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ABSTRACT

A summary is presented of a eeries of
recent studies that address commuter airplane
propulsion opportunities in the 1990-2000
timeframe. Coneideration is given to
advanced technology comventional turboprop
engines, advanced propellers, and several
unconventional alternatives: regenerative
turboprops, rotaries, and diesels. Advanced
versions of conventional turboprops
(including propellers) offer 15-20 percent
savings in fuel and 10-15 percent in DOC
compared to the new crop of 1500-2000 SHP
engines currently in development. Unconven-
tional engines could boost the fuel savings
to 30-40 percent. The conclusion is that
several important opportunities exist and
therefore powerplant technology need not
plateau.

AN IMPORTANT PART OF COMMUTER AVIATION
PROGRESS is the rcle played by powerplants.
Prior to 1964, commuter sircraft were compar-
atively small airplanes designed for general
aviation applications and powered by recipro-
cating engines. Then in 1964-65 the newly
develcoped small turboprop engines, the
Garrett TPE 331, and the Pratt & Whitney
Canad~ PT6 went into production and helped
spawn a revolutionary trend in commuter air-
plane design and operations (e.g., Beech $9
and DeHsvilland Twin Otter). As time prog-
ressed these early models grew into families
of engines that now cover the 600-1300 SHP
power spectrum and competitive engines such
as the Allison 250-B17B and the Avco LTP 101
appeared, Todsy, almost two decades later,
these same engines still denominate the com-
muter marketplace. During the same timespan,
meanwhile, the much larger commercial turbine
engines underwent considerably more change
culminating in the high-bypass ratio turbo-
fans . at have 40-45 percent cruise thermal
efficiencies compared to about 25% for *v=eir
smaller turboprop counterparts.

However, that situation is about to
change since several new second generation
commuter turboprops are now in the final

stages of development: the Pratt § Whitney
Canada 100 series, the General EZlectric CT7,
and the Garvett TPE 331-15. These new 1500~
2000 SHP engines will enter service in the
1983-1985 timeframe and will be 15-20 percent
more efficient than their predecessors. This
improved efficiency together with estimated
major reductions in maintenance cost stemming
from modular construction designa should
reduce airplane direct operating cost (DOC)
about 12 percent (fig. 1). S8ince the dura-
tion of each new engine generation follows a
10-20 year pattern and sincc it takes about
10 years to develop a new engine, it seems
appropriate to now inquire about third gene-
ration possibilities~-both in terms of poten~
tial benefits and slso in terme of required
technological progress.

To address such issues, NASA sponsored a
series of future propulsion opportunity
studies as part of a broader effort to
provide guidance for future activities in the
disciplines of airframe structures, aerody-
namics, and subsysteme as well as propul-
sion(1-5)%, The initial propulsion studies
focused on advanced conventional type turbo-
props and were conducted by Detroit Diesel
Allison{(6), General Electric(?), and the
Garrett Turbine Engine Company(8). Common
groundrules were establighed (Tabie 1) that
recognized the upward trend in airplane size,
the need for passenger comfort levels
approaching B-737 levels, and the need for
air traffic compatibility with commercial
airiiners at airport terminals.

INFLUENCE OF PROPULSION PARAMETERS ON OPER-
ATING COSTS

In order to gain an appreciation of the
relative impact of the various propulsion
system parameters on airplane economics, a
typical DOC breakdown is displayed in figure
2, Overall, the powerplant directly impacts
about 60 percent of DOC which certainly
qualifies it as a target for future improve-
ment effort. Specifically, the engine and
propeller efficiencies are of primary impor-
tance due to the large role played by fuel.
Improvements in powerplant weight or cost
would need to be an order of magnitude larger

*Numbers in parenthesis designate References
at end of paper



than efficiency improvement to yield identi-
cal DOC reduction, BEngine maintenance is
shown to ba about 1/4 as important as eff{-
ciency; howavei, the true impact of mainte-
nance is la:ger since achedule interruption
and loss of revenue are often involved whean-
ever unschaduled maintenance occurs.

ADVANCED OQONVENT IONAL TURBOPROP POWERPLANTS

The three engine companies investigated
technologies appropriate for a conventional
type of turboprop that, if pursued, could be
ready for commercial development by 1988.
Engines uvsing such technology could not enter
setrvice therefore until the early 1990's. As
a group, the three studies considewd engine
sines ranging from 1500 SHP, for a 30-pae-
senger, Mach 0,45 twin-engine airplane, to
4800 SUP for a 50-passenger, Mach 0,70 twin-
engine airplane designed for executive trans-
port application in addif .on to commuter
service,

TECHNOLOGY-Candidate .  mponent improve-
ments were identified in every major area:
conpressors, turbines, combustors, controls,
gearboxes, shafts, bearing and seals, and
accessoriee, Changes in component afficien-
ciess, weighte, costs, and maintenance were
estimated for each improvement concept.

These changes were then ured to calculate a
net change in DOC for each candidate evalu-
ated,

The technology studies used DOC as the
main discriminator in screening the many
candidate improvement ideas since it is a
universally accepted economic criterion and
is influenced by all of the predictable
changes. While thir procedure is generally
satiafactory, some potential component
improvements are not amenable to such logic.
In some cases the important benefit is not
associated with the particular component
under consideration, but in other components
receiving synergistic benefits. For aexample,
a small diameteyr composite motal ahaft by
iteelf hardly alters DOC at all. But because
turbine disk bore diameters are also reduced,
disk etress leveis are lowered and this
enablee the higher turbomachinery rotating
spead capability required for higher effi-
cimncy and fewer atages.

Since each company has its own componant
design philosophy and its own level of tech-
nology, it is not surprising that the three
teams identified different specific technol-
ogy elementes to achieve improvement. To
illustrate this point consider compressor
technology. General Electric identified a 3
percent potential efficiency improvement over
their CT7-5 axi-centrifugal compressor while
maintaining the same 17:1 overall pressure
ratio and reducing the number of axial stages
from 5 te 3. This could be accomplished by
comgining four distinct technologies (figs.
I-a):

1.  Highly loaded axial stages using
customiged airfo'le

2. Split-blade centrifugal impellers

3. low-loas diffusers

4., Part-epaed stall margin reduction

Advanced three-dimenaiorial, high-speed
blade denign techniques could provide the
capability of accurstely generating custom-
ized airfoile tailored to the specific flow
conditions experienced by each blsde row.
Applying these techniques to low aspect ratio
axial blades would increase overall compres-
sor efficiency by one point and permit three
steges to do the job of five, In the eplit-
blade i{mpeller concept, the centrifugal stage
ie split into a separately hladed inducer
section and an impeller saction. This per-
mits the inducer section to handle the tran-
sonic flow more efficiently than a conven-
tional continuous impeller blade by accommo-
dating higher spanwise twist gradients to
better control both the blade loading and the
passage throat contour to svoid choking.
Higher inlet Mach numbers are permissible
without causing separation on the suction
side of the blades, In acddition, s fresh
boundary layer is initiated by the impeller
leading edge. The successful execution of
this concept depends upon the development of
three-dimensional, viscous flow snalysis
computational methods not yet uvailable. A
one to two point centrifugal stage efficiency
improvement is possible,

The CT7-5 diffuser dumps low-speed com-
pressor discharge air into & plenum, deswirls
it, then discharges it into the combustor.

An advanced diffuser could avoid the initial
dump pressure loss by controlling the passage
contours to deswirl the flow as it negotiates
the radial-to-anial turn. This could
increase the centrifugal stage sfficiency one
point. An additional one point may be
achievable by reducing the diffuser throat
blockage with wall blead. These two sub~
elements could contribute a total of two
points to centrifugal stage efficiency
(equivalent to one point overall axi-centri-
fugal efficiency). Another concept to
increase compressor efficiency (by 0.5 point)
is the exploitation of digital electronic
control system taechnology by adding a com-
pressor discharge Mach number (M3) sensor

to schedule acceleration fuel as a furctic..
of My on & closed-loop basis. The improved
transient behavior could reduce the required
surge margin allowance and ultimately pewmit
higher compressor efticiencies in ths high
speed operating range (fig. 4),

Datroit Diesel Allison's compreasor eval-
uation also showed improved component per-
formance ( N & parcent) relative to their PD
370-37 bvaseline (a turboprop version of the
T701). 1Items identified include:

1. Passive clearance control to reduce
blade tip clearances by 15 percent (1.1
percent DOC reduction)

2.  Ability to predict compressor
rotor/case response during rotating stall to
reduce tip clearances and reduce the number
of stages or eliminate a bearing and ite
support structure (~1.3% DOC).



3. Hybrid impeller votor using HIP
bonding to attach a cast rim with blades to a
forged hudb which permits higher tip speeds
(-0,25% DOC).

Carvett proposes the use of powdered
metal titanium for centrifugal impellers to
reduce cost 25-40 percent without compro-
mising weight or performance., Cavrett also
proposes a comprehensive parametric investi-
gation of tip trestmant configuratione (e.g.,
slots) with the goal of improving compressor
efficiency two points,

The above examples illustrate the diver-
sity of ideas that surfaced during the course
of these studies. A composite suwmmary of
most of the recommended concepts is preesented
in t{gure 5. Compressor efficiency could be
incvvamed 2-4 percent, turbine efficiencies
incroased 1-2 percent, combustor durability
doubled, gearbox efficiency increased 1/2
percent and cost reduced, nacelle weight
reduced 25 percent, and so forth. bone of
the turbomachinery technologies (gearbox,
propeller and nacelle eacluded) individually
yields large DOC benefits, but collectively
they could lower DOC by 5-6 percent and fuel
consmption 8-9 percent relative to the new
1983 engines. Full descriptions of all of
the advanced concepts and features avre con-
tained in references 6-8,

ENGINE CYCLES AND CONFICURATIONS=Various
engine configurations were considered such as
single shaft, free turbine with single or
dual-spool cores, and boosted versions of the
simple free turbine layout. In addition,
differant sraging avrangements were also
investigated including single snd dusl stage
centvifugal, axi-centrifugal, and all-axial
comprecsors, and one- or two-stage high pres-
sure turbines. The screening of thease
options was gonarally carried out at the same
time cycle temperatuvre and pressure levels
were salacted since these parameters are
interrelated. The overall procedure was
carried out using projected advanced compo-
nent charactevistics including maintenance
cost, acquisition cost, size and weight as
well as perfoimance since DOC was the main
selection criterion,

Representative resulty arve shown in
figure 6 which shows that compressor pressure
ratios in the neighborhood of 20 are optimum
and design turbine rotor inlet temperatures
of 2250-2400°F are bast considearing tech-
nical risk as well as DOC. Since SFC has
more impact on DOC than any other parameter,
these plots noarly replicate those of the
usual SFC varsus pressure ratio type. How-
ever, wherens & two-stage high pressure tur-
bine (HPT) is optimum using SFC as the crite-
rion, a one-stage HPT shows up optimum on the
DOC plot due to the savings in initial cost
and maintenance cost. Thie result was
reported by both General Electric and Garrett
who limited pressure ratio to 17. But
Allison dropped the one-stage HPT because the
high equivalent stage work (44 BTU/1b) and
expansion vatio (5.3) required to power the
20:1 pressure ratio mingle-spool compressor

they selected is too far beyond the curremt
state-of-the~art to obtain favorable offi-
clency compared to s more lightly loaded
two-stage core turbine,

The turbomachinery configurations and
cycles selected for the advanced engines arve
shown in figure 7. All are conventional free
turbine configurations with the sole excep-
tion of GE's boosted free turbine configura-
tion for their larger engine. In this case,
Gt opted for more preseure ratio (20:1) with-
out requiring a second HPT stage (17:1
requires an expansion ratio of 4.2 which is
sbout the upper limit for & one-stage WPT).
The only all-axial compressor is Allison's
4800 SHP design which was reported to improve
compression efficiency 2 percent at this size
compared to an axi-centrifugal. Garrett's
baseline choice was a 16.1 pressure ratio
two-stage centrifugal compressor. But they
also concluded that a 20:)1 axi-centrifugal
would di even better (1 percent lower DOC)
although it would require considerably more
development effort.

ADVANCED ENGINE CHARACTERISTICS-Figure 8
shows one of General Electric's proposed
engines scaled to the identical power as the
CT?-5 baseline, It would be 14 percent more
efficient, 11 percent lighter, 12 percent
lesa expensive to manufacture, and 17 percent
less ewpensive to waintain than the CT?. The
Allison and Carrett engine improvements are
rather similar velative to the same baseline
(fig. 9), although they were actually quoted
relative to 4 scaled T701 and a scaled TPE
331-11, respectively. Whercas a significant
portion of the second generation improvement
over the fivst gensration arises from better
cycles (e.g., 14-17:1 pressure ratio vs.
10:1), most of the proposed third goneration
gains stem from component parformance
increases rather than cycle improvement.,

This reflects the difficulty in obtaining
high component performance from the smaller
airfoils associated with higher cyc' e pres-
sure ratio., Engine maintenance costs are
projected to be better as a result of
improved reliability components, on-condition
instead of scheduled overhauls, and condition
monitoring systems--although much of these
improvements ave also planned for the second
gencration (fig. 10).

PROPELLER TECHNOLOGY-The smaller commuter
aircraft use general aviation type propellere
which are relatively simple and low perform-
ance compared to the more sophisticated
technology employed in the larger commiter
airplanes. The low cost propellers are
typically constructed with solid aluminum
blades having circular shanks which contri~
butes to low parformance and high weight.

The more sophisticated propellers, on the
other hand, utilize such weight-saving con-
struction tochniques as aluminum spar-fiber-
glass she'l blades and such performance
improvemencs 23 tivfoil shanks, advanced
airfoils, and low activity factors.



Despite the high perfommance levels cur-
rently available or in development (0.87
cruise efficiency), recent technology studies
by Hamilton-Standard, the McCauley Division
of Cessna, and Purdue University(9-10) have
identified important further opportunities
(fig. 11). Proplets or bi-blades could
increase efficiency nearly 2 percent through
reduced tip losses. Advanced materiale could
reduce fuel consumption sbout 1 percent
through direct blade weight savings and ¢ven
wore indirectly. The indirect benefit arises
from the ability to use more blades while
maintaining sufficient blaie retention
strength in the thianer root sections. This
permits more efficient, lightly loaded blades
with activity factors about 70 compared to
currently limiting values of 90-95 that would
be constructed, for example, with a steel or
metal matrix spar with a Kevliar or graphite
shell. The shell could be load-sharing,
unlike current designs, and the Llade spe-
¢ially tailored to avoid seroelastic flutter
problems at high propeller speeds.

Another attractive concept is synchro-
phasing the left and right propellers to
within a technically challenging one degree
in phase angle. Experimental evidence indi-
cates that an 8 dB noise reduction potential
exjats for precision synchrophasing which
could eliminate large fuselage acoustic
weight penalties for typical wing-mounted
engine configurations (800* 1b. savings for
30-passenger, Mach 0.45 airplanes with B=737
cabin noise level).

These advanced propeller concepts could
reduce fuel burned ubout 5 percent velative
to the best of today's propellers assuming no
precision synchrophasing weight saving or 7
percent including it. The corresponding DOC
benefits are 3 percent and 6 percent, respec-
tively (fig. 12).

OVERALL POWERPLANT BENEF1TS-The value of
using advanced technology was established by
hypothetically installing such powerplante in
30- and 50~ passenger aircraft resized to
accomplish a fixed mission and comparing the
results with similarly flown existing and
mid-1980's engines (fig. 13). The combined
DOC benefit including eugine, gearbox, pro-
peller, and nacelle improvements is estimated
to be 9-13 percent relative to the second
generation powerplants now in development.
The corresponding fuel saving is 15-19 per-
cent (fig. 14).

UNQGONVENTIONAL ENGINES

The foregoing conventional engine oppor-
tunities offer significant benefit potential
yet are somewhat restricted in scope when
viewed from a totally open perspective.

Since engine efficiency exerts such a power-
ful influence on airplane DOC, it is logical
to extend the investigation to include fur-
ther out fuel saving technologies such as
regenerative turbine engines and advanced
intermittent combustion engines. Interest in
such engines has been almost non-existent for

commuter spplications yet recently completed
analyses offer evidence that they ought to be
taken more seriously,

TURBINE ENGINES-The present state of
propulsion technology for low-powered aie-
craft is depicted in figure 15. Turbine
engines sre the preferred type of powerplant
but their efficiency worsens as size is
reduced. This adverse trend eventualiy
becomes so severe that below 400 SHP piston
engines are more competitive--partly due to
their higher efficiency and partly because
they cost 1/3 as much as similur wized tur-
bine engines. Even in the 1500-5000 Sup
category, though, turbine engines are 1/3
less efficient than their large commercial
counterparts. The fundamental reason for the
poorer small engine efficiencies is the prac~
tical size limit (about 1/2 inch) of small
turbomachinery airfoils. This limit is set
partly by our inability to wmanufacture very
small blades with the necessary accuracy in
airfoil profile, blade angle setting, and
intricate cooling networks, and partly by
adverse aerodynamic scaling effecta such as
disproportionately high tip clearances and
low Reynolds number surface roughness loss.
Together with material tempersture limits,
these constraints limit cycle pressure ratios
modest values (fig. 16).

Besides striving to increase component
efficiencies, at least two othev approaches
sre apparent (fig. 17) to mitigate these
small engine liniits. One is to substantially
eliminate the waterial temperature limit and
the associated turbing cooling penalties.
This might be achievabis with advanced cera-
mic technology or metasl matrix composite
technology. Efforts have already started in
thias direction in the government sponsored
ceramic automotive engine programs(il). To
be sure, this approach is quite risky since
the technology is immature and the component
reliability problems are very challenging
indeed. But success could raise turbipe
temperature levels 300~400°F and would
essentislly eliminate the turbine cooling
penaltims.

The other approach is to partially
recover the waste heat in the exhaust flow by
transferring it to the combustor inlet air-
flow--regeneration. Regenerative cycles
obtain high efficiency without the need of
high compressor pressure ratios (values near
15 are usually optimum). Hence, these cycles
are especially attractive in small engine
sizes. Recent Army sponsored studies(l2) at
500 SHP show efficiency gains cf 10-20 per-
cent compared to the simple turboshaft cycle,
while other military studies involving 5000
SHP engines show only 5-7 percent gain. The
main drawback of regeneration is the extra
weight requirved by the heat exchanger system
which is variously estimated at 30-50 percent
of the simple cycle weight. The technical
challenge is to manufacture the heat
exchanger compactly and leak-free, and to
survive the corrosive environment and thermal
stresses induced by engine on-off cycling.



Bach of thesa approaches, if applied to
comsuter sisad powerplants, could incresse
engine efficiency about 7 percant ebove
comparable technology conventional engines
(fig. 18). It both ceramic and regenerstive
technologies were used together, substan-
tielly higher gains sre possible~~as much ae
40 percent beyond an advanced conventional
cycle, for a total gain of 35 percent beyond
the new crop of mid~1980's turboprops. The
risk and resources required to establish the
technology ie, howsver, commensurate with the
potential benefits,

INTERMITTENT COMBUSTION ENGINES-Retumning
to figure 15, it is clear that current piston
engine are not well suited to commuter appli-
cations principally because they are too
heavy. They alvo vibrate more than turbines,
are noisier, bulkier, require more mainte-
nance snd require avgas--a supply and price
vulnsrable special fuel. Yet all of these
shortcomings can bé overcome {f different
mechanical configurations and advanced {nter~
mittent combustion technologies are success~
fully pursued. The key to lowver weight lies
fn light-weight configurations (i.e., rotary
or 2-stroke, radial diesel) accompanied by
increased BMEP and RPM. These in turn
require high speed, high pressure fuel injec-
tion and ignition technology, advanced turbo~
chargef tachnology, und low-friction sliding
seal systems. Multifuel capability requires
stratified charge combustion systemsa. Higher
efficiency can also be sought--mainly by
recovering waste heat via turbocompounding
and heat insulated or adiabatic structures
(fig. 19).

Rotary and dicsel engines have been
defined that incorporate two levels of such
advanced technology (fig. 20). The
“sdvanced" versions imply a technology read-
iness date in the late 1980's assuming suffi-
cient reaources whercas the "very advanced”
versions incorporate further steps suci as
lighter materials, adiabatic structures, high
temperature lubrication, and non-contacting
apux seals or piston rings (fig. 21). Addi-
tional description of these engines and their
technologies is contained iu reference 13 and
14.

BENEFITS~The efficiency and weight char-
acteristics of these hypothetical powerplantes
are summavised in figures 22 and 23. Perhaps
the most interesting observation is that the
intermittent combustion types continue to
look attrsctive on an efficiency basis even
out to 2500 SHP or beyond and their weights,
although heevier than turbine engines, are
not 6o high as to automatically rule them
out. To determine the net effect of these
better efficiencies and weights, preliminary
airplane siting and fuel burned calculations
were carried out using a modified version of
the GASP computer program(15) .ud the 30-pas-~
senger, Mach 0.45 airplane groundrules
defined earlier.

The results are depicted in figure 24
which shows how fuel burned varies with
cruise BSFC and engine specific weight.

Spotted on this parametric plot are the
potentisl values for sach of the previously
discussed poverplants. Relative to the mid-
1980's new engines, an advanced conventional
cycle turboprop could save 10-20 percent in
fuel not including sdvanced propellers or
nacelles. The unconveniional engine fuel
savings are considersbly greater-~ss much as
30-33 percent for the ro’ary, diesel, end
regenerative turboprop, and 40 pevcent for s
ceremic, intercooled version ot the regeners-
tive turboprop. Gains of this wmagnitude
clearly represent quantum improvements aund go
beyond the customary evolutionary trend. Of
couree, the particular values assigned to the
various candidates are subject to uncertainty
due to tha inherent technical risk with such
concepts. If necesaary, this plot can be
used to quickly redaterwine the fuel benefits
for alternative engine assumptions.

The resulte just quoted apply to engines
in the 1500 SHP clans. PFor smaller engine
eizes the unconventional engine benefits
would be somewhat greater and for larger
engines just the revevsc is true (fig. 2%).
This trend occurs because the mein fuel
driver is 8FC and the SFC advantige of the
unconventional engines decreases with sise
(since the conventional turboprop becomes
more efficient in larger sizes).

ON~GOING ACTIVITIES

Current commuter powerplant activity is
focused on the development of the 1500-2000
SHP class of second generation engines, gear-
boxes, end propellers(16-20), Limited bhasic
tesearch activities continue on the more
advanced technologies uiscussed previously.
At NASA's Lewis Research Center, for example,
generic efforte are underway to gain the
necassary kiowle'ge requived to raise per-
formance levels of small turbine engine com-
ponents (fig. 26), These efforts include
advanced computational modeling, experimental
rig testing to verify and calibrate the ana-
lytic models, and the investigation of novel
concepts such as those identified earlier.
Industry is also ressarching some of these
concepts (fig, 27). However, most of the
government and industry efforts arc quite
modest at present and a comprehensive
advanced technology program is not in place.
Similarly, a small amount of basic research
in intermittent combustion type evistion
engines is in progresa(id),

CONCLUDING REMARKS

The principal message to be gleaned from
these studias is that several very imporiant
propulsion opportunities atill exist for
commuter aiv transportation. Powerplant
technology has not been brought to s plateau
status or even a diminishing return status.
Instead we have arrived at a technological
crossroad. We may choose to continue down
the evolutionary path with ite 9~13 percent
DOC reward over the seacond generation power-
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plants that are now nearly ready for produc-
tion. Or we may choose to accept a much
larger challenge in pursuit of s much larger
revard, This would require a comprehensive
research affort addressing both the conven-
tional and unconventional technologies,

The rather surprising competitiveness of
the intermittent type engines in such large
power sizes is bound to be viewed suspi-
ciously, Actuslly the issue is not so wuch
the efficiency or weight estimstes that may
be questioned as it is the secondary charac~
tevistice such as reliability, maintanance,
and vibration. These secondary charvacteris~-
vice have not been addressed in depth aud
probably cannot be within a purely analytic
framevork.

These studies have provided inforwation
to halp guide future technology activities.
Since all of the alternative ergine types
sppear attractive, it would be prowature to
eliminate any of them frowm con"auntrun at this
2arly stage,
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