THERMAL EFFECTS ACCOMPANYING NONRESONANT
VIBRATIONAL EXCHANGE
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Calculation has been made of the thermal effects attending nonresonant vibrational exchange
in a molecular gas in a nonequilibrium state. Study has been made of the binary mixture,
modeled as a set of harmonic oscillators of various frequencies. Vibrational exchange, the
most rapid relaxation process occurring 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 processes.

The heating or cooling of a gas as the result of relaxation processes such as nonresonant vibrational
“exchange can be of considerable importance for various aspects of relaxation kinetics. These processes
are particularly significant in the transfer of thermal energy between nonequilibrium system and transla-
tional degrees of freedom in low-temperature gases where vibrational—translational relaxation proceeds
very slowly. There [1] rapid (V—V") nonresonant vibrational exchange leads to an appreciable redistribu~
tion of energy over the vibrating system. This can result in either an absorption or liberation 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 system of A, B harmonic oscillators of different frequencies, w, = wp. Let it be supposed
that 7yvy1, the time of vibrational exchange, is much less than Ty, the characteristic time for vibrational—
translational relaxation (Tyy'<«Ty7) in an A +B system which permits quasiequilibrium energy distribu-
tions with oscillator temperatures, T, and T}, different from the gas temperature T. For the quasiequilib-
rium distribution resulting from multiquanta vibrational exchange through a channel in which P, A-oscil-
lator quanta undergo nonresonant exchange with Pp B-oscillator quanta, the relation between the vibrational
temperatures T, and Ty, takes the form [2, 3]

Po0o/Ty — Pyon/ To={Powg — Ppon)/T. : 1)

It is essential here that the total number of auasiparticles involved in P, = Py, vibrational exchange in the
A +B system (i.e., the A-oscillator P, quanta or the Py, B-oscillator quanta) be conserved [3];

naeo/ Py -+ npes/ Py = const, 2)
where ni(i= a, b); {»:i=[exp(‘hc.ui/kTi)—l]'1 are, respectively, the concentration (ng t1n=1) and mean num-
ber of i~oscillator quanta,

Let us now estimate the value of E, the thermal energy liberated or absorbed (per molecule) when a
quasiequilibrium energy distribution (1) is established in a nonequilibrated vibrating system. The expres-
gion for E can be obtained directly from the equation for total energy (vibrational and thermal) conservation
in the molecular system:

- 0 0
E + iwgngeq 4+ hoghye, = RQgn.e, + foyn,e,

and Eq. (2) for conservation of the number -of quasiparticles;

E=— (Atay/ Py (25 — &), (3)
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where Aw, p= (ﬁ/k)(wa 2~ whPp) is the resonance defect for vibrational exchange at °K, and G j» € are the
mean numbers of quanta in the A +B system before and after establishment of the quaswthbrlum. For
the quasiequilibrium energy distribution of (1), the value of &, is fixed by Kj, the number of quasiparticles
present in the system, and T, the gas temperature, through the equation Ky=n,¢,/P,+npe,/Py. Equation
(1) can be rewritten as g, = a,b(Ta £,)eh, With

fou (T &) = g poay oy [1 — qulfaay¥Pa] ™ @

Par 6=0XD ( — Awg, o/T); zo=2p/(es+1),
and Eq. (2) then drawn to obtain the relation
ébzﬂlo(nblpb+na/Pafa7 b(Ta 86))—1~ (5)

The expression for the thermal energy effect accompanying nonresonant vibrational exchange follows from
(5) as

nyph,

F = Ama,b [ngfa,beg]' (6)

Pony Pb”’afa,b

So far we have been concerned with the thermal effects accompanying establishment of a quasiequilib-
rium energy distribution in the A +B system over a time of the order of TyVy', the gas temperature T and
the total number of quasiparticles K; being assumed constant. We will now consider thermal exchange in a
nonequilibrium system with translational degrees of freedom, variation in the gas temperature and the num-
ber of quanta in oscillators A and B being allowed. Let us suppose that T, €,, and €}, each change under
the effect of external factors, but so slowly that the energy distribution in the A + B system is at each instant
essentially the quasiequilibrium distribution corresponding to T(t) and Ke(t). The magnitude of the thermal
effect in the gaseous mixture then proves to be independent of the rate of nonresonant vibrational exchange.
and can be calculated from Eqgs. (3)-(6). With constant k; and varying gas temperature T(t), the fraction
of the energy of the A +B system evolved in the brief time span (K, = const) as a result of nonresonant V=V
exchange is, according to Eq. (6), equal to

AE= — Amm ba(t*) [.fa’ b(t+At) - fa: b(t)lsb(t)v (7)
where

8=npna/(Patts+Ponafar 1), t <t < (E+A2).

Here account has been taken of the fact that values of £,and gy, satisfying the quas1stat1onary dlstrlbu'clon
condition g,(t) =f; plt)ey(t), at time t, are initial values for time t+At, i.e., eplt) = ep Ot +At); £q(t) = su(t+
A,

It follows from (7) that the magnitude of the thermal effect Q=AE /At will be given by
Q=— CvdT/dt, Cv=-8Awg, rerdfa, v/dT, ®)
Cy being the heat capacity of the quasiequilibrium vibrational system.

The thermal effect Q accompanying nonresonant (V—V') vibrational exchange in a quasiequilibrium
vibrational system with energy pumping into the A and B oscillators can be calculated in the same way:

Q 6A0)(17 b( fu bRb) (9)
R,=dg, /dt, and Rb=dab/dt representing the respective rates of A and B oscillator excitation.

The expressions for £y and f; p substituted into (8) and (9) from (4) and (5) contain T and K, the pa-
rameters of the quasiequilibrium distribution which may, themselves, be functions of the time. It is to be
noted that R;=0 and E R;/P, =0, under pumping, so that Ky, the number of quasiparticles in the A +B sys-~

tem, remains constant. An analytical solution for Eq. (5) has been obtained, but only for the simplest case
of single-quantum exchange. In the low temperature region, where T <A wg,bs this solution leads to the fol-
lowing expressions for ep and f; j:

8(7(f{0vT)z RO/nb[1 — Qg l7na/(nb—;_1:(0(.-1 — Qq, b)) ];
fav D(Hm T) == Qa, b715/(nb+H0(1 — Quy b) — @, bna);
QPa, b:exp(— Away b/-T) < 1’ Amm » > O-
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Thermal energy transfer between the quasiequilibrium vibrational system and the translational degrees of
freedom of the molecule resulting from single-quantum nonresonant (V—V') exchange leads to a heat capac-
ity, Cy, equal to

 Hinglmy+ Ky (Aw ) 10
Gy [ F B (=@ \ T ) ¥b (19)

It is to be noted that the heat capacity of the quasiequilibrium system has a low-temperature maximum
(T ~ Awg, 5/2) the value of Cy at this point being fixed by Ky and thé mixture composition as given by ng,
ny.

Let us briefly discuss the above equations and illustrate their significance by calculations on the ther-
mal effects in certain typical systems. As is seen from Eq. (6), the nonresonant vibrational transfer P, =
Py, 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 vibrational energy pumping in the
A +B oscillator system. If, as a result of nonresonant exchange, energy is pumped into the oscillator w1th
the greater number of quasiparticle quanta, say, from B to A (Pgw,> Pywy), which is possible only if e <
£, beb the system 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 from
the oscillator with the higher number of quasiparticle quanta, i.e., from A to B (eao > fa,b sbo ), a part of the

- vibrational energy will be converted into heat, the gas will be warmed,and E > 0.

Let us consider in detail the thermal effects resulting from nonresonant vibrational exchange under
steady-pumping, a situation of practical importance in connection with the study of stationary, nonequilib-
rium vibrational systems. Let it be supposed that energy enters the A oscillators from below at a rate
R, >0, that the B oscillators, nonresonantly bound to A, lose energy [through radiation, (V—T) processes]
at a rate Rp<0, and that a stationary energy balance is maintained in the system. Let it be further assumed
that nonresonant vibrational exchange is rapid in comparison with excitation (1yy - Ri/€i<«1), and the vibra-
tional energy distribution close to quasiequilibrium &, ~1 b(KO, T)ey,. Here the magnitude of the thermal
energy liberation or absorption in nopresonant exchange can be calculated through the Eq, (9). If the oscil-
lator with the lower number of quanta is excited, while that with the higher number is quenched, the system
will absorb thermal energy and Q<0. In the opposite case, the system will liberate thermal energy and

Q>0.

Let us now carry out some calculations. By way of illustration, we will consider the heat effects as-
sociated with nonresonant vibrational exchange leading to the establishment of a quasiequilibrium energy
d1str1but10n in the vibrational system Ny(A)—CO(B), A wg h=270°K. If the N, molecule was initially ex-
cited, €4 D=1 (eB<<1) then for a gaseous mixture with parameters n,=0. 9, np,=0.1 at T=270°K, E=~120°K.
On the other hand, if the CO molecule was initially excited, eB—l (sa<<1), and (V—V') relaxation in a gas-
eous N,—CO mixture with parameters n,=0.5, n,=0.5, should lead to cooling with E~ —30°K. At a total
pressure of 1 atm, the rate of thermal energy evolution or absorption due to nonresonant vibrational ex-
change, E/Tyy 1, would in each respective case be

Eltyyr = 1107 deg/sec, vy~ 1.2-107° sec [41;
Eltyy -~ —0.6-107 deglsec, Tyyr~5-107° sec [4].

It is also possible to estimate the heat capacity of the quasiequilibrium gaseous mixture of N, and CO
with the parameters ng=90.9, np=0.1. The value given by Eq. (10) is Cy, =0.6, at k;=1 and T=200°K.

It should be pointed ouf that these estimates apply only to systems in which the molecules can be mod-
eled as harmonic oscillators. A more detailed analysis would be required if it were a matter of calculating
the heat effects accompanying nonresonant (V—V') exchange in a system of anharmonic oscillators.

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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