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PROSPECTS FOR REDUCED ENERGY TRANSPORTS - A PRELIMINARY ANALYSIS 

M. D. Ardema, M. Harper, C. L. Smith, M. H. Waters, L. J. Wi l l iams 

Ames Research Center 

Systems Studies D i v i s i o n  

SUMMARY 

The recen t  "energy c r i s i s "  and subsequent subs tan t i a l  increase i n  f u e l  

p r i ces  have prov ided increased i ncen t i ve  t o  reduce the f u e l  consumption o f  c i v i l  

t r anspo r t  a i r c r a f t .  A t  the present t i m ,  many changes i n  operat iona l  procedures 

have been in t roduced t o  decrease f ue l  consumption o f  the e x i s t i n g  f l e e t .  I n  

the f u tu re ,  however, i t  may become des i rab le  o r  even necessary t o  in t roduce  new 

fue l -conservat ive a i r c r a f t  designs. Th is  paper repor ts  the  r e s u l t s  o f  

a  p re l im inary  study o f  new near-term fue l  conservat ive a i r c r a f t .  

I 

A parametr ic study was made t o  determine the  e f f e c t s  o f  c ru i se  Mach ! 
i 
1 

number and f ue l  cos t  on the "optimum" con f i gu ra t i on  c h a r a c t e r i s t i c s  and on ! 
. t 

! 
economic performance. For each design, the wing geometry was opt imized t o  

8 ,  

g ive  maximum r e t u r n  on investment a t  a  p a r t i c u l a r  f u e l  cost .  Based on the 

r e s u l t s  o f  the parametr ic study, a  nominal reduced energy con f igu ra t ion  was 

selected. Compared w i  t h  e x i s t i n g  t r anspo r t  designs , the reduced energy design , .i - 

has a h igher  aspect r a t i o  wing w i t h  lower sweep, and c ru ises  a t  a  lower Mach 

number. It has about 30% l ess  f u e l  cons_umptjon on a seat-mi le bas is .  A t  

cu r ren t  f u e l  p r i ces  (about $52.84/m3 (20$/gal)  ) , the  reduced energy con f i gu ra t i on  I 

has about the same economic performance as e x i s t i n g  d w i g n s  bu t  a t  h igher  fue l  
.d "2 

$ 
p r i ces ,  the  economic performance i s  super ior .  



INTRODUCTION 

The "energy c r i s i s "  of 1973-74 h igh l igh ted  a serious problem t h a t  has 

been developing f o r  many years. The use o f  petroleum based fue l s  has been 

increasing a t  an alarming r a t e  i n  the face o f  dwindl ing world supplies. The 

energy c r i s i s  imposed severe r e s t r i c t i o n s  on the use o f  t h i s  f ue l .  Because 

o f  i t s  heavy dependence on petroleum based fuels ,  t ransportat ion,  and par- 

t i c u l a r l y  a i r c r a f t  t ransportat ion,  was a f fec ted  most severely by these 

r e s t r i  c t  i ons. 

Although the se:ere r e s t r i c t i o n s  on the use o f  f u e l  f o r  a i r c r a f t  trans- 

po r ta t i on  were l i f t e d  t o  a great dcgree fo l low ing the end o f  the c r i s i s ,  i t  

i s  c lear  t ha t  the l i m i t e d  a v 3 i l a b i l i  t y  o f  petroleum based fue l  w i l l  be a 

very s i g n i f i c a n t  f ac to r  i n  the f u t w e  course o f  a i r  t ransportat ion. Even 

i f  fue l  i s  no t  r e s t r i c t e d  o r  al located, cont inua l ly  h igher  p r ices  w i l l  un- 

doubtedly p reva i l .  This s i t u a t i o n  m y  we l l  have a profound e f f e c t  on the 

design and operat ion o f  fu tu re  a i r  transports. 

There are several ways i n  which the fue l  consumption o f  t k  i v i l  a i r  

t ransportat ion system can be reduced and most o f  these are under study a t  

the present time. These range from changes i n  the c ru ise  a l t i t u d e  and Mach 

number o f  current  a i r c r a f t ,  t o  the development o f  new " f a r  term" a i r c r a f t  

designs employing advanced technology and designed f o r  minimum f u e l  consump- 

t ion.  The study reported herein considered only  one o f  these approaches t o  

decreasing f u e l  consumption -- the design o f  a new "near term" a i r c r a f t ,  

t h a t  i s  a design employing e x i s t i n g  technology. 



The primary tool used to  generate the data for this study i s  computer pro- 

gram -- TRANsport m t h e s i  s .  This program i s  bas1 cal ly a computerized, integrated 

form of the aircraf t  preliminary design process. The program consists of a 

control module and discipline area modules to  perform the required geometry, 

aerodynamics , propulsion, structures, weight, volume, and economics computa- 

tions. In the present study, a parameter optimization module was used to 

"optimally shape" the wing planforms of the vehicles. Currently, the f lu t t e r  

and aeroelastic computations are not an integral part of the TRANSYN program; 

these computations are performed exterior to the program for selected vehicles . 
TRANSYN has been used extensively in the past for similar studies. (1 9 2 )  



snw GROUND RULES AND CONSTRAINTS - 
The study sround r u l e s  are presented i n  Figure 1. The a i r c r a f t  selected 

fo r  study has a passenger capacity o f  200 and a range of 5000 km (2700 n.mi .). 

Such an a i r c r a f t  would be a replacement f o r  the older,  f i rs t -genera t ion  j e t  

t ransports.  This s ize  a i r c r a f t  r e s u l t s  i n  favorable economics and fuel economy 

i n  the  medium densi ty  cont inenta l  market. I n  h igh densi ty  markets, i t  allows 

increased schedul i ng f 1 ex i  b i  1 i t y  t h a t  can be used t o  increase f requenci es 

and/or load fac tors  compared w i t h  l a rge r  a i r c r a f t .  The study assumption o f  

f i x e d  u t i  li zat ion  means t h a t  f a s t e r  a i r c r a f t  w i l l  have higher p roduc t i v i t y  

( i  .e., greater  seat mi les per day). The nominal fuel cost, $85.87/m3 (32.50Qlgal) 

i n  1974 do l la rs ,  i s  representat ive o f  the probable pr ices  i n  the 1980's when 

t h i s  a i r c r a f t  would be operat ing and i s  based on the costs o f  obta in ing fuel 

from the g a s i f i c a t i o n  o f  coal o r  shale o i l .  

The technology ground ru les  r e f l e c t  the assumed use o f  e x i s t i n g  tech- 

nology. While everyth ing from 1 i ghter-than-ai r systems t o  the use o f  1 i q u i d  

hydrogen fue l  has been suggested fo r  r e l i e v i n g  the a i r c r a f t  fue l  consumption 

problem, i t  seems more 1 i kel  y t h a t  the next generation o f  t ransport  a i  r c r a f t  

w i  11 be conventional con f i  gura t i  ons . The JT-1 OD engi ne cycle and weights were 

adopted as representat ive o f  an advanced bu t  current  engine design. For the 

purpose o f  t h i s  study, the engine t h r u s t  and weight were scaled as required 

t o  match the mission requirements . I n  an actual design the a1 r c r a f t  capacity 

and number o f  engines would be matched t o  the s p e c i f i c  engine. The l a t e s t  

supercr i  t i c a l  wing data were used f o r  t he  aerodynamic analyses. These data 

ind ica ted  t h a t  Mach numbers up t o  0.8 measured perpendicular t o  the wing semi- 

chord are possib le wi thout  drag r i s e ,  Conventional s tate-of - the-ar t  aluminum 

s t ruc ture  was assumed. To examine the e f f e c t  o f  applying an advanced technology, 

a design empl oyl  ng a graphi te/epoxy wing was a lso assessed. 



One o f  the most important parameters i n f l  uenci ng t ranspor t  economics and 

fuel consumption i s  c ru ise  Mach number. Therefore, one o f  the p r i n c i p l e  aims o f  

the current  study was t o  examine a i r c r a f t  designed f o r  a range o f  cru ise 

Mach numbers from 0.70 t o  0.90. The constra ints  imposed when s i z i n g  these a i r -  

c r a f t  are shown on Figure 2. Res t r i c t i ng  the Mach number perpendicular t o  the 

semi-chord a t  0.80 o r  less f i xes  the sweep f o r  cru ise speeds greater than 

0.80 Mach number; a i r c r a f t  w i t h  c ru ise  speeds less than 0.80 Mach number would 

have s t r a i g h t  wings . The wing t h i  ckness-to-chord r a t i  o  was constrained 

a t  the maximum value consistent w i t h  good aerodynamic charac ter is t i cs .  For 

the lower speed, s t r a i g h t  wing a i r c r a f t ,  i t  was necessary t o  impose a lower 

l i m i t  on c ru ise  a l t i t u d e  o f  9144 m (30,000 f t )  and an upper l i m i t  on sect ion 

l i f t  c o e f f i c i e n t  o f  0.60. The a l t i t u d e  l i m i t  i s  necessary t o  avoid delays due 

t o  weather and the  l i f t  c o e f f i c i e n t  l i m i t  avoids drag r i s e  and assures adequate 

margins f o r  maneuvering. The h igher  speed, swept wing a i r c r a f t  are subject 

t o  a fue l  volume const ra in t  due t o  the study assumption t h a t  a l l  f ue l  i s  required 

t o  be ca r r i ed  i n  the wing. 

To proper ly  r e f l e c t  the importance of f u e l  cost  on a i r c r a f t  design, 

maximization o f  the ra te  o f  re tu rn  on investment (ROI) was selected as the 

design goal. This i m p l i c i t l y  assumes t h a t  f u e l  w i l l  be ava i lab le  although 

possib ly  a t  a high pr ice. Since the engine cyc le i s  fixed, the op t im iza t ion  

involves only  the wing aspect r a t i o  (AR) and the wing loading (W/S). 

Therefore, the a i r c r a f t  o f  t h i s  study have been sized by maximizing the R O I  

w f th  respect t o  AR and W/S subject  t o  the constra ints  prev iously  described. 

This maximi r a t i o n  was done a t  d i f f e r e n t  spec i f i ed  c ru ise  speeds and fuel 

pr ices. 



RESULTS 

Ef fec t  o f  Cruise Mach Number 

Hlgher f u e l  costs may we l l  a l t e r  the se lec t i on  o f  c ru ise  Mach number (M). 

To determine the e f f e c t s  o f  M on performance and economics and t o  a i d  i n  se lect -  

i n g  the best value, s i x  a i r c r a f t  w i t h  values o f  M from 0.70 t o  0.90 were s i t e d  

for  a f u e l  cost o f  $85.8711~3 (32.5O$/gal) according t o  the c r i t e r i a  discussed 

e a r l i e r .  The r e s u l t i n g  values o f  AR and W/S are shown on Figure 3. As M 

decreases, the AR increases because the d i f fe rence between the s t ruc tu ra l  

and aerodynamic aspect r a t i o s  decreases ( the optimum s t ruc tu ra l  aspect r a t i o  

remains very near ly  constant f o r  a l l  values of M). I n  other words, a t  lower 

speeds a higher aerodynamic aspect r a t i o  i s  possib le f o r  the same wing 

weight. The optimum AR o f  the swept wing design? i s  higher thzn fo r  current  

swept wing designs p r i m a r i l y  because o f  the higher f u e l  costs. The optimum 

aspect r a t i o  o f  the s t r a i g h t  wing designs i s  about 14. 

The optimum wing loading remains near ly  constant a t  a value o f  6224 N/m2 

(130 l b / f t 2 ) ,  p r i m a r i l y  due t o  the  constra ints .  The range o f  influence o f  each 

of the constra ints  i s  a lso  ind ica ted  on Figure 3. The wing loading would tend 

t o  be higher (smaller wing) i f  the  cons t ra in ts  were relaxed. However, the 

s e n s i t i v i t y  o f  a i r c r a f t  performance t o  wing loading i s  very small about the 

optimum value and the re laxa t i on  o f  the constra ints  would have very l i t t l e  effect. 

A pvel imi  nary f l u t t e r  analys is  ind ica tes  t h a t  a1 1 conf igurat ions represented 

on Figure 3 are f l u t t e r - f r e e  a1 though several are probably marginal. There 

m y  we l l  be problems other  than f l u t t e r  associated w i t h  the  h igh  aspect r a t i o  



s t r a i g h t  wing designs. Pa r t i cu la r  areas of concern are f l e x i b i l i t y ,  gust 

load response, and r i d e  qua1 i ty.  These w i  11 be discussed l a t e r .  

The optimum conf igura t ion  w i t h  the graphi tejepoxy wing, designed f o r  

M = 0.80, has an AR of 16.5 and a W/S of 5985 N/m2 (125 l b / f t 2 ) .  Thus, 

advantage has been taken o f  the l i g h t e r  weight mater ia l  t o  fu r ther  increase 

the aerodynamic e f f i c iency .  

The e f fec t  o f  M on the a i r c l *a f t  gross take-o f f  weight (WGTO) and mission 

fuel weight (\FUEL) f o r  the design range of 5000 km (2700 n.mi. ) a t  f u l l  pay- 

l oad  i s  shown i n  Figure 4. As M decreases from 0.90, WGm and WFUEL decrease 

due t o  decreasing wlng sweep and thickness. WGTO decreases f a s t e r  than WFUEL 

because the s t ruc tu ra l  weight i s  a lso decreasing due t o  res iz ing .  The weights 

o f  ti:e s t r a i g h t  wing a i r c r a f t  designs increase s l i g h t l y  as M i s  decreased. 

This i s  p a r t l y  due t o  use of an engine cyc le  designed f o r  0.85 M; if the engine 

were optimized f o r  each value o f  M, WGTO and WmUL would be very near ly  constant 

for a l l  the s t r a i g h t  wing designs. The optimum 0.80 M conf igurat ion consumes 

about 25% less fue l  than does the optimum 0.90 M conf igurat ion. It should be 

noted t h a t  a l l  the designs on Figure 4 have very low values of WGTO compared 

w i t h  e x i s t i n g  o r  recent study designs f o r  the same mission. For example, the 

0.80 M design o f  Reference 2 i s  about 111,200 N (25,000 I b )  heavier i n  gross 

take-of f  weight than the 0.80 M design o f  the current  study. This di f ference 

i s  p r i m a r i l y  due t o  the use o f  more recent  super-cri t i c a l  wing aerodynamic 

data. The 1 i f t - t o - d r a g  r a t i o  o f  t he  0.80 M s t r a i g h t  wing conf igura t ion  i n  

t h i s  study i s  22. Figure 4 shows +hat the graphitelepoxy wing design has 5% 

less  WCTO and uses 10% less  f u e l  than the corresponding all-aluminum design. 



O f  course, the  c ru ise  Mach number se lec t ion  cannot be based on weights 

alone; the increased p roduc t i v i t y  o f  the faster  designs must a lso be accounted 

for. Because i t  includes product iv i ty ,  R O I  i s  used as a basis o f  comparison 

i n  Figure 5 where R3I i s  shown as a func t ion  o f  M f o r  three values o f  f u e l  

cost. The lowest cost  o f  $42.93/m3 (16.25dlgal) i s  s l i g h t l y  higher than pre- 

energy c r ises  fue l  costs, the middle cost of $85.87/m3 (32.5dIgal) i s  the 

nominal value discussed previously,  and the h igh  cos t  of $171 .73/m3 (65dIga1) 

i s  representat ive o f  values which may occur i n  extreme cases. To put  these 

fuel costs i n  perspective, the  average fuel cost  for  domestic a i r c r a f t  oper- 

at ions was $58.12/m3 (22Qlgal )  as o f  May 1974. To obta in  the curves shown i n  

Figure 5 the conf igurat ions were optimized a t  each value o f  M f o r  the nominal 

f u e l  cost, and the  R O I  was computed f o r  these conf igurat ions a t  the three f u e l  

costs. 

A t  the  lowest f u e l  cost, the swept wing conf igurat ions (0.80 M t o  0.90 M) 

a l l  have about the  same R O I  which i s  superior t o  t h a t  of the s t r a i g h t  wings. 

A t  "pre-energy c r i s i s *  values o f  $26.42 - 31 .70/m3 (10 - 12Q/gal), the 0.90 M 

design would have the  best ROI. This i s  not surpr is fng  i n  view of the fac t  

t h a t  the most recent o f  the current  generation o f  j e t  t ransports,  designed 

for  pre-energy c r i s i s  f u e l  costs, have c ru ise  Mach numbers approaching 0.90. 

As fuel cost increases, the R O I  o f  the swept wing designs decreases more 

r a p i d l y  than does t h a t  o f  the s t r a i g h t  wing designs because o f  t h e i r  r e l a t i v e l y  

h igh  f u e l  f rac t ions .  The slower s t r a i g h t  wing designs below 0.8 M suffer from 

lower p roduc t i v i t y  and under the ground r u l e s  o f  t h i s  study there seems t o  

be no reason t o  consider values o f  M below 0.80. The 0.80 M conf igura t ion  

c l e a r l y  becomes superior a t  hlgher f u e l  costs. The f igure  a lso  shows t h a t  

the graphite/epoxy wing gives an incremental improvement i n  R O I  o f  about 1/2%. 



Figure 6 i s  a cross-p lot  o f  the data from Figure 5 showing R O I  as a 

funct ion o f  f ue l  cost  f o r  the 0.80 M and 0.90 M aluminum conf igurat ions and 

the 0.80 M w i t h  graphi t e l e p o y  wing conf igurat ion.  The cross-over p o i n t  a t  

which the  s t r a i g h t  wing 0.80 M design becomes super ior  t o  the  0.90 M design 

occurs a t  a f u e l  cost  o f  about $42.27/m3 (16 t lga l ) .  The s e n s i t i v i t y  (slope) 

of the 0.90 M design i s  greater due t o  i t s  higher f u e l  consumption. Figure 7 

presents d i r e c t  operat ing cos t  (DOC) data for  the 0.80 M and 0.90 M aluminum 

designs. At pre-energy c r i s i s  f ue l  costs, f ue l  cost  accounted f o r  about 10% 

o f  the DOC whereas a t  an t ic ipa ted  fu tu re  costs i t  may account f o r  as much 

as 25% of the DOC. This i l l u s t r a t e s  again t h a t  f ue l  conservative a i r c r a f t  

w i  11 have super ior  economics a t  h igher  f ue l  costs. 

Ef fect  o f  Fuel Cost - 
A parametric study was undertaken t o  inves t iga te  the e f fec ts  o f  f ue l  cost  

oil the conf igurat ion geometry and the performance. As before, the wing geo- 

metry of each conf igurat ion was s- lected t o  g ive the maximum R O I .  A c ru ise  

Mach number o f  0.80 was selected as the best  value f o r  f ue l  economy based on 

the resu l t s  o f  the previous sect ion. Figure 8 shows how thc optimum wing 

geometry changes as thc fue l  cost  i s  varied. The aspect r a t i o  and wing area 

tend t o  increase as fue l  cost  increases. This i s  so because a t  the higher f u e l  

costs r e l a t i v e l y  more emphasis i s  placed on aerodynamic e f f i c i e n c y  than on 

s t ruc tu ra l  weight. I t  should be remembered t h a t  f o r  t h i s  study the wing I s  

strength-designed and t h a t  f l u t t e r  and other  aeroelast ic  phenomena have n o t  

been checked fw the wings which have AR greater  than 14. I n  view of the 

marginal f l u t t e r  charac ter is t i cs  of the 14 AR design, the wings w i t h  greater  

AR are ce r ta in  t o  have some welghl  penalty due t o  aeroe las t ic  effects. This 



would tend t o  lower the values o f  optimum aspect r a t i o s  f o r  those wings above 

14 AR. Since the sensit i : ! ty t o  changes i n  aspec: r a t i o  abcve I ?  Fn i s  small, 

t h i s  would have only a small e f f e c t  on performance. The opt  ::-urn wing F..rea 

increases w l  t h  h igher  AR because o f  the cons t ra in t  imposed o f  carry ing a1 1 

the fuel  I n  the wing. 

The e f f e c t  o f  f ue l  cost  on WGTO i s  shown on FIgure 9. WGTO remains 

near ly  constant as fuel cost  i s  increased, I nd i ca t i ng  a near ly  even t rade-o f f  

between increasing s t r u c t u r a l  weight and i ncreasi ng 1 i f t - to -drag r a t i o .  WFUEL 
decreases w i  t h  increasing fue l  cost,  a.s expected. Since WmO i s  remaining con- 

s tant ,  empty weight (and therefore a lso aqu is i t i on  cost)  increases as fuel 

cost  increases . 

The s e n s i t i v i t i e s  o f  DOC and R O I  t o  f ue l  cost  i s  shown on Figure 10. 

Two cases have been computed: F i r s t ,  the  s o l i d  l i n e  shows the s e n s i t i v i t i e s  

if the wing geometi i s  optimized a t  each value o f  f ue l  cost. Second, the 

dashed l i n e  shows the sensi t l v i  t i e s  if the wing design i s  held f i x e d  a t  the  

design optimized a t  the nominal f u e l  cos t  o f  $85.87/m3 (32.504/ga1). The f i g u r e  

shows t h a t  use o f  conf igurat ions optimized a t  each fue l  cost does not  g ive  s ign i f -  

i c a n t l y  b e t t e r  economic performance than t h a t  o f  the  design optfmfzed for 

the nominal f ue l  cost.  It may be concluded t h a t  a 0.80 M, s t r a i g h t  wing, 

14 AR design would g ive r e l a t i v e l y  good economic performance a t  any feel cost.  

Howevnr, the fue l  consurnptlons of the designs represented by the s o l i d  and 

dashed l i n e s  are s i g n i f i c a n t l y  d i f f e r e n t .  

To place t:lc e f f e c t  of f ue l  cos t  i n  pempect lve w i t h  the  e f f e c t s  o f  o ther  

important econon;!; parameters, F i  gum 11 compares the e f fec ts  o f  fuel cost  and 



load factor on ROI . As shown on t h i s  f igure, an increase i n  load factor  from 

50 t o  60% can n u l l i f y  anticipated Increases i n  fue l  cost. Thus, even though 

sharply increases fuel  costs w i l l  have a s ign i f i can t  impact on the economics 

o f  transport a i r c ra f t ,  there are other powerful economic factors which may 

be used t o  counteract t h i s  impact. 

Low Fuel Consumption Configuration 

Based on the d l  scussi ons o f  the previous two sections , the most pro- 

mising low fuel consumption configurat ion i den t i f i ed  i n  t h i s  study has a cruise 

Mach number o f  0.80 and an aspect r a t i o  13 s t ra igh t  wing. A three-view o f  t h i s  

configuration i s  shown on Figure 12. Such a design would have s ign i f i can t l y  

bet ter  fuel economy than ex is t ing transport designs and may also have bet ter  

economics a t  higher future fue l  costs. 

Figure 13 compares the fuel  consumption o f  the low fue? . ,~mpt ion con- 

f igurat ion t o  that  o f  ex is t ing transports. The fuel  consumptions are computed 

i n  terms of seat-ki lometer/meter3 (scat-n.mi ./gal ) f o r  design ranges and would be 

higher for shorter stage lengths. The h is to r i ca l  base i s  ind icat ive  o f  ex is t ing 

transport designs operating i n  a "pre-energy c r i s i s "  environment. I f  these trans- 

ports are operated i n  a manner t o  minimize fuel  consumption, estimates indicate 

that  a 14% improvement i n  fue l  consumption may be possible. A por t ion of t h i s  

14% i s  ac tua l ly  being achieved a t  the present time. I f  super-cr i t ical  a i r f o i l s  

are substi tuted for current wing designs, an addl t iona l  14% improvement i n  

fuel  consumption would be obtained. Flnall.y, the replacement o f  ex is t ing de- 

signs with the 0.80 M, 14 AR, s t ra igh t  wing design would save another 44%. 

The cumulative wsu l  t i s  a 72% improvement i n  fuel  economy re la t i ve  t o  the his-  

t o r i ca l  base. Thus, new transport designs o f f e r  the poss ib i l i t y  o f  substantial 

improvements i n  fuel  economy. 



I n  add i t ion  t o  improved F ~ e l  economy, the low fuel consumption design 

has some other a t t r a c t i v e  features. A i r c r a f t  noise reduct ion i s  inherent  i n  

the new design and the goal o f  FAR 36-10 I s  eas i l y  met by the bdsic engine 

w i th  minimum wa l l  treatment only.  Also, due t o  the high aspect r a t i o ,  ' ie ld  

length was rtot a constr t  ?t. I n  fac t ,  because o f  the superior high l i f t charac- 

t e r i s t i c s  o f  the s t r a i g h t  wing, i t  may be possible to e l iminate some of the com- 

p lex h i  gh-1 i ft devi ces found on current  t ranspor t  designs. F i n a l l y  , a s t r a i  ght 

wing should a lso be s l i g h t l y  cheaper t o  b u i l d  and maintain than a swept one. 

On the other  hand, a high aspect r a t i o  s t r a i g h t  wing design may i n t r o -  

duce some new problems and constra ints .  Many o f  these may t u r n  out t o  be 

re1 a t i v e l y  unimportant, but  a1 1 should be invest igated. For example, as 

mentioned e a r l i e r ,  t h i s  design i s  l i m i t e d  by c ru ise  a l t i t u d e  and l i f t  c o e f f i c i e n t  

cons t ra in ts .  The low fue l  consumption design a lso has lower c ru ise  and ap- 

proach speeds than e x i s t i n g  designs kh ich  may cause some problems i n  enroute 

and terminal area a i r  t r a f f ! c  cont ro l .  S t ra igh t  wings w i t h  high aspect r a t i o s  

r e s u l t  i n  large wing spans. This could lead t o  gate spacing incornpatabi li t y  

w i  t k  e x i s t i n g  swept wing a i r c r a f t .  A p l  ar,form comparl son a f  a swept and a 

s t r a i g h t  wing conf igurat ion i s  shown on Figure 14. Passenger appeal i s  

ancther area t h a t  may be affected by the s l i g h t l y  higher bl~,:k times o r  by 

the i d e n t i f i c a t i o n  o f  s t r a i g h t  wings w i t h  old-fashioned a i r c r a f t  designs. 

An undesirable feature of a conf igurat lon w i t h  fou r  engines mounted on a 

s t r a i g h t  wing i s  t h a t  the r o t a t i n g  machinery i s  a l l  i n  approximately the same 

'a te ra l  plane. Thus, a catastrophic f a l l u r e  c f  one engine could a lso cause 

the catastrophic f a i  1 ure o f  i t s  nc i  ghbor. 



Perhaps the most serious questions concerning the low fue l  design are 

those concerned w i th  the f l e x i  b i  1  i t y  and loading charac ter is t i cs  o f  high aspect 

r a t i o  s t ra igh t  wings. It has already keen mentioned tha t  a pre l iminary 

f l u t t e r  analysis shows the conf igurat ion t o  be marginal ly  f l u t t e r  free. 

However, the wing may s t i l l  be too f l e x i b l e  t o  be acceptable due t o  other 

aeroelast ic  constraints.  Further, the h igh l i f t  curve slope o f  the s t r a i g h t  

wing makes the conf igurat ion susceptable t o  gust loads and could r e s u l t  i n  a 

high fa t igue environment. (Such an a i rp lane may be a good candidate f o r  load 

a1 l e v i  a t i on  by ac t ive  controls.  ) Because of these factors,  a p rac t i ca l  design 

might have a s l i g h t l y  lower aspect r a t i o  o f  about 12 and a nominal amount of 

semi-chord sweep o f  about 15". Such a design would have s l i g h t l y  greater  

f ue l  consumption and about the same economic performance when compared w i t h  the 

low fue l  consumption design discussed above. I n  add i t ion  t o  having a wing 

less prone t o  f l e x i b i l i t y  e f fec ts  and gust loading, such a conf igura t icn  

would also b e n e f i t  from al lowing a staggered engine placement t o  avoid engine 

f a i l u r e  coupling. 



CONCLUDING REMARKS 

New t ransport  a i r c r a f t  designs appropr iate f o r  an environment o f  high 

fue l  costs have been invest igated. The designs are "near term" i n  t h a t  they 

employ e x i s t i n g  technology. The fo l low ing r e s u l t s  were found: 

1. The most promising reduced energy conf igura t ion  has a h igh hspect 

r a t i d  (12-14), near ly  s t r a i g h t  (0' - 15' sweep) superc r i t i ca l  wing and a 

cru ise Mach number o f  a ~ o u t  0.80. Such a conf igurat ion would have good 

economic performance across a wide range o f  f u e l  pr ices. 

2. Supercr i t i ca l  technology alone has the po ten t i a l  o f  g i v ing  about 

a 12 - 14% improvement i n  f u e l  economy. 

3. The reduced energy conf igura t ion  r e s u l t s  i n  approximately a 28% 

improvement i n  f u e l  economy compared w i t h  a swept wing design o f  the same 

technology l eve l  operated i n  the s3mc manner. When compared w i t h  cur ren t  

t ransports  operated i n  a "pre-energy c r i s i s "  manner, the improvement i s  72%. 

4. For pre-energy c r i s i s  f u e l  costs, there would be a small economic 

penalty associated w i t h  the reduced energy conf igurat ion.  A t  higher f u tu re  

fue l  costs, there may be a small advantage i n  operat ional economics. However, 

the eccnomic advantdge i s  too small a t  the p r e v n t  t ime t o  induce the cornmerciai 

t ransport  operators t o  replace t h e i r  e x i s t i n g  equipment. 
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