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We investigate the possibi l i ty of the occur rence  of the react ion involving the dissociat ion of 
N20 and the exchange react ion N20 +CO--* N 2 + CO 2 during rapid cooling of a gas  mixture due 
to supersonic expansion in a nozzle. A numerica l  solution of the equations for  the balance of 
vibrational energy and the kinetics of the chemical  react ions under nonequiiibrium conditions 
is given. We find the values of the pa rame te r s  that are  necessa ry  for the experimental  obser -  
vation of the phenomena considered.  

Rapid exchange of vibrational quanta often leads to the establ ishment  of quasiequil ibrium vibrational  
distr ibutions,  which pers i s t  during a t ime t such that "rVV< t< ~-VT, where ~-VV and 7 VT are  the durations 
of V - V  and V - T - p r o c e s s e s  respect ively .  

F o r  example, in a sys tem of osc i l la tors  A and B the relat ionship between the tempera ture  T A and T B 

OB]TB = OA/T A - -  (OB - -  OA)/T (1-) 

becomes established upon attainment of V - V  equilibrium [1, 2], where 0 A and ~B are  the charac te r i s t i c  
t empera tu res  of the osc i l l a to rs  A and B, respect ively,  and T is the gas tempera ture .  

Under specific conditions (0 B > OA, T A ,  TB>>T) there can be considerable pumping by osc i l la tors  with 
lower energy quanta f rom those with h igher  energy quanta. Under nonequilibrium conditions in a sys tem of 
anharmonic  osci l la tors ,  energy t r ans f e r  to higher  levels can resul t  in a substantial  increase  in the " tem-  
pera tu re  ~ of these levels.  The distr ibution of populations over  the levels of an anharmonie osci l la tor  (the 
t e rm "Treanor  distribution" is usually used) is descr ibed by the equation [3, 4] 

N (2) 
- ~ X ~  . 

Here  N n is the concentrat ion of par t i c les  at the level n, Q is the s tat is t ical  sum of an anharmonie os -  
c i l la tor  and its anharmonici ty (~ respect ively,  and T 1 is the effective vibrational  t empera tu re  for  the 
levels 1-0. As many chemical  react ion ra tes  a re  determined by the population of sufficiently high v ibra-  
tional levels, it is of interest  to cons ider  the effect of energy t r ans f e r  under  nonequilibrium conditions on 
the occur rence  of cer ta in  model react ions ,  Inth.is case dissociat ion and exchange react ions are  convenient. 
The dissociat ion rate  constant is determined by the extent of vibrational  excitation of the dissociat ing mole -  
cules.  The dependence of the rate  of exchange react ions  on the vibrat ional  excitation of the original  r e -  
agents has apparently not been sufficiently investigated, although, in a cycle of papers  by Bauer  and his as -  
sociates  (see [5], for  example), it is definitely shown that vibrational  excitation plays a decisive role in a 
targe  number  of exchange react ions .  Exper iments  with molecular  beams of HI and DI have indicated [6] 
that even for  very  high t ranslat ional  energy (from 20 to 109 kca l /mole  in the c e n t e r - o f - m a s s  system,  i.e., 
higher than the activation energy) these molecules  do not enter into an exchange react ion with the fo rma-  
tion of HD if they do not have sufficient vibrational energy. 

Moscow. Transla ted f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki,  No. 2, pp. 48-53, 
March-Apr i l ,  1973. Original ar t ic le  submitted January  31, 1972. 

�9 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $15.00. 

187 



sec 

fO'l 150Z 

10-3 / ~ 900 

t0-~i ~ ~00 

,z, cm 
0 Y I0 /Y 

Fig. 1 

,0-,i 
/0-,~ 600 

,O-S 

~cn 
O )" /0 lg 

Thus, if the cooling process is limited to gasdynamical methods (for example, flow in a nozzle), the 
factors that promote the flow of a reaction at low temperatures are the following: 

1) nonresonance vibrational pumping of "working" molecules from inert diatomic molecules with long 
relaxation times (for instance N2); 

2) an increase in the population of high levels of the working molecules due to anharmonicity (see Eq. 
(2)). Correspondingly, a significant drop in the density during flow in a nozzle promotes a decrease in the 
chemical reaction rate. 

Under conditions where the vibrational temperature breaks away from the translational temperature, 
the population having sufficiently high vibrational levels for the feasibility of distribution (2) can increase 
with a decrease in the translational temperature and as a result one can expect a corresponding increase 
in the rates of certain dissociation and exchange reactions with a decrease in the temperature. 

As an item for investigation we choose the dissociation of N20 in the exchange reaction 

N~O + CO-+ N~ + COs 

The choice of such systems is dictated by the following circumstances: 

i) the main contribution to the reaction rate must be made by levels n that are low enough so that the 
V-T reaction does not proceed (i.e. n< n*, where n* is the level at which the rates of the V-V and theV-T 
processes are comparable). Therefore among dissociation processes the most prominent are nonadiabatic 
react ions  with predissociat ion;  

2) the activation energy of the react ion N20+ CO is 23 kca l /mole  according to the data of [7]; that is, 
for  vibrational levels with such an energy n < n* ; 

3) in molecules  having a number of atoms g r ea t e r  than three,  it is difficult to cause a breaking away 
of vibrational t empera tu re  f rom translat ional  t empera tu re  because of the high rate  of intramole 'cular V - V  
exchange; 

4) as  both the react ions chosen a re  exothermic,  an accelerat ion of the react ion because of evolved 
vibrat ional  energy can be rel ied upon. 

The goal of the present  study involves the clarif icat ion of possibi l i t ies  of experimental  observation 
of the course  of dissociat ion and exchange react ions that take place during flow through nozzles used in com- 
bination with shock tubes. 

We consider  the flow of a mixture  5% N20 + 95% N 2 through a plane nozzle (whose height d at the cr i t ical  
c ross  section is 1 mm, whose length is 20 cm, and whose expansion angle is ~ ~, 12~ To find the basic 
charac te r i s t i cs  of the flow it suffices to limit ourse lves  to the approximate analytical  relat ionships 

expressing the tempera ture  and density of the gas in t e r m s  of the Mach number  M, the rat io of specific 
heats % and the initial pa r ame te r s  To, P0 at the entrance of the nozzle. In mixtures  containing a small  addi- 
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t ion of reac t ing  m a t e r i a l  such an approx imat ion  is comple te ly  sa t i s -  
f ac to ry .  The dependence of the Mach number  on d is tance  along the 
nozz le  is de te rmined  by solution of the equation 

(F-~-)z= l r 2 (1 --~T [ 7-~-~]- -{- _ L ~ _  M~)] ('+1);(r-1) 

where  F / F .  is the ra t io  of the running a r e a  of the t r a n s v e r s e  c ro s s  
sect ion to the a r e a  of the c r i t i ca l  c r o s s  sect ion.  

We wr i te  down equations for  the r a t e  of change in the number  
of v ibra t ional  quanta occur r ing  in the a n t i s y m m e t r i c  v ibra t ion of 
N20 (~B) and the vibration of nitrogen (CA) [4, 8] 

d'--i-- = ,rVT Qlo~ eA (sB § 1) exp - -  eB (~A + l) 

I ( ~:v~ ] (4) § ~ dt ]c 
<t~sj % - - e ~  I 0 A - -  O B ~ ] 

/ d<v~ \ (5) + 

Here  ~A ~ UB ~ a re  the equi l ibr ium values  of the numbers  of 
v ibra t iona l  quanta pe r  molecule;  rX T and T VT a r e  the v ib ra t iona l -  
t r ans la t iona l  re laxa t ion  t imes  of m o l e c u l e s  A and B; NA and NB 
a r e  the dens i t ies  of the molecules ;  OA and ~B a re  the c h a r a c t e r i s t i c  
t e m p e r a t u r e s ;  D is the d issoc ia t ion  energy; e~ is the probabi l i ty  
of an exchange of v ibra t iona l  quanta between molecu les  A and B; 
and eC is  the quantity of v ibra t iona l  quanta pe r  molecule  A that 
or ig ina te  in the exo the rmic  reac t ion .  

Using a model  based  on the rapid exchange of v ibra t iona l  
quanta [1, 8], we obtain an equation fo r  ~B under  the condition eB < 1 

With account  being taken of gas  t e m p e r a t u r e ,  chemica l  act ivat ion of molecu les  A, and d issoc ia t ion  of m o l -  
ecules B 

- -  E B 
1 / dNB \ ct--ta OA--OBT dTd___t - +  eC--eBeXP(--(OA--OB)/T)-L(D--eB)"~ " ~ i  c a  ' ~ ] 

(6) 
NA ( O A - - O ~ )  

K A  ~ NB , :Z = I § K.4. exp 1' 

The re laxa t ion  t ime  of the mix tu re  of osc i l l a to r s  A and B is a function of the composit ion,  the p r e s -  
sure,  and the transition, probabil i ty ,  which, in its turn, depends on the m o l e c u l a r  p a r a m e t e r s  and the t e m -  
p e r a t u r e .  The probabi l i t i es  os V - V  and V - T  t rans i t ions  is calcuiated accord ing  to the SSH theory [9]. In 
the der iva t ion  of a fo rmula  for  the reac t ion  t ime  [10] the quas i s t a t ionar i ty  condition is as sumed for  a l l  l o w - f r e -  
quency osc i l l a to r s  of N20. In the calculat ion of the flow in the nozzle  the t e m p e r a t u r e  of the s y m m e t r i c  and 
the deformat ion  v ibra t ions  is a s sumed  to be equal to the gas  t e m p e r a t u r e .  

Under  conditions of intense v ibra t iona l  nonequi l ibr ium the following d issoc ia t ion  m e c h a n i s m  is a s ,  
sumed.  Vibra t ional ly  excited molecu le s  of N 2 eff iciently pump the a n t i s y m m e t r i c  type of v ibra t ions  of N20 
and the d issoc ia t ion  of the N20 molecu les  takes  place  by means  of the p r o c e s s  of predissoc ia t ion ,  that is, 
by a t rans i t ion  ~f a molecu le  into the continuous spec t rum with a v ibra t iona l  level  lying above the min ima l  
d i ssoc ia t ion  energy (for NzO Dmin = 58 k e a l / m o l e  [7]). In the s imples t  case  the d issocia t ion ra t e  W under  
nonequi l ibr ium conditions can be r ep re sen t ed  by the equation [11] 

k ( Dmin~ { ( ~ ~ ~0 I} (l ~_ j~.)_ 1 
~Jd = Z N B P  ~ -  ~Q' exp --  ~---hTr-} exp hOB T T1 3D B (7) 
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Here Z is the number  of collisions; T 1 is the vibrational  tempera ture  of the an t i symmetr ic  vibration 
of N20 at the f i rs t  level; ~ is a fac tor  that takes account of the contribution of all vibrat ional  levels of the 
transi t ion probabili ty i+ 1 ~ i; Q' is the probabili ty of a resonance exchange within the l imits of an ant isym- 
met r i c  vibration; the pa r ame te r  T k determines  deviations f rom the quasiequil ibrium dissociat ion threshold; 

7o = 0.32 a-I.~/~dTE1; ~ is the charac te r i s t i c  pa r ame te r  in the exponential potential e - a n  # is the reduced 
collision mass;  DB is  the dissociat ion limit for  a B vibrat ion (ant isymmetric  vibration); and P is the prob-  
ability of a nonadiabatic transi t ion.  The level number k is determined by the relation 

E~ = k [El --  (k -- t)5E] ~ Drain ~< Ek+l = (k -5 l)][E~ - - ' khE]  

In its s implest  fo rm the kinetics of the dissociat ion of N20 is represented by the following scheme: 

N20 ,-}- M 1_~ No + 0 "k- M 

0 + N~O ---> N~ + O~ 

We consider  the effect of the second react ion in two limiting cases:  

1) the rate  of react ion (2) is fa i r ly  high and supports quasis ta t ionari ty  with respec t  to 0 atoms, i .e. ,  

d [N~O]/dt = --2k 1 iN20] [M] 

2) the cooling " f reezes"  react ion (2) and its rate is negligibly small.  The f i r s t  case can be real ized 
only if pract ical ly  all the activation energy of react ion (2) is surmounted by the vibrational  energy of the 
N20. 

Equation (6) together  with the energy equation and the kinetic equation were solved numerical ly by 
computer .  Fo r  the condition on quasis ta t ionari ty  with respect  to react ion (2) we applied ~C = D/2 (such a 
magnitude can be obtained on the basis of resu l t s  of [10]). Results of the calculations for this case a re  re -  
presented in Figs .  l a  and lb  (Fig. la :  a mixture 95~c N2+5~c N20, T=1500~ P = 1 0  atm, "[i/2 iS the half- 
conversion t ime (1); r r is the relaxation t ime of ant i symmetr ic  vibrations of N20 for  V - V  equilibrium with 
vibrat ions of N 2 (2); r T = T ( d T / d t )  -1 is the charac ter i s t ic  cooling t ime (3); T B is the vibrational temperature  
of the an t i symmetr ic  vibrat ions of N20 (4); and T is the tempera ture  of the gas (5); Fig.  lb:  T0=1000~ 
P 0 = I  atm, and the remaining notation is as  in Fig.  la) .  

It is seen that af ter  x > 5 cm the charac te r i s t i c  half -convers ion t ime 71/2 becomes  less  than rVT and 
the magnitude of T1/2 iS such that within the l imits  of the expansion part  of the nozzle there  is observed a 
considerable dis sociation of N20 , a distr ibution of densities of N 2 (1), N20 (1), N20 (2), and of the percentage con- 
tent of N20 (3), represented  in Fig.  2, T = 1500~ Po = 10 aim. Moreover ,  during subsequent flow in a channel 
of constant c ross  section the dissociat ion ra te  exceeds the react ion rate and N20 molecules  will continue 
to dissociate.  The resul t ing degree of dissociat ion will depend on the relat ion of ra tes  of dissociat ion and 
translat ional  heating because of the chemical  react ian and the V--T relaxation. 

Figure  3 shows calculations with the second react ion left out of account for T O = 1500~ P0 = 10 aim, 
the remaining notation being the same as in Fig. 1. Qualitatively the charac te r  of the p rocess  is the same 
as in the previous case, the quantitative differences being mainly in the dissociat ion rate  T B and the shape 
of the 1- r curve (the nonmonotonicity of Tr in Fig. 1 is due to energy release) .  

Results  of a calculation for  the initial conditions P 0 = l  atm, T O = 1000~ (Fig. lb), which lie below the 
thermal  explosion threshold of N20, are  of interest .  The calculation shows that expansion of the mixture in 
the nozzle resu l t s  in dissociat ion of N20 and in this case a fundamentally new type of transit ion of the cr i t i -  
cal explosion limit is real ized.  

We consider  the react ion 

N~O + CO --~ N2 + CO~ 

We assume that the react ion ra te  is determined by the population of molecules  at vibrational  levels 
whose overal l  energy exceeds the activation energy E = 23 kca l /mole  [7] 

n* w~* 

W = Z P Z N . ~ , N , , ,  

where N n and N m are  the populations at the levels m and n, determined f rom the Treanor  distribution ( s e e  
(2)). At the same time En+ Em-> E, 1 ~-- 10 -3 being the s ter ic  factor .  The calculat ions show that during ex- 
pansion of the mixture N20+ CO in a nozzle conditions can be produced for  which re < 7VT, that is, an ex- 
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change reac t ion  is r ea l i zed  in a t ime  that is l e ss  than the re laxa t ion  t ime.  If energy r e l e a s e  occu r s  p r i n -  
cipal ly in v ibra t iona l  s tages  of N 2 and CO, this will r e su l t  in a fu r the r  acce l e ra t ion  of the react ion:  The fact  
that the reac t ion  products  gene ra l ly  have a longer  re laxa t ion  t ime  than the original  r eagen t s  a l so  f avor s  
the maLntenance of nonequi l ibr ium. 

Despi te  the approx imate  c h a r a c t e r  of the calculat ion (mainly because  of the lack of a sufficiently r e -  
l iable theory of d i ssoc ia t ion  under  nonequi l ibr ium conditions), it is a s sumed  that one can look fo rward  to 
the expe r imen ta l  observa t ion  of d i ssoc ia t ion  during cooling in a superson ic  expanding s t reams  Moreover ,  
the poss ib i l i ty  of r ea l i z ing  vo lume t r i c  r eac t ions  (N20 + CO, HI+F2,  and others)  in a t ime  that is l e s s  than 
the V - T  re laxa t ion  t ime  is of g rea t  in te res t .  
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