [ 7 | 8 ] 8 [ 10 [ 11 [ 12 [ 13 [ 1a [ 16 | 16 | 47 | 18 | 13 | 20 | 21 | 22 | 23 | 24
Soree 1 LH Lobat | Lobdat | Lohat | Lobdat | Letat | Lohat [ Lobat | Lohat [ Lobdat | Lobat | Lohat [ Lobdat | Hibdat [ Hiviat | Hibdat | Hiiat [ Hibtat | Hibdat | Hiktat | Hibdat | Hibdat | Hibtat | Hiviat | Hibtat
Fiber | Fiber | Fiber | Fiber | Inus | hibs | hibs | Infus | Hand | Hand | Hand | Hand | Fiber | Fiber | Fiber | Fiber | Ins | hibs | hfus | Infus | Hand | Hand | Hand | Hand
Corste lation Elemert SSF | Gid | Sand | Mono | SSF | Gid | Sand | Mono ] SSF | Gid | Sand | Mono | S$SF | Gnd | Sand | Mono ] $SF | Grd | Sand | Mono | SSF | Gnd | Sand | Mono
Ares 1
First stage 3 3 72 ) 7
Interstage 3 9 ] 2 2 8 8 8 8
Upper gage At Section 9 39 7 |y s [ s [ 9
LOZ tank El 9 7 9 9 ] ]
Intertank (CB) 3 9 8 g B B
LH2 tank 3 3 8 3 9 9 3 8
hstrument Unit 9 2 9 2 9 2 7 £ T ] E] 8 ] 9 9 8
Oricn
Spacecraft adapter 3 3 k] k] k] 2 7 7 k] k] k] 9 9
Senice modue  Tanks g 8 7 2 El 9 7 k] 8 7 g 3 8 i 9 9 3 9 9 9 g
Shell k] 8 8 8 9 8 | 9 9 3 8 8
Crewmodule  Crew catin 3 7 7 5 ] 7 8 8 k]
Feroshell, fud 8 9 9 7 8 9
Feroshell, aft g 3 ] 7 2 k]
LAS Shroud 9 9 7 € 8
Tower 7 E] 3 El 3 7 £ 5 3 T 7
|Aees
First dage A saction 39 3 3
L02 tank k] 2 8 k] 9 9
Intertank k] k] E:
LHztank g 7 7y 9 8 3 8 8 9
Interstage 9 9 3 8 8 8
B8 A4 section 3 8 3 8 3 3 9
L02 tank -] 9 k] 9
Intertank 3 8 9 8 9 9 ]
LHZtank 7 9 7 g k] ¥ El 4 2
LS4 Shroud El El E] 2 6 3
ir
Descentdtage  LOZ tank(s) 9 7 il 9 9
Support sir g 8 8 8 8
LHztank(s) 9 7 ) 9 )
Legs ] 7 3 9 9
Ascentstage  LO2 tank(s) 9 7 9 El ]
Sipport s 8 8 8 8 8
LCH4tank(s) 9 7 ) g 9
Crew cabin 3 & 7 8 7 7 8 € (3 7 8 8 8 5 9 9 9 9 9
BP123943 8

Program Fit Relates Structural System Maturity

to Constellation Timeframe

Engineering, Operations & Technology | Phantom Works Materials and Structures Technology
TR
237 | a5 | & St Seters
Ppplicaion | Sye (1) A 2 11 2138 als [ e 71 el s [w]n [ @[ 1als]e]w ] 18] w]e]a]ez]|sn]e
timeto tech [510ys ) 2 Lot | Lot | Lo | Lobt | Lot | Lot | Lo | Lot | Letve | Loht | Lot | Lot | Finde | Fitde | Fe | At [ vt | Fite | Fvi | Hivee | Fee | Hivee | e | Hive
cormimert| > Dy G)] Fiber | Fiber | Fiber | Fiber | s | Infas | s | inias | Hend | Hand | Hand | Hand | Fiber | Foer | Fiber | Fber | hfus | ios | s | ias | Hend | and | Hend | Hena
55F | oid | Sand | Mono | s5F | Gid | Sand | Moo | s6F | Gid | and | Moo | 55 | cid | sand | moeo | soF | id | sand | mone | ssF | orid | sand | nom
T
Cocetelition Berert frave | TRL | 2 | 2 [ 2 20 [l s 2| Mo 2 2| 2 (MMl >
Firststage T 2 2 2 2 1 2
Interstage 1|
Lpperstay  Atsecion | 1|
Lozenk 1]
Intertarke CB) | 1|
Lok [ 1]
Instrumet Leit 2 2 2 2 1 2
vicn
Spacscrat adapter 1
Senicsmadue Tarks ] 2 2 2 2 1 2
Shel 1]
Crewmodde  Crewcabin [ 1|
fercchllfnd [ 1|
Sesochelat [ 1|
Les Stroud i
Tover 2 2 2 2 1 2
s v
Frasmg At | 2 |
Looak [ 2|
Intertark =2
Lok [ 2]
Irterstage <
EmS Asdin | 2|
Lozek 2]
Irtertank 12 .1
LHotark > |
Ls#4 Streud
v
Descontsmge LO2emke) |2 | 2
Sppetsr |2 | 2
L) [ 2] 2
Leas P 2
pecentsmge L2 tnk) | 2
upport str 2| 2
LCHbtarkes) 2
Crea catin 2
BP123943 g
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Technical-Program Fit Combines Technical Fit

and Program Fit
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2=y

Materials and Structures Technology
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ssF | Gre | S | wowm | ssF | om

3
Dt | it | bWt B

W
Tou

1
Tou

il
Tou
Harg | Hand | Hawg
G | 3219 | woie

2

i

i
H

Feer | Feer | Feme | une | uns | s | nne

Gy

i i3 7 i} REN T K T EE] u
HIMRT| AIMRT| AIMGT| AIMGT | ATST | ATST | AMEE | FIMGE | AT | A
Harg Haw
Said | Moo | 88F [ G | saie

210 | oo | ssF | G

AttSscte

w2En

nrkn @)

LH2 &

nstnmesturt

loran

'
SnEmoie  Tas

Crmmmie  Gemci

Aepilellatt

Tomer
Ares

Fretetage Attsector

w2En

1

LHZ B

rk et

E0S Attsecton

w2En

ek

LHZ Bnn

L=ANSImIY
At

Dszitiige  L0ZENE)
Sipmnsy
LHZ BN g
e
wozang
Sipmrtstr
GHL N
Cemcti ] ] 1

et

Six Structural Systems Have the Greatest

Cross-cutting Applicability

E erations & Technology | Phantom Works

2=y

Materials and Structures Technology

30
Total of
95 | Top tier Technical-Program | __
. fit 2 + 3 scores

20 m I
2
S 15 - —— Middle tier —(E- .1 H
(72

LoMat | LoM X at
Fiber us Hand.

LoMat
Hand
Sand

LoMat
Hand
Mong

HIM

Fiber
Grid

HiMat
Fiber
Sand

Mono

Hand
SSF

Infus
Mono

Structural System

sz | 11
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Technical and Program Fit by Constellation Element
Reflects Number of Applicable Structural Systems

PWDMO08-0005
February 6, 2008

2=y

Engineering, Operatic Technology | Phantom Works Materials and Structures Technology
Technical fit Program fit Technical-Program fit
Convielizton Element Average score Average score Average score
Ares 1 5 80 85 a0 a5 100 350 1 1@ 280 250 300 0.00 LE] 10 13
First stage  ——— ] =
Interstage T T [—
Upper stage Aft Section T ]
LO2tank : )
Intertank (CB) : .
LH2tank ; 1
I Unit = = =
Orion
Spacecraft adapter =]
Service module Tanks ] == =
Shell ] =
Crew module Crew cabin = =
Aeroshell, fud T T 1 =
Aeroshell, aft —
L4S Shroud =
Tower = = =]
Ares ¥
First stage Aft section T : == s )
LO2tank : ]
Intertank T
LH2tank | )
Interstage
EDS Aft section !
LO2tank ! ]
Intertank 1
LH2tank = =]
LSAH Shroud - >
Altair 7
Descent stage LO2 tank(s) : L L [ ! e i
Support Str — | #":": = I
LH2 tankis) —
Legs L T T T = T
Ascent stage LO2 tank(s) I T T T T T
Suppart st = | | = [
LCH4 tankis) y
Crew cabin = [ I T T T =
sBmaa | | 2

Structural System 13 Has High Technical

Maturity and Broad Applicability

2=y

Engineering, Techno hantom VWorks Materials and Structures Technology
Structural 13
Technical | Program | Technical-
Fit Fit ProgramFit}
+ Structural system definition T —_— .
* Higher-performance/cost (Gr/Ep) [Ares1
material oo . . ;
» Fiber/tape placement, autoclave cure Uppersisge AR Section 2 2
fabrication Intetank (CB) ; ;
» Skin-stringer-frame design LH2 tank 2 1
Instrument Unit 2 2]
=
+ Technical fit . —
* Moderate performance matches lower Shell 2 1
stage requirements Srotmodde e = 2
* Moderate development cost for scale- Acroshel, uft 2 2
up _ W ——
* Moderate production cost for large lares ¥
Scale First stape Aft mection
* Moderate operations cost matches Intertank
expendable elements e LH2tank
EDS Aft mection
 Program fit o
* High TRL — 787 production eam o AR
+ Near-term timeframe (adapt to space) vtaie o
Descent stuge LO2 tanigs)
. . Si rt str
« Technical-Program fit CH2 ks
* Moderate fit primarily for wide range Leax
of dry structure and LO2 tanks AU e
ey !
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Three related, Single-Material Structural Systems

Satisfy Majorlty of Constellatlon Program

Materials and Structures Technology

Ares V'

Altair

Spacecraft adapter

Senice rodule Tanks
Shell

Crew module

LAS
Tower

First stage

Interstage
EDS

LSAM S hroud

Descert stage

Legs
Ascent stage

Crew ¢ abin
Aceroshell, fd
Aceroshell, aft
Shroud

At section
LO2 tank
Intertank
LH2 tank

Aft section
LO2 tank
Intertank
LH2 tank

LO2 tank(s)
Support str
LH2 tank(s)

LO2 tank(s)
Support str
LCH4 tank(s)
Crew ¢ abin

3 11 12 13 15 24
LoMat | LoMat | LoMat Hitd at Hid at Hitd at
Fiber Hand Hand | | Fiber Fiber Hand
Sand Sand Mono SSF Sapd 7]
Constellation Element 1 \
Ares 1 ]
First stage
Interstage A
Upper stage AR section
LOZ tank
Intertank (CB)
LH2 tank
Instrument Unit
Orion

» Autoclave-cure Gr/Ep
» Hand layup
» Monocoque

» Autoclave-cure Gr/Ep
« Fiber placement
» Sandwich

» Autoclave-cure Gr/iEp
« Fiber placement
* Skin stringer frame

sz | 14

System of Structural Systems includes all

Technology Categorles and Two Joint Systems

Materials and Structures Technology

Rigid shell structural systems

Shells, | 1. Materials and 2. Manufacturing 3. Innovative & An..iysw. 5' D!?SIgI] 6.Dvt, OA, | 7.Designfor
S 5 Modeling, and |  Criteria and
Rigid Processes Methods Design 5 3 and Cert Threats
Simulation Alloviables
13 Autoclave manufacturing|  Skin-stringer- | SSF analysis No unique No unique No unique
methods frame design {Cormmon) {Cormmon) (Cormmon) = Autoclave-cure GriEp
Fiber placement é Ellfigrs‘::i?'lcge;?%m‘
methods 3
15 Autoclave manufacturing]  Sandwich Sandwich No unique Mo unique Mo unique
Advanced autaclave mqhods designs analysis (Coramon) (Cormon) (Commor) = AUtoclavescure
cure MgP Sandwich (core) GriEp
manufacturing methods i E'be‘; p_la:ement_y
Fiber placernent A
methods
2 Autoclave manufacturing]  Lightweight No unique No unique No unique No unique = Autoclave-cure
methods structure for load (Coramon) (Coramon) (Common)
fransfer
Joint structural systems
1. Materials and 2. Manufacturing 3. Innovative i An.:iysm, 5' D?slgn 6.Dvt, QA, | 7.Designfor
5 Modeling, and Criteria and
Processes Methods Design : 2 and Cert Threats
Simulation Alloviables
[Bonded | Bonded joining M&P Bonded assembly | Primarily bonded| Bonded joint No unique No unique No unique
Joints. (adhesives) structures analysis (Coramon) (Coramorn) (Commorn)
3-D waoven preforms
Bolted | Bolted joining M&P Bolted assermbly Efficiert bolted Bolted joint No unique No unique Nounique
[ Joints. (fasteners) joints between analysis (Coramon) (Cormon) (Commorn)
3-D waven preforms large sections

iz 15
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Hierarchical Set of Recommendations @

Engin Materials and Structures Technology

Constellation
Complete building block program

Integrated demonstrations
Fufl-scafe integrated

Task order follow-on
Subscale/panel structiire

iz 16

Recommended General Strategy @

Engin orm | Materials and Structures Technology

* Adapt commercially available and/or nonunique

technologies for exploration applications
» Most individual technologies have been developed for aerospace to
TRL &6+
* Minimize development cost/risk with little performance penalty
* E.g., extend existing autoclave-cure M&P to space environment

* Develop unique technologies for exploration applications
+ Multifunctional designs (innovative design category)
— For extremely weight-critical applications (e.g., Altair)
+ All aspects of threat/environment category
— MMOD, lunar dust, aging, static charge, thermal cycling, radiation, noise,
toxicity, and outgassing
» Large-scale, expendable, and low-quantity manufacturing
» Cryotanks

iz 17
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Recommended Constellation-wide Technology
Development Program

E ch | Phantom YWorks

1. Perform selected guantitative trades of system
of structural systems for associated
Constellation elements

» Autoclave-cured Gr/Ep/fiber-placement/skin-stringer-
frame (#13)

» Autoclave-cured Gr/Epffiber-placement/sandwich
#15

2 '(‘\utollave-cured Gr/Ep/hand-layup/monocoque (#24)

* Bonded joints

* Bolted joints

« Common

. Select specific structural system constituents

and associated technologies

Prepare development plan for selected

Constellation elements using specific

structural systems

Initiate building-block development program of

selected specific structural systems for high-

payoff Constellation elements

4.

PWDMO08-0005
February 6, 2008

7=

Materials and Structures Technology

Ars 1

|Consteliztion Elem ent

Firsts tge
I stig
Upperstige  Aftsecton
L0Z tark

Ik dark €8)
LKz tark
listumentUsit

[Qrios

|ars i

| kair

Spacecaft adapter
Senie modik Tarks

Shel

Crew cabit
Seroshe l fud
fereslell at
Shrord
Tower

Crew moduk

LasS

Fiststge  Aftsecton
102 tark
I dark
LHZtaik
I stage
E0S Aftsector
L0z tark
Ik dark
LHztark
LSAN Shrord
Desceststige  LO2 bk €)
Sipportstr
LHZtark)
Legs

L0Z ik §)
Sipportstr
LCH# tatk)
Crew cabit

Ssoertstge

iz 18

Recommended Integrated Technology
Demonstrations

Eng chnol hantom Y

1. SS#13 demo (Ares V first stage interstage)
« Autoclave-cure Gr/Ep; fiber-place; skin-stringer-frame
» High performance (weight) payoff for large-scale structure
» Widely applicable to other dry shell structure
2. SS#15 demo (habitat module)
« Autoclave-cure Gr/Ep; fiber-place; sandwich
» Extremely high weight payoff using multifunctional structure
in extreme environment
3. $S#24 demo (Altair LO, tank)
 Autoclave-cure Gr/Ep; hand layup; monocoque
» Extremely high weight payoff for cryotank in extreme
environment
» Applicable to other cryotanks

Baseline
selected

Baseline
selected

Demo/SS#

1 7 3
Unique Feature | #13 | #15 | #24
Multifunctional
Environment
Large scale
Cryotank

Weight critical

7=

Materials and Structures Technology

[Conatsi
Ars 1

Iation Element

Firsts tge
I stig
Upperstige  Aftsecton
L0Z tark

Ik dark €8)
LKz tark
listumentUsit

41

[Qrios

|ars i

| kair

Spacecaft adapter
Senie modik Tarks
Shel

Crewmodik  Crew cabit
Seroshe l fud
fereslell at
Shrord
Tower

LasS

Firsts tage Aftsector

LOZ Bk

I dank

I stige
E0S Aftsector
L0z tark
Ik dark

ik
LSAN Shrord

Desceststige  LO2 bk €)
Sipportstr
LHZtark)
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Ssoertstge )
Sipports

LCH# tatk)
Crew cabit
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Recommended Task Order Task 1

PWDMO08-0005
February 6, 2008

Materials and Structures Technology

Technology | Development Plan
Subtask |2. Manufacturing Methods Stiuctura’ Strategy
Sy stem
1a Fiber placement |1.Increase material laydown rates with multiple head 13 Adapt
methods processes for larger-scale parts
2. Trade hybrid processes that mix 3-inch to 12-inch tape with
1/8 to 1/2 in tow for optimal rates
3. Optimize machine configuration for 5-m parts and for 10-m
parts
1b Large (reusahble) |1.Develop tooling materials and fahrication for large-scale 13 Adapt
tooling (10 m) cryotanks and dry structure (optimum number of parts
and joints)
2. Identify interaction of mass, inertia, and deflection for large-
scale part on production equipment and autoclave processes
4. Analysis. Modeling, and Simulation
1c¢c Cost analysis 1. Validate tools with hardware design, build, and test Camman Adapt
Subscale
Ares V
interstage
BP123943 20

Recommended Task Order Task 2

Materials and Structures Technology

Technology | Development Plan
Subtask |1. Materials and Processes O] Strategy
System
2a |Sandwich (core) |[1.Design a multifunctional, multicomponent core and facesheets 15 Adapt
M&P with strength, thermal, radiation, self-repair, etc., properties
2. Incorporate sancwich panel purgeivent system integration
3. Utilize low-permeahility co-cured sandwich facesheets
3. Innovative Design
2b  [Multifunctional 1. Incorporate MMOD-radiation-acoustic protection in structure for] Comman Adapt
designs long-duration space apps (ref 1SS)
2¢ |Sandwich 1. Minimize weight penalty of openings and joints 15 Adapt
Designs 2. Develop sandwich for failure-redundant propellant tank and dry
structure with multifunctional properties
4. Analysis, Modeling, and 1
2d Optimization 1. Develop multifactor (performance and cost) and multifunctional | Cormon Adapt
methods (structure, radiation, MMOD, etc.) optiimization technigues
5. Criteria and Allowables
2e Safety factors 1. Trade levels of test, analysis, and safety factars Cammon Adapt
hased on aircraft |2. Evaluate use of FAA-approved commercial or military aircraft
approach factors of safety
6. Development, QA and Cert
2f |Accelerated aging|1. Assess probabilistic aging method (ref Torng) Cammaon Adapt
and test methods |2. Review HSR methods
7 Design for ThreatEnvironment
2g |[MMOD 1. Develop ultra high-speed (15 - 20 km/sec) launch capability to | Common NASA
(lunar/LEQ) characterize metear impact effects
2h |Radiation 1. Evaluate radiation effects on electronics parts and crew Camrmon NASA

A

Subscale
ascent stage
crew cabin

sz | 21
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Recommended Task Order Task 3

erations & Technol

PWDMO08-0005
February 6, 2008

7=

Engineering

ogy | Phantom VWorks

Materials and Structures Technology

Technology | Development Plan
Subtask |1. Materials and Processes Stuctunal Strategy
System

3a |Advanced 3. Improve hydrogen impemeability and LO, compatibiity 24 Adapt
autoclave cure for cryotanks
M &P 4. Employ thin-ply laminates to minimize microcracking in

cryotanks (ref. Tsai)

3. Innovative Design

3b  |Composite 1. Develop tanks with and without liner for (1) short-temn, 24 Adapt
pressure vessels [then (2) long-term, storage of cryogenic fluids or gases
(non-integral )
|6. Development, QA. and Certification

3¢ |Accelerated aging|1. Assess probabilistic aging method (ref Torng) Common Adapt
and test methods |2. Review HSR methods

3d  |Improved leak 1. Develop fiber-optic sensors for low weight and high Common NASA
detection reliahility

Subscale
descent
stage LO,
tank

sz | 22

Summary

7=

Engineering

» Developed comprehensive qualitative (QFD-like) assessment
methodology and composite structure technology database from
public-domain literature and Boeing expertise on related programs

+ Recommended one system of structural systems that provides
integrated solution for Constellation-wide structure requirements

» Defined a comprehensive technology development plan based on

rations & Technology

recommended system of structural systems

* Identified three integrated demonstrations that support the

comprehensive technology development plan

» Derived focused technology development plans for a Task Order

follow-on

Materials and Structures Technology

sz | 23
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APPENDIX E ACRONYMS

ACT Advanced Composites Technology
DC&A Design Criteria and Allowables
EDS Earth Departure Stage

Gr/Ep Graphite/Epoxy

ISS International Space Station

ITAR International Traffic in Arms

LAS Launch Abort System

LCH4 Methane

LDEF Long Duration Exposure Facility
LEO Low-Earth Orbit

LH2 Liquid Hydrogen

LO2 Liquid Oxygen

LSAM Lunar Surface Access Module
M&P Materials and Processes

MMOD Micro-Meteorite and Orbital Debris
NASA National Aeronautics and Space Administration
PDR Preliminary Design Review

QA Quality Assurance

QFD Quality Function Deployment
SMAAA Structures and Materials and Aerodynamic, Aerothermodynamic, and Acoustics
TRL Technology Readiness Level

ULA United Launch Alliance

ELV Expendable Launch Vehicle

US Upper Stage

CAI Composites Affordability Initiative
U Instrument Unit

CAD Computer Aided Design

FEM Finite Element Model

LBID Laser-Based Inspection Device

LV Launch Vehicle

LLO Low Lunar Orbit

HSR High Speed Research
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