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» NASA Propulsion Innovation & Technology Priorities
» Agency Mission Drivers: EMC | Science | Commercial

» Alignment with STMD Quantifiable Capability Development Objectives

» Perspective on the Role of Small Businesses & Universities
» Strategic Cross-Program Integration

>

Agile Spiral Development

» Elaboration on SBIR/STTR Propulsion Subtopics

>
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£10.01 — Cryogenic Fluids Management

£/10.02 - Methane In-Space Propulsion

£/10.03 — Nuclear Thermal Propulsion

£09.01 — Small Launch Vehicle Technologies

T01.01 — Affordable Nano/Micro Launch Propulsion Stages
T101.02 — Detailed Multiphysics Propulsion Modeling & Simulation
T102.01 — Advanced Nuclear Propulsion



Propulsion Technology Mission Drivers
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Propulsion Technology Mission Drivers

SCIENCE & COMMERCIAL
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evelopment Objectives «
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Capability Objective Quantifiable Metrics

e Thrust > 25klbf @ Thrust/Weight > 4
e High Temperature Fuel Element Temp > 2850 K @ Isp > 900 sec

SBIR/STIR
e Av2>10km/s— Enable Opposition & Conjunction EMC Mission Options

. . * Fission Product Leakage << NERVA/ROVER Milestone 210.03 — Nuclear Thermal Propulsion
EMC NTP Propulsion Architecture * Run Duration > 2 hrs @ rated temperature Z10.01 - Cryogenic Fluid Mansgement
* Engine Restarts > 10
¢ Hydrogen CFM - Zero Boil Off & Liquefaction at Low Power (kW's @ 20k)
* NTP Engine System Development LCC =~ Comparable Scale LRE LCC ($1-2B)

e MPS Thrust > 23 kibf with 5:1 Throttling Capability

e RCS Thrust > 100 Ibf with Integrated Feed Systems 710.02 - Methane In-Space Propulsion
¢ Lifetime > 300 hours

e LOX/Methane CFM - Zero Boil Off and Liquefaction at Low Power (100’s Watts @ 90K)

e 100-Ibf Class MON-25/MMH Bipropellant Engine (Flight Qualified within 2 years)
* Reduce Propellant Freezing Point < -40 °C
2 a q q * Reduce Propulsion System Mass > 80% T01.02 — Detailed Multiphysics Propulsion
Mission Enhancmg In‘Space Storable PrOPUISIOn e Reduce Propulsion System Volume > 50% Modeling & Simulation
* Reduce Propulsion System Cost > 60%
e EMC Class Scale-Up: RCS Thrust = 100-1000 Ibf, MPS Thrust = 25,000 Ibf

e 22-N Scale Green Monopropellant Thruster (Flight Qualified within 3-5 years)
* Increase Density-Isp 2 25%
* Reduce Propellant Freezing Point < -40 °C

Mission Enhancing In-Space Green Propulsion  * Reduce Thruster Power Consumption > 50%
* Increase Propellant Throughput/Lifetime > 125 kg
* Reduce Ground Operation Costs > 50% (Reduce or Eliminate SCAPE Suit Ops)
e Scale-Up: 110-N Thruster (5-7 years), 440-N Thruster (7-10 years)

T01.02 — Detailed Multiphysics Propulsion
Modeling & Simulation

Fast Transit Deep Space Tra nspo rtation * Exploration Class Propulsion System Specific Mass: a < 5kg/kW T02.01 — Advanced Nuclear Propulsion

e 5-180 kg payload delivery capacity to 350-700 km altitude @ 28-98.3 degrees inclination (CONUS & Sun Synchronous Ops)
Af‘f d b| S || S | L h S i * Launch Costs < $60,000/kg (Threshold Objective) Z09.01 — Small Launch Vehicle Technologies
ordable small->cale Launc ervices * Launch Costs < $20,000/kg (Stretch Goal) T01.01 — Affordable Nano/Micro-Launcher Stages
* Reliability > 90%
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Increasing Technical Maturity

<

NASA PROGRAM ELEMENTS

e A

Phase Il
SBIR/STTR

Operational Capability
Commercial Product/Service

CAPABILITY DEVELOPMENT COMMITMENT PARTITION

LCC/ TIME
? Stepwise
l. Structure Progression Il. Develop
* Objectives (KPPs) e [ - * Design
» Alternatives - »  Build

Constraints
Risks

Test
Reduce Risks

Risk Analysis

REVIEW = » TRL
Strategically Threaded
Inter-Program
Handoffs
IV. Leam lll. Evaluate
* Performance

* Disciplined CR with Terminate Option
* Resolve Expectations vs Outcomes

* Revise & Correct

* Plan Next Iteration

* Requirements
Operational » Validation/Verification
Capability *  Project Team Execution

OUTCOMES



EMC Mars Descent Vehicle EMC Mars Ascent Vehicle

Main Propulsion System (MPS) ond st
stage

% p 15t stage

Mars Descent Module
(MDM)

* Combustion Chamber

* Deep Throttling Injectors
* Ignitors

* Main Valves
* Turbopumps

M ETH A N E Reaction Control System (RCS)
I N - S PAC E : E:;ttsr?:;’su(;(:)(;—lbf & 1000-Ibf)
PROPULSION - Fast Acing Vales
TECHNOLOGY " Compenents

Cryo-Fluid Management (CFM) DEVEI_O PMENT =
[ hctve oM (VS Foam) NEEDS

- Helium Storage. (TRL 4-6)

* Thermal Conditioning

Integrated Ground Demonstration
Risk Reduction

EMC Methane Propulsion Stage

EMC Class Reaction Control System



FY 16

FY 20

FY 21

Lander Technologies &
EMC Risk Reduction Tasks

SBIR/STTR

210.01 - CFm

210.02 — Methane Propulsion

701.02 — Multiphysics Modeling & Sim

Gap Filler
Technology
Development

International Partnerships

Flight Demonstrations




» Capability Need — “In-Space Nuclear Propulsion for Sustainable Mars Exploration”
» High Thrust, High Isp Performance — “Fast Transits & Reduced Crew Hazards”
» Low Architectural Mass & Reduced Mission Launch Count — “Improved Mission Affordability”
» Affordability — “Reduce Nuclear System Life Cycle Costs”

CAPABILITY GOAL
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SBIR Subtopic Z10.03
Nuclear Thermal Propulsion
“Engine System Design”

NTP Engine System Development

CERMET vs. GC
Fuel Element Fab

SBIR Subtopic Z10.03
Nuclear Thermal Propulsion
“Operations & Safety”

W-184 Purification
Enabling High Power
Density LEU Reactor

LEU vs. HEU

NTP Engine System Affordable NTP NRC Site Licensing &
ViabilitygICOstslySafety Engine System =g\ Low Cost Engine
Analyses Capability System Testing

SBIR Subtopic Z10.03
Nuclear Thermal Propulsion
“Ground Test Technologies”

CX-1 Ground Based Engine & Hydrogen CFM
System Demonstration Components/Subsystems

Key Technology Elements

SBIR Subtopic Z10.01
Cryogenic Fluid Management
“NTP Architecture Technologies”



FUEL DEVELOPMENT
Technology Development Goal #1

Eot b Py Improve viability & affordability of NTP by
developing a high-temperature, low-
erosion, high-fission-product-retention fuel
element using Low Enriched Uranium (LEU)

Tungsten Purification

Tungsten
Demo

llJ.ow.EnricLhEelji N Fabrication Demo
ranium (LEU) (Physics) (Scale & Affordability)

FE Nuclear Testing

Fabricate High Consolidate
Quality Particles into -
Tungsten Representative FE Nﬁr:t';l:; loar CX 1
Coated UO, Cermet Fuel
Particles Element (FE)

Critical Experiment
Ground Test Technology

Demonstration Mission

1/10-Scale 1/10-Scale
& 4 Process Demo = Process Demo
Build Testing/Verify

Establish Viability of Fully IRl p,ocess Demo
Captured Engine Exhaust Design/Analysis

ENGINE SYSTEM

TEST FACILITY B shscune Geo I AseuNE TDM
DEVELOPMENT

Demonstrate viability & affordability of
fully contained engine exhaust test facility

B AuGMENTATIONGED O SBIR for full-scale NTP engine system testing
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IN-SPACE PROPULSION — Near Term Focus (3 < TRL £ 6)

Technology investments in key areas enable evolved capability and modest
gains in capability - PROGRESS IS PREDICTABLE

Key Technologies:
Advanced Chemical *  Advanced Propellants

Propulsion o Long-term CFM

Capability Goals:

* Reduced SWaP

* Low Freezing Pont
* Non-Toxic

* ISRU (LOX/Methane)
Key Challenges

* Extreme Environments
* Propeiiont Hondling
* Performance Plateow

Key Technologies: Capabllity Goals:
Solar Electric *  Light Weight Deployable Arrays *  Flight Demonstration
Propulsion ¢ Extreme Environment Arrays *  Robust Array Ops

*  Hgh-Power/Isp Thrusters

*  High Power Scaling

Key Challenges

= Power Scoiobiity Lirmit

* Arrgy Degrodation
« Efficiency/Specific Mass

Key Technologies:

*  Robust Migh-Temperature Fuels

*  High Power Density LEU Reactor

* Affordable Development & Testing

Capability Goals:

* LEU FE Prototype

* NTP Design/Costing
* Affordable Dev/Test

Nuclear Thermal
Propulsion

Key Challenges

* Affordeobility & Viebwity '
- - - - - - - - - - - - - - - - - - - -
: Revolutionary Unproven Energetic Propulsion Concepts \'
l High Power NEP, Advanced Fission, Fusion, etc ,I
e

Key (hallenges
* Complex & Costly

+ long Learning Curves

* Migh Fouyre Rotes

Sustained Low-Level
Research Investment

Tangible Action to Remove “Barriers to Innovation”

ADV PROPULSION - Far Term Focus (TRL < 3)

Sustained research investment enables possibility for new
revolutionary technologies — PROGRESS IS NOT PREDICTABLE

Fission Gas Core or
Enhanced Solid Core

Pulsed Fission

Pulsed Fusion

]
'I

Antimatter

Capability Goal:
+ <5 kg/kw

Breakthrough Science
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STTR Subtopic T02.01
“Advanced Nuclear Propulsion”

KDP Timeline

TRL-1/2

Technology Elements

NIAC - Innovation Community Engagement

* Adv. Propulsion Special Topic

* Multiple Awards

* Revive Previous Concept Winners

* TRL-3 Maturation

* Multiple Awards

ECF/STRG -~ Academic Engagement

* Proof-of-Principle Focus

CIF - Intramural Center Engagement

* Multi-Center Participation

* Multiple Awards

* Multi-Year Sustained R&D
* Proof-of-Principle Focus

OO D En En En s En E» e G D G G D G G > @ e

: SBIR/STTR ~ Small Business Engagement

* Commercial Technology Infusion Opportunity
* Encourage Technical Collaboration

* Provide Key Enabling Components/Subsystems

S an s an e e s Es ED ED ED D ED ED ED ED D @ e &

GCD - Advanced Energetic Prop. Solicitation

Sooows

* Competitive New Start
* Revolutionary Capability Facus
* High-Power NEP, Adv. Fission, Fusion, etc.

ARPA:E - Alpha Program

* Disruptive Fusion Energy Tech
* Strong Propulsion Relevance
* Leverage $30M DOE Investment

Incentivized Low-TRL
Development

GCD Award Technology
Selections Downselect Ted“wlogv
1 ‘ | Maturation &
I |
™3 TRLA/S Den;ou:istration
b ev1e == ev17 = evis = Fv19 == Fv20 == Fv21 - Fv22 - ptions
: i CAPABILITY GOAL
]
Revolutionary Space
Propulsion Beyond NTP
- Exploration Class: o < Skg/kW
g Entry Criterion: TRL-3
% Exit Criterion: TRL-4/5
&
- B
ﬂ
H
STMD & External Programs
o GCD - Solicitation Dev.
En‘rv: TRL-3 GCD - Award & Execute
proof-of-Pringiple

ARP.

-E ~ Alpha Pr

>

Exit: TRL-4/5
Functional
Validation

NIAC - Bridging Topic
ECF/STRG
CIF/Intramural

SBIR/STTR

\
JIUEER

ARPA-E (External)



» Capability Need — “Economically Viable Small-Scale Launch Services”
» Conventional Spacecraft/Launch Affordability Poses Severe Threats to Future Mission Cadence
» Rapid Miniaturization is Revolutionizing Small Spacecraft Platform & Mission Capabilities
» Economically Viable Small-Scale Launch Systems Needed to Support Small Spacecraft Missions
» NASA is Fully Committed to Commercial “Launch Service Provider” Acquisition Model

» Dynamic & Competitive Private Sector Environment Currently Exists
» All Face Significant Investment & Expertise Shortfalls
» Continuing Need for NASA to make Technology & Incentive Investments with respect to Capability Development

DEDICATED SMALL-SCALE LAUNCH
SYSTEM CAPABILITY

SBIR Subtopic 209.01

“Small Launch Vehicle Technologies”

* Innovative Propulsion Technologies
* Affordable Guidance, Navigation & Control
* Manufacturing & Structure Innovations

STTR Subtopic T01.01
“Affordable Nano/Micro Launch Stages”

* Stage Level System Technologies
* Plug-and-Play Architecture
* Propulsive Flight Test in Phase Il

S >90% Reliability
unc ey
<s2m ' &

Ops
5-180 kg
Integrate
- |
[ |

Time
| Compressed

G Assemble _I

e 5-180 kg payload delivery to 350-750 km altitude
e 28.5°to098.3° inclination

e Launch Costs < $60,000/kg (Threshold Objective)
e Launch Costs < $20,000/kg (Stretch Goal)
e >90% reliability

NASA LSP Venture Class Awards

* Firefly Space Systems } Demonstrate

NASA STMD ACO/Tipping Point Initiatives

* ACO Reusable Launch System Development Awards
— Up Aerospace: “Spyder”
— Virgin Galactic: “LauncherOne”
— Generation Orbit: “GOLauncher”

* ACO Small, Affordable LRE Development Awards

* Tipping Point Technology Solicitation (open)

* Rocket Lab 3 Test Flights
* Virgin Galactic by April 2018






