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The resul ts  of calculations of equi l ibr ium,  frozen,  and relaxing flows of par t ia l ly  ionized argon through a 
hypersonic nozzle are presented.  Calculated values of the flow Mach number  and the e lec t ron density and t empera tu re  
are compared with the exper imental  values obtained by the gas-dynamic  and probe methods in a shock tunnel. An 
analysis  of the data leads to the following conclusions : 

1) The theoret ical  value of the recombinat ion rate in three--body col l is ions is in accordance with the exper imental  
resul ts .  

2) There is a clearly expressed ionization "freezing" effect. 
3) As a rule ,  the exper imental  values of the e lec t ron t empera tu re  considerably exceed the calculated values. 

There have been several  theoret ical  studies of p lasma flows in expanding nozzles,  notably that of Talbot,  Chou, 
and Robben [1], in which the expansion of par t ia l ly  ionized hydrogen and argon through a supersonic  nozzle was 
calculated on the bas is  of the recombinat ion  model proposed by Bates et al. [2]. Unfortunately,  this calculat ion was 
made for very smal l  densi t ies  and only two values of the degree of ionization and, accordingly,  does not provide 
exhaustive information. However, it showed that in the presence  of la rge  degrees  of ionization of the gas at the nozzle 
inlet the laws of e lec t ron- ion  recombinat ion  have an important  influence on the flow charac te r i s t ics .  

1. Calculation of ionized gas flow through a hypersonic nozzle. We assume that the flow is quas i -one-d imens iona l .  
Disregarding fr ic t ion,  we can descr ibe  the flow of a par t ia l ly  ionized gas through a nozzle by means of the following 
system of equations [1] : 
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Here, p, p, T, and i are  densi ty,  p r e s su re ,  t empera ture ,  and enthalpy, respect ively;  u is the flow velocity; A 
the nozzle cross  section; R the radiat ion power losses  per  unit volume; ~ the degree of ionization; m a and m e are  the 
atom and electron masses ;  e is the e lec t ron charge; T e the e lectron tempera ture ;  5 and p are the ionization and 
recombinat ion rate constants;  k is Bol tzmann 's  constant; I the ionization potential;  N e and N a are the numbers  of 
electrons and atoms per unit volume; B is the in te rmolecu la r  force constant. 

In the equation for the e lec t ron t empera tu re  the t e r ms  on the r ight-hand side, respect ively ,  charac ter ize  the 
changes in e lec t ron t empera tu re  caused by the change in density during expansion, kinetic p rocesses ,  and the energy 
losses  due to radiat ion and coll is ion p rocesses  involving ions and atoms ( terms in brackets) .  

Let us now examine the problem of f rozen,  equi l ibr ium,  and relaxing adiabatic flows through hypersonic nozzles.  

2. F rozen  flow. We make the following assumptions : 1) the degree of ionization is constant and equal to the value 
at the nozzle inlet,  (~ = n 0 = const; 2) the e lectron t empera tu re  is equal to the t empera tu re  of the heavy par t ic les ;  3) 
there  is no diss ipat ion of energy,  including radiat ive,  i .e. ,  R = 0. 
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Then, introducing the following charac te r i s t i c  quanti t ies : 

r +i (-L.~I '/. [ = ! Y = T , ~ ,  ~ -  +=  ) I=A.  ma ' \ ma ] ' m ' 

we reduce the system of equations to d imens ionless  fo rm:  

p u A  = p,u . ,  p u d u  ~ - - d p  

i +1/2u~ = i0, p : p T ( t  +a0) ,  i =  5/2 T ( t  +a0)  + a o  (2.1) 

Here, the subscr ip ts  0 and * denote values of the pa rame te r s  at the nozzle inlet and in the throat  section, 
respectively.  To solve this sys tem it is neces sa ry  to de te rmine  the mass  flow rate p ,u ,  in the throat  section. 

F rom (2.1) we obtain 

d Ir ol A , - a .  V ~ )  (2.2) 

After differentiat ion with respect  to the length 77 of the nozzle this gives 

[2 ( i0 -  0/]-" V -xn-n = ~ ' V ~  dn" 

In the throat  section the express ion  in braces  should be equal to zero,  s ince dA/dq = 0, and di/d TI ~ 0 (supersonic 
flow regime beyond throat). Hence we obtain the values of the pa rame te r s  in the throat sect ion:  

i ,  = 1/4 (3io + ao), T ,  = 3/4To, u,  = ]/'~/sT, (1 + ao) (2.3) 

Now, integrat ing sys tem (2.1), we find 

p = p o ( r / r o )  "/', u = }/5(1 q- a0)(T0 -- T) 

Substituting p and u in the f i r s t  of Eqs. (2.1), we have 

P0 ~ 5 (t + a0)(To T)--- p,u. (2.4) A 

Determining p ,u ,  = 0.726 P0 ~ )  and subst i tut ing in (2.4), we obtain the t empera ture  as a function of the 
c ross - sec t iona l  a rea  of the nozzle,  cross-sectional area of the nozzle, 

T '/+/~/t ._ T ~'/, 0.324 (2.5) 
T0] \ ~0]  -- " ,4 

Equation (2.5) was used to de te rmine  the d is t r ibut ion  of the pa rame te r s  along the length of the nozzle. In this 
case as the var iable  we took the ra t io  T/T0, since this made i tera t ion unnecessary .  After finding the t empera tu re  
dependence of A we determined the values of all the other pa ramete r s .  

3. Equi l ibr ium flow. For  equi l ibr ium flow the following assumptions are val id:  1) the degree of ionization (~ is 
related with t empera tu re  by the Saha equations; 2) the e lectron t empera tu re  is equal to the t empera tu re  of the heavy 
par t ic les ;  3) we assume that energy is not radiated,  i .e. ,  

R = 0  

The equi l ibr ium flow is descr ibed by the same sys tem of equations (2.1) supplemented by the Saha ionization 
equation 

am - -  --TV~ e x p ( - - ~ )  (3.1) 
t~c~ p . 

Here the charac te r i s t i c  quantity for ~ is taken to be 

2gm,~k ma "~a k-if] 2 ( ~ )  ,]~ g+ ( I ~  '/~ p =  

where h is P lanck ' s  constant and ga and gi are  the s ta t i s t ica l  weights for atoms and ions. 

System (2.1), (3.1) can be integrated. In fact,  differentiat ing (3.1), we obtain 
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2 - -  a 3 dT dp dT 
( 1 - - ~ ) d ~ - - ~ - ~  T p ~" T~ (3 .2 )  

Eliminat ing the velocity u f rom the second and thi rd  of Eqs. (2.1), we have 

s/~ (l -b a)dT -~ 5/~Td~ + dcz - -  p-1 dp = 0 (3.3) 

Then, differentiat ing the equation of state in sys tem (2.1) and e l iminat ing the p r e s s u r e  by substi tut ing it into Eq. 
(3.3), we obtain 

% (1 + (z)dT + (t + %~)da - -  1' (i + ~)O-IdP = 0 

Solving this equation together with (3.2), we obtain 

(3.4) 

After integrat ion we have 

(2 "-7 ~)(1 + a) ] d a  -~ ~- 0 
[ ~ - +  ~ ( ~ - ~ )  J \ T ]  

5 , i + a  
~- c~ #- T § 2 In ~ = const ~ C0 

The constant C O is de termined by the values of the pa rame te r s  for the frozen flow. 

(3.5) 

Thus, sys tem of equations (2.1), (3.1) has been reduced to a sys tem of algebraic  equations, where Eq. (3.5) is 
taken instead of the second equation in sys tem (2.1). To obtain a solution it is necessa ry  to find the values of the flow 
pa ramete r s  in the throat  section. As dist inct  f rom the case of a f rozen flow, where we obtained an express ion  for T, 
s tar t ing only from Eq. (2.2), for equi l ibr ium flow, where ~ = ~(A), Eq. (2.2) is supplemented by Eq. (3.5), and it can 
be t rans formed as follows: 

[ io-- 5]~T (i  + ~) - -  ~ 2 d~ 
5 T ( i §  0 dA 

= 2A d~l (3.6) 

In the throat  sect ion dA/d~ = 0 and d~/d~ ~ 0; consequently, the express ion  in b races  is equal to zero. Thus,  
for the point ~ = ~ ,  we obtain the following system of two equations in T, and a , :  

5 T , U [ L ~ ~  ~i + a,)(i~247 .(i 5 2 -1 

T, = - -  i + ~, (3.7) 
Co -- 51~a,--:- 2In [~, I (t ~ a,)] 

System of equations (3.7) was solved by an i tera t ive  method. Then the product p , u ,  was found and all the 
remaining pa rame te r s  of the equi l ibr ium flow were calculated. For  s implici ty  the degree of ionization ~ was taken as 
the independent variable.  

4. Relaxing flow. In calculating a relaxing flow of par t ia l ly  ionized argon we used the express ion  for the 
recombinat ion rate  coefficient in three-body coll is ions [3] 

5.2"i0 -~ l~]eT~ ', cm-~/sec 

which is consistent  with the quantum-mechanical  calculat ions of Bates et al. [2]. General ly  speaking, this formula  is 
valid for low t empera tu res ,  when e lec t ron capture proceeds to high levels .  At high t empera tu res  i t  leads  to 
exaggerated values of the recombinat ion ra te ,  but the exaggeration corresponds to a factor of not more  than 5-10 even 
at a t empera tu re  on the order  of 10,000~ With this indeterminacy in mind,  we made calculations for three  values of 
the recombinat ion rate  coefficient,10 -1 fi, f ,  and 10ft, which made it possible  to es t imate  the sensi t ivi ty  of the resul t s  to 
that coefficient. 

Ionization was assumed to take place in stages,  the controll ing stage being the process  of excitat ion of the atoms 
from the ground state. Therefore  in calculating the ionization coefficient 6 we used the c ross  section for the 
excitation of argon atoms [3] 

8 = 5.10 -n  ] f ~  exp (--i33,000T-1), cm3/sec 
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We note that it is important  to take ionization into account only in the subsonic region,  where  conditions are  
c lose to equil ibrium. In the supersonic  region,  on the other hand, ionization can be neglected. 

As the calculat ions showed, the p r e s s u r e  dis t r ibut ion along the nozzle changes only slightly on t rans i t ion  f rom 
equi l ibr ium to f rozen  flow; t he re fo re ,  the re laxing flow was calculated on Bt~SM-2M computer  by a d i f ference method 
for  a given p r e s s u r e  dis t r ibut ion corresponding  to equi l ibr ium flow. 
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Fig. i 

In the calculations the independent parameter A was varied on two intervals : subsonic (9 -> A _> i) and supersonic 

(i -< A -< 220). It should be noted that in the calculations at the nozzle inlet point parameters slightly'different from the 
stagnation p a r a m e t e r s  a re  obtained, s ince the gas veloci ty  in the inlet sect ion is not equal to zero.  
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The calculat ions were  made for  a nozzle whose convergent  sect ion is rounded at a radius equal to the throat  
d i ame te r ,  while the var ia t ion  of the a rea  in the divergent  part  of the nozzle is descr ibed  by the function 

A = A ,  + k ( x - -  x,) 2 

where  x .  is the dis tance f rom the inlet to the throat;  k = ~rtg 2 0. The asymptote of the d ivergent  sect ion of the nozzle is 
a cone with ve r t ex  half-angle  0. The calculat ions were  made for  a nozzle with throat  d i ame te r  8 mm and 0 = 15 ~ As the 
values  of the stagnation flow p a r a m e t e r s  we se lec ted  values corresponding to equi l ibr ium conditions behind the 
re f lec ted  shock fronts in argon at incident shock Mach numbers  7, 10, and 17 and initial p r e s s u r e s  1 and 10 mm Hg. 
These  values corresponded to the conditions of our exper iments .  

Some of the m o r e  in te res t ing  resu l t s  of the calculat ions are  presented  in Figs. 1 -4 ,  which show graphs of the 
gasdynamic and thermodynamic  p a r a m e t e r s  of argon as functions of the expansion ra t io  (in Fig. 1 the numera ls  1 and 2 
denote the f rozen  and equi l ibr ium flows, respec t ive ly ;  in Figs. 2 -4  the notation is as fol lows:  1 -- equi l ibr ium flow, 
2 -- f rozen  flow, 3a ,b  -- e lec t ron  t empe ra tu r e  and density cor responding  to values  of the recombina t ion  r a t e  
coefficient  fi, 10ft, 10-1fi for  the case  of a re laxing flow, 4 -- a tomic t empe ra tu r e  for  a re laxing flow). 

F r o m  an analysis  of the resu l t s  of the calculat ions it follows that the values of a s e r i e s  of p a r a m e t e r s  depend 
important ly on the nature of the flew. The di f ference  is pa r t i cu la r ly  grea t  for  the e lec t ron  t e m p e r a t u r e  and density. 
The Maeh number  of the flow is also a v e r y  sens i t ive  function that depends on the flow reg ime ,  but only at l a rge  init ial  
degrees  of ionization. As the degree  of ionization d e c r e a s e s ,  for  most  p a r a m e t e r s  the d i f ferences  rapidly  d e c r e a s e ,  
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remaining important  only for  the e lec t ron  density and tempera tu re .  This was taken into account in se lect ing the 
method of exper imenta l  investigation. 
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5. Exper imenta l  apparatus.  The flow of par t ia l ly  ionized argon was invest igated in a shock tunnel consis t ing of a 
shock tube with a nozzle,  vacuum chamber ,  and measur ing  instrumentat ion.  
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Fig.  4 

The shock tube, desc r ibed  in detai l  in [4], has a h i g h - p r e s s u r e  stage 3 m long designed for  a max imum 
working p r e s s u r e  of 2000 atm and a l o w - p r e s s u r e  stage 9.1 m long and 80 mm in d i ame te r  designed for  a p r e s s u r e  of 
700 arm. The l o w - p r e s s u r e  stage ends in the working sect ion,  along which th ree  bar ium t i tanate p r e s s u r e  t r ansduce r s  
are  installed. These  s e rve  to measu re  the propagation veloci ty of the incident shock and to t r i g g e r  the osci l lographs  
and a f lash lamp via  the synchronizat ion unit. 

In o rder  to genera te  strong shocks a hydrogen-oxygen mix ture  was burned in the h igh~pressure  chamber.  

The shock tube e n d e d i n a  nozzle situated in a vacuum chamber.  This chamber ,  with a volume of 0.8 m 3, had 
inspection windows 200 mm in d iamete r ,  through which it was possible  to view the exit sect ion of the nozzle and a 
half-wedge with a sharp leading edge. This made it poss ib le  to obtain a p ic ture  of the flow over  the half-wedge of gas 
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f rom the region behind the re f lec ted  shock. The shock and Math  l ines were  v isual ized by means of sch i l i e ren  
photographyus inganIAB-451 ins t rument .  As the pulsed light source  we used a one-shot  spark sys tem with a f lash 
las t ing approximately  5 #see .  The f lash was synchronized with the flow process  by means of a specia l  c i rcui t  with a 
va r iab le  delay, the synchronizat ion unit being t r i gge red  by an e l ec t r i c  probe at the nozzle exit. 

The exper iments  were  conducted according to the two-diaphragm scheme;  the channel of the l o w - p r e s s u r e  stage 
of the shock tube was separa ted  f rom the nozzle by a thin cellophane diaphragm, which made it poss ib le  to pump out the 
shock tube and the vacuum chamber  containing the nozzle to var ious  initial p r e s su re s .  

The vacuum chamber  was evacuated to a p r e s s u r e  of 10 -4 mm Hg, the l o w - p r e s s u r e  state to 10 -3 mm Hg, the 
inleakage into the l a t t e r  being 10 -3 mm Hg in 30 min. 

In the exper iments  we used s t a i n l e s s - s t e e l  nozzles ,  the convergent  sect ions of all  the nozzles  being the same,  
while the divergent  sect ions  var ied  in length and hence in the d iamete r  of the exit section. We used a set of nozzles 
with ex i t - to - th roa t  a r ea  ra t ios  of 20, 35, 60, 120, and 200. 

6. Results  of an invest igat ion of ionized argon flows by the gasdynamic method. An important  question re la t ing 
to the shock tunnel method is that of the durat ion of s t eady-s ta te  flow in the nozzle unifrom with r e spec t  to the p l a sma  
pa rame te r s .  This t ime  was de te rmined  exper imenta l ly  by means of a special  probe mounted at the nozzle exit. It was 
shown that for  an initial argon p r e s s u r e  of 1 mm Hg the durat ion of s t eady-s ta te  flow va r i e s  approximately  f rom 100 to 
200 ~see  as the incident  shock Mach number  v a r i e s  f rom 18 to 10. As the init ial  p r e s s u r e  inc reased ,  the duration of 
s teady-s ta te  flow rose  correspondingly.  

We noted above that at l a rge  degrees  of ionization the M number of a p lasma flow expanding through a hypersonic  
nozzle depends to a cons iderable  extent on the flow regime.  The calculat ions for equi l ibr ium and f rozen  flows 
essent ia l ly  de te rmine  the poss ib le  l imi t s  of var ia t ion  of the M number  of the flow as a function of the e lec t ron  
recombinat ion  rate.  

Fig. 5 

In our exper iments  the M number  of the flow was de te rmined  f rom the angle of inclination of the Mach l ines 
propagating,  for  example,  f rom the edge of the half-wedge.  A sch i l i e ren  photograph of the flow over  the half-wedge for 
an incident shock Mach number of 17 is shown in Fig. 5. The Maeh l ine and the oblique shock are  dist inct ly visible.  
The Mach number of the flow was de te rmined  f rom the Mach angle in accordance with the express ion  sin ~ = 1/M. 

This method was used to investigate the flow of ionized argon through an expanding nozzle for the most 

favorable conditions from the standpoint of the effect of electron-ion recombination on the plasma dynamics. These 
conditions corresponded to low density and a high value of the degree of ionization behind the reflected shock front. In 

these experiments the initial pressure was 1 mm Hg. For shock waves with M = 17 the temperature behind the 
re f lec ted  shock was 15,580~ and the degree  of ionization was approximately  0.5. 

In Fig. 1 the resu l t s  of these  exper iments  a re  compared  with the resul t s  of the above-ment ioned calculat ions for  
the dependence of the M number  of the flow on the expansion ratio. The points a re  grouped c lose  to the curve  
corresponding to the equi l ibr ium flow regime.  A cer ta in  d iscrepancy  between the exper imenta l  data and the calculated 
curve is at tr ibutable to poss ible  e r r o r s .  Apart f rom the e r r o r s  in measu r ing  the Mach angle, which are  re f lec ted  in the 
graph by the ve r t i ca l  l ines ,  the method is affected by e r r o r s  assoc ia ted  with the non-one-d imens iona l i ty  of the flow, 
inaccurac ies  in the posi t ioning of the half -wedge,  and boundary l aye r  formation.  However,  as an analysis  showed, 
taking these  e r r o r s  into account does not lead to any substantial  change in the resu l t s  obtained. 
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Thus, the experimental  data presented above indicate that the flow of par t ia l ly  ionized argon through the nozzles 
was close to equi l ibr ium, i .e . ,  at large degrees  of ionization the e lec t ron- ion  recombinat ion rate  is quite high and is 
able to "follow" the changes in the state of the gas during expansion. However, it is natura l  to assume that at large 
expansion rat ios  and rela t ively smal l  degrees of ionization the ionization equi l ibr ium will be dis turbed,  but this can no 
longer lead to significant changes in the flow Mach number  and under these condit ions the gasdynamic method 
employed above is unsuitable.  Therefore  in order  to invest igate the behavior  of the e lectron component during the 
expansion of ionized argon through nozzles we subsequently employed the probe method. 

7. Probe measu remen t s  of the pa rame te r s  of a p l a sma  expanding through a nozzle. The probe method has been 
widely used in p lasma diagnostics s ince in pr inciple  it makes it possible  to de te rmine  the e lec t ron t empera tu re  and 
the density. Its advantages consist  of i t s  s implici ty  and the local izat ion of the measu remen t s ,  its disadvantages in the 
contact nature of the method and the complexity of the theory in the case of a dense plasma. 

The theory of e lec t ros ta t ic  probes has been examined by a number  of authors,  whose work is carefully analyzed 
in [5]. 

In [5] the e lectron t empera tu re  was determined from the beginning of the r i se  in e lec t ron cur ren t  in the cu r ren t -  
voltage charac te r i s t ic  of the probe. In this region for the case of a repuls ive potential the probe cur ren t  is given by the 
express ion 

i = l'i - -  le exp [ - -  e (V - -  V0)] 

Here, j ,  Ji, Je are the total,  ionic, and e lect ronic  probe cur ren t  dens i t ies ,  respect ively;  V and V 0 are the probe 
potential and the p l a sma  ground potential. 

Assuming that in the region of the e lec t ron  cur ren t  r i se  the var ia t ion  of the ion cur ren t  can be neglected, we 
easily obtain the following express ion:  

d d l ' t .  16.1(  :4 
dV In dV - -  T e 

which was used to de te rmine  the e lec t ron t empera tu re  in analyzing the exper imental  data. 

The electron concentrat ion in the nozzle was determined f rom the ionic sa turat ion current .  The calculation was 
based on the improved formula  proposed by Hohm and taking into account the penetra t ion of the probe field beyond the 
space charge region,  which leads to an increase  in the collected ion cu r ren t :  

/ kT  , 'L 
l'~ - -  0.6~nie.$ { , . -~ -  ) 

Here n i is the ion densi ty,  equal to the e lec t ron density; M is the ion mass ;  and S the surface a r ea  of the probe. 

This formula  is applicable only to a raref ied  p lasma,  in which the ion mean  f ree  path is g rea te r  than the space 
charge thickness;  this condition was sat isf ied in making the nozzle measurements .  

In de termining  the e lec t ron concentrat ion in the dense p lasma behind the reflected shock we used the express ion  
obtained in [6], which re la tes  the ionic sa tura t ion  cur ren t  with the e lectron t empera tu re  and the ion concentrat ion in 
the undisturbed p lasma:  

a - -  l 
n iT  e ~ 2. i0i~ T ] / -AT ]i lit 

Here a and l are  the radius  and length of the probe,  x 0 is  the rat io of the space charge radius  to the probe radius ,  
A is the atomic weight, T is the atom tempera tu re ,  and k is the ion mean  free path. 

The ion mean  free path was calculated from the charge exchange cross  sect ion Q for smal l  par t ic le  veloci t ies ,  an 
express ion  for which is given in [7]; for atomic gases 

[i, 2 - . 
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Here I is the ionization potential  in ergs ;  v is the r e l a t ive  ion veloci ty averaged over  the Maxwell dis tr ibut ion,  
which in the f i r s t  approximation is equal to 

V~ '  ( V - a r i t h m e t i c a l  mean velocity) 

In the exper iments  we employed a s ingle flat probe consis t ing of a rec tangular  s teel  plate measur ing  1.4 x 3.3 x 
x 0.8 ram. The probe was instal led at the nozzle exit in such a way that its cu r ren t - co l l ec t ing  sur faces  were  s t r ic t ly  
pa ra l l e l  to the flow. This made it poss ib le  to e l iminate  the effect of the flow veloci ty on the current  col lected by the 
probe. 

The in termi t tent  action of the shock tunnel made it neces sa ry  to develop a special  method of record ing  the 
cur ren t -vo l t age  c h a r a c t e r i s t i c  of the probe during an interval  on the o rder  of 10-20 #sec. Fo r  this purpose  we 
designed a genera to r  capable of producing pulses  of a pa r t i cu la r  shape, including a port ion fal l ing l inear ly  f rom +13 V 
to -13  V in a t ime  of the o rde r  of 10-12 psee. A pulse of the necessa ry  shape was obtained by using two synchronized 
sawtooth-vol tage gene ra to r s  and amplif ied by a push-pull  power ampl i f ie r  with a t r a n s f o r m e r  output shunted by a 2- 
ohm res i s tance .  The gene ra to r  pulse power was 25 W. 

Fig. 6 

A load r e s i s t ance ,  the voltage drop at which was fed to a different ial  ampl i f ie r  and r e g i s t e r e d  by an OK-17 
osci l lograph,  was connected in s e r i e s  with the probe. The second beam of the same osc i l lograph recorded  the signal 
at the genera to r  output. The d i f fe rence  between these  vol tages de te rmines  the voltage drop d i rec t ly  at the probe. A 
typical probe cur ren t  o sc i l log ram is shown in Fig. 6. F rom the osc i l log rams  thus obtained we constructed the cu r r en t -  
vol tage cha rac t e r i s t i c ,  which was then analyzed in accordance  with the above-ment ioned method. 

Two se r i e s  of exper iments  were  pe r fo rmed  at an initial argon p r e s s u r e  of 1 mm Hg for  incident shock Mach 
numbers  of 17 and 10 and one s e r i e s  for  a Mach number  of 7 at an initial p r e s s u r e  of 10 mm Hg. The resu l t s  of the 
exper iments  are  r ep resen ted  by the points in Figs. 2-4 .  

F rom the data obtained for  M = 17 it follows that the e lec t ron  t empera tu re  is c lose to the equi l ibr ium value,  
whereas  the exper imenta l  values of the e lec t ron  density lie outside the range of poss ible  values and are  approximately  
five t imes  less  than the values  corresponding even to the equi l ibr ium flow regime.  This resu l t  apparently indicates 
that radia t ive  cooling has an important  influence on the p la sma  p a r a m e t e r s  behind the ref lec ted  shock. Owing to 
radia t ive  losses  the t rue  values of the t e m p e r a t u r e  and the e lec t ron  density d e c r e a s e  as compared with the calculated 
equi l ibr ium values.  It was not poss ible  to de te rmine  them by the probe method, s ince for  so dense a p la sma  it was 
difficult  to obtain the ionic sa tura t ion current .  In view of these diff icult ies and the fact that for  this r eg ime  there  is a 
re la t ive ly  smal l  d i f fe rence  between the values of the e lec t ron  density for the equi l ibr ium and f rozen  flows, we will  
turn to weaker  shocks for  which the d i f ference  is much g rea te r .  

The resu l t s  of the exper iments  at M = 10 and p = 1 m m  Hg are  p resen ted  in Fig. 3 (in this case the t e m p e r a t u r e  
behind the re f lec ted  shock was equal to l l ,300~ and the degree  of ionization,  to 0.10). For  this r eg ime ,  using the 
probe method, we de te rmined  the e lec t ron  t e m p e r a t u r e  and density behind the re f lec ted  shock (the exper imenta l  values 
are  r ep resen ted  by crosses) .  F r o m  the data obtained it follows, f i r s t ,  that the e lec t ron  concentra t ion behind the 
re f lec ted  shock is a lmost  six t imes  l e s s  than the calculated equi l ibr ium values ,  which is probably associa ted  with 
radia t ive  cooling of the gas,  while,  secondly,  the exper imenta l  values of the e lec t ron  density along the length of the 
nozzle a re  c lose r  to the p a r a m e t e r s  of the f rozen  than to those of the equi l ibr ium flow. Thus, the re  is a sharply 
expressed  " f reez ing"  effect. Moreove r ,  the exper imenta l  values of the e lec t ron  density a re  located below the 
calculated curve  for  a re lax ing  flow. However,  if the change in the initial s tate due to radia t ive  cooling is taken into 
account, the agreement  between the calculated and the exper imenta l  data is good. In this case the exper imenta l  values 
cor respond most  c losely  with the calculated curve  for  a re laxing flow obtained for  a value of the recombinat ion  ra te  
coefficient  0.1/3. Thirdly,  the exper imenta l  values of the e lec t ron  t empe ra tu r e  considerably exceed the calculated 
values  over  the ent i re  length of the nozzle. 
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Similar  resu l t s  (Fig. 4) were obtained in the other se r ies  of exper iments  of M = 7 and p = 10 mm Hg 
{temperature behind reflected shock 9800 ~ K, degree of ionization 0.02). However, in this case there  was be t te r  
agreement  between the calculated and exper imental  values of the e lec t ron density both in the stagnation flow and along 
the length of the nozzle. 

In conclusion it should be emphasized that for the exper imental  conditions,  as follows from a compar ison of the 
experimental  and calculated data, the recombinat ion  ra te  coefficient is approximately an order  less  than the 
theoret ical  values [2]. This  is because ,  as previously noted, under  the exper imental  conditions recombinat ion proceeds 
to lower levels.  

Ionization "freezing" was actually observed in all the operating reg imes ,  and the f rozen degree of ionization was 
of the order  of 10 -z. 

The fact that the exper imental ly  de termined values of the e lec t ron t empera tu re  exceeded the calculated values 
apparently indicates that insufficient allowance was made for all the p rocesses  affecting the behavior  of the e lectron 
tempera ture .  Incidentally,  this is consistent  with the data of [8], in which it was noted that the e lec t ron  t empera tu re  
for gas flow through a nozzle was f rozen at values corresponding to the values of the e lec t ron t empera tu re  in the 
nozzle throat. Here, it should probably be taken into account that in the course of recombinat ion  in three-body 
coll is ions an e lectron is captured by one of the upper levels  of the atom, and then as a resul t  of e lec t ron impacts of the 
second kind, the excited atom gradually goes over into one of the lower states.  Thus,  the process  of deactivation of 
excited atoms has an important  influence on the behavior  of the e lectron tempera ture .  Es t imates  show that for the 
conditions of our exper iments  the charac te r i s t i c  deactivation t ime for e lec t ron impacts  of the second kind is  
approximately an order  less  than the dwell t ime of the gas in the nozzle and the energy t r ans f e r  t ime  for e lectrons and 
heavy par t ic les .  

However, before proceeding to refine the s tar t ing  sys tem of equations and supplement it with the kinetic 
equations for the atomic level populations, it would be des i rab le  to check our probe measu remen t s  by one of the 
spectroscopic  methods. 

In conclusion, the authors thank Yu. P. Raizer  for helpful d iscuss ions  and V. P. Zimakov and I. K. Selezneva 
for ass is t ing  with the work. 
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