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INTRODUCTION 

Most cu r ren t   ope ra t iona l   mi l i t a ry   a i r c ra f t   have   been   des igned   fo r   e f f i c i en t  
subsonic   cruise   and  subsonic- t ransonic   maneuverabi l i ty ,   whereas   supersonic   perfor-  
mance has  been  considered a "fallout"  or  off   -design  condition.  Analysis  of  the a i r  
o p e r a t i o n s   d u r i n g   r e c e n t   c o n f l i c t s   i n d i c a t e s   c o n s i d e r a b l e   a i r c r a f t   v u l n e r a b i l i t y   o v e r  
enemy t e r r i t o r y ;   o n e  method  proposed t o  r e d u c e   a i r c r a f t   v u l n e r a b i l i t y  is t o  provide 
e f f i c i e n t   s u p e r s o n i c   c r u i s e   c a p a b i l i t y  t o  f u t u r e  combat a i r c r a f t   ( r e f .   1 )  . Super- 
sonic   c ru ise   wi th   reduced   engine  power (dry or par t ia l  afterburning)  has  been  sug- 
ges ted  as one  method  of  improving  supersonic  cruise  efficiency.  Results  of para- 
metric wind-tunnel  investigations  of  convergent-divergent  nozzles  applicable t o  
supe r son ic   c ru i se   mi l i t a ry   a i r c ra f t   have   been   r epor t ed   i n   r e f e rences  2 and 3. The 
nozzles  of  reference 2 were mounted  on  an i so l a t ed   nace l l e   w i th  no a f te rbody  c losure  
ahead   of   the   nozz le   and   no   cont ro l   sur faces   p resent .   Pas t   exper imenta l   inves t iga-  
t i o n s   ( r e f s .  4 t o  6)   on   cur ren t   h igh   per formance   f igh ter   a i rc raf t   have  shown t h a t  
s izable   a i rp lane   per formance   pena l t ies  are a s s o c i a t e d   w i t h   t h e   i n s t a l l a t i o n  of t h e  
propuls ion   sys tem  in to   the   a i r f rame.  Adverse in t e r f e rence   e f f ec t s   o r ig ina t ing   f rom 
empennage sur faces   have   been   found  to   be  a major   contr ibutor  t o  the  af terbody/nozzle  
drag  problem  (refs.  6 t o   l o ) ,   e s p e c i a l l y  when the   nozz le   opera tes   in  a closed-down, 
low-power ( d r y   o r   p a r t i a l   a f t e r b u r n i n g )  mode. (See  ref .  7 .  ) The i n s t a l l a t i o n  
e f f ec t s ,   i nc lud ing  empennage in t e r f e rence ,  on single-engine  convergent-divergent 
nozzles are examined i n   r e f e r e n c e  3. For t h e   i n v e s t i g a t i o n  of  reference 3, s i x  
reduced-power nozzle   configurat ions,   invest igated  previously  on  an  isolated  nacel le  
and   r epor t ed   i n   r e f e rence  2, were t e s t e d  on a typ ica l   s ing le-engine   f igh ter   a f te rbody 
model.  Twin-engine n o z z l e   i n s t a l l a t i o n s  create the  addi t ional   complexi t ies   of   rmtual  
nozzle/ je t   exhaust   in terference  effects ,   in terfair ings,   and/or   base  regions  between 
t h e   n o z z l e s   a n d   o f t e n   a d d i t i o n a l   v e r t i c a l   t a i l   s u r f a c e s .  

An exper imenta l   inves t iga t ion  was conducted t o  examine i n s t a l l a t i o n   e f f e c t s  on 
twin-engine  convergent-divergent  nozzles  applicable  to  reduced-power  supersonic 
c r u i s e   a i r c r a f t .  For t h e   c u r r e n t   i n v e s t i g a t i o n ,   s i x  reduced-power  nozzle  configura- 
t ions ,   inves t iga ted   p rev ious ly   on   an   i so la ted   nace l le   and  a typ ica l   s ing le-engine  
f ighter   af terbody  model   ( refs .  2 and 3, r e s p e c t i v e l y ) ,   w e r e   s e l e c t e d   f o r   i n s t a l l a t i o n  
on a typ ica l   twin-engine   f igh ter   a f te rbody model. The e f f e c t s  of  nozzle  geometry 
( length  and  c losure)   and empennage surface  location  on  twin-engine  aft-end  drag  were 
inves t iga ted .  

The inves t iga t ion  was conducted i n   t h e  Langley  16-Foot  Transonic  Tunnel a t  Mach 
numbers  from 0.50 t o  1.20 wi th   nozz le   th roa t   a reas   cor responding   to   d ry  power and 
par t ia l  a f t e rbu rn ing  power-  Nozzle  pressure ra t io  was varied  from 1.0 ( j e t  o f f )  up 
t o  approximately 8 .0 ,  depending  on Mach number, and  angle   of   a t tack was va r i ed  
from -50 t o  9 O  a t  s e l e c t e d  Mach numbers. The hor i zon ta l  tai ls  were t e s t e d   i n  mid and 
a f t   a f t e rbody   ax ia l   l oca t ions   and   t he   tw in   ve r t i ca l  tails were t e s t ed   i n   fo rward   and  
mid a f t e rbody   ax ia l   l oca t ions .  

I .  



SYMBOLS 

Aan 

Ae 

AfllS 

AO 

Aseal 

A t  

cD 

‘D,a 

‘D,n 

‘D,n,one 

‘D,t 

‘D, t a i l s  

MD,ia 

MD, i n  

it 

‘L 

‘L,n 

‘L, t 

‘P 

area  of  annular  clearance  gap  between  inner  and  outer  nozzle  parts a t  
model base, m 2 

n o z z l e   e x i t  area, m 

maximum cross-sect ional  area of  model  fuselage, 0.0 3 17 m2 

2 

t o t a l  i n t e r n a l  area of   ou ter   nozz le   ex i t   opening ,  m 2 

cross-sect ional   area  enclosed by metric break seal, 0.0297 m2 

nozz le   t h roa t  area, m 

d rag   coe f f i c i en t  

a f te rbody  drag   coef f ic ien t ,  - 

2 

Da 

qms 

Dn (both  nozzles)  
nozz le   d rag   coef f ic ien t ,  

qms 

Dn (one  nozzle) 
nozz le   d rag   coef f ic ien t  , 

qms 

Dt 

qCOS 
t o t a l  a f t - end   d rag   coe f f i c i en t  , - 

t a i l  d rag   coe f f i c i en t ,  Dtails 

qms 

increment i n  empennage interference-drag  coeff ic ient   on  af terbody 

increment i n  empennage in te r fe rence-drag   coef f ic ien t   on   nozz le  

increment i n  empennage in te r fe rence-drag   coef f ic ien t   on  t o t a l  a f t  end 

l i f t   c o e f f i c i e n t  

nozzle l i f t   c o e f f i c i e n t  , 
Ln (both  nozzles)  

%os 

=t 

qCOs 
t o t a l   a f t - e n d   l i f t   c o e f f i c i e n t ,  - 

Pn - Pm 
nozz le   s t a t i c -p res su re   coe f f i c i en t ,  

Da 

2 

afterbody  drag, N 



1 
f 

M 

NPR 

drag  measured by balance,   posi t ive downstream, N 

nozzle   drag  (pressure + f r i c t i o n ) ,  N 

t o t a l   a f t - end   ( a f t e rbody  + nozzles + tai ls)  drag, N 

t a i l  drag, N 

base  diameter  of  nozzle a t  e x i t ,  m 

nozz le   ex i t   d iameter ,  m 

maximum diameter  of  nozzle, m 

nozz le   th roa t   d iameter ,  m 

n o z z l e   l i f t ,  N 

t o t a l   a f t - end   ( a f t e rbody  + nozzles + tai ls)  l i f t ,  N 

nozzle   length  f rom  connect   s ta t ion (FS 165.63) t o   e x i t ,  rn 

a x i a l   l e n g t h  of  nozzle  divergent  f lap  (axial   distance  between  nozzle 
t h r o a t   a n d   e x i t ) ,  m 

free-stream Mach number 

nozz le   p re s su re   r a t io   o f  j e t  t o t a l   p r e s s u r e   t o   f r e e - s t r e a m  

s t a t i c   p r e s s u r e  

des ign   nozz le   p re s su re   r a t io  (NPR f o r   f u l l y  expanded j e t  exhaust 

loca l   p ressure   a t   nozz le   annular   c learance   gap ,  N/m 2 

l o c a l  s ta t ic  p res su re   ex t e rna l   t o   t he   me t r i c   b reak   s ea l ,  N/m2 

l o c a l   i n t e r n a l   s t a t i c   p r e s s u r e ,  N/m 2 

nozzle   ex te rna l  s ta t ic  pressure,  N/m2 

j e t  t o t a l   p r e s s u r e ,  N/m 

f ree-stream s t a t i c   p r e s s u r e ,  N/m2 

f ree-stream dynamic pressure,  N/m2 

wing  reference  area,  0.429 m 

2 

2 

flow ) 

empennage sur face   th ickness  ra t io  ( ra t io  of local maximum t h i c k n e s s   t o  
local chord) 
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X 

h 

Q 
le 

ax ia l   d i s tance   f rom  nozz le   connec t   s ta t ion  (FS 165.63) ,   posi t ive down- 
stream, m 

angle   of   a t tack,   deg 

nozz le   t e rmina l   boa t ta i l   angle ,   deg  

nozzle  divergence  angle,  deg 

nozz le   approach   angle   to   th roa t ,   deg  

sweep angle  a t  leading  edge,  deg 

mer id ian   angle   about   nozz le   cen ter   l ine   (pos i t ive   for   c lockwise   d i rec-  
t i on   abou t   l e f t -hand   nozz le   and   pos i t i ve   fo r   coun te rc lockwise   d i r ec -  
t ion  about   r ight-hand  nozzle;  Q = Oo a t  top of each  nozzle) , deg 

Abbreviations : 

A/B 

BL 

FS 

fwd 

p a r t  

R 

Sub 

super.  

WL 

a f t e rbu rn ing  

bu t tock   l i ne  

fuse l age   s t a t ion  

forward 

p a r t i a l  

r ad ius  

subsonic 

supersonic  

water l i n e  

. 
APPARATUS AND METHODS 

Wind Tunnel 

The  experimental   invest igat ion w a s  conducted i n   t h e  Langley  16-Foot  Transonic 
Tunnel.  This  tunnel is a s ingle-return  a tmospheric   tunnel   with a s lo t t ed   oc t agona l  
test sect ion  and  cont inuous a i r  exchange. me wind tunnel   has  a var iable   a i rspeed  up 
t o  a Mach number of 1.30. Test-section plenum suc t ion  i s  r e q u i r e d   f o r  speeds above a 
Mach number of  1.10. A complete  description of t h i s   f a c i l i t y   a n d   o p e r a t i n g   c h a r a c -  
t e r i s t i c s   can   be   found   i n   r e f e rence  11. 

Model and  Support  System  Description 

Photographs  of  the  model  and  support   system  installed  in  the  Langley  16-Foot 
Transonic  Tunnel are s h a m   i n   f i g u r e  1 and a sketch  of   the  twin-engine  f ighter  model 
and a po r t ion  of t h e  wing-tip-ounted  support  system i s  p r e s e n t e d   i n   f i g u r e  2. A 
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complete  sketch  and  description  of  the  wing-tip-mounted (or  b i fu rca t ed   s t i ng )   suppor t  
system  can be found i n   r e f e r e n c e  1 1. With the   except ion   of   the   nozz le   hardware ,   the  
twin-engine model u s e d   f o r   t h i s   i n v e s t i g a t i o n  w a s  u t i l i zed   p rev ious ly   fo r   an   i nves t i -  
gat ion on empennage i n t e r f e r e n c e   e f f e c t s   ( r e f .  12) .  An external   high-pressure a i r  
supply  provides   the model with a continuous  flow  of  clean  dry a i r  a t  a con t ro l l ed  
temperature  of  about 360 K, which i s  used to   s imula te   exhaus t   f low  over  a range  of 
j e t  total   pressure.   Sketches  with  important   dimensions  of   the model aft-end compo- 
nents  (afterbody,  nozzles,   and t a i l s )  are shown i n   f i g u r e  3. 

The b i f u r c a t e d   s t i n g  model support   system Shawn i n   f i g u r e  2 cons is ted   o f   th ree  
major port ions:   the   twin  support  booms, the  forebody  (nose) ,   and  the wing/ 
centerbody. These p ieces  made up   the   nonmetr ic   por t ion   ( tha t   por t ion  of t h e  model 
no t  mounted  on the   fo rce   ba l ance )   o f   t he   tw in -eng ine   f i gh te r  model. The centerbody 
( fuse lage)  w a s  e s s e n t i a l l y   r e c t a n g u l a r   i n   c r o s s   s e c t i o n   h a v i n g  a constant  width  and 
height  of 25.40 c m  and 12.70 c m ,  respec t ive ly .  The four   corners  were rounded by a 
radius  of 2.54 cm. Maximum cross-sect ional   area  of   the   centerbody  ( fuselage)  w a s  
317.04 cm2.  The support-system  forebody (or nose) w a s  t yp ica l   o f  a powered  model i n  
t h a t   t h e   i n l e t s  w e r e  fa i red   over .  The "wings"  of the  support   system were mounted 
above t h e  model c e n t e r   l i n e   o r   i n  a "high wing" pos i t i on  which i s  a l s o   t y p i c a l   o f  
many cur ren t   f igh ter   des igns .  The support  system  wing  has a 45O leading-edge  sweep, 
a t a p e r   r a t i o  of 0.5,  a n   a s p e c t   r a t i o  of 2.4, and a c ranked   t ra i l ing   edge .  The air-  
f o i l  was symmetrical a n d   t h e   t h i c k n e s s   r a t i o   n e a r   t h e  wing  fuselage  junction a t  
BL 12.70 w a s  rea l i s t ic   (approximate ly   t / c  = 0.067)  t o   p r o v i d e  as r e a l i s t i c  a wake as 
poss ib l e  on t h e  model afterbody. From BL 27.94 t o   t h e   s u p p o r t  booms, however,  wing 
th i ckness   r a t io   i nc reased  from t/c = 0.077 t o  t/c = 0.10 t o  p rov ide   s t ruc tu ra l  
suppor t   fo r   t he  model  and t o   p e r m i t   t r a n s f e r  of  compressed a i r  from  the booms t o   t h e  
model propulsion  system. 

The twin-engine  afterbody Shawn i n   f i g u r e  3(a )  w a s  a t tached  t o  the  support-  
system  wing/centerbody by mounting  on a six-component  strain-gage  balance  as shown. 
The term " a f t   e n d , "   a s   u s e d   i n   t h i s   p a p e r ,  i s  the   me t r i c   po r t ion  of t h e  model ( t h a t  
port ion  of   the model  on  which forces   and moments are measured)  beginning a t   t h e  m e t -  
r i c   b r e a k   s e a l   s t a t i o n  (FS 120.04) and  includes  the  af terbody,   outer   nozzles ,   and 
empennage sur faces  when present .  Note t h a t   t h e  model propuls ion  system  ( thrust)  
forces  and moments were not  measured by the  balance as the  propulsion  system was 
grounded t o   t h e  model support  sys tem and  clearance was provided  between  the  metric 
and  nonmetric  portions  of  the model. A Du Pont  Teflon s t r i p   i n s e r t e d   i n   g r o o v e s  
machined in   the  nonmetr ic   forebody  and  the  metr ic   af terbody was used   a s  a s e a l   t o  
prevent   external   f low  f rom  enter ing  the model. The a f t e rbody   l i nes  were chosen t o  be 
t y p i c a l  of c u r r e n t   c l o s e - s p a c e d   t w i n ' e n g i n e   f i g h t e r   d e s i g n s   a n d   a l s o   t o   f a i r   t h e  
af terbody  smoothly  f rom  the  constant   cross   sect ion  of   the  centerbody down t o   t h e  
nozzles  and  house  the  afterbody  balance,   propulsion  simulation  system,  and  related 
instrumentation. 

Figure  3(b)   presents  a sketch  and  table  giving  geometry  of  the  axisymmetric 
nozz les   t es ted .   Nozzle   geometr ies   for   th i s   inves t iga t ion   s imula ted  two ( shor t ,  
I 8 cm, and  long, I = 1 1  c m )  variable-geometry,  convergent-divergent  nozzle 
des igns   t yp ica l   o f   t hose   cu r ren t ly   i n   u se  on f i g h t e r   a i r c r a f t .  However, t h e s e  noz- 
zles  have a larger   range  of   nozzle   expansion  ra t io  Ae/At i n   o r d e r   t o   s a t i s f y   s u p e r -  
sonic  mission  requirements.  Each nozzle   length w a s  t e s t e d   a t   d r y  power s e t t i n g   w i t h  
two d i f fe ren t   nozz le   expans ion   ra t ios ,   one  (Ae/A = 1.22)  represent ing  subsonic  
c ru i se   nozz le  geometry  and t h e   o t h e r  (Ae/At = 2.84) r ep resen t ing   supe r son ic   c ru i se  
nozzle   geometry.   In   addi t ion,   the   supersonic   cruise   nozzle   expansion ra t io  w a s  a l s o  
t e s t e d  a t  par t ia l  a f t e rbu rn ing  power s e t t i n g   ( l a r g e r   t h r o a t   a r e a  At) fo r   each   nozz le  
length.  To i s o l a t e   t h e   e f f e c t   o f   i n s t a l l a t i o n   ( a f t e r b o d y   c l o s u r e )  on nozzle  drag, 
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t he   s ix   nozz le   con f igu ra t ions   u sed   fo r   t he   cu r ren t   i nves t iga t ion  were s e l e c t e d  from 
nozzle   configurat ions tested previous ly   on   an   i so la ted   nace l le   (no   a f te rbody  c losure  
or  empennage s u r f a c e s ) .  These r e s u l t s  are r e p o r t e d   i n   r e f e r e n c e  2. External  geome- 
t r y  of t he   nozz le s   u t i l i zed   fo r   t he   cu r ren t   t e s t   dup l i ca t ed   t he   ex te rna l   geomet ry   o f  
the   nozz les   se lec ted   f rom  re ference  2. However, because  the  balance  arrangement of 
t he   cu r ren t   i nves t iga t ion   r equ i r ed  a nominal 0.19-cm a n n u l a r   c l e a r a n c e   g a p   a t   t h e  
n o z z l e   e x i t  t o  prevent  balance-to-model  fouling,  the  nozzle  configurations shown i n  
f igu re   3 (b )   r equ i r ed  a th icker   base  ( db - de) a t  t h e   n o z z l e   e x i t   a n d  small changes t o  
nozz le   i n t e rna l  geometry ( A  At, and 6 )  from the   nozz le s   r epor t ed   i n   r e f e rence  2. 
However, nozzle   expansion  ra t io  Ae/At, which a f f ec t s   exhaus t  plume shape, w a s  dupli-  
cated.  The nozz le   conf igura t ions   o f   the   cur ren t   inves t iga t ion   have   a l so   been   tes ted  
on a typ ica l   s ing le-engine   f igh ter   a f te rbody  wi th  empennage su r faces ,   and   r e su l t s  
from t h i s   i n v e s t i g a t i o n  are r e p o r t e d   i n   r e f e r e n c e  3. 

e' 

One o f   t he   ob jec t ives  of t h i s   i n v e s t i g a t i o n  was t o  de t e rmine   t he   e f f ec t s  of 
empennage surface  locat ion  on  twin-engine  af t -end  aerodynamic  character is t ics .  The 
a f te rbody  had   provis ions   for   mount ing   bo th   the   twin   ver t ica l   t a i l s   and   the   hor izonta l  
t a i l s  i n  two a x i a l   l o c a t i o n s  as i l l u s t r a t e d   i n   f i g u r e   3 ( c ) .  Forward and mid a x i a l  
l oca t ions  of t h e   t w i n   v e r t i c a l  t a i l s  were tested; mid and a f t   a x i a l   l o c a t i o n s  of t h e  
h o r i z o n t a l   t a i l s  were t e s t e d .  

Sketches  of   the   ver t ical   and  horizontal  t a i l  su r faces  are shown i n   f i g u r e s   3 ( d )  
and  3(e) .  These t a i l  surfaces   were  s ized  to   be  representat ive  of   current   twin-engine 
f i g h t e r   a i r c r a f t   d e s i g n s .  As i n d i c a t e d   i n   t h e  t a i l  ske tches ,   i nd iv idua l   roo t   f a i r -  
i n g s   c o n t o u r e d   t h e   t a i l s   t o   t h e   a f t e r b o d y   a t   e a c h   t a i l   l o c a t i o n .  As i n d i c a t e d   i n  
f igure   3 (d)   and  shown i n   f i g u r e s   l ( c )   a n d  2, t h e   t w i n   v e r t i c a l  ta i ls  were canted  out-  
board 200. Data from  reference 1 2  i n d i c a t e   t h a t   t h i s   t a i l   c a n t   a n g l e   g e n e r a l l y   p r o -  
vides  lower  aft-end  drag. 

Instrumentation 

External  aerodynamic  forces  and moments on t h e  model a f t  end  ( including empen- 
nage  surfaces  and  outer  nozzles)  were  measured  with a six-component  strain-gage  bal- 
ance.  Forces  and moments on the  propuls ion  s imulat ion  system  ( thrust)  were no t  
measured. 

E i g h t   e x t e r n a l   s e a l   s t a t i c - p r e s s u r e   o r i f i c e s  were l o c a t e d   i n   t h e   m e t r i c   b r e a k  
gap  area  between  the  centerbody  and  afterbody  and  are  denoted pes i n   f i g u r e   3 ( a ) .  
In   addi t ion,  two i n t e r n a l   p r e s s u r e   o r i f i c e s  pint l o c a t e d   i n   t h e  model cavity  and 
e i g h t   p r e s s u r e   o r i f i c e s  pan loca ted   in   the   annular   gap   be tween  inner   and   ou ter  
nozzles were used   t o   measu re   i n t e rna l   p re s su res   i n   t he  model. These pressures  were 
used t o   c o r r e c t   t h e   b a l a n c e  measurements f o r   p r e s s u r e - a r e a   t a r e s  as d i s c u s s e d   i n   t h e  
sec t ion  "Data  Reduction. 'I 

Each in t e rna l   nozz le  w a s  instrumented  with two total-pressure  probe  rakes  
located 180° a p a r t  and  s taggered  to   prevent   appreciable   f low  blockage  as  shown i n  
f i g u r e   3 ( b ) .  Each rake  contained two total-pressure  probes.  An addi t iona l   p robe  was 
located  in   each  nozzle   and  contained a thermocouple  which w a s  u sed   fo r   t he  measure- 
ment of to ta l   t empera ture .  

The outer   nozz les   each   had   th ree  rows  of ex te rna l   p re s su re   o r i f i ce s   (w i th   f i ve  
p r e s s u r e   o r i f i c e s   i n   e a c h  row) f o r  measurement  of ex te rna l   p re s su re   d i s t r ibu t ions   on  
the   nozz le s .   P re s su re   o r i f i ce   l oca t ions   a r e   g iven   i n   f i gu re  4. Note t h a t  4 is  
def ined   d i f fe ren t ly   for   l e f t -   and   r igh t -hand  nozz les   such   tha t  a given  value of (0 
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on e i t h e r   n o z z l e   p l a c e s   t h a t  row o f   e x t e r n a l   o r i f i c e s   i n   t h e  same l o c a t i o n   r e l a t i v e  
t o   t h e  empennage sur faces   and   a f te rbody  in te r fa i r ing .  

Tests 

Data were obtained a t  an  angle   of   a t tack  of  Oo a t  Mach numbers  from  0.50 
t o  1.20. Nozz le   p re s su re   r a t io   ( r a t io   o f  j e t  t o t a l   p r e s s u r e   t o   f r e e - s t r e a m   s t a t i c  
pressure)  w a s  varied  from  approximately 1 .0  ( j e t  o f f )   t o   a b o u t  8.0,  depending  on Mach 
number. In addi t ion ,  a t  Mach numbers  of  0.50, 0.90, and 1 .20 ,  data  were  obtained 
over  an  angle-of-attack  range  of -5O t o  9 O  a t  a nozz le   p re s su re   r a t io   r ep resen t ing  
typ ica l   ope ra t ing   cond i t ions   fo r   each  Mach number. Reynolds number based  on model 
length  varied  from  approximately 1.62 x l o 7   a t  M = 0.50 t o  2.25 X 10 a t  M = 1.20. 
All conf igura t ions  were tes ted   wi th   f ixed   boundary- layer   t rans i t ion  strips on t h e  
model nose  and  wings  and on the   a f te rbody empennage surfaces .  A 0.254-cm-wide s t r i p  
of No. 120 s i l i c o n   c a r b i d e   g r i t  was loca ted  2.54 c m  from the  nose  of  the  forebody. 
T r a n s i t i o n   s t r i p s  0.254 c m  wide  of No .  120 s i l i c o n   c a r b i d e   g r i t  were loca ted  1.27 cm 
streanwise  from  the  leading  edge  of  the  wing  and empennage surfaces .  

7 

Data  Reduction 

Data fo r   bo th  model and  wind-tunnel tes t  instrumentat ion w e r e  recorded  simulta- 
neously  on  magnetic  tape. A t  each t es t  po in t ,  50 samples  of  data  were  recorded  over a 
5-second  period. The samples  were  averaged;  these  average  values  were  used  for a l l  
computations. 

Total   af t -end’   drag was measured  direct ly  from t h e  six-component  strain-gage 
balance  but was cor rec ted   for   var ious   p ressure   a rea   t e rms .  Total af t -end  drag was 
computed  from the  fol lowing  equat ion:  

- (Pan - PJA an 

The f i r s t  two pressure-area terms c o r r e c t   f o r  Dbal forces  measured by the  balance.  
The last term in   equa t ion   (1 )  i s  n o t   a c t u a l l y  measured by the   ba lance   bu t  i s  used t o  
account   for   the  annulus   between  the  internal   and  external   nozzle   hardware.  

Nozzle  drag  of  both  nozzles Dn was obtained by adding   nozz le   p ressure   d rag   to  
a computed nozzle  skin-friction  drag.  Nozzle  pressure  drag was determined by in te -  
g ra t ion  of   nozzle   pressure  dis t r ibut ions  over   the  nozzle   surface  area.   Nozzle   skin-  
f r i c t i o n   d r a g  was computed w i t h   t h e  method  of  Frank1  and  Voishel as d e s c r i b e d   i n  
reference 1 3. 

Vert ica l   and   hor izonta l  t a i l  drag  w a s  d e f i n e d   t o   b e   t h e  sum of  form  drag  plus 
s k i n - f r i c t i o n   d r a g   f o r  M < 0.90 and wave d r a g   p l u s   s k i n - f r i c t i o n   d r a g   f o r  
M > 1.00. Skin-fr ic t ion  drag  and wave drag were computed by u s i n g   t h e  methods  of 

7 



re ferences  13 and 14. The subson ic   fo rm  f ac to r s   fo r   t he  t a i l s  were ca lcu la ted   wi th  
the  following  equation  from  reference 12: 

Form f a c t o r  = 1 + 1.44( t /c)  + 2( t /c)  (2 

The ind iv idua l   roo t   f a i r ings   r equ i r ed  €or each t a i l  l o c a t i o n  were also f i g u r e d   i n t o  
the   sk in - f r i c t ion   and  wave-drag ca lcu la t ions .  With the  use  of  previously  determined 
drag  components,  afterbody  drag Da was obtained  f rom  the  fol lowing  equat ion:  

The t a i l   i n t e r f e r e n c e  terms u s e d   i n   t h i s   r e p o r t  are consis tent   with  those  used 
i n   r e f e r e n c e s  3 and 7. m e   t o t a l   i n t e r f e r e n c e   i n c r e m e n t   o n   t h e   a f t   e n d  was deter- 
mined  from 

Ac - 
D, it (‘Dl t a i l s  on (‘D) t a i l s  o f f  D, t a i l s  

- - - c  

where (CD)tails on i s  t h e  measured t o t a l   a f t - e n d   d r a g   f o r  a given  configuration, 
(CDItails o f f  i s  t h e  measured   a f t -end   drag   for   the  same c o n f i g u r a t i o n   w i t h   t h e   t a i l s  
removed,  and CD,tails is  t h e  computed value  of t a i l  d rag  as discussed  previously.  
Posi t ive  values   of  ACD,it i n d i c a t e   a d v e r s e   i n t e r f e r e n c e   e f f e c t s  on aft-end  drag. 
The empennage in te r fe rence   e f fec ts   on   the   nozz les  were found  from  the  following 
equation: 

Ac - - 
(‘D,n tai ls  on (‘D,n t a i l s   o f f  D, i n  1 - 1 (5 

where the   nozz le   d rags   a r e   i n t eg ra t ed   p re s su re   d i s t r ibu t ions   ove r   t he   nozz le   su r f ace  
The  empennage interference  increment  on the  af terbody  a lone was then   def ined   to   be  
the   d i f f e rence  between t h e  empennage in te r fe rence   increments  on t h e   t o t a l   a f t   e n d   a n d  
the   nozz le s   a lone   o r  

Ac 
D, i a  “ D , i t  “D, i n  (6) 

- - - 

It should  be  noted  that  any in t e r f e rence   e f f ec t s   on   t he  tai ls  themselves ( t a i l  on 
t a i l  or  afterbody/nozzle  on t a i l )  are inc luded   i n   t he   a f t e rbody   i n t e r f e rence   d rag  
term 
computed a t  nominal  values  of a = Oo only. 

ED, ia’  Also, because  of  drag  due t o   l i f t ,  empennage in t e r f e rence  terms were 

The t o t a l   a f t - e n d   l i f t   c o e f f i c i e n t  CL, was computed  from the   ba lance   da ta  
a f t e r   t h e  model angle   of   a t tack was c o r r e c t e d   f o r  model support   def lect ions  and  tun-  
n e l  upflow. No pressure-area   cor rec t ions   a re   necessary  t o  ob ta in  model aft-end l i f t  
coe f f i c i en t s .  Nozzle l i f t   c o e f f i c i e n t  CL,n w a s  obtained  from a pressure-area  inte-  
g ra t ion  by using  measured  nozzle s ta t ic  p res su res   ove r   t he   ex t e rna l   su r f ace   o f   t he  
nozzle. 
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PRESENTATION O F  RESULTS 

The r e s u l t s   o f   t h i s   i n v e s t i g a t i o n  are p resen ted   i n   p lo t t ed   coe f f i c i en t   fo rm i n  
f i g u r e s  5 t o  37,  which are organized  as  follows: 

Drag and l i f t   c o e f f i c i e n t   d a t a :  

Figure 
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off 
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off  
Forward 
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Mid 
Mid 
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Mid 
Mid 
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Mid 
Aft  

Off 
Mid 
Mid 

P a r t i a l  A/B 2 -24 off 
Mid 
Aft 

off 
Mid 
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Figure 
Nozzle   s ta t ic -pressure   d i s t r ibu t ions :  

E f fec t  of  nozzle  closure (d,/dm): 
Short   nozzles ,  tai ls  o f f  ............................................. 17 

Effect   of   nozzle   length:  
Subsonic  dry power nozzles ,  t a i l s  o f f  ................................ 18 
Super son ic   pa r t i a l  A/B power n o z z l e s ,   t a i l s   o f f  ...................... 19 

E f f e c t  of nozz le   p ressure  ratio: 
Short   subsonic  dry power nozzles ,  tails on ........................... 20 
Long supersonic   dry power n o z z l e s ,   t a i l s  on .......................... 21 
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Figure 
Effect  of empennage arrangement: 

Short   subsonic  dry power nozzles  ..................................... 22  
Short   supersonic  dry power nozzles  ................................... 23 

Summary f igures :  

Typical   nozzle   pressure ra t io  schedule ................................. 24 

Effect  of  eqennage  arrangement: 
Short   subsonic  dry power nozzles  ..................................... 25 
Long subsonic  dry power nozzles  ...................................... 26 
Short   supersonic   dry power nozzles  ................................... 27 
Long supersonic   dry power nozzles  .................................... 28  
Shor t   supe r son ic   pa r t i a l  A/B power nozzles  ........................... 29 
Long s u p e r s o n i c   p a r t i a l  A/B power nozzles ............................ 30 

E f f e c t  of  nozzle  length: 
Subsonic  dry power nozzles  ........................................... 31 
Supersonic  dry power nozzles ......................................... 32 
Super son ic   pa r t i a l  A/B power nozzles  ................................. 33 

Effect   of   nozzle   c losure (%/%I:  
Short   nozzles ........................................................ 34 
Long nozzles  ......................................................... 35 

Comparison  of i n s t a l l e d   a n d   i s o l a t e d   n o z z l e   d r a g   c o e f f i c i e n t s  .......... 36 

Comparison of   ins ta l led   and   i so la ted   nozz le   s ta t ic -pressure  
d i s t r i b u t i o n s  ........................................................ 37 

DISCUSSION 

Basic Data 

Figures 5 through 10  p re sen t   t o t a l   a f t - end   d rag   coe f f i c i en t   and   nozz le   d rag  
coe f f i c i en t   fo r   each   t e s t   con f igu ra t ion .  On t h e   l e f t   s i d e  of   each  f igure,   the   drag 
c o e f f i c i e n t s  are presented as a func t ion   of   nozz le   p ressure   ra t io  a t  a nominally 
cons tan t   angle   o f   a t tack   of  Oo; on t h e   r i g h t   s i d e  of  each  f igure,  as a funct ion  of  
ang le   o f   a t t ack   a t  a nominal ly   cons tan t   va lue   o f   nozz le   p ressure   ra t io   ( typ ica l   oper -  
a t i n g  NPR for   each  Mach number).  Note t h a t   d a t a  were not   ob ta ined  a t  angles  of 
a t t ack   o the r   t han  O o  a t  M = 0.80 and 0.85. Total a f t - e n d   l i f t   c o e f f i c i e n t   a n d  
n o z z l e   l i f t   c o e f f i c i e n t   i n   t h e  same presentat ion  format  are shown i n   f i g u r e s  11 
through 16. .Tota l   ' a f t -end-coef f ic ien ts ,  which include  af terbody,   nozzle ,   and empen- 
nage  (when ins t a l l ed )   con t r ibu t ions ,  were  obtained  from  force  balance  measurements. 
Nozzle c o e f f i c i e n t s  were obtained  f rom  pressure-area  integrat ions  and  skin-fr ic t ion 
drag   ca lcu la t ions .  

Nozzle  drag  and l i f t   c o e f f i c i e n t s . -  Nozzle   d rag   coef f ic ien ts   shmn  in   f igures  5 
through 10  e x h i b i t  similar t r ends  as no ted   i n   p rev ious   s tud ie s   ( r e f s .  2 and  3). A 
s ign i f i can t   d rag   r educ t ion   gene ra l ly   occu r s   w i th   i n i t i a l  j e t  operation  due t o  a base- 
b l eed   e f f ec t .  Drag then   increases   wi th   increas ing  NPR due t o  the   a sp i r a t ion   caused  
by t h e  pumping ac t ion   o f   t he  je t  exhaust.  Depending  on  configuration  and Mach nun- 
ber ,  a maximum jet-on  nozzle  drag  occurs between NPR of 2.0 and 5.0 a f t e r  which 
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nozzle   drag  decreases   with  increasing  nozzle   pressure ra t io  as exhaust plume blockage 
e f f e c t s  become dominant  with  the  compression  region a t  t h e   n o z z l e   e x i t   i n c r e a s i n g   i n  
s t rength .  There is  no   apprec iab le   e f fec t  of angle  of  at tack  on  nozzle  drag  except a t  
M = 1.20,  where small increases   in   nozz le   d rag   genera l ly   occur red   wi th   increas ing  
angle   of   a t tack.  

Pressure  recovery on t h e  short and  long  dry power subsonic  nozzles w a s ,  i n  gen- 
e r a l ,   s u f f i c i e n t   t o   c r e a t e   t h r u s t   ( n e g a t i v e   d r a g )   o n   t h e   n o z z l e   b o a t t a i l   s u r f a c e  a t  
subsonic  speeds.   (See  f igs.  5 and 6. ) Negative  drag w a s  measured  on t h e   o t h e r  noz- 
z l e  configurat ions a t  only a few  of  the  subsonic tes t  conditions.   Nozzle  drag w a s  
p o s i t i v e   f o r  a l l  conf igura t ions  a t  M = 1.20. 

Nozzle l i f t   c o e f f i c i e n t   ( f i g s .  11 through  16) is  es sen t i a l ly   ze ro   and  is  unaf- 
f e c t e d  by e i the r   nozz le   p re s su re  . ra t io  o r   a n g l e  of a t tack .  

Total   aft-end ~ drag  and l i f t   c o e f f i c i e n t s . -  Total d rag   coe f f i c i en t  showed bas i -  
c a l l y   t h e  same trends  with NPR as nozzle   drag  coeff ic ient .   Trends  of   total   af t -end - 

drag   wi th   vary ing   angle   o f   a t tack   exhib i t   typ ica l   "drag  polar" curves.  Since  nozzle 
drag was unaffected by vary ing   angle   o f   a t tack ,   the   var ia t ions  shown f o r   t o t a l   a f t -  
end   d rag   mus t   be   a t t r i bu ted   t o   va r i a t ions   i n   a f t e rbody   d rag   ahead   o f   t he   nozz le   and  
drag due t o   l i f t  on t h e   h o r i z o n t a l   t a i l s  (when i n s t a l l e d ) .  A s  might  be  expected  for 
t he   t a i l -o f f   con f igu ra t ions   ( f ig .   5 (a )  ) , t h e   d r a g   p o l a r   c u r v e s   a r e   r e l a t i v e l y   f l a t  
fo r   t hese   conf igu ra t ions   excep t   a t  M = 1.20. For t a i l - o f f   c o n f i g u r a t i o n s ,  minimum 
t o t a l   a f t - e n d   d r a g   c o e f f i c i e n t   o c c u r r e d   a t   a n g l e s  of attack  between 3O and 6 O  a t  
M < 0.90 and a t  an  angle   of   a t tack  of  Oo a t  M = 1.20.  For ta i l -on   conf igura t ions  , 
minimum to t a l   d rag   coe f f i c i en t   occu r red   nea r  a = Oo a t  a l l  t es t  condi t ions  except  
M = 0.90. A t  M = 0.90, t h e  minimum t a i l - o n   t o t a l   d r a g   u s u a l l y   o c c u r r e d   a t  a small  
negat ive  angle  of a t t a c k  ( a  3 -3O ) . This s h i f t   i n   a n g l e   o f   a t t a c k   f o r  minimum drag  
i s  probably  caused by a d i f f e r e n t  downwash flow f i e l d  from the  support   wing a t  
M = 0.90, which r e s u l t s   i n  a s i g n i f i c a n t   c h a n g e   i n   h o r i z o n t a l  t a i l  drag due t o   l i f t  
a t  any  given  angle  of  at tack.  Further  evidence o€ a d i f f e r e n t  downwash flow f i e l d  
a t  M = 0.90 is ind ica t ed  by t h e   l a r g e   s h i f t   i n   a n g l e   o f   a t t a c k   f o r   z e r o  t o t a l  l i f t  
when compared w i t h   d a t a   a t  M = 0.50  and  1.20.  (See f i g .   l l ( b ) . )  

Nozz le   p re s su re   r a t io   has   e s sen t i a l ly  no e f f e c t  on t o t a l   l i f t   c o e f f i c i e n t  
( f i g s .  11 through  16).  Angle  of  attack  has l i t t l e   o r  no e f f e c t  on t o t a l   l i f t   c o e f f i -  
c i en t   o f   t a i l -o f f   con f igu ra t ions   excep t  a t  M = 1.20. A t  M = 1.20, l i f t   i n c r e a s e s  
wi th   i nc reas ing   ang le   o f   a t t ack ;   s ince   nozz le   l i f t   coe f f i c i en t  w a s  independent  of 
a n g l e   o f   a t t a c k ,   t h i s   l i f t   i n c r e a s e  must occur   on  the  af terbody.ahead  of   the  nozzle .  
T o t a l   l i f t   c o e f f i c i e n t   o f   t a i l - o n   c o n f i g u r a t i o n s   e x h i b i t s   t y p i c a l   e f f e c t s   o f   a n g l e   o f  
a t t a c k ;   t h a t  is, l i f t   i n c r e a s e s   w i t h   i n c r e a s i n g   a n g l e  of a t t ack .  However, it should 
b e   n o t e d   t h a t   t o t a l   l i f t   c o e f f i c i e n t   d a t a   a t  a Mach number of 0.90 general ly  show 
l a rge   non l inea r i t i e s   w i th   i nc reas ing   ang le   o f   a t t ack .  

Pressure   Dis t r ibu t ions  

Nozzle  closure.- The e f f ec t   o f   nozz le   c losu re  %/dm on  nozzle   pressure  dis-  
t r i b u t i o n s  i s  p r e s e n t e d   i n   f i g u r e  17.  The da ta   for   subsonic   d ry  power nozzle 
(%/% = 0.557) show a s t rong  external   f low  expansion  near   the  beginning  of   the  noz-  
z l e   b o a t t a i l   f o l l o w e d  by downstream pressure   recovery   suf f ic ien t   to   p roduce   nega t ive  
d rag   ( t h rus t )  a t  subsonic  speeds,  as previously  discussed.  A t  M = 1.20, t h e   s t r o n g  
e x t e r n a l   f l o w   e x p a n s i o n   o v e r   t h i s   n o z z l e   r e s u l t s   i n  a standing  shock on the   nozz le  
boat ta i l   and  probable   f low  separat ion downstream  of the  shock.  A d e c r e a s e   i n   c l o s u r e  
(supersonic  dry power nozzle,  %/% = 0.752) decreases  the  magnitude of t h e   i n i t i a l  
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external   f low  expansion  and  a lso decreases the   s t r eng th   o f  downstream pressure recov- 
ery.   Pressure  recovery is s t i l l  s u f f i c i e n t  a t  some t e s t  cond i t ions   ( f ig .  17(b), 
M = 0.90) t o  produce  negat ive  drag  ( f ig .   7(a)  ) . The d a t a   f o r   s u p e r s o n i c   p a r t i a l  A/B 
power n o z z l e   ( d b / s  = 0.901) show a weak compression  region  followed by acceleration 
of   the  f low down the   nozz le   boa t t a i l .  The weak compression  region is  caused by a 
small cusp in   the   ex te rna l   geometry   a t   the   a f te rbody/nozz le   connec t   s ta t ion  
(FS  165.63) 

With the   excep t ion   o f   t he   p re s su re   d i s t r ibu t ion  a t  41 = 900 on the   subsonic   d ry  
power nozzle,  a l l  rows   of   p ressure   d i s t r ibu t ions   on   each   nozz le   a t   each  Mach n d e r  
exh ib i t   s imi l a r   t r ends .  For the  subsonic   dry power n o z z l e ,   d a t a   a t  (I = 900 indi-  
cate   an  extensive  separat ion  region  between  the  twin  nozzles ,   especial ly  a t  
M > 0.90. 

Nozzle  length.-  Figures 18 and 19  show t y p i c a l   e f f e c t s   o f   n o z z l e   l e n g t h  on  noz- 
z le   p ressure   d i s t r ibu t ions .   In   genera l ,   increas ing   nozz le   l ength   (which ,   for  a given 
nozzle power set t ing  and  expansion ratio,  r e s u l t s   i n  a smaller nozz le   boa t ta i l   angle)  
increases   nozzle  s ta t ic  pressures   and  should result i n  reduced  nozzle  drag a t  most 
test  condi t ions.  The bene f i c i a l   e f f ec t   o f   i nc reas ing   nozz le   l eng th  is  most pro- 
nounced in   the   ex te rna l   f low  expans ion   reg ion   on   the   subsonic   d ry  power nozzle. (See 
fig.  18.) The e f fec t   o f   nozz le   l ength   on   the   supersonic  par t ia l  A/B power nozzle is  
small except a t  M = 1.20. (See f i g .  19.) The reason   fo r   t he   r educed   i n f luence   o f  
nozzle   length  on  the  nozzle   with a higher  power s e t t i n g  i s  c l e a r  from  examination  of 
the   nozz le   geometry   t ab le   in   f igure   3 (b) .   Increas ing   nozz le   l ength   o f   the   subsonic  
dry power nozzle   reduced  nozzle   boat ta i l   angle   (s lope)  by 60; a similar i n c r e a s e   i n  
nozzle   length on the   supersonic  par t ia l  A/B power nozz le   r e su l t ed   i n   on ly  a lo  reduc- 
t i o n   i n   n o z z l e   b o a t t a i l   a n g l e .  

It shou ld   be   no ted   t ha t   e f f ec t s   r e su l t i ng  from changes i n   n o z z l e  operating con- 
d i t i o n s  or external geometry  can  feed  forward  onto  the  afterbody  ahead  of  the  nozzle,  
e spec ia l ly  a t  subsonic speeds. Thus,  although  trends  of  nozzle  drag  can  be  hypothe- 
s i zed   f rom  nozz le   s t a t i c -p res su re   d i s t r ibu t ions ,   t he   e f f ec t  of these  changes on t o t a l  
d rag   mus t   awai t   d i scuss ion   of   the   ba lance   da ta   in  later sec t ions .  

Nozzle  pressure rat*.- The e f f e c t  of NPR on nozz le   s t a t i c -p res su re   d i s t r ibu -  
t i o n s  i s  p r e s e n t e d   i n   f i g u r e s  20  and 2 1. Jet e f fec ts ,   a l though small, feed  forward 
ove r   t he   en t i r e   nozz le   boa t t a i l   o f   bo th   conf igu ra t ions  a t  subsonic  speeds. Only t h e  
magnitude  of  pressure i s  changed  and  not   the   shape  of   the  dis t r ibut ion.  A t  
M = 1.20, j e t  e f f e c t s  on the  subsonic   dry power nozzle are l imi t ed  t o  the   s epa ra t ed  
subsonic  flow  region  downstream  of  the  boattail  shock. Jet e f f e c t s  on the   supersonic  
dry power nozzle a t  M = 1.20 a r e   g e n e r a l l y   l i m i t e d  t o  t h e   a f t m o s t   p r e s s u r e   o r i f i c e  
loca t ion  (X/I = 0.95) ,   s ince downstream dis turbances  cannot   feed  forward  in   super-  
sonic  f low  except  through  the  boundary  layer.  

The p res su re   d i s t r ibu t ions  a t  4 = 450 and 90° which are between the   twin  noz- 
z l e s  show a d i f fe rence   in   behavior   wi th   vary ing  NPR a t  M = 1.20. As discussed 
previously,  a la rge   separa ted   f low  reg ion  appears t o   e x i s t  between the  twin  nozzles .  
Thus, a t  M = 1.20, je t  e f f e c t s  between  the  nozzles   feed almost t o  the  nozzle   connect  
s t a t i o n   f o r   t h e   s u b s o n i c  dry power nozz le   and   a s   f a r  upstream as X/I = 0.5 14 f o r  
the  supersonic   dry power nozzle. 

Empennage arrangement.- The e f f e c t   o f  empennage arrangement  on  nozzle static- 
p res su re   d i s t r ibu t ions  i s  shown i n   f i g u r e  22 fo r   t he   sho r t   subson ic   d ry  power nozzles 
and i n   f i g u r e  23 fo r   t he   sho r t   supe r son ic   d ry  power nozzles. It should  be  noted  that  
r e s u l t s  from  reference 3 i n d i c a t e   t h a t  t a i l  surfaces  have a l a r g e r  impact on a f t e r -  
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body s ta t ic  pressures   ahead  of   the  nozzle   than on the   nozz le  itself. Unfortunately, 
t he   cu r ren t  model  had  no  afterbody  static-pressure  instrumentation. The e f f ec t   o f  
empennage arrangement  on t o t a l  af t -end  drag i s  d i s c u s s e d   i n  a la ter  sect ion.  

Examination of f i g u r e s  22 and 23 i n d i c a t e s   t h a t   t h e   e f f e c t s   o f  t a i l  surfaces  on 
n o z z l e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n s   a t  low subsonic  speeds (M = 0.50) a r e   gene ra l ly  
limited t o  a small po r t ion   o f   t he   nozz le   l oca t ed   d i r ec t ly   beh ind   t he   t a i l   su r f aces  
( 4  = 270° and 315O 1 .  Data a t  4 = 180° ind ica t e  little e f f e c t  of t a i l  surfaces .  As 
%ch number is  increased  t o  t ransonic   and low supersonic  speeds, t h e   e f f e c t s   o f   t a i l  
sur faces   on   nozz le   s ta t ic   p ressures   t end   to   spread   a round  the   nozz le   c i rcumference .  
A t  M = 1.20, varying empennage a r r angemen t   causes   l a rge   va r i a t ions   i n   nozz le   s t a t i c  
pressure  around  the  ent i re   nozzle   c i rcumference.  (See 4. = 90° and 180°. 1 

For the  twin-engine  af terbody model tested, h o r i z o n t a l  t a i l  su r face   l oca t ion  
appears t o  be t h e  dominant   fac tor   in f luenc ing   nozz le   s ta t ic -pressure   l eve l .  The mid 
hor izonta l  t a i l  l oca t ion   ( f ig .   3 (c )  ) general ly   has  a desired h i g h e r   n o z z l e   s t a t i c  
p re s su re   fo r   t a i l -on   conf igu ra t ion   t han   fo r   t a i l -o f f   con f igu ra t ion ,   whereas   t he   a f t  
ho r i zon ta l  t a i l  l o c a t i o n   g e n e r a l l y   h a s   a n   a d v e r s e   e f f e c t   o n   n o z z l e   s t a t i c   p r e s s u r e s .  
T h i s   r e s u l t  is  p a r t i c u l a r l y   e v i d e n t  on the   forward   por t ion  (X/I  = 0.0 t o  0.5)  of  the 
nozzles a t  M < 0.90. Although these   t r ends  were general ly   independent   of   ver t ical  
t a i l  loca t ion ,  it should be n o t e d   t h a t   a n   a f t   v e r t i c a l  t a i l  locat ion,  which r e fe r -  
ence 7 ind ica t e s   has  a larger   impact  on nozzle   pressures ,  was not  tested dur ing   the  
cur ren t   inves t iga t ion .  

Af t-End  Drag Charac te r i s t i c s  

To s impl i fy  data analysis ,   drag  data   have  been  cross-plot ted a t  se l ec t ed   nozz le  
pressure  ratios. A t y p i c a l   v a r i a t i o n  of   turbofan-engine  nozzle   pressure  ra t io   with 
Mach number is  p r e s e n t e d   i n   f i g u r e  24. This pa r t i cu la r   s chedu le  w a s  u sed   fo r  compar- 
i son   pu rposes   i n   t he   cu r ren t   i nves t iga t ion .  

For   the  summary f i g u r e s  shcwn he rea f t e r ,   c ros s -p lo t t ed   va lues   o f   t o t a l   a f t - end  
(afterbody,  nozzles,  and ta i l s )   d rag ,   nozz le   d rag   (bo th   nozz les ) ,   a f te rbody  drag ,   and  
t a i l   d r a g  are p r e s e n t e d   a s  a func t ion  of Mach number. Also presented are empennage 
i n t e r f e r e n c e - d r a g   c o e f f i c i e n t   i n c r e m e n t s   o n   t h e   t o t a l   a f t   e n d ,   n o z z l e ,   a n d   a f t e r b o d y .  
A l l  data i n  t h e  summary f i g u r e s  are a t  a = 00. 

The nozzle   geometr ies   used  for   the  current   twin-engine  invest igat ion were t h e  
same ( e x c e p t   f o r  scale) as those   inves t iga ted   on  a s ingle-engine  configurat ion \ 

r epor t ed   i n   r e f e rence  3. Several   general   observat ions  can be made  by comparing t h e  
data i n   t h i s   r e p o r t   w i t h   t h o s e   i n   r e f e r e n c e  3 and,   a lso,   reference 7, which r epor t s  
the   inves t iga t ion   of  similar nozzles  on a s ingle-engine model. First, t h e   t r e n d s  of 
aft-end  drag  with  varying empennage arrangement  are  not as obvious  and  consistent on 
the   cur ren t   twin-engine   conf igura t ions  as observed  on the s ingle-engine  configura-  
t i ons .  Second, t a i l  drag   and   a f te rbody  drag   genera l ly   cons t i tu te  a la rger   percentage  
of to t a l   a f t - end   d rag   on   t he   tw in -eng ine   conf igu ra t ion   t han   on   t he   s ing le -eng ine  con- 
f igu ra t ion   (no te   t ha t   t he   tw in -eng ine   conf igu ra t ion   had   tw in   ve r t i ca l  t a i l s ) .  Last, 
a t  subsonic   and  t ransonic  speeds, empennage in t e r f e rence   d rag  i s  a la rger   percentage  
of t o t a l  af t -end  drag  (af terbody,   nozzle ,   and tails) on the  twin-engine  configuration 
than on the   s ing le-engine   conf igura t ion .  These obse rva t ions   sugges t   t ha t   t he  complex 
geometry  and  flow f i e l d   o f  a multiengine  configuration  probably  cause a more d i f f i -  
c u l t   a f t - e n d   i n t e g r a t i o n   t a s k   f o r   t h e   a i r p l a n e   d e s i g n e r   t h a n  a typical single-engine 
configuration. Detailed discussion  of   the  twin-engine  data  i s  contained i n  t h e  fol- 
lowing  sections.  

13 



Empennage arrangement.- Figures 25 through 30 p r e s e n t   t h e   e f f e c t   o f  empennage 
arrangement  on  the  aft-end  drag  coefficient  components  for  each  nozzle  configuration 
tes ted .  A t  subsonic speeds, t h e s e   d a t a   i n d i c a t e   t h a t  most a f t -end   drag   or ig ina tes  on 
the  af terbody  and t a i l s ,  a l though  these  two  components t oge the r   cons t i t u t e   on ly  a 
l i t t l e  over  one-half  the t o t a l  a f t - f ac ing   a r ea  of  each  configuration.  Although a 
s i g n i f i c a n t   p o r t i o n  of t h e   t o t a l   a f t - f a c i n g   a r e a   c o n s i s t s   o f   n o z z l e   b o a t t a i l ,   n o z z l e  
drag  contr ibutes   very l i t t l e  (less than 10 percent  of CD,t) t o  t o t a l  af t -end drag 
f o r  M < 0.90 and a t  many tes t  condi t ions   ac tua l ly   reduces   to ta l   a f t -end   drag   (neg-  
a t ive   nozz le   d rag) .  The small   contr ibut ion  of   nozzle   drag t o  t o t a l  d r a g   a t   s u b s o n i c  
speeds  resul ts   f rom good pressure  recovery  on  the  dry power nozzles  and  from a combi- 
nat ion  of  small p re s su re   coe f f i c i en t s   and   r educed   ax ia l   p ro j ec t ed   a r ea  on t h e  par t ia l  
A/B power nozzles. A t  M = 1.20, t h e   t o t a l   a f t - e n d   d r a g  CD,t i s  more near ly  
equal ly   divided among the   a f te rbody,  ta i ls ,  and   nozz les   except   for   the  par t ia l  A/B 
conf igura t ions ,   for  which nozzle   drag still cont r ibu tes   on ly  a small por t ion  t o  t o t a l  
aft-end  drag. 

Empennage in t e r f e rence -d rag   coe f f i c i en t   i nc remen t s   on   t he   t o t a l   a f t  end,  nozzle, 
and   a f te rbody  a re   p resented   in   the  (c )  p a r t   o f   f i g u r e s  25 through 30. These  incre- 
ments were determined by t h e   p r o c e d u r e s   o u t l i n e d   p r e v i o u s l y   i n   t h e   s e c t i o n   e n t i t l e d  
"Data  Reduction." The increment i n  empennage in te r fe rence-drag   coef f ic ien t   on   the  
t o t a l   a f t  end hCDIit was gene ra l ly   adve r se   (pos i t i ve )   fo r  M < 0.90 but  w a s  favor- 
a b l e   ( n e g a t i v e )   a t  M = 1.20. Favorable empennage i n t e r f e r e n c e   a l s o   o c c u r s  on t h e  
nozz le   fo r  some c o n f i g u r a t i o n s   a t  M < 0.90 and  on the  af terbody  ahead  of   the  noz-  
z l e s  a t  M = 1.20. S i m i l a r   t o   t h e   r e s u l t s  on s ingle-engine  configurat ions  reported 
i n   r e f e r e n c e s  3 and 7, t hese   da t a  show t h a t  empennage in t e r f e rence   can   cons t i t u t e  a 
s ign i f icant   por t ion   o f   to ta l   a f t -end   drag   for   twin-engine   conf igura t ions ,   par t icu-  
lar ly   in   the  high  subsonic   and  t ransonic   speed  regime.   In   fact ,   as   ment ioned  previ-  
ously,  empennage in t e r f e rence   d rag   cons t i t u t e s  a la rger   percentage   o f  t o t a l  aft-end 
drag  for  twin-engine  configurations  (figs.  25 through 30 1 t han   r epor t ed   i n   r e f e r -  
ence 3 for   s ing le-engine   conf igura t ions .  For example, fo r   t he   sho r t   nozz le   con f igu -  
r a t i o n s   a t  M = 0.90, empennage i n t e r f e r e n c e   d r a g   c o n s t i t u t e s  from 7 t o  15 percent   of  
single-engine t o t a l  a f t -end   drag   ( re f .  3), whereas empennage in t e r f e rence  drag con- 
s t i t u t e s  from 17 t o  32 percent  of  twin-engine t o t a l  a f t - end   d rag   ( f ig s .  25,  27, 
and  29) .   Wst  empennage in t e r f e rence   e f f ec t s   occu r  on the   a f te rbody  ahead   of   the  
nozzles  (see A C D , i a  va lues ) ,   s ince  empennage in te r fe rence-drag   coef f ic ien t   incre-  
ments  on the   nozz les  ACD,in were genera l ly   smal l ,   espec ia l ly   for   those   nozz les  
designed  for   supersonic   operat ion.  

Although  examination  of component drag   coef f ic ien ts   and  empennage interfeqence-  
drag   coef f ic ien t   increments   p rovides   an   ins ight   in to   the   e f fec ts   o f  empennage i n t e r -  
f e rence ,   f i na l   eva lua t ion   o f   t he   e f f ec t  of empennage arrangement  must  be made on t h e  
b a s i s  of to t a l   a f t - end   d rag  CD t. These values  can  be  found on the   t op   ha l f   o f  
par t  ( a )  of f i g u r e s  25 through 50. In gene ra l ,   t he   e f f ec t s  of empennage arrangement 
on t o t a l   a f t - e n d   d r a g   c o e f f i c i e n t  were small. I n   a d d i t i o n ,   t h e  empennage arrangement 
for   lowes t   d rag  was dependent upon Mach number and  nozzle  configuration. A t  subsonic 
speeds ,   the   lowes t   to ta l   a f t -end   drag  w a s  general ly   obtained  on mid h o r i z o n t a l   t a i l  
configurat ions.  A t  M = 1.20, t he   l owes t   t o t a l   a f t - end   d rag  was o b t a i n e d   o n   a f t  
ho r i zon ta l   t a i l   con f igu ra t ions   excep t  when the  subsonic   design  nozzles  w e r e  
i n s t a l l e d .  With the   subsonic   des ign   nozz les   ins ta l led ,   the  lowest aft-end  drag w a s  
o b t a i n e d   a t  M = 1.20 on t h e  mid h o r i z o n t a l   t a i l   c o n f i g u r a t i o n s .  

Nozzle  length.-  Figures 31 through 33 show the   e f f ec t   o f   nozz le   l eng th  on t h e  
a f t -end   drag   coef f ic ien t  components  and empennage in te r fe rence-drag   coef f ic ien t  
increments. As previously  discussed,  the data are p l o t t e d   a g a i n s t  Mach number a t  t h e  
appropriate   scheduled  nozzle   pressure ratio. For a l l  three  nozzle   designs  (subsonic  
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dry power, supersonic   dry power, and   supersonic   par t ia l  A/B power),   increasing  nozzle 
length   reduced   to ta l   a f t -end   drag   wi th   the   except ion   of   one  empennage arrangement 
wi th   the   supersonic  par t ia l  A/B power nozzles .   Increasing  nozzle   length  a lso 
decreased  nozzle  drag  of  the  subsonic  dry power nozzle   but   had little or no   e f f ec t   on  
nozz le   d rag   fo r   t he  t w o  supersonic   nozz le   des igns   ( f igs .  32 and  33). The dec rease   i n  
d rag   fo r   t he   subson ic   d ry  power nozzle   with  increasing  nozzle   length  resul ts   f rom  the 
accompanying  decrease i n   n o z z l e   b o a t t a i l   a n g l e  which  causes a weaker  expansion  of  the 
external   f low  over   the  nozzle .  However, t h e r e  i s  a po in t   o f   d imin i sh ing   r e tu rns   fo r  
increas ing   the   nozz le   l ength   due   to   the   accompanying   increase   in   nozz le   f r ic t ion  
drag;   the  supersonic  par t ia l  A/B power nozz les   ( f ig .   33(a)  ) are apparently  approach- 
i n g   t h i s   p o i n t .  A sma l l   i nc rease   i n   nozz le   d rag   w i th   i nc reased   l eng th   can   be   no ted  
f o r   t h i s   n o z z l e  a t  high  subsonic Mach nmbers .  

Although increasing  nozzle  length  only  changes  nozzle  geometry,   afterbody  drag 
ahead  of  the  nozzle CD,a is  a lso   genera l ly   decreased .   In   fac t ,   fo r   the   supersonic  
nozz le   des igns ,   the   a f te rbody  drag   reduct ion   accounts   for   near ly  a l l  the  drag  reduc-  
t i o n  on t h e   t o t a l   a f t  end. 

A s  shown i n   t h e  (c)  par t  of   each  f igure,   increasing  nozzle   length  general ly  
tends t o  decrease empennage in te r fe rence   e f fec ts ,   par t icu lar ly   on   the   subsonic   d ry  
power nozzle  design. 

Nozzle  closure.-  Figures 34 and 35 present   the   e f fec ts   o f   nozz le   c losure   on   the  
short   and  long  nozzle   designs,   respect ively.  The e f f e c t  on nozzle  drag w a s  found t o  
be  dependent  on Mach number,  empennage arrangement,  and  nozzle  length. 

In   general ,   decreasing  nozzle   c losure  ( increasing  db/%)  increased  total   af t -  
end   drag   coef f ic ien t  CD f o r  M < 0.90 and  s ign i f icant ly   decreased   to ta l   a f t -end  
drag a t  M = 1.20. In  t h e  range  of Mach number from 0.80 t o  0.90, t h e   i n c r e a s e   i n  
af t -end  drag w a s  s m a l l   f o r   t h e   s h o r t   n o z z l e s ,   p a r t i c u l a r l y   w i t h   t h e  tai ls  i n s t a l l e d .  
However, i n   t h e  same Mach number range,   decreasing  nozzle   c losure on the   long   nozz les  
p roduced   s ign i f i can t   i nc reases   i n  t o t a l  aft-end  drag. By examination  of  nozzle  drag 
c o e f f i c i e n t  CD, and   a f te rbody  drag   coef f ic ien t  CD,a, it can   be   seen   tha t  most  of 
t he   e f f ec t s   o f   nozz le   c losu re  on to ta l   a f t -end   drag   occur   on   the   nozz le   i t se l f .  The 
e f f e c t s  of  nozzle  closure  on  the  afterbody are generally  small   and a cons i s t en t   t r end  
is  not  apparent.   Nozzle  drag  coefficient  generally  follows  the s a m e  t rends   wi th  
dec reas ing   nozz le   c losu re   a s   no ted   p rev ious ly   fo r   t o t a l   a f t - end   d rag   coe f f i c i en t .  
Total   aft-end  drag  and  nozzle  drag  probably  increase  with  decreasing  nozzle  closure 
a t  subsonic  speeds  because  of  reduced  pressure  recovery  on  the  nozzles  with l i t t l e  
boa t t a i l   c lo su re   ( l a rge r   va lues   o f  %/%). Reduced pressure  recovery  on  nozzles 
with  reduced  closure  can  be  observed on the   s t a t i c -p res su re   d i s t r ibu t ions  shown pre- 
v ious ly   i n   f i gu re  17. 

One might expect empennage in t e r f e rence  on t h e   a f t  end t o  decre.ase  with  decreas- 
ing  nozzle   c losure  because  the  af t - facing  projected area f o r  empennage in t e r f e rence  
t o  act  on decreases   with  decreasing  nozzle   c losure.  In f a c t ,  empennage in t e r f e rence  
on t h e   t o t a l   a f t - e n d  ACDlit does  decrease  with  decreasing  closure a t  a l l  t es t  Mach 
numbers when the   sho r t   nozz le   des igns  were i n s t a l l e d   ( f i g .   3 4 ( c )  ). However, w i th   t he  
long   nozz le   des igns   ins ta l led   ( f ig .   35(c) ) ,  a cons i s t en t   t r end  of t o t a l  empennage 
in te r fe rence   wi th   vary ing   nozz le   c losure  is not  apparent.  
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Comparison of Ins t a l l ed   and  Isolated Nozzle  Drag 

Figure 36 presen t s  a comparison  of   nozzle   drag  coeff ic ient   (one  nozzle)   for   the 
cu r ren t   i nves t iga t ion  w i t h  those  f o r  t h e  same nozzle geometries i n s t a l l e d  on a typi-  
cal  s ingle-engine  af terbody  ( ref .  3) and   i n s t a l l ed   on   an  isolated (no  afterbody clo- 
su re )   nace l l e  (ref. 2 ) .  Data are shown fo r   t a i l -o f f   con f igu ra t ions   on ly .  The data 
of  references 2 and 3 have  been  converted t o  d r a g   c o e f f i c i e n t s  by us ing   t he   r e f e rence  
area from t h e  cur ren t   inves t iga t ion .  

Nozzle   ‘drag   coef f ic ien ts   o f   nozz les   ins ta l led   in   typ ica l   s ing le-engine  (ref. 3) 
and  twin-engine  (current t es t )  a f t e rbod ies  are lower   than   i so la ted  (ref. 2 )  nozzle 
d rag   coe f f i c i en t s  a t  a l l  i nves t iga t ion  test  condi t ions.  It is  obvious  from  these 
data tha t  ups t ream  a f te rbody  boa t ta i l ing   has  a b e n e f i c i a l   e f f e c t  on nozzle  drag. 
Similar r e s u l t s  are r e p o r t e d   i n   r e f e r e n c e  15. The reduct ion  in   nozzle   drag,   of  
course,  must be  caused by higher  s t a t i c  pressures   on the nozz le   boa t t a i l .  A compari- 
son   o f   i n s t a l l ed   and   i so l a t ed   nozz le   s t a t i c -p res su re   d i s t r ibu t ions  fo r  the s h o r t  
subsonic  dry power nozzle is  shown i n   f i g u r e  37. This f i g u r e   i n d i c a t e s  t ha t  upstream 
afterbody boat ta i l ing   p roduces  a s t ronger   nozzle   recompression  f low  f ie ld   (and  thus 
s ign i f i can t ly   h ighe r   nozz le  s ta t ic  p res su res )   t han  t h a t  which  occurs wi th  the cyl in-  
dr ical  ( isolated) afterbody. With upstream  afterbody  closure,  some of the e x t e r n a l  
f l o w  expansion  occurs  on  the  afterbody  ahead  of  the  nozzle  and the amount of   external  
flaw expansion  required a t  the  nozzle   shoulder  is  reduced.  Thus, t h e  maximum nega- 
t i v e   s t a t i c - p r e s s u r e   c o e f f i c i e n t s  on the   nozz le  are s u b s t a n t i a l l y  less on t h e  config- 
u ra t ions  w i t h  upstream  afterbody  closure. The i s o l a t e d   i n s t a l l a t i o n  also a p p e a r s   t o  
have a f a i r ly   s t rong   s t and ing   shock   on   t he   nozz le   boa t t a i l  which causes  downstream 
external   f low  separat ion.  The separated flaw  region  on t h e  a f t   p o r t i o n   o f   t h e   i s o -  
lated nozz le   ins ta l la t ion   p revents   p roper   p ressure   recovery ;   thus ,  t h i s  conf igura t ion  
also has substant ia l ly   lower  nozzle  s ta t ic  p r e s s u r e s   i n  the  recompression  region  than 
t h e  s ingle-   and  twin-engine  instal la t ions.  The data of   reference 15 i n d i c a t e  t h a t  
even i f   e x t e r n a l  flow separa t ion  had not   prevented  proper   pressure  recovery  on  the 
i so l a t ed   nozz le   i n s t a l l a t ion ,  t h i s  configurat ion would still no t   have   a t t a ined  as 
high s ta t ic  pressures   on t h e  a f t   p o r t i o n  of the   nozz le  as  the conf igura t ions  w i t h  
upstream  afterbody  closure.  It i s  impor tan t   to   no te  t h a t  s i n c e   p a r t   o f   t h e   e x t e r n a l  
flow expansion  process   occurs   on  the  af terbody  for   the  s ingle-   and  twin-engine 
i n s t a l l a t i o n s ,   t h e   d r a g  of the   a f te rbody is dependent  on t h e  amount of  afterbody 
closure.  The drag  incurred  on t h e  afterbodies w i t h  c losure.  The b e n e f i c i a l   e f f e c t  
on nozzle  drag must be traded aga ins t  a probable   increase  in   af terbody  drag  ahead  of  
the  nozzle. This drag has not   been   cons idered   in  t h i s  d iscuss ion  of figures 36 
and 37. 

CONCLUSIONS 

An inves t iga t ion   has   been   conducted   in   the   Iangley  16-Foot  Transonic  Tunnel t o  
d e t e r m i n e   i n s t a l l a t i o n   e f f e c t s  on  convergent-divergent  nozzles  applicable t o  twin- 
engine  reduced-power  supersonic  cruise  aircraft .  Tests were conducted a t  Mach  num- 
bers  from 0.50 t o  1.20, angles   of   a t tack  f rom -50 t o  90, and  nozz le   p ressure   ra t ios  
from jet  o f f   t o  8.0. The e f f e c t s   o f  empennage arrangement,   nozzle  length,   and 
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a f t e rbody   c losu re   on   t o t a l   and  component d rag   coe f f i c i en t s  were invest igated.  
Wsul t s   f rom  th i s   s tudy   ind ica te   the   fo l lowing   conclus ions :  

1. When conpared  with a typ ica l   s ing le -eng ine   nozz le   i n s t a l l a t ion ,  t a i l  drag, 
af terbody  drag  (excluding  nozzles) ,   and empennage in t e r f e rence   d rag   ( a t  
subsonic   and  t ransonic  speeds) of a typical   twin-engine  configurat ion con- 
s t i t u t e  a la rger   percentage   o f   to ta l   a f t -end   drag .  

2. Empennage in te r fe rence   on   a f t -end   drag   can   be   s ign i f icant  (as high as 
32 p e r c e n t   o f   t o t a l   a f t - e n d   d r a g  a t  a Mach number of 0.90) i n   t h e   h i g h  
subsonic  and  transonic  speed  regime. 

3. Empennage arrangement  generally  had  only small e f f e c t s  on t o t a l  aft-end  drag. 
In   add i t ion ,   t he  empennage arrangement fo r   l owes t   a f t - end   d rag  w a s  depen- 
den t  upon Mach number and  nozzle  geometry. 

4. Total af t -end   drag  w a s  generally  decreased by increas ing   nozz le   l ength .  

5. Although Mach number and  configuration  dependent,   decreasing  nozzle  closure 
g e n e r a l l y   i n c r e a s e d   t o t a l   a f t - e n d   d r a g  a t  subsonic speeds and  decreased 
af t -end  drag a t  low supersonic  speeds. 

6. Upstream a f t e rbody   c losu re   (boa t t a i l i ng )   p roduces   s ign i f i can t ly   h ighe r   nozz le  
s t a t i c   p r e s s u r e s   a n d  lower nozzle  drag. However, t h i s   b e n e f i c i a l   e f f e c t  on 
nozzle  drag must be traded aga ins t  a probable   increase   in   a f te rbody  drag  
ahead  of  the  nozzle.  

Langley  Research  Center 
National  Aeronautics  and Space Administration 
Hampton, VA 23665 
August 31,  1983 

17 



REFERENCES 

1 .  Berrier, Bobby L.; and  Staff ,   Propuls ion  Integrat ion  Sect ion:  A Review of Sev- 
eral  Propuls ion  Integrat ion  Features   Applicable   to   Supersonic-Cruise   Fighter  
Ai rcraf t .  NASA TM X-73991,  1976. 

2. Berrier, Bobby L. ; and Re, Richard J. : Investigation  of  Convergent-Divergent 
Nozzles  Applicable t o  Reduced-Power Supersonic  Cruise  Aircraft .  NASA TP-1766, 
1980. 

3. Burley, James R.,  11; and Berrier, Bobby L. : Inves t iga t ion   o f   In s t a l l a t ion  
Effec ts  on  Single-Engine  Convergent-Divergent  Nozzles. NASA TP-2078,  1982. 

4. Schmeer, James W.; Lauer, Rodney F., Jr. ; and Berrier, Bobby L. : Ferformance  of 
Blow-in-Door Ejector   Nozzles   Instal led on a Twin-Jet  Variable-Wing-Sweep 
Fighter  Airplane Model. NASA TM X-1383, 1967. 

5. Reubush,  David E.; and Mercer, Charles E.: Effects   of   Nozzle   Interfair ing Modi- 
f ica t ions   on   Longi tudina l  Aerodynamic Charac te r i s t ics   o f  a Twin-Jet,  Variable- 
Wing-Sweep Fighter  Model. NASA TN D-7817,  1975. 

6 .  Maiden, Donald L. ; and Berrier, Bobby L. : Effec t   o f  Airframe Modifications  on 
Longitudinal Aerodynamic Charac t e r i s t i c s  of a Fixed-Wing, Twin-Jet  Fighter Air- 
p lane  Model. NASA TM X-2523,  1972. 

7 .  Berrier, Bobby L. : Effect   of   Nonli f t ing Empennage Surfaces  on  Single-Engine 
Afterbody/Nozzle Drag a t  Mach Numbers  From 0 . 5  t o  2.2 .  NASA TN -8326,  1977. 

8. Runckel,  Jack F. : In te r fe rence  Between Exhaust  System  and  Afterbody  of Twin- 
Engine  Fuselage  Configurations. NASA TN D-7525,  1974. 

9. Glasgow, E. R. : Integrated  Airframe-Nozzle  Performance  for  Designing Twin-Engine 
Fighters.  A I A A  Paper No.  73-1303, Nov. 1973. 

10. Swavely, C. E.: and  Soileau, J. F. : Aircraft  Afterbody/Propulsion  System  Inte- 
g r a t i o n   f o r  Low Drag. A I A A  Paper No. 72-1101, Nov.-Dec. 1972. 

1 1 .  Peddrew,  Kathryn A. ,  compiler: A User's Guide t o   t h e  Langley 16-Foot Transonic 
Tunnel. NASA TM-83186, 1981. 

12. Leavitt,   Laurence D. : Effect   of  Empennage Location  on Twin-Engine Afterbody/ 
Nozzle  Aerodynamic C h a r a c t e r i s t i c s   a t  Mach N u m b e r s  From 0 . 6  t o  1.2. NASA 
TI?-21 16, 1983. 

13. Shapiro,  Ascher H.: me Dynamics and Thermodynamics  of Compressible  Fluid Flow. 
Volume 11. Fonald  Press Co., c.1954. 

14. Harris ,  Roy V., Jr. : An Analysis and Corre la t ion   o f   Ai rcraf t  Wave Drag. NASA 
TM X-947, 1964. 

15. Bergman,  Dave: Implementing t h e  Design  of  Airplane  Engine  Exhaust  Systems. A I A A  
Paper No.  72-1112, Nov.-Dec. 1972. 

18 



( a )  Model  and wing-tip  support  system. 

Figure 1.- IIkin-engine t a i l   i n t e r f e rence  model i n s t a l l e d   i n  Langley 16-Foot Transonic Tunnel. 
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(b) Side view. 

Figure 1. - Continued. 



( c )  Rear view. 

Figure 1 .- Concluded. 
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twin t a i l  interference model and wing-tip  support  system. All dimensions are i n  

centimeters. 
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N cn Twin Vertical Tail Geometry 

Airfoil sections 
Tip. ...................................... NACA  64-003.5 
Root ........................................ NACA  64-005 

Tip  chord,  cm ......................................... 9.14 
Root chord, cm ........................................ 24.38 
Taper ratio ............................................. .375 
Tail height  (root to tip), cm ............................ 25.40  
Planform area lone side  exposed, fil ler excludedl, m2 .... .0426 
Aspect ralio (exposed, fil ler excludedl ................... 1.514 
Ale, deg .............................................. 36.52 
Toe  angle,  deg ....................................... 0.00 
Cant  angle, deg ....................................... 20.00 

2 IO 

t Filler contoured for 
Distance from model center line each tail location 
varies  slightly with  tail localion 

Model 
- t " 

(d l  Twin ve r t i ca l  t a i l .  

Figure 3 . -  Continued. 



Horizontal  Tail Geometry 

%[ 28.96 

------"""- -" 
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each tail location 

Distance from 'model center  line 
varies slightly  with  tail location 

(e) Hor izon ta l   t a i l .  

Figure 3 . -  Concluded. 



Orifice x/Z = 0.086, 0.300, 0.514, 0.729, and 0.943 for  each  row 

Figure 4.- Orientat ion of nozzle   external   s ta t ic-pressure  instrumentat ion.  
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Figure 19.- Effect  of  nozzle  length on nozzle  pressure  distributions  for 
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Figure 22.- Effect of empennage ar rangement   on   nozz le   p ressure   d i s t r ibu t ions   for   shor t  
subsonic  dry power nozzles.  
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Figure 23.- E f f e c t  of empennage arrangement   on  nozzle   pressure  dis t r ibut ions f o r  
sho r t   supe r son ic   d ry  power nozzles. 
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Figure 25. - E f f e c t  of empennage arrangement on v a r i a t i o n  of  aft-end  drag 
c o e f f i c i e n t  components  with Mach number for   scheduled   nozz le   p ressure  
r a t i o s   f o r   s h o r t   s u b s o n i c   d r y  power nozzles. 
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Figure 25.- Continued. 
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Figure 25.- Concluded. 
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Figure 26.- E f fec t  of empennage arrangement  on  variation  of  aft-end  drag 
c o e f f i c i e n t  components with Mach number for   scheduled  nozzle   pressure 
r a t io s   fo r   l ong   subson ic   d ry  power nozzles. 
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( b )  Afterbody  and t a i l  d rag   coe f f i c i en t s .  

Figure 26.- Continued. 
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Figure 26.- Concluded. 
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Figure 27.- Effec t   o f  empennage arrangement   on  var ia t ion  of   af t -end  drag 
c o e f f i c i e n t  components wi th  Mach number for   scheduled   nozz le   p ressure  
r a t i o s   f o r   s h o r t   s u p e r s o n i c   d r y  power nozzles. 
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(b)  Afterbody  and t a i l  drag coe f f i c i en t s .  

Figure 27.- Continued. 
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Figure 27 . -  Concluded. 
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Figure 28.- Effect  of empennage arrangement  on  variation  of  aft-end  drag 
c o e f f i c i e n t  components with Mach number for   scheduled  nozzle   pressure 
ra t ios   for   long   supersonic   d ry  power nozzles.  
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Figure 28.- Continued. 
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Figure 28.- Concluded. 
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Figure 29.- Effect   of  empennage arrangement  on  variation of af t -end   drag  
c o e f f i c i e n t  components  with Mach number for   scheduled  nozzle   pressure 
r a t i o s   f o r   s h o r t   s u p e r s o n i c   p a r t i a l  A/B power nozzles.  
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(b)  Afterbody  and t a i l  d rag   coe f f i c i en t s .  

Figure 29. - Continued. 
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( c )  Empennage i n t e r f   e r e n c e - d r a g   c o e f f i c i e n t   i n c r e m e n t s .  

F igu re  29.- Concluded. 
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( a )  Total and   nozz le   d rag   coef f ic ien ts .  

Figure 30.- Ef fec t  of empennage arrangement   on  var ia t ion  of   af t -end  drag 
c o e f f i c i e n t  components with Mach number for   scheduled  nozzle   pressure 
r a t i o s   f o r   l o n g   s u p e r s o n i c   p a r t i a l  A/B power nozzles.  
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(b) Afterbody  and t a i l  d r a g   c o e f f i c i e n t s .  

Figure 30.- Continued. 
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(c)  Empennage  interference-drag  coefficient increments. 

Figure 3 0. - Conclude d. 
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(a )   Tota l   and   nozz le   d rag   coef f ic ien ts .  

Figure 31.- Ef fec t  of nozzle   length  on  var ia t ion of a f t -end   drag   coef f ic ien t  
components with Mach number fo r   s chedu led   nozz le   p re s su re   r a t io s   fo r  
subsonic  dry power nozzles.  
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(b )  Afterbody  and t a i l  d r a g   c o e f f i c i e n t s .  

Figure 3 1 .- Continued. 
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( c )  Empennage i n t e r f e r e n c e - d r a g   c o e f f i c i e n t   i n c r e m e n t s .  

Figure 3 1.- Concluded. 
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(a) Total   and  nozzle   drag  coeff ic ients .  

Figure 32.- Effect   of   nozzle   length on va r i a t ion   o f   a f t - end   d rag   coe f f i c i en t  
components with Mach number fo r   s chedu led   nozz le   p re s su re   r a t io s   fo r  
supersonic  dry power nozzles.  
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( b )  Afterbody  and t a i l  drag c o e f f i c i e n t s .  

Figure 32.- Continued. 
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(c )  Empennage in te r fe rence-drag   coef f ic ien t   increments .  

Figure 32.- Concluded. 
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( a )  Tota l   and   nozz le   d rag   coef f ic ien ts .  

A Figure 33 .- Effect of nozzle   length on v a r i a t i o n  of a f t -end   drag   coef f ic ien t  components with Mach number 
W fo r   s chedu led   nozz le   p re s su re   r a t io s   fo r   supe r son ic   pa r t i a l  A/B power nozzles .  4 
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(b) Afterbody  and t a i l  d rag   coe f f i c i en t s .  

Figure 3 3 . -  Continued. 
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( c )  Empennage interference-drag  coef f ic ient   increments .  

Figure 33 . -  Concluded. 
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(a) Tota l   and   nozz le   d rag   coef f ic ien ts .  

Figure 34.- Effec t   o f   nozz le   c losure  on a f t - end   d rag   coe f f i c i en t  components f o r  
shor t   nozz le .  
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Figure 34. - Continued. 
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F igure  34. - Concluded. 
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Figure 35 .- Effect of nozz le   c losure  on a f t -end   drag   coef f ic ien t   components   for   long   nozz le .  
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Figure 35. - Continued. 
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( c )  Empennage interference-drag  coefficient increments. 

Figure 35. - Concluded. 
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( b )  Long subsonic (Ae/At = 1 .22)  dry power nozz le .  

Figure 36.- Continued. 
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Figure 36.- Continued. 

I I 



-C- Twin-engine  installation 
"" Single-engine  installation  (ref. 3 1 

- Isolated  installation  (conf. D-2.24-L of  ref. 2 

M = 0.80 

M = 0.90 
.002 

'D, n,one 

0 

-. 002 

M = 1.20 

1 2 3 4 5 6 7 8 
N PR 

( d l  Long supersonic  (Ae/At = 2.24) dry power nozzle. 

Figure 36.- Continued. 
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(e )  Shor t   supersonic  (A,/At = 2.24)  p a r t i a l  A/B power nozzle. 

Figure 36.- Continued. 
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Figure 36.- Concluded. 
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Figure 37.- Comparison of i n s t a l l e d  and   i so la ted   nozz le   s ta t ic -pressure  
dis t r ibut ions.   Short   subsonic   dry power nozzle; t a i l s  off ;  M = 0.90; 
NPR = 4.2; 4 = Oo; a = 0'. 

188 



~~ . ". 

1. Repoft No. 3. Recipient's C a t a l o g  No. 2. Government  Accession No. 

NASA TP-2205 - .  - ~~- ~~~~ ~ ~ 

4. Title and Subtitle 5. Report Date 
INVESTIGATION OF  INSTALLATION  EFFECTS ON TWIN-ENGINE 

6. Performing Organization Code CONVERGENT-DIVERGENT  NOZZLES 
November 1903 

505-43-23-01 

7. Authods) 

E. Ann Bare and Bobby L. Berrier I 8. Performing Organization Report No. 
L-15609 I 

10. Work Unit No. 
9. Performing Organization Name  and  Address 

NASA Langley  Research  Center  
Hampton, VA 23665 

1 1 .  Contract or Grant No. I 
13. Type of Report and Period Covered 

2. Sponsoring  Agency  Name  and  Address Technica l   Paper  

National Aeronaut ics   and  Space  Adminis t ra t ion 
Washington, DC 20546 

14. Sponsoring  Agency  Code 1 
I 

5. Supplementary  Notes 
. ~- 

6. Abstract 

An invest igat ion  has   been  conducted  in   the  Langley  16-Foot   Transonic   Tunnel  t o  d e t e r -  
mine i n s t a l l a t i o n   e f f e c t s  on convergent -d ivergent   nozz les   appl icable   to   twin-engine  
r educed-power   supe r son ic   c ru i se   a i r c ra f t .   Tes t s  were conducted a t  Mach numbers  from 
0.50 t o  1 .20, ang le s  of a t t a c k  from -5O t o  g o ,  and a t  nozz le   p re s su re  ratios from jet 
o f f  ( 1  .O)  t o  8.0.  The e f f e c t s  of  empennage  arrangement,   nozzle  length,   and  afterbod! 
c l o s u r e  on t o t a l  and  component   drag  coeff ic ients  were i n v e s t i g a t e d .  

'. Key  Words  (Suggested by Author(s1) 

Twin engine  
convergent -d ivergent   nozz le  
Empennage i n t e r f e r e n c e  
Nozzle d rag  
Af terbody  drag  

. Security Classif. (of this report] 20. Security Classif. (of this page) 

U n c l a s s i f i e d  U n c l a s s i f i e d  1 89 A09 

18. Distribution Statement 

U n c l a s s i f i e d  - Unlimited 

Subjec t   Category  02 



National Aeronautics and 
Space Administration 

Washington, D.C. 
20546 
Official Business 

Penalty for Private Use, $300 

m 

SPECIA-L FOURTH CLASS MAIL 
BOOK 

a; ;5. 

Portage  and Fees Paid 
National Aeronautics  and 
Space Administration 
NASA451 

'i 
' 

USMAIL 

POSTMASTER: # I f  Undeliverable (Section 158 
Postal Manual) Do Not  Return . 


