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Team Accomplishments

Å Defined documented scenario and aircraft requirements

Å Created two conceptual aircraft: D (double-bubble) Series and H (Hybrid 

Wing Body) Series

ïD Series for domestic size meets fuel burn, LTO NOx, and balanced 

field length N+3 goals, provides significant step change in noise

ïH Series for international size meets LTO NOx and balanced field 

length N+3 goals

ïD Series aircraft configuration with current levels of technology can 

provide major benefits

Å Developed first-principles methodology to simultaneously optimize 

airframe, engine, and operations

Å Generated risk assessment and technology roadmaps for configurations 

and enabling technologies
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Project Enabled by University-Industry Collaboration

Å MIT

ï(GTL) Propulsion, noise, (ACDL) aircraft configurations, systems, 

(ICAT)  air transportation, and (PARTNER) aircraft-environment 

interaction

ïStudent engagement (education)

Å Aurora Flight Sciences

ïAircraft components and subsystem technology

ïAerostructures and manufacturing

ïSystem integration

Å Pratt & Whitney

ïPropulsion

ïSystem integration assessment
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Å Identify advanced airframe and propulsion concepts, and enabling 

technologies for commercial aircraft for EIS in 2030-35

ïDevelop detailed air travel scenario and aircraft requirements

ïAdvanced concept study

ïIntegrated airframe/propulsion concepts supported by detailed 

analysis

ïKey technologies are anticipated to be those which end up on 

the aircraft

ïAnticipate changes in environmental sensitivity, demand, and 

energy

Å Use results to aid planning of follow-on technology programs

NASA Subsonic Fixed Wing N+3 Objectives
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N+1

N+2

N+3

NASA System Level Metrics
é. technology for dramatically improving noise, emissions, performance

*** Technology readiness level for key technologies = 4-6

**  Additional gains may be possible through operational improvements

*  Concepts that enable optimal use of runways at multiple airports within the 
metropolitan area

Å Energy intensity metric for comparison of fuel burn

Å Add a climate impact metric for evaluation of the aircraft 

performance

ïGlobal temperature change as a result of the emissions
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Size ÁDomestic: 180 passengers @ 215 lbs/pax (737-800)

ÁInternational: 350 passengers @ 215 lbs/pax (777-200LR)

ÁMulti-class configuration

ÁIncreased cabin baggage

Range ÁDomestic:  US transcontinental; max range 3,000 nm with 

reserves

ÁInternational: Transpacific; max range 7,600 nm with reserves

Speed ÁDomestic: Minimum of Mach 0.72

ÁInternational: Minimum of 0.8

ÁDriven by fuel efficiency

Runway Length ÁDomestic: 5,000 ft balanced field

ÁInternational: 9,000 ft balanced field

Fuel & Emissions ÁN+3 target: 70% fuel burn improvement

ÁMeet N+3 emission target (75% below CAEP/6 NOx restriction)

ÁConsider alternative fuels and climate impact

Noise ÁN+3 target: (-71 dB cumulative below FAA Stage 4 limits)

Other ÁCompatibility with NextGen

ÁWake vortex robustness

ÁMeet or exceed future FAA and JAA safety targets

N+3 Scenario and Requirements Drive the 

Design
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Fuel burn 

(kJ/kg-km)

NoiseField length

LTO NOx

100% of N+3 goal

Fuel burn 

(kJ/kg-km)

100% of N+3 goal

Noise

LTO NOx

Field length

Two Scenario-Driven Configurations

Double-Bubble (D series):

modified tube and wing with lifting body Hybrid Wing Body (H series) 

Baseline: B737-800

Domestic size

Baseline: B777-200LR

International size
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Three Major Results from N+3 Program

Å Development and assessment of two aircraft configurations:

ïD Series for domestic size meets fuel burn, LTO NOx, and 

balanced field length N+3 goals, provides significant step 

change in noise

ïH Series for international size meets LTO NOx and balanced 

field length N+3 goals

Å Comparison of D Series and H Series for different missions 

(domestic and international)

Å Trade study identification of D Series benefits from configuration vs. 

advanced technologies
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D Series ïDouble Bubble Configuration

Å Modified tube and wing configuration with wide ñdouble bubbleò fuselage 

offers significant benefits

Å Fuselage provides lift and offers advantageous flow geometry for 

embedded engines on aft body

Å Unswept wing benefits from reduced structural loads and accomodates 

elimination of high-lift devices

Å With advanced technology insertion D8.5 achieves 3 of 4 N+3 objectives

Å With minimal technology insertion, D8.1 offers N+2 level reductions in 

fuel burn, noise, and emissions
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Fuel Burn
(kJ/kg-km)

Noise
(EPNdB below Stage 4)

Field Length
(feet)

LTO NOx (g/kN)
(% below CAEP 6)

D8.1 

(Aluminum) 

D8.5 

(Composite) 

D8 Configurations: Design and Performance
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Metric 737-800 Baseline
N+3 Goals % of 

Baseline
D8.5

Fuel Burn (PFEI) 

(KJ/kg-km)
7.43

2.23 

(70% Reduction)

2.17 

(70.8% Reduction)

Noise (EPNdB 

below Stage 4)
277

202  (-71 EPN db 

Below Stage 4)

213 (-60 EPNdB

Below Stage 4)

LTO Nox (g/kN) 

(% Below CAEP 6)

43.28 (31% below 

CAEP 6)
75% below CAEP 6 10.5 (87.3% below 6)

Field Length (ft)
7680 for 3000 nm 

mission
5000 (metroplex) 5000 (metroplex)

Mission

Payload: 180 PAX

Range: 3000 nm

D8.5 ïDouble Bubble Configuration
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Advanced Structural  

Materials

Health and 

Usage 

Monitoring

Active Load 

Alleviation

Boundary Layer 

Ingestion

Operations Modifications:

- Reduced Cruise Mach

- Optimized Cruise Altitude

- Descent angle of 4º

- Approach Runway Displacement Threshold   

Natural Laminar 

Flow on Wing 

Bottom

Faired 

Undercarriage
Lifting Body

Reduced Secondary 

Structure weight

D8.5 Airframe Technology Overview

14



Distortion 

Tolerant Fan
LDI Advanced 

Combustor

Tt4 Materials and 

advanced cooling

High Bypass Ratio 

Engines (BPR=20) with 

high efficiency small 

cores

Advanced Engine 

Materials Variable Area Nozzle

D8.5 Engine Technology Overview
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H3.2 Performance

Metric
777-200 LR 

Baseline

N+2 Goals % of 

Baseline

N+3 Goals % of 

Baseline
H3.2

Fuel Burn (PFEI) 

(KJ/kg-km)
5.94

3.58 

(40% 

Reduction)

1.79 

(70% reduction)

2.75 

(54% reduction)

Noise (EPNdB 

below Stage 4)
288

246  (-42 

EPNdb)
217(-71 EPNdB)

242 (-46 EPNdB 

Below Stage 4)

LTO Nox (g/kN) 

(% Below CAEP 6)
67.9 

24.5 

(75% below 

CAEP 6)

>24.5 

(75% below 

CAEP 6)

18.6 (81% below 

CAEP 6)

Field Length (ft) 10,000 4375 (50%) metroplex 9000

Mission

Payload: 354 PAX

Range: 7600 nm



H3.2 Technologies Overview

Health and 

Usage 

Monitoring

Active 

Load 

Alleviation

Boundary 

Layer 

Ingestion

Faired 

undercarriage

Distributed 

Propulsion Using 

Bevel Gears

Advanced 

Combustor

Lifting Body with 

leading edge 

camber

Tt4 

Material

and 

advanced 

cooling

No Leading Edge 

Slats or Flaps

Variable Area 

Nozzle with Thrust 

Vectoring

Ultra High BPR  

Engines, with 

increased component 

efficiencies

Advanced 

Materials

Noise shielding from 

Fuselage and 

extended liners in 

exhaust ducts
Operations Modifications:

- Optimized Cruise Altitude

- Descent angle of 4º

- Approach Runway Displacement Threshold   

Drooped Leading 

Edge
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Baseline

H Series

D Series

Domestic International

N+3 Goal

D and H Series Fuel Burn for Different Missions

ÅD Series has better performance than H Series for missions examined

ÅH Series performance improves at international size
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D Series Configuration is a Key Innovation

19

-60-50-40-30-20-100

%60%50%40%30%20%10%0

D8 configuration

Airframe materials/processes

High bypass ratio engines

T metal engine material and advanced 

cooling processes

Airframe load reduction

Secondary structures weight

Advanced engine materials

Approach operations

Faired undercarriage

LDI combustor

Natural laminar flow on bottom wing

Engine component efficiencies

% Fuel burn reduction relative to baseline 

% LTO NOx reduction relative to CAEP6

EPNdB Noise reduction relative to Stage 4

Fuel burn

Noise 

LTO NOx

Balanced Field Length for 

all designs = 5000 feet



Concept and Technology Risk Assessment

Å For the two configurations

ïAssessment of risks and 

contributions associated with 

configuration

ïAnalysis of risks vs. contributions to 

each N+3 metric for enabling 

technologies

Å Technology roadmaps

ïDeveloped 14 roadmaps following 

Delphi method

ïVerified using technology trend 

extrapolation when historical data 

was available
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TASOPT (Transport Aircraft System OPTimization

Å First-principles innovative global optimization for aircraft design

Å Simultaneously optimizes airframe, engine, and operations parameters 

for given mission

Å Developed in modules so easily integrated with other tools

Å Generate required output files for detailed aeroelastic and aerodynamic 

analysis

Å Allows aircraft optimization with constraints on noise, balanced field 

length, and other environmental parameters
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HWBOpt (HWB OPTimization)

Å Developed from tools and methodology created during Silent Aircraft 

and N+2 NRAôs

Å Simultaneously optimizes airframe, engine, and operations 

parameters for a HWB configuration

Å Structural model based on Boeing proprietary code

Å Examine large range of propulsion system configurations: podded

and distributed, with mechanical and electrical transmission 

systems, conventional fuel and LNG
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External Interactions / Reviews

Å Regular interactions with Dr. N. A. Cumpsty (former Chief Technologist, 
RR), R. Liebeck (Boeing BWB designer)

Å Non-advocate review on 29 May

ïJ. Langford ïCEO, Aurora Flight Sciences

ïS. Masoudi, Program manager, P&W

ïR. Woodling ïFormerly Senior Manager, Advanced Concepts, 
Airplane Product Development, Boeing Commercial Airplanes

Å NASA Glenn NOx Workshop on 7 August

Å P&W Workshop on 7 August (Lord, Epstein, Sabnis, 12 other technical 
specialists)

Å Electrical system review (NASA OSU Adv. Magnet Lab)

Å NASA SFW Workshop on 29 September to 1 October

Å NASA Green Aviation weekend workshop on 25-26 April
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University-Industry Collaboration

Å University perspective, skills

ïImpartial look at concepts, analysis, conclusions

ïEducating the next generation of engineers

Å Industry perspectives, skills

ïAircraft, engine design and development 

procedures

ïIn-depth product knowledge

Å Collaboration and teaming

ïAssessment of fundamental limits on aircraft and 

engine performance

ïSeamless teaming within organizations AND 

between organizations

Å Program driven by ideas and technical discussion  

ᵼmany changes in ñlegacyò beliefs
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Fuel burn 

(kJ/kg-km)

NoiseField length

LTO NOx

100% of N+3 goal

Fuel burn 

(kJ/kg-km)

100% of N+3 goal

Noise

LTO NOx

Field length

The Focus of the Presentation
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Double-Bubble (D series):

modified tube and wing with lifting body Hybrid Wing Body (H series) 

Baseline: B737-800

Domestic size

Baseline: B777-200LR

International size
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Mission Scenario and Aircraft 

Requirements
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N+3 Scenario Design Process

Scenario
Dimensions
ωDemand
ωOperations
ωInfrastructure
ωEnergy
ωEnvironment

Projected
Drivers

Current
Trends

Scenario

Design
Requirements
ωSize
ωSpeed
ωRange
ωEmissions

Scenario Time Frame

2025 TRL 6, 2035 EIS
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20101970 1980 1990 2000

Year

North America

Europe

Asia and Pacific

Latin America and Caribbean

Middle East

Africa

Demand for Air Travel

Å Overall passenger demand 

expected to double by 2035

Å Spatial distribution of US flights 

will not change significantly

Å Significant growth expected in 

developing regions such as India 

and China

Å Partial shift of short haul demand 

to alternative modes

Å Highest domestic demand for 500-

2500 nm stage lengths

Å Continued demand for long haul 

intercontinental missions

Bonnefoy, Philippe. A. (2007), from data sources: ICAO traffic 

data (2006) & CIA World Fact book data (2006)
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Airline Operations

Å Airline business models will not change 

significantly

Å Similar route structures with some shift 

to secondary airports

Å Price-driven ticket purchasing and 

increased security delays reduce the 

importance of high cruise speed

Å Drive for reduced Cost per Available 

Seat Mile (CASM)

Å Fuel will become a more significant part 

of DOC

Å Some increase in gauge, while still filling 

thin demand routes

Å Reduction of short haul operations

100

50

0

Air Traffic Density
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Boston BOS

Manchester MHT

Providence PVD

Bedford BED

Worcester ORH

Beverly BVY

Norwood OWD

Marshfield 3B2

Lawrence LWM

Mansfield 1B9

6B6

Taunton TAN
Plymouth PYM

Pawtucket SFZ

Nashua ASH

Fitchburg FIT

Provincetown PVC

New Bedford EWB

Å Congestion at key metropolitan 
airports (e.g. NY)

Å Limited ability to expand or build 
new airports in US

Å Restrictions at congested 
airports will suppress short haul 
demand

Å NextGen in place, providing 
some capacity improvement

Å Significant growth in secondary 
and tertiary airport utilization

Å Adequate pool of potential 
airports with 5,000+ ft runways

Infrastructure

A
ir

p
o

rt
s

Runway 
Length (ft)

3000-3999
4000-4999
5000-6999
7000 +
Primary

Total Number of Accessible Airports Within 50 Miles
40

35

30

25

20

15

10

5

0
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Alternative fuels could:

Å Reduce emissions

Å Expand energy supplies

Å But only if amenable to 

large-scale production

To evaluate potential, need to:

Å Examine fuel energy per 

unit mass and volume, 

freeze point, volatility, etc.

Å Consider life cycle well-to-

wake greenhouse gas 

emissions*

Å Remember vast 

infrastructure investment 

Ÿ considerable 

justification required to 

switch to cryogenic 

alternative fuel

Crude to Conventional Jet

Liquefied Natural Gas

* Stratton, Wong, and Hileman; PARTNER Report 2010-001.

Energy



32

Environment

Å Increased concern on global 

and local emissions

Å Expected restrictions on carbon 

and NOx

Å Carbon emissions from aviation 

will increase

Å Other modes will reduce 

emissions faster than aviation, 

increasing pressure

Å Increase in effective cost of fuel

Å Noise constraints limit airport 

operations and terminal area 

procedures

Greenhouse Gas Emissions

Transport Each square represents 1%
of total emissions inventory

Transportation

Residential

Electric Utilities
Industry

Commercial
Agriculture

Aviation

Non-Transport Transport

Cumulative Noise Restriction History - B737-700 (150,000 lbs)
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Domestic International

Fuel Burn (-70%)

LTO NOx (75% below CAEP 6)

20%

18%

16%

14%

12%

10%

8%

6%

4%

2%

0%

Seat Class

Total Fleet-wide Reduction

Potential Fleet-Wide Impact of N+3 Goals

Specifications defined for the two size classes which would have 

greatest fleet-wide impact

ÅDomestic vehicle ïIncrease from 737 seat class: 180 pax

ÅInternational vehicle ï777-200LR as baseline: 354 pax

One year of domestic emissions by aircraft type

NASA 2006 baseline emissions inventory, Volpe National Transportation Systems Center
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Size ÁDomestic: 180 passengers @ 215 lbs/pax (737-800)

ÁInternational: 350 passengers @ 215 lbs/pax (777-200LR)

ÁMulti-class configuration

ÁIncreased cabin baggage

Range ÁDomestic: US transcontinental; max range 3,000 nm with 

reserves

ÁInternational: Transpacific; max range 7,600 nm with reserves

Speed ÁDomestic: Minimum of Mach 0.72

ÁInternational: Minimum of 0.8

ÁDriven by fuel efficiency

Runway Length ÁDomestic: 5,000 ft balanced field

ÁInternational: 9,000 ft balanced field

Fuel & Emissions ÁN+3 target: 70% fuel burn improvement

ÁMeet N+3 emission target (75% below CAEP/6 NOx restriction)

ÁConsider alternative fuels and climate impact

Noise ÁN+3 target: (-71 dB cumulative below FAA Stage 4 limits)

Other ÁCompatibility with NextGen

ÁWake vortex robustness

ÁMeet or exceed future FAA and JAA safety targets

N+3 Requirements Summary
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Passenger Capacity

Å Domestic 130-180 passenger aircraft dominate inventory (2005 data)

Å International 250-450 passenger aircraft have lower numbers but high 

utilization

World Airline Fleet
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Domestic International

Cargo Requirements Vary with Range

Å Domestic aircraft utilize 

small fraction of belly 

freight capacity

Å International aircraft 

have higher belly freight 

load factors

Å Domestic data for 2007

Data from U.S. BTS Form 41 data, 2007.
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N+3 Requirements Summary

Size ÁDomestic: 180 passengers @ 215 lbs/pax (737-800)

ÁInternational: 350 passengers @ 215 lbs/pax (777-200LR)

ÁMulti-class configuration

ÁIncreased cabin baggage

Range ÁDomestic: US transcontinental; max range 3,000 nm with 

reserves

ÁInternational: Transpacific; max range 7,600 nm with reserves

Speed ÁDomestic: Minimum of Mach 0.72

ÁInternational: Minimum of 0.8

ÁDriven by fuel efficiency

Runway Length ÁDomestic: 5,000 ft balanced field

ÁInternational: 9,000 ft balanced field

Fuel & Emissions ÁN+3 target: 70% fuel burn improvement

ÁMeet N+3 emission target (75% below CAEP/6 NOx restriction)

ÁConsider alternative fuels and climate impact

Noise ÁN+3 target: (-71 dB cumulative below FAA Stage 4 limits)

Other ÁCompatibility with NextGen

ÁWake vortex robustness

ÁMeet or exceed future FAA and JAA safety targets
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Å Missions represent challenging operations and popular routes

Å Domestic range requirement of 3,200 nm based on:

ï MIA to SEA during winter, facing 65 kts headwind

ï NBAA IFR Reserves (including 200 nm diversion)

Å Long range 7,600 nm mission emulates 777-200LR transpacific capability

Example Routes
Great Circle Distance 

(nm)
Type

MIA-SEA 2,365
Transcontinental 

headwind

DCA-LAX 2,000 Short runway

JFK-HKG 7,000 Transpacific

LAX-SYD 6,520 Transpacific

Candidate Reference Missions

MIA

SEA
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Available Seat Mile Distribution

ÅBased on one day of global operations

ÅRetrieved from AEDT/SAGE (Aviation Environmental Design Tool/System for 
Assessing Global Emissions)

Seat Class
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N+3 Requirements Summary

Size ÁDomestic: 180 passengers @ 215 lbs/pax (737-800)

ÁInternational: 350 passengers @ 215 lbs/pax (777-200LR)

ÁMulti-class configuration

ÁIncreased cabin baggage

Range ÁDomestic: US transcontinental; max range 3,000 nm with 

reserves

ÁInternational: Transpacific; max range 7,600 nm with reserves

Speed ÁDomestic: Minimum of Mach 0.72

ÁInternational: Minimum of 0.8

ÁDriven by fuel efficiency

Runway Length ÁDomestic: 5,000 ft balanced field

ÁInternational: 9,000 ft balanced field

Fuel & Emissions ÁN+3 target: 70% fuel burn improvement

ÁMeet N+3 emission target (75% below CAEP/6 NOx restriction)

ÁConsider alternative fuels and climate impact

Noise ÁN+3 target: (-71 dB cumulative below FAA Stage 4 limits)

Other ÁCompatibility with NextGen

ÁWake vortex robustness

ÁMeet or exceed future FAA and JAA safety targets
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Å Opened design space to consider 

lower Mach number for performance 

improvement

Å Evaluated impact of reduced Mach 

number on aircraft utility and 

scheduling

ï 10% Mach number reduction 

leads to 15 minutes of average 

daily schedule shift

ï Recommend min Mach 0.72

Å Impact of Mach reduction could be 

mitigated by reduced load/unload time

American Airlines MD80

JetBlue A320

Average 
Daily 

Schedule 
Shift (min) 
Required to 

Address 
Speed 

Reduction

Bonnefoy, Philippe.  From data sources: Department of Transportation, Bureau of Transportation Statistics  (BTS), On Time Performance (1996-2006)

0

JetBlue A320

American Airlines MD80

Average Daily 

Schedule 

Shift (min) 

Required to 

Address 

Speed 

Reduction

%Change in cruise speed

%Change in cruise speed

50

60

0

10

20

40

30

-16 -12 -10 -8 -6 -4 -2 0-14

50

60

0

10

20

40

30

Domestic Cruise Mach Number

-16 -12 -10 -8 -6 -4 -2 0-14

JetBlue A320
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N+3 Requirements Summary

Size ÁDomestic: 180 passengers @ 215 lbs/pax (737-800)

ÁInternational: 350 passengers @ 215 lbs/pax (777-200LR)

ÁMulti-class configuration

ÁIncreased cabin baggage

Range ÁDomestic: US transcontinental; max range 3,000 nm with 

reserves

ÁInternational: Transpacific; max range 7,600 nm with reserves

Speed ÁDomestic: Minimum of Mach 0.72

ÁInternational: Minimum of 0.8

ÁDriven by fuel efficiency

Runway Length ÁDomestic: 5,000 ft balanced field

ÁInternational: 9,000 ft balanced field

Fuel & Emissions ÁN+3 target: 70% fuel burn improvement

ÁMeet N+3 emission target (75% below CAEP/6 NOx restriction)

ÁConsider alternative fuels and climate impact

Noise ÁN+3 target: (-71 dB cumulative below FAA Stage 4 limits)

Other ÁCompatibility with NextGen

ÁWake vortex robustness

ÁMeet or exceed future FAA and JAA safety targets
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Runway Accessibility

Å Minimum additional utility below 5,000 ft
Airport Accessibility - Congested Airports Excluded
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* Major airports excluded

Good 
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Size ÁDomestic: 180 passengers @ 215 lbs/pax (737-800)

ÁInternational: 350 passengers @ 215 lbs/pax (777-200LR)

ÁMulti-class configuration

ÁIncreased cabin baggage

Range ÁDomestic: US transcontinental; max range 3,000 nm with 

reserves

ÁInternational: Transpacific; max range 7,600 nm with reserves

Speed ÁDomestic: Minimum of Mach 0.72

ÁInternational: Minimum of 0.8

ÁDriven by fuel efficiency

Runway Length ÁDomestic: 5,000 ft balanced field

ÁInternational: 9,000 ft balanced field

Fuel & Emissions ÁN+3 target: 70% fuel burn improvement

ÁMeet N+3 emission target (75% below CAEP/6 NOx restriction)

ÁConsider alternative fuels and climate impact

Noise ÁN+3 target: (-71 dB cumulative below FAA Stage 4 limits)

Other ÁCompatibility with NextGen

ÁWake vortex robustness

ÁMeet or exceed future FAA and JAA safety targets

N+3 Requirements Summary
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Other Capability

Å Aircraft will be NextGen compliant

ïRNP, ADS-B, Datalink é

Å Take advantage of NextGen operational flexibility

ïCruise climbs

ïContinuous descent approaches

Å Wake Vortex (Robustness and Mitigation)

Å Meet or exceed future FAA and JAA safety requirements
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Overall Design Process
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Å Seek globally-optimum airframe/engine/ops combinations

Å Determine global sensitivities of fuel burn to technology

Design Objectives
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