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Abstract

An update {s presented of non-turbine general
aviation engine programs underway at the NASA-Lewis
Research Center in Cleveland, Ohio. The program
encompasses conventional, 1ightweight dfesel and
rotary engines. It's three major thrusts are: ({a)
reduced SFC's; (b} improved fuels tolerance; and
Current and planned future
programs in such areas as lean operation, improved
fuel management, advanced cooling techniques and
advanced engine cencepts, are described. These are
expected to lay the technology base, by the mid to
Jatter 1980's, for engines whose life cycle fuel
costs are 30 to 50% lowar than today's conventional
engines.

. Introdﬁction

Many believe that the world of flying is made
up aimost entirely of airlines and military
afrcrai't with a sprinkling of 1ight planes
belonging to a privileged fazw. In reality, about
three-fourths of the miles flown and 4 great
majority of the aircraft in service today are
involved with branches of Flying known collectively
as “general aviation." This includes not only
private ownership for travel or sport but also air
taxi and commuter operations, agricultural flying,
prospecting and exploration, law enforcement, fire
fighting, air ambulance, pilot training and many
other vital tasks. These activities are carried
out by about 230,000 afrcraft of varied types in
the Free Horld, Hore than 9U% of these are U.S.
made. 1In 1977, these alrplanes provided
transportation for over 100 million Americans and
carried one-third of all intercity air passengers,
while using only about ¥2 of all aviatiop fuel.
Thiey serve ALL of the nations 13,200 airports
{compared to the afrlines' 425}, thus comprising
not only an important and much needed public
transportation node but a vital link {n American
business operations as well. .

Figure ! 11lustrates some of these statistics.
It a1s0 shows growth trends {as predicted by the
FAA), to the year 1988, indicating an increasing
gencral aviation share in such indices as numbers
of airplaneés, flight hours and fue) used. When

. vlewed as economic performer, general aviation, as

an -industry during 1977:

®  Provided jobs for over a quarter million

~ Americans in the manufacture, sales and

service of its products, .

®  Grossed about $1.5 billdon in new
aircraft sales.

@  Exported about 30% of {ts total
production, gontributing more than $500
million to the U.5. balance of trade.

Cleveland, Ohfo -

Based on the same growth trands, we would expect
these figures to fncrease to 400,000 jobs, a $2.3
biliian gross and a $750 mfllion balance of trade
contribution by 988 (1977 dollars).

Impact of the Energy Shortage

But while this important part of our economy
has been growing steadily in the past, 1t {s faced
today with new probiems and challenges for the
future in such areas as environmenta) concerns and
partjcularly the energy shortage. In brief, the
time is fast approaching when world demand for of)
will exceed the available supplies. An extensive
study on 01l supply and demand, supported by the 15
major o1 producing or consuming countries in the
Free World, has very recently been sumndrized in
the 1fteraturet. The excerpt shown as Figure 2
compares demand {the thick 11ne) with supplies
expected to be ava{lable, for several economic and
political scenaries. A chronfc and progressively
worsening shortage {demand > supply) could appear
as early as 1981 or as late as 1997; but in any
case ft is inevitable, This doesn’t necessarily
mean that zvgas or other specific products will
become instantly or completely unavailable when a
"day of reckoning" arrives. Certain consequences
hewever are inescapable {sce figure 3).

® Higher prices ade to increased economic
competition for the remaining supplies,

e Fuel tonservation measures will increasingly
be expected from all user groups; in some
cases there will be statutory requirements.

®  Broad-specification fuels will pecome
prominent.  The ofT {ndustry will be urged to
extract only the most energy-efficient
selection of products out of each barrel of
crude., For the transportation sector, this
implies a greatly increased emphasis on
broad-specification gasoline-type and
diesel-type tuels, in proportions designed to
minimize overall energy consumption.

Availability is potentially a serieus problem
for the piston-enginé segment of the general
aviation fleet, because these engines reflect WW 11
technology and require very specific grades of
gasoline. As pointed out above, specialized,
low=-volume fuels may someday become upavailable, or
avaitable omly at unreasonable prices. It should
be noted that avgas has already increased from
about 40 cents to B0 cents a gallon since 1973, and
i5 expected to reach the level of about
$1.50/gallon” even before the chronic shortage
occurs. For comparison, a broad-cut diesel type
fuel would be expected to be at least 10% cheaper
or about $1.35 per gallon. In terms of $/BTU, \
diese] fuel is about 20% cheaper than avgas.
Clearty, there 15 a strong economic incentive to
take advantage of this type of fuel.

* based on o1 companiés statements at the “First National Conference on Energy Conservation in General
Aviation,"” Western Michigan University, Kalamazoo, MI, Oct, 10-11, 1977,
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The LefiC Interpal Combustion Engine Frogrim

With this background, the LeRC General
Aviation Branch's citrrent program has beer designed
to create a techinolegy base which could be used by
{ndustry to epable i1ght planes to burn &s littie
as possible of the cheapest and most readily
available fuels of the future. The present program
enconpasses modest Tn-house and contractdd efforts
to fmpreve the fuel economy, fuel tolerance, and
emissions characteristics of both present and rext,
generation engines. A proposed program
augnentatfon to extend and intensify these efforts
is under consideration in order to produce more
timely results.

Specificaily, the long-term objective is to
lay the technology base for an efficient,
reasonably-priced multifuéi or broad-specifications
fuel engine whose fuels costs (based on current
prices) would be 30 to 50% less than present-day
engines, and which would also meei previvusly
Tegislated EPA emissfons levels. It 1s anticipated
that about half of the fuel economy improvement
will come from reduced SFC's and the rest from the
abit{ty to use cheaper fuels. Assuming substantial
and fpcreasing follow-on participation by industry,
the expected outcome would be efficient,
reasonably-priced muitifuel engipes that can use
the cheapest fuél available. Using these goals, a
‘program to upgrade the piston-engine fieet could
conmence at about the time the chronic Wil shortage
is most 1fkeiy to arrive, Figure 4 suagests a
possible schedule of events.

General aviation airplanes last for many years
and are produced at relatively Tow rates. This
means that the benefits of use of any
next-generation muiti.fuel engine, although
valuable to the Tndividual owner or operator, would
réquire a perfod of years to potfceably {mpact the
overall fleet: Hence the program also {fncludes
technoiogy for current-production type engines as
well as the Tonger-term prospects. The goal for
this nearer-term technology is to reduce SFC's by
10% from current performance and meet the
previously legislated EPA emission levels, while
burning non-premfum gasoline. We would prefer,
however, to leave any detailed didcussion of
near-term developments to the respective engine
companies. This discussfon will primarily addroess
the Yonger-term prospects -~ the rotary and the
lightweight digesel -« that we now see as having
cons{derable promise in the 1985-1990 era.

Program to Date

Several Lewis accomplishments to date deserve
mention. Three sophisticated engine test cells
have been built from scratch, with one more in
progress. Figure 5 {ndicates the capabiiities and
leadfng features of the currentiy-operational
cells. Figure 6(a) 15 a view inside the afrcraft
engine test cell, with cthe engine (a TCM TSIO-360)
in the foreground., The cooling-air hood has been
removed for clarity and the electric motoring
dynamometer may be seen at the left. The
associated control room is shown in Figure 6(b).
These highly automated cells feature real-time data
readout via microprocessor téchnology, and we
belive that they compare favorably with any of -
their kind in the worid., An example of our on-1inz
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data readout 15 given {n Figure 7 which {1lustrates
in bar-chart format, the IHEP measured for 100
successive cycles of one cylinder on a Chevralet
dutomotivz engine for conven{cence in testing. The
two samples shown, both for the same speed and
joad, {}lustrate what can happen when the engfne is
excessively leansd out. At left, the mixture
strength was about stoichiometric and there was
1{ttie varfation batween the IMEP's of succassive
cycles. At right, the engine was leaned out, but
not ta the point where the operator could detect
visuat gr audible signs of rough running.
Keverth:less, many slow burns and dne cutright
misfire (the small negative bar} can be seen. This
resuits 1n Tncreased HC emissions and SFC. The
high IMEP's seen in other cycies §s {ndicative of
high peak pressure and possible detonation. HWith
the afd of such real-time data capabilities; the
test engineer can make sure to get good data the
first time, every time. Lengthy delays for data
reduction are largely elimfnatad, If properly
utiiized, the automated data taking can be an order
af magn{%ude more productive than a conventional
test cell.

Using these Tn-house facilities and other
Lewis resources, together with a continuing series
of industry contracts, we have completed
substantial programs in _stich areas as: basic
engine characterizations; effect of temperature,
humidity and Jean operation ov fuel economy,
emissions and cooling requirevents?; hydrogen
enrichment 0E fuci®; and theoretical analyses of
cooifng finss, Alse, progress has beén made toward
the development of advanced anaiytical tools such
as an (Jtto CycTe performance and emissions
prediction computer codel,

The results from these éfforts plus the
contract programs are such that we expect to
demonstrate, by the end of 1979, the technology
base to approach or meet the former emissions
standards. This s not a moot accompiishment,
since reducing emissjons is clearly desirable even
if no longer mandatory. Also, most of the programs
led to fuei-conservative accomplishments as well.
For example, large amounts of scatter observed in
prior emissions data prompted us to inciude the
effects of atmospheric temperatura and humidity in
our own program. Typical results oitained in the
dircraft engine test cell with conventional mixture
contral are shown in Figure 8{a}. The HC emissions
Tevel is plotted vs. temperature for reldtive
humidities of O and 80%, The Tevel increased by a
factor of about 4 between “cool, dry” and “hot,
hunifd” conditions. The fuei/air ratio increased by
about 20% at the same time due to the decreased air
density and displacement of air by water vapor.
Since the engine was run at constant speed/load
conditions, fuel consumption suffered by theé same
amount. A second serfes of tests, iilustrated in
Figure 8{b} was run to evaluate the situation when
the fuel/afr ratic was held constant at the “cool,
dry" value of (.,093. The result, as shown by the
s011d curve between the two shaded regions
{representing 80% humidity} was a much smailer -
{ncrease in HC emissions. Since fuel/alr was held
constant, there was no penalty n fuel consumption.
The upper curve represents the 80% humidity case
previously shown, where the conventional mixture
control allowed fuelfair to vary. The shaded area
between the two turves shows that most of the
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initially observed ihcrease in HC was due to the
induced change in fuel/air. The lower shaded area
f1lustrates the smaller increase due to changes in
temperature and humidity alopne. From these
results, it is clear that ai automatic mixture
control system capable of holding a desired
fuel/air ratio despite atmospheric variations,
would improve both fue) econonmy and em{ssions.

The hydrogen injection program is another case
in point. _In both our own programs™ and a parallel
JPL effort?, it was initially thought that the free
hydrogen, by permitting leaner operation, would
{mprove both economy and emissions. Aconsiderable
amount of extra spark advance was required to
support lean operation, whether hydrogen was used
or not, The results are i}lustrated in Figure 9.
where SFC §s plotted vs. mixture strength at
typical load conditions for an automotive engine
{HASA) and an afrcraft engine {JPL). Operation
with gaseline only °s represented by the solid
curves while the dashed curves deonte gasoline plus
the indicated amounts of hydrogen. In pach case
the spark advance was maingained at an optimum or
near-optimum setting, typically 309 - 35° BTDG for

. the afrcraft engine and over 409 for the auto
engine. Under these conditions, the minimum SFC
buckets oécurred with gasoline only even though the
auto engine's lean limit was noticeably extended by
using nydrogen. The amount of extra spark advance
required to obtain- these results is incompatible
with starting and high-power operation. Thus, a
yariable timing ignition system is desirable and
perhaps an essential ingredient in realizing the
indicated improvement of 5 or 1U% SFC bdelow the
normal stoichiometric or slightly rich condition {in
the afrcraft engine.

Ongoing and Future frograms

With this basic work behind us; the current
program (Fig. 1U) includes elements designed to
achieve a teclinology base which will enable genera:
aviation to live with the fuels of the future. As
indicated, the program includes near-term elements
which could improve the fuel economy of present-day
type engines, ds well as longer-term elements
Jeading to broad-specificat?:n or true multi-fuel
capability (together with turther reductions in
SFCY. While recognizing the inherent multi-fuel
capability of other candidates such as gas turbine
or Stirling cngines, the program discussed here is
now oriented toward diesel and rotary combustion
engines in addition to advanced piston engines.

Al of these can benefit fnmediately from the
results of ongoing automotive diesel and stratified
charge research programs and offer significant,
benefits without having to wait ;or “technoVogy

«, breakthroughs" 1n one or more areas. We are of
course, monitoring ongoing turbine and automotive
Stirling programs for applicable develspients.

Advanced Piston Engines - Current production
general aviation piston éngines raflect a level of
technology that existed at the end of W.W. 1l. It
seems reasenable to expect that they could be
improved substantially by incorporating applicable
developments of the Tast 3U years. In particular,
the automotive research programs that have been

* mounted within the past decade, would appear to be
a riun source of néw. technology for general
aviation. HWhile the most interesting developments
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are proprietary and cannot be discussed at this
time, it is to be hoped that sirrangements
beneficial to general aviatinn can be worked out
among thé companies concerned.

For conventional engines, the lean out
approach using gasoline shou)d yield about a 10%
{mprovement 1n basic engine SFC levels. To realize
this benefit, we have initiated programs in: (1)
improved fuel injection; {2} variable timing
fgnition systems; and {3} {mproved cooling.

Improved fuel injection together with even air
distritution 15 needed to minimize the
cylinder-to-cylinder varfations of fuel/air ratio.
More leaning can then be accumplished, since the
lean limit for the engine as a whole is set by the
leanest cy)inder.

Variable timing fgnition systems are required,
because as shown by our own and JPL testing,
radical spark advance 1s required to extend the
lean 1imit and obtain very low SFC's on some
engines. The degree of advance reguired is
incompatible with starting and high power
requirements.

In many turbocharged installations, the amount
of leaning made pessible by the two items above
would be accompanied by excessive CHT's and
detonation. This would negate the potential SFC
improvement due to leaning unless better cooling is
provided, Potential improvements are forseen in
several areas.

Exhaust port Viners and/or thermal barrier
coatings will decrease the heat load into the
cylinder head by as much as 35%. Advanced designed
cooling fins and passages can more effectively
dissipate the remainder of the heat load, The
resulting lower CHT's and elimination of hot spots
will enable the engine to run leaner and/or at a
higher compression ratio without detonating. For
turbocharged engines, a2 5 to 1U0% reduction fn SFC
is anticipated from these improvements.
Alternatively, the lower CHT's could possibly
enable the engine to burn lower octane fuel.
Figure 11 f1lustrates a hypothetical cylinder head

design that incorporates the port liners, improved

fuel injection and other advancements into a
wall-integrated package,

More efficient inlets, baffles, fins and exits
can reduce the conling air pressure drop for a
given heat load by a factor of 2 or more. The
resulting decrease in cooling drag is equivalent to
a further fuel economy improvement of up to 5%.
This is additive to the above and also applies to
those engines that are already capable of operating
lean.

In the longer term, advanced combustion
research is essential to utilize cheaper, more
readily available fuels. It should be noted that,
based on current fuel prices, 100 octane avgas is
10 to 154 more expensive per gallon than diesel or
Jet fuels. These fuels however, contain about 10%
more BTU's per gallon than avgas because of their
gqreater density. Thus a fuel cost saving potential
of 20% or more i+ readily apparant, even if SFC's
are not improved at all. Automotive research
results indicate that umproved combustion
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: omatrie§ cOUpféd with vapor-phase or other fuel
?:Jcction schemas, may significantly broaden the
‘fue] tolarance of an otherwise conventional engine.

: Diesel Engines - Diese) ennllies are of
fnterest because of thelr well-known potential for
Tow SFC. They can also burn kerosine-typz jet
fuels with 1ittle difficulty. These types of fuel
are geneérally cheaper than avgas. Since the diesel
{s not detonation-limited, 1t can run at high
coripression ratias apd/or can beé turbocharged to
exceptionally high power densities. The problem
with diesels 4s weight. A normally-aspirated
dlese) suffers an fmmediate specific power pemalty
of about 15% compared te a gasoline engine because
only about 85% of the theoreticaliy-available air
Eer cycle can be burned efficiently. At typically

{gh diesel comprassion ratios, the high poak
firing pressures result in major structural weight
penalties in addition. Based op these
consfderations, it-was felt that & Jow compression,
turbocharged diesel concept might offer the best
trade-of f between weight and performance.

Initial efforts, however, showed that it {s no
simple matter to obtain good diesel combustion at
low compﬁessinn ratios. Tests at the University of
Michigan® of a dieselized aircraft cylinder mounted
on a single=cylinder crank-case showed unexpectedly
high SFC due te poor combustion {Fig. 12), The
problems are uitimately due to the major
geometrical differences between an aircraft
gasoline engine's combustion chamber and the
typical diesel's. The former has Jow turbulence
and a comparatively high combustion volume with
associated cooling losses. The tatter normmally has
a high turbulénce deésign with a compact combustion
volume intended to keep the heat in. The work
hawever 1s being continued to Improve the
combustion process to reach the indieated BSFC
level of about .42,

Figure 13 11lustrates a turbocharged diesel
concept in which an auxiliary combustor fed by a
compressor alr is used to provide additional power
to the turbine. 1n this concept the power output
1s 1imited only by cooling and structuril :
consideration. The turbomachinery can be started
and run independently of the diesel” cylinders to
provizde hot compressed air for starting and low
power operation. A iimilar concept has been under
study and development for some time by t 5 Hyperbar
Diesel Go. in Framce, The French results
indicated that 5¢C's at ledst as lowas (.38 can be
obtaiped at cruise type to rated power conditions.
At Lewis, we.are fnitfating a research program on
this concept, usirg a single-cylinder research
engine, wi'h which we hope to further improve this
figure. OQur diesel test cell (Fig. 14} is

., Presently being checked out and should be operating
-productively by mid-1978.

Rotary Enginés - The rotary or Wankel engine

“{F1g. 15} ss 0? great fnterest hecause of its
established advintages of simplicity, iight weight,
compactness, clean low-drag installation features,
low vibration and réduced cabin noise. Its reputed
disadvantages of high fuel consumption and
emissions, have been largely overcome by continued
research, some 1n this country and some by foreign

* automotive companies. For example, according to
EPA *city cycle" driving test results, the 1973
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Marda gave 10.6 mpg while the 1977 version showed
nearly a 100% {mprovement to 2U mpg. The detailed
SFC and raw-emissions. data are proprietary at this
time, but 1t can be stated that the best of the
late-mode) automotfve rotaries are becoming
compatitive with their plston-powered counterparts.

The price situation for rotaries is uncertain
at this time. The parts are few and simple but
require high-grade materials and very
ciose-tolerance machiiing, On the other hand, the
concept clearly lends {tself to high-voiume
automated producibflity. Co=-production
arrangemcn{a W?ng foreign companies are being
consideredtl to cstablish a favorable
production-volume basis. Unconfirmed reports’l
also suggest that General Motors may re-enter the
rotary field in the early 1980's. If this occurs,
4 volume production basis would be established in
this country as weli. These potential developments
are highley significant, because the same tooling
might also be tused to manufacture derivative
aircraft engines or key components thereof at
reasonablé cost.

For aircraft applications, two distinet _
versions of the rotary engine¢ are of interest and
they will be separately discussed. A natura)ly
aspirated, spark ignited version appears to be most
attractive for lower-power applications and
whenever turbocharging would not be desirable.
Figure 16 {11lustrates results obtained last year in
testing a Curf&ss-uright RC-2-75 ongine upder a
NASA contracti®. It's best SFC of about ¢.54 might
be good enough for an automotive application, but
it 1s not competitivie with even a current
productfon normally aspirated aireraft enaine. On
the other hand, 1t met the EPA NOx and CO
standards, and was only slightly above the HC
standard, It's specific weight of about 1.25
1bs/hp s most attéactive., It should be noted that
the rotary, because of its different combustion
chambar gecmatry, s less subject to detonation and
has a lower octane requirement than a piston
engine. Also, it {s insensitive to lead in the
fuel due to self-cleaning interna) surfaces and
having no valves to stick. At @ given compression
ratio, therefofe, the rotary is more fuel-tolerant
than a piston engine. Alternatively, the rotary
can run a higher compression ratfo on the same
fuel, ‘Returning to Figure 16, a single rotor tests
at an intreased compression ratio (to 8,5:1) with
other minor changes, showed significantly bhetter
SFC's couled with acceptable HC emissions,

The Polish PZL (Franklin) engines currently
run & 9.5:1 compression ratio on -100/130 octane
avags, according to the manufacturers' 1iterature.
Based on the above argumerts, we would expect that
the rotary could run at Jeast that high. On that
rationale, we have projecied the 8.5:1 rotary test
points to 9.5:1 and expect to be at the more
compet{ tive level shown in about a year. Based on
unconflfmed reports concerning the new Toyota
rotary:!l we anticipate that the results shown can
be further improved by employing a comparatively
simple, partial charge-stratification tcheme. This
may als¢ improve the engine's fuel-tolerance and
emissions characteristics.

Attempts to ferther improve the rotary's SFC
by going to diesel operation have thus far proven
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discouraging. Considering the effects of heat
Josses, seal leakage ind manufacturing tolerances,
it appears impracticable to obtain a high enough
compression ratin. On the other hand, much the
same result can be obtained via stratified charge
operation. As Figure 17 suggests, the principle is
that fuel 1s injected directly into the combustion
chamber via a high pressure injectcr, as in a -
diesel. But fpstead of depending on comprazsion
heat to 1ynite the fue) spray, this is accomplished
by & separate means such as an arc or a timed -
high-energy spark. The rotary is uniquely well
adaptable to this approach for two reasons. First,
the elorigated rotary cnmbustion chamber, 1a ts
natural sweeping motion past fixed injection and
ignition points yields fnherent charge-
‘stratification. No power-robbing pre-chamber is
needed; {p effect, the combustion volume {s moved
through a stationary flame front. This keeps fuel
out of the rotor trafiing-edge region where poor
combustion is apparently responsible for part of
the rotary's past SFC and HC emissions problems.
Secondly, the firing impulses of a two rator Wankel
engine are as smooth as those of & 6-cylinder

Thus, 1t needs only 1/3 as mapy

1gh pressure {njectors as a comparabie diesel or

~stratified charge piston engine; and hence is much

r

..Indirectly, to the issue of cost.
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better able-to absorb the cost and weight penalties
of this sophisticated and typfcally expensive
equipment. , '

The resuiting engine would potentfally have a
true mult{fuel capability in that 1t has neither
octane nor cetane requirements. Like the diésel,
1t can be turbucharged to very high power
densities. Although presumably designed for
optimum performanse and efficiency on a fuel of
chofce -- such as diesel or jet fuel -- it should
have “keep flying" capability on gasoline in case
of shortage or unavailability. Operations at a
small FBO may be a case in point. Such advantages
‘have not gone unnoticed by other investigators. A
perusal of fundamfgtal anf applied research in the
recent lteraturel2, 13, 1% Yndicates that the
technology 1s now at hand to develop a multifuel
stratified charge rotary whose SFC, as projected in
Figure 18, is at least comparable to that of the
best current production aircraft engines. And atl
the while 1t 1s using a cheap and very available
fuel. o R .

The results shown are for a naturally
aspirated engine with a specific weight of about
1.25. Our goal for 1985 is to improve these
figures to a specific weight of less than 1.0 and a
SFC of 0.38 to .040. )

Economic Impact

The discussion thus far has only concerned
technology, but several other considerations are
also important. They all relate, direstly or
it already costs
money to maintain the industry's excellent present
standards of safety, reliabilty, etc. Will
advanced technology add more to the bil11? If so,
who pays and where does the money come from? These
very legitimate questions cannot be definitely
answered now, but neither can they be avoided.’
Extensive studies will be needed to fully assess
‘the economic impact of advanced ‘technology on
general aviation. [ disagree however, with the
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notion thet high-technology products are
necessarily complicated and expensive; and would
Jike to cite an example %o support my view.

The ¢xample concerns a hypothetical
high-perfarmance genera) aviation business twin.
Appendix A outlipes some admittedly crude,
success-oriented and over-simplified calculations
to compare a status-quo engine and a
stratified-charge rotary engine in the same
airplane. For the one madel considered, this
provides a preliminary estimate of the annual
fuel-cost savings that might be expected from
advancad propulsion technology.

The numbers representing the baseline airplane
and englne are rivc specific to any current models
but are thought to be representative. The maximum
cruise SFC is Instaliation dependent and varies
with the amount of fuel required to cool the
engine; the spread of 0,47 to 0.4! covers most
installations. Fuel prices were established for
this exercise by extrapolating the late 1977
pricing structure to the levels predicted for ca,
1985, On this basis, the annual fuel k111 for 600
hours gti]ization would range from about $36,000 to
$35,000.

For the stratified-charge rotary, we chose the
numbers from the context of the present
disiussions: SFC = 0.38 1b/hp-hr; specific weight
=1 1b/hp; and a cooling drag reduction equivaient
to 4 of the cruise thrust hp. This results in a
annua, fuel bill of about $19,600 -- a savings of
$10,500 to $15,400 -~ 1f it 15 assumed that the
weight saved in engine and fuel is added to the
payload. In this case we achieve a 36-44% fuél
cost savings coupled with a 554 {ncrease in
payload.

Alternat:sely, if the alrplane is simply flown
lighter, the <ngine may be throttled back to cruise
at the same spoed; the fuel bill is then about
$17,700 which represents a savings of nearly 50%.

The above results vary linearly with the
annual utilization rate of the airplane, as shown
in Figure 19, For the nominal 600 hr. rate, th
maximum savings of about $17,300 probably - .-
represents & to 7% of the ajrplane's base price.
Thus, a premium of 10% of the selliny price could
be recovered in 1-1/2 te 2 years. Thereafter,
withfn its expécted Vifetime, the airplane would
probably repay its original base purchase price in
fuel savings alone.

The above results assume that the best of the
anticipated developments occur simultaneously and
are in that sense optimistic. On the other hand,
na effort has been made here to estimate the
possibly significant added benefits that could be
expected from re-sizing and otherwise re-optimizing
the airplane to better match the new engine. This
would be especially fmportant for the rotary engine
since 1t differs in major respects from current
practice. Considering these factors, even a 50%
savings may be conservative.

As mentioned, extensive studies will pe
necessary to evalute the economic impact of
advanced technology on all types, classes and uses
of general aviation. In the end, the more

REPRODUCIBILITY OF THE
ORIGINAL PAGI: IS POOR,
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conservative fuel cost savings of 30% mentioned
before may prove to be more representative. But
even that §s enough to eventirally amortize half the
base price of many general avidtion airplanes.

This should prove most attractive to owners and
manufacturers atike.

A sizeable {nvestment will be required,
howgver, to realize this very desirable state of
affairs. The Government research programs I
described are not cheap and the industry must
cunduct additional work on its own.. When the
technology base has been 1afd, the {ndustry will
then have to develop, certify, and tool up for the
new designs. How {5 al)l this to be paid for?

Appendix B contains some highly simplified
estimates on the economic fmpact of a fleet-wide
upgrading program based on the anticipated levels
of 1ightweight diesel technology. The results
should be interpreted in an order-of-magnitude
sense only, but also tead to some {nteresting
conctusions:

* By the latter 1980's, the status-quo fleat {s
projected to consume.avgas at the rate of
about 1 billion gallons/year, at a cost of

. abotit $1.5 bil{%on/year and while using up
" about 112 X 10°¢ BTU of énérgy/year.

*  Gradual 1intraduction of next-generation
engines meeting our goals could result fn a
savings of over. $7 billfon 1n fuel costs
‘alone, after 5 years of R_& 0 followed by a—
20-yeéar upgrade prograin.

* The upgraded fleet would élso satisfy the
strictest emission Jevels that had been
serfously proposed for 1ight airplanes.

*  The economic benefits Justify substantial
investments; e.g,, a $300 milljon capftal
outloy could be "paid back" in the sixth year
of production and (with accumulated interest)
would thereafter geperate a $13 bilion benefit
to socifety, by the end of the upgrade program.
This is a 43/1 ROl over 25 years which
averages 173T/year. Figure 20 compares the
economic performance of the upgrade program

with conventional investments, e.g., compaund . -

interest at 5% and l0%Z/year. - The crossovers
Indicate that an investment as large as
$0.5-1,0 bil)ion may be justifiabie. The
upper-curve Tndicates the year in which the
fnitial R&D investment, including interest -
charged at 10% is fully repaid., Thereafter,
the annual savings accumulate interest at the
same rate and rapidly mount .to the.final
values shown. For example, even 1f the

‘ required capital investment were as high as $1

~-_ _bi1lion, the program could break even in the
14th year of production and s%f1) gdenerate an

. Ultimate benefit of $5.4 bi¥lion by the end of

-~-the progranm. This averages about 22%/year ROI

which is better than some conventional .
investments. "

In addition to this calculated direct benefit,
there 1s the question of impact upon the U.S.
* balance of trade position. The domestic G/A
industry is currently earning about a $0.5 biilion
favorabte balance of payments and, as menticried

before, this is expected to increase substantially
in the future. The upgrade program should help to
preserve this valuable asset against 1ikely foreign
compet{tion. The attractively~priced Polish PZL
engines are now available in this country as well
as in Europe. The German Firm of Rhein-Flugzeugbau
has developed an aircraft conversion of the
Audf-NSU madel KkM-871 automotive rotary engine.
This has been successfully tested {n the
experimental "Fanliner" afrplane, and seriuus
marketing efforts can be expected if Audi-NSU
commits the KKW-871 to full scale automofive
production. There are also reports that CitrSen
and Comotor {n Europe are developing rotary
aircraft engines.

Concluiing Remarks

In conclusion, I would 1ike to offer some
comments that primarily reflect my own viewpoint
rather than matters of policy or settled opinien
within NASA. Regardless of one's yiews on the real
nature of the "enerqy crisis”, it does appear that
conservation and energy efficiency will be part of
the scene for as far as we can seeé into the Future.
Hhat does this mean to genera) aviation? My
personal views on the subject are expressed on
figure 21, Soonér or later -- perhaps by the eariy
to middle BO's, some custemary grades of fuel may
simply become unavailable., Or, they may remain
available, but at what price? Cilearly, 1t will be
economically desirable to take advantage ¢f the
broad-specification, high volume fuels of the
future. *As indicdiéd, several work areas must be
addressed to approach this goal in @ither a
lang-term or short-term sense., [t is equally
desfrable to use less of those fuels, if only to
keep from going broke.

I have now indicated the main technolugical
steps along the path I think we must Follow,
although only the lopger-term aspects were
discussed- 1n this presentation. The ultimate
benefits are indicated at the bottom. Our earlier
work shows that economy and emissions are »
fnteriocked to such an extent that the former EPA
stndards wili probably be met anyway, in the due
course-of -events. Not by 1980, but eventually.
Much work remains to demon.trate that some of the
advanced engine's anticipated advantages, in such
areas as durabtiity and reliability, are in fact
real. Extensive studies wil) be necded to more
accurately evatuate the economic impact of these
developments, and 1t is hoped that all segments of
the industry will contribute to thése studies. My
own highly preliminary assessmeat should be taken
as indicating an order-of-magnitude potential only.

- But the potential appears to be there. If the .

research programs turn out as expected, the
beneffts are large enotigh to be compelling.
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i " APPENDIX A - SIMI.IFIED ESTIMATE OF
“ ANNUAL FUEL, GOST SAVINGS

' . DUE TO ADVANCED ENGINES

lip,sp [T

o {ANTICAPATED 4985 FUEL FRICES)

masqlincngirpvana

Gggl&ce prassurized business tﬁlni turbocharged .
750 1b payload elass, 200+ kt. max, cruise @ 20,000
ft and 1/d = 4.5

Utilization

Ratino/weights 333 hp/b0d lbs ,
Maxs cridse power/SFCY 250 hp*s 0,47 to {0:41)

1bs/p=hr o o
Fual flow: 235 ths/hr (2 engines) {205 © 0.41 SFE)
Annual fuel wses 141000 Yhs

Fuels 100 octane avgys & $1.50/7g3) or 24.8
cents/1b - -
Density/heating value: 6,042 Tbs/gals 185600 BTU/ 1D

Annual” fuel bil):  $34968 (SI0HCA U 0.4 SFC)
Advimeed Ennine

Rating/ welyhti 333 hpf331 Tbs

Hax. crufsg power/SFC: 240 hp*sy 1,38

Fuel flow: 104,2 Yos/hr {2 ongines)

Annal fuel use: 109440 Ybs/year

Fuek: ODiesel 2 9 $1.35 gal or 12,9 conts/1b
Density/hirating vatuet 7.544 1b/aaly 18600 DTUAAD
Amgal fuel bills $19590

Annual Saving

$15376 to $10954 or J6-44%, of which about half s
due to direct SFC fimprovement, plus reduced coeling
drags and the remalnder is due to Jowér fuel
pricesOTy

In Addition

Fayload may be ingreasd by aver 420 lbs {588} dug
fo thg Vighter engine and the 200 tb, Fuel savings
recorded over a typical d=hotit mission.

Alternatively

The alrplane way be flown throttied-back since {t
is lighter {assuming the 1/d ratio stays constant
at about 8.5). This results in another fyel
savings of ahout 7¢ lbs, over the same A-hotr
mission, and bitings the annual fuel cost: down to
glzﬁgi.SFéhe sivings is than 49.5% [S128%3 and 42%

¥ Includes 25 hp loss due to drag of conven- =
© tiemn) conling systoms, .

** Includes 15 hp loss due to drag of jmproved
cooing system.

onpmitaLy or Tl
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APPENDIX B
ECONOMIC DENEFITS OF UPGRADING THE
PISTON-ENGINE #A FLEET

Suppose that ouy technelogy programs are
stccessful dnd the resulting engines are used to
upgrade the flest at the rate of 5% per year
{20-year upgrade programd, What are the economie
Topiications of such activities? A gross ostimate
is given below,

S

It has o ven projected that by 1988, tha G/A
fleet will be consuming fue) at the rate of about
2400 x 100 gal,/year, of which about IGO0 x g
gal. 1s avgas for piston engine planes. In any one
year of the 20 year tpyrade program, the B%
status=quo airplanes,seheduaed fgr replacement
wolild have consumed 50 X 100 gal. o 302 x 1GY
bt of avgas. This is worth $28 % 108 at the theaw
ant cipated pﬁ{ge of $1.5079a), and represents
about 5,6 x 10d& BTV of energy. At a
representatitve SFC of G.dd Tbs, Mp=lir, the effort
expended 15 687 x 109 hp-hours.

: oA aga

For simpiicity, assume that the advanced
engine 5 a Vightweight diesel that weighs the same
as status-quo ehgines, but has & SFG of ¢34
Yos,/hp=hrs and 4 eooling drag that 1s only haif as
much as the cunven;iunn1_un?ina‘s. {For ‘
comparison, the 300G HP Napier “Homad enginelb,
built aod tested in England during the 18%0°s,
demofistrated a BSFC of ¥,33-0.36 1bs/kp<hr aver
1ts usefu) operating range and weighed about 1.1
Tbs/bhp.  Madern digsel technology uffu?§ BSEG'S
signifteantly less than 0,30 lpssbhp=hrlf together
with & major reduction in cooling heat Yoad.} As
cooling drag represenks roughly 102 of cruise
thrust hp for most present airpianes, the diess)
powered upgraded airplanes wéold only aeced te
supply 0.95 x 647 % 109 or 642 % 100 hp-hrs, for
the year. At the diegel's SFC of U.35, thiy
transiates to 228 x 10% ibs. or about 30 x 106 gat,
of diesel fuel {densfty = 7,544 1bs./gal,). At
$1.357ga)., this is worth abaut $43 x 100, a
savings of about $3d4 x L0 por year.

That s, in the first yoar the uggrad:ﬁ 41 of
the fleet will In effect “earn® $34 x LQ% rar its
owners, The second year the upgraded 103 "earns®
$68 x 106, The third yoar the upgraded 15% earn
$102 x 109, and by pow the cumblative saving s
5204 x 108, fie. S04 + 68 + 102) x 109, gy whe
and of the 2d-year wpgeade progeam, this process
has accunulated a total begafit of ${1+2 +3+
eeeen + 19+ 20} x 34 x 105 or $7. 34 x 109, as was
11ustrated in flgure 5.

The magnitude of this potential benefit would
appear to warrant 3 sizeable favestment of capital
to finance the R&D, design work, certification
programs, re=-tooling, and other activitios necded
to make 1t happen. [t is diffieult taday to
estimate how large an investment might actually be
required, It s possible, howaver, to estimate, in
a gross sense, how large of an investment might be
economically justifiable.

Consider the following, highly stiplified
economic medel. The everall pragram is te consist
of a b-year RED effort te define and tool up for a

[
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“comprehensive famfly of new-géneration engfnes. It

i{s recognized that the costs and benefits must be
apporticnéd so that the program represents an
attractive investoent to the financial,
manufacturing and. usor:igroups concarned. But for
simpifefty, it i$ treated here as a single trust
fund, the ultimate proceeds of which must be
divided between various interests. The entire
capital investment {s to be in place at the
beginztng o the R&U perloed and s assumed to be
committed fnmediatety, Luring the inftial b-year
R&U perind there 1s no return on this investment;
interest accumulates until the entire debt (s
retired. In the first year ot preduction (Gth
program year) the entire savings from the *~ °t
upgraded b% ot -the fleet 15 applied against ,ae
debte  In succeeding years the savings from tie by
then-tpgradea portion ot the fleet {5 similarly
applied, before Interest is charged. Eventually -
tﬁe entire debt s thus repafd. The time at which
this occurs will be termed the breakeven year.
thercafter, the account, which now represents a net

savinys to society, 1s credited with interest
~instead ot being charged.

Table 1 summarizes thesé calculations for a
sample case in which the initial investment is
$300M and fnterest.at 1U% [conpounded annvally) is
charged against the unpald balance or added to the
accumblated net savings. As may be seen, the debt
{ncreases inftially but is retired after 0.4
yesrs, Thereafter the savings mount rapfdly to §13
Ei1l{on as shown. {For reference, the same SI0UM,
{nvestea conventionatlly at 10% compounded annually,

“would frcrease to $3.25 Dillion after 25 years.)

The restults of these and similap calculation
for smaller and larger investments were already
presented in Figure 20. lhe net savings and
break-cven yaars are shown as tunctions ot the
{nitial investment, ussuming interest paynents or
credits at 10% compounded annually. The three
curves shown on the "savings* chart compare the
economic performance of the G/A upgrade program
with that of a convantional investment (0 5% and
10%) as described above. The G/A pregran pay-off,
of course, declines as the initfal invostment
increases in size, while the pay-offt irom an
equal-sized conventional finvestment is simply
proportional to the original amount. The crossover

. suggests that aboub 3750 initia) {nvestwent §s the

largest that could be considered economically
attractive 1f conventiond) investments at 10% were
also avaflable.

TADLE 1 - SAMPLE CALCULATION OF ECONOMIC BEHEFIT

1. Economic

a) Trust Fund Hodel

b) Savings applied to balar.c before interest

is figured,

e) Interest & 1U%, compounded annually, begins

mmedia

tely,

Amount Years-end
Owed/Saved Fue) Cost Balance before
Program 1ncl. Interest Navings Interest

Year H M ]

0 = 300 {{nitial {nvestment)

1 - 330

¢ - 363

3 399

4 439

5 483 ’

6 . 494 34,35 - 449

7 468 66.7 - 425

8 = AU 1031.7 - 364

9 - 289 137.4 - 263
10 - 129 172 - 117
10.7 0 Break«Even Yoar

11 + 85 20 + Tt
12 + 388 240 + 325
13 + 696 275 + 633
14 1105 309 ® 1005
15 1594 344 1449
16 2169 3718 1972
17 2839 412 2581
18 3614 447 3208
14 4505 481 4095
20 5522 515 5020
21 6680 550 §U70
22 7950 583 7260
23 + 9460 618 + 8610
24 +11130 653 +10120
2h - +13000 687 +11820

1513 billion)
ASSUMPTIONS

d}  $30UM initial investment s comitted

immedia

2. Engines

telys

a) Status-quo engines use avgas 0 0.44

(bs/hp=

b) Diesel engine weighs same as status-quo but
uses diesed fuel ¢ 0,35 1bs/hp-he, and has

half th
3. "Fuels
a) Avgas:

BtuZlb.
b) Diesel:

Btu/1b.

hirs

e cooling drag.

$1.50/9a1; 6.014 |bs/gal; 18600
$1,35/ga13 7.544 1bs/gal: 18600
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FLEET

~AIR CARRIER

B2

1976 ~GENERAL

AVIATION
191 046 ACTIVE AIRCRAFT 290 746 ACTIVE AIRCRAFT
FUEL CONSUMPTION ECONOMIC PERFORMANCE
1977 1988
JOBS 20 400 000
GRCSS SALES $1500000 2250000
FOREIGN EXCHANGE $500000 750 000

““AIR CARRIER
1974

13 584 MILLIONS OF GALLONS

20 238 MILLIONS OF GALLONS

Figure 1. - Some general aviation statistics and forecasts.
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HIGHER FUEL PRICES

FUEL CONSERVATION

BROAD-SPECIFICATION FUELS

Figure 3. - Consequences of the oil shortage.
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Figure 4, - Steps in the upgrading process



FACILITY ENZWETYPE INTAKE & COOLING DYNAMOMETER,

hp/rpm
SE-1T7 AIRCRAFT TEMPERATURE/HUMIDITY 300/ 5000
4&6CYL CONTROLLED
SE-11 CHEVROLET AMB IENT INTAKE 250/4500
V-8 ROTARY WATER-COOLED
SE-6 SINGLE-CYLINDER AMBIENT/HEATED INTAKE 1 25 200
RESEARCH (DIESEL) WATER-COOLED

Figure 5, - General aviation reciprocating engine test facilities,
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Figure 6(a), = View of aircraft engine test cell,
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HC EMISSIONS % OF EPA STANDARD

STOICHIOMETRIC LEANED=-OUT

Figure 7, = IMEP Instrumentation - 100 cycle Barchart displays,

12 FIA = 0.1
100}
80l 80% REL HUM

i
uu‘l
‘"‘V 0% REL HUM FIA = 0.093
Pl | | ‘

(@) FULL RICH FUEL SCHEDULE.
12 /£
//

100 - P |

" UNCONTROLLED FIA £

VARIES PER FIG. 5@~ & | INCREASE DUE

' &N T0 AFIA

80 &
//

60 3 CONTROLLED

| PR FIA CONST~

‘ 1 INCREASE
[ JUE TO

e s et s Ak ctld e COMB. EFFECTS

0 | l 1 | |
50 o0 70 80 %0 100
AIR TEMP., OF

b) EFFECT OF CONTROLLING FUEL/AIR
RATIO TO CONSTANT VALUE AT
B0% REL HUM.

Figure 8, - Taxi mode HC emissions.



~—— GASOLINE ONLY
== === HYDROGEN ENRICHMENT
(GASOLINE-EQUIV BSFC)
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Figure 9. - Effect of hydrogen enrichment on fuel consumption,

v CONVENTIONAL ENGINES ADVANCED ENGINE CONCEPTS

JOINT NASA/FAA PROGRAM CONTRACT

AVCO-LYCOMING CONTRACT LIGHTWEIGHT DIESEL CYLINDER (U. MICH)
VARIABLE VALVE TIMING LIGHTWEIGHT DIESEL DESIGN STUDY (TGPD)
ULTRASONIC FUEL VAPORIZATION ROTARY ENGINE (CUTRISS-WRIGHT)
ADVANCED IGNITION CONCEPTS STRATIFIED CHARGE ROTARY DESIGN STUDY

TCM CONTRACT ADVANCED SPARK IGNITION ENGINE STUDIES
AIR INJECTION IN-HOUSE
PULSED FUEL INJECTION LIGHTWEIGHT DIESEL OR STRATIFIED-CHARGE
IMPROVED CCOLING COMB. CHAMBER ENGINE WITH SEMI-INDEPENDENT TURBOCHAR GER

CONTRACT ROTARY ENGINE WITH SIMPLIFIED CHARGE
FUEL TOLERAMCE TESTS STRATIFICATION SCHEMES

IN-HOUSE COOLING FINS STUDY FOR ADVANCED CYL
TEMPERATURE/HUMIDITY CORRELATION HEADS

FOR EMISSIONS CONTINUING OTTO PROGRAM DEVELOPMENT
, LEAN OPERATION (HEI, FUEL INJECTION) CONTINUING DEVELOPMENT OF INSTRUMENTATION
J AND CELLS

Figure 10.- Current programs,
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Figure 11, = Advanced cylinder head concept integration.

HIGH FUEL CONSUMPTION DUE TO:
* POOR FUEL ATOMIZATION
AND DISTRIBUTION

« LOW TURBULENCE
« OVERCOOLING
s
101 C.R.
NN pyesgl
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Figure 12. = Initial test results on cylinder low
compression ratio aircraft diesel at the Uni-
versity of Michigan.
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Figure 13. - Lightweight diesel or stratified-charge engine
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Figure 14(a), - View of diesel engine test cell,
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Figure 14(b), - View of dynamometer and AVL research diesel,
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Figure 15. - Stratified charge rotary multi-fuel engine (conventional
turbocharger).
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Figure 16. - Rotarv engine fuel consumption trends.
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Figure 17. - Stratified-charge principle.
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Figure 18. - Rofary engine fuel consumption trends.
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Figure 19. - Annual fuel cost savings due to advanced tech-
nology engine in 6-place business twin.
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Figure 20. - Economic performance of the G/A upgrade
program.



* POSSIBLE CONSTRAINTS ON FUEL AVAILABILITY/COST. USE FUELS THAT REFLECT
AN "ENERGY EFFICIENT" PRODUCT SPLIT FROM AVAILABLE CRUDES AND OTHER
RAW MATERIALS.

ALTERNATE FUELS OR MULTIFUEL ENGINES VIA:
= IMPROVED CLOLING
= IMPROVED FUEL AND IGNITION SYSTEMS
= NOVEL COMBUSTION CHAMBER'S
= STRATIFIED-CHARGE OR DIESEL OPERATION
*USE LESS OF THOSE FUELS
REDUCED ENGINE SFC VIA:
= LEAN OPERATION
= NOVEL ENGINE CYCLES
REDUCED COOLING & INSTALLATION DRAG VIA:
= LOWER HEAT LOAD
= IMPROVED AERO. INTEGRATION
= COMPACT DESIGNS
LIGHTER -WEIGHT ENGINES
= INCREASED SPECIFIC POWER
= NOVEL STRUCTURAL CONCEPTS
- ADVANCED MATERIALS
*AND, EXPECT BENEFITS IN TERMS OF

—
= gl

- SAFETY = ENVIRONMENTAL ACCEPTABILITY
~RELIABILITY - DURABILITY
-COST - MAINTAINABILITY

Figure 21. - What does conservation mean to general aviation?
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