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FOREWORD

This document, IR 27769-1, is the summary report of the Lockheed~California
Company's contribution to & multicontractor analytical study entitled "Study of
Cost/Benefit Tradeoffs For Reducing the Energy Consumption of the Commercial Air
Transportation System'" performed under Contract NAS 2-8612 for the National |
Aeronautics end Space Administration Ames Research Center, Moffett Field, Cali-
Tornia. The work summerized in this report ineludes work performed under the
basie contract and work performed under the contract Modification Nuiber 1 sec-—
tion entitled "Turboprop/Turbofan, Short/Medium Renge Configuretion Analysis'. :
This report outlines the methods and presents the results and recommendetions Por "
Turther study emphasis. TFor details of both studles the reader is referred to :
Lockheed-California Company report LR 27769-2, NASA CR-137926, the contract
final technical report dated Augurc, 19'?'6 A : .

I@ Lou::.s s W:.llla.ms of ‘bhe Research Aircraft Technology Qffice ab the
NASA Ames Resermrch Center was the teechriczal moritor and adv:.sor for the study.

..~ The stundy was performed within the Advanced’ Desmg;n and Technologles Divi-
" sion of the Lockheed-California Company, Burbank, Californis, under the leader-
"~ ship of Mr. John P. Hopkins, Study Manager. '

_ Special mention and.appreéiatio'r_l is hereby expressed in the memory of Mr.
John C. Heitmeyer for his outstanding technical contributions, leadesrship and

-example as-Lockheed Study Msnager from the time of con’c.ract J.nlt:r_auon unt:Ll
June 1975 : _ R

The Ham:n.lton Sta.n&a.rd and Pratt and Whitney Aireraft D.‘L‘VJ_SJ.OIIS of United
Technologa.es Corporation and Hastern Alr Lines made major contributions %o the .
Turboprop/Turbofan, Short/Medlum Range Configuration Analysie sechion.of Contract -
xﬁoda.f:.cab:.on Number 1. The Study Menagers for these subcontramors were:

Mr. Bernard S, Ge.tzen —~ Hamilton btandard

Mr. David E. Gray - Px-a,tt a.nd Whltney Alrcraf“b

- Mr. R. Scott Sta.hr - Hastern Air L:Lnes
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: COST BENEFIT TRADEOFFS FOR REDUCING THE ENERGY -
CONSUMPTTON OF THE COMMERCIAL ATR TRANSPORTATION SYSTEM

J P. Hopku.ns and H., B. Wharton

,Lockheed—ca.ln.fornla Conipény
SUMMARY

. This study examines the practical measns for achieving reduced fuel consump-
tion in ecommercial air trensportation. A supplemental study performed as a
nmodification to the basic contract assesses the merits of advanced turboprop
propuls:.on.

Mireraft perfomaace and opera.‘tlng cost dats are develope& in Phase I of
the study under four basic options for fuel conservation. These basic Tuel con-
serving options are operationel procedure changes, modifications $o and derive-
bives of current aircraft, and new near-term designs, Aireraft performance and
operating cost data on ‘current domestic fleet aircraft ave developed to- provide
a baseline for comparison purposes. NASA Specification No. 2-2h968 dated
June 3, 19Tk, Stetement of Work Study Task 1.4.1.1 specifies development of data
" on the Lockheed I~1011 and I-188 Electra 8s a minimum. Phase TT consisted of
selecting the most promising optlons, performing opivion refinements, and prepar-
ing the resulting deta in a form sulteble for use in the overall fleed analysis
studies which were conducted “by' a transportatlon sy‘stems analys:t.s consulting
crganlzation. . - k :

The merit of .an advanced turbopraop propulsion system designed to operate at
high Mach numbers wvas evaluated by integrating it with an airframe system
" desigred for 1985 service introduction and comparing it Wlth -an, eq,u:.valen't
mission, equal technology ’curbofan powered sirplane.

Conclusions and recommendatlons d:r-a.wn from Lockheed's role in ‘bhe 'bas:l.c
- ghudy effort are as follows: L . : .

] Chanpes to opers:bioﬁal proce'dures offer an immediste and inexpensive
method to cgnserve fuel end should be implemented on a priovity basis.

® 0f the near-term L-1011 modifications studied, the engine afterbody

: revision and wing tip extension offer even larger fuel savings -
benefits than changes in operational proceduves. The engine afierbody
modification shoutld bé retrofitted to fleet aircraft, ag well as the .
wing tip extension. th,re poss:Lble (dlcta,ted by 'bakeofi‘ groas Welght o
reqmraments )

,,,,,

%o the basic L-~1011-1 alrcrai‘b OerI'S the most dramatlc eff:,mency
 gains but is dependent on con'blnuafcn.on of demand growth and fnel
vava.llablhty. L : o ,



o Wew nesy~term aircraft designs ave not likely tc be developed without
increased density seating. A later airplane sevrvice introduction to
2llov incorporation of more of the technology advances, includiug a
new turboprop propulsion system, may enhance the case for s new air-

. eraft development. Development of the advanced technologles required
is recommended. '

It was concluded from the supplementel studies that an advanced turboyrop
propulsion system is & vieble elternstive to the bturbofan, offering significant
fuel and operating cosv savings without compromising pessenger comfort. To
accomplish this requires that the following actions De implemented on a f:.rs*b
priority basis:

@  Demonstrate propelier efficiency levels of approximetely. 80 percent
(installed) at a flight Mach number of 0.80.

o ® Perform experimental investigations of propfan/turboprop wing inte-
© . grabion o establish that reasonabie dreg cheracteristics exist for
practical propfan/turboprop power plants mounted on swept, super- B
Ceritical wings. ,

@ = Determine sound levels generated by propfan/turboprop concepts -
operating at Mach 0.80 cruise and establish sound attenuation and
weight penalty requirements for their satisfactory suppression.

INTRODUCTION

The dependence of the United States on foreign sources’ of petroleum Lo meeb
_ - our ever inereasing energy demands was brought to the forefront in late 1973 by
. vhe oil embargo. The restrictions placed on all forms of energy consumption by
the fuel allocations imposed during that period resulted in the consideration
of and in some cases the actual conversion to alternative forms of energy. How-
ever, the air transporhation industry is, now and for the foreseeable fubture,
totally dependent on petroleum fuel. The restrictions of 1973 led to & con~
certed effort by the alr transportation industry to conserve fuel. The effort
did not diminish with the relaxation of the imposed allocations; the more than -
dotbled fuel cost becoming the driving foree ror fuel conservation. To remain
economically visble while continuing t¢ meet the forecast increasing demsnd for
seryiceé requires that the industry mske every effort to conserve fuel,

The study summarized by this document examined the potentisl for improving
the energy consumption of the commercial aly transportation system from an air-

. . frame uwenufacturer's viewpoint. - The TLockheed-California Compeny's share of

this study was one part of a coordinated effort Wh:l.ch inceluded auother a,:l_rframe'
manufacturer, McDonnell Douglas, an airline operator, United Airlines, and a
consultant organization specializing in air transportetion economics and

demand. forecasting; United Technologies Research Cenber., The potential for fuel

efficiency improvements in several spec:Lflc areas wes examined, followed by
exploring the refinement of the most promising options. Characteristics, ,
performance, opera:blng cost and pr:.ce :r.nforma.tion :F.‘or the approved opt:.ons were



provided by the airirame and airline contractors and used as 1npu+s by the con--
sulting organization. This latter effort included the overall anslysis of the

effects of introducing the fuel conserving options into demand projections and

fleet operations models to arrive at a prediction of future fuel reguirements,

service levels and economics.

Baseline Tuel and operating cost data were first established through tabu-
lations of current fleet aircraft performance data on both a manufacturer's
handbook basis and as reported to the Civil Aeronautics Board by the airline
operators. The Lockheed I-1011 TriStar and L-188 Electra.sircraft were studied
as baseline aireraft in Task 1. Consideration of changes in operational proce-
dures that result in improved fuel consumption was the Task.?2 study effort. The

" Loekheed effort in this task was concentrated on the u-lOll alreraft.  Task 3

was the preliminary design and evaluation of fuel conserving modifiecations to

current aircraft, the modifications being limited to those that could be incor-
porated in current production or retrofitted to in-service aireraft. DMore _
extensive derivatives of current aircrafi were considered in Task 4 followed by
the design of all new, near-~term fuel conservative aireraft in Task 5. Three

payload/range size classes with both minimum direct operating cost and minimum
fuel as design criteris were studied. . In addition, both turbofan and turboprop

‘propulsion systems were considered.

Because this study by necessity involved a coordinated effort among the
several contractors and NASA, a study plan and study ground rules were estab-

‘lished at the outset by the parties concerned. The study plan coordinating the

work of all of the contractors was the responsibility of the consultent organ-
ization, United Technologies Research Cember, and is discussed in their report.,

- (Ref. l) The NASA technical monitor, the airfreme manufacturers, Lockheed and
© McDonnell Douglas, and the airline contractor, United Alrllnes, developed the
. study ground rules to be used in the aireraft performance and operating cost

caleulations. The flight profile used for all performance caleulations is

included as Figure 1 and the ground rules in terms of seating configurations,,

passenger and cergo a11owances, and economic parameters is presented in Table 1,

A supplemental follow-on study, also summarlzed in this document, examines
the potential viability of an advanced turboprop transport which was compared
with an equal technology ‘advanced turbofan transport.  This effort resulted -
from a modification to the original combract in order to more fully explore ‘the
high potential Ffuel savipgs indicated for the turboprop transport aireraft con-
cept in the preliminary studies. The aircralt analyzed were deslgned for service

in. 1985 and therefore ihcorporated additionzl fuel eonserving teechnologies .

expected to be available in that time frame. Both turbofar and turboprop air-
craft were designed to cruise at Mach 0.8, the turboprop utlllzlng an advanced

_propeller to accompllsh thls.

Three subcontractors, the Pratt and Whltney Alrcraft and the Hamllton "

~Standard Divisions of United Technologies Corporation, and Eastern Air Lines,

assisted Loekheed in this supplemental study. Performance and economic griound
rules consistent. with the basic contract were meintained and prellmlnary data
were supplied to the United Technologies Research Genter for use in the1r air
transportation system operations snalysis studies.

Because of the large. number of figures and ‘tables requlred in -the perfor- -

..ﬁance of this study, it was not practical to integrate them with the text mater-—
ial+  Consequently, .they have béen seqpentlally incorporated at the end of the

appropriate section, figures followed by tables.
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TABLE 1.- STUDY GROUND RULES

Interior Arrangements
10/90% First Class/Coach @ 38 in./3k in.
8 Abreast Seating (Baseline L-1011j
" Lower Decl Galley Vhere Feasible

Peyload Allowances

200 Ib/Paésenger (Ineciuding Baggage)
No Cargo Carried for Performence Analysis
Cargo Revenue = 10% of Total Revenue

Onboard Fuel Includes Nd.Tankérage

Operational Parameters -

Load Fzetor = 585 (100% for New Aireraft Design)
Fuel Heat Conbent = 18600 Btu/lb

Fuel Density = 6.8 1b/zel

Direct Operating Cost - Updated 1967 ATA

‘Indirect Operating Cost -~ Lockheed_lQTB;Coefficients

Economic Parameters

1973 Dollars
15¢/Gallon Fuel (A1l Tasks)

-15¢/30¢/60¢/Callon Fuel - New Airplane Designs
Dépreciétion Peribd:#.lGSYeafs ﬁiﬁh 10% Residual
Spafes = 15% of ¥lyaway Cost |

- Insuvance Rate = 1%-

Production Quantity = 250 Aircraft
Inflation = 5%

Discount Rate = 8%




ABBREVIATIONS/SYMBOLS/CONVERSIONS

Abbreviations

ASM o Aiyplay~ Seat Naubical Mile, Seet - n.mi.
ASSET Advanced Systenm Synthesis é.nd Evgluation Technique
(Lockheed computer program)

- ASW | : .Antisu'b’marine warfare |

ATA - Ajr Transport Association

ATC-. Air Trafiic Control

blk-hr Block—hogr

BpF | . Blé.de passage freq‘ué:_ncy

Btw . British thermal wnit

CAB Civil Aerongutics Board

c.g. Center of gravity

DOC Direct operating éost

ECS - c Envir-onmenta]_. Control System

EPlNdB Equivalent perceived n;aise level, decibels.

‘EPR . Engine overall pressure ratio

FAR V Fecderal Alr Regulation

VR - First class passenger designation.
 flt-hr Flight-hour |

£6 o Feet

Twrd Forwerd

gel ~ . Gellonm -

GSE 'Govefnment-supplied equipmentr

_IOO R Indirect opér’ating'cost

in. Inch



- IRAD
KCAS'
KIAS

KL

. 1b

Lp~3

MEW

-

MLG

n.mi,

OEW

SFC

- '-shp

SL

SIS
TOFL

- poaw

UAL

~ UTRC

ZF

- Independent _resea.rhh and dévelopment

Calibreted airspeed, knots
Indicated airspeed, knois

knot

" Pound -

’ L—lOll/DC—J_O standa.rd:i.zed halfwsize cargo conbainer

Load factor -

Landing fisld length, £t

Long range cru_se,.. i

Mean Aerodynsmic Chord

Magnetic enomoly debection
Manufacturer's empby weight, 1t

" Minutes

Main lending gear

' Mile per hour-

Nautical Mile .-

Opera:blng empt;y‘ We:.ght lb

Pas senger '

Spaclflc fuel consumptlon, 1b fue1/hr/1b thrust

| _ Sha.ft horsepower

' Sea level

Hea Tevel "'sté,%i c

Ta.ke.off fleld leng{:h fi;

Ta.keoff gross we::.gh’c lb

Tour:.st class passenger d,esn.gnatz.on

Unlted A:Lrla.nes

Umted Technolog;a.es Research Cen’ber

| Zero fuel weight, b

Rﬁmomcmmrsr OF T

el A WL m



Symbols '

Aspect ratio, 'b2/S
_b o _ Wing span, %
e Wing chord, £t

Drag coefficient

n
[w]

o
!

Lift coefficient

D Drag ._fo_r_ce . J.b ,
@ Dectvel

. Net -_!;hruat foree, 1b

Ring frequency, Hz

oMo '_ 'Mach_ number -

qQ " . Dynemic pi‘essﬁre 5 lﬁ/ft?
Leading _edge. :radi_us . i’p..
s : : "~ Wing area, fta | |
‘tfe . - Thickness ratio

/W : | ¢ Thrust to weight ra:tiobb
WL .' . Trué speed, kb | |

w/s - . Wing 1oé.ding“‘,' 1h/ £ f

‘ oz S " Angle of aﬁaek-,. dégfiaés

n ' Pfopeliér efficiency

A L -'Wiﬁ'g _' sWéap é.ngle; de’éﬁees_ o

pc g ' ; Iﬁpedance of air



To Convert From

Fahrenheiﬁ
foot B
v"footh
foot3

- Poot/second

gallon

~ horsepower (550 f£t-1b/s)

~inch
- knot -
nautical wile
 pound (foree) .

pound (mass)

Conversicns

To

.. Celsius
meter.

'matere

mEterSi

meter/second

nmter3

watt

meier

. meter/second - .

meter:

Wewton

ki logram

Multiply By

by = (5/9)(55-32).

0.3048

10.0920030%

0;0283168h6§92
0{3028. 5
0.00378541178%
45 .69987

0.025%

©0.5UINLLY
1852
~h;hh822l6i52605
10.%5359237



1.  BASELTNE TRISTAR AND ELECTRA ATRCRAFT DATA ~ TASK 1

The objective of this task is to establish the basis for comparison of the
vericus fuel conserving opbtions identified during the course of the study. Data
- for existing aircraft in the form of fuel consumption and opersbing costs were
calculabed using menufacturer's performarice daba and the standard flight profile.
ground rules established through agreement bDetween NASA and the varioum
contractor companies. The 'f'esultn.ng caleuleted performance and cosi data are
compared with the airline-reported performance and cost data publlshed anaually
By the Civil Aeronautics Boarﬂ (CAB) :

_ As stipulsted by NASA S]gec‘.lflca'b:t.ﬂn No. 2-24968 dated June 3, 197k, two
Lockheed tra_nsport aircraft are considered; the L-1011 TriStar and the L—188
 Electra. The calculated data for both aircraft are based on the use of the high—
speed flight profiles which are representatiwe of the typleal airline operastion
" for these airecraft prior to the September 1073 oil embargo by the OPEC countries;.
thet period generally referred to as pre-energy crisis. The United States trunk
airlines are required to report financiel and operating statisbtics to the CAB
in accordance with & mniform system (Form 41) and these data are summarized by
the CAB in the Alrcrzft Operating Cost and Performance. Report (Ref. 2) This
report is the source of the a:.rllne operations data referred o in this seetion’
as CAB data. : <

For the base study year, 1973, 4wo domestic alrlines, Trans World and
Eastern, operated the L-1011 TriStar. Since the route structures of these air-
lines are quite different, the CAB data for both are used., A comparison of the
calculated fuel consumption and operating cost data and the data as reported

by the CAB is shown in Figure 2 wheve the symbols representing the repbrted CAB
© data are plotted at the CAB a.vers.ge stage length for each a.:.rl:u.ne

. . Beference to Fz.gure 2 shows significantly higher fuel conswnp’blon and cost
e}(‘.hlbl‘bed by the CAB data. This is not unexpected and in fact is typleal of
comparisons made between idecl und in-service performance levels. Air traffic
control delays and roubing, weether and performance deterioration are all g part
- of the difference. In addition, the reporiing year 1973 was & period when the
LI-1011 was in its introductory service phase which. 1nc‘~l_ud.ed consa.derable oper= .
ating time wa.th an interim engine.

During the base Btudy year of 1973, the Electra saw only limited girline
seryice. The type of service which the aircraft provided, shuttle and’ backup
to first line airecraft, was also considered to be nonrepresentative for pur~
poses of this study. An earlier year, 1967, was selected for establishing the

baseline data.. . That year represents an Flectra opera.tlonal period that is well
 down the 1ea.rn1ng curve, approximately ten years after inibial airline service,
thus eliminabing any erratic performance and cost data caused by nev eirpisme
inkroduction. The CAB cost data sre also directly comparsble to the calcula’se,d
cos’s based on the 1967 ATA methods.



[ —

In order to obtain a good representation of the 1~188 Electra operating
data, CAB data for six sirlines were assembled. These data as well as the
average data are compared to the calculated levels in Figure 3. A&lthough dif-
ferences are still spparent, especially in the direet operating cosis for par-

- bicular alrlines. the comparison between the average CAB data snd the caleulated

data shows a betber correlation than the I~1011 resvits. 7The difference in
phase of service life of the two aireraft for the study years chosen is
undoubtedly the major cause oi this difference in the comparisons.

. A% this stage of the study it had been determined. that the manufacturer s
data for all tasks should be based on handbook performence levels. For the
sysbems anzlysis performed by UAL and UIRC, block fuel and block time adjust-

-ment Ffactors were used to convert the bandbook date to expected operational

levels, These adjustments were developed by comparing the ranufacturer's
handbook date with cwrrent UAL in-gervice cperational experience and sre
discussed further in Section 6 of this report and in Reference 3. The reader

iz veferred to the companion final repor’c. Reference U, for ﬁlr‘thev de’calls of

the CAB/ideslized data comparison.

Tables 2 through 5 present the fuel consumption snd operating cost data as
calculated for the I~1011 TriStar.. These date are tabulated for a series of
stage lengths including the 1973 CAB average stage length. Fuel consumption is
shown in terms of totel bloek fuel and on both an airplane-nsuticel mile and a

seat-nautical mile basis in Table 2. The seat-nantical mile fuel consumption

ig shown in units of seat-nautical miles per gallon anl Btu's per seat-nautical

mile. Total divect and total indirvect opérating costs are tabulated in Table 3 -

while the detailed breakdowns of these costs are shown in Tables L and 5. Al
of the cost data are presented in units of cents per available seat-nauticel
mile. - In addition, the total cost dats are presented in Teble 3 in terms of
dollars per block hour with the corresponding block speed at eech stage length
indicated in an adjacent column. The format of the data shown in Table 2 and 3

is typiecal of that used for the data provided for each of the various aireraft

configurations and models presented in the remaining sections of this simmary
report. For brevity, the detailed direct and indirect cost breakdowns typified
by Tables & and 5 are omitted from the remaining sections of this report. A

. complete set of these data are ineluded in the study final report (Ref. L4).

In the case of the 1188 Eﬂ.ec».,ra., ‘I_‘able 6 presen‘bs fhe calculated fuel
consump‘tlon data For various stage lengkths, Since the calewlated cost data
for the Electra were based on the year 1967 rather than the base study year of

1973 and were used only for comparison with the CAB data; they . are om::.tted _

here with ‘NASA conecurrence.
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TABLE 2.~ CALCULATED FUEL CONSUMPTION ~ I~1011 TRISTAR PRE-ENERGY CRISIS

Block Fuel Consumption
' Stage Length — zal seat—n.mi. Btu

n.mi. ib n.mi. gal - seat-n.mi.

w0 4 5107 | 7.5 ~ 36.35 3480

200 "~ ] 8938 A.57 M5 | ~ 30kb

- koo : . 16 010 5.89 1. 146.35 . 2729

600 23 082 5.66 | 48,23 2622

1000 - 1 -} 36538 | 5.37 50.81 2489

2000 68 754 5.06 54.00 2342

3000 - 101952 | 5.00 f' sh.60 -~ | 2316

Looo - 138 98% 5.11 53.42 2368

825 - |-30855 | 5.50° o b9.eo [0 2550

' TABLE 3.- CALCULATED TOTAL OPERATING COSTS — I-1011 TRISTAR PRE-ENERGY CRISIS

Block | - " 'T§£;;wp002 R Total IOC

- Stege Length Spiid $/blk=hr ¢fseat—nfmi. $/blk-hr | ¢/seat-n.mi.
00 240 _' 182h 2.80 Cssie ~ 8.48
200_'__» 305 | 1690 | .2,oh‘ 13650 | ma
4o 360 | 1538 156 | 2530 257
600 . . 388 .} xkek | 1.39. | 2028 | = 1.92
1000 | lak w2 | n2s 1567 139
2000 | b “_137h b2 o120 oqga
3000 hes | 1366 1.08 1068 0.84

Hooo k2 ) 1368 | 1.06 1080 | - .0.8% 1_
825 | uos 1428 1.30 1735 | 157

1k



¢t

TABLE 4.~ DiRECT QPERATING COST BREAKDOWN - L-1011 TRISTAR PRE~ENERGY CRIBIS

Dog DOC ¢/seat-n.mi.
Component '

' . SBtage | 100 200 %00 600 1000 2000 3000 4000 825

- Length (n.mi.)
Crew ' o.b1 | 0.3h 0.27 { 0.25 0.23 0.21 G.21 0.20 0.2k
Insurance 0.09 | 0.08 | o0.07 | 0.06 | 0.05 0.05 0.05 0.0k 0.05
Depregiation 0.61 | 0.52 | 0.b1 | ©0.37 | 0.35 0.32 0.31 | 0.30 0.36
Maintenance - 1.29° | 0.7L | 0.4 | o.h0 | 0.32 | 0.26 | 0.24 | 0.2k 0.34 i
Fuel (15¢/gal) 0.42 | 0.39 | 0.33 | 0.32 | 0.30 0.28 0.28 0.28 0.31
Total DOC 2.81 | 2.0k | 1.56 | 1.39 | 1L.25 1.12 1.08 1.06 1.30

- 4004 ST 3HVd Ty NIHEE
CAHL $0 ATEoNaoaaEd
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TABLE 5.- INDIRECT OPERATING COST BREAKDOWN - L-1011 TRISTAR PRE-ENERGY CRISIS

VAT A b e R e T SRR R T T

- I0C
. Component B
‘ - - Btage

100 -

200

400

i0C ¢/seat~n.mi. -

600

2000

3000

400D

Length (n.mi.)

System Expense

0.15

0.07"

0.0k

1000

o.ohf

0.03

0.03

0.02

0.04

0.4%9

0.23.

0.12

0.08

0.08

O.29

Local.Expense

“ A[C Contrdl Expense

0.02°

0.01

0.0L

0.01

0.01

0.25 .

0.21

0.01

0.14

0.16

Hostess Expense

| Food and Beverage

0.24

6.20 -

0.17

0.16

0.16"

0.15

0.15’,

O.ld

0.1k

0.1k

0.16

Passenger Service

1.0

0.79.

0.52-

0.31 .

0.16

0.11

" 0.10 |

0.36

Cérgo Hanqling

b

.50

1 0.80

0.40

0.25.

0.15

0.08

0,65

0.05

0.19

| Other Paséenger_EXpense

0.22

0.22

0.22

0.22.

0.22

0.22

0.22

0.22

0.01

0.01.

0.0l

0.01

0.01

Q.01

| Other Cargo Expense

0.53

0.36

0.16

0.01.

0.01.

0.09

0.01

General and Administration

|Total TOC -

8.48

K]

2.57

Q.l?z-

1.92°

0.11

0.98:

.08

0.84

0.0T

0.8 |

0.13.

1.57




TABLE 6.- CALCULATED FUET, CONSUMPTION - L-188 ELECTRA

Block Fuel coﬂsumii‘%i‘

an

Stage Length gal seat-n.miw- | Btu
- n.mi. 1b n.mi, - gal Y seat-n.s .
100 2 500 3.68 23.10 5&75 |
1200 3 800 2.79 30.47 k151
%00 - 6 500 2.39 35.56 3557
. 600 9000 2.21 38.46 3289
1000 1k 000 2.06 41.26 3065
1500 20 300 071,99 ‘La.71 2961
2000 26 800 1.97 43.15 2931
2300 30 500 1.95 '&3;59 2902
176 3 480 2.91 28.18 4485

.



2. TRISTAR FUEL CONSERVING OPERATIONAL PROCEDURES ~ TASK 2 -

The impact of operational procedures on the fuel usage of the I-1011 wvas
investigated in this task. Fuel allocabtions following the oil embargo of
1273 forced the sirlines to place more emphasis on fuel conservetive opera-
tional procedures as & primery consideration in everydey operation. Prior to
this time pericd, most airlines directed attention to procedures for saving
fuel for purely economic reasons. Meny identifigble fuel saving operational
- procedures noted in this sbudy were implemented By certain sirlines or all
airlines before or during the course of this study. However, since identifi-
- ecation of all fuel conserving procedures and the associalied potential fuel
savings were required in this task, the fect that a particuler procedure was:
elready in use was not used ag & basis for exclusion.

. Operational procedures that are available to the airlines for fuel savings -
were divided into two categories; flight profile management and aircraft con-
fisguration maragement. The first cabtegory encompesses those procedures which
relate directly to the way the airplane is flown; all segments of the flight
profile heing. examined to identify procedures which offer fuel savings., The
second category, tircraft configuration management, includes meintenance-
related items which can affect the performance of the airplane and slso use-
related procedures or procedures which may have in the past been determined
by airline policy but which with changes can result in a net fuel savings.

Both the flight profile and aireraft configuration menagement categories
of procedures include options over which the alrline operator hes some degree
 of control. Mitigating sgainst some of these options are the limitations
impused by the equipment itself and the environment within which the airline
mist operate. Although the airline hsas no primary control over these exter~
nalities, they were inclunded in this task since in many cases they can deter-
mine whether or to what extent certain fuel sav:f.ng operational procedures can
be 1mplemented or should be :melemented

, The fuel conserving opera.tlonal procedures cons:.dered in these three
ca’oegor:.es are as :ﬁ'ol:l.ows’

Fl:l.gh'b Prof:.le Ma.nagement o Airer‘é.ft'.ﬁonﬁgurétion Manasement

c' Cruise Speed © 7 & Gross Weight Control
@ Cruise Altitude ‘ " Reserves
® Climb Speed _ Tankerage ' ‘
B . Descent Speed : Operating Empty Weight

" ®&  Tekeoff . L7 e - Center of Gravity Control
«  Landing R fAireraft Cleanliness

- Externalities .

L Engine Deterioration
e  Air Traffic Control

18



The most significent payoffs in the flight profile management category in
terms of fuel savings are in the cruise speed and cruise altitude selection.
Since on the mejority of flights, the airplane is operated in cruise for the
largest percentage of the tobal mission time, small gains in fuel efficiency
result in the most significant improvements in terms of block fuel usage.
Therefore, any procedure which can be used; ha ensure that the airplane is
cperated at optimum speed and altitude durlng ‘erulse o*“fers good potential
for reduction in overall fuel ussge. In terms. of percentage of blocik fuel,
the other items included under flight profile management ‘offer smaller savings.
- Except on the shorier stage lengths, the time spent in 'hhe takeoff, Aending,
climh, and descent phases of the flight are minimel, and, there:f‘ore, “‘the large
benefit from small inerement fuel consumption improvement is not available.

The second category of fuel conserving procedures, aireraft uonfiguration
management, relates to those items of the alreraft configuration, both internal
and external, which can affect the fuel consumption. In this category, gross
weight control offers the most powerful means of saving fuel. Reductions in
empty weight are effective on every flight operated with the aircraft and
therefore result in large cumulative savings. Because of this cumulative
effect, maintenance of the aerodynamic integrity of the airplane through
repair of damaged surfaces and seals also offers potential for fuel savings.

The final fuel savings catbegory, exbernalities, inecludes considerstion of
the air traffic control system which has the largest effect on the abilivy of
an alrline to implement fuel conserving procedures. Improvements in the ajir
traffic control system offer significant potential for fuel savings by allowing
day-to~-day operations more closely approximating the optimum. In this study,
reagonably atitaineble fuel savings with an improved air traffic control system
wers iden .ified. Determination of the cost of the required changes to the sys-
tem and the associated cost/benefit assessment are beyond the scope of this

study.

The final technical report, Reference 4, discusses each of the i‘uel saving
procedures identified above in more detail.

The assemblage of fuel-savings data to satisfy the requirements of the
. forecast studies involved a cooperative effort between the manufacturers and
the airline contractor. To accomplish this, the fuel savings for the identi-
Tied operational procedures changes were caleculated by the menufacturers for
their respective aircraft models. These identified changes were then combined
. and a list. of block fuel reductions, with and without ATC improvements, was
developed for each aircrait designated by NASA for use in the air transporta-
tion system analysis study. In this task, the Lockheed generated data for the
I-1011 were combined with the McDonnell Douglas generated DC-10 data for use
. By UTRC in the current three engine wide-bodied aircraft class. Figurs b
illustrates the rélationship between the agreed to fuel savings and those
identified for the I~1011.
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During the preparation of the data discussed above, the fuel consumption
and cperating cost data for the I~1011 with selected operational procedure
changes were generated. Although these deta were not used directly in the air
transportation system anelysis study, they are presented in this section for
completeness. The format anl presentation are the same as that used for the
1~1011 data of Task 1. Fuel consumption and operating cost for the L-L011 as
operated in 1975 are presented in Tebles T and 8. In the 1973 baseline fiight
profile of Task 1, the airplane was flown along & high-speed climb ané eruise
profile. TFor the 1975 Basis of Tebles T and 8, the climb speeds were slowed
to the long-range schedule end the cruise speed was reduced from the pre-—energy
crisis Mach 0.85 to Mach 0.82. These changes are considered to Be representa~
tive of the steps which were taken By the airlines to save fuel following the
oIl embargo. This level of performance is also considered to be representative
of the current operation of the aircraft on & handboock basis. Tables 9 and 10
bresent the fuel conswption and operating cost data for the I~1011 assuming
that some additional procedure changes are implemented. Included in these
data are the low-speed climb and Mach 0.82 cruise of the 1975 basis L-1011 and

- in addition a general aerodynamic cleanup, & one percent aft movement of the

center of gravity and a two thousand foot step-climb cruise. This cruise
procedure would necessitate a change in the current altitude separation eri-
teria: the current 2000 feet would have to be reduced to 1000 feet.

PERCENTAGES ADOPTED FOR
THREE ENGINE WIDE BODY
AIRPLANE IN UTRC STUDY - -
COORDINATHON MEETING 9-24-75

6r WITH ATC ADVANCES %.5 5%
%
pERCENT 4T CURRENT ATC 4 1.3, 4%
FUEL - '
savINGs | [T1* [
i
2 1 IO [ I I I
| Fl % E = H E
/R
wy
=
5 2
= L) i g =2
2 o z =
PEEEEE NN
e BedegBeg ey
£ 22832 3 3
28 g = # £E 8 E B
>POTENTIAL IF
SLOWDOWN 15
FROM M = 0.85

Figure &.-1-~1011 operational procedures fuel savings summary
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REPROD

UCRILITY OF THH
1 PAGE 1B POOK

TABLE T.- CALCULATED FUEL CONSUMPTION -~ L-1011 TRISTAR (1975 BASIS) -

Block Fuel Consumpcion

Stége i,eng‘f.h -G seat-n.mi.. | Btu
n.mi, 1b p.mi. “die seat-n.mi.
. 100 5 089 T.48 36.50 . 3ke5.
200 8 893 6.5L ' L1.7h 3030
400 i5 871 5.8h 46.79 2703
600 22 805 | 5.59 48,81k 2590
1000 35 906 | . 5.28 51.70. L6
2000 67 cho | k,o03 55.35 2284
3000 - 98 893 k.85 56.32 2oLé.
k136 139 300 4,05 55.12 2295
8§25 30 29k 5.40 - 50,52 2515

TABLE 8.- CALCULATED TOTAL OPERATING COSTS - L-2011 TRISTAR (1975 BASIS)

Block Total DOC Total 10C
Stai?mgfngth Spiid $/blk-br | ¢/seat-n.mi. | $/blk-hr | ¢/seat-n.mi.
100 £33 1803 .84 530h 8.50
200 296 1664 2.07 3730 4. 65
400 349 151k .59 2540 2,67
600 376 14k RS 19?8 13
1000 ko2 1396 .27 1539 1.40
2000 436 1354 1k 1177 0.99
3000 451 1338 .10 1040 0.86
4136 458 1334 .07 1050 . 0.84
825 392 120 32 1675 1.56
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. PARLE 9. CALCULATED FUEL CONSUMPTION - L1011
WITH CHANGES TN OPERATTONAL PROCEDURES

- Block Fuel Consumption -

étage Leng;th gal seat-n.mi .Btu
n.oni, ib n.mi. gal seat-n.mi.
100 ‘5 002 “7.36 37.11 3408
200 8 731 6.42 42,52 2974
100 15 471 5.69 148.00 2635
600 22 148 5.43 50.29 5515
1000 3k 455 s.07 53.88 23k7
2000 62 o7k k.56 59.81 . 2115
3000 93 602 k.59 59.50 2126
'h3oo 141 506 L.84 56.41 2242
825 29 340 5.23 52.50 2420

TABLE 10.-~ CALCULATED TOTAL OPERATING COSTS -~ L-1011
WITH CHANGES IN OPERATIONAL. PROCEDURES

Block Total DOC Total I0C
Staﬁfmg?ngth szid $/blk-hr | ¢/seat-n.mi. _$fblk~hr ' ¢/seat-n.mi.
100 233 i799 2.83 5394 8.50
. 200 20k 1660 2.07 3630 I.52
hoo 35h 1507 1.56 480 2.57
600 375 1436 -] 2.0 1978 1.93
1000 400 138; 1.26 1530 1.40
2000 437 1330 1.2 1178 0.99
3000 451 1325 1.08 1048 0.85
4300 k6o 13%3 1.07 1060 0.8
825 392 14oo 1.32 1685 1.59
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3. TRISTAR FUEL SAVINGS MODIFICATIONS - TASK 3

- Fuel conserving modifications of the L-1011 were studied in this tagk.
For purposes of the study, modifications were defined as those fuel conserving
improvements which could be inecorporated either in new production airplanes or
as retrofits to mlready delivered airplanes and were not of such & drastic
ngture as to remove the airplane from service for an undue length of time. An
‘edditional criterion was that the modifications were not so costly as to negate
any fuel savings that might be identified; i1.e., the modification must be cost
effective.

Potential modificétions identified at the beginning of the studyzto be
considered in this task were as follows:

® Wing tip treetment
] Propulsion improvements
@ - Increased seating density

I

® Less sophisticated high-1lifv devices
] Wing leading edge modifications

During the course of the study some of these modifications proved to be
impractical and were therefore eliminated. On the other hand, study of these
particular modifications led to the discovery of cther potential fuel saving
modificaetions.

The initial modification considered in this study task was an increase in
the aspect ratio of the L-1011 wing through a treatment of the wing tip. Fuel
savings would be inherent due to a reduction in bhoth cruise and second segment
elimb drag. A planar tip extension as well as & winglet were considered.

The results of an experimental and analytical study conducted at Lockheed
with independent development funds were drawn upon for this study subtask
(Ref. 5). The experimental study involved wind tunnel tests of a 1/30 scale
L-1011 model in both the Lockheed 8 by 12 foot low-speed and 4 by 4 foot
transonic/supersonic tunnels. The wind tunnel models are showvn in Figure 5.

The results of the experimental study showed that transonic flow effects
severely degrade the perfermance of the winglet as compared to the tip extan-
.sions. A winglet which gave the same drag reduction as a comparable tip exten-
sion at low Mach number (M 0.2) was sble to reduce the drag only one-half as
much as ‘the tip extension at eruise Mach number. On the basis of the net drag
reduction per hending moment increase, the tip extension is the more efficient
.system. The wind tunnel tests alsoc indicated that the winglet gave a rapid
ineresse in drag at the higher Mach numbers which would indicate reduced oper-
gtional buffet limits and higher Mach induced buffet lcads at operationsal
limit speeds.
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Several other sreag such as high 1ift performance, handling qualities,
flubter and aseroelastic effects, manufacturing costs and loads analysis have
to be considered in selecting between the winglet and the tip extension as
drag reducing devices in an airplane design. In the case of the tip extension,
the investigation of these items is streightforward and well understood,
whereas the impact of the winglet on many of these items is not known ot the
present time. This additional technologicael risk in the case of the winglet
plus the unfavorable characteristics exhibited in the wind tunnel tests led
to the recommendstion that a planar tip extension be used as a modification
to improve the fuel efficiency of the I1~1011.

A three foot per side wing tip extension was selected for this study..
With a three foot extension, a three percent reduction in fuel consumption can
bhe obtained and minimel wing structure changes gre involved. TFor retrofit on
in-service I~1011's, no rework or strengbhenlng of the wing is required, how-
ever, a reduction in maximum tekeoff weight from 430 000 pounds to 410 000
pounds will be required. For operators whose route structures do not require
full tekeoff gross weight, this retrofit may he suitable. Where full takeoff
weight is required end the additional down-time and cost can be accepted,
additional wing structural changes would allow retention of the 430 0G0 pound
limit.

Tahle 11 and 12 present the fuel consumption and opexating cost data for
the L-1011 with the three~foot wing tip extension. These data are tabulated
for a series of stage lengths including the 1973 CAB average stage length as
in Section 2. Note, however, thut the maximum stage lengbth shown is reduced
somewhat from the basic 1-1011 data presented earlier. This is caused by the
reduced takeoff gross weight capability with the simplified tip modification
used. The long-range climb and Mach 0.82 cruise performance are reflected in
the data of Tables 11 and 12. This is consistent with the current (1975)
operation of the airplane, as discussed in Section 2.

The engine offers perhaps the best opportunity for cost effective modifi-
cations to improve fuel consumphtion. Flight test costs alone can consume the
potential savings of aircraft external aercdynamic modifications. TFor engine
modifications, the certification flight testing required is usually not as
extensive, since items such as aircraft handling qualities, stall character-
isties and performence may not be regquired. Thus a gain of one percent in
terms of engine specifics can be more cost effective than one percent gained
through an external configuration modification. :

_Continuing research at Rolls Royce has identified fuel flow reductions on
the order of two percent for improvements in internal components of the EB.211
engine. These modifications which consist mainly of revised sealing and
improved tip clearances to reduce leakage in the core engine could be incor-
porated by 1978, A4dditional fuel flow reduciions of up to four percent could
he realized in the 1982 time period through the incorporation of a mixed~flow -
exhaust and additional engine sealing.
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A lerge iuprovement in the specific ranze of the L-1011 is achievable
through revision of the engine afterbody. The original afterbody configura~
tion on the L-~1011 incorporated & hot stream spoiler which deflected the core
engine flow when reverse thrust was selected., Since the core engins reverse
thrust contribution is very smsll due to the high bypass ratio of the RB.211,
the performance effect of eliminating the hot stream spoilers is not 51gn1f-—
cant. Removing the spoilers allows revision to the external contours of the
engine afterbody; the fairings or stangs are removed and the core nozzle is
reshaped. which, combined with a lengtheming and reshaping of the fan duct,
allows improved flow over the afterbody. These changes are iliustrated in
Figure 6 which compares the originel afterbody configuration wit'i the modified
15 degree afterbody design. The center engine 1nstallat10n is snown: the w1ng
engine installstion is similar. :

Flight tests with the 15 degree engine afterbodies showed a 3.4 percent
improvement in fuel consumption out to a Mach number of 0.83. At higher Mach
nurbers even more significant savings were indicated caused by a delay in the .
drag rise characteristics,

Table 13 and 14 present the fuel consumption and operating cost data for
the L-1011 incorporating 15 degree engine afterbodies. The presentation is as -
shown in the previous section, inecluding the use of the long-range climb and
Mech 0.82 eruise. The data of Tables 13 and 1k ineclude only the improvement
due to the 15 degree engine afterbody and do not inelude the additional poten-
tial of the internal engine improvements discussed zhove.

A study of the potential for fuel saving through increased seating density
in the basic L-1011-1 was accomplished. Under the study ground rules with a
10/90 split, 8 sbreast seating configuration, the L-101l carries 276 seats,
The airplane has been certificated for as many as 400 passengers. Attaining
this high seating capacity involves 10 sbresst seating with & tight seat pitch
of 30 inches. VWhile this configuration would probably not be acceptable to
domestic operators, it gives an indieation of the upper limits of increased
density in the L-1011 fuselage silze.

The potential for fuel savings with the increased seating density aporoach
lies in the additional sesnts flown for each wnit of fuel. This provides iav-
ings in operating cost. Figure 7 shows thet in a {ypical 2000-nautical mile
L-1011 mission, very large fuel savings can be attained with increased seating.
However, to retain consistency in the study an improvement of eight percent was
caleulated as being the attaineble fuel savings while still complying with the
seating-mix of +the gstudy. The eight percent savings c¢ould be accomplished, for
example, by incorporating below deck seating for sixteen additional passengers.
Below deck capability is inclided here as an indication of what could be done
within the context of the study ground ruies and to estabiish a reasonable
quantitative estimate of the potential fuel savings that can be realized
through increased seating densiiy. The same savings in seat-miles per gallon
could be attained by relaxing the study ground rules in terms of seat pitch .
and/or first class/tourist mix.
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While seating density can have a dramatic effect on the seat-mile per
gallon figure attainsgble, the practicality of this approach needs to be
assessed, Definite fuel savings could be identified by substitution of high
density aircraft on o study roube structure but flying these same asircratt in
an actual airline operation with a fixed number of passengers offers no real
savings. With increesed demand, this option offers very real hensfits, and,
in addition, it is an aireraft modification that can be accomplished in a
short time period for minimum cost by the airline operator. Identificabion
of where and when this particular fuel saving modification might be incor-
porated was deferred to the air trausportation system anelysis studies.

Elimination of portions of the high 1ift system of the hesie I1-101L was
considered in this task as a meens of decreasing the operating empty weight.
' Company funded wind tumnel tests were used to verify whether the flaps—deleted
confignrations were compatible with the 1ift and stability requirements of the
airplane. It was determined however that elimination of any of the flap seg-
ments, leading or tralling edge, was undesirable either on the basis of air-
plane performance or cost effectiveness. In addition, since the wind tunnel
results indicated that the present leading edge slats are required to maintain
suitable stability and performence characteristics, 1ncorporatlon of g leadlng
edge glove vas ellmlnated from ccn51derat10n.

Consideration of the wing leading edge modifications led to a study of the
effectiveness of the leading edge slats a&s installed on the production air-
plane. Flight tests have confirmed that a small amount of leakage is present
hetween the lower and upper wing surfaces in the area of the leading edge
slats. Improved inboard slat hold-downs and improved lower surface trailing
edge slat seals have been tested and provide an 1mprovement of 0.5 percent
in the L-1011 cruise performance. :

At the conclusion of this study task, the following modifications were
recommended for incorporation into the L-1011 fleet: 15° engine afterbodies,
drag cleanup, extended wing tips, and intermsl propulsion improvements. The
fuel savings identified for each of these modificatiors are summerized in
Figure 8. The savings to be expected for the three time periods; 1975, 1978,

.and 1985, are indicated.

WASA designated McDonnell Douglas as the contractor responsible for swm~
marizing the fuel savings and cost information for the modification options to
be used by UIRC in the air transportation system analysis studies. Tn the UTRC
study, the 1-1011 and DC-10 were combined in the three-engined wide body class.
Since the modifications to the DC-10 resulted in fuel savings approximately
equal to those identified for the L-1011, the figure of 7.5 percent as indi-
cated in Figure 8 was adopted for the UTRC studies.
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TABLE 11.- CALCULATED FUEL CONSUMPTION - L~1011 WITH WING TIP EXTENSIONS

_ Block Fuel Consumption
Stage Length _sal seat-n.mi. Btu
n.mi, 1b n.mi. gal seat-n.mi.
100 4 962 7.30 - 37.40 3381
200 8 671 6.38 ho.82 © 2954
%00 15 b7k 5.69 L7.98 2636
600 22 235 5.45 50.09 2525
1000 35 005 5.15 - | 53.03 2385
2000 65 373 .81 56.79 2227
3000 96 Lol 5,73 57.75 2190
3700 120 000 b.77 57.2)% 2210
825 29 453 5.25 52.00 2430

TABLE 12.- CALCULATED POTAT, OPERATING COSTS - L-1011 WITH WING TIP EXTENSIONS

Block Total DOC Total IOC
Staﬁ?mifngth Sp;id $/olk~hr | ¢/seat-n.mi. | $/blk-hr | ¢/seat-n.mi.
100 233 17h5 2.75 5322 8.38
200 296 1630 2.03 3670 4,57
Loo 3h9 1ho7 1.58 2500 2.63
600 376 1437 1.40 1959 1.91
1000 Loz 1387 1.27 1522 1.39
2000 k36 1346 1.13 1170 0.98
3000 h51 1336 1.09 10%3 ' 0{85
3700 456 13k2 | 1.08 1050 E 0.84
825 392 1ko5 1.33 1675 1.56
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TABLE 13.~ CALCULATED FUEL CONSUMPTION ~ L-101l W/15° ENGINE AFTERBODIES

Block Fuel Consumption

é‘c age Length gal seat-n.mi. Btu
n.mi. 1b n.mi. gal seat-n.mi.
100 L oo11 7.22 37.80 3346
200 8 582 6.31 43.26 292k
400 15 316 5.63 48,48 2609
600 22 007‘ 5.39 50.61 2499

1000 34 649 5.10 53.58 2361 |
2000 6L 702 L.76 57.38 2204
3000 95 k32 4.68 58.36 é167
h270 139 500 h.80 56.82 2226
825 29 172 5.20 52.50 2400

TABLE 1h.— CALCULATED WOTAL OPERATING COSTS - L-1011 W/15° ENGINE AFTERBODIES

Block Total DOC Total I0C
Bt argl E.am{:tt.’ngth Spi:d $/plk-hr | ¢$/seat-n.mi. $/blk~hr | ¢/seat-n.mi.
100 233 179k 2.83 5393 8.49
200 296 1656 2,06 3600 L, 48
400 394 1505 1.59 2470 2.60
600 376 1h3h 1.40 1978 1.93
1000 402 1383 1.26 : 153k C1l.ko
2000 436 13L2 1.13 1177 ©1.00
3000 h51 1332 1.08 10L8 0.85
k270 k59 1338 1.07 1050 0.8k
825 393 1395 1.30 1680 1.57
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4, TRISTAR AND ELECTRA FUEL SAVING DERIVATIVES - TASK 4

NASA Specification No. 2-24968, Statement of Work Study Task 1.k.1.k
dated June 3, 1974, regerding analysis of fuel conservation potentisel of
Lockheed existing-production aireraft derivatives suibtable for fleet operating
gervice prior to 1980, in effect, specifies anslysis of derivatives of the
Lockheed I~1011-1 and 1-~188 Electra aireraft. The Lockheed I~1011-1 is cur-
rently in production and will so continue for some time to come; however,
the Lockheed I-188 Electra is no longer in production. Because the P-30,
the military version of the 1~188 Electra is still in production, it is
reesonable to assume that a new derivative I~188 could he produced off the
saiie production line; therefore, a hasic P-3C conversion for commercisl use
was considered which incorporates an interior arrangement and passenger
capacity equivalent to the original I-188.

For the purpose of this study, a derivative airecraft is defined as a
modified basic production aireraft whose modifications are cost effective
and are such that they are not suitable for incorporation as a retrofit for
delivered aireraft; i.e., the modifications are suitable only for new produc-
tion sireraft. Aircraft modifications such as redesigned wings, incorsoration
of growth engines, and stretched or reduced fuselage lengths were investigated.

It was found that a redesigned wing, supercritical or otherwise, was not
cost effective nor compatible with the pre-1980 initial operating capability
reguirement for any of the Lockheed airplanes. It was debtermined that their
derivatives incorporating reduced or incressed passenger—carrying capacities
were plausible candidates for aiding air iransportation system fuel conservatiuva.

The falloﬁing pages pregent'ﬁhé outcome of the Lockheed analyses involving
the following derivative aircraft configurations:

1. ©~1011 Iong Body = 466 000 pounds TOGW - 40T Pax
a. L-ldll Short Boéyr 325 000 pounds TOGW EOOAPax
3. P-3 Commercial 1188 Fuselage length . 85 Pax
4., P-3 Commercial Stretched Fusela.ge 105 Pax

: Fach derivative aircraft is summarily defined and two idealized calcu-

' lated data tables for each present the fuel consumption and operating cost
information. These two tables for each derivative asircraft have been
developed using the applicable adopted study ground rules and methods as noted
~in study Task 1 for the baseline azircraft date development. These data are
tabulated for a series of stage lenghhs ineluding the estimated 1973 CAB
average stage length.
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4.1 1-1011 Long Body Derivative

Lockheed conducted extensive detailed design studies on stretched fuselage
versions of the L-1011 TriSter aircraft during 1973 and 1974, One family. of
stretched versions incorporated a basic stretch of 360 inches with an airplane
TOGW limit of 466 000 pounds. Propulsion options included threé different Rolls
- Royee high-bypass ratio turbofan engines of 42 000, 43 500, and 4B 000 pounds.
sea level static thrust each. Passenger capacities ranged fromQEQT.to 500, o
One of these L-1011 derivatives was selected for evaluation in fhis study.

The L-1011 Long Body derivative considered in tl'is study incorporates the
addition of constant diameter barrel sections in the fuselage fore and aft of
the wing. The engines are changed from the Rolls Royce RB,211-22B %o the
48 000 pound static sea level thrust RB.211-524, Extending the fuselage
incresses the passenger capacity from 273 to U0T. The aireraft takeof? gross
weight is increased from 430 000 pounds to 466 000 pounds. The wing incidence
is increased by 20 40' %o maintein the same after-body rotation ground clearance
{main landing gear unchanged),

The L-1011 Long Body eircraf’ general arrangement is shown in Figure 9.
Table 15 is a summary of the sireraft characieristies. Table 16 describes the
aireraft basic interior arrangement. The alreraft weight summary for the
I~1011 Long Body derivative aireraft is presented in Table 17.

Table 18 presents the 1-1011 Long Bedy derivative airplane total block
fuel consumption for various stage lengths. Table 19 presents airplane total
operating costs and block speeds for various stage lengths,

4,2 L-10il Short Body Derivative

The initial basic engineering and economic dasta for this version of the
TriStar were developed under Lockheed 197k IRAD studies and adapted to this
study. The results of the 19Tk IRAD work are documented in Lockheed Report
LR 27019, dated 10 Jenuary 1975, entitled I-1011 Short Range Derivative Study -
1974, (Lockheed Private Dataj., This IRAD study investigated two and three-
engined shortened-fuselage derivatives of the L~1011.1 designed for the same
short range mission, The tasic aircraft design requirements wtilized are shown
in Table 20. A three-engined short-bodied L-2011 aireraft version was developed
which utilized the Rolls Royce RB.211-22B engine operating at a seven percent
lower thrust level than vhe engines of the basic L-1011 configuration for
purposes of improved operating economy. A twin-engined short-bodied L-1011
airveraft version was develsped which ubilized the Rolls Royece RB,.211-524
engine. The superiority c¢f the tri-jet short-body configuration was established
in the study, primarily because of takeoff performance.

Table 21 presents & listing of the changes in the basie I-1011-1 aircraft
required to obbtain the L-1011 three-engined short-bodied derivstive selected
for evaluation in this study. The resulting short-bodied L-1011 girerafi
basic weights are also noted. Figure 10 presents the general arrangement
of the short body airplane and indicates the cversll length comparison with
‘+the baseline L-1011-1 TriStar.
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Table 22 presents the L-1011 Short Body derivative aircrait totel block
fuel consumplbion for verious stage lengths. Teble 23 presents airplane total
operating costs and block speeds for various stage lengths.

4,3 P-3 Commercial-B5 Pax and 105 Pax

The U.S, Navy land-based an’iisubmarine patrol P-3 alrcraft was derived
from the Lockheed 1188 Electra turboprop commercial sirplane whose various
interior arrangements accommodated B5 to 9T passengers. The Electrs basie
fuselage length was reduced by 88 inches forward of the wing for the conversion

~to the P-3. The current production P-3 ASW amircraft is designated P-3C.

Figure 11 depicts the general arrangement of the P-3C aircraft,

This portion of the derivative alreraft analysis effort, under study
Tagk 4 investigetes the conversion of the P-3C airplesne into a commercial
transport. The major premise is thet the conversion will be accomplished
with minimom modification. The modifications and other cost factors used in
the derivetion of the direct and indirect expenses are outlined in the
following. Two conversions are considered: 1) converting the P-3C back to
the original L-188 configuration, and 2) stretching the fuselage to increase
the capacity from 85 passengers to 105 passengers.

Deletions end additions to P-3C airframe

o Deletions

Wiring to bomb bay., avionics wing stores, sul armament
Soncbuoy chutes

MAD boom

Flight station exit

ASY avionics racks and equipment

Window for periscope sextant

Water injection system

e & e @& @ © ©o B

ASW antennas.
3 Additions
° 88 .nch fuselage plug forward of the wing for 85 passenger

configuration, and an additional plug for 105 passenger
configuration also forward of the wing.

) Passenger deor and self-contained stalrs
® Paséenger windows

] Passenger accommodations

e Convert bomb bay into baggage hold

e Move electrical loed center.
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Tables 24 and 25 present the caleulated Ffuel consumption and total
operating costs respectively for the 85 passenger P-3 commercial aireraft for
various stage lengths, The same data for the 105 passenger P~3 commereial
airer.ft is presented in Tables 26 and 27.

The commercial P-3 performs well in terms of fuel consumption Eﬁ@ is high
in DOC due to the high purchase cost in terms of passengers carried.
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TABLE 15,~ L-1011 LONG BODY DERIVATIVE CHARACTERISTICS SUMMARY

1-1011-300 -~ RB.211-52L4 ENGINE

Configuration 360-2
Engine Thrust - SLS, 84 °F L8 000
Design Weights
Takeoff L66 000
Landing 393 000
Mex. Zero Fuel 363 000
Operating Empty 27h 98L
Wt. Limit Payload 88 016
_ Space Limit Payload® 90 170
Pass, - Carge Accommodations
Number of Passengers ko7
Galley Location Lower
Lb-3 Containers 1h
Performance
‘Range, FPull Pass. + Bag. — n.mi.*® 1850
TO¥L, SL Std. + 13.9 °C - f% 8L50
L¥L at Design Landing Wt. - ft 6070

#Based on 150 1b/passenger + baggage and cargo at 10 lb/cu ft

TABLE 16.- L-1011 LONG BODY DERIVATIVE INTERIOR ARRANGEMENT -

L-1011-300

Galley Location
Y Seating {Abreast)
FC Seating {Abreast)
Food Service
Passenger (Total)

FC

Y

Lower Deck
Seat Pitch

FC

Y

Lower Deck
Config. Number

10/90

FC/Economy

Lower

9
6

1 Meal
hoT

L6

317

Lk

38

33/3k
33/3k
360-2
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TABLE 17.- L-1011 LONG BODY DERIVATIVE WEIGHT SUMMARY - IL-1011~300

MEW I-1031-1

Design Weights (L430/LLoOK)
Design Weights (L66/4LOK)

Fuselage Barrel Structure (30 Foot Extension)

Structural Changes (Wing Incidence 2°4Q")
Fuselage Structure Between Plugs

Passenger Door Main Cebin (Type & ILO Type 2)
Propulsion (Noise Suppression)

Below Deck Passenger Compertment

Delete Below Deck Galley

Main Cabin Interior (30 Foot Extension)
Systems (30 Foot Extension)

Mid Cargo Compartment (Class C TLO Class D)

Forward Cargc Compartment
(Delete C-1 Cargo Door)

MEW 1-1011-300 (30-Foot Extension)

Unusable Fuel
Operating Equipment

OEW I-1011-300 (30-Foot Extension)®

Space Limit Payload#®¥#

Weight Limit Payload

Config.
360--2
22k 807
T48
3491
6953
1707
2k90
200
500
9848
NA
5124
1337
360
~662

256 903

206
16 87k
273 983
90 170

89 017

¥RB211-22F. Engines, add 1001 1b for RB211-52L4 engines

%%Space limit payload = 150 1b/Pax + baggage and cargo at 10 lb/ft3

Lo
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TABLE 18.- CALCULATED FUEL CONSUMPTION - L-~1011 LONG BODY -524 ENGINES

Block Fuel Co'nsumption

Stage Length gal i‘?&?_:l}f;’-. Btu
n.mi. 1b n.mi, - gal seat-n.mi,

100 4 o111 T.22 56.37 224
200 8 840 6.50 61.62 2020
400 16 599 6.10 66 .69 1896
600 2k 06k 5.90 69.00 1833
1000 38 306 5.63 72.25 1751
2000 75 138 5.52 73.67 . 1727
3000 113 935 5.59 72.87 1736 -
3275 125 500 5.62 T1.81 1751
1170 Lk 315 5.57 73.00 1750

TABLE 19.— CALCULATED TOTAIL OPERATING COSTS - IL-1011 LONG RODY -524 ENGINES

Stage Block Total DOC Total IOC
Length Speed i
n.mi. kt $/olk~hr ¢/seat-n.mi. $/blk-hr | ¢/seat-n.mi.
100 .208 | 1910 2.25 6371 T.51
200 282 1803 1.57 4750 b ik
koo 333 1675 1.24% 3320 2.45
600 375 1615 1.06 2641 1.73
1000 408 1569 ' 0.94 2094 1.26
2000 439 1535 n.86 L ABED 0.91
3000 451 1531 0.83 15k 0.79
3275 k52, 1532 0.83 1420 0.77
1170 L15 1560 0.92 2000 1.18

k1




TABLE 20.- SUMMARY SHORT RANGE L-1011 DESIGN REQUIREMENTS - 197k

Characteristics
e 200 Pax, 20F/180Y (L-1011-1 Comfort Standards)
@ 5000 1b Maximum Cargo Capacity
e Minimun Service Above Deck Galley (One Meal Capacity)
e Seat Dimensions — Equivalent to 1-~1011-1 for 8 and 9 Abreast Seating
e Self Sufficiency — I~1011-1 Minus 10% GSE Value per Station
s Community Noise — FAR 36 Minus 8 EPNdB Takeoff and Minus $ EPNAdB
Approach
e Fly-Thru-Capability — 1000 n.mi. Range at Full Pax Load after First
Stop (Objective)
Performance
e Cptimum Cruise Speed — 0.78 Mach
e Field Length — 7000 ft at S.L. and 84 °F for Full Payload Range
‘Misision. A Range of 500 n.mi. Achievable with a TOFL of 6000 ft
® Range with Full Pax Load Plus 35000 1b Carge — 1500 n.mi.
(Domestic Reserves)
® Fuel Efficiency — Eguivalent to L-1011 (200 Pax) Minus 10% in
Pounds/Seat-Nautical Mile at 500 n.mi. Range
Economics
@ Airplane DOC Maximum — 80% of L-1011-1 at 500 n.mi. (Objective T5%)
@ Seat-Nautical Mile DOC — Equal to L~1011-1 at 500 n.mi. {Mixed
Class and All-Coach Seating Standards)
8 ¥ly-Awey Price - In Proportion to L-1011-1 Fly-Away Price to Meet
DOC Rotvios as Above and Allow Program Profitability Based on a
Low Risk Market of Approximately 325 Airplanes
Availability
e FAA Certification — First Quarter 1979

Suggested Design Limitation

Simplified 2 and 3 Engine I-1011-1 Versions {Low Development Cost)
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TABLE 21.- L-1011-1 ATRCRAFT MODIFICATIONS REQUIRED FOR SHORT BODY DERIVATIVE

(1.-1011-Short Range Derivative Study - 19Th)

L-1011-8R Definition

Selected Candidate Changes to the Basic
Short Range Derivative Aircraft.

@ Minimom Modification e

# 3 RB.211-22B Engines,
Derated 7% ‘ ' ®
@ Shorten Fuselage 260 in. [
150 in. from Fwd End of Sec 3
40 in. from Aft End of Sec 5 e
70 in. from Fwd End of Sec 6

® Remove P4, Galley and C2 Doors

e Remove Below Deck Galley., Liftis
and Provisions '

o Remove 1 Aft Lavatory and
Asscociated Systems

L-1011-1 Airplane Which Define the
Remove 1 ECS Pack and Associated
Ducting
Remove Aft Cargo System

Redesign MLG Fairing - Fwd of F5901
- Aft of F81L55

Remove Outboard Flaps, Outboard
Spoilers and Associated Systems -
Replace with Fixed Structure

Reduce Wing Skin and Stringer Gages

Reduce Eorizontal Stabilizer Skin
Plank Gages

Delete Tood Carts

The Following Aircraft Weights are for the L-1011 Short Body Aircraft

TOGW 325 000 ib
- ZFW . . o 275 000 1v
OEW : 210 154 1b
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TABLE 22.~ CALCULATED FUEL CONSUMPTION - 1L-1011 SHORT BODY

Block Fuel Consumption

Stage Length gal seat-n.mi. Btu
n.mi. 1b n.mi, gal seat-n.mi.
100 4 518 6.6L 30.12 5199
200 7 858 5.78 3%.60 3655
1400 14 3ho 5.27 I 37.95 3333
600 éo 332 4.98 L0.16 3149
1000 31 430 ‘h.62 43.29 2922
1500 L5 574 I ¢ L. 7h 2827
2000 59 128 k.35 45.98 2751
2600 76 612 .33 L6.19 2738
600 20 332 4.98 %0.16 3149

TABLE 23.~ CALCULATED TOTAL OPERATING COSTS -~

L-1011 SHORT BODY

Block Total DOC Total IOC
Staifmgfngth SP;Ed $/blibr | ¢/seat-n.mi. | $/blk-br | é/seat-n.mi.
100 233 1565 3.37 4154 8.93
200 204 1460 2.48 2720 b 62
400 357 1328 1.86 1910' 2.67
600 380 1268 1.67 1531 2.02
1000 413 1225 1.48. 1197 1.45
1500 432 1202 1.39 1008 1.17
2000 B2 1189 1.34 905 1.02
2600 kL8 1180 1.32 830 0.93
600 380 1268 1.67 1531 2.02

L
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TABLE 24, CALCULATED FUEL CONSUMPTION - P-3 COMMERCTAL 85 PAX

Block Fuel Consumption

Stage Length _gal seat-n.mi. Btu
n.mi. b n.mi. gal segt-n.mi.
- 100 2 500 3.68 23,10 © 5473

200 3 800 2.79 30.k7 k151
400 6 500 2.39 35.56 3557
600 9 CO00 2.21 38.46 3289
1000 1k ooo0 2.06 h1.26 3065
1500 20 300 1.99 ho.T1 2961
2000 26 800 1.97 43.15 - 2931
2295 30 500 1.95 k3.h9 2908
300 5 182 2.58 33.50 3775

TABLE 25.- CALCULATED TOTAL OPERATING COSTS - P-3 COMMERCIAL 85 PAX

: Block Total DOC Potal T0C
Stage Length |Speed
n.mi. kt $/tlk-hr | ¢fseat-n.mi. { $/blk-hr ¢/seat-n.mi.
100 170, 861 5.98 1259 8.7h
200 222 76T k.06 907 .80
400 268 699 3.06 AT 2.82
600 294 670 2.68 530 2.12
1000 3k 6L3 2.k h3e 1.62
1500 322 627 2.29 373 1.36
2000 327 6i8 2.22 3Ly 1.23
2235 329 612 2.19 328 1.17
300 Foout 725 3.41 745 3.51
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TABLE 26.— CALCULATED FUEL CONSUMPTION ~ P-3 COMMERCIAL 105 PAX

Block Fuel Consuniption

Stage Length gal seat-n.mi. Btu
n.mi, 1b n.mi. gal seat-n.mi.
100 2 669 - 3.92 26.79 L728
200 L 057 2.98 - - 35.18 3593
400 6 939 2.55 41.18 3073
600 9 608 2.36 . k.59 2837
1000 14 oké 2.20 W7.77 2648
1500 21 672 2.12 kg k2 2559
éooo 28 612 2.10 49,90 2534
2145 30 TO0O 2.10 19,88 2535
Eoo 5 549 2.72 39.00 3275

TABLE 27,~ CALCULATED TOTAL OPERATING

COSTS - P-3 COMMERCIAL 105 PAX

Block Total DOC Total TOC
Stage Length | Speed
n.mi. kt $/blk-hr | ¢/seat-n.mi. | $/blk-hr *¢/seat-n.mi.
100 170 | 896 5.03 1h51 8.15
200 222 797 3.42 1044 BohT
400 268 726 2.58 738 2.62
600 294 697 2.26 600 1.94
1000 31k 667 2.02; 493 1.k4o
1500 322 650 1.92 has 1.26
2000 327 6h2 1.87 387 1.13
21hs5 328 6L0 1.86 382 1.11
300 250 750 2.86 855 3.26
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5. NEW NEAR-TERM (1980) FUEL SAVING AIRCRAFT ~ TASK 5

In gddition to tke methods studied to reduce the fuel consumption of the
air transport fleet in the previous study tasks, a series of new fuel conserv-
ing aircraft was paramebriecslly designed and evaluated. The purpose of this
task was to evaluate the fuel savings to be realized if nev near-term aireraft
were designed from vhe outset with the current high and possibly higher future
fuel cost enviromment as & design criterion. Nesr~teym for: purposes of this
task was defined as 1980 initial operations capebility. ‘

The design mission requirenents for the new aircruft of this task were
defined by NASA in the proposal request. Three payload/range classes, with
airplenes designed to four particular eriteria in each class, were included.
All of these aireraft were to invorporate turbofan engines, and in addition a
turboprop aircraft was to be studied for one of the payload/ranges. The three
size classes were a 200 passenger aircraft for a 1500 naubical mile design
mission, and both a 200 and 400 passenger aircraft for a 3000 nautical mile
mission. In designing aireraft for each of these missions, minimum direct
operating cost as well as minimum fuel design criterie were utilized. The
minimum direct opersting cost criterion was further divided by the specifica~
tion of three fuel costs: 15, 30, and 60 cents per gallon. The 200 passenger,
1500 neubical mile payload/renge was stipulated for evaluation of the turboprop
airecraft. Table 28 sumarizes this matrix of payload/range and design criteria.

5.1 Twhofan Alreraft Drasigns

As a First step in the parametric evaluation of the Table 28 designs, pre-
liminary sizing end conceptual desigr studies were performed. These studies
established the basic configurations, sizcs, and weights for the three classes
of airplanes to be conzidered. Preliminary configuration drawings were then
prepared and used sz 35 basis for assessing the drag, provalsion, stability and
control requirements., and the structural and waight relationships as required
for each of the aircraft.

It was projected that for introduction in 1980 the most likely candidate
airplanes in the payload/range classes being considered would incorporate wide-
hody fuselages and the current high-bypass ratio engines or derivabives of seme.
The I-~1011 fuselage diameter was chosen with four conventional wing/pylon
mounted high-bypass ratic turhofan engines being selected. Alrcraft systems
were chosen compatible with I~1011 design practice.

The 1980 aircraft service introduction was 'a major factor in determining
the fuel efficient technologies to be incorporated. A supercritical wing and
lirited use of advanced composites in cost effective secondary structure were
selected as offering the mcst potential for incorporation in an airplane
designed for 1980 service. Active flight controls and composite primiry struc-
ture were eliminated as viable candidate technologies for this time period.
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Aerodynamic, weight, and cost datsa representative of these advanced
technologies were genergted in parametric form. Scaleble engine data were gen-
erated in deck form hased on the cycle performance and weight of the Rolls- .
Royce RB.211 high-byvass ratio turbofan engine. With these component character-
istics defined in paremetric form, parametric aireraft studies were conducted
using the Lockheed Advanced System Synthesis end Evaluation Technigue (ASSET)
computer program. This program was used to size preliminary design airplsanes
in each of the mission classes for a range of Mach numbers, wing aerodynamic
paremcters, wing, and thrust loadings. This design matrix is showm in Table 29;
repeated for each of the three peyload/range classes, 12 288 parametric airplane
designs result. The selection of this matrix was based on extz=nsive in-house
preliminary studies; this accounts for the lower limit establish-:d on sweep
angle for example where it was found that for the range of thickness ratios
considered, only very small additional fuel and operating cost henefits were
achieved with further reduccions in sweep angle.

The automatic plotting capability of the ACLET program was used to generate
carpet plots of takeoff gross weight, block fuel, and direct operating cost for
each of the three fuel costs. The full range of wing aspect and thickneas
ratios shown in Table 29 were thereby combined for each of the selected wing
and thrust loadings. The minimum takeoff gross weight, minimum block fuel, and
minimum direct operating costs were selected from the autoplots and tabulated
along with the appropriate wing geometry (aspect and thickness ratios). Summary
eross—~plots of the minimum velues were then prepared over the range of thrust
and wing loadings at each Mach number. These cross plots allow incorporation of
field length constraint lines.

Use of the tabulated minimum value date obtained from the autoplots and
the cross plots allowed the construction of curves for the variation of wing
geometry with Mach number for each of the psyload/range combinations. An exam-
ple is showm in Figure 12. In performing this step of the procedure, the uini-
minm direct operating cost and minimum fuel eriteria were used and were modified
when necessary by the field length constraints. Note that in Figure 12, one
curve represents all wing loadings since the geometry was found to be insigni-
ficantly affected over the range of wing loadings considered.

Finel summary plots shoving the variation of takeoff gross welght, block
fuel, and direct operating cost with Mach number were then constructed (exam-
ples shown in Figures 13, 14, and 15). This was accomplished by agein referring
to the computer plotted data and the summary plots as shown in Figure 12. The
final Mach numhers were selected from the data typified by Figures 13 through 15.

Tables 30 through 33 summarize the characteristics of the Tinal selected
design point airplanes for the minimum DOC and minimum fuel criteria. These
tables were constructed from an additicnal set of ASSET computer output for
each design-point airplane which was run at the specific wing geometry and
cruise Mach number selected as discussed above. A complete set of geometry,
veight , performence, and cost data was therefore availaple for each of the
final selected airplanes.

REPRODUCIBILITY OF THE
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Typical tabuler deva in the format specified for the UTRC study {Reference
1) are presented as Tables 3% through 37. For that study the 15 cent fuel designs
were eliminated so that the data were developed for the 30 and 60 cent fuel
designs and for the minimum fuel design. These data are tebulated for a series
of stage lengths including one predicted to be the average CAB stage length
assuming these aircraft were in service. Fuel consumption is shown in terms
of tectal block fuel and on botl:s an airplane-nautical mile snd a seat-nsuntical
mile basis. The seat-nautical mile FPigires are further subdivided into units -
of seat-nauticael miles per gallon and Btu's per seat-nautical mile, Total
direct and indireect operating costs are tabulated sssuming fuel prlces of 15,
30, and 6C cents per gallon. These total cost figures are shown in wnits of
dollars per block hour with the corresponding block speeds indicated at each
stage length and are also shown in units of cents per available seat-nautical
mile, '

5.2 Turboprop Aircraft Designs

The 200 passenger/1500 nautical mile payload/range was stipulated for
the turboprop design. In this aircraft size class, the turbofan parametric
study airplanes optimized at eruise Mach values of 0.75 or higher. This )
indicates that the block-time factor is still a powerful one when considering
direct operating cost as a design criterion even at elevated fuel prices.

It was also shown that for aireraft powered by the turbofan engines investi-
gated in this study, the high fuel cost/~inimum direct operating cost design
does not differ drastically from one designed strlctly from 2 minimumm fusl
standpoint in terms of the design Mach number.

These high cruise speeds, considered in the context of the 1980 operating
time periocd, complicate the consideration of turboprop designs. Current propel-
ler designs 1limit the design speed of a turboprop povwered aireraft to approxi-
mately Mach 0.65, a speed that was judged to be unac: =table from the stand-
roint of compatibility with current aireraft that will still be in the fleet
in 1980. Advanced propellers such as the Hamilton Stan.erd Prop-Fan which would
allow operation at speeds up to Mach 0.8 or better will not be available until
sometime after the specified 1980 aircraft service introduction date.

The turboshaft engine for use in the 1980 time period was an additional
factor for ~onsideration. While availeble turboshaft engines offer specific
fuel consumption benefits comparable to even the current high-bypass turbofan
engines at competitive cruise speeds and even larger benefits at reduced cruise
speeds, none offer sufficient power for the size aircraft envisioned.

With these considerations as a basig, it was decided that for purposes of
this task some relaxation of the ground rules would be acceptable. It was,
therefore, assumed that a current lurboshaft eugine could be made available
in an appropriate size class for incorporation on an aircraft designed to
cruise at lower Mach numbers with conventionsl propallers. At the other end
of the speed spectrum an aireraft incorporating a new design engine and
propeller was examined.
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While several designs in each of these classifications were examined,
typical examples are discussed here. The first of these, illustrated in
the general arrangement of Figure 16 is a four engined airplane designed to
cruise at Mech 0.65 using a conventional four bladed propeller and an uprated
version of the Molls-Royce Tyne powerplant. A wide-body fuselage wes used here
for compatibility with the other airecraft considered in this task. The wing
sweep has Deen reduced to a veluve of 15 degrees, sufficient for the lowered
cruise speed. The high aspect ratio wing that was found to he optimum for the
turbofan airplanes is retained. A design such as this offers seat-mile per
gallon figures approximately 25 percent bhetter than the new near-term turbofan
airplane. While these improvements are significant, the cruise speed incompat- -
ibility of this type of design could possibly out-weigh the fuel savings.

Preliminary design turbopsvp airplanes designed to cruise at Mach 0.8 are
typified by Figures 17 and 18. These airplanes were studied and performence
deta obtained using the available information on the Hamilton Standard Frop-Fan
propeller concept and the Pratt and Whitney STSL76 study turboshaft engine.
While these data were preliminary in nature at the time of this study, it was
felt that an indication of the performance levels attairgble would at least
help to define the petential of an advanced turboprop aircraft.

It was found agein that the seat-mile per gallon levels attainable with
the higher speed turboprops were sufficiently improved over the turbofans
1o call for additional study.

As ncted previously, the time period originally specified for introduction

'of the near-term aireraft placed limitations on Uhe study of the turboprop

powered aircraft. The large fuel savings identified in the preliminary design
turboprops , however, led to modifications of both of the airframe menufacturer's
contracts. A more detailed design of a high speed turboprop and comparison
with an equal technology turbofan ajircraft was specified in the Lockheed study
while McDonnell Douglas was assigned the task of studying = turboprop in the
DC-9 size class. Details of the follaow-on turboprop study are included in
Section T, Task T of this report.
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Figure 16.-M 0.65 turboprop transport
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TARLE 28.- PAYLOAD/RANGE AND DESIGN CRITVRIA

Size

Passengers

Range (n.mi.)

Design Criteria

Minimum DOC (15¢/gal Fuel)
M mimum DOC (30¢/gal Fuel)
Minimum DOC (60¢/gal Fuel)

Minimum Fuel
Powerplants
Turbofan

Turboprop

200 @ 200 400
1500 3000 3000
X X X
X X X
X X X
X X X
X X X

TABLE 29.-~ NEW NEAR-TERM AIRCRAFT PARAMETRIC DESIGN MATRIX

M 0.70 0.75 0.82 0.90
Sweep | 25 30 35 k0|25 30 35 40|25 30 35 Lol 25 30 35 kLo
Angle .
t/e 9 12 1k 167 9 12 1k 16| 9 12 1% 16|/+7 9 11 13
AR 7 9 12 14|l 7 9 12 1k} T 9 12 k| 5 T 9 12
W/s 110 120 125 130|110 120 125 130]110 120 125 130{110 120 125 130
T/W .22 .26 .30 .32|.22 .26 .30 .32(.22 .26 .30 .32{.26 .28 ,30 .3k
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TABLE 30.- CHARACTERISTICS SUMMARY ~ MINIMUM DOC WITH 15¢ PER CALLON FUEL

M ruTSE
AR

f/c

TOGW

Wing Ares
W/s ‘
/W

Total Thrust
Wing Sweep
Block Fuel

Paylord (58% Pax}

OEW

Pax 200

Range 1500

0.85
7.1
13.0
2L8 816
2145
116
0.32
79 620
28°
36 ko1
23 200
159 060

Pax 200

Range 3000

0.85
8.2
1.7

. 306 177

2510
122
0.282
86 340
28°

T4 162

- 23 200

178 512

Pax 400

Range 3000

0.84
6.8
13.3
531 918
4255
125
0.27
143 616
28°

134 133
46 koo
203 k82

TABLE 31.- CHARACTERISTICS SUMMARY‘— MINIMUM DOC WITH 30¢ PER GALLON FUEL

MCRUISE

AR

t/c

- TOGW

Wing Area
W/s

T/W

Total Thrust
Wing Sweep
Block Fuel

Payload (58% Pax)

OEW

Pax 200

R&ngeV1500

0.82

8.6
13.4
246 850
2057
120
0.32

78 988
26°

33 562
23 200
160 63h

Pax 200

Range 3000

0.82

9.3

12.8

303 251

2527
120

0.28

84 908

26°

70 601

23 200
179 572

Pax 400
Range 3000

0.81

8.6
13.9
52k 993
4200
125
0.27
1hy 748
25°

122 065
L6 Loo
300 066
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TABLE 32.- CHARACTERIZTICS SUMMARY — MINTMUM DOC WITH 60¢ PER GALION FUEL

Pax 200 Pax 200 Pax 400

Range 1500 Range 3000 Range 3000
L A— 0.81 0.78 0.76
AR 9.9 11.8 1.0.8
/e 13.4 14 15.1
TOGW 2k9 529 305 1h5 531 863
Wing Area 2079 2543 4255
W/s 120 120 125
/W 0.32 0.28 0.27
Total Thrust 79 848 85 Lko 143 600
Wing Sweep 25° 25° 25°
Block Fuel 32 35k 66 275 115 556
Payload (58% Pax) 23 200 23 200 L6 Loo
OEW ‘ 164 8h7 186 291 31L 308

TABLE 33.- CHARACTERISTICS SUMMARY ~ MINIMUM FUEL

Pax 200 Pax 200 Pax 400

Range 1500 Range 3000 Range 3000
L A— 0.75 0.75 0.75
AR 1%.0 13.4 12.7
t/c 15.0 k.0 15.5
TOGW 261 5LT 313 394 550 630
Wing Area 2144 2612 Whtt
Ww/s 122 120 123
T/W 0.325 0.28 0.27
Total Thrust 85 000 87 7L8 146 464
Wing Sweep ' 25° o5° ‘250
Block TFuel 30 777 65 1hh 113 L66
Payload {58% Pax) 23 200 23 200 hA 400
OEW 178 943 195 652 335 129
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TABLE 34.- CALCULATED FUEL COWSUMPTION - NEW NEAR-TERY 30¢ FUEL

DESIGN 200 PAX/1500 N.MI, RANGE

Fuel Consumption
Stage Length _gal seat-n.mi. Btu
n.mi. 1b n.mi, _ gal seat-n.mi.
100 : 3000 h.h2 45.33 2790
200 5400 3.97 50.38 2511
b00 ' 9600 3.53 56.67 2232
600 13 800 3.38 59.13 2139
1000 21 700 3.19 62.67 2018
1500 31 koo 3.08 6h.o7 1947
2000 41 700 3.07 65.23 1939
- 2Lkg 51 13k 3.07 65.1h 1942
475 11 1Lk 3.L45 57.60 219C

TABLE 35.~ CALCULATED TOTAL OPERATING COSTS -~ NEW NEAR-TERM 30¢ FUEL

DESIGN 200 PAX/1500 N,.MI. RAWCE

Stage Length g%zgg Total DOC¥ Total IOC*
n.mi. kt $/blk~hr | ¢/seat-n.mi.| $/blk-hr ¢/seat-n,mi.
100 235 1326 2.85 3731 8.02
200 293 1190 2.02 2520 4,28
k00 348 1106 1.59 1726 2.48
600 376 1070 1.43 130k 1.86
1000 hio 1039 1.27 1106 1.35
1500 428 1028 1.20 oko 1.10
2020 438 1011 1.16 8k9 0.97
oLk~ k43 1010 1.1k 840 0.95
475 360 1090 1.49 1570 2.15

60
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TABLE 36.-~ CALCULATED TOTAL OPERATING COSTS - NEW NEAB—TERM 30¢ FUEL
‘ DESIGN 200 PAX/1500 N.ML. RANGE

Stage Length g;zgg Total DOCY Total IOCH
' n.ni. kt $/b1k-hr |¢/seat-n.mi.| $/blk-hr | ¢/seat-n.ml.
100 235 1482 3.19 3739 8.04
200 293 1383 2.35 2khe L.15
koo 348 1293 1.86 1736 2.50
600 376 1264 1.69 1kok 1.87
1000 hio 1239 1.51 1116 1.36
1500 h28 1222 1.h43 930 1.09
2000 k38 1216 1.39 860 0.98
2Lhg Ly3 ie13 1.37 820 0.93
475 360 1285 1.76 1590 2.18

#for 30¢/gal Fuel Cost

TABLE 37.- CALCULATED TOTAL OPERATING COSTS - NEW NEAR-TERM 30¢ FUEL
DESIGN 200 PAX/1500 N.MI. RANGE

Stage Length g;:gg Total DOC* Total IOC*

n.mi. kt $/blk-hr | ¢/seat-n.mi | $/blk-hr | ¢/seat~-n.mi.

100 235 1795 3.86 3756 8.08

200 293 1733 2,95 2460 k.18

Loo 348 1668 2.40 1756 2,52

600 376 1651 2.20 1h2h 1.90

1000 410 . 1638 2.00 1137 1.39

1500 L8 1632 1.90 960 1.12

2600 438 1626 1.86 881 1.01

2449 k43 1625 1.83 8L0 0.95

B b75 360 1660 2.27 1605 2.20

#for 60¢/gal Fuel Cost




6. RECCMMENDATIONS OF FUEL SAVING OPTIONS ~ TASK 6

The obhjective of this hLasgk 'tas the selectlion of the airplanes to be employed
in the air transportetion syster. analysis studies by United Technologies Research
Center (UTRC). These airplanes were to ineclude the current aireraft representative
of the United States domestic fleet and airplanes selected by the airframe manu-
facturers from the foregoing tasks of the study. The latter ineludes selections
from current aireraft operating with procedure changes, modifications to and
derivatives of curvent sircreft and all new aircraft designs (Tasks 2 through 5).

Because one of the main results of the selection process was to arrive at
a [leet mix of aircraft for the UTRC study that was revresentative c¢f the average
dmestic fleet, United Airlines also submitted fuel and cost data fur their fleet.
In this way, current airplenes not included in the airframe manufacturers Task 1
studies were made available.

It became obvious at this stage of the study that, for a set of data to be
representative of the average domestic fleet, it would necessarily have to
include data from both the airframe and airline contractors. This in turn meant
that performance data based on different sources would need to be made consist-
ent. The airframe manufacturers used handbook (ideal) performance levels and
generated their data using the agreed to flight profiles while the United Air-
lines data was representative of their fleet experience in day to day operation.
Coordination among the contractors and NASA led to the recommendation that
the United Airlines service data be used for the current aircraft task and that
the manufacturers data be used in all of the other tasks with appropriate
factors applied to result in estimated airline service datn for all tasks. This
method insured that the UTRC objective of estimating fulure fleet fuel usage as
realistically as possible was met.

The factors applied to the airframe manufacturers handbook deata (airline
factors) account for air treffic control delays and routing, weather, perform-
ance deterioration, and the other items which make up the difference between
ideal and in-service performance. These were developed by comparing block time
and block fuel data for aircraft common to both the United and Douglas data
base, the DC-10-10 and the DC-8-50. These comparisons, reproduced here as
Figures 19 end 20, show that in terms of block time, the differences between
handbook and in-service were in close agreement for both aireraft. A shift
weas noted ia the block fuel comparisons, and it was assumed to be caused by
the difference in service life of the DC-10-10 and the DC-8-50. The DC-10
aircraft in the United fleet showed closer correlation with the handbook cal-
culated block fuel data than the DC-8-50 aircraft which are considerably older,
and presumebly, experiencing more performance deterioration. It was therefore
decided to use an average factor based on these data as indicated by the fairing
shown in Figure 20 to arrive at a mid-service life FTleet of aircraft.

The alrline factors plus the aircraft options to be considered in the
UTRC fleet system studies were developed at a coordination meeting held on
August 11 and 12, 1975, between the contractors and the NASA technical monitor.
As discussed above, the factors are those shown in Figures 19 and 20. The
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airceraft options to be considered in three of the five classifications in the
UTRC study, the source of these data and the usage of the alrline factor

were also determined at the coordination meeting. For completeness, these
data as originally released by NASA are reproduced here as Tables 38, 39,

and 40. TIn Table 38, Current Aireraft, note that an airline fuel factor was
also applied at a constant percentage to the existing wide bodied aircraft.
This was done to adjust the United Airline's date on these aircraft to mid-service
life. Also note that in Tables 39 and 40, Mudified and derivative Aircraft,
respectively, although usage of the airline factor is not specified, both the
block time and block fuel factors were to be applied to these data as supplled
by the airframe manufacturers. These airline adjustments are dlscussed in
Reference 3.

Agreements on the remsining two tasks, Task 2, Operational Procedure
Changes, and Task 5, New Near-Term Aircraft, were also concluded at the
August 11-12, 1975 coordination meeting.

Iockheed and Douglas agreed on further coordination to (1) develop a list
of fuel saving operational procedures which could be spplied by UTRC on & basis
consistent with their adopted baseline aircraft data, and (2) determins if
common Lockheed/Douglas new near-term aircraft performance data could be derived.
A 1list of percentage fuel savings for each aircraft in the UTRC base was devel-
oped for both the current air traffic controcl system and an advanced alr traffic
control system. These data are reproduced here as Table 41l. An important
point here is that it was not the intent of this study to identify the costs
involved with an improved ATC System; rather the fuel savings which would be
possible if such a system existed were to be idepntified. In this way, any
large cummlative fuel savings resulting from the UTRC study could serve as an
incentive for further study in this area.

In the new near-term aircraft of Task 5, it was determined that a common
set of performance data could be generated from that developed by each airframe
manufacturer. The derived airplane geometries in each of the payload/range
classes were in close agreement so that average values of block fuel, block
time and operating costs were reasonasble to assume., The minimum fuel designs
differed in the wing sweep parameter. The Douglas designs incorporated a
straight wing while the Lockheed designc used a quarter chord sweep angle of
25 degrees. It was determined that the Douglas minimum fuel designs could
possibly be oversized for present airports due to thelr large wing spans and
in addition their low cruise Mach numbers might be incompatible with current
airiine fleets. On this basis, the Lockheed swept wing designs were used with
the fuel and cost data modified t5 retain con51stency with the averaged
minimum cost design airplanes.
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TABLE 38.- CURRENT AIRCRAFT-UTRC STUDY.

Airiine Factor?

Aireraft Data Source Time Fuel

Existing:
DC-9-10 DAC Yes Yes
T27-100 UAL No No
DC-8-50 (707-120B, T20B) UAL ‘No o
DC-8-62 (707-320B) UAL No No
DC-8-61 UAL No No
DC-8-20 (880, T20) UAL No No
TU7-100 UAL No Yes(3~1/2%)

Existing & Eligible for New Buys:

DC-9-30 ) DAC Yes Yes
T37-200 UAL No No
727-200 UAL No No
DC-10-10 (L-1011-1) UAL No Yes(h-1/2%)
T47-200 UAL No Yes(3-1/2%)
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TABLE 39.- MODIFICATIONS - UTRC STUDY

RETROFIT MODIFICATIONS
AEROCDYNAMIC ONLY

Average
Aireraft Modification Fuel Saving
L-1011 Wingtip extensions (2-1/2%) and
engine afterbody (3-1/2%)
T-1/2%
DC-10 Winglets (4%), wing root fairings
end drag cleanup (5%)
ThT
DC-8-20, 50, 61 Winglets (2%) and drag cleanup (3%) 5%
(707-120B, T20B)
DC-8-62 Winglets (2%) 2%
(707-320B)
DC-9-10, 30 Winglets (1-1/2%) snd drag cleanup
727-100, 200 (2-1/2%) Y
T37~200 :

RETROFIT MODIFICATIONS
AFRO AND ENGINE

(Includes all modifications in previous "Aerodynemic Only Retrofit
Case" with the following additions:)

. Average
Alrcraft ‘ Modification Fuel Saving

DC-8-20 Winglets, drag cleanup and JT8D 35%
Refan

DCB8-50, 61 Winglets, drag cleanup and JT8D 15%

(707-1208, T20B) Refan

DC8-62 Winglets and JT8D Refan 12%

(707-320B)
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TABIE 40.- DERIVATIVES - UTRC STUDY

Range
(n.mi.)
€ 100%
Passenger Passenger
Aircraft Payload Payload
DCS-50 with winglets 117 2000
DC10-10 D1 200 26L0
I-1011 Short Body 200 1920
DC10-4k0 D1 327 3500+
{DC10-30 + 30 ft stretech,
10 ft wingspan extension
and winglets)
1-1011 Long Body Loo 2160
T27-300 157 1970
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TABLE 41.- OPERATIONAL PROCEDURES CHANGES - UTRC STUDY
Percentage Reduction in Block Fuel
With Current ATC With Improved ATC
Desig- CAB Av. Reduce 2000 | Load i 4 D .
nation | Base- Blaouk Speed Foot to Reduce | Improved Reducet Deluys
Aireraft UERC line Distonee to Step Aft A/P QEW Engine Climbing
Model Study | Mach (n.mi.)} LRC Climb c.g. Cleanup 1% Standaerd Cruise Holding | Terminal
In Production
DC~9-30 C2ELBD | 0.73 290 o# o# 0.2 a.b 0.3 0.5 0% 1.6 2.5
BT37-200 TZELBB | 0.73 266 o* 0¥ 0.2 0.k 0.3 0.5 % 1.7 2.7
BT2T7-200 C3ELB 0.80 L21 0.2 0.1 0.2 0.5 ¢.5 0.5 0.1 1.1 1.7
DC-10-10 L
1-1011-1 C3EHB 0.83 a70 1.0 0.3 g.2 0.5 0. 1.0 0.4 0.7 1.0
BT4T7~-200 CLEHB 0.8k 1616 1.2 0.5 0.2 0.5 0.5 1.0 0.5 0.4 0.5
Out: of Preduction
DC-9-10 Same 0.73 300 0.k 0¥ 0.2 0.k 0.2 - 0.5 o¥ - 1.5 2.6
BT27-1C0 Same 0.80 W n.2 0.1 0.2 0.5 0.4 0.5 0.1 1.0 1.7
DC-8-20
(cveBo, B720) Same 0.80 862 1.0 0.3 0.2 0.5 0.4 0.3 0.4 0.8 1.9
DC-8-50
(B120B, 7T20B) Same 0.80 731 1.0 0.3 c.2 0.5 0.4 0.3 0.k 0.8 1.9
Dr-8-62 o
(3701_3203) Same 0.80 12k3 1.0 0.3 .2 0.5 0.4 0.3 a.4 0.8 1.9
DC-8-61 Same 0.80 8co 1.0 0.3 0.2 0.5 0.4 0.3 0.4 0.8 1.9
[

No cruise, step eruise or cruise climb at 1973 CAR average block distance.




T. CONTRACT FOLLOW-ON 1985 TURBOPROP/TURBOFAN ATIRCRAFT STUDY ~ TASK T

The fuel saving advantages of the turboprop propulsion system, identified
in Task 5, led to a modification to the contract encompassing additional follow-
on studies of this propulsion system. The turhoprop airplanes studied in Task 5
were limited to cruise speeds in the Mach 0.6 %o 0.7 range by the conventional
propeller designs employed. Utilization of these state-of-the~art propellers
was dictated by the 1980 service introduction date specified in Task 5. Because
operation &t Mach 0.6 to 0.7 is not practical in the current air traffic con-
trol environment and since the longer block times adversely affect direct
operating costs by increasing crew costs and decreasing utilization, the
follow-on study envisioned turboprop operation at a more compatible cruise
speed of Mach 0.80.

Conventional propellers exhibit a sharp falleff in efficiency beyond
approximately Mach 0.65 as the compressibility effects on the blading become
significant. A new desigh high speed propeller which delsays these compress-—
ibility effects to higher Mach numbers has been identified by the Hamilton
Standard Division of United Technologies Corporation (Refs. 6 and 7). This
concept, designated the Prop-Fan, is a multibladed, highly loaded and variable
pitech propeller that is envisioned to be used with an advanced turboshaft
engine. The blades are thin, incorporate tip sweep, use supercritical sirfoils,
and are integrated with a spinner/nacelle shape designed o reduce the speed of
the axial flow through the blades. ' The Prop-Fan will be able to operate at
Mach numbers competitive with the turbofan. Figure 21, showing an advanced
turtoprop aircraft model developed under Lockheed independant development funds,
typifies the Prop-Fan installation concept.

The objective of the follow-on effort, identified as Task T was to examine
the potential of thils new propulsion system when installed in an advanced tech-
nology airframe. Comparison of a propfan/turboprop airplane with a. equal tech-
nology airplane equipped with turbofan engines was the method used 4o assess +the
potentizl. The desired result of this comparison was the definition of the
research and technology required to ultimately implement the propfen/turboprop
concept assuming that adequate ben=fits were shown.

In order to ensure that realistic propulsion data were utilized in the
comparisons, an engine manufacturer and a propeller manufacturer were employed
as subcontractors for this task. Both the Pratt and Whitney and the Hamilton
Standard Divisions of United Technologies Corporation were included, and in
addition, Eastern Air Lines was employed ag consultant. Prati and Whitney's
responsibility included the supply of engine data for both the JT10D turbofan
and a rematched version of the STSLT6 turboshaft engine. The JTI0D is a ten
tonne engine of high-bypass ratio which exhibits specific fuel consumption
levels comparable to current high-bypass engines such as the RB.211, JT9D, and
CF-6. The STSLT6 is a Pratt and Whitney study tuwrboshaft engine with component
technologies comparable to the JTL0D, Hamilton Standard had responsibility for
performance date on the Prop-Fan ineluding assistance in the selection of the
specific configuration (disc loading, hlade number, and diameter) to be employed
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in this study. Bastern Air Line's role as consultant included overall study
assessment from an airline operators standpoint. As the largest current operator
of the Electra turboprop aireraft, their experience was sought in the area of
passenger acceptance, maintenance and costs.

Ground rules esteblished for the comparison study are listed helow.

-] Configuration

® 200 Passenger
o Wide Body Fuselage
® i Engines

] Mission

® M 0.80 Cruise, 1500 n.mi,

Tnitial Cruise Altitude > 30 000 Feet
Field Length < TOOO Feet

Approach Speed = 135 Knots

LB

A prime consideration in establishing these ground rules was to mainbtain
compatibility with the new near-term design airplanes of Task 5. In this way
advantage was teken of the extensive parametric design study performed in thab
task. The airplane designed for minimum direct operating cost with 60 cents
per gallon fuel was selected from Task 5 with concurrence of NASA as the base-
line desigu for both the turboprop and turbofan aircraft of this study.

A reoptimization of these baseline designs was then employed to further
refine the aircraft and to ineclude technologies commensurate with the 1985
initial service date. Advanced composite materials and active flight controls
were incorporated in both designs; these technologies allow the use of a smaller,
lighter airfreme 4o accomplish the design mission. Only cost-effective second-
ary structure was considered for composites application and this usage resulted
in an empty weight reduction of 3.3 percent before the effects of resizing were
considered. In the study airplanes, secondary structure employing composite
materials includes the wing fixed leading edge, fuel tank baffles, floor sup-
ports, interior doors, and dividers. Active ailerons which provide maneuver
and gust load alleviation through an inboard transfer of spanwise wing loads
give a three percent reduction in wing weight. Relaxatlion of the static
stability mergins through the use of an active horizontal tail, results in a
reduction in tail size and a corresponding reduction of 30 percent in tail
weight. The total empty weight reduction dus vo the inclusion of active con-
trols in the study airplene designs was 1.2 percent.

Incorporation of advanced composites and active controls commensurate with
the 1985 study airplane time period resulted in a total empty weight reduction
exclusive of resizing effects of 4.5 percent. To account for these weight
benefits and also for the incorporation of the specific engines selected for
both the turbofan and the turboprop design., further parametric studies were
performed. For hoth airplanes, variations in wing and power leoadings combined
with the mission constraints were used to define the point design airplanes.

In each case minimum direct operating cost was used as the selection criterion.
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The final turbofan design, including detailed performance characteristics,
was determined at this stage of the study and the remainder of the effort was
devoted to the detmiled design and performence compubations for the turboprop
airplane. The general thrust requirements of the turboprop airplane were defined
from the reoptimization study and further parametrics were used to define the
sensitivities of airplane sizing to propeller diameter/disec loading. Using
these data, the subcontraciors, Pratt and Whitney and Hemilton Standard rematched
the engine and Prop-Fan system to meet the airplane requirements. The final air-
craft assessments, the comparisons and the determination of sensitivity to
chenges in the basic perameters were the concluding work performed.

T.1L Turbofan Concept

The point-design turbofan airplane concept is shown in the genaral arrange-
ment drawing of Figure 22. The aspect ratio 10 and sweep of 25 degrees for
the supereritical wing are, as discussed previously, The results of the minimum
operating cost/high fuel cost environment design philosophy. The very small
horizontal tail surfaces are the result of the incorporation of active flight
controls te allow relaxed static stability. As shown in Figure 22, the other
aspects of the design are conventional. The four engines are mounted under the
wing on pylons; this arrangement having heen proven to offer the lowest drag
and interference penalties while offering superior meintenance accessibility. In
the CI, 1320-11 (Figure 22) design, engine ingestion of runwey debris is not a
concern; the clearsnce between the ground and the lower inlet lip is 76 inches.
Part of this clearance is the result of the landing gear length being designed
to maintain adequate tall clearance on aircraft rotation, but it is also partly
the result of the relatively small engines required. As previously noted, the
Pratt and Whitney JT10D-2 engine was scaled Tor this application; the resulting
sea level static thrust rating is 14 672 pounis per engine.

7.2 Turhoprup Concept

While the turboprop aircraft can, in general, retain the geometry of the
turbofan design, several turboprop -~ unigue considerations must be taken into
account. These considerations involve the installation design of the propul-
sion system and the calculation of the turboprop aircraft performance. The
Prop-Fan concepts being studied by Hamilton Standard inciude various propeller
configurations in terms of blade number and tip speed. At the initiation of
this study, their efforts indicated that an eight-bladed Prop~Fan operating at
a tip speed of 800 feet per second was near optimum. Blade mumber and tip
speed were therefore held constant. Installation guidelines also developed by
Hamilton Standard were applied where appropriate. :

The primary considerations in the installation of the turboprop propulsion
system are the selection of the propeller disc loading, the nacelle configura-
tion and the spanwise location of the propulsion units on the wing. Selection
of the propeller disc loading and diameter is dependent upon the tradeoff
hetween propeller efficiency and installation weights and the impact on aireraft
performance. These effects were examined through propeller sensitivity studies
involving the parametric design of a large number of additional aireraft. Again
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using minimum direct operating cost as the criterion, an envelope of airecraft
meeting the design constaints but employing different propeller diameters
resulted. The performance variation was found to be quite insensitive to
propeller dismeter, but the smallest diameter gave the lowest operabting cost.
The propeller weight penalty pald for the improved efficiency of larger diemeter
iz the major factor in driving the selection 4o the smaller diameter. This
penalty is magnified by the additional weight penalties which accerue when the
larger dismeter propelier is installed on the airplane. Additional structure is
necessary in elements such as the gearboxes, nacelles, and wing. All of these
welght effects are cummulative and other aireraft structures are impacted as
resizging is required to maintain the design mission range.

Several nacelle configurations were considered in the design of the turbo-
prop alreraft. The final selected design is an underwing design employing an
offset gearbox and a scoop inlet. The aserodynsmic shape of the nacelle is
determined by the desired flow wvelocity through the root sections of the propel-
ler and it is expected that this aerodynamic shspe will dictate the overall
nacelle size rether then any limitatiops imposed by the housing of the necessary
ipternal components. Guidelines established by Hamilton Standard wers used in
:his determination as well as in the spanwise location of the propellersz. In
the latbter case, these guldelines resulted in widely spaced propellers located
consliderably further away from the fuselage side than has been the case on past
turboprop alrcraft.

The hasie characteristics of the turboprop installation introduce differ-
ences that require careful performance accountability when compared to the
turbofan aircraft. The most obvicus of these is the drag treatment to allow
for propeller slipstream effects. Also to be considered are the nacelle/wing
Interference dreg and the acoustic enviromment at the external fuselage wall
»roduced by the propfan operating at supersonic tip speeds during cruise.

Fach of these items were examined and the assessment and results are discussed
in detail in the companion final report, Reference b,

The general arrangement of the resulting bturbopror airecraft, Figure 23, is
not dramatically different from the turbofan aireraft. Overall dimensions of
length and span are nearly identical. A rematch wersion of the Pratt and
Whitney STSLT6 study turboshaft engine is used with the 12.6 foot dismeter
eight-bladed@ propfan which resulted from the final ajrcraft synthesis.

Table 42 compares the general characteristics of the two airplane point
designs and Table 43 presents descriptive features of the respective propulsion
systems. As noted in Table 42, the takeoff weights required to periosrm the
design mission are nearly identical; the largest weight difference is seen to
be in the operational empby weight comparison. The propfan/turboprop engine
features noted in Table 43 represent the engine as rematched by Pratt and
Whitney for +he study sircraft requirements and includes a completely new

copressor and low pressure turbine. As shown, the sea level static thrust
ratings of the two installations are nearly equal. Note, however, that the
maxinum rating for the turboshaft engine occurs at the beg’ ining of climbi this
accounts for the *wo shafi horsepower ratings chown. While the combustor exit
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temperatures are equal, the overall pressure ratio of the STSLT6 engine is

lower as the result of the loss of fen supercharging. While methods of regain-
ing the supercherging at the cost of additional complexity are availsble with

an attendant gain in SFC up to approximately three percent, Pratt and Whitney
did not make this change for this study. The final technical memorandum received
from Pratt and Whitney discusses the turboshaft engine in more detail and the
reader is referred to Appendix A of the Final technieal report, Reference L.

T.3 Performance, FEconomic and Characteristics Comparisons

At this stage of the study., the turbofan and turboprop powered sirplanes
had both been developed using 1985 levels of technology. Both had heen designed
to the same payload-range requirements and to the same mission constraints. The
airplanes are competitive in terms of cruise speed, cruise altitude, and block
time, and both offer equal passenger comfort.

Bignificant differences appear when the fuel and cost to cperate these
aircraft are compared. At the full design passenger payload and at the design
range of 1500 nautical miles, the turboprop airplane consumes 17.8 percent
lesg fuel with a 5.3 to 8.2 percent lower direct operating cost, as shown in
Figure 24. The direct operating cost comparisons are made for fuel at the
design cost of 60 cents per gallon, and alsc at a fuel cost of 30 cents per
gallon. If the comparison is made at a typical in-service stage length of
475 nautical miles with the study load factor of 58 percent, Figure 25 shows
that the turboprop airplane uses 20.4 percent less fuel while offering
operating cost advantages of 8.5 and 5.9 percent for the two fuel costs.

These differences in fuel and operating costs are caused by differences in
engine specifiecs, and airplene welght and drag. The most pronounced difference
is in the propulsion systems. At maeximum cruise power the STSLT6 turboprop
engine has hetter than a 19 percent lower specific fuel consumption while at
the maximum climb power setting the difference exceeds 26 percent on the average
and exceeds 30 percent at the lower altitudes, as noted in Figure 26. Since
climb represents a much larger percentage of total mission time on the shorter
475 nautical mile mission {(nearly 32 percent) compared to the 1500 nautical
mile design missio.. {12 percent), greater fuel savings for the turboprop rela-
tive to the turbofan occur as range is decreased.

Table Lb shows that the turboprop ailrcraft empty weight exceeds that of
the turbofan airplane by 6.4 percent. The major difference in the component
weights which cause this overall weight disparivy are indicated in the table.
The additional torsional loads introduced by the propeller account for two
percent of the wing weight increase; further weight incresases are caused by
the multiplying factor of airplane resizing to perform the mission. Propeller
loads are also the cause of the additional nacelle weight of the turboprop air-
plane. The total uninstalled propulsion system weight of the turboprop {includ-
ing propeller and gearbox) is the major factor in the large installed weight
penalty. Lower weights of some of the components needed to install the system
partially compensate for the penalty. The most significant item is in the pro-
visions required to provide thrust reversal. The variable pitch feature of the
propeller offers a means of providing reverse thrust wishout the cascade and
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blocker door or spoiler system requived by the fixed pitch fan of the turbofan
installation. Note that fan reverse only is used in the study turbofan concept;
no provisions were made for reversing the flow of the primary Jjet exhaust. The
largest weight increment shown in Table hh.is for the acoustic treetment in the
turboprop airplane. This iten i1s shown in the furnishings since the trestment
ares is the fuselage sidewall.

Differences in the drag of the two airplanes can be seen by exemining the
breakdown of Table 45. As in the previous table a comments column is used here
to designaete the major differences. The wing component drag on the turboprop
airplane is slightly smaller by viritue of less webtted area and slipstream
effects. The wing wetted area is reduced becalse of the larger nacelle/wing
interface of the turboprop where no pylon is used, Some of this drag benefit
is offset by the larger turboprop nacelle, However, the main difference
between the nacelle drag components is caused by the »igher wing/nacelle
interference assessed for the turboprop installation. A compensating factor
is the addition of the drag of the turbofan pylons. Table 45 shows that, when
all of the drag components are summed, the total airplane drags are nearly
identieal.

A breakdown of the direct opersting cost comparison is shown in Figure 27T.
The lower block fuel of the turboprop airplane accounts for the improvement in
operating cost. These data were calculated for a fuel price of 60 cents per
gallon.

A table summarizing tnese performznce and economic comparisons is pre-
sented as Table 46. Here the basic comparison is made at the 1500 nautical
mile design range with full passenger payload while the percentege change in
fuel and operating cost at the typlcal in-service stage length is also indicated.

The potential improvements that may be available by using more advanced
technologies in the propulsion system were also assessed. Use of a dual-
rotation propfan offers improvements in efficiency of approximately five percent
due to swirl recovery. A parametric study using this concept with advanced
technology propulsion system weights and costs was performed using inputs from
the propulsion equipment subcontractors (Appendices A and B of Reference k4}.
Figure 28 presents the resulis of this study. The haseline comparisons at the
1500 mile design range from Figure 2k are repeated here for botk the fuel and
cost data with the hars on the left for the turboprop airplane and the bars
on the right for the turbofan airplene. The center bar shows that a four per-
cent additional improvement in block fuel is obtained using the duval-rotation
propfan and that the direct operating cost is improved by an additional 1.5
percent. The higher cost of this system, bhoth acguisition and maintenance,
is compensated for in the direct operating cost by the lower fuel usage and by
the comensurate resizing of the airplane. This can be seen by noting the
significant reduction in takeoff weight required to perform the design mission.
While the dual-rctation propfan concept introduces additional complexity, the
fuel saved and sulsequent smallexr airplane may compensate.

7.4 Sensitivities
Since little experimental work has been done in recent years on advanced
technology propellers, theoretical performance predictions were used quite exten-—

sively in this study task. Of the many varigbles that can affect the study
results, propeller efficiency, engine SFC, nacelle-wing interference, engine
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weight, acoustic treatment, and maintenance cost are the most important. Vari-
ations in each of these paremeters were studied separately and the effect on
the block fuel and operating cost dahta expressed relative to the turbofan
baseline is shown in Figures 29 through 3%. The basic comparison at the 1500
nautical mile design point is shown st the circled point and the shaded band is
shown to indicete reasonaeble ranges of wvariation. Each of the sensitivity
trend curves refiect aireraft vesizing to maintein study ground rule compliance.
A1l of the operating costs shown in Figures 29 through 34 reflect a fuel cost
of 60 cents per gallon.

Figures 29 and 30 show that even with a five percent degradation in propel-
ler efficiency or engine SFC the propfan/turboprop concept would realize a fuel
savings of 13 percent over the turbofan airplane. The corresponding direct
operating cost savings are smaller but still significant. The fuel and cost
savings are less sensitive to nacelle/wing interference and propulsion system
weight, Figures 31 and 32 vespectively. If the turboprop engine could be
installed at the drag levels of a typical turbofan engine, a one percent
improvement in the fuel and cost advantage result. Likewise, a one percent
improvement in fuel and cost are obtained with further technology advances
incorporated to save weight in the propulsion system. These fuel and cost
savings, Figure 32, are obtained at the expense of slightly higher aircraft
acquisition costs.

The sensitivity of turboprop fuel and cost characteristics to acoustic
treatment weight is shown in Figure 33. I exterior sound levels at the fuse-
lage sidewall should prove to be 10 dB higher than currently predicted, the
acoustic treatment weight penalty more than doubles to over 7000 pounds and
the fuel advantage is degraded to approximately 15 percent. If research and
testing indicates that the fuselage fore and aft area requiring noise treatment
for shoek impingement can be reduced 50 percent, and/or lighter methods of
treatment can be found, the fuel and cost advantages could improve by approxi-
mately one percent.

Figure 34 shows that a ten fold inerease in the maintznance costs does not
eliminate the direct operating cost advantage of the propfan/turboprop aircraft.
Even at these elevated levels, the propfan/turboprop has a five percent direct
operating cost advantage for fuel at 60 cents per gallon, as well as the 18
percent block fuel advantage.

Maintenance hours and cost will be of major concern to those who consider
operation of future turboprop powered sirplanes. Ioss of the improvements made
in this area when the airlines transitioned from reciprocating engined/propeller
driven aircraft to turbojet powered aircraft is certainly not desired. The
turboprop concept studied here, however, is not a design that ecan be compared to
these previous propeller driven aircraft that were based on 1950 levels of
technology. Advances that have been made in modular design of the current
turbofan engines would be applied to the propeller (propfan) and gearbox as
well as to the engine in the propfan/turboprop concept. 'Two decades of gear-
box technology advances reflecting helicopter transmicsion development are
available. The elimination of high maintenance cost items such as fan thrust
reversers and the alleviation of wheel and brake maintenance also work to the
propfan/turboprop airplane's advantage. All of these items are significant in
prodicing the projrcted reduced maintenance cort levels shown in Figure 34.
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Figure 21.—Advanced turboprop airplane concept
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Figure 22.—General arrangement - turbofan aireraft
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CHARACTERISTICS WING ]

BASIC | TOTAL | HORIZ | VERT
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Figure 23.—General arrangement - propfan aircraft
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Figure 26.—Comparison of installed specific fuel consumption
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Figure 31.-Sensitivity - nacelle/wing interference

1500 n. mi. DESIGN RANGE WITH 100% LOAD FACTOR

TURBOFAN BASE

=30~
0 TURBOFAN BASE
AnocC
% - 10
-20 ]
3000 4000 5000

UNINSTALLED PROPULSION (1 ENGINE) ~ [b

Figure 32.—Sensitivity - propulsion system weight



1500 n, mi. DES1GN RANGE WITH 100% LOAD FACTOR

0 TURBOFAN BASE
-10
AFUEL
%
-30
0 TURBOFAN BASE
[—
ADOC -y
%
-20 . 8
0 2 4 6 8 10
A ACOUSTIC TREATMENT ~ 1000 Ib
Figure 33.—Sensitivity - interior noise
1500 n, mi, DESIGN RANGE W{TH 100% LOAD FACTOR .
0 TURBOFAN BASE
[
i f "1
! Q —
L
ADOC -10 Cr \
% \ ELECTRA
CLI320-15 EXPERIENCE

¢1.28

0 2 4 6 8 10 12 14 16 18 20
MAINTENANCE COST~8/fit hr

PROPELLER AND GEARBOX LABOR AND MATERIAL
MATNTAINANCE COST WITHOUT BURDEN

Figure 34.-Sensitivity - propeller and gearbox maintenance cost

85



98

TABLE L2.-

PROFPFAN AIRPLANE CEARACTERISTICS

Weights

Maximum takeoff gross weight (1b)
Maximum landing gross weight (1b)
Operational empty weight (1b)
Maximum fuel capacity (1b)

Powerplants
Number & Type
Propeller
SIS thrust/engine (1b)
Body
Length (ft)

Maximum diameter (in.)
Accommodations {No. Pax)

Wing and Empenage

CL 1320-15 (Propfan)

217 L66
205 000
146 L17
50 000

L 8T8 L76 rematch
12.6 ft/8 bladed
1Lk 135 (8863 shp)

155.8

235

200 (10/90%)
8 abreast

Wing Horizontal Tail Vertical Tail
Area (sq fi) 1995 284 261
Aspect ratio 10 5 1.6
Span (f£:} 151.3 37.7 20.k
Sweep (deg) 25 25 32
Mac (in.) 186 97.5 165.6

CL 1320-11 (Turbofan)

217 015
205 000
138 ko2

50 000

b JT10D-2 (Scaled)

14 672

155.8

235
200 (1.0/90%)
B abreast

Wing

1955
10

139.8
184
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TABLE L3.~

ENGINE FEATURES

Description

Scaling Factor

Installed Rating

Thrust (SLS, STD.) - 1b

shp (SLS, STD.) - hp

Max shp (250 KEAS, SL, + 18°F) - hp

Overall Pressuré Ratio
36 000 £t M = 0.80 Cruise

Max Combustor Exit Temp °F
Engine Length - in.

Engine Diameter - in.

Propfan/Turboprop
P&W STS 476 Rematch
(Scaled)

Turboshaflt Engine of
Comparahble Technology
to JT10D-2. MNew
Compressor and LP
Turbine. Ingine
Rescheduled to Meet
LCC Hequirements

0.96L
1L 135
8 863
10 L88

20:1

2Loo
8h.3

21.8

Turbofan
P&W-JT1L0D-2 (Scaled)

Twin Spoovl. Design Fan
Pressure Ratio of 1.69
and Bypass Ratio of
5.4, Single Stage Fan,
12 Stage Comp. 2 Stage
HP Turbine, & Stage LP
Turbine

0.618

i 672

2Lh00

97.8
52.6
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TABLE Lk.-

EMPTY WETGHT BREAKDOWN

Ttem Propfan Turbofan Comment
Wing 2L 368 23 563 'Torsional loads
Tail 2 301 2 229
Rody 35 023 34 873
Landing gear 10 o7t 1C 050
Flight controls 3 018 3 013
. Nacelles 2 819 1 997 Propeller loads
Propulsion system 16 L71 13 436
Engines (4) 8 Lo8 10 bot
Propellers (k) L4 380 -
Gearboxes (k) 2 360 -
Air intake 311 350 Smaller turboprop inlet
Exhaust 191 1 715 Plain tailpipe vs fan reverser
Mise. b2l 83k
Furnishings 24 870 21 TE1 Acoustic treatment
Electrical 5 017 5 008
Air conditioning 4 349 L 3h9
Misc 5 148 5 142
M.E.W. 133 455 125 bk
Tew
J




TABLE 45.~ FRICTION DRAG BREAKDOWN

M 0.80 at 30 000 feet g = 282 lb/ft2

Propfan
Turboprop Turbofan
Component D/q cD D/q CD Comment
Fuselage 15.423 0.00773 15.423 0.00789
Wing 11.848 0.00594 12.k17 0.00635 Wing/Nacelle interface
and slipstream effects
Horizontal tail 1.625 Q. 00081 1.571 0.000890
Vertical tail 1.822 0.00091 1.768 0.00090
Nacelles 2.808 0.00141 1.691 0.00086 |~ Wing/Nacelle
interference
Pylons - - 0.662 0.000634 Turbofan only
Total D/g 33.526 33.532
Friction D (1b) 9 L5k 9 456
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TABLE 46. —SUMMARY - PROPFAN/TURBOFAN PERFORMANCE COMPARISONS

150C n.mi. Design Range 100% IF @475 n.mi.
58% LF

Propfan Turbofan % »

CL 1320-13 CL 1320-11 Change Change
Takeoff Gross Weight - 1b 217 466 217 015 +0.2
Block Fuel - 1b 23 390 28 L66 -17.8 -20 .4
DOC (30¢/gal Fuel) ~ £/ASM 1.310 1.384 -5.3 -5.9
DOC (60¢/gal Fuel) - ¢/ASM 1.660 1.809 -8.2 -8.5
Takeoff Field Length - ft k650 5578 ~-16.7
Landing Field Length - ft 6057 6159 -1.6
Flyaway Cost - M$ 14.15 13.39 +6.0




8. CONCLUSIONS AWD RECOMMENDATIONS FOR TECHNOLOGY DEVELOPMENT
AND FUTURE STUDY EMPHASIS ~ TASK 8

Lockheed's role in the basic study 4id not include participation in the air
transportetion system synthesis and evaluation task once the refined aircraft
performance and operating cost datae had been made available to the consultant
organization. The enalysis required to define the selected options, however,
leads to the conclusions and recommendations discussed in tne following paragraphs.

The first classification of fuel conserving optlons studied, changes to
current aircraft operational procedures, can offer significant fuel savings
henefits even though on an individual Besis the fuel savings may be gquite small.
This is because implementation of procedure changes can be made on an immediate
hasis and on a large number of aircraft resulving in large cumulative savings
over a period of time. Continued use of those operational procedures already
implemented by many of the airlines is recommended. The operators with the
support of the manufacturers should continue t0 pursue the implementation of
additional procedure changes within the current air trafiic control system.
Since the most significant additional savings which can be obtained through
changes in operational procedures are dependent ¢n changes to the air traffic
control system, it is recommended that studies be made to investigate the
required improvements. This would allow & complete benefits analysis to be nmede
which could aid in determining the direction to be taken in air traffic control
in the future. '

Of the I~1011 modifications considered, the revised engine afterbody and
modest wing-tip extension offer even larger fuel savings on an individuel
aircraft basis than operational procedure changes. The possibility of retro-
fit of these options also provides the benefit of large cumulative savings.
Strong consideration should be given to fleet retrofit of these options. In
the case of the engine afterbody, general incorporation is recommended. The
wing tip extension of the type studied should be retrolitted to those aircraft
whose operators can aceept the takeoff weight restriection penalty.

Tncreased seating density offers the largest potential fuel savings of the
modifications studied but is dependent on continued increases in demand and on
pessenger acceptance. This type of modification is an option currently aveilable
to the airline operators. It requires no extensive research activity end involves
minimum investment cost. In a limited fuel availability environment, inecreased
seating density msy become a reguirement.

Derivatives of current aircraft are also dependent on demend in that the
most heneficial appear to be high passenger capacity, strebehed fuselage variants.
The possible fuel savings must be traded sgainst development cost and thus
purchase price. In the time period studizd (before 1980) only limited incorpora~
tion of fuel conservation technclogy is possible. For later service a greater
degree of fuel conservation technology incorporation would result in considerably
more cost effective derivatives.
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The new near-term aircraft studied do not offer as significant fuel savings
as the high-density derivative on a seat-mile basis, nor do they offer opera-
ting costs sufficiently lower to encourage purchase. When designed with mini-
mun block fuel as the design criterion these gireraft may not be compatible
with the current fleet. As with the derivative aircraft, a somewhat later
introduction date mey offer a beneficial alternative by allowing more of the
fuel conservative technologies to be incorporated. ‘

One of these technologies, the advanced turboprop propulsion system, would
require a delay in introduction beyond the 1980 date specified by the basic con-
tract Statement of Work. Because the potential of this propulsion system
appeared to be so promising, & supplemental study contract was added to allow
a more detailed study, including comperiscn Wlth an equally advanced (1985)
turbofan sircraft,

The results of this comparison study show that an advanced turboprop
propulsion system is a viable alternative to the turbofan. The swept wing
propfan/turboprop airplane offers a means of exploiting the inherent efficiency
advantage of the turboshaft engine at the higher cruise speeds and altitudes
required in todey's alr traffic environment. When compared on an equal tech-
nology and equal desipgn mission Basis, advanced turboprop sirplanes offer signi-
ficant fuel and operating cost savings over the squivalent furbofan airplane.
These efficiencies can be ohtained without compromise to passenger comfort.

As a result of this study the following recommendations for further research
should he considered on a first priority basis to verify the concepts theorized
here.

1. Demonstrate propeller efficiency levels of approximately 80 percent
(installed) at a flight Mach number of 0.80.

2. Perform experimental investigations of propfan/turboprop wing intee~
gration to establish that reasonable drag characteristics exist for
practical propfen/turboprop power plants mounted on swept, super-
critieal wings.

3. Determine sound levels generated by propfan/turboprop concepts operat—

ing at Mach 0.80 cruise and establish sound abttenuation and weight
penalty requirements for their satisfactory suppression.
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