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ABSTRACT 

The aerodynaini c cha rac te r i  s t i  cs f o r  both s i  ngle and t w i  n-engi ne high- 
performance a i r c r a f t  are s i  gni  f i c a n t l y  a f f e c t e d  by shock induced f l o w  
i n t e r a c t i o n s  as w e l l  as o the r  l o c a l  f low i n t e r f e r e n c e  e f f e c t s  which u s u a l l y  
occur a t  t ranson ic  speeds. These adverse i n t e r a c t i o n s  can n o t  on ly  cause h igh  
drag, b u t  a l s o  cause unusual aerodynamic loadings and/or severe s t a b i l i t y  and 
c o n t r o l  problems. Many new programs are under way t o  n o t  o n l y  develop methods 
f o r  reducing the adverse ef fects ,  b u t  a l s o  t o  develop an understanding of t h e  bas i c  
f l o w  cond i t i ons  which are the primary con t r i bu to rs .  It i s  a n t i c i p a t e d  t h a t  
these new programs w i l l  r e s u l t  i n  technologies which can reduce the a i r c r a f t  
c r u i s e  drag through improved i n t e g r a t i o n  as w e l l  as increase a i r c r a f t  
maneuverabi l i t y  through the a p p l i c a t i o n  of t h r u s t  vector ing.  Th is  paper w i  11 
at tempt t o  i d e n t i f y  some o f  the pr imary i n t e g r a t i o n  problems f o r  twin-engine 
a i r c r a f t  a t  t ranson ic  speeds, and demonstrate several  methods f o r  reducing o r  
e l i m i n a t i n g  the undesi rab le c h a r a c t e r i s t i c s ,  whi l e  enhancing c o n f i g u r a t i o n  
e f fec t i veness .  
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T o t a l  a f terbody drag c o e f f i c i e n t  

bray c o e f f i c i e n t  o f  the t a i  1 surfaces ( t a i  1 drag + 
i n t e r f e r e n c e )  

Nozzle drag c o e f f i c i e n t  

Incremental  drag c o e f f i c i e n t  

P i  t c h i  ng momen t coef f i c i  e n t  

Y awi ng moment coef f i c i  e n t  

Pressure c o e f f i c i e n t  

R a t i o  o f  t h r u s t  t o  i d e a l  t h r u s t  

Ra t io  o f  r e s u l t a n t  (gross)  t h r u s t  t o  i d e a l  t h r u s t  

H o r i z o n t a l  t a i  1 

Length o f  model 
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Abbrev iat ions:  

AFT 

Ax i 

Fwd 

L.E. 

M i  d 

Non ax i  

SMTD 

I The miss ion  
d i c t a t e  a h i g h l y  

Mach number 

Nozzle pressure r a t i o  

Dynami c pressure 

V e r t i c a l  t a i  1 

Dis tance from nose o f  model t o  pressure o r i f i c e  

Angle o f  a t tack  

Nozzle boa t ta i  1 angle 

Ra t io  o f  boa t ta i  1 angle o f  s i  dewal Is t o  boa t ta i  1 angle o f  
nozz le upper and lower f l a p s  

F low t u r n i n g  angle 

I d e a l  f l ow  t u r n i n g  angle 

D e f l e c t i o n  o f  the nozz le upper and lower f l a p s  

R o l l  angle l o c a t i o n  o f  pressure measuri ng & v i  ces 

Nozzle cant  angle 

Rear l o c a t i o n  

Axi  symmetri c 

Forward l o c a t i o n  

Leading edge 

M i  dd le  l o c a t i o n  

Nonaxi symmetri c 

STOL and Maneuver Technology Demonstrator 

INTRODUCTION 

requirements f o r  the  nex t  generat ion f i g h t e r  a i r c r a f t  may 
v e r s a t i  l e  v e h i c l e  capable o f  opera t ing  over a wide range o f  

f l i g h t  condi t ions.  Th is  a i r c r a f t  w i l l  most l i k e l y  be designed f o r  h igh  
maneuverabi l i ty  and a g i l i t y ,  operate i n  a h i g h l y  h o s t i l e  environment, and 
possess STOL land ing  cha rac te r i  s t i  cs t o  operate from bomb damaged a i  rf i e  Ids  
( re ference 1). Many design gu ide l i nes  tend  t o  be con t rad i c to ry  f o r  the 

2 



subsonic and supersonic Speed regimes and a i r c r a f t  performance can be 
compromi sed by smal l  changes i n  these desi  yn consi d e r a t i  ons. 

The a t ta inment  o f  h igh  performance i s  h i g h l y  dependent upon the 
min imiza t ion  o f  i n t e r f e r e n c e  r e s u l t i n g  from the i n t e g r a t i o n  o f  the  p ropu ls ion  
exhaust system i n t o  the air f ra ine, one o f  the most c r i t i c a l  design fea tures  o f  
an a i r c r a f t  ( re fe rence 2 ) .  
area i s  i l l u s t r a t e d  i n  f i g u r e  1 where the  percent o f  t o t a l  a i r c r a f t  dray 
a t t r i b u t e d  t o  the  a i r c r a f t  a f terbody i s  presented f o r  f o u r  twin-engine f i g h t e r  
a i r c r a f t .  Representat ive a i r c r a f t  froin an ' ' i dea l "  research c o n f i g u r a t i o n  
t e s t e d  i n  1961 t o  the  F-18 a i r c r a f t  t es ted  i n  1978 are shown. The a f te rbod ies  
o f  these models comprised froin 20 t o  35 percent  o f  the t o t a l  model length,  but  
produced 38 t o  50 percent  o f  the t o t a l  a i r c r a f t  drag. 
a f te rbody  drag r e s u l t s  from adverse i n t e r f e r e n c e  i n  the af terbody reg ion  and 
pressure drag on the af terbody (see reference 3 - 6 ) .  

An i n d i c a t i o n  o f  the  r e l a t i v e  importance o f  t h i s  

Up t o  h a l f  o f  t he  

A t  the  same t ime the designer i s  s t r i v i n g  f o r  a low drag con f igu ra t i on ,  
he i s  a l so  r e q u i r e d  t o  improve the maneuvering c a p a b i l i t y  o f  the a i r c r a f t .  
Th i s  u s u a l l y  requ i res  h igh  t h r u s t  t o  weight and l i f t  drag r a t i o ,  h igh  usable 
lift c o e f f i c i e n t ,  and adequate s t a b i  l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  over a 
very w i  de opera t ing  envelope. 

I n  responding t o  the need t o  reduce nozz le/af terbody drag and enhance 
veh ic le  maneuverabi li ty, the Propuls ion Aerodynamics Branch a t  the  Langley 
Research Center has conducted a number o f  responsive exper imental  and 
t h e o r e t i c a l  research programs. I n  these programs, i teins such as empennage 
l o c a t i o n  and nozz le boa t ta i  1 geometry have been inves t i ga ted .  Inc reas ing  
maneuverabi l i t y ,  p a r t i c u l a r l y  a t  post  s t a l l  cond i t ions  where convent ional  
c o n t r o l s  are i n e f f e c t i v e ,  requ i res  the u t i  l i r a t i o n  o f  a l t e r n a t i v e  c o n t r o l  
devices. One o f  the  most e f f e c t i v e ,  p a r t i c u l a r l y  a t  h igh  angles o f  a t tack ,  
r e l i e s  on vec to r ing  o f  the  engine t h r u s t .  As ind ica ted ,  the  empennage i s  a 
source o f  h igh  i n t e r f e r e n c e  drag. Therefore, reducing the s i z e  o f  t he  
empennage o r  e l i m i n a t i n g  i t  a l toge the r  would increase a i r c r a t t  perforlnance, 
bu t  could cause ser ious  problems f o r  a i r c r a f t  s t a b i l i t y  and con t ro l .  Thrus t  
vec to r ing  can be a means t o  p rov ide  the necessary c o n t r o l  power, o r  a t  l e a s t  
augment it. 
across the  a i r c r a f t  speed regime. Var ious concepts have been s tud ied  (see 
references 7 and 8 )  a t  t ranson ic  speeds and t y p i c a l  r e s u l t s  w i l l  be discussed 
he re i  n. 

Th i s  means t h a t  e f f e c t i v e  t h r u s t  vec to r ing  must be prov ided 

WIND TUNNEL 

A l l  o f  the  exper imental  i n v e s t i g a t i o n s  discussed here in  were conducted i n  
the  Langley l6-Foot  Transonic Tunnel. 
s ing le - re tu rn ,  atmospheric wind tunne l  w i t h  a s l o t t e d  octagonal  t h r o a t  and 
t e s t  sect ion,  and continuous a i r  exchange. The tunne l  has a v a r i a b l e  speed 
range from M = 0.20 t o  M = 1.30. 
d e s c r i p t i o n  and c a l i b r a t i o n  i s  presented i n  re fe rence 9. 

Th is  tunnel  i s  a continuous f low, 

A d d i t i o n a l  i n fo rma t ion  regard ing  tunne l  
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I DISCUSSION 

Nozzle/Afterbody I n t e g r a t i o n  

twin-engine high-performance a i r c r a f t  are being studied, i t  i s  impor tant  t o  
develop an understanding o f  the c o n t r i b u t i o n  of the var ious nozz le/af terbody 
components t o  the t o t a l  a i r c r a f t  drag. The model used i n  conducting t h i s  
ana lys i s  i s  presented i n  f i g u r e  2. 

I n  an ana lys i s  o f  t h i s  type, where the i n t e g r a t i o n  c h a r a c t e r i s t i c s  o f  

The centerbody fuselage o f  t h i s  model was e s s e n t i a l l y  rec tangu la r  i n  
cross sect ion having a constant width and h e i g h t  o f  10.0 in .  and 5.0 i n .  
respec t i ve l y .  

cross-sect ional  area o f  the centerbody ( fuselage)  was 49.14 in2.  The support  
systern forebody was t y p i c a l  o f  a powered model i n  t h a t  the i n l e t s  were f a i r e d  
over. The "wings" of the support  system were mounted above the model 
c e n t e r l i n e  i n  a "h igh wing" p o s i t i o n  which i s  t y p i c a l  o f  many c u r r e n t  f i g h t e r  
designs. The support system "wing" had a 45" leading edge sweep, a tape r  
r a t i o  o f  0.5, an aspect r a t i o  o f  2.4, and a cranked t r a i l i n g  edge. The 
a i r f o i l  was symmetrical and the th ickness r a t i o s  near the  wing fuselage 
j u n c t i o n  were r e a l i s t i c  (approximately t / c  = 0.067). 
support booms, however, ' ' w i  ng" th ickness r a t i o  increased from t / c  = 0.077 t o  
t / c  = 0.10 t o  prov ide s t r u c t u r a l  support  f o r  the model and t o  pe rm i t  t r a n s f e r  
o f  compressed a i r  from the booms t o  the model p ropu ls ion  system. 

The f o u r  corners were rounded by a rad ius  o f  1.0 i n .  Maximum 

From BL 11.00 t o  the 

I 
The twin-engine a f t -end  was at tached t o  the support  system wing/ 

f o rces  and moments f o r  the af terbody s h e l l ,  empennage surfaces, and ou te r  
nozzles were measured by the  balance and are termed t o t a l  a f t -end  forces i n  
t h i s  paper. 
o f  the model. The af terbody l i n e s  were chosen t o  be t y p i c a l  o f  c u r r e n t  close- 
spaced twin-engine f i g h t e r  designs, t o  f a i r  the af terbody smoothly from the 
constant cross sec t i on  o f  the centerbody down t o  the nozzles, and t o  house t h e  
af terbody balance, p ropu ls ion  s imu la t i on  system, and r e l a t e d  inst rumentat ion.  
Nozzle geometry s imulated a convergent-divergent nozzle design w i t h  f u l l y  
v a r i a b l e  t h r o a t  area and expansion r a t i o .  

I centerbody by mounting on a six-component s t r a i n  gage balance. The combined 

Clearance was prov ided between the m e t r i c  and nonmetric p o r t i o n s  

The c o n t r i b u t i o n  o f  the var ious nozzle/af terbody components t o  the  t o t a l  
a f terbody drag i s  presented i n  f i g u r e s  3 t o  5. 
from data i n  re ference 10) i s  f o r  the twin-engine c o n f i g u r a t i o n  w i t h  dry power 
ax i  symmetric nozzles a t  a scheduled nozzle pressure r a t i o  (NPR). 
nozzle pressure r a t i o  f o r  the var ious t e s t  mach numbers i s  as fo l l ows :  

Th is  drag breakdown ( taken 

Scheduled 

M NPR 

0.60 3.5 

.80 4.5 

.90 5.0 

.95 5.3 

1.15 6.7 

1.20 7.0 
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The c i r c u l a r  symbols i n  f i g u r e  3 represent  the dray aata f o r  the  complete 
af terbody con f igu ra t i on  and the square symbols f o r  the nozz le/af terbody 
c o n f i g u r a t i o n  w i thou t  h o r i z o n t a l  o r  v e r t i c a l  t a i  1s. An est imate shown by 
the dashed l i n e  was made o f  the drag increment a t t r i b u t e d  by the h o r i z o n t a l  
and v e r t i c a l  t a i  1s. Th is  increment represents the s k i n  f r i c t i o n  and form 
drag a t  subsonic speeds and the s k i n  f r i c t i o n  and wave drag a t  supersonic 
speeds. 
can be a t t r i b u t e d  t o  an adverse i n te r fe rence  e f f e c t .  
increment i s  smal l  a t  M = 0.60 but increases dramat ica l l y  as the  Mach number 
approachs 0.95. From t h i s  curve i t  i s  obvious t h a t  the h o r i z o n t a l  and 
v e r t i c a l  t a i  1s and t h e i r  assoc iated adverse i n te r fe rence  e f f e c t s  are the 
major c o n t r i b u t o r s  t o  t h e  nozz le la f terbody drag. This  i s  b e t t e r  i l l u s t r a t e d  
i n  f i g u r e  4 where the drag c o n t r i b u t i o n  o f  the t a i l  surfdces ( t a i l  drag + 
i n te r fe rence  e f f e c t s )  i s  presented as a f u n c t i o n  of the t o t a l  a f terbody drag 
f o r  severa l  con f igura t ions .  As shown i n  t h i s  f i g u r e ,  the  h o r i z o n t a l  and 
v e r t i c a l  t a i l s  c o n t r i b u t e  as much as 60 t o  70 percent  o f  the  nozz le/af terbody 
drag, and as shown i n  f i g u r e  3 a t  t ranson ic  speeds, about h a l f  o f  t h i s  drag 
can r e s u l t  from adverse i n t e r f e r e n c e  e f f e c t s .  

The d i f f e rence  i n  dray between the dashed l i n e  and the t o t a l  drag 
Th is  adverse drag 

Exp lo r ing  the drag c o n t r i b u t i o n  o f  the var ious model components i n  a 
l i t t l e  more d e t a i l  can be accomplished w i t h  the a i d  o f  f i g u r e  5. The square 
symbols i n  t h i s  f i gu re ,  nozz le/af terbody drag ( h o r i z o n t a l  and v e r t i c a l  t a i  1s 
o f f )  are the same as the data shown on f i g u r e  3. 
represent  the data f o r  the nozzle alone. These datd i nc lude  the pressure drag 
obta ined by i n t e g r a t i n g  t i le nozzle s t a t i c  pressures and an es t imated s k i n  
f r i c t i o n  drag. 
and t h i s  i s  shown added t o  the  nozzle drag as the s o l i d  l i n e .  The remain ing 
dray i s  a t t r i b u t e d  t o  the pressure drag on the af terbody which i s  seen t o  be 
about 20 drag counts a t  subsonic speeds and about 60 drag counts a t  supersonic 
speeds. Poss ib ly ,  w i t h  some c a r e f u l  contour ing and the e l i m i n a t i o n  o f  the 
gu t te rs  between the engine, t h i s  drag increment can be reduced. From these 
data i t  would appear t h a t  the two major areas f o r  inc reas ing  the performance 
(decreasing the  drag) o f  a t y p i c a l  afterbody con f igu ra t i on  are i n  t h e  
e l i m i n a t i o n  o f  the i n te r fe rence  drag associated w i t h  the h o r i z o n t a l  and 
v e r t i c a l  t a i  1s and reducing the pressure drag associated w i t h  the  af terbody.  

The diamond symbols 

An est imate was made o f  the f r i c t i o n  drag o f  the af terbody,  

honaxi syinmetri c Nozz les  -- 

F o r  a number o f  years,  the Langley Research Center has recognized t h a t  
there  are a number o f  advantages t o  the a p p l i c a t i o n  o f  nonaxisymmetric nozzles 
i n  p lace o f  the cu r ren t  axisymmetr ic nozzles. Some o f  these bene f i t s  are 
i n d i c a t e d  i n  re ference 11. One o f  these bene f i t s  i s  the poss ib le  reduc t i on  i n  
nozz le/af terbody drag due t o  a b e t t e r  i n t e g r a t i o n  o f  the af terbody.  
o f  con f i gu ra t i ons  have been studied; one o f  these mounted i n  the 16-Foot 
Transonic Tunnel i s  shown i n  f i g u r e  6. The wings and forebody are the same as 
those o f  the prev ious model w i t h  the axisymmetric nozzle. Only the a f t  
p o r t i o n  o f  the model ( a f t  of the m e t r i c  break) has been changed. The m e t r i c  
p o r t i o n  o f  the model cons is ted  o f  the  i n t e r n a l  p ropu ls ion  system, af terbody,  
t a i l s ,  and nozzles. The af terbody l i n e s  ( b o a t t a i l )  were chosen t o  p rov ide  a 
length o f  constant cross-sect ion a f t  o f  the noninetr ic centerbody , and t o  
enclose the fo rce  balance and j e t  s imu la t i on  system, whi l e  f a i r i n g  smoothly 
downstreain i n t o  the c lose ly  Spaced nozzles. The af terbody s h e l l  and t a i l  
surfaces were at tached t o  an af terbody fo rce  balance which was a t tached t o  the 
main fo rce  balance. The main fo rce  balance i n  t u r n  was grounded t o  the  

A number 
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nonmetri c wing-centerbody section. The nozzles were attached direct ly  to  the 
main force balance t h r o u g h  the propulsion system p i  p i n g .  

t h i s  investigation simulated a dry-power or cruise operating nozzle w i t h  a 
design NPR of about 3.5. The nozzle throat  area (17.48 an') and expansion 
r a t i o  (1.15) were sized t o  be consistent w i t h  advanced mixed flow turbofan 
cycles. The r a t io  of t o t a l  throat  area t o  maxiinum body cross-sectional area 
was 0.11, and the nozzle throat  aspect r a t io  was 3.45. 

The nonaxisymmetric (two-dimensional convergent-divergent) nozzle Used i n  

The experimental drag charac te r i s t ics  for  t h i s  configuration (taken froin 
reference 12)  are shown compared t o  the configuration w i t h  axisymmetric 
nozzles i n  f igures 7 and 8. In figure 7,  the drag charac te r i s t ics  f o r  the 
complete afterbody ( t a i  1s on) configurations are presented. The drag 
charac te r i s t ics  for  the configurations w i t h o u t  the horizontal and ver t ica l  
t a i l s  are presented i n  f igure 8. A t  the lower t e s t  Mach numbers, the 
configuration ( t a i  1s-on) w i t h  the nonaxisymmetric nozzles has the lowest 
drag. As the Mach number i s  increased, t h i s  trend changes and the drag for 
the conf i gurati on w i  t h  the axi symmetri c nozzles is  si g n i  f i cantly lower. For 
the t a i  1s off configurations, the configuration w i t h  the nonaxisymmetric 
nozzles has the lowest drag a t  inach numbers up to  0.90. T h i s  would seem t o  
indicate tha t  the nonaxisymrnetric nozzle concept may be more sensi t ive t o  
adverse t a i  1 in te r fe rence  e f f e c t s  than the ax i  symnietri c nozzles a t  the Mach 
numbers where these e f f ec t s  are generally very h i g h .  A t  supersonic speeds, 
nozzle drag is s igni f icant ly  h i g h e r  for  the nonaxisymrnetric nozzle, which 
means tha t  some changes i n  the nozzle geometry and area d i s t r i b u t i o n  may have 
t o  be made i n  order t o  reduce drag. 

Nozzle Boattail  Drag Effects  

A number of studies on methods of reducing the drag on nonaxisymetic 
nozzles have been conducted. One such study, aimed a t  determining the e f f ec t s  
of nozzle boat ta i l  geometry on the nozzle drag, i s  i l l u s t r a t e d  ky several 
typical models which are shown i n  figures 9 and 10. The only difference 
between these two models i s  i n  the nozzle geometry; a 7.5" boat ta i l  nozzle i s  
shown i n  f igure 9 and a 12.5" boat ta i l  nozzle is  shown i n  figure 10. The 
nozzle drag charac te r i s t ics  (taken froin reference 13) presented as a function 
of boat ta i l  angle is  shown i n  figure 11. The nozzle boat ta i l  angle f o r  the 
model previously shown i n  figure 6 was about 17". 
s ign i f icant  drag reductions could be obtained w i t h  a small reduction i n  
boat ta i l  angle. T h i s  of course would have to  be traded against  a potentidl 
weight increase usually associated w i t h  reducing boattai 1 angle. 

Based on these data, some 

Most of the nonaxi symmetri c nozzle desi gns  t ha t  have been previous ly 
s tud ied  have taken almost a l l  of the nozzle boat ta i l  on the t o p  and bottom 
surfaces of the nozzle, leaving the sidewalls nearly f l a t .  Dur ing  e a r l i e r  
tests, where surface pressures were measured on the external surfaces o f  the 
nozzle, some s igni f icant  difference i n  pressure d i s t r i b u t i o n s  was noted. 
Pressure d i s t r i b u t i o n s  on the upper and lower nozzle surfaces were much lower 
than pressure d i s t r i b u t i o n s  on the nozzle sidewalls. 
difference would cause some cross flow around the nozzle creating a potential  
drag problem. 
Corporation to measure the nozzle/afterbody drag fo r  a configuration i n  which 

I t  was f e l t  t ha t  this  

As a r e su l t ,  a study was devised w i t h  the General Dynamics 
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the nozzle upper and lower surface b o a t t a i l  angles are t raded  against  the 
s idewa l l  b o a t t a i l  angle. The sketch of the model used i n  t h i s  study ( taken 
from reference 14) i s  shown i n  f i g u r e  12, and the nozz le la f te rbody  drag 
c o e f f i c i e n t  v a r i a t i o n  as a f u n c t i o n  o f  the r a t i o  Bside/Bflap f o r  Mach numbers 
o f  0.90 and 1.20 i s  presented i n  f i g u r e  13. 
nozzle upper and lower f l a p s  and the s idewa l l s  t h a t  correspond t o  the r a t i o s  
presented i n  f i g u r e s  12 and 13 are as fo l l ows :  

The b o a t t a i l  angles f o r  t he  

's i  de/'f l a p  ' f lap,  deg 'si  de, deg 
0.50 15.0 7.5 

1.00 13.5 13.5 
1.77 11 .0 19.5 

The r e s u l t s  o f  t h i s  study i n d i c a t e  t h a t  minimum nozzle/af terbody drag occurs 
when t h e  b o a t t a i l  angles on a l l  o f  the surfaces are approximately the same. 
It should a l so  be noted t h a t  f o r  B,ide/Bflap = 1.0, the b o a t t a i l  angles are 

13.5" which, according t o  f i g u r e  11, may be near the  most optimum b o a t t a i l  
angle f o r  nonaxisymmetric nozzles a t  M = 0.90. The drag c o e f f i c i e n t  increases 
more r a p i d l y  as the  r a t i o  BSide/Bflap decreases below 1.0 than when i t  

increases above 1.0. 

and lower f l a p  b o a t t a i  1 angle increases whi l e  the s i  dewall  b o a t t a i  1 angles 
decreases. Since the upper and lower f l a p  are considerably l a r g e r  than the 
s idewa l l  f l aps ,  any adverse drag e f f e c t s  on the upper and lower f l a p s  would be 
more s i g n i f i c a n t  than any p o t e n t i a l  decreases on the smal l  s i dewa l l  f l a p s .  

This  occurs because as BSide/Bflap decreases, the upper 

E f f e c t  o f  Empennage Loca t ion  _ _ _  

While the re  are some s i g n i f i c a n t  b e n e f i t s  t h a t  can be r e a l i z e d  w i t h  
changes i n  the  geometry o f  the nozzle/af terbody, the l a r g e s t  drag penal ty  a t  
t ranson ic  speeds according to f i g u r e  3 was a t t r i b u t e d  t o  the h o r i z o n t a l  and 
v e r t i c a l  t a i l s .  Several s tud ies  have been conducted t o  determine the e f f e c t s  
o f  h o r i z o n t a l  and v e r t i c a l  t a i l  l oca t i ons  on the nozz le/af terbody drag. The 
r e s u l t s  o f  these s tud ies  are summarized i n  f i g u r e s  14, 15, and 16 and were 
taken from reference 10 f o r  the c o n f i g u r a t i o n  w i t h  axisymmetric nozzles and 
from reference 12 f o r  the con f igu ra t i ons  w i  t h  nonaxi symmetri c nozzles ( see 
f i g u r e  6 ) .  The af terbody had p rov i s ions  f o r  mounting both the v e r t i c a l  and 
h o r i z o n t a l  t a i l s  i n  three a x i a l  l oca t i ons  as i l l u s t r a t e d  i n  f i g u r e  14. Note 
t h a t  the leading edge o f  the r o o t  chords f o r  both h o r i z o n t a l  and v e r t i c a l  
t a i l s  cou ld  be p laced a t  the same fuselage a x i a l  s t a t i o n .  These l o c a t i o n s  
w i  11 be termed fwd, mid, and a f t  respec t i ve l y .  

The e f f e c t s  o f  h o r i z o n t a l  and v e r t i c a l  t a i l  l o c a t i o n  on the nozzle drag 
a r e  shown i n  f i g u r e  15 f o r  dry power nozzles a t  a = U0 and Mach numbers o f  
0.90 and 1.20. The open symbols are f o r  the c o n f i g u r a t i o n  w i t h  axisymmetric 
nozzles and the s o l i d  symbols are f o r  the c o n f i g u r a t i o n  w i t h  nonaxisymmetric 
nozzles. Moving e i t h e r  the h o r i z o n t a l  or v e r t i c a l  t a i l s  from the a f t  p o s i t i o n  
( l o c a t i o n  c l o s e s t  t o  the nozz le)  to the mid p o s i t i o n  r e s u l t s  i n  a s i g n i f i c a n t  
reduc t i on  i n  the nozzle drag. 
nozzles had on ly  a minor e f f e c t  on the nozzle drag. However, when you look a t  
the t o t a l  a f t e n d  drag, the r e s u l t s  are no t  so c lear .  I n  f i g u r e  16, the t o t a l  

Fu r the r  movement o f  the t a i l s  away from the  
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nozzle/afterbody drag i s  presented as a function of horizontal and ver t ica l  
t a i l  location. While a s l i g h t  drag reduction trend can be deduced as the 
t a i l s  are moved away from the nozzles, there are s t i l l  some configurations 
tha t  show opposite e f fec ts .  
iiioved away froin the nozzles on these twin-engine configurations, the adverse 
t a i l  interference e f f ec t s  on nozzles are t ransferred t o  the afterbody. T h u s ,  
i t  would appear t ha t  there may be only two ways tha t  can be u t i l i zed  to  
eliminate this  large adverse interference e f fec t .  One i s  t o  simply eliminate 
the ho ,ental and ver t ical  t a i l s  and u t i l i z e  some other method of achieving 
the necessary control power. T h e  other i s  t o  develop an adequate 
computational method which can be u t i l i zed  to carefully contour the 
nozz le/afterbody thereby eliminating the adverse interference e f fec ts .  

T h i s  would seem to indicate tha t  as the t a i l s  are 

I Computational Methods 

Several computational methods are  b e i n g  developed tha t  can be u t i l i zed  i n  
s o l v i n g  t h i s  complex nozzle/afterbody/empennage integration problem. One of 
these is  a ful l -potent ia l  finite-volume transonic code called FLO-30V 
(reference 151, which i s  used to  calculate the pressure d is t r ibu t ions  over the 
nozzle/afterbody including the e f f ec t s  of the empennage. 
integral  boundary-layer calculation is performed i n  strip fashion. T h e  
resul t ing e f fec t ive  body and t a i l  geometries are used as i n p u t  t o  the code. 
T h i s  developmental code u t i l i z e s  the method of Caughey and Jameson which i s  
based upon the f u l l  potent ia l  equation and a mesh generation technique which 
wraps a C-type grid around the body and t a i l s .  
methods used i n  these calculations and of the comparisons of calculations w i t h  
experimental data can be found i n  reference 16. 

In t h i s  code an 

Further discussion o f  the 

T h i s  code was applied to the sting-strut supported single-engine model 
which i s  presented i n  f igure 17. This type of support system places the model 
center l ine on the center l ine of the wind tunnel and minimizes support 
interference on the afterbody and nozzle. The  overall  model arrangement, 
representing a typical single-engine fighter a f t  end,  i s  composed of four 
major par ts  located as shown i n  the following table:  

Pa r t  x , i n .  x/ 1 

Fore body 0-40.85 0-0.57 
Afterbody 40.89-64.89 0.57-0.91 
Nozzle 64.89-71.70 0.91-1 .oo 
Tai 1 surfaces Variable Variable 

The forebody consists of an ogive nose 24 inches i n  length w i t h  an 
i n i t i a l  angle of 14' and a constant-radius cylinder thereaf te r .  
was designed to simulate closure ahead of the nozzle typical o f  a single- 
engine f igh ter  configuration. 
ver t ica l  and horizontal t a i l s  a t  two d i f fe ren t  axial  locations (forward and 
a f t ) .  The t a i l  surfaces were tested i n  three empennage arrangements: a f t ,  
staggered, and forward. The nozzle used for  t h i s  investigation simulated a 
variable geometry ( f i x e d  i n  dry power mode for this t e s t ) ,  convergent- 
divergent, axisymmetric nozzle typical of those currently i n  use on modern 

The afterbody 

The afterbody had provisions for  mounting the 

~ 
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f i g h t e r  a i r c r a f t .  A complete desc r ip t i on  o f  the model i s  given i n  
re ference 16. 

An assessment o f  the e f fec t i veness  o f  the Flo30V code a t  p r e d i c t i n g  the 
nozzle/afterbody/empennage pressures can be made w i t h  the a i d  o f  the 
comparisons presented i n  f i g u r e s  18 and 19. A comparison o f  the t h e o r e t i c a l  
c a l c u l a t i o n s  w i t h  exper imental  data f o r  two rows o f  pressure o r i f i c e s  on t h e  
staggered empennage arrangement, one near the v e r t i c a l  t a i l  a t  a r o l l  angle o f  
18" and the o the r  near the h o r i z o n t a l  t a i l  a t  a r o l l  angle o f  7 Z 0 ,  i s  
presented i n  f i g u r e  18 f o r  a Mach number o f  0.60 and f o r  a Mach number o f  U.9u 
i n  f i gu re  19. The staggered t a i l  arrangment was chosen f o r  these comparisons 
because the data i n d i c a t e d  t h a t  f o r  the s ingle-engine con f igu ra t i on ,  the  
empennage i n t e r f e r e n c e  e f f e c t s  were lowests f o r  t h i s  t a i  1 arrangement. The 
c a l c u l a t e d  r e s u l t s  show reasonably good agreement w i t h  the exper imental  datd 
a t  the  lowest t e s t  Mach number ( M  = 0.60). A t  the h igher  subsonic t e s t  Mach 
numbers ( M  = 0.90), the discrepancy between the experiment and theory becomes 
more s i g n i f i c a n t .  The major reason f o r  the  discrepancy could probably be 
a t t r i b u t e d  t o  the approximat ions made t o  model the v e r t i c a l  t a l  1 and the lack 
o f  a model o f  the  wake o f  the  v e r t i c a l  t a i l .  The FLU-30V c a l c u l a t i o n s  do 
account f o r  v iscous e f f e c t s ,  but  the boundary layers  on the body and t a i l  were 
computed separate ly  as two-dimensional elements, so t h a t  the i n f l uence  o f  t h e  
empennage i s  n o t  i nc luded  i n  the af terbody boundary-layer ca l cu la t i ons .  As a 
r e s u l t ,  the FLO-30V c a l c u l a t i o n  shows some in f l uence  o f  the empennage on 
nozz le/af terbody pressures, but does n o t  p r e d i c t  the s e v e r i t y  o f  the 
i n te r fe rence  e f f e c t s .  

Thrus t  Vec tor i  na 

As i n d i c a t e d  prev ious ly ,  one o f  the most e f f i c i e n t  ways o f  reducing the 
adverse i n t e r f e r e n c e  drag caused by the h o r i z o n t a l  and v e r t i c a l  t a i l s  i s  t o  
s imply remove them from the conf igura t ion .  This  cou ld  be accomplished i f  some 
o the r  method were found t o  prov ide the necessary c o n t r o l  power f o r  t h e  
con f igu ra t i on .  One o f  the obvious so lu t i ons  woula be t o  r e l y  on t h r u s t  
vec to r ing  t o  f i l l  t h i s  void.  Thrust  vec to r ing  has been s tud ied  f o r  some t ime 
and has been found t o  prov ide a number o f  p o t e n t i a l  enhancelnents t o  a i r c r d f t  
performance and e f fec t i veness .  Many o f  these are i n d i c d t e d  i n  the f o l l o w i n g :  

Increased Capabi li t i e s  

- Expanded envelope 

- STOL 

Improved Performance - Con t ro l  Augmentation 

- Post s t a l l  opera t ion  

- Higher instantaneous t u r n  r a t e s  

- Fuselage aiming 
- D i r e c t  f o r c e  c o n t r o l  

- Lower Drag 

- Reduced trim drag 

- Reduced c o n t r o l  sur face drag 
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- k l i i i i i n a t i o n  o f  c o n t r o l  surfaces 

- Less Design Const ra in ts  I 

- Supersonic winy design 

- Low q c o n t r o l  surface s i z i n g  

I Improved Surv ivabi  li ty 

Metnods o f  p rov id ing  p i t c h  vec to r ing  have been under study f o r  some time, 
(see reference 8 ) .  These s tud ies  have shown t h a t  many nozzles can be designed 
t o  prov ide h igh  l e v e l s  o f  p i t c h  vec to r ing  w i thou t  a s i g n i f i c a n t  adverse impact 
on d i r c r a f t  t h r u s t  performance. The chal lenge now becomes one o f  p rov id ing ,  
i n  a d d i t i o n  t o  the p i t c h  vector ing,  a h igh  l e v e l  o f  yaw vector ing.  A number 
of con f i gu ra t i ona l  concepts have been stud ied.  Some o f  these, shown i n  f i g u r e  
2U, were based on con f igu ra t i ons  s tua ied  i n  re ferences 17 ana 18. 

The upstream yaw vec to r ing  concept was achieved by mod i fy ing  one o f  t he  
nozz le s idewal ls  w i t h  a rec tangu lar  p o r t  loca ted  upstream o f  the nozz le 
th roa t .  The p o r t  was s i zed  t o  have an area equal t o  30 percent o f  t h e  
unvectored dry paver no rz le  t h r o a t  area. The p o r t  operates by d e f l e c t i n g  two 
f l aps .  The fOrWdrd f l a p  was a simple f l a p  hinged a t  the nozzle s idewa l l  and 
extended i n t o  the e x t e r n d l  f low. The a f t  f l a p  was a lso  h inged a t  the nozz le 
s idewal l ,  but  i t  de f lec ted  both i n t o  the ex te rna l  f l ow  as w e l l  as i n t o  the  
i n t e r n a l  f low (about 45 percent  o f  the i n t e r n a l  nozz le w id th ) .  
Here de f l ec ted  a t  an dngle o f  about 70" t o  the  a x i a l  t h r u s t  d i r e c t i o n .  

These f l a p s  

The downstream ( o f  t h r o a t )  yaw vec to r ing  concept ( s i d e w a l l  f l a p s )  i s  
based on modi fy ing e i t h e r  the  l e f t  o r  r i g h t  s idewa l l  o r  both s idewal ls  w i t h  a 
hinged f l d p  extending downstream o f  the nozz le th roa t .  The s idewa l l  f l a p s  
hinged d i r e c t l y  a t  the nozzle th roa t .  Consequently, f o r  a p o s i t i v e  yaw vec tor  
angle (produces p o s i t i v e  s ide fo rce ) ,  the l e f t  s idewal l  f l a p  extends o u t  from 
the i n t e r n a l  nozzle f low (expansion t u r n ) ,  wh i l e  the r i g h t  s idewa l l  f l a p  
extended i n t o  the f low (compression t u r n ) .  Th is  type o f  concept does have 
soiiie l i m i t a t i o n s  i n  t h d t  there  could be some i n t e r f e r e n c e  between sur faces 
when simultaneous p i t c h  and yaw vec to r ing  are requi red.  

The t h i r d  concept cons is ted  o f  e x t e r n a l l y  mounted vanes, one on each s ide  
o f  the nozzle. The vanes hinged a t  the nozz le e x i t  are d e f l e c t e d  such t h a t  
one vane extends i n t o  the  j e t  exhaust f low whereas the o the r  extends away from 
the j e t  exhaust f low. The he igh t  o f  the vanes was deterniined by the  l o c a t i o n  
o f  the no rz le  when p i t c h  vec to r ing  i s  included. 
vec tor  angle, the lower ( o r  upper) t r a i l i n g  edge o f  the nozz le co inc ides w i t h  
the lower ( o r  upper) edge o f  the vane. 

For a t15" nozzle p i t c h  

The s t d t i  c yaw vec to r ing  r e s u l t s  f o r  these th ree  concepts are presented 
i n  f i g u r e  '21. On the l e f t  s ide o f  the f i gu re ,  the  measured yaw vec tor  angle 
determined froin s t a t i c  t e s t s  i n  the Langley S t a t i c  Test  Stand i s  presented. 
On the r i g h t  s ide  i s  the r a t i o  o f  the measured yaw vec tor  angle t o  the  
expected yaw vec tor  angle ( determ ned geometr ical  l y  from the known d e f l e c t i o n  
ang les  o f  the s u r f  dces i nvo lved)  . 
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The r e s u l t s  i n d i c a t e  t h a t  the rectangular  p o r t  concept produced a 
h igh yaw vector  ( t u r n i n g )  angle, about the magnitude a n t i c i p a t e d  (based on 
Gy/dyy,i = 1.0). 
exhaust f l o w  upstream o f  the nozzle t h r o a t  i s  subsonic and past experience has 
shown t h a t  subsonic f l ow  can be tu rned  w i t h  on ly  very small  losses. The data 
f o r  the s idewa l l  f l a p s  show s i g n i f i c a n t  v a r i a t i o n  i n  yaw vec to r  angle w i t h  
nozzle pressure r a t i o .  A t  the lower N P K ' s  the f l ow  i s  probably separated o f f  
o f  the d e f l e c t e d  f l a p  on the expansion s ide ( f l a p  a e f l e c t e d  away f ro in  the j e t  
exhaust). 
around the f l a p  and the vector  angle increases. The f u l l  p o t e n t i a l  o f  the yaw 
vector  angle i s  probably no t  reached simply because the e n t i r e  j e t  exhaust i s  
n o t  a f f e c t e d  by the smal l  s i dewa l l  f l a p s .  The p o s t - e x i t  vanes produce the 
smal lest  l e v e l  o f  yaw vec to r ing  o f  any o f  the vec to r ing  concepts s tud ied  a t  
these s t a t i c  condi t ions.  For  t h i s  concept, the f low over the vane t h a t  was 
d e f l e c t e d  away from the j e t  exhaust was t o t a l l y  separated. Therefore, i t  was 
t o t a l l y  i n e f f e c t i v e  a t  producing any c o n t r i b u t i o n  t o  yaw v e c t o r i n g  a t  a l l  
nozzle pressure r a t i o s .  I n  t h i s  case only  the vane extending i n t o  the f l o w  
produced any yaw v e c t o r i n g  and i t  had t o  t u r n  a supersonic exhaust stream 
which from pas t  experience i s  very i n e f f i c i e n t .  

Th i s  l e v e l  o f  vec to r ing  would be expected s ince the 

As the nozzle pressure r a t i o  increases, the f low tends t o  expand 

The e x t e r n a l  f l ow  e f f e c t s  on the yaw vec to r ing  produced by these th ree  
concepts are shown i n  f i g u r e s  22 through 24. I n  these f i gu res ,  the yawing 
moment m u l t i p l i e d  by free-stream ctynamic pressure i s  presented as a f u n c t i o n  
of Mach number. It should be noted t h a t  f o r  p resen ta t i on  purposes, the s ign  
on yawing moment was changea froin negat ive values (which would r e s u l t  froin the 
p o s i t i v e  f l a p  d e f l e c t i o n s  shown i n  f i g u r e  20) t o  p o s i t i v e  values (which would 
r e s u l t  from negat ive f l a p  d e f l e c t i o n s ) .  
p ieces o f  data are presented. 
based on the d i r e c t  t h r u s t  c o n t r i b u t i o n .  These data were obta ined from the  
yawing moment measured a t  s t a t i c  (w ind -o f f )  cond i t i ons  m u l t i p l i e d  by the r a t i o  
o f  the f r e e  stream s t a t i c  t o  the f r e e  stream Qndmic pressure. The shaded 
area i s  the aerodynamic c o n t r i b u t i o n  o f  the vec to r ing  device t o  the yawing 
moment measured by conducting the exper imental  t e s t  a t  j e t - o f f  cond i t i ons  w i t h  
e x t e r n a l  f low. The square symbols are the measured yawing moment a t  j e t  on 
cond i t i ons  w i t h  e x t e r n a l  f low. The arrows shown i n  f i g u r e s  22 t o  24 i n d i c a t e  
an induced e x t e r n a l  f l ow  c o n t r i b u t i o n  t o  yawing moment caused by any 
interaction of the external flow with the jet-on vectored exhaust plume and 
any surrounding model surfaces. For the three cases presented i n  f i g u r e s  22 
through 24, the j e t  nozzle pressure r a t i o  i s  3.0. The yawing moment as a 
f u n c t i o n  o f  Mach number i s  presented f o r  the upstream p o r t  i n  f i g u r e  22, f o r  
t he  s i d w a l l  f l a p s  i n  f i g u r e  23, and f o r  the post  e x i t  vanes i n  f i g u r e  24. 
the upstream rec tangu la r  p o r t  con f i gu ra t i on ,  the smal l  f l a p s  p r o t r u d i n g  from 
the  s ide  o f  the nozzles r e s u l t s  i n  a smal l  p o s i t i v e  increment (aero. f l a p  
e f f e c t )  i n  yawing moment which increases as the Mach number increases. The 
induced e x t e r n a l  f l o w  c o n t r i b u t i o n  a t  j e t  on condi t ions,  i l l u s t r a t e d  by the 
arrows, i n d i c a t e  t h a t  the e x t e r n a l  f low has an adverse c o n t r i b u t i o n  to  t h e  
yawing moment. 
by the e x t e r n a l  f low a l t e r i n g  the angle o f  the j e t  plume as i t  eminates from 
the  s ide  o f  the nozzle o r  by c r e a t i n g  large negat ive pressures on the s idewa l l  
behind the j e t  plume. For the s idewa l l  f l a p  c o n f i g u r a t i o n  (see f i g u r e  23), 
both the f laps themselves and the induced e x t e r n a l  f l ow  c o n t r i b u t i o n s  produced 
a p o s i t i v e  increment i n  yawing moment. The increments are r e l a t i v e l y  small ,  
which i s  expected s ince the f l a p s  are smal l ,  and the d e f l e c t i o n  angle i s  on ly  

On each o f  these f i gu res ,  t h ree  
The c i r c u l a r  symbols are the yawing moment 

For  

It i s  thought t h a t  t h i s  adverse e f f e c t  could e i t h e r  be caused 
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20'. The l a r g e s t  e x t e r n a l  f low e f f e c t s  show up on the p o s t - e x i t  vane 
c o n f i g u r a t i o n  (see f i g u r e  24).  As shown, i nc reas ing  Mach number causes l a rge  
increases i n  the yawing moment obtained. The major p o r t i o n  o f  t h i s  increase 
i s  the r e s u l t  o f  a j e t  o f f  aerodynamic e f f e c t  on the vanes themselves. T h i s  
i s  t o  be expected since the vanes are f a i r l y  l a rge  and prot rude i n t o  the 
a i r f l o w ,  a c t i n g  e s s e n t i a l l y  l i k e  a v e r t i c a l  t a i l .  

A summary of the t h r u s t  c h a r a c t e r i s t i c s  o f  these three yaw vec to r  
concepts a t  s t a t i c  cond i t i ons  i s  presented i n  f i g u r e  25. On the l e f t  s i de  o f  
the f i gu re ,  the r a t i o  F/Fi which i s  the measured t h r u s t  along the body a x i s  
d i  v i  ded by the i deal t h r u s t  i s  presented. For t h r u s t  vectored conf i g u r a t i  ons 
(symbols), reduct ions i n  t h i s  r a t i o  from 1.U are caused by the f o u r  f o l l o w i n g  
mechanisms: 1) sk in  f r i c t i o n ,  i n t e r n a l  f low separat ion and exhaust f l o w  
divergence losses, 2 )  under- and over-expansion losses, 3 )  t u r n i n g  o f  the 
yross t h r u s t  vector  away from the a x i a l  d i r e c t i o n  and 4) a d d i t i o n a l  s k i n  
f r i c t i o n  and pressure losses caused by the deployed t h r u s t  vec to r ing  hardware 
and the ac tua l  t u r n i n g  process i t s e l f .  The unvectored basel ine c o n f i g u r a t i o n  
(dashed l i n e )  i s  a f f e c t e d  by the f i r s t  two mechanisms only.  
o f  the f i gu re ,  r e s u l t a n t  t h r u s t  r a t i o  Fr/Fi i s  presented as a f u n c t i o n  o f  
nozzle pressure r a t i o .  Th i s  parameter e l im ina tes  the losses due t o  t u r n i n g  
the gross t h r u s t  vector  away from the a x i a l  d i r e c t i o n  (mechanism 3 . )  Thus, 
any d i f ferences between Fr/Fi f o r  the basel ine c o n f i g u r a t i o n  and Fr/Fi f o r  the 
vectored con f igu ra t i ons  are caused by a d d i t i o n a l  losses due t o  the t h r u s t  
vec to r  hardware and the t u r n i n g  process i t s e l f  (mechanism 4). Resu l tan t  
t h r u s t  r a t i o s  f o r  the s idewa l l  f l a p  c o n f i g u r a t i o n  are very c lose t o  those o f  
the basel ine con f igu ra t i on .  Th is  r e s u l t  i n d i c a t e s  t h a t  l i t t l e  o r  no 
a d d i t i o n a l  losses occur due t o  t u r n i n g  the exhaust f l ow  f o r  t h i s  yaw v e c t o r  
concept. S i m i l a r  r e s u l t s  t o  these have been measured f o r  p i t c h  vec to r  
concepts which use upper and lower f l a p s  t o  o b t a i n  a p i t c h  v e c t o r i n g  
c a p a b i l i t y .  The p o s t - e x i t  vane c o n f i g u r a t i o n  had 4 t o  6 percent  lower 
r e s u l t a n t  t h r u s t  r a t i o  than the basel ine con f igu ra t i on .  Lower performance f o r  
t h i  s conf i g u r a t i  on probably resu I t s  from supersoni c exhaust f l o w  separat ion 
(on the vane d e f l e c t e d  away from the exhaust) and a d d i t i o n a l  s k i n  f r i c t i o n  
drag on the vanes. The r e s u l t s  f o r  the upstream rec tangu la r  p o r t  
c o n f i g u r a t i o n  show extremely l a rge  r e s u l t a n t  t h r u s t  r a t i o  losses. Th is  l o s s  
i s  no t  s u r p r i s i n g  s ince about 30 percent  o f  the f l ow  d i d  no t  pass through the  
main nozzle t h r o a t  and thus was no t  e f f i c i e n t l y  expanded by the nozzle 
d ivergent  f l aps .  I n  add i t i on ,  t h i s  concept probably a l so  has a d d i t i o n a l  
separat ion losses from the backside o f  the a f t  f l a p  which extends i n t o  t h e  
i n t e r n a l  exhaust stream. 

On the r i g h t  s ide  

One disadvantage o f  the m u l t i p l a n e  v e c t o r i n g  concepts i s  t h a t  they 
r e q u i r e  a d d i t i o n a l  mechanism ( f l a p  surface o r  o the r  geometry) t o  achieve both 
p i t c h  and yaw t h r u s t  vector ing.  Th is  i s  undesi rab le because o f  the added 
weight and complexity. 
u t i l i z e  t w i n  canted nozzles (see reference 7 ) .  
f i g u r e  26 and a close-up o f  the nozzles i n  i s  shown i n  f i g u r e  27. 
the nozzles i s  genera l l y  accomplished by r o t a t i n g  each o f  the nozzles about 
the1 r respec t i ve  t h r u s t  a x i  s. W i  t h  the nozzles canted, p i  t c h i  ng moment i s 
obta ined by symnietri c nozzle p i t c h  v e c t o r i n g  whereas yawing moment i s  produced 
from asymmetric nozzle p i t c h  vector ing.  The advantage o f  t h i s  concept i s  t h a t  
a p i t c h  vec to r ing  nonaxisymmetric nozzle can be u t i l i z e d  w i t h o u t  having t o  
modify the nozzle t o  accommodate a d d i t i o n a l  mechanisms t o  ob ta in  yaw v e c t o r i n g  
capa b i  1 i ty . 

One method o f  reducing some o f  t h i s  complexi ty i s  t o  
Th is  concept i s  shown i n  

Cant ing o f  
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The v a r i a t i o n  o f  p i t c h i n g  and yawing moment c o e f f i c i e n t s  w i t h  angle-of-  
a t tack  are shown i n  f i g u r e  28 a t  M = 0.20 and NPR = 3.2. These r e s u l t s  show 
t h a t  the  increment i n  e i t h e r  Cm o r  Cn due t o  vary ing  the nozz le f l a p  

d e f l e c t i o n  angle i s  constant  over the angle-of -at tack range tested.  Pure 
p i t c h i n g  moment (no yaw) was obta ined by a +Zoo d e f l e c t i o n  o f  the f l a p s  on 
both nozzles (square symbols on l e f t  s ide o f  f i g u r e  28). Pure yawing inoriient 
(no p i t c h )  was ob ta ined by a +Zoo d e f l e c t i o n  o f  the  r i g h t  hand nozzle f l a p s  
and a -20" d e f l e c t i o n  o f  the l e f t  hand nozzle f l a p s  (square symbols on r i g h t  
s ide  o f  f i gu re  28). 
on Cn over the angle-of -at tack range tested.  
e f f e c t s  o f  a simultaneous p i  tch/yaw combination obta ined by d e f l e c t i n g  the  
l e f t  nozzle 0" and the r i g h t  nozzle 20". This  i s  equ iva len t  t o  10" o f  p i t c h  
t h r u s t  vec to r ing  t o  ob ta in  p i t c h i n g  moment o r  +loo o f  d i f f e r e n t i a l  p i t c h  
t h r u s t  vec to r ing  to ob ta in  yawing moment. For  example, the p i t c h i n g  moment 
c o e f f i c i e n t  l e v e l  shown f o r  6 

measured f o r  6 = loo ( n o t  shown). Th is  r e s u l t  again i l l u s t r a t e s  t h a t  there  

i s  genera l l y  no coup l ing  o f  the  l o n g i t u d i n a l  and l a t e r a l  c o n t r o l  moments when 
us ing  powered cont ro ls .  

Although no t  shown here, there  was no e f f e c t  o f  s i d e s l i p  
Also shown i n  f i g u r e  28 are the 

= Oo/200 was e s s e n t i a l l y  equal t o  t h a t  
V Y P  

V,P 

The e f f e c t  o f  can t ing  the nozzles on the nozz le/af terbody dray i s  
presented i n  f i g u r e  29. Shown i n  t h i s  f i g u r e  i s  an increment i n  dray 
c o e f f i c i e n t  which i s  de f ined as the d i f f e rence  i n  drag f o r  the c o n f i g u r a t i o n  
w i t h  a nozzle cant  angle o f  30' and the same con f igu ra t i on  w i t h  a cant angle 
o f  zero, p l o t t e d  as a f u n c t i o n  o f  Mach number. As shown i n  f i g u r e  29, t he re  
i s  a drag reduc t i on  associated w i t h  cant ing  the nozzles which d t  t ranson ic  
speeds becomes very s i g n i f i c a n t .  It i s  f e l t  t h a t  the pr i i i iary cause f o r  the 
drag reduc t i on  i s  t h a t  t he  g u l l y  between the engines has been near l y  
e l im ina ted  on the lower sur fdce o f  the af terbody and opened up on the upper 
sur face (see f i g u r e  27) .  There may be some d i f f e rence  i n  c ross-sec t iona l  
area, but  t h i s  i n fo rma t ion  has no t  been developed. 

An example o f  a p o t e n t i a l  i n t e g r a t i o n  o f  the canted nozzle i n t o  the F-15 
STOL and maneuver a i r c r a f t  i s  shown i n  f i g u r e s  30 and 31. For  t h i s  
i n t e g r a t i o n  concept, no t  on ly  the p i t c h  and yaw vec to r ing  advantages are 
obtained, but  the  i n s t a l l a t i o n  o f  a t h r u s t  reverser  can be more e f f i c i e n t .  
For example, on the a i r c r a f t  under surface, the  reverser  exhaust i s  deflected 
outwards poss ib l y  reducing the i n l e t  h o t  gas re inges t i on  problem dnd un the 
upper surface, the reverser  exhaust i s  def lected away from the v e r t i c a l  t a i l s  
poss i  b l y  easing some adverse i n te fe rence  problems. 

CONCLUSIOdS 

A s i g n i f i c a n t  research program i s  ongoing i n  Langley 's  Propu ls ion  
Aerodynamics Branch on i n t e g r a t i n g  the propu ls ion  system i n t o  n igh  perforcriance 
a i r c r a f t  concepts. This  program has inc luded nozzle design, nozz le la f te rbuay  
i n t e g r a t i o n ,  empennage i n t e g r a t i o n ,  and mu l t i p lane  vec to r ing  s tud ies.  
r e s u l t s  o f  some o f  those s tud ies  presented i n  t h i s  paper are d s  follollJs: 

The 

1. A s i g n i f i c a n t  p o r t i o n  o f  the af terbody drag i s  due t o  the h o r i r o n t d l  
and v e r t i c a l  t a i  1s. 
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2. Nonaxisymnietric nozzles are compet i t i ve  wi th axisymmetric nozzles. 

3. Computational methods can prov ide necessary guidance i n  p ropu ls ion  
i n t e g r a t i  on. 

4. Thrust  vec tor ing  concepts are e f f e c t i v e  i n  p rov id ing  combined p i t c n  
and yawing moments. 
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Figure 1. Nozzle/afterbody/ewpennage drag for  high-performance a i r c r a f t .  

Figure 2. Model w i t h  t w i n  axisymmetric nozzles. 
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Figure  3. Nozzle/afterbody/empennage drag breakdown. 
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F igu re  4. Ra t io  o f  t a i l  drag t o  af terbody drag. 
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a = Oo, scheduled NPR 
axisymmetric dry power nozzle 
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F i g u r e  5. Nozzle/afterbody drag breakdown. 

Figure 6. Model w i t h  t w i n  nonaxisyinmetric nozzles. 
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F igu re  7. brag comparison f o r  moael w i t h  empennage and var ious nozzle types. 
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F igu re  8. b rag  comparison for moael w i thou t  empennage and var ious nozz le 
types. 
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Figure 9. Model wi th  7.5" boattai  1 nonaxisymmetric nozzles. 

Figure 10. Model with 12.5O boattai  1 nonaxisymmetric nozzles. 
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F i g u r e  11. E f f e c t  of n o z z l e  b o a t t a i l  a n g l e  on n u z z l e  dray .  
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F i g u r e  12. Model showing nozz le  b o a t t a i l  a n g l e  t r a d e  s t u d y .  
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Figure 13. Effect  o f  nozz 1 e si dewa 1 1 vs. upper/ lower 
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Figure 14. Empennage locations on fuselage. 
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Figure 15. Effect  o f  horizontal and ve r t i ca l  t a i l s  on nozzle drag. 
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Figure 16. Effect  of hor izonta l  and ve r t i ca l  t a i  1s on t o t a l  nozzle/afterbody 
drag. 
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Figure 17. Model i n s t a l l ed  i n  the 16-Foot Transonic Tunnel. 
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Figure 18. Coinpari son of experimental and theoret ical  pressure coef f ic ien ts  
a t  14 = 0.60. 
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Figure 19. Comparison of  experimental and theoret ica l  pressure coef f ic ients  
a t  M = 0.90. 

Figure 20. Yaw vector concepts. 
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F igu re  21. Flow t u r n i n g  performance o f  yaw vec tor  concepts a t  M = 0.0. 
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Figure  22. Ex terna l  f l ow  e f f e c t s  on vectored t h r u s t  yawing moment f o r  
upstream rec tangu lar  p o r t  model. 
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Figure 23. External flow e f f ec t s  on vectored thrust yawing moment for nioael 
with s i  dewall f laps .  
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Figure 24. External flow e f f ec t s  on vectored thrust yawing moment fo r  moael 
w i t h  post-exi t f laps .  
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F i g u r e  25. Thrus t  performance o f  yaw vec to r  concepts a t  M = 0.0. 
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F igu re  26. Model w i t h  canted nozzles i n  the  16-Foot Transonic Tunnel. 
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Figure 27.  Model with nozzles canted 30'. 
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Figure 28. Effect o f  nozzle flap deflection on pitching and yawing moments. 
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F i g u r e  29. Drag reduc t i on  due t o  canted nozzles. 

F i g u r e  30. Top view o f  the F-15 SMTD w i t h  canted nozzles. 
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Figure 31. Rear view o f  the F-15 SMTU with canted nozzles. 
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