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Great  in teres t  in the  influence of flights of spacecraf t  (SC) on the state of the atmosphere has recently 
developed in connection with the active conquest of space [1, 2]. This is connected with the fact  that during SC 
flights large amounts of combustion products are thrown off which can pe r fo rm various physicochemical  actions 
on the atmosphere,  and this action can be quite significant, since in upper l ayers  of the a tmosphere ,  even when 
the combustion products  expand to volumes with a l inear size of tens of ki lometers ,  the i r  concentration remains  
comparable with the concentration of the atmospheric  gas .  

An SC moves with velocit ies on the o rder  of severa l  ki lometers  per  second, so that as a resul t  of the 
gasdynamic interaction of combustion products  with the a tmospheric  gas they are  heated to t empera tu res  of 
severa l  thousand degrees .  IL is very  important  to es t imate  the physicochemical  interaction of this gasdynamic 
stage, since physieochemical  p rocesses  are  s l~ rp ly  activated at high t empera tu res .  The descript ion of the 
gasdyaamic p rocess  of interact ion of the combustion products of SC engines with the atmosphere is very  com-  
plicated and, general ly  speaking, depends on the concrete conditions. F r o m  the point of view of relaxation 
p rocesses ,  however,  it has one common feature .  Because of the low density, the combustion products are 
mixed rapidly with the a tmospheric  gas.  Rapid relaxation of the combustion products with respect  to t r ans -  
lational degrees of f reedom occurs  during mixing, while relaxation with respect  to internal degrees of f r ee -  
dom is re tarded.  Such a situation can be modeled by shock heating of a gas mixture containing a polyatomic 
gas which relaxes with respect  to ir~ernal degrees  of f reedom. 

In the present  ar t icle  we examine, within the f r amework  of this model, one example of a physicochemical  
interact ion - the problem of the vibrational relaxation of H20 molecules in a mixture with N 2 behind a shock 
wave front.  At low densit ies the relaxation of the internal degrees of freedom of molecular  gases  has a specific 
charac te r .  The specif ics  consis t  in the fact that in this case the relaxation t imes  become longer than the l ife-  
t imes  of the excited levels and emiss ion strongly affects the relaxation p rocess .  It should be noted that re laxa-  
tion of this cha rac te r  is pract ica l ly  unreproducible under laboratory conditions. 

1. S t r u c t u r e  of  t h e  HzO M o l e c u l e  a n d  P r o p e r t i e s  of  V i b r a t i o n a l  R e l a x a t i o n  

The water  molecule is nonlinear and has three fundamental frequencies,  corresponding to the s y m m e t r i c  
(v 1), deformation (v2), and a symmet r i c  (v 3) types of vibrations (Fig. 1). Being confined to tempera ture  on the 
order  of 4000~ we shall consider  only the lower vibrational levels with energies E 1 = 5265~ E 2 = 2300~ 
and E3 = 5409~ A diagram of them is also presented in Fig.  1. Emiss ion f rom the levels v 1 and v 3, which 
are  close to each other,  to the ground level takes place at the wavelength of ~2.7 #m, while emiss ion f rom the 
level v 2 takes place a t t he  wavelength of ~6.3 prn. The lifetimes of the levels v 1, v 2, and v 3 are T1 = 0.59 sec,  
T 2 = 0.12 sec,  and T 3 = 0.03 sec, respect ively  [3]. The levels v 2 and 2v 2 can be t rea ted  as levels of a harmonic 
osci l la tor  [4], so that the lifetime of 292 is (1/2) T2. 

The vibrational relaxation of the H20 molecule has not been studied sufficiently well. The most  reliable 
seem to be the experimental  data, in agreement  ~vith each other, on the  rate constants of the vibrational re laxa-  
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tion of water  obtained in [5], where the emzsslon of H20 vapor upon the passage of a shock wave through a gas 
mixture was measured ,  and in [6], where the relaxation of the H20 molecule with excitation of vibrational de- 
grees  by a l a se r  pulse was studied. The resul ts  of these repor ts  agree with theoret ical  resul ts  for  the v ibra -  
tional relaxation of the deformation mode obtained in [7, 8]. The rate constants of vibrational relaxation for  all 
possible t ransi t ions of vibrational energy between lower levels of the H20 molecule are  brought together in [10] 
on the basis of these data and the data f rom [9]. We note that vibrational relaxation in the collision of water  
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molecu les  with each o ther  t akes  p lace  ve ry  rap id ly .  F o r  example ,  th ree  co l l i s ions  a r e  suff ic ient  for  exci ta t ion 
of the mode P2 f rom the ground to the f i r s t  v ib ra t iona l  l eve l .  Evident ly,  this t akes  p lace  through the act ive 
pa r t i c ipa t i on  of ro ta t iona l  deg ree s  of f r e edom  in v ib ra t iona l  r e l axa t ion  [5]. 

The poss ib l e  r e l axa t ion  channels  a r e  shown s c h e m a t i c a l l y  in F ig .  1. E s t i m a t e s  made fo r  a t e m p e r a t u r e  
of 3500~ show that  energy  t r a n s i t i o n s  be tween the following leve ls  take p lace  mos t  rap id ly :  (010) ~ (000), 
(100) ~ (020), and (001) - ~  (020). The v ib ra t iona l  r e l axa t ion  cons tants  for  these  p r o c e s s e s  a re  w2H020 = 3.8 �9 
10 -1~ cm~/sec,  W~20 = 6 �9 10 -~~ cm3/sec,  and wH20 = 3 �9 10 -i~ em3/see .  The ra te  constants  of the remain ing  

H20 ~" - l l  c m 3 / s e c ,  wH20 t r a n s i t i o n s  a r e  cons ide rab ly  lower:  Wt0 = 1.5 �9 10 = 1.5 �9 10 -~3 c m ~ / s e c ,  and wH~ O = 
1.7 �9 10 - l j  c m 3 / s e e .  Energy  exchange between v ib ra t iona l  l eve l s  of the H20 molecule  in the case  when the 
par~qers  in the co l l i s ion  a r e  N 2, 02, and A r  molecu les  t akes  p lace  about 150 t imes  s l o w e r  than the exchange 
of v ib ra t iona l  energy  of wa te r  molecu les  with each  o ther  [5, 6]. 

The v ibra t iona l  r e l axa t ion  of w a t e r  mo lecu l e s  in a mix ture  with N 2 at  a to ta l  densi ty  n o = 107-1014 cm -3 
is analyzed in the r epo r t .  E s t i m a t e s  show tha t  fo r  n o ~ 1010 cm -3 the re laxa t ion  t i m e s  of v ibra t iona l  l eve l s  
cons ide rab ly  exceed  the l i f e t imes  of these  l eve l s  (for n o = 10 ~~ cm -3 the s h o r t e s t  t i m e s  of ene rgy  exchange 
between the (100) and (020) l eve l s  is about 50 sec) .  There fo re ,  at these  dens i t i es  the r e l axa t ion  p r o c e s s  takes  
p lace  as  follows: All v ib ra t iona l  modes  a r e  exc i t ed  independently,  the re  a re  no t r ans i t i ons  between modes ,  
and deac t iva t ion  p r o c e e d s  through spontaneous e m i s s i o n .  F o r  n o ~ 1012 cm -~ the t imes  of v ibra t iona l  r e l a x a -  
t ion become  l e s s  than the l i f e t imes  of the exc i t ed  l eve l s ,  and energy exchange between modes  s t a r t s  to play an 
impor tan t  ro le  in the p r o c e s s  of v ib ra t iona l  r e laxa t ion .  

2.  S t a t e m e n t  of t h e  P r o b l e m  

Let  us c o n s i d e r  the v ib ra t iona l  r e l axa t ion  of H20 molecu les  behind a shock  wave pas s ing  through a m i x -  
tu re  of g a s e s  N 2 + H20. As a l r eady  mentioned,  w a t e r  mo lecu l e s  r e l ax  rap id ly  in co l l i s ions  with each other .  
In o r d e r  to  ignore v ib ra t iona l  r e l axa t ion  in the shock  wave f ront ,  we assume that  the w a t e r  vapor  concen t r a -  
t ion is  low (,~1%). At the given concentra t ion  the t i m e s  of v ib ra t iona l  r e laxa t ion  of H20 molecu les  on N 2 a r e  
comparab l e  with the t i m e s  of v ibra t iona l  r e l axa t ion  in co l l i s ions  of H20 molecu les  with each other ,  so that we 
must  a l so  allow for  r e l axa t ion  of tt20 on N 2. The v ibra t iona l  r e laxa t ion  of N 2 molecu les  i t se l f  can be ignored,  
s ince  ~104 co l l i s i ons  a re  needed far N2 re l axa t ion  at Tt ~ 3000-4000~ as e s t i m ~ e s  show. 

The s y s t e m  of equations desc r ib ing  the behav io r  of the gasdynamic  p a r a m e t e r s  and the populat ions of 
v ib ra t iona l  leve ls  behind a shock wave f ron t  has  the fo rm 

(m'U~ Hz~ -{- rn~2n N~) u = (mH2on~ 2~ -~- rnN2n N2) u~), 

(rn~2~176 --]- mN".nN2) U3/2 + nN~ucpkTt + nH~~ (%IkTt + Ev) = 

= (m'~~ ~~ + mN2n N2) u]/2 + nN~uocvkTto + n~o 2~ -- Q, 

where  mH2 O and mI~2 a re  the m a s s e s  of the H20 and N 2 molecutes ;  t, u, Tt, n N2, and nil2 O a re  the t ime ,  ve loci ty ,  
t e m p e r a t u r e ,  N 2 densi ty ,  and H20 densi ty  behind the shock wave; the cor responding  p a r a m e t e r s  ahead of the 
wave a re  m a r k e d  by the index 0; Cp is the heat  capac i ty  of N2; Cpf iS the heat  capac i ty  of wa te r  without a l low-  
ance fo r  v ibra t iona l  exci tat ion;  c~ i is  the r e l a t ive  populat ion of the i - t h  v ibra t iona l  level  of H20; 7 i iS the l i f e -  
t ime  of the i - th  level;  w.H.2 O is the rate constant  of the energy  t r a n s i t i on  f rom the i - th  to the j - th  level  {the lj 
p a r t n e r  in the co l l i s ion  is given at the top). 
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At T t ~ 3000~ the path length of a quantum is l 7 ~ 1017/nH20 [11], while the mean free path of molecules 
is l ~ 101~/n. Es t imates  of the charac te r i s t ic  s ize of 'a  cloud of combustion products give N102-103 l !12], 
while the length of the zone of active relaxation is ~10 l. Sucha region can be considered as optically t r ans -  

parent.  The quant i tyQ represents  the energy losses  due to emission,  Q : ~dz(~E,~. ln  n2~ , w h e r e x  : 
t @ 

~udt, is the of the i- th vibrational level, and is the total vibrational E~ Et energy Ev energy: Eia~. 
O. 

The sys t em of equations was solved numerical ly .  The calculations were made in the range of densities 
n o =n0H2 O + n0N2 = 107-1014 cm -3 for  d~fferent t empera tures  Tt0 and Mach numbers  M 0. We considered waves 
of not too high intensity, such that the t empera tu re  of the mixture behind the shock wave did not exceed 3000- 
4000~ and the excitation predominantly of lower vibrational levels took place.  Typical resul ts  of the calcula-  
t ions (Tto = 600~ M 0 = 5) are  presented below. 

3 .  D i s c u s s i o n  o f  R e s u l t s  

The pat tern  of behavior  of the populations of vibrational levels of the H~O molecule behind a shock wave 
for  n o = 1012 cm -3 is presented in Fig.  2. The distance f rom the shock wave front,  normal ized  to the local 
mean free path, is laid out along the abscissa .  Immediately behind the front the populations of the excited 
levels grow sharply,  and then at x/1 ~ 1 a cer tain quasis tat ionary distribution is established, determined 
by the balance of vibrational relaxation and emission.  This quasis tat ionary distribution slowly var ies  with 
time, mainly because the t empera tu re  of the mixture decreases  due to the removal  of radiant energy.  

The tempera tu re  dependence on the distance behind the shock wave front  is presented in Fig. 3. The case 
when emiss ion is absent is marked by the let ter  A (we shall call this case adiabatic). For  high densities the 
gas tempera ture  behind the shock wave decreases  considerably fas te r  than for  low densit ies.  This is connected 
with the fact  that at high densities vibrational relaxation proceeds rapidly and the energy-s ink  channel through 
the levels 2v 2 and % is actively engaged. In this case,  therefore ,  a relat ively l a rge r  fraction of the energy is 
emitted than in a less  dense gas.  The gas velocity behind the shock wave front  decreases  in accordance with 
the law of r eve r sa l  of action, although considerably s lower  than the t empera ture .  

The maximum populations (along x) of the excited levels and the minimum population of the ground level 
as functions of the initial density of the mixture are  shown in Fig. 4a. The effective vibrational tempera ture  
T v as a function of the initial density n o of the mixture  is also presented in Fig. 4b as an il lustration. The ef-  
fective vibrational t empera tu re  was defined as the tempera ture  corresponding to a given relative population of 
the level with respect  to the Boltzmann distribution. At low densities (<10 is cm-a), when the t imes of v ib ra -  
tional relaxation are  longer than the l ifet imes of the corresponding levels, the influence of emiss ion on the 
p rocess  of vibrational relaxation is grea t  and the levels are s trongly depleted in compar ison with the adiabatic 
case.  The effective vibrational t empera ture  natural ly proves  to be considerably lower than the translat ional  
tempera ture .  F r o m  this, in par t icular ,  we get  the important resul t  that at such densities,  despite the high 
t ranslat ional  tempera ture ,  dissociat ion of molecules  behind the shock wave will be unlikely, since dissociat ion 
takes place through cascade excitation of molecules  to high vibrational levels [13]. 
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For densities n o = i0 II cm -3 and higher the populations of the vibrational levels and the vibrational tem- 
perature approach their values in the adiabatic case. This happens because the times of vibrational relaxa- 
tion become small compared with the lifetimes of the corresponding levels, and the levels depleted through 
emission are rapidly restored through collisions of molecules. 

The channels of vibrational relaxation are different in these two limiting cases of low and high densities. 
At low densities the times of transitions between modes in collisions of molecules are considerably longer 
than the lifetimes of the excited levels, so that the relaxation of each mode takes place independently. At high 
densities the opposite situatien is observed, and in this case the following relaxation channel becomes dom- 
inant: stepwise excitation of the mode u 2 to the level (020), then energy exchange (020) --~ (001), and emission 
(001) ~ (000). The variations of the emission intensities I of the different modes (Fig. 5a and b) can serve as 
an illustration of the different character of the relaxation in these two limiting eases. Data for a mixture den- 
sity n o = 109 cm -I are presented in Fig. 5a. The vibrational modes are excited independently of one another 
and the en:dssion intensity in each mode is proportional tothe population of that mode, so that emission occurs 
with the maximum intensity in mode u2, which has the highest value of ai/T i. At the density n o = i013 cm -3 
(see Fig. 5b) the character of the emission is sharply altered. The level (001), which has the shortest lifetime, 
mainly radiates owing to the short lifetime and the strong connection with other modes. 
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ELECTRIFICATION IN TUBE FLOW OF ORGANIC LIQUIDS 

WITH AN ADMIXTURE OF STRONG ELECTROLYTE 

V. N. Pribylov and L. T. Chernyi UDC 532.54:541.13 

The e lec t r i f i ca t ion  of weakly conducting organic  liquids is invest igated within the f r a m e w o r k  of con-  
t inuum mechan ics  [1]. When such liquids (e.g., hydrocarbons)  flow through tubes they acquire  an e lec t r ic  charge 
[2-5]. This leads  to the r i s k  of e lec t r i c  d i scharges  and explosions [4]. The conductivity of the cons idered  
liquids is  due to  a smal l  amount of impur i ty  e lec t ro ly te ,  whose molecules  d issocia te  into pos i t ive  and negative 
ions. According to r ecen t  ideas [2-5], the e lec t r i f ica t ion  of organic liquids is due to e l ec t rochemica l  r e a c -  
t ions occur r ing  on the tube walls,  as  a r e su l t  of which the posi t ive or negat ive ions of the impur i ty  e lec t ro ly te  
a re  conver ted  to neut ra l  molecules .  The p rob lem of e lec t r i f ica t ion  of a liquid in the case  of a comple te ly  d i s -  
soc ia ted  e l ec t ro ly te  was examined in [5], where the effect  of the e lec t r i c  f ield was ignored. The e lec t r i f ica t ion  
of a weakly conducting liquid, in the  case  where the impur i ty  e lec t ro ly te  d i s soc ia tes  s l ight ly and the d i s soc i a -  
t ion can be r ega rded  as an equil ibrium react ion,  was inves t igated in [6]. 

In this p a p e r  we examine the p rob lem of e lec t r i f ica t ion  of an init ial ly unchanged weakly conducting o r -  
ganic l iquid in l a m i n a r  flow in a meta l  tube, where  the impur i ty  e lec t ro ly te  molecules  a re  complete ly  d i s -  
sociated,  and the e lec t r i c  field produced has  a significant effect  on e lec t r i f ica t ion .  The diffusion coefficients  
and cha rge  number s  of the posi t ive and negat ive ions a re  a s sumed  to be equal.  In addition, fo r  defini teness  
we a s sume  that  only negat ive ions a re  involved in the e l ec t rochemica l  reac t ions  on the tube wal ls ,  and the neu-  
t r a l  molecules  f o r m ed  a re  p re sen t  in excess  in compar i son  with ions. The solution obtained can eas i ly  be ex-  
tended to the ca se  of a r b i t r a r y  ion charge  number s  and e l ec t rochemica l  reac t ions  involving ions of both kinds 
on the tube wal ls .  

1. The s y s t e m  of different ia l  equations and boundary conditions at hhe tube ent rance  B and on the wall  S, 
descr ib ing  the e lec t r i f ica t ion  of an organic liquid, has  the f o r m  

div (n+u ::t:: ~ezD n+E --  DVn• = O, 

e div E -- 4nez (n+ - -  n_), rot E ---- 0, n=~ [B ---- n c, (1.1) 

where n~ is the concentrat ion of posi t ive  and negative ions; u, liquid velocity;  e, p ro ton  charge;  z, D, charge  
number  and diffusion coefficient  of the ions; k, Bol tzmann constant;  T, t e m p e r a t u r e  of the liquid, which is a s -  
sumed  to be constant;  E, e lec t r i c  field; e ,  d ie lec t r ic  constant  of the liquid; n c, concentrat ion of posi t ive or  
negat ive  ions at the tube entrance;  nw, equi l ibr ium concentra t ion of negative ions at  the tube wall ,  which is  a t -  
ta ined at the end of an infinitely long tube; K~ constant  of e l ec t rochemica l  neutra l iza t ion of negative ions; v, 
no rma l  to the inside sur face  of the tube.  

The las t  boundary condition (1.1) is fulfil led in the case  where  the neutra l  molecu les  f o rmed  by neu t ra l i za -  
t ion of negative ions on the tube walls  a re  p r e sen t  in the solution in concentrat ion n s, which is much g r e a t e r  
than the ion concentrat ion.  We then have the relat ion 
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