
STRUCTURE OF LOW-DENSITY SUPERSONIC JET 

V. I. Nemchenko and No Io Yushchenkova 

The use of supersonic  jets to obtain intense molecular  beams and high-velocity,  low- tempera ture  
p lasma s t r eams  has stimulated the development of experimental  and theoret ical  studies on the s t ruc ture  
of underexpanded supersonic jets .  The s t ruc ture  of the initial segment of the supersonic  underexpanded 
jet is charac te r ized  by the position, dimensions,  and shape of the closing shock. 

Theoret ical  es t imates  and some experimental  data are  presented in [1-7] on the shape of the caten-  
ary  shock and on the location and diameter  of the central  shock. However, most  of the studies correspond 
to ideal gas flow conditions in the continuum regime.  

With reduction of the jet density we would expect a change of the flow s t ruc ture , s ince  the t ranspor t  
p rocesses ,  whose role increases  with decreas ing  density, have a significant effect on eatenary shock fo rma-  
tion and the jet boundary.  

The resul ts  presented in this paper  f rom an experimental  study of the s t ruc ture  of a supersonic air  
jet for  different d ischarge  conditions 10 -< n -< 104, 1.15 -< M a <- 3.3, 10 -4-< K, = k . / d .  <- 10 -3, where M a is 
is the Mach number at the nozzle exit, k .  is the molecular  mean f ree  path at the nozzle cr i t ical  section, 
d ,  is the nozzle cr i t ica l  section diameter ,  and n is the ratio of the nozzle exit p r e s s u r e  to the ambient p r e s -  
sure,  make it possible to identify the influence of high p r e s s u r e  ra t ios  n, high Mach number  M a, and flow 
rarefac t ion  on the s t ruc ture  of the supersonic  underexpanded jet. The Knudsen number  K.  and the pa rame-  
te r  C =K,  4"~'are also used to charac te r ize  the flow rarefact ion.  

1. The experiments  were conducted in the low-densi ty wind tunnel described in [8]. The working gas 
was air ,  preheated to ~600~ to prevent condensation during adiabatic expansion [9]. The gas jet d ischarged 
through a supersonic  conical nozzle into a l ow-p res su re  chamber .  The nozzle dimensions and jet d ischarge 
conditions are  shown in Table 1, where in column d the upper numeral  corresponds  to the nozzle throat  
d iameter  and the lower numera l  is the nozzle exit diameter ;  ~0 is the nozzle half-angle;  in the column M 
the upper numera l  is the Mach number  M a'  at the nozzle exit, calculated for  isentropic expansion of the 
gas, and the lower numeral  is the nozzle exit Mach number,  obtained from measurements  of the total p r e s -  
sure  P0'; and P0 is the adiabatic flow stagnation p res su re ,  in mm Hg. 

The following pa rame te r s  were measured  in the experiments:  p r e s su re  P0 and tempera ture  T o in the 
adiabatically decelerated flow, the total p r e s s u r e  P0', and the vacuum chamber  p r e s s u r e  Pt. A Pitot tube 
of 0~ diam. was used to measu re  the total p re s su re .  The viscous cor rec t ions  were introduced in ac-  
cordance with the technique presented in [8]. The resul ts  of the P0, To measurements  were used to calculate 

__.~,. 

Fig. I. 

R! 

Discharge  gap power supply circui t .  
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T A B L E  1 
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Po K* 

700 2.t4.t0 -4 
500 3.01.10 -a 
300 5.01.10 -4 
700 l.i6.iO -a 
500 f.62.t0 -4 
300 2.7.i0 ~4 
t50 5.4.10 -4 
50 1.62.10 -a 

700 1.16'i0 -4 
500 1.62"i0 -4 
300 2.7'10 -4 
150 5.4.10 4 
700 1.16"10 -4 
500 1.62.i0 -4 
300 2.7.i0 -~ 

700 1.43.10- ~ 
500 2.t.10 4 
300 3.34.10 -~ 

iO0--SOOO 

17--785 

37--1000 

20--500 

24--227 

F i g .  2. R e s u l t s  of glow d i s c h a r g e  

je t  v i s u a l i z a t i o n .  F o r  the  c a s e  
M a = 2 . 8  K .  ~ 1 . 6 2 . 1 0  -4 , (a), (b), and 

(c) c o r r e s p o n d  to the va lue  n = 56, 
176, 185; fo r  the c a s e  M a ~ 3 . 3  K .  ~ 
1.43 �9 10 -4, (d) c o r r e s p o n d s  to n = 87. 

the flow p a r a m e t e r s  at the n o z z l e  t h roa t ,  and the m e a s u r e d  

v a l u e s  of P0', P0 w e r e  used  to c a l c u l a t e  the  p a r a m e t e r s  at the  

n o z z l e  ex i t  and in the  j e t .  

The  p r e s s u r e  m e a s u r e m e n t s  in the  r ange  f r o m  10 -3 to 

10 - I  m m  Hg w e r e  m a d e  us ing  the  L T - 2  t h e r m o e o u p l e  m a n o -  

m e t e r ,  which  was  c a l i b r a t e d  aga ins t  c o m p r e s s i o n  m a n o m e t e r s ;  
the  h i g h e r  p r e s s u r e s  f r o m  10 -~ to 10 m m  Hg w e r e  m e a s u r e d  

us ing  the  VR-3  r a d i o a c t i v e  m a n o m e t e r ,  a l so  c a l i b r a t e d  aga ins t  
c o m p r e s s i o n  m a n o m e t e r s .  The  p r e s s u r e  m e a s u r e m e n t  in the 

r a n g e  f r o m  I to 700 m m  Hg was  m a d e  us ing  o i l  and m e r c u r y  

U- tube  m a n o m e t e r s .  The  r e l a t i v e  p r e s s u r e  m e a s u r e m e n t  e r r o r  

in the  r a n g e  f r o m  10 -3 to 1 m m  Hg did not e x c e e d  3%, and in 

the r a n g e  f r o m  1 to 700 m m  Hg the  e r r o r  did not e x c e e d  1%. 

To s tudy the  s t r u c t u r e  of the i n i t i a l  s e g m e n t  of the  s u p e r -  

sonic  unde rexpanded  je t  at low f low d e n s i t i e s ,  when the s c h l i e r e n  

t echn ique  cannot  be  used ,  we used  the  glow d i s c h a r g e  f low v i s u a l -  
i za t ion  me thod  which is wide ly  used  in s tudying  s u p e r s o n i c  gas  

f low pas t  bod i e s .  F o r  e x a m p l e ,  s tud ies  of s u p e r s o n i c  r a r e f i e d  

gas  flow pas t  a f la t  p la te  with a sha rp  l ead ing  edge,  m a d e  in [10] 

with the aid of the glow d i s c h a r g e  t echn ique ,  and s tud ies  us ing  

the  s c h l i e r e n  me thod ,  t h i n - f i l m  s e n s o r s ,  h o t - w i r e  a n e m o m e t e r s ,  

and t o t a l  head  tubes  have  shown that  the  shock  wave  s h a p e s  ob-  

t a ined  by the  v a r i o u s  me thods  a r e  the  s a m e .  

F o r  v i s u a l i z a t i o n  of the  j e t  f low f i e ld  we used  a m o l y b d e -  

num rod  r e i n f o r c e d  with q u a r t z  as the  d i s c h a r g e  gap anode,  and 

the n o z z l e  i t s e l f ,  which was  t h e r m o s t a t t e d ,  as  the  ca thode .  The  

d i s c h a r g e  gap p o w e r  supply c i r c u i t  is shown in F i g .  1, w h e r e  

D i . . . . .  Di2 a r e  the  r e c t i f y i n g  b r i d g e  d iodes ,  and Ui, U 2 a r e  the  
v o l t a g e s  at the  input and output of the  r e c t i f i e r .  The  vo l t age  
U 1 was v a r i e d  by the  a u t o t r a n s f o r m e r  f r o m  10 to 250 V. F o r  the 
c o n c r e t e  f low d i s c h a r g e  condi t ions  the  d i s c h a r g e  gap c u r r e n t  I 
and the  vo l t age  d rop  V a c r o s s  the gap w e r e  s e l e c t e d  e x p e r i m e n -  
t a l ly  in the  r a n g e s  0.5-< I-< 40 mA,  300 -< V-< 700 V~ The power  
put into the  d i s c h a r g e  gap did not e x c e e d  20 W. 
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F i g .  3. a) P r o p o r t i o n a l i t y  c o e f f i c i e n t s  A and A 1 (2.1) of 
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F i g .  4. a) C a t e n a r y  shock  i n c i d e n c e  ang le  at  t he  
j e t  ax i s  a s  a func t ion  of n o z z l e  ex i t  Mach n u m b e r  
Ma; b) t r a n s i t i o n  of  c e n t r a l  c o m p r e s s i o n  shock  
into  an x - s h o c k  f o r  M a = 2 . 5  and d i f f e r e n t  K .  wi th  
i n c r e a s e  of t h e  p r e s s u r e  r a t i o  n; c) r e g i o n  of e x i s t -  
ence  of d i f f e r e n t  t y p e s  of shock  wave  c o n f i g u r a t i o n s  
n e a r  t he  j e t  ax i s :  1) r e g i o n  of e x i s t e n c e  of c e n t r a l  
c o m p r e s s i o n  shock;  2) r e g i o n  of t r a n s i t i o n  of c e n -  
t r a l  c o m p r e s s i o n  shock  into  an x - s h o c k ;  3) r e g i o n  
of e x i s t e n c e  of the  x - s h o c k .  

TABLE 2 

Do~x e C M a D!xo 

i .i5 
2.27 
2.5 
2.8 
3.3 

0.60 
0.53 
0.46 
0.39 
0.28 

0.54 
0.41 
0.27 
0.22 

2.8.10-3--7 �9 10 -~ 
1.2.10-a--t .7"10 -~ 
t . 4 . t O - S - - t  .7 -t0 -a 
1 . t .  t O - a - - 2 . 0 " l O  -~ 

10-4--2.3- I0 -s 

T o t a l  p r e s s u r e  d i s t r i b u t i o n  m e a s u r e m e n t s  m a d e  a long  the  j e t  
ax i s  wi th  and without  t he  d i s c h a r g e  showed no in f luence  of the  d i s -  
c h a r g e  on the  gas  f low f o r  I <40 m A .  L a n g m u i r  p r o b e  d a t a  showed 
tha t  the  f r e e  e l e c t r o n  c o n c e n t r a t i o n  in t he  j e t  d id  not  e x c e e d  108-10 9 
e m  -3, which  c o r r e s p o n d s  to a gas  i on i z a t i on  d e g r e e  of 10 -6. F o r  an 
i o n i z a t i o n  d e g r e e  l e s s  than  10-~-10 -4, the  in f luence  of the  d i s c h a r g e  
on the  g a s d y n a m i c  p a r a m e t e r  f i e l d  in t he  j e t  can be  n e g l e c t e d  [11], 
wh ich  m a k e s  i t  p o s s i b l e  to  u se  the  glow d i s c h a r g e  flow v i s u a l i z a t i o n  
t e c h n i q u e  to s tudy  the  g e o m e t r y  and loca t ion  of the  shock  w a v e s  o c -  
c u r r i n g  in the  c a s e  of s u p e r s o n i c  u n d e r e x p : m d e d  je t  d i s c h a r g e .  

2. The  j e t  p h o t o g r a p h s  ob t a ined  (see ,  f o r  e x a m p l e ,  F i g .  2a,  b, c, d) m a d e  i t  p o s s i b l e  to  d e t e r m i n e  
the  g e o m e t r y  of the  c l o s i n g  shock  in t he  s u p e r s o n i c  u n d e r e x p a n d e d  a i r  j e t  f o r  d i f f e r e n t  ex i t  cond i t i ons ;  x 0 
is  the  d i s t a n c e  to  t he  c l o s i n g  shock  a long the  j e t  ax i s ;  D is  t he  m a x i m a l  d i a m c t e r  of the  c a t e n a r y  c o m -  
p r e s s i o n  shock;  D o i s  the  d i a m e t e r  of the  c e n t r a l  shock;  and o~ is  the  ang le  at  the  t r i p l e  po in t  b e t w e e n  the  
i nc iden t  shock  wave  and the  a x i a l  d i r e c t i o n .  The  r e s u l t s  of the  s tudy  show tha t  f o r  h igh  f low d e n s i t i e s  
K , ~ n - <  10 -3 and y = c o n s t ,  when the  r a r e f a c t i o n  in f luence  i s  not  s ignif ican 'c ,  the  r a t i o s  D / x 0 ,  D0/x 0 (Table  2) 
w i l l  be  func t ions  of the  Maeh  n u m b e r  at  t he  n o z z l e  ex i t  and wi l l  not  depend  on n, which  c h a r a c t e r i z e s  s e l f -  
s i m i l a r i t y  of t he  j e t  s t r u c t u r e .  A s i m i l a r  r e s u l t  was  ob ta ined  in [1] by  the  s c h l i e r e n  t e c h n i q u e  f o r  a j e t  
wi th  M a ~ l .  
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The position of the central compression shock is defined by a linear function of ~Zmn'. 

z0/r~ = A V ~  (2.1) 

where r a is the radius of the nozzle exit section, and A is a coefficient of proportionality, defined by the 
empirical relation 

A ~ ~ .38 ]/7-Ma (2.2) 

suggested in [4]. In (2.2) ~/ is the specific heat ratio.  The values of the coefficients A (points 2 in Fig.  3a), 
obtained as a resul t  of analysis of the photographs of the je ts  visualized in the glow discharge,  agree well 
with Eq. (2.2) and the resul ts  of experiments of other authors [1, 2], obtained by the schl ieren technique 
for high flow densit ies (points 3 and 4 in Fig.  3a) up to some limiting Mach number Ma/ .  

The resul ts  of the central  compress ion  shock d iameter  measurements  show that for high s t ream 
densities and M a < Ma / the  central  compress ion  shock diameter  is a function of f ~  

Do/d~ = F V 7  (2 .3 )  

In the nozzle exit Mach number  range 1.1-< Ma<- 2.8 the coefficient of proport ional i ty  F depends very  
little on Ma, and for  approximate calculations it can be taken equal to 0.5 for n > 20. The values of the co-  
efficient F are  shown in Fig.  3b, where the points 1, .... 10 correspond '  to the following pa rame te r  combina-  
tions (Ma, K.): 1 (1.15, 2.14, 10-4), 2 (1.15, 3.10-4),  3 (1.15, 5* 10-4), 4 (2.27, 1.16.10-4), 5 (2.27, 1.62.10-4), 
6 (2.27, 10-t), 7 (2.27, 5.4.10-4),  8 (2.8, 1.16.10-4), 9 (2.8, 1 .62.10- t ) ,  10 (2.8, 2.7"10-4). The resul ts  of 
a study of the central  compress ion  shock diameter  (curves 11 and 12 in Fig.  3b), obtained by the schl ieren 
method and published in [1] and [21, are  in good agreement  with the glow discharge jet visualization data 
for  small  values of K,g77. 

Increase  of the nozzle exit Mach number  M a above some limiting value M~z = I (K., n) leads to t r an s i -  
tion of i r regu la r  reflection of the catenary compress ion  shock into regular  reflection (Fig. 2d). In this 
case the catenary shock incidence angle co (Fig. 4a) becomes less than the limiting value 

t (0 z = arc sin ~- [13] 

Figure  4a shows the experimental  data on the magnitude of the incidence angle on the jet axis, c o r -  
responding to the values M 1 > 10 and K. ~ 7 ~  t0 -3. The transi t ion f rom one type of reflection to the other 
at high s t ream densities takes place pract ical ly  instantaneously and is accompanied by an abrupt reduction 
of the centra l  shock diameter  and increase  of the distance f rom the nozzle exit to the point of intersect ion 
of the closing shock with the jet axis. The location of the x-shock for  Ma~Mat is determined by a r e l a -  
tion s imi lar  to (2.1) but with a different proport ionali ty coefficient (curve 2 and points 1 in Fig.  3a) 

AI= V-T'Ma % (2.4) 

The resul ts  of the calculation of A (curve 5 in Fig.  3a) using the approximation theory of [13] agree 
well with the experimental  data for  Ma>~'Mat and MamMal and high s t ream densities; this agreement  
breaks  down in the t ransi t ion region. 

As the jet density dec reases  for  Ma < May ei ther as a resul t  of p r e s s u r e  reduction in the adiabatic-  
ally decelerated flow or as a resul t  of the marked expansion for  the high p re s su re  rat ios  n, we observe 
a change of the geometr ic  chrac te r i s t i c s  of the curved and centra l  compress ion  shocks, which shows up 
p r imar i ly  in a reduction of the d iameter  of the central  compress ion  shock shown in Fig. 2a, b. For  fixed 
values of K.  the beginning of the deviation of the ratio D0/d a f rom the value charac te r i s t i c  for  ideal gas 
flow depends on M a and n. The higher the Mach number  for  the same values of K . ,  the ea r l i e r  the de-  
viation of D0/d 0 f rom the values defined by (2.3) begins.  

The pa rame te r  C [13] was used to cor re la te  the resul ts  obtained on the effect of rarefact ion on the 
flow in the central  shock region. 

The resul ts  of measurements  of the dimensionless d iameter  of the central  compress ion  shock are  
shown in Fig.  3b, where M a is the parameter .  With increase  of the rarefact ion for  c > cl = f (M~, 7) there  
is a gradual  increase  of the central  shock distance f rom the nozzle exit along with the reduction of its 
d iameter .  F igure  4b shows the location of the central  compress ion  shock as a function of n for M a =2.5 and 
three  values of K. : 3 (1.62 - 10 -4), 4 (2.7 �9 10 -4), 5 (5 .4 .10-  4). Thus, increase  of C > Ci leads to t ransi t ion 
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of the cen t ra l  shock, whose location is defined by (2.1) and (2~ (curve 2 in Fig. 4b), into an x - shock  (Fig. 
2b, c), whose posi t ion is defined by (2ol) and (2.4) (curve 1 in Fig.  4b). 

The region of t rans i t ion  of the cen t ra l  c o m p r e s s i o n  shock into the x - shock  is shown in Fig. 4c 
in the coordinates  M a and C. With i nc r ea se  of Ma the t rans i t ion  region na r rows ,  and for  Ma~3 .3  
or  m o r e  under  the exper imen ta l  conditions the re  is r egu la r  ref lec t ion  of the ca tenary  shock f rom the 
jet axis ,  as shown in Fig.  2d. C h a r a c t e r i s t i c  for  the cen t ra l  shock configuration in the t rans i t ion  
region will be u p s t r e a m  convexity (inversion),  as shown in Fig.  2b. F o r  1 . 2 ~ M  a <3.3 and values of 
C <C/ ,  t he re  is i r r e g u l a r  supersonic  ref lec t ion  of the shock with fo rmat ion  of a cen t ra l  compres s ion  shock. 
F o r  2.25 ~ M a < 3.3 and C~Cl  the cen t ra l  c o m p r e s s i o n  shock degenera tes  into an x -shock .  The reduction 
of the cen t ra l  shock for  C >C 1 and its degeneratiDn into an x - shock  for  C ~C l and fixed oblique shock in- 
cidence angle at the jet axis ,  whose value is c lose  to the l imit ing value (Fig. 4a), c a n b e  explained by the 
reduct ion of the incident shock wave intensi ty  owing to the influence of d iss ipa t ive  p r o c e s s e s .  

These  r e su l t s  show that both the nozzle  exit Maeh number ,  which defines the ca tenary  shock con- 
f igurat ion,  and the flow ra re fac t ion  affect  the flow fo rmat ion  in the cen t ra l  compres s ion  shock region.  In-  
c r e a s e  of the r a r e f ac t i on  fo r  C > C l will lead to thickening and smea r ing  of the curved c o m p r e s s i o n  shocks 
and reduct ion of the incident shock wave intensi ty in compar i son  with the ideal  va lues .  The dependence of 
C 1 and C l on M a fo r  7 = 1.4 is shown in Fig.  4c. 
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