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SUMMARY 

This paper presents the strrlctural and aerodynamic aspects o f  a 

general study of advan;ed transonic transports. 

designed t o  cruise a t  Mach numbers of 0.90, 0.98, and 1.15 were comparatively 

analyzed. The wings o f  a1 1 three aircraft employ supercri tical sections, 

and the two aircraft w i t h  the highest cruise Mach numbers also employ fuselage 

area ru l ing .  

In this study, a i r c ra f t  

Structural/aerodynamic characteristics and interactions are investigated 

both parametrically and w i t h  the a id  o f  an automated configuration optimization 

program. The effects o f  replacing conventional aluminum airframe structure 

by advanced filamentary composite (carbon/epoxy) structure receive particular 

attentioi . The methods employed i n  the structural/aerodynamic analysis 

are presented i n  the appendices. 

INTRODUCTION 

I t  i s  well known t h a t  the comnercial transport aircraft industry i s  

I n  crder to  mintain the present a vital  part  o f  the nat ion 's  economy. 

U. S. dominance i n  this field i n  the face of r M n g  foreign competition,the 

next generation of transport designs must irlcorporate the latest  and best 

of advanced technology. For this reason, a study was initiated t o  examine 

comercia1 transport a i rc raf t ,  designed for introduction I n  approximately 

1980, for the primary purpose of determining the advanced technology areas 

tha t  give the largest improvements i n  performance and economics over current 

a i r c  .ft. The results of this study are reported i n  a st1'xary paper ( re f .  1 )  

and papers in the specialty areas o f  aerodynamics and structures, propulsion 

(ref. 2 ) ,  and economics (ref. 3). This paper reparts the methods used 

and the results obtained i n  the areas of aerodynamics and s t rx tures .  
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The study i s  l i m i t e d  t o  t ranscont inental  a i r c r a f t  which would no t  

produce a sonic boom on the ground. The a i r c r a f t  studied are conventional 

swept wing/fuselage conf igurat ions designed f o r  a range o f  2700 n. m i  w i t h  

a ;;yload o f  200 passengers and no cargo. 

One e f f e c t  invest igated was t h a t  o f  increasing c2uise speed. Increased 

cru ise speed i s  valuable, ! lo t  only because o f  a possible competit ive market 

advantage, but also because o f  the r e s u l t i n g  increased a i r c r a f t  p roduc t iv i t y .  

A i r c r a f t  were studied t h a t  are designed t o  c ru ise  a t  Mach numbers o f  0.90, 

0.98, and 1.15. 

respect ive ly  as CVT (conventional transport),  ATT (advanced technology t ranspor t )  

a?d TST ( t ransonic t ransport) .  Cruise a t  Mach number 0.90 represents approx i rn te ly  

the h ighest  cru ise speed achievable wi thout  s i g n i f i c a n t  wave drag f o r  an 

a i r c r a f t  using the superc r i t i ca l  wing and no fuselage area ru l i ng .  Cruise 

a t  Mach number 0.98 represents approximately the highest cru ise speed achievable 

wi thout wave drag by using the s u p e r c r i t i c a l  wing and fuselage area ru l i ng .  

For the purposes o f  t h i s  study the a i r c r a f t  are denoted 

A cru ise  speed o f  Mach nunher 1.15 i s  o f  i n t e r e s t  because i t  represents 

approximately an upper l i m i t  f o r  c ru ise  w i th  no sonic boom reaching the 

ground. Because temperatures a t  c ru ise  a l t i t u d e  are lower than those a t  sea 

level ,  the speed o f  sound i s  lower and as a r e s u l t  an a i r c r a f t  f l y i n g  a t  

Mach 1.15 a t  40,000 f e e t  i s  a c t u a l l y  f ly ing a t  a ve?oc i ty  t h a t  corresponds t o  

Mach 1 a t  sea leve l .  Both theory and f l i g h t  t es ts  i nd i ca te  t h a t  no boom 

1s heard on the ground under these condi t ions.  Recent resu l t s  suggest t h a t  

Mach 1 .1 5 may be too high; Mach 1.08 may be more reasonable t o  a l low f o r  t e r ra in  

and weather f luctuat ions encountered i n  f l y i n g  across the country. A c ru ise  

Mach number of 1.08 a t  40,000 fee t  would correspond t o  a sea l e v e l  Mach nlrmber 

of 0.94. For the purposes o f  t h i s  s tuw ,  i t  i s  fe l t  t h a t  the r e s u l t s  pe r ta in ing  
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t o  the a i r c r a f t  designed t o  cruise a t  Mach 1.15 would be very close t o  

those f o r  an a i r c r a f t  designed t o  cruise a t  Mach 1.08. 

The a i r c r a f t  o f  t h i s  study were analyzed w i t h  the a i d  o f  TRANSYN-TST, 

an a i r c r a f t  synthesis program developed by ACMD personnel 

computer program consists o f  a control  program and a number o f  subroutines 

t o  do the varicus specia l ty  tasks required t o  synthesize an a i r c r a f t  design. 

Comparisons were f a c i l i t a t e d  by using the same computing methods and ground 

ru les (range and payload requirements) f o r  a l l  a i r c r a f t .  The methods used 

i n  the epodynamic and structures subroutines o f  TRANSYN-TST are described 

i n  d e t a i l  i n  the appendices. 

The TRANSYN-TST 

The studies o f  advanced aerodynamics technology involved appl icat ion 

o f  the superc r i t i ca l  wing, which was developed by D r .  R. Whitconb a t  Langley 

Research Center. With t h i s  wing i t  i s  possible t o  delay t h e  onset o f  wave 

drag and/or t o  use th icker  wing sections w i th  lower wing sweep. Proper 

fuselage area r u l i n g  was used t o  minimize the wave drag f o r  the a i r c r a f t  

designed t o  c ru ise  a t  Mach 1.15 and t o  e l iminate i t  f o r  the a i r c r a f t  designed 

t o  cru ise a t  Mach 0.98. 

advanced composite mater ia ls on a i r c r a f t  s t ruc tu ra l  weight and performance 

was investigated. 

using carbon/epoxy composite mater ia l  i n  the primary load c a r r y i r g  s t ruc tu re  

was analyzed. Combining advanced structures technology w i th  advanced 

aerodynamics leads t o  i n te res t i ng  t radeoffs i n  a i r c r a f t  design. For example, 

I n  the structures/materials area, the e f f e c t  o f  

I n  par t i cu la r ,  the e f f e c t  on gross takeof f  weight o f  

more e f f i c i e n t  structures a l low 

higher aerodynamic e f f i c iency .  

a re  described i n  t h i s  report .  

the a i r c r a f t  t o  be designed t o  achieve 

These structures and aerodynamic in te rac t ions  

Y 
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METHODS OF ANALYSIS 

Structures 

Trad i t iona l l y ,  pre l iminary weight estimates o f  a i r c r a f t  are made 

using empir ical  methods based on the weigtits o f  e x i s t i n g  a i r c r a f t .  These 

methods, however, are undesirable f o r  stud& o f  the type reported here 

f o r  two reasons. F i r s t ,  since the weight est imat ing formulas are based 

on e x i s t i n g  conventional a i r c r a f t ,  t h e i r  app l i ca t ion  t o  unconventional 

conf igurat ions (e.g., those wi th  area ru led  bodies) i s  suspect. Secondly, 

they provide no s t ra ight forward manner f o r  assessing the impact o f  advanced 

technology s t ructures and mater ia ls (e.g., f i lamentary composite materfals) .  

For  the present study the weights o f  the load car ry ing  wing and fuselage 

s t ructures were determined by a n a l y t i c a l l y  based methods. Since i t  was 

necessary t o  be able t o  r a p i d l y  evaluate a large number o f  s p e c i f i c  designs, 

the methods employed were based on idea l i zed  vehic le  models and s i m p l i f i e d  

s t ruc tu ra l  analysis. 

The conf igurat ions considered i n  t h i s  study are o f  the conventional 

wing-body type. As shown schematical ly i n  f i g u r e  1, the fuselage s t ruc tu re  

i s  an i n t e g r a l l y  s t i f f e n e d  she l l  s t a b i l i z e d  by frames and the s t ruc tu re  i s  

sized by l ong i tud ina l  bending. The wing i s  a mu?:i-web box beam designed 

by span-wise bending and shear. The lower por t ion  o f  the wing-fuselage 

carry-through s t ruc tu re  car r ies  the span=wi:;e bending, shear, and to rs ion  

loads introduced by the outboard po r t i on  of the wing; the e n t i r e  carry-  

through s t ruc tu re  car r ies  l ong i tud ina l  bending loads. 

The method o f  determining the fuselage s t ruc tu ra l  weight i s  based on 

simple beam theory and i s  described i n  Appendix A. The bending moment 
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d i s t r i b u t i o n  r e s u l t i n g  from a 2.5 g maneuver i s  computed f i r s t .  

analysis then proceeds on a stat ion-wise basis, ca lc i i la t ing  the minimum 

amount b? mater ia l  a t  each long i tud ina l  s t a t i o n  t o  s a t i s f y  s t a t i c  strength 

and s t a b i l i t y  requirements. The fuselage she l i  i s  s ized by buckl ing w i th  

a compression strength cut-off.  

m i  nimum gage and tensi  1 e strength requirements and r e s i  zed i f  necessary. 

For the buck l ing analysis, the i n t e g r a l l y  s t i f f e n e d  she l l  i s  analyzed 

as a wide colutm and the frames are s ized by the Shanley c r i t e r i o n .  

The 

I n  addit ion, the she l l  i s  checked f o r  

The wing weight analysis i s  described i n  Appendix B. The weight 

o f  the s t ruc tu ra l  wing box i s  determined by ca l cu la t i ng  the minimum amount 

o f  mater ia l  required t o  s a t i s f y  s t a t i c  buck l ing requirements a t  9 ser ies 

o f  span-wise stat ions.  

buckl ing due t o  l oca l  i n s t a b i l i t y  and the webs by f lexure-induced crushing. 

Required shear mater ia l  i s  computed independently o f  buckl i n g  mater ia l  . 
Aeroel a s t i c  e f fec ts  are no t  accounted f o r  d i r e c t l y .  

structure,  buckl ing, shear, and t o r s i o n  mater ia l  are computed independently 

ar;d s u m d .  

The covers o f  the multf-web box are s ized by 

For the carry-through 

The weight analyses of the fuselage and wing described above do n o t  

completely account f o r  the t o t a l  weight o f  these structures.  Spec i f i ca l l y ,  

weight penal t i e s  due t o  fasteners, cutouts, surface attachments, uniform 

gag? requirements, manufacturing constraints, aeroelast ic e f fec ts  etc. , have 

no t  been d i rect ly  determined. These weight items, comnonly aggregated i n  

a term ca l led  %on-optimum" weight, are determined by an empir ical method 

based on e x i s t i n g  a i rc ra f t ,  as described i n  Appendix A. The r e s u l t i n g  

'Inon-optimum factors," are 2.9 for the fuselage and 2.6 for the wing. 

The weights o f  a l l  the other items making up the dry weight o f  

the study a i r c r a f t  are estimated by empir ical  formulas derived from 
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regression analysis o f  e x i s t i n g  a i r c r a f t .  Such formulas p red ic t  the 

weight o f  these items s a t i s f a c t o r r l l y  f o r  comparative studies. 

The s t ruc tu ra l  and weight analysis methods were used t o  estir,iate the 

weights o f  two e x i s t i n c  a i r c r a f t ,  the 707-1208 and the 7478, and the resu l ts  

are compared w i th  the actual weights i n  f i g u r e  2. These a i r c r a f t  were 

no t  used i n  the regression analyses t o  determine the non-optimum factors  

and therefore the comparison provides a good check on the methods. The 

agreement i s  considered exce l len t  f o r  the 707-120B and good f o r  the 747B. 

The descrepancy i n  the case o f  the 747B i s  p r i m a r i l y  i n  the fuselage weight, 

and may be because the 7478 airframe i s  a more recent design then the airframes 

o f  the 707-1208 and the a i r c r a f t  used i n  the regression analyses. 

Aerodynami cs 

The methods used t o  est imate the l i f t  and drag charac ter is t i cs  o f  

the study a i r c r a f t  are described i n  d e t a i l  i n  Appendix D and sumnarired - 

i n  f i g u r e  3. The major di f ferences between the study a i r c r a f t  conf igurat ions 

a re  shown i n  f i g u r e  4. These factors  determined the aerodynamic methods 

which were applied. The wing sweep angles chosen f o r  each conf igurat ion 

resul ted from constraining the Mach number perpendicular t o  the wing quarter 

chord l i n e  t o  0.74. This cons t ra in t  and a cons t ra in t  o f  10% on the wing 

tbickness r a t i o  normal t o  the wing quarter chord were appl ied t o  insure 

good wing sect ion performance. These aerodynamic constraints are shown 

as a funct-ion o f  cru ise Mach number i n  f i g u r e  5. 

I n  order t o  compare the r e l a t i v e  landing q u a l i t i e s  o f  the study a i r c r a f t ,  

the performance o f  each a i r c r a f t  w i t h  h i + l i f t  devices was estimated. 

A computer program based on the re la t ionships described i n  reference 4 was 

used t o  t s l c u l a t e  the ef fect iveness o f  h i g h - l i f t  devices cjn various wings 
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wi th  d i f f e r e n t  wing sweep, aspect r a t i o ,  taper r a t i o ,  and thickness r a t i o .  

A l l  conf igurat ions were analyzed w i th  the same type o f  h i g h - l i f t  devices, 

double s l o t t e d  t r a i l i n g  edge Fowler f laps and leading edge s l a t s .  

a i r c r a f t  approach speed was computed a t  1.3 times the a i r c r a f t  s 4 1  speed, 

based on the estimated maximum l i f t  coe f f i c  :nt (CLMx) and an a i r c r a f t  

maximum landing weight w i th  0.7 o f  the mission fue l  consumed. 

The 

CHARACTERISTICS OF NOMINAL VEHICLES 

The nominal a i r c r a f t  conf igurat ions are shown i n  f i g u r e  6. A l l  the 

a i r c r a f t  were designed f o r  a range o f  2700 naut ica l  miles w i th  a pzyload 

o f  200 passengers and no cargo. 

loading, and engine bypass r a t i o  are 7,120 l b s / f t  , ar;d 2, respect ive ly .  

The a i r c r a f t  are drawn t o  scale t o  show the r e l a t i v e  sizes and the e f f e c t  

o f  fuselage area ru l i ng .  

are 235,000 l bs  and 130,000 lbs  for the CVT, 250,000 l b s  and 140,000 l b s  

f o r  the ATT, and 600,000 lbs  and 235,000 lbs  f o r  the TST. Thus, due p r imar i l y  

t o  wave drag, the TST i s  s i g n i f i c a n t l y  heavier than the other  two con- 

f igura t ions .  

The nominal values o f  aspect r a t i o ,  wing 
2 

The gross takeof f  and operating empty weights 

The p r inc ipa l  d i f fe rence i n  the fuselage s t ruc tu re  o f  the conf igurat ions 

considered here ana those o f  current  subsonic j e t  t ransports i s  the presence 

o f  fuselage area ru l i ng .  

and the M 0.98 vehic le  (ATT) are area ruled, whereas the M 0.90 vehic le  

(CVT) i s  not.  

t ions, t h i s  conf igurat ion w i l l  be used t o  i l l u s t r a t e  the e f f e c t s  o f  area 

r u l i n g  on body s t ruc tu ra l  weight. 

As mentioned ea r l i e r ,  the M 1.15 vehic le  (TST) 

Since the TST i s  the most h i g h l y  area ru led  o f  the configura- 

The wave drag encouptered by the TST resu l t s  i n  a la rge  fue l  requirement 

which leads t o  a high gross takeof f  weight (near ly three times t h a t  o f  the 
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other  study conf igurat ions).  Aerodynamic support o f  t h i s  high weight requires 

a la rge  wing. 

loaded and severely area ru led  when compared t o  +he CVT and the ATT. 

7a shows the body contour; the area r u l i n g  i s  clear' iy seen. 

shows the dist la ibut ion o f  long i tud ina l  bending moment on the body. Note 

t h a t  t h i s  d i s t r i b u t i o n  has a sharp peak which occurs over the area ru led  

po r t i on  o f  the body. Since body she l l  weight per u t  i t  surface area, which 

i s  shown i n  f i g u r e  7c, incretses w i th  increasing bending moment and decreases 

w i th  increasing radius, t h i s  weight i s  large i n  the area ru led  po r t i on  

o f  the body, especia l ly  a f t  o f  the wing carry-through st ructure.  (Re;all 

t h a t  t h i s  s t ruc tu re  helps t o  car ry  the long i tud ina l  bending loads.) The 

bump i n  the u n i t  weight a t  the a f t  end o f  the body i s  due t o  in t roduc t ion  

o f  the t a i l  load. 

t h i s  body s t a t i o n  on the overa l l  fuselage s t ruc tu re  weight i s  small because 

o f  the r e l a t i v e l y  small fuselage diameters i n  t h i s  region. The s h e l l  i s  

s ized by the minimum gage cons t ra in t  a t  the f r o n t  of the fuselage and by 

buck l ing elsewhere, except +n the region o f  the peak bendjng moments where 

the compression strength c u t o f f  i s  act ive.  

Thus the fusclage o f  t h i s  conf igurat ion i s  r e l a t i v e l y  h igh ly  

Figure 

Figure 7b 

However, the e f f e c t  o f  the increase i n  u n i t  weight a t  

The p r inc ipa l  d i f ferences i n  the wing s t ruc tu re  o f  the conf igurat ions 

considered here and those o f  current  subsonic transports are higher sweep, 

highe;. aspect ra t i o ,  and th i cke r  superc r i t i ca l  wing a i r f o i l  sections. 

The higher sweep and aspect r a t i o  r e s u l t  i n  r e l a t i v e l y  higher wing weights 

f o r  the s tu@ conf igurat ions i n  spdte o f  the greater wing thickness. The 

"optimized" coqf i  yurations employ1 ng advanced compos1 t e  mater ia ls have 

p a r t i c u l a r l y  high aspect ra t ios ,  s i g n i f i c a n t l y  higher than e x i s t i n g  

t ranspor t  a i r c r a f t .  Since aeroeiast ic  e f fec ts  have no t  been accounted 

f o r  d i r e c t l y  (they have been accounted f o r  i n d i r e c t l y  f o r  moderate aspect 
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r a t i o s  through the "non-optimum" fac to r )  , the wing weight estimates f o r  

these cobfigurations milst be regardeti as possi+ly op t im is t i c .  

SENSlT IV IT IES ..'F NOMINAL VEHICLES TO CQNFIGURATIOY PARAMETERS 

The s e n s i t i v i  ies o f  the previously discussed nominal configurations 

w i l l  be presented i n  the form o f  var iat ions i n  a i r f m n e  weights; (L/D)MAii, 

and gross takeoff weignt (WGTo) \ : i th changes i n  the conf igurat ion parameters 

aspect r a t i o  ( R ) ,  wr'ng loading (W/S), thickness r a t i o  ( t / c ) ,  and sweep 

( A ) .  

t h e i r  nominal values . The payload-range character is t ics  o f  the vehicles 

are a lso held constant a t  t h e i r  nominal values (200 passengers, 2700 n. mi.). 

Operating weight empty f r a c t i o n  (OWE/WGT0) a,.& 

o f  a i r c r a f t  s t ruc tu ra l  e f f i c i ency  and aerodynamic ef f ic iency,  respect ively.  

It should be noted, however, t h a t  because o f  the res iz ing  prccess a large 

change i n  3WE w i l l  r e s u i t  i n  only a small change i n  OWE/WGTO. Configuration 

gross weight, which i s  c lose ly  re la ted  t o  d i r e c t  operating cost, i s  used 

t o  indfcate overa l l  a i r c r a f t  e f f ic iency.  

I n  each var iat ion,  the parameters no t  k i n g  changed are held constant a t  

ape used RS measures 

The st  \ s i t i v i t i e s  o f  the wing, fuselage, and OWE weight f ract ions 

are shorn i n  f i gu re  8a. The win9 weight f r a c t i o n  increases w i t h  t o  

increasing k due t o  increasing span; the fuselage weight f r a c t i o n  increeses 

due t o  decreasing r o o t  chord and also,  for  the ATT and TST, due t o  increas- 

i n g l y  severe fuselage area ru l ing .  The sharp uptrend f o r  the TST above 

A = 7 i s  a s i ze  effect i n  which attempts t o  accomplish the mission by 

increasing the a i r c r a f t  gross weight are dveroalanced by increasing s t ruc tu ra l  

weight. Above h2 = 8, +he TST cannot carry  200 pa-engers 2700 n. m i .  a t  

any gross weight. The e f f e c t  f o r  a l l  conf igurat ions i s  iricroased OWE 
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f r a c t i o n  w i t h  increasing R .  Hwever, 

(L/D)MX as shown i n  f i g u r e  8b, and the increasing aerodynamic e f f i c i e n c y  

wit); increasing A (due t o  reduced induced drag) tends t o  balance the de- 

creasing s t ruc tu ra l  ef f ic iency,  wi th  the r e s u l t  t h a t  iLfi i s  r e l a t i v e l y  

insens i t i ve  t o  

t o  perform the mission, i s  sens i t i ve  t o  almost any parameter, and the TST 

grcss weight exh ib i ts  c sharp minimum a t  about the nominal value. 

also has a strong e f f e c t  on 

bl" 

for  the CVT and the ATT. The E T ,  being marginal ly able 

The wing weight f ract ion,  f i g u r e  9a, decreases irith increasing W/S 

due t o  decreasing wing area. The fuselage weight f r a c t i o n  varies on ly  

s l i g h t l y  due t o  changing root chord length and fuselage area ru l ing ,  except 

f o r  the TST. The net  e f f s c t  i s  increasing s t ruc tu ra l  e f f i c i e n c y  (decreasing 

OWE weight f rac t i on )  w i th  irrcreasing W/S. However, s ince (L/D),wx decreases 

w i t h  increasing W/S, the s i t u a t i o n  i s  the sa= as for A C  the s t ruc tu ra l  

and aerodynamic e f fec ts  tend t o  neu t ra l i ze  each other and ItGTo i s  r e l a t i v e l y  

insens i t i ve  t o  ;'/S ( f i g u r e  9b). The exception i s  the TST which improves 

w i t h  higher W/S. This trend, however, i s  constrained by landing speed 

l im i ta t i cns ;  the e f fec t  on landing q u a l i t y  i s  considered l a t e r  i n  t h i s  

paper when "optimized" conf igurat ions are discussed. 

Figure 10a shows t h a t  wing wight f r a c t i o n  increaces s l i g h t l y  w i t h  

decreased t /c .  The fuselage weight f r a c t i o n  decreases s l i g h t l y  f o r  the 

area ru led  ATT and TST conffgurations because a th inner wing resu l t s  i n  

a less severely area-ruled body. The WE f r a c t i o n  i s  r e l a t i v e l y  i nsens i t i ve  

t o  t / c .  Since (L/D)MAX i s  also very i nsens i t i ve  t o  t / c  w i t h i r  reasonable 

l i m i t s ,  as shown i n  f i g u r e  Lo, t h i s  parameter i s  r e l a t i v e l y  uninportant 

f o r  c o n f i g u r a t i x  opt!mizatio',is a'' I 

constrained upper 1 hit for ei; 

L= was held a t  the aerodynamically 

A I  d o n  throughout the study. 

Figure 118 5irows t h a t  wing wight f rac t fon  increases w i t h  increasing 

A wh i le  fuselage weight f r a c t i o n  remains f a i r l y  constant. The TST again 
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i s  much mre sens i t i ve  than the Gther conf igurat ions.  Since the lowest 

occurred a t  the aerodynamically constrained minimum sweep value, 

as shcm i n  f igure l l b ,  the sweep was held a t  t h i s  minimum value for each 

con f i  gurat ion throughout the study . 

wGTO 

ADVANCED COMPOSITE MATERIALS 

Because tne best prospect f o r  subs tan t i a l l y  improving the performance 

o f  a i r c r a f t  appears t o  be the use o f  advanced composite materials, the 

po ten t i a l  impact on t ranspor t  a i r c r a f t  performance o f  these mater ia ls 

was invest igated i n  t h i s  study. Two advanced composites mater ia ls were 

cansidered: boron f.;larnents i n  an epoxy mat r ix  @/E) and carbon f i laments 

i n  an epcxy matr ix  (C/E) .  

t h a t  these mater ia ls are layed up i n  i s o t r o p i c  laminates consis t ing o f  

o r tho t rop ic  lamina, each lamina being composed o f  un id i rec t iona l  f i laments 

i n  a homogeneous matrix. The manner i n  which the mate-ial propert ies o f  

the composites were characterized i s  derived and discussed in Appendix C. 

Only complete subs t i t u t i on  o f  composite mater ia ls i n  both the wing and 

fuselage load carry ing structures was considered i n  the present study. 

I t  should be noted tha t  se lec t i ve  subs t i t u t i on  may be more cost  e f f e c t i v e  

than t o t a l  subs t i t u t i on  and tha t  composite mater ia ls may also be a t t r a c t i v e  

for use i n  other s t r x t u r e s  such as t a i l s  and landing gear. 

For the purposes o f  t h i s  study, i t  was assumed 

Before i nves t i ga t i qg  the e f f e c t  o f  composite mater ia ls on the study 

configurations, i t  i s  i n s t r u c t i v e  t c  consider the mater ia l  propert ies as 

given i n  Table C1 o f  Appendix C. I n  the l a s t  column, P / &  i s  tabulated 

with respect t o  aluminum al loy;  t h i s  quant i t y  i s  a good fnd ica tor  o f  the 
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weisht o f  buckl ing c r l t i c a l  structures. The tab le  indicates t h a t  a composite, 

buckl ing c r i t i c a l  s t ruc tu re  w i l l  be about 60% o f  the weight o f  an equivalent 

aluminum a l l o y  structure.  Since the weight o f  strength c r i t i c a l  s t ructure 

i s  proport ional  t o  p/F, the tab le indicates t h a t  strength c r i t i c a l  s t ruc tu re  

w i l l  show an even greater weight reduction w i t h  the use o f  advanced compcsites 

than w i l l  buckl ing c r i t i c a l  structure.  

The weights which r e s u l t  when the wing and fuselage structures are 

made ent i re12 o f  C/E are sbcrw i n  Table 1 and compared w i th  the weights 

o f  the same s i ze  aluminum airframes. Since these configurations were 

analyzed a t  the same gross takeof f  weight, the a i r c r a f t  which resu l ts  i n  

lower operating weight empty (OWE) w i l l  be able t o  carry  m r e  fue l  and 

thus have longer range w i th  the same payload. The ne t  reductions i n  

wing and fuselage weights f o r  the three conf igurat ions range from 33% 

t o  43%. This t ranslates ini.0 reductions o f  from 15-1/2% t o  19-1/2% 

i n  the OWE. The reduction i s  la rges t  f o r  the TST because t h i s  vehic le 

i s  heavier and w r e  h igh ly  loaded than the other two vehicles and thus 

i s  more strength c r i t i c a l .  

Rather than hold gross takeof f  weight constant during the mater ia l  

subst i tu t ion,  i t  i s  more i n te res t i ng  t o  see the e f f e c t  o f  the subs t i t u t i on  

when holding the payload and range f ixed. 

magnif icat ion e f f e c t  (lower s t r x t u r a l  weight means lower fue l  weight means 

lower s t ruc tu ra l  weight, etc.)  i s  accounted fo r .  Figure 12 shows tha t  

composites reduce the gross weight o f  the nominal CVT s l i g h t l y  (15%) , the 

nominal ATT s l i g h t l y  more (19%) znd the nominal TST subs tan t ia l l y  (48%). 

I n  every case, the C/E composite i s  b e t t e r  ( l i g h t e r  weight) than the B/E, 

as i; also obvious from Table C 1 .  Therefore, f u r the r  analysis o f  C/E was 

emphasized i n  the present study. The gross takeof f  weights o f  the CVT 

I n  t h i s  subst i tu t ion,  the 
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i s  made o f  composite mat  
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lese than tha t  of the TST, even when the l a t t e r  

r i a l .  Since the i r f r a m e  cost o f  an a i r c r a f t  

made froln advanced comoosite mater ia ls w i l l  be d i f f e r e n t  than the cost 

of a conventional aluninu. a l l o y  a i r c r a f t ,  mater ia l  se lec t ion  must be 

based on overa l l  cost  effect iveness, and no t  so le l y  on the basis o f  l e a s t  

weight. 

when made o f  C/E than when made o f  aluminum. 

I t  i s  clear, hwever, t h a t  the TST i s  a much more a t t r a c t i v e  vehic le  

The s e n s i t i v i t i e s  o f  the gross takeof f  weights [ f o r  the spec i f ied  

mission o f  2700 n. m i .  w i t h  200 passengers) o f  the C/E Configurations 

t o  the conf igura t ion  parameters 

A lso  shown for* reference are the s e n s i t i v i t i e s  o f  the aluminum conf igurat ions 

discussed e a r l i e r .  S e n s i t i v i t y  o f  gross takeof f  weight t o  R , f i g u r e  13, 

shows the same a f f e c t  f o r  C/E as f o r  aluminum i n  the case o f  the CVT and 

ATT. For the TST, the C/E c o n f i g u r a t k n  i s  much less sens i t i ve  t o  a.  
The (L/D)MAX i s  less f o r  the l i g h t e r  C/E conf igurat ions than f o r  the ccrre-  

spcnding ahminun conf igurat ions due t o  the smaller r e l a t i v e  wing area 

and f i x e d  fuselage s ize  (wing loading i s  he ld constant). Subs t i tu t ion  

o f  C/E for aluminum resu l t s  i n  l ' t t l e  change i n  s e n s i t i v i t y  t o  W/S, f i g u r e  

14. The C/E TST, however, i s  much less sens i t i ve  t o  W/S than i s  the aluminum 

TST, bu t  l e a s t  weight s t i l l  r esu l t s  a t  higher W/S than nominal. T!x mater ia l  

s u b s t i t u t l o n  has the same aFfect 01 the s e n s i t i v i t i e s  t o  t / c ,  f i g u r e  15, 

and t o  A, f i g u r e  16, as i t  had on the s e n s i t i v i t i e s  t o  lk and W/S; the CVT 

and ATT remain r e l a t i v e l y  i nsens i t i ve  whi le  the C/E TST becomes much more 

i nsens i t i ve  than the aluminum TST. 

, W/S, t/c, A are shown on f igures 13-16. 
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OPTIMIZED CONFIGURATIONS 

As has been shown, the vehicles of t h i s  study have strong s t ruc tu ra l /  

aerodynamic in te rac t ions  and i n  maw cases s t ruc tu ra l  e f f i c i e n c y  may be 

traded f o r  aerodynamic e f f i c iency .  To inves t iga te  these in teract ions,  

the svrthesis program was coupled w i th  a parameter opt imizat ion program 

called AESOP ( re fs .  5 and 6) . AESOP adjusted the values o f  R , W/S, and 

engine bypass-ratio t o  obtain minimum WGTo. The parametric resu l t s  presented 

e a r l i e r  s h w  t h a t  t / c  and A are best a t  t h e i r  constrained values and therefore 

these parameters were n o t  allowed t o  vary i n  the optimization. Gross takeof f  

weight was chosen as the quant i t y  t o  be minimized since i t  also c losely  

r e f l e c t s  the d i r e c t  operating cost  (urless mater ia ls are changed). Since 

some unconstrained conf igurat ions optimized a t  high W/S and l o w  AX which gave 

high landing speeds, the a f f e c t  o f  a p e r f o m i I c e  penalty f o r  landing speed 

was a lso i v v e s t i g a t d .  Consideration o f  optimized conf igurat ions i s  p a r t i c u l a r l y  

important when evaluat ing a i r c r a f t  made o f  composite s t ruc tu re  because 

the optimum conf igurat ions o f  these a i r c r a f t  may be considerably d i f f e r e n t  

than f o r  a i r c r a f t  made o f  aluminun. Thus, the resu l tan t  weight advantage 

of composite mater ia ls might be considerably greater than t h a t  predicted 

by subs t i t u t i on  wi thout conf igurat ion reopt imizat ion.  

Six conf igurat ions were optimized i n  the manner j u s t  described. 

These conf igurat ions u t i l i z e d  the two mater ia ls aluminum ( A l )  and C/E 

for  the three study vehicles CVT, ATT, and TST. The weight breakdowns 

o f  the conf igurat ions are shcm on f i g u r e  17; also sham f o r  comparison 

are the weights o f  the nominal configurations. The gross takeof f  weights 

of the CVT and ATT, A1 and C/E conf igurat ions have been reduced by about 

5% r e l a t i v e  t o  the nominal configurations. The weight o f  the A1 TST has 
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been reduced by about 15%. 

been reduced r e l a t i v e  t o  the nominal due t o  the f a c t  t ha t  the wing s ize  

o f  t h i s  conf igurat ion i s  l i m i t e d  by a minimum fuel  volume const ra in t .  It 

i s  s i g n i f i c a n t  t h a t  the r e l a t i v e  ranking i n  terms o f  gross weight o f  the 

conf igurat ions i s  the same f o r  the optimized conf igurat ions as f o r  the 

nominals. As was expected, gross weight i s  i nsens i t i ve  t o  the conf igurat ion 

parameters i n  the v i c i n i t y  o f  the optimum. 

However, the weight o f  the C/E TST has not  

Drawings and some o f  the important parameters o f  the three optimized 

A1 and C/E a i r c r a f t  are shown i n  f igures 18 and 19, respect ively.  

the a i r c r a f t  w i t h  C/E mater ia l ,  the  increased s t ruc tu ra l  e f f i c i e n c y  allowed 

increased aerodynamic e f f i c iency .  Optimization o f  the a i r c r a f t  conf igurat ion 

f o r  each case insured t h a t  the best balance between weight and aerodynamics 

was obtained. The la rges t  reduct ion i n  a i r c r a f t  gross takeo f f  weight due 

t o  the use o f  C/E mater ia l  was f o r  the TST conf igurat ion.  As mentioned 

previously, t h i s  i s  p a r t l y  because the A1 TST i s  operat ing close t o  i t s  

u l t imate  mission capab i l i t y .  

I n  redesigning 

For a l l  conf igurat ions the use o f  C/E resu l t s  i n  an increase i n  the 

optimum wing aspect ra t i o .  The aspect r a t i o  o f  the CVT increased from 

6.8 t o  9.1 w i th  C/E, t h a t  o f  the ATT increased from 8.1 t o  12.4, and tha t  

o f  the TST went from 6.4 t o  an aspect r a t i o  o f  9.8. A t  the same time, 

the optimum W/S decreased i n  a l l  cases: from 123 t o  113 p s f  f o r  the CVT, 

123 t o  106 p s f  f o r  the ATT, and 127 to 100 p s f  f o r  the C/E TST compared 

w i t h  the A1 TST. Since the increased s t r u c t u r a l  e f f i c i e n c y  resu l t s  i n  

la rge  R f o r  the C/E configurations, questions as t o  possible f l u t t e r  

problems ar ise .  As stated previously, the present TRANSYN-TST synthesis 

program does no t  contain any f l u t t e r  ca lcu lat ion,  and no addl t ional  s t r u c t u r a l  

weight i s  added t o  increase the wing s t i f f n e s s  t o  avoid f l u t t e r .  
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Because of the lower wing loadings and higher aspect ra t i os  of the 

optimized C/E configurations, t h e i r  approach speeds are lower than for 

the optimized A1 conflgurations. The e f f e c t  i s  s*lrongert i n  the case o f  

the TST, where the approach speed has decreased f r c m  1% h z t s  f o r  the 

A1 TST t o  168 knots f o r  the C/E TST. The e f fec ts  o f  W/S, & , and A on 

the C L ~ ~  and the resu l tan t  e f f e c t  on approach speed f o r  the three nominal 

aluminum configurations are shown i n  f igures 20, 21 and 22. As mentioned 

previously, the approach speeds o f  a l l  configurations were estimated f o r  

double s l o t t e d  f laps and leading edge s la t s .  

Using the parameter optimizer AESOP and inc lud ing  a performance penalty 

f o r  h igh approach speed resq l t s  i n  a change i n  the optimized A1 ATT as 

shown i n  f i gu re  23. 

optimized wi thout  a penalty f o r  high landing speed and OR the  r i g h t  i s  

the ATT conf igurat ion optimized w i th  the landing speed penalty. The r e s u l t  

o f  inc lud ing t h i s  penalty i s  t o  increase the R and decrease the W/S. 

design changes r e s u l t  i n  a s l i g h t l y  higher WGTo because o f  the higher operating 

weight empty due t o  the increased wing and fuselage s t ruc tu ra l  weight. 

The decrease i n  approach speed i s  substantlal,  f r o m  170 knots f o r  the uncon- 

s t ra ined A1 ATT t o  151 knots f o r  the constrained A1 ATT. Figure 24 shows 

the a f f e c t  o f  an approach speed const ra in t  on the optimized C/E TST con- 

f igura t ion .  As w i th  the ATT, the inc lus ion  o f  t h i s  penalty f o r  high landing 

speed resu l ts  i n  higher A and lower W/S and leads t o  higher operating 

weight empty and higher WGTo. The decrease i n  approach speed i s  less f o r  

the TST than the ATT, having dropped f rom 168 knots t o  158 knots. Because 

o f  the large penalty i n  overa l l  performance o f  t h i s  small landfng speed 

reduction, possible consideratlon should be given t o  other means o f  obtalnfng 

h i g h - l i f t  a t  takeof f  and landlng, such as variable geometry. 

On the l e f t  o f  the f i gu re  i s  the A l l  conf igurat ion 

These 
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The s tructural/aerodynamic character is t ics  o f  advanced transonic 

transports have been investigated. 

cru ise a t  Mach numbers o f  0.90 ( C V r ) ,  0.98 (ATT), and 1.15 (TSS) were 

studied. I t  was found t h a t  the CVT and ATT designs had s i m i l a r  ct-acter- 

i s t i c s  and performance (as measured by gross takeof f  weight) f o r  the same 

payload/range requirements (200 passengers, 2700 n. m i  * ) .  The p r inc ipa l  

d i f ference between the CVT and the ATT i s  the use o f  area r u l i n g  i n  the 

l a t t e r ,  resu l t i ng  i n  a s l i g h t  increase i n  fuselage s t ruc tu ra l  weight. The 

gross takeof f  we3ght o f  the TST, however, was found t o  be more than twice 

t h a t  o f  the other two designs for  the same mission i f  a l l  designs employ 

conventional a1 uminum airframes. The reason f o r  the poor performance o f  

the TST i s  the large wave drag o f  t h i s  conf igurat ion.  

Spec i f i ca l l y ,  a i r c r a f t  designed t o  

Parametric analyses were made f o r  the three designs. These analyses 

show t h a t  both aspect r a t i o  and wing loading had strong e f fec ts  on aero- 

dynamic e f f i c i ency  as measured by (L/D)MAx snd s t ruc tu ra l  e f f i c i ency  as 

measured by operating weight empty. Howeverp these e f fec ts  terrded t o  

cancel each other and the ne t  e f f e c t  o f  changes i n  e i t h e r  parameter on 

the gross takeof f  weight was small. The parametric resu l ts  a lso showed 

tha t  the values o f  wing sweep and thickness-to-chord r a t i o  should be held 

a t  t h e i r  aerodynamically constrained values . 
Most important o f  the advanced technologies invest igated was tha t  o f  

advanced composite materials . Subst i tu t ion o f  carbon/epoxy mater ia l  f o r  

aluminum i n  both the wing and fuselage primary st ructure (without res iz ing  



the mnfigurationq] resul ted i n  35-40% reductions i n  the weights o f  these 

structures . This t rans lated i n t o  15~20% reductions i n  operating weight 

empty. I f  the composite designs are resized t o  the same payloadlrange 

c r i t e r i a  as the aluminum ones, the change t o  composite mater ia l  resu l t s  

i n  decreases i n  gross takeof f  weight o f  15% f o r  the CVT, 19% f o r  the ATT, 

and 48% f o r  the TST. 

S i x  conf igurat ions (consis t ing o f  the three designs CVT, ATT, and 

TST made o f  the two mater ia ls a1 umi num and carbon/epov) were "optimized" 

w i th  the a i d  o f  a parameter opt imizat ion program. 

the values o f  aspect r a t i o ,  wing loading, and engine bypass-ratio were 

a l te red  t o  ob ta in  minimum gross takeof f  weight, both w i t h  and wi thout  

an approach speed const ra in t .  As expected, the gross takeof f  weight i s  

i nsens i t i ve  io var ia t ions  i n  the conf igura t ion  parameters i n  the v i c i n i t y  

of the optlmums. For a l l  three vehic le designs the use o f  carbon/epoxy 

as opposed t o  aluminum r e s u l t s  i n  a higher value o f  the optimum wing aspect 

r a t i o  due t o  increased s t r u c t u r a l  e f f i c iency  being traded f o r  increased 

aerodynamic e f f i c i ency .  I n t roduc t i cn  o f  an Bi;Dt+OdCh speed cons t ra in t  resu l t s  

i n  modest performance penal t ies f o r  %e 

wing sweep, severe penal t ies f o r  the TST cmfigurat!ons. 

I n  t h i s  opt imizat ion,  

T m f i g u r a t i o n s  but, due t o  high 
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APPENDIX A - BODY WEIGHT ANALYSIS 

I n  t h i s  appendix, the !?.retahods used t o  estimate the body weights 

o f  the study conf igurat ions are pmsented. These methods are the 

same as those presented i n  reference 7, and will on]) be given 

b r i e f l y  here. Only conf igurat ions w i th  c l  rcwlar  cross-sections are 

cons 1 dered. 

The f i r s t  s t t p  i n  determining body wetght i s  computation o f  the 

long i tud ina l  bending moment d i s t r i b u t i o n .  To t h i s  m d  the long i tud ina l  

weight and 1 .I ft d i s t r i b u t i o n s  and vehic le  cc:iter o f  g r a v i t y  &:-e 

computed using the body p r o f i l e ,  R ( X ) *  determined as described :- 

Appendix E, and the wing (see Appendix B), t a i l ,  and propulsim : . j e t e m  

weights. The long i tud ina l  bending moment d i s t r i b u t i o n  i s  then oaxairh;?d 

by considering vehic le loading due t o  a s t a t i c  2.59 ~ u l l  up maneuver 

( f a c t o r  o f  safety  o f  1 .!& See reference 8. 

The bending moment M i s  used t o  cmpute a t  each 'hngltu4inal  body 

stat ion,  x, the ax ia l  stress resul tants  a t  the p o i n t  o f  maxirnun st ress 

due t o  bendincj. These are, using the f lexure  formula f o r  beams," 

MR a NI + N, 
Y 

X 

for compression and f o r  tension, respect ively,  where 2 '  i s  the moment 
Y 

of i n e r t i a  o f  the bo& snell div ided by the thickness and Nxa i s  the force 

per Inch due t o  a x i a l  accelardt ion. Pcote t h a t  pressure loads are n o t  

used t o  re l l eva  compressive stresses, The value o f  gage pressure, 

P = 8.77 ps i ,  was held throughout the study. The s t ress resu l tan t  tn t he  9 

'symbols are the same as i n  r e f e r m e  7 
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c i  rcunferen ti a! d i  r e c t i  on 1 s 

N = R P &  
Y 

viiere I$ accounts for the f a c t  t h a t  no t  a l l  of the she l l  mater ia l  i s  

a v a i l a b h  f o r  r e s i s t i n g  hoop s tmss.  It i s  assuned t h a t  the she'll 

mater ia l  i s  uniformly d i s t r i b u t e d  arourxl the circumference. 

The rqu iva lent  i s o t r o p i c  thicknesses o f  the s h e l l  are given by 

N- - 
" X  - 

tSC FcY 

f o r  designs l i m i t e d  by compresslon, tension, and m i n i m  gage respec- 

t i v e l y  where FCy i s  the compressive s t rength and Fm i s  the t e n s i l  

strength. The mater ia l  i s  assumed t o  have e las to -p las t i c  behavior. A 

four th  thickness which must be coilsidered i s  t ha t  f o r  buckl ing c r i t i c a l  

structures, is f expressions fw t h i s  qcan t i t y  w i l l  now be derived. 
B 

The nominal vehicles o f  t h i s  study have i n t e g r a l l y  s t i f f e n e d  she l l s  

I n  the buckl ing analysis o f  these structures, s tab i l i zed  by r i n g  frams. 

the she l l  i s  analyzed as a wide column and the frames are sized by the 

Shanley c r i t e r i a  (ref .  9). The buckl ing equation fcr wide cohmms 

( re f .  IO) gives Es as 
B 
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where d i s  the frame spacing and E i s  the  modulus o f  a l a s t i c i t y .  Values 

o f  the she l l  e f f ic iency c W  are given i n  Table 67. The Shanley c r i t e r i o n  i s  

based on the premise tha t  the frames ac t  as e l a s t i c  suy9orts f o r  the wide 

colunn; t h i s  c r i t e r i o n  gives the smeared equivalent i s o t r o p i c  thickness 

o f  the frames as 

where CF i s  Shanley's constant and KF1 i s  a frame geanetry parmeter .  See 

reference 7 f o r  a discussion o f  the a p p l i c a b i l i t y  o f  t h i s  c r i t e r i o n  and f o r  

a de ta i l ed  der iva t ion  o f  the equations presented here. I f  the s t ruc tu re  

i s  buckl ing c r i t i c a l  , the t o t a l  thickness i s  

Minimizing w i t h  respect t o  d r e s u l t s  i n  

1 1 1 

1 
t FB = a  - t 

SG t ha t  the shell i s  three times as heavy as the frames. 

A t  aach fuselage s t a t i o n  x, the she l l  may be s ized by canpressfon, 

tension, minimun gage, o r  buckl ing and the frames are sized by general 

i n s t a b i l i t y ,  For minimum weight, +t i s  desired t G  f i n d  the l e a s t  total 

c 
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thickness t = tS = tF as a funct ion o f  d which s a t i s f i e s  the four condi t ions 

resu l t i ng  from the combinations o f  she l l  and frame c r i t e r i a .  Three o f  

these condit ions are monotonical ly decreasislg w i th  respect t o  d and the 

fourth, the buckl ing condit ion, has a minimum. The rntnimun 5 Ss obtained 

by a sirnple search procedure. The " ideal "  o r  ana ly t i ca l  weight o f  the 

body s t ructure i s  then obtained by sunmation as 

n 

length 

where quant i t ies  sdbscrtp*::ed i depend on x. 

The %on-optimun" body weight (due t o  fasteners , cutouts, surface 

attachnents, uniform gage penal t ies ,  manufacturing constraints , aeroelast ic  

ef fects,  etc.) has y e t  t o  be determined. This weight i s  canputed by an 

empir ical  method. The analysis described above was appl ied t o  f i v e  

e x i s t h g  a i r c r a f t  and the fac to r  was determined which, when mu1 t i p l i e d  

by the " ideal"  weight, gave the best f i t  with the actual  weights. This 

factor,  ca l l ed  the "non-optimun" factor,  was found t o  be 2.9; thus the 

non-optimun por t ion  o f  the weight i s  near ly  twice the a n a l y t i c a l l y  

determined weight. 



- 25 - 
APPENDIX B - WING WEIGHT ANALYSIS 

The 1 i f t i n g  planforms o f  the conf igurat ions o f  the present study 

are tapered, swept w i n p  w i t h  s t r a i g h t  leading and t r a i l i n g  edges. 

The g ing  s t ruc tu re  was assumed t o  be a rectangular multi-web box beam 

w i th  the webs running i n  the d i r e c t i o n  o f  the s t r u c t u r a l  span. 

The f i r s t  step i n  computi,ig the wing weight i s  the de terminat im 

o f  the geometry o f  the s t r u c t u r a l  wing box. I n  terms o f  the i npu t  

parameters W,,, (W/S), IR RTAp and ALE, the dependent parameters 

wing area, span, root chord, t i p  chord, and t r a i l i n g  edge wing sweep 
t 

are computed from 

'TO 
S = -m 
b = m  

2 s  
% = 

2 c; 
tan ATE = tan ALE + - b 

(See f i g u r e  B l ) .  It is assumed t h a t  the f o w a r d  15% and the a f t  15% o f  

the streamwise chord are required f o r  cont ro ls  and high l i f t  devices, 

leav ing 70% f o r  the s t r u c t u r a l  box. The tn te rsec t ion  o f  t h i s  box w i t h  

the body contours determines the loca t ton  o f  the rectangular carry-  

through st ructure.  

The dimensions o f  the s t r u c t u r a l  box and o f  the carrythrough 

s t ruc tu re  are now determined. (See f i g u r e  82).  The s t ruc tu ra l  s e m b  

span, bs, i s  assumed t o  be a t  the quarter-chord l t ne ,  whose sweep IS 
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gfven by 

b - Wc 
b = - -  
S 2 cos As 

The streamwise chord a t  any po in t  on the wing i s  given by 

I n  pa r t i cu la r ,  a t  the wing-body in tersect ion,  

The structuraJ roo t  and t i p  chords are 

respect ively.  I n  terns o f  y, the s t ruc tu ra l  and t o t a l  chords are given by 

and the thickness o f  the wing a t  any spanwise s t a t i o n  y i s  

t (y) = Rt r 

It i s  assumed t h a t  the fue l  i s  car r ied  w l th tn  the wing st ructure;  the 

volume o f  t h i s  s t ruc tu re  i s  found as follows: 
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This equation i s  based on f l a t  upper and lower surfaces and neglects the 

volume o f  the structure.  

The weight analysis proceeds i n  a stat ion-Mise manner along the 

y (s t ruc tu ra l  semi-span) coordinate. A t  each stat ion,  the l i f t  load, 

center of pressure, i n e r t i a  load, center o f  grav i ty ,  shear force and 

bending moment are computed. For the i n e r t i a l  load, i t  i s  assumed t h a t  

the fue l  weight WFT i s  d i s t r i b u t e d  uni formly w i th  respect t o  wing volume 

so tha t  the i n e r t i a l  load a t  y i s  - V(y) where V(y) i s  the volume 

outboard o f  y; t h i s  volume has centro id  C (y) w i t h  respect t o  s ta t i on  y. 

An estimate o f  the wing s t ruc tu ra l  weight i s  included i n  W, f o r  t h i s  

ca lcu lat ion bu t  the ca lcu la t ion  i s  no t  redone when the actual s t ruc tu ra l  

wFT 
vW 

9 

weight has been computed. I t  i s  assumed tha t  the l i f t load i s  d i s t r i b -  

uted unifq;-Gily over the wing planform area so t h a t  the l i f t  load a t  y i s  

(W/S) A(y) where A(y) i s  the area outboard o f  y; the  centro id  o f  t h i s  area 

i s  denoted Cp (y). 

The shear force i s  

where ne i s  the number o f  engines mounted on the semispan, We is the 

i s  the loca t ion  o f  the i-engine, and weight o f  the i-engine, yi 
i t h  t h  



f o r  a s t a t i c  pitch-plane maneuver o f  load fac to r  n. 

The dimensions and weight of the s t ruc tu ra l  box can now be calculated. 

Reference 10 indicates that the c r i t i c a l  i n s t a b i l i t y  mode for multiweb 

box beams i s  simultaneous buckl ing o f  the  cobers due t o  l o c a l  i n s t a b i l t t y  

and o f  the webs due t o  f lexure  induced crushing. This reference gtves the 

s o l i d i t y  o f  l e a s t  weight multtweb box beams as 
e M 

= E ( Z s t 2  E ) 
where E: and e depend on the  cover and web geometries (see Table 81). The 

sol i d i t y  i s  defined as 

where WiEND i s  the weight o f  bending mater ia l  plr uni t  span and p i s  the 

mater ia l  density. 

The weight o f  shear mater ia l  i s  

The optimum web 

dW = t 

J 

spacing (see f igure 62) i s  computed from 

2 eC-3 3 -1 

J 

F % I  I 

€C 



The equivalent i s o t r o p i c  thicknesses of the covers and webs are 
1 

I - I (2 - -1 
eC €CdW 

[T-) eC (y - 
tW 

respec+,ively, and the gage thicknesses are 
- 
tC gC gC 

tW gW gW 

t = K  

- 
t = K  

Values o f  E, e, E , e , E , K K are found i n  Table B1 f o r  various c c w 9c 9w 
s t ruc tu ra l  concepts (ref. 10). I f  the wing s t ruc tu ra l  semi-span i s  

d iv ided i n t o  N equal segments, the t o t a l  " idea l "  weight o f  the wing box 

s t ruc tu re  i s  

2 b  
Weox N i + wb-iEAR i 

The wing car ry though s t ruc tu re  consists o f  t o rs ion  mater ia l  i n  

add i t ion  t o  bending and shear mater ia l .  The bending mater ia l  i s  computed 

i n  the same manner as t h a t  o f  the box except tha t  only the long i tud ina l  

component o f  bending moment contr ibutes,  L e .  ( l e t  to = t ( 0 )  and 

M = M ( 0 ) ) s  0 

-2 

The weight o f  the bending mater ia l  then 

t W  W ~ ~ ~ ~ C  = P Z C $ R  o C 
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The q w n t f t i e s  dW, tW and Fc are computed i n  the same manner as f o r  the 

box. The weight o f  the shear mater ia l  i s  (F = Fs ( 0 ) )  
S O  

wC 
Fs 0 = p  - 

W ~ ~ ~ ~ C  

The torque on the carrythrough s t ruc tu re  i s  

T = M s i n  As 
0 

and the weight o f  the to rs ion  mater ia l  i s  then 

F ina l l y ,  the " idea l "  weight o f  the carrythrougfi s t ruc tu re  i s  computed 

f r o m  

- 
wc -  BEND^ + W ~ ~ ~ ~ ~ C  + W~ORSION~ 

As i s  the case w i th  the fuselage s t r u c t u r a l  weight, %on-optimum" 

weight must be added t o  the  ideal  weight t o  obta in  the wing s t r u c t u r a l  

weight. This weight was e s t i m t e d  by apply ing the above analysis t o  

f i v e  e x i s t i n g  a i r c r a f t  and determining the f a c t o r  which, when m u l t i p l i e d  

by the idea l  weight, gave the best  f i t  w i t h  the actual  weights. The 

r e s d  t i n g  expression i s  

w~ I NG = 2.6 (Weox + W c )  
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APPENDIX C - COMPOSITE MATERIAL CHP,RACTERIZATIO& 

The composite mater ia ls considered i n  t h i s  paper consis t  o f  o r tho t rop ic  

lamina formed i n t o  quasi - isot rop ic  (two-dimensionally i s o t r o p i c )  laninates.  

Each o f  the lamina i s  composed o f  e i t h e r  boron o r  carbon f i laments placed 

un id i rec t i ona l l y  i n  an epoxy matr ix.  Such a quasi - isot rop ic  laminate has 

been shown t o  r e s u l t  i n  niinimun weight ( re f .  :1) f o r  the s t ructures o f  

the type considered i n  the present study. Because the lam ;tte i s  

two-dimensionally i so t rop ic ,  i t  may be analyzed i n  the same manner as a 

rnetal ic mater ia l .  

propert ies t o  be /(sed irl the analysis. 

It remains on ly  t o  f i n d  the equivalent composite 

Because the f i lament  o r ien ta t ions  must be dispersed i n  several 

d i rect ions t:, obta in  i s o t r o p i c i t y ,  the un iax ia l  s t i f f n e s s  o f  the composite 

w i l l  be reduced from t h a t  o f  the i nd i v idua l  lamina. This reductlon f a c t o r  

can be determined using the methods o f  reference 12. 

laminate o f  t o t a l  thickness T be i n  a s ta te  o f  plane s t ress i n  i t s  plane 

o f  i s o t r o p i c i  ty. Then f r o m  (3-36)" the midolane s t ress resu l tan t - s t ra in  

Le t  a quasi - isot rop ic  

re la t ions  are 

N = A11 cX 
X 

Ny = A12 Ex 

where the xy plane 

+ A12 

+ A22 

i s  the plane o f  i s o t r o p i c l t y ,  By analogy w i t h  i s o t r o p i c  

mater ia ls we def ine the equivalent i s o t r o p i c  modulus o f  e l a s t i c i t y  as 
1 - 1 c -  

e - T - T A22 

Let the lamhate have n lqyers o f  equal thtckness t - 3 Then f r o m  

&?E'  

- -  
*all  equatlons r e f e r  t o  Ref. 12. 



- 32 - 
From (2-35), for each layer, 

where Ok i s  the o r ien ta t i on  o f  the  f i laments i n  the k t h  lamina and Yhere, 

from (2-28), 

- 1 
Qll - - v12v21 

- E22 
Q22 - l-= v12v21 

Y 2  E22 
- v12v21 412 = 

1 7 9  E 2 2 9  
The f i v e  e l a s t i c  constants w f r i t f i  ctiaracteri-ze the matertal  are E 

v12' v21 and GI2, ['our o f  which are Independent, 

To impose i s o t r o p i c i t y ,  we consider the l i m i t  o f  an i ' n f i n i t e  number 

o f  un id i rec t iona l  bundles o f  f i be rs  a t  equal ly  spaced d i rec t ions .  Let j 

be the number o f  bundles having or ien ta t ions  between 8 and 8 + dJ and l e t  

m be the number o f  increments do. Then m j  = n and j, = nd0 so t h a t  
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Carrying ou t  the i n teg ra t i on  

Since a bundle of f i he rs  w i l l  have no transverse oi shear s t i f f n t s s ,  

so t h a t  

Applying the r u l e  o f  mixtures (ref.  13  shows t h i s  t 3  be a good approximation) 

gives the s t i f f n e s s  o f  the corrtposfte as 

EC - -  8 3 E  llF VF * EM (1 - VF) - 

where V, i s  the volume f rac t ton  o f  the filament. This expression was used 

i n  reference 14 and i s  used i n  t h i s  paper. 

There are other  candidate expr9ssions f o r  EC and some o f  these w i l l  

Ir the f i r s t ,  the l i m i t  o f  an i c ’ i n i t e  number o f  be b r i e f l y  mentioned. 

o r tho t rop tc  lamina i s  ionsidered instead o f  f l b e r  bundles. I n  t h i s  case, 

transverse and shear propert ies cannot be neglected wi th the r e s u l t  t h a t  

(3+2 V I 2  ) 
t -  8 

F = yA,l 1 = - 3 1 
J 8 

1-vl?v21 

US the appr‘ ximations (ref. IS) 

resu l t s  i n  

Applying the r u l e  o f  mfxtures t o  Ell 
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where E2; depends on EZ2 , EM and VF and may be determined from reference 

13 or 16. 
F 

Other expressions f o r  EC are abtained by considering the quasi - isot rop ic  

laminate subjected t o  ax ia l  loading. Then 

N X = A l l  + A12 cy 

2 o r  
A. n 

LL 

and we take the equivalent i s o t r o p i c  s t i f f n e s s  as 

E = - 1 (All - AlZ2/Az2) e T 

I n  the same manner as f o r  All, the fo l l ow ing  are obtained 

+ Q,, 1 

If bundles o f  f i be rs  are considered and the transverse and shear s t i f fnesses  

are neglected, there results 
1 

Applying the r u l e  o f  mixtures gives 

I f ,  on the other hand, layers c f  lsm!na are considered and the same 

approximations ar used as f o r  E; , there results 
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Calculat ions show t h a t  the various expressions f o r  EC d i f f e r  by about 10% 

f o r  B/E and 3% f o r  C/E. Since values o f  Ep2 must be determined experimen- 

t a l l y ,  i t  was decided no t  t o  use mthods employing t h i s  quant i ty.  

For the composite density, the r u l e  o f  mixtures i s  used 

It i s  assumed tha t  composite strengtn i s  reduced by the same r e l a t i v e  

amount as the s t i f f n e s s  ( re f .  11); thus 

F C - 8 F F  - f V + FM (1 - VF) 
The proper t ies o f  both the composite const i tuents and the composites 

t%selves (with VF = 0.5) are shown i n  Table C l  . Also shown are the 

propert ies o f  the aiuninun ailoy used i n  the  study. Since the weight o f  

buck1 ir;g c r i t i c a l  s t ruc tu re  i s  approximately propor t ional  t o  the quot ient  

d, t h i s  value i s  also given i n  the  table, r e l a t i v e  t o  aluminum. 
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APPfNGIX D - LIFT AND DRAG ANALYSIS 

L i  f t  Character ist ics 

The l i f t  character is t ics ,  i n  terms of CL were calculated using a th in -  
a 

wing paneling program developed by Ralph Carmichael a t  the Ames Research 

Center and based on the theory o f  reference 17. The analysis uses the 

method o f  aerodynamic inf luence coeff ic ients,  whereby the wing i s  d iv ided 

i n t o  many small regions o r  panels w i t h  swept leadins and t r a i l i n g  edges t o  

ccqform t o  the actual wing geor i t ry .  B i l a t e r a l  symmetry i s  assumed f o r  a l l  

wings. The l i f t i n g  pressure d i f ference i s  assumed t o  be constant over each 

wing Panel. The number o f  panels i n t o  which the wing i s  d iv ided a f fec ts  

both the accuracy and the computer time required for the solut ion.  As 

expccted, the e r r o r  decreases w i t h  increasiq nl-mber o f  panels, although 

the conveqence i s  ra ther  slow. 

for tunate t h a t  answers w i t h  adequate accuracy f o r  engineering analysis can 

be obtained w i t h  a r e l a t i v e l y  small number o f  panels, say 20-40. 

the computing time i s  roughly p ror - r t iona l  t o  the square o f  the number o f  

panels, the use o f  a f i n e  g r i d  i s  j u s t i f i e d  on?y when a high degree o f  

accuracy i s  required. I n  the  analysis o f  cambered and twis ted wings, however, 

i t  i s  usual ly necessary t o  use a large number o f  panels i n  order t o  adequately 

descrtbe the wing camber surface. 

the analysis o f  advanced commercia*! t ranspor t  configurations, i t  i s  cur ren t ly  

no t  necessary t o  consider camber and tw is t ,  the wing l i f t  charac ter is t i cs  

can be adequately estimated w i t h  t h i  r t y - s i x  panels 

From a p rac t i ca l  p o i n t  o f  view, ii r’s 

Since 

Since, i n  the use o f  t h i s  program f o r  
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Zero-Li f t  Drag 

The z e r o - l i f t  drag ( C  ), f o r  each conf igurat ion was estimated by adding 
DO 

the f r i c t i o n  drag o f  the wing, fuselage, hor izonta l ,  and v e r t i c a l  t a i l ,  

together w i th  any appl icable wave drag. The nacel le  f r i c t i o n  drag was included 

i n  the engive 1 'cnnance ca lcu lat ion.  F9r configurations designed t o  

c ru ise  a t  speeds less than Mach l s  no wave drag was inclcded. Also, no 

separation drag component was included i n  the z e r o - l i f t  drag estimate. The 

estimated wing separation drag was included i n  the ca lcu la t ion  o f  :nduced 

drag, as w i l l  be discussed subsequently. 

The f r i c t i o n  drags f o r  the a i r c r a f t  components were computed using the 

fo l low ing  re la t i ons :  

The wing f r i c t i o n  drag was estimated based on turbulent  boundary layer ,  

f l  at-p1 a t e  sk in  fri c t i  on and conta! ns an empir ical  cor rec t ion  for  thickness 

induced pressure f i e lds .  The basic equation i s  Frank1 and Voiskel 's  extension 

o f  Von Karman's mixing-length hypothesis t o  compressible flow, and the 

empir ical  cor rec t ion  f o r  thickness-induced pressure f i e l d s  i s  the r e s u l t  o f  a 

co r re la t i on  i n  reference 18 o f  a la rge  amount o f  data. The r e s u l t i n g  equation 

i s  as fo l lows: 

wing 'REF 
0.467 

= 0.455 
R ~ : ~ = ~ * ( I  + y T  -1  M 2 ( m , o  

where w 

wing t h i  ckness r a t i o  

wing wetted area, not  inc lud ing  po r t i on  o f  wing 

bur ied i n  the fuselage, ft 2 
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2 = reference area, idea l i zed  wing planform area, ft 
S~~~ 

Re = Reynold's Number based on the wing mean-aeroanamic- 

chord 

Y = r a t i o  o f  s p e c i f i c  heats f o r  a i r  

M = Mach number 

The fuselage f r i c t i o n  drag was estimated w i th  the same equation as used 

f o r  the wing f r i c t i o n  drag. 

pressure f i e l d s  i s  changed t o  the cor rec t  form f o r  axisymmetric bodies: 

However, the cor rec t ion  f o r  thickness induced 

C1 + 2 (:)wing t ] i s  replaced by 

= fuselage fineness r a t i o  1 where 9 (a) BODY 

Also, f o r  the fuselage f r i c t i o n  drag the Reynold's Number used i n  the equation 

i s  based on body length and SUET i s  the fuselage wetted area. 

The hor izon ta l  and v e r t i c a l  t a i l  f r i c t i o n  drags were estimated w i th  the 

same equation as sed f o r  the wing f r i c t i o n  drag. 

Number i s  based on the approvr iate mean-aerodynamic-chord and the thickness 

ra t i on  and wetted area used are those o f  the p a r t i c u l a r  surface. 

I n  t h i s  case, the Reynold's 

No wave drag was included f o r  the CVT conf igurat ion,  which was designed 

t o  cru ise a t  Mach 0.90. 

superc r i t i ca l  wing would be neg l ig ib le .  A lso,  f o r  the ATT conf igurat ion,  

which was designed t o  cruise a t  Mach 0.98, no wave drag was included. For 

It was assumed t h a t  wave drag o f  the CVT w i t h  the 
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the ATT i t  was assumed t h a t  any wave drag would be n e g l i g i b l e  because o f  the 

superc r i t i ca l  wing and fuselage area ru l i ng .  

The wave drag o f  the TST conf igurat ion,  which was designed t o  cru ise 

a t  Mach 1.15, was estimated as the theore t ica l  wave drag o f  a axisynmetric 

body w i t h  a Sears-Haack area d i s t r i b u t i o n  plus the wave drag o f  the 

hor izonta l  and ve r t i ca l  t a i l s ,  wi thout  any in ter ference drag. 

The wave drag o f  a b o a  w i t h  a Sears-Haack area d i s t r i b u t i o n  i s  the 

theore t ica l  minimum f o r  an axisymnetric body o f  a given length and volurnk. 

The form o f  the equation used f o r  the Sears-Haack wave drag computation 

i s  as fo l lows ( re f .  19): 

C 
DWB 

14.6 

- 3 2  d2 where , VOLSH - - 64 ' 'SH SH 

3 
VOLSH = volume o f  the  Sears-Haack area d i s t r i b u t i o n ,  f t  

= length o f  the Sears-Haack area d i s t r i b u t i o n ,  ft 
'SH 

= maximum diameter o f  the  Sears-Haack area d i s t r i b u t i o n ,  f t 
dSH 

The equations used f o r  est imat ing the wave drag o f  the hor izonta l  and 

ve r t i ca l  t a i l s  are f o r  values a t  Mach 1.0 and the Mach nunber f o r  shock 

- *A- -L - - - *  -A +kn S 4 -  I n - A i r n  n A n a  The tro l im iicnd S+ Marh 1 IC; nhthjned 
a C C a u l t t t b l l r  YI ~ b m .  1 o ~ n  -.Y=)-. ... .-- ---- - -  ..-+-. . - 

by l i n e a r  i n t e r p o l a t i o n  between these two values. The equations f o r  both 

f i n s  ere o f  the same form. Using the appropriate values o f  thickness r a t i o t  

exposed area, and sweep f o r  that f i n ,  the equations are as fo l lows ( r e f .  20): 



= 3.4 (-) t 5/3 S f i n  2 s 'Os " f i n  
A t  M = 1.0, C 

DWF f i n  r e f  

A t  M = secantAfin, 

t - -  I ' f i n  C = 6 ($ 
DWF f i n  ' re f  

where, = f i n  fineness r a t i o  
f i n  

= f i n  exposed planform area, A i t  ' f i n  

= f i n  leading edge sweep, deg ' f i n  

8 
1/2 

= compress ib i l i ty  f a c t o r  O M 2  - 1 1 )  

Induced Drag 

The induced drag o f  a l l  conf igurat ions was estimated using an equa t im  

made up o f  the sum o f  three components: vortex drag, wave drag, and 

separation drag. The induced drag leve l  i s  ?elated t o  a parameter c a l l e d  

de f i  ned by KC 
Di 

cD i =r KCD i CL /-A 

2 where C = induced drag c o e f f i c i e n t  and CL i s  the theo re t i ca l  minimum 
Di 

subsonic induced drag, witn i%+aial.s e t t i c i e n c y  t a c t o r  equai t o  'r 

The vortex drag was estimated t o  reduce Cswald's e f f i c i e n c y  f a c t o r  

from 1 .O t o  0.85, which corresponds t o  a KV,, ( the K f a c t o r  f o r  vortex 

drag) o f  1.18. The lift. Induced wave dpag c +orient was estimated a t  the 

theo re t i ca l  m~n imm !eve1 given i n  references 21 and 22. This wave drag 

componer!!t was only  i n c l i d e d  a t  speeds greater  than Mach 1. The form o f  
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t h i s  eqgption f o r  conventional swept wings i s  as fo l lows: 

where, \ = 1.0, v a h e  f o r  wing shapes o f  near ly e l l i p t i c  loading 

both spanwise and lengthwise, as defined i n  mference 22. 

'LE = wing leading edge sweep, deg 

A = wing taper r a t i o ,  t i p  chord/centerl ine chord 

/R = wing aspect r a t i o ,  span /wing area 2 

The separation drag component was estimated fmm experimental data i n  

reference 23. The separation drag estimate was included i n  an e f f o r t  t o  

r e a l i s t i c a l l y  account f o r  thSs drag component, which i s  d i f f i c u l t  t o  compute 

theore t ica l l y .  

Figure D1 shows a comparison o f  t he  theore t ica l  estima-: o f  induced 

drag without inc lud ing separation drag w i t h  some experimental data from 

reference 23. Based on t h i s  experimental data an empir ical  r e l a t i o n  f o r  

est imat ing separation drag was derived. The r e s u l t i n g  equation i s  as 

fol 1 ows : 

- 1.0) - L 1  
K sep - (Kvortex + Yylave 

where, CL = l i f t  c o e f f i c i e n t  

The expression f o r  the Induced drag c o e f f f c t c n t  resui t in ,  from conrbining 

the previously discussed components i s  as fo l lows: 

2 C, 
+ K  1 seP 

+ K  L = -  
CD T a  CKvortex wave 
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The induced drag o f  a i r c r a f t  designed t o  cru ise i n  the  transonic speed 

regime i s  one o f  the most chal lenging aerodynamic quantities t o  predic t .  

Real iz ing possible weakness i n  the estimation technique presented here, 

we have included several opt ional  methods i n  the aerodynamics program. 

These opt ional  est imat ion methods range from ideal  subsonic induced drag 

w i th  f u l l  leading edge suct ion (Oswald’s e f f i c i e n c y  f a c t o r  equal t o  1 )  

t o  supersonic induced drag, corresponding t o  no leading edge suct ion 

= CL tan a).  The s e n s i t i v i t y  t o  the induced drag estimate resu l t i ng  (‘Dj 
from these various methods i s  given i n  the t e x t  o f  t h i s  report .  
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APPENDIX E - AREA RULING 

The area r u l i n g  program described herein vas developed i n  response 

t o  the requirement f o r  a s imp l i f i ed  design t o o l  t o  use as p a r t  o f  the 

TRANSYN-TST analysis o f  advanced technology t ranspor t  a i r c r a f t .  The purpose 

o f  the program i s  t o  ca lcu late the fusdage cross-sectional area d i s t r i b u -  

t i o n  which, when combined w i t h  the wing and nacel le area d i s t r i bu t i ons ,  

w i l l  r e s u l t  i n  a given overa l l  equivalent area d i s t r i b u t i o n  (a Sears- 

Haack area d i s t r i b u t i o n  i n  t h i s  study). Th:! program i s  r e s t r i c t e d  t o  

normal cross-sectional cuts and only  includes t h e  cross-sectional areas 

o f  the fuselage, wing, and engine nacel les. The fuselage area d i s t r i b u t i o n  

i s  required f o r  use i n  the fuselage s t r u c t u r d  weight ca lcu lat ion.  Fuselage 

s t ruc tu ra l  weight i s  dependent on the amount o f  area r u l i n g  t-equfred 

because the area r u l i n g  resu l t s  i n  decreases i n  the fuselage diameter i n  

the region where the fuselage bending moments are high. 

To maintain the same passengers capacity i n  an area-ruled fuselage as 

i n  an equivalent c y l i n d r i c a l  fuselage, the f l o o r  area o f  each i s  made the 

same. This assumes t h a t  the e f f i c i e n c y  o f  seat placement i n  an area-ruled 

conf igurat ion i s  the same as t h a t  f o r  a c y l i n d r i c a l  fuselage. Since t h i s  

assumption i s  somewhat unreal i s t i c ,  several area-ruled fuselages were 

examined t o  determine the actual  number o f  seats t h a t  could be accommodated. 

Based on the resu l t s  o f  t h i s  study, the f l o o r  area required f o r  the area- 

ru led fuselage was increased s l i g h t l y  t o  a l low %or less e f f i c i e n t  f l o o r  

area u t i l i z a t i o n  resu l t i ng  from the varying fuselage diameter. For more 

de ta i l ed  studies, i t  would be desirable t o  accurately compute the number 

o f  seats t h a t  could be accomnodated f o r  each fuselage area d i s t r i b u t i o n .  

This would invo lve a s tat ion-by-stat ion examination over the length o f  the 

f use1 age 
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I n  the TRANSYN-TST program, the area-rul ing pwcedure i s  d iv ided i n t o  

several subroutines. These subroutines c a l c d a t e  the cross-sectional area 

d i s t r i b u t i o n s  o f  t he  wing alone, o f  the engine nacel les (minus the f low- 

through area), and o f  the fuselage (al lowing f o r  the wing and nacel les) .  

The area d i s t r i b u t i o n  o f  the t a i l s  i s  n o t  included, bu t  t h i s  area would be 

removed %rn the fuselage i n  region of low bending moment concentration, and 

t h i s  m i s s i o n  would have a very small e f f e c t  on the calculated fuselage 

weight. 

For the ca lcu la t ion  o f  the wing cross-sectional area d i s t r i b u t i o n ,  

the wing i s  assumed t o  be a constant a i r f o i l  sect ion w i th  a constant thickness 

r a t i o  across the wing span. The chordwise thickness d i s t r i b u t i o n  i s  

spec i f ied  by the thickness r a t i n  ( t / c )  a t  12 s t a t i o n q  over the  chord n f  

the section, 

l i n e  in te rpo la t ion .  The spec i f i ca t i on  o f  thc a i r f o i l  thickness d i s t r i b u t i o n ,  

combined w i t h  the geometric descr ip t ion o f  the wing planform (weep and taper 

r a t i o ) ,  completely describes ii 0 Lcickness d i s t r i b u t i o n  o f  the wing. The 

wing cross-sectional area d i s t r i b u t i o n  i s  calcu lated a t  11 equal ly spaced 

streamwise s ta t ions  along the wing region o f  inf luence, from the leading 

edge of the wing center l ine  sect ion t o  the t r a i l i n g  edge o f  the t i p  a i r f o i l  

section. The cmss-sectional area d i s t r i b u t i o n s  f o r  several wings o f  

d i f f e r e n t  sweeps and thickness r a t i o s  are showr! i n  f i gu re  E L  

Between these s tat ions *che thickness i s  determined by s t r a i g h t  

The geometry of the nacel les i s  determined by the propulsion system 

analysis ( r e f .  2 )  and assumes t h a t  the nacel le  i s  ax isymmtr ic .  The nacel le  

e x t e r i o r  p r o f i l e  consists o f  a constant diameter engine sect ion and c i r c u l a r  

arc radius calculated f o r  tangency t o  the engjne sect ion whi le meeting the 

i n l e t  and e x i t  requirements. For the area d i s t r i b u t i o n  ca lcu lat ions,  the 



i n t e r i o r  shape o f  the f low- thru arsa i s  specif!;; DY a conical sw facc  from 

the i n l e t  l i p  t o  the rozz le  l i p .  

a f t e r  leaving the nozzle are rxg lected i n  the areai-ruling ca lcGlat ion.  

The t o t a l  cross-sectional area d i s t r i b u t i o n  f o r  mu l t i p le  engines i s  

dependent on the engine placement, and several subroutines have been 

developed f o r  d i f f e r e n t  types f engine ins ta l la t i i x : .  (4, .¶ and 8 wing- 

mounted engines, and 4 a f t  fuselage-mounted engines). 

The e f f e c t s  o f  any exhaust gas expansion 

When the engines are wing mounted the nacel le  cross-section areas are 

computed f o r  same streamwise s ta t ions  as used i n  the wiiig area d is t r ibuL ion  

ca lcu iat ion.  The nacel le  and wing cross-sectional area d i s t r i b u t i o n s  are 

+her: combined d;rectly itbe! area r y ? i n g  the fuselage. When the engines are 

mounted on the a f t  fuselage, the nacel le  cross-sectional areas are computed 

a t  11 equal ly spaced streamwise s ta t ions  along the nacel le  region o f  

inf luence, and t h i s  nacel le  area d i s t r i b u t i o n  i s  accounted f o r  separately 

during the fuselage area r u l i n g .  

To ca lcu late the area d i s t r i b u t i o n  o f  the fuselage, the conf igurat ion 

geometry i n  the v i c i n i t y  o f  the in te rsec t ion  o f  the  wing and fuselage must 

be determined. 

t h a t  the bottom o f  a non-area ru led  f u  elage o f  the desired area d i s t r i b u -  

t i o n  coincided w i t h  the lowest p o i n t  on the wing. 

headroom as the body was necked down, the  center l ine  

allowed t o  r i s e  i n  the region above the wing. Th is  displacement o f  the 

fuselage center l ine  was constrained so t h a t  the foy, Q' ;he a r e a - r u l d  

fuselage was no t  higher than f o r  the r;on-ara ru led  fuselage and the bottom 

o f  the fuselage rerrsinkd i n  contact wi th the w;ng. The cross-sectional area 

o f  the combined wing and fuselage a lso include; the area o f  a f i l l e t  a t  the 

fusel age-wi ng j unc t i on  

For a low wing, the l oca t i on  o f  the wing was spec i f ied  such 

To Frovide maximum 

he fuselage was 
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The 0bject i .e  o f  the fuselage area r u l i n g  ca lcu lat ions was t o  determire 

the diameter d i s t r i b d A o n  (dARB) of the area-ruled body t h a t  resu l t s  i n  a 

given t o t a l  cross-sectional area d i s t r i b u t i o ,  

d i s t r i b u t i o n  three l i m i t i n g  cases ar ise.  For the case where the wing i s  

completely included i n  the o r i g i n a l  body (shown i n  f i g u r e  E2 as Case I > ,  

no fuselage modi f icat ion i s  required and dARB i s  equal t o  dCB, the o r i g i n a l  

fuselage diameter. When the wing cross-secticnal are2 is coriipieteiy exter f~; .  

t o  the fuselage (an a f t  cut, shown i n  f igure E2 as Case 11), the  diameter 

o f  the area-ruled body dmB i s  ca lcu la ied  based on thc o r i g i n a i  fuselage 

area minus the wing cross-sectional area. When the area-ruled fuselage i s  

tangent t o  the wing surface the geometry is shown i n  f igup2 E2 as Case 1x1. 

All other fuyelage-wir- W e r s e c t i o n s  requi re a solut-i'on o f  the general case. 

i h i s  i s  handled i n  the program by a nwerical technique, i t e ra t i r . g  on aARB 

u n t i l  the required eqbivalent cross-sectional area i s  obtained. 

I n  so lv ing -Tor t h i s  diameter 

I n  order to maintain the requi red floor area for the area-ruled 

conf ig  erat ion,  there i s  an add i t iona l  i t e r a t i o n  which adjusts the body length 

i n  o!.der t o  obtain the required f l o o r  area. The cu r ren t l y  used procedure 

f o r  maintaining the cor rec t  fuselage capacity i s  ct rown schematical ly i n  

f igure  E3. F i r s t ,  ap, i npu t  c y l i n d r i c a l  body i s  s ized on the basis o f  number 

o f  seats, seats abreast, seai p i tch ,  seat width, number o f  a is les,  and npse 

and afterbody fineness r a t i o  (assumin3 Scars-Haack nose and afterbody area 

d i s t r i b u t i o n s ) .  Second, the voiurle o f  t h i s  fuselage i s  ca lcu lated and a 

Smrs-Haack body w i t n  the same length and volume i s  cmputed. Third, the 

fineness r a t i o  o f  a b ;  Sears-Haack body i s  he ld  constani  whi le  the fcrselage 

i s  area ru led  fcr the wing i :  nacel les and the body lcnath is increased t o  

maintain the same floor area. 
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