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ADSTRACT

Four studies have been completed that explore
the opportunities for future General Aviation Turbine
Engines (GATE)} in the 150-1000 BHP class. Detroit
Diesel Allison, Garrett/AiResearch, Teledyne CAE, and
Williams Research participated along with several
sirframers. These studies forecusted the potentiaml
impact of advanced technology turbine engines in the
post-1988 market, identified important airerart and
miseions, desirable engine sizcs, engine performance
and cost goals. Parametric evnluations of various
englne eycles, configurations, design features, and
advanced technology elements defined haseline con-
ceptual engines for each of the importunt miscions
identified by the market enalysis. Both fixed-wing
and helicopter alreraft, and turboshaft, turboprop,
and turbofan engines were considered, ALl four con-
tractors predicted sizable performance gains {(e.g.,
20% SFC decrease), and three predicted large angine
cost reductions of sufficient megnitude to challenge
the reciprovating engine in the 300-500 SHP class.
Key technology areas were recommended for NABA sup-
port in order to realize these improvements.

INTRODUCTION

General aviation's spectaculny growth in the
1970's has. been propelled by significant changes in
the nation's transportation system and in corporate
demographics, More and more American businesses are
expanding into less populeted arens where tax rates
are lov and vorking ronditions are gond. Reaching
these smell-town areai is diffieult without small
aireralft and is aggravated by the airlines' con-
tinuing trend to eut back on less profitable routes.
OPEC's oil embargo persuaded the major lines to can-

cel 450 flights since 1973 and ac many as 660 com-
munities lost service. Further rcute trimming is ex-
pected since the CAB's new deregulation policy faeil-
itates more service cuts. These trends together with
large technologleal improvements (notably in avionies)
have been the major factors in establishing general
aviation as a vital link in our air transportation
system. Consequently, factory billings have exper-~
ienced rapid, steady growth - reaching $2 billion in
1978 (inel. helicopters), or 55% of the air transport
billings, as shown in Fig, 1. Over $600 million of
this total 1s exported.

A persistent myth holds that civil aviation is
made up almost entirely of passenger carrying air-
liners wilth a spripkling of light sircraft belonging
to e few privileged private owners luxuriating on
weekends. On the contrary, 98% of the civil fleet is
made up of general aviation aircraft which perform a
broad variety of vital public services: flying peo-
ple and freight, surveying and mapping natural re-
sources, seeding and treating crops, patrolling pipe-
lines, forests and fisherles, firefighting, mineral
prospecting, rescue and ambulance services, traffic
control, and other utilitarian serviees. Only 5% of
the general aviation operations involve sport flying
while 72% of the flights are for business and com-
mercial purposes. Business use iz increasing as com-
panies have found that owning planes to transport key
people and frelght ean be cheaper and more convenlent
than using airlines. Another myth is that the bus-
iness sector is made up solely of highly paid execu~
tives flying opulent business Jets. [Much of the usage
is for middle managers and equipment-maintenance peo-
ple. About 92% of the business fleet is piston-engine
powered - only 8% is turbine powered.

As shown in Fig. 2, all categories, except agri-
cultural, stiare approximately equally in this §2
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billion/yenr market in terms of net factory billingo,
However, turbine-powered aircraft sales are increasing
st a much fagter rote than the reciprocating-powered
models, The turboprop segment is particularly strong
with o 9,2% 10 - yesr unit annual growth vate and &
26% incrense in 1978 olone, Yet more than 20 times as
many piston-povered airplanes onre U.B. produced each
year (aver 15 000 compared to 655 turbines in 1977).
Coupling thio with the fact that all cectors of avi-
ation have emlready transitioned to turbine pover

{Fig. 3) except thepe small airplanes, questione

arise as to why thic most numerous segment has not

yet transitioned and what are the prospects that it
will sometime in the fubture.

Recognizing that general aviation is an impor-
tant and repidly expaonding industry snd mindful that
HASA sponsored engine repearch has been slmost ex~
vlusively limited to large aireraft, the NABA Lewls
Jtegearch Center decided to explore the oppertunities
for 1990 time frame turbine engines applicable to the
emoller end of the general aviation spéctrum. This
exploration was initiated in 1977 with four contracted
studies and one in-house study colleptively known as
'GATE! - General Aviation Turbine Engine - with o
1600 SHE upper limit for turboprops and turboshafts,
and a 1500 1b thrust limit for turbofans. This peper
presents an overview of these studies which are in-
dividually documented in much greester detail in sep-
arate reports. :

THE 'GATE' BTUDIES APPROACH

The four contractors were Garrett/AiResearch,
Teledyne CAE, Williams Research, and Detroit Diesel
Alison. Each spent 10-12 months of technicel effort
independently addressing the four Tasks shown in
Fig. 4. The first tosk was to forecnst a 1988 market
seenario in order to identify the aireraft and mis-
sions likely to be sultable for edvanced small turbine
englnes. Desirmble turbine engine sizes and require-
ments were established for bhoth fixed and rotory wing
alreraft. In Task IT advonced Zuture englnes were
uitimately selected and evaluated for esch of the im-
portant sircraft/misalon categories identified in
Task I, This was done by subjecting baseline engine
definitions to numerous cycle, configuration, and ad-
vanced technology tradeoff anulyses. During these
‘broad-seope tradeoff studies, the 'optimum engine'
definitions were Selected on the basis of key air-
eraft eeoncmic crlteria such ap aireraft acquisition
cost, operating cost, and total cost of ownership.
Concurrently, & set of advanced technologles was
sereened to identify those technologies with the
greatest potentisl payoffs. .

Then in Task III the set of optimum engines de-
fined in Task II was modified such that o single
common core cduld be utilized for all sizes and types
of englnes comprising the Task IT set. This 'common
core' ;oncept was then evaluated fur additlonal eco-
nonie benefits. Finally, in Tesk IV, each contractor
recommended a technology program plan to develop and
demonstrate the Key technologles he previously
identified as being essential to his conceptuel en~
gines.

Within this basic framework each contractor re-
ceived only very broad guldelines from NASA which
permitted 2agh to emphasize aspects congidered im-
portant in his Judgement. These guidelines were:

- Consider engines up to 1000 BHP {or 150¢ 1b

thrust for turbofans), but emphesize the less
than 600 SHP class

~ Bearch for high rick technolegies yielding
high payoffs that could be incorporated inte
199¢ time frome engines
~ Emphasize economien of alreraft odnership
~ Involve airframero for applicstions definition
and benefit ussessments
Although these tosks were basicnlly carried out ge-
quentinlly, iterntion between them was necessery since
engine cost and performance are needed in Task I but
are not firmly established until the end of Teoks II
and III. Conversely, the engline sizeo, engine re-~
quirements and production volume information pre-
dicted in Task I is needed in Tasks IT and III to
properly conceptualize on engine and to obtain engine
cont.

TURBINE ENGINE OPPORTUNITIES

The most fundamental objective during these
iterations was the determination of superlor op-
portunities for advanced turbine cngines., 8ince NASA
let the contractors meake their own independent se-
lectlons on thig broaed issue, it is not surprising
thaet some diversity of views emerged. Alllson's study
focused on a relatively sophisticated, high~
performarce engine concept that would compete well
ageinst current turbine englnes, but was too expensive
to penetrate deeply into the reciproeating market.

The obther three contractors argued on the basis of
their anslyses thot the most challenging and important
opportunity invelved addressing the issue of turbines
versus recips in the slze clasa now dominated by

recip engines, Overcoming the turbine engine cosi
barrier is clearly e requirement in this case, and
these contraztors devoted their efforts to finding
acceptable ways of meeting this dirficult chaliengs.

SELECTING AN FENGINE FOR LIGHT AIRCRART

Since Teledyne, Williomms, and Garrett all pursued
the low .ost versus recip theme, a few comments re-
garding this igsue are offered. Piston engines
totally dominate the market up to 40O SHP due almost
entirely to their 3:1 cost advantage over turbine en-
ginez in a wvery cost sensitive market, Yet turblne
engines possess many supecior qualities: three times
lighter, much lower maintenance, less installation
pennlties, higher reliobility, much lower vibration,
noise and emissions, muliifuel capability, and a bet-
ter safety record. These highly desirable turbine
qualities must be welghed carefully in selecting the
most sulteble power plant type. The challenge is to
capture these acknovledged benefits by lowering en-
gine cost sufficiently to tip the seales in favor of
turbines. Flg. 5 depitts the current situation and
indicates that, in addition to the engine cost dis-
sdvantage, turbine englnes also burn more fuel.
Turbine SFC's are about 0,55 - 0,65 1b/HP-hr com-
pared to 0.40 - 0,50 1b/HP-hr for recips, However
eomparing bare SFC's is often misleading unless
other factore such as installetion losses, fuel type,
and engine weight are also compared. As shown in
Fig. 6, instelintion losses for recips reduce its
ecruise SFC advantage conslderably. Cylinder cooling
losses cap amount to 10% of the total aireraft drag.
Nacelles for the larger recip engines produce mor:
drag, And, at least theoretically, recip propellers
are less efficient due to thelr thicker struciure re-
quired to withstand thz high vibratory siresses
enused by the pulsating power generation process.
Furthermore, turbine fuel contanins 10% more energy/
gallon snd costs about 107 less - for a 20% total
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cost advantnge .vey Avgas, Also, the 3:1 yeight ad-
vantage of turbines saven fuel aince it permits a
significantly smaller aircraft size. The combinntion
of these fectors neutrallzes the apperent recip BFC
advantage in meny applicationa. Thus the fuel pen-
alty of turbines is more apparent than real, The 3:1
cost difference is the only true barrier to its wide-
spread ussge in alrplanes belew 8000 1bv gross weight.

MAJOR ENGINE IMPROVEMENTS

Engine 8ize
All of the contractors chope basoline engine

sizes within a bend from 375 to 565 SHP. Thece sizes
vere chosen prineipally on the besis of the ettrac-
tive market opporvunities, but, to a lesser degree,
were alpo biased away from “he 800 SHP class alrendy
belng addressed by the U,5, Avmy in its Advanced

Te hnology Demonstrator Engine {(ATDE) program.

Perfornance

Alter considerable tradeoff anolyses wherein en-
gine poerformance and weight were traded for engine
gast, 8ll study participants independently concluded
that edvanced component technologies can yield 20%
BSFC improvements relative to currently produced en-
gines in the 500 SHF cless. As shown fn Fig. T this
would extend the flat BSFC trepd 1line down into the
300-400 SHP range and repregents a very subatantinl
performance gein., The trend towsrd better small en-
gine fuel economy is also bolstersd by the Army's
ATDE engine progrom. The Army has established o gonl
of 0.55 S5FC nt 4BO BHP for an 80D SHP class turbo-
shaft englne, It was aiso concluded thnt turbofons
were not competitive with turboprops since they had
much higher fuel consumption in addition to grester
welight and cost, This {g not surprising in view of
the low f1ight speed requirements [lesy than 300
knota} forecasted for GATE appilcations.

Engine Cost
While BSFC gains are important, even more signif-

icant are the forecast opgine cost reductions that
The average ¢ost reduction of the
three "low-cost" engine designs is estimated at S50%.
This is the inherent cost reduction through epplica-
tion of GATE ndvanced component and manufecturing
teehnologles and based on current productlion rates cf
about 500 units annually per manufacturer, Once the
cost bawrier ia breached by such o magnitude, the
markaet analyses’ cost-demand relationships dictate
thet much grenter sales rates are triggered. This,
in turr., opens up the poeaibility of a dedicated
manufacturing facility which would reduce engine
costs even further. OGarrett nnd Williems foresee
6000-8000 units/year per manufacturer and & totul
cost reduction of alout 60% while Teledyue foresees
about 16 000/yenr and a correspondingly grester re-
duction. These cost reductions are shown in Fig. 8
which also contning a sketch of each company's base~
line engine concept along with other pertinent data.

These GATE engine cost predictions are compared
with current engine costs im Fig. 9. Hers the three
low~cost GATE engines are plotted twice. The upper
square represents current turbine production rates of
asbout 500 units per year per company, while the lower
square accounts for the additional effect of high
volume production. Clearly neither edvenced tech-
nology nor high production volume alone can push the
turbine engine into a polid competitive position with
recips. It takes both factors, but the key that un-
locks this potential is advanced technology (described
later).

Mligeon'a theme differed in that they preferred
o relatively sophisticated high-performance engine,
They concentrated wainly on a turbine engine which
praoduced bettar fuel economy at lower weight and re-
duced instellstion volume in comparioon with their
latest production small gas turblne engine, Their
GATE conceptunl engine posts more then their lateat
production englne whiech has o relatively large ad-
vuntage in price primurily due to long production ox-
perience, Thelr theme, then, woo to determine if the
performance advantage of o new high pressure ratio
air-cooled engine wup surficient to offset the price
ndvantage acquired by enginesz with long production
vuns {e.g., their 250 geries).

THE EFFECT ON ALRCRAFT ECONOMICS

The impact of using CATE fechnology engines on
alreraft economics was analyzed by each company with
ascistence from nirframers, The cost anslypes in-
volved flying synthesined GATE-powered slreraft over
typical ninsions to defermine fuel consumption and
aircraft sizes. Alreraft acquisition and operating
rost nodels were then exersized to determine thepe
costa plus the total coot of ownership based on re-
gale after geveral yeerc of non-revenue dervice,
Table 1 {liustrates o typieal aircraft/mission cate-
gory breakdown resuliing from the market anelyses,
The eireraft ond miosions at the small cizes range
from 2-place trainers up to 12-place heavy twins, plus
ag~planes and light helicopters. Only modest changes
in aircraft capabilities are forecast during the next
decade except for the hi-~performance single-engine :
cotegory whe. . a new demand is emerging for pres.- !
surlzed, high-altitude flight using sophisticated !
avionies such as weather radar, Not surprisingly, :
the GATE screenling process eliminoted the smallest _
category as an attractive turbinization candidate. i
Thesn categories differed somewhat among the econ-
tractors nnd ench selected 2 or 3 representative
catagories for detalled application acsessment, i
A typleal example is given in Tuble 2 that 11l- !
lustrates the large economic lmprovements of GATE !
technology turboprop-powered aircraft compared to '
recip-povered alreraft. The example is a2 light un- :
presasurized twin which is resized for several alter- {
netive powerplant options to fly identical missions '
wlth same-technelogy airframes. Oply very modest im~ :
provements result freom postulating an sdvanced recip
with 10% better SFC thas suryent recips. And a cur-
rent technology turboprop (e.g., scaled~down 760
rather than existing produciion engine technology) is
cnly a gtandolf in economiec torms. But an advanced
technology turboprop aircraft would be 20% cheaper
to own, burn BF less fuel and sost 14% less to pur-
chase then an equivalent airereft powered by today's
rvecip engines. It it even 15% cheaper to own than
the postulated advanged recip aircraft.
Two other examples are shown 1n Table 3 where a
maximum paylond ecomparison in done on & retrofit
basis for existing airframes instend of all new air-
frames as in the previous figure. Here gross weight
iz fixed and the retrofitted turboprop 1s derated
from 39G SHP to 352 SHPF for the iwin-engine Aerostar
B0LP ang to 305 BHP for the single-engine Moonecy 201.
The GATE turboprop retrofit results in faster climhs
to higher cruise nltitudes and far greater ranges with
full payloads. GATE fuel economy is ecqual to the
reelp version for the smaller Mooney and 547 better
in the Aercrvar case. Productivity is improved by
12% for the Mooney and 62% for the Aerostar.



The results ohown in Fig. 10 of all the low.cont
theme application otudiec reveal important ceot of
ownership trends. As expected, larger nireraf$
benefit more from OATE turbinizontion thon smaller air-
ceraft, Light te medium veight twing schow impresoive
20 to 33% improvemento. Even medium performance
singlr-engine models in the 200.HP clacs reap oome
econonie bepefit. The conelusion to bo drawn is that
despite the fact that the cace for turbine englnes is
predicated on itso numerous non-econemic ndvantoges
{e.g,, nafety, comfort, rellability and multifuel
capability), a very important economic bonus oxjiots
which boloters thelr position considerably.

Fig. 11 summarizes both the economic benefits
and the other desirable qualities {cize independent)
of GATE technology engines as assesaed by Garrett,
Teledyne, and Willlams, The economic ineentivao
range from otrong for twins, to moderate for ro-
tractable singles, to neutral or negative for fixed
gear gingles (not shown)., This includes signifi-
cantly less fuel burned in concert with the netional
energy policy. Bimllar economic benefits were deter-
mined in Allison's high-performance theme except that
the benefits cceur only in comparison to current
turbine engines - with 20§ lower cost of ownership
due to lower S5FC, leower weight, and longer overhaul
perlods.

IMPACT OF GATE ON MARKED

Having determined the turbine-powered alreraft
performance end economic characteristics, the Task I
1588 market forecasts were updated to reflect the
computed alreraft henefits. Representative results
are illustrated in Table 4 assuming insiantanecus en-
gine maturity. Bubstuntial turbine penetration into
theé reciprocating domain is forecast with spectacular
gains in sales volume and market value, In this
Tuledyne example, 31W50 OATE engines are aold annu-
ally with a merket valtwe of $120 million per compuny
if two companies split the market about equally.
Market potentisl of this magnitude commands serious
attention. The other companys' forecasts areé less
optimintic bt atill impressive:; CGCarrett, 15120

total units/year; Williams, 20500; and Allizon, 2250.

Anoliucr commeon result is that substantially
greater fixed-wing market potential exists than
rotory-vwing. A direect outcome of this result wea
the preference for & single-shaft engine configurg-
tlon by both Teledyne ond Williams to save cost.

While the prevliously discussed cost of ownership
savings acerue to individusl owners, cummulative fleet
savings is & more meaningful parameter when Judging
the overall impact of GATE technolegy engines. Tele-
dyne estimates that if QATE engines attained sales
maturity within 5 yesrs, the average total GATE-
powared fleet savings would amount to nearly $350
million per year:

Advanced Technology
The foregoing shows that the potential improve-

ments in smell turbine engines could lead to dra-
matic aircraft benefits and o major shift toward
turbinization of the general aviation fleet. But
what does it take to unlock this potential? The in-
gredients of the hypothetical assault on the all-
Importent cost barrier consisted of: innovative ad-
yanced component and manufacturing technologles,
judicious engine design concepis, and parts common-—
ality over a wide range of engine sizes and applica-
tlons. This sectlon will discuss the individual
approaches advocated and identify the key technol-

ogien., But duc to the eheer bulk of concepts in-
volved and thelr often proprictory nature detalled
d¢iocuooion 15 avolded. :

Teledyne. Teledyne's goneral approach is to
utilize the higher camponent efficiency levels made
poacible through advanced fechnology to draotically
reduce the parta count while pimultancously rotaining
high performance. For example, wherean a typical
700 BHP eurrent production engine might conciot of
two centrifugal compressor otages and 3 axial turbine
ntages on wwo shafte, thelr 335 SHP conceptunl QATE
engine contains only a single, unccoled radial tur-
bine connected to both & single centrifwgal compres-
gor and the load with a single shaft., F'g. 12 11luc-
trotes this approach and the amount of engine cosot
pavings at{ributable to each fitem. The key component
in this appronch ig the high temperature (2250° F
mart) uncooled radial turbine. It is predicated on
the use of high tip speeds (2500 ft/n) ond advanced
materials - rapid solidification rate powdered mot-
allurgy. Thio is o high risk technology to be gure,
but 1t also has the high potentinl payeff of a 16%
ongine price reduction. The second largest price
drop ecomes via the replacement of hydromechanieal .
controls with electronic controls., This is actuelly i
Judged to be & relatively low-risk item and capital- '
izes on the low-cost electroniec controls technology
antlelipated for the automotive industry. A total
engine cost reduction of 497 is estimuted through ad-
vanced engine technology alone.

In addition teo this savings, an additionnl 17%
savings is estimated to be achievable through ad-
vanced fabrication methods ond materials., The powder
metal/squecze-cast compressor rotor and other tech-
niques defined on the lefthand side of Fig. 13 becone
economically attractlive at production rates in excéss
of 2000 units annuelly.

Finally, and as an exarple of the Task ITI com- :
mon core evaluation, the righthand side of Fig. 13 i
illustrates one example solution te the problem of
accommodating various engine size and type require-
ments. ‘The oimple 335 ESHP design is uprated to 565
ESHP through the addition of an axial compressor and
an axial turbine stage plus u duplieate set of geurs
to handle the increased loadn (as shown in the dia- |
gram). Thus cost is only added when needed and 1
affordable, Preliminary analysis also indicates thot [
one satigfactory way to obtain a lower power version ;
(265 ESHP) is through the addition of inlef guide
vanes to reduce airflow while mointaining conetant
turbine inlet temperature. Iestly, since helicopter
turboshafts are preferably free turbine configura-
tiona, a free turbine moy be added to the bhageline
design (and gearbox removed) to obtain commonality of
core parts over a complete famlly of engines. The
ertra cost of the free turbine version 1s judged =
reasonable compromise in view of the much more num-
erous airplanes and the reduced emphasis on cost for
helicopters. The power range investigated by Tele-
dyne in thie approach was wilder than the cthers and
helps 10 exploin their larger market expectations.

Williams, Williems Research advocates a unigue
approuch thut begins with known low-cost manufactur-
ing technigues and attempts to achieve acceptable en-
gine performance within the geometric constraints im-
posed by such techniques. The concept (Fig. 14) in-
volves deslign stresces abont 1/2 of conventional
levels which leads to moderate turbine inlet temper-
stures (e.g., 1850% F} in an uncocled engine with
extremely high time between overhaul (never needs an
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overhnul), Further downotream counld be versleno util-
izing mdvanced, high temperature materinls to achieve
3509 F higher turbine inlet temperature, still un-
ecooled and fully compatible with low coBt manufactur-
ing techniques. The manufacturing techniques for
these low-stress, low-opesd designs lend themselveo
to the cholee of multi-stnge axisl compressors and
turbines which is soemingly expensive in comparisen
to single-stage radial components. However, by re-
stricting the blade geometry in order to copture the
ultra-low cost manufacturing advantages of using
cimplified blade shopes and attaching them to a
single hub at one time, significant cost savings are
Teasible. The resulting constant-chord, constant
airfoil section, constant camber and uniform twist
configuration departs radically from traditional
concepts in its attempt to properly trade off por-
formance for cost. Some limited hardware work has
already been done with these manufacturing techniques
in conjunction with the WR-33 limited life expendable
turbojet. To dnte, the results have been encourag-
ing but, of course, are very preliminary.

Barrett. Odarrettfs approach is generally simi-
lar to Teledyne's, namely, design a simple engine by
sacrificing mome performance and welght (mainily
velght) to obtain fewer and leas difficult to manu-
facture parts. The baseline design differs from
Teledyne!s in that Gurrett sclected & two-spool de-
oign with e 2-stage axial power turbine for all sizes
and applications, It also differs considerably in
the kinds of technologies required to achiave low
cost (Fig., 15). The key technology is a cooled
radial gas generator turbipe constructed of nany
photeetelied laminates, netivated-dirfusion bonded
together for a near net-shape plece. Another im-
portant technology is the nenr net-shape single-
stage centrifugal compressor using powdered titapium
metallurgy.

Sereening asasessments of each technology element
were also carried out as i1llustrated in Table 5,
Shown are the T{undamental changes in englne criteria
which ultimately react on aircraft economiecs for each
technology Burviving the sereening. Only those tech-
nologies that survived are shown here, many others
were considered but rejected. The changes are rela-
tive to n hypothetical baseline representing current
state~-of-the-art technology ~ i.e., the best turbine
engine that could be built todsy without GATE ad-
vancements, For example, the current technology
baseline engine would use a cooled, axial HP turbine
econfiguration with inserted blades. But the use of
g cooled, radial turbine of laminated construction
could by itself reduce engine cost 22%. BFC 8%,
welght 7%, and airflow 10%.

The 3 righthand eolumns of thip table show the
overall cogt saving for a total fleet of GATE-
povered medium pressurized twins over a 20 year per-
iod and the estimated development cost in order to
rank the technologies on a benefit/cost ratio basis.
The actuel development cost eastimates are not shown
here (proprietyl}, rather they are normalized such
that the total component development cost was arbi-
trarily set to $10 miilion., Although the radial kP
turbine technology is twice as expensive as any other
element, its high beneflt gives it the top priority
position. '

Alllson. As already mentioned, Allison concen-
trated on performance, weight, and meintenance im.
provements rather than initial zost. Consequently
thelr concept evelved into a relatively sophisticated

2-opool design with two centrifugnl compresmors {1h:1
F/P), two cocled nxinl gas generator turbines, and
two uncooled axial power turbines. While come cost
saving features were identified (e.g., componite
gearbox houoinge and shnfto, powdered metal goars,
ceramic turbine vanes and tip chrouds) most of the
technologios recommended by Allison wers of the tradi-
tionul component performance improvement variety,
Interestingly, the resulting improvements in engine
performance yieclded lower alreraft groos weight and
reduced airframe costs such that 10 to 155 reductions
in aircraft ownership costs were realized in compari-
son with their latest engines with leng production
run cost advantages.

Recomuended Technolegy Programs (Task IV)

As 8 result of their ctudies, each contractor
recommended a S-year technelogy program to NABA that
would eotablish the technical readiness and economic
validity of hls concept, A general ploture of thene
programs is glven in Fig. 16. It consists of geveral
Years of component technology efforts rfollowed by ex-
perimentel core and engine (not a production proto-
type) phases which integrate the various components
into n matched syotem. The key technologien required
to obtain the large estimated benefits are definitely
high-risk types beyond those expected to become avail-
able through ordinary private funding sources, Hence
the likelihood of actually experiencing these benefits
depends critically on the degree of government-
sponsored support.

SUMMARY

General aviation already coustitutes a vital 1ink
in our air transportation system and its impertance
is expanding rapidly. Yet the overwheolming mojority
of these aireraft{ have not ceptured the increased
safety, comfort, reliability, productivity, multi-
Tuel flexability and emisslon advantages available
with turbine engines due to high acquisition cost in
relation to piston engines in small cizep. The tech-
nologlenl progress in smell eivil gas turbine engines
has traditionally been olower than in large engines
diue to the Ilnherently more difficult design problems
compounded by a lack of research funding. Desplte
these impediments, it now seems probable that a
proper combination of advanced component technolo-
gles, improved materials, innovative manufacturing
engineering, and design simplifications could over-
come the turbine engline cost barrier. The resulting
engine improvements are so mejJor that the turbine
engine could be expected to sucecessfully challenge
the reciprocating engine in all gizes above 250 SHF
(Fig. 17). The acknowledged nttrective Tentures of
turbine engines ecould in faet usher in a new era of
dramatically improved business/commercial air trans-
portation.
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NET BILLINGS - billion $

4.0

3.0

2.0

1.0

@ VITAL PART OF AIR TRANS PORTATION SYSTEM
98% OF AIRCRAFT (170 000)
96% OF AIRPORTS (13 000
3% OF INTERCITY PASSENGERS (110 million/yr)
@ INCREASING IMPORTANCE OF BUSINESS AIRCRAFT
INDUSTRY'S DECENTRALIZATION TREND
AIRLINE ROUTE TRIMMING TREND
AIRCRAFT TECHNOLOGICAL IMPROVEMENTS
@ FACTORY BILLINGS UP SHARPLY
$2 bil'ion SHIPPED IN 1978
$600 million EXPORTED IN 1978
BOTH RISING AT 15 to 20%yr

— JpmamEE
AIR /
TRANS PORT /:
/
”
I’,
- ]
158 yr \\\
” \\
\‘\
CA8 \\
—  GENERAL DEREGULATION >
AVIATION
“OPEC OIL PRICE HIKE
E i+t 7 £ F & 4 7 § |
0 70 72 1> 14 15 16 11 718 19 8

yr
Figure 1. - General aviation is important and expanding rapidly,



UNITS
FACTORY BILLINGS, $ millions
0 100 2un 00 40 500
l l I
435 13167
B 2195
295 a8
28 221
AGRICULTURAL 37 890
HELICOPTERS 7] 454 940
$1938M 17847

10yr  RETAIL PRICE
UNIT

GROWTH

RATE, %
43 45K - 100K
4.4 70K - 300K
9.2 500K - 2M
61 IM-6M
6.7 40K - 200K
8.7 50K - 1M

2, = U.S. general aviation aircraft sales in 1977,

100

BUSINES SIEXECUTIVE / .

COMMERCIAL
TRANSPORTS ~

MILITARY BOMBER'S
TRANSPORTS, &
FIGHTERS ~.__

TURBINE MARKET SHARE, %

LIGHT

|

MRP:&—(/«"Q?

~LIGHT
HELICOPTER

7~ MEDIUM/HEAVY

HELICOPTERS
Q

-

1940 19%0 1960

1970

Figure 3, - All aviaticn segments have transitioned to turbine power

except light airplaines,
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TASK 1 - MARKET SURVEY (3 months)
FORECAST 1988 MARKET SCENARIO FOR G, A,
ENGINES IN THE 1501000 horsepower CLASS
FIXED & ROTARY WING AIRCRAFT

SELECT MAJOR TURBINE ENGINE SIZES AND CONFIGURATIONS
DEFINE AIRCRAFT CHARACTERISTICS

TASK 11 - BROAD-SCOPE TRADEOFF STUDIES (4 /2 months)
FORECAST APPLICABLE ADVANCED TECHNOLOGY
CONDUCT PARAMETRIC STUDY (PERFORMANCE, COST & WEIGHT)
SELECT & EVALUATE OPTIMUM ENGINE FOR EACH APPLICATION

TA5K 111 - COMMON CORE CONCEPT EVALUATION (1 1/2 months)
EVALUATE THE USE OF A SINGLE CORE ENGINE
FOR ALL OR SOME OF THE TASK 11 APPLICATIONS

TASK Vv TECHMOLOGY PROGRAM PLAN
D.VELOP A PLAN TO DEVELOP AND DEMONSTRATE ADVANCED
"TCHNOLOGIES FOR SMALL TURBINE ENGINES

Figure 4, - Gate study approach.

1 “P(c/p

»

vIBRATIONS
[ReuABILITY
MULTIFUEL
SAFETY [ WEIGHT
EMISSIONS | NOISE
MAINTENANCE
INSTALLATION LOSSES

FUEL

ENGINE COST

TURBINE ADVANTAGES

TURBINE DISADVANTAGES

Figure 5, = Current engine selection for light airplanes,
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Figure 6, - Current small engine trends.
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Figure 7, - Gate SFC improvements,
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REL.
ENGINE
CosT

0

GARRETT TELEDYNE
%t 419 shp 565 shp
P F o
= F
\\IJE 0. 44 Ib/hp 0.36 Ibihp
ALLISON WILLIAMS
500 shp 6\_I-l 376 shp
[ 14;1 pr ﬂ-—mr‘jﬁ 12.8:1 pr
- [ F T/ 1850° F
0. 36 Ib/hp % 0, 48 Ib/hp
110
CURRENT TECHNOLOGY
GARRETT
0.60 TELEDYNE . :'L“"MS
7 282 v M
/ 7 % i 2
/ / 0.12 /
/7 % 7 ]
GATE GATE TECH, ALLISON

TECHNOLOGY & DED. MFG.

PLANT

Figure 8, - The conceptual gate baseline engines and forecasted costs,



A0 s
® CURRENT TURBOPROPS 1200/yr)® ™AL p‘,\,(\"‘\r;

150 “TOTAL U.S. PRODUCTION

#SHP (1977 OEM)

GATE COST OF OWNERSHIP
BENEFIT, percent

ALLISON
.

TELEDYNE

GATE PRODUCTION RATE
CURRENT ¢500/yr/Co. )

TURBORECIPS I POTENTIAL (6 - 16 000/yr/Co. )
RECIPS (25 000/yr)
| | | g Y] T | e st et

0
100 200 300 400 500 600 700 800 900

THERMOD YNAMIC SHP

Figure 9. - Gate engines are forecast to be nearly cost competitive
with reciprocating engines.

ft knots n.m,

GARRETT 0O  MED. PRESS. TWIN 18000 240 840
B LIGHT TWIN 10000 225 1100
TELEDYNE O  6-8 PLACE TWIN 18000 250 1200
®  4-PLACE UTILITY 10000 170 700
WILLIAMS & 6-PLACE AEROSTAR 601 TWIN (RETROFIT)
A  4-PLACE MOONEY 201 (RETROFIT)
oH—
30—
g ms 2
SINGLES 3
10— TWINS ¢
: 1 P
100 200 300 400 500

SHAFT HORSEPOWER FOR RECIP VERSION

Figure 10, - Gate powered aircraft have lower cost of
ownership than equivalent recip powered air-
craft.



WGE IS

TURBOPROP POWZRED PRESSURIZED
TWIN AND LIGHT TWIN . oes

s # b
’

TURBOPROP POWERED HEAVY AND LIGHT

RETRACTABLE SINGLE ENGINE
10-15%  LESS GROSS WEIGHT - 5%
0-15  LESS FUEL BURNED 10 = 15%
10-15%  LESS INITIAL COST 15 - 2%
7=1%  LESS OPERATING COST 30 - 4%
8-15  LESS LIFE-CYCLE COST 25 = 3%

HIGHER RELIABILITY

GREATER SAFETY AND COMFORT
QUIETER AND CLEANER
MULTIFUEL CAPABILITY

Figure 11, - Benefits relative to current reciprocating engine,
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. ADVANCED TECHNOLOGY
= ~ LESS THAN 500 hp
= DI -
CURRENT TECHNOLOGY =
MORE THAN 500 hp
ENGINE COST
SAVINGS,

2 CENTRIFUGAL COMPRES SORS percent 1 CENTRIFUGAL COMPRESSOR
3 AXIAL TURBINES 10 1 RADIAL TURBINE
HYDROMECHANICAL CONTROLS 16 ELECTRONIC CONTROL
ATOMIZING COMBUSTOR 12 VAPORIZING PLATE COMBUSTOR
8 1/2 PRIN90CP F CYCLE 2 9.0 PRIZ250° F CYCLE

<

49

Figure 12 - Advanced technology investment reduces engine price (teledyne),



ADVANCED FABRICATION
METHODS & MATERIALS

POWDER METAL

POWER METAL/SQUEEZE CAST —~ TURBINE ROTOR -
COMPRESSOR ROTOR

POWDER METAL
GEARING —~_

TOTAL COST REDUCTION

17.7%
DIE CAST
ALUMINUM [
HOUSINGS -/
COMMON CORE APPROACH

ESHP Ib ESFC Mfs $-OEM

BASELINE 55 203 0.46 2.9 783
REMOVE AXIALS 335 172 .52 2.2 5080
& GEARS

ADD IGV & 265 1?2 .54 1.8 5080
REMATCH

ADD FREE 565 178 .46 2.9 18230
TURBINE

Figure 13, - Additional engine price reduction concepts (teledyne).
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LOW-COST SIMPLIFIED BLADE MANUFACTURE

|

. e MULTIPLE ROW BLADE MANUFACTURE
[l} * BLADES IN PLACE AS HUB IS FORMED
/ * ALLBLADES; SAME AIRFOIL SECTION
R CONSTANT CHORD & CHAMBER
v UNIFORM TWIST
‘ DIFFERENT LENGTHS

AK CONVENT IONAL
ke HiuH STRESS
DESIGNS
wn 2K = o
o IN-IO0
gz 20K N
= LOW STRESS -
= wk - LOW SPEED
DESIGNS
0 | L1 1 l |

1600 1700 1800 1900 2000 2100 220
METAL TEMPERATURE, %

Figure 14. - Manufacturing technology areas compatible
with restricted aerodynamic shapes (Williams),



DESIGN

SIMPLICITY X H_ Ux
MINIMIZE COMPONENTS,
BEARINGS, FRAMES

NET SHAPE

INTEGRAL

COMPONENTS

LOW-COST

COOLED &

TURBINE » L
Le 75X &R
a | £ »

Figure 15. = GATE approaches to low cost (Garrett),
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TASK

YEAR

PRELIM, DESIGN

COMPONEI.TS

GAS
GENERATOR

EXPERIMENTAL
ENGINE

SYSTEM
ANALYSIS AND
DEFINITION

T
N

MILCSTONES
¥ PRELIMINARY

¢ DETAIL DESIGN @ FIRST

DESIGN REVIEW REVIEW

DETAILED DESIGN TRADE-OFFS
AND BASELINE SYSTEM DESIGN

DEMONSTRATE BASIC TECHNOL-
OGY FOR LOW-COST, HIGH-
PERFORMANCE COMPONENTS

EARLY DISCOVERY OF CRITICAL
COMPONENT INTEGRATION
REQUIREMENTS

DEMONSTRATE GATE TECHNOL-
OGY READINESS AND PER=
FORMANCE AND PRODUCTION
POTENTIAL

CONTINUING COST/PERFORMANCE
TRADE-OFFS AND UPDATE OF
PREDICTED ENGINE AND SYSTEM
PERFORMA:.E AND ECCNOMICS

@ TECHNOLOGY
READINESS
REVIEW

Figure 16, - Candidate gate technology program (Garrett),



AIRCRAFT PRICE $

SIMPLER DESIGNS

IMPROVED MATERIALS

HIGHER COMPONENT PERFORMANCE

CHEAPER MFG. TECHNOLOGY

CORE COMMONALITY
1

LOWER ENGINE COST

* LOWER ENGINE SFC

* LOWER ENGINE WEIGHT

ENGINE
COST
BARRIER
R, - CURRENT
V77 /, 1UReOPROP
V% POWRDD
RECIP 7 Hoohyr)
POWERED
(16 000/yr) > GATE POTENTIAL
] - I
2 40 60 80 1000

ENGINE SHP

Figure 17, - Gate technology could expand domain of small
turbine engines,
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