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The gasdynamic  s t ruc tu re  of r a r e f i e d  argon je ts  is studied in the range  of s tagnation t e m -  
p e r a t u r e s  of f rom 290 to 5200 ~ using the e l e c t r o n - x - r a y  method.  The effect  of the t e m -  
p e r a t u r e  fac tor  on dif ferent  zones  of the je t  is shown and the reorgan iza t ion  of the flow 
pa t te rn  with a change in the mode of flow f rom continuous to f r e e - m o l e c u l a r  is analyzed.  

.NOTATION 

dn, nozzle d iamete r ;  G, m a s s  flow r a t e  of gas  pe r  unit t ime;  M, Math  number ;  N = P0/Pf; p r e s s u r e ;  
Ren, Reynolds number  ca lcula ted  for  the p a r a m e t e r s  in the c r i t i ca l  c ro s s  sect ion of the nozzle;  Re L = 
R e n / ~ ;  T, t e m p e r a t u r e ;  x, dis tance along je t  axis f rom nozzle cut; ~ = x/dn;  y, distance f rom jet  
axis;  ~ = Y/dn; o, density;  ~ = P/Do.  Indices:  0, p a r a m e t e r s  in stagnation chamber ;  f, p a r a m e t e r s  in flooded: 
space .  

Exper imenta l  s tudies  of the gasdynamic  s t ruc tu re  of low-densi ty  je t s  beyond a sonic nozzle at high 
p r e s s u r e  drops  [1-3] have shown that  in a wide range  of p a r a m e t e r s ,  including modes of r a r e f i ed  flows, 
the geome t r i ca l  configurat ion of the je t  and the dis t r ibut ions of the density and total  p r e s s u r e  a re  se l f -  
s i m i l a r  when the value of the complex Re L = R e n / 0 ~  f is constant .  

When a gas e scapes  into a medium with a t e m p e r a t u r e  different  f r o m  the stagnation t e m p e r a t u r e  of 
the gas of the jet  the dis tr ibut ion of the p a r a m e t e r s  in the mixing zone depends on the t e m p e r a t u r e  drop and 
on the t e m p e r a t u r e  leve ls .  In this connection it  is poss ib le  for  the t e m p e r a t u r e  fac tor  to affect  the s t r u c -  
ture  of the je t  as a whole, e spec ia l ly  at smal l  values of Re L which co r r e spond  to the t rans i t ion  to r a r e f i ed  
flow. The authors  do not know of an analys is  of these  quest ions.  It  should be noted that no sys temat ic  
s tudies of the gasdynamic  s t ruc tu re  of r a r e f i e d  h igh - t empe ra tu r e  jets  have been p e r f o r m e d  at all .  At 
p r e s e n t  there  a re  only single r epo r t s  [4, 5] containing data on the m e a s u r e m e n t  of the total  p r e s s u r e  and 
density in individual modes  of flow, and studies of the phys ica l  p r o c e s s e s  in gas s t r e a m s  expanding f rom 
a p l a s m a  source  have been conducted without the n e c e s s a r y  attention to the gasdynamic  s t ruc tu re  of the 
je ts  [6-8]. 

In the p r e s en t  a r t i c l e  we desc r ibe  the r e su l t s  of a study of the densi ty distr ibution in je t s  beyond a 
sonic nozzle and analyze the effect  of the t e m p e r a t u r e  fac tor  on the s t ruc tu re  of the je ts  in the t rans i t ion  
f r o m  the mode of continuous flow to the sca t t e r ing  mode.  In o rder  to exclude f rom considera t ion  the effects  
leading to a change in the phys icochemica l  p r o p e r t i e s  of the gas at high t e m p e r a t u r e s  (chemical  reac t ions ,  
dissociat ion,  exci tat ion of in ternal  degrees  of f r eedom with a ma rked  change in the ra t io  of heat  capaci t ies)  
the study was conducted at r e l a t ive ly  low t e m p e r a t u r e s  on a monatomic  gas  - argon,  

At T -< 16,000~K t h e  exci tat ion of e lec t ron  levels  can be neglected,  s ince under these  conditions sep-  
a ra t ion  of the outer  e lec t rons  ( ionizat ion)  occurs  p r e f e r a b l y  [9]. Under typical  conditions with the use  of 
p l a s m a  hea te r s  the degree  of ionization is smal l  as a rule  and does not exceed 1% [5]. The recombina t ion  
coefficient  is on the o rde r  of 10-1~ -12 cm3/sec  [10, 11] and the re laxat ion  ra te  is  low [12]. This  gives 
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TABLE 1 

Mode No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

t0 
11 
t2 
13 
t4 
t5 
t6 
t7 
18 
t9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3t 

To, ~ 

290 
290 
290 

1510 
290 
290 
290 
200C 
290 

2030 
290 

i500 
t510 
290 

2970 
4970 

290 
290 

3840 
5i70 
5060 
290 

2000 
2020 
4910 
i510 
290 
4710 
4700 

200 
290 

G, ~/S6C pf, p Hg 

1,14 
1,14 
0,74 
1,39 
0,68 
0,56 
0,423 
i,i 
0,236 
0,666 
0,389 
i,036 
0,729 
0,222 
1,13 
0,92 
0,196 
0,t18 
0,857 
0,898 
0,85 
0,20 
0,666 
0,913 
0,295 
0,i56 
0,0i25 
0,302 
0,148 
0,005 
0,00275 

534 
t85 
t04 

t260 
85 
98 
41 

590 
7t 

970 
23 

146 
223 
30,8 

407 
1290 

20,6 
34 

572 
92O 
926 

18,7 
239 
279 
4t3 

33,8 
tl,6 
41 
24.8 
2.G7 
1,95 

dn, ill ITl Re n Re L 

i010 
600 
371 
341 
312 
307 
i68,5 
i62,0 
i62,0 
i60,0 
i05,0 
t05,0 
i04,5 
103,0 
i01,O 
t00,0 
8i,5 
8t,5 
81,0 
80,6 
80,3 
80,0 
80,0 
80,0 
32,6 
i8,7 
i5,6 
t0,9 
5,6 
4,67 
3,2i 

I0 0 

8 

2 j 4 5 8 ? 8 

Fig. I 

/O ~ 2 

reason to assume that the ionization in the jet is practically "frozen-in ~ and, consequently, the adiabatic 
index along a streamline corresponds to a monatomie gas, 

The experimental studies of the present work were performed on a low-density gasdynamic stand 
using the electron-x-ray method of measuring the local gas density from the bremsstrahlung [131 and char- 
acteristic radiation [14] excited by an electron beam. An electric-arc plasmotron of single- chamber 
design with vortex stabilization of the arc and interchangeable stagnation chambers, mounted on a three- 
component coordinating mechanism, was used as the gasdynamie source. The electron gun was mounted 
immovably. 

The principal operating parameters (see Table 1) were varied in the following ranges: T o = 290- 
5200~ d n = 1.1-5 ram; G = 0.003-1.4 g/see; Re n = 300-40,000; N = 300-30,000. 

The possibility of generalizing the data on the density distribution in the jet at fixed values of Re L 
and T0/T f in a wide range of values of Re L ( > 100) and N(>100) is shown, first  of all, on the basis of the 
experiments. 
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A s  an e x a m p l e ,  the  r e s u l t s  of  m e a s u r e m e n t s  of  the  ax i a l  d e n s i t y  d i s t r i b u t i o n s  a r e  p r e s e n t e d  in  g e n -  
e r a l i z e d  f o r m  in F i g .  1 ( for  Re  L = 100), whi le  t r a n s v e r s e  d e n s i t y  p r o f i l e s  in t h r e e  d i f f e r e n t  c r o s s  s e c -  
t ions  of the  j e t  a r e  p r e s e n t e d  in F i g .  2 (the c o n d i t i o n s  a r e  de no t e d  by  the c o r r e s p o n d i n g  mode  n u m b e r  in 
T a b l e  1). A s  i s  s een ,  the  d a t a  a r e  we l l  g e n e r a l i z e d  fo r  f ixed  v a l u e s  of Re L and T 0. S i m i l a r  g e n e r a l i z a -  
t ions  a l s o  o c c u r  fo r  o t h e r  v a l u e s  of Re  L (in the  r a n g e  of  Re  L = 50-1000) .  On the  b a s i s  of the  d a t a  o b t a i n e d  
i t  c an  be  c o n c l u d e d  tha t  in the  i n d i c a t e d  r a n g e  of  Re  L the  d e n s i t y  d i s t r i b u t i o n  a long  the  l eng th  of the j e t s  
s t u d i e d  i s  s e l f - s i m i l a r  wi th  r e s p e c t  to N when the  v a l u e s  of T O and Re L a r e  f ixed .  Th i s  i s  in a g r e e m e n t  
wi th  the  c o n c l u s i o n s  m a d e  on the  b a s i s  of a s tudy  of n i t r o g e n  j e t s  a t  T O = Tf  = 300~ [3]. 

The  nex t  s t a g e  of the  s t u d i e s  was  the  a n a l y s i s  of  the e f f e c t  of  the t e m p e r a t u r e  f a c t o r  on the s t r u c t u r e  
of l o w - d e n s i t y  j e t s .  The  a n a l y s i s  o f  the  e x p e r i m e n t a l  da t a  is  c o n s i d e r a b l y  f a c i l i t a t e d  thanks  to the  s e l f -  
s i m i l a r i t y  wi th  r e s p e c t  to N in the d e n s i t y  d i s t r i b u t i o n  in the  j e t s  which  was  e s t a b l i s h e d  above .  The r e -  
s u l t s  of m e a s u r e m e n t s  of the  a x i a l  d e n s i t y  d i s t r i b u t i o n s  wi th  a f i xed  v a l u e  Re L = 80 and  d i f f e r e n t  T o = 
290-5200~ a r e  p r e s e n t e d  in F i g .  3 .  A s  s e e n  f r o m  the  g r a p h ,  a g r e e m e n t  of the  a x i a l  d e n s i t y  d i s t r i b u t i o n s  
f o r  d i f f e r e n t  T o i s  o b s e r v e d  in  the  f i r s t  c y c l e  of  the  j e t .  In the  r e g i o n  beh ind  the  M a c h  d i s k  the  t e m p e r a -  
t u r e  f a c t o r  beg in s  to a f f ec t  the  a x i a l  d e n s i t y  d i s t r i b u t i o n  and the e x p e r i m e n t a l  da t a  b e c o m e  s t r a t i f i e d .  Wi th  
an i n c r e a s e  in the  v a l u e  of  Re  L the r e g i o n  in which  the t e m p e r a t u r e  f a c t o r  has  no e f f ec t  s p r e a d s  down-  
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stream, and when Re L -- 150 generalization of the experimental data with respect to the axial density dis- 

tributions at different values of T O (T O = 290-2000~ is observed in the entire length of the jets studied 

(H/~-N -< 3). With a decrease in Re L (Re L < 80) the temperature factor already begins to affect the axial 

density distributions in the region of the initial section of the jet (the first cycle). 

Transverse density profiles in the cross section x/v~ = 0.44 with Re L = I00 and T O = var are pre- 

sented in Fig. 4a. As is seen, the transverse density profiles for different T o are satisfactorily generalized 

only in the nonviscous zone of the core of the jet. In the region of the mixing zone, which merges with the 
zone of the compressed layer, the density profiles are stratified with respect to the temperature factor. 

The transverse density profiles at large values of Re L have a similar form. At smaller values of Re L the 
effect of the temperature factor on the generalized functions for the density already shows up in the core of 
the jet and at its axis (Fig. 4b, e)~ 

The reorganization of the flow pattern with a change in Re L can be traced on the basis of the data 

obtained (Fig. 5). At large values of Re L (Re L -> 300) the density distribution in the region of the nonviseous 

core of the jet is close to that calculated on the basis of a model of a nonviscous gas. The position of the 

Maeh disk agrees with the data for high-density streams. In this case the width of the shock-wave front is 

small and the density ratio at the Mach disk is close to four, which is in accordance with the limiting value 

for a direct shock wave in a monatomie gas with M >> 1. The measurements of the transverse density 

profiles at Re L = 370 and T O = 290~ show (Fig. 6) that an extended annular layer of compressed gas is re- 
tained behind the Mach disk and the mixing zone does not penetrate to the jet axis at least out to ~/v~ = 2. 

A similar pattern is observed in high-temperature jets. The presence of annular flow behind the Mach disk 

(without passage through the speed of sound at the axis) was also noted in the studies of the authors of [3]. 

The reorganization of the described flow pattern occurs with a decrease in ReL: the suspended shock 
waves, the Mach disk, and the mixing layer gradually become thicker; the merging of the mixing zone at 
the jet axis occurs behind the Mach disk and the region of merging moves upstream. This reorganization 

also leads to a change in the nature of the flow behind the Mach disk: the annular viscous layer becomes 
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th icker  and the merging of the mixing l aye r  at the jet  axis leads to an increase  in the density behind the 
Maeh disk, which is c l ea r ly  seen in Figs .  5 and 6. This  i nc rease  in density propagates  ups t ream with a 
dec rease  in Re L. At Re L -~ 80 the merging of the mixing layer  occurs  c lose  behind the Math  disk. The 
maximum density inc rease  in the region of the Mach disk is r eached  with Re L = 30-80, which indicates 
the merging  of the viscous layer  d i rec t ly  in the region of the Mach disk and the la t te r  cannot be cons idered  
as an isolated shock wave.  

The thickening of the viscous  layer  s t rengthens the eject ing ef fec t  on the flow behind the Mach disk 
and the cha rac te r i s t i c  cycl ic i ty  of the flow {"barrels")  appears .  Such cycl ic i ty  is well seen, for  example,  
in Fig. 5 at Re L = 80. 

With a fu r ther  dec rease  in Re L the density shock waves degenerate ,  the flow becomes  a lmost  fully 
viscous (the merging of the v iscous  l aye r  a l ready  occurs  nea r  the nozzle cut), and ~ Re L -~ 10 the t r ans i -  
tion to the so-ca l led  sca t te r ing  mode is observed.  The r i s e  in density at Re L = 10 and T0/T f >~ 1 is due 
to cooling of the gas in the mixing zone. 

The qualitative changes in the s t ruc tu re  of a je t  of moaatomic  gas beyond a sonic nozzle with va r ia -  
tion in the ra re fac t ion  and the t empera tu re  factor  have been c lar i f ied  as a r e su l t  of the exper iments  and 
general izat ions  pe r fo rmed .  The quantitative data obtained on the density distr ibution can be used for  com-  
par i son  with calculat ion in the development  of a model of a je t .  
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