@ https://ntrs.nasa.gov/search.jsp?R=20180006183 2019-12-27T05:04:34+00:00Z

NASA/TM-2018-220088

Enabling Electric Aircraft Applications and Approaches

Dennis M. Bushnell
Langley Research Center, Hampton, Virginia

August 2018



NASA STI Program . . . in Profile

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA scientific and technical information (STI)
program plays a key part in helping NASA maintain
this important role.

The NASA STI program operates under the auspices
of the Agency Chief Information Officer. It collects,
organizes, provides for archiving, and disseminates
NASA’s STI. The NASA STI program provides access
to the NTRS Registered and its public interface, the
NASA Technical Reports Server, thus providing one
of the largest collections of aeronautical and space
science STI in the world. Results are published in both
non-NASA channels and by NASA in the NASA STI
Report Series, which includes the following report

types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase of
research that present the results of NASA
Programs and include extensive data or theoretical
analysis. Includes compilations of significant
scientific and technical data and information
deemed to be of continuing reference value.
NASA counter-part of peer-reviewed formal
professional papers but has less stringent
limitations on manuscript length and extent of
graphic presentations.

e TECHNICAL MEMORANDUM.
Scientific and technical findings that are
preliminary or of specialized interest,
e.g., quick release reports, working
papers, and bibliographies that contain minimal
annotation. Does not contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

e CONFERENCE PUBLICATION.
Collected papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or
co-sponsored by NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from NASA
programs, projects, and missions, often
concerned with subjects having substantial
public interest.

e TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA'’s mission.

Specialized services also include organizing
and publishing research results, distributing
specialized research announcements and feeds,
providing information desk and personal search
support, and enabling data exchange services.

For more information about the NASA STI program,
see the following:

e Access the NASA STI program home page at
http://www.sti.nasa.gov

o  E-mail your question to help@sti.nasa.gov

e  Phone the NASA STI Information Desk at
757-864-9658

e Write to:
NASA STI Information Desk
Mail Stop 148

NASA Langley Research Center
Hampton, VA 23681-2199



NASA/TM-2018-220088

Enabling Electric Aircraft Applications and Approaches

Dennis M. Bushnell
Langley Research Center, Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

August 2018



The use of trademarks or names of manufacturers in the report is for accurate reporting and does not
constitute an official endorsement, either expressed or implied, of such products or manufacturers
by the National Aeronautics and Space Administration.

Available from:

NASA STI Program / Mail Stop 148
NASA Langley Research Center
Hampton, VA 23681-2199
Fax: 757-864-6500




Abstract

Climate concerns have instigated seriesearch for weight-critical batteries to
enable what are termed EMelectric vehicles, initially for ground transportation.
This research has advanced to the point where, ayttem level, parity with
combustion engines, via vehicle weight and drag reductions to reduce battery
requirements, along with continued battexgearch, can conceivably be achieved
in less than 10 years.. Concomitantly, igable electric gemation, which would
enable essentially emission-less transpiarahas via cost reductions, efficiency
improvements and storage research advanced to the point of producing 25% of
current electrical generation and 62%nefv generation capability with continued
rapid cost reductions and consequent rapid further adoption projected. The present
report examines the resuitzelectric aircraft pssibilities and opportunities
including technologies to reduce requisite battery size and weight via airframe
performance improvements, the benefitgleftctric propulsion and the enablement
of a massive new aeronautics market for affordable, safe personal air vehicles that
operate off of local streets.

Introduction

The Major initial driver for electric traportation, including electric aircratft,
has been the reduction of emissionsn@&eable energy for charging and operating
electric transportation is developing rdlyi Renewable energy comprises 25% of
all electric generation [refl] and 62% of all new geration [ref. 2]. Costs are
reducing rapidly and efficiency andsige technologies are improving across a
wide range of renewable sources. Themrefyoing forward, to the extent that ever
more electrical generation is from reneveabburces, electric transportation should
be nearly emission-less. What eledtyiceplaces in transportation is largely
heavy transportation fuels, mainly pegom. Additionally, electric motors for
transportation propulsion are far more efficient by a factor of two or more, lighter
weight, contain far fewer paitcost less and are easier to maintain than internal
combustion (IC) and gas turl@rengines (GTE) [ref 3]. The usual approaches to
reducing aircraft emissions is via eitheproving performance to reduce fuel use
or through using hydrogen fuel. The fams only a partial solution and would
take decades of developmea achieve incremental improvements. The latter
produces water above ttrepopause and forms thin cirrus clouds that reflect
outgoing infrared radiation back to therface of the Earth. Battery Electric
Propulsion constitutes a solution to all of the emissions issues, NOxar@O









Flow Control, or Designer Fluid Mechias [ref 8] - Designer Fluid Mechanics
subsumes a large number of flow cohaapproaches and applications. These
include laminar flow control (LFC): i.e. atural , pressure gradient induced at low
sweep, and forced or controlled; mixiaghancement;, sepsed flow control
especially for high lift, inlets, shoclkd boundary layer interactions; vortex control
including managing the wake vorteazard and maneuverability; turbulence
control and drag reduction; favorableweanterference andrag reduction and
designer fluids for internal systems.o® control at cruise to allow inviscid
performance optimization, smart controfid¢or load alleviation and trim drag
reduction along with residual drateanup require additional study and
optimization. A vast number of flow cant methods are avalide that have been
tried and sometimes appli¢éal experimental aircraft designs. These methods
include suction, injection, various botlyrces, surface mains, localized energy
release, additives, surface permeability agatimg or cooling. Research in this
arena has for some two decades been moving from passivel @pputroaches to
first active and then reactive. Due te®ms and applications considerations, by
far the bulk of the flow control applicatis have been passive devices. The now
decades long development of smart, raultictional materiad might alter this
conventional propensity toward passive flow controldpplications. Considering
Laminar Flow Control, this has beander active research since the 1930 s with
most applications thus far being of the pressure gradient, natural laminar flow
variety at relatively low chord Reyrdd number on General Aviation (GA)
aircraft. Until the 1960 s LFC was bedevlby issues of insect remains and other
roughness and waviness. W§roved materials and approaches mitigated these
concerns it was the relatively low fuel cost that prevented forced LFC from
buying its way onto the aircraft in spite of numerous research flight experiments
demonstrating feasibility and performancetWthe advent of the issue of battery
weight for electric vehicled.FC is again under activ@gsideration, to reduce the
requisite battery capacity. Anothssue, which has degled the adoption and
utilization of some flow control devices, $1been facility capability shortfalls. In
particular, except for the National Tsamic Facility/European Transonic Wind
Tunnel (NTF/ETW), a lack of Reynoldmimber to simulate the wake vortex
hazard has hampered the further depeient of devices and approaches to
mitigate the hazard. The vortex disgipa in the typical low Reynolds number
facility causes quite a different vortex behavior and decay than in the high
Reynolds number flight case. Also, tlaek of low disturbance transonic facilities
has been a problem not yet overcomectatification of LFC systems for long

haul transports. For turbulent draglwetion, especially with respect to the
fuselage, a critical flow control arepace drag due to lift (DDL), and wing

friction drag, minimized via LFC arreduced, the options, aside from




relaminarization, are fewurrently. Obviously shorter and wider fuselages,
without incurring wave drag, reduce wettedar Riblets have been flight tested
and can provide an approximate 8% turbtubdan friction reduction. There is an
opportunity to somehow operationalize the research observations that oscillatory
transverse wall motions can reduce turbulescous drag in air flow up to the

order of 45%. Overall, ettric propulsion proffer the gsibility of straightforward
distributed energy and effector distrilwut and location, especially for flow
separation control.

Aero/Propulsion Synergies [ref 9]Conventional design practice in civilian
aeronautics is to essentially separateaii®dynamics and the propulsion system.
The military, for over half a century §an many cases utilized synergistic
combinations of aero and propulsionatatain improved functionality, often for
enhanced high lift performance. Such sgmic combinations are equivalent to
approaching the overall aero design peabin an open thermodynamic system
where energy and mass properties are Gtloiéhe overall design space. Examples
of such aero-propulsive symgges include the following:

r Circulation Control Wings: produce up tdator of four increase in Cl to
nearly the theoretical 4aximum, potential reduced cost and part count
for high lift and improvedtontrol and maneuverability.

r Boundary Layer Inlet: Ingesting lowaromentum air, where the fuselage
and other aero skin friction reductitechnologies has already produced up
to 10% to 15% propulsion efficiency increase.

r Wing Tip Engines: As discussed in the subsequentduago-lift reduction
section, placing the engines on the wiipgcan for short span wings, reduce
the dragdueto-lift experimentally by up to 40%. The engine nacelle acts as
an endplate, the engine energy and naasktion change, to first order, the
dynamics of the wing tip vorticity roluand also reduces the wake vortex
hazard. Wing strut and truss bragiare conducive to wing tip engine
placement. A related aero-propulsion interaction approach is wing tip
injection, which also reduces the wake vortex hazard and dratp-ditte

r Thrust Vectoring: Placing the enginesta rear of the fuselage and utilizing
them for aero controls in lieu of theeight and drag of the empennage is a
major performance enhancer.

r Goldschmied Thrusting Cowl: Goldsmieds research indicated that
placing a cowl around engines in theck, with boundary layer inlets,
essentially puts potential flow sinksside the body and increases the
pressure on the back of the cowl, acipg additional thrust in the process
via aerepropulsion synergy. Research is undens@yerify this assertion.



The submarine community, which utilizesch shrouded pump jets quite
commonly, have accrued some admhfill performance benefits. The issues
appear to be whether the benefits claimed by Gbldsad, up to some half
of the fuselage friction drag, aobtainable. The boundary layer inlet
propulsion improvements are the z#rorder effect of such a cowl.

r Hybrid Laminar Flow with leading edge suction utilized for high lift
separation control: The suction from the engine used for Hybrid wing
Laminar flow at cruise can be uskx skin friction reduction during takeoff
for flow separation control during the high lift configuration.

Wave Drag Reduction [ref 10]The usual linear theory engendered
approaches to wave drag reduction (WOriklude wing sweep, area ruling and
reduced thickness as well as wing twestmber and warpMore recently,
computational fluid dynams (CFD) nonlinear methodigve been applied,
resulting in further optimizations. Classical non-linear WDR techniques include
use of nose spikes, either physical or via forward projection of energy, gases,
liquids or particulates to extend effe@itody length. This is particularly useful
for blunt nosed bodied vehicles for sonic boom reduction, and for base blunting
which reduces the strength of the base recompression shock.

All of the WDR methods mentioned thie involve weakening the shock.
There is another whole class of approaches, which utilize favorable shock
interference. The fundamental appro&chkimple in concept utilize shock
waves, via reflection or intaction, to create a favorghbnterference either for
body thrust or lift, or both. Generalylume distributions are utilized to
synergistically create lifand lift distributions are utilized to cancel volume drag.
Realizations of favorable interferencelude ring wings anthe related parasol
wings; multiple bodies: fusgges, control surfacewjng pods; and propulsion
system interaction. For nonlifting bodies a ring wing can cancel, at the designed
Mach number, the volume wave drag cf thody, e.g. Busemann s Biplane. This
Is however, at the expense of an increagetled area, weight, etc. For the lifting
case the parasol wing provides both phdsncellation of the body and nacelle
volume wave drag and an efficient lifting surface. The application of favorable
interference would be facilitated by flaseparation control and active controls
facilitated by electrical actuation or pumpingarious experimental evaluations of
favorable wave interference have resulted in far less than the expected inviscid
performance levels due to the detuning dray associated with flow separation
caused by the concomitartack wave-boundary layer interactions. The plethora
of flow separation approaches currergitant, if employed at cruise conditions,
should enable favorable nearly inviscidfpemance levels. One such approach is



the use of passive porous surfaces. Flow separation control utilized during cruise
could also greatly increase the percentaigédt carried on the upper surface as
expansion waves, as opposed to the conventional kwiace shock wave rider
approach. The use of active flow carhtwould allow both enhanced on-design

and improved off-design perfoance via shock locus tariag. As an order of
magnitude estimate, parasol favorahbkeraction Supersonic Transport [SST]

wings can provide on the order of a 20%provement in overall lift-to-drag ratio

at cruise.

DragDue-to-Lift Reduction [ref 10} Classical linearized #dory indicates that
elliptical loading, increased aspect ratio and span, ltfvepefficient values and
reduced weight are the primary appraasko vortex drag-due-to-lift reduction
(DDLR). Obviously increaag aspect ratio and span beyond a certain point
becomes inefficient overall due to structl penalties. While decreased lift
coefficient entails larger wings and bothiglg and wetted area asll as viscous
drag increases. The applian of the extensive alternative solution set for vortex
DDLR has been relatively sparse, witle #axception of winglets. This is due to
many reasons including, depending uponaperoach, structural weight, parasitic
drag and/or power. This has been addegl in many cases via creative overall
aircraft configuration design - e.g. ssubraced wings. Relaxing the assumptions
of classical linear theory (i.e. closbddy, no energy addition, planar vortex sheet
etc.) provides alternative vortex DDLR possibilities. In particular, the use of non-
planar lifting surfaces, such as distriibgtthe lift vertically through various
approaches including upswept tips andltiple, vertically spaced wings can
provide sizable reductions, on the ordefl6%o . In addition to conventional non-
planar tips or span thereeaseveral interesting natural observations related to the
morphology of Avians and Nektons. Tlesbservations which may relate to
DDLR include serrated tiiing edges, leading edge bumps, and shark caudal fin
tips and sheared tips. The vortex whichms at, and downstream of, the wing tip,
caused by the tip up wash from the higagsures on the lower surface, affects a
smaller percentage of the wing as aspect ratio increases. A characteristic feature of
this vortex formation is flow which is @n angle to the free stream. Devices can
therefore be inserted intoishflow to produce or recover thrust and/or energy from
this tip flow. This is the fundamental rationale behind at least four devices which
reduce DDL. These devicean obviously also have an influence upon the vortex
formation process itself and thus magedily influence DIL. These devices
include tip turbines for energy extractianinglets, vortex diffuser vanes, tip sails
and a plethora of other tip devices suchvagy grids, spheroid and c-tips. The
vortex diffuser vane is supported by a spahind the wing tip to allow the vortex
to concentrate before interception. Téegvices work quite well, depending upon




wing design and tip region loading and produce on the order of 5% to 15%
reductions in DDL at CTOL conditiondMajor application issues for these

include, along with the usual concerns stated previously, their possible utilization
as control devices. The followil@DLR techniques are based upon either
eliminating the tip altogether or addintass and/or energy in the tip region.
Eliminating the physical wing tips can becomplished either via use of ring

wings or joined wings and tails. Mass aduhtiat or near the tip can be carried out
either via tip blowing or through the uséwingtip engines, resulting in a sizable
DDLR of up to 40%, depending upon widgsign. Passive tip blowing could
possibly be approached via wing leagliedge ingestion allowing for increased
wing thickness, with subsequent tip biag. This can be used to tailor the
production of, and modulated to excite, virulent tip vortex instabilities at landing
and takeoff in order to ameliorate the wake vortex fthzRositioning engines at
the wingtip requires aerodynamic thetzal developments in an open
thermodynamic system since this is addamgrgy and species as well as mass.
Also, the engine nacelle can function as a tip device. Oscillatory span load
distributions have also been employeddduce or obviate the wake vortex hazard.
This same approach could well yield isting levels of DDLR and should be
investigated for such. Other designiops that need evaluation and possible
optimization for DDLR include distributed propulsion and circulation control of
front and rear wing stagnation points, tager to investigate the possibility of
rotating the lift vector into the thrust dition. The truss bradeving, as currently
conceived, reduces DDL 75% by the siempxpedience of doubling the span. This
Is enabled by the structural characteristics of the external truss, creating a wholly
new set of optimization parameters approaches. Adddnal DDLR concepts
include formation flight and utilization of alternative sources of lift including
buoyancy, and thrust vectoring. The latiegins to be effective at high supersonic
speeds and is beneficial at hypersonicsguiBuoyant lift typically replaces DDL
with a huge increase in wetted area and skin friction, producing an overall high
drag with, due to the large sizasdaareas, undue sensitivity to weather.

Landing Gear Weight Reduction To a first approximation, landing gear is
33% the weight of long haul transporsélages and 63% the weight of SST
fuselages. Therefore they constitute a target rich environment for vehicle weight
reduction. Typically gear aludes large, heavy brakis refused takeoff. The
military has evidently used parachutes to handle refused takeoff, thereby accruing
sizable weight reductions. Tk&ucture of the gear itsaff typically sized for high
impact landings. Such landings copldbably be minimized in frequency and
impact strength via autonomous operations, slaving the lift system to the ground
proximity and descent rate. Also, the raxanary materials aquently at a lower




TRL level would, along with reducing the weight of other structures, reduce gear
weight.

Revolutionary Materials and Structure$Shere are several extant, but low
TRL, approaches to significantly redag the dry weight of aircraft via
revolutionary materials and structures. WNihat we are printing at the nano scale,
the technology is developing to produce sbpeaterial microstructure, with far
fewer dislocations and grain boundarplplems, greatly improving the material
performance. Thus far a factof order five has beachieved in some metal alloy
systems. These microstructure problereslargely produced during the historical
materials processing approaches, whiajraée performance by, in some cases, up
to a factor of 20. Therefore a fiverte s improvement may not be the upper limit
to the art of the possible. Another apgoeb for ultra-performance materials is to
attempt to merge nanotubes into a contigwsiugctural material. There are several
approaches, with estimates of performainggrovements in the 3X to 8X range.
There are also continuing efforts, wispect to composites, claiming 10X the
performance of aluminum. Also, thereasrk on storing electrical energy in
structures and skins [refs 11, 12], taisusing capacitor approaches to turn the
wing surface into an energy storage devitteaddition, additive manufacturing
can result in overall weight as well esst reductions. Then there are the
developments in multifunctional, morpig materials for controls as well as
transitional flight modes along with neaials with imbeded cellular micro
structures. Finally, Inflatable wings mighe an interesting approach for some
configurations, especially with respéctthe transition between vertical and
forward flight but also for inner sections of largely unswept thin truss-braced
transport wings. Revolutionary structuiggproaches include externally truss
braced wings along with going windowlessjng viewscreens instead of windows
except for emergency exit locations.

Electric Aircraft Applications

Drone/UAS/ODM/UAM/PAV _The Nearly concomitant development of IT
capabilities writ large - navigation, ggputing, automatics-to-autonomy,
ubiquitous sensors, and now electriofulsion and additive manufacturing has
spawned a rapidly growing market ireetric aircraft drones and UAS for many
applications and functionalities [refs 13]. iIm turn has instigated the now very
rapidly developing efforts for what has been termed On Demand Mobility (ODM),
including Urban Air Mobility (UAM). OnDemand Mobility is initially piloted but
eventually becoming autonomous UASrgiang human passengers. The various
approaches to accomplish this are nigimmarized in an UBER Elevate report




of 2016 [ref 3]. The initial markets target are centered on the city commute and
at least initially would be fee-for-seng and multi-passenger. Beyond the current
UAM efforts lie electric autonomous Pergl Air Vehicles (PAVs) which operate
out of the street in front of andividual holding. The estimated worldwide
markets for PAV plus UAS, ODM,mal UAM is in excess of a Trillion

dollars/year, largely the current auto market.

The metrics for these include:
r acquisition and operation costs,
safety,
ease of use,
acoustics,
close proximity operations,
reliability,
ride quality,
emissions,
range and efficiency
certification,
all weather operation to the ertgpossible or feasible,
crash proof
In addition to the enabling autonomous operational and ATC systems to
provide airspace access formyanillions of vehicles.

e e e e e T e e e e |

The developed nations entdriie 1900 s with a transportation system, for people,
centered upon the horse, the railroad and the steamshi@ssihiated travel

times on the order of houts-days or weeks, depending upon distance. The
automobile has long supplanted the hansé the fixed wing aircraft has nearly

driven the railroads and steamship companies from the long-haul passenger
business. Travel times have shrunk to miriibesours. These newer approaches
have also had a profound influence upon thecsiire of modern societies. In the
U.S., cities have expanded out of"k&ntury seaports and"18entury railheads,

where much of the developed region wasnecessity, within walking distance of

the transportation terminals, into tremendous automeaiébled suburbs with
attendant reductions in crowding andr@ased opportunity for individual home
ownership. This section considéusure possibilities/options for the

nontransoceanic transportation spectrum, with emphasis upon the range from 10 s
to 100 s, even thousands of miles. eTdurrent dominant transportation mode for

this mission into the hundreds of milesge is the automobile, which, possibly

more than any other single technical achievement, has enabled the current life style
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enjoyed by the developed nations. In fhiscess, the auto has created massive
safety problems, on the order of 40,0@&ths/year in the U.S. due to highway
accidents which is the order of the U.S. casdty count for the entire Vietham

War. - Additionally, the autmobile has been responsible for the expenditure of
truly prodigious sums on roads and bridges as well as being a source of pollution
induced health and material degradatiequiring remediation and intervention of
the legal system. The current status ofah infrastructure is that we continue to
clear and pave more ofdlwatershed, contributing to air pollution, flooding,
desiccation, the formation of heat islaraagl wildlife habitat degradation. Also,
the average trip time iacreasing due to suburban expansion and increased
congestion, causing ndrvial changes in family lifas travelers attempt to utilize
non4raditional time slots, or suffer long, nonproductive corteau Society

cannot, easily or otherwise, continudbtar the costs imposed by almost sole
reliance upon the automobile for shtotintermediate passenger transport.
Alternatives are necessary fine future, both for the deloped societies and those
that desire to or are actively develogi Probably the most commonly advocated
alternatives involve somerim of mass transit, whidmave along with tremendous
capital costs, several other drawbasish as passenger wait time, weather
exposure and lack of privacy, securityiderof ownership and personal stowage.
Additional drawbacks are the fact that they are not ptotpbrtal and there is no
guarantee of having a seat, as well a;mbharent assumption and economic realism
regarding required popation density and concentration. Undoubtedly, the future
mix of shortto-intermediate transport systemsglwiclude both mass transit and
autonomous automobiles. Therehswever, both a need and an emerging
opportunity to include in the transportatioix a personal air vehicle which would
provide, percentageise, the same increase in spe@mpared to the auto in

traffic, as the auto provided over the $@r Personal air traportation usable by
everyone is both revolutionary and the nlexgfical step in the development of
human infrastructure and corporal coomcation. The increased speed and
potential safety improvements of suchagpability, along with the greatly reduced
capital requirements in terms of highways and bridges, should allow significant
increases in the quality of life as well@sluced state and national public works
budgets. Specific benefits include distribution of the population over a much
larger area allowing a more peaceful and less damagtegistence of man and
nature, along with improved transportatisafety. The vision is of multilevel
highways in the sky, controlled anibnitored by inexpensive and reliable
electronics and communications as oppdsathrrow, single- level, exceedingly
expensive ribbons of concret&uch air systems and vehicles could also obviously
be used for long(er) haul, as are automahitelay, e.g., travel of 500 miles or less
is currently usually accomplished via aulith a faster personal air vehicle this
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distance could be the order of 1500 milesnare. This in turn would have a
major impact on domestic scheduled comnagiar travel, 90 percent of which is
distances of 1500 miles or less. elVarious wait times associated with
commercial air travel, along with the ineficicies in terms of transit time of the
hub and spoke system, mitigate in favoreduced overall trip time for possibly
slower, but more direct, travel via personal aircraft when compared to the faster
commercial jet. Various options exist feersonal aircraft systems. Certain
requirements and desirements aregmn to any personal transportation
vehicle/system. These include, besiddsrdhability, short transit time, high speed,
direct portalto portal, privacy and security, cdast availability, personal stowage,
safety and a suitability for use by the Aagifot. The latter necessitates from the
outset that an obvious, and probalitamable, goal should be an autonomous
personal air transport system, autonomous with respect to navigation, air traffic
control and operation. The technology to accomplish this is either currently
employed by the long-haul air transport agglion, or in the research application
pipeline via civilian investments @DM/UAM and military investments in

RPV s, AAV s, UAV s, UTA s, UCAV s, MAV s, Drones, UAS etc. Such
autonomous operation could provide vagtiyproved safety, as the preponderance
(70 percent to 80 percent) of air transmtidents have historically been due to
human error [Ref. 14]. In addition,ritakes personal air vehicle transportation
available to the general public, as opposed to the few who have the opportunity,
wealth, and physical characteristics de@lth to become pilots, as well as
reducing the unit cost by an order of migigehe or more due to the concomitant
vast increases in production rate amarket. To be competitive with the
automobile, a personal VTOL converticaA\P, should have an acquisition cost in
the vicinity of a quality automobile ords. Although in terms of the current main
line helicopter industry, this is a ridiculs target. The advantages of a production
run of millions instead of hundreds and ping; along with the current offerings of
a single seat helo for $30K and a ta@at gyroplane fd20K, all at small
production runs, makes the outlook to achisweh a goal possible, if not probable.
The current ODM/UAM efforts could be gatly leveraged for PAV Application.

As near as possible to alleather operation is alsaequirement, the same -all
weather capability or better, via flow corltrone now has in an automobile, which
Is by no means absolute. Extremely\negin, extreme winds, ice and snow will
all either slow or stop the auto, and similar restrictions will probably hold for the
PAV although technologies to greatly improve the current aviation weather
Impacts are certainly possible going forward via materials, flow control and Al.
Obviously, the evolving detect-and-avoid technology could be utilized, either on or
off board, to increase safety »asvis extreme weather. Ov#re years, particularly
since the 1930 s, there have been suggestiand in some cases strident calls, for
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the development and massrketing of personal aircraft. Although general
aviation has made considelaladvances, the aircrdéir the masses never really
caught on for a variety of reasons, niaimvolving cost, lack of requisite
technology readiness and an absolute remarg that the operator be a pilot, e.g.
non-automatic operation. History is replet@h examples of concepts which are
good ideas and which keep resurfacing until the technologyamasmarket are
ready. Since the last personateaft campaign in the late 4650 s, major strides
have occurred in several enabling technologies. These include light weight,
miniature, inexpensive and tremendousypable electronics and computing
hardware, lightweight composite matesiatith nearly infinite fatigue life,
computational fluid mechanics, smartkolliant materials andkins, flow control

of several types, active controls and l@dléviation, additive manufacturing, Al,
and electric propulsion. Such advances significantly change the personal aircraft
feasibility discussion. Therare several systems lev&dues and critical choices
regarding the personal aircrafhich serve as key discrimators in the selection of
a particular personal aircraft design. effirst such issue is whether the personal
aircraft, either fixed or rotary winghould be a separaa# vehicle, or a
converticar, i.e., a combination automolaled air vehicle capable of economically
performing both missions.

Economics and utility strongly favor tleenverticar optionThere are numerous
elements common to both the air ayjrdund vehicles, such as passenger
compartments, electric motorstc. Therefore, sinceig technically feasible to
reduce the weight of an auto what is reasonable for an air vehicle, a single
vehicle should be considerably more momical in terms of initial cost and
maintenance than buying anthintaining two separate ieles. Simple estimates
of the flightspecific component weights indicateralue of less than 1000 pounds,
and therefore with shared utilization of common systems, thgaldleight of the
converticar could be in the reasonataage of 3000 pounds or less. From an
operational viewpoint a single vehicle shsbble much more convenient, obviating
the need for a rerg-car in the vicinity of one s d#ination. Once the converticar
option is selected, some decision habaanade regarding the provision for the
air-unique components, particularly the4pitoducing surfaces which require, for
reasonable levels of drafyieto-lift, non-trivial span and aspect ratio. Options
include towed trailored wings utilized in early versions of the converticar, fixed
wings of inherently low aspecatio for roadability, airport rera-wing

concessions wherbe wings are attachgatior to, and removed at the conclusion
of flight and telescoping or folding wgs. The present author favors the
telescoping or folding option as offieg the best compromise between
convenience and performance. The ragitical choice is between conventional
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fixed wing operation and a rotary winlgvice or compound machine. VTOL or

Super STOL option would allow developmiemd usage of currently undeveloped
nations or regions at a fraction of the cost of the roads and bridges usually required
for such development, and at much lessuption to the environment. To avoid

the swarm problem the vehicle would prolydire constrained to operate in the

ground vehicle mode in currently hightpngested areas and only allowed to go
airborne in lower population density areas unless they areflgirey. Eventually

such a vehicle could change current land use patterns and allow reduced population
density, with an effect on the current buwift suburbs similar to that of the

automobile upon the central cities.

Similarities between the horge-auto transition and potential aut@PAV include
occurrence in the early part of the agyt(~ 100 years apart), both provoke major
changes in land use and ecology, leadtrophy of concentrated population
centers, revolutionize the nation s ecoryoamd builds upon nation s technological
strengths, and have an egplent percentage increasespeed and personal action
radius or freedom of action and paoy. Differences between the two are
favorable to the converticar, whichauld enhance safety and for which the
infrastructure is largely in place. We dot have to clearral pave the watershed
at prodigious cost, as required by the aufbe safety issue for the converticar can
be approached via autonomous operatimhacombination of vehicle parachutes
and energy absorbing, crash worthy structural material design. It is not clear
whether such a vehicle would make seasonomically, technically and society
wise for those areas, such as part&ufope, which are densely populated, and for
that portion of the human race who prefetive in crowded conditions. The IT
telepresence revolution appears to beavng much of the economic rationale for
such population concentration. Particlyanticing converticar markets include
places with few intercity roads such as island nations Indonesia and Malaysia,
Siberia, Northern Canada, Parts of Afranad Alaska. Thesmachines will and in
fact are being developed because tloarelogies are noweady, we can now do
this, for cost avoidance in terms ofrastructure, because the telepresence
emerging lifestyle requires such connectivity. The carnage on the roadways and
Increasing auto trip times and aggrée@a and the huge markets, extremely
interesting business cases makes this patdnture possible. Congress in the
U.S. has allowed access into the NWEUAS making the likelihood of PAV,

UAS carrying passengers, access in®oNAS likely in the near future.

The current ODM and UAM efforts amvestigating, building and flying

prototypes of alternative approacheshie VTOL needed for urban, focused
ODM/UAM. With electric propulsion, distouted propulsion and flow control the
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literature is rife with large numbers nbn-helo VTOL devices and approaches
with several to many lift fansThe many issues and drawbacks of helo approaches
are well known and documented@hese newer, evolvingTOL approaches are an
advance over helos, with some utilizitigjng components and utilizing some of
the fans for cruise propulsion. Typidanefits include lower noise, drag,
vibration, cost, maintenancand greater safety. Aseltosts of renewables for
electrical generation continue to drop and the batteries continue to improve, it is
increasingly feasible to unload the ldins for improved acoustics. Not yet
evidently seriously considered for ODWAM or PAV for VTOL operation is a
stacked, stopped rotor for efficient cruisé fiegh. This could possibly reduce drag
due to lift via a biplane effect, with tleacked, stopped rotors distributing the lift
in the vertical direction. For super OT operation there is the channel wing with
circulation control, and for lower cruiseesgd STOL various flavors of auto gyro.

For PAV, electric propulsion elimines engine exhaust noise, enables
distributed propulsion and flow contrah@ lighter engines, along with many more
of the many benefits of electrics stated earlier.

Another serious metric for PAV, UAShd ODM is safety. In particular,
scheduled airlines are a very well developgstem, have a very low accident rate.
If that low accident rate is applied tiee number of PAV, UAS and ODM vehicles,
an increase in number from thousandmithons, there will obviously be many
more crashes. If now we discount the increase in the crash rate from scheduled
airline experience for vehicles which may not have the same extreme design and
maintenance and regulation lavished upommercial transports to the PAV,
UAS, and ODM vehicles then even marashes would be expected. Therefore
some means of economically ensuringdiional crash proof operation for such
vehicles needs to be developed. Ehare two obvious mitigation approaches to
conditions which could result in a crasither somehow enable the vehicle to keep
flying or enable a successful landing thahad a crash. To keep flying or even to
land successfully in a suitable location requires thrust and controllability. So some
redundancies would needhe included in the vehieldesigns. The current
approach involves the historical solutiorasp of using a parachute for the vehicle,
which does not provide thrust, but does supply the other functionalities of drag,
speed reduction and contrdilbty and provides a modicn of capability to keep
flying, for some period of time, ahg with reducing impact velocity.

The ATC system required for the antiaipd huge growth in the number of

smallish flying things, well into the mamygillions from the thousands, will have to
be quite different. To avoid the costdalatency of human controllers and provide
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the requisite raw capacitig,will have to become d@anomous, and going forward

it will control autonomous aircraftT'he system will probably initially be
developed as a simulation to check outladl component parts and their system of
systems interactions, using data from, mait interacting with, the existing ATC
system. The simulation could thenuttdized to run a physical test out in
controlled airspace and after such ssstul demonstrations the simulation
hardware becomes the ATCssgm. The existing system must work constantly, as
such trying to do a massive change fts itot really feasible. An entirely new
system must be developed. Suchwa,reutonomous ATC system is essential
going forward to enable PAV. The sitation would be utilized to develop and
prove out and incorporate into a uleabystem the critical components.
Communications, sensors, actuatorsjgetion, software, computers, Al,
architectures, and redundant capabilities wilhbeessary to ensure resilience in
the face of weather andj@page malfunctions of lo ATC and vehicles. The
NASA Smart NAS approach isstart on such a simulation.

Electric Long Haul Transports Auiss braced wing design is proffered an
example of what may be possible for an #ledong haul aircraft design [ref 15],
use of an external wing truss provideganastructural benefits, and allows
reduced wing weight, thickness and sweepulting in a tremendously enhanced
and easily maintained, with reduced sty to roughness, insect remains, ice
clouds, and reduced cross flow extent of natto-adasily forced low drag laminar
flow, along with increased span. Théda allows a reduction in wing chord,
further enhancing the extent of laminail, as well as a reduced vortex hazard.
Plenninger s designs for such aircratlged L/D values in the 40 s, over twice
current levels with one of his studiesialinincluded a laminar fuselage yielding a
machine with L/D = 100, 700 Pax and 2000 Km range. The concept was not,
however, adopted primarily because theeegive wing span did not fit the FAA
80-meter box requirement for airport gatempatibility, and the disbelief that a
transonic strut or truss braced wing colkddesigned with acceptable shock drag
and obtain laminar flow on the strut or truss. Obviously 4trating is routinely
employed on lower speed aircraft. Thdaobjection is probably not valid in
light of today s CFD capabilities. In geraé we build what we can compute and
we have been too long constrained mti@ft design to linear theory and the
conseqguence is linear thinking. Indeledk of adequate or believable first
principles estimation methods for not oplgrformance but cost, maintenance and
operability, etc. are a majoeason why work on adumaed aero concepts has
lagged. Much of our current systemsthoglologies are essentially extrapolation
and interpolation procedes based upon, and therefore largely restricted to,
empirical data from the current pdrgms. Improved computing machine
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capabilities and medim developments are changisuch considerations and
judgements in real timeThe span of a trudsraced configuration can probably be
doubled and a hinge already studied and applied in industry could be utilized to
conform to the 80-meter gate requirement. Doubling the span would halve
Reynolds number on the wing and reduce dhagj to lift on the order of 75%.
Combining this DDL reduction with the ®@nsive wing laminar flow results in
most of the remaining vehicle drag beingdlage friction drag. Such drag can be
addressed in several way$he most dramatic i® apply boundary layer
relaminarization just downstream of theckpit or forward door. The aircraft nose
region with the radome, probes, windshielapers etc. will be turbulent, and
therefore need to ingest or take abagmehter than 150% to entrain the turbulent
superlayer of the local fuselage turbat boundary layer and reestablish laminar
flow. The increasing use of personal view screens versus windows greatly eases
the task of maintaining laminar flow dowresim. The air taken aboard can be slot
injected into the winduselage turbulent flow wedde accrue local skin friction
reduction. The electric motors canieved to the rear of the fuselage,
surrounded by a Goldschmied shroud. Wsild enable severateresting and
useful functionalities. The proputsi exhaust flow could be thrugéctored,
obviating the weight and drag of teenpannage. The shroud provides copious
volume for acoustic treatments. Theulsion system ingests the fuselage
boundary layer accruing a sizable propulsmaprovement. Then there is the oft
mentioned but still under studyoldschmied effect [ref 1@hat purportedly could
cancel a sizable portion of the fuselagetfon drag. The thought is that possibly
putting sinks inside the body using the cawlld convert the back of the cowl

Into a stagnation region, thereby proahgcwhat Goldschmig called favorable
interaction static pressure thrust.

The gear weight could be reduced inesal ways. One is to utilize parachutes
instead of super heavy brakes for refused takeoff. Another is to utilize wholly
autonomous landings with the controls gldvo the altitude or ground proximity
and decent rate to take out the impaatiag. Yet anotheas to employ imbedded
hydraulics in the gear structure to provide rigidity only when needed versus
carrying the weight throughout the mmmsi All of these benefits reduce overall
vehicle weight, which along with clever vortex flow control can reduce the wake
vortex hazard. The advanced materialstio@ed previously could be applied,
further reducing dry weight. The computedD for these configurations is in
excess of 40 or higher, vice the current ealthe order of 20 or less. It should be
noted that we have no detailed studiesrads braced wing truss optimization. The
studies thus far have been at the systa&wisthe detailed design level. We have
never been here befor@bvious options include prgressing, hydraulic dynamic
internal pressurization, laminar elememtighing, Y-intersections with the wing to
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avoid supercritical flow regions, optimigj the overall number, nature, positioning
of the elements, etc. The trusaild be carried out beyond the wing hinge
position; all of these options and far more are forward work.

Electric Supersonic Transports Elecsitor SSTs is a major enabler. They
fly above the tropopause where, even usitogor hydrogen fuels, the water in the
exhaust is a major climate problem, in fecthought to be more serious such than
CO.. The only realistic way to solve emisss for SSTs is to go fully electric.
Also, the increased efficieres enabled by electricqgulsion could provide the
requisite solid economic casespecially wan compounded by the several other
concomitant breakthroughs, including terdals, manufacturing, and supersonic
through-flow fans. Compared to existi8&T aero designs, with an L/D in the 10
range, a strut braced extreme arrow camfigjon could provide the order of 16
L/D.

Thus far SST s have not been particulalgcessful, either conceptually or in
actual realizations. The Concord was a technolognmeal/el for its time but not
commercially successful. Similar remarks hold for theI?A4. The basic SST
issues are confounded by the addition oioses wave drag, higher fuel fractions,
higher temperatures, and greater weigditsjriving up vehicle cost. Then there
are the high-altitude emissions problemsfare incident radiation, and the sonic
boom, the latter causing at8ST legislation. The sonic boom affects both people
and things. There has been success in reducing-tievl peaks that affect
people but reducing the low frequency rumiblat affects buildingsetc. is a much
more difficult task. Taken together, tharious and in some instances rather
extensive studies over the yearsce Concord of SST potential viability,
especially economic viability, have notdseoptimistic. Thex are concentrated
studies ongoing of SST Business jetsash smaller vehicles both reduce the
massive investment level reged to field such machinemsd also reduce the sonic
boom, which is first ordedependent upon weight. d&anced Configuration SSTs
come in five major categories, unswept, thin natiam@inar flow wings, parasol
wing with favorable interference, mu#tiage aircraft, yawed wings and the
Pfenninger extreme arrow strutlsed wing [ref 17]. The mulstage approach
usually involves a stage which includes ttapability to get off the ground with
acceptable noise and high lift and then safgs and returns to the airfield. The
portion of the aircraft that lands at the end of the flight weighs far less, allowing
carriage of lighter weight geand high lift systems. #light refueling is another
multi-stage aircraft option. The yawaang approach uniquely provides a low
supersonic Mach number option that &arly boomless and extremely efficient.
Of these, the Pfenninger extreme arsivut braced wing appears to have the
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greatest SST potential, essentially doubtimg Concord L/D of 7.3ish. The best
NASA did in the HSCT/HSR program of thete 90 s was an L/D in the range of
9.5. The Pfenninger desigpsoffer values in the range of 14 to 16 plus. The
extreme arrow wing minimizes wave drag due to lift and wing wetted area as well
as providing a credible span for vortexagminimization. The short wing chord
aids suction laminar flow control. There are mithg fuel canisters for favorable
wave interaction and load alleviation with the possibility of natural laminar flow
on the forward regions of the fuel canistarsl the fuselageSeveral approaches
utilized to optimize the truss braced CT@ésign can also be applied to this SST
including gear weight reductions via anotatic landings and parachutes for refused
takeoff and GWing tips to reduce DDL. The seriotekeoff jet noise issue can be
addressed via an essentially new approach by disabling or reducing the causative
turbulence dynamics versus reducing thevgdocity via entrainment using heavy
mixer-ejectors. Experiments and some theory indicatdghle injection of liquid
water jets, suitably tailodefor effectiveness and mimal water mass flow can

place water droplets in the mixing regiofithe external jet which reduces
turbulence intensity and noise. The watgection produces additional thrust
versus the mixeejectors that reduce thrust anciisvay of staging the aircraft, the
water is only utilized durig takeoff, and does not have to be carried throughout the
flight as does the mixegjector. Having such a high L/D provides the margins
necessary to address the myr&s8T problems. Probably nextline in terms of
efficient SST configuration approaches would be the oblique or yawed wing and
work on a bidirectional flying wing concept artie NASA N+3 SST studies. The
former is due to R.T. Jones anduisll discussed in the literature. The bi

directional approach is circa 2011 [68] and involves a design based upon 90-
degree rotation of the configuration frpersonic versus subsonic flight. The
design thereby provides majalterations in aspecttra for each speed range,
enabling true bmodal performance with excetleaero performance for both
supersonic over water andbsonic over land. The overalbproach is similar in
philosophy to the variable sweep andvgad designs, but executed in a wholly

novel fashion, with efficacy stitb be determined. Such-triodal aero

performance improves the overall perfamee for the mission and reduces

required energy.

Electric propulsion for SST s could involvegaite different approach from that for
fueled aircraft. Instead of a combusémd a turbine to drive axial flow

compressors, very light weight, very efént electric motors would drive them.

The initial stages of compression coulgolve supersonic tbugh flows. Rather

than combustion providing the cycle ealthy increase, batteries would provide
such, primarily as compression, witlrust produced via subsequent flow
expansion out the nozzle. Such engines should be more efficient than GTESs, with
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many other benefits as discussed previoustyfurther increase efficiency the heat
produced by the compression, the stagnaiicdhe supersonic free stream and the
motors could be regenerated and used to produce additional electricity to propel
the aircraft. There ara plethora of extant energy conversion approaches to enable
this including thermal electrics, pyroelecs;j sterling cycle heat engines, etc. It

also may be possible to efficiently ratk heat from the wingurface to cold space

via specific wavelengths [ref. 19].

Electric propulsion for SSTs is in an earsearch stage, with ideation, and R&D
optimization required especially forduas propulsion cycles, boundary layer
control, including shock-bawary interactions tocrease compressor stage
loading and to obtain favorable shockwsanterference, minimization of shock
losses in the inlet and compressor stagkmg with further work on supersonic
through flow fans and possibly morphibtades. A selected precis of research
opportunities includes the revolutionanaterials, e.g. the 5X, 1300 C MIT
materials, which would both reduce tlegjuisite cooling and weight. The
combination of greatly improved matais and aero performance, coupled with
electric propulsion could conceivably succefigfaddress all of the extant major
SST issues, emissions, efficiency, cost] doe to the resultant battery weight and
dry weight reductions even sonic boom.

Concluding Remarks

As is the case with the currestceleration of renewable energy
development, the combination of cost retttuts, and serious climate impacts is an
accelerator for electric transportation writge, including electric aircraft across
the speed range. There are a plethotagdierein, of very sizable cost and
operational benefits which accrue fromitelwing to electric propulsion for air
travel. The emission benefits includbviation of water addition above the
troposphere, the most serious currentraftemission with respect to climate
impacts, along with eliminating G@nd NOx. Given theapid development of
renewable energy to recharge the batteries, electric airavaftiie increasingly
emission-less. The single most serious idmment to electric aircraft development
Is the energy density of batteries. cBet research indiaathe potential for 750
recharges and 15 times lithium ion battery energy defwsitjthium air batteries.
Also, there is the announcement of a 500/kg lithium-metal battery on the
market in the nearer futur€his research has, advandedhe point where, at the
system level, parity with combustiongines coupled through mechanical drive
trains can conceivably be aelied over the next decade.
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Contained herein, are a large rhgnof approaches to reduce energy
requirements and battery ight by reducing aircraft empty weight and reducing
drag. Revolutionary aircraft concept®nfigurations and technologies would
make electric aircraft even more feasible and desiraduléteeir development
enabled sooner.

Overall, gas turbine engines, heawnigportation fuels may be approaching
a pivotal game changing moment in their history, enabling in the process the
UAS/ODM/UAM/PAV revolution in human anchaterial transportation, this time
on the personal level, as well as enabliraple SSTs, while also greatly reducing
the climate impact of aviation...
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