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SUMMARY 

An investigation has been  conducted in the  Langley  16-Foot  Transonic  Tunnel 
to  investigate  the  effect of sidewall  geometries on the  installed  performance of 
nonaxisymmetric  convergent-divergent  exhaust  nozzles. The investigation was 
conducted at static  conditions  and over a  Mach  number  range  from 0.6 to  1.2. 
Angle of attack  was  held  constant at Oo. High  pressure  air  was  used  to  simulate 
jet  exhaust  flow at ratios of jet  total  pressure  to  free-stream  static  pressure 
from 1 (jet off) to approximately 10. 

Results of this  investigation  indicate  that  sidewall  cutback or venting  had 
little or no  effect on internal  nozzle  performance at design  pressure  ratios. 
Sidewall  cutback  effectively  reduced  the  internal  expansion  ratio  thereby  reduc- 
ing overexpansion  losses  but  conversely  caused  additional  underexpansion losses. 
Use of external  fences  for  sidewall  containment in  the  afterburning  mode  is 
shown to  be unwarranted  because of performance losses incurred  during  dry  power 
operation. 

Sidewall  cutback  appears to be  a  viable  way of reducing  nozzle  weight  and 
cooling  requirements  without  compromising  installed  performance. 

INTRODUCTION 

Recent  studies  (refs. 1 to 20) have  shown  that  nonaxisymmetric  nozzles  have 
potential for substantial  reductions in nozzle  installation  penalties  and  lend 
themselves to  the incorporation of thrust  vectoring and  reversing  for  maneuver 
enhancement and short-field  take-off  and  landing.  Internally,  the  nonaxisym- 
metric  (two-dimensional)  convergent-divergent ( 2 - D  C-D) nozzles  have  demon- 
strated  installed  performance  levels  essentially  equivalent  to  axisymmetric 
nozzles.  However,  these  nozzles  are  often  heavier,  structurally,  and  have 
larger  areas  that  require  cooling  than  the  conventional  nozzles.  If  the  true 
potential of nonaxisymmetric  nozzles  is to be  realized,  a  favorable  trade-off 
between  installed  performance  and  weight  must  be  achieved. 

If sidewall  area  could be  reduced without  significant loss in performance, 
nozzle  structural  weight  and  cooling  requirements  would  also  be  less.  Sidewall 
geometry,  therefore,  can  be  an  important  parameter in the  design of nonaxisym- 
metric  nozzles.  An  investigation has been  made  to  study the effects of various 
sidewall  geometries on the internal  nozzle  performance  and  aeropropulsion  per- 
formance  (thrust  minus  drag) of a  twin-engine  airplane  configured  with  closely 
spaced 2-D C-D  nozzles.  Effects of sidewall  cutback,  nozzle  center  line  venting 
with  divergent  flap  edge  containment,  flap  edge  venting  with  center  line  contain- 
ment,  and  nozzle  power  setting  (dry  power  and  afterburning)  were  studied.  Test- 
ing was conducted in  the Langley  16-Foot  Transonic  Tunnel at static  conditions 
and at free-stream  Mach  numbers  from 0.6 to 1 . 2  at angle of attack  of Oo. A 
high  pressure  air  supply  was  used  to  simulate  jet  exhaust at ratios of jet  total 



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  from 1 ( j e t   o f f )   t o   a p p r o x i m a t e l y  10. 
The r a t i o  of 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  is h e r e i n a f t e r  
r e f e r r e d   t o   a s   j e t   t o t a l   p r e s s u r e   r a t i o .  

Par t   of   the   information  presented i n  t h i s  r e p o r t  was included i n  a t h e s i s  
e n t i t l e d  "An Experimental   Invest igat ion  of   Sidewall  Geometry E f f e c t s  on the  
Instal led  Performance of Nonaxisymmetric  Convergent-Divergent  Exhaust  Nozzles" 
submitted by J e f f e r y  A. Yet te r  i n  pa r t i a l   fu l f i l lmen t   o f   t he   r equ i r emen t s   fo r  
the  degree  of  Master of Science,  The George  Washington  University, Hampton, 
V i rg in i a ,  August 1979. 
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c ross -sec t iona l   a rea   enc losed  by sea l   s t r i p ,   0 .0297  rnL 

nozz le   t h roa t   a r ea ,  m 2 

F: 
i dea l   i s en t rop ic   g ros s  t h r u s t  c o e f f i c i e n t ,  

%S 

support  system  wing mean geometric  chord, 0.444 m 

t o t a l   d r a g  on metric  portion  of  model,  N 

t h r u s t  measured  along body a x i s ,  N 

a x i a l   f o r c e ,  N 

r e s u l t a n t   a x i a l   f o r c e  measured by ba lance ,   pos i t ive   ups t ream,  N 

momentum t a r e   a x i a l   f o r c e  due to   be l lows ,  N 

i dea l   i s en t rop ic   g ros s  t h r u s t ,  N 

he igh t  of nozz le   t h roa t ,  m 

nozz le   d ivergent   f lap   re fe rence   l ength ,  m 

Mach number 

measured  mass-flow ra t e ,   kg / sec  

ideal  mass-flow  rate,   kg/sec 
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Reynolds number per meter 

e x t e r n a l  s t a t i c  p re s su re  a t  e x t e r n a l  s ea l ,  Pa 

i n t e r n a l  s t a t i c  p re s su re ,  Pa 

n o z z l e   i n t e r n a l  s t a t i c  p r e s s u r e s ,  Pa 

j e t  t o t a l  pressure ,   Pa  

free-stream t o t a l  p re s su re ,  Pa 

free-stream s t a t i c  p r e s s u r e ,  Pa 

free-stream  dynamic  pressure,   Pa 

support   system  wing  reference area,  0.429 m 

f ree-s t ream  s tagnat ion   tempera ture ,  K 

a i r f o i l   t h i c k n e s s ,  m 

wid th   o f   nozz le   th roa t ,  0.078 m 

a x i a l   d i s t a n c e  from model nose  (posit ive  downstream), m 

l a t e ra l  distance  measured  from model c e n t e r   l i n e   ( p o s i t i v e  t o  t h e  

2 

r i g h t ) ,  rn 

Abbreviat ions:  

A/B a f t e rbu rn inq  

BL b u t t o c k   l i n e ,  m 

FS f u s e l a g e   s t a t i o n ,  m 

S t a .   t u n n e l   s t a t i o n ,  rn 

EXPERIMENTAL  APPARATUS AND PROCEDURE 

T e s t   F a c i l i t y  

The expe r imen ta l   i nves t iga t ion  w a s  conducted in  the  Langley  16-Foot  Tran- 
sonic  Tunnel.  The f a c i l i t y ,  shown i n   f i g u r e  1, i s  a cont inuous   f low,   s ing le-  
re turn,   a tmospheric   tunnel   with s lo t t ed  oc tagonal  t e s t  sec t ion   and   cont inuous  
a i r  exchange. The u s e  of twin   counter ro ta t ing   dr ive   fans   and   tes t - sec t ion  a i r  
removal permit cont inuous ly  var iable  speeds from Mach 0.3 t o  1 .3 .  Fu r the r  
d e s c r i p t i o n  of t he   t unne l   can  be found i n   r e f e r e n c e  2 1 .  
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Model and Support System Description 

A photograph of the  air-powered,  twin-jet  propulsion  model  used  in  this 
investigation is presented in figure 2, and  details of the  model  and support 
system are shown in figure 3. 

The bifurcated  sting model support system (or wing-tip  mounted  support 
system)  shown in figure  3  consisted of three  major  portions: the  twin  support 
booms,  the  forebody  (nose),  and  the  wing/centerbody.  These  pieces  made up the 
nonmetric  portion  (that  portion of the  model not mounted on force  balance) of 
the  twin-engine  model. The centerbody  fuselage was essentially  rectangular in 
cross  section  having  a  constant  width and height of 25.40 cm  and 12.70 cm, 
respectively.  The  four  corners  were  rounded  by  a  radius of 2.54  cm.  Maximum 
cross-sectional  area of the  centerbody  (fuselage)  was 317.04  cm2. The support 
system  forebody  (or  nose) was typical of a  powered  model  in  that  the  inlets 
were  faired  over. The "wings" of the  support  systems  were  mounted above the 
model  center  line or in a  "high  wing"  position which is  also  typical of many 
current  fighter  designs. The support  system  wing had a 45O leading-edge sweep, 
a  taper  ratio of 0.5,  an aspect ratio of 2.4,  and a  "cranked"  trailing  edge. 
The  airfoil  was  symmetrical  and  the  thickness  ratios  near  the  wing-fuselage 
junction (t/c = 0.067) at BL 12.70 were  designed  to  provide as realistic  a  wake 
as possible on the model afterbody.  From BL 27.94  to  the support  booms,  how- 
ever,  wing  thickness  ratio  increased  from t/c = 0.077  to  t/c = 0.10 to  pro- 
vide  structural  support  for  the model and  to  permit  transfer of compressed  air 
from  the  booms  to  the  model  propulsion  system. 

The  metric  portion of the model, consisting  primarily of the  propulsion 
system,  afterbody shell, and  nozzles  began 113.67 cm from the  nose. The after- 
body  lines  (boattail)  were  chosen to provide  a  length of constant  cross  section 
aft of  the  nonmetric  centerbody  and  to  enclose  the  force  balance  and  jet  simula- 
tion system  apparatus  while  fairing  smoothly  downstream  into the  closely  spaced 
nozzles. The afterbody  shell  was  attached to  the  drag  balance  which was 
grounded  to  the  main  thrust-minus-drag  balance  block, as shown  in  figure 3. 
The  thrust-minus-drag  balance  in  turn  was  grounded to  the  nonmetric  wing/ 
centerbody  panel. The nozzles were attached  directly  to  the  thrust-minus-drag 
balance  through  the  propulsion  system  piping. A clearance gap (metric  break) 
was  provided  between  the  nonmetric  and  individual  metric  portions  (afterbody 
and nozzles) of the model to prevent  fouling of the  components  upon  each  other. 
A flexible  plastic  strip  inserted  into  machined  grooves  in each component 
impeded flow  into or  out of the  internal  model  cavity. 

Twin-Jet  Simulation  System 

The  16-Foot  Tunnel  is  equipped  with an external  high-pressure  air  system 
which provides  a  continuous  supply of clean, dry  air at a  stagnation  temperature 
of about  270 K .  This flow is  piped  through  the  support strut to a set of flow- 
regulating  valves  where  the  air  is  divided  into  two  separate  flows.  The 
remotely  operated  valves  are  used  to  balance  the  jet  total  pressures  within 
each  nozzle. As shown in figure 3, the  divided  compressed  airflows  are  piped 
down  the  bifurcated support booms, through  the  wing panels, and into the  high- 
pressure  plenums.  Passing  through  the  supply  pipe  (plenum),  the  air  is 
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discharged  perpendicular   to   the  f low  axis   through a s e t  of  sonic  nozzles,  
equal ly   spaced  around  the  supply  pipe,   and  into a l o w  pressure  bellows  plenum, 
as i l l u s t r a t e d   i n   f i g u r e  4. The purpose  of  the  bellows  assembly is  to   reduce  
the   forces   and  moments caused by f low  t ransfer   f rom  the  nonmetr ic   to   metr ic  
portions  of  the  model.  A s e r i e s  of f lexible   metal   convolut ions  are   used  as  
sea ls   and   se rve   to   compensa te   for   def lec t ions   o f   the   met r ic   por t ions   and   forces  
of p re s su r i za t ion .  

Having  passed  across   the  nonmetr ic /metr ic   junct ion,   the   a i r  i s  ducted  from 
the  main ba lance   b lock   th rough  the   t a i lp ipes   in to   the   t rans i t ion /charg ing   sec-  
t i o n s   ( f i g .  3 )  . The change  from c i rcu lar   (ax isymmetr ic )   to   rec tangular   (nonaxi -  
symmetric)  flow is  made within  the  t ransi t ion  sect ion  upstream  of   the  choke  plate  
t o  minimize  any  losses   associated  with  the  t ransi t ion  and  convergence  of   the 
divided  f low  systems  to a closely  spaced  nozzle   configurat ion.  The choke p l a t e ,  
w i t h  a 30-percent  porosity,  produces a pressure   d rop   and   ac t s   as  a f low  s t ra ight -  
ener   to   deve lop  a uni form  nozz le   in le t   p ressure   p rof i le .   Pass ing   th rough  the  
cons t an t   c ros s   s ec t ion   cha rg ing   ( i n s t rumen ta t ion )   s ec t ion ,   t he   j e t   t o t a l   p re s su re  
and s tagnat ion   tempera ture   a re   measured ,   a f te r  which the  f low is  acce le ra t ed  and 
exited  through  the  nonaxisymmetric  exhaust  nozzles. A l l  j e t   s i m u l a t i o n  compo- 
nents up to ,   but   excluding  the  nozzles ,   were common t o   a l l   c o n f i g u r a t i o n s   t e s t e d .  

Nozzle  Design 

The nonaxisymmetric  convergent-divergent ( 2 - D  C-D) nozzles  used i n  t h i s  
i n v e s t i g a t i o n   ( f i g s .  5 and 6 )  were  based  on fu l l - sca le   concepts .  The nozzle 
t h r o a t   a r e a  and  expansion  ra t ios   were  s ized  to  be cons i s t en t  w i t h  advanced 
mixed f low  turbofan   cyc les   ( re f .  9 ) .  T y p i c a l   v a l u e s   f o r   t h e   r a t i o   o f   t o t a l  
n o z z l e   t h r o a t   a r e a   t o  maximum body cross-sec t iona l   a rea  (2At/Amax) were  used t o  
s i ze   t he   nozz le s   t o   t he  model. The two fixed-geometry  nozzles  used i n  t hese  
t e s t s  were  used to   s imu la t e  a variable-geometry  nozzle i n  two d i f f e r e n t  power 
s e t t i n g s .  I n  the  variable-geometry  scheme,  the  straight  segments  of  the  nozzle 
represent  movable  f laps which move to   provide  independent   values   of   throat   area 
and exi t   area.   Convergent-divergent   sect ion  lengths   change w i t h  expansion 
r a t i o ;   t h e   i n d i v i d u a l   f l a p   l e n g t h s  do no t .  A n  in te rmedia te   d ivergent   f lap  
length was se lec ted   to   permi t   use   o f  a high  expansion  ra t io   without   excessive 
in t e rna l   f l ap   d ive rgence   ang le .  T h r u s t  vec tor ing  schemes  were a l so   cons idered  
i n  f lap   des igns .   Overa l l   nozz le   l ength  was representa t ive   o f   cur ren t   nozz le  
designs.  

Numerous s idewall   geometr ies   were  tes ted  to   evaluate   nozzle   geometry modi- 
f i c a t i o n s .  A l l  s idewal l s   were   des igned   to   represent   e i ther  a f ixed   s idewa l l ,  
where the  sidewall   geometry is independent   o f   d ivergent   f lap   def lec t ion ,   o r  a 
var iable-geometry  s idewall ,   where  the  s idewalls   are   a t tached  r igidly  to   the 
d ive rgen t   f l ap  and  thus move w i t h  d ive rgen t   f l ap   de f l ec t ion .   S idewa l l   w id ths  
were  scaled  to   account   for   mechanical   f lap  actuators   and/or   var iable-geometry 
sidewall  mechanisms. I t  should   be   no ted   tha t   under   cur ren t   s ta te -of - the-ar t  
nozz le   des igns ,   t he   f l ap   ac tua to r s  would probably  be  designed  into  the  f lap 
i t s e l f ;  t h u s ,  requi red   s idewal l   th ickness  would be  reduced. A l l  s idewal l  t r u n -  
ca t ions   were   fa i red   smooth ly   in to  common e x t e r n a l  model hardware  and  the  internal 
nozzle   cross   sect ions  were  rectangular   with  square  corners .  
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The v a r i a t i o n s   i n   s i d e w a l l  and s p l i t t e r - p l a t e  geometry f o r   t h i s   i n v e s t i g a -  
t i o n  are i l l u s t r a t e d   i n   f i g u r e s  7 and 8 fo r   t he   d ry   (nona f t e rbu rn ing )  power  and 
A/B nozz le s ,   r e spec t ive ly .  With on ly   t h ree   excep t ions ,  a l l  s idewal l s  are iden- 
t i f i e d  by the  percentage  of   internal   f low  containment  as r e fe renced   t o   t he   d ry  
power d i v e r g e n t   f l a p   l o n g i t u d i n a l   l e n g t h   ( d i s t a n c e  f rom  nozz le   th roa t   to   ex i t  
p l a n e ) .  Thus (as shown i n   f i g s .   7 ( a )  and ( b ) ) ,   t h e  100 percent   s idewall   pro-  
v ides   fu l l   exhaus t   f l ow  con ta inmen t   ove r   t he   en t i r e   l eng th   o f   t he   d ry  power 
nozzle   divergent   f lap,   and  the 50 and 2 5  pe rcen t   s idewa l l s   a r e   t runca ted  a t  
one-half  and  one-quarter  of  the  dry power nozz le   d ivergent   f lap   l ength ,   respec-  
t i v e l y .  The s idewal l   base   a reas  were he ld   cons tan t ,   hence   the   s idewal l   boa t -  
t a i l i ng   va r i ed   w i th   s idewa l l   t runca t ion .  Note t h a t  s i n c e  t he  A/B nozzle   diver-  
g e n t   f l a p s  were s l i gh t ly   l onge r   t han   t he   d ry  power nozz le   d ive rgen t   f l aps ,   t he  
100 pe rcen t   s idewa l l s  on t h e  A/B nozzles   ended  s l ight ly   short   of   the   nozzle  
e x i t  as shown i n  f i g u r e  8.  

Since  most  of  the  sidewalls w e r e  compatible  with  both  the  dry power and 
A/B power nozz le   conf igura t ions ,  it w a s  necessary   to   p rovide   addi t iona l   in forma-  
t i o n   t o   i d e n t i f y  a g iven   s idewal l /d ivergent   f lap   combina t ion .  A s  seen i n  f i g -  
u r e  7 ( b ) ,   s e v e r a l   s i d e w a l l   v a r i a t i o n s   t h a t  would  normally  represent a f ixed  
s idewal l  on the  A/B nozz le   (conta inment   o f   in te rna l   f low  a long   d ivergent   f lap  
edge  and no ex te rna l   f ences  as shown i n   f i g .  8 ( a ) )  r e s u l t e d   i n   e x t e r n a l   f e n c e s  
when i n s t a l l e d  on the   d ry  power nozzle .  When th i s   occu r s ,   t he   ph rase   "wi th  
fences ' '  w i l l  be   used   wi th   the   s idewal l   ident i f ica t ions .  

The th ree   excep t ions   t o   t he   s idewa l l   i den t i f i ca t ion   nomenc la tu re   desc r ibed  
p rev ious ly   a r e   des igna ted   cen te r   l i ne   ven ted ,   doub le   ven ted ,   and   va r i ab le   bu t t -  
j o i n t  a n d   a r e   i l l u s t r a t e d   i n   f i g u r e s   7 ( a )   a n d   ( b )  and 8 ( b ) ,   r e s p e c t i v e l y .  The 
c e n t e r   l i n e   v e n t e d   s i d e w a l l   ( f i g s .   7 ( a )   a n d   ( b ) )   r e p r e s e n t s  a f ixed   s idewal l  
where nozz le   in te rna l   f low is conta ined   a long   the   d ivergent   f lap   edge   bu t  
a l lowed   t o   ven t   l a t e ra l ly   a long   t he   nozz le   cen te r   l i ne .  The dry power nozzle 
e x i t   h e i g h t  and  25-percent  divergent  f lap  length  were  used  as  reference dimen- 
s i o n s   f o r   t h e   c e n t e r   l i n e   c u t o u t .  The double   vented  s idewall  shown i n  f i g -  
u re   7 (b )   r ep resen t s  a f ixed-geometry   s idewal l   wi th   fu l l   in te rna l   f low  conta in-  
ment and ex te rna l   f ences   i n   t he   d ry  power mode, while   providing  f lap-edge and 
cen te r  l i n e  area  containment i n  t he  A/B power mode. The v a r i a b l e   b u t t - j o i n t  
c o n f i g u r a t i o n   ( f i g .   8 ( b ) )   r e p r e s e n t s  a variable-geometry sidewall which  changes 
from 100 percent   conta inment   in   the   d ry  power mode ( represented  by t h e  100 per- 
cen t   s idewa l l   ske t ch   o f   f i g .  7 ( a ) ) .  This  sidewall   represents  hardware which is  
s p l i t  a t  t he   nozz le   cen te r   l i ne  and t r a n s l a t e s   i n  a s c i s s o r - l i k e  manner t o   v e n t  
t he   cen te r   l i ne   a r ea   a s   nozz le  power s e t t i n g   o r   e x p a n s i o n   r a t i o  (Ae/At)  is 
increased .  I t  should  be  noted  that   the  100 percent   s idewal l   wi th   f lap   edge  
vent ing shown i n   f i g u r e   8 ( c )  on t h e  A/B power nozzle  is i d e n t i c a l  t c  the  
100 percent   s idewal l   (wi thout   ex te rna l   fences)  shown i n   f i g u r e   7 ( a )  on the   d ry  
power nozzle .   This   configurat ion i s  representa t ive   o f  a l l  the   s idewal l  con- 
f i g u r a t i o n s   w i t h o u t   e x t e r n a l   f e n c e s   ( f i g .   7 ( a ) )  when the  nozzle  power s e t t i n g  
is increased  from the  dry power t o  A/B power i n   t h a t   i n t e r n a l   f l o w   v e n t i n g  
occur s   a t   t he   d ive rgen t   f l ap   edges .  

With a twin  closely  spaced  nozzle  arrangement,  a common inboard   s idewal l  
i s  p r a c t i c a l .  The nonaxisymmetric C-D nozz les   inves t iga ted   a re   conf igured   wi th  
a common sidewall   which,  henceforth,  w i l l  b e   r e f e r r ed   t o  as a s p l i t t e r   p l a t e   o r  
a s p l i t t e r .  A l l  s p l i t t e r s   t e s t e d   a r e   c o n s i s t e n t   i n   s h a p e  and  terminology  with 
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the  previously  mentioned  sidewalls  (figs. 7 and 8 ) .  The splitter  plate  is 
representative  of  two  sidewalls  back  to  back and, therefore,  is  sized  to  be 
twice as thick  as  a  single  sidewall. The result,  as  shown  in  figures 5 and 6 ,  
is a  large  base  area  between  the  two  nozzles  if an interfairing  is  not  utilized. 
A divergent  splitter pl.ate was introduced  to look at the  effect  of  this  base 
area.  With  the  divergent  splitter,  the  base  area  is  eliminated by diverging 
the  inboard  sidewall  from  the  throat  to  exit. It should  be  noted  that  the 
sidewall  divergence, in the  dry  power  mode,  increases  the  exit  area  to 22.21 cm 
and,  accordingly,  the  expansion  ratio  is 1.27. 

2 

Photographs of the  dry  power  nozzle  configurations  showing  flap,  sidewall, 
and  splitter  plate  arrangements,  are  shown  in  figure 9. Photographs  of  the 
afterburning  power  configurations  are  presented  in  figure 10. 

Instrumentation 

Forces  and  moments on the  metric  portions  of  the  model  were  measured by 
two  six-component  strain-gage  balances.  The  main  balance  measured  gross  thrust 
minus  axial  force  of  the  afterbody  and  nozzles.  The  smaller  drag  balance, 
mounted in tandem  with  the  main  balance  (fig. 3 ) ,  measured  the  forces  and 
moments on the  afterbody  shell  only.  The  tandem  balance  arrangement  permits 
the  separation of the  model  component  forces so that  the  influence  of  the  side- 
walls on the  nozzles  and  afterbody  can  be  isolated. 

Eight  external  seal  static  pressures  were  measured  in  the  seal  gap at the 
first  metric  break (FS 113.67). A l l  orifices  were  located on the  nonmetric 
centerbody  and  spaced  symmetrically  about  the  model  perimeter. An additional 
five  orifices,  positioned  symmetrically  about  the  right  side  of  the  main  balance 
block,  measured  seal gap pressures at the  second  metric  break  (FS  122.56).  The 
third  and  final set of  seal  pressures  were  measured by  two sets  of  surface  taps, 
both  consisting  of  two  orifices,  each  an  equal  distance  fore  and  aft of the 
third  metric  break (FS 168.28). One set, located  on  the  right  engine  center 
line,  also  served  as  afterbody  pressure  orifices.  The  second  set  was  positioned 
above  the  horizontal  center  line on the  right  side of the  model.  In  addition  to 
these  external  pressures,  two  internal  pressures  were  measured  at  each  metric 
seal.  These 21 pressure  measurements  were  then  used to correct  measured  axial 
force  and  pitching  moment for pressure  area  tares  as  discussed  in  the  section 
"Data  Reduction. " 

Chamber  pressure  and  temperature  measurements  taken in the  supply  pipe, 
upstream of the  six  sonic  nozzles  (fig. 4), were  used  to  compute  mass-flow  rates 
for  each  nozzle.  Instrumentation  in  each  charging  section  consisted  of  a 
stagnation-temperature  probe  and  a  total-pressure  rake.  Each  rake  contained 
four  total-pressure  probes.  (See  figs. 5 and 6.) 

External  pressures on the  afterbody/nozzle were measured  by  static-pressure 
orifices  located on the  right  engine  center  line  extending  from  the  start  of  the 
afterbody  boattail  to  the  nozzle  exit  as  shown  in  figures 3 and 11. Additional 
orifices  were  located  near  the  inboard  edges of the  nozzle  flap. A table  pro- 
viding  tap  locations  is  included  in  figure 11. The  distribution of pressure 
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o r i f i c e s  on the  af terbody/nozzles  is n o t   s u f f i c i e n t   t o   a c c u r a t e l y   d e t e r m i n e  
pressure  drag  and was on ly   i n t ended   t o   i nd ica t e   t he   f l ow  cha rac t e r i s t i c s   ove r  
the   a f te rbody/nozz le   por t ions  of the  model. 

I n t e r n a l   s t a t i c   p r e s s u r e s  were  measured  on  the  divergent  f lap  portion  of 
t h e   l e f t - s i d e   n o z z l e   a s  shown in   t he   ske t ches   and   t ab l e s   o f   f i gu re  1 2 .  The 
bot tom  f lap w a s  ins t rumented  with  three rows  of f i v e   o r i f i c e s   e a c h .  One  row 
was loca ted  on the   nozz le   f lap   cen ter   l ine ,   and   the   remain ing  two  rows  were 
posi t ioned  near   the  inboard  and  outboard  edges  of   the   f lap.  The t o p   f l a p  con- 
tained  one row o f   o r i f i c e s   a l o n g   t h e   n o z z l e   c e n t e r   l i n e .  The s p l i t t e r   p l a t e  
base   con ta ined   t h ree   p re s su re   o r i f i ce s  which  were  used to   eva lua te   base   a r ea  
e f f e c t s  . 

A l l  pressures  were  measured w i t h  ind iv idua l   p ressure   t ransducers .   Data  
obtained  during  each  tunnel r u n  were  recorded  on  magnetic  tape  and  reduced  using 
s tandard  data   reduct ion  programs.   Typical ly ,   for   each  data   point ,  50 frames  of 
data  were  taken  over a per iod  of  5 seconds  and  the  average was used  for  compu- 
t a t iona l   pu rposes .  

Test   Condi t ions 

T h i s  i n v e s t i g a t i o n  was conducted in  the  Langley  16-Foot  Transonic  Tunnel a t  
s t a t i c  (M = 0 )  conditions  and a t  Mach numbers  from 0 .6  t o  1 . 2 .  Nozzle  pressure 
r a t i o ,   t h e   r a t i o   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   ( p t l , / p m ) ,  
was va r i ed  from 1 ( j e t   o f f )   t o   a p p r o x i m a t e l y  10 .  Maximum v a l u e s   o f   j e t   t o t a l  
p re s su re   r a t io   a t t a ined   depended  on  nozzle  arrangement  and Mach number. Model 
angle  of  at tack was h e l d   c o n s t a n t   a t  Oo. Boundary - l aye r   t r ans i t i on   s t r ip s  were 
used t o   i n s u r e  a turbulent   boundary  layer   over   the  af terbody and nozzle.  A 
0.254-cm-wide s t r i p  of N o .  1 2 0  s i l i c o n   c a r b i d e   g r i t  was loca ted  5.08 cm from 
the  nose  of  the  forebody  and  proportionally  along  the wing  span a t  5 percent  of 
the  root  chord  and 10 percent   o f   the   t ip   chord  i n  accordance w i t h  the   technique 
descr ibed i n  re fe rence  2 2 .  

Typ ica l   va r i a t ion  of f ree-s t rean   parameters  w i t h  Mach number f o r   t h e  
16-Foot  Tunnel i s  presented  i n  f i g u r e  1 3 .  

Data  Reduction 

External   forces   and moments were  measured by two internal  six-component 
s t ra in-gage  balances.  The main balance  measured  total   forces  and moments 
( including t h r u s t )  on the  metr ic   port ions  of   the  model .  The drag  balance 
sensed  external  aerodynamic  forces  and moments  on the  af terbody  only.   Force 
and moment in te rac t ions   ex is t   be tween  the  main balance  and  the  f low  simulation 
system due t o   t h e   b a l a n c e   o f f s e t  from the  model c e n t e r   l i n e  and  bellows  f lexi-  
b i l i ty .   Consequent ly ,   s ing le   and  combined  normal-force  and  pitching-moment 
c a l i b r a t i o n s  were  performed to   de t e rmine   t hese   i n t e rac t ions  w i t h  and  without 
t h e   j e t s   o p e r a t i n g .  The de termina t ion   of   these   in te rac t ions  was s i m i l a r   t o   t h e  
methods  outlined i n  the  appendix  of  reference  6.  
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Thrust  minus ax ia l  force w a s  computed  from t h e  main   ba lance   ax ia l   force  
from the fo l lowing   r e l a t ionsh ips :  

The f i rs t  term of   t he   equa t ion ,   FA,^^^^^ is  the   ax ia l   fo rce   (pos i t i ve   ups t r eam)  
indicated  by  the  main  balance corrected f o r   w e i g h t  t a res  and  balance  inter-  
a c t i o n s .  The  second term, (pes - pa)(Amax - A s e a l ) ,  a ccoun t s   fo r   p re s su re  
d i f f e rences   be tween   t he   ex te rna l  seal  and  f ree-s t ream  pressures  a t  t h e  f i r s t  
metric b r e a k   ( f i g .  3 ,  FS 113.67). The p res su re  area tare  caused  by  differences 
i n   i n t e r n a l   c a v i t y   a n d  free-stream pres su re  i s  a c c o u n t e d   f o r   i n   t h e   t h i r d  term, 
(pi - pa)Asea l ,  where Aseal is t h e   p r o j e c t e d   i n t e r n a l  area of  the  model. The 
las t  term, FAImom, i s  a momentum tare  connect ion  based  on  cal ibrat ions  involv-  
ing ASME nozz les  and the  method o u t l i n e d   i n   r e f e r e n c e  6.  

The basic performance  parameter   used  in   evaluat ing s t a t i c  i n t e r n a l   p e r f o r -  
mances i s  t h e  r a t io  o f   m e a s u r e d   t h r u s t   t o   t h e   i d e a l   i s e n t r o p i c   t h r u s t  F / F i .  
A t  wind-on c o n d i t i o n s ,   t h e   a e r o p r o p u l s i o n   t h r u s t   r a t i o  F - D/Fi i s  used   i n  
eva lua t ing   s idewa l l  e f f ec t s .  The r a t i o  i s  comprised  of  measured  nozzle  thrust  
minus af terbody/nozzle   drag F - D and i d e a l   t h r u s t  F i .  The a c t u a l   t h r u s t  
minus  drag i s  measured  by  the  main  balance,   and  ideal  thrust  i s  based  on 
i n t e r n a l   f l o w   c h a r a c t e r i s t i c s .  The   per formance   parameters   ( th rus t   ra t ios )  are 
p r e s e n t e d   w i t h i n   t h e   t e x t   u s i n g  a posi t ive  upstream  s ign  convent ion as shown 
i n   f i g u r e  3. 

DISCUSSION OF RESULTS AT STATIC CONDITIONS 

The s t a t i c  (wind-o f f )   r e su l t s   o f   t he   i nves t iga t ion  are used  to   determine 
the   e f f ec t s   o f   s idewa l l   and  s p l i t t e r  p la te   geometry   on   in te rna l   nozz le   per for -  
mance c h a r a c t e r i s t i c s .   I n   t h e   s u b s e q u e n t   d i s c u s s i o n ,   i n t e r n a l   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  are presented  to  show t h e  e f f e c t  of   s idewall   cutback  and  vent ing 
on internal   nozzle   f lows.   Sidewall   comparisons are  presented ,   us ing   the  s t a t i c  
t h r u s t  r a t io  F /F i  and   d i scharge   coef f ic ien t  ; /Ai ,  t o   e v a l u a t e   i n t e r n a l   n o z z l e  
p e r f o r m a n c e .   F o r   r e f e r e n c e ,   t h e   v a r i a t i o n   o f   i d e a l   t h r u s t   c o e f f i c i e n t  C F , ~  
and  measured  mass-flow rate m w i th  j e t  t o t a l   p r e s s u r e  ra t io  f o r   t h e  two  power 
s e t t i n g s  are  p r e s e n t e d   i n   f i g u r e   1 4 .  The maximum j e t  t o t a l   p r e s s u r e  r a t i o  w a s  
l i m i t e d  by a v a i l a b l e  j e t  simulation  system  flow rates and/or  balance limits. 
An i n d e x   t o   t h e   b a s i c  data f o r   e a c h   c o n f i g u r a t i o n   t e s t e d  a t  s t a t i c  (M = 0 )  and 
wind-on condi t ions   can  be found i n   t a b l e  I .  

I n t e r n a l   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  

Dry power nozzl=.- D i v e r g e n t   f l a p   p r e s s u r e   d i s t r i b u t i o n s   f o r   t h e   d r y  power 
nozz les  are p r e s e n t e d   i n   f i g u r e  15 .  Dashed l i n e s   s e e n   i n   t h e s e   f i g u r e s  repre- 
sen t   e i t he r   suspec ted   s epa ra t ed   f l ow  da t a  o r  possible cu rve   f a i r ings   t h rough  
miss ing   da ta   po in ts .   Typica l   o f  a l l  dry  power c o n f i g u r a t i o n s   t e s t e d  i s  t h e  
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" d i p "   i n   t h e   p r e s s u r e   d i s t r i b u t i o n s  (near x/z = 0.33) immediately  downstream 
of t h e   t h r o a t .  The d i p  is produced by a series of   a l ternat ing  expansion  and 
compression  regions,   which  can  be  associated  with  f low  turning a t  t h e   t h r o a t ,  
bu t   does   no t   appea r   t o   s e r ious ly   a f f ec t   pe r fo rmance .  I t  should be no ted   t ha t  
t h e   d i v e r g e n t   s p l i t t e r   ( f i g s .   1 5 ( i )   t o  ( k ) )  e l imina tes   th i s   expans ion   reg ion   on  
the  inboard  port ion of the   nozz le ,  a r e su l t   o f   t he   i nc reased   f l ow  a rea   due   t o  
w a l l  d i v e r g e n c e   o f   t h e   s p l i t t e r .   I n   g e n e r a l ,   t h e   i n t e r n a l   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  are similar t o  those found in   convent ional   axisymmetr ic   nozzles .  

The e f f ec t s   o f   s idewa l l   cu tback   on   i n t e rna l   nozz le   p re s su re   cha rac t e r i s t i c s  
a r e  shown i n   f i g u r e s   1 5  (a)  t o  (c)  , 15   ( e )   t o   (9 )  , and 15 (i) and ( j )  . As shown, 
in i t ia l   s idewal l   cu tback   produces   f low  separa t ion   a long   the   ou tboard   por t ion   o f  
t he   d ive rgen t   f l ap .   Add i t iona l   t runca t ion   o f   t he   s idewa l l   en l a rges   t he   s epa -  
r a t ed   r eg ion   and   beg ins   t o   a f f ec t   t he   nozz le   cen te r   l i ne   p re s su res .  The sepa- 
r a t i o n  is cha rac t e r i zed  by a sudden   depar ture   o f   the   p ressure   d i s t r ibu t ions  
from the   fu l l   f l owing   nozz le   d i s t r ibu t ions .  As would  be expected,   the   separated 
region on the   d ive rgen t   f l ap   dec reases  as n o z z l e   p r e s s u r e   r a t i o  i s  increased .  
Compar isons   o f   the   p ressure   d i s t r ibu t ions   for  a g i v e n   s p l i t t e r  show t h a t  
i nc reases  i n  s idewal l   cu tback   resu l t   in   increased   expans ion  of t h e   f l o w f i e l d  
a l t h o u g h   t h i s   e f f e c t  is gene ra l ly   con f ined   t o   t he   s idewa l l   ( f l ap   edge )   r eg ions .  
Pressures   throughout   the rest of   the  nozzle   are   near ly   independent   of   s idewall  
cu tback;   therefore ,  i t  is s u g g e s t e d   t h a t   l i t t l e   o r  no change in  performance 
r e s u l t s  from sidewall   cutback.  

The e f f ec t s   o f   nozz le   f l ap   edge   con ta inmen t   w i th   cen te r   l i ne   ven t ing  are 
shown i n   f i g u r e s   1 5 ( d ) ,   ( h ) ,  and ( k ) .  I n   gene ra l ,   t he   cen te r  l i n e  vented  data  
( f i g .   1 5 ( d ) )   a r e  comparable  with  the 50 percent   s idewal l   cu tback   da ta  
( f i g .   1 5 ( b ) )  from  an internal   f low  separat ion  s tandpoint ,   even  though  vent ing 
starts a t  25  pe rcen t  of the   d ive rgen t   s ec t ion   l eng th .   Unsepa ra t ed   i n t e rna l  
p r e s s u r e   d i s t r i b u t i o n   c h a r a c t e r i s t i c s   o n   t h e   o t h e r  hand a r e  seen t o  be  very 
s i m i l a r   t o   t h o s e   f o r   t h e  100 pe rcen t   s idewa l l .  

S p l i t t e r   p l a t e   t r u n c a t i o n   ( f i g .   1 5 ( e ) )   p r o d u c e s   n e a r l y   i d e n t i c a l   e f f e c t s  
on the   i nboa rd   f l ap   a r ea  as i t s  s idewa l l   coun te rpa r t   d id  on the   ou tboa rd   f l ap  
a r e a .  Combined s idewal l  and s p l i t t e r   p l a t e   c u t b a c k   ( f i g .   1 5 ( f ) )   p r o d u c e s  
loca l ized   inboard   and   ou tboard   f lap   a rea   f low  separa t ions  which appear   to   be  
independent of each  other .  However, a d d i t i o n a l   c e n t e r   l i n e   s e p a r a t i o n s   w i t h  
t h e  25 percent   s idewall   wi th   fences   and 50 p e r c e n t   s p l i t t e r   w i t h   f e n c e s  con- 
f i g u r a t i o n   ( f i g .   1 5 ( g ) )   i n d i c a t e   e x c e s s i v e   s i d e w a l l / s p l i t t e r   p l a t e   c u t b a c k  may 
produce   la rge-sca le   separa t ions  which are  no longe r   i so l a t ed  a t  t he   f l ap   edge .  
In  any case ,   p re s su re  area l o s s e s  due to   s idewa l l - induced   f l ap   s epa ra t ion  w i l l  
be  minimized  with  the  low-area-ratio  dry power nozz les   because   o f   the   re la t ive ly  
small projected  area  of   the   nozzle   divergent   f lap.  

A/B nozzles.-  The i n t e r n a l   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   o f   t h e   a f t e r -  
burning power nozzles are p r e s e n t e d   i n   f i g u r e  16.  I t  shou ld   be   no ted   t ha t   j e t  
t o t a l   p r e s s u r e   r a t i o s   n e a r   d e s i g n   ( p t l  j/pm =: 7 . 0 )  could  not   be  a t ta ined  due t o  
l imi ta t ions   o f   the   a i r f low  sys tem.  As a r e su l t   o f   t he   r e l a t ive ly   h igh   expans ion  
r a t i o  and low j e t   t o t a l   p r e s s u r e   r a t i o s  (below 4 .0 ) ,  the   nozzle  i s  ope ra t ing  
severely  overexpanded  and f l ap   s epa ra t ion   occu r s   t h roughou t   t he   nozz le .  

" 
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The gene ra l   t r ends   o f   t hese   p re s su re   d i s t r ibu t ion   cu rves   appea r  t o  depa r t  
from the   t yp ica l   t r end   o f   g radua l ly   dec reas ing   pn /p t r j   w i th   i nc reas ing   f l ap  
length  (as s e e n   i n   r e f .  1 2 )  for   unseparated  convergent-divergent   nozzle   f low.  
However, t h e   n o z z l e   t h r o a t   r a d i i   o f   t h i s   i n v e s t i g a t i o n  are cons iderably  smaller 
than   those   o f   re fe rence  1 2 ,  which   could   resu l t   in   an   exaggera t ion   of   the  expan- 
s i o n   r e g i o n   j u s t   a f t   o f   t h e   t h r o a t .  Had the   d ive rgen t   f l aps   been  more f u l l y  
instrumented it is b e l i e v e d   t h a t   t h e   i n t e r n a l   s t a t i c - p r e s s u r e   t r e n d s  would be 
similar t o   t h o s e  shown i n   t h e   t o p   r i g h t   c o r n e r   o f   f i g u r e   1 6 ( a ) .   T h i s   s a m p l e  
f a i r ing   o f   t he   da t a   be tween   t he   nozz le   t h roa t  a t  x/z = 0.0 a n d   t h e   f i r s t  
s t a t i c   t a p   l o c a t i o n  a t  x/Z = 0.167 w a s  in tended  only as a poss ib l e   ex t r apo la -  
t i on   o f   t he   i n t e rna l   s t a t i c -p res su re   da t a ;   hence ,   t hese   da t a  are not   included 
i n  a l l  f i g u r e s .  

The e f f e c t s  of s idewa l l   cu tback   on   t he   i n t e rna l   p re s su res   fo r   t hese  a f te r -  
burn ing   nozz les   a re   cons is ten t   wi th   those   seen   wi th   the   d ry  power nozz les .  
Also o f   i n t e r e s t  i s  t h e   e f f e c t   o f   f l a p  edge  containment  and f l a p  edge  venting 
on f low  separa t ion .  The v a r i a b l e   b u t t - j o i n t   s i d e w a l l   ( f i g .   1 6 ( e ) ) ,  which  pro- 
v ides   f lap   edge   conta inment   wi th   cen ter   l ine   a rea   vent ing ,   has   separa t ion  
c h a r a c t e r i s t i c s   t h a t  are comparable t o   t h o s e   f o r   t h e  50 percent   s idewal l  
( f i g .   1 6 ( b ) ) .  On the   o ther   hand ,   the  100 percent   f lap   edge   vent ing   s idewal l  
( f i g .   1 6 ( d ) ) ,  which c r e a t e s   f l a p  edge   vent ing   whi le   main ta in ing   cen ter   l ine  
a rea   con ta inmen t ,   has   s epa ra t ion   cha rac t e r i s t i c s  much l i k e   t h e  25 percent   s ide-  
w a l l   ( f i g .   1 6 ( c ) ) .  These two obse rva t ions   i nd ica t e  t h e  e f f e c t i v e n e s s   o f   f l a p  
edge  containment   and  re la t ive  ineffect iveness  of c e n t e r   l i n e  area Containment 
a t   p revent ing   separa ted   f lows   wi th in   the   nozz le .  

Internal  Nozzle  Performance 

Dry power nozzles.-  Comparisons  of s t a t i c  pe r fo rmance   cha rac t e r i s t i c s   fo r  
dry power conf igura t ions   wi th  a common s p l i t t e r   o r   s i d e w a l l   a r e   p r e s e n t e d  i n  
f i g u r e  1 7 .  The var ia t ion   o f   mass- f low  ra t io  (A/IiIi) w i t h   j e t   t o t a l   p r e s s u r e  
r a t i o  i s  an   ind ica t ion   of  t es t  r e p e a t a b i l i t y  and  accuracy.  Typically,  t h e  peak 
nozzle  performance is obta ined  a t  t h e   j e t   t o t a l   p r e s s u r e   r a t i o   r e q u i r e d   f o r  
f u l l y  expanded  f low,   the  design  pressure  ra t io .  A t  p r e s s u r e   r a t i o s  less than 
design,  the  nozzles  operate  overexpanded;  for  pressures  above  design,  the noz- 
z l e  i s  underexpanded.  Operation a t   o f f   d e s i g n   o b v i o u s l y   r e s u l t s   i n  less than 
peak  performance. The dry power nozzles   configured w i t h  the  100 pe rcen t  
s p l i t t e r  a n d   d i v e r g e n t   s p l i t t e r   h a v e  a d e s i g n   p r e s s u r e   r a t i o   o f  3.5 and 4 .4 ,  
r e spec t ive ly .  The d i f f e r e n c e   i n   p r e s s u r e   r a t i o s  i s  due t o   i n c r e a s e d   i n t e r n a l  
e x p a n s i o n   r a t i o   w i t h   t h e   d i v e r g e n t   s p l i t t e r .  

S ince   t he   e f f ec t   o f   s idewa l l   cu tback  and  venting showed t h a t   o n l y   l o c a l  
s e p a r a t i o n   o c c u r r e d   o n   t h e   n o z z l e   f l a p s ,   l i t t l e   e f f e c t   o n   t h e   i n t e r n a l   p e r f o r -  
mance could  be  expected  except  a t  t h e   o v e r e x p a n d e d   j e t   t o t a l   p r e s s u r e   r a t i o s .  
Resul t s  do i n d i c a t e ,   h o w e v e r ,   s h i f t s   i n   t h e   p r e s s u r e   r a t i o s  a t  which  performance 
peaks  occur  with  sidewall   cutback  which would i n d i c a t e  a change i n   t h e   e f f e c t i v e  
a r e a   r a t i o   o f   t h e   n o z z l e .  A s  the   s idewal l   cu tback  is inc reased ,   t he   p re s su re  
r a t i o s  a t  which  peak  performance  occurs  appear t o   d e c r e a s e .   T h i s  phenomenon 
migh t   be   a t t r i bu ted   t o   t he   i nc reased   s epa ra t ion   on   t he   d ive rgen t   f l ap   ac tua l ly  
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ac t ing   t o   r educe   t he   i n t e rna l   expans ion   r a t io .  A s  a r e s u l t  o f   t h e s e   s h i f t s  i n  
peak  performance, i t  becomes extremely  important  a t  what j e t   t o t a l   p r e s s u r e  
ra t io   the   nozz le   conf igura t ion   compar isons  are made. A s  can be  seen i n  f i g -  
u r e   1 7 ( a ) ,   c o m p a r i s o n s   o f   t h e   n o z z l e   t h r u s t   r a t i o   d a t a   i n d i c a t e   t h a t   f o r   t h e  
d e s i g n   j e t   t o t a l   p r e s s u r e   r a t i o   ( p t l j / p m  2 3 . 5 )  t h e  50 percent   s idewal l  had the  
best   performance  and  the 100 percent  sidewall   had  the  worst .   Comparisons  of 
the  overexpanded  data  (ptl j /p,  < 3.5)   ind ica te   tha t   increased   s idewal l   cu tback  
improved  performance  since  the 25 pe rcen t   s idewa l l  had t h e  highest   performance. 
Comparisons  of   the   underexpanded  data   indicate   that   for   pt , ,  ./p, > 5.0 ,   s idewal l  
cutback  had l i t t l e   e f f e c t  on  nozzle  performance. T h i s  dependency  on j e t   t o t a l  
p r e s s u r e   r a t i o  was e v i d e n t   a t  wind-on c o n d i t i o n s   a s   w e l l   a s   a t   s t a t i c  (M = 0 )  
condi t ions  . 

The e f f e c t s  o f   va r ious   sp l i t t e r   con f igu ra t ions   a r e   a l so  shown i n  f i g u r e  1 7 .  
A s  can  be  seen, by comparing  f igures 17(a)  w i t h  ( c ) ,   t h e   t r u n c a t i o n   o f   t h e  
s p l i t t e r  had l i t t l e   o r  no e f f e c t  on internal   nozzle   performance.  Use of   the 
d i v e r g e n t   s p l i t t e r   d i d  resu l t  i n  an   ove ra l l  s h i f t  i n  peak  performance  pressure 
r a t i o ,   a s  one  would  expect,   because  of  increased  nozzle  expansion  ratio,   but 
the  sidewall  cutback  and  venting  trends  remained  unchanged. The c e n t e r   l i n e  
v e n t e d   s p l i t t e r   ( f i g .   1 7 ( d ) )   d a t a  showed  a performance  decrease  of  approximately 
1 percent  when compared w i t h  t he   base l ine  100 p e r c e n t   s p l i t t e r .   G e n e r a l l y ,   t h e  
presence of the  exhaust  f low bad l i t t l e   e f f e c t  on t h e   s p l i t t e r   b a s e   d r a g .  How- 
ever ,  w i t h  t he   cen te r   l i ne   ven ted   sp l i t t e r ,   i n t e rna l   f l ow  p roduced  a suc t ion  
pressure   ins ide   the   "notch ."  T h i s  reduced   pressure   c rea ted  a r e su l t an t   d rag  
which  reduced  the  internal   s ta t ic   performance  of   the  configurat ion  as  shown i n  
f i g u r e  1 7  (d)  . 

A comparison  of  dry  power  nozzle  performance w i t h  s idewa l l  and s p l i t t e r  
p l a t e   c u t b a c k   a t  a t y p i c a l   t a k e - o f f   j e t   t o t a l   p r e s s u r e   r a t i o  of  2.6 i s  presented 
i n  f i g u r e  18. A s  shown, co r rec t   s e l ec t ion   o f   s idewa l l   cu tback   €o r  a cons tan t  
expans ion   ra t io   can   resu l t  i n  performance  increases  of  nearly 1 percent .  Note 
t h a t   t h e   e f f e c t  of s p l i t t e r   p l a t e   t r u n c a t i o n  on  performance  appears  to  be  less 
than  that   of  a comparable  sidewall  cutback as discussed  previously.   Trends 
ind ica te   tha t   per formance   increases   a re   p r imar i ly  due to   the   s idewal l   cu tback  
e f f e c t s  on the   e f f ec t ive   expans ion   r a t io  a t  t h i s  low j e t   t o t a l   p r e s s u r e   r a t i o  
(overexpanded  nozzle).   Performance  variation a t  h i g h e r   j e t   t o t a l   p r e s s u r e  
r a t i o s  is  nea r ly   neg l ig ib l e .  The sma l l   e f f ec t   o f   t he   sp l i t t e r   t runca t ion   can  
p robab ly   be   a t t r i bu ted   t o   exhaus t   f l ow  in t e rac t ions   a s soc ia t ed  w i t h  t he   c lose ly  
spaced  nozzles.  The d i v e r g e n t   s p l i t t e r   d a t a   a r e   s e e n   t o  be near ly  2 percent  
lower  than some o f   t h e   s t r a i g h t   s p l i t t e r   d a t a .  T h i s  r e s u l t s  from t h e   f a c t   t h a t  

at P t ! l  ./p, = 2 . 6  the   nozz le   conf igura t ions  w i t h  d i v e r g e n t   s p l i t t e r s   a r e  
operat lng  considerably more overexpanded. T h i s  i s  a d i r e c t   r e s u l t   o f   t h e  
phys ica l   increase  i n  nozz le   ex i t   a r ea  (and i n  t u r n  expans ion   r a t io )   €o r   t he  
d i v e r g e n t   s p l i t t e r .  

A/B nozzles . -   Figure 19 p resen t s   t he   e f f ec t   o f   s idewa l l   geomet ry  on i n t e r -  
nal   performance  of   the  af terburning power nozzle .  The d i s c h a r g e   c o e f f i c i e n t  
(i/ii) ind ica t e s   exce l l en t   t e s t   r epea tab i l i t y ;   however ,   t he   ove ra l l   l eve l  is 
somewhat  low. I t  i s  b e l i e v e d   t h a t   t h e s e   r e l a t i v e l y  low d i s c h a r g e   c o e f f i c i e n t s  
r e s u l t  from the  lack  of  convergence  of  the  nozzle  f low  upstream  of  the  nozzle 
t h r o a t .   ( S e e   f i g .  6 .  ) The r i s e  i n  nozzle  performance  below  the  ' 'cusp"  pressure 
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ra t io   (p t   . /pa  = 3.5) ind ica t e s ,   a s   s een  i n  t he   p rev ious   s ec t ion   " In t e rna l  
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 , "   f l o w   t h a t  is f u l l y   s e p a r a t e d  from the   d ivergent  
f l a p s .   T h e s e   r e s u l t s   a r e   t y p i c a l   o f   s e v e r e l y   s e p a r a t e d  C-D nozzle  f lows. Gen- 
e ra l ly ,   s idewa l l   cu tback  had s i g n i f i c a n t   e f f e c t s  on nozzle  performance  espe- 
cially  for  the  overexpanded  f low  cases  showing 1 t o  2 pe rcen t   i nc reases  w i t h  
s idewall   cutback and vent ing .  T h i s  improved  performance  probably  results from 
a combinat ion  of   reduced  f r ic t ion  losses   associated w i t h  the  reduced  s idewall  
a r ea  and e f f ec t ive   a r ea   r a t io   changes   a s   s een  w i t h  dry power nozzles .  I t  should 
be  noted  that   the  100 percent   f lap  edge  vent ing  s idewall ,   whi le   having more 
in t e rna l   su r f ace   a r ea   t han   t he   va r i ab le   bu t t - jo in t   s idewa l l ,  shows  a higher  per- 
formance. T h i s  i s  probably  caused by changes i n  t he   e f f ec t ive   expans ion   r a t io  
a s soc ia t ed  w i t h  f lap   separa t ion   caused  by f l a p  edge  venting. The v a r i a b l e   b u t t -  
j o i n t   s i d e w a l l ,  w i t h  f l a p  edge  containment ,   delays  separat ion and m a i n t a i n s  a 
h igh   e f fec t ive   expans ion   ra t io .  I t  must  be  noted  again  that   the  afterburning 
nozz le s   a r e   ope ra t ing   ove rexpanded   fo r   t he   r ange   o f   j e t   t o t a l   p re s su re   r a t io s  
a t   s t a t i c  (M = 0 )  cond i t ions  and t h a t   t h e   l a r g e s t   e f f e c t s  on nozzle  performance 
r e s u l t i n g  f rom  s idewal l   and/or   sp l i t t e r   p la te   changes  w i l l  be  found i n  t h i s  
opera t ing   reg ion .  ( T h i s  was t r u e  fo r   t he   d ry  power nozz le   a s   we l l . )  Hence, 
w i t h  t he   l imi t ed   va r i a t ion  i n  j e t   t o t a l   p r e s s u r e   r a t i o s   a v a i l a b l e ,   c o n c l u s i o n s  
cannot  be  formulated as t o  which  e f f e c t s  may be  predominant. 

1 3  

DISCUSSION OF RESULTS A T  WIND-ON CONDITIONS 

I n t e r n a l   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  

Dry power nozzles . -   Figures  20 t o  30 p re sen t  t h e  i n t e r n a l  s t a t i c - p r e s s u r e  
d i s t r ibu t ions   o f   va r ious   d ry  power nozz le   s idewa l l / sp l i t t e r   con f igu ra t ions   fo r  
s eve ra l  Mach numbers  and j e t   t o t a l   p r e s s u r e   r a t i o s .   G e n e r a l l y ,   t h r o u g h o u t   t h e  
Mach number range, and c o n s i s t e n t  w i t h  s t a t i c   r e su l t s ,   s idewa l l   cu tback   p roduces  
local ized  separated  f low  regions  a long t h e  ou tboard   edge   of   the   d ivergent   f lap .  
Addit ional   s idewall   t runcat ion  produces  increased  separat ion.  The separa ted  
reg ions   appear   to  be conf ined   t o   t he   f l ap   edge   a r ea   s ince   cen te r   l i ne  and 
inboa rd   p re s su re   d i s t r ibu t ions   gene ra l ly  show only   smal l   e f fec ts  from  sidewa'll 
cutback.   Combining  s idewall   and  spl i t ter   p la te   cutbacks  produce similar inboard 
and outboard   f lap   edge   separa t ion   pa t te rns  which aga in   appear   to   be   loca l ized .  
A t  low j e t   t o t a l   p r e s s u r e   r a t i o s  w i t h  l a r g e  combined s i d e w a l l / s p l i t t e r   p l a t e  
cu tbacks   ( f ig .  2 6 ) ,  t he   s epa ra t ion   r eg ion   appea r s   t o   a f f ec t   p re s su res   a t   t he  
nozz le   cen te r   l i ne ,   i nd ica t ing   t he   sp read   o f   t he   s epa ra t ion   r eg ion   ac ross   t he  
f l a p  w i t h  addi t ional   cutback.   Flap  edge  containment   ( f ig .  23 )  w i t h  c e n t e r   l i n e  
vent ing   tends   to   de lay   the   separa t ion   as  compared w i t h  t he  25 percent   cutback.  

Mach number e f f e c t s  on the   d ry  power nozz les   a re   such   tha t ,   a t   subsonic  
speeds,  changes i n  ex te rna l   nozz le   boa t t a i l   p re s su res   (no t  shown) a c t   t o   v a r y  
the   e f fec t ive   nozz le   back   pressure  by feeding  upstream  into  internal   f low  sepa-  
r a t ion   r eg ions .  T h i s  e f f e c t   t e n d s   t o   i n c r e a s e   t h e   s i z e   o f   t h e   i n t e r n a l   s e p a r a -  
t i o n   r e g i o n   a t   t h e   l o w e r   j e t   t o t a l   p r e s s u r e   r a t i o s   ( f i g s .  2 1  ( a )  and (b)  ) . 
Generally,  the  magnitude  of t h e  e x t e r n a l   p r e s s u r e   v a r i a t i o n  a t  t h e   h i g h e r   j e t  
t o t a l   p r e s s u r e   r a t i o s  is  such t h a t  t h e   e f f e c t  on in t e rna l   s epa ra t ion   r eg ions  is  
neg l ig ib l e .  A t  supersonic   speeds,   the   regions  of   f low  separat ion  inboard and 
outboard  are  reduced. The supersonic   external   f low  probably  acts   to  form  a 
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shear  layer  along  the  nozzle  which  effectively  replaces  portions  of  the 
truncated  sidewall;  thus,  the  separation  region is reduced (fig.  21(c)). 

A/B nozzles.-  Internal  static-pressure  distributions of the  afterburning 
nozzle  configurations  for  several  Mach  numbers are presented  in  figures  31 
to  35. Results  typically  show  increased  separation  with  sidewall  cutback  as 
found  previously  for  dry  power  nozzles.  With  the 100 percent  flap  edge  venting 
sidewall  installed on the  afterburning  nozzle  (fig. 34), separation  occurs at 
the  flap  edge  in a pattern  similar to that of the  25  percent  sidewall; thus, 
the  indication  is  that  center  line  containment  is  ineffective at reducing  flap 
edge  separation. The variable  butt-joint  sidewall  (fig. 35),  with  flap  edge 
containment  and  center  line  area  venting,  shows a reduction in  the  separation 
region  outboard  compared  with  the 50 or 25  percent  sidewalls.  Containing  the 
flap  edge  flow  appears to  delay  separation  to  downstream  locations,  although 
separation is  incurred  due  to  center  line  area  cutout. 

The effect  of  Mach  number on internal  static-pressure  distributions of the 
A/B nozzles  is  small.  However,  trends  indicate  that  separation  decreased  as 
Mach  number  increased. 

Aeropropulsion  Performance 

Basic  data  are  presented  in  figures 36 to 41 for  the  ratio  of  thrust  minus 
drag  to ideal  thrust F - D/Fi variations with jet  total  pressure  ratio at test 
Mach  numbers  for  all  configurations.  Trends  generally  indicate  for  both  dry 
power  and A/B power  nozzles  reduced  thrust-minus-drag  performance  with  increasing 
Mach  number.  The large  decrement  in  performance at supersonic  speeds  can be 
attributed  to  increased  drag  due  to  supersonic  wave  drag. 

For reference,  the  variation of ideal  thrust  coefficient CFri with jet 
total  pressure  ratio at test  Mach  numbers is presented  in  figure 42 for  both 
power  settings. A typical  schedule of jet  total  pressure  ratio at flight  Mach 
numbers  is shown  in  figure 43 for a high-performance,  low-bypass-ratio  turbofan 
engine  (ref. 11). The internal  expansion  ratio  required  for  optimum  exhaust 
flow  expansion at the  scheduled  pressure  ratic,  based on a one-dimensional  theo- 
retical flow analysis, is  also  presented.  Scheduled  pressure  ratios  correspond- 
ing  to test  Mach  numbers  are  used  in  subsequent  discussions  as a basis  for 
sidewall/splitter  plate  comparisons. It should  be  noted  that  the  internal 
expansion  ratios of the  nozzles  tested  are  fixed and, therefore,  are  optimized 
for  only  one  Mach  number.  With  respect  to  the  scheduled  pressure  ratios,  on- 
design  operation  of  the  dry  power  nozzles  occurs at about M = 0.6 (design 
pressure  ratio = 3.5). At  high  Mach  numbers  the  scheduled  pressure  ratios  are 
typically  off-design  and  the  nozzle will actually  be  operating  underexpanded 
causing  performance  losses.  Similarly for the  afterburning  power  nozzles,  near 
design  operating  conditions  will  be  achieved at a test  Mach  number  of 1.2. At 
this speed, the  nozzles will be  operating  slightly  overexpanded  (design  pressure 
ratio = 7.0) and  incur  overexpansion  losses at lower  Mach  numbers. In spite of 
the losses,  valid  performance  comparisons  can  still be made  using  the  scheduled 
pressure  ratios. 
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Dry power nozzles . -   The  effect   of  spli t ter  p la te   geometry   on   the   aeropro-  
pulsion  performance of v a r i o u s   d r y  power c o n f i g u r a t i o n s   w i t h  a common sidewall 
is p r e s e n t e d   i n   f i g u r e  44. Comparisons are made be tween   t he   base l ine  100 per- 
cen t  sp l i t t e r  and   va r ious   t runca ted   and   ven ted   sp l i t t e r s  a t  t e s t  Mach numbers 
with  scheduled  pressure ra t ios .  A t  subsonic  speeds, t r u n c a t i o n  of t h e  sp l i t t e r  
u s u a l l y   r e s u l t s   i n   s l i g h t   p e r f o r m a n c e   i n c r e a s e s .  A t  supersonic  speeds, s p l i t t e r  
cutback  produced a small performance loss in   the   one   compar ison  made. Center  
l i n e   v e n t i n g  of t h e  sp l i t t e r  showed l i t t l e  effect   on  nozzle   performance when 
compared t o  t h e  100 p e r c e n t  sp l i t t e r .  L o w e r  performance w a s  gene ra l ly   ob ta ined  
with  configurat ions  employing  the  divergent  spli t ter  p la te  when compared w i t h  
conf igu ra t ions   employ ing   t he   s t r a igh t  w a l l  sp l i t t e r .  Use o f   t h e  50 p e r c e n t  
spli t ter  w i t h   f e n c e   r e s u l t e d   i n  a s l igh t   per formance  loss o v e r   t h e  50 p e r c e n t  
s p l i t t e r   w i t h o u t   f e n c e s ,   i n d i c a t i n g   i n c r e a s e d   e x t e r n a l   d r a g   o n   t h e   n o z z l e .  I t  
should  be  noted  that ,   for   these  and  other   comparison  data  t o  f o l l o w ,   t h e   d i f -  
ferences  in   aeropropuls ion  performance a t  scheduled   nozz le   p ressure   ra t ios   can ,  
a t  least  i n   p a r t ,   b e  a r e su l t   o f   va ry ing   t he   e f f ec t ive   nozz le   expans ion  r a t io  
by   vary ing   s idewal l   and   sp l i t t e r   geometry  as w e l l  as a c t u a l   d i f f e r e n c e s   i n  
nozzle   internal   performance  and  drag.  

S idewal l   e f fec ts   on   d ry  power thrust-minus-drag  performance are determined 
by  comparing  nozzle  configurations  with a common sp l i t t e r  ( f i g .   4 5 ) .   T r e n d s  
wi th   the   100-percent   sp l i t t e r   ind ica te   tha t   favorable   per formance   ga ins   can   be  
ob ta ined   a t   subson ic  Mach numbers through  the  use of sidewall   cutback.  Center- 
l i ne   ven t ing   o f   t he   s idewa l l  shows  no improvements. A t  supersonic   speeds ,   the  
unde rexpans ion   l o s ses   a s soc ia t ed   w i th   t he   r educed   e f f ec t ive   a r ea   r a t io  of t h e  
50 percent   s idewall   arrangement   causes  a 1.4-percent loss in   performance.  The 
ga ins   i n   pe r fo rmance   o f   t he  100 pe rcen t   s idewa l l   ove r   t he  50 p e r c e n t   s i d e w a l l ,  
each  with 50 p e r c e n t   s p l i t t e r   ( f i g .   4 5 ( b ) )   c a n  be a t t r i bu ted   t o   r educed   nozz le  
drag   assoc ia ted   wi th   fu l l   ou tboard   conta inment .   Compar isons   o f   the  50 p e r c e n t  
sidewall   and 50 p e r c e n t   s i d e w a l l   w i t h   f e n c e s   ( f i g .   4 5 ( c ) )  show s l i q h t   p e r f o r -  
mance losses   with  the  fenced  s idewall   due t o  increased   drag   of   the   s idewal l  
fences .   Addi t ional   s idewall   cutback to  t h e  25 pe rcen t   s idewa l l   w i th   f ences  
fur ther   reduces  the  performance,   again  probably  due t o  increased   nozz le   d rag .  
The loss i n  per formance   assoc ia ted   wi th   the   cen ter   l ine   vented   s idewal l   wi th  
fences  a t  M = 0.9 cannot   be  accounted  for .   General ly ,  no e f f ec t   can   be   s een  
of s idewall   cutback or v e n t i n g   w i t h   t h e   d i v e r g e n t   s p l i t t e r   c o n f i g u r a t i o n s .  

The combined e f f ec t   o f   s imu l t aneous   s idewa l l   and   sp l i t t e r   p l a t e   cu tback  
is p r e s e n t e d   i n   f i g u r e  46.  The thrust-minus-drag  ra t ios  a t  scheduled  pressure 
r a t i o s  are presented   as  a func t ion   o f  Mach number f o r   t h e   d r y  power nozzles  con- 
f igured   wi th  common s i d e w a l l s   a n d   s p l i t t e r .  Comparison o f   t h e  50 and 100 percent  
s idewal l / sp l i t t e r   a r rangements  a t  subsonic  speeds shows n e a r l y  1 pe rcen t   i nc rease  
in   performance  with  the 50 percent   cutback.   Comparison  of   the  configurat ions 
a t  M = 1.2 shows near ly  a 2-percent loss i n   pe r fo rmance   w i th   t he   s idewa l l /  
s p l i t t e r   c u t b a c k .  The reduced  performance is  probably a resu l t   o f   underexpans ion  
losses caused   by   t he   t runca ted   s idewa l l / sp l i t t e r   p l a t e   con f igu ra t ions   e f f ec t ive ly  
opera t ing  a t  a lower in t e rna l   expans ion  r a t io  as d i s c u s s e d   e a r l i e r .  Effect  o f  
s idewa l l   and   sp l i t t e r   p l a t e   f ences   can   a l so  be s e e n   i n   t h e   f i g u r e .  Comparison 
o f   con f igu ra t ions   o f   s imi l a r   s idewa l l / sp l i t t e r   l eng ths  a t  a l l  Mach numbers 
(except M = 0.6) shows a loss i n  performance  for   nozzles   configured  with  fences  
due t o  increased   drag .  
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P r e s e n t e d   i n   f i g u r e  47 is  a summary of t h e  aeropropulsion performance  for  
a l l  dry  power nozz le   con f igu ra t ions  fo r  scheduled   pressure  ratios a t  M = 0.6 
and M = 0.9 .   These   resu l t s  show t h a t   t h e   v a r i a t i o n   i n   p e r f o r m a n c e  between 
nozz les   conf igured   wi th   the  same sp l i t t e r  p la te  i s  u s u a l l y  less than 1 percent, 
i n d i c a t i n g  l i t t l e  e f f ec t   i n   ae ropropu l s ion   pe r fo rmance   subson ica l ly   due  to  
simple sidewall modif icat ions.   Nozzle   thrust-minus-drag  performance  for  a l l  
conf igura t ions  varies less than   1 .5   pe rcen t  a t  subsonic  speeds. T h i s   r e s u l t  
i n d i c a t e d  a r e l a t i v e   i n s e n s i t i v i t y  of nozzle  performance, a t  subsonic   speeds,  
t o  s idewa l l / sp l i t t e r   geomet ry   w i th in   t he  t es t  r ange   o f   va r i ab le s .  The e f f ec t  
of fences  a t  subsonic  speeds i s  small. Figure  48  summarizes  the  supersonic 
performance, a t  s c h e d u l e d   p r e s s u r e   r a t i o s ,   o f   t h e   d r y  power nozzles.  Evidence 
is shown t h a t  a f u l l   s i d e w a l l / s p l i t t e r   a r r a n g e m e n t  i s  e s s e n t i a l   f o r   h i g h   s u p e r -  
sonic   performance.  The increased  underexpansion losses and   drag   assoc ia ted   wi th  
s idewa l l   and   sp l i t t e r   cu tback   can  be s u b s t a n t i a l .   S u b s t a n t i a l  losses are a l s o  
assoc ia ted   wi th   ex te rna l   fences ,   and   subsequent   d i scuss ion  shows  them to  be 
unwarranted. 

A/B nozzles.-  The e f f ec t  of  sidewalls  on  the  thrust-minus-drag  performance 
o f   t he   a f t e rbu rn ing   nozz le s  a t  t e s t  Mach numbers f o r   s c h e d u l e d   p r e s s u r e   r a t i o s  
is shown i n  f i g u r e  49.  Nozzles are  conf igu red   w i th   t he  100 p e r c e n t   s p l i t t e r .  
Resul t s  show a performance  increase  of  more than  1 p e r c e n t  a t  high  subsonic  
Mach numbers (M = 0.8 and  0 .9)   for   nozz les   employing   s idewal l   cu tbacks .  A t  t h e  
s c h e d u l e d   p r e s s u r e   r a t i o s   i n d i c a t e d   f o r   t h e   s u b s o n i c  Mach numbers, t h e   a f t e r -  
burning  nozzles  are opera t ing   h ighly   overexpanded.   S idewal l   cu tback   e f fec t ive ly  
r educes   t he   i n t e rna l   expans ion  r a t io  which  tends  to  reduce  the  overexpansion 
lo s ses .   T rends   i nd ica t e  similar e f f e c t s   o c c u r   w i t h   t h e   c e n t e r  l i n e  vented  and 
b u t t - j o i n t   s i d e w a l l s .  A t  supersonic   speeds ,  l i t t l e  o r   n o  e f f ec t  on  performance 
is evident   wi th   s idewal l   cu tback   or   vent ing .  The n e g l i g i b l e  e f f e c t  of   f lap   edge  
ven t ing ,   nea r   des ign   p re s su re  ratios,  s u g g e s t   t h a t   f u l l   s i d e w a l l   c o n t a i n m e n t   i n  
t h e   a f t e r b u r n i n g  mode is  not   necessary .   This  would e l i m i n a t e   t h e   e x t e r n a l  
f e n c e s   i n   t h e   d r y  power mode. 

CONCLUSIONS 

An i n v e s t i g a t i o n  a t  Oo angle   of   a t tack  has   been  completed  in   the  Langley 
16-Foot  Transonic  Tunnel a t  s t a t i c  condi t ions  and a t  Mach numbers M from  0.6 
t o  1 . 2  to  i n v e s t i g a t e   t h e   e f f e c t   o f   s i d e w a l l   g e o m e t r y   o n   t h e   i n s t a l l e d   p e r f o r -  
mance of  nonaxisymmetric  convergent-divergent  nozzles.   Results  of  the  investi-  
ga t ion   i nd ica t e   t he   fo l lowing   conc lus ions .  

1. Sidewal l   cu tback   and   vent ing   produce   f low  separa t ion   on   the   in te rna l  
d ive rgen t   f l ap .  The separated  f low  regions  appear  t o  be c o n f i n e d   t o   t h e   f l a p  
edge   a rea   and   increase   wi th   addi t iona l   s idewal l   t runca t ion .   F lap   edge   conta in-  
ment  impedes  flow  separations  while cen te r  l i n e  area containment is  i n e f f e c t i v e  
a t  p revent ing   f low  separa t ion .  

2.  S idewa l l   and /o r   sp l i t t e r   p l a t e   cu tback   appea r  t o  have l i t t l e  or no 
e f f e c t   o n   s t a t i c  ( M  = 0)  nozzle   performance  near   design  pressure ra t ios .  S h i f t s  
i n  n o z z l e   p r e s s u r e   r a t i o   f o r   p e a k   p e r f o r m a n c e   i n d i c a t e   t h a t   r e d u c t i o n s   i n   t h e  
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effective  internal  expansion  ratio occur with sidewall/splitter  plate  cutback. 
Effects of the  reduced area ratio are seen in reduced  overexpansion  losses but 
slight  increases in the  underexpansion  losses at off-design  pressure  ratios. 

3 .  Little  effect of sidewall  cutback  and  venting  is  seen on the  aeropro- 
pulsion  (wind-on)  performance  of  the  nonaxisymmetric  nozzles  near  desiqn  pres- 
sure  ratios.  Thrust-minus-drag  performance  for all dry  power  configurations 
varies  less  than 1.5 percent at subsonic  speeds;  thus,  the  relative  insensi- 
tivity of nozzle  performance to  sidewall/splitter  modifications  is  indicated. 
The  afterburning  power  nozzles  also  indicate  small  effects of sidewall  cutback 
and  venting at supersonic  speeds. Generally, convergent-divergent  nozzles  with 
variable  internal  expansion  ratio  capability  will  operate at  or near  optimum 
pressure  ratios  for  all  flight  Mach  numbers.  Therefore,  sidewall/splitter  plate 
cutback  or  venting  appears  to be a  viable  way of reducing  nozzle  weight  and 
cooling  requirements without compromising  installed  performance. 

4. At supersonic speeds, external  nozzle  fences  cause  increased  dry  power 
nozzle drag, while  flap  edge  venting  has  little  effect on thrust-minus-drag 
performance  in  the  afterburning  mode.  With  this  in mind, fences  on  fixed- 
geometry  sidewalls  seem  unwarranted. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
December 3, 1980 
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TABLE I.- INDEX  TO  BASIC  DATA 

N O Z Z l €  

power 
;e t t inq  

D r .  Y 

S idewall 

LOO pe rcen t  
50 pe rcen t  
25 percent  w i th   f ences  
: en te r   l i ne   ven ted  
LOO p e r c e n t  
50 p e r c e n t  
25 pe rcen t   w i th   f ences  
' en t e r   l i ne   ven ted  
LOO p e r c e n t  
30 percent 
: en te r   l i ne   ven ted  
LOO percen t   w i th  fence: 
: e n t e r   l i n e   v e n t e d  

wi th   f ences  
Iouble  vented 
50 percen t   w i th   f ences  
50 percen t  

LOO percen t  
50 percen t  
?5 percent 
LOO percen t  f l a p  

edge  vent ing 
Tariable b u t t -   j o i n t  

Sp l i t t e r  

T 

100 percent  
100 pe rcen t  
100 pe rcen t  
100 pe rcen t  
50 pe rcen t  
50 percen t  
50   percent   wi th   fence  
Center  l i n e  vented  
Divergent 
Divergent 
Divergent 
100 pe rcen t   w i th   f ence  
100 pe rcen t   w i th   f ence  

100 pe rcen t   w i th   f ence  
50 percent   wi th   fence  
50 pe rcen t   w i th   f ence  

100 pe rcen t  
100 pe rcen t  
L O O  pe rcen t  
100 pe rcen t  

100 pe rcen t  

F igure  

I n t e r n a l  
p r e s s u r e  d a t a  

dind o n  

20 
2 1  
22 
23 
24 
2 5  
26 
2 7  
2 8  
29  
30  

3 1  
32 
3 3  
34  

3 5  

T 
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248.17 
Sta. 

( 814.2) 

Sta. 
227.75 
(747.2) Air exchange 

Sta.  Sta. 
152.49 132.31 
(500.3)  (434.1) 

I 

Section through sta. 33.53  (110.0) 
( looking downstream ) 

Figure 1.- Arrangement  of  Langley  16-Foot  Transonic  Tunnel. 
Dimensions  are  in  meters  (feet). 
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Nozzles 

\ 
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Thrust  minus  drag (F - D) 
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r T a i l p i p e  

Drag balance /Chokep la te  
rCharging  section 

FS 145.92 
Section A-A 

\Transition  section 

Figure 3.- Sketch of air-powered,  twin-engine,  wing-tip  supported  model 
with  nonaxisymmetric  convergent-divergent  dry  power  nozzles  showing 
jet  simulation  system  and  balance  arrangement.  Dimensions  are in 
centimeters. 



N 
4 

Clearance holes fo r  
sonic nozzles 

F S  Flexible  seal 7 [ 6 equally spaced sets F S  Main  balance  block 
97.81 

I (metal  convolut ions)  of  sonic  nozzles 

Cavity  vented to model 
i n te rna l   p ressu re  

-Bellows p lenum 
(metr ic)  

Figure 4.- Schematic of bellows  used  to  transfer  air  from  nonmetric  to  metric  portion of model. 
Dimensions  are  in  centimeters. 
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Section A-A / \ 
Jet total r a k e 1  

Figure 5.- Sketches of dry  power  convergent-divergent  nozzle  flap  arrangement  showing 
important  dimensions. All dimensions  are in centimeters  unless otherwise noted. 
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Jet total r a k e d  

Figure 6.- Sketch of A/B power convergent-divergent  nozzle  flap  arrangement  showing 
important  dimensions. A l l  dimensions are in   cent imeters   unless   otherwise  noted.  



Center  l ine  vented  s idewal l   and  spl i t ter  (p - 10.3') 

50 percent  sidewall   and  spl i t ter (p = 16.5') 

'L 

2.77 -4 

5.53 - 
T h roat 

(a )  Without   ex te rna l  

-100 percent  sidewall  and  splitter 
and  divergent  spl i t ter (p - 10.3O) 

I t  

f ences .  

Figure 7.- Details of s i d e w a l l   a n d   s p l i t t e r  p la te  geomet r i e s   i n s t a l l ed  
on  dry power nozzle .  A l l  dimensions are in   cen t ime te r s .  
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1 . 3 8 p 5 . 5 3 L 2 . 7 4 1  

Throat 

64 

- 10.30) 

(b) With ex te rna l   f ences .  

F iqure  7.- Continued. 
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100 percent w/ 
100 and 50 percent center line vent ,- 50 percent 

Standard splitter 

(c) Dry power  nozzle splitters. 

Divergent splitter 

Fignre 7. -  Concluded. 
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-25  percent  sidewall Cp - 23.40) 

50 percent  sidewall Cp - 16.5O) 

k- 5.12 - 
T h roat 

- 100 percent  sidewall  and  splitter Cp = 10.3O) 

- 7 1 

(a) 100 ,  50, and 25 percent  sidewalls. 

Figure 8.- Details of sidewall  and  splitter  plate  geometries  installed  on 
A/B power  nozzle.  All  dimensions  are  in  centimeters. 
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(b)  Variable  butt-joint  sidewall. (c) 100 percent  sidewall  with  flap  edge  venting. 

Figure 8.- Continued. 
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F i g u r e  8.- Concluded.  



( a )  100 pe rcen t   s idewa l l ,  100  p e r c e n t   ( c )  50 pe rcen t   s idewa l l ,  100 pe rcen t  
s p l i t t e r .   s p l i t t e r .  

(b) 25 pe rcen t   s idewa l l   w i th   f ences ,  (d) Center   l ine   vented   s idewal l ,  
100 p e r c e n t   s p l i t t e r .  100 p e r c e n t   s p l i t t e r .  

Figure 9.-  Nonaxisymmetric  dry power nozzle  arrangements 
L-80-213 

with   ind ica ted   s idewal l s  and s p l i t t e r   p l a t e s .  



( e )  100 percent   s idewal l   wi th   fences ,  
100 p e r c e n t   s p l i t t e r  w i t h  fence.  

(h)  50 percent   s idewal l  w i t h  fences ,  
50 p e r c e n t   s p l i t t e r  w i t h  fence.  

( f )  Center   l ine   vented   s idewal l  w i t h  
fences ,  100 p e r c e n t   s p l i t t e r  w i t h  
fence . 

(i) 25 percent   s idewal l   wi th   fences ,  
50 p e r c e n t   s p l i t t e r  w i t h  fence .  

(g)  Double  vented  sidewall w i t h  fences ,  ( j )  50 percent   s idewal l   wi thout  
100 p e r c e n t   s p l i t t e r  w i t h  fence .   fences ,  50 p e r c e n t   s p l i t t e r  

w i t h  fence.  
L-80-214 

Figure 9.- Continued. 
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(k) 100 pe rcen t   s idewa l l ,  
d i v e r g e n t   s p l i t t e r .  

(1) 50 pe rcen t   s idewa l l ,  
d i v e r g e n t   s p l i t t e r .  

(m) C e n t e r   l i n e  
d ive rgen t  

vented   s idewal l  
s p l i t t e r .  

(n)  100 pe rcen t   s idewa l l ,  
50 p e r c e n t   s p l i t t e r .  

( 0 )  50 pe rcen t   s idewa l l ,  
50 p e r c e n t   s p l i t t e r .  

(p)   Center   l ine   vented   s idewal l ,  
c e n t e r   l i n e   v e n t e d   s p l i t t e r .  

L-80-215 
Figure  9.- Concluded. 
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(a) 100 percent  sidewall. 

. ,  

(d) 25 percent  sidewall. 

(b) 50 percent  sidewall. 

(e)  100  percent  sidewall 
flap  edge  venting. 

( C )  Variable  butt-joint  sidewall. 
L-80-216 

. .  Figure 10.- Nonaxisymmetric  afterburning  power  nozzle 
arrangements.  100  percent  splitter. 
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Figure 11.- External  afterbody/nozzles  static-pressure  orifice  locations. 
Dimensions  are  in  centimeters. 
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(b) Dry power f l a p s .  

Figure 1 2 . -  Sketches  of 2-D C-D nozz le   f l aps  showing i n t e r n a l  s t a t i c -  
p r e s s u r e   o r i f i c e   l o c a t i o n s .  Bottom f l a p ;   a l l   d i m e n s i o n s   a r e  i n  
cent imeters .  
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Figure 13.- Typical 16-foot tunnel  free-stream  parameter  variations  with 
Mach  number  encountered  during  investigation. 
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Figure 14 . -  Var ia t ion  of i d e a l  thrust c o e f f i c i e n t  and  chamber  mass flow with 
j e t   t o t a l   p r e s s u r e   r a t i o  at s ta t ic   (wind-of f )   condi t ions .  
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( a )  100 percent   s idewall ,  100 p e r c e n t   s p l i t t e r .  

Figure  15.-  Effect of nozzle   pressure  ra t io  on nozz le   s ta t ic -pressure   d i s t r ibu t ions  
for   the  dry power nozzle a t   s t a t i c   (w ind-o f f )   cond i t ions .  
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(b) 50 percent   s idewal l ,  100 p e r c e n t   s p l i t t e r .  

Figure 15.- Continued. 
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Figure 15.- Continued. 
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(d)   Center   l ine  vented  s idewall ,  100 p e r c e n t   s p l i t t e r .  

Figure 15.- Continued. 
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Figure 15.- Continued. 
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Figure 15.- Continued. 
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(9) 25 percent   s idewall  w i t h  fences,  50 p e r c e n t   s p l i t t e r  w i t h  fence.  

Figure 15.- Continued. 
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Continued. 
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(i) 100 percent sidewall, divergent  splitter. 

F ic;ure 15 . - Continued . 
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Figure 15.- Continued. 
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Figure 15.-  Concluded. 
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Figure 16.-  Continued. 
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Figure 16.-  Continued. 
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Figure 16.- Concluded.  



Sidewall Splitter 

0 100 percent 100 percent 
0 50 percent 
n 25 percent  with  fences 
n Center line vented I 

1.00 

i 
i. .96 
- 

I 

.92 

1.04 

1.00 

- F 
F. 
I 

.96 

.92 

xx 

( a )  100 p e r c e n t   s p l i t t e r .  

Sidewall  Splitter 

A 100 percent  Divergent 
h 50 percent 
n Center line vented 

(b) Divergent   sp l i t t e r .  

Figure 17.-  Variat ion  of   discharge  coeff ic ient  and nozzle t h r u s t  r a t i o   w i t h   j e t   t o t a l   p r e s s u r e  
r a t io   fo r   t he   d ry  power nozz le s   a t   s t a t i c   cond i t ions .  
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Figure 1 7 .  - Concluded. 
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nozzle t h r u s t  r a t i o   w i t h   j e t   t o t a l   p r e s s u r e   r a t i o  
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60 



Center line oressures  (lower  flap) 

0 1.99 

0 3.50 

0 5.00 
Center line Dressures  (upper  flap)  Inboard  pressures 

0 . 2  . 4  .6 . a  1.0 0 . 2   . 4  . 6  .8 1.0 
x/[ XI 2 

( a )  M = 0.6 .  

Figure 20.-  Variation of nozz le   in te rna l   s ta t ic -pressure   d i s t r ibu t ion   wi th  
j e t   t o t a l   p r e s s u r e   r a t i o   a t   t e s t  Mach numbers for   dry power nozzle  with 
100 percent   s idewall ,  100 p e r c e n t   s p l i t t e r .  



, Center line pressures  (lower  flap) 
.b 

.4 
Pn 

't. i 
- 

.2 

0 

.6 
Center line pressures  (upper flap) 

.4 

. 2  

0 . 2  . 4  .6 . a  1.0 

xi1 

Outboard  pressures 

Pt. j l p -  
0 2.00 

0 3.50 
0 5.04 
A 7.02 
h 9.53 

0 . 2  .4 .6 . a  1.0 

xll 

Figure 20.- Continued. 
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Figure 21.- Variation of nozzle  internal  static-pressure  distribution  with 
jet  total  pressure  ratio at test Mach  numbers for dry power  nozzle  with 
50 percent  sidewall, 100 percent  splitter. 
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Figure 21.- Concluded. 
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Figure 22.-  Variat ion of nozzle i n t e rna l   s t a t i c -p res su re   d i s t r ibu t ion   w i th  
j e t  t o t a l  p r e s s u r e   r a t i o   a t  t es t  Mach numbers fo r   d ry  power nozzle with 
25 percent  sidewall   with  fences,  100 p e r c e n t   s p l i t t e r .  
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Figure 22.- Concluded. 
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Figure 23 . -  Variation of nozz le   in te rna l   s ta t ic -pressure   d i s t r ibu t ion   wi th  
j e t   t o t a l   p r e s s u r e   r a t i o   a t   t e s t  Mach numbers f o r  d r y  power nozzle  with 
center   l ine  vented  s idewall ,  100 p e r c e n t   s p l i t t e r .  
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Figure 23.-  Concluded. 
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Figure 24.- Variation of nozzle  internal  static-pressure  distribution  with 
jet  total  pressure  ratio  at  test  Mach  numbers  for  dry  power  nozzle  with 
100 percent  sidewall, 50 percent  splitter. 
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Figure 24.- Concluded. 
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Figure 25.- Variat ion of nozz le   in te rna l   s ta t ic -pressure   d i s t r ibu t ion   wi th  
j e t  t o t a l   p r e s s u r e   r a t i o   a t   t e s t  Mach numbers for   d ry  power nozzle  with 
50 percent   s idewall ,  50 p e r c e n t   s p l i t t e r .  
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F i g u r e  25.- Continued. 
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Figure 26.-  Va r i a t ion   o f   nozz le   i n t e rna l   s t a t i c -p res su re   d i s t r ibu t ion   w i th  
j e t   t o t a l   p r e s s u r e   r a t i o  a t  tes t  Mach numbers f o r   d r y  power nozzle  with 
25 percent   s idewal l   wi th   fences ,  50 p e r c e n t   s p l i t t e r   w i t h   f e n c e .  
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Figure 27.- Variation of nozzle  internal  static-pressure  distribution  with  jet  total 
pressure  ratio  at  test  Mach  numbers  €or  dry  power  nozzle  with  center  line  vented 
sidewall,  center  line  vented  splitter. 



(b)  M = 0.9. 

F i g u r e  27.- Concluded. 
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Figure 2 8 . -  Var ia t ion  of n o z z l e   i n t e r n a l   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  w i t h  
j e t   t o t a l   p r e s s u r e   r a t i o   a t   t e s t  Mach numbers fo r  d r y  power nozzle w i t h  
100 p e r c e n t   s i d e w a l l ,   d i v e r g e n t   s p l i t t e r .  
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Figure 28.- Concluded. 
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Figure 29.- Va r i a t ion   o f   nozz le   i n t e rna l   s t a t i c -p res su re   d i s t r ibu t ion   w i th  
j e t  to ta l  p r e s s u r e   r a t i o   a t  tes t  Mach numbers f o r   d r y  power nozzle  with 
50 p e r c e n t   s i d e w a l l ,   d i v e r g e n t   s p l i t t e r .  



Center   l ine   o ressures   (uooer   f lao)  

Outboard   p ressures  

. . . . . . . . . . . . . . . . . . . . .  
! - ! - - - y y . : . -  .... , --+;+. - . . . . . . . . . . . . . . . .  : I: . . . . .  .:: ': . :i . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Inboard   o ressu res  

0 . 2  . 4  .6 .8 1.0 

Pt , j /Pm 

0 2.04 

0 3.49 

0 5.02 

A 7.07 

( b )  M = 0.9. 

Figure  29. - Concluded. 

05 
W 



Inboard Dressures 

0 . 2  . 4  .6 .8 1.0 
XI1 

( a )  M = 0.6. 

Figure 30.- Var i a t ion   o f   nozz le   i n t e rna l   s t a t i c -p res su re   d i s t r ibu t ion   w i th  
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cen te r   l i ne   ven ted   s idewa l l ,   d ive rgen t  spl i t ter .  

Pt, j/Pm 

0 2.01 

0 3.51 
0 4.99 

A 7.02 



Outboard nressures 

Pt, j/P- 

' 0 2.00 

0 3.50 
0 4.99 

A 7.02 

x/[ 

(b) M = 0.9. 

Figure  30.- Concluded. 
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Figure 32.- Variation of nozzle  internal  static-pressure  distribution  with 
jet  total  pressure  ratio  at  test  Mach  numbers  for  afterburning  power 
nozzle  with 50 percent  sidewall, 100 percent  splitter. 
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Figure 34.- Variation of nozzle  internal  static-pressure  distribution  with 
jet  total  pressure  ratio at test  Mach  numbers for afterburning  power 
nozzle  with 100 percent  flap  edge  venting  sidewall, 100 percent  splitter. 
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Figure 35.- Variation of nozzle  internal  static-pressure  distribution  with 
jet  total  pressure  ratio  at  test  Mach  numbers for afterburning  power 
nozzle  with  variable  butt-joint  sidewall, 100 percent  splitter. 
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Figure 36.- Basic  thrust-minus-drag  performance  data  for  dry power nozzle 
configurations w i t h  100 percent  splitter. 
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Figure 37. -  Basic  thrust-minus-drag  performance  data f o r  dry  power  nozzle 
configurations  with 50 percent and center  line  vented s p l i t t e r s .  
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Figure 38.- Basic thrust-minus-drag  performance  data for  dry  power nozzle 
conf igura t ions   wi th  100 p e r c e n t   s p l i t t e r   w i t h   f e n c e .  
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Figure 39.- Basic thrust-minus-drag  performance  data  for  dry power nozzle 
configurations w i t h  50 percent  sp l i t t e r  with  fence. 
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Figure 41.- Basic  thrust-minus-drag  performance  data  for A/B power 
nozzle  configurations  with 100 percent  splitter. 
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Figure 41.- Continued. 
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Figure  44.- Concluded. 
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Figure 45.- Concluded. 
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Figure 46.- Combined  effect  of  sidewall  and  splitter on thrust-minus-drag 
performance at test  Mach  numbers  with  scheduled  pressure  ratios for 
dry  power  nozzles. 
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Figure 47.- Aeropropulsion  performance of dry  power  nozzles at M = 0.6 
and M = 0.9 with  scheduled  pressure  ratios. 
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Figure 48.- Summary of aeropropulsion  performance  of dry power  nozzle 
configurations at M = 1.2 w i t h  scheduled  pressure  ratios. 

115 

" 



Sidewall 

o 100 percent 
50 percent 

0 25 percent 

116 

- F - 0  
F. 
I 

Sidewall 

0 100 percent 
A 100 percent flap-edge venting 
b Variable butt-joint 

- F - D  
F. 
I 

. 5  . 6  . 7  .8 .9 1.0 1.1 1.2 1 . 3  
M 

Figure 49.- Effect of sidewall  on  thrust-minus-drag  performance at 
test  Mach  number  with  scheduled  pressure  ratios €or A/B nozzles 
with 100 percent  splitter plate. 



1. Report No. 2. Government Accession No. 3. Recipient's Catalog No. 
NASA TP-1771 

4. Title  and  Subtitle 5. Report  Date 

EFFECTS OF SIDEWALL GEOMETRY ON THE INSTALLED 

530-03-13-03 EXHAUST NOZZLES 
6. Performing  Organization  Code PERFORMANCE OF NONAXISYMMETRIC CONVERGENT-DIVERGENT 

December 1980 

~~ 

7. Author(s1 8. Performing  Organlzation  Report No. 

Jeffery A. Yetter and Laurence D. Leavitt L-13826 , 10.  Work  Unit  No. 
9.  Performing  Organization  Name  and Address 

NASA Langley Research Center 
Hampton, VA 23665 11.  Contract or Grant No 

L I 

-. - I - - -. 13. Type of Report and  Period  Covered 

12. Sponsoring  Agency Name and  Address Technical Paper 

National Aeronautics and Space Administration 
Washington, DC 20546 

14. Sponsoring  Agency  Code 

15.  Supplementary Notes 

Jeffery A. Yetter: The George Washington University Joint Institute for 

I 
Advancement of Flight Sciences, now with Boeing Commercial Airplane Company, 
Seattle, Washington. 

Laurence D. Leavitt: Langley Research Center. 

Part of the information presented in this report was included in a thesis sub- 
mitted by Jeffery A. Yetter in partial fulfillment of the requirements for the 
degree of Master of Science,  The George Washington University, Hampton, Virginia, 
August 1979. 

16. Abstract 

The effect of sidewall geometries on the installed performance of nonaxisymmetric 
convergent-divergent exhaust nozzles has been investigated in the Langley 16-Foot 
Transonic Tunnel. The investigation was conducted at static conditions and over 
a  Mach number range from 0.6 to 1.2. Angle of attack was held constant at Oo. 
High pressure air was used  to simulate jet exhaust flow at ratios of jet total 
pressure to free-stream static pressure from 1 (jet off) to approximately 10. 
Sidewall cutback appears to  be a viable way of reducing nozzle weight and cooling 
requirements without compromising installed performance. 

17.  Key Words  (Suggested by Authorb) 1 18.  Oistribution  Statement ' Nonaxisymmetric nozzles Unclassified - Unlimited 
Sidewall qeometry 
Installed performance 
Static performance 

Subject Category 02 

19.  Security Classif. (of this report1 22. Price' 21. No. of Pages 20. Security Classif. (of this p a g e )  

Unclassified A06 116 Unclassified 

' For  sale by the National  Technical  lnformatlon  Service,  Sprinefleld.  Vlrglnla 22161 
NASA-Langley, 1980 



- .  1 

National Aeronautics  and THIRD-CLASS BULK RATE Porta* and  Fees  Paid 
Space Administration 

Washington, DX.  
20546 - . 

, National Aeronautics and 
Space Administration ; 

" . .  NASA451 "[SI - 
U I M A I L  

Official Business 
Penalty for Private Use, $300 

, .  .~ 
. ~. . 

~~ 

2 1 1U,B, 011281  S00903DS 
DEPT OF THE A I R  FORCE 
AF WEAPONS L A B O R A T O R Y  
ATTN: TECHNICAL L I B R A R Y  (SUL) 
U B T L A N D  AFB IJM 87117 I , ' 


