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Electric Propulsion Enabled Advanced Air Vehicles 

Mission Problems, Technology Solutions, and Concept Applications 

Mark D. Moore 
NASA Langley Research Center 

Aircraft performance is decreased with the near-term implementation of 
electric propulsion compared to existing hydrocarbon propulsion, primarily 
due to the current electrical energy storage technology level.  This 
additional weight and cost is offset by significant improvements in system 
emissions, efficiency, reliability, maintenance, noise, and safety. The 
objective of this research is to apply electric propulsion technology to 
specific coupled aircraft mission/integration problems, and enable solutions 
that existing aircraft power systems can’t provide.  Four specific 
technologies are presented with potential concept applications to provide 
unique improved capabilities.  The conclusion is that highly synergistic 
mission concepts and cross-disciplinary technologies could provide 
another mechanism for near-term electric propulsion adoption.                        
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Primary Electric Propulsion Characteristics 

High Energy Storage Weight   Low Emissions 
High Energy Storage Cost   High Efficiency 
CommercialOffTheShelf Availability  High Reliability  
       Low Maintenance   
       Low Maintenance Cost 
      Low Noise 
       Low Vibration 
      High Safety 

      Low Cooling Drag   
Easy to Certify    Small Volume Required 
Low Engine Buy Cost   Light Weight Engine  

•  Specific energy is a hard requirement problem, while soft requirements 
(environmental issues, reliability, comfort, etc) are significantly improved. 

•  What if the improvements electric propulsion offers can be used across other 
disciplines to help overcome the specific energy shortfall? 
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Primary Electric Powered Aircraft 

April 3rd, 2008:  First man powered electric fuel cell* aircraft   (Boeing Super Dimona) 

“A historical technological success for Boeing... full of promises for a greener future"    
    (Boeing Chief Technology Officer) 
"In my opinion, we are talking about a delay of about twenty years…"  

FASTec Lafayette III Pipistrel HydroGenius 



Electric Propulsion Enablers/Detractors 

•  Prime Enablers 
–  Low Emissions/Noise:  Zero carbon (in flight) and community friendly 

–  High Efficiency:  ~45% overall system (compared to ~15% for reciprocating) 

–  High Safety:  Engine failure, fire prevention, fuel contamination 

–  High Reliability/Low Maintenance:  Eliminates engine maintenance 

–  Variable rpm output while at constant power  

–  No power lapse with altitude 

–  Short duration emergency power + 50% 

–  Scaling:  Efficiency/weight scale well to small sizes  

•  Prime Detractors 

–  High Energy Storage Weight and Cost:  Requires short range missions or …? 

•  Initial Aircraft Market Application to Replace Aircraft With: 

–  Highest emissions, highest community noise complaints, highest fuel cost,  
lowest safety record, maintenance upkeep issues, and short range (SEP/UAV). 

Perseus-B Helios 



Electric Aircraft Capability Areas 
•  CTOL:  Hyper Efficiency Cruise Aircraft  

–  Parallel Electric Propulsion for Low Drag Compactness 

–  Wingtip Vortex Turbine Propulsion 

–  Lightweight Heavy-Fuel Engine 

–  Goldschmied Pressure Thrust Propulsion 

•  ESTOL:  Safe Backside of the Powercurve Flight Aircraft  

–  Parallel Electric Propulsion for Failsafe Engine-out 

–  Short Duration Electric Circulation Control Powered-lift 

–  Stallproof Freewing Outer Panel System 

•  VTOL:  Failsafe Hover to Forward Flight Efficiency Aircraft 
–  Parallel Electric Propulsion for Failsafe Engine-out 

–  Transmission-free Variable Speed Rotor Efficiency 

–  Adaptive Twist through Variable Speed Load Tailoring  



Parallel Electric Propulsion Architecture 
•  Parallel Electric Motor/Controller/Battery System 

–  Instead of applying large, centralized low rpm, electric motor integrations, use 
many smaller motors, each powered by individual controllers. 

–  Take advantage of nearly  scale-free benefit (from 5 to 50 hp) 

–  Combined, a parallel architecture appears equal for power to weight. 

–  Peak efficiency appears to only be reduced ~5%. 

–  Potential for a parallel electric motor system to be nearly failsafe,                  
and enable tighter aero-propulsive integration (with FAA certification potential 
at a single engine failure condition). 

–  Permits more compact integration 



Initial Synergistic Technologies 
•  Wingtip Vortex Turbine-Propeller (WVTP) 

–  Acts as propeller at takeoff and climb, driven by electric motor. 

–  Axial thrust at wingtip achieves increased propeller efficiency by rotating 
against vortex (or lower induced drag depending on bookkeeping). 

–  Reversing pitch, acts as a turbine at cruise, driven by wingtip vorticity to 
recover induced drag (by rotating freely in the vortex direction). 

–  Attempting this with lower reliability, and larger volume/weight motors has 
power-out control, pylon drag, and greater aero-elastic concerns. 

NASA Langley Flight Tests (1985)




Wingtip Vortex Turbine-Propeller   
•  WVTP provides either decreased induced drag, or power extraction 

–  Drag reduction, or power extraction is determined through blade pitch. 
–  Significant factors are the propeller diameter and propeller velocity ratio 

(smaller propellers at higher velocities are better). 
–  Also a function of aspect ratio (lower vortex strength yields lower benefit). 
–  Motor glider integration yields a low benefit of only ~6% drag reduction with 

power-on (large propeller, low velocity, high aspect ratio). 
–  Also yields low power-off benefit of 500 Watts (at breakeven drag) 

Power-Off:  Power Extraction or Drag Reduction from Wingtip Turbine

(NASA Flight Test Results of Piper Arrow)


Power-On:  Effect of Propeller Diameter and Velocity

(Miranda, Lockheed, 1986)




Hyper Efficiency Cruise Aircraft  
•  Baseline Aircraft Selected – Pipistrel Taurus Motor Glider 

–  Climb assist motor gliders are the first adopter market for primary 
electric propulsion. 

–  Detailed weights and performance data supplied by manufacturer 
to greater improve accuracy as new technologies are applied. 

–  Available as both an IC engine model, or as an electric model to 
further increase accuracy as electric propulsion is applied. 

•  Basic Specifications:  Rotax 503 IC  vs. Electric Taurus 
–  Gross wt:   1041  1041  lbs 
–  Empty – Prop wt:   520    532  lbs  
–  Propulsion wt:   140      91  lbs 
–  Fuel/Battery wt:     49 (45 useable)     87 (6 kW-hrs) lbs 
–  Payload wt:     332    332 
–  L/D peak cruise:     41      41 
–  L/D climb:      25      27 
–  Climb Speed:     54      45  knot 
–  Power (peak/cont): 53/40 @ 2500 rpm 45/40 @1800rpm hp  
–  Propeller:     5.3     6.5  ft 
–  Static Thrust:   286    282  lbf 
–  Rate of climb:        580/360 (start/end)   560  ft/min 
–  Climb cycles:      (6.5) 6500            (1) 6500  ft 
–  Battery Energy:       152  kWhr/kg 



Desired Capability Improvements 
•  Capability Issues 

–  Single climb cycle with no recharge capability (without dramatically increasing 
sink rate) 

–  L/D with engine out is dramatically lower than clean config (41 to 27) 

–  Effectively no range 

•  Pipistrel Fuel Cell Version (Current EU Funded Research Effort) 
–  Relocating engine to top tail location (seaplane engine installation) to provide 

clean engine-on climb (however, now the propeller needs to fold or feather 
and has some folding/door complexity or power-off cruise drag penalty). 

Pipestrel  Fuel Cell HydroGeniusc
Pipestrel Electric Taurus




Initial Synergistic Technology Impact  
•  Benefits, Penalties, and Unknowns 

–  Benefits:  Slow in-flight recharge, improved climb L/D, lower induced drag, 
lower propulsive discloading, higher peak to nominal power ratio, shorter 
takeoff, lower cabin NVH, improved controller weight at smaller scale 

–  Penalties: Decreased motor and shaft efficiency, additional heat rejection 

–  Unknowns:  Spanloading/tiploading effect on wing weight, aero-elastic effects, 
propeller ground strike, tip stall, cooling drag of wingtip motor and battery bay 

•  Weight Comparison:  E-Taurus vs Parallel-WVTP 
–  Gross:   1041  1041  lbs 
–  Empty – Prop:   532    520    
–  Propulsion System:     91      94   
–  Electric Motors:     31      29 
–  Propeller Flange:       4        8 
–  Motor Install:       6        6 
–  Rotation Mechanism:       5         
–  Gearbox/Shaft:             10 
–  Propeller:     7.5      15 
–  Controller:      23        6 
–  Battery Install:     14      12 
–  Wingtip Pod:              8 
–  Fuel/Battery:     87 (6 kW-hrs)     73 (5.0 kW-hrs)  
–  Payload:     332    354 



Initial Synergistic Technology Impact  
•  Benefits, Penalties, and Unknowns 

–  Benefits:  Slow in-flight recharge, improved climb L/D, lower induced drag, 
lower propulsive discloading, higher peak to nominal power ratio, shorter 
takeoff, lower cabin NVH, improved controller weight at smaller scale 

–  Penalties: Decreased motor and shaft efficiency, additional heat rejection 

–  Unknowns:  Spanloading/tiploading effect on wing weight, aero-elastic effects, 
propeller ground strike, tip stall, cooling drag of wingtip motor and battery bay 

•  Performance Comparison:  E-Taurus vs Parallel-WVTP 
–  Propeller Efficiency:     80%      80% 
–  Electric Motor Eff:     95%      90% 
–  Gearbox Eff:   100%      97% 
–  Drag    100%      94% 
–  L/D peak cruise:     41      41 
–  L/D climb:      27      37 
–  Climb Speed:     45      42  knot 
–  Power (peak/cont): 45/40 @ 1800 rpm 70/40 @1800rpm hp  
–  Propeller:     6,5              (2)  6.5  ft 
–  Static Thrust:   282    346  lbf 
–  Rate of climb:               560     615  ft/min 
–  Climb cycles:         (1) 6500            (1) 6500  ft 



Desired Capability Improvements 
•  Capability Issues 

–  Recharging in-flight and climb L/D issues solved with initial technologies. 

–  However, a range of 400 nm would require a battery weight of over 500 lbs. (V 
= 80 knot, L/D = 32, Cruise power = 10 hp) 

–  A hybrid electric solution with a dedicated cruise engine is considered.  

•  Additional Hybrid Electric Propulsion Synergetic Technologies  
–  A lightweight, small, highly efficient, low emission cruise engine. 

–  A method of integrating the engine for maximum efficiency. 



Additional Synergistic Technologies 
•  Lightweight Heavy-Fuel Engine (GSE IV-90) 

–  Engine has extensive testing and will be integrated 
into the Killer Bee UAV this summer. 

–  Developed for UAV applications, just now 
emerging as a breakthrough technology. 

–  Omnivorous heavy-fuel capability without lubricity 
or cetane sensitivity (bio-diesel, any JP capable). 

–  Prechamber with glowplug completely avoids high 
pressure fuel injection system. 

–  Variable exhaust valve provides variable 
compression ratio for high power/high efficiency. 

–  Wet installation includes liquid cooling, 
supercharger (for altitude compensation)    
and 750 W alternator for 16 lb weight. 

–  Design Time Between Overhaul is 300 hours. 
–  Power (hp)             RPM  bsfc (lbm/hp/hr) 
    25  6500        .75 
    15  5000        .60 
      6  3500        .70 

(Potential for .50 bsfc with new version) 



Additional Synergistic Technologies 
•  Goldschmied Pressure Thrust Propulsion 

–  Revolutionary method of increasing propulsive 
efficiency through boundary layer ingestion 
resulting in rear fuselage pressure thrust.  

–  Many analyses and wind tunnel tests performed 
from 1960’s to 1990’s that indicate high 
efficiencies are achievable. 

–  High propulsive efficiency (~130%) is limited to 
Thrust = Drag of the fuselage and degrades 
quickly as more thrust is attempted. 

–  Low noise due to muted trumpet effect, with the 
capability to add internal liners. 

–  Effective fan inflow velocity is approximately half 
of freestream velocity, permitting improved fixed 
pitch fan efficiency over the vehicle speed range. 

–  Lack of bird strike or impact issues might permit 
a low cost, lightweight plastic fan. 



Additional Synergistic Technology Impact  
•  Benefits, Penalties, and Unknowns 

–  Additional Benefits:  5 hour in-flight full recharge, 720 mile range @ 100 mpg @ 
80 knots, shorter takeoff distance, higher rate of climb 

–  Additional Penalties: Gross weight increased to non European limit 

–  Unknowns: Installed Goldschmied configuration efficiency 

•  Weight Comparison:  Parallel-WVTP vs Hyper Efficient Concept  
–  Gross:   1041  1213  lbs 
–  Empty – Prop:   520    560    
–  Propulsion System:     94    163   
–  Electric Motors:     29      29 
–  Cruise Engine:       16 
–  Propeller Flange:       8        8 
–  Motor Install:       6      12 
–  Gearbox/Shaft:     10       10 
–  Propeller/Fan:     15      30 
–  Controller:        6        6 
–  Battery Install:     12      14 
–  Wingtip Pod:       8        8 
–  Battery:      73 (5 kW-hrs)     87 (6.0 kW-hrs)  
–  Fuel:            49  
–  Payload:    354    354  



Additional Synergistic Technology Impact  
•  Benefits, Penalties, and Unknowns 

–  Additional Benefits:  5 hour in-flight full recharge, 720 mile range @ 100 mpg @ 
80 knots, shorter takeoff distance, higher rate of climb 

–  Additional Penalties: Gross weight increased to non European limit 

–  Unknowns: Installed Goldschmied configuration efficiency 

•  Performance Comparison:  Parallel-WVTP vs Hyper Efficient Concept  
–  Propeller Efficiency:     80%      80% 
–  Electric Motor Eff:     90%      90% 
–  Gearbox Eff:     97%      97% 
–  Goldschmied Eff:       103%   
–  Drag      94%      94% 
–  L/D peak cruise:     41      41 
–  L/D climb:      37      37 
–  Climb Speed:     42      42  knot 
–  Power (peak/cont): 70/40  95/58   hp  
–  Propeller:     6,5              (2)  6.5  ft 
–  Fan:       2.0  ft 
–  Static Thrust:   346    398  lbf 
–  Rate of climb:               615     690  ft/min 
–  Climb cycles:         (1) 6500            (2) 6500  ft 



Integrated Hyper Efficiency Concept Summary 

•  Hybrid electric propulsion incorporating wingtip vortex propeller/turbine 
achieves a variable discloading capability, with low discloading large 
propellers used for low speed takeoff and climb (while minimizing induced 
drag when it is highest); then higher discloading at cruise while minimizing 
the low discloading propulsion cruise penalty. 

•  Use of a Goldschmied propulsor offers one of the most efficient methods of 
integrated a hybrid dedicated small cruise engine. 

•  Individually the technologies can’t provide the desired capability of hyper 
efficient cruise (>100 mpg), but collectively they can; and each technology 
has strong inherent weaknesses that have prevented them from prior use. 

•  Combined technology demonstrations increase risk, however, all of the 
proposed technologies have prior testing to mitigate the integration risk. 

•  While these technologies could be taken to even greater levels of aero-
propulsive integration (such as a Goldschmied propulsive wing as well as a 
fuselage), the integration risk becomes higher, while the benefits at lower 
risk are still large. 



Electric Propulsion Provides New Synergistic 
Integration Opportunities 


