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The resul ts  of an experimental  investigation into the effect of the cone angle and the degree 
of contract ion of a contracting nozzle on the geometr ica l  s t ruc ture  of the first  roll  of an un- 
derexpanded jet a re  presented.  

In many cases  of pract ica l  importance the outlet sys tems  of jet assembl ies  oPerate under conditions 
of underexpansion.  For  the successful  design and operational analysis  of such devices it is essential  to 
know the geomet r ica l  s t ruc ture  of the underexpanded jet and especially that section of the lat ter  which has 
been given the .name of the f irst  roll.  The boundaries of this section and the charac te r i s t i c  lines of the 
shock s t ruc ture  may be determined by using the method of charac te r i s t i cs  and various empir ical  and semi -  
empir ical  relationships~ On this basis methods have been devised for calculating the f i rs t  roll  of under-  
expanded jets emerging f rom supersonic  and contracting profiled nozzles [1-4]. 

In actual prac t ice  f rom construct ional  and technological considerations sonic nozzles a re  often made 
conical.  The s t ruc tures  of underexpanded jets emerging f rom such nozzles may differ very  considerably 
in quantitative respec t s  f rom the s t ruc tures  of jets emerging from profiled sonic nozzles [5]. This limits 
the validity of existing methods of calculating the f irst  roll  of the underexpanded jets ar is ing f rom conical 
sonic nozzles .  Published experimental  data as to the influence of the geometry  of contracting nozzles on 
the s t ruc ture  of the f i rs t  roll  of an underexpanded jet mainly concern  nozzles with relat ively small  cone 
angles a .  Nozzles with c~ values approaching 90 ~ are  nevertheless  of par t icu lar  pract ical  in teres t .  In the 
presen t  investigation we therefore  studied a wide range of ~ values extending f rom 5 to 90 ~ In addition to 
this, we var ied another important  p a r a m e t e r  of the nozzle, the degree of contract ion m, equal to the rat io 
of the a reas  of the inlet to the outlet c ross  sections F / F a .  In this paper  m var ies  f rom 1.1 to 4.0. 

In order  to obtain an underexpanded a i r  jet we used compressed  a i r  d i rected f rom the compres so r  
through a r ece ive r  into the prenozzle  chamber ,  which served to equalize the flow before passing into the 
actual nozzle.  The re tarding p r e s s u r e  in the prenozzle  chamber  Pc was monitored by means of a s tandard 
manometer ,  the e r r o r  being no g rea t e r  than 0.3%. The a tmospher ic  p r e s s u r e  Pi was also measured .  

The nozzles under considerat ion had the geometry  indicated in Fig. la .  The d iameter  of the cylin- 
dr ical  par t  was 8 mm in every  case.  

The jets were photographed by means of an IAB-451 shadow apparatus with a photographic at tach-  
ment based on the Zenith-3 camera .  'The exposure t ime was determined by the length of the light pulse 
f rom the IFK-120 light source;  it amounted to 0.5 �9 10 -4 sec,  giving very  clear  shadow pictures  of the let. 

The photographic fi lms were analyzed quantitatively by means of a UIM-23 measur ing microscope .  
The geometr ica l  pa rame te r s  of the f irst  rol l  (to which the measurements  were related) a re  shown in Fig. 
lb .  We measured  the distance f rom the tip of the nozzle to the Mach disk l D, the length of the f i rs t  roll  
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Fig. 1. Sketch of the nozzle (a) and scheme of measurements  relat ing to 
the geomet r ica l  p a r a m e t e r s  of the f i rs t  roll  (b). 

l r ,  the maximum d iamete r  of the f irst  rol l  db, the d iameter  of the Mach disk dD, and the initial slope of 
the shadow boundary to the jet axis 0i- 

In o rder  to increase  the accu racy  of our determinat ion of the pa ramete r s  we recorded  three  photo- 
graphs  for each of the operat ing conditions studied and averaged the resu l t s .  The g rea tes t  stability was 
that of the dimensions /D, dD, and l r .  The p a r a m e t e r s  d r and 0i appeared less sharply in the photo- 
graphs  owing to the mixing of the jet with the ambient,  forming a boundary layer;  these had a g rea te r  
s ta t is t ica l  spread .  

Experiments  were ca r r i ed  out for two values of the wastage factor  n = P a / P  i = 2.04 and 2.56. 

Figure  2 shows the dimensionless  values (i. e., values r e fe r r ed  to the automodel -- self-sustaining 
-- p a r a m e t e r s  d a k ~  of the distance to the Mach disk-FD, the d iameter  of the Mach disk dD, the maximum 
d iamete r  of the f i rs t  rol l  d r ,  and the initial inclination of the outer boundary to the axis of the jet O i, as 
functions of the nozzle cone angle ~. 

Attention should be drawn to the fact that there  is a weakly expressed  minimum on the 6 i (~) curve at 
= 60-80 ~ while on the /D(a) curve there  is a sharply  expressed maximum at approximately a ~ 50 ~ 

In o rder  to understand these cha rac t e r i s t i c s  we should take account of cer ta in  facts associa ted with the 
effluence of an underexpanded jet f rom a contract ing nozzle.  
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Fig. 2. Geometr ica l  pa rame te r s  of the f i rs t  roll  as  
functions of the cone angle of the nozzle:  1) n = 2.56; 
2) 2.04. 
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Firs t ly ,  the surface  corresponding to the t ransi t ion of the flow from subsonic to supersonic  condi- 
tions (sonic surface)  has the form of a "tongue" extending downward along the flow [6, 7]. Under otherwise 
equal conditions the "tongue" inc reases  in length with increas ing a ,  which delays the formation of the shock 
s t ruc ture  and leads to an inc rease  in 719" 

Secondly, owing to the influence of the boundary layer,  for small  a the effective d iameter  of the c r i t -  
ical c ross  sect ion deft is sma l l e r  than the geometr ica l  d iameter  of the exit c ross  sect ion d a [7]. The dif- 
ference between these values rapidly diminishes with increas ing ~.  Hence, the use of d a instead of d e f  t 
for calculating l D in the ease of smal l  a reduces  the value of TDo 

Thirdly,  for large a the contract ion of the jet due to the radial  velocity components of the per ipheral  
gas jets becomes very  considerable.  This contract ion increases  with increasing a ,  leading to a reduction 
in the effective d iameter  and hence a fall in l D owing to the use of d a instead of d e f  t when determining l D. 

Fourthly, the extension of the sonic surface  along the flow with increasing a signifies an intensif ica-  
tion of the nonuniformity of the velocity profi les in the c ross  sections of the jet, which leads to an increase  
in the viscous dissipation of mechanical  energy and a loss of total p r e s su re  within the bounds of the actual 
jet. 

The combined influence of these severa l  fac tors  constitutes the cause of the maximum on t h e / D ( a )  
curve.  The / r ( a )  curve,  not shown in Fig. 2, behaves in a s imi la r  way, 

The relat ive d iameter  of the Mach disk dD diminishes rapidly as a increases  f rom 5 to 60 ~ and r e -  
mains constant for a = 60-90 ~ 

The fall in dD with r is ing a is due to the fact that the sonic surface  is extended downward along the 
flow, and the compress ion  of the paraxial  regions of gas a lso inc reases .  Both factors  promote a reduc-  
tion in the degree  of rarefact ion,  and hence, reduce the gas velocit ies in the paraxial  par t  of the jet between 
the end of the nozzle and the Mach disk. This leads to a reduct ion in the intensity and dimensions of the 
forward leap (the Mach disk) with increas ing a .  The influence of viscosi ty  due to the nonuniform nature 
of the veloci ty profi les  has a s imi la r  effect.  

Our experiments  revealed no appreciable  influence of a on dr .  

The relat ionship between 0i and a contains a minimum. With increasing cone angle 0 i f i rs t  dimin- 
ishes,  because,  f i rs t ly,  the radial  components of the per iphera l  gas jets directed toward the axis increase ,  
and, seeondly~ the sonic surface extends downward along the flow. This la t ter  means that the region of 
subsonic acce le ra t ion  of the flow between the end of the nozzle and the sonic surface  becomes more  and 
more  extended. Since the t r a n s v e r s e  c ross  sections of the s t r e a m  tubes diminish during subsonic acce le r -  
ation, this leads to a reduct ion in the intensity with which the thickness of the jet as a whole increases ,  
i . e . ,  ul t imately to a reduction in 0 i. For  large cone angles an increase  in ~ leads to an increase  in 0i, 
which agrees  with the cha rac te r  of the changes taking place in T r and dr .  

The value of the angle 0 i is sma l l e r  than that calculated by the P r a n d t l - M a y e r  theory for  a nozzle 
with a plane sonic sur face .  

The extent to which the degree of contract ion of the contracting nozzle m affected the s t ruc ture  of 
the underexpanded jet was comparable  with the experimental  sca t te r  of the points measured  in accordance  
with the technique adopted in the present  investigation. There  was accordingly no point in analyzing these 
resu l t s  fur ther .  

The influence of the wastage factor  n on the charac te r i s t i c  l inear dimensions of the f i rs t  rol l  agrees  
qualitatively with the resu l t s  of calculations based on existing methods for profiled contract ing nozzles .  

On the basis  of the foregoing analysis ,  we may conclude that the conical angle of the contract ing 
nozzle has a major  influence on the geometr ica l  s t ruc ture  of the f irst  roll  of the free underexpanded jet.  

The authors a re  very  grateful  to P r o f e s s o r  M. E. Deich of the Moscow Power Institute for valuable 
comments  made when discuss ing this investigation. 
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is the initial inclination of the shadow boundary to the axis of the jet; 
is the cone (conical) angle of the nozzle; 
is the degree  of contraction;  
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the wastage factor; 
the p ressure  at the end of the nozzle; 
the atmospheric pressure ;  
the retardat ion pressure  in the prenozzle chamber; 
the length of the first  roll;  
the distance from the tip of the nozzle to the Mach disk; 
the maximum diameter  of the first  roll; 
the diameter  of the Mach disk; 
the diameter  of the cylindrical part  of the nozzle; 
the effective diameter  of the crit ical cross section; 
the geometrical  diameter of the exit cross section; 
the area=of the entrance section; 
the area of the exit section; 
the adiabatic index. 
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