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Airspace Operations and Safety Advanced Air Vehicles Integrated Aviation Systems
Program Program Program

Transformative Aeronautics Aerosciences Evaluation and
Concepts Program Test Capabilities Portfolio
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ARMD |
PROGRAMS
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Research Programs Align with Strategic Thrusts

MISSION PROGRAMS
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What Are We Trying To Do? @

Enable high-speed
commercial flight

To connect people and businesses faster

www.nasa.gov | 9



High-Speed Commercial Vehicle Workshops

www.nasa.gov |

4 Govt/industry Workshops held 2020 2022

Jan 2020
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December 2022- Virtual

Industry Feedback On Opportunities/Needs:

Independent market study

Hypersonic ground and flight test capability

Technology development through collaborative

agreements
Regulatory concerns
International partnerships

Data protection concerns (export control, classified,
CUI, etc.)

Integration into NAS
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FY20/21 High-Speed Market Studies e

- The overwhelming number one request that industry had for NASA from the first
Commercial High-Speed Workshop was to conduct an independent market study to
determine the viability of high-speed / hypersonic commercial travel.

- NASA subsequently funded two contracts, one to Deloitte/SpaceWorks and one to
SAIC/Bryce, to study the market given three specific tasks:

1. Define the market — how many people would be willing to travel and how much revenue could be
generated?

2. Define the business case — can an aircraft (Mach 2-5+) be fielded to serve this market and be able to
generate enough profit to make it economically viable?

3. What are the barriers preventing this market from becoming reality?

- Deloitte and SAIC spent six months studying the problem; final reports are public
[e): s [e) — SAIC Report: https://ntrs.nasa.gov/citations/20210015471 [e)i “(e)

o — SAIC Presentation: https://ntrs.nasa.gov/citations/20210015472 £
— Deloitte Report: https://ntrs.nasa.gov/citations/20210014711

— Deloitte Presentation: https://ntrs.nasa.gov/citations/20210014932

SAIC/Bryce DeIoitte/Spac1e1Works

www.nasa.gov |
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Results— Commercial Markets Exists

Favorable High-Speed Market Characteristics

SAIC Deloitte
(with Bryce Space (with SpaceWorks
and Technology) and NIA)
Mach 3 2 to 4(1)
Range 4,500 nmi 4,000 nmi to 4,500 nmi
Number of routes®? 300 90
Aircraft Size (# PAX) 10 GA or 50 Commercial 20 to 50
Aircraft Cost $200M to $300M $131M to $228M©)
f{ e;ileg?izzal Report: https://ntrs.nasa.gov/citations/20210015471 (1N:éb\ gglysis showed profitable routes up to
+ Deloitte Final Report: https://ntrs.nasa.gov/citations/20210014711 ) Deloitte only considers over-water routes

() Mach 3 at 4,500 nmi

12
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Results— Market Demand @

Deloitte Market Forecasts

PASSENGER

« Market appears strong with several stand-out routes to start.
+ ldentified a total addressable market of 90 transoceanic routes.
* Includes 2.25M annual passengers and a potential for $16.5B in revenue.

CARGO

» 40% of consumers surveyed were willing to pay for faster shipping services.
« Would create between a $7B market for 12-hour shipping to a $14B market
for 5-hour shipping in the first year.

<

PRIVATE

h  Historical private aircraft at comparable sizes and prices indicate that
the market would tolerate a Mach 2 jet at $79M.
* Price much lower than current manufacturers are projecting.

To achieve optimal ROI, industry and government stakeholders will need to leverage existing

resources in the defense industrial base while building out the civil side of the market.

www.nasa.gov | 13



Deloitte/SpaceWorks — High-Speed Market Business Case

There are multiple markets scenarios that close economically with technically achievable solutions between Mach 2 and Mach 5.5. The market conditions point towards a March 2 to Mach 3 jet that can serve key
transatlantic and transpacific routes at market entry and can be utilized for both passenger and private air service.

Aircraft Characteristics Market Characteristics

2
3 Mach 1 Mach 2 Mach 3 Mach 4 Mach 5 Mach 6 .E, 400,000 1,200,000 2,000,000 2,800,000 3,600,000 4,400,000
o
i ) ! ! ! |8 I M) 1 I I
Across all aircraft configurations, Mach 2 provides the largest market opportunity, but business cases can close ircraft ch - ilan | d db d
between March 2 and Mach 5.5. Aircraft characteristics will drive an annual passenger demand between 440,000 and 3,650,000
=
20 22 24 26 28 30 =]
I I I I I ﬁ 75 250 400 550 700 850
| o
c -
Optimal aircraft sizing ranges from 20-30 seats with most scenarios and routes favoring %_ 1 1 1 QI 1 1
the lower passenger jets, similar to the size of today’s business and regional jets. i<= Total number of aircraft demanded across all demand segments range from approximately 80-730 aircraft
4200nm 4500nm 5000nm 5500nm 6000nm A Strong Market, Plcture . ) . . .
I I I I Though there are multiple markets scenarios that close economically with technically achievable

solutions, our analysis suggests a likely optimized outcome:
Optimal aircraft design ranges are between 4,300nm and 5,800nm.

MaCh 2 $120M 541 Primary Demand Categories: . . ! »
X K . 1.  Scheduled passenger service providers (i.e., airlines) for
Aircraft APprOX|mate Total Aircraft Demand transoceanic routes
$1,000 $7,500 $10,000 $12,500 $15,000 $17,500 Aircraft Cost 2. Jet Card Memberships and Charter (i.e., on-demand)
service providers for transoceanic routes
I I I I I 5’500 NM 21M 3.  High net worth individuals that travel transoceanic
Optimized one-way ticket prices range between $5,100 and $17,500. The strongest demand elasticity is between Passen:\gers Aircraft Range Annualized routes, often between global wealth centers
$1,275 and $4,200 with most demand falling between below $15,000 per ticket on most routes. Capacity Passengers

; Som $250M $500M $750M $1,000M $1250M While the Ilkely market scenalflo is econ(?m[callysusta.mfable aer t.e_chmc;i\lly.feaS|bIe,.t.he current
s regulatory environment, specifically sonic boom restrictions, significant limits the ability to serve
£ 1 1 1 1 1 1 primarily overland routes, such as Los Angeles (LAX) to London (LHR) or London (LHR) to Singapore
S The above aircraft characteristics result in prices that range between $50M and $1.12B per airframe. Airframes (SIN) which could attract an additional 1M annual passengers and result in an additional $3.94B in
<

below $150M are likely to appeal to both private owners and commercial operators. revenue.

Not Analyzed / Out of Bounds . OptimizedSpectrum Viable Spectrum O Optimized Market Characteristics

www.nasa.gov |
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Deloitte/SpaceWorks — Top-Level Economic Findings @

1.There are multiple aircraft configurations and market approaches that result in positive business
cases for their manufacturers and operators (assumed as Initial Rate of Return (IRR) > 25%)

« Smaller aircraft (20 - 50 pax) tend to be favored over larger aircraft for several factors, including sales
synergies with the private/charter market and higher average passenger load factors on thin routes

« Slower cruise speed aircraft (Mach 2 - 3) in the 4,000 nmi - 4,500 nmi class are also slightly favored and
result in lower ticket prices and therefore larger market sizes. This seems to be a more robust part of
the market, but profitable markets exist up to Mach 5

« North-Atlantic markets remain the largest economic prize, but longer trans-Pacific ranges remain
interesting for smaller Mach 2 - 3 vehicles that can reach to 6,000 nmi+

2.Results are most sensitive to potential reductions in estimated passenger market size

« Fuel cost increases, engine development cost increases, and loss of private/charter sales are also
important

3.Government contributions via non-recurring offsets or “anchor buys” are helpful

« More beneficial for 1) smaller overall aircraft development program (gov't contributes a larger
percentage of the total cost) or 2) higher speed aircraft where predicted annual airframe sales are not
as large. However, government contributions are not required for success

www.nasa.gov |



SAIC- High-Speed Market Business Case

Fare  [[5125< 00K 2.5¢ IR0 o« W15 P 5x 10« ABKPTRY 5¢ 10x
$90
$80 - 378
$70 67 ,
© $60 ,
2 §50
® 50 / i $36
29
1 B
$30 §20 / $20
$20 A $15 | $ Al
6
$10 4o
$0 — | = i
Case 1 Case 2 Case 3 Case 4 Case 5
Mach 2 Mach 3 Mach 4 Mach 5 Mach 5
# of prote e IEES 29| 0 49 50 |2 IRER Y 24 s fle Y 2 s
# pax on viable [FF77 0.2M oM 1.4M 13m0 R 4,61\/|@ 0.05M [ 440 MO.BM 0.03M
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Passenger demand
is greatest for Case
1 (Mach 2) with 11M
passengers

Revenue is greatest
for Case 2 (Mach 3)
at $78B

Demand (as well as
revenue) take a
deep fall as the fare
increase to 2.5X
standard
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How is This Different Than Concorde? @

Significant increase in the number of wealthy individuals

rren weptsag lower |
ass

uming single aircraft type)
keeps load factors higher
keeps aircraft flying
synergy in scale with private/charter market
smaller aircraft > cheaper aircraft
more aircraft > better cost amortization

Today, business travelers account for 12%

percent of airlines' passengers, but they
1980 are typically twice as lucrative — 2019 Concorde ~M3 Aircraft
accounting for as much as 75% of profits.

100 Aircraft Seats 20-50
Now 50% Average Load Factor 85%
V\‘}fé)erj- 3 Profitable Routes ~100 (over water)
wide 20 Production Size 300
PAX 400 Kb GTOW 200 Kib
1000s Annual PAX 3M

Significant increase in number of travelers in general, as well as

those willing to pay premium (wealthy individuals & corporations) To a lesser extent, but not insignificant,

are improvements in airframe and propulsion technologies

17



What Needs To Be Done?

Deloitte. Speceworks °

NITIAL FINDIN

Challenges for ngh-Speed Air Travel (1 of 3)

Wie engaged industr nd research to identify the most critical issues posing constraints on the industry e

today. We cbserve &e following ma;o( challenges across me categories of our analysis:

www.nasa.gov

EMISSIONS STANDARDS (1) (| (&) FLIGHT SHAMING DHO é L

Aireraft contribute approsimately 2% of

total annwal global carbon emissions

and also enit NOx, driving the FAA

and the EPA to pass industry-wide restrictions for aircraft fuel
efficiency. Reports indicate that high-speed aircraft could be
as much as 5X more pollutive than subsonic vehicles, which
presents a challenge from a regulatory perspective.

EXPORT CONTROLS Q

Rexcent public outcries over the

accelerating impacts from dimate change:

have promgted the public to re-evakuate

preconcened soclal norms of leisure and busness ar ravel
After a series of high-profile climate change action campaigns,
public sentiment toward air travel is shifting toward a
preference to minimize carbon footpeints, leading to ‘shaming’
indiduals flying on commercial or charter planes.

SPEED & NOISE LIMITATIONS (&)

High-speed aircraft technology has
national security mpl-cwons for
swtvwn and hypersonic caj

Wil need to satshy 8 o range of appicable

Flying Mach 1 or above creates a sonic

boom that can be highly disruptive to

communities within pronmity toit,

National governments induding the United States have
restrictions on the noise level that planes can omit,

@) o

| Popuacors &
! Trewy

Weathar

© v v

C—
=

bpsscers
=

fosarucoure

focst

‘?‘3"“"" such as ITAR, EAR, and CFILIS. Nanigating this beatver
enwironment will require effort on behalf of private as well as their speed. For example, n the Unizes States,
stakeholders to ensure comphance, as well as public operators must obtain exemptions from FAA to fly above D oy [acetion
stakeholders to provide clear and actionable direction. Mach 1.
fovaremen
- -

detract from ticket demand.

increase the capital mvestment required to open new

airine routes.

T T SOV TG

modemize the process for future high-speed airc

Further, FAA and DO’O are reviewing current reguanon to

successfully opening

slandarttsanderwm comphance will be amcd to
the market.

Eliminating technical and regulatory barriers

18




Deloitte/SpaceWorks — Barriers / Challenges Heat Map

Challenge Compliance Solution Investment Ease of Use Community Total Rank Categorization'
1. Sonic Boom Restrictions Barrier

2. Aircraft Certification Barrier

3. Landing & Takeoff Noise Barrier

4. Emissions Standards Significant Challenge
5. Export Controls Significant Challenge

6. Depressurization Event Minor Challenge

7. Alternative Fuels Minor Challenge

8. International Laws Minor Challenge

9. Heat Sensitivity Minor Challenge

10. NAS Integration Minor Challenge

11. Anomalous Radiation Events Minor Challenge

12. Flight Shaming Minor Challenge

13. Runway Length Minor Challenge

14. Time Zone Gaps Minor Challenge

15. Pilot Certification Minor Challenge

Rank Categorization Key Definitions:

< Barrier: an issue that could outright prevent the market from starting.
- Significant Challenge: an issue that will likely materially impact the business case.
+ Minor Challenge: an issue will likely impact the business case only minimally.

www.nasa.gov |



What Is New in Our Approach? @/

Sustainability
« SONIC BOOM STANDARDS
) « LTO NOISE STANDARDS
Environment HIGH ALTITUDE EMISSIONS STANDARDS
i FUEL STORAGE
« AIRCRAFT PP
CERTIFICATION
« PILOT CERTIFICATION ﬁﬁﬁ
« AIRCRAFT FUEL

EXPORT CONTROL
REGULATIONS

* INTERNATIONAL LAWS
* FLIGHT SHAMING
* TIME ZONE GAPS

Address sustainability from day one

www.nasa.gov |
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NASA High-Speed Strategy: Stakeholders @

- M3 M4 M5 M6 M7 M8+

Hypersonic

Cruise — Cruise
Mach : \ Mach
1.4-1.9 :

%ke
&W
/A ‘EXOSQ.@J

[fockheed SN v=cToOT Swira=
Vet

Industry is aggressively pursuing high-speed market; NASA's role is to help make it sustainable

www.nasa.gov | 21



Key Takeaways

Studies concluded potential commercial high-speed markets
exist at Mach 2-4, as well as up to Mach 5-5.25

Many of the key barriers for commercial supersonic and
hypersonic flight appear to be similar, but there are significant
differences resulting from differences in Mach and associated
flight conditions

Industry feedback from 39 High-Speed Commercial Vehicle
Workshop (June 2022) reinforced the need for conceptual vehicle
studies to assess these barriers and potential solutions in the
2<M<5 range

High-Speed Investment Opportunities to be Identified by 3QFY24




High-Speed Strategy Next Steps In Work @

Development of New High-Speed
Commercial Vehicle Conceptual
Designs and Technology
Roadmaps

S Legacy Supersonic
= N+2/N+3 Conceptual
Designs

Acquisition Schedule

- Award contracts for 12-month effort to v’ July 19, 2022- Industry Day Held

. ) v" August 8, 2022 — Released Final Request for Proposal
develop baseline conceptual designs (or v’ September 20, 2022 — Proposals Received
preferably families of concepts) and v' December 16, 2022 —Contracts Awarded
technology roadmaps in the Mach 2-5 v' February 24, 2023- Contract Kickoff w/Northrop Grumman
range v' June 27, 2023- Contract Kickoff w/Boeing

« Non-proprietary concepts will be key for
use in regulatory studies

« Use roadmaps to identify technologies for
future NASA investment in FY24 and
beyond

Technology Roadmaps Will Help Identify Areas For Future NASA Investments

www.nasa.gov | 23
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@ NASA Hypersonic Applications e

[ HYPERSONICS }

Blunt Body Launch Unpowered Powered
Re-entry Atmospheric Flight Atmospheric Flight

Multiple NASA applications require mastery of hypersonic flight

National Aeronautics and Space Administration 25



@ HTP Research Focused on Reusable Applications . >

Hypersonic Powered
Atmospheric Flight

Weabons Sustained Space
P Atmospheric Cruise Access
|
I |

Commercial Long Range Strike;
Point to Point Penetrating ISR

[ Civil Applications ]

Partnership between NASA and DoD is critical to progress in hypersonic flight

National Aeronautics and Space Administration 26



@ Envisioning High-Speed Civilian Airspace of Tomorrow . -#%=:"5)

Fully Reusable Airbreathing First Stage
Responsive Space Access / Expendable Upper (near term)
v Reusable / Manned Upper (far term)
Flexible Basing
Fail-Safe Abort Capability
Improved AirSpace Integration

Commercial Transportation

National Aeronautics and Space Administration 27



@ HTP Long-Term Strategy o

VISION MISSION APPROACH

Enable routine, reusable, Advance core capabilities and critical technologies Conduct fundamental and applied

airbreathing hypersonic underpinning the mastery of hypersonic flight to research to enable a broad spectrum of
flight support U.S. supremacy in hypersonics hypersonic systems and missions

Overarching Strategic Goal Key External Partners / Stakeholders
Develop dual-use technologies aligned to reusable vehicle requirements AFRL / DARPA / JHTO-UCAH / AFOSR / ONR / INDUSTRY /
for both civilian and military missions UNIVERSITIES
Applied Research Focus- TRL6 by 2030 | Long-Term Strategic Goals | Fundamental Research Focus- TRL 6 by 2040
First Generation Reusable Airbreathing High- Next Generation Reusable Airbreathing Hypersonic Vehicle
Supersonic/Hypersonic Vehicle for Commercial Point-to- (Sustainable) for Commercial Access to Space Mission

Point Mission Develop enabling technologies via ModSim, Ground Test, and

Develop enabling technologies via ModSim, Ground Test, and Flight Test for sustainably-fueled, reusable aircraft with
Flight Test for reusable aircraft with speeds up to Mach 8 speeds up to Mach 12

Enduring Project Priorities

#1 - Support NASA/DOD #2 - Execute Technical #3 - Continue NASA-directed #4 - Develop the next

partnerships and deliver on Challenges to deliver critical research; sustain/grow core generation of U.S.
external commitments enabling technologies competencies and capabilities hypersonic experts

National Aeronautics and Space Administration 28



HTP Investment Areas >
)

T ypersoric
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in the Barriers to Reusable Hypersonic Flight e

System-Level Design, Analysis, and Validation Vehicle Technologies

High Temperature, Durable Materials

National Aeronautics and Space Administration 29




@ System Level Design, Analysis, and Validation o

Design and analyze civil-relevant reference

vehicles and inform programmatic decision-making RS
) Multidisciplinary Design/Optimization and
Technical Lead: Tom West (LaRC) - — Uncertainty Quantification (MDAO & UQ)
=40 ; g’:ﬁ:::o:«mmm \
o <
:: g 35 RT‘1.2:
e ‘ﬁ 0 Fluid-Thermal-Structural Interaction (FTSI)
; £ 3
20
. 15 20 25 RT-1.3:
uQ results x(in)
Power and Thermal Management Systems (PTMS)
- Vehicle analysis \

RT-1.4:

Tool development > - \Vehlcle Design

RT-1.5:

Aerosciences Capability Development
N\

RT-1.6:

Design Fidelity Enhancement
N\

National Aeronautics and Space Administration
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@ Propulsion Technologies =D

Maturing airbreathing propulsion technologies RTD 1:

necessary for hypersonic TBCC vehicles Enhanced Injection and Mixing
Co-Technical Leads: Tom Drozda (LaRC) and Lancert Foster (GRC) 3

Injectors for RT-2.2:
enhanced

mixing

VULCAN CFD : VULCAN-CFD Development
N\

RT-2.4:

Advanced Pressure Sensors for Adaptive Controls and
- Health Monitoring

-~ 5 ‘ RT-2.6:
-\ /W

CFD of the isolator shock Isolator Dynamics Research Lab (IDRL)
* train-cavity interaction \

T
Advanced semsors . .

RT-2.8:
Turboramjet Technology Development

N\

RT-2.9:

Aether Subscale Ground Test Propulsion Database

Development
3

National Aeronautics and Space Administration 31



@ Vehicle Technologies

i ypersoric
—teclirraloogey
Frofect

Foster the development of tools and technologies from

fundamental to applied hypersonic vehicles

Technical Lead: Amanda Chou (LaRC)

BOLT I

BOLT —

Concave surfaces

Swept
leading edges

Swept FiniCone Study in the
< 20-Inch Mach 6 Tunnel

Measured

)
cccc

.....

T-3.1:
Flight Testing/Program Support

Computational Tools

RT-3.2:
Boundary Layer Transition Validation and

RT-3.3:
Fluid-Structure Interaction

RT-3.4:
Shock-Shock/Shock-Boundary Layer Interactions

RT-3.5:
Flow Control Applications

National Aeronautics and Space Administration
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@ High Temperature, Durable Materials Pfqefp%a«w)

Conclude in FY24

Provide demonstrated high temperature material and RT-4.1:
component solutions/ data/ lessons learned to enable Ceramic Matrix Composite (CMC) Heat Exchanger (HEX)
reusable hypersonic vehicles

Technical Lead: Chris Kostyk (AFRC)

-4.2
CMC HEX igh Temperature Seals

RT-4.4: | Concludein FY24
dditive Manufacturing for Hypersonic Engines

T 4.5:
|gh -Temperature Fiber Optic Sensors

)
}

y \\\
: >eal deuale NEW START in FY24
capabilities RT-4.

Materials and Structures for Hypersonic Airframe

Ceramic spring S
AMvaried shapes Components

HRT4.7:| NEW START in FY24

Materials and Structures for Hypersonic Propulsion
omponents

33
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Summary

-]

* NASA is developing a strategy to support the commercial
high-speed market

» NASA Hypersonic Technology Project (HTP) investments
are aligned with dual-use / civil applications

« HTP is addressing major technical barriers

« System design and analysis including uncertainty
quantification

« Turbine-based combined-cycle propulsion system
component research

« Fundamental research in aerothermodynamics

« High-temperature, durable materials for engine and
airframe applications

Working to enable routine, reusable, airbreathing
hypersonic flight
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