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The r e s u l t s  a r e  p re sen ted  on an e x p e r i m e n t a l  study of the s t r u c t u r e  of h i g h - p r e s s u r e  low- 
dens i ty  j e t s  beyond a supe r son ic  nozz le  when the gas e s c a pe s  into a quiescent  medium. 

Many r e p o r t s  have been devoted to je t s  of a v i scous  gas beyond superson ic  nozzles .  Until  r ecen t ly ,  
however,  in the ma jo r i t y  of ca ses  turbulent  j e t s  with a s m a l l  nonra tedness  (the r a t i o  of p r e s s u r e s  at the 
nozzle  cut and in the sur rounding  gas n = P a / p  ~ <100) have been s tudied.  An idea of the l eve l  and the bas ic  
r e s u l t s  of the s tud ies  of je t s  with a l a rge  nonra tedness  is given by [1-5]. 

The qua l i t a t ive  p r o p e r t i e s  of the va r i a t ion  in the s t r u c t u r e  of the je t  with an i n c r e a s e  in the r a r e f a c -  
tion (thickening of the mixing zones and the shock-wave  zones,  s t rengthening of the d i s s ipa t i ve  p r o c e s s e s  
in the core  of the jet ,  r e a r r a n g e m e n t  of the flow) a r e  well known at  p r e s e n t  f rom studies  of j e t s  beyond a 
sonic nozzle (see [6] and the r e f e r e n c e s  cited there)  in the t r a n s i t i o n a l  region of flows up to the mode of 
sca t t e r ing  [7]. The p ic tu re  of the flow in low-dens i ty  je ts  beyond a supe r son ic  nozzle  is completed by [4, 51. 

In the p r e s e n t  r e p o r t  on the bas i s  of m e a s u r m e n t s  of the dens i ty  in N 2 and CO 2 je t s  quant i ta t ive  data 
a r e  obtained on the flow s t r u c t u r e  in modes f rom l amina r  continuous flow to s t rongly  r a r e f i e d  flow, the pos -  
s ib i l i ty  of gene ra l i za t ion  of the expe r imen ta l  data is demons t ra t ed ,  and the s t r u c t u r e  of the je t  is studied 
in the region  of the Mach disk and the X-shaped  configurat ion.  

1. C o n s i d e r a t i o n s  on t h e  S i m i l a r i t y  of  J e t s  

The gene ra l  quest ions  of the s i m i l a r i t y  of je ts  a r e  cons idered  in [1, 8-10]. An e a r l i e r  r e su l t  in the 
ana lys i s  of the s i m i l a r i t i e s  of je t s  is the demons t r a t ion  of the s e l f - s i m i l a r i t y  of the g e o m e t r i c a l  conf igura-  
tion of a je t  with r e s p e c t  to the nonra tedness .  

For  conc re t e  condit ions of the expansion of a gas it is some t imes  n e c e s s a r y  to know the nature  of the 
approx imat ion  to s e l f - s i m i l a r i t y  with r e s p e c t  to the nonra tedness  and the effect of the v i scos i ty  on the geom- 
e t ry  of the je t  and the d i s t r ibu t ion  of the p a r a m e t e r s .  F o r  an answer  to the f i r s t  quest ion the r e s u l t s  of ca l -  
culat ions of je t s  of a nonviscous gas a r e  analyzed below. The s e a r c h  for  the soiut ion of the second quest ion 
compr i sed  the main content of the expe r im e n t a l  s tudies  desc r ibed  in the subsequent  sec t ions .  

We wil l  a s s u m e  that  the ca lcula ted  s t r u c t u r e  of a je t  of nonviscous gas is  the a sympto t i ca l l y  l imi t ing  
s t r u c t u r e  for  the l a m i n a r  flow upon an i n e r e a s e  in the c h r a c t e r i s t i c  Reynolds number  (without a t r ans i t ion  
to turbulent  flow) and can be used as the r e f e r e n c e  s t r u c t u r e  in the anglys is  of the effect  of v i scos i ty .  As 
is known, when n>>l the d i s tance  along the je t  ax i s  f rom the nozzle  cut to the c los ing  shock wave is p r o p o r -  
t ional  to the value of the complex Ma 7,/-7"~, where  7 is the ad iaba t ic  index and M a is the Maeh number  at the 
nozzle  cut. Let us examine the va r i a t i on  in the t r a n s v e r s e  d imensions  of a iet  (the d i a m e t e r s  of the s u s -  
pended wave and of the je t  boundar ies)  based on the data of the numer i ca l  ca lcu la t ion  of [11]. S t r ic t  se l f -  
s i m i l a r i t y  is not observed  at  d i s t ances  of x / d a  ~fn> 0.5 along the axis  f rom the nozzle  cut. In the d imen-  
s ion less  coord ina te s  x / d  a,/-n, Y / d a  ,/n (y is the d i s tance  f rom the axis  of the jet) the contours  of the s u s -  
pended shock waves a r e  marked ly  d i f ferent  for  x / d  a ,/n > 0.5. One can speak of the approx imate  p r o p o r -  
t ional i ty  of the t r a n s v e r s e  d imens ions  to the value n ~, where  c~ <0.5; c ~ 0 . 5  as n~oo. The nature  of this  
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TABLE i 

Mode No. 

l a  
b 
.C 
.d 
.e 
.f 

i 
J 

2a 
b 
c 
d 

f 
g 
h 
i 
J 

3a 
b 

4 a  
b 
c 
d 
e 
f 

i 
J 

5a 
5 
C 
d 

Pa .I0 6 

3,i9 
3,2i 
3,2i 
3,2t 
3,2i 
3,2i 
3,27 
0,47 
t ,03 
i,95 

6 
5,76 
5,4 
4,9 
4,45 
4.0 
3,4 
1,45 
0,720 
0,36 

3,02 
0,955 

1.78 
i,25 
0.82 
i ,78 
i,25 
i ,25 
0,82 
1,78 
i ,25 
0,82 

i.2 
0,56 
i,2 
i ,97 

Pco 

i3,3 
8,8 
4,0 
2,i3 
t,56 
0,9i 
0,t3 

t2,5 
t3,3 
i3,3 

t9,9 
t9,6 
t8,4 
18,2 
i5A 
13:7 
i t ,7 

5 
2,49 
i,25 

8,9 
2,61 

5,98 
9,i5 

i3,3 
3,06 
3,93 
4,72 
6,9i 
i,66 
2,39 
3,33 

9,3 
3,93 
9,2 

i5,3 

To 

COs 

68O 
68O 
695 
69O 
69O 
690 
710 
55O 
59O 
700 

7i5 
6i0 
720 
72O 
72O 
710 
710 
6O5 
6O5 
580 

600 
293 

1% 
68O 
7OO 
7i5 
68O 
700 
730 
750 

�9 700 
700 
73O 

293 
55O 
750 
95O 

7i4 
i090 
2400 
4500 
654O 

i0000 
73OOO 

t01 
232 
437 

886 
86O 
87O 
835 
860 
860 
860 
856 
860 
86O 

i6o0 
t090 

580 
265 
i20 

i i t0  
620 
5i5 
23i 

2i00 
i000 
480 

2i2 
229 
2t4 
2i0 

R% 

2i3 
t7i 
i l6 
86 
70,5 
58,3 
8,4 

t09 
i48 
166 

38O 
36i 
348 
320 
288 
266 
228 
i07 
53 
27,6 

2i7 
224 

92 
94 
93 
66 
60 
66 
66 
37 
37 
35,5 

265 
52 
85 

t04 

I (N/Z)* 

300 
300 
300 
300 
300 
300 
300 

i00 

t550 
2500 
t000 
800 
600 
550 
500 

t2 

900 
28000 

100 
30 

7 
i00 
3O 
28 
5 

8O 
30 

7 

35 000 
30 
18 
7 

/%"  

0,2 

1 

0,~ 

F i g .  1 

l ,!!fl.,' 

o,6 y/d.  v'~ 

a s y m p t o t i c  b e h a v i o r  i s  i l l u s t r a t e d  in F i g .  1 w i t h  an  e x a m p l e  f r o m  

t h e  a t l a s  of [11], w h e r e  the  d i s t r i b u t i o n  of t h e  r e l a t i v e  d e n s i t y  

(p/pa) "n o v e r  t h e  n o r m a l i z e d  t r a n s v e r s e  c o o r d i n a t e  is  g i v e n  f o r  
t h e  c r o s s  s e c t i o n  wi th  2 1 =x/O.7daMaq--~ = 0.5 f o r  M a = 4  , T = 1.3,  

a n d  O = 1 0 ~  1) n = 1 0 ;  2) 102; 3) 104; 4) 106 (| is  the  h a l f - a p e r -  

t u r e  a n g l e  of the  n o z z l e ) .  T h e  m a x i m u m  r a d i u s  of the  s u s p e n d e d  

s h o c k  w a v e  c a n  b e  e x p r e s s e d  by  t h e  a p p r o x i m a t e  d e p e n d e n c e  

r/daV-n= 0.725--0.325/n0.25~ (1.1) 

f r o m  w h i c h  i t  f o l l o w s ,  f o r  e x a m p l e ,  t h a t  f o r  n ~ 250 s u c h  j e t s  a r e  

s e l f - s i m i l a r  w i th  an  a c c u r a c y  of  10% of t h e  v a r i a t i o n  in t he  m a x i -  

m u m  t r a n s v e r s e  d i m e n s i o n s .  

A s i m i l a r  t e n d e n c y  is  t r a c e d  f r o m  the  r e s u l t s  of the  c a l c u -  
l a t i o n  of [12] f o r  M a = 4 ,  T = l . 4 ,  |  ~ and  n = 1 0 - 1 0  7, w i t h  t h e  

on ly  d i f f e r e n c e  t h a t  in Eq .  (1.1) t he  m a x i m u m  v a l u e  of r / d a ~ n  as  

n--* ~ is  0 .68 .  

T h e  e f f e c t  of  M a and y on the  m a x i m u m  c r o s s - s e c t i o n a l  r a d i u s  of t he  s h o c k  w a v e  c a n  be  t a k e n  in to  a c -  

c o u n t  by u s i n g  a d e p e n d e n c e  w h i c h  f o l l o w s  f r o m  the  c a l c u l a t i o n s  of  ~ .  A .  A s h r a t o v :  

ra/d~ ]fin N ( t  - -  0,38/M~i'5)/y. (1.2) 

U n f o r t u n a t e l y ,  t h e r e  a r e  no t  e n o u g h  c a l c u l a t e d  d a t a  to  e s t a b l i s h  a g e n e r a l  d e p e n d e n c e  of  t h e  type  of 

(1.1) f o r  d i f f e r e n t  n o z z l e s  and w o r k i n g  s u b s t a n c e s  wi th  an  i n d i c a t i o n  of t h e  p e r m i s s i b l e  l i m i t s  of i t s  u s e  w i t h  
r e s p e c t  to  Ma,  n, O, and T. T h e r e f o r e  t h e  d e p e n d e n c e  (1.1) t o g e t h e r  w i t h  t h e  c o r r e c t i o n  (1.2) f o r  c o n d i t i o n s  
d i f f e r i n g  f r o m  t h o s e  u n d e r  c o n s i d e r a t i o n  c a n  be  u s e d  on ly  in an  e s t i m a t e  of t he  a p p r o x i m a t i o n  to  s e l f - s i m i -  

l a r i t y w i t h  v a r i a t i o n  in t h e  n o n r a t e d n e s s .  
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Fig. 2 

The e f fec t  of the  v i s c o s i t y  l e a d s  to a sh i f t  in the  s u s p e n d e d  s h o c k - w a v e  f ron t  and a change  in the  con -  
d i t ions  of s e l f - s i m i l a r i t y  of the  g e o m e t r y  of the  j e t  wi th  r e s p e c t  to  the  n o n r a t e d n e s s .  F o r  a d e s c r i p t i o n  
of v i s c o u s  e f f ec t s  in the  mix ing  zone in the  i n i t i a l  s e c t i o n  of a j e t  one can u s e  the c h a r a c t e r i s t i c  l o c a l  R e y -  
no lds  n u m b e r  in the  f o r m  [2] 

R e  : w%'Oav 
,Uav ' 

w h e r e  L M is the  d i s t a n c e  f r o m  the n o z z l e  cu t  to the  Mach d i sk ;  w is the  m a x i m u m  v e l o c i t y  wi th  r e s p e c t  to 
the  s t a g n a t i o n  p a r a m e t e r s ;  P a y  and P a v  a r e  the  a v e r a g e  v a l u e s  of  the  d y n a m i c  v i s c o s i t y  and d e n s i t y  
in the  zone  of m i x i n g  of the  j e t  wi th  the  s u r r o u n d i n g  gas .  F o r  a c o n s t a n t  M a u n d e r  i n t e g r a l - a d i a b a t i c  con -  
d i t ions  (To = Too) th i s  c r i t e r i o n  is d i r e c t l y  p r o p o r t i o n a l  to the  c o m p l e x  R e L  = R e , / [ p c / p o  ~ ]-1/2 w h e r e  R e ,  is  
the  R e y n o l d s  n u m b e r  at  the  c r i t i c a l  c r o s s  s e c t i o n .  In [6] it  is  shown tha t  the  c o m p l e x  R e L  c h a r a c t e r i z e s  
the e f fec t  of the  v i s c o s i t y  in a l l  zones  of the  j e t .  The  p r o p o r t i o n a l i t y  f a c t o r  be tween  Re  and R e L  is  s o m e  
funct ion  of M a and T o / T  o .  L a t e r  we wi l l  u s e  the  c o m p l e x  Re L as  a d e t e r m i n i n g  c o m p l e x .  

2. C o n d i t i o n s  of P e r f o r m a n c e  of E x p e r i m e n t s  

The studies of the present work were performed on a low-density gasdynamic installation with com- 
bined evacuation by boosters and cryogenic vacuum pumps. The set-up of the installation is briefly de- 
scribed in [13]. Cryogenic pumps operating on liquid nitrogen were used to expand the range in nonrated- 
ness and in Reynolds numbers. With this the capacity of the installation (for CO 2 as the working gas) in- 
creased by an order of magnitude and reached 7 g/sec at a pressure of 1 N/m 2 in the vacuum chamber. 

The study of low-density jets in the present work is based on the measurement of the density and 

visualization of the flow pattern using an electron beam. The spectral sections of 3900 • 25 A for nitrogen 

and 2876 • 20 A for CO 2 were chosen for the density measurements. There are data for the selection of 

these sections in [14, 15]. The error in the density determination did not exceed 8% for direct measure- 

ment and was no more than 14% with photometry. 

All the experiments were performed on a conical nozzle with a diameter of 0.5]] ~- 0.01 mm at the crit- 
ical cross section and 2.46 mm at the cut and with a half-aperture angle of i0 ~ The Mach number at the 

nozzle cut was determined with a Pitot tube from the parameters of equilibrium expansion. The experi- 

mental conditions are presented in Table 1. 

The modes of flow studied correspond to: la-g) variation of nonratedness with a constant CO 2 flow 

r a t e ;  2a - j )  v a r i a t i o n  of CO 2 f low r a t e  with a c o n s t a n t  n o n r a t e d n e s s ;  4a- j )  a s e r i e s  of e x p e r i m e n t s  on n i t r o -  
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gen with constant  values  of the complex ReL.  The effect  of condensat ion was detected in modes 3a and b 
and 5a and the effect  of the t e m p e r a t u r e  fac to r  on the s t r u c t u r e  of the n i t rogen je t  was detected in modes 
5a-d.  In Table  1 (N/Z)* is the r a t i o  of the number  of molecules  in a c l u s t e r  to i ts charge .  

3 .  G e n e r a l  S t r u c t u r e  of  J e t ,  T r a n s i t i o n  t o  a n  X - S h a p e d  

C o n f i g u r a t i o n  

Let us examine  the change in the s t r u c t u r e  of a je t  upon a reduct ion  in the dens i ty  l eve l  on the ex-  
ample  of  the expansion of CO 2 f rom a nozzle  with ]Via = 4.35. A plane ax ia l  c r o s s  sec t ion  of the jet  for  a 
length of two cyc les  is shown in Fig.  2 for  the condit ions p a / p  ~ = 860 and T0/T~ = 2-2.4 (modes 2a- j ) .  Since 
the t e m p e r a t u r e  fac tor  v a r i e s  ins ignif icant ly ,  the effect  of the r a r e f ac t i on  wil l  be c h a r a c t e r i z e d  by the num-  

be r  Re L. 

In a r e l a t i v e l y  dense  gas when ReL = 380 (see Fig.  2a) the in i t ia l  sec t ion  of the je t  is c losed by the 
Mach disk,  a f t e r  which t h e s e c o n d  cycle  is formed.  In the range of ReL=380-348  a t r ans i t i on  occurs  to a 
new configurat ion having the fo rm of a " r egu la r  r e f l ec t ion . "  We will  ca l l  i t  the ~ - s h a p e d  configurat ion,  as 
opposed to the Mach configurat ion.  In Fig .  2b (ReL = 320) a s t r uc tu r e  containing s h o c k w a v e s i s  observed 
for  a length of two " b a r r e l s . "  With a d e c r e u s e  In ReL the d imens ions  of the c o r e  a r e  reduced,  the s t r u c -  
ture  becomes  b l u r r e d ,  and by the t ime R e L = 2 7 . 6  (see  Fig .  2c) shock waves do not a p p e a r  in the p ic ture  in 
the second cycle  and only diffuse densi ty  c l u s t e r s  a r e  seen;  the f i r s t  cyc le  r e t a ins  i ts s t ruc tu re .  

The dens i ty  d i s t r ibu t ion  along the axis  of the jet  for  modes l a - g  (a is the min imum and g is the max i -  
mum nonra tedness)  is  shown in Fig.  3. The number  R e .  is kept constant  and t he r e fo re  the effect of the non- 
r a t e d n e s s  is t r aced .  One of the p r o p e r t i e s  of a je t  beyond a supe r son ic  nozzle  is d i sp layed  here  - an in-  
c r e a s e  in dens i ty  in the region  of joining of the shock waves ,  cons ide rab ly  exceeding the densi ty  i n c r e a s e  
in a shock wave, as  well  as  the e a r l y  and cons ide rab l e  d e p a r t u r e  of the dens i ty  dependence f rom isen t ropy ,  
caused by the effect  of the l a t e r a l  shock-wave  f ronts .  

The contours  of the shock waves in the modes with ReL = 380 (in the p r e s e n c e  of a N[ach disk) and 
ReL = 348 {with an X-shaped  configuration) a r e  shown in Fig.  4 in genera l i zed  coord ina tes .  The posi t ion of 
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the  s h o c k  wave  was  d e t e r m i n e d  f r o m  the p o i n t s  wi th  the  m a x i m u m  
d e n s i t y  g r a d i e n t .  The  c o n t o u r s  of the  s u r f a c e s  of a j e t  of n o n v i s -  
cous  gas  ( c l o s e s t  in p a r a m e t e r s  to t he  j e t  s tudied)  wi th  N =105, Mav=  
4, |  10 ~ and 7 = 1.3 f r o m  a s e r i e s  of c o n t o u r s  c a l c u l a t e d  in [11] 
a r e  a l s o  p r e s e n t e d  h e r e .  U n d e r  a c t u a l  cond i t ions  the  su spended  
shock  wave  is  f o r c e d  b a c k  t o w a r d  the  a x i s .  The  p o s i t i o n  of the  
Mach d i s k  c o i n c i d e s  wi th  tha t  fo r  a n o n v i s c o u s  gas .  The  a p p e a r - "  
ance  of an  X - s h a p e d  c o n f i g u r a t i o n  does  not  i n t r o d u c e  changes  in 
the  p o s i t i o n  of the  s u s p e n d e d  s h o c k  wave  and only the  d i s t a n c e  to 
the  shock  w a v e s  a long  the  ax i s  of the  j e t  is  i n c r e a s e d .  The  t h e o r y  
of a n o n v i s c o u s  f lu id  [16, 17] does  not  a d m i t  of the  r e g u l a r  r e f l e c -  
t ion  of a shock  wave  in an a x i s y m m e t r i c  s t r e a m .  Wi th  a change  
in the  cond i t ions  in the  d i r e c t i o n  of a t r a n s i t i o n  to  r e g u l a r  r e f l e c -  
t ion in a nonv i s c ous  f lu id  the  d i a m e t e r  of the  Mach d i s k  d e c r e a s e s  
wi thout  l i m i t ,  a s y m p t o t i c a l l y  a p p r o a c h i n g  z e r o .  The  e x i s t e n c e  of 
a Mach  c o n f i g u r a t i o n  is  connec ted  with  the  p r e s e n c e  of an  a n n u l a r  
c o n t a c t  d i s c o n t i n u i t y  behind the Mach d i sk .  U n d e r  a c t u a l  cond i t ions  
i t  m a y  be r e m o v e d  owing to t h e  v i s c o u s  t r a n s f e r  of m o m e n t u m .  
Thus ,  a c o n f i g u r a t i o n  r e s e m b l i n g  r e g u l a r  r e f l e c t i o n  d e v e l o p s  in a 
l o w - d e n s i t y  gas  s t r e a m .  The  f o r m a t i o n  of such  a c o n f i g u r a t i o n  
has  been  noted in [5], f o r  e x a m p l e ,  w h e r e  the cond i t ions  of c o n v e r -  
s ion  to i t  w e r e  s tud i ed  on the  b a s i s  of the  o p e r a t i n g p a r a m e t e r s .  
We should  a l s o  note  that  in [5] th i s  t ype  of r e f l e c t i o n  was  a s s u m e d  
a p r i o r i  to  be  r e g u l a r .  

In our  e x p e r i m e n t s  the  v i s u a l i z a t i o n  us ing  an e l e c t r o n  b e a m  
and the p h o t o g r a p h y  of a p l ane  c r o s s  s e c t i o n  of the  j e t  wi th  sub -  
s e que n t  p h o t o m e t r y  m a d e  i t  p o s s i b l e  to  ob ta in  the  s t r u c t u r e  of the  
r e g i o n  of r e f l e c t i o n  of the  s h o c k  wave  in the  v i c i n i t y  of the  j e t a x i s .  
The  p a t t e r n  of the d e n s i t y  f i e ld  in mode  l j  is  shown in F ig .  5 a s  
an e x a m p l e .  The  d e n s i t y  d i s t r i b u t i o n  is  g iven  in c r o s s  s e c t i o n s  
e q u i d i s t a n t  f r o m  one a n o t h e r  ( e v e r y  2 c a l i b e r s ) .  

The f i r s t  c r o s s  s e c t i o n  p a s s e s  t h rough  the  c o r e  of the  j e t  
a t  x/da= 62; h e r e  the  c o r e  is  d i s t u r b e d  by the  b l u r r e d  su spended  

shock  w a v e s ;  the  r e g i o n  0 - 1  c o r r e s p o n d s  to an  i n c r e a s e  in d e n s i t y  in the  s u s p e n d e d  s h o c k  wave ;  the  r e -  
gion 1 - 2  c o r r e s p o n d s  to the  change  in d e n s i t y  in the  c o m p r e s s e d  l a y e r ;  the  b o u n d a r y  of the  d i s t u r b a n c e s  
f r o m  the j e t  in the  f looded  s p a c e  is v e r y  a r b i t r a r i l y  deno ted  by the  n u m b e r  3. The  p r e s e n c e  of a m i n i m u m  
in the  v i c i n i t y  of the  poin t  2 is  c aused  by the  d e c r e a s e  in d e n s i t y  a s  a c o n s e q u e n c e  of the  he a t i ng  of the  m i x -  
ing zone upon the  r e t a r d a t i o n  in i t  of gas  expand ing  f r o m  the  s o u r c e  wi th  a s t a g n a t i o n  t e m p e r a t u r e  of 700~ 
The j o in ing  of the  shock  waves  l e a d s  to an i n c r e a s e  in the  d e n s i t y  in the  s u s p e n d e d  s h o c k  wave  and in the  
c o m p r e s s i o n  l a y e r  (x/da= 62-78) .  In the  c r o s s  s e c t i o n  wi th  x/da= 79 a t  the  a x i s  of the  j e t  in about  the  r e -  
gion of i n t e r s e c t i o n  of the  t r a i l i n g  f ron t s  of the  s u s p e n d e d  s h o c k  w a v e s  t h e r e  a p p e a r s  a zone of i n c r e a s e s  
in d e n s i t y  in the  f o r m  of a t h i r d  hump in the  t r a n s v e r s e  d i s t r i b u t i o n .  Th is  i n d i c a t e s  the  g e n e r a t i o n  of r e -  
f l ec t ed  shock  w a v e s  in the  v i c i n i t y  of t he  j e t  a x i s .  In the  s u c c e s s i v e  c r o s s  s e c t i o n s  a long  the ax i s  of the  
j e t  t h e r e  f i r s t  a p p e a r s  a p l a t e a u  and then a t r o u g h  in the  d e n s i t y  d i s t r i b u t i o n .  Beyond the  r e f l e c t e d  s h o c k  
wave  the  d e n s i t y  con t inues  to i n c r e a s e  (x /d  a = 86-100) and the  c h a r a c t e r i s t i c  f o r m  of a c u r v e  with  two m a x -  
i m a  is  p r o d u c e d .  Th i s  i r r e g u l a r i t y  is  p r e s e r v e d  d o w n s t r e a m .  In a c c o r d a n c e  wi th  F i g .  3, fo r  the  mode  of 
f low unde r  c o n s i d e r a t i o n  the  m i n i m u m  va lue  of the  d i m e n s i o n l e s s  d e n s i t y  in t he  r e g i o n  of the  X - s h a p e d  c o n -  
f i g u r a t i o n  is  pt/Po = 3" 10 -6 and the  m a x i m u m  v a l u e  i s  03/00 = 5 . 3 - 1 0 - 5 ;  in the  s u r r o u n d i n g  m e d i u m  poo/po = 
1.6 �9 10 -5. In the  r e g i o n  of j o in ing  of the  shock  w a v e s  the  Knudsen  n u m b e r ,  d e t e r m i n e d  f r o m  the  c h a r a c t e r -  
i s t i c  s i z e  - the  d i s t a n c e  b e t w e e n  the  d e n s i t y  p e a k s ,  has  the  o r d e r  of 0.01. T h e r e f o r e  the  d e n s i t y  i r r e g u l a r -  
i t i e s  a r e  d i s p l a y e d  r a t h e r  c l e a r l y .  In a j e t  wi th  a Mach  d i sk  a t  the  ax i s  a d e n s i t y  m i n i m u m  should  be  ob-  
s e r v e d  e v e r y w h e r e  in the  v i c i n i t y  of the  Mach d i sk .  The a p p e a r a n c e  of a m a x i m u m  i n d i c a t e s  the  r e f l e c -  
t ion of the  s h o c k  w a v e s ,  in c o n t r a s t  to the Mach c a s e .  

Let  us d w e l l  on a p r o p e r t y  men t ioned  e a r l i e r  -- the  s t r o n g  i n c r e a s e  in d e n s i t y  in the r e g i o n  of the  X-  
shaped  c o n f i g u r a t i o n .  C a l c u l a t i o n s  of the  f low of a nonv i s e ous  gas  show the  e x i s t e n c e  of an i n c r e a s e  in d e n -  
s i t y  on the s t r e a m l i n e  p a s s i n g  t h rough  the  s y s t e m  of two obl ique  c o m p r e s s i o n  s h o c k  waves  in the  v i c i n i t y  
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Fig. 7 

/5 ~ - - ~  of the Mach configuration; for  example,  for  a jet  beyond a nozzle 
with M a = 4 with n = 500 and 7 = 1.3 (based on the geomet ry  given in 

~ t  the atlas of [11]) this proves  to be a 22-fold increase  in density. 
Exper iments  conf i rm the high o rde r  of the density increase .  

2 ~ ~  ~ i ~ The data for  CO2 with different  ReL in m~ 2a-j a re  p r e -  
~~ sented in Fig. 6. The jump in P3/Pl for  Re L >300 is explained by 6 

the t ransi t ion f rom a Mach to an X-shaped configuration, in modes 
with ReL> 200 the density level in the region of the X-shaped con- 

21 figuration is ve ry  high and the co r r ec tnes s  of its measurement  may 
~~ I /5 ~ ~ be placed under doubt; the e lec t ron beam measurements  give un- 
6! ders ta ted  values.  The re fo re  it makes sense  to talk about the be- 

'~ havior of the curve  in the regionof  ReL<200.  The dec rease  in PiP1 
2 ~ $ ~ with a dec rease  in ReL is explained by the general  b lurr ing of the 

cha rac te r i s t i c  zones of the je t  with an increase  in the rarefac t ion .  
~ J  ~ ~ ' -  l The dependence of PJPl shown here  for  the second cycle  qlal i tat ively 

6 ~ repeats  the previous dependence with values of PiP1 about f ive t imes  
~ _ , ~  lower. These  d e p e n d e n c e s a r e o b t a i n e d a t P a / p o o ~ 8 6 0 .  The data 

2 ~ f~ for  high values of the nonratedness show considerably l a rger  values 
o,4 0,6 0,8 /,o 7,4 of P3/P~ at the corresponding values of Re L. 

Fig. 8 
4 .  C o n d e n s a t i o n  E f f e c t s  d u r i n g  E x p a n s i o n  

o f  t h e  G a s  

The analysis  of the process  of expansion in the core  of the jet, especia l ly  in the case of carbon dioxide, 
is hindered by the indeterminacy in the est imate  of the adiabatic index when one at tempts to take into ac-  
count the effect of vibrat ional  relaxat ion and condensation. Judging f rom the vibrat ional  relaxat ion t imes 
obtained on shock tubes, the vibrat ional  energy beyond the c r i t i ca l  c ross  section of the nozzle in our case 
is f rozen in, although the supply of energy f rom the vibrat ional  degrees  of f reedom is not fully excluded. 
The adiabatic index must lie in the range of f rom 1.3 to 1.4. Nucleation (the format ion of c lus ters  in the 
initial stage of condensation) leads to a dec rease  in the adiabatic index. On the basis of the equil ibrium 
pa rame te r s  of the expansion the condensation must begin in the core  of the jet  in all  the modes, and in the 
nozzle in mode 3b. Because of the high expansion ra te ,  however, the condensation p roces s  does not p ro-  
ceed in equil ibrium and the supersa tura t ion  can be ve ry  considerable.  

For  CO z jets beyond supersonic nozzles,  according to the data of [18], the conditions of nucleation a re  
not a l tered when the complexes 

p0d~ and poT(o~ "25v-~162 const (4.1) 

a re  conserved.  The authors of [18] determined a cer ta in  effective size of a c lus te r  by the value (N/Z)*, 
which is the lower limit of the s izes  of Charged c lus te r s  c ross ing  a stopping potential  b a r r i e r  and being 
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r e c o r d e d  by a m a s s  s p e c t r o m e t e r  at the l eve l  of half the to t s l  ion cu r ren t .  At  p r e s e n t  this  is the most  a c -  
c e s s i b l e  c h a r a c t e r i s t i c  of nuclea t ion  on the b a s i s  of expe r imen ta l  data,  s ince  it g ives  at l eas t  the o r d e r  of 
magnitude of the l i nea r  d imens ions  of the c l u s t e r s .  The values of (N/Z)* found for our condit ions f rom the 
expe r imen t a l  data of [18] using the functions (4.1) a r e  p resen ted  in Table  1. 

With the exception of modes 3b for  CO 2 and 5a for  N 2 the concent ra t ion  of nucle i  in the core  of the jet ,  
accord ing  to the e s t i m a t e s  of [19], is too low to have an effect on the energy d i s t r ibu t ion  in the s t r e a m .  
The re fo re ,  in the ana lys i s  of the exper imen t s  of the p re sen t  work on the effect  of the v i s cos i t y  we took T = 
1.4 for ni t rogen and 7 = 1.3 for  CO 2 with a ce r t a in  a r b i t r a r i n e s s  i n t e r m s o f t h e  a l lowance for  the v i b r a t i o n a l -  
ro t a t iona l  and v i b r a t i o n a l - t r a n s l a t i o n a l  in te rac t ions .  

The effect  on the s t r u c t u r e  of the j e t  of the condensat ion in the cour se  of expansion was not studied 
in the p r e sen t  work,  although ce r t a in  modes were  e spec i a l l y  chosen to d i sp lay  the condensat ion effects .  
Photographs of plane c r o s s  sec t ions  of CO 2 je t s  in modes 3a and b, c h a r a c t e r i z e d  by c lose  p r e s s u r e  r a t io s  
P0/P~ and a lmos t  the same Reynolds numbers  Re L, a r e  shown in Fig.  7. The case  a is without condensa-  
t ion; in case  b the condensat ion evident ly  begins in the nozzle.  The d i a m e t e r  of the suspended shock wave 
is m a r k e d l y  l a r g e r  than in the je t  without condensat ion (case a);  this may co r r e spond  to s m a l l e r  values  of 
M a than in case  a;  the X-shaped  conf igurat ion changes into a Mach conf igurat ion and the in tensi ty  of the 
shock waves of the second cycle  d e c r e a s e s .  The r e l a t i v e  values  of the dens i ty  in the co re  of the je t  a r e  
a l m o s t  twice as s m a l l  in the p r e s e n c e  of condensat ion.  

We should note that the in tens ive  condensat ion in the p r e s e n c e  of condensed p a r t i c l e s  in the s t r e a m  
cannot be taken as the immedia t e  cause  of the appea rance  of the I~Iach disk in the case  under  cons idera t ion ;  
apparen t ly  because  of the condensat ion the gasdynamic  p a r a m e t e r s  of the s t r e a m  (including the flow in the 
nozzle) were a l t e r e d  in such a way that the X-shaped  configurat ion proved to be uns table .  

5 .  S e l f - S i m i l a r i t y  of  t h e  D e n s i t y  D i s t r i b u t i o n  a n d  of  

t h e  C h a r a c t e r i s t i c  D i m e n s i o n s  of  t h e  J e t s  

Let us choose the s e l f - s i m i l a r  coord ina tes  for the densi ty  and the d is tance  along the je t  axis  by ana l -  
ogy with [1]: p=p/(p,,):0,7 M~VT-n and~:l=x/(O.7daMaq-~n). In Fig.  8a, b the densi ty  d i s t r ibu t ion  in a n i t rogen 
je t  is shown in these  coord ina tes  by modes 4a-c  and 4h-j for  R e L = 9 3  and 37, r e s p e c t i v e l y .  As follows f rom 
Fig.  3b, the gene ra l i za t ion  is fully s a t i s f a c t o r y  for  n > 1000. Since it extends beyond the region of joining 
of the shock waves,  this  indica tes  the s i m i l a r i t y  of the geomet ry  of the suspended shock waves and of the 
densi ty  d i s t r ibu t ion  in the c o m p r e s s e d  l ayer .  Genera l i za t ion  is not observed in the reg ion  of the X-con-  
f igurat ion with lower values of the nonra tedness  (Fig.  8a; n=190-580).  The devia t ion  of the geomet ry  of a 
nonviseous je t  f rom s e l f - s i m i l a r i t y  a l r e ady  becomes  impor tan t  at such va lues  of n, as follows f rom Eq. 
(1.1). 

It is  known that  in je t s  where  the effect of the mixing zone in the in i t i a l  sec t ion  of the je t  does not ex-  
tend to i ts axis  the d i s tance  to the Mach disk obeys the dependence [1, 20] 

~ 0 : 7  ~ a ~ a Y - ~ , ,  (5 ,1)  

As the expe r imen t s  showed, the t r ans i t i on  to an X-shaped configurat ion occurs  abrupt ly  with a de-  
c r e a s e  in ReL;  when this happens the d i s tance  along the axis  of the je t  f rom the nozzle cut to the shock 
waves i n c r e a s e s  abrup t ly  and then it d e c r e a s e s  in acco rdance  with the value of Re L. This is i l l u s t r a t ed  
by Fig.  9, where  the dependence LM/O.7Mada~/-~=f(ReL) is given for a CO 2 je t  in modes 2a-j  with n ~ 860 
(blackened c i r c l e s  and dashed ave rage  curve).  The value of L M i n c r e a s e s  by 15-20% upon the change in 
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configuration, and for ReL<40 it becomes shor ter  than the distance to the Mach disk. Equation (5.1) can 
also be used for an approximate quantitative est imate of the distance to the shock waves along the jet axis 
in the presence  of the X-configuraion. The data in Fig. 9 a re  charac ter ized  by order -of -magni tude  e r r o r s .  

We note that in [5, 6] overstated values of L M (and of the maximum diameter  dm of the suspended 
shock waves) were obtained from measurements  of a glow-discharge on photographs, and a dependence of 
LIVI on Mawas proposed which was s t ronger  than that based on Eq. (5.1). Evidently, the distribution of the 
emission in a glow-discharge is ambiguously connected with the density distribution in the jet of a neutral  
gas, which may be responsible for  the anomalous resul ts  of the r epor t s  cited. 

The effect of the number ReL on the ra t io  of the geometr ica l  dimensions of the jet follows from the 
data of Fig. 9. Here the values for modes 2a-j are  presented (light tr iangles and dot-dashed averaged curve). 
As is seen, geometr ica l  s imilar i ty  is not p reserved ;  the rat io LM/dm increases  considerably with a de- 
c rease  in ReL,and the core  of the jet becomes relat ively thinner. 

in o rder  to analyze the se l f - s imi la r i ty  of the geometr ica l  configuration of the jet with ReL = const the 
modes 4d-g with RELY66 were selected from the experimental  data for  nitrogen and the dimensionless com-  
plex dm/da~n  was calculated for them f rom the photometric data. It was found that dm/da4n= const=l .01 
in the range of n=231-1140, while the ra t io  of the charac te r i s t i c  dimensions is dm/dM= const= 0.22. Cal- 
culations for an ideal gas [11] give dm/da~n  ~ 1.21 for the conditions YIa =5, ~= 1.4, n = 103, and | 10~ the 
d iameter  of the suspended shock wave with Re L ~66 is 20% smal ler  in compar ison with a jet of nonviscous 
gas. 

In contras t  to a nitrogen jet, the geometry of a CO 2 jet is nonse l f - s imi la r  with ReL= const. The val-  
ues of dm/da~n for modes lb, c, h, i ,  j, and 2h in the range of Reynolds numbers of 107-171 are  shown in 
addition in Fig. 9 by blackened squares .  The tendency of the dimaeter  of the suspended shock waves to in- 
cre~se with an increase in the nonratedness with close Reynolds numbers  is c lear ly  t raced.  The conditions 
with respec t  to condensation a re  about the same for these modes. Evidently the reason for  the absence of 
se l f - s imi la r i ty  consists  in the propert ies  of the energy exchange of the intern~ 1 and t ranslat ional  degrees 
of freedom. 

The effect of the tempera ture  factor  on the dimensions of the jet a re  only touched on in the present  
report .  On the example with nitrogen it is shown that in the r~nge of 52 < ReL<104  with the nonratedness 
kept approximately constant the relat ive density distribution along the jet axis does not undergo a signifi-  
cant change upon the heating of the gas up to 950~ The slight tendency of a shift of the second cycle (by 
no more than 10% downstream) with the transi t ion f rom mode 5b to 5d is in agreement  with the effect of the 
viscosi ty described above (see Fig. 9). 

in the pract ica l  use of low-density jets the question a r i ses  of the dimensions of the core of the jet 
which is not disturbed by the shock-wave fountains. The data on the length of the core of the jet obtained in 
the present  work and the experimental  data available in the l i terature [6, 21] are  summarized  in Fig. 10. 
The point with a 10% deviation in the density f rom the isentropic value was taken as the boundary of the 
core  of the jet. The connection between the dimension L c of the core and the number Re L can be r ep re -  
sented by the dependence Lc /LM = (1 + 20/ReL)-I .  

The authors thank A. V. Ivanov for  useful discussions.  
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