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ABSTRACT

I. Pure CO gas was rapidly heated by the passage of a shock wave, and the
vibrational relaxation time determined from measurements of the time history
of the intensity of the 1st overtone transition at 2.35 P The relaxation
time was measured over a temperature range of 1400 - BGOOOK and at pressures
from 1% - 4 atmospheres. At 1400°K and 1 atm. a value of 650 + 50 psec. was
obtained. A large impurity effect was discovered and is believed to be

caused by traces of water vapor,

IT. The effect of an efficient, near-resonant exchange of vibrational energy
between 02 and N2 molecules on the vibrationsl relaxation behavior was inves=
tigated. The near-resonant and non-resonant vibrational transition probabili-
ties were estimated from current theory, It was shown that the resonant
process can provide a catalytic path for the rapid vibratienal relaxation of
the slower component (N2)° The hypothetical calculations are compared with
experiment, and an interpretation of the “impurity effect" of HZO is given in

terms of a rescnant process,



TABLE OF CONTENTS

1. A STUDY OF VIBRATIONAL RELAXATION IN CARBON MONOXIDE
BY SHOCK-WAVES AND INFRA-RED EMISSION

IntroducCtiONecescssenssneosssssaesossccassssasesas

Experimentalscocesscsccsssscsscssvscacossncscscoss 4
The Shock TubEossssssoosescssscscossoncans 4
The Infra-red Cellesscsscencscsescsnsscsosse 5
The Removal of IMPUYiti€Sesssssecssssessss 5
Calculation of Temperature and Fressure.. 7
ResUllSeeocsensoonssencsasssosesosnssnsessoaancasnss 10
Interpretationessssssesscossssssscsvcssae 10
Pressure Dependence 0f T cseccecssscccs 14
Temperature Dependence of T eecevocsnne 14
The Effect of ImpuritieSccessscssnossssss 15
ConcluSiOnSssessanssccassssssososancssassnssnssosnoce 17
AcknowledgementSssssscoossosssscoosnsonnonsssosenses 18
HeferenCeSssossonsescenssosnosssssennsnssssacsoancs 19
Legends for FigureSsseseasssscsseesssoccosnssncese 20
FigureSecoascasseansssocsssanosnonsoscasossessndna 21

g‘uppendlxﬂ'O.Q‘.O...O.G’Q.Q.ODQ..‘..O....'Q"Q.OI.. 26



LI, A 8TUDY OF THE EFFECT OF A RESONANT TRANSFER OF ENERGY
Ol THE VIFRATIONAL RELAXATION OF GAS MIXTURES
INtrodUCtiONessessssscossssssssassssscosssnoasncsss
Macroscopic Relaxation EquationScecesssecsscscsssossen
One Component SySteMsecsescoesssscscssosecs
Two Component 5yStEMosscsscsssssososscasns
Molecular Theory of Vibrational Energy Transfers.as
Classical ConsiderationSsessesescssccacsss
Quantum Mechanical TheoTyesocesescososnosee
CalculationS,sessssssoctsnscasncsssocanossacssscnssss
ResultSersonecsonconsooncnnsocsonccsncocasnscossasos
Dataoccescntsosonsnosasnssscnsesssscssensons
Interpretation of ResultSescsesssssscansecs
Approximate Treatmentssescsessossrccasscas
Comparisons with Hxperiment.eccsocscssssssecscsssasass
Uxygen~-Nitrogen SyStemSsssssesssccencasese
Resonance Exchange in Polyatomic GaseSsees
Effect of Hy0 on Vibrational Relaxation...
SUMMAY Ve s ones020000040660c68000000000000000000809660
Appendix I, MNumerical Integration Procedur€sescses
Appendix II. DNumerical Datascsessscsscssssssesscas

- .
HeferencCeSscesesnnsescessnoesassnscsossssssssosssancssas

PAGE

28

29

30

38

38

47

51

51

86

et
o
(@]



1. A BTUDY OF VISRATIONAL RELAXATION IN
i &
CARBON MDNOXIDE BY SHOCE-WAVE AND INFRA-RED BMISSION
by M. Windsox' . Miﬁ!a@ﬁg and R. T&yl@r

Introduction

The ianterchange of energy between external degrees of freedom (transe
lation) and ths internal degrees of freedom (vibration and votation) of a
molecule when i¢ undergoes a collision, is & subject of great importanmce,
because of its intrinsic interest, because of ite significance in the
general field of chemical kinetics, and because of its beavring on various
gas dynamical and combustion problems. When a gas is suddenly heated, as
for example, by a shockewave, or suddenly cooled, as by a rapid expansion,
it wndergoes a rapid change in temperature. In owr normal usage of the
term “oemperature® we mean that the kinetic evergy of translation of the
molecules has changed, If the change is8 very sudden, the new distribution
of molecular velocities may instantaneously even no longer follow the
Maxwell-Boltzmann law. A new Boltzmann distribution is established ia the
tims of a few collisions. To achieve complete therwodynamic equilibrium,
it is now necessary for the energles of the rotational and the vibrational
degrees of freedom to become adjusted. This will involve a further change
of temperature as interchange of energy between translation and rotation
and vibration takes place. The collisional processes by which this equi-

libration 1s effected are called rotatiounal and vibrational relaxation.

Rotational relaxation usually takes only a few to a few tens of cole

9

ligions, corresponding to a time of about 10" ° sec at STP. Rotation and

® o be published in the forthcoming book: “Proceedings of the Seventh
International Symposium on Combustion," Butterworths Scientific Publicae-
tions, London.
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ticnal energy occurs, bub in whieh the vibrational energy is redistributed.

For this process the forwerd and reverse rate econstants, e, are equal,

¢o + GO ﬁggézw co + €O (3)
=10
# * € 3t
Co + €O —‘:.—;é.-——__é o+ CO (3a)

*3% i
For simplieity, make the aporoximetion (€0 ) {({ (¢0') << (eo)

Aypothesis (1) cives a simple exponential growth of (G0 ).

(e0) = (co )y {1 - expf -35_2@(00)3]} (1a)

In the harmonie oseillator exproximation, klﬁ = ?5,1, k?l = 2k10°
=12 > =

Then hypothesis (2) zives

Sk et 2
(co ) = (C0 )y, {z.aexp[~§glo<co)§,j} (2a)

If in hypothesis (3), we assume e is very large, expression (2a)
agein resulis. Thus, (1) gives a simple exponential growth, beginning with
a finite slope, vhereas (2) and (3) give growth beginning with zero slope,
then rising steeply, with a rise time of the ovder of 1/§10(@0)’ napely
the relaxation time of the Tirst vibrational state.

fypothesis (3) ean be discussed in further detoil as follows. Heace
tions like (32) are "energy transfers at exact vescnonee,”" The complete
set of such reactions do not ereate vibrational energy, but they redis-
tribute it in such a way that the population of the n'th level, (QOM%)Q

is related to the vpopulation of the Tirst excited level by

k]
3% % Boss
(eo™) = (co ) S £ B by
BV + By Y
e —V.LL; Lf_v,ib
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That is, there 1s a Boltzmann-like distribution determined by the total

amount of vibrational enerry, B s in the systen. Given sueh & Boltz-

=yib
maon=1ike distribubion, reactions like {3a) will be proceeding backward
and forward at equal rates and will not further affect the distribution.
9

How, Montroll and Shuler” have shown that if one considers the coumplete
set of equations like (2) in the harmonic oseillator approximation,

then a system vhich sterts with a Boltzmann distribution of vibrational
states appropriate to one temperature relaxes to the Boltzmaan distri-
bution appropriate to the translational temperature via a set of Béltzménn
distributions appropriate to ivtermediate temperatures. Under these
cireunstances, the reaetion system (3a) makes no eontribution to the
vibrational distribubtion even thoush its rate consbant may be large.

Plots of 1n {l - (CO‘;{“}%)/(CQ);:;{- vs. %t and of ln{ - [/CO )/(Cﬁém;]l/g
vs. L are shown in Fig. %. The latter relation gives a bebtbter straighﬁ»
line, thus favoring hypothesis (2) or (3). The situstion is not perfeetly

Fige 3 here
glear ecut howvever beecause the L1ﬂlte rigse time of the deteector tends to
make a curve ike {1a) look like (22). Ve believe this effect is srall,
A wore detailed examination of this point will be made iﬁ a later poper.

Aceept equation (Pa)., Define the relaxation time, 7', as l/EWO(CG)e

From the egvation there is a point of infleetion, d (CG )/d* = 0
et (CO ) = (co Joo /s On both sides of this point, the curve is almost
linesr and the slope is 2/7. Values of-z: 50 obteined are presented in

Table 2,
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APPENDIX

A Comparison of Experimental and Theoretical Relaxation Times

in Carbon Monoxide, Nitrogen, and Oxygen

Since carbon monoxide, nitrogen, and oxygen have been studied experi-
mentally over the widest range of temperature, they offer the best
available data for a test of present molecular theories of vibrational
energy exchange. The experimental values of relaxation times of carbon
monoxide obtained in this investigation are reproduced in Figure 6 and
compared with the values predicted by the Schwartz, Slawsky, and Herzfeldl
theory. Also shown are experimental and theoretical values for nitrogen

and oxygen.

For nitrogen the experimental relaxation times in the temperature

range 3500 - 5000°K are due to Blackman? in the vange 800 =~ 1200°K to

Lukasik and Young%z and at lower temperatures to Huber and Kantrowitzlé.
For oxygen all the data are from Blackman's experiment except for the

it
room temperature result of H, and L. KnotzellB.

The agreement between theory and experiment for these three gases is
good except at the lower temperatures, principally below 1000°K. The
presence of small amounts of polyatomic impurities is expected to be more
important in decreasing the relaxation times at lower temperatures and
may be the reason for the discrepancy between theory and experiment in

this region.
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1I, THE EFFECT OF RESONANT ENERGY EXCHANGE IN THE VIBRATIONAL RELAXATION
OF GAS MIXTURES
Introduction
The exchange of energy between the vibrational motion of one
molecule and the translational or rotational motion of a second
molecule during a collision is the principal process for the
vibrational relaxation of a pure gas. However, a second possibility
arises in a collision bétween unlike molecules in which vibrational
energy is transferred directly between the molecules with little or
no energy being exchanged with translation. Such a process is
called a resonant or near-resonant transfer of energye. If the
vibrational frequencies of the molecules are identical or nearly so,
the process is one of exact resonant transfer. Otherwise, it is a
near-resonant process, and some energy must also be exchanged with
the relative translational motion of the collision pair. The mole~
cular theory of vibrational energy exchange predicts that resonant
and near-resonant processes are, in general, more probable than the
direct excitation of vibrations from translational motion. These
latter collisional processes are called non-resonant transitions.
Schwartz, Slawsky, and Herzfeld (1) were perhaps the first to
examine the importance of resonant-like mechanisms in the vibra-
tional relaxation of gas mixtures, They indicated thai the resonant
mechanism might be important in several systems, but no detailed

calculations of the magnitude of the expected effect were given,
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The present investigation is a study of the vibrational relaxa-
tion of a two component gas in which both resonant and non-resonant
processes are allowed. The macroscopic relaxation equations for the
vibrational energy of the component gases are developed in a manner
analogous to that of Schwartz et al., but a specific numerical cal-
culation is carried out for oxygen and nitrogen mixtures. These
gases were chosen because: (a) the fundamental vibrational fre-

L and N, - 2360 cm'l, are close enough to

quencies, 0, - 1580 em”
enable the near-resonance process to assume importance, (b) the
vibratiénal relaxation of the pure gases has been extensively studied
experimentally, and (c) these molecules are relatively simple, and,

therefore, a reasonably meaningful calculation of the probabilities

of energy exchange is possible from present theory.
Macroscopic Relaxation Equations

One Component System. The equation describing the relaxation of

the vibrational energy of a one component gas composed of diatomic
molecules has been thoroughly discussed in the literature (2). For

the rate of change of the total vibrational energy, E ;;,, one obtains:

jgwb - - Kio(l - 6-6)(Evib‘ﬁvib) (1)

klo is the rate of deactivation of a molecule from the first excited
vibrational 1eve1,()==h!77kT where these symbols have their usual
meanings, and Evib is the vibrational energy of the system at equili-

brium.

This relation is derived with the following basic assumptions:

(a) the molecules are considered to be harmonic oscillators, (b)
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only energy transfer between neighboring levels is allowed, and (e)
the rates of energy transfer obey the same selection rules as the
optical transitions of harmonic oscillators. The last two assump~
tions are a consequence of the quantum mechanical calculation of
the molecular process of energy transfer and are formally known as
the Landau - Teller selection rules (2),

Since energy is being transferred between the traﬁslational and
vibrational modes during the relaxation process, the translational
temperaﬁure, T, and the equilibrium energy, Evib’ may not be
strictly constant with time. In many practical problems this effect
is small and in theory can be made negligible through the use of a
temperature buffer such as a large excess of inert gas. With the
assumption of a constant translational temperature equation 1 can

bg integrated to yield
- B (1t - e‘t//r)
Evib vib (2)

where the time constant, T , defined as

|
7 = )
koo(' - e 9)

has been introduced.

For a one component system of harmonic oscillators one obtains

the result that the vibrational energy relaxes toward its equilibrium
value exponentially with a tim e constant given essentially by the

reciprocal of the rate of deactivation of the first excited level,

Two Component System, The macroscopic relaxation equations equi-

valent to 1 for a system of two gases, each of which has one
vibrational mode, have been derived by Schwartz, Slawsky and Herzfeld

(1), The following derivation is more detailed and differs in some
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respects from the one presented by these authors.
In the notation of chemical kinetics the two different energy

transfer processes are expressed as follows:

Hon-resonant energy transfer

Ax + M T=—aA + M ()

B + M —33 +

Resonant or near-resonant energy transfer

&+ B=—=a + ¥ (5)

The starred symbols represent vibrationally excited molecules.

~ In equations U4 symbol M represents either an A or B type
molecule. The assumption is being mede that the rates of the non-
resonent processes such as L are the seme whether the collisions
are with an A or B molecule. For the specific problem of oxygen
and nitrogen this assumption is spproximately true, and the use of
an aversge molecule M is convenient. The equations could, if

necessary, be derived for the more general case.

The bimolecular rate constants for equations 4 and 5 are com=
posed of two factors - a collision frequency, Z, and a probability
Qf energy exchange per collision, P. These are defined in detail

as follows:

Z A.B is the number of collisions per second per A molecule if
2
one considers that all of the rest of the gas is composed of B
molecules and is given by the kinetic theory expression
2
sTkT 2 P

2"ZA,B - U GA,B k -T-

(6)
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where P is the total pressure, and the other symbols have their

usual meanings. ZA M is the number of collisions per second per
3

A molecule with all the molecules M when the total pressure is P.
A similar definition exists for Zpy y.
]

it L ,
P(AM) is the probability per collision that molecule A in
the (i'*l Yth gquantum state will be deactivated to the ith quantum

'

state in a noneresonant process. Similar definitions hold for
I+, 1 i,i*l jB'j”
P(B,M  and the probabilities for activation,P(/'\,M) and P 10
A+t A '
TD(A{E? is the probability per collision that A is deactivated
17+
from the (A + | )th to the ith quantum state in a resonant or near-
resonant collision with molecule B which in turn is activated from
the jth to the (j+ 1)th state. An analogous definition exists for

I, 5

the inverse process, TD(ziue? .
’

Let Ai represent an A molecule in the ith vibrational state and
n the population of such molecules; similarly Bj is a B molecule in
the jth vibrational state and m.j the population of Bj molecule., The

total number of molecules, N, in the mixture is given by

= nh. -+ Z .
N Z A ™; (7)
4 J
The fraction of A or B type molecules is designated as a or b res-

pectively. There are obvious relations

)
A

a =

N

Zm ‘ (8
)/ 5

N

Rate equations of the type 4 and 5 for the individual vibra-

tional levels can be written in terms of the above definitions,
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Considering the A type molecules alone these equations are

ol
Ao + M = P(A,N2 A' + N
PA® L (9)
S R — Pa,m A+ M
Piam
:P(j’h;
AM
AA + M ‘_P(,m,i) = AA'H M M
AM
ol
P(A.B)
Ao + B, ‘T—A A. + B,
A.B)
A B i Pap
. + . i§:§:?:::::::ﬁ ’\2 + E)o |
(Ao o
P v/
PAB
Ai + B, STH, = AA"H B.
P(g.'B)
[« ]
P8
/\o + B? =~ e /\l + E3;\
P(A'.B) N ,‘i A
AO + B3 -~ 3’ A' + Ba
' PAB (1)
23 -
P&
Ao + Bjﬂ ~To 2 A| M BT/
P(A.B)
49+l

The set of equations 9 describeg the non—resonant relaxation of A
molecules., There is an equivalent set for the non-resonant relax-
action of the B molecules, Eguations 10 and 11 desgribe the resonant
transfer of energy betwéen A and B, The rate constants for all

these equations have been written in terms of the probabilities, P,
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the appropriate collision frequencies being understood. In anti-
cipation of the Landau - Teller selection rules only the equations
describing transitions between neighboring vibrational levels have

been alleowed.

From equations 9, 10 and 11 the rate of growth of the vibra-
tional energy can be expressed as a sum of terms for activation
minus a sum‘of terms for deactivation. Each term is the product
of the concentrations of the levels concerned and the rate constant

for the process

E ot 12
d_(C;_A_) = Nhw {ZA,M[RA,M)J&QJ% + P(A,m)v_N1_. LI

dt - N
J.JuH
..+'P(AN)"4M+..,.-P(AM)N 4 P(AM)nzM
At L
ee. = PAM 6 M ] (12)
N N
hys P(AB)n m VB U
+ NRR] Zyy | POPRR + PAD TR -
-(,Hl [X<] 21
+ P(A B m M 4.~ PABL M. _PABNz M, _ ..
‘N ot N N ot N N
A+),d
. _ PAB N M, _ . P(Aamo_ma
i N N al N N

+ P(AB) nO M3+.‘ +P(AB) no 7_"1_4»4 4=
jﬂ 17 N N

10 {o ' {0
.. ~ Pamm _ P(A, Yme ... - RABRMy ...
12 NN 25 N N 4,9 N N
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EA is defined as the vibrational energy of the gas if the gas were

composed only of A molecules; aEa is then the énergy due to the

fraction, a, of A molecules.

To further simplify equation 12 the various transition proba-
bilities must be related by the use of the Landau - Teller

selection rules which are

A+, A . 10
P(A,M) = (di+1) P(/\,M)
A, L+4 . ol
Pam = i PAM
A+, 4 v 1o
PR = (i) P(AB) (13)
771 o
A, L+ ; ol
PaB = (/1 PAB
j'f'l,] 1o
From considerations of detailed balancing there are the further
relations
o) Io -
Paam = P@Aame
ol o —(x-A) 14
Pap = P@upe o
to oy
where

X = hT

/3 - hVB/kT (15)

Using relations 13 and 14 the terms in equation 12 describing

the non-resonant relaxation (first set of braces) can be summed to

yield

Zam P(A,%I)[GQCXZ L ()- e-d)zi%}i] (16)
Z a



The total vibrational energy of the A molecules is given by

| = hv ) in
akb, AZA A an

and at equilibrium EA is expressed by the well known Einstein

relation - X
€
-
I - € (18)

E, = Nh»

By substituting the two preceding relations into 16 and using the
definition of fraction, a, of A molecules (relation 8), the non-

resonant terms can be transformed into:

ZAM {P(/{,(t)*l)a((- 6‘“) [EA - EA] (19

If a=1 and 2, y P(A M = km,' this quantity is identical to the
rate of change of the vibrational energy of a one component gas,

equation 1.

Using the Landau - Teller selection rules the resonant terms

in equation 12 (second set of braces) can be summed as follows

1o [ (%A -(«
PG T T o

As was the case with the non-resonant terms, this expression can be
rewritten using 17 and 18 and the equivalent relations for the vi-

brational energy of the B molecules, Ep and ﬁé.

o e\ _ ¢ (E-E
ZA'B P((/)\,‘B)C(b ( e )(l~€”/-" - EA(_&.E_;_E (21)

The final result for the rate of change of E, is the sum of 19 and

A
EB)] -

21 or G‘_E_A - ZAM<P(/{3‘1)(I - 6‘0‘)[EA -k )
N bZAB P@B)[EB( = l e~ﬂ)

B



ey

The effect of the resonant mechanism on the macroscopic relaxation
equation is to add on the second, non~linear term to the quantity
describing the usual non-resonant relaxation. Equation 22 is
equivalent to the macroscopic relaxation equation for a system of
mixed gases derived by Schwartz, Slawsky and Herzfeld (1) except

-
for their omission of the factor (1 - e ) in the first term.

In the preceding derivation the assumed model was one of two
gases with one vibrational mode each. An equivalent model would
be a pure gas with two vibrational modes, A and B. The derivation
of the macroscopic equation for this latter case is similar and
yields a final equation identical to 22 with b = 1. Tanczos 3
has derived the energy relaxation equation for a gas composed of
a general poiyatemic molecule. 'He has also included resonant

transitions 1nvolv1ng two quanta in one mode, i.e., processes of

the type P(A B)
o}

Equation 22 can be rewritten in terms of the reduced variable Ee/&;A

dE _
. i/EA = - [ZA,M P(A,H)(FC_ ) + bZA,BP(ﬂ’.B)] E’VEA

B(1=C) Ear A(EE \Esr Ep
*bZpn PUD (=) 0, T Zpn PUB(E-E4) 2%, %

B
+ 2w PAN(-€%) ¢
Since the problem is symmetric in A and B, the relaxation equation
for E is obtained by 1nterchang1ng the roles of A and B in 23 or
d EVE _ [ZBNP(Bm)(I eﬁ) + QZBA (BAJ] EVEB
+ a Zga PN BA)(’" )EA/E taZ, P(BA)( E/ kg, 3(24)

+ ZMP(m(t—eﬁ)

These two equations describe the relaxation behavior of the total
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vibrational energy of a two component gas in which both resonant and non-
resonant energy exchange processes are permitted. They form a set of

coupled, non-linear equations, and a general solution has not been found.

Molecular Theory of Vibrational Energy Transfer

This section contains a brief resumé of the molecular theory of vibra-
tional energy transfer. It is presented to emphasize the important
features of vibrational relaxation which depend upon molecular properties.

In the preceding section the macroscopic relaxation equations were
derived in terms of the probability, P, that vibrational energy is exchanged
between molecules during a collision. The calculation of this probability
in terms of the molecular parameters of the collision paif has occupied the
attention of theoreticians for the past thirty years. Both semi-classical
and quantum mechanical approaches have been used. C. Zener (&) and later,
independently, Landau and Teller (5) discussed the problem classically.
Early gquantum attempts to describe tﬁe process of energy exchange were made
by Kallman and London (6), ©. K. Rice (7}, and again Zener~(4). 4lthough
these early investigations discovered important general features of vibra-
tional relaxation, one was not able to make detailed calculations for
specific molecules. More recently Schwartz, Slawsky and Herzfeld (1) have
extended this early work and have made it possible to make calculations in
practical problems.

Classical Considerations. The simplest collision to consider is a one-

dimensional encounter between a diatomic molecule, B-C and an atom, 4.
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Rotation of B~C is neglected; all the motion of the system is assumed to take
place in the one dimension. For further simplification the interaction
between A and B-C is limited to between A and B. Useful intuitive concepts

can be obtained by considering the collision in its classical limits.

If the range of intermolecular forces is large compared to the vibrational
amplitude of B-C, then the effect of A upon B-C will be exerted primarily
upon the center of gravity of the molecule. Since the forces between A and B
are of long-range, the molecule has time to adjust its internal force to
compensate for the intermolecular force. In this limit there is a quasi-
equilibrium between A and B-C during the collision, and there will be no energy
exchanged between the translational and vibrational motions. These collisions
are called adiabatic; the perturbation is applied slowly compared to the time

characteristic of the system.

At the other extreme there is the possibility that the intermolecular
forces are of very short range. In a collision A and B now act as hard
spheres, and the duration of their contact is infinitely short. Momentum is
transferred to B and into the vibrational motion of B-C. Since the range of
force is essentially zero, A is able to move out of range of B before B
returns in its harmonic motion to once again collide with A, The energy
transferred to B-C remains in its vibrational motion. When the perturbation
is applied suddenly, the collisions are called non-adiabatic, and the proba-

bility of energy exchange is large compared to adiabatic collisions.

In a gas under ordinary conditions the vast majority of the molecular
collisions are adiabatic. Therefore, the vibrational transition probabili-
ties should be small. This conclusion is verified by experiment. At room

temperature it is found that gas molecules need hundreds to millions of
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collisions to exchange vibrational energy with translational motion.

Although the intuitive concepts gained by a classical consideration of
molecular collisions are useful, it is obvious that a quantum mechanical
treatment is necessary for a detailed picture of the phenomenon of molecu-

lar energy exchange.

Quantum Mechanical Theory. In the language of quantum mechanics the

collision between A and B-C is discussed as follows: The atom A is des-
cribed by a plane wave which is scattered by an interaction with B-C. Two
types of scattering are possible - elastic and inelastic. In the former

no energy transfer occurs, while in the latter energy transfer takes place
accompanied by a change in the vibrational state of B-C. The density of
particles per unit volume is given by the square of the amplitude of the
wave describing these particles. Therefore, the vibrational transition
probability is proportional to the ratio of the square of the amplitudes of

the inelastically scattered to incident waves.

The motion of the one dimensional collision discussed previously can be
described by the coordinates r, between the centers of mass of the colliding
pair and s, the internal coordinate of B-C. It is assumed that the motion
is separable in these coordinates. Before colliding the state of the system

is given by the product wave function
/2 B
N Y (S) 2
\yo \j_/i (25)

A
where \P}D describes the incident particle A with relative velocity Vo
5 | _
and \H}_ describes the initial vibrational state of the molecule B-C. After

an inelastic collision the system is characterized by .a new relative velocity
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Vf and 2 new vibrational state ] and is described by the function

A B
a4 \P(r) \Y(S) . (26)
where a3 is the amplitude of the scattered wave. The amplitude of the 1nci-»
dent wave, 25, is taken to be unity. The translational wave functions \J-/(”
and the vibrational wave functions \[/(B S) are chosen to be properly

normalized.

The number of particles scatbered inelastically which pass a unit sres
per second is given by l2
QA V
191V (27)

Therefore, the probability of energy exchange becomes

49 2 |
P7o= eyl VA, (@)

The amplitude of the scattered wave is glven by usual perturbation theory as

of
a, - 21
I h 7 iy (29)

where the perturbation ma.trix element is defined as
Ho = vyl Hyiyras @
H is the interaction energy between A and B-C and is the :perburba;bion on the

system which causes the energy transfer.

In the adiabatic collision approximetion H is assumed to be expressible
*
as a product of functions of the variables r and s. In this case H%ﬁ can be

separated as the product o:t‘ two integrals

H' = R \v4 (31
R

* H' is a function of the distance between A and B-C which can be expressed

in terms of r and s. Then H' is expanded in powers of s and only the first
pover retained (2).

where

i

f j‘i’: g——'?—\lffdr | (32)
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B B
\/ =]V sV¥. ds
Xq 4 j (33)
A
The correct zeroth order wave functions, \y' , for the perturbation integral
32 are solutions to the elastic scattering problem. They are solutions of
the Schrgdinger equation for a free particle in the potential field H(r)

v emul v
d Ty A _
v TR | e T HOY - o )

u is the reduced mass of the collision pair. Jackson and Mott (8) have
solved equation 34 by the "method of distorted waves" (9) for the case of an

exponential repulsive potential
-y

n = C¢
H(r) 35
The exact form of the repulsive part of an intermolecular energy surface is

not known, and the exponential form was chosen to be mathematically conven=-

ient. This restriction can be removed to some extent as will be seen later.

Employing the results of Jackson and Mott, Rof can be evaluated to

te O -0,/ 0. Y
yield o (62— 62) (G 3 €@f) (EQf_ e@f) 2

Rof ° . (€@°+ 6‘60 _ GGF' e‘@f) (36)
where

) AT Vg |

‘o f T ——O[_E_-— (37
It is evident that R varies with the change in linear momentum; as Q_F'* 90
the change in moméntum decreases, and R approacheg a maximum. Therefore,

those processes are most probable in which the exchange of energy between
relative translational motion and internal degrees of freedom is the

smallest. This conclusion is equivalent to the adiabatic approximation

in the classical limit.



1f it is assumed that the high velocity collisions (non-adiabatic) are

most likely to cause energy exchange, then these collisions are ones for

0,,0, » |

In this limit if Oy # O,

which

(38)

T?of becomes
-(0,-8,)

2 2 o f

R,— (6.-6)¢ (39)

?

and as ()+—~* C%:E o, Réf approaches a different limit

R . —> 20 (40)

To calculate ’\Z;-the molecule B-C is assumed to be a harmonic oscillator.
The wave functions \HLB are the well known Hermite polynomials solutions for
this system. This integral 33 is identical to the matrix element for dipole
radiation of a harmonic oscillator and, when evalu?ted, yields the result
1\/r _ i F\(}i +/hE) ) @
EI _877’2/'(3( Vi

where free is the reduced mass of the molecule B~C and Y*B is the fundamental

(41)

vibrational frequency. The Landau-Teller selection rules arise from the

above integral.

The extension of these calculations to the in-line collision of two
diatomic molecules or to polyatomic molecules can be made. For each normal
mode of oscillation a suitable internal coordinate s exists together with
its harmonic oscillator wave function 1¥'n . With the approximation that
the ﬁroblem is separable in the coordinate r and all the s,, the addition

of other vibrational modes just leads to other factors similar to 41,

Schwartz, Slawsky and Herzfeld have adapted these results to practical
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problems by employing a more realistic potential than 35. An emperical
potential which has been useful in many problems involving the interaction

of gas molecules is the Lennard - Jones (6-12) potential

H = Y ~ (42)
€ 1is the depth of the attractive portion of the potential, and (f is the
distance of approach at which H = 0. The parameters, € and (§ , have

been obtained for many gases by emperical fit from viscosity data and

second virial coefficients by Hirschfelder (10).

Unfortunately one cannot solve equation 34 in closed form for the
Lennard - Jones potential. Since only the relatively high velocity colli-
sions are important for energy transfer, S-S-H have assumed that just the
repulsive part of 42 need be considered. They have matched the repulsive
portion of thé Lennard - Jones potential and the exponential potential 35
by equating H and d H at the point r; which is arbitrarily taken as the
classical distancedo§ closest approach of the two molecules with relative

velocity v. They have shown (1) that for potentials whose value of € is

not too great the approximation

.
7.5
X = — (43)

is valid. By the use of this relation the results obtained with the mathe~
matically tractable exponential potential can be converted into calculations

utilizing the Lennard - Jones parameters.

Schwartz and Herzfeld (11) have extented the calculation to three di-

mensions and considered the effect of the attractive portion of the
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potential, The results are essentially the samé as for the one dimensional
treatment. The effective collisions are again found to be those of high
relative velocity. The effect of the centrifugal energy and the attractive
portion of the potential is to modify the relative velocity. The centri-
fugal term decreases the relative velocity; the attraction increases the
velocity. Both effeéts are relatively minor in the overall probability of

energy exchange.

TD i, 1 f ! can be calculated from 28 by substitution of the various
factors which determine aj. The probability thus determined is an explicit
function of the velocity. It is necessary to average expression 28 over a
suitable Boltzman distribution of velocities to arrive at the_final

probability of energy exchange per average collision.

The final, working expressionsfor the probability of vibrational energy
exchange are given below for the three cases of interest in this investiga~
tion - non-resonant, near-resonant, and exact-resonant transitions. These
expressions are based on the three-dimensional theory of Schwartz and

Herzfeld (11).

(a) Non=-resonant probability: the diatomic molecule B is deactivated
from the first vibrational level to the ground state, and this energy is

put into relative translational motion of the collision pair,

10 TT‘é 8T LLZSEZ % (3:E;X' Eﬁ?é;
Pern = F V(B){B( X RhE },2 ) (4)
_ |27 ey
where x = OL*Z h2 KT
AE = % %2 (45)

‘\/Q%» - __EEL__tl_
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P 1is a steric factor to correct for orientation of the collision. All the

other quantities are as previously defined.

(b) MNear~-resonant probability: the molecule B is deactivated while
molecule A is activated. However, theve is still sufficient energy exchange

with the translational motion so that relation 39 is applicable.

2 ) O
V (()/,\) P(‘B’A) (46)

P
o -
‘“),O

il

where ’ V(Z o[‘E : }‘)

AE = hyg- b 7

(¢) Exact-resonancy probability: vibrational energy is exchanged
between the molecules, but no energy is exchanged with translation. There=

fore, relation 40 can be used

P(%OA) = R W? Vg\') OATIKT C (48)

04*2 hz
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Calculations

Equations 23 and 24 were solved simultaneously for the physical situ=-
ation A ='02 and B = Nz. The equations were integrated numerically on an
ElectroData Datatron computer, Model 205, employing a modified Kutta fourth

order method. Some details of this integration procedure are described in

Appendix I.

The vibrational transition probabilities were calculated from formulae

44 - 47. The molecular parameters needed for these calculations are shown

in Table I.
Table I
Molecular Parameters for Calculating P's
02 N2 Source
g (@ 3.50 3.715 (10)
&k ® 100 85.7 (10)
Y (1—0) (em™ 1) 1556 2332 (12)

In Table 2. the various transition probabilities and other quantities
needed for a numerical solution of equations 23 and 24 are listed for the

range of temperatures considered in this problem,
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Table 2

Vibrational Transition Probabilities

Az 0,, B= N,

vk Pddn  Pddw Pl Pam g0 1o 1

6 8

1000 7.50x107°  4.25%x107°  3.50x10"® 1.00x10™° 3.60 0.893 0.965

2000  2.50x10~%  4.00x10"%  5.70x107° 1.00x10”% 2.50 0.674 0.813

5 4 4

3000 ]..503;10"3 4.25%x107 2.00x10"" 3,00x10° 2.00 0.526 0.673

4000  5.00x1073  2.00x10™%  4.70x10~% 6.20x10"% 1.80 0.429 0.568

=2 5.75%10~%  8.30x10”% 1.00x10™3  1.60 0.361 0.489

2

5000 1.00x10

8000 5.50x10" 4.00x1073  2,40x1073 2.75x1073  1.25 0.244 0,324

10
The non-resonant probability, 13(A,M), was calculated by taking the approxi=-
10 10 10
mate average of -P(A, A} and P(A, B) and similarly for p(B, M). For
10 10
oxygen and nitrogen 13(A, 4) and ])(A, B) differ at the most by 5% as
calculated from equation 44, and the use of the effective molecule, M,
in deriving the macroscopic relaxation equations is justified. To calculate
the probabilities which involve A-B collisions the Lennard - Jones parameters

in Table I must be modified by using the emperical combining rules (13)

Cap = 72 ((24 + (fB)

(), = VA, (%),

The macroscopic relaxation equations can be further simplified if it is

(49)

assumed that an average collision frequency, Z, can be used, i.e.,

ZA,I"] = ZB,M = ZA,B/’: ZB,A = Z (50)
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This is the Z listed in Table 2, and it is calculated for a total pressure

of one atmosphere at the indicated temperature.

The particular values of temperature shown in Table 2 were chosen to
include a wide range of non-resomnant to near=-resonant probabilities. This

is indicated in Table 3.

Table 3

Range of Transition Probabilities

. 10 1O
(A,B
: e bty PR B

1000 A7 235
2000 .23 25
3000 .13 7.1
4000 094 3.1
5000 .083 1.7
8000 ‘ 044 0.69

The calculation was performed at each of the six temperatures shown in

Table 2 for the pure gases and for the following four mixtures:

a b
0.01 0.99
0.10 0.90
0.20 0.80
0.50 0.50

The thermodynamic internal energy functions for oxygen and nitrogen

have been tabulated for the temperatures of interest in Table 4,
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Table 4
Internal Energy Functionm, E:o'_ Ej:
| RT
T —— Oxygen Nitrogen
oK Total Vib., Elect. Correc. Total Vib. Elect. Correction
298,16 2.493 0.004 - - 2,498 0.0002 - -
500 2.547 0,052 - - 2.508 0,008 - -
1000 2,775 0,267 8.6310~5 0.008 2.624 0,122 - 0.002
2000 3.082 0.543 0.013 0.026 2,898 0.386 - 0.012
3000 3.281 0,673 0.060 0.048 3.066 0.543 - 0,023
4000 3.439 0.746 0,119 0.074 3.172 0.693 - 0.033

5000 3.567 0,793 0.171 0.103  3.246 0.702 2.7x107° 0.044

8000 3.796 0.867 0.262 0.167 3.380 0.805 0.005 0.077

The values of the total internal energy are taken from the tabulations in the
NBS, Series IITI (14) and from high temperature calculations on air by Gilmore
(15). The vibrational contribution to the energy was calculated using the
harmonic oscillator approximation tabulated by Pitzer (16). The electronic
contribution to the internal energy was obtained assuming a complete separa=-
tion of the electronic partition function., At these temperatures the

electronic energy is only important for oxygen.

The column headed Y“correction' in Table 4 was calculated by subtracting
from the total energy the contributions due to tramslation and rotation
(2.50), the harmonic oscillator energy, and the electronic energy. Therefore,
this number is a measure of the extent to which the vibrational energy is

influenced by anharmonicity and interaction with rotation. For oxygen it
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also includes any correction caused by the variation of vibrational constants
in the excited electronic states., For the calculations of the quantities in
Table 4 all the necessary physical dataWere obtained ﬁrom Herzberg (12).
In the integration of the macroscopic relaxation equations oxygen and
nitrogen were assumed to be initially (t = Q) vibrationally cold, i. e.,
EA C = E;i///:_ = QO
Ea Eg

As one can see from Table 4, this is approzimately the situation at room

N
(W31
ot

L

temperature.. The calculations presented here correspond to the sudden,
instantaneous heating of mixtures of oxygen and nitrogen from about room
temperature up to the final equilibrium temperature at a total pressure of
one atmosphere. Such a physical situation could be obtained by shock wave
heating.,
Results

Data. The results of these calculations are shown in Figures 1 - G,
Each figﬁre summarizes the results for a particular temperature and the
various concentrations. The oxygen relaxation is described by the five
small graphs on the left side of the figures; the nitrogen relaxation is
on the right. Each small graph is a plot of the fraction of equilibrium
vibrational energy versus time and approaches 1,00 asymptotically. In each
figure the top pair of graphs shows the relaxation behavior of the pure
gases at that teﬁperature, and each successive pair of graphs shows the
relaxation of the components of a particular mixture. The numerical data
from which these graphs were constructed are listed in Appendix 2 in

Tables 11 - 16,
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Interpretation of Results. It is obvious from an inspection of Figure
1 » 6 that, using the theorefical values of the excitation probabilities,
the inclusion of a near-resonant mechanism for energy exchange has a
significant effect on the vibrational relaxation of nitrogen. This is
particularly noticeable at the lower temperatures where the near=-resonant
probability for nitrogen is orders of magnitude greater than the non-resonant

probability (see Table 3).

This result can be interpreted physically as follows: The relaxation
of pure oxygen is much faster than that of pure nitrogen. As soon as there
is an appreciable concentration of vibrationally excited oxygen molecules,
energy begins to be transferred into the vibrational mode of nitrogen by
near-resonant collisions. If the probability of this latter process is
much greater than the direct excitation of nitrogen, the rate of relaxatian

of nitrogen will follow the rate of the resonant mechanism.

The removal of vibrational energy from oxygen by nitrogen is expected
to affect the relaxation behavior of the oxygen. Inspection of Figure I,
for example, shows that the time for the oxygen to attain 0.6 - 0.7 of its
equilibrium vibrational energy is approximately the same in the mixtures as
in the pure gas. However, the final stages of the relaxation occur more
slowly in the mixtures. This effect is most noticeable for the case of 1%
oxygen. In the more concentrated mixtures the excitation of the oxygen is

able to keep pace with the resonant process.

The near-resonant probability of energy exchange has a weaker temperature
dependence than the non-resonant probability.w Therefore, as the temperature

increases the importance of the near-resonant process to the non-resonant

* fThis is due to the smaller term, )( » in the exponential which is the
primary source of temperature dependence in the expression for the pro-
bability. Compare expressions 43 and 47.
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decreases. At &OGGO K the resonant mechanism has only a small effect on the
vibrational relaxation of nitrogen.

The results of this investigation demonstrate that the effect of a
resonant process in a mixture of two gases is most noticeable if the two
gases have a large difference in their pure, non-resonant relaxation times.
The primary result of the resonant process is to increase the relaxstion of
the slower component.

Schwartz, Slawsky and Herzfeld in their analysis of the vibrational
relaxation of gas mixtures concluded that the system My - CG should be an
example of a mixture that would exhibit a resonance effect and, therefore,
would have a short relaxation time. The fundsmental vibration frequencies

-
-
&

of nitrogen and carbon monoxide are nearly equal (szcoe: 2360 cm &, CO:
We = 2170 Cm"lﬁ, and the resonance exchange of energy is expected to be
very efficient. However, as is shown in Appendix 1 to Part I of this
thesis the pure gases have approximately the same relaxation times. Even
though the melecules can exchange energy with each other relatively easily,
the rate of formation of vibrational energy in the mixture will be limited
by the non-resonant excitation rates which are essentially identical. On
the basis of the present investigation no large effect on the relaxation
time of the system Ny = CO due to a resonance exchange of energy is

predicted,

Approximate Treatment. The physical interpretation just described can

be used as a basis for an approximate analysis of the vibrational relaxation

of this two component system., The assumption is made that the oxygen is
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completely relaxed in a time short compared to the nitrogen relaxation. This

is equivalent to setting EA/EA?- 1 in equation 24 which then becomes

En/= 1o - Vo e P
dCye) z{P<B,m(n—e’9) raPEA(EES) o

-
10 - 10 -
- e + BA (.___e___) E]y——-
[P(B,m)(o e”) + aPBA(y =2 Fp
This equation is easily integrated and with the initial condition 51 yields

_-éygfm

Bsfe - 1 - €

(53)

where the velaxation time, TM, for nitrogen in the mixture is defined as
-3
10 A (1 - €
%M = Z [P(B,N)(l -e) + qp‘g/{\)('-?( (54)

The relaxation time for a pure nitrogen, T , iLs defined as

B

'/T_B = Z P(B‘,(;"])(l - e’ﬁ) (55)

1£ 7T g defined as 3
L = 7 a PaAH—E
/Ty a v\ e (56)

is called the relaxation time for the near-resonant process, then 54 can be

rewritten
57

| ) L (57

Tm T8 Tr
or

| T T
B
TM _ R (58)

Tt T,
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In this approximation the relaxation time of the nitrogen in the mixture is
given by the reduced velaxation times of the non-resonant and near-resonant

processes,

To compare the approximate treatment with the exact results obtained
by numerical integration of the relaxation equations, it will be convenient

to define a quantity

X

il

TVTB (59

In terms of relation 58 X can be expressed as

]
X = (60)
T
]+ B/%ﬁ

Therefore, the quantity of significance for this comparison is

1o
T . a P
TR (1-e™) PE™

(61)

The results of this comparison are presented in Table 5 for three temperatures-

1000°, 2000° and 5000°K.
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Table 5

Comparison of Approximate and Exact Calculations

T a ,7% | X Xex. T8y Tn(a)‘
R / / 7
K Approx. Exact xapp T}A) TgA)
1000  Pure - - - - 160 69
0,10 26.4 0,037 0,059  1.62 3.8 0.82
0.20 52.8 0,019 0.034 1.79 3.8 0.87
0.50 132  0.0075 0,016  2.04 2.2 0.73
2000 Pure - - - - 49 22
0.01 0.371 0.73 0.80 1,10 28 0,98
0.10 3.71 0.21 0.28 1.33 11 1.1
0.20 742 0.12 O.16 1.33 6.7 1.1
0.50 18.6 0,051 0,080 1.57 3.5 1.2
5000 Pure - - - - 13 5.6
0.01 0.048 0,955 0.946 0.99 11 1.4
0.10 0.482 0,675 0.73 1.08 7.9 1.4
0.20 0.964 0,51 0.57 1,12 6.5 1.6
0,50 2.41 0,29 0436 l.24 44,5 1.6

The relaxation times for the mixtures were arbitrarily defined as the time
: )

for the energy to reach 1 =~ /é or 0,632 of its equilibrium value, even

though these relaxation curves are not expected to be true exponentials,

The sixth column of Table 5 shows that the approximate method predicts the
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change in the relaxation time of nitrogen in the mixtures to within a factor

of two in every case.

The last two columns of Table 5 illustrate the extent to which the
assumption used in this treatment is valid. TMI(A) is defined as the time
for the oxygen to relax to 9/10 of its equilibrium value. TIf the oxygen is
relaxed in a time short compared to the nitrogen then the ratios T,va)/,r (A)
and T”(yﬂ;‘/“ should be larger than one. The trend of these ratio‘: is
seen to be consistent with the observation that the accuracy of this method
decreases as vthe fraction of oxygen increases. But there does not seem to
be any clear relation between the accuracy of the method and the extent to

which the oxygen must be completely relaxed.

The relative insensitivity of the method to the validity of the approx-
imation is a consequence of the form of the relaxation equation. When

resonant or near-resonant exchange is important, Ol = /3 , and the non-

2y
linear term in this equation will be small because of the factor € - € ﬁ.

—

Therefore, linearization of this equation by setting EA = EA does

not have a large influence even if the approximation is poor.
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Comparisons with Experiment

Oxygen - Nitrogen System. There is insufficient evidence to date to
check the validity of using the S-S-H theory to estimate the proba-
‘bilities of near-resonant and resonant energy exchange processes in
vibrational relaxation, However, the non-resonant probabilities for
oxygen‘and nitrogen are reascnably well predicted by the theory. This
point is illustrated in Figure 6 of Part I of this thesis. The theo=
retical values of relaxation times for oxygen and nitrogen shown in
this graph are based on the same non-respnant probabilities that were
used in the present work. It is evident that there is agreement with
experimental values to within a factor of about two or three over the
temperature range of 1000° - 5000°K. The justification of the present
calculation is based on this obvious usefulness of the S-3-H theory
for predicting the non-resonant relaxation behavior of oxygen and
nitrogen. The validity of using the theory for near-resonant processes

can only be tested by comparison with experimental data on gas mixturess.

The vibrational relaxation of air and oxygen - nitrogen mixtures
has been measured by a sound absorptien technique alt room temperature
by Kneser and Knudsen (17). They found that 02 - N2 collisions were

about five times more efficient in relaxing oxygen as 0, = 02 collisions.

2
This result cannot be explained by the near-rescnant exchange of vibra-
tiongl energy, since the major effect of the near-resonant process is

expected to be on the relaxation time of nitrogen. At room temperature

the eguilibrium constant of the reaction

, *
0, (V=1) + Ny(v=0) == Qw0 + N;r=) (62)
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is calculated from the Boltzman factor to be 0.024, The equilibrium
of the resonant exchange reaction lies far to the left, and its
influence on the vibrational relaxation of the mixture is negligible,

Blackman (18) has studied the vibrational relaxation of a series of
oxygen -~ nitrogen mixtures (20 - 667% 02) at temperatures of 1700 -
2400°K, These experiments were performed in a shock tube, The relaxa-
tion behavior was studied by following the density change behind the
shock with an interferometer, As the gas relaxes, its translational
temperature decreases, and its density increases. Blackman assumed that
the nitrogen was completely unrelaxed during the experiment. This will
not be true if the near-resonant mechanism is operative. With the
assumption of unrelaxed nitrogen Blackman calculated that the O2 - N,
collisions were about 40% as effective in relaxing the oxygen as 02 -

02 collisions,

The final equilibrium densities of the shocked gas measured by
Blackman agree reasonably well with the values expected assuming the
nitrogen unrelaxeds If the near-resonant mechanism exists, the nitrogen
should relax quickly, and this fact should be reflected in the final
equilibrium density of the gas. The point is illustrated in Figure 7,
where the total vibrational energy of air” has been plotted as a function
of time for four temperatures., Two cases are shown., The dashed line
represents the relaxation behavior of air if thgre is no resonant
process and the gases have their pure relaxation times, and the full line
is based on the present calculations including the resonant mechanism.
The equilibrium energy of air, EAir’ and the contribution of oxygen,

Ebz, are indicated by the horizontal lines,
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At the lower temperatures with the assumption of ne resonance the
vibrational energy of air is seen to relax in two steps. The oxygen
component relaxes rapidly, and then, the slower equilibration of the
nitrogen takes places With the inclusion of the near-resonant mechanism
the relaxation of the total vibrational energy of air takes place much

more rapidly, and only one relaxation curve is apparent.

Based on Figure 7 at 2000° the vibrational relaxation time for air
with a resonant process is about 20 psec. Blackman at about this same
temperature obtained a value of about 1-2 psec at a total pressure of
1 atmosphere, As can be seen from Figure 7 for the case of no
resonance, the vibrational energy of oxygen will equilibrate rapidly
(5-7 psec), and, then, the remaining equilibration of the nitrogen
vibrational energy will take place over several hundred micro-
seconds. It is doubtful is this long relaxation time for nitrogen
would be resolved in Blackman's experiment. Therefore his
experiments are best described by the non-resonant behavior of
air with only the relaxation of the oxygen being observed,

The method employed by Blackman determines the relaxation times
by the deviation from horizontal alignment of a set of interference

fringes.

* The vibrational energy of air was calculated from the harmonic os-
cillator energies listed in Table 4 assuming a mixture of 20% 02 and
80% N,a

2
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Blackman has included a set of typical interferograms in his paper, and
it does not seem possible to reinterpret these in terms of the large
resonant effect predicted by the present investigation. However, a
smaller resonant effect, e.ge., a half or third of the resonant probabi-
lity assumed in the present caleculation, might go undetected in

Blackman's experiment,

Resonant Exchange in Polyatomic Gases. At present the polyatomic gases

offer the best experimental evidence of the existence of resonant
energy transfer in vibrational relaxation. In a polyatomic molecule
thevexnitation of a high frequency vibrational mode may be more probable
by means of rescnant or near-rescnant transfer with a low frequency mode
than by direect excitation from translation. The situation is entirely
analogous to the present discussion of mixed gases, and similar relaxa-
tion equations for the various modes of the molecule can be derived

(1, 3). In polyatomic gases resonance probabilities describing transi-
tions of more than one quantum per mode per collision are often impor-
tant, and the derivation of the macroscopic relaxation equation is

somewhat more complicated.

Tanczos (3) has compared the relaxation behavior of the chlorome-
thanes based on theoretical transition probabilities calculated by the
S=S=H theory:with the experimental resulis. For methylene chloride two
distinet relaxation times are predicted. Two sound dispersion regions
have been found in ulirasonic measurements by Sette, Busala, and Hubbard
(19). The comparison of the theoretical and experimental values of

relaxation times is given in Table 6.



Table &

Comparison of Relaxation Times in Methylene Chloride

7} psec 7% psec
O Experiment Theory Experiment Theory
303 , 0.0015 0.012 0.070 1.3
T} represents the relaxation time associated with the non-resonant
‘ : to "
deactivation of the lowest mode - ¥)(|) . T, is the relaxa-

tion time associated with the near-resonant deactivation of the second

IO
mode together with a two quantum activation of the first mode - 13(2,l) *
02

LT

The frequencies of the lowest four vibrational modes of bu2512 are 283,

704, 737, and 899 cm™ ' (19). For the third and higher modes resonant
transitions with the second mode are sufficiently fast so that the rate
of excitation of the second mode is the rate determining step and, there-
fore, only two distinct relaxation times are found.

The situation for the other chloromethanes is not so clear. The

Cl, CHClq, and CClé indicate that these gases should

L

calculations for CE3

exhibit multiple relaxation times, but experiments to date do not sub-
stantiate this prediction.
Sulfur dioxide is another polyatomic gas which has been found exper-

imentally (20) to have two relaxation times., The vibration frequencies

. - ( -1
of the molecule are (21) l’l - 519 cm 19 vrz -1151 cm 7>

* These symbols for transition probabilities are similar to those
defined previously., The numbers 1, 2, etc., within the parenthesis
refer to the vibrational mode(s) undergcing the transition.
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Y& . - 1361 en™" .* Dickens and Linnett (22) have calculated the
3
various resonant and non-resonant rates of exeitation of this molecule

using the S-S-H theory. Their results are reproduced in Table 7.

Table 7
Calculated Values of Transition Rate Constants and Comparison of

Relaxation Times in S0

10 10 10 18
T K&  KGen K2 K 1 7
G2 0l 1 3
% 31070 sect x10™0 st x1070 s x0™0 57 psec psec
373 27.8 10.4 16.4 0.002 0.071 0.29 0.82 1.5

The rates of other possible itransitions not shown in Table 7, e.g., for
10

the process K(3), are much smaller than the values of the transitions

listed and are not important mechanisms for vibrational equilibration of

802»

Using these rate constants in the relaxation expression for the
sound velocity Dickens and Linnett bave been able to reproduce the two
regions of sound dispersion found experimentally. The shorter relaxa-
tion time 7’1, corresponds to non-resonant deactivation of the lowest
mode, K%g), while the longer relaxation time, ?'3, corresponds te the
near-resonant exchange of energy betwesen the second and third modes,
K(Bz%). These processes are calculated to have the fastest rates.

The results in Table 7 show that the calculated relaxation times are

about a factor of two to five times larger than the experimental values.

* The numbering of the modes follows the convention of Dickens and
Limnett,
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Therefore, the theoretical transition probabilities ave smaller than the
experimeﬁtal probabilities by a like factor. The comparison of the data
for the methylene‘chloride in Table 6 shows a similar trend although the
discrepancy between the experimental and calculated values is somewhat
larger.

For the gases Soi and CH,Cl, the experimental evidence indicates
that the upper-vibrational modes relax principally by a near-resonant
exchange with a lower mode. The agreement between the resonant probabi-
iities calculated by the 3-5-H theory and experimentally derived values

is within an order of magnitude.

Effect of ﬁzg on Vibrational Relaxation. Water has a very large
effect on the vibrational relaxation of some substances. In many gases
only traces of water vapor decrease the relaxation time by several orders
of magnitude. For the particuler example of H,U in CO, strong chemical
forces besides the usual Van der Waals forces between molecules have
been suggested to explain this phenomenon (23). Water has also been
found to have a large effect in 02, NZ’ and CO. The occuxrence of strong
“chemical interactions® in these systems is doubtful,

The fundamental vibrational frequencies of the water molecule are
(24): \Tﬁ - 3652 cm_l, \Té - 1595 cm_l9 l7'3 - 3756 cmal. Except at
high temperatures only the bending mode )); is important. It is evident
that the magnitude of the frequency of \7é is convenient for 520 to
engage in near-resonant energy exchange with N, and CO and almost exact
resonance with 02. The vibrational relaxation time of pure HZO hes been

measured by Huber and Kantrowitz (25) and found to be 2-4 x 107 sec in

the temperature range of 500 - 700°K, This is many orders of magnitude
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faster than for © N

s or CO at the same temperature.

29
Watér has the two requirements necessary for it to act as a *reson-
ant impurity.”™ It has a vibrational frequency of the right magnitude to
engage in resonanft or near-resonant energy exchange, and it has a fast
relaxation time relative to the principal gas. The relaxation time of

C0 that the use of the

i

pure H,0 is so fast compared to 929 NZ’ or
approximate method outlined previously is justified. If the relaxation
times of the pure gas and for mixtures with the mole fraction, a, of
water va?or arve known, then the use of relations 3%, 6C, and &1 allows
10

the calculation of the resonant or near-resonant probability --F){B,Ftﬁ3§a
ot

He and L. KnBtzel (26} have measured the effect of HZG on the relax-

ation time of G, at 19°¢ by & resonance sound absorption technique., They
obtained an equation of the form
£ = U040 + 195 a 4 1.32 x 10" & (63)

max

for the frequency of maximum absorption, £ in kilocycles per second as
Y I s I

max’

a function of the concentration, a, of added HyG. The relation between

relaxation time, T , and f is
max
T = 1 o
« -3 (64)
2 £ % 10”7
n “max

The quadratic concentration dependence of equation 63 is interpreted by
the authors as due to the large effect of three body collisions of one

O, and two HZG molecules on the vibrational relaxation of this system.

S

Using the experimental data of H, and L., Knotzel for pure oxygen and only

(V)
the linear term of eguation 63 the resonant probability FD((32,|42(>)
01

= 2.0 x 10"4 is obtained. For comparison the probability calculated



from the exact resonance form of the S-S~H theory (equation 48) is

b3 x 10™%, To obtain the effective Lennard - Jones parameters, (J and
€ , for the OEMHQO collision the combining rules for a polar, non-

polar interaction (27) were used. The values of O and € for the

pure gases and the values caleculated from the combining rules are listed

in Table 8.
Table 8
" Lennard - Jones Parameters (10)

Interaction 6} 6)6(

: °
H0 - H0 2,65 380
0, = 0, 3.46 118
02 - H20 3.03 237
N2 - N2 3,70 95
N2 - H20 3.14 213
€O = GO 3.76 100
CO = HZO 3.18 218

It is seen that the experimental and theoretical values of
differ by a factor of 20. Perhaps this is as good as can be expected
with the use of this simple theory. However, the large three-body
collision effect on the vibrational relaxation of this system compli-
cates the interpretation of the data and makes the significance of the

comparison dublous.
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Huber and Kantrowitz (25) have measured the effect of water on the
relaxation time of nitrogen by the impact tube method. A portion of

their data is reproduced in Table 9.

Table 9
Bxperimental Data On Relaxation Times of N2 - HZO Mixtures Due to Huber
and Kantrowitz (25)
# 1,0 T T
°k (Sec. = atm.)

' x 107
0.05 556 5.9
0.05 680 2.9
0.05 686 2.7
0.05 694 34
0.05 761 2.6
0.66 561 0.62
0.97 712 0.39
1.33 560 | 0.37
1.41 709 0.28
1.45 733 C0.26
1.99 575 0.23
2.97 708 0.14
3e5 413 0.12

They state that the driest nitrogen used in their experiments had a water
content of about 0.05%. On the basis of the efféct of HZO on 02 it is
expected that even this small amount of water vapor would reduce the

nitrogen relaxation time considerably.
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Lukasik and Young (28) have measured the relaxation time of nitrogen
in the témperature range 7780 - 11860Ko Their nitrogen was reported to
contain less than 0.005% water vapor. The data of Lukasik and Young are
in good agreement with the extropolated results of Blackman determined
by the interferometer method at temperatures of 3500 = 5600°K. In
Table 10 a coﬁparison is presented between the theoretically derived none-
resonant probabilities for nitrogen and the values obtained from the
combined data of Blackman and Lukasik extropolated into the temperature
range of the Huber - Kantrowitz experiments. The agreement is within an

order of magnitude.

Table 10

Comparison of Non-Resonant Probabilities for Nitrogen

PNy R

T Theoretical Experimental (28)
% x 107 x 107

400 0.046 0.50

500 0.25 2.5

600 1.0 7.1

700 3.2 \ 25

800 8.5 50

Using the experimental non-resonant probabilities from Table 10 to
estimate the relaxation times of pure nitrogen, the probabilities of the
near-resonant process for N2 - HZO collisions héve been calculated from
the Huber - Kantrowitz data. The results are plotted in Figure 8 as a

function of temperature. The so0lid curve represents the theoretical
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near-resonant probability calculated from equations 46 and 47. The
Lennard - Jones parameters used in the theoretical calculation are
listed in Table 8. The agreement between the theoretical curve and
the experimental values is seen to be within a factor of two or three
for a reasonably wide range of temperatures and concentrations of water

Vapor.

In Part I of this thesis, Taﬁle 3, the effect of water vapor on the
vibrational relaxation of pure caqun monoxide is given for two experi-
mental conditions. The near-resonant probabilities caleulated from this
data are: | = 1400°K, % H ;0 = 0.002, P(CO HO) 1.8 x 107 =
1430, % HO = 0.3, P(co Hzo) > 1.3 x m“3 The theoretical cal-
culation of the nearmresmnant probability yields 4.1 x 10“3, Since
carbon monoxide has a very small dipolé moment, it was assumed to be
non-polar, and CT and € for the CO - HZO interaction obtained as

before with nitrogen and oxygen. These parameters are also given in

Table 8,

It is apparent that the experimentally derived probabilities differ
by a factor of ten. The value for the higher concentration of water
vapor (0.3%) is considered more reliable. At the lower concentration
(0.,002%) small amounts of other polyatomic impurities may also be
affecting the relaxation of the gas. The value at the higher concentra-
tion is only a lower limit, since the measured relaxation time is close

to the response time of the detector and may be smaller.

The results of this discussion of the effect of water vapor upen the
vibrational relaxation of oxygen, nitrogen, and carbon monoxide illustrate
that the resonant energy exchange process may be useful in the interpre-

tation of the impurity effeect on the relaxation of simple gases. It is
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not suggested that the resonant mechanism can at present explain the
effects of all impurity gases nor even of all the known examples of

water., In the CO, - HQQ system at room temperature, for example, the

experimental evidence indicates that energy is exchanged between a

} & &

ro o and qu molecule every tenth collision or less. The calculations
4\;’2 2

N - Hzﬁg and 0 - HOO indicate

presented for the systems O, - H

that the 3-5-H theory of vibrational energy exchange is not successful

in predicting such & probable process even at exact resonance,
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Summary

The results of this investigation emphasigze the importance of a resonant
or near-resonant energy exchange mechanism on the vibrational relaxation of
a mixture of two gases. The resonant mechanism is shown to have a large effect
on the equilibration of the vibrational energy of the mixture when: (a) the
two components have widely different relaxation times in the pure state, and
(b) the resonant exchange of energy is much more probable than the non-resnnant
excitation of the slower relaxing gas. Under these conditions a catalytic
effect on the relaxation time of the slower component is predicted, and the
relaxation of the fast component is decreased to some extent. However, the
prineciral contribution of the resonant process is to provide a path for the
rapid vibrational equilibration of a gas with a long, non-resmnant relaxation

time.

~

Detailed calculations are presented for mixtures of oxygen and nitrogen
illustrating this behavier. There is, as yet, meager experimental evidence
to test the validity of these hypothetical calculations. The data of one
experiment on oxygen - nitrogen mixtures do not exhibit the predicted effect,
although the presence of a smaller resonant process is not contradicted. With
the considerable recent interest in high speed flight the high temperature,
translent properties of air assume great importance. It is obvious from the
present calculations that the incorporation of a near-resenant mechanism into
the vibrational relaxation of air is of aerodynamic importance below 5000°K.
This would suggest that further experimental work on the nitrogen - oxygen

system is needed to determine the magnitude, if any, of the resonant process.

The vibrational relaxation of pure polyatomic gases offers the best availe

able experimental evidence for the existence of a resonant process. Both



-80-

sulfur dioxide and methylene chloride show relaxation times which appear to
be due to a neaf-resonant exchange of energy between low lying vibrational
modes of these molecules, If the resonant process is accepted, it offers a
possible explanation of the large influence of so-called impurity gases on
vibratienal relaxation times. This point has been illustrated by some cal-

culations on the systems of N2 - HZO’ 02 - Hzo, and CO - H20.

There are many two compeonent gas systems in which a resonant or near-
resonant exchange of vibrational energy is possible. Experiments are
particularly needed on Systems of relatively simple molecules, since only

in these cases will a comparison with present theory be meaningful.
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AFPPENDIX
Numerical Integration FProcedure
To solve the set of two, coupled, non-linear differential equations, 23
and 24, a numerical method of integration was employed. The method is based
on the general fourth-order processes due to Kutta (29} as modified by Gill

(30) for machine computation.

Consider a single first-order differential equation

C"x - -{:(X) y) (4-1)
The value of y at some point, X is known, and it is desired to find the
value of y at the point XO+ he By substituting the values XO, Yo into #-1,

the slope of the function can be found and used to approximate the increment

in Y, ko, due to the increment in %, h

k., = h oY)

[¢)

(4-2)
4 second approximation to the increment in vy, klg is obtained by evaluating

the slope of y a fraction m of the way along the straight line defined by

k. = h 7( (X +wm h, Y, + m ko) (4-3)

Third and fourth approximations are obtained in like manner

ke = ht(x,+nh, Y, +in-r1k +rk) (ot

ks = hf(X.*ph Y +[p-s-tlk +sk +tk,) @
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the final solution is obtained by suitably combining kos kis ko and kg

aY = ak,+ bk +ck, + dl;, (5-6)

where Ei N L) v C N (} - ]

(A-T73

To determine the conditions on the coefficients m, n, ...t and deeod, ONE

expands y = y(X_* h) - y(¥,) and A-6 in power series in h and equates
coefficients of like powers of h, f this program is carried out through

& 5 . X . Ve s
powers of h then the following set of relations is obtained.

a +b+c+d =1 bm? +cn+dp? = %

bm +cn + dp =% , Cmnyr +d(ht+ms)p= Ya
bm?+cnt+dp? = 8 | cm?r +d(rtends) = Y, (A-8)
cmr +dnt+ms) = Ve | dmrt = Y4

This is 2 set of eight equations in ten unknowns, and, therefore, there
are two degreeé of freedom. Kutta set p = 1, retaining one degree of freedom,
and solved A-8 for several special cases with fairly simple forms., One par-
ticularly simple form is the well-known Runge - Kutta or Kutta's Simpson's

rule in which the coefficients become:

= 1 = 3
m = 2 B r = 2
n = X s s =
(A-9)
p = 1 R £ = 1
a=1/6, b =1/3, c=1/3, d = 1/6
The extension of this general approach to a set of simultaneous first-
order equations is straightforward. For a set of n equations of the type
(«’f"a- 10}

d Y. 3
_—CI% i {z(x’%,?a,-u-yh), (,{:],“_n)
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the relations A=2 to A-7 become

kio = h&E(YY,....)
kj = hfj(yo+mkoo,m+mklo,...)
k.. = hf(Y,rIn-rlk,*rkeo,...) (i=0,l... M) G-1D)

k,{ = ‘hﬁ(Yo+[P"s“t]koo+Skm+tkoa,—“)
Ay, - aki*t bk + cki+ dk;

where, for convenience, the transformation x = Y, has been used in A-10 to

make all the variables dependent.

If the sequence of o?erations indicated in A-11 is carried out, it is
evident that the calculation of a maximum number of four independent quan-
tities occurs in the third state. These quantities are
Y, +[n-vlko + vk,
Y, + Ip-s-thh * sk,
Y, + akio*bki e
Ky

In a machine calculation a minimum number of four storage registers per equa=-
tion would be needed. Gill has reduced this number to three by making the

quantities A~12 linearly dependent by means of the relation

1 n-r T
1 a b

This condition is not incompatible with equation A-8 and, with the usual

condition p = 1, leads to a simple solution in which the coefficients become
m = 1/2 Yy =1 - ‘\/T/—Z_

1 +V%

AR ER

T\=i/2 S
Pl t
a=1% ., b=Mnhl-Vz) C

(A=14)

H

"
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with these values the final form of the method is

ko = hE(Yeo, Yo, Yoo, ... Vo)
Y4'n ) Y * 1/2 kio

Ci)ic ) k‘.o

ki = hf(Yo, Yo Yau, oo Yo )
Y,ia :'Yic * ['-W;](kﬂ'%m)
%12 = l2-v2) k*" e V] %I;

(4~15)

ke = h i (Yer, Yiz, Yeor oo Vo)
Yi3 - Yja * [' + 'm](kla— %.z)
%13 [2*1/5”(12 + [‘2"31/'72]%12

ki, - hf(Yog,Y.g,Y23,... Yia)
Yo = Y, ° /6k %9,

i4

i1

A “dummy” variable, ¢, has been introduced in A-15 so that at each stage

the most recently calculated k's, y's and q's can be stored over the previous

values which are now no longer needed. The maximum number of three storage

registers per equation is evident. The error of the method is of the order

of h’« In common with the Runge - Kutta procedure this method also employs

only values of the independent variable at the ends and middle of the interval

and is thereby convenient for tabulated functions.



A 282 wérd program utilizing this method was written for use on the
Datation Computer, Model 205. The program was designed o handle a maximum
of 19 equations of the type A-10 and employed floating point operations.
G111l (30) has modified the basic method to correct for round-off error
inherent in fixed point operation. The time for calculation of one interval
for the particular equatioms of this problem was approximately one second,

and a complete integration of the equations took between 5 to 10 minutes.
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APPENDIX I

Numerical Data of Vibrational Relaxation
in

Oxygen=-Nitrogen Mixture



Pure O

t psec

2.3
5.1
9.1
12.3
15.5
18.7
25,1
31.5
37.9
44,3
57.1
76.3
101.¢9
153.1

537.1

EA/EA

0.05
0.12
0.20
0.26
0.31
0.36
0.45
0.53
0.60
0.66
0.75
0.84
0.91
0.97

1.00

93.95
119.5
150.3
199.4

215.8

0.13

10.18

0,25
0.34
0.39
0.45
0.51
0.62
0.67
0.75
0.83

0.89

0.96

87 -

Table 11

1000°K

1% 02 - 99% N

2

t psec E%y/EA

2.3
5.1
9.1
12.3
18.7
25.1
31.5
44.3
63.5
101.9
242.7
421.9
575.5
780.3
085.1
1190
1446
1753
2060
2419

3187

0.05
0.11
0.1¢
0.24
0.33
0.40
0.45
0.53
0.60
0.65
0.68
0.71
0.72
0.74
0.77
0.78
0.80
0.83
0.85
0.87

0.91

e/,

0.0003
0.0008
0.002
0.002
0.004
0.006
0.008
0.01
0.02
0.03
0.09

0.15
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Table 11 -~ Continued

3187 0.92 0.78
4415 0.94 0.83
5286 0.96 0.88

6668 0.98 0.93

10% 02 ~ 90% N2 20% 02 - 80% NZ 50% 02 - 50% Nz

t psec. EA/EA EB/EB t psec. EA/EA EB/EB t psec, EA/EA EB/EB

2.4 0,06 0,001 2.3 0.05 0,001 2.3 0.05 0.002

5.2 0.11 0.002 5.1 0.11 0,003 5.1 0.11 0.006

2.2 0.19 0.005 9.1 0.19 0.008 9.1 0.19 0.02
12.4 0.24 0.008 12.3 0.24 0,01 12.3 0.25 0.03
18.8 0.33 0.02 18.7 0.33 0.03 15.5 0.30 0.05
25.2 0.40 0.03 25.1 0.41 0.05 21.9 0.39 0.08
31.6 0.46 0,04 31.5 0.47 0,07 28.3 0.46 0.12
44.4 0.55 0.06 37.9 0.52 0.09 37.9 0.56 0.19
57.2 0.60 0.09 50.7 0.60 0,13 50.7 0.65 0.29
76.4 0,66 0.13 63.5 0,65 0.18 63.5 0.72 0.38
102.0 0.70 0.19 89.1 0,72 0.28 76.3 0.77 0.46
127.6 0.73 0.24 114.7 0.77 0,37 89.1 0.81 0.54
153.2 0.75 0.29 153.1 0.81 0.48 101.9 0.84 0.60
191.6 0.77 0.36 178.7 0.84 0.55 114.7 0.87 0.66
242.8 0.80 0.44 204.3 0.86 0,60 127.5 0.89 0.71
284,0 0.83 0.51 229.9 0.88 0.65 153.1 0.92 0.79
370.8 0.86 0.61 306.7 0.92 0,77 178.7 0.9 0.85
422.0 0.88 0.65 357.9 0.94 0.82 229.9 0.97 0.93
524.4 0.91 0.74 460.3 0.96 0.90 306.7 0.99 0.98
678,0 0.94 0.83 613.9 0.98 0.95

882.8 0.97 0.%0

1139 0.98 0.95



Pure 02

t psec

0.13
0.27
0.51
0.67
0.91
1.2
1.5
2.2
2.8

3.8

L
D
’.—J

8.9

16,6

EA/EA

0.05
0.11
0.19

0.25

0.40
0.48
0.60
0.70
0.80
0.88
0.98

1,00

Table 12

2000°K

5.1 0.04
16.6 0,13
24.3 0.18
37.1 0.26
47.3 0.32
57.5 G.37
78.0 0.47
98.5 0.55

113.9 0.60

134.8 G.66

154.8 0.72
190.7 0.7¢9
231.6 0.85

282.8 G.90

375.0 0.95

12 0

- 99% N,

t psec EA/EA

0.13
0.27
0.51
0.91
1.2
1.5
2.2
2.8
3.8
6.4
14.0
24.3
37.1
47.3
57.6
67.8
78.0
98.5

113.9

167.6
208.6
270.0

285.4

0.05
0.11
0.19
0.30
0.37
0.44
0.53
0.60

0.66

0.78
0.80
0.82
0.84

0.85

0.95
0.97
0.98

0.99

EEEV/EEB

0.001
0.002
0.004
0.008
0.01
0.01
0.02
0.03
0.04
0.06
0.13
0.22
0.32
0.39%
0.45
0.50
0.55
0.64
0.69
0.76
0.83
0.89
0.9

0.95
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Table 12 - Continued

16% 02 - 80% NZ 20% 02 - 80% Nz 50% 02 = 50% N2
t psec EA/EA EB/EB t psec EA/EA EB/EB t psec EA/EA EB/EB
.13 0.05 0.001 0.16 0.06 0,002 0.13  0.05 0.002
0.27 0.11 0.003 0.32 G.12 0.004 0.27 0.11 0.004
0.51 0.19 0,006 0.60 0,22 0.009 0.51 0.19 0.01
0.91 0.30 0,01 1.1 0.35 0,02 0.67 0.24 .02
1.2 0.38 0.02 1.4 0.42 0,03 0.91  0.31 0.03
1.5 0.44 0.02 1.9 0.50 0.05 1.2 0,39 0,05
2.2 0.54 0.04 2.5 0.59 0,07 1.5 0.46 0.07
2.8 0.61 0.05 3.2 0.65 0.10 2.2 0.57 0.11
3.8 0.68 0.08 4,4 0,73 0.15 2.8 .65 0.16
5.1 0.73 0,11 5.7 0.78 0.20 3.8 0.74 0.24
8.9 0.80 0.21 7.6 0.82 0.28 5.1 0.81 0.35
11.4 0.82 0.27 10.2 0.85 0,37 6.4 .86 0.44
14.0 0.83 0.33 12.8 0.87 0,46 8.9 0.91 0.60
16.6 0.84 0.38 15.3 0,89 0.53 11.5 0,94 0.71
24,3 0.88 0.51 7.9 0.9 0,59 15.3 0.96 0.83
29.4 0.89 0.58 21.7  0.92  0.67 20.4 0.98 0.91
37.1 6.92 0.67 26.8 0.94 0.75 25.6 0.99 0.%6
47.3 0.94 0,76 32,0 0.95 0.81
57.6 0.96 0.83 42,2  0.97 0.89
78.0 0.98 0.91 57.6 0.%9 0.96

98.5 0.99 0.96



Table 173

3000°K
Pure 0, Pure N, 1% 0, - 99% N,
t psec EA/EA t psec EB/E-B t psec EA/EA EE/E‘B
0.035 0.05 0.89 0.05 0.036 0.05 0.002
0,075 0.11 2.3 0.12 0.076 0.11 0.004
0.12 0,18 3.6 0,19 0.12  0.17 0.007
0.19  0.26 5.1 0.25 0.19  0.25 0.01
0.25  0.33 6.7  0.32 0.25 0,31 0,01
0.31  0.39 8.7  0.39 0.32 0,37 0.02
0,38 0.45 10.7 0,46 0.38 0.42 0,02
0.4 0.50 12.8  0.52 0.5 0.5 0.03
0.57 0.59 14,8 0.57 0.64  0.58 0.04
0.76  0.70 18.9  0.66 0.76  0.63 0.0k
0.89  0.76 23.0  0.73 1.0 0.70 0.06
1.1 0.84 27.1  0.79 1.5 0.77 0.09
1.5 0.91 35.3 0,87 2.6 0.82 0.15
2.3 0.97 5L.7  0.95 3.6 0.83 0.20
3.6 1.00 59.9  0.97 4.9 0.85 0.26

a1t 0,86 0.33
R 0.88 0.41
10.5 0.89 0.48
13.6 0,91 0.58
156 0.93  0.63
22.8 0.95 0.76
26,9 0.96 0.82
32.0 0,97 0.87
40,2 0.99 0.92
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Table 13 = Continued

b7.h 0.99 0,95

1%02-%%% w%%n8MN2 y%azmm%%
t psec EA/EA EB/EB t psec EA/EA EB/E_-B t psec EA/EA EB/EB
0.035 0.05 0.002 0.035 0.05 0.002 0.036  0.06 0,002
0.075 0.11 0,005 0.075 0.11 0,005 0.076  0.11  0.006
0.12 0,17 0.008 0,12 0.17 0,009  0.12 0,18  0.01
0.19 0.25 0.01 0.19 0.25 0.01 0.19 0.25  0.02
0.25 0.31 0.02 ~ 0.25 0.32 0.02 0.25 0.32 0,03
0.31 0.37 0.02 0.31  0.38 0.03 0.32 0.38  0.04
0.38 0.43 0.03 0.38  0.43 0.03 0.38 O.44 0,05
0.51 0.5 0.04 0.5 0.52 0.05 0.51 0.53 0,08
0.64 0.58 0.05 0.64 0.59 0.07 0.6k 0.61 0,11
0,76 0.63 0.06 0.76 0.64 0.08 0,76 0,67  0.14
1.0  0.71 0.09 1.0 0,72 0.12 1.0 0.75 0.2
1.5  0.79 0.14 1.3 0.77 0.16 1.3 0.81  0.28
2.0  0.82 0.19 1.8  0.83 0.23 1.5 0,85  0.34
2.8  0.85 0.26 2.3  0.86 0.30 1.8 0.88  0.40
3.6  0.86 0.33 2.8  0.88 0.36 2.0 0.90  0.45
4.3  0.88 0.39 3.3 0.89 0.42 2.3 0.91  0.50
5.4 0.89 0.46 3.8  0.90 0.47 2,8 0.9%  0.59
6.4 0.90 0.52 4,9 0.92 0.56 3.3 0.95  0.67
7.4 0,91 0.58 59  0.93 0.64 3.8 0.96  0.73
9.5  0.93 0.67 7.4 0.95 0.73 4.9 0.97  0.82
11.5  0.95 0.74 9.5 0,96 0.81 5.9 . 0.98  0.88
13.6  0.96 0.80 11.5  0.98 0.87 7okt 0.99  0.93
16.6  0.97 0.86 15.6  0.99 0.9% 8,4 0.99  0.96
20,7  0.98 0.92 17.7  1.00 0.96

26.9 0,99 0,96



Table 14

4000°K
Pure 0, Pure N, 1% 0, - 99% N,
R I S (T A
0.1k 0.05 243 0.05 0.14 0.05 0.003
0,28 0.10 6.1 0.12 0.28 0,10 0.006
0. bk 0.16 8.2  0.15 0o bl 0.15 0.009
0.64 0622 1243 0.22 0.64 0.21 0.01
0.89 0.29 16.4 0.28 0.89 0.28 0.02
1.1 0.36 20.5 0.34 1.1 0,34 0,02
1.5 0.L5 24,6 0.39 1.5 0,42 0.03
1.8 0.50 30,7 0,47 2.0 0.5 0.04
2.3 0.59 38.9 0455 2.6 0.58 0.05
3.1 0.69 b7.1 0.62 3.1 0.63 0,06
3.6 0.75 59,4 0,70 4,1 0.71 0008
bo6 0.83 7548 079 6.1 0.79 0.12
6.1 0,91 92,2 0.85 9.2 0.84 0.18
8,2 0.96 124.9 0.92 12.3 0.85 0.23
12.3 0.99 141.3 0.9k 17.4 0.87 0.31
16.4 1.00 157.7 0.96 21.5 0.88 037
25,6 0.89 0.h2
33,8 0.91 0,52
42.0 0.92 0459
54,3 0.9k 0.69
6245 0.95 0.7k
78.8 0.98 0,82

95.2 0.98 0.87
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Table 1% « Continued

119.8 0.99 0.92
1hb b4 0.99 0.95

m%e(m%%m m%o.m%%m @%oz@m%N
Ve e, T, U v, e, M e, P/
0.14 0.05 0.003 0.1  0.05 0.003 0,14  0.05 0,003
0.28 0.10 0.006 0,28 0.10 0.006 0.28  0.10 0.007
0.44  0.15 0,009 0.44  0.16 0.01 o4 0.16  0.01
0.64 0,21  0.01 0.64 0,21 0.0L 0.64  0.22  0.02
0.89 . 0.28 0,02 0.89 0.28 0.02 0.89  0.29  0.03
1.1 0,34 0.03 1.1 0.35 0.03 1.1 0.35 0.0k
1.5  0.42 0.0k 1.5  0.43 0.0k 1.5  0.43 0,06
2.0 0.5 0.05 2.0 0.52 0,06 2.0  0.53 0,08
2.6 0.8  0.06 2.6 0.5 0.07 2.6 0.60 0.1
3.1 0.64 (.08 3.1 0.64 0.09 3.1 0.66 0.4
4.1 0.72  0.10 4.1 0.73 0.13 b1 075 0.20
5.1 0.77  0.13 51  0.78 0.16 5.1 0.81 0.26
7.2 0.82  0.19 7.2 0.84 0.24 6.1  0.85 0.9
9.2 0.85 0.24 9.2 0,87 0,30 7.2 0.88  0.37
12,3  0.87 0.3 11.3  0.89 0.36 8.2  0.90  0.42
15.4  0.89 0.3 13.3 0,90 0.42 10,2 0.93 0.5
19.5  0.90  0.45 15.4 0,91 0,47 12,3 0.9% 0,59
23.5  0.91 0.52 19.5  0.92 0.56 14,3 0.96  0.66
29.7  0.93 0.61 23.5  0.9% 0,63 168 0,96  0.71
37,9 0.9% 0,70 29.7  0.95 0.72 20,5  0.97  0.80

46,1 0.96  0.77 379 0.97 0.81 2h.6 0.98 0.86
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Table 14 - Continued
039? 0982 &601 0@98 0087 3208 0399

0.99 0.95 6205 0.99 0,93 4,0 1.00
70,7 0,99 0.95

0.93
0.96



Table 15

5000°K
Pure 0, Pure N, 1% 0, - 99% N,
VR VE U fve, T MR P,
0.09  0.05 1.2 0.05 0.10 0.06  0.005
0,20 0,11 2.5  0.10 0.20 0.1l 0,009
0,31  0.16 2.9 0,12 0.36 0.18  0.02
0.46 0.23 3.7 0.15 0.51 0.25  0.02
0.6L  0.30 4.9  0.20 0.72 0.33  0.03
0.82 0,38 6.6  0.26 0.92 0.39  0.04
1.0 0.45 8.2 0.3 1.2 0.8  0.05
1.2 0.5 10.6  0.38. 1.6 0.5  0.07
1.k 0.56 13.9 0.b7 2.0 0.63  0.09
1.8 0.66 17.2  0.54 2.5  0.68  0.11
2.5 0.76 20.5 0,60 3.3  0.75 0,14
2.9 0.81 23.8  0.65 4,9  0.82  0.20
367 0.88 30,3 0.74 6.6  0.84  0.26
4.9 0.94 36,9  0.81 8.2  0.86  0.32
6.6 0,98 50.0  0.89 9.8  0.87  0.37
8.2 0,99 69.6 0.96 12,3  0.89 0. bl

156  0.90  0.52
18.8  0.92  0.%8
23.8 0,93  0.67
0.3 0.95 076
36.9  0.96  0.82
46,7 0.98  0.89
59.8 0.99 0.94
66.4  0.99  0.96



07

Table 15 = Continued

10% 0, - 90% N2 20% 0, - 80% N, 50% 0, - 50% N,
t.x}ligc Ea EA EB/EB tx)ligc EA/E.A E_B/EB txﬁigc EA/EA EB/E.B
0.10 0.06 0,005 0.10 0.06 0,005 0.09  0.05 0.004
0.20 0.11 0,009 0.20 0,11 0.01 0.20  0.11 0,01
0.3 0,18 0,02 0.36 0,18 0,02 0.31 0.16 0.02
0.5L  0.25 0,02 0.5L 0.25 0,03 0.46  0.23 0.03
0.72 0.33 0,03 0.72  0.33 0.04 0,61 0.29 0.04
0.92 0.39 0.0k 0@92 0.40  0.05 0.82 0,37 0.05
l.2 0.4  0.06 1.2 0.48  0.07 1.0 0.43 0,07
1.6 0.57 0.08 1.6 0.57  0.09 1.2 0.49 0.09
2.0 0.6  0.10 2.0  0.64 0,12 1.4 0.54 0.10
2.5  0.69 0.12 2.5 0,70 0,14 1.8 0.63 0.14
3.3 0.76  0.17 3.3 0.77  0.19 2.5 0.72 0,20
4.9  0.83 0.25 4,9  0.85 0.29 3.3 0.80 0.28
6.6  0.86 0,32 6.6  0.88 0.8 b1 0.85 0.35
8.2  0.88 0.39 8.2  0.90 0,46 4,9 0.89 0.42
9.8  0.89 0.45 9.8  0.92 0.52 5.7 0.91 0.48
11.5  0.90 0.50 11.5  0.93 0.58 6.6 0.92, 0.53
13.9  0.92 0.57 13.9  0.94 0.66 7.k 0.4 0.59
17.2  0.93 0.65 17.2  0.95 0.74 9.0 0.95 0.67
20.5  0.9% 0.72 | 20,5 0,97 0.80 10,6 0.96 0.74
23,8  0.95 0.77 27.0  0.98 0.88 12.3 0.97 0,79
30.3 0,97 0.85 36.9 0,99 0.95 15.6 0.98 0.87
36,9  0.98 0.90 b3.4  1.00 0.97 20.5 0.99 0.94

50.0 0.99 0.96 23.8 0,99 0.96



Table 16

8000°K
Pure O, Pure Nz 1% 0, - 99% N,
t psez EA/E t pse; EB/EB t psec EA/EA E}yEB
x 10 A x 10
0.32 0.05 3ol 0.05 0.31 0.05 0.005
0.76 0,12 7e2 0.12 0.76 0.12 0.01
1.1 0.18 9.2 0.15 1.1 0,17 0.02
1.5 0.23 12,3 0.19 1.8 0.25 0.03
2,0 0.29 16.4 0,24 2.3 0.31 0.0k
2.6 0,25 20,5 0.30 36l 0.39 0.05
3.1 0.40 28.7 0,39 L1 0.47 0,07
b1 0.50 36.9 0.47 5.1 0.55 0.08
5.1 0.58 45,1 0.54 6ol 0.60 0.10
6.1 0.64 53.2 0.60 8.2 0.69 0.13
7.2 0,70 E1.4 0.65 10.2 0.75 0.16
9.2 0.79 778 0.74 14.3 0.82 0,22
12.3 0.87 9.2 0.80 18.4 0,86 0.27
16.4 0.94 118.8 0,87 2k, 6 0.89 0.35
20.5 0.97 15L.5 0.93 32.8 0,91 0.43
28,7 0.99 184.3 0.96 41.0 0.92 0.50
49.1 0.93 0.58
57.3 0.94 0.63
7367 0.96 0.72
98.3 | 0.97 0.82
131.1 0.99 0.90
172.0 0.99 0.94

18032 1000 0995



m%ozmqﬂmz

t usec Ep,_ Eg/-
" e, e,
x 10

0.3L

0.76
1.1
1.8
2.3
3.1
L1
5.1
6.1
8.2
10.2
14,3
18.4
24,6
28.7
36.9
49,1
5743
737
98.3
131.1
147.5

0.05
0,12
0,17
0.25
0,31
0,39
0,48
0.55
0.61
0.70
0,76
0.83
0.87
0.90
0,91
0.92
0.94
0.95
0.97
0,98
0.99
0.99

0.005
0.0L
0.02
0.03

0.04

- 0.05

0.07
0.09
0.11
0.14
0.18
0.25
0.31
0.39
0.44
0.53
0.64
0.70
0.79
0.87
0.94
0.95

GO

P g

Table 16 - Continued

20% 0, - 80% N2

t psec Ep /- Fg/=
. VE, "YE,

x 10

0.3L
0.76
1.1
1.5
2.0
2.6
36l
4,1
501
6.1
8.2
10.2
14,3
18.4
24,6
28.7
32.8
1.0
49,1
573
7367
98,3

131.1

0.05
0.12
0,17
0.22
0.28
0.3k
0.39
0,48
0.55
0.61
0,70
0.76
0,84
0.88
0.91
0.92
0.93
0.9%4
0.96
0.96
0,98
099
0.99

0.005
0.01
0,02
0.03
0.04
0.05
0.06
0,08
0,10
0.12
0.16
0,20
027
0.35
0.4l
0.49
0. 54
0,63
0.70
0.76
0.84
0.91

0.96

50% 0, -
t jsec

x 10

0.32
0.76
1.1
1.5
2.0
2.6
3.1
b1
5el
6.1
7e2
9.2
12.3
16.4
20.5
2k, 6
28.7
32.8
b1.0
49.1
614
86,0

50% N2

E
A/EA

0.05
0.12
0,17
0.22

0,29

OCBZL

0.40
0.49
0,56
0.62
0.68
0.76
0.83
0.89
0.93
0.94
0,96
0.96
0.97
0.98
0.99

1.00

EE»/

0.006
0.01
0.02
0.03
0.04
0,05
0.07
0.09
G.12
0.14
0.17
0.23
0.30
0.40
0.49
0.56
0.63
0.68
0.77
0.83
0,90

0.96
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PROPOSITIONS

1. The presently accepted experimental value for the
Vibrational relaxation time of NO (1,2) is many orders of
magnitude shorter than is expected by present theory and by
comparison with other simple gases. It is proposed that
this experiment is belng affected by impurities and needs
reinvestigation. An experiment is suggested.

2, It is proposed that the vibrational relaxation time
of CO be measured in the presence of small amounts of O2 and
N2 as the resonant impurities. Such an experiment would
provide data by which tovevaluate the resonant hypothesis
discusséd in Part II of this thesis.

3. Some previous measurements of the vibrational
relaxation time of CO2 have been interpreted as showing that
the bending vibration of the 002 molecule relaxes faster than
the stretching mode (3,4,5). An experiment is proposed to
meagure the relaxation of the two modes simultaneously.

L., The radical addition of HBr to propyne has been
found to be stereospecific in the liquid phase. However, a
kinetic investigation of the gas phase reaction yielded no
conclusion because of the rapid isomer equilibration of the
product - l-bromoml-prppene (6). The gas phase experiment

is criticized and further experiments proposed.
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5. The detailed numerical solution of the three-body
collision problem has been used to obtain information on
atom recombination and chemical kinetics (7,8). This
method is suggested to investigate some theoretical aspects
of vibrational relaxation.

6. In Part II of this thesis 1t was suggested that the
bimolecular effect of HEO on Oy vibrational relaxation is
due to an exact resonant process. An experiment is proposed
to test this hypothesis.

7. In recent years the study of the pyrolysis of simple
hydrocarbons by shock wave heating has provided information
on the mechanism of carbon formation (9,10). PFurther experi-
ments along this line are proposed.

8. A recently discovered acetylene tricobalt carbonyl
complex (11,12) exhibits an IR spectrum that is similar to
that of acetylene absorbed on metal surfaces (13). It is
proposed that the structure of such complexes may be useful
in determining the bonding of acetylene to surface metal atoms.

9. In a shock tube study of the kinetics of the dissocia-
tion of O, (14) a delay in the onset of thermal dissociation
has been observed. Several experiments are proposed to study
the mechanism of this dissociation lag.

10. A study of the vibrational relaxation of H2 is of
interest in order to compare with detailed theoretical
calculations (15). An experiment is proposed utilizing

electric-field induced transitions in the infrared (16).
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