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The influence of the re f lec t ion  of r ad ian t  ene rgy  f r o m  the su r face  on the flow and hea t -exchange  c h a r a c -  
tex is t ics  has not been cons idered  in r epo r t s  on the invest igat ion of r a d i a t i v e - c o n v e c t i v e  heat  exchange during 
hyperson ic  ftow over  blunt bodies and of flows of a rad ia t ing  gas beyond a c o m p r e s s i o n  shock [1-5]. It is 
in te res t ing  to make  calculat ions of r a d i a t i v e - c o n v e c t i v e  hea t  exchange with a l lowance for the ref lec t ion of 
rad ia t ion  f r o m  the s u r f ace  of the body in order  to de t e rmine  the influence of this effect  on the values  of the 
r ad i an t  and convect ive  fluxes to the wall.  Since a physical  effect  is being es t imated ,  as an example  it is 
des i rab le  to be confined to the cons idera t ion  of the conditions in the vic ini ty  of the s tagnat ion point of an ax i -  
s y m m e t r i c  blunt body over  which a hypersonic  a i r  s t r e a m  flows. In this case  one can expect  that the a b s o r p -  
tion of rad ia t ion  re f l ec ted  f r o m  the wall will lead to the red i s t r ibu t ion  both of the t e m p e r a t u r e  field in the 
boundary  layer  and of the balance  of r ad i a t i ve  losses  of the emit t ing l aye r .  

We use  a s y s t e m  of equations desc r ib ing  the flow of a v iscous ,  heat-conduct ing,  equ i l ib r ium-reac t ing ,  
r ad ia t ing  gas in the v ic in i ty  of the axis of s y m m e t r y  of the s t r e a m .  This s y s t e m  of equations is obtained as an 
a sympto t i c  approx imat ion  of the genera l  N a v i e r - S t o k e s  equations for high Mach and Reynolds numbers  [6]. In 
the coord ina te  s y s t e m  shown in Fig.  1 it  has the following f o r m :  
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u and v a r e  the ve loc i ty  components  ; p is the gas densi ty;  p is the p r e s s u r e ;  H is the enthalpy per  unit mass  ; 
qr is the r ad ia t ive  flux; p is the v i scos i ty ;  X is the t he rma l  conductivity;  Hj is the specif ic  enthalpy of a c h e m i -  
cal  component ;  Jj  is the diffusional mass  flux of a component ;  cj i~ the m a s s  concentra t ion  of a component;  Jk  
is the diffusional mass  flux of a chemica l  e lement ;  c~ is the mass  concent ra t ion  of a chemica l  e lement ;  Tkj is 
the m a s s  content  of chemica l  e l emen t  k in component  j. The conditions in the undisturbed s t r e a m ,  d i rec t ly  
behind the c o m p r e s s i o n  shock, and a t  the wall  will be denoted by the subsc r ip t s  co, s t and w, r e spec t ive ly .  

The poss ib i l i ty  of using the condition of cons tancy  of the p r e s s u r e  a c r o s s  the c o m p r e s s e d  l ayer  (3) was 
conf i rmed by calcula t ions  [4]. The s y s t e m  of equations (1)-(5) is closed by the condition 
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Fig.  i 

for the longitudinal p r e s s u r e  grad ien t  [4]. The genera l ized  Rankine--Hugoniot  equations a r e  used as the 
boundary conditions [6] : 
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The influence of advance  rad ia t ion  was ignored.  The conditions 
v ~ = 0 ,  u ~ = 0 ,  r = r ~ ,  J ~ = 0  (7) 

we re  ass igned a t  the wall.  The diffusional fluxes and the coeff icients  of v i scos i ty  and the rma l  conduc t iv i tywere  
de te rmined  by the method of [7]. Effects  of mul t icomponent  diffusion and the p r e s e n c e  of ionization in the gas 
m ix tu r e  we re  allowed for .  In ca lcula t ing the compos i t ion  i t  was a s sumed  that  local  the rmodynamic  equi l ibr ium 
occurs  in the c o m p r e s s e d  l aye r .  

The approx imat ion  of an infinite plane l ayer  [1-4] was used to de t e rmine  the rad ian t  heat  f luxes.  The 
express ions  for  qr can be obtained f r o m  the r a d i a t i o n - i r a u s f e r  equation, 
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where  v is the f requency  or wave number ;  By is the Planck function; r =  yk~(y')cly' is the optical depth; kv is 
0 

the coeff ic ient  of absorp t ion ;  Aqv w is the contr ibut ion of rad ia t ion  f r o m  the wall;  En(r  ) is the symbol  for an 
in tegroexponent ia l  function of o rder  n. 

The r e f l ec t iv i ty  and emi s s iv i t y  of the wall  were  a s sumed  to be i so t ropic .  In the cases  of diffusely and 
specu la r ly  re f lec t ing  su r f aces  we have 
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r e spec t i ve ly ,  where  r v is the coeff ic ient  of re f lec t ion .  

The contr ibut ions  of both the continuous emi s s ion  s p e c t r u m  and the spec t r a l  l ines of a toms and ions were  
allowed for in the ca lcula t ions .  The en t i re  s ignif icant  r ange  of wave numbers  (103-2 �9 105 c m  -I) was divided into 
a s e r i e s  of regionsp in each of which the coeff ic ient  of absorp t ion  of the continuous s p e c t r u m  was a s sumed  to 
be  constant .  The rad ia t ion  t r a n s f e r  in s p e c t r a l  l ines was de te rmined  using the C u r t i s - H o d g s o n  method [8]. 
The p rocedu re  of [9] was used to allow for  the mul t ip le t  s t ruc tu re .  The f i r s t  t e r m s  of spec t r a l  s e r i e s ,  including 
the s t r o n g e s t  l ines ,  were  allowed for  individually. Higher t e r m s  of s e r i e s  were  allowed for using Goody's  s t a -  
t i s t ica l  model  [8, 10]. 

The use  of the equations of the Cur t i s - -Hodgson  method and Goody's  s t a t i s t i ca l  model  with al lowance for 
the superpos i t ion  of the continuous and line s p e c t r a  was provided for through the use  of the exponential  approx i -  
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mation for the integroexponential  functions appearing in (8)-(10). 
the following: 

by definition 

which is identical to 

The essence  of this procedure  consists  in 
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and this integral  can be found approximately  using a Gaussian quadrature  [11], which gives 

x h - : 7 1  n- -~  - x k + l  
E,  (~) z w h e , 

k = l  

where w k and x k a re  the weights and ordinates of the Gaussian quadrature ,  the values of which a r e  available in 
[11] for different m. Numerical  calculations show that one can be confined to m = 3 with sufficient accu racy  
for pract ica l  purposes (an e r r o r  of less than 1% for one-sided radiant  fluxes in the compressed  layer).  

In construct ing a model of the optical proper t ies  of air  we used data on the absorpt ion c ross  sections and 
the pa ramete r s  of spect ra l  lines taken f rom [12]. The spec t rum was divided into 32 intervals with constant  co-  
efficients of continuous absorption.  Individual allowance was made for 109 spect ra l  multiplets of nitrogen and 
oxygen atoms and ions. In addition, the model included six sys tems of higher terms of spect ra l  ser ies  adja-  
cent to the photoionization thresholds of the ground-level  electron configurations of the a toms.  A compar ison  
of the resul ts  of calculations of the emissivi t ies  of i so thermal  volumes of a ir  with the data of [12] showed that 
in all the significant intervals the difference does not exceed 10-15%. A numerical  method of solving the sys -  
tem of equations (1)-(5) with the boundary conditions (6) and (7) is descr ibed in [13]. 

Since we a r e  talking about an est imate  of the maximum possible effect of the influence of the ref lect ion 
of rad iant  energy f rom the wall on r a d i a t i v e - c o n v e c t i v e  heat  exchange, we can be confined to the case  of a co-  
efficient of ref lec t ion r v not dependent on the wave number.  Here we must  consider  that significant absorpt ion 
of the ref lected radiat ion takes place in the short -wavelength par t  of the spect rum,  i.e., in the vacuum ul t ra-  
violet  region (v > 60,000 cm-1). Short-wavelength radiat ion ref lected f rom the wall, being absorbed in the r e l a -  
tively cool boundary region of the compressed  layer ,  should cause an increase  in the tempera ture  gradient  and 
hence in the convective heat flux to the wall. The effect of radiat ive cooling should be reduced as a r e su l t  of 
the absorpt ion of ref lected radiat ion in the h igh- tempera tu re  reg ion  of the compressed  layer ,  which leads to an 
increase  in the radiant  flux in the entire spec t ra l  range.  One more  effect is connected with the above-noted 
inc rease  in the t empera tu re  gradient  in the boundary region, which is equivalent to a dec rease  in its thickness 
and hence to a dec rease  in the ability to shield the wall f rom radia t ion in the vacuum ultraviolet  region.  

These arguments  a r e  supported by the resu l t s  of the numerica l  calculat ions,  which were ca r r i ed  out for 
the following conditions : veloci ty  of oncoming s t r e a m  1.4 �9 104 m / s e c - v ~  - 1.8 " 10 ~ m/sec ;  stagnation p r e s -  
sure  0.3 a t m < p s  <30 a tm;  blunting radius 0.3 m < R  <3 m. In all  cases  below where it is not specif ical ly stated, 
the sur face  t empera tu re  was taken as 2500~ while the ref lect ion was assumed to be diffuse. 

F i r s t  of all, it  was discovered that the r i s e  in the convective and the one-sided radiant  fluxes qC and qr~ 
to the wall is roughly propor t ional  to the value of the coefficient  of ref lec t ion r ,  in connection with which it 
proved expedient to cha rac t e r i ze  these effects by the quantities 

r- r- (Ii) 
aT: ~ q w l - - q w o .  

- -  7 
qr o 

C C 
a C ~ q w l  - -  qwo  

c ' (12) 
q w o  

where  the subscr ipts  1 and 0 denote quantities obtained with r = 1 and r = 0, respect ive ly .  

Since calculations of a radiat ion field with allowance for spec t ra l  lines require  large expenditures of 
computer  t ime, only the continuous spec t rum was allowed for in a considerable  share  of the var iants .  The c o r -  
responding resul ts  a re  presented in Table 1. It is seen that the effect of the influence of ref lect ion on the values 
of the radiant  and convective fluxes to the wall, expressed by the quantities a r and a c of (11) and (12), grows 
with an inc rease  in velocity,  stagnation p r e s s u r e ,  and blunting radius .  Here the influence of the veloci ty is due 
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TABLE 1 

roe. iO--~s p 
m/see a ~  

0,3 

1,8 
1,0 

3,0 

0,3 
1,0 

t,6 3,0 

t0,0 

1,4 

R, q~O - ' iO-T' q~o "10-7 tt r a, C 
m W/m 2 W/m 2 ' 

0,3 0,58 2,03 0,000 0,059 
t,0 1,13 t ,3i 0,035 0,t76 
3,0 1,72 0,90 0,064 0,288 

0,3 3,22 4,36 0,03i 0,158 
t ,0 5,02 2,80 0,066 0,286 
3,0 7,28 1,53 0,068 0,386 

0,3 12,5 8,64 0,056 0,239 
i,O t8,8 4,49 0,074 0,385 

0,87 1,06 0,032 035t 
i t,0 3,93 2,t6 0,056 0,240 

t5,5 3,46 0,058 0,3i3 

0,3 39,9 i1,3 0,060 0,293 
t,0 65,2 5,38 0,076 0,424 

0,3 0,56 0,82 0,025 0,tt7 
t,0 2,66 t,59 0,037 0,t81 
3,0 t ,0 tt ,0 2,58 0,045 0,228 

t0,0 49,1 4,29 0,063 0,300 

30,0 0,3 10i,0 t3,8 0,049 0,283 

to an  i n c r e a s e  in the t e m p e r a t u r e  in the c o m p r e s s e d  l a y e r  and hence  an i n c r e a s e  in the r a d i a n t  f lux in the 
v a c u u m  u l t r av io l e t  r e g i o n  a r r i v i n g  a t  the wall ,  while  the inf luence of the r ad ius  and the p r e s s u r e  is due to an  
i n c r e a s e  in the a b s o r p t i o n  of r e f l e c t ed  r ad ia t ion .  

The ca l cu la t ions  with a l lowance  for  r a d i a t i o n  t r a n s f e r  in s p e c t r a l  l ines w e r e  m a d e  in the r a n g e  of s t a g -  
na t ion  p r e s s u r e s  of 0 .3-3  a tm.  The r e s u l t s  of these  ca lcu la t ions  axe  p r e s e n t e d  in Table  2. The va lues  of the 
r a d i a n t  f luxes  to the wall  p rove  to be h igher  in this c a s e ,  whi le  the va lues  of the convec t ive  f luxes a r e  lower  
than the va lues  obtained with a l lowance  fo r  the cont inuous s p e c t r u m  only. The l a t t e r  f ac t  is explained by the 
in tens i f i ca t ion  of r a d i a t i v e  coo l ing  of the c o m p r e s s e d  l a y e r ,  which leads to a d e c r e a s e  in its t e m p e r a t u r e .  The 
va lues  of the quant i t ies  a r and a c p r o v e  to be  l a r g e r ,  which is due to s t r o n g  s e l f - a b s o r p t i o n  in the l ine s p e c -  
/ r u m .  In this c a s e ,  h o w e v e r ,  the qua l i ta t ive  c h a r a c t e r  of the dependence  of these  quant i t ies  on the ve loc i ty ,  
s t agna t ion  p r e s s u r e ,  and blunt ing r ad ius  r e m a i n s  as  be fo re .  Data  on the s p e c t r a l  d i s t r ibu t ion  of the r a d i a t i v e  
hea t  flux to the  s u r f a c e  a r e  p r e sen t ed  in F igs .  2 and 3. In Fig.  2 we give the dependences  on v for  the r e l a t i v e  
va lue  of the m o n o c h r o m a t i c  r a d i a t i v e  flux, while  in F ig .  3 we give the va lues  of the quant i ty  

J qrv~d'v 
b.~ o 

q~r- 

conven ien t  fo r  d e t e r m i n i n g  the con t r ibu t ions  of s e p a r a t e  r eg ions  of the s p e c t r u m .  Line 1 c o r r e s p o n d s  to the 
case  of voo = 18 km/sec ,  R = 1 m ,  and Ps = 1 arm with allowance for spect ra l  lines ; line 2 corresponds  to the 

TABLE 2 

qr- . i0--7  qC .10--7 r aC 
Vo~ '10-~  P~ R, wo 2 ' 

0,3 t,0 1,63 t,20 0,055 0,208 
3,0 2,25 0,76 0.080 0,330 
i,O 2,37 0,082 0,339 

t,8 1,0 3,0 t,22 0,i03 0,476 

3,0 0,3 7,41 0,097 0,30t 
t,0 3,66 0,t13 0,498 

0,3 0,974 0,054 0,t95 
t,6 1,0 t,85 0,083 0,303 

3,0 2,92 0,103 0,424 

1.,4 
0,3 
LO 
3,0 

6,71 
8,93 

t6,5 
23,t 

i,29 
l,O 5fi2 

19,3 

0,87t 
l,O 3,80 

i4,1 

0,767 
i,42 
2,29 

0,050 
0,072 
0~085 

0,i45 
0,232 
0,332 
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s a m e  condit ions with a l lowance for the continuous s p e c t r u m  only; l ine 3 c o r r e s p o n d s  to v~ = 14 km/sec ,  R = 
0.3 m,  and Ps = 30 a tm and a l lowance  for  the continuous s p e c t r u m  only. Curves  2 and 3 in Fig .  2 and a l l  the 
cu rves  in Fig .  3 a r e  smoothed.  The p o w e r - l a w  c h a r a c t e r  of the dependence 1 in Fig .  2 is due to the absence  of 
s p e c t r a l  r e so lu t i on  in the s e p a r a t e  s p e c t r a l  i n t e r va l s .  

The following dependence  for  the wi thdrawal  d i s t ance  6 of the c o m p r e s s i o n  shock was found in [3] on the 
bas i s  of numer i ca l  ca l cu la t ions :  

[ ~ : r q r \  1 (as -- w) (13) 6 - -6  0 t - -~ -  , 

where  50 is the wi thdrawal  d i s t ance  of the shock in the absence  of r ad i a t i ve  cooling of the c o m p r e s s e d  l aye r .  It 
turned out that  the dependence  (13) is a l so  val id  in the ca se  of the a l lowance  for  r e f l e c t i on  f rom the wall .  In 
this  c a se  the quanti t ies  qrs and qr w depend on r in such a way that  for  the condit ions under cons ide ra t ion  the va lue  
of 5 for a ful ly r e f l e c t i ng  wall  does not exceed its value  for  the c a s e  of an abso lu te ly  b lack  wall  by m o r e  than 
2-3%. 

The c h a r a c t e r  of the influence of r e f l e c t i on  on the enthalpy d i s t r i bu t ion  in a c o m p r e s s e d  l a y e r  is shown 
in Fig .  4, where  we p r e s e n t  data obtained with v~ = 18 km/sec  and R = 1 m. The solid curves  pe r t a i n  to the 
c a s e  of r = 0 and the dashed curves  to r = 1. Curves  1 and 2 c o r r e s p o n d  to Ps = 1 arm and curve  3 t o Ps = 3 
a tm.  Only the continuous s p e c t r u m  was cons ide red  in the ca lcu la t ion  on the bas i s  of which curve  1 was con-  
s t ruc t ed ,  while the r e s u l t s  of ca lcu la t ions  with a l lowance for s p e c t r a l  l ines were  used for 2 and 3. It is seen  
that  the influence of r e f l e c t i on  on the p ro f i l e  of the enthalpy d i s t r ibu t ion  extends only to the boundary  reg ion .  

E s t i m a t e s  of the influence of the su r f ace  t e m p e r a t u r e  on the effect  of an i n c r e a s e  in hea t  fluxes a r e  
in t e res t ing .  The r e s u l t s  of ca lcu la t ions  for two modes with values  of T w d i f fe ren t  f rom 2500~ a r e  p re sen ted  
in Table 3. These da ta  al low one to a s s u m e  that  a r and a c depend weakly  on the s u r f a c e  t e m p e r a t u r e .  We a l so  
ca lcu la t ed  the r a d i a t i v e - c o n v e c t i v e  hea t  exchange for a s p e c u l a r l y  r e f l ec t ing  su r f ace .  The va lues  of a r and a c 
in this c a s e  differ  by no more  than a few p e r c e n t  f r o m  those obtained under  the a s sumpt ion  of r e f l ec t ion  of a 
di f fuse  nature .  

:,0 

0 ~ 5  - 

I 

_Y( . . . . . . . .  
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TABLE 3 

v~176 lO--~ PSi 
a~/sec arm 

R, TW, oK 

m 

? 

i'~.~ ~ 

? 

64,8 
65, 6 

5,68 
4,89 

a c 

0,077 
0,076 

1,8 t,0 1,0 1500 4,98 2,88 0,060 0,270 
3500 5,i5 2,66 0,066 0,305 

1,6 t.0,0 i,0 1500 
3500 

0,420 
0,448 

f,O I ~'-H f 
, 

i ,h'-- H i i 
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The influence of the thermal  se l f - emiss ion  of the sur face  was estimated with the help of a ser ies  of con-  
t rol  calculations in which the t e r m  Aqvw in Eq. (8) was taken as equal to zero .  A compar i son  of the c o r r e -  
sponding resu l t s  with data obtained for r = 0 showed that even at  T w = 3500~ the influence of the se l f -emiss ion  
of the wall on the quantities q r -  and qC did not exceed the calculat ion e r r o r  itself. This is explained by the 
weak absorpt ion by the gas of the wall thermal  emiss ion lying in the visible and infrared regions of the spec-  
t rum at  low stagnation p r e s su re s  and by the smal lness  of the ra t io  ~ 3 2~T~o/p~v~ charac te r iz ing  the r a d i a t i v e -  
convective interact ion at high stagnation p r e s s u r e s ,  when absorpt ion is important.  

In analyzing the data presented in Tables 1 and 2, one can note that at  fixed values of v~o and close values 
of the product  of the stagnation p r e s s u r e  and the blunting radius (ps R) one obtains c lose values of the coeffi-  
cient  a c. The data of Tables 1 and 2 on the coefficients a c a r e  plotted in Fig. 5 on a logari thmic scale in the 
fo rm of the dependence on the product  (PsR). The designations 1-3 correspond to calculations with allowance 
for  spec t ra l  l ines;  4-6 correspond to calculations without allowance for spect ra l  lines; 1,4)  v~ = 18 km/sec;  
2, 5) %0 = 16 km/sec;  3, 6) v,o = 14 km/sec.  An approximation of the calculated points by a dependence of the 
type 

a c ~ ti'l lo (p~R) + I~2, 

where K 1 and K 2 a r e  constants ,  gave a maximum deviation not exceeding 9%. The corresponding s t ra ight  lines 
a r e  a lso  presented in the graph. Thus, in the range  of values of 0.3 a tm" m <- (ps R) - 10 a tm" m this quantity 
can se rve  as a pa rame te r  of approximate  s imi la r i ty  in an analysis  of the effect of intensification of the con-  
vect ive heat  flux to a sur face  over which a hypersonic  a i r  s t r e a m  flows as a r e su l t  of the ref lect ion of r ad i -  
ation. 

In conclusion, we note that in the range of conditions under considerat ion the convective heat flux to a 
fully ref lec t ing  wall can exceed the flux to an absolutely black one by about 50%. The influence of the r e f l ec -  
tion of radiat ion on the amount  of radiat ive flux to the wall is a lso  important ,  especial ly a t  increased p r e s su re s .  
Judging f rom data on the coefficients of ref lect ion of actual  surfaces  [14, 15], one can expect that allowance for 
these effects can lead to an inc rease  of 10-20% in the calculated values of the heat  flux into the body. 
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E X P E R I M E N T A L  I N V E S T I G A T I O N  OF L O W - D E N S I T Y  P U L S E D  

S U P E R S O N I C  J E T S  

V.  A .  K o c h n e v  a n d  I .  M.  N a b o k o  UDC 534.222.2 

1. The p r e s e n t  r e p o r t  is a continuation of [1, 2], in which we presen ted  the r e su l t s  of an exper imenta l  
invest igat ion,  by the method of e l e c t r o n - b e a m  probing,  of pulsed jets  of Ar  and N 2 formed by d i scharge  f r o m  a 
sonic nozzle  with a d i ame te r  d ,  = 0.25 m m  a t  an initial  p r e s s u r e  P0 = 7-8 a tm ,  an ambien t  p r e s s u r e  p~ = 
(1.5-2) �9 10 -5 m m  Hg, and t e m p e r a t u r e s  T O = T~o = 300~ 

A desc r ip t ion  of the exper imen ta l  complex  and the p rocedure  is given in [1]. In the p r e sen t  work  we 
expe r imen ta l ly  invest igated pulsed Ar  and N 2 je ts  d ischarg ing  through a conical  supersonic  nozzle  into a space  
with a c o u n t e r p r e s s u r e  p~ = 2 �9 10 -5 m m  Hg. The gas p r e s s u r e  P0 in the r e s e r v o i r  was 2 a rm and the expan-  
s ion r a t i o  was N = P0/P~ = 108. The rad i i  of the c r i t i ca l  and exit  c r o s s  sect ions  of the nozzle  were  r ,  = 0.835 
and r a = 4 ram,  r e s pec t i ve l y ,  and the expansion angle  was w = 43 ~ The calculated Mach numbers  we re  M a = 
4.9 for N 2 and 6.9 for A t .  An e lec t romagne t ic  va lve  employed a t  the FIRE, Academy of Sciences of the USSR, 
was mounted at  the nozzle  ent rance .  The va lve  was opened by a po ' / e r fu l  c u r r e n t  pulse supplied to the solenoid 
of the valve .  Then the plunger located inside the solenoid and cover ing  the nozzle en t rance  was shifted and the 
gas entered the nozzle .  

The s ignals  of e l e c t r o n - b e a m  absorp t ion  were  r eco rded  a t  d is tances  X = x , &  a = 50-320 along the axis and 
up to Y = y / r  a = 150 f r o m  the axis of the s t r e a m  in both d i rec t ions .  

Four  s tages  of the p roces s  a r e  r e co rded  on osc i l lograms  of b e a m - c u r r e n t  absorp t ion :  the appea rance  
and s teep r i s e  of the absorp t ion  signal ,  a reg ion  of sha rp  va r i a t ion  of the der iva t ive  of va r i a t ion  of the signal  
with a subsequent  slow r i s e  in the p roce s s  of deve lopment  of the flow, a r e l a t i ve ly  constant  level  of absorpt ion ,  
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