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Unsteady outflow f rom a sonic nozzle  with of f -des ign  fac tor  4 �9 108 at  an ambien t  p r e s s u r e  of 
2 �9 10 -5 mm Hg is studied by means of the absorp t ion  of an e l ec t ron  beam. The motion laws 
of the front  of the outflowing gas and other  c h a r a c t e r i s t i c  reg ions  of the outflow a r e  s tudied.  
A compar i son  to the r e su l t s  of o ther  works c l a r i f i e s  the f ea tu re s  of outflow with high off- 
des ign  fac to r s .  An equation is obtained desc r ib ing  the motion of the front  of outflowing gas 
along the flow axis .  Resu l t s  a r e  p resen ted  in gene ra l i zed  s imi l i tude  p a r a m e t e r s .  

The exis tence  over  a highly extended pe r iod  of t ime  of an unsteady s t r u c t u r e  of an outflowing j e t  was 
f i r s t  expe r imen ta l ly  es tab l i shed  in [1, 2]. Resu l t s  of these  works indicated the inappl icab i l i ty  of ca lcula t ion  
of idea l  theory  for the s tab i l iza t ion  t ime  of s teady flow [3] and led to the n e c e s s i t y  of a more  deta i led  ana ly -  
s i s  of the unsteady s tage  of outflow, which is of defini te  value in many appl ied  and r e s e a r c h  p rob l ems ,  in-  
cluding pulsing gasdynamic  l a s e r s ,  r o c k e t  engines,  and vapor iza t ion  of ma t t e r  f rom the su r face  of a sol id 
exposed to a pulsing l a s e r  beam. 

Severa l  t heo re t i c a l  works within the f r amework  of var ious  models  de sc r ib ing  unsteady flow f rom a 

source  a r e  cu r r en t ly  known. The  asympto t i c s  of the behavior  of s t rong d iscont inu i t ies ,  such as an ex te rna l  
shock "wave, anl in te r face ,  and a secondary  shock wave at  the f inal  s tage of the p r o c e s s  for  an idea l  gas 
were  cons idered  in [4]. The d i f ferent  nature  of the behavior  of a s econda ry  wave as a function of the s t agna-  
tion t e m p e r a t u r e s  of outflowing gas and the gas of the surrounding space  was noted. Unsteady outflow of a 
v iscous  heat -conduct ing gas was cons idered  in [5]. An approx imat ive  equation was found here  for  the mo- 
tion of an outflowing gas front,  and n u m e r i c a l  ca lcu la t ions  were  c a r r i e d  out for  the p a r a m e t e r s  of the flow 
within the f r amework  of the N a v i e r - S t o k e s  equation. 

The purpose  of the cu r ren t  work is to expe r imen ta l l y  study in de ta i l  unsteady je t  flow with e x t r e m a l l y  
thorough expansion.  Probing  by an e lec t ron  beam,  a method highly developed at the p r e s e n t  t ime  for s tudy-  
ing s teady flows of a r a r e f i ed  gas, was used as the method of inves t iga t ion .  

The flow f ield for  unsteady A r  outflow f rom a sonic nozzle  with d i a m e t e r  d .  = 0.25 mm at a r e c e i v e r  
p r e s s u r e  P0 ~ 7 a tm,  and ambient  p r e s s u r e  P~o =2 �9 10 -5 mm Hg, and at  both room stagnat ion t e m p e r a t u r e s  
of the outflowing gas and the gas of the sur rounding  space  was invest igated using t h e a b s o r p t i o n o f  an e l e c -  
t ron beam.  The motion laws for  the grad ien t  flow reg ions  at  d i s tances  up to 600 d .  along the flow axis  and 
up to 350 d ,  in a d i rec t ion  pe rpend icu la r  to the axis  was studied as  a r e s u l t  of the invest iggt ion.  

1.  D e s c r i p t i o n  of  E x p e r i m e n t s  

Exper imen t s  were  c a r r i e d  out in the evacuated chamber  of the FIRE of the Academy  of Sciences  of 
the USSR. The evacuated chamber  has d i a m e t e r  2.3 m, length 4.5 m, and was evacuated down to p r e s s u r e s  
of 10-5-10 -G mm Hg using s ix  diffusion pumps with r a t e  above 10,000 l i t e r s / s e c .  

Outflow of the given gas was c a r r i e d  out through a sonic nozzle  immed ia t e ly  behind a thin d iaphragm 
that  rup tured  as  p r e s s u r e  in the r e c e i v e r  was s lowly inc reased  to 7-8 a tm.  A p r e s s u r e - s e n s i t i v e  de tec to r  
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tha t  g e n e r a t e d  an e l e c t r i c  s i g n a l  a t  the  m o m e n t  the  d i a p h r a g m  r u p t u r e d  and e n s u r e d  t h e r e b y  s y n c h r o n i z a -  
t ion  of t he  r e c o r d i n g  a p p a r a t u s  was  mounted  on the  f l ange  with  the noz z l e .  

An e l e c t r o n  b e a m  was  c r e a t e d  by an e l e c t r o n  b e a m  gun* with  the  fo l lowing  p a r a m e t e r s :  e l e c t r o n  en -  
e r g y  15 keV, b e a m  c u r r e n t  be tween  0.1 mA and 1 mA, b e a m  d i a m e t e r  1 m m ,  b e a m  d i v e r g e n c e  A 6 a t  a l ength  
L = 50 cm,  ~ 6/L ~ 5 �9 10 -3. The  e l e c t r o n - b e a m  gun was  p l a c e d  in a r e f e r e n c e  i n s t r u m e n t  wi th in  the  p r e s -  
s u r e  c h a m b e r ,  p e r m i t t i n g  the  b e a m  to be  a r r a n g e d  a l o n g  and a c r o s s  the f low of the  gas  to  be  i n v e s t i g a t e d .  
The  b e a m  p a s s i n g  t h rough  the flow was c o l l e c t e d  in a mani fo ld  and fed to  the  input  of the  D53A o s c i l l o g r a p h  
tha t  was  t r i g g e r e d  in s y n c h r o n y  wi th  the  s t a r t  of outf low. 

F i g u r e  1 d e p i c t s  a c h a r a c t e r i s t i c  o s c i l l o g r a m  fo r  the  a b s o r p t i o n  of an  e l e c t r o n  b e a m  obta ined  in the  
e x p e r i m e n t  a t  the  po in t  X = x / r ,  = 320 and Y= y / r .  = 0. The  b r o k e n  l ine c o r r e s p o n d s  to  z e r o  b e a m  a b s o r p -  
t ion.  The d e f l e c t i o n  of the b e a m  f r o m  above  is p r o p o r t i o n a l  to the  d e c r e a s e  in the  n u m b e r  of e l e c t r o n s  
c a p t u r e d  in the  man i fo ld .  

The m i n i m a l  d i s t i n c t l y  d i f f e r e n t  magn i tude  of the  r e l a t i v e  a b s o r p t i o n  a m o u n t e d  to  (AI /1)min  ~ 10 -3 in 
our  e x p e r i m e n t s .  Th i s  c o r r e s p o n d e d  to p L ~  3 �9 10 -9 g / c m  2, w h e r e  p is  gas  d e n s i t y ,  and L is the  e l e c t r o n -  
b e a m  length  in the  ga s ,  which  d e t e r m i n e s  f o r  a c h a r a c t e r i s t i c  f low d i m e n s i o n  L ~  10 cm the l ower  l i m i t  of 
d e n s i t i e s  tha t  can  be  r e c o r d e d ,  Pmin  ~ 3" 10 - l~  g / c m  3. 

D i s t i n c t  a b s o r p t i o n  s i g n a l s  w e r e  r e c o r d e d  at  d i s t a n c e s  be tween  80 and 1200 c r i t i c a l  r a d i i  a long  the  
a x i s  and f r o m  80 r .  to  700 r .  a long  both s i d e s  of the  f low a x i s .  

Two c h a r a c t e r i s t i c  g r a d i e n t s  in a b s o r p t i o n  a l t e r n a t i n g  with c o n s t a n t  l e v e l s  can  be  s een  e a s i l y  on the  
o s c i l l o g r a m .  The  t i m e  t o c o r r e s p o n d s  to the  p r o p a g a t i o n  t i m e  of the f i r s t  d i s t u r b a n c e  f r o m  a nozz l e  s e c -  
t ion to  a g iven  point .  The  po in t  ~2 m a r k s  the momer~  of a r r i v a l  of the  s econd  a b s o r p t i o n  g r a d i e n t  and the 
po in t  C, the  e s t a b l i s h m e n t  of a s t e a d y  l eve l .  The  t i m e  fo r  the  p a s s a g e  of a l l  n o n s t e a d y  s t r u c t u r e s  v a r i e s  
f r o m  300 p s e c  to  500 # s e c  as  a func t ion  of d i s t a n c e  f r o m  the  nozz le  s ec t i on .  A s t e a d y  a b s o r p t i o n  l e v e l  
e s t a b l i s h e d  a t  a po in t  did not v a r y  o v e r  t he  e n t i r e  m e a s u r e m e n t  t i m e  (up to 5 m s e c ) .  

�9 The  e l e c t r o n - b e a m  gun was  d e s i g n e d  and p r o d u c e d  to  our  s p e c i f i c a t i o n s  a t  the  V. I. Lenin  A l l - U n i o n  
E l e c t r o t e c h n i c a l  Ins t i tu t e .  
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2.  R e s u l t s  o f  E x p e r i m e n t s .  

A shock wave propagated with finite p ressu re  before the outflowing gas front at the initial stage of 
outflow into space. Since the initial density in the external  gas amounted to poo = 3" 10 -11 g / c m  ~ under the 
conditions of our experiment,  this outer shock wave, leading to no more  than a fourfold r i se  in density in , 
Ar, could not produce a density increase  above the sensitivity threshold.  Therefore ,  all the reg is te red  
absorption signals corresponded to an increase in density in outflowing gas. The moment ~1 on the 
oscillation (cf. Fig. 1) is identified with the ar r ival  of the outflowing gas front at a given point in 
space.  

Figure 2 depicts experimental  resul ts  of a t ime dependence for the propagation of an outflowing gas 
front along the flow axis. The dimensionless coordinates T = t u . / r .  and X = x / r . ,  where r .  and u ,  a re  the 
cr i t ical  radius and speed of sound, a re  laid out along the axes. 

Empir ica l  approximations of the motion equations for an outflowing gas front were determined by the 
method of least squares ,  taking into account the dependence of the dispers ion of t ime T on coordinate X. 
Dispersion varied with increasing X in proport ion to X 2. This fact is due to an increase  in the sca t ter  of 
the experimental  points, result ing f rom a drop in sensitivity of the method as density decreased with dis-  
tance f rom the nozzle section, and also i r regular i ty  in the flow, which a re  highly distinct, for example in 
the Schlieren photographs given in [1, 2]. 

We obtained for the form of the motion equation with a rb i t r a ry  exponent used in [2], the equation 

T=6,6+0.i8X1, 06, (2.1) 

which corresponds  to curve 1 in Fig. 2. 

For  a weighted reg ress ion  in the form of a quadratic tr inomial ,  we found (curve 2, Fig. 2) 

T = 6,6 +0.25X +6.6.10-5X 2. (2.2) 

The free t e rm in Eqs. (2.1) and (2.2) is apparently due to outflow lag and will subsequently be omitted. 

Statistical analysis of the data allow us to conclude that the approximation of Eq. (2.2) is legitimate 
with 99% reliabil i ty and that the quadratic t e rm will be significant for degree of significance ~ = 0.3 (i.e., 
the coefficient of the quadratic t e rm is nonzero with 70% confidence probability). A confidence interval was 
also determined for  the curve of the r eg ress ion  in Eq. (2.2). For  example, values of a r r i va l  t ime T for the 
front of the gas with corresponding 70% confidence intervals were obtained at the points X 1 = 320 and X 2 = 
560: 

T(X0 =83_+ t6; T(X~)=t55+56. 

The nature of the variat ion in the speed of the outflowing gas front was determined on the basis of the 
motion equation �9 (2.2). It varied f rom 1100 m / s e c  to 800 m / s e c  along the axis at distances X f rom 80 r ,  to 
1200 r , .  

An analysis  of the data obtained at per iphera l  points permitted the general  pat tern of the spatial propa-  
gation of the front to be determined. Curves for the position of the outflowing gas front in coordinates X 
and Y at distinct moments of t ime T ca r r i ed  out by averaging the experimental  data are  depicted in Fig. 3a. 
It can be seen that the spherical  symmet ry  of the flow (about the center  of the nozzle) is violated.quite early,  
at t imes on the order  of 30 charac ter i s t ic  values and distances on the order  of 200 r. .  Axial symmet ry  of 
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the flow subsequently becomes highly influent{al and the leading edge flattens out. We should note, how- 
ever ,  that the curves  in Fig. 3 cha rac te r i ze  propagation of gas with density at least  that of the limit of sen-  
sitivity, which does not exclude the possibil i ty for  gas of lower density to enter per iphera l  regions.  

Propagation of the second absorption gradient  and the moment at which the steady level is attained 
is of a less regular  nature. Therefore  analytic t rea tment  of the motion of these flow regions was not c a r -  
ried out and only the qualitative nture of their  propagation was considered. 

The spatial propagation of the second absorpt ion gradient is depicted in Fig. 3b. It is evident that 
spher ical  s y m m e t r y  is violated in this case beginning with the ve ry  initial outflowing stages.  The curves 
of Fig. 3, in addition, cannot be considered as equal density curves since they correspond to equal interval 
absorption levels, i.e., they cha rac te r i ze  the interval  density along the path of the beam. 

Figure 4 depicts the experimental  dependence for the propagation of the t ransient  time of steady ab-  
sorption on t ime along the axis (curve 2). Values averaged over data f rom 6-8 tes ts  a re  indicated by s ta rs .  
Curve 1 in Fig. 4 depicts the motion of the front of outflowing gas. 

3. A n a l y s i s  o f  R e s u l t s  

It is neces sa ry  to use general ized pa rame te r s ,  taking into account not only the scale  size of the noz- 
zle, but a lso charac ter iz ing  gas expansion in the flow in order  to general ize  the resul ts  obtained and to com-  
pare  them with data for other conditions and resul ts  of calculations.  Such pa ramete r s  suitable for desc r ib -  
ing the initial flow stage f rom a source  were proposed in [5]. 

Figure 5 depicts the motion of the front of outflowing gas in pa rame te r s  ~ and T: 

[ = x/r,  l/p~/p,; 
~=t / t ,  I/p~/p,, 

where t ,  =r./umax; Umax = 2i(7--i)aT; p, is c r i t i ca l  density. 
(2.2), 

Curves 1 and 2 correspond to Eqs. (2.1) and 

�9 =0.84[ TM, (3.1) 

T=0.6[+2.7[". (3.2) 

The maximal  value of ~ in these experiments  is indicated by the broken horizontal  line. Curve 2 represen t s  
the motion of the front of outflowing gas in experiments* from [2] 

~=[1.9~. (3.3) 

The difference in the ranges  of variat ion in the pa ramete r s  } and 7 i l lustrate  the difference in the 
physical  condition of expansion in our experiments and those of [2]. 

The dot-dashed line 4 is the calculated motion equation for the front obtained on the basis of [5], 

�9 = [ § 2. 

The asymptot ics  of this motion equation, considered in [5], indicate that the quadratic t e rm becomes sub- 
stantial  with noticeable counterpress twe of the surrounding gas. Motion of the front is approximately de-  
scr ibed by a l inear law at ear l ie r  expansion stages or for outflow into a vacuum. This is well confirmed 
by the experimental  data. Thus a comparison of Eqs. (3.3) and (3.1) indicates roughly quadratic law (~- 

i.92) when ~ ~ 1 and its approximation to linear form (T'-, {'~ when ~ < 10 -1. 

It is also evident for a motion equation in the form of a quadratic binomial (3.2) that the linear t e rm 
noticeably exceeds the quadratic t e rm over tile entire range of our  experimental  data. Extrapolation of this 
motion equation for  the front to l a rger  pa ramete r s  indicates that the effective exponent in Eqs. (3.2) and 
(3.3) coincide when ~ > 1, which indicates the definite value of eounte rpressure  at this flow stage. 

The unders ta tement  in the experimental  value of the rate  when ~ > 1 in comparison with calculations 
for a source  may be due to flow energy losses f rom eddy motion, which is highly noticeable in all the 
Schlieren photographs f rom [2 ]. Eddymotion in our  experiments may be the eause of the large sca t te r  in the 
nature of motion and in the amplitude of the second absorption gradient.  

�9 A r  outflow f rom a sonic nozzle 4 mm in diameter  at P 0 - 1  atm, p~=13  mm Hg, and T0=2000~ was con- 
sidered. 
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If we genera l i ze  the r e su l t s  on the motion of an outflowing gas front  and take into account  the t e m p e r -  
a ture  fac tor  Tee/T. ,  the exper imen ta l  values  f rom [2] turn out to ag ree  well  with the dependence obtained 
by extrapolat ion of the resu l t s  of our work (curve 3a and the broken curve  2a of Fig. 5). 

A secondary  shock wave is one m o r e  region where  densi ty sharp ly  v a r i e s  and c h a r a c t e r i z e s  the s t r u c -  
ture  of unsteady outflow. A secondary  shock wave was fo rmed and observed  d i rec t ly  f r o m  the nozzle s e c -  
tion in [1, 2] when forming jets  in space  with compara t ive ly  high coun te rp re s su re .  In this work a secondary  
shock wave was not r eco rded  over  the ent i re  per iod of observa t ion  for low Poo. 
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