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On the example of CN and C 2 we consider the mechanism of efficient excitation of electronic 

states of diatomic molecules behind a strong shock front at temperatures of 4000-8000~ 

We consider processes which can populate excited electronic states of molecules in shock waves. Here 

belong, first of all, collisions with electrons which have large excitation cross sections. However, in the 

temperature range considered here, the concentration of electrons in the gas behind the shock front is small, 

and the excitation of molecules in collisions with electrons can be neglected. Exothermic chemical reactions 

of the type 

AC + B.,,~-AB* + C (1) 

can di rec t ly  excite higher  electronic states of molecules.  However,  for  a number of reasons the probabili ty 
of these reactions is smal l  and at the present  t ime,  only a very  few of such reactions have been established [1]. 
No reactions of type (1) are  known which can lead to the formation of CN* and C~ in the mixtures of gases CO 
(CO2) - N2 which are  considered here .  

Another process  which can populate electronic states is the resonance energy t r ans fe r  in the coll ision 
of molecules with other  part icles:  

AB -+ M* -~-AB* -}- M. (2) 

Molecules AB are  formed in the chemical  reactions in the electronic ground state; M* is an e lectronical ly  ex- 
cited atom or  molecule,  or  a vibrationally excited molecule with a high level of excitation. Reactions of type 
(2) have a large interaction c ross  section since,  e . g . ,  in the case [2]: 

CN (X2Z, v" ---- 0) + CO (XiZ, v' = 13) --~ aN (B=~, v' = 0) -b CO (XiY~, v" = 0). (3) 

The requirement  of exact resonance implies that p rocesses  of type (3) are  r a r e  and cannot play a significant 
role in the population of excited states.  It was shown in [3] that behind the shock front, react ion (3) gives a 
small  contribution to the excitation and quenching of molecules CN (B2Z). 

One of the charmels of population of excited electronic states of diatomic molecules is the recombination 
of atoms in the collision with a third particle: 

A + B + M ~ A B *  + M. (4) 

Near the shock front,  this process  does not play a significant role because the concentrat ion of A and B atoms 
is small .  It was shown in [3] that even in the nonsteady-sta te  flow region in the shock wave, react ion (4) gives 
a small  contribution to the population o f  electronic states CN (B2E) and C2(d3IIg) relat ive to the process  

AB -~ M ' ~  AB* -k- M, (5) 

where the par tner  M can be an a r b i t r a r y  part icle.  Ibragimova [4] considered a concrete  example of this p ro -  
cess  by studying the excitation of electronic states A2IIi and B2E of cyanogen molecules.  This is a multistep 
process  and includes the ro ta t iona l -v ib ra t iona l  excitation of molecules in all electronic s ta tes ,  as well as the 
nonradiative transi t ions between excited electronic states in collisions with part icles  of the surrounding gas. 
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it is known that the r a t e s  of rota t ional  and vibra t ional  re laxat ion  a r e  much l a r g e r  than the ra tes  of chem-  
ical  t r ans fo rma t ions .  Nonradiat ive  impac t  p r o c e s s e s  in d ia tomic  molecules  a r e  also fast .  The i r  r a tes  a r e  
often of the s a m e  o r d e r  of magnitude as the r a t e  of gas-Mnet ie  col l i s ions ,  and the t rans i t ion  t ime  is of the o r -  
der  of the rotat ional  re laxat ion  t ime  [5-11]. The numerous  per turba t ions  of electrorfic s ta tes  of molecules  and 
the t rans i t ions  between them,  induced by  coll is ions with other  pa r t i c l e s ,  sugges t  that the mechan i sm of popula-  
tion of higher  excited s ta tes  of cyanogen which we have proposed  in [41 is m o r e  un ive r sa l ,  and is a lso  sui table  
for  other  d ia tomic  molecules .  This is conf i rmed by exper imen t s  on the rad ia t ion less  t rans i t ions  in the mo le -  
cules of CO [5, 6, 8, 9, 12], C~and C 2 [13], CS [14], and CS + [15]. 

We cons ider  the following p r o c e s s e s  as the mechan i sm of t he rma l  exci tat ion of e lec t ronic  s ta tes  of d i -  
a tomic molecules  behind the shock front: 

AB(or AB*)+M~--AB,,tor AB*)q-M, (6) 

ABe, + M.~-.-AB~,, q- M, (7) 

AB* + M~AB*,* + M, (S) 

ABe* -+ AB .+ hv~ (9) 

AB* * (10) 

Here  the AB molecules  a re  e i ther  formed in chemica l  reac t ions  in the e lec t ronic  ground s ta te ,  o r  a r e  p r e sen t  
in the initial  s ta te  of the gas mix ture .  

React ion (6) denotes the v ibra t ional  re laxa t ion  in the ground and excited e lec t ronic  s ta tes .  React ions (7) 
and (8) a r e  nonradta t ive  impac t  t rans i t ions  between the ground and excited s t a t e s ,  o r  between two excited s t a tes .  
React ions (9) and (10) co r r e spond  to spontaneous emiss ion .  It  is seen  that  in the mechan i sm of p r o c e s s e s  (6)- 
(8), a s ignif icant  ro le  is played by the col l is ion p a r t n e r  M, both in the v ibra t ional  re laxat ion,  as welI as in the 
impac t  t r ans i t ions .  Due to the r e v e r s i b i l i t y  of reac t ions  (7) and (8) [6], this mechan i sm does not in genera l  
exclude the participation of processes (i)-(4) in the formation of AB* and AB**. This is because in mecha- 

nism (6)-(10) it does not matter if the population of electronic states of molecules takes place from above or 

from below. We also note that reactions (7) and (8) do not require an exact resonance between excited levels 

[5, 6]. The combination of the fast rate of the rotational-vibrational relaxation and of the large cross sec- 

tions of processes (7) and (8) makes this mechanism the most probable and most efficient in comparison with 

(1)-(4). 

D i s rega rd ing  the s impl ic i ty  of the model  of e lec t ron ic  s ta tes  of AB molecu les .  The m e c h a n i s m  (6)-(10) 
makes  it poss ib le  to qual i ta t ively  in t e rp re t  the resu l t s  of our  exper imen t s  p resen ted  in [3]. We found that  in 
the s t e a d y - s t a t e  region behind the shock f ront  in the mix ture  of gases  C O - N 2 - A r ,  one obse rves  an equi l ibr ium 
population of the B2Z s ta te  of cyanogen. This resu l t  for  cyanogen is valid for  any dilution of the gas mix ture  by 
argon (up to 99% of Ar).  In the emis s ion  in Swan bands of C2, the obse rved  population of the s ta te  d3IIg was 
below the equi l ibr ium value when the gases  CO and N2 were  diluted by  a rgon  up to 96-98% (for the identical  t e m -  
p e r a t u r e  in the s t e a d y - s t a t e  region T = 6890~ As the par t  of molecules  CO and N 2 in the mix ture  i n c r e a s e s ,  
the population of the s ta te  da[Ig of C2 a lso  reaches  the equi l ibr ium value.  

Suppose that in the scheme  (6)-(10) the s ta tes  CN(B 2y~) and C2(d3Ilg) co r respond  to AB**. By wri t ing the 
�9 A ** * ** Mnetie equation for AB and B and putting (d/dt) [AB ] = (d/dt) [AB ] = 0, we then obtain for the steady-state 

region 

K [ABleq (11) 
[AB**lst= k~o ( 1 +  k8 ) k9 ( 1 +  k~~ ) '  

1 + k_8 + k_7 EM----7 k-sIM-----7 

where  kj  and k_j a r e  the r a t e  constants  of the forward  and r e v e r s e  reac t ions  (j = 6 . . . . .  1O); K = K6KTK~(K8*) -1, 
whore tQ, I<7, and K 8 a r e  the equi l ibr ium constants  of the reac t ions  (6), (7), and (8), r e spec t ive ly ;  Ks*, equi l i -  
b r i u m  constant  for  the exci ta t ion of v ibra t ions  in the s ta te  AB**; [AB]eq, equi l ibr ium concentra t ion  of m o l e -  
cules AB in the s t eady - s t a t e  region; and [AB**]st, concentra t ion  of molecules  in the emit t ing e lec t ronic  s ta te  
in the s t e ady - s t a t e  region.  

Taking into account that  the v ibra t iona l  deg rees  of f r eedom are  in equi l ibr ium in the s t e a d y - s t a t e  region 
we obtain that  K is the Bol tzmann fac to r  for  the cor responding  er~ergy level  of the excited e lec t ronic  s ta te  AB**. 
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Then in (ii), K[AB]eq = [AB**]e q. We assume that I< 7 ~ K 8 ~i [5, 6]. We shall estimate [AB**]st for the 
cyanogen molecule. We put k_ 8 ~ k 8 ~ k_ 7 = 3- I0 -I~ cm 3. see -I [6] and by determining the values of k 9 = (TI) -I 

and k10 = (T2) -I from the known values of lifetimes T I and T 2 for the states A 2 H i and B2~ [16] we obtaint that the 

third term in the denominator of the fraction in (ii) can be neglected, and the second term is much smaller 

than unity. In this case [AB**]s t = [AB**]e q which agrees with experiment. This conclusion depends to a sig- 

nificant degree on the assumption that I% ~ k_ 7 . For cyanogen this is justified since the multiplicity of all three 

states is identical. 

We shall apply scheme (6)-(10) to the excitation of a molecule of C2. According to the mechanism (6)-(10), 

one of the processes (7) and (8) is a nonradiative transition between states with different multiplicities, and the 

other is a transition between states with the same multiplicity since between the singlet ground state C2(X I X~) 

and the excited triplet d311g there are several triplet and ~inglet electronic states [17]. Therefore, in the case 

of C 2 we have k 8 ~ k-7, and the difference of these values can be large. The existence of a large number of in- 

termediate states makes it impossible to specify the state AB* for C 2 and consequently, to determine Ti. The 

radiative lifetime of the state d311g is T 2 = 1.22.10 -7 sec [16]. We shall estimate the denominator of the frac- 

tion in (ii) by considering various values of k_y, I%, and T I. For T I -~ ~, independently of which case is re- 

alized for k- 7 and k 8 (k- 7 > i% or I~ > k-7), the denominator of the fraction in (ii) is larger than unity, i.e., 

the population of [AB**]s t is lower than at equilibrium. Since the rate constants of the nonradiative impact 

transitions in C 2 are unknown we shall assume, by analogy with other molecules, that for a nonradiative transi- 

tion with spin conservation the rate constants are kj ~ i0 -I~ cm 3" sec -I, and with a spin reorientation, kj ~i0 -12 

cm 3" sec -I. Then [AB**]st/[AB**]eq ~ 1/6 which is close to the observed population of the state d31]g for a 

large dilution of CO and N 2 by argon [3]. If T I ~ T2, for k- 7 > k 8 the population of [AB**]st differs even more 

from the equilibrium value, and for k 8 > k_7, we have [AB**]st/[A]3**]eq ~ 1/6. Independently of the value of 

TI, a smaller difference in the values of k_ 7 and k 8 increases the population of [AB**]st, and gives a smaller 

difference from its equilibrium value at a given temperature. The disappearance of the "underpopulation" 

effect as the initial concentration of CO and N 2 in the gas mixture increases can be explained by the equaliza- 

tion of the values of k_ 7 and k 8 with the presence of a large quantity of atoms of N, C, and O. Due to their 

high chemical activity, their collisions with the C 2 molecules leads to a stronger interaction between perturbed 

states [18], a forbidden transition (e. g., with respect to spin) may become allowed, and the smaller rate con- 

stant of the nonradiative transition may increase. 

The mechanism (6)-(10) is therefore suggested here as the most efficient channel of thermal population 

of excited states of diatomic molecules. This mechanism explains why the emission of molecules of CN and C 2 

observed in the experiments in shock tubes begins immediately behind the front shock. Indeed, in agreement 

with processes (6)-(10), the equilibrium excitation of electronic states (or the formation of a quasi-steady- 

state distribution over all electronic states) takes place during time which is comparable with the time of vibra- 

tional relaxation of molecules. In comparison with the excitation of the electronic degrees of freedom, the 

chemical transformations are slower processes. Therefore, at any moment of time there is a quasi-steady- 

state distribution of molecules over all electronic states behind the shock front. This can be the Boltzmann 

distribution with the instantaneous temperature, as in the case of cyanogen. At each consecutive moment of 

time, this distribution varies in response to the changing conditions (for a changing temperature, pressure, 

and concentration of the particles) in the course of the chemical reactions. 

NOTATION 

AC and AB, diatomic molecules; A, B, and C, atoms; AB*, AB**, molecules in excited electronic 

states; M*, an electronically excited molecule or atom, or a vibrationally excited molecule with a high level 

of excitation; M, an arbitrary component of the gas mixture; ABv, a vibrationally excited molecule in the elec- 

tronic ground state; ABv*, a vibrationally excited molecule in one of the higher electronic states; AB. , a rib- . . . .  *• - . . vl 

rationally excited molecule m an intermediate eleetromc state; ABv 2 , avlbrahonallyexo~ted molecule in the 
emitting electronic state (these states are B2Z for CN and d311g for C2); TI, T2 are the lifetimes of the elec- 

tronic states; kj, k-j, rates of the forward and reverse reactions, respectively (j = 6 .... ,I0); Kj, equilibrium 
constants of the reactions ; e. g., in [AB] the square brackets refer to the concentration of molecules in the 

corresponding electronic state. The index eq refers to equilibrium conditions, and st refers to the concentra- 

tion in the steady-state region behind the shock front. 

$[M] = 1.7"1018 c m  -3 in [3]. 
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EXPERIMENTAL STUDY OF THE ACCELERATION 

OF A LAYER OF LIQUID 

V. A. Brzhezitskii and G. G. Kapustyanenko UDC 532.54+621.69 

Measurements have been made on the basic dynamic parameters of the process during physical 
implementation under laboratory conditions. 

There has long been an interest in methods of direct conversion of gas thermal energy to liquid kinetic 
energy in relation to the development or improvement of static devices for liquid transport in various engineer- 
hag systems [I, 2]. The piston method of liquid acceleration may be used in such devices along with the injec- 
tion and acceleration of the liquid in a two-phase flow [3-5]. In this method, the liquid is accelerated in indi- 
vidual batches, which are supplied to some channel in turn with the supply of compressed gas or steam, the 
result being a stratified (piston) flow with regions of liquid (pistons) alternating with regions of gas. In such 
a flow, the gas or steam can expand by expelling the liquid pistons into a region of lower pressure, where 
part of the internal energy of the thermodynamic working body is converted to kinetic energy in the liquid. 

The basic hydrodynamic effects accompanying the acceleration of liquid pistons are analogous to the 
phenomena in the rise of large gas bubbles in a liquid [6]. For example [7], the phase interface (initially 
planar) in the accelerated ejection of a liquid from a channel by gas comes to take the form of a gas cavern 
entering the liquid with some characteristic velocity v, whose value is related to the other definitive parame- 
ters (liquid acceleration a and characteristic transverse dimension d of the channel) by the Froude equation: 

v~ ~ = Fr, 

w h e r e  F r  i s  s o m e  c o n s t a n t  d e p e n d e n t  on the  s h a p e  of the  c r o s s  s e c t i o n  ( F r  = 0.38 f o r  a c i r c u l a r  e r o s s  s e c t i o n  
[8]). B e c a u s e  the  gas  bubb le  e n t e r s  the  l i qu id ,  the  p a r t  of  t he  l iquid  a round  the  gas  is  l o s t  f r o m  the  a c c e l e r a -  
t i on  p r o c e s s .  The  r a t e  of e n t r y  of  the  gas  bubb le  into the  l iquid  in  e s s e n c e  d e f i n e s  the  r a t e  of d i s r u p t i o n  of the  
a c c e l e r a t e d  l iqu id  l a y e r .  One a s s u m e s  t ha t  the  e n e r g y  c h a r a c t e r i s t i c s  of the  p i s t o n  me thod  of  l iquid  a c c e l e r a -  
t ion  wi l l  be  l a r g e l y  d e t e r m i n e d  b y  th i s  e f f ec t .  

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 40, No. 3, pp. 416-421, March, 1981. Original 
article submitted January 22, 1980. 

0 0 2 2 - 0 8 4 1 / 8 1 / 4 0 0 3 - 0 2 5 3 5 0 7 . 5 0  �9 1981 P l e n u m  P u b l i s h i n g  C o r p o r a t i o n  253 


