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FOREWORD

I'his report was prepared py the Pawnee Division of the Cessna
Alrcratt Company, Wichita, Kansas under contrac: NA33-22221. The

proegran was soonsored by NA3A, Lewis Research Center; the 1IASA
technical monitor was Jr. E. wWwillis.
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the oroject; 3. iuggins, ), Ellis, A. Mueller, C. Olson, J. 'dembrey,
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SUMMARY

The NASA Advanced Aviation Comparative Engine/Airframe Integra-
tion Study was initiated to nelp determine which of four promis-
ing concepts for new general aviation engines for the 1990's should
be considered for further research funding. The engine concepts
included one highly advanced version each of a rotary, diesel,
spark ignition and turboprop Powerplant; a conventional
State-cf-the-art piston engine was used as a baseline for comparison,
In addition, advanced but lower risk alternatives were defined for
the rotary and spark ignition engines. Late in the study, NASA
revised the turboprop data to show significantly improved
characteristics, defining a powerplant whose technological challenge
is comparable to the other highly advanced engines. The original

turboprop data is now viewed as representative of a lower risk
and/or lower cost des ign.

Computer simulations were used tc determine how the various
characteristics of each engine interacted in the design process
of pressurized singles and twins, Comparisons were made of how
each engine performed relative to the others when integrated into
an airframe and required to fly a transnortation mission. The
contemporary fleet of Cessna airplanes provided the data base for
the study. However, design ‘improvements expected to be available
by 1990 were included to reflect the level of performance expect-
ed in that time frame.

Evaluation of the results pPlaced heavy emnhasis on low fuel
consumption and direct operating cost and on high flight efficien-
CY:; acquisition cost, noise, multi- fuel Capability and ease of
installation were also considered but not weighted as heavily.

The results indicate that the highly advanced rotary engine
offers the best all arcund performance and features for future
general aviation aircraft. The diesel engine was the next most
Frcemising concept and was rated only slightly lower than the rota-
ry. fhe other engines, though showing worthwhile advances rela-
tive to today's engines, did not appear as promising as these twe
powerplants. In particular the turborror should be viewed Frimarily
as a viable replacement for the baseline engine, offering market
appeal rather than large improvements in efficiency or cost. A

independent of the assumptions made in the Study. It did shcw,
however, the advisability of rematching the diecel turbocharger
sO that greater climb power is available.

The use of thcse rotary and diesel engines will lead tc imprcv-
ed operating economics and freedom from our present devendence
upon the availability of avgas. It is reccrmended that NASA fund

research efforts which will prcvide enabling technolcqgy for both
engines.




INTRODUC TION

General Aviation is a vital, integral part of the American
transportation system (see Ref. 1) which reduces travel time rela-
tive to surface means, yet allows easy access to a vast number of
destinations not served by scheduled air transoortation. How-
ever, as uses and opportunities for small airplanes increase, ris-~
ing fuel costs and spot unavailability of certain types of fuel are
hanpering their functional utilization. This is a trend which
will almost certainly get worse. There is, therefore, an urgent
need for more efficient engines capadle of accepting the more
readily available kerosene-based fuels, or better yet, having a
wide tolerance for many fuel types. If the general aviation
industry is to remain healthy and if the aircraft are to continue

servin3y the public as they have, these engines must be developed
in a timely way.

NA3A, recognizing these needs, has funded seven recent studies
examining four different powernlant concepts which fullfil the
basic requirements for the new engine. These conceptual designs in-
Clude advance spark ignition engines (Ref. 2), lightweight diesel
engines (Ref. 3-4), stratified charge rotary engines (Ref.5) ani
advanced small turboprop engines (Ref. 6-9).

Each of these engines exhibits, in varying degrees, the desir-
able characteristics of low soecific fuel consumption, multi-fuel
tolerance and reduc=2d size ani weight. However, the original
studies do not permit a direct comparison of one engine against the
others due to their having been coniucted by different contractors
using different guidelines. The present study was initiated to
provide just sucn a comparison, startiny with a common cruise
design point and a consistent set of engine weight estimates.




METHODS AND DATA BASE

SIUJY P4ASE ANOD GUIOELINES

The study was divided into the following four major phases:
Phase 1 was devoted to organization, gathering appropriate data,
ard modification of Cessna computer programs where necessary; Phase
2 covered the comparative evaluation of seven different engines
in typical missions; Phase 3 explored variations in data, missions
and configurations to show the influence of the assumptions made

in Phases 1 and 2; in Pnase 4 the technology plan recommendations
were developed.

From the outset it was decided to base the bulk of the stuly
on fairly conventional airframes, both in terms of structure and
aerodynamics. This would make available an extensive and reliable
data base and would, it was felt, Provide the clearest picture of
vossible improvements due to the new enjines themselves. The impact

of an aerodynamically and structurally advanced airframe on the
basic results is considered, however.

MISSION DEFINITION

Separate missions for pressurized single and twin engine
airplanes were definei. These two typical transportation missions
were derived by considering the capabilities of successful
generai aviation aircraft using the same class of engine (that is,
300 takeoff hoisepower and uo, which is the high end of the present
day engine pow2r spectrum), and then extrapolating them to generally

more desirable levels just within the capapility of the baseline
powerplant.

Fhe mission requirements selected are shown in rable I. In
addition to the payload the airpvlanes were assumed to be equipped

with optional equioment totalling 122kg (2701b) for the single and
204kg (4501b) for the twin.

The operational height was set at 25000 ft because cruise
altitude has consistantly been increasing in recent designs (for
better efficiency - see Ref. 10) and because the present FAA
regulations tend to limit this growth to 25000 ft (see discussion
below on altitude variation, under parametric studies).

The fuel volume and weight are based on 45 minutes reserve
at normal cruise power. [he minimum wing size must have sufficient
volume to hold all of the fuel needed for the basic mission without
requiring use of nacelle tanks.

o ail




TABLE 1

MISSION DEFINITION AND MINIMUM PERFORMANCE

LEVELS

PAYLOAD-occupant s

-and baggage

RANGE @ MCP
4 CRUISE SPEED

CRUISE ALTITUDE

RATE OF CLI43

AT CRUISE ALTITUDE

TIME TO CLIMB

SINGLE ENGINE

RATE OF CLIMB
AT 5000 FT

TAKEOFF DISTANCE
AT SEA LEVEL

STALL SPEED

NOISEX

PRESSURIZED
SINGLE-ENGINE

544 kg (1200 1bs)

1296 km (700 NM)
370 km/hr (200 KTS)
7620 m (25000 ft)

152 m/min (500 ft/min)

30 min
762 m (2500 ft)
113 km/nhr (61 KT5)

per FAR part 36

*See discussion on page 18

635
1482
417
7620
152

30
76

PRESSURIZED
TWIN-ENGINE

kg (1400 1bs)

km (800 NM)
km/hr (225 KTS)
m (25000 ft)

m/min (500 ft/min)

.
min

m/min (250 ft/min)

m (3000 ft)

km/hr (75 KTS)

FAR part 36



The time-to-cruise-altitude requirement wacs set because
experience indicates that cruise altitudes which take excessive
time to reach are not often used. The rate of climb requirerent
was added to insure that reasonably quick increases in altitude
cculd be made while operating in the 20900ft and above range.

ENGINE DATA

The characteristics of each engine were based almost entire-
ly on data supplied by NASA, which in turn came from the feasibil-
ity studies defining the engines (Ref 2 through 9). Several of the
engine feasibility studies considered both a near term or moder-
ate technical risk engine and a longer term or high technical risk
engine. In defining the engines NASA chose one high technology
endine from each of the 4 engine types. In additicn moderate risk
advanced spark ignition and rotary engines were included. The
latter are considered by NASA and the designers to be fall back
designs should the more advanced engines prove to be unfeasible.
A modern current technology spark ignition engine was also speci-
fied as a baseline for comparative purposes. These constituted
the seven original powerplants analyzed. Lzate in the study, an
eighth engine was added in che form of a revised version of the
GATE with improvements of 10% in weight and specific fuel consump-
tion. This was felt to better represent the philosophy of the GATE
work, and provided a turboprop engine with a level of technology
comporable to that of the highly advanced 1.C. engines. The bulk
of the GATE results shown in the report refer to the original
turboprop engine; special reference is made to the revised engine
where appropriate, and spzcific results are discussed on page 103.

All data were supplied for engines sized to 250 cruise
horsepower at 25000 ft. For the turboprop this was taken to be 250
equivalent installed horsepower (i.e. SHP + TV/SSOr]prop where T
= residual jet thrust, vV = velocity in feet per second and “pnm
is an average oropeller efficiency of 80%).

No systematic designation scheme was available to cover all
the various engines. The baseline was given the mnemcnic TSIO-550
which is standard for Teledyne Continental Mctcrs. This stands
for: turbosupercharged, injected, opposed with 550 cubic inch
displacement. The advanced spark ignition engines (also by
Feledyne Continental Mctors) were designated GTSI0-420 for the
advanced engine and GTSIO-420SC for the highly advanced engine.
The code is the same as above with the added letters standing for
gearing and statified charge. The diesel goes by the mnemonic
GTDR-246 or geared, turbocharged, diesel, radial, with 246 cubic
inch displacement. The rotaries are designated RC2-47 (advanced)
and RC2-32 (highly advanced). The designation stands for rotary
combustion, two rotors, with a displacement (the definition of which

e




is peculiar to rotary engines) of 47 or 32 cubic inches per rotor.
The turboprop goes by the acronym GATE, standing for General
Aviation Turbine Engine which was the title of the set of studies
defining this powerplant.

A summary chart showing the mecst pertinent data on engine
characteristics 1s included as Table II. The complete NASA approv-
ed data vackage is shown on Table III. Other miscellaneous engine
data are shown on Table IV and Figures 1 through 4.

As noted above and showr in Tables II and 111, each engine
excels 1in one or more characteristics., The rotaries and GATE have
low RPM (good noise characteristics and propeller efficiency), the
diesei and highly advanced spark ignitior have the lowest SFC's,
the rotaries and spark ignition have the highest climb power at
altitude, while the GATE, rotaries and GTSIO-420SC are capable of
using the widest spectrum of fuel types.

It should be noted, however, that the design philosophy of the
turboprops stressed low initial cost rather than low fuel c/nsumption.

AIRFRAME OCATA BASE

The sirulation requires data on drao, propeller characteris-
tics, high l1ift devices, weight, vpricing, cperating expenses and
noise. Lach is dependent on airframe design and is discussed in
detail below.

weIGHT  Aicframe weight is broken into sowme 15 to 20 components
(depending on model type) and each is estimated by an appropri-
ate equation - usually a parametric fit to the present Cessna
fieet. The equaticns, therefore, represent riveted and bonded
aluminum structure. Fcr this study the estimated welight for the
major structural assemblies wacs reduced by 5% based on anticipat-
ed use of lignter materials, nore extensive use of bonding, and bet-
ter design and manufacturing practices,.

DRAG The drag level of the single was based on the Cessna 210
which 1s one of the fastest aircraft in its class. The drag of the
twin enagine design was based on Cessna Models T303 and 421.

A parabolic polar repres~ntation for drag is used, with Cdo
calculated from the equivaler skin friction ccefficient (i.e.
an emperically determinec weighted average that accounts for skin
friction, miscellaneous protruberances,etc) and the total wetted
area. The induced draq coefficient Cdi is calculated frcm the
equaticn:

[#2)
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FIGURE 3
ADVANCED DIESEL ENGINE CHARACTERISTICS

EFFECT OF ENGINE SCALING ON
SPECIFIC WEIGHT AND BRAKE
SPECIFIC FUEL CONSUMPTION
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FIGURE 4
ADVANCED DIESEL ENGINE CHARACTERISTICS

EFFECT OF ENGINE SPEED ON POWER QUTPUT
AND BRAKE SPECIFIC FUEL CONSUMPTION

ALL ALTITUDES
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Cdi = (kCdo+.33/AR)CI

where k is emperically determined by evaluating airplanes of a
configuration similar to the one beinrg sized. The values of skin
friction coefficient and k used in this study are shown in Table
V. Also shown are the increments for gear drag, flap drag and the
fuselage wetted area for the different configurations (including
nacelles for the twins); the sizing program determines the wetted
areas of the wings and emmennage and calculates the total.

One of the most difficult problems is thot of estimating en-
gine cooling drag, which can be expected to vary widely over the
range cf engines considered. The heat rejection rate for each
engine was known, but the associated pressure drop was not avail-
able for any of the powerplants. Without precise information on
both values only rough estimates of drag are possible. Reference
11 gives some typical values which can be used to estimate cooling
drag, but the range of possible values is so large that the data
are all but useless for a comparison such as this. Reasonable
estimates based on available data and experience were used in Phase
2 and a parametric drag variation was done in Phase 3 to determine
the effects of different levels. The Phase 2 cooling drags used
were:

ENGINE DRAG LEVEL REASON

Baseline 12% of total drag Contemporary state
of the art

Diesel and Adv S.I. 8% of total drag Reduced heat re-

jection; improved
state of the art

Rotaries 0% of total drag Well designed
liquid cooling
system

GATE 0% of total drag Turboprop

PROPELLERS The 1941 Hamilton Standard Propeller performance

method is used in deriving the Cessna data base and is, therefore,
the method used for estimating thrust in the sizing progranm.

A propeller configuration was chosen to match the mission
requirements and the characteristics c¢f each engine. Only one
nropeller optimization, however, was run for each engine/mission
combination; i.e., the propeller choice was not part of the synergis-
tic design process and, therefore, the propeller configuration may
not represent the absolute optimum design though it will be very
close. This optimization was constrained to keep propeller
diameter to low enough values that the airplane could be certified
under existing noise requlations. Ciameter was also not allowed
to exceed 90 inches to keep gear length and weight reasonable.
This optimization process considered six climb points egqually
weighted with one cruise point to give good overall mission
performance.

14



TABLE V

CIOAPONENIS USED IN ESTIMATING DRAG

_CONFIGUSATION ~ SINSLE ENGINE _TWIN ENGINE
EQUIVALENT SKIN .0049 0055
FRICTION CJEF.
k* .30 .45
sgm sqft S sqft

DRAG INCREMENT
FOR TAKEOFF . 237 2.55 . 307 3.39
(FLAPS & GEAR)

FUSELAGE wWETTEL

AREA FOR:

BASELINE 26.66 287.0 55.57 593.2
RC2-47 27.356 294.5 52.55 565.6
RC2-32 27.356 294.5 52.55 565.6

GTDR-246 27.56 295.7 51.86 533.2

GPSI0-420 27.30 293.9  57.37 617.5

STS510-4203C 23.41 305.3 53.13 628.9
GATE 27.14 292.1 52.09 56U.7
v oo =(ks + 23322
0 D A



Use of constant speed, 3-bladed orovellers with Clark-Y air-
foils was assumed based on exverience with this class of airolane.

[ne recently completed NASA study on General Aviation Propel-
lers (GAP, see Ref. 15) indicates that significant Jains are possi-
ble in oropeller design. These gains are due to a combination of
advances in aerodynamics and materials. 1In keeping with the gen-
eral philosophy of conservatism only about one-half of the project-
ed gains shown for these new propellers were incorvorated into the
study model. The gains used were:

Change 1in welght 2G4 decrease
Change 1in efficiency 3% increase
Change in noise 234B(A) decrease

flig_zggjiggggx At the present time new laminar flow airfoils
are being develooved, but it 1s not certain that they will be in
common use by 1390. The problems of maintaining the necessary

manufacturing tolerances in conventional metal structures at a

liness in day to day operations are Obstacles to their adoption.
TPherefore, the use of turbulent boundary layver airfoils was assumed.,

The flaps selected are conventional single slotted surfaces
with moderate aft travel during deployment extending over 85% of
the soan. A trinmed maximum 1ift coefficient (with 30 degr ees
landing flaps) of 2.1 was assumed for the study and should be
easily attainanle. With the flaps OCcCusying most of the wing span,
slot 1i» sooilers and feeler ailerons are emoloyel for lateral
control .

QQQ!£§IIIEE_EQ§I ne total cost (1n 1981 dollars) 1s estimated

as the sum of airtrame t0st, vowernlant COost, and the cost of
optional ejuinent.

The airtrame nortion 1s estinated by 1 Darametric fit to the
1331 Cessna fleot. Phis correlation relates orice as an exoonen-
tial function of drvy emnty weignt (minus produlsion system and
Optional eguipment weights), takeoff gross welht, maximum speed
anil winjy area. ‘he form of the equation and the exponents used
are shown in lavle JI.

The engine coatribution to the selling price was estimated
based on an arbitrary $100 oer takeoff horsepower. This is slight-
ly nigner than tolay's average due to the necessary investment (us-
ing inflated dollars) in research and tccling to huild a comnletely
neéw powerdlant. The $1)0/14n figure was also used for the turhopron
but was aonlied to the 9ross (un-installed i.e. shaft ovlus accessory)
ejJuivalent horseoower for takeoff (sea level, standard day, zero
ailrspeed).

lo



TABLE v]

ACQUISITION COSTS

COST = Costg attributable to airframe + Powerolant

+ Ooptional equipment
AIRFRAME -- Parametric fit to Cessna's Current fleet

- b c d e
$ = a WE Vmax Sw W

= 7.268188 x 104
=1.06942 W
1.056 v

= .65289 W = Wing Area (ft2)

S
. 72723 W = TAKEOFF GROSS WEIGHT (1bs)

max - Maximum Speed in Knots

a
b
c
d
e

PONERPLANT -- $100/Tak§0ff

Isepower

(Turboprop, Sea Level Std day, Zero Airspeed)

OPTIONAL EQUIPMENT -- Typical values for well Equipped Planes

$48,000 Single Engine

$82,000 Twin Engine

17
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The cost values chosen for optional equipment are typical of
well equipved IFR airplanes as they are ordered today. For the
single engine model the value used was $48,000; for the twin it was
$32,300,

DIREZ I QPERATING COST The components considered in estimating
03 "ire: engine maintenance and overhaul, cropeller overhaul, air-
frame and systems maintenance, cost of 0il, fuel and insurance,
deor 2ciation, and recerves for avionics. A description of how
thes2 1tems are generated is included in Appendix I. For a study
of hypothetical engines some of the terms such as engine maintenance
and overhaul must be generalized even further; these are shown
on able VII,

ne comnonents of direct operating cost which relate to the
enjine were not available for the new nowerplants (for example,
overhaul cost). Fortunately, these are second order terms and even
large errors have little effect on the total DOC. In lieu of better
numbers the inputs to the DOC estination routine, shown in Table
VII, were based on an analysis of the current Cessna fleet.
Turboprop values were generalized from data supplied by manufacturers
of current gesneration turbine engines.

Note that depreciation (to zero residual in 7.5 years) is
included in this estimate, making it an amortized direct onerat-
ing cost. Five hunired hours annual utilization was assumed.

NOISE Joise is estimated by an eguation based on a parametric
it to the oresent Cessna fleet, his relates noise primarily to
dropeller tin macn number, but also shows it to be a function of
engine horsevower, number of nlades, number of engines, rate of
clind and a flag iniicating wriether the engine is normally aspirat-
ed or turbochargei. Again, in lieu of better information, tnis was
used directly for all of tne engjines.

L2135 A42ridD

If the engines are to be comvared on an eguitable basis,
tnen each must be installed in the “"best" airframe for that engine.
"3est" in the context of this study meaning lowest mission fuel,

lowest DOC and lowest acquisition cost, usually achieved by minimi z-
ing weignt.

lhe computer logic that iterates on the design variables to
determine tne minimum (or best) aircraft configuration is called
a si1zing orogram. This one is designed to run on a Hewlett-Pac-
kari 9325A desk to»o computer system. The program structure is shown
scnematically on rigure 5. The input module prompts the user to
supcly all the numerical descriotions of the mission requirements,
the engine, oropeller and airframe characteristics, the economic

14
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TABLE VII

DATA BASE

DIRECT OPERATING COST
BASED ON ANALYSIS OF CURRENT CESSNA FLEET

—ENSINE “AINTENANCE

3/hr/eng_
1225 BHP/eng (IC)
1
= PURCHASE PRICE IN
2 4000 HR TBO pPERIOpD (TURBOPROP)
-ENGINE OVERHAUL
PARAMETRIC FIT (1C)

PURCHASE PRICE IN
4000 4R TBO PERICD

N~

(TURBOPROP)

-AIRFRAME/SYSTEM MAINTENANCE

PARAMETRIC FITS OF CURRENT FLEET
-PROPELLER OVERHAUL

I'YPICAL CURRENT VALUES
-INSUGRANCE {(HULL & LIABILITY)

1981 RATES
-FJ=<L CIST3

$1.70/3AL (BITH AVGAS AND JET FJEL)
=0IL Z2O5TrS

$6.00/3AL
-DEPRECI™T'ION

ZERO RESIDUAL IN 7.5 YSARS 2 500 HR/YR
-AVIONICS

10% JOF AVIONICS COSrP EVERY 1000 HRS

(AVIONIC3S ACCOUNT FOR HALF THE JPTIONAL
EQJIPMENT COSTS)

19
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factors ani the design characteristics to be varied as well as the
range of variation.

The actual calculations then proceed automatically with a main
routine sequentially changing the designated design variables.
(fne Drogram works with any two factors - for example, wing area
and aspect ratio - at the discretion of the analyst.) The program
then varies takaoff gross weight (TO3A4) to mneet any of the design
regquirements chosen by the user. On the chart on Figure 5, a solid
line is drawn Showing payload-~range as the selected requirement;
dotted lines indicate that rate of clinb, cruise speed, etc. could
just as easily have been used. Once the TOGW is determwined which
allows the airplane to meet this orimary design reguirement, then
that weignt is used to calculate the other performance characteristics
of the design. After the calculations are finished a separate mod-
ule nrints ani automatically nlots the results.,

A typical outout is shown on Figure 6. This is a carnet plot
in which each point represents an airplane capable of carrying a
1230 pouni vayload 700 nautical miles. The weight is actually the
independant variable used to drive the range to the selected value.
Every airplane represented on this graph has a different set of
performance Ccharacteristics, some better than the specified
constraints and some worse.

The orogram then olots overlays showing the boundaries where
the remaining constraiats are just met; an examnle is sShown 1in
Figure 7. The shaded region represents all airolanes that {1) are
faster than the minimum cruise speed, (2) have a higher rate of
clinb than the mininum, and (3) have a stall sceed lower than the
naximum allowed. Note that although a maximum takeoff field lengtn
(TOFL) was s»oecifiad it is not constraining in this example since
all points in the shadei region exceed the requirement. The minimum
weignt point shown here occurs at a wing area of approximately 170
59 £t ani an asoect ratio of around 3.5.

Actually, some 17 to 13 overlays are commonly used for each
2esign to check such Characteristics as fuel volume, acquisition
cost, DOC, cruise efficiency, etc. he process makes all of the
design choices visible and allows an easy tradecff of one benefit
against another,

SFFICIENT FLIGIT

The aircraft s»need that mininizes fuel consumption is the
speed for maximum lift to drag ratio (Viyp). For general avia-
tion aircraft this usually corresponds to a power setting of around
45%; exoverience indicates that virtually no flights are made at
this low soeei. Reference 10 discusses this incompatability between
common usage and best fuel speed and why it is impractical tco
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design an airframe to cruise at maximum L/D. Briefly summarized:

D/L = AVZ2 + 3/vV2 where:

+

A = PE/2W and B = 24/Pblme

P = density

f = equivalent flat plate area
W = Weight

0 = wing span

e = span efficiency

digh L/D 1s achieved by keeping the terms A and B8 small. Yet
lowering the value of P (i.e., flying at higher altitudes) or rais-
ing the value of W to decrease A increases B and conversely. The
same is true of the fictitous areas f and b2 since they exist in
some prooortionality. Further:

L/Dmax = y(meb?/2f) and V| ,p=(Y24/P)/ ¥ (nefn?)

which illustrates that a high value of L/D requires a low ratio
of f to _b“ whereas a high value of V| ,p requires a low product of
£ and b2. Further, prov:iuing adequate power for clintb means that
there is an excess for cruise, making it all too easy to exceed
Vi/p- If he isn't using all, or most of the power available, the
pilot feels that he is wasting time.

Having reviewed this "designer's dilemma" Reference 10 goes
on to introduce the concept of the "least wasteful way to waste
fuel” which is the least increase in fuel per unit increase in speed
above V for maximum L/D. TChis occurs at V* which is defined as
V3(Vi/p). On a typical tripo, compared to flying at the speed for
minimum fuel usage, flying at V*:

. 1s 32% faster
. reduces flignt time by 24%
. uses only lo% mnore fuel

Flying at V* minimizes the power required to mnaintain kinet-
ic energy in the face of energy dissipation due to drag, and
minimizes the energy rejuired to move a given weignt a given
distance at a given velocity.

The new engines considered in this study produce a given
horsepower at a ruch lower weight and with a greatly reduced fuel
consumption compared to current powerplants. This affects the
sizin3 process 1in many ways. Consider again Figure 7: reanaly-
sis with one of the advanced engines would lower the entire carpet
to smaller weights and wouid also, on the new carpet, cause the
cruise speed line to move up and to the rignt while the stall soeed,
climb and takeoff lines would move down. The resultant minimum
moves to low values of wing area and asnect ratio.

Instinctively this does not seem rignt, in marticular the large

24
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reduction in aspect ratio. And indeed it is not a good way to
size the airplane because advantage is being taken of the engine's
good nerformance to make the wing inefficiently small. The prob-
iem is to match the airframe's efficiency to the engine‘'s
characteristics. As shown above, it is imoractijcal to design an
airolane to cruise at VL/D: it is practical, however, to size one
to cruise at v* (or slightly higher at maximum cruise power so that
reduced opower settings still maintain speeds around v*), y* was,
thecefore, used asg another constraint in thisg study to insure that
efficient airframes were matched to each of the new engines. An
alternative approach would De to constrain the Cruising sveed to
that of the baseline, but this can also lead to choosing less
efficient airframes. This is discussed in detail on page 97,
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AIRFRAME DESIGN AND INSTALLATION CONCEPTS

BASELINE AI RFRAMES

SINGLE ENGINE The Cessna P210 is the basis for the single
engine configuration chosen for the study (shown in Figure 8 with
the paseline engine). l'he cabin area pressure vessel is little
different in configuration from the P210 except for being stress-
ed to the higher pressurization level regquired for cruise at 25000
ft while maintaining a 10000ft cabin altitude. The wing is redesign-
ed for the new flap and roi! control system and sized for the de-
sign mission of this study. The tail is resized as needed and
uses higher aspect ratio surfaces than the P210. The engine compart-
ment is changed, as necessary, to accommodate each engine.

TWIN ENSINE The twin engine baseline configuration for the study
1s shown on Figure 9. The design is seen to use a conventiocnal,
low wing layout with wing mounted engines. The wing configura-
tion itself is the same as that of the single engine airplane except
for the engine naceiles and is sized appropriately for each engine.

No installation drawings for the baseline engine were done
since it is physically almost identical with the contemporary
TS10-520 which is in widespread use.

ROTARY-POWERED AIRFRAMES

SINGLE ENGINZ The single engine design with the rotary engine
1s shown in Figure 10. For considerations of passenger comfort the
size of the cabin compartmeni cannot be appreciably altered from
the baseline. The wing cannot he moved very tar fore or aft for
both structural and aerodynamic reasons, so the lighter enrgine must
be moved forward to keep the center of gravity in the correct
position. This has the advantage of opening up a baggage compart-
ment in front of the cabin which increases available baggage volume
and provides an alternate loading area wnich mak2s center of gravity
control easier. Ine wing area is smaller than for the baseline
since the weijht is considerably lower.

Tne engine installation drawing is shown in Figure 11 for
the RC2-32 engine; the RC2-47 would be essentially the same. The
small size of the engine allows it to fit easily into the cowl whose
Cross section is largely set by the cabin size. Accessibility
should be very good relative to the baseline engine installation.
Fhe radiator, which should be large and thin for minimum cooling
drag, fits comfortably within the cowl. There is also room to
expand the cooling air to low speeds before enter ing the radiator,
whicn is another reguirement for low cooling drag. Induction
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FIGURE 8
BASELINE SINGLE
II. FIXED ENGINE SIZE, VARIABLE AIRFRAME , FIXED PAYLOAD-RANGE
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FIGURE 9
BASELINE TWIN
II. FIXED ENGINE SIZE, VARIABLE AIRFRAME , ;. .20 PAYLOAD-RANGE
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FIGURE 10
ROTARY SINGLE

IT. FIXED ENGINE SIZE,VARIABLE AIRFRAME , FIXED PAYLOAD-RANGE
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and ccoliny air are drought in through NACA flush scoopbs on the
sides of the cowling,

Air is bled from the comoressor for cabin nressurization.
Provision must be made both to cool and to heat it depending cn
the outside conditions. For air cooled engines the pressurized
air is vassed through a heat exchanger that is either cooled by

radiator. For cooling the cabin air no fluid is used, while for
heating, the auxiliary radiator is fully functional and the heat
is transferrei back tOo the exchanger.

Twiy ENSINE he twin engine confiquration using the rctary
engines is shown in Figure 12. The radiators are housed in lead-
ing edg2 estensions On the inboard wing vanels (simnilar to the
installation on the British dJedavilland 10squito of WW II). Al-
thougn there mignt be slignt weight nenalties for this confiquration,
Jue to extra pioing and coolant, it is felt that these would be off-
set by o>ther advantages. Detailed examination of these factors
was, aowever, beyond the score of this study.

Again the radiators are keot large and thin with minimum flow
veleccities through them in order to reduce the ccoling draa. They
OCCupy the entire leading edge of the wing from the nacelle to the
fuselage. Deice or antiice for the inboard wing sections will
reguire careful jevelooment. Use of heat from the engine coolant
to nelt the ice will likely result in a runback of water which will
refreeze >n the winj and flans, Pneumatic boots, however, will be
difficult to locate without being affected by the heat and/or
disturoing the flow into the radiator. [t 1s possible that sope
Coambination of these two would work but more likely a compnletels
nNew systam will be required suen as a Jlycol exuding ieading edge.

'ne 1nstaliation is shown on Figure 13. As <an be seen the
cize of these engines allows the designer to produce extremely
clean, thin nacelles with small cross sections and rejuced wetted
areas Jith a conseguent reduction in drag. Further the destabiliz
ing moment of tpe nacelle, which varies with the square of the
widtn, is greatly reijuced thus increasing stability or reducing
the reguired tail sijize. Note that the spinners are tne minimum
Size to accommodate the oroveller hubs.

The exhaust is ducte.] overdoard on the outside of the nacelle
to mininize cabin noise. lhere is insufficient roorm in the small
nacelles to bend tne exnaust Dive down and duct the exhaust out the
bottom, and a vertical turbocharger installation is not recommend-
ed because of droblems routiny the induction air to the compres-
sor face.



FIGURE 2
ROTARY TWIN

II. FIXED ENGINE SIZE,VARIABLE AIRFRAME , FIXED PAYLOAL -RANGE
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CIESEL POWERED AIRFRAMES

SINSGLE_ENGINE The single enyine airplane configured for the
diesel is shown in Figure 14. Like the rotary, the light weight
of this engine allows a baggage compartment to be added ahead of
the cabin. The installation drawing is shown in Figure 15%. The
large frontal area of a radial presents no problem in the single
since the cabin area dictates a large cross sectional ares anyway.
A propeller shaft extension was added for better cowlirg contours
and an accompanying weight penalty of 3 pcundes was added in the
analysis.

The cabin air pressurization System employs a cenperature
regulation system identical toc the rotary except that the auxilia-
ry coolant radiator is replaced by an auxiliary oil radiator. (In
either case shculd the fystem brove unwocrkable a system similar to
that of an air cooled ergine would probably be acceptable but would
not nave the simplicity of this design.)

TWwIN ENGINE A similar engire installation was tried for the
twin with the resultant 3-view shown in Figure 16, Coumpered to
the baseline the nacelle shape is not bad. Compared to the rotary
it is much less pleasing aesthetically, the wettecd area 1is larger
with a consequently greater drag and the large blockage area behind
the propeller reduces its efficiency.

To offset these disadvantages the low profile engine configura-
tion shown in Figure 17 was conceivel. lhe power section is laid
on its back so that the crankshaft rotates about a vertical axis
witn the output transferred 90 degrees through bevel gears to the
propeller shaft. a 25 wound/engine weignt penalty was added for
this more complex gear box. This value is arbitrary and a careful
design is expected to show tnat the new gear box is not much
heavier than the one it replaces. The changes necessary to reverse
the propeller rotation would be minimal.

The twin engine cesign utilizing this version of the diesel
1s shown on Fiqgure 18. The nacelles are small and compact, shap-
€d much like a cowling for a horizontally opposed engine. The
inctallation itself is shown on Figure 19. This cerfiguration
will require careful attention to baffle design to provide cooling
tc all the cylinders. Again the spinner is the smallest that will
enclose the propeller hub.

SPARK IGNITION POWERED AIRFRAMES

SINGLE ENGINE The single engine airframe adapted for the ad-
vance spark ignition engine is shown on Figure 20 and the engine
installation is shown on Fiqure 21. These Fowerplants use a tuned
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FIGURE 14
DIESEL SINGLE
II. FIXED ENGINE SIZE, VARIABLE AIRFRAME , FIXED PAYLOAD-RANGE
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FIGURE 16

OIESEL TwiN PRIGHT MOUNTING)
. FIXED ENGINE SIZE , VARIABLE A/RFRAME ’ FIXED Ps YLOAD-RANGE
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FI6URE 18
DIESEL TwIN
II. FIXED ENGINE S/ZE, VARI!ABLE AIRFRAME
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FIGURE 20
ADOVANCED SPARK-IGNITION ENGINE

IL. FIXED ENGINE SIZE,VARIABLE AIRFRAME , FIXED PAYLOAD-RANGE
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exhaust system to improve turbocharger efficiency which makes the
engines rather long. This limits the installation flexibility
since the turbocharger cannot be relocated for the benefit of
the airframe design. The length also Precludes the installation
of a nose baggage compartment.,

Further the exhaust system, turbocompounding equipment angd
turbocharger are so located that it jsg unclear how accessories
will be located at the back of the engine (as planned by TCM).
Assuming that they are, maintenance may be difficult.

the windshield. If, on the other hand, the cooling air is duct-
ed out the bottom through a cowl flap (as shown on Fiqure 21; then

The engine designers envisioned cooling the oil by use of a
finned sump. However the necessary ducting and baffling to get

to be more complex and will weigh more than a conventional oil
cooler. Therefore, Figure 21 shows a separate o0il cooler.

Cabin air temperature can be controlled either by a convention-
al heat exchanger System or by a system similar to the diesel
configuration.

TWIN ENGINE The twin engine spark ignition confiquration and
Installation drawings are shown in Figures 22 and 23, respective-
ly. Note here the relatively large nacelles. Also, whereas locating
the accessories around the exhaust System was inconvenient on the
single it is even more difficult in the compact nacelle of the twin.

GATE POWERED AIRF RAMES

SINGLE ENSINE The GATE powered single is shown on Figure 24 ang
the installation drawings are on Figure 25.

The turboprop is very light which makes it possible to include
a nose baggage compartment. The exhaust, however, is difficult to
dump overboard. Ag shown, the exhaust ducting is rather long and
takes a number of bends to reach the bottom of the airplane and yet
allow room for the NOose gear; it also intrudes somewhat into the
nose baggage area. Leading the exhaust out the side is impracti-
cal because of possible intrusion of the exhaust products into the
cabin through the door.

For heating the cabin air a system similar to that used on
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FIGURE 22
ADVANCED spArk I6NITION TWIN

IL. FIXED ENGINE S/IZE,VARIABLE AIRFRAME, FiXED PAYLOAD-RANGE

g
P
A ) ,
; - o 9\0
£ ¢
GROSS WT LB 6314 5907
SPAN, FT 43/ #0.7

ASPECT RATIO 4/ //

(384)




0021w INVAN/

18nvwrp -z.oz..l./j

APUIO WY QI V085 NIBYS

——

457400 b1v w9 000N RLN1 -~ \
WaiNviv L8nVIAD

400ne wiv 9N1 Y00
ISNLNEA Dines

23005 #iv NIV |

=

(62100 210 Dawnvwsiry) .
YOLVIOVY LBH NIBYS — 4 I — 1 —~—

g
el
4

YOO NBuN: \
r 7 -
(530) ASNWNIT Jrviswe \ \
YoV wiv
¥77600 e

LAFONOD NOLLYTTVLENI INIONF -NIML
INIING NOILINOINDVSS QIINUAGY -A THIIH 95 928 -01519

£2 39N 9/4

45



FIGURE 24
GATE SINGLE

II. FIXED ENGINE SIZE,VARIABLE AIRFRAME , FIXED PAYLOAD-RANGE
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conventional spark ignition engines is utilized, drawing hot ram
air through a muff around the exhaust pipe.

Bleeding the compressor for cabin pressurization is impossi-
ble on this small turboprop because of unacceptable performance los-
ses. Instead, a pump is mechanically driven through the accessory
section to provide the required air.

TWIN_BNGINE The twirn engine configuration and installation are
shown on Figures 26 and 27. Maintaining the c.g. location in a
favorable position with the light weight of this engine precludes
short nacelles where the exhaust can be ducted out the rear.
Therefore, short overboard exhausts are provided. This has the
advantage of allowing baggage or fuel storage in the rear of the
nacelles.

Again. this installation is typical of that which would be
used with either the original or the revised GATE definition.
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FIGURE 26
GATE TWIN
II. FIXED ENGINE S/ZE,VARIABLE AIRFRAME , FIXED PAYiLOAD-RANGE
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RESULTS AND DISCUSSION

METHODS OF COMPARISON

The evaluation of the various engines is based on a comrparison
of the airframe/engine combination. Three methods are ucsed to
generate airframes for this comparison:

Method I. Fixed Airframe, Fixed Engine Size, Variable Miscion

This method of comparison assumes that the airframe size ang
gross weight are fixed at the baseline values and the various
engines are interchanged, and they are compared on their ability
to p-oduce the highest performance from that airframe. The advan-
tage of this method is that it is representative of the first use
to which any new engine is usually put, namely that of re-engining
an existing airplane. The disadventage is that it produces airplanes
with considerable differences in range, payload, and speed and it
is difficult to come to a consensus as to how these characteris-
tics should be ranked in order to compare the results.

Method II. Fixed Engine Size, Fixed Mission, Variable Airframe

The second method of comparison allows the weight and wing
geometry to change in order to most nearly match the entire vehi-
Cle performance to the requirements. This results in & more even
handed comparison of the engines since each airframe ic then the
pest configuration for that engine's characteristics. The
disadvantage is that although the baseline engine is well sized,
all of the new engines are somewhat oversized to do the given
mission because of the sraller, lighter airframes which result.
There is nothing to indicate that giving the engines the same cruise
hcrsecower makes them "equal”, whatever egual means in the context
of this study. 1In any case, keeping a constant engine size does
not show the true, maximum efficiency that the engines can deliver.

Method III. Fixed Mission, Variable Airframe and Engine

This analysis varies wing area and aspect ratio, gross weight
and engine size concurrently to define the optimum design. This
is probably the best means of comparing the engines because each
engine is allowed to seek :the lowest power level that will do the
mission, considering its characteristics. The engines then are
equal in terms of their sbility to do a job rather than in terms
of an arbitrary equality based on cruise horsepower. This precludes
one engine having an advartage by any fortuitous matching of its
rating and characteristics to the chosen mission. The only
disadvantage of such 2 comparison is that it is much rore time
consuming than the first two methods.
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EVALUATIONS

The results of the Phase 2 evaluation are discussed below and

shown graphically on Figures 28 through 37 and 39 through 46. The
results are also shown in tat ujar form in Appendix I11I.

Weiggg Method I, with the airframe fixed, has a constant gross
welght and therefore no comparison is possible.

Using Method II, the variation in 3jross weight necessary to
carry the required payload over the designated range is shown on
Figure 28. All of the advanced engines show significant weight
reductions relative to the baseline, with the exception of the
GTSI0-420 (advanced spark ignition engine). Reductions of 12%
to 17% are seen for the single engine desigrs (S.E.) and 14% to 20%
for the twin engine designs (T.E.). JPhis weight reduction is due
tc smaller engine weights, less fuel required, and structural
weight savings resulting from lower gross weights and smaller, lower
aspect ratio wings.

Allowing the engines to resize in the Method III type of
analysis yields even larger reductions in total weight as shown in
Figure 29. Once more excluding the GISIC-420, the single engine
weight reductions range from 15% to 19% and for the twins, from 18%
to 23%. In each of these cases the highly advanced rotary (RC2-32)
showed the largest potential for reducing the total zircraft weight.
In general, here and throughout the comparisons, the twins show
virtually the same trends as the singles.

EEEESEQEEE The horsepower reductions possible when resizing the
engine and airframe (Method IIT) are shown on Figure 30. wWith the
exception of the diesel and GATE on the single engine designs, the
lighter weights and lower engine SFC's allow the engines to be resiz-
ed downward to about 200 horsepower with the new engines needing
approximately 50 less horsepower to do the same job as the current
technology baseline engine. The diese! and GATE engines in the
single engine airplenes cannot be reduced by the came amount
because of their high lapse rate with altitude which reduces the
climb performance at 25000 ft. On the twins, the extra power requir-
ed to provide adequate single engine performance also provides good
climb rates at altitude and, therefore, the high lapse rates are
not as limiting.

EEXlQEQZBE_EE For Method I, where weight was held constant at
the value required for the baseline engine, use of the new engines
resulted in significant increases in performance. The lighter
weight of the powerplants meant that additional useful load became
available relative to the baseline configurations. This weight

advantage was arbitrarily divided equally between fuel and payload
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except for the twins where only as much fuel was added as could
be accommodated in the outboard wing panels without adding the
weight andg complexity of tanks in the nacelles (the singles, with
no nacelles, had adequate volume for the added fuel).

The increases in range are shown in Figure 31 and the increas-
es in payload in Figure 32. The low weight of the rotary and GATE
permit the largest increases in payload varying from 13% for the
singles to almost 40% for the twins. The range increases for the
rotary are also large at 105% (S.E.) and 69% (T.E.). The high fuel
consumption of the GATE, however, limits range increases to 45%
(S.E.) and 20% (T.E.). Since the diesel engine weighs more than
the rotary the net useful 1load (payload angd fuel) gained is less;
however, due to the low fuel consumption of this engine the increases
in range are large - 102% (S.E.) and 81% (T.E,).

Mission Fuel The Primary justification for undertaking the large
investment in developing a new POowerplant is to reduce fuel
consumption. The mission fuyel burned by each of the engines is
shown in Figures 33 and 34 for Methods I1I andg 111, respectively.
As can be seen, the original GATE shows very small reducticns
relative to the baseline engine. The moderate risk GTSI0-420 ang
the revised GATE show a somewhat greater reouction, but still have
much less potential than the cther four r:w I.C. engines. A1l four
of these engines show similar savings of around 35% for Method II
and 40% for Method ITI. The diesel powered twin burns the least
fuel when Compared on the basis of either Methods II or III. For
Method II, the diesel powered single zlso shows the lowest fuel
consumption. The G1510-420SC shows the lowest Consumpticn for
the singles according to Method II].

Direct Operatin Cost The influence of the engines on direct
operating cost (DOC) is shown on Figures 25 through 37, Method I
type comparisons show cnly small changes in DOC between the various
engines. This emphasizes the need to match the engine anc airframe
if the full benefits are to be realized. The GATE (both versions)
and GTSI0-420 show only small decreases in LCC under Method I1
(Figure 36). The Oother four engines show substantial reduct ions
of around $20/hour (S.E.) and around $40 /hour (T.E) or savings of
cver 15% for each configuration. Under Method 111 (Figure 37),
these same four engines show reductions of $30/hour for singles and
$60 to $70/hour for twins or savings of around 25%. This is a very

Effect Of Assumed Fuel Cost On DpOC One item addressed in the
parametric evaluations was the effect of fuel ccst on the direct
Ooperating cost,. For the Phase 17 analysis a nominal value of
$1.70/gallen was used. This was typical of the price of avgas when
the analysis was being run early in )981. The Same value was also

used for jet fuel since recent data indicates that the difference
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in price between these two fuels is narrowing and will eventually
disappear, at least in this country. Variations in the nrice of
fuel from $1/gallon to $4/9allon were analyzed for the highly advanc-
ed engines in the single engine configurations, with the results
shown in Figure 38. The GATE (original definition) powered airplane
has the highest DOC which grows larger with increasing fuel price.
The revised GATE shows & lower level and slope but stil] remains
consistently higher than the I.C. enginecs,. The RC2-32 hae the
lowest DOC; as fuel prices increase this advantage decreases, but
never completely disapvears up to the maximum price studied, In
etfect, then, while fuel price has a major immact on DOC it does

nct significantly alter the relative rankings of the various
engines,

éESElEEtEQE_SEEE The estimateAd purchase price of the various
airplanes is shown in Figures 39 t~rough 41 for Methods I through
I11, respectively. -orparisons cased on Method I show slight
increases for most of the advances ergjines with only the GATE show-
ing a significantly higher price. when the airframes are resized,
however, as was done in Methods II and ilIl, this picture changes.
All except the GATE (both versiocns) and GTS10-420 engines now show
a large pctential for reducing airplane nrice. The airplane using
the RC2-32 has the largest estimated reduction in price at $30,000
for the single and $60,000 for the twin under Method II (or rough-
ly a 15% decrease for both configurations). Corresponding nurbers
for Method III are $40,000 (S.E.) or a 20% decrease and $100,00C0
{T.E.) or a 25% decrease. As with DOC, decreases of this magni tude
would have a major impact on the market.

Effect Of tkngine Price On Acguisition Cost The acquisition

costs derived under Phase 3 5ra heavily dependant on the engine
price used. That price, however, is probably the most difficult
characteristic to predict accurately,.

The effect of changing engine price is shown on Takbie VIII for
Methods II and I11. F'he information is Precented ac the incre-
rent that wouid have to be added to the assured engine price to
bring the cost of the aircraft up to the level of the baseline power -
ed airplane. Angdg since accuisition cost is reflected in DOC
through depreciation, the chengs in engine price reguired to

eliminate the advantages in DOC shown by the new powerolants is
also indicated.

For the intermittent combusticn engines, the change in en-
gine price recuired to match acquisition costs is large and to
match DOC levels it is larger still. Fror this analysis it arvpears
unlikely that the assured engine piice cculd be csufficiently in
error to significantly effect the Phase 2 results.

Cruise Coefficient To further compare the engines a cruise

— . o ——— e >t o st e

coefficient was defined as:
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FIGURE 38

EFFECT OF FUEL COST ON DIRECT OPERATING COST

DIRECT OPERATING COST (1981 dollar/hr)

IL

FIXED ENGINE SIZE, YARIABLE AIRFRAME
SINGLE ENGINE CONFIGURATION

158 - GATE
//////mw19m
150 1 / GATE
/
/
7 FUEL PRICE USED /
IN PHASE 11 STUDY /
149+
HBAC 4g%sc
RC 2-32
1384
1201
GATE
I REVISED //
GATE %
100 4
GTDR-248
GTSI10 428SC
o4
RC 2-32
e PRICE OF FUEL (1981 dollare/gal)
" 1 2 3 4
B.IE j B.’2 ’ 2:4 B.rﬁ i 8:8 . 1.8

PRICE OF FUEL (1981 dollare/liter)
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TABLE VIII
PHASE III
EFFECT OF ENGINE COS[ ON AIRCRAFT PRICE AND DOC

SHOWNN: INCREAENI' IN ENSINE COST REQUIRED TO MAKE ADVAWCED
AND BASELINE SINGLE ENGINE AIRPLANES CCSI THE Same

_—_—_—..———---—_-———,..._---—-—-.-—-———--—--—.._-—-—----—-—_.———.—._—-__

| | ACQUISITION IDIRECT OPERATION;

BASIS | I cosr | cosr |

R | ENGINS R T, e bt e |
CO4PARIZIN | | AENGINE| 3 | AENGINE | 3 |
| I CO3T |INCREASE| <CO3P |ICREASE]
o [=m—m e ==~ jomm—————- |- f== |
I1I |  R32-32 I 27,000 | 34 | 64,5620 | 202 |
FIXED ENSINE | STOR-246 | 14,000 | 39 I 51,562 | 143 |
VARIABLE |GrS310-4203C | 16,000 | 46 | 52,566 | 150 |
AIRFRAME | GATE | -1,500 | -3 b 11,713 | 22 |

| | | i ] |

I11 | RC2-32 | 41,000 | 160 1102,739 | 402 |
VARIABLE i GTDR-246 | 25,300 | 80 i 75,334 | 232 |
ENGINE AND |GP510-420SCi 35,000 | 131 1100,445 | 376 |
AIRFRAAS | GATE | -530 | -1 I 5,357 | 9 |

.—_.—__..—_.--_—_._——_-._—___.-_—_-_—_—___‘—_-———-————-————-_.._-——-
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c = payload x Vcrs x Range
= Energy Consumed in cruise

and a relative cruise coefficient was defined as:

C{for a specific configuration)

R = F(Tor the baseline configuration)

This latter value may be thought of as an increase in efficiency
in moving a given paylcad at a given speed over a given range.

Relative cruise coefficient is shown in Figure 42 as a percentage
increase over the paseline value. For Method II, the RC2-32,
GTSIO-420SC, and CGTDR-246 have the highest values, around 55% to
60% better than the baseline with the diesel being slightly better
than the others.

The same comparison is shown in Figure 43 for Method IIIL.
Here, the same three engines have an advantage over the baseline
of 60% to 70%. In this case, the rotary has the highest value for
the twin and the GTSI0-420SC for the single.

Evaluation Criteria A set of criteria was established early in
the program to evaluate how each of the engines compared to the
others. This evaluation scheme is outlined in Table IX. It
reflects a point of view that a reduction in fuel ccrsumption is
the single most important characteristic for a new engine. The
next most important characteristic is the potential to reduce di-
rect operating cost, this factor being weighted only slightly lower
than tne first one. However, since fuel usage is also inc luded
in DOC the total weight given to reduced consumption is actually
greater than the 10 point weighting factor would indicate. Acquisi-
tion cost, multifuel capability, flyover noise and installation
factors are also included in the criteria.

The fuel compatability of the engines 1is shown on Tzkble Ivb.
Some of the engines (e.g. GTDR-246) are shown as capable of burn-
ing diesel fuel. The high visccsity of diesel at low temperatures,
however, creates a problem in maintaining a reliable fuel flow to
the engine unless fuel heaters and insulation are orovided.
Therefore, no points were awarded for this capability.

The installation factor is the most supjective. No points
are awarded if the engine is judged equivalent to the baseline.
The GTSIO-420 and GTSI0-4205C were considered in this category
though in some ways this may have been generous since the turn=>d
exhaust system will probably make accessory location and accessibil-
ity more difficult than on present day engines. The GATE in the
single engine airframe was also awarded zero points because of
the difficulty in ducting the hot exhaust overboard.
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FUEL USAGE
DIRECT JPERATING
COosT

ACQUISITION CZOST

MULTI-FUEL
CAPABTLITY

FLYOVER NOISE

INSTALLATION
FACTOR

TABLE IX

EVALUATION SCHEME

EVALUAT ION
10 POINTS FOR 25% LESS FUEL
SED THAN BASELINE

10 POINT3 FOR 25% LOWER
DOC

10 POINTS FOR 25% LOWER
PURCHASE PRICE

POINTS AVGAS ONLY
POINT JET FUEL ONLY
POINTS BOTH

N - o

+1 QUIETER THAN BASELINE
0 SAME AS BASELINE (+2dBA)

EQUIVALENT TO BASELINE
SO1EWHAT BETTER THAN BASELINE
MUCH BETTER THAN BASELINE

N O

NEIGHTING
FACTOR
10

10

10
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The diesel engine was awarded 10 points since a Daggage area
can be put in the nose of the single, and slender, low drag na-
celles can be used on the twin. The GATE in the twin was also

Jiven 10 points because of the slender nacelles and relatively
uncomplicated installation,

The rotaries were judged to be much better than the baseiine
and were awarded 20 points. With the light weight an3i small size
of this engine a baggage compartment can be added in the nose of
the single. o0On the twin the nacelles are Slender. Phe liquidg
cooling gives complete control over the engine temperature in all
fligat regimes for maximum operating flexibility.

These evaluation Criteria were applied to all eng.u=s for
all three comparison methods and the results are shown in Fizyres
44 through 46 ani in rables AIII-VII and AIII-VIII. The absoiute
magnitudes of the numbers are virtually meaningless and only the
relative rankings are of any importance. In general the RC2-47,
RC2-32, GTDR-246 and GTSIO-420SC  all have similar values for each
method. The GATE (poth versions) and GTSIO-420 ranked considerab-
ly lower. The RC2-32 was consistently the best with the diesel
usually a close second.

PARAABTRIC-EVALUATIONS

As noted above, the data from Phase II exhibited the same
trends for both the singles and twins. Therefore, only the single
ergine airframes were carried forward into the parametric evaluations
of Phase III. 1In the interest of time andg available budget the
baseline engine ani the backup engine concepts (RC2-47 and GTSI0-420)
were dropped from tha analysis,

The parameteric evaluations involving fuel cost and engine
pPrice have already been discussed. Other variations in input data
and mission definition were analyzed as fol lows:

Mission Definition The effects of selecting different missions
TEE;TBEENEHE-?EEEET'are shown on figures 47 ang 43, The range was
varied by plus or minus 200 NMi from the basic mission value of 700
N41i and the pPavyload was varied by nlus or minus 2 passengers (+400
pPounds) from the basic mission value of ¢ Passengers. The compar i-
SOn was py method II. In no case is there any Crossover of the
important Darameters (evaluation criteria or fuel used) that would
indicate that the original mission unfairly favored one engine
over another.

gggl}gg_argg As discussed previously, cooling drag was imlossi-~
ble to estimate with any degree of precision. The actual values
for any of these engines may, therefore, be different from those us-
ed in the Phase IT analysis. Those values were chosen somewhat
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optimistically; that is, it is unlikely that the cooling drag is
less than estimated. On the other hand there is no reason to be-
lieve that any of the new engines would exhibit worse cooling drag
than the baseline. This gives then, a reasonable approximation
to the maximum and minimum cool ing drags expected for each engine.
Wwork on the Curtiss-Wright study (ref. 5) indicated that the varia-
tion in all aircraft characteristics with changes in cooling drag
was linear over small ranges. Therefore, only 2 points need to be
analyzed to define the trends.

The effects of variations in cooling drag are shown on Fiqure
49. Within this range of values the cooling drag has little effect
on any aircraft characteristic except cruise speed and, in particu-
lar, the effecc on DOC, acquisition cost and the evaluation
criteria are minimal. This variable does not significantly alter
the relative rankings between the 4 engines. The RC2-32, when
evaluated with the highest reasonable drag level, still compares
favorably with the others even when compared to the results for
their best drag value. The conclusion is that had other values
been chosen for cooling drag the results of the study would have
been essentially the same.

High Efficiency Inlet NASA requested an investigation of the
effects of using a high efficiency induction system inlet on the
intermittent combustion engines. These are regularly used on the
turbines but are seldom applied to conventional engines which of-
ten draw their induction air from the same plenum that supplies the

cooling air flow.

The effect of inlet efficiency was already included in the
GATE data. For the other engines the horsepower output varied only
with altitude {that is, the pressure of the air entering the induc-
tion system was the static pressure) .

A higner efficiency inlet on the rotary would not have help-
ed at cruise since the engine was already capable of generating its
maximum cruise rating with no pressure recovery. r'ne small effect
it might have had on climb where velocity is low was judged to be
insignificant and not worth analyzing.

The diesel, however, has 2 high lapse rate above 17000 f¢,
losing 13.4 horsepower for every L0000 ft above the critical alti-
tule. Assuming that an intake capable of 90 percent ram recovery
would cause no changes in SFC, weight or drag (since the air must
be supplied to the compressor anyway) the single engine diesel was
reanalyzel. These assumptions probably represent the maximum
benefits that could reasonably be realized even with careful
development. The results are sthown on Table X for both Method I1
and III. Phe benefits shown for this inlet are not negligible.
For method 11 the evaluation criteria which had been 15 points
less than the RC2-32's became 6 points better; for method II1 where
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FIGURE 49
EFFECT OF COOLING DRAG ON AIRCRAFT SIZING
II. FIXED ENGINE SIZE, VARIABLE AIRFRAME
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FIGURE 48 continued
EFFECT OF COOLING DRAG ON AIRCRAFT SIZING

I1. FIXED ENGINE SIZE, VARIABLE AIRFRAME
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FIGURE 49 continued
EFFECT OF COOLING DRAG ON AIRCRAFT SIZING
I1. FIXED ENGINE SIZE, VARIABLE AIRFRAME
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FIGURE 48 continued
EFFECT OF COOLING DRAG ON AIRCRAFT SIZING
II. FIXED ENG™NE SIZE, VARIABLE AIRFRAME
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FIGURE 48 continued
EFFECT OF COOLING DRAG ON AIRCRAFT SIZINC
II. FIXED ENGINE SIZE, VARIABLE AIRFFAME

i) EFFECT ON NOISE
CCOLING DRAG (eq feet)

2.2 2.2 2. 4 g6
L N . 1 L i L d
80 1 - 88
1 & 2-32 i
o B s052msc
S 764 - 76
m m
o B————QGTDR-246 o
) A—\\—\Amm ]
72 L 72
. 20 2. 82 2. 84 2. 86
COOLING DRAG (eq meters)
J) EFFECT ON MISSION FUEL
COOLING DRAG (eq feeot)
0.8 8.2 8. 4 2.6
fa L L . S L . ]
& - 450 0
E 2@31 )
gv —AGATE g
— A——-”"’f—/ -
~ 180 428
5 g
-
1681 L. 350
w ]
) fi.
L 1459 e ———©RC 2= i
- L e GIsio 4zesc [ 308 5
Z J G —E1GTOR-246 —
= 128 - 0
4 :
z 4 Y Y h } T 3

3. 38 @a. g2 p. 04 g. 26
COOLING CRAG (eg metersa)

91



FIGURE 48 continued
EFFECT OF COOLING DRAG ON AIRCRAFT SIZING
IT. FIXED ENGINE SIZE, VARIABLE AIRFRAME
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FIGURE 49 concluded
EFFECT OF COOLING DRAG ON AIRCRAFT SIZING
II. FIXED ENGINE SIZE, VARIABLE AIRFRAME
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TABLE
part

X
1

EFFECT OF HIGH EFFICIENCY INLET

FIXED ENGINE,

TAKEOFF POWER
CRUISE POWER

BASIC EMPTY WEIGHT
GROSS WEIGHT

WING AREA
WING SPAN
ASPECT RATIO

ROC AT CRUISE ALT
riME TO CLIMB
TAKEOFF DISTANCE
STALL SPEED
CRUISE SPEED
(INITIAL)

PAYLOAD
RANGE

MISSION FUEL
REQUIRED FJEL CAP
RELATIVE CRUISE EFF
V/V*

AVG CRUISE SPEED
MAXIMUM SPEED

PRICE

DoC

NOISE CHANSE
EVALUATION TOTAL
FUEL EFFICIENCY

TCM GTDR-246 DIESEL

SINGLE ENGINE

3TATIC PRESSURE

____TO_ENGINE

268 kW 360 BHF
136 kA 250 BHP
1043 kg 2310 1b
1746 kg 3849 1b
13.6 sgm 146 sqft
10.91 m 35.8 ft
38.80 8.80

192 m/min 630 fpm
21  min 21.4 min
55z m 1810 ft
113 km/hr 61 KTS
404 km/hr 218 KTS
544 kg 1200 1b
1296 km 700 NM
126.3 kg 278.5 1lb
200 L 52.9 gal
1.58 1.58

1.05 1.05

407 km/hr 220 KTS
435 km/hr 235.5 KTS
$188,000 $188,000
$106.6/hr $106.6/hr
-4 dBA -4 dBA
229* 229*

3.24 km/L 16.84 NMPG

* For comparison, the evaluation
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VARIABLE AIRFRAME

HIGH EFFICIENCY

INLET —
268 kw 360 B8P
186 kW 250 3HP
1018 kg 2245 1lb
1712 kg 3774 1b
13.2 sgm 142 sqft
9.81 m 32.2 f¢
7.32 7.32
198 m/min 650 fpm
20.8 min 20.8 min
549 m 1800 ft
113 km/hr 61 KTS
417 km/hr 225 KTS
544 kg 1200 1b
1296 km 700 NM
122.5 kg 270.0 1b
195 L 1.6 gal
1.55 1.55
1.05 1.05
420 km/hr 227 KTS
436 km/hr 235.5 KTS
$181,500 $181,500
$104.6/hr $104.6/hr
~4 dBA -4 d3A
259 259

8.50 km/L 17.37 NMPG

total on the RC2-32 was 244.



TABLE X
part 2

EFFECT OF HIGH EFFICIENCY INLET

TCM GTDR-246 DIESEL
SINGLE ENGINE

VARIABLE ENGINE AND AIRFRAME

STATIC PRESSURE

TO _ENGINE _
TAKEOFF POWER 242 KW 325 BHP
CRUISE POWAER 168 kw 226 BHP
BASIC EMPTY WEISHT 1020 kg 2249 1lb
GROSS WEIGHT 1710 kg 3770 1b
WING AREA 13.2 sgm 142 sqft
WING SPAN 10.55 m 34.6 ft
ASPECT RATIO 8.45 3.45
ROC AT CRUISE ALT 152 m/min 500 fpm

TIME TO CLIMB

24.5 min 24.6 min

TAKEOFF DISTANCE 6195 m 2030 ft

STALL SPEED
CRUISE SPCED

113 km/hr 61 KTS
386 xm/hr 208.5 KTS

(INITIAL)
PAYLOAD 544 kg 1200 1b
RANGE 1296 km 700 NM
MISSION FUEL 120.2 kg 265 1b
REQUIRED FUEL CAP 183 L 49.9 gai
RELAT1VE CRUTSE EFF 1.60 1.60
V/V* 1.900 1.00
AVG CRUISE SPEED 390 km/hr 210.5 KTS
MAXIMUM SPEED 420 km/hr 227 KTS
PRICE $176,100 $176,100
BoC $99.5/hr $99.5/hr

NOISE CHANGE

-4.5 dBA -4.5 dBA

EVALUATION TOTAL 274* 274*

FUEL ZFFICIENCY

* For co.rparison,

3,66 km/L 17.70 NMPG

HIGH EFFICIENCY

____INLET
238 ka 319 BHP
166 kW 222 BHP

993 kg 2190 1b
1676 kg 3696 1b

13.0 sgm 140 sqgft
9.81 m 32.2 ft
7.40 7.40

152 m/min 500 fpm
25.4 min 25.4 min
629 m 2065 ft
113 km/hr 61 KTS
397 km/hr 214.5 KTS

544 kg 1200 lb
1296 km 700 UM

115.4 kg 254.5 1b

182 L 48.1 gal
1.538 1.58
1.929 1.39

402 km/hr 217 KTS
418 km/nr 225.5 KTS

$169,400 $169,400
$96.8/hr $96.8/hr
-4.5 4BA -4.5 dBA
299 299

9.02 km/L 18.43 WMPG

the evalua:tion total on the RC2-32 was 322.
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it had been 48 points less it moved to only 23 points behind. The
fuel savings were 8.5 pounds (3 percent) for Method II and 10.5
pounds (4 percent) for Method III. These numbers indicate that,
within the framework of the assumptions, the inlet coulgd pay 1its
way.

Fhe major effect of the advanced inlet was an apparent increase
in the engine's critical altitude. It could, therefore, just as
easily be argued that the turbocharger design f.r the diesel
should be changed. (For example, using the APU burner to increase
turbine output above 17000 ft.) Its low critical altitude puts the
diesel at somewhat of a disadvantage relative to the other I1.C.
engines mostly due to the airplane's comparatively poor climb
performance at high altitude. Reascnable increases in climb rate
could, in the synergistic design process, offset significant increases
in fuel burned during the climb, A change such as this might produce
results equal to or better than the advanced inlet. However, since
no engine data were available on this configuration, no tradeoff
analysis could be run.

The lapse rate of the advanced spark ignition engine 1is
virtuvally zero until above 25000 ft where it is still only 1/6
that of the diesel. Therefore, a high efficiency inlet could not
produce nearly as large a change rfor this engine as for the diesel
and was consequently nct analyzed.

Cruise Altitude Within the constraints of the engine's capabili-
ties, increases in altitude usually bring ircreases in cruise efficien
Cy. Because of this, turbocharged engines have been taking an
increasingly larger share of the general aviation market. This
trend has been accelerating in recent Years as fuel costs continue
to escalate,

For this reason the selected Cruise altitude for the missions
used in this study was 25000 ft, which is the next logical step
above the 13000-23000 ft altitudes in common use today.

Lower altitudes than 25000 ft were not analyzed for all of
the engines since future competitive aircraft will be capable of
operating at this altitude and the alrcraft of this study must alsc
if they are to reoresent marketable products. The diesel's characteris-
tics in particular seemed better matched perhaps to a lower alti-
tude, but in Phase II it was analyzed at 25000ft for the reason
just stated.

The operation of small aircraft is effectively limited to
25000 ft primarily because of Federal Aviation Regqulations (FAR's).
Above that altitude the FAR's require fail-safe windshields and
window panels (FAR-23.775) and a supplemental oxygen dispensing
unit (rFAR-23.1447b). lhis, plus the higher pressurization
differential (assuming that a 10000 ft cabin is maintained) adds



an estinated 50 pounds to the basic empty weight of the airplane.
Small increases in altitude above 25000 ft are not justified because
of this weight oenalty. Tohe four advanced engines were, therefore,
analyzed assuming a substantial increase in cruise altitude to
35000 £t. The diesel ard GATE, however, had such high thrust lapse
rates that no solution could be found without extrapnolating the
engilne size tO unreasonably large values far beyond the range of
data suppliecd.

The ro*tary and advance spark ignition engines could be siz-
ed to this altitude and the results are shown on Table XI. Even
at this altitude, however, the increased efficiency cannot compensate
for the heavier empty weight and higher horsepower required. The
evaluation criteria, in particular, are noticeally worse than for
the 25000ft case.

It would be easy to conclude from these results that 25000 ft
reoresents a reasonable maximum cruise altitude for general avia-
tion. Thnis would not, however, be correct. The correct conclusion
is that the engine and turbocharger system must be matched to the
cruise altitude intended for the aircraft. Simply scaling an
engine to a larger size will not enable it to perform well at alti-
tudes higher than where it was designed to operate.

Wwith this in anind the baseline, RC2-32 ani GIDR-246 were reanalyz-
ed at a 17000 £t cruise altitude which corresponds to the diesel's
critical altitude. This was done to see if the altitude choice
had unfairly penalized the diesel. The results are shown on Table
XI1, tiere the rotary and diesel are very evenly matched whereas
at 25000 ft the rotary was clearly the superior powerplant. As
oointed out avove, marketing considerations amake 17000 €t an
impractical design altitude. [he data in Figure XII merely demonstrate
ajain the inpirtance to a fair comparison of navinj all the engines
designed tor the same altitude. 'he diesel, which ran a close
second to tne rotary, would possibly have done better had its
turbocharger neen optimizad for a higher altitude (see previous
discussion under dign Efficiency Inlet).

cfulse at constant Airspeed [I'here is an often guoted rule of
thumb that says the horsepower required varies py the cube of the
velocity. This indeed is a good approximation when considering
the maximum speed where induced drag is low and parasite dr a3
predominates. For general aviation aircraft flying at v*, however,
injuced drag is high enough that the horsevower required varies
by the square, not the cube, of the velocity.

Even so, since the Cessna method of sizing usually defines
airplanes with varyving cruise speeds, it may still be asked why the
airolanes shouldn't pe compared when sized to the samne cruise
speed and, therefore, presumably are using the same cruise hor sepower.
Pnis usually is not a 3503 orocedure, nowever. First, from tne
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ENGINE

TAKEOFF POWER
CRUISE POWZR 23250007
CRUISE POWER @35000°

BASIC EMFTY
GROSS WEIGHT

NEIGHT

WING AREA
WING SPAN
ASPECT RATID

ROC AT 35000 FT
TIME TO CLIMB
TAKEOFF DISTANCE
STALL SPEED
CRUISE SPEED
(INITIAL)

PAY LOAD
RANGE

MISSION FUEL
REQUIRED FUEL CAP
V/U*

AV3 CRUISE 3PEED
MAX IMUM SPEED

PRICE

DOC

NCISE CHANGE
EVALUATION TOTAL
FJEL 2FFICIENCY

There was no sclution for the GI'DR-246 or the GATE within
extrapolation of the engine size.
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TABLE XI
EFFECT OF SIZING FOR CRUISE AT 35000 FT
SINGLE ENGINE

RC 2-32 GTSIO-420SC
347 kvi 465 BHP 313 kW 420 BHP
233 kA 380 BHP 224 kW 330 BHP
200 kW 268 BHP 204 kw 274 BHP
1146 kg 2527 1b 1217 kg 2683 1b
1856 kg 4092 1b 1929 kg 4252 1b
14.3 sqm 154 sqgft 15.0 sgm 161 sgft
12.56 m 41.2 f¢t 12.83 m 42.1 ft
11.0 11.0 11.0 11.0
210 m/min 690 fpm 226 m/min 740 fpm
23.2 min 23,2 min 26.5 min 26.5 min
415 m 1360 f¢t 479 m 1570 ft
113 km/hr 61 KTS 113 km/hr 61 KTS
453 km/hr 244.5 KTS 446 km/hr 241 KTS
S44 kg 1200 1b 544 kg 1200 1b
1296 km 700 NM 1296 km 700 NM
134.9 kg 297.5 1b 134.3 kg 236 1b
218 L 57.6 gal 217 L 57.3 gal
1.30 1.03 1.00 1.0
457 km/hr 247 KTS 450 km/hr 243 KTS
493 km/hr 266 KTS 452 km/hr 244 KTS
$239,500 $239,500 $229,030 $229,000
513).2/hr $133.2/hr $125.0/hr $125.0/hr
-3.5 dBA  -3.5 dBA -2.6 dBA -2.6 dBA
103 103 111 111
7.71 km/L 15.76 NAPG 7.75 km/L 15.84 NMP3

reasonable
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Metrod II comparison it can be seen that aqual cruise horseoower
does not produce equal cruise speeds for the various engine/air-
frame combinations. Secord, there are on the order of 8 specific
constraints that each design must meet but only 4 major variables
(gross weight, wing area, aspect ratio and engine size) which can
be changed in order to match the airolane's performance tc these
constraints. That means that only 4, at most, can be satisfiei
and these are chosen so that the other constraints are exceeded.
Trying to pick one constraint, cruise speed, and sayinjy thac it
will be met whatever the cost to the others usually means choosing
design parameters that increase tne drag to artificially nold th2
speed of one configuration down to the value of another.

T'here 1is another option, however, which is to comdare the
airplanes when cruising at the same speed at reduced throttle set
tings. There was sufficient part throttle data to do the analysis
for the diesel and RC2-32 engines which were also the most interesting.
These were analyzed while operating at so called "economy cruise"”
ratings, or throttle settings that allowed an efficient matching
of the cruise airspeeds to that of thz baseline single. The resuits
are snown on lable XIII. Note that the takeoff gross weight,
acquisition cost and DOZ are virtrally unchanged, while the evalua-
tion criteria, relative cruise coefficient and mission fuel are
nominally better. The effect is to make already dramatic improvements
slightly better. It does not change the relative rankings of the
engines nor does it make the larje performance improvements of these
engines, relative to today's powerplants, significontly more obvious.

Advancel Airframe As outlined in the section on assumotions,
the study was modeled using aerodynamics, materials and missions
for *he 1390 airplanes wnich were logical progressions from the
aircraft of today. There are, however, many active research and
developnent programs wnich could ralically alter that picture in
the next decade. These possibilities are discussed below along
witn estimates of now mucn eacn would change the characteristics
of a new airplane if tne technology matured sufticiently to allow
their use.

Composites 4daterials: Here the oroblem is not in nmaterial
characteristics, which are in many ways already demonstrably better
than aiuminum, but in the costs assaciated with using then.
Reference 14 suggests potential weight savings of at least 25 percent
in major components (wings, fuselage, etc.) and 12 percent in the
landing gear. Fhese values are somewhat conservative compared
to other estimnates.

Propeller: TIne propeller characteristics used up to this point
in the analysis took advantage of only about one half of the potential
gains indicated by the NASA SAP study (Ref.15). The full gains
used here are a 6 percent improvement in propeller efficiency
(i.e.,Npopnew—Nipropioid = +06) , a 40 pound decrease in weight and a
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METHOD I
CRUISE 3SPEEY

THROTTLE SETTING

TAKEOFF PCWER

CRUISE PONZIR @25309°

BASIC EMPTY WNEIGHT

GRD5S ANEIGHT

WINS AREA
WINS SPAN
AZPECT RATIO

ROC AT 25300 FT
TIMEZ IO CLIMB
TAKEOFF DISTANCE
STALL SPEED
CRUISE SPEED
(INITIAL)

PAYLOAD
RANGE

MISSION FJEL
REQUIRED FJEL Cap

v/ V*
AVG ZRUISE 3PEED
AAXIMUM SPEED

PRICE

D3C

NDOISE CHANGE
EVALUATION T[JOTAL
FUEL EFFICIENCY

TABLE XIII
part 1
EFFECT OF OPERATING AT REOUCED POAER

FIXED ENZINE, VARIABLE AIRFRAME,

MAXTMUM CRUISE

SINGLE ENGINE RC2-32

239 kw
186 kA

905 kg
1674 kg

13.0 sgm
10.00 m
7.73

249 m/min
22.1 nin

585 m

113 km/ hr
424 km/nr

544 kg
12956 km

134 kg
214 L

1.05
423 km/hr
439 km/ hr

$175,0200

$102.7/hr
-1.3 dasa

244

7.73 km/L

320 B4P
253 BHP

2127 1t
3691 1b

139.5 sgft
32.8 ft
7.73

816 fpm
22 .1 min
1920 ft
61 KTS
229 KTS

1200 1b
70C NA

296 1b
56.5 gal

1.05
231 KTS
237 KTS

$175,000
$102.7/hr
-1.0 dBA
244

15.80 NMPG

_ECCNO4Y CRUISE

FIXEC PAYLOAD-RANZE AN

239 kW
15% kw

395 kg
1676 kg

13.0 sgm
11.28 m
5.80

290 m/min
20.2 min
563 m

113 km/hr
382 km/hr

544 kg
1296 km

114.5 kg
199 L

1.30
384 km/hr
443 km/ hr

$182,000

$104.5/hr
-2.J) dBaA

272

3.10 km/L

320 BHP
206 3HP

21%4 1b
3696 1b

140 sqft
37.0 ft
9.80

350 fpm
20.2 min
1847 ft
61 KTS

206 KTS

1200 1b
700 N™m

252.5 1b
52.7 aqal

1.40
207.5 KTS
239 KTS

$130,000
$104.5/hr
-2.0 dsa
272

18.60 NMPG



TABLE XIII
part 2
EFFECT OF OPERATING AT REDUCED POWER
SINGLE ENGINE GTDR-246

METdOD II FIXED ENGINE, VARIABLE AIRFRAME, FIXED PAYLDAD-RANGE AN)D
CRUISE SPEED

THROTTLE SETTING _MAXI¥UM CRUISE _ ECONO4Y CRUISE

TAKECFF POWER 268 kW 360 BHP 268 kW 360 BuP
CRUISE POWER @259500° 186 kw 253 BHP 154 kwa 206 3HP
BASIC EMPTY WEIGHT 1043 kg 2310 1b 1048 kg 2311 1b
GKOSS WEIZHYT 1746 kg 3849 1b 1726 kg 3807 1ib
WING AREA 13.6 sgm 146 sqgft 13.4 sgm 144.5 sqft
WING SPAN 10.91 m 35.8 ft 11.96 m 36.3 ft
ASPECT RATIO 3.80 3.80 9.10 9.10
ROC AT 25000 FT 192 m/min 630 frm 200 m/min 656 rpm
TIME TO CLIMB 21.4 min 21.4 min 20.9 min 20.9 min
TAKEOFF DISTANCE 552 m 1810 ft 547 m 1793 £t
STALL SPEED 113 km/hr 61 KTS 113 km/hr 61 KTS
CRUISE SFEED 404 km/hr 218 KTS 382 km/hr 206 KTS
(INITIAL)
PAYLOAD 544 kg 1200 1p 544 kg 1200 1b
RANGE 1296 km 700 NM 1296 km 700 NM
MISSION FUEL 126.3 kg 278.5 1b 111.6 kg 246 1b
REQUIRED FJEL Cap 200 L 52.9 gal 17¢ L 46.6 gal
V/V* 1.35 1.05 1.30 1.20
AVG CRUISE SPEEC 407 km/ hr 220 KTS 385 km/hr 208 KTS
1AXIMUM SPEED 436 km/hr 235,55 KTS 447 km/hr 236 KTS
PRICE $188,000 $188,000 $187,000 $187,000
DOC $106.6/hr $106.6/hr $106.4/hr $106.4/hr
NOISE CdAN3RE -4.9 482 -4.0 dBA -4.7 4dBA -4.0 dsa
EVALUATION TOTAL 229 229 260 260
FUEL EFFICIENCY 3.22 km/L 16.80 NMPG 9.35 km/L 19.10 NMPG

102

aERARl io . g g g




E
=

4 dB(A) improvement in noise.

Accessories: An arbitrary weight reduction of 20 percent,
due mostly to improved electronics and materials, has been assumr-
ed for the advanced airframes.

Laminar Flow Airfoils: Reference 16 indicates that a poten-
tial reduction in wing profile drag of 40 percent is reasonable
if laminar flow is achieved over large areas of the surface. Assum-
ing that the wing profile drag is approximately 1/3 of the total
airframe value, then a savings of approximately 13 percent is
possible.

Lift Coefficient: A trimmed maximum lift coefficient of 2.5
is assumed for this advanced airframe analysis and should Le
reasonably easy to obtain with the large span flaps.

Analysis: The improvements discussed abtove are in no way
conservative but neither are any unreasonably optimistic. With
adequate research funding they probably can be realized. The re-
sults of reanalyzing the single engine airframe powered by the base-
line and RC2-32 engines and with these more optimistic assumptions
are shown on Table XIV. Note that the price per pound of airframe
was not changed despite the use of advanced materials, thus
assuming a major reduction in the cost of manufacturing composite
structures.

For the baseline single these improvements due to aerodynamics
and raterials show greater potential (as judged by the evaluaticn
criteria) than the GTSI0O-420 modercte risk, advanced spark igni-
tion engine does. The improvements ccupled with the RC2-32 show
a potential savings in fuel (compared to the baseliine) cf 39
percent versus 33 percent for that engine without them.

REVISED GATE After work on Phase 2 had been virtually complet-
ed, NASA, in conjunction with Teledyne-CAE, discovered that an inadver-
tent error had been made when the Teledyne GATE engine was scaled
to the higher design point &ltitude required for the present study.
The result was an SFC and an engine weight which were almost exactly
1C percent too high. Therefore, the analysis was redone using Meth-

o1 Il with the two indica*ed factors reduced by 10 percent.

The results, shown in Table XV and overplotted on Figures
28,33,36,38,40,42,45, indicate a very significant improvement but
still do not compare favorably with the rotary and diesel powered
machines. Note, however, that even these revised data are still
bzsed on a low-initial-cest design philosophy which was prevalent
at the time that NASA initiated the GATE studies. An approach that
strives specifically for low fuel consumption might well be more
corpetitive with the other engine types.
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TABLE XIV
part 1
EFFECT OF ADVANCED AIRFRAME
SINGLE ENGINE TSIO -550

METHOD II FIXED ENGINE, VARIABLE AIRFRAME, FIXED PAYLOAD-RANGE

AIRFRAME DESIGN __ONSERVATIVE ___OPTIMISTIC
TAKEOFF POWER 254 kW 340 BHP 254 kW 340 BHP
CRUISS POWER 325000° 186 kW 250 BHP 186 kiW 250 BHP
BASIC EMPTY WEIGHT 1241 kg 2736 1b 1021 kg 2252 1b
GROSS WEIGHT 2023 kg 4460 1b 1780 kg 3924 1b
WING AREA 15.9 sgm 170 sqgft 11.6 sgm 125 sqgft
WING SPAN 12.25 m 40.2 £t 11.16 m 36.6 ft
ASPECT RATIO 9.5 93.50 10.70 10.70
ROC AT 250303 FT 198 m/min 650 fpm 259 m/min 850 fpm
TIME TO CLIMB 23.4 min 28.4 min 22.4 min 22.4 min
TAKEOFF DISTANCE 583 m 2240 ft 686 m 2250 £t
STALL SPEED 113 km/hr 61 KTS 113 km/hr 61 KTS
CRUISE SPEED 382 km/hr 206 KTS 426 km/hr 230 KTS
(INITIAL)
PAYLOAD 544 kg 1200 1b 544 kg 1200 1b
RANGE 1296 km 700 hM 1296 km 700 NM
MISSION FJEL 200 kg 440 1lb 177 kg 390 1b
REQUIRED FJEL CAP 344 L 91.0 gal 314 L 83.0 gal
V/V* 1.00 1.30 1.95 1.05
AV5 CRUISE SPEED 327 km/hr 209 KTS 431 km/hr 232.5 KTS
PRICE $202,000 $202,000 §158,503 $158,500
DOC $122.0/hr $122.0/hr $108.0/hr $108.0/br
NCISE CHANGE 0.3 a3\ 0.0 d4BA -1.0 dsA -1.0 dBA
EVALUATION TOTAL 0 0 134 134
FUEL EFFICIENCY 4.70 km/L 9.60 NMPG 5.28 km/L 10.80 NMPG
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METHOD II

AIRFRAME DESI3N

TAKEOFF POWER
CRUISE POWER 325000°

BASIC ZMPTY WEIGHT
GROSS WEIGHT

WING AREA
WING SPAN
ASPECT RATIO

ROC AT 25000 FT

TIME TO

TALKEOFF DISTANCE

STALL SPEED

CRUISE SPEED
(INITIAL)

PAYLOAD
RANGE

MISSION FJEL
REQUIRED FUEL CAP

V/V*

AVG CRUISE SPEED

PRICE
DOC

NOISE CHAN3E
EVALJATIOYW TOTAL
FJEL CFFICIENCY

TABLE

XIv

part 2

EFFECT OF ADVANCED AIRFRAME
SINGLE ENGINE R(C2-32

7.73 km/L 15.80 NMPG

__CONSERVATIVE
239 kA 320 BHP
186 kW 250 BHP
965 kg 2127 1b
1674 kg 3691 1b
13.0 sgm 139.5 sgft
10.00 m 32.8 ft
7.73 7.73
249 m/min 816 fpm
22,1 min 22.1 min
535 m 1920 ft
113 km/hr 61 KTS
424 km/hr 229 KTS
544 kg 1200 1b
1296 km 700 M
134 kg 296 1b
214 L 56.5 gal
1.05 1.05
428 km/hr 231 KTS
$175,000 $175,000
$102.7/hr $102.7/hr
-1.3 dBa -1,0 dBA
244 244

FIXED ENGINE, VARIABLE AIRFRAME, FIXED PAYLOAD-RANGSE

OPTIMISTIC
239 kA 320 BHP
186 kW 250 BHP

782 kg 1725 1b
1479 kg 3260 1b
9.60 sgm 103 sgft

8.50 m 27.9 ft

7.55 7.55
293 m/min 960 fpm
18.6 min 18.6 min
585 m 1920 ft
113 km/hr 61 KTS
465 km/hr 251 KTS
544 kg 1200 1b
1296 km 700 NM
122 kg 269 1b
199 L 52.5 gal
1.95 1.95
419 km/hr 253 KTS
$141,000 S$141,000
$32.0/hr $92.0/hr
-3.5 dBA -3.5 d48BA
354 345
8.51 km/L 17.40 NMPG
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TABLE
part

Xv
1

EFFECT OF 10% IMPROVEMENT IN GATE ENGINE

SINGLE ENGINE

METHOD II FIXED ENGINE, VARIABLE AIRFRAMYE,

ENGINE

FAKEOFF POWNER
CRUISE POWER 825000

BASIC E«PTY WEIGHT
GROSS WEI3AT

WING AREA
WING SPAN
ASPECT RATIO

ROC AT 25300 fFT
TIAE TO CLIMB
T'AKEOFF DISIANCE
SPALL SPEED
CRUISE SPEED
(INITIAL)

PAYLOAD
RANGE

AISSION FUEL
REQUIRED FUEL CAP

v/ v*
AVS CRUISE SPEED
RELATIVE CRUISE EFF

PRICE

DOC

NOISE CHANGE
EVALUATION TOTAL
FUEL EFFICIENCY

106

BASIC ENGINE

391 kw
186 kw

1006 kg
1772 kg

13.8 sym
10.82
3.45

160 m/min
28.1 min

416 m

113 km/hr
418 km/hr

544 kg
1296 km

181 kg
291 L

1.05
423 km/ hr
1.16

$203,000

5118.5/hr
-5.0 dsa

58

5.72 km/L 11.70 NMPG

525 BHP
250 BHP

2218 1b
3907 1b

149 sqgft
35.5 ft
8.45

524 fpn
28.1 min
1365 ft
61 KTS
225.6 KTS

1200 1b
700 NM

400 1b
77.0 gal

1.05
228.5 KTS
1.16

$203,000
$118.5/hr
-5.0 dsa
58

FIXED PAYLOAD-RANSE

-10% WNEIGAT & SFC

391 kw 525 BHP
186 kw 250 BHP
975 kg 2150 1b
1719 kg 3790 1b
13.4 sqm 144 sgft
10.42 m 34.2 ft
3.10 8.10
267 m/min 545 fpm
27.0 min 27.0 min
405 m 1330 £t
113 km/hr 61 KTS
420 km/hr 227 KTS
544 kg 1200 1b
1296 km 700 NM
162 kg 358 1b
263 L 69.4 gal
1.05 1.05
424 km/hr 229 KTS
1.31 1.31
$198,000 $138,000
$114.0/hr $114.0/hr
-5.0 dBA -5.0 d4BA
116 116

6.41 km/L 13.10 NMPG



TABLE XV

part

EFFECT OF 10% IMPROVE

METHOD II

ENGINE

TAKEDYFF POWNER

CRUISE PCWNER 225000

BASIC EMPTY JEIGHT
GROSS WEIGHT

WING AREA
wING SPAN
ASPECT RATIO

ROC AT 25000 FT
SEROC 3 5000 ft
TIME TO CLIMB
TAKEDFF DISTANCE
STALL 3PEED
CRUISE SPEED
(INITIAL)

PAY LOAD
RANGZ

MISSICN FUEL
REQUIRED FUEL Zap

V/V*
AVG CRUISE 3PEED
RELATIVE CRUISE EFF

PRICE

DOC

NOISE CHANGE
EVALUATION TOTAL
FUEL EFFICIENCY

TWNIN ENGINE

3ASIC ENSINE

2

FIXED ENGINE, VARIABLE AIRFRAME,

391 kW
136 kw

1524 kg
2508 kg

15.4 sgm
10.91 =«
7.70

238 m/min
119 m/min
13.6 min

383 m

130 km/hr
464 km/hr

635 kg
1432 km

367 kg
587 L

1.05
471 km/hr
1.07

$377,000

$222.0/hr
-3.0 4s8A

51

3.23 km/L

—

525 BHP
250 B4p

3360 1b
5750 1b

166 sqgft
35.8 ft
7.70

780 fpm
390 fpm
18.6 min
1255 ft
70 KTS
250.7 KTS

1400 1b
800 NM

808.5 1b
155,97 3al

1.05
254.5 KTS
1.07

$377,000
$222.0/hr
-3.7 d4sa
61

6.60 NYPG

MENT IN GATE ENGINE

FIXED PAYLOAD-RAN3E

Z1)3 WEISAT & SFC

391 kW
186 kw

1477 kg
2514 kg

14.6 sgm
10.64 m
7.75

247 m/min
123 m/min
17.9 min
375 m

131 km/hr
469 km/hr

635 kg
1482 km

328 kg
523 L

1.05
474 km/ br
1.21

$365,000

$212.0/hr
-4.3 dBAa

122

3.62 km/L

525 :4p
250 By P

3257 1b
5542 1b

157 sqft
34.9 ft
7.75

310 fpm
40° fpm
17.9 min
1230 f¢t
70.5 KTS
253 KTS

1400 1b
800 NM

723 1b
139.5 gal

1.05
256 KTS
1.21

$365,000
$212.0/hr
-4.) dsa
122

7.40 NMPG
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1)

2)

3)

4)

5)

The advanced and highly-

CONCLJUSIONS

advanced internal combust ion engines all

offer the potential for substantially improved airplanes in all

respects - performance,

fuel burn, and cost

- compared to the

baseline, particularly if the airframe is resized to take advantage
of the powerplant cnaracteristics.

The turboprop (either version)
replacement for the baseline engine,
no major imorovement irn efficiency or

Results for singles and twin

of the methocd of comparison.

Parametric studies show that the resu
to the assumptions (drag level,

the missions chosen.

Advanced materials and aerod
worthwhile improvements in performance,
Used in combination with the advanc

very large.

On the basis of tne evaluation crit

rank as follows:

ENG INE

RC2-32 Rotary

GTDR-246
Diesel

RC2-47 Rot
Tie

GTSIO 4205C

Spark Ign

GTSIO 420
Svark Ign

GATE
Turboprop

103

STRONG POINTS

Low fuel burn, low DOC,
small size, low weight,
multi-fuel capability

Low fuel burn, low wgt

Same factors as R(C2-32
Low fuel burn, low wgt
None, compared to

other engines

Low weight
"turbine image"

might be viewed as a viable
of fering market apveal, but
cost.

S show the same trends, regardless

lts are relatively insensitive
weights, costs, etc.) made and

ynamic features can provide very
fuel burn,
ed engines, the gains become

and cost.

eria the engines in the study

WEAK POINTS

Cooling system
maintenance

Less multifuel
capability

Lower overall per-
formance than 1) or 2)

Mechanical
complexity

Relatively heavy,
poor economics

High fuel consumpt ion,
high power lapse rate,
high cost



TECHN ICAL PROGRAM RECOMME NDATIONS

PREFERRED ENGINE CANDIDATE

Although all of the I.C. engines studied show substantial
improvements over the baseline, the highly advanced rotary and
diesel engines are Clearly th- eferred candidates for development
by virtue of their very hic ranking according to the evaluation
criteria. If added importance is assigned to the ability to operate

on the widest possible range of fuels, the rotary will have a
Jefinite edge.

TECHIOLO3Y PROGRAM

It is recommended that a program be established by NASA which will
focus on enabling technologies for both the rotary and diesel
engines, paced to allow building of the "highly advanced"” versions
by 1990. “idway in this period, it would be highly desirable to
have flightworthy experimental engines available for testing by an
airframe manufacturer in order to assess installation factors,
systems integration, vibration, performance, and certification
potential. These interim "moderately advanced" engines might
themselves pe candidates for production, depending on their per formance
and market conditions; at any rate, the experience gained should
be valuaole in assessing and d:recting the overall program.
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1)

2)

APPENDIX I

DIRECT JDPERATION CZI3TS FOR GENERAL AVIATION AIRCRAST
1981 Estimate

ENGINE PERIODIC MAINTENANCE

Use vast ewperience (i.2. similar engine/airframe combination)
or engine munufacturer’s estimate.

otherwlise use:

B Y~

Jumber of labog hours for lOO_hour igspection 5_1abor rate

tnen Jouble this answer to account for varts.

labor rate early 1981 ran $20/hour 53/FE
$25/hour 4/E
$30/hour Turboprops

Turboorops must be considered under a different formula. Instead
of being inspected every hundred hours, they underqo a series
of Jiot Section Inspections during the overhaul oeriod. These
are usually of considerably greater time than 100 hours. For
some engines the work scheduled for each HSI is different as
the time from last overhaul increases.

(cost _of labor + cost of parts) for HSI's + misc.
T T - TRO - - - T

(filters, i3nit2r3s + labor not incluileli in 4S 1)
RESERVES FOR EIJINE DVIRHAJL
The assumption (conservative) is made that every other overnaul

will require, instead of an overhaul, a remanufactured engine.
Therefore:

{overnaul cost + cost of remanufactured eggine)/z

S A — T A — —— — " SAS— —— — ——— i a

For Turoonroos:

overnaul Sost _(labor + parts) t_additional allOEEnces

Additional allowances incluies an allowance for nremature re-
moval of the engine (1/5 to 1/2 of overhaul cost) and engine ac-
cessories (starter generator etc.) and 2ngine components
(Turbines, nozzles, etc.).
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3)

1)

3)

o)

7)

3)

9)

fROPELLER OVERHAUL

Propeliler DOC (S/ho)
Fixed Pitcn .11
S/E Controllable LSE .43
HPSFE .60
Centurion class .82
M/£ Controllable {per nropeller) .34

AIRFRAAE 4AINTEIANCE
Phis nurber is basel on a parametric fit of the avallable data.

DOC 1.472 + ,000534 TOSW - .000373 BHP (Total)
+2.774 (Twins only) + 1.378 (if pressurized)

INSURAJCE (HULL + LIA3ILITY)

See tables A IV-1 and A Iv-2
Fuel cost

orice gal

DOC = DESI- X hour ($1.70/J3 gal used for all fuels)
<IL COSP
DJC = Pééfg x 3P4 used ($6/gal approximates cil + filter)

or alternately use

actual orice

JIC = ==-===--s=22= X 5Pd used* + g----oz=2-_o2_ o222l o=

*Include o0il consumed ani oil lest during oil chanjes.

JEPRECIATION

Depreciated to zero residual in 7.5 years
RESERVES FOR AVIONICS

package (standard + ooticnal)
000 hrs

10% of Eota}_aviag}g_
1
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10) RESERVZS FOR SYSTEMS AAINTENANCE

DCC  -.513 +

TOGW +

1.109 (if pressurized)

Again this is a parametric fit of available data.

$15,060 ~ 24,99¢
25000 - 39,993
40,900 - 59,999
60,000 - 99,3939
100,000 - 143,000
150,060 - 200,000
159,000 - 299,993
300,000 - 499,999
500,000 - 750,000
750,008 - 1 Mil.
1 Mil - 1.5 4il.
Lezal Liapilit
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APPENDIX II

MISCELLANEOUS DATA USED_IN_STUDY

Cacin Pressurization

rReserve Fuel

Maximum Landing wWeight For
I'wins

Shaft iHorsepower

Fuel for Starting Runup,
laxi, and Takeoff

Drag odue To £ngine Jut

Aspect Katio

Takeotf Characteristics

Fuel Characteristics

Alrplane Jsage

Adequate for 10,000 ft cabin at cruise
altitude

he gross weight was calculated as-
suming adequate fuel for the mission
plus 45 minutes reserve at cruise
power

35% of Gross Weight

All engine power ratings supplied by
NASA were assumed to be installed
values; i.e., the power available to
the prooeller after all accessory
drive requirments were met

I'he total fuel for these functions
was estimated to be 2quivalent to
-385 hours at takeoff power

A value of Cd = .0035 was used based
on T303 data. This assumes incperative
engine propeller feathered and a bank
angle of 5 degrees into the good
engine

Values greater than 11 were not used.
Primarily this was felt to be the
maximum value to which the data base
could be accurately extrapolated.

Climb velocity at 50 feet/Vs =
Rolling Friction Coeffizient = .02
Maximum Lift Coefficiernt =

(o] Heat wval Cost
Avgas 6.0#/a 18720BTU/# S1.70/g
Jet Fuel 6.7#4#/9 18400GBTU/ % $1.70/g

“J0 Hours/Year
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APPENDIX III

TABULATED DATA

The results of the Phase 2 study, shown graphically in Figures 28
through 27 and 39 through 46, are tabulated herein. Included also
is a table showing the values of each component of the evaluation
criteria analysis for all enaines for the three methcds of comparison
both for singie and twin enginz configurations.
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TABLE AIII-1
AIRPLANE CO&EARISON%

SINGLE ENGINE
FIXED ENGINE & AIRFRAME SIZE
VARIABLE MISSION & PERTORMANCE

TSIO GTDR  GTSIO GTSIO

ENG INE _I530_ RC2-17 RC2-32 -246  _-420  -3205C GATE

TAKEOF F kd 254 233 239 268 261 261 391
POAER BHP 340 320 320 360 3150 350 525

CRUISE kW 186 186 186 186 186 186 186
POWEFR 8P 259 250 250 250 250 259 250

EMPTY WZIGAT kg 1241 1148 1105 1152 1201 1170 1105
b 2736 2531 2437 2539 2643 2579 2436

GROSS WEIGHT kg 2023 2023 2023 2023 2023 2023 2023

1b 4460 4460 4460 4460 4460 4460 4460
WING AREA sgm 15.3 15.8 15.8 15.8 15.8 15.8 15.8

sgft 170 170 170 170 170 170 170
WING SPAN m12.3 12.3 12.3 12.3 12. 12.3 12.3
ft 40.2 40.2 40.2 40.2 40.2 40.2 40.2
ASPECT RATIO 9.5 9.5 9.5 9.5 9.5 9.5 9.5
ROC ., n/min 198 198 193 150 264 251 130
AT 25000 fom 650 550 650 493 866 822 427
CLIM8 TIME min 28.1 27.5 27.5 25.9 24 .4 25.0 33.14
TAKEOFF m 633 705 705 643 643 644 475
DISTANCE ft 2240 2313 2312 2110 2110 2113 1558
STALL km/hr 113 113 113 113 113 113 113
SPEED KTS 61 6l 61 61 61 61 61
CRUISE km/hr 332 437 407 389 396 394 404
SPEED KTS 206 220 220 210 214 213 218
PAYLOAD k3 544 592 613 590 565 581 613
1b 1200 1305 1352 1301 1246 1281 1352
RANGE km 123% 2309 2658 2615 2004 2450 1876
NM 700 12147 1435 1412 1082 1323 1013
MISSION FUEL kg 200 252 274 254 226 244 264
1b 440 555 605 560 499 538 583
'TRANS Mg km/L 25.3 43.5 47.5 48.38 36.0 47.1 35.1
EFF ton NA4PG 5.7 9.8 10.7 11.0 8.1 i0.6 7.9
RLLATIVE EFF 1.30 1.51 1.64 1.59 1.40 1.57 1.23
V/y* 1.00 1.014 1.014 1.02 1.03 1,03 1.03
NOISE dsa 0.3 3.0 0.0 -3.0 0.3 0.0 -4.0
PRICE $10603 202 212 212 217 217 21 229
D3C S/t 122 116 115 116 121 116 127
£VAL TOTAL --- 201 223 214 102 194 74
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ENG INE
TAKEOFF ko
POWER 3HP
CRUISE aw
POAER 34P
EMPTY WEIGHT kg
1b
GROSS JEIGHT kg
it
WING AREA sqm
sgft
WING SPAN m
ft

ASPECT RATIO

ROC m/min
AT 25000  fpm
CLIMB TI'IvE min
SEROC M/A41IN
at 5000 ft fmp
TAKEOFF m

DISTANCE ft
STALL km/hr
SPEED K TS
CRUISE kmAr
SPZED K TS
PAYLOAD kg
1b
RANGE km
N4
MISSION FUEL kg
16
TRANS 4g km/L
EFF ton HNMPG
RELATIVE EFF
V/V*

NOISE dBaA
PRICE $1000
DOC S/hr
EVAL TOTAL
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TABLE AIII-IX

AIRPLANE COMPARISONS
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TWIN ENGINE

FIXED ENGINE & AIRFRAME SIZE
VARIABLE MIS5ION & PERFCRMANCE

GTDR GTS10
2-47 RC2-32 246 =420
39 239 268 261
320 320 360 350
86 186 186 186
250 250 2590 2590
9% 1710 1818 1932
3959 3770 4007 4260
07 3107 3107 3107
6850 6850 6850 6850
16.7 i6.7 16.7 16.7
180 180 18C 180
13.6 13.6 13.6 13.6
44.5 44 .5 44.5 44.5
11.0 11.0 11.C 11.0
311 311 251 397
1019 1019 825 1301
18.2 18.2 17.56 17.1
92 92 137 129
301 301 451 423
735 735 638 676
2410 2410 2093 2217
135 135 135 135
73 73 73 73
450 450 137 433
243 243 236 234
790 876 776 741
1741 1931 1711 1634
2367 2605 2676 1839
1283 1353 1445 396
459 461 159 373
1011 1017 1011 822
.8 38.2 36.4 26.2
7.4 8.6 8.2 5.9
.71 1.99 1.82 1.52
.33 1.03 1.02 1.02
1.0 -1.0 -4.0 -0.5
396 396 403 408
216 214 216 226
228 260 238 123

GTS1IO

-4208C

_GATE_
391

525
186

250

1688
3722

3107
6850

16.7
180

13.6
44.5

11.9

195
641
22.5
926
314
489
1605

135

246

891
1965

1776
959

446
983

28.4
6.4
1.45
1.04
-2.0

427
239
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ENSINE

TAKEOFF KW
POAER BHP
CRUISE dw
POACR 3 HP
EMPTY WEIGHT kg
1b
GROSS WEIGHT kg
ib
WINS AREA sqm
sqft
WING SPAN m
ft

ASPECT RATIO
ROC n/min

AT 259007 fpm
CLIMB TIMe min

TAKEDFF m
DISTAICE ft
STALL km/hr
SPEED KTS
CRUISE km/hr
SPEZED LT3
PAYLDAD kq
lb
RANGE km
N4
MISSION FUEL kg
1t
CRUISE km/L
MILEAGE N4P G
RELATIVE EFF
v/ U*
NOISE dBA
PRICE $1000
DIC $/hr
EVAL TOTAL
B it -~ . 7 -

TABLE AITII-III

AIRPLANE COMPARISONS

—— " —

SINGLE ENGINE

FIXED ENGINE & PAYLOAD RANGE

VARIABLE AIRFRAME

TSI0 GTDR  GTSIO GTSIO
_I550 RC2-47 RC2-32 _-246_ _-420_ -420SC GATE
254 239 239 268 261 261 391
340 320 320 360 350 350 525
186 18o 186 186 186 186 185
250 250 250 250 250 250 252
1241 1042 ~ 965 1043 1143 1061 1006
2736 2297 2127 2310 2520 2340 2218
2023 1760 1674 1746 1867 1764 1772
4460 3381 3691 3849 4117 3888 3907
15.8_ 13.7 _13.0 13.6 14.5 13.6 13.8
170 147 140 146 156 146 149
12.3 10.5 10.0 10.9 11.5 10.8 10.8
40.2  34.9 32.8 35.8 37.8 35.3 35.5
9.5 8.3 7.7 8.3 9.2 8.6 8.5
193 235 249 192 297 302 160
650 775 816 _ 630 974 990 524
23.4 23,3 22,1 21.% 22.0 21.0 23.1
683 616 585 552 591 561 416
2240 2020 1920 1810 1940 1840 1365
113 113 113 113 113 113 113
61 61 61 61 61 61 61
332 420 424 404 406 407 419
205 227 229 218 219 220 225
544 544 544 544 544 544 544
1200 1200 1200 1200 1200 1200 1200
1296 1295 1296 1296 1296 1295 1295
700 760 700 700 700 700 700
200 142 134 127 150 130 181
440 314 296 279 331 287 400
4.7 7.3 7.7 8,2 6.2 8.0 5.7
9.6 14.3 15.8 16.8 12.7 16.3 11.7
1.00 1.43 1.58 1.58 1.40 1,57 1.16
1.00 1.05 1.05 1.05 1.05 1.05 1.05
0.0 -1.0 -1.0 -4.0 =-1.0 ~-1.5 =-5.0
202 184 175 188 200 186  203.5
122 107 103 107 115 106 119
--- 206 244 229 119 209 53
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ENGINE
TAKEOFF kW
POWER BHP
CRUISE aw
POWER B8 HP
EMPTY WEIGHT kg
1b
GRJ3S NCIZHT kg
ib
WINS AREA sqm
sqgft
NING SPAN m
ft
ASPECT RATIO
ROC . n/min
AT 25000 fom
CLIMB TIME min
SEROC m/min
at 5000 ft fmp
TAKEODFF m
DISTANCE ft
STALL km/ht
SPEED KTS
CRUISE km/hr
SPEED KTS
PAYLDAD kg
1b
RANGE Kn
N
MIS3ION FJUEL kg
1b
CRUISE km/L
MILEAGE NMDPG
RELATIVE EFF
AL
NOISE dBA
PRICE $1000
DOC S/hr
EVAL TOTAL
120
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TABLE AIII-IV

AIRPLANE COMPARISONS

TWIN ENGINE

FIXED ENGINE & PAYLOAD RANGE

VARIABLE AIRFRAME

TS10 GTDR  G7SIO GTSIO
_550  RC2-47 RC2-32 -246_ -420 -4205C 3ATE
254 239 239 268 261 261 391
340 320 329 360 350 350 525
186 186 186 186 186 186 185
259 250 250 250 250 250 250
2008 1644 1509 1669 1868 1725 1524
4428 3625 3327 3680 4118 3802 3360
3107 2625 2474 2610 2864 2679 2608
6353 5788 5454 5753 6314 5957 5750
16.7 13.7 13.5 13.4 15.7 14.0 15.4
180 148 145 144 169 151 166
13.6 11,6 16.7 11.9 13.1 12.4  10.9
44.5 38.1 35.0 39.1 43.1 40.7 35.8
11.0 9.8 8.5 10.6 11.0 11.0 7.7
312 384 408 324 451 469 238
1025 1260 1340 1062 1480 1540 780
18.7 14.9 14,7 14.3 15.3 14,2 18.5
105 122 130 183 158 166 119
343 400 425 600 520 545 390
713 637 572 565 607 600 383
2338 2090 1880 1855 1990 1970 1255
135 137 135 140 135 137 130
73 74 73 75 73 74 70
124 465 467 452 441 445 465
229 251 252 244 238 241 251
635 635 635 635 635 635 635
1400 1400 1400 1400 1400 1400 1400
1481 1431 1431 1481 1481 1481 1481
800 800 800 800 800 800 800
337 233 269 252 300 264 367
355 625 592 555 661 581 809
2.7 4.2 4.5 4.7 3.5 4.5 3.2
5.6 3.6 9.1 9.7 7.3 9.2 6.6
1.00 1.46 1.55 1.59 1.34 1.51 1.07
1.06 1.5 1.65 1.05 1.5 1.05 1.95
0.0 -2.0 =-3.0 -4.0 -1.5 -2.0 =-3.0
381.5 334  320.5 338.5 382 34/ 377
230 196 190 195 217 198 222
--- 225 257 241 109 205 61



TABLE AIII-V
AIRPLANE COMPARISONS

SINGLE ENGINE
FIXED PAYLOAD RANGE
VARTABLE ENGINE & AIRFRAME

TSIO GTDR  GTSIO 3TSIO
ENGINE =550 R:2-47 RC2-32 _-245_ _-420 _ 4208 _SATE
TAKEDFF ki 254 200 191 242 204 _ 199 _ 41l
PONER 3HP 340 268 256 325 273 267 _ 551
CRUTSE ke 186 156 149 169 145 142 197
POWER 3P 250 209 200 225 195 191 264
EMPDY EIGHT kg 1241 1012 955 1020 1099 1029 ~ 981
1b 2736 2230 2105 2249 2422 2258 2162
3ROSS VEIGHT kg 2023 1715 1641 1710 1799 1707 1752
16 4460 3782 3618 3770 3967 3764 3864
4183 AREA  sgm 15.° 13,4 12,7 13,2 13.9 13.2 13.5
sqft 170 144 137 142 150 142 146
AING 3PAN m12.3 10.5 10.7 10.6 12.3 11.7 9.3
ft ~ 40.2 34.5 35.1 34.6 _ 40.2 38.5 30.6
ASPECT RATIO 9.5 3.4 2.0 8.5 10.8 10.5 6.8
ROC _ n/nin 198 173 174 152 209 210 152
AT 25000°  fom 650 568 570 500 _ 686 630 500
CLIM3 TIs€ min 23.4 33.0 30.0 24.6 29.0 28.7 28.2
TAKEOFF m 683 733 722 619 756 738 405
DISTAICE ft 2240 2405 2370 2030 2480 2420 1330
SIALL km/hr 113 113 113 113 113 113 = 113
SPEED KTS 61 61 61 61 61 61 61
CRUISE km/hr 382 393 391 387 370 370 422
SPEED <TS 206 212 211 209 200 200 223
PAYLOAD k3 544 544 544 544 544 544 544
1b 1200 1200 1200 1200 1200 __1200 1200
RANGE km 1296 1296 1296 1296 1296 1296 1296
N4 700 700 700 700 700 700 700
MI3SIOY FUEL kg 200 129 119 120 131 112 189
16 440 285 262 265 289 246 416
CRUISE km/L 4.7 3.1 3.3 8.7 7.1 9.3 5.5
MILZAGE  44PG 9.5 16,5 17.9 17.7 14.5 19.1 11.3
RELATIVE EFF 1.00 1.54 1.57 1.60 1.51 1.70 1.15
v/ 1,00 1.30 1.00 1.00 1.00 1.00 1.00
MOIS3E 48A 0.0 ~-1.0 -1.0 -4.5 0.0 -0.5 -5.0
PRICE $1000 202 169 161 176 180 167 203
DOC $/hr 122 96 91 100 100 92 120
EVAL TOTAL -=2 278 322 274 221 306 40
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TABLE AIII-VI

AIRPLANE COMPARI SON3

TWIN ENGINE
FIXED PAYLOAD RANGE
VARIABLE ENGINE & AIRFRAME

TSIO GITDR  GTSIO GTSIO
ENG INE 2550 RC2-47 RC2-32 _-246 _-420 -420SC GATE
TAKEOF F kWw 254 195 186 228 225 218 309
POWER BHP 340 262 250 _ 306 302 293 415
CRUISE kd 186 153 145 159 161 156 146
POWER 84P 250 205 195 213 216 209 196
EMPTY WEIGHT kg 2009 1591 1470 1606 1765 1632 1517
1b 4428 3485 3240 3540 3892 3597 3344
GROSS WEISHT kg 3107 2519 2381 2517 2727 2549 2537
lb 6850 5553 5250 5550 6013 5620 5615
WING AREA  sgm 16.7 13.3 12.8  12.9 14.8 13.7 14.s
sqft 180 143 138 139 159 147 157
WING SPAN m13.6 12.1 11.9 11.9 12.7 12.3 12.7
ft  44.5  39.6 39.0 39.1 41.8 4C.2 41.6
ASPECT RATIO -.0 11.0 11.0 11,0 11.0 11.0 11.0
ROC , m/min 312 285 291 239 367 364 162
AT 25000°  fpm 1025 935 955 785 1205 1195 530
CLIM3 TIME min 18.7 19.1 18.8 17.8 18.3 18.2 25.5
SEROC m/min 105 76 76 130 112 112 76
at 5000 ft fmp _ 343 _ 250 _ 250 425 367 367 250
TAKEOF F m 713 758 739 658 698 681 479
DISTANCE ft 2338 2520 2425 2160 2290 2235 1570
STALL km/hr 135 135 135 139 135 135 131
SPEED KTS 73 73 73 75 73 73 71
CRUISE kmmr 424 432 423 424 419 417 420
SPEED KTS 229 233 231 229 226 225 227
PAYLOAD kg 635 635 635 635 635 635 635
lb 1400 1400 1400 1400 1400 1400 1400
RANGE km 1482 1432 1482 1432 1432 1482 1482
NM 800 800 800 800 800 800 800
MISSION FJUEL kg 388 252 231 230 275 237 328
b 355 555 509 506 606 523 723
CRUISE km/L 2.7 4.7 5.1 5.2 3.9 5.0 3.6
MILEAGE  N¥PG 5.6 9.7 10.5 10.6 7.9 10.3 7.4
RELATIVE EFF 1.00  1.55 1.66 1.65 1.40 1.59 1.08
v/ v 1.00 1.00 1.00 1.00 1.00 1.00 1.903
NOISE 48A 0.0 -1.0 -2.5 -5.0 ~-1.0 -1.0 =-3.0
PRICE $1000 381.5 301.5 236 307 341 312 333
DIC $/hr 230 173 163 175 194 175 193
EVAL TOTAL --- 300 355 312 191 286 170
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TABLE AITI-VII
RESULTS OF EVALUATION CRITERIA

SINGLE ENGINE

FUEL MULTI-
ENG INE_ BURNED DOC__ PRICE_ _FUEL_ NOISE_ INSTL TOTAL

I - FIXED> ENGINE AND AIRFRAME SIZE, VARIABLE MISSION

RC2-47 lo7* 16 -12 10 0 290 201
RC2-32 137* 18 =12 10 0 20 223
GTDR-246 191~ 16 -18 5 10 10 214
GTSI0-420 117+ 3 -18 0 0 0 102
GIrSI0-4205C 183+ 16 ~-15 19 0 0 194
GATE 109* -18 =32 5 10 0 74

II - FIXED ENGINE SIZE AND MISSION, VARIABLE AIRFRAME

RC2-47 115 40 21 10 0 20 206
RC2-32 131 51 32 10 0 20 244
GTDR-246 147 40 17 5 10 10 229
GTSI0-420 99 13 2 0 0 0 119
GTrsI0-4205C 139 41 19 10 0 0 209
GATZ 36 9 -2 5 10 0 58

IIT - FIXED AISSION, VARIABLE ENGINE AND AIRFRAME 35IZE

RC2-47 111 28 39 10 9 20 278
RC2-32 162 31 49 10 0 20 322
STDR-246 159 59 31 5 10 10 274
GT510-420 137 53 26 J J G 221
GIr3I0-4205C 176 79 41 10 0 0 306
GATE 22 4 -1 5 10 0 40
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TABLE AIII-VIII
RESULTS OF EVALUATION CRITERIA

TWIN ENGINE

FUEL MULTI-
ENSINE BURNED _DOC__ BRICE _FUEL_ NOISE_ INSTL

I - FIXED ENGINE AND AIRFRAME SIZE, VARIABLE MISSION

RC2-47 188+* 19 -3 10 Y 20
RC2-32 217+ 22 -9 10 0 20
GTDR- 246 208+ 19 ~-14 ) 10 10
GTSIO-420 134+ 6 -17 0 0 0
GT51I0-420SC 193+ 19 =15 10 0 0
GATE 155+ -13 -29 5 0 10

IT - FIXED ENSINE SIZE AND MISSION, VARIABLE AIRFRAME

RC2-47 104 47 33 10 10 20
RC2-32 123 56 38 10 10 20
GTDR- 246 140 49 27 5 10 10
GT510-420 91 18 0 0 0 0
GT510-4205C 123 45 22 10 0 0
GATE 22 11 3 5 10 10

ITI - FIXED 4I3SION, VARIABLE ENZINE AND AIRFRAME SIZE

RC2-47 1490 30 50 10 0 20
RC2-32 162 93 60 10 10 20
GTDR-246 163 77 47 5 10 10
GTSI0-420 116 59 25 0 0 )
GT510-420SC 155 77 44 10 0 0
GATE 62 52 31 5 10 10
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TOTAL

223
260
238
123
207
128

225
257
241
109
205

61

300
355
312
191
286
170
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