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ENERGY AXD ECONOHMIC TRADE OFFS FOR

\OVANCED TECHNOLCGY SUBSONJC AIRCRAFT

Dal V. Maddzlon and Richard D. Wagner
NASA Langley Research Center

Hamptan, Virginia

Summary

Changes in futurz aircraft technology which con-
serve energy are studied, along with the effect of
these changes on ecorncmic performance., Anong the new
technologles considered are laminar-flow control, com—
posite materials wizh and without laminar-flow control,
and advanced afrfoils. Alrcraft design features
studied include high-aspect-ratio wings, thickness
ratio, and range. Engine technology is held constant
at the JT9D level.

It {3 concludei that wing aspect ratias of future
aircraft are likely to significantly increase as a
result of new technology and the push of higher fuel
prices. Whereas currentairplanes havebeen designed for
AR = 7, supercritical technology and much higher fuel
prices will drive aspect ratio te the AR = 9-10 range.
Compusite materials zmay raise aspect ratic to abeut
11-12 and practical! laminar flow-control systems may
further increases aspect ratio to 14 or morc. Advanced
technelogy provides significant reductions in airzraft
take~off gross weight, energy consumption, and direct
operating cost.

Introduction

In January 1973, U.S, airlines paid about 12 cents
per gallon for thefr fuel. By October of 1975, U.S.
domestic airlines were paying almost 30cents per 3aillon
and U.S. international airlines were paying about
37 cents per gallom (Fig. 1l). By the ond of 1975, OPEC
crude ofl price incceases and gradual reroval of domes-
tic price controls suggest that fuel prices ma
again. Increases in fuel price such 2s those
enced over tie past few years mean that significant
improvenent must occur in the ener y performance of
furture afrcraft. Thz impact on .ue design of air-raft
wiil be great.}"8 This paper presents an overview of
~hat tre development of new technologies such as
laminar-{low contro! (LFC), composite materials,
new airfoils may mean to future aircraft design.

and

Studies were aczomplished by the developrnen: of a
computrer progranm cazable of sizing afrcraft for minimum
fuel consumption, With this teol, it is possiblie to
tik2 8 broad look at technologies and paranmeters which
influence alrcrait weight, fuel usage, and other aper=-
ating cost conpone The assumptions on

" progran is based limit its use to definin
efiects of alrcrafe design rather than ¢
detailed polnt desigas. Experience to date in
that this program can be guite uscful in r-akin
asgessments of the value of new aircraft technoin

AR aspect ratio

[ Section chord, ft

CD ) Total drag coefficient
CDi Induced drag coefficient
CD Fricticn drag coefficient
CLo Cruise 1ift coefficient
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coMP Compesite material

DOC Direct operating coust, cents per seat

statute mile

ENERGY Energy use, Btu's per seat mile

e = 0.8 Span efficiency factor

L/D Lift~-to-drag ratio

LFC lLanminar-flow controMused on wing and tafl

M Mach number

QEW Operating emptv weight, 1b

PAX Number of passengers

R Range, n. mi.

ROI Return cn investment, percent

Swing Wing area, f:z

t/e Average thickness ratio, percent

(t/e),, Average thickness ratio consfstent with
D drag divergence Mach number

TOCH Take-off gross weight, 1b

TURB Turbulent flow

Uw Unit weight, 1b per ftz (lemirarized wetted

area)

Wwing Wing weight, 1b

a Angle of attack, radians

I Wing sweep angle, degrees

L= 06,27 King taper ratfo

Description of Minjw.n Energw Aircraft Program

Appendix A summarizes the irportant equations used
in the development of the program. Progran lopic is
shown in Figure 2.- Passenper numhoar, ra ze, and Mach
number are specified.  An Inftial fuel wefght and take-
of f gross weight (TGGW) is assumed. The fuselage is
sized to accommodate the payload. Empirical eguations
(Appendix A) are used to weigh major afrcraft compo-
nents such as the wing and fuselage (with appropriate
modifications for high-aspect ratio and advanced tech-
nolepxye A first wuess of wing area s rade and
first-order (no wing-hodvy interference effecis)
mamics? used to calculate cruise performance at

r
(L/D}_Jx Frgine size i{s then determined by wefphing

cryise thrust requitements against the thrust require=
ments impesed by a 10,300-foot runway. A cli=h per-
formunce routine is calculatedlO and the 2ngine resired
if necessary, to achiceve adequate climbd perforc-ance.
The calculations are then irerated until a convergence
is reached which defines the alrcraft and its perform-
ance for the sclected wing area. Wing area {s then
varied in a search for the aifrcraft with maxizu=z range,

»



given the assumed fuel load. The optirum energy afr-
plane to meet the required range {s then found by
repeating the wing area search for different assumed
fuel weights. This part of the program, which delines
the optimum energy airplane, provides inputs for the
next section of the pregram te calculate airplane
economics.

Economic results are expressed in terms of Direct
Operating Costs (DOC), Indirect Operating Costs (100},
and Return on Investment (RO1). DOC calculaticns are
based on the Alr Tranmsport Association modctll updated
to 1975 cost experience.* Indirect Operating Costs are
based on a Lockheed Aircraft Corporation rodei.l2 The
ROI calculations utilize discounted cash flow method-
ology. Baseline fuel price is 30 cents per pallon,

{block fuel and DIC) is
then calculated by assuming a full payload and design
fuel load for stage lengths less than design range.
Approximately 40 seconds of run time on the CDC 6600
computer are needed to define an optimum airplane and
determine its economic and off-design rerformance,

Off-design performance

Major assumptions made in developing the progran
are listed in Figure 3. Table 1 comparcs a representa-
tive trijet configurationtd with results predicted by
the program for a minirum fuel consumption aircrafe.
Weights, geometry, and mission performance data are
given. Even though many parameters, other than fuel
consumption, were considered in the trijet design (for
example, economic performance), the comparisan indicates
that realistic aircraft characteristics e¢volve from the
program,

Results

Baseline Afrplane

A 200-passenger alrplane with 10,000 pounds of
cargo load flying at = 0.8 was chosen as a baseline.
Additional characteric<tics of this alrplane are given
in Table 2, which alse includes the basellne character-
istics of the laminar-fiow control (LFC) configuratien.
Cesign parameters studied with the bascline airplane
include thickness ratio, aspect ratio, and ranpe.
Studies of new technelegy airplanes are also referenced
to this baseline. A high bypass ratjo cngine is
assumed with technolecgy level held coastant; the
nology level is about that of a JT-9h e¢ngine.

tech-

Alrfoil Model

The baseline configuration was used to study the
effects of thickness ratio at varfous aspect ratios and
R = 3000 n. mi. TOGW, INERCY, and DOC resuits are given
in Figure 4. Use of a constant wing thickness ratio
yields a continuous decrease In energy requirenents as
aspect ratio is increased; however, trends ia TOGW and
BOC with aspect vatic (AR) are strongly dependent on
the assumed thickness ratio,

Min{mum energy aircraft with thick wings have their
minimum TOGW at higher aspoct ratfos than do #ircraft
with thin wings. Thick wing alicraft alse have lower
TOGW, as would be exprcted from dnspection of the wing
weight equation used (see Appendix A) which shows
decreasing wing weight with increasing thickness ratio.
However, these constant thickness ratio results are
misleading. For examnle, the decrease in DHOC that
occurs with increas aspect ratio for /¢ 2 12 ray
be erroneous since these airfoils may not be ahle to
meet a drag divergence criterion,

A bhad estimate as to
the absolute level of average thickness ratio could also
lead to significant error.

For these reasons, Refereuce 14 was used ty deters
ine the varfation of average wing thickness ratio,
({/C)MI. consietent with a drag divergence Mach number

)

and required wing lift coefficieont. It is impertant to
realize that this relationship does not necessarily
represent an attainable supercritical technoleogwy for
the airfail section, but only serves as a model for the
relaticnship between wing thiciness, wing lift coeffi-
cient, and Mach number. With this criterion, the wing
thickpess ratio compatible with drag divergence tach
number (f.e., a 20-count drag rise) varies from 14.17
to 7.8% over the AR range (see (t/c)}% curve in

Fig. 4). The result is an increase in wing weight (at
high aspect ratios) which is above and bevond the

1.5
(AR) penalty (see wing welight equation in
Appendix A).  Consequently, at high aspect ratios,
Large penaltics occur in TOGW and DOC (Fig. &).

In addition, at high aspect ratios, the varyving
thickness ratio compounded the problem of getting
enough fuel in the wing; for these airéraft, adesuate
fuel storage volume in the wing could present a design
problem above &R = 10.

Jurbulent Afrplane Studies
Design Range. “he effect of design range on the
baseline aircraft is given in Figure S for aspect
ratios of 7 and 14, As range increases, the extra fuel
required to meet mission reguirements combines with
increases in structural weight to raise take-off BrOSS
weight. At AR = 7, which is typical of current commer-
cial transports, energy regquirements increase centinu~
cusly with range; high AR afrcraft (AR = 14) show a
ninimum energy consumption at a design range of about
2200 n. mi Relative to the AR = 7 ajrcrafe, energy
saved with an AR = 14 design {s greatest at lengz
range. Best economic perfermance occurs at ranges
between 2000 n, ni. 3005 n. mi. with best economics
at a somewhat higher range for the highest AR. Severe
prnaltivs are encountered with long-range capability
(%500 n. ml.) in terms of both cnergy use and DOC

e

________ The effect of aspect rat{o is shown
in F'gure 6 for ranges of 160G, 300G, and 5000 n. mi.
Erfecta of dncreased aspect ratio result from a trade
of improved aerodynamic efficiency for added stractural
wing, weight (see Appendix A). Up to AR of % 17,
this trade is favorabie at ranges in the that
cnergy requirements are reduced. AU a range of
1060 n. mi., hewever, the resulting TOOV increase: with
increasing AR, At 5000 n. ni. range, ~he fuel s.ved
with increased AR more than of fset the structoral
weight penalty and TOGW decreases when AK  is increased
from 7 (o 10, Above about 12, the trade iy not
Tavorable and TOGW and fuel asage begin to increase
with AP, Lowest DOC's are ebtained at aspect ratics
between 9 a4 100 These optinun DUC's occur at a highet
aspect ratio than today': 7 desizns bocsuse of
the sharp fuel price increases which have occurred gur-
ine the past 2-1/2 years (the present study uses a fuel
price of 30 cents per wallen compared to an earlier
12 cents per pallon) and the existence of supercrit:. at
airfoil technolopy,
lowest DW's oceur with R =
ritios.

atl

AR of

For the three ranpes shown, the
1000 no ai. for ali e, 1
POC fncreases rapidiv when AR > 11
of the extra fuel and purchase price increase reeubt o
from the much fncreda<ed stron taral veight.

hocan e
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Laminac~Flow Control

Controlling the boundary layer to maintain laminar
flow on an ajrplane can offer large beneffits., Laminar-
Flow Control {LFC) results in much lower friction drag
and thercfore reduced fuel use. Figure 7 illustrates
the concept of using suction to stabilize the {oitial
laminar boundary layer such that laminar flow can be
raintained far beyond the length normally observed tor
transition to turbulent flow, 3unction power require-
ments are small compared to the reductions obtained in
propulsive power. Much significant work in LFU vsing
the suction concept was accomplished with the X-Z1
flight tests made between 1962-1965.15-39  This work
showed that LFC could, in fact, be achfeved in flight,
Remaining uncertainties revolve largely around ques-
tions of reliability, maintenance, and cost.

As a result of the national energy crisis, NASA is
taking a fresh look at LFC's potential and problens,20
Two studieg by Lockheed?) and 8oeinp?’ have recently
been completed under NASA sponsorship. Because of the
potential for energy conservation with LFC technology,
the present study has also looked at some of the major
questions which surround the spplication of LFC to
commercial transport aircraft.

LFC Configuration. For comparison to the baseline
turbulent airplane, LFC airplenes were studied assuming
laminar flow exists over the ving and tail of the air-
craft {see Table 3 for a typical confipuration compary -
son)., The LFC system is turncd on once the aircraft
reaches cruise altitude. The propulsion system was
sized to iInclude the power required to run the LFC
system pumps.

Figure 8 shows the effect of LFC with range. LFC
benefits in reduced weight, ecnergy, and dircct operating
cost grow rapidly as range incceases becausc of the
greater importance of aerodynamic efficiency at long
range. LFC also increases the range at which minimum
DOC occurs., The effect of AR for aircraft designed
for LFC relative to the turbulent baseline at
R = 3000 n. mi. is shown in Figure 9. L¥C aelays the
TOCW increase which occurs at AR = 10 with the turbu-
lent airjtanes. In addition, the welght penalty paid
with the turbulent airplane at AR = 14 is ureattiy
reduced with LFC. LFC aifrcraft cnerpy requivesents
continually decrease as Ak  increases from 7 ro 14,
whereas the AR = 14 turhylent airplone shows dncereassed
energy requirements relative to lower anpect ratios.

LFC reduced direct operating conts at ail ratios
studicd. Even the DOC penalty from an AR

14 confip-

uratlion 1s largely eliminated with LFC. These favorable

results using LFC occur despite built-in coonomic
penalties cqual to 17X higher mauintenance and 7 higher
purchase prire assured for the L¥FC airplane (Table 3,
based on the results of Refercnce J1.

LFC wings have lower lift coefffcicnts and hence
greater thickness ratios than their turhulent counter~

parts (Fig, 10}. This follows since at (L/h)p‘,,

¢, = J= ar cDﬁZ; sirce LFC reduces €y € is also

It

o o
reduced and the wing can have a larger thickness ratio
for the scanie drag divergeace Mach nurber.  As asnpect
ratlo increases, wing thickness ratio for the opt,
turbulent configuration d2creased (Fig. 10Y, and tuel
volume efficfency decreased., For turbulent airplancs
with A 1n, not enouph wing volume wis avaitable to
store the fuel needed for long-range misstons.  Turbu-~
lent afrplanes of high aspect ratio and low pissenger
capacity may therefore reguire wing ped tarks?l or fuel
storage in th~ fuselage. In contrast, no fuel velune
problems were enccuntered with the AR = 14,
R = 3000 n. mi., LTC configuration. LFC airglanes,

=l

ITh
E{ (lezgiéh therefore, may offer this potzntial design simplifica=~

tion although LFC ducting volume tegquirements present
an added problem. Wing box veolume was estimated
assuning a spar separation distauce 2f one~nalf the
chord length, and fuel volume was taken as 704 ot the
wing box volume,

The effect of LFC system unit weight (YW in lb
per sq ft of lamfnarized are2} is given in Figure 11
for varying AR and R = 3003 n. mi. Baseiine unit
weipht (1.26 from Ref. 21) was varied from 2.52 te 0.63
(not shown)., Helative to the bascline, UW = (.83
provided only minor reductions in TOLW, whereds
W= 2,492 wipes out much (bot not all) of the TudwW
savings possible at low AR with LFC. Energy consump-
tion is relatively unaffected by unit weight changes
and large enerpy savings ressif even if UW = 2.52. 1In
contrast to the turbulent confipuration, the UW = 2,52
airplane used less energy at AR = 14 than at lower
aspect ratfos. Economic performance is best at
LW = 1,26, but even the UW = 2,52 airplane has a
jower DOC than the turbulent baseline. Further work on
LFC designs may e¢nable the unft weight penalty to be
reduced below 1,26, as design techniques are developed
which use the LFC suction surfaces and ducting to help
carry structural loads.2?

Composites

Figures 12 and 13 show the benefit which composite
materials will have on the bascline turbulent and LFC
configurations. FEstimates of wing, tatl, tuselage, and
landing~pear weight resulting from application of com-
posite material were obtalned from Reference 23 (sze
Table 4). It is thought that this degree of composite
application (40%) might be applied to an airplane
intreduced in 1985, Sisnificant reductions in TOLW,
vnergy, and DOC oceur with introduction of cemposite
material. Fipure 12 shews that at R = 3000 n. ni.,
composites have a bigger effect on TOGW than does L¥
however, LFC saves more energy and has betrer econo
cericormance than does composites. At R = 5000 n. .,
LFC reduces both TOGW and energy to a greater extent
than does composites (Fig. 12}). With varying aspect
ratio (Fip. 13) and R = 3000 n. mi., an LFC sirplanc
rade of composite materials eliminates the TOGW and DoC
penaley paid for the AR = 14 design (relative to
AR = 11).  These calenlations must be viewed with
cautlen, however, since wing weights are estimated
using a correlacion of historical data based on dluminua
airceraft ond then corrected o cxpected corposite =atoe-
rigl weight, Zest cconomin § formance is ~btafned witn
an LFC afrplane buflt of advan. d naterials, The price
of composite sirplanes is fo by calculating price as
it an aluminum airplane were teing costed, and then adu-
init 1807 ta this walue; the resulting composive arrplanc
price 1s tvpically akout 12-3% under the price ef an
equivaltent siuninum airplare.  Mafntenance horacteris-

tics are assumed equivaelent t5 that of alusinus air-
rlanes based on the encouraging (but limited) data
obtained to date througn in-service £light tests sade
vitn componiic materisls on secondary structures.  dince
enorgy use iy decreasing even At AR s 14, other
elvanded technalogy {(wnici Iowers structural weight)
beyend that discussed in this paper may eventuallv lesd
to practival cenfigurations with aspect raties adove la.
Framples of sue’y technologies include more ad -4
aitfoils, greater composite wpplication, 1: 1 zed
strut=braced wings of very high AR, ang active .sntiol
5YGLems,

Advanced Adrfoils

The effect of advanced airfoll technoluge is illus-
trated {n Fipure 14. The 13 wed configuration repre-
sents afrfeils with drag divergence Ysch numsers €.023




.and 0.05 greater than that attained by supercritical
airfoils in Reference 14. Admittedly, attainment of
the benefits represented by these cases is a difficult
goal to reach if, in fact, reachable. The impact of
such an airfoil {s relatively small at low aspect ratios.
However, the TOGW, energy, and DOC benefits are sizable
at high aspect ratios.

These results have an interesting implication for
LFC aircraft. Laminar-flow control thins the airfoil
boundary layer and thus permits a thicker, lighter-
weight wing to be used (without a drag penalty).
Therefore, LFC will provide an additional synergistic
benefit perhaps comparable to that shown in Iigure 14
for the 0.025 Mach number increase. No benefit was
taken for this effect in the LFC calculations made in
this paper.

In addition, high-aspect-ratio airplanes (turbu-
lent or laminar) require cruise lift coeificients that
will be difficult fo achieve even with advanced airfoil
technology. LFC, with lower required lift coefficients,
alleviates this problem (Fig. 10).

Economics

Turbulent Configuration. The effect of aspect
ratio on DOC for various fuel prices and ranges is
shown in Figure 15. Clearly, if fuel prices continue
to rise.relative to other costs, higher AR will be
economiéélly desirable for future aircratt. At all
ranges*wthe effect of increasing fuel price is to
increas® the aspect ratio at which minimum DOC occurs.

Also, at a constant fuel price, increasing the design
range increases the need for improved aerodynamics and,

therefore, increases the AR at which minimum DOC
occurs. Dramatic changes in airplane design can occur
as a result o[ the interaction of these parameters. For
example, at = 1000 n. mi. and 30 cents per gallon
fuel, an AR = 8 airplane has the lowest DOC, and DOC
varies little between AR = 7-11. 1In contrast, at ’
R = 5000 n. mi. and $1.20 per gallon fuel, an AR = 11
airplane clearly has the lowest DOC.

Laminavr-Flow Control. The offect of increases in

purchase price and maintenance cost for the LFC airplane
is shown in Figure 16. With AR = 10 and 20 cents per
gallon fuel, the LFC airplane must cost 11% more than
expected (or have an 18% higher maintenance cost) for
the airplane's DOC to be cqual to the turbulent air-
plane's DOC. If fuel costs 60 cents per gallon, it
would take either a 37% increase in purchase price or a
507% increase in maintenance cost to wipe out the LFC
benefits. At AR = 14, LFC cost increases must be even
greater to e¢liminate the anticipated savings. It is
evident that the payoff from LFC is large enough to
overshadow possible maintenance and purchase price
increases.

The relative contribution which different costs
make to DOC is given in Table 5 for turbulent and LFC
airplanes at fuel prices of 30 cents and 60 cents per
gallon. As aspect ratio increases, fuel cost becomes
less important and purchase price becomes more signifi~
cant. Laminar-flow control significantly reduces the
importance of fuel costs to NDOC. In every case listed
in Table 5, except two, fuel cost is seen to be the
major element of DOC. Therefore, technology which
reduces fuel cost is likely to he more important in
the futute than in the past.

Conclusions

A broad look was taken at how changes in future
aircraft design and technology might impact commercial

aircraft trade offs between TOGW, energy use, and DOC.
Subject to the ground rules and assumptions on which
the study was based, the following conclusions were
reached:

Turbulent Airplanes. Energy use per passenger
mile is lowest at R < 3000 n. - mi. Best DOC's are
obtained between ranges of 2000 n. mi. and 3000 n. mi.
at all aspect ratios. Severe penalties occur at long
range (R = 5000 n. mi.) in terms of both energy use and
direct operating cost. High aspect ratio, long-range
(AR = 10, R = 5000 n. mi.) aircraft can conceivably
show lower TOGW than AR = 7 aircraft.

Laminar-Flow Control. LFC systems provide signifij-
cant energy savings when applied to current AR = 7
aircratt. TOGW, energy, aad DOC savings increase
dramatically with design range. LFC will be of
more value to the high aspect ratio (AR = 10-14)

even
air-

craft of the future because the greater aerodynamic

ef ficiency rvealized with LFC svstems reduce the total
drag and, counsequently, negate further the weight
penalties that must be paid for high-aspect-ratio
design. Successful application of LFC systems, there-
fore, will tend to increase the aspect ratios of future
airplanes. Aircraft energy requirements for LFC config-
urations continually decreased as AR was increased
from 7 to 14 in contrast to the turbulent airplane
results. LFC benefits are grecatest at high range and
high aspect ratio. Unit weight (I1b/ft2) of the LFC
system has a small effect on energy saved but increased
LFC unit weight penalties are more significant in TOGW
and DOC results.

Composites. Significant reductiouns in TOGW,

energy, and DOC occur with iantroduction-of compesite
material. At = 3000 n. mi., composites had a larger
¢ffect on TOGW than Gid LFC, althoush LFC saved moere

cnergy and had a lowor DOG than did cempesites.  Also,
at = 3000 n. mi., an LFC composite airplane nearly
eliminated the TOGW and DOC penalty paid for an

AR = 14 «design, Best economic performance was
obtained with an LFC airplane built of advanced
materials.
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Main Eguations Used in Minieusx Enerpyv Afrcraft Progranm

Aerodynazics

*®
dac dC -
€ - (—:L) a . EEE . T (cos 1)

\1 - u?

¢ 2
C - L .
D1 T e AR *

(9
L
(L/D)max

C, =K Z C? {wetted area/wing area) where

DO

CF -~ Lanminar: Blasius

C. -~ Turbuluent:

T Prandtl-Schlichting

Weights

*a
Fuselage weight = (WOSB) (body areca) where

‘R
Wing weight

315 ol wen®l o

2+ 51+ as¥2

. . R 1.5 -6]
3536 + ,.547&”“% +0.3 KJ\SUIns,i (Sying) X 10

+ 23)

4

. T
W, = 0.5\ &R e)/C,

o

= Vcr—tr-'—r—‘
" AR e LD

(]

K = 1.13 (correcztion factor for parasite drag)

058 = 2.6 \[3.75 x T00x x 107%, or

= 4,75 minimum (selected ninimun gage)

(100w

Zero fuel veighe

where K, *
Kk (tfe) (1 +3) cos2 I

; K2F =

TO0w

3
Shapiro, p. 422.

“Correlation of histori{-al dats by L. Robert Jackson, NiSA High-Speed Aerodynazice Divisfon,

Design Concepts Group, Langley Research Center.

T R
Obtsined from McDonnell Douglas Corporaticn, KAS1-13954.



Appendix A, Main Equations Used in Minimum Energy Afrcraft Program - Concluded

Tatl weight = 5,0 (hcrizontal! tafl area + vertical tail area)

Engine weight = take~off thrust/3.38

Payload weight = (210) PAX + cargo weight

Fuel weight = cruise fuel + climb fuel + rescrve fuel; where reserve fuel =« 0,18 (fuel weight)

+ (1.44) (toral tatl area)) + 1.98 (gallons of fuel)l 401

{fucl {nstruments)

*
Fixed weight

1.1933 [(Sw‘ng

(hydraullc systems)

+ [40.1 + (7.53 x 10-4) (take-of f thrust)] (No, engines) + 330.8 + (1.444) PAX

(propulsion tnstruments) {remiainir, instruncnts)
+ 18.83) (pax) % 4 asiny pax® 0T o (s ersy paxteP7TO
(e’ rctrical) (air conditioning, (PAX furnishings &
aux. power § equipment)

prcumat ics)

+ (0.038) (wing area) + (0.238) (wing area) + 51
(anti-icing group) (anti-icing group) (load and handling group)

LFC system wefght = (2) (UW) (laminarized area)
Engine
Bypass ratio w 4,9
Specific fuel consumption at sea ievel = 0.395 per hour
Specific fuel consumption at cruise = 0,657 per hour

Fan pressure ratio at crufse = 1.56

*
Obtained from PRC Systems Scicnces Company.



APPENDIX B~ T

TIONS USED TO CALCULATE DIRECT
ATING CUST - 1375 COEFFICIENTS®

CRIW PAY (S$/BLOCK HOUR)

3 FAN JET

23,281 |V
<

Ly *3
x ~73§L- +57.620
19°

NON-PEVENUE FACTOR

1,02 ON FUEL AND MAINTINANCE

AIRFRAME MAINTENANCE-CYCLE
MATERIAL ($/CYCLE)
DIRECT LABOR (MH/CYCLE)

1.9229 (3(1/),06) + 2.2504

21256 TLog 10(u3,1009)33.7375

AITRFPAME MAINTENANCE ~ FLIGHT HUUR
MATERIAL ($/FI)
DIRECT LABOR (MH/FN)

1
4.9159 {

cas10® + 3.4263
Log 1o(ua/woa)] - 6.425

L5994

1S

1304

ENGINE MAINTENANCE - CYCLE
MATERLAL ($/CYCLE)
DIRECT L 8% QGI/CYCLE)

[3.6598 (Ce/106) v 1.3635) n

(4

ENGINE MAINTENANCE = FLIGHT Bul®
MSTERIAL ($/+H)
DIRECT LAZUR DG1/FH)

£

07) - 6.5176] %e
k]

7167

+ 13.6

{Cef

1
5 39) ] Ve

BURDEN §/DIRECT M/ INTENANCE §

MAINTENARCE LABOR RATE (§/M

INSURANCE (% PRITT/YEAR)

INVESTMENT SPARES RALIO (T)

IRFRANE

i.t
ENGINE

DEPHRICIATION SCHEDULE (YUARS/FSIDUAL VATLE) 14/0

TOGE = Mawi-un Tarveoff Crous Weight - Lbs, Wa - ine Welight - Lb=,
Ca = Arfrawe rice - 5 i -

Ca - Encing trice ~ § THxeluding Peverser} i - rs

Ne - Nuthey of ue s - M

Vo o= 7bhixiie Jhx (M9 T - Sea Lewel Static Thrust-

te
e

Auhtatned frem beesng Consorolal Afrcraft Cornany



TABLE 1.

COMPARISON OF REPRESENTATIVE MIDE BODY TRIJET

WITH PRESENT STUDY RESULTS

Trijet Prosent study
Welght, ib
TOHS SSL000 535600
wing 57474 36875
Fuel RT3 183170
Tail 10760 §927
Sngine LRAESE 52013
Body 46275 4673F
Emptey 349495% 352430
Fixid TR28R 8391C¢
Paylcad (inc. cargo) 104573 103960
Nunher of passengers 376 376
Altitude, fr 3140 17619
Length, ft 182 J7R
Wing loading, )b per ftl 152 142
Wing area, fe? Y647 3774
Span, ft 169 159
Horfzontal tail area, fe2 133n 10180
Vertical tall arca, ft? 05 65)
Climb range, n. oi. 193 i75
Climb time, minutes 2h.4 23.9
Avajlabie fuel storage, lb 247060 211690
Take-off thrust, 1b 151000 176609
Average  tfc, percent .2 10.4

iNAL PAGE 13
- POOR QUALITY

TARLE .

BASFLINE TURBLLYNT/LETC ATEPLANE CHAFACTIR] sTiCS

Mych nucber
Leats
Cargoe load, 1L

Sweep, deg

Apect ratio

Punwdy leapth, tt

peserve fuul, as percent of
Arrframe matertal

Lrgine Loy

noleny

¥ ine nunher

- cant, cents poer gatlon
Pas ap weizht 4 bBayeape,
N

wiry, and tail area Jite LVO,

tegal rael

ih

potoent

LR
San
10000

SO




TABLE 3. COMPARTSON OF NOMINAL TURBULENT AIRPLANES 70 LFQ MIRPLANCS
M= 0.8 '
Range = 300D n, ni.
PAN = 200
A o= 25°
AR = 7 AR % 14

Turbulent LFC Turbulent L¥C
TOGHW, 1b 224070 2134% 261440 121160
OEW, 1b 162530 107764 147540 125090
Wing wt, 1b 16641 214 55531 39482
Body wt, 1b 431H9 431489 431893 43189
Engine wt, Ib 20247 1949 23535 13119
LFC system wt, b  =seen- FHAa o 4833
Block fuel, 1b 58%60 4°4 00 52648 37420
Span, ft 1G9 1i8 157 164
Length, ft 151 19% £51 151
Hing area, ft? 1708 1932 19 1918
Cruise altitude, ft IR0 4,994 L2652 40654
Crufre L/D 15.2 19,8 2103 26.8
Win, loadiag, 1b per fi2 131 167 1t 115
Afrplane price, § x 100 4,36 o, u} FI ¥4 10,95
DOC 1.0G85% .03 1.169 1.036
Rejative LFC malntonance, percent  =-eeew 17 emenee 17
Relat' e LFC purchase price, percent —mm——— [} ————— 3

R 1,24 mecaee 1.2¢

LFC swstem unit weight, b por ft2

ORIGINAL PAGH I3
OF POOR QU&LITY

TABLE 4.

COMPOSTITE MATERIAL COMEQNUNT VEICHT
A9 A PRRUEN

Winsy
Boxdy
Tail

Lamding gear

Seuroe: K

TARLE 5.

CGsT

As ¢

crence 23

Breg.,

Bange = 4

B TRORTTE A S T

HOD L ey

i

NG LTl

Turbualent

La=inar

31 reatwdat 69 evatsfeay s centsival A centsical
A AR X R
PR 1 B 1 T U ; i R T 2
Fuel 36,00 1206 2908 52,9 4901 4k 29,2 2AL% 2000 45.0 «l.h 33,7
Maintenince RS 1204 2nun 14,5 YALT B5.9 22020 23,0 Z3.9 JP.: o 1ALl 1%,
Crev 25.9 2607 3.1 In.l 2l Ywo3 Xh.90 22070 2700 20.% Al.y 2i1)
Depresfatfon 4 fnsarance 19,7 21,3 24,3 Q4.5 16,1 38,6 217 PR 2404 M6.m YELP 19.7
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Figure 1. Average U.S. commercial jet fuel price.
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Fioure 2. Minimun energy aircraft program logic.



A

FIRST ORDER AERODYNAMICS
TRIM OR BALANCE NOT CONSIDERED

HISTORICAL PARAMETRIC WEIGHTS - ALUMINUM
- EXTRAPOLATED TO HIGH ASPECT RATIO

WEIGHT REDUCTION FACTORS USED FOR COMPOSITE MATERIALS
EMPENNAGE SIZED BY TAIL VOLUME COEFFICIENTS

HIGH BYPASS RATIO ENGINE MODEL - CONSTANT TECHNOLOGY

Figure 3. Major program assumptions.
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Figure 11. Effect of laminar flow control system unit weight on aluminum
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Effect of advanced airfoil technology at R = 3000 n.mi. in turbulent flow.
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