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NACA RM E56A.18 

NATIONAL ADVISORY COI4MlTEB FOR AJBONAUTICS 

RESEARCH MEMORANDUM 

EXHAUST NOZZIXS FOR SUPERSONIC FLIGHT WITH TURB0JE;T ENGINES 

By Thomas B. Shillito, Donald P. Hearth, and Edgar M. Cortright, Jr. 

Performance levels currently obtainable with various nozzle types 
were reviewed. Particular attention was devoted t o  special problems 
associated with plug and ejector nozzles. 

It i s  shown that  the excellent off-design thrust characteristics 
measured with plug nozzles in quiescent a i r  may not materialize in some 
Plight installations due t o  jet -stream intergction effects . Preliminary 
attempts t o  cool a plug with compressor bleed a i r  have been generally 
succes~ful  . 

Experiments indicate that variable ejectors w i l l  require divergent 
shrouds t o  remain efficient a t  Mach nutibers much above 1.8. The second- 
ary a i r  flow for  the ejector may be eff iciently provided by either fixed 
auxiliary inlets  or a b m s s  from the main engine a i r  in le t .  In the 
l a t t e r  case, the bypass can serve t o  help match the inlet t o  the engine. 

INTRODUCTION 

During the early history of the turbojet engine, the exhaust-nozzle- 
design problems were relatively simple . A properly sized, convergent, 
conical restr ict ion installed on the end of the tailpipe gave good per- 
f ormance without requiring in-f l ight  s ize adjustment . Afterburners in- 
troduced the complication of variable exit area. A convergent nozzle 
was s t i l l  adequate for  good performance, however, a t  a l l  f l ight  condi- 
t ions attainable by the i n i t  l a1  af t erbumer -equipped airplanes . Super- 
sonic f l igh t  speeds create additional complications, because a variable- 
area exit  restr ict ion i s  s t i l l  required and nozzles with the design-point 
performance characteristics of converging-diverging nozzles are desir- 
able. A simple converging nozzle w i l l  not give the required efficiencies 
a t  high f l igh t  speeds. 
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Some nozzles tha t  have been considered f o r  high-speed f l i g h t  are-  
the variable convergent-divergent nozzle, the  plug nozzle, and the 
variable-shroud ejector  nozzle (f ig .  l), all of which m e  assumed t o  
have variable throats .  The divergent shroud, which is indicated fo r  
the  ejector  nozzle, is required f o r  e f f ic ient  operation above a Mach 
number of 2. 

O f  the  three nozzles, the one with the greatest mechanical compli- 
cat  ion would appear t o  be the variable convergent -divergent nozzle be - 
cause the hinge point providing exit-area variation must be t ranslated 
radial ly as the throat area is varied. (An i r is- type construction is  
assumed.) Only one mechanical variable, throat  area, is  required f o r  
the  plug nozzle. Although hinge points a re  required i n  the  ejector  fo r  
varying both throat area and ex i t  area, they are mechanically isolated 
from each other. These different  degrees of mechanical complexity are 
factors  which have t o  be weighed against the obtainable in-f l ight  per- 
fo-ce f o r  the  nozzles. 

Various aspects of these nozzles have been 'investigated a t  the  NACA 
Lewis laboratory in the past few years. The more important and some' of 
the  most recent resul t s  obtained in these investigations a re  dis'cussed 
in t h i s  report. . . 

RESULTS AND DISCUSSION 

Tests in quiescent a i r  ( re fs .  1 t o  5) indicate tha t  any of t h e  three 
nozzles discussed can be designed' t o  give good- eff iciency a-t; a given 
pressure r a t io .  This is shown in figure 2, where net thrust  r a t i o  is 
given as a function of f l i g h t  Mach nwnber . The net thrust  r a t i o  is de- 
fined as the  r a t i o  of the net thrust  of the  nozzle o r  ejector  system t o  
the  neLthrust ideally available from the engine exhaust. For the ex- 
amples shown in figure 2, the nozzle pressure r a t i o  varSed from about 
2.0 a t  takeoff to .  about 25..0 at  a Mach number of 3 .O, according t o  a 
preselected f l igh t  schedule'. The break in the  curves a t t  a Mach number 
of 0.8 is caused by a chaxige from nonafterbuming t o  afterburning oper- 
a t ion of the  engine. 

The top curve i s ' t h e  locus of design-point performance obtained ex- 
per imentally f o r  the variable convergent -divergent nozzle, the plug noz - 
zle, and the  variable-shroud ejector  nozzle. These three nozzles gave 
essent ial ly  the  s& performance over the ent i re  range of conditions con- 
s idered . Even a t  a Mach number of 3.0, about 95 percent of the  ideal 
net thrust  can be obtained with any one of the  nozzles. For the  conver- 
gent nozzle, shown by the bottom curve, l e s s  than 70 percent of the ideal 
net  thrust is available. The middle cvrve i s  a locus of design-point 
performance f o r  conventional ejectors .  A conventional ejector  nozzle is 
one with e i ther  a convergent o r  cylindrical shroud similar t o  the  types 



reported in  references 6 t o  8 .  This curve f o r  conventional ejectors 
shows the  best performance tha t  can be obtained with nondivergent ejec- 
t o r s  and i l lu s t r a t e s  the  value of shroud divergence a t  high operating 
pressure r a t ios  (high Mach numbers). 

In the  following sections, the  performance characteristics and some 
of the special  design requirements of the plug nozzle and the variable- 
shroud ejector  nozzle are  examined. 

Plug Nozzle 

Operating characteristics . - Quiescent -air t e s t s  indicate excellent 
off-design characteristics fo r  the  fixed-plug nozzle. External flow can, 
however, have adverse effects  on the  off -des i&i performance of plug noz- 
z les .  A brief  review of the operating principles of plug nozzles w i l l  
help t o  explain the occurrence of these adverse effects  of external flow. 

In f i w r e  3, the  flow conditions and expans ion processes f o r  plug 
. nozzles ogerat img in quiescent air and with external, flow are i lhrs t ra ted .  
Operation a t  a design-point pressure r a t i o  H ~ / ~ ~  (where H is nozzle 
t o t a l  pressure and po is ambient pressure) of 14.0 ( f l ight  Mach nuniber, 
'2.5) and a t  an off-design pressure r a t i o  of 4.0 ( f l ight  Mach number, 0 .9)  
i s  i l lus t ra ted .  When the nozzle is  operating a t  the design pressure ra-  
t i o  in quiescent air ( f ig .  3(a) ), the je t  executes a turn outward a t  the  
edge of the  f l ap  and leaves the  nozzle in an axial  direction. The ex- 
pansion fan from the  edge of the f l ap  causes the  pressure t o  decrease 
along the plug surface and t o  reach ambient pressure a t  the  plug t i p .  

With external flow, the loca l  pressures in the v ic in i ty  of the f l ap  
may drop below &lent pressure i n  some instal la t ions because the  ex- 
t e rna l  flow expands around the corner formed by the f l ap  and the af te r -  
body. A t  the  design pressure r a t i o  ( f ig .  3(c) ) ,  these low pressures 
cause drag on the f lap .  The low pressures in the region of the f l a p  do 
not a l t e r  the internal  performance of the nozzle a t  the design pressure 
r a t i o  from tha t  obtained in quiescent a i r  because any loca l  overexpan- 
sions in the  jet  do not occur on the plug surface. Some s l igh t  improve- 
ment over quiescent-air thrust  might even occur, if the shock caused by 
interference between the je t  and the external flow is strong enough t o  
move ~ n t o  the surface. 

When the  nozzle is operating a t  a low pressure r a t i o  -in quiescent 
a i r  ( f ig .  3(b) ), expansion of the  je t  from the  f l ap  l i p  proceeds only 
u n t i l  the plug surface pressure reaches ambient pressure; downstream of 
t h i s  point the flow recompresses. With external flow, however, the low 
pressures in the region of flap, in addit ion t o  causing f l a p  drag, make 
the  jet  overexpand, lowering the  plug pressures and causing an internal  
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thrust loss. The over-all effects can be very serious since, even a t  
subsonic f l igh t  Mach numbers ( f ig .  3(d) ), local supersonic Mach numbeks 
with accompanying large decreases in pressure can exist in the region' 
of the flap. 

%me examples of the magnitude of stream effects on plug-nozzle 
performance are shown in figure 4, where net thrust ra t io  i s  shown as 
a function of f l ight  Mach number for  an afterburning plug-nozzle geom- 
etry.  The uppermost curve is based on data obtained in quiescent a i r  
and i s  shown for  reference. In  addition, data are shown f o r  the per- 
formance of plug nozzles installed in three different afterbodies a t  
high subsonic speeds. The indicated nozzle performances include f lap  
and plug pressure forces, but neglect forces on afterbody surfaces 
ahead of the f lap  hinge l ine.  Flap drag is considered zero where base 
pressure equals ambient s t a t i c  pressure. The data are not corrected 
for  wind-tunnel-wall interference; such a correction would make the 
stream effects s l ightly more adverse than indicated. 

A t  the design point having a %ch number of 2.5, f lap  drags of from 
2.5 t o  4.0 percentage points are estimated t o  occur. Much larger stream 
effects can occur in the cruise range of a Mach nfmber of 0.9, however. 
For example, the, data show that  the nacelle-type installation with a 
cylindrical afterbody and a discontinuity a t  the f lap (configuration A, 
f i g .  4)  exhibits thrust more than 12 percent lower than indicated by 
quiescent-air t e s t s .  Of the over-all reduction of 1 2  percent, about 6. 
percent was due t o  f lap  drag and 6 percent was due t o  reduced plug pres- 
sures. These data were obtained in the f ac i l i t y  of reference 9.  

When the nozzle hinge l ine  was preceded by a boattai l  or rounded 
fair ing (configurations B and C, f i g  . 41, the f lap  base pressures were 
much nearer ambient, and the f lap  drag and plug overexpansion, losses 
were thus reduced. The resulting performance was correspondingly 
nearer quiescent-air levels. It may even be possible in some instal la-  
tions, t o  realize higher off-design nozzle thrust than quiescent-air 
t e s t s  would indicate. This situation might occur i f  nozzle installa- 
tions behind highly boattailed bodies resulted in base pressures above 
ambient and plug pressures higher than measured in  s t i l l  a i r . '  

Several additional possibi l i t ies  of reducing the sens it ivi ty  of 
plug nozzles t o  stream effects appear worthy of investigation at th i s  
time. These include reduction of the f lap  angle either through the use 
O$ part ia1, internal  expansion or by merely reducing the angle from the 
theoretical value. Limited experience has shown that  a t  least  a 10' 
reduction is possible without changing the plug conto&. In addition, 
variable fqirings and boundary-layer control a t  the hinge l ine appear 
of interest a t  c r u i ~ i n g  speeds. 
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Any f i n a l  evaluation of nozzle off-design performance mst consider 
the  performance of the nozzle-afterbody combination including boa t t a i l  
drag. A t  high subsonic and transonic speeds in  particular,  the boa t t a i l  
pressure drag is influenced by the  nozzle type and it could be mislead- 
ing, when comparing nozzles, t o  only consider plug and f l a p  pressures, 
as  was done in f igure 4. 

Cooling. - The plug and supporting s t r u t s  of a plug nozzle require 
a special cooling system. Experiments conducted on a ful l -scale  nozzle 
have shown t h a t  about 2 percent of the engine air flow is required t o  
cool the plug-nozzle surface and supporting struts a t  an afterburner- 
out let  temperature of 2800~ F.  A photograph of t h i s  nozzle in  o p e r a t i ~ n  
on a 32 -inch afterburner is shown in f igure 5. In  t h i s  photograph, the  
flow is from l e f t  t o  r ight .  The plug w a s  film-cooled by air flowing 
pa ra l l e l  t o  the  plug surface from nine circumferential s lo t s .  Some of 
these s lo t s  can be seen in  the photograph. 

The l igh t  and dark patterns shown in f igure 5 a re  typical  f o r  an 
afterburning run and show tha t  the  surface temperature had a more o r  .- 

l e s s  regular pattern of hot and cool zones. This is believed t o  be " 

caused primarily by nonuniformities in  the afterburner-outlet Gemgera- 
ture.  The cooling-air requirements f o r  the  nozzle were established by 
se t t ing  a l imi t  of 1 8 0 0 ~  F for  the hot zones of the  plug surface t o  en- 
sure s t ruc tura l  soundness f o r  the  nozzle. 

The cooling-air-flow requirements are shown in figure 6 a s  a furrc- 
t ion  of exhaust-gas temperature. A t  an exhaust-gas temperature of 
2800° F, 2 percent of the  engine a i r  flow was required t o  cool the  plug 
surface and l imi t  the  hoetest zones of the  plug surface t o  1 8 0 0 ~  F. The 
data f o r  the curve shown on f igure 6 were obtained a t  an afterburner eres- 
sure of about 4000 pounds per square foot .  A t  the surface temperature 
of 1800' F the nozzle operated sa t i s fac tor i ly  and, except f o r  some sur- 
face rippling, maintained its s t ruc tura l  integri ty .  The fu l l - sca le  plug 
nozzle was operated f o r  a t o t d  of 12 hours with afterburning. 

Ejector Nozzle 

The ejector  nozzle also has a number of important problems associ- 
ated with i ts use. Figure 2 shows tha t  a divergent-shroud ejector  i s  
required f o r  good performance a t  high Mach numbers. This i s  shown again 
in figure 7, where net tbrust  r a t i o  is  given as a function of f l igh t  Mach 
number f o r  a f ixed-shroud divergent ejector  with a design Mach number 
of 2.0 and f o r  a fixed-shroud conventional ejector.  A t  Mach numbers 
greater than 2.0, the  divergent-shroud ejector  gave much be t t e r  perform- 
ance than the conventional ejector .  This improvement is especially s ig-  
nificant,  since the  curve f o r  the  conventional ejector is  near the locus 
of maximum perf omance obtained with , t h i s  type of ejector nozzle. 



The fixed divergent shroud does, however, compromise tkie pe-rfom- 
arice a t  low Mach numbers where low over-all preshure ra t ios-exis t .  
Losses in  performance result from overexpansion in a'~mhmer simTlar t o  
that  occurring in a convergent-divergent nozzle. .These losses could 
obviously be eliminated by use of a variable shr'oua, which would reduce 
the physical expansion ra t io  a t  low pressure ratios :' In fact,  t e s t  re-  
su l t s  show that  the performance of a given variable-shroud ejector con- 
f igu2ation w i l l  follow the dashed curve closely, which indicates the 
locus of' m&imuras for  ejectors . 

The curves shown in figure 7 for  both the conventional and diver- 
gent ejectors are based upon quiescent-air tests'. Thee geometries are 
such that  they may be susceptible t o  the effects of external flow (refs.  
10 and 11) gad thei r  peeormance a t  low Mach numbers would probably not 
be as  good as shown. A variable shroud muld therefore appear t o  be 
doubly desirable a t  low Mach numbers, so that  the' shroud-exit diameter 
could be reducedto the point where external flow would not adversely 
affect the internal perfomaxice. However, reducing the shroud exit  di-  
ameter increases the f lap angle and tends t o  prociuce high-drag hfterbody 
geometries. Therefore, when control c m  be exercised i n  the  des.ign of 
variable-shroud ejectors, steep f lap  angles shou2d , , be avoided. 

The eff6ct Gf f lap angle on 'the ra t io  of f lap drag t o  net thrust 
is shown in  figure 8. The curve shown in figure 8 is fo r  a nacelle-' 
type installation with a cylindrical afterbody (solid l ines in inset 
sketch) operating a t  a Mqch numker of 0 .9  wikhoud afterburning (ref .  9 )  . 
Th,e drag increaqes rapidly with increasing f lap  angle. Effective net 
thrust losses from 12 t o  14 percent result a t  f lap angles greatef than 
40°. 

c .  

As,with the plug nozzle, the severity of adverse stream effects  de- 
pend~~  on the type of body in which the ejector i s  installed. Boattail- 
'ing ahead of the flaps, which would be characteristic of a fuselage en- 
gine installation and which i s  indicated by the dashed l ines in  the 
sketch in figure 8, has been found t o  eliainate the drag losses on the 
f lap  in the cases tested a t  high subsonic speeds. The datum point shown 
was obtained with a f lap  angle of 45' preceded by an 8' boattai l .  A s  
was pointed out in the discussion of the plug nozzle, more gentle turn- 
ing at the flag-forebody junction may also reduce external drag, even 
if the ,flap is, preceded by a cylindrical body. Also, as with the  plug 
nozzle, attaiqmezit of ambient s t a t i c  pressure on the f lap  and, thus, 
real izat  i o i  of quiescent -air  nozzle perf orma~lce i s  not necessarily the 
best than can be done. In the boat ta i l  body studied;' fo r  exanrple, use 
of. lowered, f lap  qngles could probably result in. f lap pressures above 
ambient and in f lap thrust as defined ih th i s  figure (see ref .  9 .  The 
advant,ages of reduced f lap  angle are expected t o  be less than i n  the 
nacelle configuration, however. Further experimentation is required t o  
resolve t h i s  problem for  various nozzle installations. 
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Up t o  t h i s  point, l i t t l e  consideration has been given t o  the source 
of the ejector secondary-air flow. One source of th i s  flow is auxiliary 
inlets  mounted on the airframe upstream of the exit .  An explanation of 
th i s  system and the matching problem involved i s  given in reference 12. 
Such an over-all system is reported in reference 13. Representative 
awciliary-inlet performance (refs.  13 and 14) was used in preparing the 
following curves . 

If the auxiliary in le t  were located in the free stream, relatively 
high pressure recovery would be available. The resulting high secondary 
pressure would allow the ejectors t o  handle large amount$ of secondary- 
a i r  flow. However, for most ejectors a t  higher f l igh t  speeds, the net 
thrust reaches a maximum a t  a secondary weight flow less  than the max- 

possible i f  the free-stream inle t  were operated close t o  its max- 
imum pressure recovery. Because of th i s  (f ig.  91, location of the inlet  
in  the boundary layer results in sl ightly higher net thrust, although 
the pressure-recovery capabilities of the W e t  have been reduced. 

The gains made possible with divergent ejectors by location of the 
auxiliary inlets  in the boundary layer are small, less  than 1 percent a t  
a Mach number of 3.0. For conventional ejector nozzles the gains are 
greater, since the net thrust performance of those ejectors is more sen- 
s i t ive  t o  changes in secondary flow. 

When an auxiliary inlet is being designed for an e Sector, the ques- 
tion arises as t o  whether it must be variable or whether a fixed inlet  
of the proper size can be designed t o  provide good performance over an 
entire f l igh t  plan. In figure 10 the net thrust perfomnance is shown 
for  the following three fixed inlets  : a large inlet  that  gives good 
perfomance a t  low Mach numbers, but poor performance a t  intermediate 
Mach numbers; a small inlet  that  gives good performance a t  high Mach 
numbers, but i s  poor fo r  cruising conditions; and a so-called compromise 
size that  gives moderate t o  good performance over the entire Mach nurdber 
range. Also shown in  figure 10 i s  the perfomnance of a variable inlet 
capable of supplying the optimum ejector flow a t  a l l  f l igh t  conditions. 
The large f ixed-size inlet  suffers from subcritical additive drag a t  
intermediate Mach numbers, whereas the small inlet  thrott les the second- 
ary flow a t  low Mach sumbers so that  internal performance losses result .  
An in le t  between these two extreme sizes results in a compromise design 
which coqares favorably with the performance of a variable auxiliary 
in le t .  

The effects shown in figure 10 are typical of other ejector-nozzle 
types and of other locations of the auxiliary in le t .  It appears, there- 
fore, that a fixed auxiliary in le t  can efficiently supply the secondary 
a i r  flows for ejector exhaust nozzles. Careful consideration of the 
in le t  size i s  required, however. 
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Another source of the  ejector  secondary a i r  flow is the  m i d i n  i n l e t .  
For t h i s  system, the main i n l e t  may be fixed and .aU excess a i r  flow de- 
l ivere& by the  in le t ,  but not required by the  engine, would then be.by- 
passed around the  engine t o  the  ejector .  This would resuLt in  c r i t i c a l  
i n l e t  performance over the  en t i r e  f l i g h t  plan without the  complication 
of a variable i n l e t .  Eliaination of the  auxiliary in le t  f o r  the  ejector  
would also r e su l t .  

The perf ormanee of an ' e j ector-bypas s arrangement is shown in figure 
1 .  The net thrust  r a t i o  is shown as a function of the  f l i g h t  Mach num- 
ber  for  the  integral ejector-bypass system and f o r  the more complicated 
system equipped with variable main-inlet bypass and a separate auxiliary 
i n l e t  f o r  the  ejector .  The e jector-bypass system gives a net Chrust 
r a t i o  comparable t o  that f o r  the  more complicated ejectbr-auxiliary- 
i n l e t  configuration. A t  the lower speeds, the  flow t o  the  ejector  i n  
the  ejector-by'pass arrangement has t o  be throtkled t o  avoid supercri t ical  
operation of t h e ' m i n  i n l e t j  small performance Losses r e su l t .  A t  high 
speeds, the  performance of the  ejector-bypass system is superior because 
of the high bypass drags that occur i n  the separate system. 

For: these calculations, t h e  excess nlain-inlet air flow could !be 
h&ndled by ejectors  having good thr&.t performance. The engine. air-flow 
character is t ics  were such tha t  the match was good over the ent i re  speed 
range. For an engine whose air-flow requirements were more sensi t ive t o  
f l i g h t  Mach.nurriber, the match is not quite as good. However, t h i s  sys- 
tem s t i l l  appears t o  be comparable t o  the auxiliary in le t  system. 

,. r i 

CONCLUDING FENAFiKE 

Some of the  problems facing the  designer of exhaust nozzles f o r  
turbojet engines operatwg ug t o  Mach number of 3.0 have been discussed. 
If mechanical complexity were no* a consideration, the variable 
convergent-divergent nozzle would appear the most deskcable type of 
e d u s t  system. However, because of its mechanical. complexity, two 
other ' t h e s  bf nozzles, the  kjector and the. plug, a re  current ly under 
Consideration. 

Data show tha t  the  ejector  nozzle w i U  deliver high thrus t  ug t o  
a t  leas t  a Mach number of 3.0 i f  the shroud is variable and w i l l ,  when 
necessary, become divergent. Care should be exercised, however, in 
providing low f l ap  angles a t  cruising speeds, since high-flap drags can 
resul t  ' f o r  some airplane inst a l l a t  ions, particularly". the  nacelle type. 

- It seems ' thht the ejector  becondam a i r  flow may be ef f ic ient ly  provided 
by e i ther  a fixed auxiliary i n l e t  o r  the main engine i n l e t .  
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The excellent performance character is t ics  indicated by quiescent- 
a i r  t e s t s  f o r  the  mechanically simple plug nozzle may not, for  some 
ins ta l la t ions ,  occur with external flow. A s  with the ejector ,  ins ta l la -  
t i o n  of the nozzle behind a boa t t a i l  or reduction of nozzle f l a p  angle 
tends t o  reduce adverse stream effects .  

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronaut ics 

Cleveland, Ohio, March 23, 1956 
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Figure 1. - Nozzle types. 
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Figure 2. - Design-point nozzle performance; quiescent air. 
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Figure 3. - Plug-nozzle operating principles. 
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Figure 4. - Effect of ehernal flow on piug-nozzle performance. Afterburner on. 
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Figure 5. - Full-scale plug nozzle. 
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Figure 6. - Plug-nozzle cooling requirements. 
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Figure 7. - Fixed-shroud ejector  performance. 
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Figure 8. - Ejector-shroud f l a p  drag. Flight Mach number, 0.9; no afterburner. 
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Figure 9. - Effect of auxiliary-inlet position. 
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Figure 10. - Effect of auxiliary-inlet size for boundary-layer inlet and 

divergent ejectors. 
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Figure 11. - Performance of ejector-bypass system. . . 
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Shi l l i to ,  Thomas B., Hearth, Donald P., and Cortright, Edgm M., Jr. 

EXHAUST N0ZZI;ES FOR SUPERSONIC FLIGHT WITH TURBOJET ENGINES 

Abstract 

Good internal  performance over a wide range of f l i g h t  conditions 
can be obtained with e i ther  a plug nozzle o r  a variable ejector  nozzle 
tha t  can provide a divergent shroud at high pressure r a t ios .  For both 
the  ejector  and the  plug nozzle, external flow can sometimes cause 
serious drag l ~ s s e s  and, fo r  some plug-nozzle instal la t ions,  external 
flow can cause serious internal  perfomnance losses.  Plug-nozzle cool- 
ing and design of the secondary-air-flow systems fo r  ejectors were a lso  
considered . 
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