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Fropuledon synteme oro o key fastor in the de~
cign and performance of rencral aviation airplanec,
RNAGA receareh prasrams thot are intended to suppart
fmprovemanto in thooo enpines are deserlbiod, Re-
ciprocating enclnen ate by far the moot nwmerous
poworplante ln she avintion fleat; neay-term of-
forts are bolng made to lower thelr fuel songwmp-
tlon ond emiopions, Lomwer-term work includes ad-
vaneed alternatives, cuch oo pobary and lipght-
weipht Diesel engires,  Turbopropulsion is becoming
increaningly important foy peneral aviation, Work
is underwny on improved turbofann and turboprwops,

Introduction

Fropulsion syntems repregent a Hey element in
the desigm, perfurmance, and economica of genersl
aviation aireraft, Just as they do for the large
commerelal airliners, The p:oportion of aireraft
weight, eequizition coot, and maintenance coot as-
sociated with the enpine io usually even higfher
than for the lprger vehiclen.

In terms of the marketplace peneral aviation
propulalon io definltely a major industry. As
shown on the left olde of Tigure 1 the number of
engineg built for peneral aviation dwarfs the conm-
merc¢lal market, 'The vant preponderance of the en~
gines ave the low-horsepower, conventionsl recip-
rotating type. Turboprops and turbofans have cap-
tured the more-exponoive, high-horsepover region,
Due to the puch higher cost of the large turbine
eftglnes, this plcture looks quite different if' the
distribution of dollar ssles in consldered (right
side of figure), But even on this boeis Lhe gén-
eral aviaetion industry 1o impreasive: Engine salec
spproach 1/2 billlon dellers per year, which ia

ghout two-thirds ns much as those of the large com-

mereial enginec,

As peneral aviation has evolved through the
yeera, many improvements have been achleved in pro-
pulsion systems. The most obvious one is probably
the introduction of turbine power. Less revolu-
tionary changes in reciprocating engines include
better relinbility and the use of turbocharging and
fuel injection, However, fuel chorbages, the de-
mand for lower noise and pollution, the threat of
foreign competition, ete, prevent complacency and
create a continuing pressure for further improva-
ments,

Thé typileal purchaser of a general aviation
airplene is highly sensitive to acquisition cost,
Therefore, engine performunce cannot be improved ab
the expense of moking the engine overly sophisti-
éated and too costly, This is illustrated in fig-

‘ure 2, where point B represents a more oafficient

engine than point A; however, the engine price has
increased so much that the final airplane price is
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alco higher, OSimilorly, the encine cannct Le clm-
plitied vo much Lo lower prlce thal performanco out's
fore excecoively (polnt ¢), Both extremss lneresce,
rather thon decresce, alrplate prica,

UASA hos troditionally aeecepted the respoasi-
bility for conductlinm: recearch to support dmproves
ments in the lawre comnerclal alrplane category. In
recent years there hac been o prowing involvement in
work related to poneral aviation, PFigure 3 outlines
the major propulsion arenc in which rosecarch ic now
poliny on, The body of the paper ic devoted to de-
seriptions of these netivitles,

Inteymittent-Combuation Engine Reacearch

It hot olrepdy baen observed that the predomi-
nant penerel aviation powerplant 1ls the conventionw
el, spark-ignition papoline engine, Collectlvely,
thace famillar engines have cotablished an execllent
record for reliability, durabllity, and economy
over the years. lNevertheleos, improvements in these
and related aregs are not only desirable and poa~
sible, put necessary to meet fubure problems in such
areas ap chnermgy utilization and envirommental con-
cern:, The NASA program pddresses technology for
current-producktion as well ac next-generation gaso-
line engines and alternative I-C engines (ouch as
diecels or rotaries) which can burn less-eupenaive
fuels,

Gnsoline Piaston Engines

Figure 4 sumnarizes NASA's near-term objlectives
for improved current-production type engines, It
nlso chows o more ambitious met of longer-term gonls
for an advancad, bub all-new, engine of the came
general type.

The near-term technology program was inltinted
ceveral yearn apgo in responce to emission standprds
proposed {but recently withdrawn) by the EPA. BSev-
eral accomplishments to dete deserve mention. Three
automabed engine test cells {fig, 5} have been
bullt-up which feature real-time datu readout via
microprocessor technology. Using these in-house
freilities and other Lewis resources, together with
o continuing series of industry contracts, substan-
tinl programs have been completed ln such areas us:
basle enpine characterizntion;l'effect of tempera-
ture, humidity and lesn operation on fuel econcmy,
emissions and cooling requlrements;= hydrogen en-
richment of fuel;3 and thecretical gnalyses of cool-
ing fins, % Also, progress has been made towerd the
development of advanced analytieal tools such ano
Otto Cycle and stratifled-charge performance and
emisgions predielion computer codes.

As o repult of these efforts, it is expected
that, by late 1979, the technology will be demon-
strated to achieve a substantial reduction in emis-
sions, Also, most of the emissions work involved
lean-operation concepts which led to fuel-
conservative acocomplishments as well, As a result
of meveral test programs, however, it was found that
improvements in several areas were needed to realize
the potentianl l0-percent fuel economy gain offered



by lean operation, Thece inelude varicble spark
timing, Improved fuel inloeotion, ond bestor cooling,

Flgure 6 1llustrates a hypothotical iylindor
hoad destpen that dneorporates thote advancoments
into o well-lntepsrated pucksre, Thece improvemcuts
callootively appear capable of meetingy all of our
nepd=term onle, and posoibly of improving upon
them, The conbinntion iliustyatod here hoao beoon
testod without the varlable oparl timing and bas
alroady demoncieated p 7% ¢ruice fuel economy im-
provement wilth omicoions raduced pionificantly be-
law the LKFA levelo,

To meet the longer term goalg, advanced 2ome
bustion reconrch 15 eesontinl to obtnpin furbher im-
provenents in IR and to permit the wce of leas
expengive cnsolinenr, A study 1 procantly wudeiuoy
at Teledyne ventinental lMotors (TOM) to charnaters
lze and define the taechnolopy requiremente off an
advanced {1988) pagolinc pleton encine,

Alternakive Enpince

In the lonrer term, ndvancod dienel op
ptratified-chavye operation ic ansentinl to utilize
cheaper, Lwoader-specification fuels, The incen-
tive ig thak, based on cu.trent fuel pricsz, diescl
fuel (for exumple) 10 109 to luj cheaper per gallon
than avgag, yet containn obout 107 mpre Biu'c per
pallon, Thus a fuel cost soving yobantin.l. of nO%
or more iz readily appurent, even If BSFC'o nre not
improved st all,

Diesel Enrines, Automotive and military rve-
geareh rasulbé indicste that improved combustion of
heavy fuels may repult from use of an insulated or
"adinbatic" diesel combustion chamber, This devel-
opment, coupled with other related technology ad-
vnncgu, underlies the long-term gosls ghown in fipg-
ure 7,

An initinl feasibility teat program wae con-
ducted to show that s conventional turbocharpmed
gesoline airerafl engine could be converted to die-
sel operation st no penalty in weipght, power, or
fuel conoumpbion, Thooe experiments at the Univer-
gity of Michigan® on n dieselized alreraft eylin-
der, late in FY 78, showed e crulse-power DBEBEFC thet
was actually better than the baseline gasoline oy~
lindexr's. Since bhe posk firing prosscures welre
within the baseline cylinder's npecificationh capa-
bility, no increase in the enginets bagle ctructural
weight yould be egpected. This positive result
lends credibility to the thought that an advanced-
technology dlesel, incorporating the adigbpbtic com-
bustion chamber and deslgned specifiically as an
aircraft diesel engine, could meet the ambiblous
long-term goals of figura 7.

The progrem is now focugsed ona radial, two-
gycle concept which features the adiabatic combus-
tion system and a unique, self-powered turbocharger
concept. Resulba to date from the Teledyne=-Genoral
" Product Division (TGED) study indicabe that the
long-term gozls can e meb, contingent on technol-
oy advances in several key sreas:

(1) Adiabatic combustion and variable-
compresrion piston technologies, how being devel-
oped for Army four-cyele tank engines, must be re-
Tined to lightweight, two-cycle applications.

(2) Advanced turbocharger technology is re-
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available large turbofan engine technology to small i

quired, 1n termg of improved component effielencies,
hirhor turbine temperatwroo, and o varisble=sren
turbine,

{#) Advancod materinis eve nceded for picton
rings and Learin:c,

Ligknry Encines, ihe rotary or Vankol encine
(fig, 8) ic of intorest becuuwse of ito turbine-iike
attrivuter of aimplicity, liphtweicht, compoctuneos,
low-dra.s lnctallatlon ihuturee low vibration and
reduced cabin noice, Ibe rcpubud dioadvantnres vt
hiph fuel consumpbion and emisoions hove Loon at
least porbially overcome by centinued receareh,

For example, varlous medificatlono of an aireralt
rotary enpgine have beon tested during the past fow
years undey NAGA contiraet,’/ By inereacins the com-
presgion rotlo ond otlier rei‘inemenhs, tho ipitielly
disappointing BIFC was improved by 159 while the :
engine met the formor EFA emiosion standordo, Ifu :
spacific welpht of akout 1,25 lb/hp-hr is olroady :
abbractive, and itc ecompant envelope would rasult in
sifgnificant installptlon ndvantapen 4f properly in-
teprated into an glrplane deslen, Foregeesble im-
provenents in such areas ac variable ipnition tim-
ing, timed fusl injection, and bettor cenl materi-
als could improve the current test values to a spe-
eific woipht of mbout 1,0 lo/hp and a eruise BEFC
ebout equal to cwrrent recips by the enrly 1980'a.

To meet the longer term gonlo, however, will
reguire major technology ndvancen on coveral fyvents,

(1) Direct-injected, stratified-charged (DISC)
operation 1o essentinl to obtain a true multifuel
copability, Rotary DIGC cambustion research now
unigerway shows promlsing recultc but must be exten=-
ded to the much hicher speeds and chamber presoures
enylsioned for the advanced aireraft engine, (Re-
gearch is curprently limited to G000 rpm or less by
"atnte-of-the-ort" diesel injectlon equipment.}

{2} An overnll electrenic control syotem is
headed to optlmelly coordinate the ignition and
fuel-delivery functions.

(3) Improved apex necl designs and moterials
are neceded to provide acceptable durdability and
friction-logs characteristies with the higher pres-
gures, speeds, and temperatures associated with high
gpecific oubput powers, ’

{4) To appronch the diesel's BSFC levels, it
will be necessary to decrease bhe robary's presently
rorga heat losses by insulating the rotor snd hous-
ings in & manner analogoun to the adiabobic diesel,
This 45 2 complebely unexplored area of technology.

{8) Twbocharging and possibly turbocompounding
will be required to meet the specific power and BSFC
gonls: Because¢ of the rotary's characteristieslly
high exhaust gas tunperatures (which will be even
higher 1f a solutinn to the combustion-chamber-
insulation problem is found), high temperature tur-
bine materinls will be needed, Turboecharger campo-
nent effielencies will need improvement.

Turbefan Engines

At the present Gime, the major NASA achtivity in
this area is the QCOAT (Quiet, Clean Genersl Avia- i
tion Turbofan) program, The ob:jective of this near- i
term project is to demenstrate the applicability of :
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onpgines in order Lo obtain sipnificant reductlons in
roize and pollutent emipoiona, while redueing or
mointaining Duel conswnptlion levels. Followlny ini-
tinl studien, eontracts were awarded to Alkeceorch
and AVCO-Lycoming to each design, fobrleate, tost,
and deliver to NASA o QOUAT engdne, Thest contracta
waere awaprded in FY 1077 and invaelve o totnl value of
§8,4 million, of whiviy 1,7 million ic cost-shared
Ly the contractors,

The penerul appronch of the program i outlined
in rirure 8, o minbnize costn, une of exioting
corac wad spevifiod and teoting 1o fo ke nocom-
liched with o voller-plale nacelle; however, the
internal acrcdynunic charactoristicn are correctly
cimuinted and nll rotating parts are flight-yorthy,

In order to provide o basis for agooscln: pro-
pulgion oycten performance, the conbtractors heve de-
eirned hypothetical twin-ensine executiverlype air-
eraft around thelr engines (fig. 10), Although bhe
oireraft appewr similar, they ore conolderably dif-
forvont in cire and design, The AiBesearch sireyaflb
i5 an uprated version of a Lenrjet 35 weighing
14,177 pounde ot tnkeoff., Ita cruise ceslys polnt
is gt Moch 0,8 at o 40,000-foob nltibude, IE zpn
carry a l4-passenger poyload ineluding crew 1780
nautical miles.

The AVCO-Lycoming alveraft was declgned speci-
ficnlly for tho QOUAT engine by the Beech Alrcralt
Company under subeontroet to AVCO. Ito design
flight choracteristics are agimilar to the Cegspa Ci-
tation crulsing ot approximataly Mach 0.8 at 33,000
feet, Ik has a takeoff gross welght of 7600 pounds
with & payloed capability of asix passerigers lnclud-
ing arew flyilag for a 1S00-neubtical-mile range,

Figure 1l shows cutaway views of the twe QOCGAT
enpines in an installed configuration, Acoustde
treatment and the inbternnl mixer nozzle for perform-
gnce improvement and nolse reduction are evldent,
The AiResearch Company chose the core and superchar-
ger of thair Model TFE 731-3 engine for the QUGAT
engine, The baple TFE 731-3 1s a &700-pound-thrust
turbofan with two spools and a geared fan, It ia
cwrently used in the Dassault Faleon 10, Learjet
35/36 and others, As modified for QCGAT it incor-
porates a new reductien gear box, combustor, and
power turbine, The engine has a moderate bypass ra-
tio (4.2)}and fan pressure ratio « a design that is
typieal for the high altitude, high-speed design of
the aireraft., The mixer nozzle is a key element in
reducing takeoff nolse and improving performance as
model tests have shown, A low {un tlp speed and
proper fan rotor-stator spacing are other design
features for low noise.

The AVCO-Lycoming engine shewn on the lower
portion of the slide hes similar instellation fea-
tures, The AVCO engine uses n modified LTS 101
core, The basic LTS 101 core cai provide fan en-
gilnes having thrust levels in the order of 1000 be
1300 pounds, The turboghaft version has flown in
helicopters of twe aireraft companies and was FAA
certified in 1975. An improved core was offered for
the QUGAT program, which includes the additicn of a
new supercharger stage on the core compressor and
increased turbine inlet temperature requiring en
aircecoled turbine. A new fan, reductlion gear box,
combustor, and power Lurbine make up the unique
QCGAT englne parts., The installetion features a
mikxer nozezle and acoustic trsatment in the inlet
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and fan duct., A relabively high bypass

ratio (8.4), low fan presswre ratio, and low fan tip
dpead are charactoristics coleeted to patisfly the
lovw nolge requiremento impoced on the propuloion
oyctom, This cycle 1o nloo nearly eptimum for the
celected unpring-alrirame comblnation.

The Aikesospohicn-ing wap recently dellvered ba
to {HAUA-Lewlp Hoceareh 'enter for rurther testinge
wille the AVCO-Lycominy cngine i otlill in test at
Strotlord, Connocticub, and will be delivered Lo
#ASA Ln mid o7y, durrent octimates and carly Leou
resulkn indleate wotk enpines will elthoer meot or
beat tho stringent noloe ronls estobilohed by NAUA,  «
Thase ponls and the eotimated waluos fer cach cnitine
are chown Lelow,

AVCO-Lycoming AlResearch
goal  Actunl  Goal  Aectund
Takeoff (3.5 n. £5,1 64,7 15,3 78,5

mi., from runway
thresiold)

Sidelipe (0,25 n, 78,4 71,8 ) 9.0
mi. sideline)

Approach {370 £t. 83,4 1%, 6 87,3 83,8
altitude L n, mi,
{rom runyay end)

Early engine test yesults indicate performance and
emission goals will probably also be met,

Small Turboprop Bnpginen

Turbo-propulsion is pinerally acknowledped to
be desirable for o number of reasons, e,g.,, low
welght and vibration, long time between overhaul,
multifuel capability, ete. as shown in figure 12,
For these remsons, turbines have entirely captured
the military and large commercinl markets pluc the
higher-povered end of gencrsl aviabion. However,
the two detrimental features of excessive cngine
price and high fuel consumpblon have thus far pro-
hiblted inronds into the smaller sizes, which repre-
?enb thg great majority of all engines manufactured

i, 1),

Starting in 18977 NASA has sponsored studies
aimed et exploring the pospibility of achicving sub-
stantisl) improvementa in cost and performance for
small-size engines of lear than 1000 horsepower, In
this so-called GATE projram {General Aviation Tur-
bine Engine), contracts were let with four manufac-
turers of small engines, The mein differences be-
tween GATE and the Jusi-described QUGAT program are;

- QATE initially encompassed burbofan, twrbo-
shanft, and bturboprop engines, but the con-
tractors' marketing studies resulted in the
principal empheasis being placed on Lbhe turbo-
prop as having the major sales potential,

- QCGAT employs currently available technology
while GATE 1s aimed at advanced engines thab
might be lensible in 1988,

= The QCOAT engine sizes are represcentative of
the high-powered executive jets, whereas the
GATE market studies directed major emphasis
toward the more populous, 300 to 500 horse-~
power closs,



= yludl enphanison noice ond emiociont, whores
ng ALY deslen conveptn wore heavily dlantad
to thy achiieving: of low production cosot,

Tartoprops aye, of cowrco, procently voin: pro-
duaved for rengval nvlation uces,  However, in the
amnller ofces that are of svontect provent lnterest,
thoy ave rucloirore eostly thau the well-cotabliched
rociprocating encdnes {lo 10). ‘lhree of the tour
B contractore are prolecting that thic difrer-
enve §n eost can be srently roduced, eopecinlly if
hirh production ratee cmn Lo octoblished, (Ule ap~
rronch off tha fourth contractor led to redused lifo-
eyele coato for his advancod enplne concepte, ul-
thoush thic 4: not ovidont from the firurs,)

As pointed sut In the Introduction, low initinl
conti 1o hot abbravtive if conpgine porformance ig nl-
lowed to deteriorste, Ao ghown in firuve 14 o fur-
ther prodietion by the JATE conbractors ic that the
poorer partorrance that ks, in the past, been ex-
perionced in nmell engines ean be neorly eliminpted
throuph improved component technolopien.

‘The types of alrplune that thop becomes feno-
ible with GALE-type enplnoc are illustvated in fip-
ure 1lb, Thelr coot and fucl characteristics ave
conalderably superior to compurable alrplaones om-
ploying ewrrent-technology reciprocating engines,
(It chould Lo romombered, of courss, that effortn
vye underway to achieve advenees in reciproenting
enginen, nlzo,)

Figwe 16 indicaten the mavitet impnet if the
GATE expectntions muterinlize and the reciprocating
competitlon doco not advanca, Instend of the pres~
ant 400 year produstion rate of turboprop-paowered
airplanes, which is limited by an engine coot bar-
rier, o substantinl penetyation into the 16,000/year
reciprocating region would take plece, This becormes
posaible throush the various techniques indicated ab
the top of the fipgurae; essentially a coupling of
low-coat dealgn, improved cemponent technology,
chenpar manufacturing techniques, and high produc-
tion rates,

The inttisl GATE studieo have now been comple-
ted, and NABA is considering poapible follow-on pro-
grams in these arean,

Proveller Technolopy

Along with the previously described efforts to
improve reciproeating and turboprop engines, NASA
haos inltiocted activibies almed at improving the
propellers that will be driven by these engines,

A number of conbtracts ond grants have been let
through the Luangley Research Center with varioun
universities, These studies encompacs werk on pro-
peller performance, nolse, alrframe interference,
perodynamic loads, and structwsl dynemics. The
work involves analysis, wind-tunnel testing (in both
universibty and Langley facilities), and airplate
flight testing,

Complementary work at the Lewis Research Center
is enticipated, guided by the results of a recently-
let contract to MeCpuley that will analybicelly ex-
plere the benefits of applying various advanced

technologies bo general evistionpropellers. Another .

program 15 already underway abt lLewis that is of po-
tentiol applicability to general aviation, As part
ol the effort to improve the fuel efficiency of

commorceial nireraft, cxperimontc are Leing: pox-
tormed on ndvaseed propellers bhat could pormlit the
uze of turLoprop propulogion ot the opeeds ond oltl-
tudes pregontly flown by lavpeo alrliners, Flpwre 17
ghows one of the new deusirus installed in o wiud
tunnel.,  duch propellero moy be equally applicoeble
to hirb-zpeed executlive-type aircratw,

Uoneludine komerkn

The reneral avletion inductry is cwrently an-
Joyimit o peried of obrony ryoewth, To atoure contin-
uaneo of thic happy oltunbion, o lonj-term etfort to
improve the perfaovmance, ccvonomy, and sofeby of the
airplances 1o hirhly deoirable, The encrious dlver-
oity ol yereral aviatlon opplications leads Lo an
oquivalent vardability in the appropriste types of
powarplento that find woe, This paper hao docoriled
the rocearch activitine within NAGA to oupport in-
dustryto offorts to improve tha various englnos of
the fubure,
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A SINGLE ENGINE PISTON

{100 - 300 hp)
B MULTIENGINE PISTON
{200 - 400 hpl
C TURBOPROPS
(550 - 850 hp)
D TURBOFAN/TURBOJET
{3500 - 7500 Ib, TH)
tE  TURBOFAN
{14 000 - 56 000 1b, TH}
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AIRPLANE PRICE

Figure 1. - U, S, engine production 1977, estimated,
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SPECIFIC FUEL CONSUMPTION

Figure 2. - Engine price versus performance.



NASA PROPULSION RESEARCH

e INTERMITTENT - COMBUSTION ENGINES
CONVENTIONAL RECIPROCATING
ALTERNATIVE CONCEFTS

e  TURBINE-POWERED ENGINES
TURBOFAN
TURBOPROP

¢  PROPELLERS

Figure 3. - Areas of NASA propulsion
research for general aviation
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Figure 4, - Piston engine research.
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Figure 6. - Advanced cylinder head concept integration.
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Figure 7. - Lightweight diesel engine research,
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Figure 8. - Rotary engine research.
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Figure 12. - Current engine selection for light airplanes.
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Figure 14. - Gate SFC improvements,
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Figure 15, = Benefits relative to current reciprocating engine,
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