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Results  of an investigation into the diffusion p rocesses  in a jet  of low density behind a s t rong-  
ly underexpanded sonic nozzle,  in the zone of mixing with the surrounding gas,  are presented.  
By means of e lect ron-beam methods,  the s t ructure  of the jet  was studied in the case of ex-  
panding N 2 into an atmosphere  of CO 2 + N 2 in t ransient  reg imes  of flow varying f rom solid 
to ra re f ied .  The resul ts  of an analysis of the fields of concentrat ion of the separate  compo- 
nents are  given in a general ized form.  

In experiments  on molecu la r -beam apparatus (Fenn and Anderson [1], Brown and Heald [2], Govers 
et al. [3]) the effect  of penetration of molecules of the surrounding gas in the core  of the jet was studied 
f rom the viewpoint of finding an optimal combination of the thermodynamic pa ramete r s  and geometr ica l  
dimensions of the sys tem in order  to obtain intensive molecular  beams.  In the se r ies  of papers  by 
Campargue,  which includes one of the recent  ar t ic les  [4], the effect of penetration of molecules of the su r -  
rounding gas has been studied from the viewpoint of using it for the separat ion of the gases .  The in te r -  
pretat ion of the resul ts  of the papers  [1-4] is difficult without an analysis of the field of concentrat ion in 
the zone of mixing of the gases .  The la t ter  became possible with the use of e lect ronic-beam methods and 
was s tar ted  in the papers by Muntz et  al. [5, 6] and one of the present  authors [7]. 

The specific feature of the present  work is the at tempt to investigate diffusion p rocesses  in the zone 
of mixing of a jet of low density when the ba ro -  and thermo-diffusion effects have been reduced to a mini -  
mum.  This was possible ,  thanks to using a pair  of gases (N 2 and CO) with c losely  related cha rac te r i s t i c s .  
The molecular  weights of these gases  are identical with accuracy  up to the fourth digit. At a tempera ture  
of 2 73~ and a p res su re  of 1 arm abs. according to the data [8] the calculation coefficients are self-diffu-  
sive (N2) and the diffusions N 2 - C O  coincide and are equal to 0.174 c m 2 / s e c ,  while the experimental  quanti- 
ties have c losely  related values:  

DN,-~, = 0.172 - -  0.185cm2/sec, Drr = 0.t92 era/see. 

Thus, mixing of the gases  N 2 and CO takes place prac t ica l ly  with the same quantitative c h a r a c t e r -  
is t ics as in the case of self-diffusion of these gases .  P r ec i s e ly  for  the study of self-diffusion this peculi-  
ar i ty  of a mixture of gases N 2 and CO was used ea r l i e r  [9]. 

The exper iments  were ca r r i ed  out on a gas dynamic installation of low density with a capaci ty  of 
about 50 m3/ sec  at a p re s su re  level of 1 �9 10 -2 mm m e r c u r y .  The diagram of the working par t  and the 
measur ing  equipment is shown in Fig.  1, where 1 is the source of N2, 2 is the source of CO, 3 is the e lec -  
t ron beam, 4 is a quartz window, 5, 6, and 7 are elements of an optical sys tem,  8 is a monochromator ,  9 is 
a photomultiplier,  10 is a ca thetometer ,  11 and 12 are coordinate adjusters with photo- reg is te r s ,  13 is a 
vacuum chamber ,  14 is a high-voltage rec t i f ie r ,  and 15 is a potent iometer .  

The method of ca r ry ing  out the exper iments  is as follows. Gas f rom a supersonic nozzle was ex-  
panded into the atmosphere of a slow s t r eam (of the o rder  10 m / s e c )  of a mixture of CO and N 2 which was 
formed by mixing carbon monoxide, flowing f rom a supplementary source,  with the gas of the jet being in- 
vest igated (nitrogen). By means of an apparatus for e l ec t ron-beam diagnostics,  the longitudinal and t r ans -  
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Fig. 1 

verse  concentration profiles of the components in the jet  
were recorded,  and the longitudinal (axial) section of the 
jet was photographed by the e lectron beam. 

The electron beam, the monochromator  with an i l -  
luminating system, and the photo- reg is te r  were fixed. 
The jet was displaced: the gas dynamic sources  of N~ and 
CO were mounted on a three-component  coordinate ad- 
jus ter  which allowed a longitudinal displacement  of ~1 m 
and a t ransverse  displacement of 0.5 m. 

The dimensions of the chamber  and the flow of the 
gas allowed us to model approximately a jet expansion of 
a gas into a space filled with another gas .  In all tests  the 
relationship of flow of N 2 and CO was kept at the level 
0.123-0.13. Here the average velocity of the flow in the 
space surrounding the jet was severa l  meters  per second. 
This cannot exer t  appreciable dynamic effect  on the jet be-  
ing investigated. 

F rom the methodological side (for the detection) the gases N2 and CO have definite advantages. In 
the spec t rum of N 2 excited by the electron beam, the most  intense band chosen for measurements  (the band 
00 of the f i rs t  negative sys tem of bands of N2 + with the edge wavelength 3914 J~) is located in the region 
where, in the case of pure CO, the 01 Herzberg  band is weakly illuminated. Conversely,  bands of the f i rs t  
negative sys tem of CO + : 01 with edge wavelengths of 2164 and 2300 A respect ively,  are  located in a region 
where no illumination of iN 2 is detected. 

In experiments  with the No2 of technical purity, it was discovered that the intensity of r ad ia t ionofn i t ro -  
gen on the segment  2299 • 7.5 A, which was used for measuring the part ial  density of carbon monoxide, is 
200 t imes weaker than the intensity of radiation of pure carbon monoxide. 

In addition, as was established by pre l iminary  experiments ,  the spec t rum of one of these gases is not 
al tered when adding the other in the range of l inear dependence of the illumination intensity on the density. 
For  the conditions of the experiment  this range at room temperature  covers  the p res su re  0.001-0.15 mm 
m e r c u r y  for the pa rame te r s  of the electron beam used: cur ren t  1 mA, voltage 20 kV. 

After calibration measurements  and establishment of the conditions the monochromator  with a photo- 
mult ipl ier  was adjusted to a segment  of the spec t rum of one of the gases ,  and the distribution of the inten- 
sity of radiation along the axis and at five charac ter i s t ic  sections of the jet was recorded  in success ion:  
x+ = 0.1, 0.4, 0.55, 0.73, 0.92, where x+ = x(d.  v~0 /P l )  -i is the normed coordinate along the axis of the jet, 
measured  f rom the cutoff of the nozzle with diameter  d .  ; P0 and Pl are the braking p res su re  and the p r e s -  
sure  in the vacuum chamber .  After this the monochromator  was readjusted to a segment  of the spec t rum 
of the gas,  and the operation was repeated.  

F r o m  measurements  in the case of small  flows, In part icular ,  it was found that the concentration of 
CO var ies  along the length of the working chamber .  On the length of the initial portion of the jet (up to the 
Mach disk) it var ied  approximately by 13-18~c. In all sections the r eco rd  showed a negligibly smal l  value 
of density gradients  of the individual components on the per iphery.  This indicates that the zone of mixing 
of the jet  r eg i s t e red  itself fully. 

TABLE 1 

Test 
No. 

d.. mm GNu, 
g/sec 

t .09 0.6t 
t .09 0.408 
t .09 0.t76 
i .09 0.O75 
t .09 0.037 
5.24 0.169 
1.09 0.0362 
2.i5 0.i74 

P0, 

mm Hg 

2085 
t397 

610 
256 
t35.5 
25.3 

i26 
156.5 

PI, 

mm Hg 

23.5 
t6.6 
6.9 
3.0 
1.58 
6.3 

3t .5 
6.9 

pP--2, t0 ~ I 

8.85 
8.8 
8.85 
8.5 
8.6 
0.4 
0.4 
2.26 

R, 

46500 
3tt00 
t3500 
57t0 
3000 
2680 
2780 
6750 

RL 

t57 
t07 
45.2 
t9.5 
10.2 
42.6 
44.2 
45.t 

GCO, 

g/see 

0.078 
0.053 
0.022 
0.0095 
0.0048 
0.0023 
0.0048 
0.022 
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Fig. 2 

When process ing  the exper iments ,  use was made of the assumption that f rom the surrounding space 
the gases N 2 and CO diffuse into the jet perfec t ly  identically. Therefore ,  f rom the profile of the CO concen-  
trat ion we determined the overal l  density of the gas diffusing into the jet by s imply multiplying the readings 
for CO by a quantity which is r ec ip roca l  to the molar  concentrat ion of CO in the surrounding space.  

In Fig.  2 we show the radial  profiles of the relat ive overall  density P0 (points 1), the relative density 
of nitrogen (the gas of the source) Pi (points 2), and the relat ive density of the gas diffusing into the jet  
P2 (points 3), normed with r e spec t  to the overal l  density p, in the space of the vacuum chamber  sur round-  
ing the jet.  The radial  coordinate y+ is measured  f rom the axis of the jet, and, analogously to the axial 
coordinate,  is normed with respec t  to the diameter  of the cutoff of the nozzle and the root  of the p res su re  
ra t io .  In the figure we have presented resul ts  corresponding to three values of the express ion R L = 
R, /P0(P-J /~  {157, 45, 10), where R .  is the Reynolds number determined f rom the pa rame te r s  in the c r i t i -  
cal section and the diameter  of the cutoff of the nozzle.  

In [11, 12] it was shown that the express ion R L can be used as a decisive c r i te r ion  when analyzing a 
jet of a viscous gas .  We note that the position of the Mach disk in the jet  cor responds  to x+ = 0.7. The 
pa ramete r s  of the jets investigated are presented in Table 1. In addition to the symbols introduced in the 
table, GN2 and GCO are flows of nitrogen and carbon monoxide. 

It is cha rac te r i s t i c  that for R L = 157 the gas f rom the surrounding medium does not penetrate into 
the zone of suspended shock wave. The front of the mixing zone is local ized in the compressed  layer  which 
is to a large extent washed away even for these RL numbers .  Its position relative to the shock wave is ap- 
proximately  the same in all sect ions .  In the region of space investigated, the outer gas does not penetrate 
to the axis of the jet .  For  RL = 107 union of the mixing zone with the shock wave begins. In Fig. 2 we see 
that for R L = 45 the shock wave al ready lies in the mixing zone. The regions with R L = 19.5 cor respond to 
such conditions, when union of the mixing zone with the shock wave has taken place, while the front of the 
shock wave has reached the axis of the jet into the core of the initial portion. The compressed  layer  is 

101 



/.8 

oZ 

00Z 0.~ O.G 0.0 /.0 

Fig. 3 

/.Z 

~.z!/ 

0 0  

~) 0 ~ '~-~. D 7 

] 

~ v  

v~  V 

u # , v  

l! ~, ," 

# 
I 

7 b 

I/ ~ '%, 

O.Z 0.~ 

Fig. 4 

v ~  
05 
o# 

i U+ 
0 0.6 

s  

~6 

f.Z 

0.0 

OZ/ 

\ 
+ 5  
o,  6 

I 

/ 
[ 

+ + . ~ _ A - - ~ - + - ' ~  
00.2 i I 0,l/ 0.6 0.0 LO 

F' ig.  5 

s u b s t a n t i a l l y  w a s h e d  away.  We note tha t  the p e a k  of the o v e r a l l  d e n s i t y  in the c o m p r e s s e d  l a y e r  v a n i s h e d  
fo r  19.7 > R L > 10.  The f low for  R L  ~ 10 c o r r e s p o n d s  to t r a n s i t i o n  into the s o - c a l l e d  d i s s i p a t i o n  r e g i m e  
[5]. The v a r i a t i o n  of the o v e r a l l  d e n s i t y  in the s u s p e n d e d  s h o c k  wave  is of the o r d e r  10%. Ind iv idua l  zones  
of the j e t  a r e  no t  s e p a r a t e d  f r o m  one a n o t h e r .  I ts  s t r u c t u r e  is  d i f fuse .  

In F i g .  3 we have  shown ax ia l  d i s t r i b u t i o n  of the r e l a t i v e  d e n s i t y  of the  g a s  of the s o u r c e  (points  3 for  
R L = 19.5),  the p e n e t r a t i n g  gas  (points  4 fo r  R L = 19.5) and the o v e r a l l  d e n s i t y  (points  1 fo r  R L = 157 and 
po in t s  2 fo r  R L  = 19.5),  which  g i v e s  an i dea  about  the s t r u c t u r e  of the s h o c k  wave of the Mach d i s k .  The 
p e n e t r a t i n g  gas  fo r  R L = 19.5 is  d i s c o v e r e d  at  the  l e a d i n g  f r o n t  of the shock  w a v e .  

The p o s s i b i l i t y  of g e n e r a l i z i n g  the e x p e r i m e n t a l  d a t a  was  c h e c k e d  by a s e r i e s  of e x p e r i m e n t s  wi th  
R L  ~ 45.  In F i g .  4 we have  shown the d e n s i t y  d i s t r i b u t i o n  (1, o v e r a l l  d e n s i t y ;  2, gas  of the j e t ;  3, ga s  of 
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the sur rounding  space ;  4, P0/P1 = 88,500; 5, 22,500; 6, 4000) in the 
c r o s s  sect ion of the j e t  x+ = 0.4 for va r ious  p r e s s u r e  r a t i o s  (va ry -  
ing more  than 20 t imes ) .  As we see ,  the p ro f i l e s  are s a t i s f a c t o r i l y  
g e n e r a l i z e d .  The longitudinal  dens i ty  d i s t r ibu t ion  (Fig.  5; notation 
same as in F ig .  4) in the zone of the Mach d isk  has  a r e p r e s e n t a -  
t ion which is  not so well  gene ra l i zed .  The re fo re ,  it  is poss ib le  that  
in r e g i m e s  R L ~ 45 the concent ra t ion  of the pene t ra t ing  gas  on the 
axis  of the je t  is s m a l l  and the accuracy  of the expe r imen t s  is not 
adequate for  obtaining r e s u l t s  which match .  

With adequate def in i teness  we can ta lk  about the posi t ion of 
the diffusion f ront  on the axis  of the je t .  Fo r  RL ~ 45 i ts  c o o r d i -  
nate is x+ ~ 0.65-0.73.  Es t ima t ing  with the same accu racy  the 
posi t ion of the diffusion f ront  on the axis of the je t  in o ther  r e g i m e s ,  
we can r e p r e s e n t  these  r e s u l t s  on the graph X+D = f (RL)  (points 1 
in F ig .  6). Here  we have a lso  shown the graph  of the posi t ion of the 
min imum of dens i ty  in the shock wave (points 2). The affinity of 
these  curves  c h a r a c t e r i z e s  the pene t ra t ion  of the gas f rom the s u r -  
rounding medium into the core  of the je t .  

The p ro f i l e s  of the pene t ra t ing  gas in the c o m p r e s s e d  l aye r ,  
where  the effect  of v o r t i c i t y  (entropy effects) is  poss ib l e ,  in d i f f e r -  
ent  r e g i m e s  and in d i f fe ren t  sec t ions  are  s i m i l a r .  This is i l l u s -  
t r a t e d  by Fig .  7, where we have p r e sen t ed  a unified prof i le  of the 
d i s t r ibu t ion  of the r e l a t i v e  densi ty  of the pene t ra t ing  component  with 
r e s p e c t  to y / 5 .  Here y is the t r a n s v e r s e  coord ina te  m e a s u r e d  f rom 
the point where  p ~ = 0.5, and 5 is the th ickness  of the mixing zone 
de t e r m i ne d  in the~cross sec t ion  of the j e t  as the d i s tance  between 
the points with the va lues  P2 = 0.05 and 0.95. 

In conclusion,  we indicate  the approx imate  boundar ies  of the 
c h a r a c t e r i s t i c  r e g i m e s  for  je t s  of d ia tomic  gases  c l o s e l y  r e l a t ed  
to n i t rogen in the i r  p r o p e r t i e s .  The inner  f ront  of the mixing zone 

for  RL = 150 is l oca l i zed  in the c o m p r e s s e d  l a y e r .  The range  of t r ans i en t  r e g i m e s  R L ~ 100-10 c o r r e -  
sponds to va r ious  deg ree s  of union of shock waves and mixing zones; it  commences  for  RL ~ 100, while 
for  R L ~ 20-10 the j e t  becomes  diffuse and the co re  of th.e j e t  before  the Mach disk is f i l led by the p e n e t r a -  
t i n g g a s i n  a quanti ty c lose  to the quantity of the bas ic  gas .  
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