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NASA EAP REPRESENTATIVE ACTIVITIES

NASA has executed a plethora of EAP activities over the last 10 years and is in the process of advancing the future of
sustainable flight. Work spans from fundamental research to flight demonstrations.

X-57, 100kW class
flight demo of all
electric distributed
propulsion.

Revolutionary Vertical
Lift Technology Studies
of Electric, Hybrid,
Turboelectric Concepts
and Technology.

Electrified Powertrain
Flight Demo — ground
& flight demonstration
of integrated MW-
class powertrain.

Advanced Air Transport
Technology/Propulsion
& Power Subproject -
powertrain technology

Transformational Tools
& Technology — EAP
materials & modeling.

Hybrid Thermally
Efficient Core
(HyTEC)

Advanced turbine
engine technologies in
a high-power-density
core.

SUSAN — A 20 MW
hybrid-electric aircraft
concept study
featuring a single aft
engine with distributed
wing-mounted
propulsors.




Why Electric Aero-Propulsion?

* Why electric?
* Fewer emissions
* Quieter flight
* Fuel savings
« New mobility options
« Better utilization of infrastructure
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MW-CLASS Vehicle Parameters

NASA is advancing Electrified Aircraft Propulsion (EAP) technology across a variety of markets, ranges, aircraft sizes,
VTOL/CTOL configurations and electrical power levels. Fully electric, hybrid, and turboelectric are potential EAP system
configurations. Electrified aircraft propulsion impacts vary on aircraft design, depending on the key requirements of the

market the vehicle is intended to serve.

MARKET AIRCRAFT PASSENGERS SPEED RANGE

On demand ~50-200 ~25-200
mobility ol el mph miles




EAP Ecosystem
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Power, Propulsion, Thermal, and Airframe Integration

« Challenge is to highly integrate all systems: Airframe
— improve fuel efficiency
— reduce emissions
— reduce low grade waste heat
— reduce vehicle mass
manage distributed heat sources
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Electric Aircraft Thermal Challenge

Current proposed solutions include:
« Ram air HX

_ : Energy Transfer Medium Limits Scale
— adds weight and aircraft drag
Electrical Voltage, Copper Mass and Heat I?R
) ConveCtIV_e skin COO“”Q H)_(_ Mechanical Lubrication, Vibration, Heat, Mass 0.5 Tw?
— adds weight, drag, and inefficient
_ _ Fluid Freezing, Pump, Impurities, Heat, Mass m C,T
» Dumping heat into fuel : . : _ _
— : Phase Change/Vapor Gravity, Orientation, Distance, Freezing <1lm
— limited thermal capacity
Acoustic Design Challenge, Some Heat 0.5 = pvz

* Dumping heat into lubricating oil
— limited thermal capacity

* Active cooling
— adds weight and consumes engine power 300

* Phase change cooling
—adds weight and limited thermal capacity @ 200

» Heat pipe, pumped multiphase, vapor compression
— adds weight and consumes engine power

100 200 300 400 500

P.C. Krause

| 50kW to >600kW of low-grade thermal heat trapped within composite aircraft body '



Credit: Haran

®  AIrlin=40C
Air:Tin=60C

® OilTin=90C
Qil:Tin=110C

® Water:Tin=50C

Water:Tin=65C
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Specific Power (kW/kg) ‘Active Mass’

Pareto-Frouts of Motor Efliciency and Specific Power Duning Takeofl

End Spray Cooling

Can increase specific power of the powertrain components while also increasing system efficiency.




Conventional Aircraft Thermal Rejection Limits

Dumping heat into:

* Fuel (currently limited to 50 kW),
e OQOuter mold line (limited 300 kW),
 Ram air (see below for losses),

* By-pass air (see below for losses),

1% Hot Day

Standard Day

900NM
3500NM |

Total Penalty | Total Penalty | Total Penalty | Total Penalty
(zero exit (non-zero exit (zero exit (non-zero
Velocity) velocity) Velocity) exit velocity)

4.98% 3.31% 2.76% 2.36%
5.00% 3.62% 3.01% 2.57%

r
3

Wing Temperature (F)
= N
g 8

g

HX

Recirc back
to tanks

To Engine 1

Motor

To Engine 2

Recirc back
to tanks

Thermal Runaway with

Composite Fuselage

——97% Efficiency
—— 98% Efficiency

100

99% Efficiency
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Electric Aircraft Propulsion Thermal management technology impacts performance and safety certification



Powertrain Technology Requirements

e MW-Scale Transport Class Powertrain Requirements:

Abzolute and Specific Quantities and Efficiencies
TEL 6 by 2020 TEL 6 by 2035 TEL 6 by 2050
. Units Property | Efficiency Property | Efficiency Property | Efficiency
ARPA-E ASCEND Powertrain Rerssene sl Speclfc Enery R
Heat Retect LNG Fuel Specific Fnergy KiWhke
Specific power = 12 kW/kg eat Rejection LH? Fuel Specific Enersy _ EWhike 394 39.4 394
: n Thermal Engine Brake Thrust Specific i) o/ -25% ¥/ -53% o/ 453%
Efficiency 2 93% | Fuel Consumption* ' '
Turboshaft Gravimetric Specific Power KWikg
i 1 Gaz-turbine Gravimteric Specific Power EWkg
Thermal Management Battery System-Level Energy Denzity and Thkg 200 430 370
System (TMS) Types* [tvpe] Lilen Li-B/Airss Li-Air/38
Battery System-Level Cycle Stability** veles 1000 " 1500 iy 3000 .
- Battery Cell-Level Enersy Denzity Thks 280 2 &00 2 B00 2
. Battery System-Level Specific Power Wiks 1000 2300 3000
[ " :amqsﬁwm-Lspeu&“ﬂ Ty m 50 575% 70 955% 50 59.0%
. | | N . . attery i i i 5% i 3 L .
Mechanical Output, , Electrenic Drive & Electrical Input, Fuel Cell Percentage of Balance of Plant ) 40% 15% 0%
Mt Electric Motor e N — Fmerzing High-
Power & Speed Protectigns Voltage & Current Motors/Generators, Power Electromics Predominantly Tamerene
L . ) and Transmizsion Technology Notes & Normal Conducting emperafure wper
N Maximum Flectric Motor Shaft Power W 1.0 10 10,0+
N Motor Specific Power Kiikg 33 90.0% 10.0 93.0% 20.0 55.0%
" . Lo Motor Specific Torgue Nmks
Only protactions betwéen motar and electronic drive subsystems N Cenerator Specific Power FWiks i3 50.0% 100 93.0% 00 95 0%
are included . Gearbox Specific Power and EWiks 70 20,00 50 29,07 10.0 09.00%
Gearing Ratio [Eearinz ratic] - - :
PropellerRotor Specific Power and Wiz
Ducted Fan Specific Power EWiks
AC_DC Rectifier Specific Power Kilikz 70 o4 1% o0 57.0% 12.0 09.0%
DC-AC Inverter Specific Power Kiikg 30 92.0% 7.0 94.0% 10.0 56.0%
DC-DC Converter Specific Power KWiks 30 97.5% 70 98.3% 2.0 29.0%
Controller Specific Power and Type lFE‘D'}:']g
Buz Voltage for Propulsion System and VIACaDC] | S00DC o 1000 DC 2 3000 DC o
Type. Maximum Operating Power kW
Tranzmission k=mkh 20 93 (% 13 93 0% 0.6 29 0%
Thermal h-hn@nent Increment kE.'l:‘W[ﬁ) 20 n'a 15 n'a CIvo n'a

*

Year-2000 datum

#%  Includes provision for packaging, cycle stability with corresponding design life, ageing effects, minimum
State-of-Charge (SoC), thermal management, safety features and sensing requirements, amongst others

*2% 20% minimum State-of-Charge (SoC) threshold

Goal is to reduce TMS specific mass from 2 kg/kW(th) to <1 kg/kW(th)



« Solid-State Exergy Amplification
— No moving parts
— No pumped fluids
— No increased drag
— Maximize specific power

Red Embedded
Branched Heat Pipes

\f\.'.;./""" l!-'*l

Blue Embedded
Acoustic Tubes

— Improve powertrain efficiency E
» Areas of Development i
— Turbofan WHR HX e s

High-temperature
heat pipes

— Acoustic Heat Pump
— OHP Heat Collection
— Thermal Transport

— Thermal Recycling

— Dynamic Thermal Redirection

— Gradient-based System Optimization




Thermal Recovery Benefits

(n ey

Solid-state Energy Recycle Benefits
* |ocalized skin heating
» for active lift/drag management,

e * de-icing/anti-icing,
o e powertrain cooling,
. * cabin thermal management,

* engine recuperation,
* thrust enhancement with by-pass air
* military cloaking

Max. Allowable

Components . Temp. Locations Components Temperature Locations
Generator 2 50kW each <100°C Under wings Preheat Combustion Air >600°C Near Turbofans
Rectifiers 2 15kW each <100°C Under wings Preheat Air into Auxiliary Power Unit >400°C o
Along cables (two (APU) Near Tatlcone
Circuit Breakers 4 7kW each <100°C behr]:;(c)l ﬁcft;iletl Z; nd Anti-icing System ~20C Wing, engine Cow:ﬁ::j b e
111ve1'.te1') Warm by-pass Air for Thrust Enhancement >50°C Near Turbofans
Inverter 1 25 kW <100°C Near ta%lcone Warm the Ram Air >30°C Near Turbofans
Motor 1 100 kW <100°C Near tailcone
Cabin Cooling 1 10 kW < 30°C Bottom
Others n/a 2 kW <100°C Bottom

Potential Range of up to 16% Fuel Burn Savings with Waste Heat Recovery




urbomachinery WHR Challenges

310K 350K 1800K

High
Pressure T .
Compressor Y Turbine
Case Diffuser Case
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ACC ACC Tubes for
High Annular  Mangoide  Low Pressure
Pressure  COMBUSION  for gl Turbine Stages
Compressor Precsure

Turbne

Sages

Figure 1. Pratt & Whitney PWI000G Geared Twrbofan Aircraft Engine Cutaway £ 2013 United
Techuologies Corporation

Ni-base alloy

SX Alloy | MCrAIY / TBC
DS Alioy / MCrAY
Rotor fermtic sieel  Ni.base Alloy / Chromizing

ALSTOM Power IGT materials usage [Oakey]
@ Titanium
@ Nickel
© Steel
) Aluminium
@ Composites

Turbine blades (creep, stress rupture, corrosion, oxidation,
HCF, thermal fatigue, fretting fatigue)

Fan blades (fatigue, bird strike, erosion, corrosion, Turbine vanes (creep, thermal fatigue, corrosion)

fretting fatigue) Turbine disks (burst, LCF, HCF, creep, corrosion)

Fan disks (burst, LCF, HCF) Shafts (bird strike, whirling, LCF)

Compressor blades (fatigue, erosion, corrosion) Casing, bearings (bird strike, LCF, containment)

Compressor disks (burst, LCF, HCF, corrosion) [adapted from Rolls-Royce figure) P

Material, Surface Area, and Engine Cycle Performance Impacts Available Waste Heat Recovery



Typical Gas Turbine Casing Liner Materials

Nickel Aoy Honeycomb
A usually unfilked

R A Thermal sprayed
3 metal matrx and
ceramic coatings

Tharmal Sprayed Nickel
Chromium Akiminum
Bantorita

Tharmal Sprayed Auminium
Silcon Boron Nitrios

Aluminivm Honeycomb

Thermal Sprayed
Alunnium Silcon Polymer

flled with Epoxy Pomer

Rols-Royce Trent 1000 shown for Wistration pwposas
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Turbo-electric Potential Energy Extraction >10 MW

TEG Effective Conductance per Area (W/m”"2-K))

s F U FlOw
v ) {3 FlOWi
e 1 /3 FlOws




Nozzle Waste Heat Energy Extraction Example

Key Point: Most thrust (>80%) produced in by-pass air of commercial aircraft

 Turbofans have bypass ratio from 6 to 12

) High-pressure  High-pressure
 Turboprop have bypass ratio from 50 to100 Fan compressor  turbine
. . . ] . \ \ “DIOCSLINE
*  Hybrid electric distributed propulsion up to 100 p—— '-,' {Port PrEsEE
 Small core further increases by-pass ratio ﬁ-— \ |
|

Majority of
thrust here

|dea: Extract waste energy from core

 Minimal impact on overall thrust

* Reduce jet noise that scales as VA8 Low-pressure Combustion Low-pressure Nozzle

e ~30 MW waste heat available on B737
Extract only 10%, 3 MW -> 1MW acoustic energy available

[

COMPressor chamber turbine

Extract heat here




Acoustic Heat Pump

Hot heat Regenerator

Input W ave SRGH PG Mechanical Cold heat
acoustic energy exchanger

Electro-dynamic Cold Heat Q Q Hot Heat | Gas compression 3y
transducer Exchanger lc {n , Exchanger {

W,. Thermoacoustic
I resonator filled
with gas

Gas expansion l —teny

lowear higher
temperature temperature

Thermoacoustic Stack

Ipl

lustration of the hydrodynamic energy transfer up the
tempaerature gradient (heat pump, refrigerator)

|

Acoustic Energy Amplification and Refrigeration with Same Traveling Wave
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Acoustic Heat Pump COP

Heat Lifted (W)

Heat Lifted Vs. Duct Length i
Reject at

Higher Temperature
Hot reservoir

0.2 1 2 5 10 20 25 30

Duct Length (m)

parice

Cold reservoir

Accept at Lower
Temperature

Ratio of input acoustic energy required for heat pumping




Solid-State Energy Delivery and Control

Small Input Acoustic Wave On
Acoustic Wave Off

Vapor Energy Control Method

) woarking Fluid

[ ] Moncondensable Gas
Heat Transport On

& & 4 4 &

[ ]
[]
| |
Evapoarator :
[ ]

Heat Transport Off

Low Heat

Dynamic Refrigeration and Thermal Transport with No Pumps or Moving Parts
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Refrigerated Section Highlighted with Optical Sensors




10-meter Acoustic Heat Pump Prototype Test Results
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e Al Satus AC Cantrol DC Control Output Enable |yonage | 23,600 Vims P 37.500 W DCvak 0.000 Ve B B
— L , £ — RN . ]
[ ACvofiage | 23.70) Vrms ChromsEnable (D | current| 1.760 Ams @ 18150 vars 0C curr -0.010  Ade .
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Thermal energy heat pump at single location along 10-meter tube with no detected acoustic waveguide tube heating




Next Step — 6 Stage Amplification!

Stage 6
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133kW/kg

WEIGHT BREAKDOWN
Total Weight: 39.81b

RC Snubber

Waste Heat In

2in1SCR
0.88 fe* or 0.025m*

Space taken by the extruded busbar not included.

155"

Total Volume:

trigger circuit

Waste Heat In

Waste Heat In
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Conclusion

NASA IS INVESTING IN ELECTRIFIED
AIRCRAFT PROPULSION (EAP) TO
ENABLE A NEW TECHNOLOGY S-CURVE
OF INNOVATION IN AVIATION

Feasible Vehicle Class Driven by Powertrain Specific Power and Efficiency and Integrated Vehicle Design Optimization
Power, Propulsion, Thermal, and Airframe Integration Key

NASA is broadly investing in Electrified Aircraft
Propulsion (EAP)

NASA investments are guided by a combination of
potential market impacts and technical key performance
parameters.

The impact of EAP varies by market and NASA is

considering three markets: on-demand mobility, regional
and national/international air transportation.

Technical advances in key areas have been made that
indicate EAP is a viable technology.

Flight research is underway to demonstrate integrated
solutions and inform standards and certification processes.

Additional work is needed to transition the technology to a
commercial product and further improve the technology to
realize the benefits across the world.






