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Calculation has been made of the thermal  effects attending nonresonant vibrat ional  exchange 
in a molecular  gas in a nonequilibrium state. Study has been made of the binary mixture,  
modeled as a set of harmonic osci l la tors  of var ious frequencies.  Vibrational  exchange, the 
most rapid relaxation process  occurr ing in the system,  was assumed to completely determine 
the distribution of vibrational  energy. It is shown that nonresonant vibrational  exchange can 
lead to either heating or  cooling in nonequilibrium states of the gaseous mixture. Calculation 
has been made of the amount of thermal  energy liberated or absorbed in these p rocesses .  

The heating or cooling of a gas as the resul t  of relaxation p rocesses  such as nonresonant vibrational  
"exchange can be of considerable importance for various aspects  of relaxation kinetics. These p rocesses  
are  par t icu lar ly  significant in the ~ransfer of thermal  energy between nonequilibrium sys tem and t r ans l a -  
tional degrees of f reedom in low-tempera ture  gases where v ib ra t iona l - t r ans la t iona l  relaxation proceeds 
very  slowly. There  [1] rapid (V-V ' )  nonresonant vibrat ional  exchange leads to an appreciable red is t r ibu-  
tion of energy over the vibrating system. This can resul t  in either an absorption or l iberation of thermal  
energy by the system.  An analysis of these effects is given in the present  paper.  

Let us consider the thermal  effects accompanying nonresonant vibrational  exchange in a binary mix- 
ture modeled as a sys tem of A, B harmonic osci l la tors  of different frequencies,  w a g OJb. Let it be supposed 
that �9 VV', the t ime of vibrational  exchange, is much less than ~'VT, the charac te r i s t ic  t ime for v ib ra t iona l -  
t ranslat ional  relaxation (TVV, <<~'VT) in an A + B sys tem which permits  quasiequilibrium energy dis t r ibu-  
tions with osci l la tor  tempera tures ,  T a and T b, different f rom the gas tempera ture  T. For  the quasiequilib- 
r ium distribution result ing from multiquanta vibrational exchange through a channel in which Pa A - o s c i l -  
lator quanta undergo nonresonant exchange with Pb B-osc i l l a to r  quanta, the relation between the vibrat ional  
tempera tures  T a and T b takes the form [2, 3] 

Pao),JTa - -  P~o)b/Tb=(Pao),~ - -  Pbo)b)/T. (1) 

It is essential  here  that the total number of quasiparticles involved in Pa -~ Pb vibrat ional  exchange in the 
A +B sys tem (i.e., the A-osc i l l a to r  Pa quanta or the Pb B-osc i l la tor  quanta) be conserved [3] ; 

naea/Pa -]- nbeJPb = const, (2) 

where ni(i = a, b) ; ei = [ exp(~awi/kT i ) -  1] -1 are ,  respect ively ,  the concentration (n a + n b = 1) and mean num- 
ber of i -osc i l la tor  quanta. 

Let us now est imate the value of E, the thermal  energy liberated or  absorbed (per molecule) when a 
quasiequilibrium energy distribution (1) is established in a nonequilibrated vibrating sys tem.  The expres-  
sion for E can be obtained directly f rom the equation for total energy (vibrational and thermal) conservation 
in the molecular  sys tem:  

E --~ i~O)anae a + ~b~ibeb = hO)anaeOa -~ ho)bnbe~ 

and Eq. (2) for conservat ion of the number o f  quasipar t ic les ;  

E ~-- --  (A0)a,b / Pb) nb (e ~ --  eb), (3) 
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where A Wa,b=(f i /k) (w a Pa-WbPb)  is the resonance  defect for vibrat ional  exchange at ~ and E~ , ei a re  the 
mean numbers  of quanta in the A +B sys tem before and after  establishment of the quasiequil ibrium. For  
the quasiequil ibrium energy distribution of (1), the value of ~b is fixed by K 0, the number of quasipart ic les  
present  in the sys tem,  and T, the gas t empe ra tu r e ,  through the equation K0=n a Ea/Pa + nbeb/P  b. Equation 
(1) can be rewri t ten  as ea=fa,b(T,  ebkb,  with 

~/P~ :%/P~--~ [i l/P~ P~/P~]-:. (4) fa,b (T ,  eb) = ~)a,b Xb ~b - -  ~a,b Xb .] , 

Ta, b=exp ( -- Ao~a, b/T); Xb=Sb/(Sb~-]), 

and Eq. (2) then drawn to obtain the relation 

eb=I~o(nb/Pb+n~/Pa]~, b(T, eb)) -1. (5) 

The expression for the thermal  energy effect accompanying nonresonant  vibrational exchange follows f rom 

(5) as 
80 0] (6) 

E PaUb -7" Pbnafa,b 

So far we have been concerned with the the rmal  effects accompanying establishment of a quasiequilib- 
r ium energy distribution in the A +B sys tem over a t ime of the order  of 7VV,, the gas t empera tu re  T and 
the total number of quasipar t ic les  K0 being assumed constant. We will now consider  thermal  exchange in a 
nonequilibrium sys tem with t ranslat ional  degrees  of freedom, var iat ion in the gas tempera ture  and the num- 
ber of quanta in osci l la tors  A and 13 being allowed. Let us suppose that T, s and s each change under 
the effect of external  factors ,  but so slowly that the energy distribution in the A + B sys tem is at each instant 
essential ly the quasiequil ibrium distribution corresponding to T(t) and K0(t). The magnitude of the thermal  
effect in the gaseous mixture then proves  to be independent of the ra te  of nonresonant  vibrational  exchange  
and can be calculated f rom Eqs. (3)-(6). With constant  k0 and varying gas t empera tu re  T(t), the fraction 
of the energy of the A +]3 sys tem evolved in the brief  t ime span (K0 = const) as a resu l t  of nonresonant (V-V' )  
exchange is, according to Eq. (6), equal to 

AE= - -  Aco~, bS(t.) [1~, b(t+ht) -- 1~, b(t)]~b(t), (7) 

where 
5=nbnJ(PJ~b+PbnJa, b), t < t. < (t~At). 

Here account has been taken of the fact that values of e a and e b sat isfying the quas is ta t ionsry  distr ibution 
condition ea(t) = fa, b (t) eb (t), at t ime t, a re  initial values for t ime t+At ,  i.e., eb(t) = eb~ aa(t) = ~ ( t +  
~t). 

It follows from (7) that the magnitude of the thermal effect Q=AE/At will be given by 

0 - - - - - -  CvdT/dt, Cv=+SAco~, ~,~c!/~, JdT,  (8) 

C V being the heat capacity of the quasiequil ibrium vibrational  system. 

The thermal  effect Q accompanying nonresonant (V-V ' )  vibrational  exchange in a quasieqailibrium 
vibrat ional  sys tem with energy pumping into the A and B osci l lators  can be calculated in the same way.. 

Q=SAo~, b(Ra --/-,, ~Rb), (9) 

R a = de a / d t ,  and Rb= d eb /d t  represent ing the respect ive  ra tes  of A and B osci l la tor  excitation. 

The express ions  for eb and fa,b substituted into (8) and (9) f rom (4) and (5) contain T and K0, the pa-  
r a m e t e r s  of the quasiequil ibrium distribution which may, themselves,  be functions of the time. It is to be 
noted that R i ~ 0 and ~ Ri/P~ = O, under pumping, so that K0, the number of quas ipar t ie les  in the A +B sys -  

tem, remains  constant. An analytical  solution for Eq. (5) has been obtained, but only for  the s implest  case 
of single-quantum exchange. In the low t empera tu re  region, where T < A Wa, b, this solution leads to the fol- 
lowing expressions for e b and fa,b: 

sb(/fo,T)~-~ Ifolnb [1 -- qe~, bnJ(nb-4-/fo(l --  q~, b)) ]; 
[~, ~(Ifo, T) ~-. r ~n~l(no+IQ(l - -  ~9,,, ~) - -  % .  bna); 
q)a, b=exp(-- A~o~, "b/T) ~ 1, h(o~ , ,  ~ > O. 
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Thermal  energy t rans fe r  between the quasiequilibrinm vibrational  sys tem and the t ransla t ional  degrees  of 
freedom of the molecule result ing f rom singie-quantum nonresonant (V-V ' )  exchange leads to a heat capac-  
ity, CV, equal to 

tfona (nb @" ff~ ( ~  )~ 
Cv ~ [n b -t- E6 (i -- ~a,b)] ~i qJa,b. (10) 

It is to be noted that the heat capacity of the quasiequilibrinm sys tem has a low-tempera ture  maximum 
(T N hOa, b/2) the value of C V at this point being fixed by K 0 and the mixture composition as given by ha, 

n b �9 

Let us briefly discuss  the above equations and i l lustrate their significance by calculations on the the r -  
mal effects in cer tain typical sys tems.  As is seen f rom Eq. (6), the nonresonant vibrat ional  t ransfer  Pa ~ 
Pb will be accompanied by an evolution or absorption of thermal  energy only if there is a nonequilibrium 
amount of vibrational  energy in the A +B system.  The sign of the heat effect (E, Q are  negative for  cooling, 
and positive for heating) is determined by the predominating direction of vibrat ional  energy pumping in the 
A +B osci l lator  system.  If, as a resul t  of nonresonant exchange, energy is pumped into the osci l la tor  with 
the grea ter  number of quasipart icle  quanta, say, f rom B to A (I~awa> PbWb ), which is possible only if e~ a < 
fa ,beb ~ , the sys tem will be forced to absorb thermal  energy and E <0. Thus cooling is assured when non- 
resonant  Vibrational exchange occurs in a nonequilibrium gas. On the other hand, if energy is pumped f rom 
the osci l lator  with the higher number of quasipart icle quanta, i.e., f rom A to B ( eo  > fa ,beb 0), a part  of the 

-v ibrat ional  energy will be converted into heat, the gas will bewarmed,  and E > 0. 

Let us consider in detail the the rmal  effects result ing f rom nonresonant vibrat ional  exchange under 
steady-pumping, a situation of prac t ica l  importance in connection with the study of stat ionary,  nonequilib- 
r ium vibrational  sys tems .  Let it be supposed that energy enters the A osci l la tors  f rom below at a ra te  
R a > 0, that the B osci l la tors ,  nonresonantly bound to A, lose energy [through radiation, (V-T)  processes]  
at a ra te  Rb<0, and that a s tat ionary energy balance is maintained in the system.  Let it be fur ther  assumed 
that nonresonant vibrat ional  exchange is rapid in compar ison with excitation ( r v v - R i / e  i<<l), and the v ibra -  
tional energy distribution close to quasiequilibrium e a ' ~ f a  ,b(Ko, T)eb" Here the magnitude of the thermal  
energy liberation or absorption in no.nresonant exchange can be calculated through the Eq, (9). If the osci l -  
lator with the lower number of quanta is. excited, while that with the higher number is quenched, the sys tem 
will absorb thermal  energy and Q <0. In the opposite case,  the sys tem will l iberate thermal  energy and 
Q>0. 

Let us now c a r r y  out some calculations.  By way of i l lustration, we will consider the heat effects as -  
sociated with nonresonant vibrational  exchange leading to the establishment of a quasiequilibrium energy 
distribution in the vibrational sys tem N2(A)-CO(B), A Wa,b=270~  If the N 2 molecule was initially ex- 
cited, e a ~ = 1 (e~ <<1), then for a gaseous mixture with parameters  n a = 0.9, n b = 0.1 at T = 270~ E ~ 120~ 
On the other hand, if the CO molecule was initially excited, ~ = 1 ,  (e~ and (V-V' )  relaxation in a gas-  
eo~ls N2-CO mixture with pa ramete r s  ha= 0.5, nb= 0.5, should lead to cooling with E ~ -30~ At a total  
p r e s su re  of 1 atm, the rate of thermal  energy evolution or absorption due to nonresonant vibrational  ex- 
change, E/rVV,,  would in each respect ive  case be 

E / ' c v y ' ~ l ' l O  ~ deg/sec, Tv-v,~,l.2.10 -5 sec [4]; 
E/TvV. ~,  - -  0.6. l0 T deg/sec, Tvv, ~--~ 5.10 -6 see [4]. 

It is also possible to est imate the heat capacity of the quasiequflibrium gaseous mixture of N 2 and CO 
with the pa ramete r s  na=0.9 , nb=0.1.  The value given by Eq. (10) is C v =0.6, at k0=l  and T=200~ 

It should be pointed out that these est imates apply only to sys tems in which the molecules can be mod- 
eled as harmonic osci l la tors .  A more detailed ana lysis would be required if it were a mat ter  of calculating 
the heat effects accompanying n o n r e s o n a n t ( V - V ' )  exchange in a sys tem of anharmonic osci l la tors .  

The author would like to thank N. N. Sobolev for his interest  in this Work and for his valuable advice 
concerning it, 
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