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A study was amducted to Qternine the fue l  e f f i c i ency  advantages of 
replacing the amuentionall wing 011 a transatlantic-range business jet with a 
laqer ,  strut-braced, aspect ratio 25 wing.  

the study airplane based on an induced drag iqroverent over m-lifting struts. 
Li f t ing  struts ~ ~ l ' e  se lec ted  for  

The strut-braced wing airplane cruises a t  higher altitudes and laer speeds 

than the cmventional wing configuration due to tk s ign i f i can t ly  h i g k r  cruise 

l i f t  aoefficiwts required to =line the ~ c c l  higher l i f t - to-drag ratio poten- 

t i a l  of #e high aspect m t i o  nbg, 
engine and a higher t h r u s t  engine to a t t a i n  higher cruise a l t i tudes .  A l s o ,  
due to its larger i n g ,  the strut-braced wing airplane has a such lower wing 
loading than the conventional wir- a i rplane,  Although s t rut-bracing reduces 
t'x? t o t a l  rRiSfit f o r  a given wing planfarm, the l a rger ,  high aspect r a t i o  wing 
weighs aore than the c m t i o n a i  wing, The iuproved aerodynamic performance, 

harevet-, mre than carpensates far t h i s  weight penalty. 

Two engines e r e  considered, the base l ine  

Fuel savings vex de ten ined  f o r  a range o f  payloads, operating weights, 
and c r u < s ~  speeds and fo r  both engines. 
payload-range, a fuel savings i r i  excess of b m t y  percent is rea l ized  w i t h  tk 
strut-braced wing desion, kwever, tk st ru t -bramd wing airplane w i l l  be 

more expensive t o  build,  ant, due t o  the  lower cruise speeds, less productive 
thzn the co:rrenticmal king configuration. 

Y i t h  bcth a i rp lanes  f ly ing  the s a  

INTRODUCTION 

This study has bem cocducted a s  pa r t  of an on-going e f f o r t  to evaluate  
differprlt d p r o a c k s  toward i m p n v i n g  the fuel e f f ic iency  0' a i r c r a f t .  The 
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present study consists of an evaluation of two u b s m i c  business jets incorpor- 
at ing an aspect r a t i o  25, strut-braced high wing. The baseline airplane f o r  the 
study i s  a lar, canti lever wing business j e t  with transat lant ic range. 
a i r c r a f t  #as configured for a f l ight  crew o f  tam and a c m t i m s  for a maxisuar 

of 13 passengers. ks arch o f  the bascline airplane fuselage as feasible was 
retained f o r  the strut-braced wing configurations. 

Each 

Tro strut-braced wing configurations were dewloped dif fering only i n  the 
q i n e  used, I n  the f i r s t  version a re la t i ve l y  high thrust  engine was chosen i n  
order to a t ta in  very high cruise a l t i tucks  nhile i n  the second the baseline a i r -  

plane engine was used. For comenierrce the ba airplanes are ref- to as the 
S6-1 and SB-2. respectivelv, i n  addi t ion to the &viais s t ru ts  and braces, the 
wings  of the s t n r t - b w -  and baseline airplanes are quite d i f fe ren t  except for 
their s t m - s e  thickness and planfom taper ratios. The strut-bmced wing has 
an aspect r a t i o  o f  25 and natura l ly  l a r i na t  a i r f o i l s ,  A i l e  the baseline wing has 

an aspect r a t i o  of 9-37 and supercr i t ical  airfoil sections. 
wing i s  unswept whereas the quarter-chord sweep of the baseline wing i s  23 
degrees * 

The strut-braced 

The study was done i n  tm, phases, 

weight of the strut-braced wing airplanes vas l i e i t e d  t o  that  o f  the baseline 

airplane and the effect on range was noted, 
w'ng configurations were r e q u i d  t o  f l y  the sane payload-range mission as the 
baseline airplane. and the fuel reqrJireaents were determined and cocipdred to the 
baseline airpiane. 

pnases, was passenger accmda t ions .  

account for t.he acccnoodations required for each passenger. These weights were 
handled i n  bm ways during the payload/range analysis: 

was adjusted as tke nunbet of Wssengers changed; (2) the operating weight was 
held constant a t  the value f o r  13 passengers, irrespective of the actual nunber 

of passerigerr,. 

In the f i r s t ,  the m a x i m  takeoff gross 

In the second part, the stnrt-braced 

An additional study variable, applicable t o  both o f  the above 

A ueight increment was established to 

(1) the operating weight 

Included i n  this study were configuration de f in i t ion  and layout; weight 

and drag estimations; design of wing struts and braces from loads, weights, and 

aerodynamic v iapoints ;  the e s t i m t i o n  of insta l ied engine data; and mission 

per fo  m a  nce . 
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yhere applicable, values are given i n  t h i s  report in  both International 
System Units (SI) and US. Customary Units. A l l  ca lcu lat ions yere aade i n  U.S. 
Customary Units. 
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EAS 

aspect ratio 

r ing span, m (ft) 

lift coef f i c ien t ,  L/qS 

drag coefficient, D/qS 

indrrced d n g  coef f i c ien t  

paras i te  drag awff i  c i e n t  

caapress ib i l i t y  drag c o e f f i c i e n t  

average s k i n - f r i c t i o n  coef f i c ien t ,  F/qSwet 

center-of-gravity, Y r c e n t  MC 

yawing mmnt coef f i c ien t ,  yawing marent/qS,b 

rudder chord 

ve r t i ca l  t a i l  chord 

drag, fi ( l b f )  

Oswald’s a i rg lane e f f i c i ency  factor, induced-drag e f f i c i ency  factor 

equiva?ent airspeed, m/s (knots) 
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LFC 
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"C 
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Re 
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t / c  

To6w 

- 
V 

Y 

Y 

:.C 
DP 

equivalent f l a t  p la te area, cf set, cD S, mi (ft') 

pressure a1 ti tude, m (ft ) 

horsepower 

lift, N ( lb f )  

laminar flow control 

Mach n&r 

mean aemynamic chord, m (ft) 

bending mnent a t  wing stat ion -., W N  ( in - lb f )  

dynamic pressure, Pa ( l b f / f t 2 )  

Reynolds nmber 

reference area, m2 (ft2) 

thickness t o  chord r a t i o  

takeoff gross weight, N ( l b f )  

horizontal t a i l  volume coef f ic ient  

weight, N ( l b f )  

spanwise chord location re la t i ve  t o  airplane centerline, m ( f t )  

lift-dependent parasite drag coefficient 
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rudder deflection, deg r 
6 

rl sed-span f ract ior  

Subscripts : 

m i  n mi ninum 

S s t ru t  

W w i  ng 

wet netted area 

AIRPLANE DRIELOPMHT 

Design Cr i te r ia  

A nrrnber o f  design c r i t e r i a  were established f o r  t h i s  study. The baseline 

airplane and mission ground ru les were ident ical  to the non-LFC business je t  o f  

reference 1. The baseline fuselage, insofar as possible, was to be used by the 

strut-braced configurations including accomnodations fo r  a cr, . o f  two and 13 

passengers. The wing was t o  have an aspect r a t i o  o f  25 and NACA natura l ly  lam- 

inar  a i r fo i ls .  

The baseline airplane engine was t o  be the second study engine fo r  the s t ru t -  
braced wing airplane. 

Engine s e l e c t i c . 1  was t o  be l i m i t e d  to those cm-ent ly available. 

Payload-range comparisons were to be made between the baseline and s t ru t -  

braced wing configurations, N i th  the maximum takeoff gross weight o f  the s t ru t -  
braced wing airplanes l imi ted t o  that  o f  the baseline airplane, 86.3 kN 
(19 400 lbf). Fuel required comparisons were t o  be made between the baseline 

and strut-braced wing business j e t s  wi th both a i r c r a f t  f l y i ng  the payload-range 

o f  the baseline airplane. 

sons were to k made a t  long-range and high-speed cruise conditions, and with 

the airplane operating weight adjusted f o r  passenger accmda t ions ,  as i n  the 

study o f  reference 1. 

Both the payload-range and the fuel required compari- 
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Configuration k s c r  i p t i  on 

The baseline airplane f o r  t h i s  study i s  frum f igure 1 o f  reference 1 and 

i s  presented i n  t h i s  report i n  f igure 1. 

The BK, business j e t s  configured for t h i s  study have the same strut-braced 

wing, fuselage, empennage, and landing gear, but d i f f e r  i n  the engine used. The 
SB-1 version uses the General E lect r ic  TF34-GE-100 engine, while the SB-2 enploys 
the Qrrett AiResearch TFE731-2-28 engine scaled to the thrust lewel o f  the 

TFE73l-3 engine. Both airplanes are strut-braced high-wing configurations wi th  

two engines attached t o  the a f t  fuseldge and wi th  the horizontal s t a b i l i z e r  
wounted on tap of the ver t ica l  f in. General arranganents o f  the two airplanes 

are sham i n  figures 2 and 3. The main physical characterist ics o f  the baselirie 

and strut-braced wing airplanes are sunrnarized i n  table I .  

The fuselage for the two strut-braced configurations i s  that o f  the base- 
l i n e  airplane modified f o r  wing and landing gear relocations, The fuselage 

accoanodates a crew ot two and a RiaxiCilllAl o f  13 passengers wi th an 86 cm (34 i n )  
seat pitch. The fuselage length i s  16.46 m (54 ft), and the maximum diameter i S  

1.83 m (6 ft) w i t h  a center cabin a i s l e  height o f  152 aa (60 in). The passenger 

cabin includes a t o i l e t ,  vanity cabinet, and refreshnent console. A luggage 

canpartment wi th a volm o f  1.39 m3 (49 ft3) i s  located i n  the a f t  fuselage. 

The wing selected f o r  the two strut-braced airplanes has I)" sweep a t  the 
qwrter-chord and natural laminar- f lw a i r f o i  1s wi th an average thickness r a t i o  

o f  12.2 percent. 
(550 f t 2 )  w i t h  a taper r a t i o  o f  .400 and an aspect r a t i o  o f  25. 
braced with a single s t r u t  stabi l ized by two side braces. 

The wing has a reference area (trapezoidal) of 51.10 m2 
The wing i s  

The empennage f o r  the two strut-braced configurations i s  larger than that 

f o r  the baseline airplane of f igure 1. Sizing was based on s t a t i c  s t a b i l i t y  and 

control c r i t e r i a  f o r  the landing and takeoff modes o f  f l i g h t .  

t a i l  has an area of 7.06 m5 (76 ft2), and the ver t ica l  t a i l  an area o f  6.64 m2 
(71.5 f t 2 ) .  

The horizontal 

. 

The landing gear f o r  the two strut-braced wing airplanes has a single-wheel 
nose s t r u t  and two doub,:-wheel main struts. The main landing gear i s  located 
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a t  the rear fuselage pressure bulkhead so that the gear assembly can ret ract  
inside the fuselage a f t  o f  the pressure bulkhead. 

A fuel holding and d i s t r i bu t i on  tank o f  852 liters (225 gallons) i s  located 

i n  the a f t  fuselage. The m i n i n g  fuel, 2847 l i t e r s  (752 gallons), i s  carried 
i n  integral  wing tanks. With the 3P-B fue l  used i n  t h i s  study, a t  a density o f  
,779 k g / l i t e r  (6.5 l w g a l ) ,  the airplane fue l  capacity i s  2.88 Mg (6 350 r h ) .  

Because there i s  l i t t l e  weight data on wings with aspect ra t ios greater 

than 12, structural strength and deflect ion studies were conducted t o  support 

the wing and airplane weight analyses, The resul ts  o f  the structural studies 
are presented f i r s t ,  followed by the weight-analysis results. 

The detailed structural and weight analysis approach taken fo r  determining 

the w i g h t  o f  the strut-braced wings i s  given i n  Appendix C o f  reference 2. 
approach consists of f i r s t  determining the w i g h t  o f  the cantilever wing u t i l i t -  

ing a s t a t i s t i c a l  mass properties computer program. The strength and def lect ion 
characteristics o f  both canti lever and strut-braced wings are then determined 

with the SPAR Structural Analysis System o f  reference 3. Next, u t i l i z i n g  the 

wing and skin s iz ing data from the SPAR program and the strut-s iz ing data deter- 

mined by the methods given i n  Aw?rn 'it C o f  reference 2, the net weight saving 

o f  the strut-braced wing over t.he cantiiever wing i s  established. This net 

weight saving i s  subtracted from the weight o f  the canti lever wing resul t ing 

i n  the strut-braced wing weight. 

This 

Throughout the structural study the f ~ l l m i n g  parameters were used: fue l  

i n  the wing up t o  the maximum o f  2.22 Mg (4890 lbm) and -66 Mg (1460 lbm) i n  the 
fuselap ultimate load factcr  of 3.75; and a wing with an aspect r a t i o  o f  25 
and an arec% 3 f  51.1 m2 (550 ft2). The SB-2, 86.7 kN (19 500 l b f ) ,  configuration 

was used as the vehicle f o r  basic structural studies. The structural weights 
for the heavier SB-1, 97.9 kN (22 010 l b f ) ,  configuration were estimated based 

on the SB-2 structural study. 

I 
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Structural Configuration and Model 

The SPAR Structural Analysis System canti lever and strut-braced models are 

shown i n  figure 4. The wing i s  ident ical  for both the canti lever and s t ru t -  

braced configurations and i s  fabricated from conventional high-strength 7075-T6 

aluminum alloy. 

frrll-depth ribs, and two spars located along the 15 percent and 65 percent chord 

lines. The 1.52 m (.06 i n )  th ick leading- and trail ing-edge skins carry only 

pressure loads and were nodeled t o  carry no wing bending or  shear loads. To 

fac i l i t a te  the analysis, the spars and r i b s  were held a t  a constant gauge of 

2.54 m (-10 in). 

The wing box consists o f  wing skins stabi l ized by stringers, 

A detailed design o f  the s t ru ts  was conducted to optimize the s t ru t  config- 

urat ion f o r  minimum weight. The deta i ls  o f  the mthod are given in  Appendix C 

o f  reference 2. The s t ru ts  are l i f t i n g  s t ru ts  and are attached to the bottom 

side o f  the fuselage and t o  the lower wing-skin a t  a wing rib and are s tab i l ized 
by l a te ra l  braces attached t o  the wing as shown i n  figures 2 through 4. 
on the study o f  reference 2, the s t r u t  attachment to wing location was selected 

a t  n = .429. 
and u t i l i z e s  two spars, as shown i n  f igure 5. The s t ru ts  have a 0.61 m (24 i n )  

chord and a t / c  o f  12 percent based on aerodynamic requirements. 

Based 

The 7075-16 aluminum-alloy s t r u t  i s  o f  sheet-stringer construction 

To design the s t ru ts  wi th the desired chords, thickness-chord rat io,  and 

reasonable weights f o r  the s t r u t  length required, it was necessary to s tab i l i ze  
the single s t ru t  wi th one or  two side braces. The s t ru ts  without the side sta- 

b i l i z i n g  braces would be unstable i n  column bending even with so l id  aluminum 

structural boxes. Appendix C o f  reference 2 presents deta i ls  o f  the method used 
t o  design the braces. 

wi th a t / c  o f  12 percent and a chord length o f  0.1 m (4 in) .  

The braces are symmetrical a i r f o i l  shaped aluminum skins 

Airloads were calculated fo r  cru 

conditions and are shown i n  table 11. 

Loads 

se a t  tha +2.5g and -19 ( l im 

For both the canti lever and 

t) maneuver 

strut-braced 

wing configurations, a i r load distr ibut ions were assumed to  be constructed hal f -  

way between the e l l i p t i c a l  and actual planform geometry distr ibutions, where 

the ordinates o f  the loading were selected so that each d is t r ibut ion gave the 

t 
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same to ta l  load. The s t r u t  was designed t o  carry 13.9 percent o f  the wing a i r -  

1 oad . 
The wing box is, i n  general, c r i t i c a l  f o r  the 92.59 maneuver condit ion 

while the s t r u t  i s  c r i t i c a l  f o r  the -1g cond;tic,lr. For the l a t t e r  condit ion the 
s t ru t  must carry combined bending and ax ia l  compression loads. The air loads 

cause the wing t o  berad, producing s t r u t  ax ia l  compression. Fa i r l y  high compres- 

sion loads were also calculated i n  the s t r u t  for the +Log taxi  condition. The 

side s tab i l i z ing  braces were determined t o  be c r i t i c a l  from ccmpression loads 

resul t ing from a 2.59 pos i t ive f l i g h t  maneuver. Both r i g i d  body and dynamic 

components were included f o r  the tax i  condition. U t i l i z i n g  a typical  landing 
gear time-history input, the wing dynamic response loads and deflect ions were 

not s igni f icant i n  comparison t o  the r i g i d  body component. 

Structural Results 

The wing bending and shear loads are shown i n  f igures 6 and 7, respectively. 

These loads are based on the airloads given i n  table I1 f o r  the wing and s t ru t .  

The wing becdinq wsu l tan t  loads, Nc, presented i n  table I11 are based on these 

wing bending moment curves. For t h i s  unswept \r,ing the torsional loads are small 

and uere not considered. The s t r u t  s t i f f ens  the wing and reduces the deflect ions 
wi th  the 0 = .429 s t ru t ,  as shown i n  f igure 8. The deflections could be further 
reduced by u t i l i z i n g  a longer but heavier s t ru t .  

Weight iesul  t s  

Table I11 presents the detai led wing weight saving f o r  a strut-braced wing 

The net weight saving i s  equal t o  the wing-skin over a canti lever design. 

saving, 3.82 kN (859 l b f ) ,  less the weight o f  the s t ru ts  a*,: braces, 1.02 kN 

(230 l b f )  as presented l a te r  i n  th i s  section, o r  2.79 kN (629 l o f ) .  
t i v e  wing skin thickness, t, was calculated u t i l i z i n g  equation 7.17 o f  reference 
4: 

The effec- 
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L O  

cC 

LO 

NC 

Fco 

ULF 

ri 
Fco 
- ULF, where: 

= wing sk in  thickness 

= constant = .002 

= r i b  spacing = .381 m (15 in )  

= running load 

= strength allowable 

= u l t imate load fac to r  o f  1.5 

An u l t imate  strength allowable o f  379.3 MPa (55 000 p s i )  was used i n  the above 

ca l  cu l  a ti on. 

St ruts  of two d i f f e ren t  chords were analyzed. The 0.61 m (24 i n )  chord 

s t r u t  was selected based on aerodynamic benef i ts  and minimal weight penalty ower 
one w i t h  a smaller chord. The two side-brace conf igurat ion was selected since 

the combined s t r u t  and braces weight was about 18 percent less than the weight 

of the s ing le side-brace design. The s t r u t  length associated w i th  attachment 

t o  the wing a t  n = .429 resul ted i n  a good compromise between wing weight and 
t i p  deflect ion. 

The s t r u t  system weight per side was determined t o  be a*- fol lows: s t r u t ,  

.37 kN (83.3 l b f ) ;  braces ( 2 ) ,  .02 kN (3.5 l b f ) ;  and attachments .12 kN 
(28.2 l b f ) ,  f o r  a t o t a l  o f  .51 kN (115 l b f ) .  This resu l ts  i n  a t o t a l  airplane 
t r u t  system weight o f  1.02 kN (230 l b f ) .  

The airplane groc? weights (which include wing weights) are shown i n  table 

I V  f o r  the :B-1 airplane and i n  table V f o r  the SB-2 airplane. 
the baseline airplane from reference 1 are included i n  tab le I V .  The weight per 

square foot o f  the strut-braced wings i s  approximately equal t o  tha t  of the 
baseline airplane wing. 

and 247.8 Pa (5.53 psf) ,  respectively, compared t o  the baseline airplane value 

of 271.5 Pa (5.67 psf).  

10 

The weights o f  

The SB-1 and SB-2 u n i t  weights are 286.3 Pa (5.98 p s f )  

The weights presented f o r  the strut-braced configurations 



correspond t o  the cases where, w i t h  maximun. payload, the takeoff  gross 

weight matches t h a t  of the baseline a i rp lane o r  i s  tha t  required t o  f l y  the 
range of the basel ine airplane. The orr- exception to t h i s  i s  the cant i lever  

S3-2 data i n  tab le V which i s  included t o  show the weight saving i n  g0:i-g from 
the cant i lever  wing t o  the strut-bmced design. The mission fue l  bas no s ign i -  

f icance other than t o  put the cant i lever  conf igurat ion 2t the same gross weight 
as the strut-braced wing airplane. Note t h a t  the strut-braced wing weight i s  17 
percent less than tha t  o f  the cant i lever  wing. 

,avi ngs. 

The S8-1 a i rp lans has simitar 

The general conclusion o f  t h i s  weight study i s  tha t  !:’.rut -1 ‘ r i n g  -f t h i s  

high aspect r a t i o  wing saves weight. Basing wing-weight es5imtes on wing-box 
strength analysis i s  v a l i d  &re l i t t l e  s t a t i s t i c a l  weight ra ta  i s  avai lable. 

These prel iminary strength analyses must be used with juCa,neiit, f o r  t k r e  i s  a 

great deal o f  non-optimum (not primary load-strength r e h t e d )  e i g h t  which must 
be added t o  determine the wing weight. Further d e t a i k d  wing design studies are 

required t o  def ine t h i s  non-optimum wing wei.jht. It would appear tha t  a large 

por t ion o f  the non-optimum weight penalty may occur near the roo t  c f  the wing; 

therefore, the penalty would be r e l a t i v e l y  less w i t h  increasing aspect ra t i o .  

Balance Resul t s  

The SB-1 and SB-2 conf igurat ion> were checked f o r  center-of-gravi ty \c.g. ) 

range. 
the required range o f  27 t o  €r) percent o f  the wan aerodynamic chord, as d is -  
cussed i n  the s t a b i l i t y  and control  section o f  t h i s  report. 

For both airplanes, the C.Q. f o r  a l l  payloadl fuzl  condit iocs ren,ained i n  

PRDPULS ION ANALYSIS 

As required by the study c r i t e r i a ,  the strut-braced wing airplane was 

evaluated wi th  two current ly  avai lable engines. The an,.cipated h igh-a l t i tude 

cruise requirements l ed  t o  the select ion o f  the General E lec t r i c  TF34-GE-100 

engine which has both r e l a t i v e l y  h igh-d l t i tude capab i l i t y  and thrust  leve ls  a t  
a1 t i tude  consistent w i th  the study a i r c r a f t  requirements. 
nated SB-1. The second engine i s  the same as tha t  i n  the baseline airplane--  

the Garrett AiResearch lrCi31-2-2B scaled t o  the thrust  l e v e l  o f  the TFE731-3 

This model i s  desig- 
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( ref .  1). 
performance data. SB-2 i s  the model designation wi th t h i s  engine. 

Tbis  approach was nec-Zssary due t o  the unava i lab i l i t y  df TFE731-3 

General E lec t r i c  TF34-GE-100 Engine 

Description. - - The TF34-GE-100 i s  a two-spool turbofan with separate fan 

and primary exhaust nozzles. This engine i s  eqtlipped t c  provide compressor 

airbleed and shaft power f o r  a i r c r a f t  services. 

A t  sea l eve l  s ta t i c ,  standard day - .mdition;, the design performame is: 
40.26 kM (9050 l b f )  net  engine thrust ;  a spec i f i c  f ue l  consunption (SFCj o f  
,0377 kg/hr/N i.37 lbm/hr/ lbf);  and a corrected a i r f l o w  o f  151 kgisec 

(333 lbm/sec). The bare engine weight i s  6.35 kN (1427 Itnn) which doe5 not 

include airframe accessories, i r  let, nozzles, th rus t  reverser, c r  cowlir:g, 

Performance. - Uninstal led engine performance a t  standard day co id i  t ions,  
.c i f ica-  for the desired a i rp lane operating envelope, was extracted fm. the 

t ions o f  reference 5 and th? supplementary data o f  reference 6. Although engine 

performance data provided by the General E lec t r i c  coinpany terminated a t  l e  29 km 

(60 000 f t )  such data was extended t o  19.81 km (65 CGO f t )  by extrapolat ion. 
19.81 km (65 000 f t)  performnce data was considered as an absolute l i m i t  above 

which f u r t r c r  perfonance extrapolat ions would be questionable. 

The 

The i n s t a l l e d  prformance as provided for t h i s  study was developed by 
reducing the uninstal1.d gross thrust  by f-iva percent w i th  no change i n  fael f low 

o r  ram drag a t  a l l  op .Ling conditions. 
perf Tame, f o r  the , i ns ta l l a t i on  ef fects  of i n l e t  recovery, power extraction,and 

service airbleed, was used since reference 5 d i d  not provide the correct ion fa:- 
t o rs  necessary t o  adjust  f o r  these ef fects .  The f i v e  percent tn rus t  degradation 

was consi?ered t o  be a reasonadle penalty based on comparisons o f  z i m i l a r  engines 

f o r  s im i la r  appl icat ions. 

Th's ;nethGo of correct ing uninsta l led 

Ins ta l led  engine performance f o r  maximum clirnb t h r u s t  and fuel f l o w  as a 

funct ipn nf a l t i t u d e  and Mach number is provided i n  f igure 9. 

power r r u i s e  fue l  f l o w  as a funct ion o f  thrusi: anc Mach number a re  prcvided f o r  

the fIominal cruise a l t i t u d e s  i n  f igure  10. 

Maximum and par t -  

I 
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Xacelle. - The engine a s  provided by 6eneral Electric does not include the 
i n l e t  nozzle, thrust reverser,  o r  cowling. Therefore, using the data prmided  
i n  mference 5, a nacelle was developed For the engine as shawn by the sketch 
i.r f igu re  '11. 

Garrett AiUesearcb -731-2-28 Engine 

Description. - The TFE731-2-28 is a l i g h b d g h t ,  tm-spool geared t ransonic  
stage, f m t - f a n ,  jet-propulsion engine. 
pressor airhleed and shaft porrer for aircraft swvices. 

I t  has the m i l i t y  of providing c a -  

A t  design operating conditims of sea l eve l  static and flat-rated a b i e n t  
teq-ratum o f  22°C (72T) the following engine perfowance is m v i d e d ,  A t  
takeoff paRr, l i m i t e d  t-' f i v e  minutes, the net thrust is 15.57 kN (3 500 l b f )  
w i t h  a specific fuel conslaeption of - 5 1 4  kg/hrj# (-504 lWhr / lbf ) .  A t  mer-- 
continuous paer, tk mt thrust is i4.46 kN (3 2513 l b f )  w i t h  5 specific fue 
consmption of ,0508 kg/hr/N (-493 :bm/ht/lbf). 
rate is 51.3 kg/sec (113 ltm/sec). 

The cortected engine a i r f low 

Perfomsince. - The uninstal led engins perfomnce (ref.  7), a t  standard 
thy o p e r a t i q  wndit ions.  was corrected us in ;  the methods of reference 8 for +A 
following i n s t a l l a t i o n  effects a t  a l l  operating conditicns. 
service a i r b l e d  o r  tk maximum allowable ai rbleed,  whichever is less, is 
0.23 kg/sec !?.5 ~mdsec). 
the i n l e t  pressure recovery is  0.99. 

High pressure 

The shaft pmer ex t r ac t ion  i s  11.9 kw (20 HP), and 

The i ~ s t a l l e a  t h r u s t  i s  provided i n  graphical f o m  f o r  the airplane opera- 
t i n g  enveiope. 
a l t i t u d e  and Mach nu-rber a r e  presmted  i n  f igi l re  12. 
cruise fwl flow, as E function of tnrust ,  i-hcn r,&r ana a l t i t u a e ,  i s  ?resented 

extrapola%d and should be considered a s  the upger a l t i t u d e  limit of engine 
opera ti cn. 

The mxinur c l i&  rated thrus t  and fuel f l o w  as functions of 
%ximm a w l  part-po.ee; 

< -  r :  1 Y -. P e r f o m n c e  data ?resented a: 16-76 b (55 DO0 f t )  a l t i t u d e  is - 
i 

The data i n  fiy2Jres 12 and 13  were adjusted t o  the ievel OT the TFE731-i 
Tlie s c a l i n s  x t h o d  er'ployed was that of encine by ap?ly;ng a scaling factor .  

adjust ins  tire thrust and fuel f i ~ x  pto;idea by the r a t i o  of the sea level s ta t ic  
desiorl tirusts of the two engines. The thrl;st. 1eve:- a t p  15.46 k!i ( 3  700 l b f )  
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J 



f o r  the TFE'I'31-3 and 15.57 kl (3 500 l b f )  f o r  t!! TFE731-2-28; the sca?ing factor 
w s  1,057. 

Racelle, - Scaling of  the TFE731-2-28 nace l l e  for tfe TFE73l-3 engine uas 
rot neoessary s ince  both engines have tk s m ~  basic overa l l  dimensions, Based 
an the dinmsions proviQd i n  refemce 2, an a i r  intake, noule and o m l i n g  were 
f i t t e d  to the TFE731-2-28 engine, The ai;. intake was sized to provide tu0 pr- 
cxnt =re a i r f l w  than required y the engine to proride for ncelle ven t i l a t ion  
and cooling, The n0ult;s yere designed to be co-axial uith co-planar e x i t s ,  A 
sketch of t!K w s u l t i n g  nacelle w i t h  t abula ted  diemions is provickd as f i g u r e  
14. The bare er.3ine e i g h t  is 3.27 Idy (736 l t f )  for the TFE731-E engine- 

Ying Design 

The i n i t i a l  .-.crtxiynarric effort i n  t h i s  study was to determire the area,  
planfom, and a i r f o i l  sections for an aspect ratio 
selected to  achieve a high cruise UD, The increase i n  w i n g  weight w i t h  
increases i n  w i n g  area w a s  an i n d i r e c t  consideration, 
cor f igura t ion  had rot been establ ished a t  t h i s  point,  and therefore aerodynamic 
ddta generated for the baseline a i rp l ane  s t d y  of reference 1 MS u t i l i z e d  f o r  

the wing s iz ing ,  

25 wing. TFe area was 

The s t r u t - b n c e d  uing 

Xing area. - An average cruise CD = ,13250 was estinated w i t h  one-third 
% i n  

!,00833) a t t r i o u t a b l e  to t h e  wing,  leaving ,01667 f o r  the mairder of tk 3 i r -  

piane. 
As t h e  wing areas  e r e  increased, their drag was assured t o  be prupwt iana l  to  
their areas,  and therefore  the respective wing CD 

Tne drag of tk mixir.ckr of the a i rp lane  w25 assmed to be indepencknt  of wing 
area. 
p l ane  minus w i n g .  

i n  f i gu re  15, 
h d S  r e p r e s e n t e d  Sy t h e  following equation: 

The22 values e r e  used for  the f i r s t  study r i n g  a w a ,  27.87 a- (300 f t 2 ) -  

' s  remained ,00833. 
P-in 

This produced a cons tan t  equivalent f l a t  p l 2 t e  drag area (F; f o r  the a i r -  
This procedure resulted i n  the to t a l  a i rp iane  CD 's presen ted  

P r i  n 
For t h i s  phase of t h e  s r d y ,  the t o t a l  i i rp l ane  drag c o e f f i c i e n t  

a 

c , 
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L C O ' C O  + -  dk 
%in 

The resul t ing var ia t ion o f  4 0  with 
assamed e = -96. 

i s  presented i n  figure id, based on an 

A prelirinary study of naturally larinar a i r f o i l  sect ims aas mbcted to 
&&mine the maxi- m i s e  5's a t  the Mch nubers o f  in terest  (-60 to -75) 
before signi f icant drag rises varld be encountered. 

9 to 13, i t  appeared that l i f t  c o e f f i c i e n 5  i n  the 0.7 t o  0.8 range nwld he fea- 
sible. Fron f igure 16 an area o f  51.10 &- (5513 ft;] was selected as a aropraclise 
be- higher UD's and anticipated heavier weights o f  the la rger  wings. The 

choice was i n  part based on selecting an 4 D  o f  about 3, which was considered t o  
be a reasonable LID objective for the strut-braced wing configuratim. 

Fraa the data i n  references 

To f i na l i ze  +& wing area selection i t  was necessary to edaluate the flight 

speeds and a l t i tudes required to a t ta in  the desired lift coefficients. 

representative cruise 5 o f  0.7, the f l i g h t  conditions are presented i n  f igure 

1.' for a n d r  of weights, These fl i gh t  conditions are reasonable except a t  the 
;ighter wights ,  which are l i m i t e d  by the a l t i t ude  cagabi l i ty  of the engine- In 
such cases, for a specific cruise Hach rurmber, the airplane i s  forced to  f ly a t  
lower l i f t  coeff ic ients i t h  a resul t ing reduction i n  UD. .As f igure 17 i l l u -  

strates, operation a t  the desired l i f t coefCicients and a t  d e r a t e  business-jet 
ctuise Hach n h r s  q u i r e s  a l t i t u d e s  well  above those fo r  currer t  business 

jets. The engine i n  the required thrust  class wi th the nignest a l t i tude  capabi- 
l i t y  was the General Elecric lF34-GE-10'3, The i.aximn operational a l t i tude  f c r  

th is  engine i s  19.81 kx (65 OOO f t ) ,  

For a 

%e study was later exDanded t o  include 

the 

t o  

13m 

bas 

baseline airplane engine, t !  Garrett AiResearch TFE731-3, which i s  l im i ted  

6-76 b (55 ixx) f t )  but was not considered i n  wing area selection, 

Xitag a i r f o i l s  and sweeo, - The srudy c r i t e r i a  required NACA natura l ly  

mr a i r f o i l  sections for the wing, The a i r f o i l  selection was made rn the 

s of the nost favorable drag characterist ics a t  the expected cruise l i f t 

coefficients and Mach nulbers.  The a i r f o i l s  and associated aerodynamic charac- 
te r i s t i cs  were obtained from wind tunnel tests reported i n  references 9 through 

13. The sections selected were tne 641-4;! for the wing root a d  641-410 

15 



-- 

a t  the wing tip, resul t ing i n  a reighted average Y c  o f  12.2 percent, This t/c 
selection s impl i f ied the design of the airplane by allowing an uraRpt r ing to 
be used, M i l e  s t i l l  permitt ing the expected long-range m i s e  Mach mdtws to 
be flan withart eno ln te r i ng  m r e s s i b i i t y  drag, Note that  although the 
m i s e  Mach nubers for the strut-braced r i n g  airplane LRIO expected to be larar 
than tbse for the baseline airplane, the higher operating l ift coef f ic ients  

required by thr strut-braced wing configuration ruled out an incrpase in  w i n g  

V C .  

Drag Analysis 

The drag character ist ics of the strut-braced wing airplanes m determined 
w i t h  rettrodr previously used f o r  the baseline airplane (ref. 1) Vhem applicable. 
As s t w n  i n  f igures 2 and 3, the tm strut-braced wing configurations am identi- 

Cal 

the 
except for the engine mce l les  

three airplanes i s  represented 

co t o ta l  = %  Pmi n + % ’ %  P i 

and engine struts. The total drag of each o f  

by the fol lowing equation: 

Presentation o f  (+, f o r  each strut-braced wing airplane requires two 
total 

plots; f igures 18 and 19 for the SB-1 and f igures 20 and 21 f 
Figures 18 and 20 present the basic l i f t - d rag  p l a r s  and are based on Reynolds 

nunbers comrsponding b 129 m/s EAS (250 kts), the c l i h  speed. 
Reynolds nulber over the remainder of the C1ight envelope are presented i n  f i g -  

ures 19 and 21. Each o f  the drag items i s  discussed i n  the fo l l rming sections, 

Minium parasite drag - The ninirrnrn parasite drag coeff ic ients were deter- 

i t e  58-2. 

The effects o f  

mined by standard methods, accounting for  the drag items show i n  tables VI 
through V I I I .  The baseline airplane data was developed during the study o f  
reference 1. 
plate area 
cruise a l t i tudes and Mach nunbers. 
58-2, a t  the i r  dif ferent cruise speeds and alt i tudes, are the same except f o r  

the engine s t ru t  and nacelle. 
f r i c t i o n  coeff ic ient  (C,) o f  changes i n  Reynolds riunber and percent laminariza- 

tion. 
16 

The drag values are presented i n  the form o f  equivalent f l a t  

uD S 1 and are based on CL = 0, and representative long-range 
Gate that the drag areas o f  the SB-1 and 

This i s  due t o  the offsett ing effects on the skin 



uii,;: The mini-  parasite drag coeff icient of the wing average aerody- 
namic section (M1-412) was Qtemined by combining 64-212 data (ref. 9) w i t h  

caober effects froc reference 10. Using t h i s  test data and other 6 4 - 4 ~ ~  a i r f o i l  
data (ref. 12) figure 22 was generated shaving the extent o f  natural lasinar 
f low achievable as a fmct ion  of Reynolds nuslber (Appendix A o f  ref. 2). In 
long-range cruise, laminar flow on average extends over approximately 62 percent 

of the wing c b r d  length for tke 93-1 and 60 percent for  the SB-2. These laminar 

flows, which are based on P o o t h - a i r f o i l  t e s t  data, require pore pmcise fabrica- 

t ion than current industry przctice. Due to the shorter chord length, higher 
cruise al t i tudes and lower cruise Mach Msbers, the strut-braced wing operates 

a t  k y m l d s  nlrmbers that  are less than ha l f  those o f  the baseline airplane wing. 
The 1-r Reynolds nuhers lead to greater percentages o f  laminar flow, but also 

resul t  i n  higher laminar and turbulent f r i c t i o n  drag coefficients. 

Supercrit ical a i r f o i l s  e r e  used fo r  the baseline airplane wing enabling 

speeds im to the high-speed cruise Wch nunber o f  0.80 without encountering 

corpress ib i l i ty  drag. This wing was considered to be fully turbulent (ref. 1). 

As a result, the baseline wing has a min i -  parasite drag per unit area about 
46 percent greater than the strut-braced wing (tables V I  and VII) although the 
baseline airplane cruises a t  higher Reynolds nmbers. Viewed another way, the 

wing of the strut-braced airplane has 89 percent greater area than the baseline 

airplar.. wing, but i t s  minium parasite drag area i s  only 24 percent greater- 

Wing st ru ts  and braces: The s t r u t  w i th  tm, braces was chosen over the 

single brace configuration since i t  was s ign i f icant ly  l igh ter  and the impact on 
drag i s  small. 

iverage wing >Pction. 

?e s t r u t  has approximately the same a i r f o i l  (641-412) as the 
The braces have symwtrical 64-012 a i r f o i l s .  

The b.trasite drag of the s t ru ts  and braces was established as i t  was for 
tk *i.ig. Due t o  the lower Reynolds nunbers, laminar f l o w  extended further on 
'k st ruts  and braces than the wing. 

VI1 and VI11 nere es t im ted  based on wind-tunnel tests (ref. 14) wherein the 

interference effects are reduced to  a 10 percent increase i n  the drag o f  the 
isolated s t ru t  and braces. 

t o  20 Lercent. 

The interference ef fects included i n  ta5les 

For t h i s  application, t h i s  allowance was increased 
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The resul t ing drag breakdons are presented i n  tables V I 1  and V I I I .  Note 
that because o f  the o f fse t t ing  e f fec ts  o f  increased laminarity and decreased 

Reynolds nunber on Cf, % 
constant throughout the cruise envelope. 

of the s t ru ts  and braces remained essent ia l ly  
Pmi n 

The s t ru ts  and braces conbined comprise 6.8 petxent o f  the SB-1 t o ta l  

and 7.3 percent of the 9 - 2  t o t a l  CD 
Pmi n %in 

. a t  the cruise conditions of cD 

tables VI1 and V I I I .  

Reminder o f  the airplane: Other than the wing, wing struts, and braces o f  
the 58-1 and 58-2 aircraft,  the remaining parts o f  the a i r c r a f t  were considered 

t o  be i n  f u l l y  turbulent flow. The contr ibutions to the basic m i n i m  parasite 
drag coefficients are contained i n  f igures 18 through 21. 

Variation o f  parasite drag wi th  l ift. - The var iat ion o f  parasite drag 

w i t h  l i f t  includes angle-of-attack dependent f r i c t iGn  drag, pressure drag, and the 

effects o f  a non-e l l ip t ica l  load d is t r ibu t ion  on the wing. This increment (IC ) 

was based i n  part on jet-transport f l i g h t  test  data and includes correlat ions 

for the effects of a i r f a i l  camber, wing sweep, and thickness rat io.  

DP 

Induced draq. - I n  the bookkeeping associated wi th  the method which gener- 

ated the preceding .:C 

The actual value i s  obtained throush the use of the 'CD term. 

, the airplane Oswald ef f ic iency factor "e" becorvs unity. 
OP 

This applies 
P 

t o  the configurations wi th and w 

~ ' - 2  s t ru ts  producc an additional 

The decision t o  u t i l i z e  a 1 

tkout s t r u t s ,  but, as w i l l  be discussed la ter ,  
e f fec t  on induced drag. 

f t i n y  rather tharl non- l i f t ing  s t r u t  and the 

methodology t o  evaluate the wing-strut combination was based on Apperdix B o f  
reference 2. A t  the a i r c r a f t  desi9n l i f t  coef f ic ient  the spanwise l o a d i y  a l m g  

the s t ru t  span i s  made unifot-n! by a rnoderate s t r u t  t w i s t .  

blends i n to  the wing loading f rom the strut-wins intersection t o  the wingtip. 

Hence, there i s  no t r a i l j n g  v o r t i c i t y  sheet f o r  the exposed st ru t ,  and the wing- 

s t ru t  acts as a kinked-nin9 biplane. 

This loading then 
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The der iva t ion  o f  wing-strut L/D was based on s t a r t i n g  w i t h  an e l l i p t i c a l  

wing loading before introducing the s t r u t  ef fects,  This i s  conpatible with the 
drag breakdown format being used f o r  the strut-braced wing airplanes where CD 

i s  based on e = 1.0. The s t r u t  has been placed such tha t  i t  and the wing are a t  

the estimated best long-range cru ise % (.65) sirurltaneously. With t h i s  method 

i t  i s  possible t o  c3 lcu late the s t r u t  l ift c o e f f i c i e n t  (% ) corresponding to  

a pa r t i cu la r  wing l i f t  c o e f f i c i e n t  (C 

coef f ic ients ,  a l l  based on the wing reference area, i s  presented i n  f i gu re  23 
f o r  a nunber o f  s t r u t  t o  wing area rat ios.  

the projected wing area and the s t r u t  area (S,) i s  measured normal t o  i t s  
surface. 

the wing-strut  combination i s :  

i 

S 

). The re la t ionsh ip  o f  these lift 
LW 

Note t h a t  the wing area (S,) i s  

From Appendix 6 o f  reference 2, the induced drag ef f ic iency factor- for 

where I i s  the angle between the wing and the s t r u t  measured i n  the front view 

and CL i s  based cn the s t r u t  reference area. The var ia t ion  o f  "e" w i t h  Ss/Sw 

with total airplane l i f t  c o e f f i c i e n t  i s  presented i n  f igure  24. The l i f t - d r a g  
S 

r a t i o s  were then calculated, using a representative cru ise ,0166 for  

the airplane without s t r u t s  and adding the appropriate minimum parasi te drag 

increment f o r  each s t r u t  size. 
tno d i f f e r e n t  l i f t  coef f i c ien ts  (wing CL and wing plus s t r u t  CL) i n  f igure  25. 

The resu l t i ng  values o f  L/D were p lo t ted  against 

Figure 25(a) shows the systematic va r ia t i on  o f  LID, increasing w i t h  increas- 

ing Ss/Sw, as a fvnction o f  C . 
considered and the s t ru t s  contr ibute s i g n i f i c a n t l y  t o  the t o t a l  a i rp lane CL. 
Therefcre the overa l l  e f fec t  o f  the s t ru t s  on L/D i s  as presented i n  f igure  

25(b). 
t o  the s t ru t s  (increased minimum parasi te drag and increased e f f i c i ency  fac to r ) .  
As f igure  25(b)  indicates, moderate s i z e  s t ru t s  can be added t o  an aspect r a t i o  
25 wing w i th  l i t t l e  degradat im o f  the airplane L/D. 

the s t r u t s  a l l o w  the airplane t o  cruise a t  higher l i f t  coef f i c ien ts  than without 

I n  actual f l i g h t ,  the t o t a l  CL must be 
LW 

This i l l u s t r a t e s  the net r e s u l t  o f  the o f f s e t t i n g  e f fec ts  on drag due 

The l i f t  cont r ibu t ion  o f  

c 
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the s t r u t s  before encountering undesirable a i r f o i  1 drag charac ter is t i cs  asso- 

c ia ted  w i t h  h igh %-moderate Uach nunber operation. 

The resu l ts  o f  t h i s  study were used to select  a s t r u t  s ize and to evaluate 
the aerodynamic charac ter is t i cs  o f  the wing-strut  d i n a t i o n .  

requirements defined the attachnent po in t  of the s t r u t  to the wing. 

uas show t h a t  s t r u t  s ize  d i d  not have a s i g n i f i c a n t  e f f e c t  on L/D, a s t r u t  s ize 

was selected with the saute t / c  as the average wing t/c. This resul ted i n  a s t r u t  

r J i t h  the same drag r i s e  character is t ics  as the wing and s t i l l  la rge enough t o  
generate a s i g n i f i c a n t  amount o f  lift. 

Structura l  
Since i t  

The strut-wing area r a t i o  selected was -170, but t o  account f o r  in ter ference 

effects the s t r u t  was reduced i n  length, f o r  ana ly t i ca l  purposes, resu l t i ng  i n  

Ss/Sw = -139. The induced drag was based on t h i s  reduced area ra t io ;  

but the minimum paras i te  drag o f  the s t r u t s  was based on their. t o t a l  area 

(Ss/Sw = .170). For the incompressible f l i g h t  regime, angle-of-at ,:k dependent 
drag coef f i c ien ts ,  (IC 

s t ra tes the aerodynamics advantage o f  the aspect r a t i o  25 wing over the aspect 

r a t i o  9.77 design. 

plus C 
DP Di 

) are presented i n  f i gu re  26, which demon- 

Compressibi l i ty drag. - The na tu ra l l y  laminar NACA a i r f o i l s  have a much 

e a r l i e r  drag r i s e  than the supercr i t i ca l  a i r f o i l s  used i n  the basel ine a i rp lane 

wing. Coqwess ib i l i t y  drag was zero fo r  the e n t i r e  speed range o f  the basel ine 
airplane (ref .  1). The data sources o f  the compressibi l i ty  drag increment f o r  
the strut-braced wing were references 9 and 10. was such 

tha t  i t  affected the se lect ion o f  high-speed cru ise Mach nlmbers. 

The magnitude o f  C 
DM 

Ef fec t  on winq s iz ing.  - A comparison o f  the f ina l  L/D's ( f i g .  250) t o  
those determined i n  the wing s iz ing phase o f  the study ( f i g .  16) indicates excel- 

l e n t  agreement. 

as stated i n  the wing area section of t h i s  report.  

Therefore the wing i s  proper ly sized to  meet the L/D object ive 

S t a b i l i t y  and C q t r o l  

A cursory s t a b i l i t y  and control  analysis o f  the strut-braced wing business 

j e t  was conducted i n  order t o  determine the required hor izontal  and ve r t i ca l  t a i l  
areas. A l l  t a i l  s iz ing was based on s t a t i c  s t a b i l i t y  and contro l  c r i t e r i a  f o r  
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t a k e o f f  and landing. T k  TF34-GE-100 engine was used f o r  emQennage s i z ing  f o r  
both  strut-braced configurations. Th i s  results i n  a s l i g h t l y  la rger  enQennage 
than  needed for the 58-2 configuration due to  its loner engine-out mwnent. 

The a f t  locarion of the main landing gear on the strut-braced wing configur- 
a t ions  causes a r e l a t ive ly  la rge  amount of longitudinal control power t o  be 
required for m t a t i o n  during takeoff. This defines the forward center-of-gravity 
limit as show on f igu re  27. The a f t  center-of-gravity limit is based on main- 
t a i n i n g  a ten-percent mean aerodynamic chord (WC) static margin. A center-of- 
gravi ty  range of 50.8 an (20 i n )  was deemed adequate to  allow for var ia t ions  i n  
loading. The m i n i m  horizontal t a i l  area which meets a l l  these criteria is 46 
percent la rger  t h a n  t h e  horizontal tail of the basel ine airplane.  The control-  
l ab l e  center-of-gravity range is from 27 t o  60 percent of the MAC, further m a r -  
ward t h a n  usual due t o  the la rge  eipennage. For the ver t ica l  tail, an area 70 
percent g rea t e r  than t h a t  of the basel ine a i rp l ane  is needed t o  provide sufficient 
positiwe d i rec t iona l  s t a b i l i t y  f o r  the s t rut-braced wing configurations.  The 
rudder s i z e  is based on the a b i l i t y  t o  min ta i r .  3 s t r a i g h t  path during takeoff 
w i t h  one engine inoperative.  
of the a i rp lane  f o r  several chord r a t i o s  and rudder def lect ions.  
0.3 and a maximum rudder def lec t ion  o f  230 degrees was se lec ted  as indicated.  

F i g u r e  28 presents  t h e  d i rec t iona l  control capab i l i t y  
A chord r a t i o  of 

PERFORMANCE AND ANALYSIS 

Takeoff and Landing Performance 

loadings and equal or  higher thrust-weight ra t ios .  These 
the takeoff and landing performance of the strut-braced w 
and SB-2 may have such a strong capabi l i ty  i n  these areas 
t o  eliminate h i g h - l i f t  devices. 

I t  was concluded i n  reference 1 t h a t  takeoff and landing performance of the 
baseline airplane would be comparable t o  e x i s t i n g  business jets. 
basel ine airplane,  the strut-braced wing configurations have g rea t ly  reduced wing- 

Compared t o  the 

will enhance 
anes. The SB-1 
may be possible 

f ac to r s  
ng a i r p  
tha t  i t  

Miss ion Performance 

The mission performance o f  the strut-braced wing a i r c r a f t  was determined fo r  
two d i f fe r ing  c r i t e r i a .  I n  the f i rs t  case,  the baseline airplane maximum gross 
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weight c86.3 kN (19 400 l b f ) ]  was used as the maximum gross weight f o r  the s t w t -  

braced wing configurations. The operating empty weights o f  the strut-braced wing 
a i r c r a f t  are t reater  than tha t  o f  the baseline airplane; therefore, a t  constant 

TO@ the avai lable fuel  i s  reduced. 

fuel was determined and compared t o  the baseline airplane range f o r  each payload. 

The range capabi l i ty  w i th  t h i s  reduced 

The second approach was d i r e c t l y  re la ted t o  fuel efficiency i n  that  the 
strut-braced wing airplanes were made t o  f l y  the same payload-range as the base- 

l i n e  airplane, as previously established i n  reference 1. The fue l  required t o  

f l y  these missions was determined and compared t o  that  o f  the baseline airplane. 

Payload-range capabi l i t ies  were calculated using the same mission ground 

Climb performance was rules as were used for the baseline airplane (ref. 1). 
based on a s p e d  schedule consisting o f  a constant equivalent airspeed segment 

[I29 m/s (250 kts)] followed by a segment a t  cruise t4ach number. The cruise 
segment was analyzed i n  the cruise-climb mode a t  thc best Breguet range-factor 

a l t i t ude  o r  a t  the cruise ce i l i ng  when so limited. The reserve fuel  allowance 

was equal t o  t ha t  needed f o r  45 minutes of additional cruise. 

An additional variable a f fec t ing  payload-range performance was the accommo- 

dations provided fo r  the passengers. 

these items. I n  the f i r s t  case the f u l l  accommodations ( for  13 passengers) 

remained aboard the airplane as the number o f  passengers was reduced ana i s  
referred to  on the figures as "passenger accommodations fo r  13 passengers". 

The second method removed the accommodations provided fo r  each passenger as the 

passenger was removed from the payload. 

i s  referred to  as "wi th passenger accommodations adjusted for number of passen- 

gers". The weight increment f o r  accommodations i s  par t  o f  the operatiag weight 

[445 N (I00 l b f )  per passenger]. 

actua l ly  consists o f  passengers plus luggage [756 N (170 l b f )  plus 133 N (30 l b f )  

per passenger]. 

Two methods were employed to  account f o r  

On the appropriate figures, t h i s  case 

Payload, although referred to as "passengers", 

Cruise speed selection. - Long-range and high-speed cruise Mach numbers 

were selected bdsed on the var ia t ion o f  range w i th  cruise Mach number. 

corresponding canges are presented i n  f igure 29 and were based on gross weights 

where passenger accomnodations were adjusted f o r  number o f  passengers. 
loads were varied wi th  number of passengers (payload), and were based on the 

The 

The fuel 
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requirements a t  averr ie  cruise Mach 

range. 

The long-range speeds selected 

except i n  the case o f  the SB-1 a i r p  

t o  provide a lower blocktime w i t h  a 

numbers f o r  f ly ing the basel ine airplane 

wre those resu l t ing  i n  greatest range 

ane, where a l i t t l e  higher speed was selected 

n e g l i g i b l e  e f f e c t  on range. The speeds 
selected were M = -65 f o r  the SB-1 and M = -55 f o r  the SB-2 compared t o  M = -71 
for the baseline airplane. 

High-speed cru ise Mach numbers were selected such tha t  the increased 

speed reduced range by approximately 10 percent. The resu l t ing  cruise speeds 

were M = -70 f o r  the SB-1 and .65 f o r  the SB-2. 
baseline airplane i s  M = -80. 

The corresponding speed f o r  the 

Pay oad versus range. - The payload-range capabi 1 i ties,  w i t h  maximum gross 

Differences i n  operating weight 

weight l i m i t e d  t o  86.3 kN (19 400 l b f ) ,  are prese!ited i n  f igures 30 and 31. 
baseline airplane curves are from reference 1. 
between tne various configurations i s  re f lec ted  i n  f u e l  avai lab le ( f i g .  32). 
The aerodynamic improvement o f  the SB-2 over the basel ine airplane outweighs the 
reduction i n  fue l  and increase i n  operating weight up t o  a payload o f  approxi- 

mately 11 passengers. However, i n  the case o f  the SB-1 airplane, the weight 

increase over the baseline airplane i s  of such magnitude tha t  the avai lab le f u e l  

i s  severely l imi ted;  i n  sp i te  o f  the improved aerodynamics the range i s  d ras t i -  

c a l l y  reduced. 

whi le f o r  the strut-braced wing airplanes i t  i s  2.88 Mg (6 350 lbm). 

The 

Maximum fue l  f o r  the baseline airplane i s  3.45 Mg (7 600 lbm) 

Fuel efficiency. - The fue l  savings w i t h  the strut-braced wing a i r c r a f t  

developed i n  t h i s  study are s ign i f icant .  

fuel saving i s  the a l t i t u d e  l i m i t a t i o n  resu l t ing  from the use of avai lab le 
engines. 

sents long-range cruise CL and L/D o f  the SB-1 and SB-2. 
tha t  as the airplanes become l i g h t e r ,  w i t h  decreasing numbers of passengers, the 

difference between CL and L/D a t  s t a r t  and end o f  cruise increases. 
large di f ference i s  a consequence o f  cru is ing a t  lower than optimum a l t i t u d e  and, 

therefore, a t  higher dynamic pressures. The net r e s u l t  i s  a decrease i n  both 

CL and L/D. 
(dashed l i n e s )  representing the C L ' s  and corresponding L/D's that  occur a t  the 

One o f  the factors  constraining the 

The e f f e c t  o f  t h i s  l i m i t a t i o n  i s  i l l u s t r a t e d  i n  f igure  33 which pre- 

It can be seen 

This 

This e f f e c t  i s  i l l u s t r a t e d  on f igure  34, which presents curves 
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s t a r t  and end o f  the cruise segement. 

incluaed i n  the study and are shown r e l a t i v e  t o  those based on the drag polars. 

The range o f  cruise a l t i t u d e s  i s  also indicated on these figures. 

These curves are based on a l l  the payloads 

In  s p i t e  o f  the engine l i m i t a t i o n  ef fects,  the aerodynamic benef i ts o f  the 

s t r u t - b r a - 4  wing designs are q u i t e  large compared t o  the basel ine airplane. 

A sumnary o f  the long-range and high-speed c ru ise  L/D's i s  presented i n  f igure 35 
f o r  a l l  models. 

tha t  the airplane was not  cru ise-ce i l ing l i m i t e d  and, therefore, was consis tent ly  

able t o  a t t a i n  i t s  best Breguet range fac to r  a l t i tude ,  which i s  essent ia l l y  a 

constant CL operation. 

baseline airplane, are 82 percent and 77 percent f o r  the SB-1 dnd SB-2, respect- 
ive ly .  The average L / D  improvement a t  high-speed cru ise condi t ions i s  84 percent 

f o r  the SB-1 and 67 percent f o r  the SB-2. 

The narrow CL range o f  the basel ine a i rp lane r e f l e c t s  the f a c t  

The average increases i n  long-range L/D, over the 

A t yp i ca l  v a r i a t i o n  with payload o f  avr,,.age cruise spec i f i c  f ue l  consump- 

t i o n  and gross w?ight i s  presented i n  f i g u r e  36. 

plane, the SB-2 weight increase due t o  i t s  la rger  wing area i s  la rge ly  off-set 
by the reduced fue l  requirement. The SB-1 i s  substant ia l ly  heavier than the 

baseline airplane and the SB-2, due almost e n t i r e l y  t o  i t s  larger  engines. 
resu l tan t  wing loadings are 1.92 Pa (40.0 p s f )  f o r  the SB-1 and 1.70 Pa (35.5 

psf) for  the SB-2, compared t o  3.19 Pa (66.7 p s f )  f o r  the basel ine airplane. 
These wing loadings represent a reduction from the baseline o f  40.0 percent and 

46.7 percent f c r  the SB-1 and SB-2, respectively. 

Compared t o  the basel ine a i r -  

The 

The resu l ts  o f  the mission ca lcu lat ions which form the main object ive of 
t h i s  study are sumnarized i n  f igures 37 through 38. The p l o t s  present the fuel 

required t o  f l y  the range o f  the basel ine airplane, versus payload, a t  the stated 

conditions. The corresponding ranges are from f igures 30 t h r w g h  31. The fuel  

savings, i n  percentage form, d i d  not  vary much w i t h  payload, accomdat ions,  o r  

cru ise Mach number. 

percent and applies t o  both the SB-1 and SB-2 airplanes. An addi t ional  compari- 

son was made whereby the long-range baseline airplane mission was flown a t  nigh- 
speed cruise Mach numbers by tne strut-braced airplanes. This would be done t o  
reduce block times, but the fue l  savings decrease t o  an average value o f  16.5 
percent 2 1 percent. 

i n  f igures 39 and 40. 
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Product iv i ty  and Cost Considerations 

I' 

As deta i led i n  the preceding "cruise speed selection' '  section, the cruise 

speeds o f  the strut-braced wing airplanes are subs tan t ia l l y  lower than those o f  

the basel ine l i rp lane.  The lower :ruise speeds r e s u i t  i n  longer t r i p  times and 
therefore, reduced a i r c r a f t  product iv i ty .  

the higher cruise speed has a s i g n i f i c a n t l y  l a r g e r  engine \?ich contr ibutes 

addi t ional  cost. 

operating empty weights than the baseline airplane. 
tend t o  vary d i r e c t l y  wi th  weight, the strut-braced wing afrri-i!ft w i l l  probably 

have a greater i n i t i a l  cost. Addit ional cost? w i l l  a lso s because G f  s i r -  

face tolei-ance requirements for  natural  laminar f low a i r fo f  . t h  the need for 

more s t r ingent  construct ion practices. These factors, a l l  o t  whict. adversely 

impact operating costs, must be weighed against the file1 savings indicated i n  
t h i s  study. 

The s twt-braced conf igurat ion w i t h  

Furthermore, both strut-braced wing c o n f i g i r a t i  011s have higher 

Since constr l c t i o n  costs 

CONCLUDING REMARKS 

A study has been conducted t o  evaluate a t ransat lant ic- ra*ge business j e t  
w i t h  a strut-braced high aspect r a t i o  wing and t o  comparx i t s  performance t o  a 

s imi la r  business j e t  wi th  a conventional wing. i i i t h  both airplanes f l y i n g  the 

same payload-rmge, a substant ia l  f ue l  savings i s  rea l ized w i t h  the strut-braced 

wing desig:i. These savings are possible over a wide range of payloads, operat- 

ing weight5 and crt l ise speeds and f o r  several engines. 
airplane cruises a t  higher a1 ti tudes and lower speeds than the conventional wicg 

conf igurat ion due t o  s i g n i f i c a n t l y  higher cruise l i f t  coeff ic ients.  

coeff ic ients are required t o  rea l i ze  the much higher L/D potent ia l  of the high 
aspect r a t i o  wing. 

has a much lower wing loading than the conventional wing airplane. Although 

strut-bracing reduces the t o t a l  weight f o r  a given wing planform, the larger, 

high aspect r a t i o  wing weighs more than the convent' ?a1 wing. The improved 
aerodynamic performance, however, more than compensates f o r  t h i s  weight penalty. 

Due to  the wing size and complexity, the strut-braced wing airplat ie w i l l  be more 
expensive t o  bui Id, and, due t o  the lower speeds, less productive than the con- 

ventional wing conf i gurat i  on. 

The strut-braced wing 

These l i f t  

Also, due t o  i t s  larger  wing, the strut-braced wing airplane 

! 
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Figure 2. - General arrangement o f  strut-braced wing busiWSS 
j e t  w i t h  TF34-G€-100 engines (model SB-1). 
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Figure 3. - General a r r a n g m n t  of strut-braced wing bus iness  
jet with TFE731-3 engines  (model 58-2). 
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Fuel = 1.77 Rg ( 3  900 lbm) , at maneuver conditions. 

Figure 7. - Wing shear o f  canti lever and strut-braced wings 
on 86.3 kN (19 400 l b f )  58-2 airplane. 
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,Figure 19. - Incremecta! minimum parasite drag coefficient due 
to Reynolds number, for the strut-braced wing 
airplane wSth TF34-GE-100 engines (SB-1).  

67 



. .  . . . . . .  -_ 
a J c ,  
C E  
QaJ 

L W  

-- 
e a  
c- - -  
m a  

U ........ - .. 
. - . - . __ . .  .___ 

0 
N .... --...-- -.- ......... 

.. 
I 

I 

i 

68 

A 



.. . 
_ . .  

- .  .~ 

69 

J 



. 

-. 
c'1 



.4 

- 3  

a -1 0 - 05 

Figure 7 . - Relztionship o f  stmt lift coefficient 
to wing lift coefficient. 

71 

t I 

. 
I 



0 cu 

. 

c3 

N 

0 
0 
c 



0 .4 

w 

.6  -8 

( a )  wing lift coef f ic ient .  

Figure 25. - Li f t -drag  r a t i o  w i t h  and without s t r u t s  - 
= -0166 (without s t ru ts )  - r 

.. - - 
5 = 51.10 m2 (550  f t 2 ) .  

bD 
Pnii n H 

73 



. 4  .6 

cL 

(b )  t a t d l  l i f t  coeff ic ient .  

Fic ju re  25.  - Concluded. 

.a 1 .o 

74 



0 
d 

a- u 
+ 

75 



c 
0 
Y 

u) 
0 
Q 

-c 

.r 

, . . . -. . . _  .* . I - - : :  : ; 

.9 

- 
v - Horizontal t a i l  volume coef f ic ient  

1 .o 

76 

t 

Figure 27. - Center-of-gravity l i m i t s  for  takeoff  and landing. 



.03 

-02 

0 

-. a 

Figure 28. - Estimated d i rect ional  control capabi l i ty  assuming 
an engine fa i lu re .  V = 46.3 m/s (90 kts); 

= 6.64 m2 (71.5 ft2) $"t 

77 



0 
d 

78 



€ - 
Q) m 
E 
4 a -- 

40 

35 

25 

14 

.55 .60 .65 
C r u i s e  Mach number 

.70 

( b )  SB-2. 

Figure  29 .  - Concluded. 

79 

& 



0 
9 

v) 
<rl 

0 
cr) 

a 
(u 

I 
0 

. x  
F 

- -  
VI 

0 

80 

r 
al 
9, c 
aJ 
v) 
VI 
(D 

c 
0 

L- 

n 

4 3 
c 
L 
0 cc 
-0 aJ c, 
VI 
7 
'3 
0 
cg 

VI 
E 
0 

c, 
crr 
.c 

B V 

V 
nr 
L 

c 
aJ 
VI 
VI crr 

% 

n 

n 
(0 
Y 

ti C Y  
I 

d 
e! 
7 
9, 

LL 
.c 

I 

i 



0 
d 

m rn 

‘0 
1.B 

*P 

E m  

a 
(u 
I 
0 

X 

c 

0 
F 

P 

0 

h 

Y 
n 

81 

c 

slra6uassed 40 JaqwnN 



u) 
Pl 

0 
Cr) 

.r 
E 
E O  

N m '  . 
P 
, o  I 

P 

,O 
ic 

I- 

10 

... 1: . :/ ........ I / .  L .. . . _ -  . 1 

C - 

VI 
L 
8 a. 

5 

n 

v) 
v) a 

ce 
0 

L 

P 3 
c 
c 
P 
-0 
tu 
U 

u! 

UJ 
rg 

v) c 
0 

u 
a 
U 

.r 

0 u 
V a 
L 

C: 
aJ 
v) 
v) 
:J 

Q. 

3 3  

.c* 

a 
U 

82 



I c 
c 

X 

Q1 
6 
a 
c 
E 

r 
6 m 
I a 
m 
n 
a 
1 

E 
0 
L 
c 
Y 

-r 

L 
3 
P 

e 
I 
L 
T- 

u 

c 
0 
U 

I 

c 
m 

83 



2 6 a i o  
buber of uassengers 

B 

7 

E 
0 
F 

0 -  8 
0 

X 

.- 

z 
a 
c 
-r 
Q * a 
a 
c 
.) 

*- 

Q 
Y 
0 
l- 

.- 



6 

NUU~X; of passengers 

(b) F&ser.Sw acccmodations for thjr+a-. passengers. 

f 

Figure 32. - Concluaed. 
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( a )  SB-1 a t  4 = -65. 

_ _  
Figure 32.  - L/D and CL versus number o f  passengers. Passenger 

accmmdations adjusted for nunber o f  P d S S M g e r S .  
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(b) SB-2 a t  f4 = 55. 

Figure 33. - Concluckd. 
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Figure 34. - Cruise l ift-drag ratios versus l i f t  coef f ic ient .  
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Figure 3s .  - Comparisons o f  cruise l i f t  to  drag ratios a t  
long range cruise and high speed cruise conditions. 
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Figure 32. - Takeoff grcss weight f o r  basel inp 9ayload-ra:ye 
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