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I. Introduction

All chemical reactions tske rlace at definite rates,
and the determination and interpretation of these ratec
has long been one of the central problens of chenical
research. Fundamental to the complete treatment of this
problem is an understanding of the mechanism of energy
transfer tetween molecules on collision, for only by
learning the details of this process wiil it be possibie
to obtain an understanding of how molecules go from
their normal stetes to activated states, and then to form
products.

This thesis is concerned with the study of very ranid
reactions wherein the slowest step, and hence the factor
which limits the rate of anproach to equilitrium, may
well be the rate of energy transfer between molecules orn
collision. For this purpose the isenircpic flow experi-
ment of Kantrowitz‘ has been extended for the case of
carbon diouxide, and apnlied to the study of the precsure

dependent chemnical reaction (N,0, &= 2N0,).
A J
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A. A Review of the General Theory of Energy Trensfer
During Molecular Collision

Early studies of the rate of energy equilibration be-
tween the internal and external degrees of freedom of
molecules were the outgrowth of attempts to explain the
absorption of sound by gases. In 13870 Boltzmann2 suggest-
ed that it was within the realm of possibility thet the
transfer of energy between molecular motion (translation)
and the motion of the atoms within a molecule with respect
to one another (vibration) might tuke a rather long time.
This notion wes expressed in & .much imore definite form by
H. A. Lorentz3 in a pnaper punblished initially in 1881,
and entitled, "Les équations du mouvement des gaz, et la
propazation du son suivznt la theorie cin€tique des gas".
This naper contains the first detailed application of the
then new kinetic thecery of gases to the problem of sound
propagation through a gas. Arplicetion of the law of
conservation of energy to the system gave rise to 2 new
term which lLorentz interoreted as being cdue to a temporary
disnlacemert on ravid compression and rarefaction of the
ecuilibriuin between the translationzl energy of the
nolecules and their intramolecular energy. The existence
of such & delay in escablishing equilibrium between the
external and intern:zl degrees cf freedom cf a molecule is
equivalent to a reduction of the effective heat capacities

of the gzs. Since this increases the effective y, the net
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result is an increase both in the velocity and absorption
of sound in the gas. ;
The questiosn in its genersl form wes raised by Hertz‘ ¢
in 1832, ~»nd in 1903 Jean55 pointed out that the general
solution of this oroblem is not obvious even for a highly
simplified model utilizing classical mechanics. Jeans in-
vestigated the effect of having a portion of the internzl

energy lagging behind the translational energy, and showed

that both the velocity and absorption would be increased;
and further, that the new absorption would be proportionsl
to the sguare of the freguency. Then, using as a model a
sphere with its center of mass displaced from its geometri-
cal center, he attempted to calculate the magnitude of the
effects for the case in which the rotational energy lagged.
Jeans concluded that the effect would be small, especially
for the velocity, but that the observed high sbsorntion in
alr could be accounted for in this feshion. This work was
undertéken by Jeans in an attempt to reconcile the values
of vy found by sound velocity measurements (the Kundt-tube
nethod) with those caiculated from the principle of equi-
partition of eunergy. However, the cuantum theory had :¢1-
ready removea the major discrepancy between the measured
heat capacities and those coniputed {rom equipartition, and
therefore this calculation wrs dropred from Jeins' "Dynewi-
cal Theory of Ga.es" (Cambridge) in editjons subsecuent to

the first, in 1904.



No new theoretical work was done for some time, but
in 1914 J. G. Stewart6 published a paper entitled "The
Inapplicability of Boltzwsnn's Equipartition Hypothesis to
Gases in a State of Chenge of Internal Energy; and itrc
bearing on the experimental determination of the Specific
Heat of Gases". He pointed out that in experiments on the
expansion of gases through nozzles measurement of pressure
or temperature after a specified expansion gave values
lower than those calculated from the adiabatic theorem
using the equilibrium values of vy, and that the measure-
ments of amounts of material discharged give values great-
er than is possible with reversible expansion. Also, he
noted that values of y taken by the explosiocn wethod,
wherein the change of translational energy ic even uore
ravid, are greater than those obtained by static methods.
To explain these discrepancies he invoked the hypothesis
of slow energy exchange between exturnal and internal
modes.’

The next great impetus to the diccussion of this
problem was the iavention of the acoustic interferometer
by G. W. Pierce7 in 1925. For the tirst time, it became
possible to measure the velocity of sound in gases with an
accuracy of 0.1%. For carbon dioxide Pierce found a
velocity increase of several rer cent with increasing fre-
quency; a value far in excess of the iameasurably :=nall

incresse predicted by the classical theories of Stokes and




Kirchoff. He, himself, attributed the iarge value to the
effect of thermal conductivity, ana it remained for Herz-

8
feld and Rice to give the correct explanation based on

the slow rate of exchange of energy between the vibrational

and translational degrees of freedom.

From then on a wealth of sonic data became available,
and coupled with this advance has gone an ever growing
understanding of the process of energy transfer between
molecules on collision. We shzll not attemp?l here to uake
a complete survey of tnhnis fieid. Rather we refer those
interested in the utilization of sonic phenomena to the
admirable and thorough thesis of E. H. Freedmang, and
those interested in the theoretical aspects of relaxation
phenomena to the complete discussion presented in the
thesis of B. Widom.’o /e shall site, however, some of
the major papers which are landmarks along the way to our
preseq@ understanding of the nrocess of energy transfer,
and outline briefly the conclusions drawn therein.

The first lengthy osnalysic of inelastic iiolecular
collision processes in the language of c¢uantum mechanics
was published by C. Zener“ in 1935. As a first aprroxi-
mation his model pictured each molecular sy:ster of atoms
as bound together by elastic forces, while atoms of 4if-
ferent molecules interacted as hard elastic spheres. Con-
sidering the one dimensional case, he then czlculated the

energy interchange for a single head on imnact from the

. A ot o, e ey
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rrinciples of energy and momentum conservation. It is
cleazr that the finite time required to estsblish contact
between the two systems acts as a severe restraint upon

the exchange of internal energy. The interaction between
colliding molecules is actually so gentle that in general
many vibrations occur during the effective time of a col-
lision, and theory shows that the energy trsnsfer dies off
exponentially with the nunmber of these vibrations which

can take place during such an interval. cener then im-
proved the rigid srhere model by assuming that the atoms

of separate systems repel one another according to the
simple law V = ce-r/d. Classicezl mechanics applied to

this model shows that for d not too saz2lil there is but a
small tendency for the energy of a repid oscillator to be
trancsferred to a less rapid oscillator or to trenslationcl
degrees of freedom. This treatment points up the fect that
a spec%fied amount of internzl energy will be dissipated
much more rapridly if it can be given up to translational
energy as several small quanta rather than as one large
quantumn. Hence for polyatomic molecules we rould expect,
all b>ther things being equal, that t .osc vibrations with
lower frequencies will tend to have shorter relexaticn times.
An intcresting sidelight is zener's conclucicn that the com-
paratively lerge guanta which H, can absorb &s energy of
rotation, which are still sitall compared to vibrational

guanta, makes it unique in deactivating efficiency.
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In princiole the calculation of the extent of energy
transfer on collision recuires the use of a comnlete cuantum
mechanical picture. However, Zener‘2 end, indepenrdently,
Landeu and 'I‘eller‘3 have vroposed an approximate semi-
classical theory of these jinelastic molecular collisicn
processes wWhich glosses over 2 number of the difficulties
encountered in the quantum mechanical problem. In this
semi-classical approach the vector which gives the sepa-
ration of the centers of mass of the two particles is taken
tc be an explicit function of the time as given by classical
dynamics. The interaction potential is then a2 known
function of the time, and its effect on the internal stztes
of the cystem can be found by application of the first
order time-cdependent perturbation theory. Using this ap-
proach Landau &nd 'I‘eller‘3 have published a genereal thecory
for the relaxstion time of a reel non-dissociating voly-
atomin gas wherein several modes of vibration may contribute
to the énergy absorbing process. They established that
large velocities play a dominating roie and predicted that
the logerithm of the relaxation time of a ges evrressed in

-1/3 % -
. :‘e"

mclencular collisions should be vroportional to T
cently a thorough discussion of the relationship between

the completely quantum mechanical and semi-classical

»
See section I. B.; c¢f. ref. 1(a)iii, figure 6.
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thecries has been presented by wWicdom.

A rather complete summary of worx on the problem of
molecular energy transfer up until 1949 1s rrovided by
He Se W Massey's“ survey article entitied "Collisions
Between Atowns and Molecules at Ordinary Temperatures".

He sums up the present status of the problem as fcllows:

"A considerable volume of evidence is available <on-
cerning the ease with which energy exchange may occur te-
tween that of relative translation and various degreces of
internal freedom of the colliding systems. wevertheless,
although it is possible to give general rules concerning
these energy transformations, we are still fzr from possess-
ing an interpretation so complete 25 tu make possible the
prediction of the rates of a particular reaction except in
a very few cases."

In a recent paper Curtis and Adler‘j have applied
group theoretical arguments to the trectment of three-
dimensional collisions following Zener's work for the one
dimensional case.H The scattering coefficients were ob-
tained by an analysis of the solutions of the internal wave
eqcuations involving the three coorainates specifying the
internal configuration. The angular transition protabili-
ties were obtained for the case in which transitions are
relatively infrequent (weak coupling) in terms of integrals
of the interaction potential and & set of phase shifts.

This treatment is applicable tc norszl low energy thermral

collisions, but not to the high energy collisions which

——— e
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occur in hot atom chemistry. SCince they concsider the
question of energy transfer, molecular cCisscciation or
rearrangenents are not directly part of this problem &nd
hence were not ccnsidered. The essential difference is
that in the energy transfer process only weak counling is
postulated between colliding units.

In a brief recent raper Herzfeld‘6 hzs succeeded in
calculating directly the rate of energy exchange between
internezl and external degrees of freedom for liguid benzene.
The Lennard-Joncs interaction potential and model of the
liguid are used; the fourth-order terns in the interaction
provide the coupling between internal vibrations ana Debye
waves. This recsults in a value three ties too rapiq,
which is in astonisningly ¢ood agreement with the exneri-
ment, in view of the approximations made,

Yet rmore recently Schwartz, 3Slawsky, and Herzfeld‘7
have a?tempted a cuantitative calculation of the relaxetion
time in pure gases and in chemically nonrecctive ges mix-
tures. They followed the wholly guanturi mechenical :iethod
of Zenerj‘, using an exponential repulsion in a2 one-diren-
sional model, and concluded that in some casec the great
effect which impurities have may be accounted for either by
their low masses end resultant high velccity, or ty "necar
resonance™ transfers in which the vibrational cuenium of the

substratun is used partly to excite the vibration of the

impurity, only the dirference being transferred to trans-

AT 1.
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lation. However, there aré a number of interesting cases
for which neither of these explanations &epply. The theo-
retical vzlues here obtazined for the relaxation times are
10 to 30 times shorter than the experimental values, but
the zuthors express the opinion that this difference may
" have arisen because of the use of a one-dimensional model.
Widom1o has extended Zener's orizinal proposal for
s?mmetrizing the theory in the csse of head-on collisions
to cover the more general case of non-zero impact parameter
and has provided proof for the assertions of Rosen znd.
ener | snd of Lendey #nd Telted, . &b tHe effent that the
éémi-classical theory is an adecuate approximation to the
_qﬁantum mechénical theory whenever the relastive trans-
lational energies which are involved are much greatér than
the amount of energy exchanged. He discussed the statis-
tics of semi-classical collisions in order to derive ex-
pfessiggs for tempersture-dependent prohebilities of inel-
astic encounters and presented a detsiled discussion of
classical motion in a sphericalily symnetric inter-molecular
potential. The system C0,-H,0 was treated semi-classically,
assuming that the interaction potential was sphericelly
symmetric, and corresponded to that interaction between the
CO, and H,0 molecules which would occur were they to approach
in a certain most favorable orientation. The resulting
probabilities were then corrected by multiplying by a suit-
ables orientation factor. The relevant potentials were based

on considerations of the chemistry of the acid-base inter-
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action between CO, and H,0. A potential of the type (a)

was used rather than type (b), which is that for the inter-

(a) (b)

Fotential

Potential
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» Separation
L Distance

action of molecules between which there can be no chemical
interaction. For e molecule with a givein collisional
energy (dotted arrow) it is clear that for (a) the minimum
distance of approach is of the order of a bonding distance
(?a), and that this interactlon occurc more sharply (great-
er slope) than fc~ "b)., Thus in (a, the effective time of
collision is less, end hence there is an increased proba-
bility of energy transfer. On the basis of the semi-
classical treatment, and the statistics of generalized
impact parameters, Widom found that the effective coliision
diameter is a monotonically decreacing function of the
temperature. He then showed that when ccrrected for the
low energy failure of the semi-classical theory, the col-
lision diameter also decreases at low temperatures, and

therefore, in agreement with experiment, 1t passes through
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a maximum. This theory quantitatively accounts fcr the ob-
19
servation of Eucken and Becker that the probability of

transfer of energy on collision is larger the greater the

chemical reactivity of the two colliding molecules, even
though no chemical change actually takes place.

The transition state approach of Laidler and Eyringzo
has been of some use in correlating qualitatively certain ;
general observations. The above mentioned observation of

19
Eucken and Becker was qualitatively explained as follows.

Consider a potential energy surface which represents a

collision between X and Y which could react chemically.
However, in an energy transfer process we are concerned not
with wajor transitions between valleys in the potential
energy surface, which occur when a chemical change takes
place, but rather with transitioncs between the vibrational
levels within one valley. For proper presentation of the
potential, the surface should be constructed with skewed

21,22
axes , and the degree of dissymmetry of tne valley }

will depend cn the tendency for chemical reaction. Vhen
a chemrical reaction is poscible the valley 15 definitely
not symmetrical but distorted, particularly at positions
corresponding to close app.roach of the particles, and when
the system enters this distorted region the prorability of

transfer to another vibrational lc¢vel becomes aprreciable,

and may be high. Thus the transference of energy will be

associated in an approximate manner with chemic&l reectivity.




It is clear, however, that the number of possible initicl
and final states may be very large and that even between
two given states the number of likely reaction path.s aey be

very great. It is this conplexity which wakxes any deteiled

microscogic treatment quite difficult, znd predictions
nearly imposslible.

As an extension of the pctentici energy surfzce ap-
proach, Castellan and Hulbertz3 have czalculated reflecticn i
coefficients for a matter wave in a parabolic channel and

in a square channel, each channel closed at one end by a

vertical plane tilted slightly from the normal to the axis
of the channel. This enabled ther 10 find thecoretically
the number of collisions necessary to dissipate one quantunm
of vibrational energy @nd comparison with the data from

measurements on sound dispersion shows good agreement for

TR

N.0 and CO,. They also arrived at some tentative con-

clusicq; regarding t.»e temnerature dependence ot the
average probability of transition per cecllision.

The correlation of the probability of collisional
energy trensfer with chemical reactivity is not strong in
the dispersion ot souna experinents, since, owiuny to the
low temperastures, the vibrationel levels are f&r down the
potential-energy valleys, in which re;;ion the distortion
du2 to reactivity is very small. Hence the number »f col-
lisions required to effect a chonge of level is5 very lerge.

24
In the snectroscopic work on energy level trons:itions,
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on the other hand, the vibrational levels invoived are
higher, their spacing is much smaller, and the number of
coliisions required is therefore less; the correlation
with chemical reactivity is much more pronounced.

With respect to un}molecular reaction, it seems clear
from the experimental observation that no amount of wdded
gas can increase the specific rate to a value grester than
its limiting value at high pressures, that the added mole-
cules do not interfere with the over-all chemical reaction,

¢end that their function is to maintain the equilibrium con-

centration of activated molecules. If the property possess-

ed by foreign gases of maintaining the equilibrium concen-
tration of activated complexes, and thus preventing the
falling off in rate of a unimolecular reaction at low pres-
sures, is to be attributed to their ability to transfer
some of their energy to vibrational energy of the reacting
molecgle, then some parallelism is to be expected between
their efficiency in this respect and the removal of excess
vibrational energy in association reactions. This paral-
lelism is borne out by the experimental evidence.

Rosenz’ discussed the case of collision between a
molecule and an aton or another molecule where some vi-
brations are excited in the former and a binding to the
latter is produced. A stable sysiem may form after col-
lision only if the potential energy of the particles as a

function of the distance between them has a minimum end if

Y
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the sum of this potential energy and the energy of relztive
uction is iess than the top cf either side of the potential
valley. Clearly the free particlec have energy above the
outer wall of the potential vzlley, and Rosen shows, by
means of an approximate solution of the wave equation,

that in some cases a portion of this energy of relative
motion may flow to other parts of the system.

For the purpose of determining the order of magnitude
of the lifetime of 2 molecule having an excess of energy
Rosen supposed that there are three atoms in a line, the
two outside atoms each being connected to the inside atomn
by a potential of the sMourse tyyje. He then considered cne
case where one vibrator in a relativelv low state, with
vibrational guantum number m, is supposed to drop bacx to
the lowest state (vibrationail quantum rauaber zero), the
energy being taken up in the transition into the continuum
representing dissociation of the other vibrator. Rosen con-
cluded that if m » 4 there is very little chance of the
molecule decomposing before it exchanges energy at collision.

Ricez6 pointed out, however, that it iz not necessary
that the exchange of energy should take place in one step,
but that it can take place through a series of exchinges of
smaller amounts of energy between the vibrators without dis-
scciation taking rlace, until one cf them is in a state where
its probability of dissociat’on is great. The probability

of dissociation ultinately tsking prlace will then not falil




off as rapidly with increasing m as Kosen has predicted.

Amongst the most recent papers are two by F. Bauerzr
in which he discussed the recombination of two atoms in
the presence of a third body by considering the probability
coefficient of the reverse process, the dissociation of a
molecule by collislon. Various mechanisias for caissociation
were briefly discussed, and an attempt wis made to estimate
the generzl order of magnitude of the cross section for the
excitation of a molecule into the vibrational continuum of
its electronic ground state. This cross section, which was
calculated by a method depending upon corrccting the Dorn
approximation by means of the exact one dimensional urob-
lem, was computed for the recombinatio. of two hydruren
atoms in the presence of a third during a ccllision. The
three-body coefficient, obtained from the cross section of
the reverse dissociation process by the prircipvle of detail-
ed balance, is much smaller than the emplrical values. An
estimate of the number of thermal collisions reauired to
de-excite the first vibrational state of hydrogen by col-
lisions with protons is lore nearly in line with euapirical
values.

Messiah28 has extended a mass tensor approximation to
the computation of the scattering of slow neutrons by
molecules taking into account the molecular vibrations.

The calculations were made fo; the case of H, and Cd, at

roon temperature for neutron energices below the threshold

r— e — - e i e
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of excitation of higher vibrational states. The agreenent
with experiment is very satisfactory in the expected range
of validity. %“he asymptotic form of the totel cross section
for large values of the inéident energy was derived, and
numerical calculations show that the asymptotic behavior

is quickly reeched.
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B. Measurements on Carbon Dioxide

a. Sonic Method

As was noted in the nreceding section, Pierce was *the
first investigator to make precision measurements of the
velocity of sound in various gases, and the increase of
velocity with increasing frequency which he observed was
correctly interpreted shortly thereafter by Herzfeld ani
Rice es resulting from the finite time required for the
equilibration of energy between vibraticnal and trans-
lational degrees of freedon.

Since then very many measurements have been made and
a diversity of methods for taking sound velocity and ab-
sorption data invented. We will mske no attempt to sun-
marize these investigations, but rather refer the reader

to three papers which together admirably ccver the pericd

irom the investigations of Pierce up until relatively recent

times. -

The first of these papers is a review published by
Richards29 in 1939 and entitled "Supersonic Phenomena'.
This naper opens with a complete derivation from first
principles of the ecuations governing the propagation of
plane sound waves, and then proceeds to review experiaental
methods and cbservations. The coverage of this paper is
quite remarkable as may be suggested by the fact that its
bibliography lists, with at least & short comment on each,

no less than three-hundred forty-eight entries.

na— - ot
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The second paver is by Kittelao and is entitled "Ultra-
sonic Research and the Proverties of Matter". This excel-
lent review paper covers propagation in gases, liguids, and
solids, experimental methods, applications to other fields,
and unusual phenomena associated with liguid Lelium. The
bibliography concentrates on papers since 142, &nd thus
forms with that of Richards a very nearl!y comilete Listing
of the pertinent studies of ultrasonic pheunuena published
prior to 1946.

The third review is by Markham, Beyer, c¢nd LindsayB‘
and was published in 195i. This paper is entitled "Absorp-
tion of Sound in Fluids", a broad field which it eovers
quite well. Emphasis was placed on a discussion of basic
principles and concepts rather than on detailed calculetions.
A listing of the more reliable experimental deta was in-
cluded. The excellent bibliography covers important work
in the field published prior to 1951.

In 1950 Lambert and Rowlinson32 published 2 very in-
teresting study in which they reportec¢ measurements of
ultrasonic dispersion in a series of organic vapors over a
range of frecuencies, temperatures, and pressures. They
concluded that, for polyatomic molecules in general, there
is 1ittle hindrance to the interconversion of translational
and vitrational energy, especially at high temperctures.
Slow intercouversion, leading to ultrasonic dispersion, wes

found only for small or rigid molecules, where internal
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rotations or vibrations of low frecuency are absent.

Recently Zartman33 has been able to improve the
ultrascnic interferometer so as to attain greater sensi-
tivity and reproducibility. These improveaments, coupled
with scrupulous care in preparing samplec, should zo far
towards increasing the consistency of measured values. It
seens, however, that this technique has very nearly reached
the upper limit of its precision.

Out of this wealth of work the following basic conclu-
sions fundamental to this thesis have been reached with
respect to dispersion and absorption of sound in pure gases:

i) Dispersion and absorption of sound are to be expect-

~ed in any pelyatomic gas in which there is an

appreciable vibrational excitation, due to the
iﬁevitable inefficiency of the conversion of trans-
lational energy into quanta of vibrational energy
by collision.

ii)wThe effect of pressure veriations is in accord with
the kinetic theory of heat; an increase of pressure
increases the number of collisions and displaces
the dispersive region to higher frequencies. Double
collisions aprear to be the usual meéhanism by
whigh vibrational energy is excited34; ell of the
measurements with carbon dioxide have irdicated
that the relaxation time is proportional to the
pressure of the gas indicating a bimoleculsar re-

laxetion process.
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iv)

Generally the effect of increasing the temperature
is to increase the transiiion probability (note
exception, H,0 with CO,).

Very small traces of foreign gases lay. have an
enormous effect on the efficiency of the collision
process, and consequently on the location of the
dispersive region (see later data on carbon dioxide).
The effect of the presence of these traces 1is always
to shift the dispersive region tc higher frequencies;
any other result would necessitate a revision of the
collision theory.

In neerly all cases sonic measurements show several
energy states adjusting with a commen frequency

over the range measured. That is, experimentally
one obtains only one dispersive region. It has

long been considered unlikely that the several states
have equal relaxation times in these casesBi bhut
rather it has seemed more probable that they fall
out together because of rapid redistribution of
energy within the molecule. This point has now,
however, been resolved by a new method discussed

later.

Over three score studies on the velocity and absorption

36
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of sound in carbon dioxide are reported in the literature

37
those of Fucken and co-workers on carefully purified

carbon dioxide cover the widest ranges of temperatures,
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frequencies, and pressures and show the greatest over all
pre.ision and consistency. They have also imade detailed
studies of the effects produced by xnown amounts of foreign
gases. We shall use their data38 for comparison purposes,
and refer the reader to the paper by Kantrowitz39 for a
comparison with the data of other workers. Following the
formila of Landau and Teller we here plotted in figure 1
the log of the relaxation time (in molecular collisions)
versus T-'/3.

At 293°K. the "collision number" for pure carbon di-
oxide is 57,000, while between water and carbon dioxide it
is 105.38 Hence collisions between carbon dicxide and water
molecules are over 500 times as effective in de-exciting
the carbon dloxide as are collisions between carbon dioxide
molecules. For details on the effect of changing the tem-

e
perature see work by Widom.

h. Shahek Tube Method

Recently Smiley, winkler, and Slawsky‘o have reported
the results of shock tube investigations on carbon dioxide.
They recorded by means of interferograms the relaxation
region behind plane shock waves in a shock tube containing
carbon dioxide. 1In thece interferograms the fringe dis-
placement is a direct measure of the density change. The
peak temperature in the carbon dioxide shock is about 900°K.,
at which temperature the lowest vibrational modes of carbon

dioxide make a large contribution to the enthalpy. They
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obtained a value of approximately O.lusec. at normal pres-
surcs, whereas a value of 6usec. would bc expected for

bone dry carbon dioxide. They claii, however, that the ob-
served value is in rough agreement with that expected for
the known water vapor content of about 3%. The brief note
publiched indicate; that this work will be extended; it is
hoped that attendant upon this extension greater accur:zcy
in specifying the experimental conditions will be forth-
coming. Specifically, more definite information with re-
spect to purity of reagents and precision of the readings
would be desirable, as well as studies to determine whether
the relaxation rate is really proportional to the displace-

ment for such a large disturbance from eguilibrium.

c. Infrared Method

The newest method to be aprlied to the study of relaxa-
tion phenomena in pure and mixed gases involves a process
which may bte looked upon as the reciprocal of the sound
dispersion method. 1In this new nethod, modulated radiation
of such a spectral comvosition as to be absorbed by one or
several degrees of freedom is passed through the gacs. This
energy is absorbed through vibrational excitation, and it
there were imaediate equilibration between 211 degrees of
freedom it wouid appear instantly as a rise in translational
temperature, and hence in pressure. However, if there is a
lag in the establishment of equilibrium there will be a lag

between irradiation and rise in trenslational temperature.
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The pressure variations in the gas are foliowed by a uaicro-
phcne, and by studying the phzse relation between the nicro-
phone output and the impinging rmodulatcd beam one can deter-
nine the energy transfer lag between those modes which
absorb the radiation anéd those of translation, responsible
for the pressure. This method was sug;ested inderendently
by Gorelik" and Slobodskaya42 in Pussia and Cottrell“.3 in
England.

The most inceresting feature of this nmethod is that
it enables one to determine the relaxation time of individ-
ual vibrationel, or even rotationai, modes.* Slobodskaya
applied this riethod to the much disputed case of carbon
dioxide, and has measured the lifetimes of vibrationsl
quanta corresponding to the three absorption bands 2.7,
4.311, and 14.8u.

Probability of

A(y) T (sec.) Inelastic Collisicas
4.3 7 x 10-° 1.6 x 10-°

27 4, x 10-° 2.8 x 107°

14.8 1.6 x 10~° 6.9 x 10~7

In the case of sound dispersion mmeasurements, which
give only a single relaxation time, we would expect to get
a value equal to or slightly larger than that of the lowest
vibrational frequency. The value of 1.6 x 10-%® sec. for

the 14.8u band obtcined in this work agrees well with that

&
See comment in section I.B.a.
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of Kneser who obtained 1x10-° sec. from sonic measurements
under the same conditions.

Another great advantage of this method is the very
small sample required and the ease of isolating it from
contamination. While Slobodsxaya reports a precision of
10% within a series of measurements, it is probable that
the accuracy can be increased with further work. To cate
not enough is known about this method to indicate its
ultimate nossibilities, but it is clear that they must

certainly be quite great.

d. Impact Tube Method

Since this method is the one utilized in this thesis
it wili be described in detezil elsewhere. Ve here quote,
however, the results obtained by two previous investigators
who have applied this mcthed to the ieasurement of the re-

l(a)ili obtain-

laxatién time of carbon dioxide. Kantrowitz
ed as & final average collision number 32,600 at 105°F. At
a temperature of 65°F. and one atm. Griffith“ obtzined a
value of 2.02u sec. for the relaxation time of carbon

dioxide containing an unknown concentration of ,0.
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C. Measurements on Nitrogen Tetroxide

a. Sonic lMethod

In 1910 Nernst and Keutel" first suggested that it
mizht be possible to deterniine the velocity of a chewmical
reaction by measuring the velocity of sound through an
equilibrium mixture. Using high enough frequencies, one
should obtain the velocity corresponding to the passage of
the sound wave through the mixture without reaction, but
at sufficiently low frequencies one should expect the ecui-
librium to adjust itself by reaction to the periodic com-
pression and rarefaction, and hence decrease tne velocity
of sound. At intermediate frequencies one would then ex-
pect a "criticel region" with intermediate velocities.

In his Berlin Inaugural-Dissertation Keutel rerorted
the results of applying the Kundt-tube methol of measuring
sound velocities to the NO,-N,0, system, which he studied
at various pressures. He concluded that the gas does not
behave as a mixXture of two non-reacting ases, but that the
reaction between them was not so fast as to meintain com-
plete chemical equilibrium during the rassage of the sound
wave. He also concluded that the specific hezt connot be
measured by this method because of the displacement of the
equilibrium is unknown, but surinised that with improved
technique and more accurate thermodynamic data it vwould
prove possible to determine the rate. He did not, however,

derive the relationshivy between the sound velocity and the

- ————— e ———
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rate constant.

Einstein,l’6 in 192C, developed the theory of the effect
of frecuency on the velocity and absorption of sound in a
mixture of cheaically reacting ideal gases of negligible
absorption.

The dissociation of the colorless gas nitrogen
tetroxide to form the highly colored red nitrogen dioxide
provided one of the earliest examples for the applicaticn
of thermodynamics to the calculation of the effect of ten-
perature on equilibrium.‘v It was also, as we have noted,
the first chemical reaction to which the sonic wethod of
rate determination was applied. There have been wmany sub-
sequent attempts to utilize the sonic method to deteraine
the rate of this reaction, both because the reection is it-
self of intrinsic interest due to the wealth of information
about its other parameters, and because the low h:at ccpascity
cf the reactants and procucts compared to the high heat of
reaction make the chances of success particularly favor-
able.')’8 The maximum decrease in sound velocity has been
calculated for this case to be approximately 3.8% at 25°C,
and 1 atm.‘q This theoretical calculation is for the low
frequency limit where the chemical reaction follows com-
pletely. We shall now review briefly the sonic measurements
which have been reported on this system.

™e first wmeasurements made on this system were those
of E. and L. Natanson,’o who mneasured the velocity of sound

for only a single frequency, and hence could make no esti-




mate as to the position of the critical range of frequencies

where the velocity would be affected by the reaction. Keutel,

and later Selle,’1 concluced that the "critical region" lay
within the audible range; a conclusion not borne out by
later work. The early experiments of Argo,i end later
those of Gruneisen and Goens‘i demonstrated that the criti-
cal range lies above the audible range of frecuency.
Einstein's equations were first employed by Richards and
Reid,j3 vho applied them to their velocity measurements on
the NO,-N,C, system, and calculated that the rate constant
for the dissociation reaction N,0, = 2NG, 1is 4.9 x 10‘
+ 0.5 x 10‘ sec.”' at 25°C. and 260 mm., with an activation
energy for discociation of 13.9 + 0.9 kg.cal./mole.

Using {requencies in the¢ ultrasonic range wmeacurements

54 35
have also been nade by Olson and Teeter, Teeter,

Kistiakowsky and Richards,56, and Kneser and Gauler.57
Olson and Teeter concluded that the c¢ritical range had
actually. been passed at a frequency of 51,570 cycles per
second in the gas at 565 mm, pressure and 25°C. In later
investigations on this system Teeter concluded that, due to
the interference of vibrational heat capacity relaxation,
it was not possible to determine the rate constant in this
way. Kistiakowsky and Richards have carefully studied a
wider range of conditions and have found that to within

0.5% there is no systematic chunge of velocity with fre-

quency between 10 and 80kc. For the highect freguency the
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measurecments were carried down to a pressure of 300 mm. of
Hg. These investigators fouand that the greatest source of
error was evidently small, almost undetectable treces of
impurities. The problem was restudied by Kuneser and Gauler
who agreed with Tzeter on the perturbing effect of the vi-
brational relaxation, and also noted the fact that the ideal
gas law could not be applied to a gaseous system that con-
dcnsed near room temperature,

This problem of ideality had already been considered
by Luck,58 who extended Einstein's treatment to the case
of mixtures of real absorbing gases. He concluded: "The
departure of a reacting gas mixture from ideal properties
cannot change the type of sound velocity dependence upon
freguency in the mixture, but can zffect nunerical values,
ard so can pnrobably explain the discrepancies between
experiment and the earlier theory.

"The vractical effect of absorption on the precice
measurement of sound velocity in the dispersive freguency
region is to render such measurement imrossible. Precise
velocity measurements in the dispersive region are essential
for reaction rate determination since very small velocity
differences sre involved, but the absorntion maxirmun should
be sufficient in ectual gases to reduce sounu intensity te
less than 27 of its initial value in 14 wave-lengths, rmuking
the usual interferometric velocity messureusents both very

difficult and very inaccurate.
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"On the other hand, it may be seen from the graph that
absorntion measurements offer a promising means of deter-
mining the reaction rate. The curve of absorption versus
frequency shows a reasonably sharp maximum."

Unfortunately, absorption coefficients as a function
of frequency arc difficult to determine with accuracy.

The whole problem has been considerably clarified by
a long paper by Damkghler,59 who considered the propagation
of a sound wave in a gaseous system in which any nuwuber of
reactions are taking place. 1In this paper all other loss
factors such as thermal conductivity, thermal relaxation,
and viscosity were taken into account. He concluded that
for the case of NO,-N,0, there may weil be interference be-
tween the relaxstion effects due to reacticn and those due
to the vibrational heat capacity.

The conclusion with which mwost of the above investi-
gators concur is that the available sonic aata can at best
give é minimun value for the velocity constant for the
N,0, dissociation reaction, viz., leO‘ sec.” .

b. Dissociation under a Temperature Gradient

Dirac60 suggested in 1924 that if a gas suvch as
nitrogen aioxide-tetroxide was subjected to a temperature
gradient, the concentrations necessary for equilibrium would
be different at different points sc that there would be
diffusion between the two kinds of rolecules, a steady state

being attained when the rate of diffusion of double molecules
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into any region is equal to their excess rcte of deconm-
position over their rate of formation within *heat reglon.
He develops ecuations w..ich would enable ore to compute
the reaction rate in terms of other physical constants of
the ges from a detalled knowledge of the concentration or
tenperature gradient under steady state for a [ixed over-
2ll temperesture gradient. However, for any practical c.ise
the quantities to be mmeasured fall off so ravidly over the

region of interest that this method would be of no value

1 -1
in determining rates of the order cf 1x10 sec. , or f:ster.

¢c. Method of Brass and Tolman

This method has been suczccinctly described by Brass and

61
Tolman as follows:

- S v e it

"The general nature of the method was to cause an equi-
librium mixture of the two gases to flow with a sudden drop

in pressure through & perforated diaphragm, and take neasure-

. e . ———
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ments of the temperature of the gas both befure passage
through the diaphragm and at successive positions in the
path of flow beyond. The sudden drop in pressure and con-
centretion on passage through the diaphrecgm should be
followed by an increace in the degree of dissociation of
the tetroxide and, since the rezction is endothermal, this
should be accompanied by & drop in the temperature of the
gas. Hence, knowing the velocity of flow and tne temperc-
ture at different distonces beyond the aizphregm, it was

hoped that concliusions as to the rate of dissociation
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could ke drawn.m

This method has some advantages over the acoustic
method since the eguipment required is much less compli-
cated and yields inforimation as to the rate more directly.
Unfortunately there is a great deal of unccrtainty due to
lack of knowledge abcut the behavior of jets issuing from
the fine holes in the diaphregw and difficulty in mekling
precision temperature imeasurements on the flowing gas siuce
the thernocouples not only drain heat from the system but
also provide local regions where friction, conpression,
dand possibly catalytic effects may disturb the postulated
uniform gradient in reaction.

The best estimate of the unimolecular dissoctiation
rate constant based on this experiment is ’c‘x.ZXlOI':;ec..1 at
1 atm. and 25°C., but this value the authors state may be
in error "even as to order of magnitude". There is, how-
ever, a definite positive effect which the authors feel
can only be explained by a high rate of dissocation of

nitrogen tetroxide.

d. Shock Tube Method

Using the conventlional shock tube nethod Carrington
and Davidson62 have passed a shock wave through an equi-
librium nixture of NG, ard ii,0,. Passage of the shock wave
provides a rapid adiabati: non-isentropic compression, and

the subsequent dissociation of N,0, is followed j;hoto-

electrically with 1light of cuch wavelengths as to be ab-

g~
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sorbed proferentially by either NO, or N,0,. Using this
method they studied the dissociation of N,0, in the presence
of a2 large excess of nitrogen over the tenperature range

-20° to 28° and over the nltrogen pressure range 0.5 to 4
-d(N,0,)
i dt

k = 2.0x10 exp (-11000/RT) liter mole-' sec.-'. At high-

atm. Around 1 atm., the rate law is = k(N,0,)(N,);
er nitrogen pressures, the rates are less than the values
predicted by the above equation and it is estimated that
the limiting first-order rate constunt for the dissociation
of N,0, is k = 10 = exp (-12900/RT) sec.-'

This method is analogous to one limit of the method
applied in this thesis, and will be discussed extensively
in this light in sections II and V. It has the advantages
of reouiring simpler ecuipment and only small amounts of
gas. Theme may be somc disadvantage invoived in not being
able to vary the rate of energy input as this means that

displacements from equilibrium will be large for measurcble

shocks.

S
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II. Theoretical Analysis of Impact

Tube Experiments

k. General Nature of this Experiment

Impact tube experiments are based upon the sudden
change in energy distribution experienced by a2 rapidly
flowing fluid when it impinges upon a stationary object
of such small dimencions as not to alter greatly the
general flow pattern. In this case the object is an impact
tube at the face of which the gas fiow is stopped and the
energy of mass motion is repidly converted into random
molecular motion, which is then redistributed among the
various other degrees of freedom. Knowledge of the steady
state pressure at the face of the impact tube can be made
to yield inforuwation about the nature of the energy ex-
change orocesses taliing place. As additional information
one nust have the pressure, temperature, and velocity cf
the gas before impact and the size of the imnact tube.

Trh.e production of the gas stream by flow through a
nozzle and its subsecuent compression are shown diagram-
maticelly in figure z. Figure 3 shows the velocity profile
with respect to distance and time along the centril stream-

*
line approaching a source shaped impact tube. Initielly

%

The streamlines around the impact tube uiay be computed
according to the method outlined on »n. <12, of ref. 1.
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O D s At i s



——— e

SOOI | \

0=20 0 # “'SVU fumyuaqiiInbe

‘0= ‘0=In .ha Y. 03 pauanjadt wajlsAg
38 peyoeoJ €] WMTJQTT 0=mn f€p “€5 ¢2d

-tnbe fuor¥aa sTyz 03 qutod uoyjeufeys

TRUJ33X® -~ 9OUBTNQJN]
JOo uogf8ey

2INo§s TeN3}JIJA {0 = X
m——-—-—f-=-9x

20

AT s

P sanssexd Jejunodo ‘¥d
F:f’fﬁff/fff/f/k
¢ =0
[ B Oﬂ—% q”“
° b4 AN M
.n..._...‘ : sus..-—:}.\\..\ .h@hﬁﬂ

AJepunogdy

*be-uou o 5 "
0+ m ‘%L ‘*d f0 f ¢ B
0=10 f{uogHaax R

mniIqyTInbe-uou
‘o013eqETpE

TS

Z eansty




[X9T/.0 - 1I3'n = (x)n :aqm3 2oedut padeys

. . - .« 8 & ® = @ - . -ﬁU o | e
o >N N POPIRADLALD B AN Nw & = o
o oe—  (p/X) — o muszozuf%% 9 0 - n -
b i | |
e \ | HEERERER i I
2) - ? ! P -
o _ 3 n) = 13 _ m . i . w _ 1 _
o N
UOT3TPUOD TMTINTTINDT
2 ¢
Ay 1oedeo - mw
qeay ur23ey P
JOJ UoTdad = T
umIJGTITNDY-UON .
- v
X —
X
/ ey e
- T
/ U013 1PUOD
—— / mmtIqTITNbd
Y
\

aoanos Suiyoeoddde aujl wesadys TEIFusd Juote sed Jo A3TTOTdA

€ 314

Vg’




the gas is in equilibrium at a pressure, p,, and tempera-
ture, T,, and has a negligible flow velocity, u, . Since
the pressure in the expansion chambef is maintained at less
than Po» the gas flows through the nozzle, and under certain
conditions (design and operating details are in following
section) one obtains over a region around the center of the
orifice-a non-turbulent stream of gas at a pressure, p,,
témperature, T,, and flow velocity, u,. Upon épproaching
»the impact tube the gas along these'stfeamlines is slowed
and brought to stégnation at the face of the impact tube.
Ifjéne imagines that the energy of mass motion is converted
instantaneously into random molecular motion, the pressure
‘and temperature change as a consequence to new instantan-
eous values p,, T,, which relax éventually to equilibrium
at py, T3, u=0. Under steadj state conditions there is no
net gas flow across the face of the impact fube and hence
cne may imagine the face of the impact tube té be covered
by a th;; diaphragm balanced for equal pressures inside and
outside. Thus the pressure measured by a manometric device
attached to the impact tube is the stagration pressure at
the face of the tube.

If the time over which rressure changes occur in flow
through the nozzle is large compared to the equilibration
time of the gas then the adiesbatic expansion through the
nozzle may be considered to occur by a series of infinitesi-

mal equilibrium steps and the entropy change will be zero.
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The enthalny of the zgas will be lessened by an amount equal
to the kinetic energy of mass motion cf the gas.

On encountering the face of the impact tube the kinetic
energy of mass motion is returned to the gas as random
lnolecular niotion. For an experiment of this type the ccou-
vression time depends upon the ratio of the size of the
impect tube face to the streaming velocity of the zas, the
gas flow not being effccted by the presence of the impact
tube until it is within a distance equal to a few times the
bresdth of the impact tube face (see figure 2). uith gas
flow velocities amounting to seversl tenths of a Mach number
and impact tubes having & circurlar cross section of apprroxi-
mately 0.02 cm. diameter compreéessicn times of the order of
1x10‘6 sec. can readily be attained.

If this compression time is lonz compared to the equi-
libratiorn time of the gas, equilibriwa will be maintained
during comnression and the latter will be isentropic; the
final témperature and pressure will clearly ecual those of
the reservoir. If, on the other hand, this compression time
is very short compared to the eguilibration time of the gas,
the energy input will occur instantaneously compared to the
equil:braticn tiae of the nrocesses involved, and the maxi-
mum entropy increase wiil occur. 1In orcer to obdtazin infor-
mation about the rate of the eyuilibration nrocesses it is
necesscry to have the compression time and equilibration

time of the same order of mecgnitude, for then the fraction

of the maximum entropy increzcse which is produced may be used
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to determine the eguilibration time in terms of the known
compression time. After a very rapid compression the tem-
perature which corresponds to the translational energy of
the molecules rises to a pesk value, T,, and the pressure

becomes p;. In general this pressure will not equsl p and

0?
Griffith has shown that for a non-reacting_ideal gas Pz < Py
That this is also true for a reacting mixture of ideal gases
will be shown in part C of this section. During thé subse-
quent adjustment period the teamperature corresponding to the
translatibnal modes decays to some equilibrium value, T,,
whilé the other modes (i.e. vibration,_reaction)'gain energy

and follow a different path with energy distributions

corresponding to a specisl "temperature" T*. “Under the

~conditions of this experiment this adjustment occurs at a

constant pressure, p,, and the témperature change 1s compen-
sated for by an increase in the density, or by an appropri-
ate sh}fﬁ in the degree of dissociation for a chemically
reacting mixturef

Figure 4 is a schematic drawing* showing these changes.
In this figure T represents a characteristic reaction time
of the proper order of magnitude tc¢ inake this.experiment
yield significant results and ¢ is the average velocity of

random molecular motion.

* .
This figure based in part on figure 1 of ref. 44b.

-
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B. Theory for a Nonreacting Idccl Gas

In this subsection the theoretical equations govern-
ing the impact tube experiment as applied to a nonreacting,
ideal gas are developed. To a large extent this develop-
ment is based on the work of Kantrowitz‘ and Griffj.t.h.l'4
The generel case of a real non-dissociating g:s has been
discussed in some detail by Bauer.63 The important equa-
tions (7), (15), and (19) arc, however, developed by an
independent method, which the author feels is at conce clear-
er and less intuitive than earlier approaches. An inaccu-
racy in the earlier work 1is also rointed out. The guiding
principle in formulating this section has been to develop
the equations in such a fashion that their extension to the
case of a reacting mixture of gases in the following section
could be easily followed.

In order to specify completely the state of a typical
non-dissociating gas like carbon dioxide, the pressure and
a single temnerature suffice provided the system is in equi-
librium. The nature of this experiment is such that at the
face of the impact tube the translational energy is increased
so rapidly that the system does not remain in thermodynanic
eguilibrium. The rotational modes follow this change in
translational energy within a comparatively short time, and
on the time scale of this experiment64 one nay assume that
they sre in equilibrium with the translational modes. The

vibrational modes are not directly coupled witn the trans-
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lational modes and, although in gereral there is coupling
between the vibrational and rotational modes, it is usually
very weakx so that whereas the latter fullow rapid changes

in translational cnergy, the former do so only after an
appreciable (of the order of microseconds) time lag. Hcw-
ever, the vibrationai modes of a molecule are rather strong-
ly coupled to each other and mainteain an equilibrium energy
distribtution even under these conditions. Accordingly, one
mey define two temperatures: T as the temperature in the
Boltzmann formula corresponding to the population distri-
bution among translational and rotationel states, and Ty iy
as the temnerature in the Boltzmenn formula corresponding to
the population discribution among vibrational states. The
specific heat may then be regarded as arising from two
sources, vibrational motion, and all the rest. The vibra-
tional contribution is Cyyy = dEvib/dTvib’ where E 4 is the
energy of vibrational motion. CE refers to the srecific heat
at constant pressure not including vibrational degrees of
freedom. For Tyyp = T one has the usual total specific

heat, Cp = Cp + Cyip- The ideal gas eguation of state
will be assumed throughout.

The entropy change involved in each step of the impact
tube method for the idealized case of instantaneous com-
pression will now be discussed. This will clearly 3give the

maxinum possibie entropy gain. The enthalpy changes will

also be followed.
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The expransion through the nozzle is sufficiently slow
compared to the rate of equilibration so that the process
proceeds reversibly. 1%he expansion is &lso adiabatic
(¢ =0).

l
ASgr = 0 and AHg, = -Mu,/2 . (1)
Here M is the molecular weight of the gas and u, is the
unit mass velocity of the stream in state 1.

For a truly instantaneous coitpression the entrony
change is equal to zero cince the non-lagging wrodes foliow
reversibly and the lagging modes are in nowise effected.
The energy of mass motion is returned to the gas' non-
lagging modes.

AS,, =0 and AH,, = Mu?/z : (2)

During the equilibretion reriod following such a con-
pression, the experiment is 30 arranged (see figure Z) that
the pressure remains at p, while the non-lagging degrees
of freedom go from T, to T, and the lagging degrees of
freedom'go frem T, to T3. The entropy increacses, but there

is no change in the enthalpy.

!

a - ) L :
As)23 = {Cvib ln =2 + Cp n Ti_}>0, and Ahg; = 0. (3)

Now consider going directly from che initial state
(0) to the finel state (3). The pressure chares from p_
to p2, while the temperature of ail nodes goes froa Ty to

T,; hence

5 - T, Po
Abo; == C ln T + Rll’l T » ?_.nd &{03 = Oo (1})
p lo D2
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5ince any reversible uwath may be used to evaluate the
entropy change,
OS03 = OSpor * AS;2 t+ AS;,, and substituting

from eouwations (1), (%), (3), and (4) one gets

-3

Po _ 2 (0] 1 =
Rln {2 = C n-2+¢_ 1n -2 . :
n vib 0 g p - (5)

p vib® Since all

of these steps occur adiabatically the tot:l energy of the

!
Note thrt T, cancels out since Cn =C, + C

system 1is conserved and hence considering states 0 and 2

! ,
Solving (6) for T, and substituting into (5) gives
!
c_/R
C

—P_ . P A
po . [ Tuib (Zo)"viV/™ (7)
P2 CE ) El T, )

Cyib To

From AS,, = 0 one may deduce the familier adisbatic

rcilation for an ideal gas:

Po T
Rln == = C_ 1n =2 .
o p T1

—
[69]
~

Combining ecquations (6), (7), and (3) then sllows one to
comnute the m2ximum (instantanecus couirre:cion) nressure

defect (py-12) Equation (6) is needec to give T,.

i.c.’
For any nonreacting gas with lagzing end rnon-lzgging
degrees of freedom the tiwe rate ¢f entropy change ey be

written as

dS _ &S d a ™m (8 dT
it~ Gplp . L+ (25 £, (522 Ty
dt — MIp'r,7 iy dt T AT p, Ty, at (DTvib)~ o @t

L6 &

()
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The coefficients to be usecd here are:

(dS
(23) = -(Z) =-8
dp T,Tvib dT'p Tyib D

: Y

P>Tyip ¢

’ dS ) - 1
\ 4 - C .
9Tyiv p,7  Tvip ViP

The hydrodynamnicel momentum conservation equation yields

2
%% = - g %%—, which may be rewritten for an ideal gas as
dp _ M d
at = ’T (- % §¢ SR (11)

Substitution of (10) and (11) into (9) yields

as _ 1 Maut . Cpar . “vib dTyvip
2dt * T at T, 4t (12)

Tre~ting the time rate of enthalpy change in a sinmi-

lar manner:

dH _ ,9H d JH T
Tt = (55 + (57) &
at °p T Tvip & JT'p’Tvib .
JH Tyivb . M au? o
+ (STvib)U,T ——d-- SO ;., "'t"" . (l))

For an iccal gas Q9H/dp)T T = £, and substituting the
1*vidb
appropriate veiues for the other coefficients gives

di ' 4T dlyip M du 1
at ~Cpat *Cvib 3t = -3 E" : (153

Using (14) to eliminate the derivatives of u® and T from

(12) then yields the imvortant relationship

oy ¢ | o o o I s Sty e+ o
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4T, 1
} dE‘ . (15)

One ..ay now find cuite simply the entropy gain ftor

IQ
ct{)
|
@]
<
H
o
’—‘M\
-3
<
-
o
'
L oo

instantaneous compression. After such a conpression

du?/dt = 0 and equation (l4) yields

o daT . o Tvip

This may be integrated using as the boundary ccocndition

T = Tyip = Ts to give
€ C
T =r = ——-C-%—b~ :Vib + EP T3 o (17)
P p

Combining (17) with (15) and integrating over the ecuili-

bration reriod foliowing the instenteneous comrression one

gets
Tv" T3
= Cv1 Cv;b ‘ Co - =
884 e, "j { - Tyip * Ei Ty - *vib}‘ Uvyib
- Tyip = Ty
C C L5
- __.Vib . ___?_ ___‘_ - T T
=T 63 { = +°3 3 } . (13)
D
Tz is trken as the aver:zze of (TTvib) over the vhole jpro-

cess, and frowm figure 4 a good value is seen to be
= %-(TO + T,). The specific heets and equilibretion tiues
will be taken at this temperature as well. Since the pro-

cess 1s adiabatic

C (Ty - T5) + = T, and

s o e o R gy e e e . e

- e —

. o
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(18) becomes

2

C
ib uz)~ . (19)

s B
&ioc~ o 2 Tz

(

rd()_.!c‘t')
IR

This formula is identicel to that found by Kantrowitz

and Griffith following a kinetic formulation. The kinetic
analysis applies tc the case of non-instantaneous com-
pression as well, and will now be discussed.

As was noted in Section I., the details of the col-

lision process must be examined in ogder to find an expres-
sion for the rete at which energy exchange will occur be-
tween the various modes. An assumption is introduced;.
ngmely, that‘after 2 small perturbation from egquilibrium
the time rate of adjustment of the vibretional energy is

= . 4 - : el 59,658
nroportional to its displacement irom ecquilibrium.

d Cyip Tyib 2
a2 0WH (Ta'ij_b)/"G' . (z0)

: . . 10,13,66,67
Semi-classicel treatuments of this rroblem have

—

shown 7’ to have the following functional dependence:

-1 =2/3 1/3 .
vap 097 @ e {00 @'} (21)
Here 7 is the vibrational freguency, s the moleculzar
=) radius, and m the molecular mass. When changes in the tem-

perature are small T may be considered constant, and after

a time Y the temperature difference diminishes to 1/e, or
0.368, of its originsl value. For a first order process

this time is clearly indepencent of th:- magnitude of the
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starting temperature difference, and is frecuently referred
to &s the "relaxation" time.
Kentrowitz, 3nd Griffith as well, used a somewvwhat

different assumption instead of (20), writing

d Cyip T
—=VAB YD = Cyyyy (T-Ty5p) /T : (22)

That is, they prostulated that the time rate of adjustuent
of vibrational! energy i:s proportionsl to the difference be-
tween the actual vibrational ener3y and the vibratioual
energy for ecuilibrium partition at the translctionel tem-
preirature T. The diiference betweesn these two assumantions,
(26) end (22), clearly depernds on the ratio of (Ts'Tvib)

to (T-Tyip). Since the relavation vrocess is odiabatic

Cp(T-T3) + Cyyp(Tyip-Ts) = 0, =nd it follows that

1
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