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SUMMARY 

A wind-tunnel i n v e s t i g a t i o n  has been undertaken t o  determine t h e  l a t e r a l  
d i r e c t i o n a l ,  and iong i tud ina l  aerodynamic c h a r a c t e r i s t i c s  of a supersonic  
t r a n s p o r t  conf igura t ion  with a double-de l ta  wing of aspec t  r a t i o  1 .66 .  Ground 
e f f e c t s  were a l s o  i n v e s t i g a t e d .  

There was no l a rge  r educ t ion  i n  s t a t i c  l ong i tud ina l  s t a b i l i t y  a t  high 
angles  of  a t t a c k .  The trimmed l i f t  c o e f f i c i e n t  i n  ground e f f e c t ,  a t  gear  
he igh t ,  was 1 . 2 5  t imes t h a t  out  of ground e f f e c t  a t  t h e  angle  o f  a t t a c k  f o r  
takeoff  o r  landing.  Ca lcu la t ions  of  t akeof f  performance showed t h a t  t h e  take
o f f  d i s t a n c e  can be reduced by inc reas ing  t h e  speed beyond t h a t  corresponding 
t o  the  ground l i m i t  va lue  o f  angle  of a t t a c k .  To improve t h e  l i f t - d r a g  r a t i o  
i n  t h e  t akeof f  climb, i t  is  d e s i r a b l e  t o  a c c e l e r a t e  a f t e r  l i f t - o f f ,  because 
the  speed f o r  maximum L/D i s  about 250 knots  r e l a t i v e  t o  a t akeof f  speed of 
about 190 knots .  The improved L/D r e s u l t s  i n  reduced no i se  a t  d i s t a n c e s  
g r e a t e r  than 3 miles  from brake  r e l e a s e  and r e s u l t s  i n  more e f f i c i e n t  f l i g h t .  

INTRODUCTION 

One a i r c r a f t  con f igu ra t ion  t h a t  has been considered i n  r ecen t  supersonic  
t r a n s p o r t  design s t u d i e s  has a f i x e d  double-de l ta  wing and no h o r i z o n t a l  t a i l  
o r  canard.  Elevons are used f o r  l ong i tud ina l  and l a t e r a l  c o n t r o l .  The double-
d e l t a  wing has a sharp  leading  edge t h a t  produces flow s e p a r a t i o n  a t  angles  of 
a t t a c k  which would be  used f o r  landing and t a k e o f f .  This separa ted  flow forms 
two vor t ex  cores  t h a t  extend above t h e  wing. These vo r t ex  cores  a f f e c t  t h e  
aerodynamic f o r c e s  and moments by i n t e r a c t i n g  with t h e  wing and v e r t i c a l  t a i l .  
I n  r e fe rence  1, it  i s  poin ted  out  t h a t  t h e  use  of s t r a k e s  on a d e l t a  wing t o  
form a double-de l ta  wing i n c r e a s e s  t h e  l i f t  a t  a given angle  of  a t t ack  b u t  
reduces long i tud ina l  s t a b i l i t y .  The double-de l ta  wing, then ,  must be designed 
t o  o b t a i n  adequate l ift a t  a given angle  of a t t a c k  and t o  avoid excess ive  
reduct ions  i n  s t a b i l i t y  with inc reas ing  angle  of  a t t a c k .  

A l a rge - sca l e  wind-tunnel i n v e s t i g a t i o n  has been undertaken t o  determine 
t h e  l a te ra l ,  d i r e c t i o n a l ,  and long i tud ina l  aerodynamic c h a r a c t e r i s t i c s  of  a 
supersonic  t r a n s p o r t  conf igu ra t ion  with a double-de l ta  wing o f  aspec t  r a t i o  
1 .66.  Longitudinal aerodynamic c h a r a c t e r i s t i c s  i n  t h e  proximity of t h e  ground 



were a l s o  obta ined .  The model was equipped with leading-edge f l a p s ,  a rudder ,  
and elevons.  The effects  of  Krueger f l a p  and of i nc reas ing  fuse l age  l eng th  
were a l s o  i n v e s t i g a t e d .  

NOTAT ION 

wing span,  29.0 f t  

wing l o c a l  chord, i n .  

re fe rence  chord, 2/S c2 dy, s t r a k e s  o f f ,  21.68 f t  

drag  c o e f f i c i e n t ,  drag/qS 

lift c o e f f i c i e n t ,  l i f t / q S  

pitching-moment c o e f f i c i e n t ,  p i t c h i n g  moment/qSE, p o s i t i v e  nose up 

yawing-moment c o e f f i c i e n t ,  yawing moment/qSb, p o s i t i v e  nose r i g h t  

s ide - fo rce  c o e f f i c i e n t ,  s i d e  force/qS,  p o s i t i v e  r i g h t  

rolling-moment c o e f f i c i e n t ,  r o l l i n g  moment/qSb, p o s i t i v e  r i g h t  wing 
down 

fuse l age  conf igura t ion ,  s e e  f i g u r e  2(a)  

he ight  o f  moment c e n t e r  above ground p lane  o r  above t h e  runway, f t  

l i f t - d r a g  r a t i o  

engine n a c e l l e s  (no engines)  

load f a c t o r  

2
f ree-s t ream dynamic p res su re ,  l b / f t  

2
r e fe rence  a rea ,  s t r a k e  o f f ,  505.9 f t  

thrus t -weight  r a t i o  

wing- sect ion th ickness  

v e r t i c a l  t a i l  o r  speed 

wing inc luding  s t r a k e  o r  gross  weight 

o rd ina te  of  wing sec t ion  mean l i n e  measured from wing r e fe rence  
l i n e  



a 


B 

&a 

& e  

& K  

6n 

6 r  

Y 


n 

FS 

U 

a 


B 

6a 

upper and lower su r face  o rd ina te s  of  wing s e c t i o n  measured from wing 
re ference  l i n e ,  i n .  

angle  of  a t t a c k  of  wing re ference  l i n e ,  p o s i t i v e  lead ing  edge up, 
deg 

t w i s t ,  angle  between wing s e c t i o n  chord and wing re ference  l i n e ,  
p o s i t i v e  lead ing  edge up, deg 

angle  of  yaw, p o s i t i v e  nose l e f t ,  deg 

a i l e r o n  d e f l e c t i o n ,  ( l e f t  s i d e / r i g h t  s i d e ) ,  & , ( l e f t )  - &,( r igh t ) ,  
deg 

elevon d e f l e c t i o n ,  p o s i t i v e  t r a i l i n g  edge down, deg 

Krueger f l a p  d e f l e c t i o n ,  p o s i t i v e  leading edge down, deg 

leading-edge f l a p  d e f l e c t i o n ,  p o s i t i v e  lead ing  edge down, deg 

rudder d e f l e c t i o n ,  p o s i t i v e  t r a i l i n g  edge l e f t ,  deg 

f l i g h t - p a t h  angle  , deg 

span loca t ion ,  f r a c t i o n  of semispan 

Subsc r ipts 

fuse lage  s t a t i o n  

uncorrected 

wind -stream angu 1a r it y  

d e r i v a t i v e  with r e spec t  t o  B 

d e r i v a t i v e  with r e spec t  t o  6, 

MODEL AND APPARATUS 

When d a t a  out of ground proximity were d e s i r e d ,  t h e  model w a s  mounted on 
the  convent ional  support  system shown i n  f i g u r e  l ( a ) .  For t h e  p o r t i o n  of  t h e  
tests when ground e f f e c t s  were measured, t h e  model was mounted on t h e  ground 
plane support  system ( f i g .  l ( b ) ) .  When ground e f f e c t s  were measured, a 
d i f f e r e n t  se t  of struts was used f o r  each ground h e i g h t .  



The model cons i s t ed  of t h e  wing, fu se l age ,  ver t ical  t a i l ,  and n a c e l l e  
combination shown i n  f i g u r e  2 ( a ) .  I t  was equipped wi th  leading-edge f l a p s ,  a 
rudder ,  and elevons along t h e  wing t r a i l i n g  edge. The leading  edge o f  t h e  
b a s i c  wing and strake was sharp .  Details o f  t h e  Krueger f l a p  are a l s o  shown 
i n  f i g u r e  2 ( a ) .  This  f l a p  was removed when not  used.  The elevons cons i s t ed  
of t h r e e  t r a i l i n g - e d g e  f l a p s  on each wing. Aileron c o n t r o l  was obtained by 
d e f l e c t i n g  t h e  outboard two elevons on each wing. 

Fuselage contours  are shown i n  f i g u r e  2 (b ) .  To o b t a i n  t h e  extended 
fuse l age  conf igu ra t ion ,  F2, a cons tan t  area extens ion  was i n s e r t e d  i n  t h e  
c e n t e r  p o r t i o n  o f  t h e  fuse l age .  

Details of  t h e  wing s e c t i o n s  a r e  shown i n  f i g u r e  2 ( c ) .  The fou r  c o n t r o l  
s ec t ions  f o r  t h e  wing are shown on t h i s  f i g u r e .  The wing su r face  between t h e  
con t ro l  s e c t i o n s  was def ined  by s t r a i g h t - l i n e  elements a t  cons tan t  percent  
chord. The spanwise v a r i a t i o n  of  t w i s t  and maximum th i ckness  a r e  shown i n  
t h e  t a b l e  of  f i g u r e  2 ( c ) .  The mean l i n e s  of  t h e  c o n t r o l  s e c t i o n s  are a l s o  
p l o t t e d  on t h i s  f i g u r e .  The wing su r face  o r d i n a t e s  i n  t a b l e  I are measured 
down from t h e  wing re ference  p lane .  

For t h e  t h r e e  outboard wing con t ro l  s e c t i o n s ,  t h e  wing th i ckness  i s  a 
pa rabo l i c  d i s t r i b u t i o n  with t h e  maximum th i ckness  a t  55-percent chord. The 
roo t  con t ro l  s e c t i o n  (rl = 0.0833) has a somewhat d i f f e r e n t  th ickness  d i s t r i b u 
t i o n .  A s  i nd ica t ed  on f i g u r e  3 ( a ) ,  t h e  th i ckness  of  t h e  s t r a k e  i s  formed by 
s t r a i g h t - l i n e  elements a t  cons tan t  percent  of t h e  exposed span of t h e  s t r a k e  
between fuse lage  s t a t i o n s  105.5 and 264.4. From t h e  %-percent  chord of t h e  
roo t  con t ro l  s e c t i o n  t o  t h e  po in t  on t h e  r o o t  c o n t r o l  s e c t i o n  which i s  an 
extension of  t h e  5S-percent chord l i n e  of  t h e  b a s i c  wing (see f i g .  2 ( c ) ) ,  t h e  
th ickness  i s  cons t an t .  The remainder of t h e  s e c t i o n  i s  a pa rabo l i c  t h i ckness  
d i s t r i b u t i o n  with t h e  maximum th i ckness  a t  t h e  cons tan t  t h i ckness  p o r t i o n  o f  
t h e  s e c t i o n .  

De ta i l s  of t h e  s t r a k e  and t h e  n a c e l l e s  a r e  shown i n  f i g u r e s  3(a)  and 
3 (b) , r e s p e c t i v e l y .  

TEST PROCEDURE AND CONDITIONS 

Force and moment d a t a  were obtained f o r  angles  o f  a t t a c k  from -2" t o  +32" 
at  angles  of yaw from -12" t o  +12'. Ground he igh t  ranged from out of  ground 
e f f e c t  t o  a he ight  of h / F  = 0.19 (a  t y p i c a l  va lue  corresponding t o  l i f t - o f f  
and touchdown). Table I1 is an index o f  t h e  conf igu ra t ions  t e s t e d .  

The f ree-s t ream dynamic p res su re  was 35 l b / f t 2  f o r  most of  t h e  t e s t s ,  
and a Machwhich corresponds t o  a Reynolds number (based on F) of 2 3 . 8 ~ 1 0 ~  

number of  0 .15.  

4 



DATA REDUCTION AND CORRECTIONS 

Forces and moments f o r  t h e  model were measured with t h e  wind-tunnel 
balance system wi th  t h e  moment d a t a  r e f e r r e d  t o  0.25C. The p o s i t i o n  of  t h i s  
moment c e n t e r  is  shown i n  f i g u r e  2 ( a ) .  The r e fe rence  area and lengths  were-
S = 505.9 f t2 ,  c = 21.68 f t ,  and b = 29.00 f t .  Force d a t a  a r e  r e f e r r e d  t o  
wind a x i s ,  and moment d a t a  t o  s t a b i l i t y  a x i s .  

The d a t a  obtained with t h e  model mounted on t h e  conventional support  
system ( i  . e . ,  t h e  d a t a  r e p r e s e n t a t i v e  of t h e  c h a r a c t e r i s t i c s  out  of ground 
proximity)  were co r rec t ed  f o r  wind-tunnel w a l l  effects and s t r u t  t a r e  as 
fo l lows  : 

The strut  tare corresponded t o  t h e  f o r c e  and moment measured f o r  t h e  s t r u t s  
a lone with t h e  model removed from t h e  wind tunne l .  This  t a r e  was n e g l i g i b l e  
f o r  l i f t  and moment c o e f f i c i e n t  and was 0.0027 f o r  drag  c o e f f i c i e n t .  

For d a t a  taken  t o  determine ground e f f e c t s ,  no wind-tunnel w a l l  
co r r ec t ions  were appl ied  s i n c e  they  a r e  n e g l i g i b l e .  However, t h e  fol lowing 
s t r u t  t a r e  and wind-stream a n g u l a r i t y  c o r r e c t i o n s  were included:  

c1 = ctu + Clc1 

The magnitude of t h e  t a r e  (which va r i ed  with ground he ight )  was n e g l i g i b l e  
f o r  l i f t  c o e f f i c i e n t  and l e s s  than 0.012 and 0.008 f o r  drag  and moment 
c o e f f i c i e n t s ,  r e s p e c t i v e l y .  

RESULTS AND DISCUSSION 

Longi tud i n a l  C ha rac t  e r i  s t i cs 

As shown i n  f i g u r e  4 ,  t h e  v a r i a t i o n  of  pitching-moment c o e f f i c i e n t  with 
l i f t  c o e f f i c i e n t  was n e a r l y  l i n e a r ,  with no s e r i o u s  abrupt  changes i n  p i t c h 
i n g  moment i n  t h e  range of C L  used f o r  landing  and t akeof f  (CL = 0.5 
t o  0 .6 ) .  There i s  s l i g h t  gradual  reduct ion  i n  long i tud ina l  s t a b i l i t y  as l i f t  
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i nc reases .  This  curva ture  i n  t h e  pitching-moment curve i s  a s soc ia t ed  with t h e  
presence of t h e  leading-edge vo r t ex  flow f i e l d  above t h e  wing ( r e f .  1). The 
magnitude of t h i s  curva ture  i s  such t h a t  t h e  aerodynamic c e n t e r  s h i f t e d  f o r 
ward about 4 t o  8 percent  of  F (depending on t h e  elevon d e f l e c t i o n )  as CL 
was increased  from 0 t o  1 .0 .  

The long i tud ina l  con t ro l  e f f e c t i v e n e s s  remained e s s e n t i a l l y  unchanged 
f o r  t h e  range o f  d e f l e c t i o n s  t e s t e d  f o r  l i f t  c o e f f i c i e n t s  up t o  1. O .  

Effects  of - ~~~leading-edge f l a p s . - The effects of d e f l e c t i n g  t h e  leading-
edge f l a p s  on t h e  l i f t ,  drag ,  and pitching-moment c h a r a c t e r i s t i c s  o f  t h e  model 
are shown i n  f i g u r e s  4 (b ) ,  (c ) ,  (d) ,  and ( e ) .  These r e s u l t s  are summarized i n  
terms of  L/D and angle  of  a t t a c k  i n  f i g u r e  5 .  A s  shown, t h e  L/D improve
ment at  C L  = 0 .5  i s  about 0 .3 ;  however, at  climbout va lues  of  CL (0.3 t o  
0.4) t h e  L/D improvement inc reases  t o  about 1 .0 .  The angle-of -a t tack  
pena l ty  due t o  d e f l e c t i o n  of  t h e  leading-edge f l a p s  i s  about 1 .0" .  

A s  an a l t e r n a t i v e  t o  us ing  leading-edge f l a p s ,  t h e  use  o f  Krueger f l a p s  
t o  improve L / D  a t  high lift c o e f f i c i e n t s  was considered.  A ske tch  of  t h e s e  
f l a p s  i s  seen i n  f i g u r e  2 ( a ) .  The d a t a  with t h e  Krueger f l a p s  i n s t a l l e d  a r e  
presented  i n  f i g u r e  6 .  A sununary showing t h e  L / D  and angle-of -a t tack  v a r i a 
t i o n  with Krueger f l a p  d e f l e c t i o n  appears i n  f i g u r e  7.  A t  C L  = 0.5 t h e  maxi
mum L/D i nc rease  i s  about t h e  same as obtained with t h e  use  of leading-edge 
f l a p s ;  a t  lower C L  ( 0 . 3 ) ,  however, t h e  L/D i nc rease  i s  l e s s .  The angle-of
a t t a c k  penal ty  remained about t h e  same as f o r  leading-edge f l a p s  a t  a l l  C L .  

A s  shown i n  f i g u r e  2 ( a ) ,  t h e  leading-edge f l a p s  had t h r e e  pane ls  on each 
s i d e ,  each with approximately t h e  same spanwise e x t e n t .  Data with leading-
edge f l a p  d e f l e c t i o n  varying spanwise are presented  i n  f i g u r e  8. The spanwise 
v a r i a t i o n  of  leading-edge f l a p  d e f l e c t i o n  produced modest e f f e c t s  on p i t ch ing -
moment c h a r a c t e r i s t i c s ,  and only minor e f f e c t s  on l i f t  and drag  c h a r a c t e r i s 
t i c s .  These r e s u l t s  suggest  t h a t  moderate improvements i n  s t a b i l i t y  can be 
achieved by spanwise v a r i a t i o n  of  leading-edge f l a p  d e f l e c t i o n .  

In t h e  d a t a  shown above, t h e  leading-edge f l a p s  were d e f l e c t e d  down t o  
inc rease  L/D a t  a given C L .  However, t h i s  was accompanied by an inc rease  
i n  angle  of a t t a c k  requi red  f o r  a given C L .  Therefore ,  t h e  u s e  of  upward 
d e f l e c t i o n  of t h e  leading-edge f l a p s  t o  reduce t h e  angle  of  attack requi red  
f o r  a given CL was considered.  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  are p re 
sented  i n  f i g u r e  9 .  I t  i s  shown t h a t  an upward 20" d e f l e c t i o n  of t h e  leading-
edge f l a p s  reduced t h e  angle  of  a t t a c k  by only 0 . 3 "  a t  C L  = 0 . 5 ,  compared t o  
t h e  conf igura t ion  wi th  0" f l a p  d e f l e c t i o n .  In add i t ion ,  t h e r e  was an i n c r e a s e  
i n  CD f o r  a given C L .  

-. -Effec t s  of  ground proximi ty . - The c h a r a c t e r i s t i c s  of  t h e  model i n  t h e  
presence of t h e  ground- are presented i n  f i g u r e s  10 through 1 2 .  Figure 13 is 
a summary of t h e  ground e f f e c t s .  The effect  on elevon e f f e c t i v e n e s s  was 
s l i g h t .  L i f t -curve  s lope  and s t a t i c  margin changed 0.030 and 0.08,  respec
t i v e l y ,  f o r  a change i n  ground he ight  from out  of ground e f f e c t  t o  
h /c  = 0.19. This  corresponds t o  about a SO-percent i nc rease  i n  l i f t - c u r v e  
s lope .  In t h e  same range o f  ground he igh t ,  t he  d r a g  was reduced 20 percent  
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of  t h e  out  o f  ground e f f e c t  va lue .  With t h e  elevons f i x e d  (6, = - 5 " ) ,  t h e  
l i f t  c o e f f i c i e n t  i n  ground effect  was about 1 . 6  times t h e  value out  of  ground 
effect .  However, with t h e  p i t c h i n g  moment trimmed by u s e  o f  t h e  elevons,  t h i s  
mu l t ip l e  was reduced t o  1.25. 

La te ra l -Di rec t iona l  C h a r a c t e r i s t i c s  

Figure 14 p resen t s  d a t a  with va r ious  angles  of s i d e s l i p  f o r  t h e  s h o r t  
fuse lage  conf igu ra t ion .  Data with t h e  ve r t i ca l  f i n  and t h e  n a c e l l e s  removed 
a r e  presented  i n  figures 15 and 16, r e s p e c t i v e l y .  

Lateral s t a b i l i t y . - A summary of t h e  d a t a  showing t h e  v a r i a t i o n  o f  C 

with s i d e s l i p  and l i f t  c o e f f i c i e n t  i s  presented  i n  f i g u r e  17.  The va lue  o f  
2B 


v a r i e s  between -0.0018 and -0.0030 f o r  CL from 0 .4  t o  1 .0 .  C L B  was 
ZB 


obtained by c r o s s p l o t t i n g  C2  ve r sus  B and then  measuring t h e  s lope .  

D i rec t iona l  s t a b i l i t y . - The d a t a  f o r  t h e  conf igura t ion  with t h e  extended 
fuse lage  a r e  presented  i n  f i g u r e  18. Figure 19 i s  a summary o f  t h e  yawing 
moment due t o  s i d e s l i p  c h a r a c t e r i s t i c s  of t h e  model as shown i n  f i g u r e s  14(b) 
and 18 (b ) .  The v a r i a t i o n  of  yawing moment with angle  of  s i d e s l i p  i s  s t a b l e  
a t  l i f t  c o e f f i c i e n t s  up t o  0 .8 ,  bu t  t h e  l e v e l  of s t a b i l i t y  i s  reduced consid
e rab ly  a t  a l i f t  c o e f f i c i e n t  of  1 . 0 .  This  i s  due t o  t h e  e f f e c t  o f  t h e  i n t e r 
ac t ion  of t h e  windward wing leading-edge v o r t e x  and t h e  forebody v o r t i c e s  with 
the  v e r t i c a l  t a i l .  The only s i g n i f i c a n t  e f f e c t  o f  extending t h e  fuse l age  was 
t o  reduce 

CnB 
f o r  low va lues  of s i d e s l i p  and t o  cause t h e  d e s t a b i l i z i n g  

tendency a t  high l i f t  t o  become more severe .  The va lue  of  Cn measured a t  
low va lues  of l i f t  c o e f f i c i e n t  and s i d e s l i p  i s  0.0020 f o r  t h e  gxtended 
fuse lage  conf igu ra t ion .  

La te ra l  c o n t r o l . - Data with var ious  a i l e r o n  d e f l e c t i o n s  a t  zero elevon 
a r e  presented  i n  f i g u r e  20. 

of C L  from 0 t o  1 . 0 .  The va lue  of C w a s  0.00088 a t  zero l i f t .  The 


The a i l e r o n s  a r e  seen t o  be e f f e c t i v e  f o r  va lues  

'6, 
yawing-moment c o e f f i c i e n t  due t o  a i l e r o n  d e f l e c t i o n  i s  adverse a t  high l i f t  
c o e f f i c i e n t s  but no t  a t  low l i f t  c o e f f i c i e n t s  (CL below 0.23) .  The va lues  
of Cn6, a r e  -0.0001 and -0.0002 f o r  C L  = 0.4 and 0.8,  r e s p e c t i v e l y .  

Figure 2 1  p re sen t s  d a t a  f o r  va r ious  angles  of s i d e s l i p  with t h e  a i l e r o n s  
d e f l e c t e d .  An a i l e r o n  d e f l e c t i o n  of 6, = 40" was adequate t o  t r i m  up t o  1 2 "  

CL = 0.8.of s i d e s l i p  a t  

Di rec t iona l  c o n t r o l . - Data wi th  va r ious  rudder  d e f l e c t i o n s  are presented  
i n  f i g u r e  22: The rudder  e f f e c t i v e n e s s  i s  l i n e a r  and can b e  seen  t o  be inde
pendent of  CL f o r  values  o f  C L  from 0 t o  1 .0 .  The va lue  o f  Cn was 

6 r  
measured t o  be -0.0014. Figure 23 p r e s e n t s  d a t a  f o r  va r ious  angles  of  s i d e 
s l i p  with t h e  rudder  d e f l e c t e d .  The maximum rudder  d e f l e c t i o n  t e s t e d  

CL(6, = +27") was no t  adequate t o  t r i m  12" o f  s i d e s l i p  ( B  = 12") f o r  from 
0.2 t o  0.8.  
s i d e s l i p .  

A t  CL = 0.6  t h i s  rudder  d e f l e c t i o n  would t r i m  about 10" o f  
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COMPARISON WITH THEORY 

Out o f  Ground Effect 

A t h e o r e t i c a l  method t o  p r e d i c t  t h e  normal f o r c e s  and p i t c h i n g  moments 
on low-aspect-rat io  wings with leading-edge v o r t e x  flow i s  presented  i n  
re ference  2. This  method has been appl ied  t o  t h e  wing fuse lage  conf igu ra t ion  
used i n  t h e  p re sen t  i n v e s t i g a t i o n ,  and t h e  r e s u l t s  are shown i n  f i g u r e  24.  
A s  shown, t h e  l i f t  curve i s  s l i g h t l y  under t h a t  p red ic t ed  with a maximum e r r o r  
i n  CL of  0.07. The aerodynamic c e n t e r  l o c a t i o n  a t  low l i f t  i s  p red ic t ed  
well. However, t h e  theory  p red ic t ed  an i n c r e a s e  i n  long i tud ina l  s t a b i l i t y  
with inc reas ing  CL i n s t ead  of  t h e  s l i g h t  r educ t ion  i n  s t a b i l i t y  obtained 
exper imenta l ly .  A t  C L  = 0.5,  t h e  e r r o r  i n  long i tud ina l  s t a b i l i t y  i s  
6 -percent  c. 

In  Ground Effect 

For t h e  p r e d i c t i o n  o f  ground e f f e c t ,  t h e  theory  of Gersten ( r e f s .  3 
and 4) was used. A summary of t h e  ground e f f e c t  on l i f t  r e s u l t s ,  as measured 
i n  t h e  present  i n v e s t i g a t i o n ,  i s  compared wi th  Gers ten ' s  theory  i n  f i g u r e  25. 
I t  i s  seen t h a t  f o r  t h e  range of  ground he igh t s  t e s t e d  t h e  agreement between 
theory  and experiment i s  good. 

TAKEOFF PERFORMANCE 

A double-del ta  wing t r a n s p o r t  has aerodynamic c h a r a c t e r i s t i c s  cons ider 
ab ly  d i f f e r e n t  from those  o f  convent ional  subsonic  j e t  t r a n s p o r t s .  Three 
c h a r a c t e r i s t i c s  are e s p e c i a l l y  noteworthy. F i r s t ,  t h e  l i f t  c o e f f i c i e n t  
a v a i l a b l e  f o r  t akeof f  and landing i s  l imi t ed  by t h e  low l i f t - c u r v e  s lope  and 
t h e  ground c learance  l i m i t  on angle  of a t t a c k  (about a = 12') .  Second, t h e  
l i f t - d r a g  r a t i o  i s  low (about 5) a t  va lues  of  l i f t  c o e f f i c i e n t  used f o r  
take-of f  and landing .  F i n a l l y ,  t h e  thrus t -weight  r a t i o  i s  q u i t e  high 
(about 0 .38 ) .  

Figure 26 p resen t s  trimmed va lues  of  C L  as a func t ion  of  L / D ,  and a. 
f o r  t h i s  double-del ta  conf igura t ion  both i n  and out  of ground e f f e c t .  A 
r e p r e s e n t a t i v e  va lue  o f  angle  of a t t a c k  f o r  l i f t - o f f  i s  about a. = 1 2 " ,  s o  
t h a t  t h e  maximum a v a i l a b l e  l i f t  c o e f f i c i e n t  f o r  l i f t - o f f  with leading-edge 
f l a p s  d e f l e c t e d  30' i s  CL = 0.64.  The va lue  of  L/D out of  ground e f f e c t  
a t  t h i s  l i f t  c o e f f i c i e n t  i s  approximately h a l f  t h e  maximum va lue .  

Takeoff Veloc i ty  and Distance 

The takeoff  c h a r a c t e r i s t i c s  have been p red ic t ed  f o r  an a i r p l a n e  having 
t h e  aerodynamic c h a r a c t e r i s t i c s  presented  here  and t h e  t h r u s t  and weight 
c h a r a c t e r i s t i c s  r e p r e s e n t a t i v e  of a supersonic  t r a n s p o r t  a i r p l a n e .  Some of  
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t h e  parameters used i n  t h i s  computation are l i s t e d  i n  t a b l e  111, and a b r i e f  
d e s c r i p t i o n  of t h e  computational technique i s  given i n  appendix A.  Figure 27 
p resen t s  t h e  t akeof f  d i s t a n c e s  t o  f l i g h t  speeds corresponding t o  l i f t - o f f  and 
50-foot a l t i t u d e  f o r  va r ious  va lues  of gross  weight.  Fo r  comparison, t h e  
f l i g h t - t e s t  r e s u l t s  o f  a KC-135A j e t  tanker  a r e  a l s o  presented  ( r e f .  5 ) .  P e r 
t i n e n t  parameters of t h e  KC-135A are a l s o  l i s t e d  i n  t a b l e  111. L i f t - o f f  
v e l o c i t i e s  are about 20 knots  h ighe r  f o r  t h e  SST (due t o  t h e  low value o f  C L  
a v a i l a b l e ) .  However, because of  i ts  supe r io r  a c c e l e r a t i o n  a b i l i t y  (due t o  
t h e  h igher  th rus t -weight  r a t i o ) ,  t h e  t akeof f  d i s t a n c e  t o  an a l t i t u d e  o f  
50 feet  f o r  t h e  SST ( f o r  W = 590,000 l b )  i s  about 1500 fee t  less than  t h a t  of 
t h e  KC-135A ( f o r  W = 240,000 l b ) .  

Optimum Lift-off Speed 

Minimum l i f t - o f f  speed is not  t h e  speed f o r  optimum takeof f  f o r  t h i s  
a i r c ra f t .  For t h e  t akeof f  computation shown i n  t h e  previous f i g u r e ,  l i f t - o f f  
occurred near  t h e  l i m i t  value of angle  of a t t a c k .  This w a s  done t o  l i m i t  t h e  
speed a t  l i f t - o f f  t o  a n e a r  minimum value .  An improved L/D at  t akeof f  can 
be  achieved by inc reas ing  t h e  l i f t - o f f  speed. Increased l i f t - o f f  speed w i l l  
reduce t h e  C L  below t h a t  a v a i l a b l e  at  a = 12 '  and thereby  inc rease  t h e  
L / D  (see f i g .  26(b) ) .  A s  shown i n  f i g u r e  28, increas ing  the  l i f t - o f f  
speed from 170 t o  189 knots  improved t h e  second segment r a t e  of climb by 
9 percent  without i nc reas ing  t h e  d i s t a n c e  requi red  t o  a t t a i n  an a l t i t u d e  of 
35 f e e t .  

Takeoff Climb P r o f i l e  

To opera te  a t  an improved L/D a f t e r  l i f t - o f f ,  it i s  necessary t o  
a c c e l e r a t e  t o  h igher  speed ( i . e . ,  lower CL) r a t h e r  than  t o  climb a t  t h e  max
imum angle a v a i l a b l e  a t  t akeof f  speed. This  w i l l  r e s u l t  i n  reduced a i r p l a n e  
a l t i t u d e  i n  t h e  v i c i n i t y  of  t h e  a i r p o r t .  However, t o  reduce t h e  n o i s e  heard 
on t h e  ground, i t  i s  d e s i r a b l e  t o  a t t a i n  high a l t i t u d e  and high L / D  (low 
t h r u s t ) .  These climb technique cons ide ra t ions  a r e  shown i n  f i g u r e  29, where 
two climb p r o f i l e s  are p resen ted .  One r ep resen t s  a high climb g rad ien t  tech
nique,  t h e  o t h e r  an a c c e l e r a t i o n  type .  For t h e  high climb gradien t  t akeof f  
( i . e .  , a i r c r a f t  A, f i g .  29) , t h e  angle  of a t t a c k  was increased  from 12 '  at  
l i f t - o f f  t o  14' ,  r e s u l t i n g  i n  a load f a c t o r  o f  1 . 2  ( s tandard  day) .  This 
load f a c t o r  was maintained u n t i l  a climb speed of 196 knots  was reached, 
then t h e  load f a c t o r  was reduced t o  1 . 0  while cons tan t  speed was maintained, 
so t h a t  a cons tan t  climb g rad ien t  was achieved. The i n i t i a l  a c c e l e r a t i o n  
type of t akeof f  was performed by maintaining a much sma l l e r  cons tan t  load 
f a c t o r  throughout t h e  e n t i r e  climb (n = 1.05 s tandard  day) .  

A t  a po in t  3 miles from brake r e l e a s e ,  t h e  h igher  climb g rad ien t  a i r c r a f t  
was 700 f e e t  higher;  however, t h e  speed was 55 knots  lower than  t h a t  of  t h e  
reduced climb g rad ien t  a i rcraf t .  The thrus t - to-weight  r a t i o  (corresponding 
t o  500 fpm rate  o f  climb and cons tan t  speed) o f  t h e  h igher  a i r c ra f t  was about 
27 percent  g r e a t e r  than t h a t  of  t h e  lower a i rc raf t  because o f  t h e  lower L/D 
corresponding t o  t h e  lower speed. Noise of t h e  two a i rc raf t  at  t h e  3-mile 
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p o i n t  was c a l c u l a t e d  u s i n g  t h e  method descr ibed  i n  r e fe rence  6 .  The n o i s e  
heard on t h e  ground at t h e  3-mile p o i n t  i s  e s s e n t i a l l y  t h e  szme f o r  t h e  two 
t akeof f  techniques;  t h a t  is ,  t h e  i n c r e a s e  i n  n o i s e  due t o  t h e  increased  t h r u s t  
o f  t h e  h ighe r  aircraft is  compensated f o r  by t h e  a t t e n u a t i o n  i n  n o i s e  due t o  
t h e  increased  a l t i t u d e .  However, a t  d i s t a n c e s  from brake release g r e a t e r  
than  3 miles, t h e  a l t i t u d e s  of  t h e  two aircraft w i l l  approach one another ,  
and t h e r e f o r e  t h e  h ighe r  speed aircraft  w i l l  produce less n o i s e  on t h e  ground. 

Also shown i n  f i g u r e  29(a) i s  a small p o r t i o n  of t h e  climb p r o f i l e  o f  t h e  
KC-135A j e t  t anker .  For  t h i s  aircraft ,  t h e  speed f o r  maximum L/D i n  t h e  
t akeof f  conf igu ra t ion  corresponds t o  about l i f t - o f f  speed, hence an i n i t i a l  
a c c e l e r a t i o n  would not  improve climb performance. 

CONCLUDING REMARKS 

The fo l lowing  conclus ions  were obta ined  from t h e  r e s u l t s  of  a l a rge - sca l e  
wind-tunnel i n v e s t i g a t i o n  t o  determine t h e  aerodynamic c h a r a c t e r i s t i c s  o f  a 
double-de l ta  supersonic  t r a n s p o r t  conf igu ra t ion :  

1. No l a r g e  reduct ion  i n  s t a t i c  l o n g i t u d i n a l  s t a b i l i t y  i n  t h e  normal 
ope ra t ing  range of angle  o f  a t tack was found. 

2 .  The trimmed l i f t  c o e f f i c i e n t  i n  ground e f fec t ,  a t  gea r  he igh t ,  was 
1.25 t imes t h a t  ou t  of  ground effect  a t  t h e  same angle  of  a t t a c k .  

3 .  The l i f t  c o e f f i c i e n t ,  both i n  and ou t  o f  ground e f f e c t ,  was 
p red ic t ed  wi th in  about 10 pe rcen t .  

4. The aerodynamic c e n t e r  was p red ic t ed  s a t i s f a c t o r i l y  out  of  ground 
e f f e c t .  However, t h e  theory  p red ic t ed  a s l i g h t  i n c r e a s e  i n  long i tud ina l  
s t a b i l i t y  with angle  of  a t t a c k  r a t h e r  than  t h e  s l i g h t  reduct ion  i n  s t a b i l i t y  
found experimental ly  . 

5 .  Takeoff performance can be improved by inc reas ing  l i f t - o f f  speed 
beyond t h a t  corresponding t o  t h e  l i m i t  va lue  of  angle  o f  a t tack.  

6 .  Noise heard on t h e  ground can be  reduced at  d i s t a n c e s  from brake 
r e l e a s e  g r e a t e r  than  about 3 mi les  by a c c e l e r a t i n g  af ter  l i f t - o f f .  The 
reduced no i se  r e s u l t s  from t h e  improved L/D a v a i l a b l e  a t  h igher  speed 
( i . e . ,  a t  lower CL). 

Ames Research Center  
Nat ional  Aeronaut ics  and Space Adminis t ra t ion 

Moffet t  F i e l d ,  Cal i f .  94035, Nov. 8, 1968 
720-01-00-01-00-21 
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APPENDIX A 

DESCRIPTION OF THE COMPUTATIONAL TECHNIQUE FOR 

ESTIMATING TAKEOFF PERFORMANCE 

The computation i s  performed on a d i g i t a l  computer on which t h e  
long i tud ina l  equat ions of motion are i n t e g r a t e d  i n  a s tep-by-step f a sh ion  with 
time. A t  each po in t  i n  t i m e ,  t h e  f o r c e s  and moments on t h e  a i rcraf t  are 
obtained from t h e  aerodynamic d a t a ,  t h e  engine d a t a ,  and t h e  weight f o r c e .  

The takeoff  maneuver i s  considered i n  t h r e e  phases:  ground r o l l ,  
t r a n s i t i o n ,  and climb-out.  Ground r o l l  c o n s i s t s  of  an i n i t i a l  a c c e l e r a t i o n  
du r ing  which t h r u s t ,  CL,  and CD are assigned through inpu t .  A t  t h e  t i m e  a 
p re sc r ibed  r o t a t i o n  v e l o c i t y  i s  reached, t h e  elevons are de f l ec t ed ,  and t h e  
r e s u l t i n g  angle  of  a t t a c k  is computed. The t r a n s i t i o n  phase begins  r i g h t  
a f te r  l i f t - o f f  when t h e  t a r g e t  va lue  of  angle  of a t t a c k  has been reached. 
During t h i s  phase t h r u s t ,  C L ,  C D ,  and a are assigned c o n s i s t e n t  with t h e  
appropr i a t e  ground he igh t .  This  phase cont inues u n t i l  t h e  a i rc raf t  i s  out  of 
ground e f f e c t .  For t h e  climb-out phase,  t h e  load f a c t o r  i s  assigned and CL 
i s  computed t o  y i e l d  t h e  ass igned  load f a c t o r .  The angle  of a t t a c k  and t h e  
drag c o e f f i c i e n t  a r e  then  obta ined  from t h e  aerodynamic d a t a .  One t r i a l  
computation is  gene ra l ly  r equ i r ed  s o  t h a t  t h e  load f a c t o r  a t  t h e  end of t h e  
t r a n s i t i o n  matches t h e  assigned va lue  f o r  climb-out.  
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TABLE I.- WING SURFACE ORDINATES 


[Measured down from wing re ference  p lane]  

n = 0.0833 rl = 0.0833 
X l  C x/ c . .  

zU ZL ZU ZL 
~~ 

0 0 00.55  0 13.065 
.0638 0 .68 13.065 
.10 + .715 12.756 

w.15 x .75 12.070 
.20  3 .786 11.050+.25 m . 8 2 2  9.744 
.30 + .86 8.350 
.35 12.060 .89 6.696 
.40 12.160 .93 4.625 
.45 12.620 .964 2.276 
.50 12.940 1.00 0.0 

~~ 

n = 0.2155 n = c  3879 r l =  .00 . 

ZU 

6.493 

.05 5.203 

.10 4.164 

.15 3.320 

. 2 0  2.627 

.25 2.035 

.30 1.509 

.35 1.049 

.40 .657 

.45 .331 

.50 .072 

.55 -.119 

.60 - .228 

.65 -.236 

.70 -.145 

.75 -.218 

.80 - .162 

.85 -.122 

.90 -.131 

.95 - .140 
1.00 0 

L L  ZU Z L  ZU ZL 
6.493 4.515 4.515 0.795 0.795 
6.500 3.919 4.723 .823 .676 
6.691 3.364 4.931 .851 .565 
7.025 2.850 5.139 .879 .461 
7.441 2.377 5.347 .908 .364 
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TABLE 1 1 1 . - AIRCRAFT PARAMETERS USED FOR THE TAKEOFF COMPUTATION 


W = 590,000 lb  

W/S = 70 l b / f t 2  

6, = 30° 

Maximum angle  of a t t a c k  a t  l i f t - o f f ,  a = 1 2 O  

Gear he ight  h / F  = 0.19 

T/W = 0 . 3 9 ,  sea - l eve l  s t a t i c  t h r u s t  

KC- 135A 

W = 240,000 lb  

W/S = 98.5  l b / f t 2  

Trai l ing-edge f l a p s  = 20' 

T/W = 0.216, s ea - l eve l  s t a t i c  t h r u s t  

4

15 


I 



16 
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(a) Conventional support system. 

~ 

'-l 
Figure 1.- The model mounted in the Ames 40- by 80-Foot Wind Tunnel. 

L---_________ . __ ._~ .. _ 

l 

A-35307 



A - 36360 

(b) Ground plane support system. 

Figure 1.- Concluded. 
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_----------
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(a) Two views of the model. 


Figure 2.- Geometric details of the wing and fuselage. 
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(b) Fuselage contours. 


Figure 2.- Continued. 
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(c) Wing sec t ion  d e t a i l s .  

Figure 2 .  - Concluded. 
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(a) S t rake  d e t a i l s .  

Figure 3 . - St rake  and engine n a c e l l e  d e t a i l s .  
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(b) Engine nace l le  d e t a i l s .  

Figure 3 . - Concluded. 



I .4 


1.2 


1.0 

.8 


.6 


CL .4 


.2 

0 


-.2 


-.4 

--6_ _  
0 .I .2 .3 .4 .5 .6 .7 .8 .04 0 -.04 -.08 -.I2 -.I6 

CD Cm 
-4 0 4 8 12 16 20 24 28 32 

a, deg 

(a) 6n = 0" 

Figure 4 . - The e f f e c t  of v a r i a t i o n  of 	elevon de f l ec t ion  on the  c h a r a c t e r i s t i c s  o f  the  model with the  
s h o r t  fu se l age ;  h/E = a. 
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Figure 4.- Continued. 
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Figure 4.- Concluded. 
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Figure 5 . - The e f f e c t i v e n e s s  o f  t h e  nose f l a p s  on t h e  model w i t h  t h e  s h o r t  
fu se l age ;  6, = O" ,  h / c  = a. 
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Figure 6 . - The e f f e c t  of v a r i a t i o n  of Krueger f l a p  de f l ec t ion  on the  configurat ion with t h e  extended 
fuselage;  6, = O " ,  6, = O",  h/c  = m. 
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Figure 7.- \e  e f f ec t iveness  of  t h e  Krueger f l a p s  on t h e  model with the  
extended fuse lage ;  6, = O " ,  6, = 0", h /c  = m. 
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Figure 9 . - The e f f ec t  of d e f l e c t i n g  the  nose f l a p s  t o  negat ive de f l ec t ion  on the  c h a r a c t e r i s t i c s  of the  
model with the  extended fuse lage ;  6, = O o ,  h/E = m. 
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Figure 10.- The e f f e c t  of elevon def lec t ion  on the  cha rac t e r i s t i c s  of the  model with the  extended 
P 
w fuselage and the  nace l les  removed i n  the presence o f  the  ground; 6, = 0.  
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Figure 10 . - Continued. 
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Figure 11.- The e f f e c t  of nose f l a p  de f l ec t ion  on the  c h a r a c t e r i s t i c s  of t h e  model i n  the  presence of t he  
ground; h/E = 0.19, 6, = -5 ,  extended fuse lage ,  nace l l e s  removed. 
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Figure 12.- The effect  of elevon de f l ec t ion  on t h e  c h a r a c t e r i s t i c s  of t h e  model i n  the  presence of  t he  
ground; h/c  = 0.19, 6, = 30°, extended fuselage,  nace l l e s  removed. 
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F i  gure 15.- The e f f e c t  of v a r i a t i o n s  of s i d e s l i p  on the  c h a r a c t e r i s t i c s  of t he  model with the  sho 
fuse lage  and with the  v e r t i c a l  t a i l  removed; h / c  = 03. 
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Figure 2 0 . - Continued. 
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Figure 20.- Concluded. 
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Figure 21.- The e f f e c t  of s i d e s l i p  on the  c h a r a c t e r i s t i c s  of  t he  model with the  s h o r t  fuse lage  and with 
the  a i l e rons  def lec ted ;  6, = 0", 6, = O" ,  = -20/20, h / c  = m. 
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