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INTRODUCTION 

Mul t imiss ion   a i rc raf t   capable  of operating  over a broad  range of Mach numbers, 
a l t i t u d e s ,  and  angles of a t t a c k  have  been  emphasized in   recent   years .   These   mul t i -  
m i s s i o n   a i r c r a f t   t y p i c a l l y   r e q u i r e  a va r i ab le  geometry  nozzle to  provide  high  nozzle 
internal   ( thrust)   performance  over   the  range of opera t ing  Mach numbers  and nozzle 
pressure  ratios. The next   generat ion of f i g h t e r   a i r c r a f t  may r e q u i r e   t h e   a b i l i t y   t o  
land on s h o r t  or bomb damaged runways,  which w i l l  probably mean adding  thrust-  
revers ing   capabi l i ty   to   the   a i rc raf t   des ign .   Cons iderable   research   has   been  con- 
ducted  on  both  axisymmetric  and  nonaxisymmetric  nozzle  configurations  with  thrust- 
r eve r s ing   capab i l i t y  (see ref  s.  1 and 2). I f  a downstream  (from  nozzle  throat) 
reverser   concept  i s  used,  where  nozzle  divergent  flaps are used as f low  d iver te rs  
( r e f .  2 ) ,  special   considerat ion  must   be  given to  the  mechanization  of  the  nozzle/ 
reverser  combination  and its impact on nozzle  geometry a t  f l i gh t   cond i t ions   o the r  
than  landing. The use of a l ight-weight downstream reverser   concept   in   intermediate  
and maximum afterburning  forward-f l ight  modes may r e s u l t   i n   t h e   s l o t t i n g   ( v e n t i l a -  
t i o n )  of the  nozzle   divergent   f laps .  

S i n c e   t h e   v e n t i l a t i o n   e f f e c t s  of the   d ivergent   f laps  on axisymmetric  nozzle 
performance  were unknown, except   for   the  work repor ted   in   re fe rence  3,  an inves t i -  
ga t ion  w a s  conducted i n   t h e  Langley  16-Foot  Transonic  Tunnel  and i n   t h e   s t a t i c - t e s t  
f a c i l i t y  of tha t   tunnel   to   de te rmine   these   e f fec ts .  Tests were conducted a t  Oo angle  
of a t t ack  a t  s t a t i c   c o n d i t i o n s  and a t  free-stream Mach numbers  from 0.6 t o  1.2. 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   ( n o z z l e   p r e s s u r e   r a t i o )  
was var ied  from 1.0 ( j e t  of f )   to   approximate ly  14.0 depending upon Mach number. 

SYMBOLS 

%ax 

Aseal 

At 

Df ,   cb  

Dn 

dmax 

F 

FA,bal 

FA, mom 

nozz le   ex i t  area, c m  

maximum cross-sec t iona l   a rea  of model, 182.415 cm' 
in te rna l -cavi ty   c ross -sec t iona l   a rea  of model, cm2 

nozzle   geometr ic   throat  area, cm 

f r i c t i o n   d r a g  on  model centerbody, N 

nozzle  drag, N 

maximum model diameter, 15.24 cm 

nozzle gross t h r u s t ,  N 

axial   force  measured by balance  (posi t ive  forward) ,  N 

momentum tare a x i a l   f o r c e  due to  bellows, N 
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Fi 

1 nozz le   d ive rgen t   f l ap   l eng th ,  cm 

i d e a l   i s e n t r o p i c  gross t h rus t ,  N 

M free-stream Mach number 

P l o c a l  s ta t ic  pressure ,  Pa 

Pa ambient  pressure,  Pa 

Pes e x t e r n a l  s ta t ic  pressure  a t  metric break, Pa 

P i  i n t e r n a l  s ta t ic  pressure,  Pa 

P t ,  j j e t  t o t a l   p r e s s u r e ,  Pa 

PC0 f ree-stream s ta t ic  pressure ,  Pa 

X a x i a l   d i s t a n c e  from nozzle   throat   (posi t ive  downstream),  cm 

$0 meridian  angle  about model ax i s  (pos i t i ve   fo r   c lockwise   d i r ec t ion  when 
facing  upstream) , 00 a t  top of model,  deg 

Abbreviations: 

B base l ine  

S t a .   s t a t i o n  

STF static-test  f a c i l i t y  

V v e n t i l a t e d  

16TT 16-Foot  Transonic  Tunnel 

APPARATUS AND METHODS 

Test F a c i l i t i e s  

This   exper imenta l   inves t iga t ion  w a s  conducted i n   t h e  Langley l6 -~oo t   T ranson ic  
Tunnel  and in the  static-test f a c i l i t y  of t ha t   t unne l .  The 16-Foot Transonic  Tunnel 
( 1 6 ~ ~ )  i s  a s ingle-return,   a tmospheric   tunnel   with a s lo t ted ,   oc tagonal  test  sec t ion  
and  continuous a i r  exchange. The tunnel  has a Mach number range  capabi l i ty   f rom 
M = 0.20 t o  M = 1.30. A complete   descr ipt ion of the  16-Foot  Transonic  Tunnel  can 
be found in   r e f e rence  4. Tes t ing   i n   t he  static-test f a c i l i t y  i s  done i n  a room with 
a h igh   ce i l i ng  where the j e t  exhausts to  the atmosphere  through a l a r g e  open 
doorway. The con t ro l  room is  remotely  located from the  test  area. T h i s   f a c i l i t y  
u t i l i z e s  the same clean,  dry-air   supply as t h a t   u s e d   i n  the l6-Foot  Transonic  Tunnel 
and a similar ai r -control   system,  including  valving,  f i l ters,  and a heat  exchanger 
( t o   o p e r a t e  the j e t  flow a t  constant  stagnation  temperature).   Photographs of mode1 
i n s t a l l a t i o n s   i n   t h e  16TT and  the static-test f a c i l i t y  are shown i n   f i g u r e s  1 ( a )  
and l ( b ) .  
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Single-Engine  Propulsion  Simulation  System 

A sketch of the  single-engine  air-powered  nacelle model  on which var ious  nozzles  
were mounted is  p resen ted   i n   f i gu re  2 with a typ ica l   nozz le   conf igura t ion   a t tached .  
An external   high-pressure a i r  system  provided a continuous  flow of clean,  dry a i r  a t  
a controlled  temperature  of  about 300 K. This  high-pressure a i r  w a s  var ied  up to 
approximately 14 atm ( 1  a h  = 101.3  kPa)  and w a s  brought   through  the  support   s t rut  by 
s i x  tubes which  connect t o  a high-pressure plenum  chamber. A s  shown i n   f i g u r e  2,  the  
a i r  was then  discharged  perpendicular ly   into  the model low-pressure  plenum  through 
eight  multiholed  sonic  nozzles  equally  spaced  around  the  high-pressure plenum. This  
method w a s  designed to minimize  any  forces  imposed by the   t r ans fe r  of a x i a l  momentum 
as  the  a i r  is  passed  from  the  nonmetric  (not mounted  on the  force  balance)   high-  
pressure  plenum t o   t h e  metric low-pressure plenum. Two f lex ib le   meta l   be l lows  are 
used as seals and serve to  compensate fo r   ax i a l   fo rces   caused  by pressur iza t ion .  The 
a i r  w a s  then  passed  from  the model low-pressure plenum through a t r a n s i t i o n   s e c t i o n ,  
choke plate, and  instrumentat ion  sect ion which were common f o r  a l l  nozz le s   i nves t i -  
gated. All nozzle   configurat ions w e r e  a t tached to  the   ins t rumenta t ion   sec t ion  a t  
model s t a t i o n  127.00. 

Nozzle D e s i g n  

The basel ine  nozzle   configurat ion  s imulated a variable-geometry,  balanced-beam, 
convergent-divergent   conical   nozzle   typical  of those   cur ren t ly   in   use  on modern 
f igh te r   a i r c ra f t ,   bu t   des igned   w i th  a higher  expansion-ratio  capabili ty  and  with 
longer  divergent-€lap  lengths.  The nozzle   throat   area of a l l   n o z z l e s   t e s t e d  repre- 
sented maximum nonaugmented (dry  power)  nozzle  operation.  Sketches of t he   t h ree  
base l ine   conf igura t ions  are shown i n   f i g u r e s   3 ( a ) ,   3 ( b ) ,  and 3(c).   Nozzle  config- 
u ra t ions  B-1.22 (basel ine  nozzle ,  Ae/At = 1.22)  and B-2.24 ( f i g s .   3 ( a )  and 3 ( b ) ,  
r e spec t ive ly )  were previous ly   t es ted   and   the   resu l t s   a re   repor ted   in   re fe rence  5 as 
configurat ions D-1.22-L and D-2.24-L, respec t ive ly .  The intermediate-expansion-ratio 
basel ine  nozzle  B-1.91 ( f i g .   3 ( c ) )  was made  by simply  removing  the  shroud  from  con- 
f igu ra t ion  B-2.24, thereby  reducing  the  divergent-flap  length and  nozzle  expansion 
r a t i o .  Note, however, t h a t   t h i s   c o n f i g u r a t i o n  and  the  corresponding  vent i la ted con- 
f igu ra t ion  (V-1.91) were o n l y   t e s t e d   a t   s t a t i c   c o n d i t i o n s  as the  external   geometr ies  
were n o t   r e a l i s t i c   € o r  wind-on t e s t s .  

The vent i la ted   nozz le   conf igura t ions  shown i n   f i g u r e s   3 ( d ) ,   3 ( e ) ,  and 3 ( f )  and 
i n   f i g u r e s  1 ( c )  and 1 ( d )  were designed  to  simulate  an  axisymmetric  nozzle  incorporat-  
i n g  a three-door   thrust-reverser   concept   ( ref .  2 ) .  I n   t he  dry-power,  subsonic  (low 
Ae/At), forward-f l ight  mode, the  axisymmetric  thrust-reverser  geometry is t h a t  of a 
typical   convergent-divergent   nozzle   (basel ine  nozzle) .  However, as expansion  ra t io  
(Ae/At) i s  increased to  allow f u l l y  expanded  flow a t  higher  Mach numbers,  V-shaped 
slots appear as the   d ive rgen t   f l aps  are ac tua ted  (see f i g s .   l ( d ) ,   3 ( e ) ,  and 3 ( f ) ) .  
The changing of the   t h roa t  area t o   t h e  maximum af te rburn ing  mode r e s u l t s   i n  trape- 
zoidal  shaped slots similar to  those shown i n   f i g u r e s   l ( c )  and   3(d) .   S ince   ex is t -  
ing  nozzle  hardware w a s  used,  an  exact  simulation of the  geometry €or t h e   a c t u a l  
axisymmetr ic   thrust-reverser   nozzle   concept   ( throat  area, expans ion   ra t io ,   f lap  
length,  etc.) w a s  no t   poss ib le .  Hence, the  determination of  nozzle  performance 
increments  between  baseline  and  slotted  nozzles w a s  the primary objec t ive  of the  
inves t iga t ion .  It should  be  noted  that   the s lot  d imens ions   p resented   in   f ig -  
u r e s   3 ( d ) ,   3 ( e ) ,  and  3( f )   r e p r e s e n t  nominal  values. 
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Instrumentation 

A three-component  strain-gage  balance w a s  used to  measure  forces  and moments on 
the  model downstream  of s t a t i o n  67.31 (see f ig .  2 ) .  Jet  t o t a l  pressure w a s  measured 
a t  a f ixed   s t a t ion   i n   t he   i n s t rumen ta t ion   s ec t ion  by means  of a five-probe  rake  and a 
s ingle   p robe   (no t  shown). 'A thermocouple ,   a lso  located  in   the  instrumentat ion sec- 
t ion ,  w a s  used to measure je t  to ta l   t empera ture .  The t o t a l  pressure  and  temperature 
of the  a i r  in   the   h igh-pressure  plenum were measured  before  the  airflow w a s  dis- 
charged  through  the  eight  sonic  nozzles  into  the  centerbody.  These  measurements were 
used i n   c a l c u l a t i n g   t h e   n o z z l e  mass flow rate as exp la ined   i n   r e f e rence  6. 

In t e rna l   p re s su res  were  measured i n   t h e   f o r e b o d y   c a v i t y   a t  two o r i f i ce   l oca -  
t i o n s .   P r e s s u r e   i n   t h e  metric gap (Sta. 67.31) w a s  measured a t  four   o r i f ice   loca-  
t i ons   i n   t he   fo rebody  gap  base. The vent i la ted   nozz le   conf igura t ions   conta ined  
in t e rna l   nozz le   s t a t i c -p res su re   o r i f i ce s .   These   o r i f i ce s  were ar ranged   in  two rows 
on the  nozzle   divergent   f laps   with one row (row 1)  located  halfway  between  the slots 
and  the  other row ( r o w  2 )  located pa ra l l e l   w i th  and  0.635 cm from the s l o t  edge. 
Locations of t h e s e   o r i f i c e s  are g i v e n   i n   f i g u r e s   3 ( d ) ,   3 ( e ) ,   a n d   3 ( f ) .  The base- 
l ine   nozz le   conf igura t ions  d id  not   conta in   in te rna l   nozz le   s ta t ic -pressure  
instrumentat ion.  

Tests 

Data were o b t a i n e d   i n   t h e   s t a t i c - t e s t   f a c i l i t y  a t  s t a t i c   c o n d i t i o n s  ( M  = 0 )  , and 
in  the  Langley 16-Foot  Transonic  Tunnel a t  s t a t i c   cond i t ions   and  a t  Mach numbers f r o m  
0.60 t o  1.20.  Angle of a t t ack  w a s  he ld   cons t an t   a t  Oo during the inves t iga t ion .  The 
r a t i o  of j e t  to t a l   p re s su re   t o   f r ee - s t r eam  s t a t i c   p re s su re  (or  pa a t  M = 0) was 
va r i ed  from 1.0 ( j e t  of f )   to   approximate ly  14.0 depending on Mach number. To in su re  
a turbulent   boundary  layer   over   the  external   nozzle   surfaces ,  a 0.38-cm-wide 
t r a n s i t i o n   s t r i p  of No .  100 carborundum g r i t  w a s  f i xed  5.72 cm downstream of the 
model nose f o r  a l l  wind-on tests. 

Data  Reduction 

A l l  data were recorded  simultaneously on magnetic  tape. A t  each t e s t   p o i n t ,  
50 frames of da ta  were  recorded a t  a r a t e  of 10 frames  per  second. The samples were 
averaged,  and  the  averaged  values  were  used  for  computations. A t  wind-on condi t ions ,  
thrust-minus-nozzle  drag w a s  obtained from the  five-component  balance  and computed 
from the  fol lowing  equat ion:  

Included  in   the  balance term FA,bal a r e   i n t e r n a l  and e x t e r n a l   a x i a l   f o r c e s  on the  
metric  centerbody and  nozzle ,   including  thrust ,   nozzle   drag  ( f r ic t ion and pressure)  , 
centerbody  f r ic t ion   d rag   (pressure   d rag   equal   to   zero  s i n c e  the  centerbody  has no 
pro jec ted   a rea)  , a x i a l   f o r c e   r e s u l t i n g  from a pressure-area term ac t ing  a t  the metric 
break,  and  bellows momentum tares. The second  and t h i r d  terms of  equation ( 1)  cor- 
r ec t   t he   ba l ance  measurement for   p ressure-area   forces   ac t ing  a t  the  metric  break. 
These terms a r i s e  from t h e   f a c t   t h a t  the model is  a p a r t i a l l y  metric, afterbody  pro- 
puls ion model.  These  terms would not   exis t   for   typical   aerodynamic  s tudies  of com- 
pletely  metr ic   (no metric break) models. The fou r th  term of equat ion   (1)   cor rec ts  
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the  balance  measurement  for bellows momentum tares. Although  the  bellows  arrange- 
ment w a s  designed to  minimize  pressure  and momentum in te rac t ions   wi th   the   ba lance ,  
small bellows tares on a x i a l   f o r c e  still exist .   These tares r e s u l t  from a small 
pressure  difference  between  the  ends  of  the  bellows when i n t e r n a l   v e l o c i t i e s  are 
high  and  also from small d i f f e rences   i n   t he   fo rward   and   a f t  bellows spr ing   cons tan ts  
when the bellows are pressurized.  Bellows tares were determined by t e s t i n g  cali- 
bra t ion   nozz les   wi th  known performances; more de t a i l ed   d i scuss ion  of th i s   p rocedure  
is con ta ined   i n   r e f e rences  6 and 7. The las t  term  of  equation (1) removes the  
f r i c t i o n   d r a g  of the cyl indrical   centerbody  (Sta .  67.31 to  Sta. 137.16) from the  
balance  measurement.  Friction  drag  of  the  centerbody was  removed from a l l   p e r f o r -  
mance parameters   s ince   th i s  part of the  model is  n o t   a c t u a l l y   p a r t  of the  nozzle 
design.   Fr ic t ion  drag w a s  calculated  using  the  Frank1  and  Voishel   equat ion  for  
compressible,   turbulent  f low on a f l a t  plate as g iven   in   re fe rence  8. A t  s ta t ic  
(M = 0)  condi t ions,   the   second,   third,   and  las t  terms drop  out  and FA,bal inc ludes  
o n l y   i n t e r n a l   a x i a l   f o r c e s  on nozz le   ( t h rus t )  and  bellows momentum tares. 

The basic  performance parameter used   in   eva lua t ing  s ta t ic  in t e rna l   pe r fo r -  
mance is the  ra t io  of  measured 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/Fi. A t  
wind-on condi t ions,  the thrust-minus-drag  ratio ( F  - Dn)/Fi  is  used   in   eva lua t ing  
performance. 

RESULTS AND DISCUSSION 

In terna l   S ta t ic -Pressure   Dis t r ibu t ions  

In t e rna l   s t a t i c -p res su re   da t a   fo r   t he   t h ree   ven t i l a t ed   ( s lo t t ed )   nozz le s  are 
p resen ted   i n   f i gu res  4 t o  6 a t  M = 0.  P a r t  ( a )  of each   f i gu re   p re sen t s   da t a   fo r  
the   cen ter - l ine  row (row 1) of s t a t i c - p r e s s u r e   o r i f i c e s  and p a r t   ( b )  of  each  figure 
presents  data f o r   t h e   s t a t i c - p r e s s u r e   o r i f i c e s   p a r a l l e l   t o   t h e   s l o t  edge  (row 2). 
Since   the   base l ine   nozz les  had no in te rna l   s ta t ic -pressure   ins t rumenta t ion ,  a t w o -  
dimensional,  inviscid,  time-dependent  computer  code  called NAP ( r e f .  9 )  w a s  used   to  
compute the   in te rna l   p ressure   d i s t r ibu t ion   a t   fu l ly-expanded-f low  condi t ions  (com- 
puta t ion  a t  des ign   nozz le   p ressure   ra t ios ,  4.0,  9.8, and 13.0 f o r  B-1.22,  B-1.91, 
and B-2.24, respec t ive ly)   for   each   base l ine   nozz le .   These   ana ly t ica l   resu l t s   a re  
i n c l u d e d   i n   p a r t   ( a )  of f i g u r e s  4 t o  6 and  were  used as a basis  for  comparison  of 
base l ine   and   ven t i l a t ed   (o r   s lo t t ed )   p re s su re   d i s t r ibu t ions .  

As a r e s u l t  of the   l a rge   nozz le   th roa t   a reas   t es ted ,  a l imited  nozzle   pres-  
s u r e   r a t i o   c a p a b i l i t y   e x i s t e d  (maximum pt,,  ./pa = 7.0 a t  M = 0 ) .  Because of 
model balance  and  a i r f low  system  rest r ic t lons,  it w a s  no t   poss ib l e   t o  test the  
Ae/At = 1.91 and Ae/At = 2.24 configurat ions a t  o r  above the i r   des ign   nozz le  
p r e s s u r e   r a t i o s  (9.8 and 13.0, r e spec t ive ly )  a t  s t a t i c   c o n d i t i o n s .  Thus, a l a rge  
port ion of t he   i n t e rna l   p re s su re   da t a  were obtained  during  overexpanded  nozzle  opera- 
t i o n  and ind ica t e   l a rge   r eg ions  of exhaust-flow  separation  from  the  nozzle  divergent 
f l aps .  Comparisons  of row 1 and r o w  2 pres su re   da t a   (pa r t s  ( a )  and ( b ) ,  respec- 
t i ve ly ,  of f i g s .  4 t o  6) i nd ica t e   t ha t   t he   r eg ions  of separa t ion   genera l ly  became 
more extensive  near the s l o t ,  as expected.  This  observation i s  similar to  those made 
i n   r e f e r e n c e s  10 and 1 1  concerning  nonaxisymmetric  nozzle  sidewall  cutback and the 
increased  exhaust-flow  separation from the  divergent   f laps   near   the  s idewall   region.  

Comparison of ven t i l a t ed   nozz le   p re s su re   d i s t r ibu t ions   fo r   con f igu ra t ion  V-1.22 
( f i g .  4( a )  ) with  the NAP computation  (assumed to be   representa t ive  of the  nonventi- 
l a t ed   o r   base l ine   conf igu ra t ion  B-1.22 opera t ing   fu l ly   expanded)   ind ica tes   tha t  ven- 
t i l a t ing   the   nozz le   d ivergent   f laps   s ign i f icant ly   reduced  s ta t ic  pressures  through- 
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out   the   nozz le  when the nozzle is operat ing  near   design or underexpanded 

observed when the  nozzle  expansion ra t io  Ae/At is increased.  A similar t rend  
i s  not   ind ica ted  by the 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  of the high-  and  intermediate- 
expansion-ratio  nozzles  found i n   f i g u r e s  5 (a)  and 6 ( a ) ,   r e s p e c t i v e l y .   I n   f a c t ,   t h e  
unseparated  vent i la ted  nozzle   data   (e .g . ,  pt, j/pcD = 7.0) and   t he   fu l ly  expanded 
base l ine  NAP code data agree  very w e l l .  I t  can  only be assumed t h a t  the l a r g e  
t r a p e z o i d a l   v e n t i l a t i o n  slots (of conf igura t ion  V-1.22) which  began j u s t  a f t  of t h e  
n o z z l e   t h r o a t ,   r e s u l t e d   i n  a l a rge   po r t ion  of the  exhaust  flow  being  expanded  through 
the  slots, par t icular ly   during  underexpanded  nozzle   operat ion.  The e f f e c t s  of vent i -  
l a t i o n  are not  a l l  adverse as w i l l  be   seen   in   the   d i scuss ion  of static and wind-on 
nozzle  performance. 

(P t ,  3 ./pa > 4.0). T h i s   r e d u c t i o n   i n  s ta t ic  pressure  is  similar t o   t h e  effect 

S t a t i c   I n t e r n a l  Performance 

Since   the   p resent   inves t iga t ion  w a s  conducted i n   b o t h   t h e  16-Foot Transonic Wind 
Tunnel  and  the static-test  f a c i l i t y  of that   tunnel ,   and two of the  basel ine  nozzles  
were t e s t e d   i n   a n  earlier inves t iga t ion   ( r e f .  5), some i n d i c a t i o n  of da t a  repeat- 
a b i l i t y  seemed warranted. Figure 7 p re sen t s  a comparison of s ta t ic  (M = 0 )  t h r u s t  
ratios fo r   t he   base l ine   nozz le s  of t he   p re sen t   i nves t iga t ion   w i th   t he  same nozzle 
conf igura t ions  as r epor t ed   i n   r e f e rence  5. A s  can be seen ,   r epea tab i l i t y  w a s  gener- 
a l l y   w i t h i n  0 .5  pe rcen t .   I n   add i t ion ,   t he   ven t i l a t ed   nozz le   con f igu ra t ions  V-1.22 
and V-2.24 were t e s t e d   i n   b o t h   t h e  static-test f a c i l i t y  and  the  16-Foot  Transonic 
Tunnel a t  s ta t ic  conditions.  These data are shown i n   f i g u r e s  8 (a )  and 8 ( b )  and  again 
r e p e a t a b i l i t y  was general ly   within 0.5 pe rcen t .   Th i s   r epea tab i l i t y   a l l ows  direct 
comparison  of data from b o t h   f a c i l i t i e s  of t h e   p r e s e n t   i n v e s t i g a t i o n   w i t h  data of the  
p rev ious   i nves t iga t ion   ( r e f .  5) . 

Comparisons  of base l ine   and   vent i la ted   nozz le   in te rna l   per formance  are presented 
i n   f i g u r e  8. AS s e e n   i n   f i g u r e  8 ( a ) ,  v e n t i l a t i o n  had an  extremely  large effect  on 
performance  for  the  low-expansion-ratio  nozzle.   For  nozzle  pressure ratios less than 
3.0 the   s lo t ted   nozz le   p rovided   the  best performance. Above pt,, ./pa = 3.0,  t he  
base l ine   nozz le  w a s  s i g n i f i c a n t l y   b e t t e r .  The more important   observat ion,  however, 
i s  the  general   nature  of the  curves.  The basel ine  nozzle   internal   performance is 
t y p i c a l  of a convergent-divergent  nozzle  with  peak  performance  being  obtained  near 
the   des ign   nozz le   p ressure   ra t io  of 4.0. The vent i la ted  nozzle   performance i s  more 
t y p i c a l  of a convergent  nozzle  or  extremely  low-expansion-ratio (Ae/At < 1.04) 
nozzle,  with  peak  performance  occurring  between a nozz le   p re s su re   r a t io  of 2.0 
and  2.5. Unfor tuna te ly ,   th i s   t rend  seems t o   b e   i n  direct conf l i c t   w i th   t he   p re s -  
s u r e   d i s t r i b u t i o n   d a t a  (see f i g .   4 ( a ) ) ,  which ind ica tes   an   increased   expans ion  on the  
d ive rgen t   f l aps  a t  nozz le   p ressure   ra t ios   g rea te r   than  3.0 €or th i s   con f igu ra t ion .  
However, as stated p rev ious ly ,   t he   ex t r eme ly   l a rge   t r apezo ida l   s lo t s  may have 
r e s u l t e d   i n  a l a rge   po r t ion  of the  nozzle  exhaust  flow  being  expanded  through  the 
slots (less e f f i c i e n t l y ) .   I n   a d d i t i o n   t o   t h e   l o s s e s ,  a t  pt,  j/pa > 3.0 it can be 
s e e n   i n   f i g u r e   8 ( a )   t h a t   t h e r e  i s  a n e t  loss i n  peak  performance of approximately 
0.5 percent   for   the   vent i la ted   nozz le .  

Thrust   ra t io   comparisons of the  high-  and  intermediate-expansion-ratio  baseline 
and ven t i l a t ed   nozz le s   ( f i g s .  8 (b )  and 8 ( c ) )  a l s o  show s i g n i f i c a n t  improvements i n  
overexpanded  nozzle  performance. The reduct ion  in   overexpansion losses is  thought   to  
be a t  l eas t  p a r t i a l l y  due t o   t h e   a b i l i t y  of t h e   s l o t s   t o   r e l i e v e  some of the  adverse 
e f f e c t s  of the  separated  exhaust  f low on t h e   i n t e r n a l   s u r f a c e   ( d i v e r g e n t   f l a p s ) .  
Since  design  nozzle   pressure  ra t ios   could  not   be  reached a t  s ta t ic  (M = 0 )  condi- 
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t i ons ,  it is not  known what e f f e c t s ,   i f  any ,   vent i la t ion   has  on underexpanded  and 
peak  nozzle  performance  of  these t w o  nozzles. 

Wind-On Nozzle  Performance 

Var ia t ion  of  thrust-minus-drag  ratio  with  nozzle  pressure ra t io  a t  severa l  test  
Mach numbers is p resen ted   i n   f i gu re  9 for   bo th  the low-  and  high-expansion-ratio 
nozz le s   ( f i g s .   9 (a )   and   9 (b ) ,   r e spec t ive ly ) .  Comparisons  of  the  baseline  and  venti- 
l a t ed   nozz le s  are made. The basel ine  nozzle  data were ob ta ined   i n  a previous  inves- 
t iga t ion   and  are r epor t ed   i n   r e f e rence  5. 

In   gene ra l ,   i n t e rna l  s ta t ic  pressure  a t  a given  nozzle   pressure  ra t io   decreased 
as Mach number increased. As a r e s u l t ,  peak internal  performance of these  nozzles  
occurred a t  increas ingly   h igher   nozz le   p ressure   ra t ios  as Mach number increased .   In  
addi t ion ,  a t  a given  value  of  pt,j/pm  drag becomes a higher  percentage of 
(F - Dn)/Fi a s  M increases ,   thus  it requ i r e s  a higher   nozzle   pressure ratio t o  
reach  the same l e v e l  of (F - Dn)/Fi. The thrust-minus-drag ratios shown i n   f i g u r e  9 
ind ica t e   t ha t   fo r   t he   base l ine   nozz le ,  peak  performance  generally  decreased  as Mach 
number increased.   This  is  a d i r e c t   r e s u l t  of increased   boa t ta i l   d rag   wi th   increas ing  
Mach number, as r epor t ed   i n   r e f e rence  5. This   observat ion i s  most  evident  with  the 
low-expansion-rat io   (high  nozzle   boat ta i l   angle)   nozzle   data   ( f ig .   9(a)) .  Examina- 
t i o n  of the   vent i la ted   nozz le   da ta   ind ica tes   tha t   the   l eve l  of  peak  performance  did 
not   necessar i ly   decrease  with  increasing M. I n   f ac t ,   f o r   con f igu ra t ion  V-1.22, t he  
highest  thrust-minus-drag  performance  occurred a t  M = 0.8. Trends of the  V-2.24 
data   ( f ig .   9(b))   indicate   that   peak  thrust-minus-drag  performance would ei ther   remain 
the  same or   i nc rease   a s  Mach number increases  (even  though  peak  performance w a s  only 
a t t a i n e d  a t  M = 0.95  and 1 .2) .  

Comparison of base l ine  and vent i la ted  nozzle   configurat ions  indicates   t rends 
similar t o   t h e   s t a t i c   r e s u l t s .  Thrust-minus-drag r a t i o   f o r   t h e   v e n t i l a t e d   n o z z l e s  
was higher a t  the  lower nozzle  pressure  ratios  and  lower a t  the  higher  nozzle  pres- 
s u r e   r a t i o s  when compared with  the  baseline  nozzles.  It  is a l s o   e v i d e n t   t h a t   t h e  
vent i la ted  nozzles   have a peak wind-on performance  level  which is general ly  lower 
than  the  basel ine  nozzles .  The performance  increments  between  baseline  and  venti- 
l a ted   nozz les  were, i n   g e n e r a l ,   s n a l l e r  a t  M = 1.2. 

CONCLUSIONS 

An invest igat ion  has   been  conducted  in   the  Langley  l6-~oot   Transonic   Tunnel   and 
i n   t h e  static-test f a c i l i t y  of t ha t   t unne l  to  de termine   the   e f fec ts  of d ive rgen t   f l ap  
v e n t i l a t i o n  of an  axisymmetric  nozzle on nozz le   in te rna l  ( s ta t ic )  and wind-on per- 
formance. Tests were conducted a t  Oo angle of a t t a c k  a t  s ta t ic  conditions  and a t  
Mach numbers  from 0.6 to  1.2. Ratios of j e t   t o t a l   p r e s s u r e  to  free-stream static 
pressure  were varied  from 1.0 ( j e t  of f )   to   approximate ly  14.0 depending  on Mach 
number. Resul ts   of   the   invest igat ion  indicate   the  fol lowing  conclusions:  

1. Vent i l a t ion  of the  nozzles   increased  the amount  of f law  separat ion on the  
in t e rna l   d ive rgen t   f l ap .  

2. Nozzle   divergent-f lap  vent i la t ion  acted to  reduce  peak  internal  and  thrust-  
minus-drag  performance. 
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3. Ventilation  generally  provided  large performance b e n e f i t s   a t  overexpanded 
conditions and performance reductions a t  underexpanded conditions when compared t o  
the  baseline  nozzles. Performance improvements a t  nozzle  pressure  ratios below 
design  pressure  ratios  (overexpanded)  are  believed  to  result from the  abi l i ty  of the 
slot to   re l ieve some  of the  adverse  effects of the  separated  exhaust flow on the 
internal  surf  ace. 

Langley  Research  Center 
National  Aeronautics and Space Administration 
Hampton, VA 23665 
April 13, 1982 
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( a )  Langley 16-Foot Transonic   Tunnel   instal la t ion.  

Figure 1 .- Photographs of models  and i n s t a l l a t i o n s  i n  test f ac i l i t i e s .  
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Figure 1 .- Continued. 
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L-8 1-7699 
(c) Low-expansion-ratio ( A , / A ~  = 1.22) ven t i l a t ed   nozz le ;  

conf igura t ion  V-1.22. 

Figure 1 .- Continued. 
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Figure 1.- Concluded. 
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Figure 2.- Sketch showing general  arrangement of air-powered  single-engine  nacelle mode1 
(16TT i n s t a l l a t i o n ) .  A l l  dimensions are in  centimeters  unless  otherwise  noted. 
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( a )  Baseline  low-expansion-ratio ( A , / A ~  = 1.22)  nozzle;  configuration B-1 .22. 

Figure 3.-  Sketches of baseline  and  ventilated  nozzle hardware. A l l  dimensions are in   cen t imeters .  
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Figure 3 . -  Continued. 
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( c )  Baseline  intermediate-expansion-ratio (Ae/At = 1.91)  nozzle;  configuration B-1.91. 

Figure 3 .- Continued. 
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( d )  Ventilated  low-expansion-ratio ( A , / A ~  = 1 .22)  nozzle;  configuration v-1.22. 

Figure 3 .- Continued. 
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(e) Ventilated  high-expansion-ratio ( A e / A t  = 2.24)  nozzle;   configuration v-2.24. 

Figure 3 .- Continued. 
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(f) Ventilated  intermediate-expansion-ratio  (Ae/At = 1.91) nozzle;  configuration v-1.91. 

Figure 3 .- Concluded. 



P' Pt , j 

.7 

. 6  

.5 

. 4  

. 3  

.2 

.1 

0 
0 .1 . 2  . 3  . 4  .5  . 6  . 7  . 8  .9 1.0 

x11 

( a )  ROW 1. 

Figure 4.- Nozzle   in te rna l   s ta t ic -pressure   d i s t r ibu t ions  for  nozzle 
conf igura t ion  V-1.22 a t  s ta t ic  condi t ions.  
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Figure 4.- Concluded. 
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Figure 5.- Nozzle   in te rna l   s ta t ic -pressure   d i s t r ibu t ions   for   nozz le  
conf igura t ion  V-2.24 a t  s ta t ic  condi t ions .  
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Figure 6.- 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 ions   fo r   nozz le  
conf igura t ion  V- 1.9 1 a t  s ta t ic  conditions.  

25 



.7 

.6 

.5 

. 4  

. 3  

.2 

.1 

0 
0 . 1  .2 . 3  . 4  .5 .6  . 7  .8 .9 1.0 

x11 

(b) Row 2 .  

Figure 6.- Concluded. 

26 



0 Present study 
0 Reference 5 (Configuration D- 1.22- L) 

1. 

F/ F. 
I 

00 

96 

I 

92 

88 

" 

- 1  
84 

2 3 4 5 

(a )   Base l ine  nozzle conf igura t ion  B-1.22. 
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Figure  7. -  Comparison of s t a t i c   t h r u s t   r a t i o s  for  present   s tudy  with 
p rev ious   i nves t iga t ion  ( ref. 5 1. 
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(b) Baseline nozzle conf igura t ion  B-2 24 

Figure 7 .- Concluded. 
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( a )  Low-expansion-ratio  nozzle ( A , / A ~  = 1 . 2 2 ) .  

Figure 8.-  Varia t ion  of t h r u s t   r a t i o  a t  static condi t ions.  
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(b) High-expansion-ratio  nozzle ( A , / A ~  = 2 . 2 4 ) .  

Figure 8 .- Continued. 

30 



Nozzle 

1.00 

.96 

.92 

'F. 
I 

.88 

.84 

0 Baseline  (design p ./p =9.8 
0 Ventilated (STF) t , l  a 

.8U 
1 2 3 4 5 6 7 

(c) Intermediate-expansion-ratio nozzle  (Ae/At = 1.91). 

Figure 8. - Concluded . 
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( a )  Low-expansion-ratio nozzle (Ae/At = 1 . 2 2 ) .  

Figure 9.- Variation of thrust-minus-drag r a t i o  with j e t  total pressure 
r a t io   a t   s eve ra l  test Mach numbers. 
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(b)  High-expansion-ratio  nozzle (A,/At = 2.24) .  

Figure 9 .- Concluded. 
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