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- . Abstract = - :
.- LT . - -
Vibrational relaxation times"oprure N,0, C2H2 and m1xtures

of CZHZ in Ar have been measured behlnd 1nc1dent shock waves in

ordergto test the val;dlty of the Bethe-Teller law. It is shown

thet the phenomenolog1cal relaxation time, T', is not a time

independent constant and therefore the Bethe-Teller law can not
be applied to polyatomic molecules.
0 - / - '
Whlle,the vibrational relaxation time of CoHs increases

continuously with time and does not exhibit any'sjgn of

+
-

. equlibrium or near equilibrium under our experimental conditions.

(T=613-1184 k and'2t850-274)L the vibrational relaxation time of
- .__p-—""-. .._-.—'"" '

NZO increases with time heloq'IBOO K ano decreases with time

"above 1200 K under our experimental condftions (T=450- 189’ Kuand

—

e .
2= 49 3703) where 2 is the colllslon frequency and t the

laboratory tzme. The many d1sparate fesults_of N-0 in the

literature are reconciled in terms of a mechanism whereby the

e "

‘step (0,0,0)—> (0,1,0) is rate determining at low temperatures

"when the V3 mode is not involved, and the parallel step

(1,0,0)+(0,0,6) -—> (0,2,0)+(0,1,0) takes over at high

‘temperatures cloS$e to equilibrium. T

From measurements in C,H,=-Ar mixtures, the linear mixture
202

rule, k-xlkl + szz where ki=l/PI}, is. found to faii, with
deviations beinqénost severefat high temperatures ané far from
equilibrium. . - s

' The relaxation process was simulated by solving the master

eguation numerically. All energy levels up to 4067 cem~! for N,0

R

and 4670 cm~t for CoH5 have been inolu@ed.'All possible V-T and

> m————

- *



inter-and intraﬁoleculgr V-V processes. were also includeg,
subject to the restriction that the energy gap, |AE|<700 cm:}.
Microscopic rate coefficients, scaled according to exp(—X]QE]),

- -

were assigned, peoucing the probicm to one of three pafametcis;
)\(for V-T prooesses) '>\VV (fo(:r V-V processes), and.k?_%/km. w'here kg%
15 the constant for the. V-V process. .

(C, l 0)+(0 0.,0)—»(0 0,0) + (0,1,0)

ahd kjq is the rate constant for the V-T process B

(O)J\\)) + (0,0,0) ——= (0, @0) + (0,0,0) - :
Deta{ifigcaﬁparxsons between the result 'of shock- 1nduced and
laser-{oduced.relaxgtxons are made. They are interpreted in

terms oflthe three parameters,i.e. in terms of the importance of

intra-and intermolecular intermode exéhange processes and V-T

processes. - It was found that 1ntermolecular V v processes are

.~ N

responsible | for the tzme-dependence oftu and that the increasing
Ll \_‘__“ L

density of states-accessible at longer times-at higher

temperatuzes is responﬁible\for a change in mechanlsm. Good

qualltatlve agreement with. the experrmgntal results is reached
N

for the temperature dependence, the time dependence of the
vibrational relaxation time and for failure of tHe mixturerule.
However, because of the arbitrary. choice of'relaxation

parameters, it was difficult to reach a quantitative agreement

R il

‘WIth the experzmental results. . , ~ ; : ¢

¢
¢
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CHAPTER 1: INTRODUCTION | oo
1.1 ;Theorj-oé moiecular_energy transfer | .

The internal energy of a molecule can be divided into
‘rotational, vibrational and electronic energy. In addition, real
~molecules are constantly in mogién, and an additional
translatiocnal eneigy is ascribed to the molecules. -A set of
guantum numbers is assoéiated with these different types of

~

energy. Since gquanta associated with translational and

rotational energy are small, these degrees of freedom can gften'

bé treated class®cally; g% the other hand, quanta associated

with vibrational and electronic energy are large enough so that a

guantum mechanical treatment is requirﬁi}for tﬁeﬁ. P o
1.1.1 Conditions for energy transfer | \\\Qyﬁﬁ/’u

| In accord;nce with the uncertainty principle, during a
collision, energy levels of Ehe molecule are broadened by an
amount'ﬁ/zb, where H:h/2ﬂ'andt& is the.duration of the
collision. If the energy broadening is smaller than'éhe endray

level separation between two adjacent levels h}, wheré ) is the

fregquency of oscillation, the collision will be inefficient in

that it does not lead to a qhaﬁge cf vibrational energy and it is -

called an adiabagic collisfqn. An adiabatic collision is a
collision Qhose\duration.is long compared to the period of
.vibratign ( T.” %;R)(l). | T .

If we replace T, by d/0 where ¢ is the range of;the
repulsive part of thé intérmoleculgc potenﬂial and g isrthe
rela&%ve velocity of approaéﬁ, the condition for efficient

collision becomes:

L]



{ === c . (l.1)
hy .

(={ N+ 7

- By replacing U -with its value aktﬁ@lr the condition for

efficienﬁ collision becomes: e
1 8KT :
.V<. ‘27'['; :f-ﬁl-- . (1.2}
whereLLis the reduced mass of the collidinghspecies, T is the

—— ! - : ")
temperaturg\and/k is the Boltzmann constant. One can see that

the condit;ons forlefficient_collisiéns.?re:
l'-:smail mass of collisgion partner'
2 - high temperature o
3 -'steeper intefmolecular potential - small &
4 - low frequency of oscillation
l1.1.2 Types of molecular energy transfer

Energ{/fﬁggsfer from trans%atlonal to translathsgl (TAT),
translatlonal to rothtxonal (T=-R) and transLﬁélonal to
v1brat10nal degrees of freedom (T=V) -are common“\moreover
Processes involving an intermolecular energy transf%m between
these different kinds of energy, e.g. (V-R), (V-V)\are also
Véossible but less well understood. It is of interest to consider
at least quaiitatively the efficiency of these different'kinds of
energy.tragsfe;.

Translational to‘translational energy transfer (T-T) is the

-

most efficient because energy level spacing is extremely small

. .
and 1is given by:-
-

- AE = nhz/(4'n!2) U _ {1.2)

for a partlcle in a box of length 3 where n xs the principal ~



-

quantum number and m is the mass of the particle.

TL$nslationa1 to rotational energy transfer (T-R) is also

AS . ' . N
efficieny. Rotational energy 1levels for a rigid diatomic

molecyle are given by:

1 Y
Ey = J(J+1) -——- | (1.4)
21 ’
%
. -J52 .
_‘—’—and AE = EJ - EJ_l = -;- (1-5)

where I is the.mOment of inertia (I=Iur2 and where r isxthe
internucléar distance) and J is the rota;ional'quantym number.
Since rotaticnal energf level separation is generélly small, of
the order of 150 em~! or less, T—R_is an efficient proéesg for

all molecules except for Hop¥ Dz‘and HD, whi;h do not fulfill é%e
J'—Eonditioﬁ for efficient collision (eqg. 1l.2) becaﬁse_of the small
value of their moment of inertia. In view of the linear relation
" between the rotational guantum number J and rotational energy
level separation {eg.1.5)" the effi;iency of R—T-energy transfer
decreases with increasing J. _ ' ' e
Translationai to vibrational energy transfer (T-V) is a
relatively inefficient process sinée‘vibratiohal energy level

spacings, AEV', are large compared to rotational and translational

spacings; for a Morse oscillator, they are approximated by:

AEy = h(l-2X 1 (1-6)
. | C . .
where ny is the vibrational guantum number and X, is the

anharmonicity consStant. Since vibrational level spacing
“ . . ) . .



decreases marke@ly witﬂ-increasing vibrational guantum number v,
. T-V energy transfer becomes more efficient at high vibrational

~
guantum number.

t Translational to electronic energy transfer (T-E) is the

-

mosEJimprobable of all the kinds of energy transfer discussed:

above. Since the first excited elettronic state is typically

some ‘14000 cm’l

efficient collision is not fulfilled for this case.

. -
- 7 Up to now, only translational to translational, rotational,

above the ground state, the condition for

vibrational and electronic energy transfer were 'considered. It

. , . ———ly
has been shown that certain energy transfer processes such as T-E

~and T-V, could be very. inefficient. ﬁowevér, intermolecular-
. energy transfer Processes such,a;féfvi V-V-and R-V, could be
efficient if the rotational or vibrational~mgtion of one partner
is‘féster than the relative translational motion and/or if the

energy level separation betweén the two degrees of freedom of

- LY

interest is small. Molecules containing hydrogen are known to

- have high vibrational and\:otational.frequencies; conseqgy

these molecules can transfer vibrational or rotational energy ¢t

relaxing molecules‘(by R-V or V-V processes respectively) without

the need for strong collisions'wﬁiéh would otherwise be

necessary.

Vibrational ‘to vibrational intermolecular energy transfer

(v-ﬁ) depends hainly on hﬁé-difference betﬁéen'the initial and
final}vib;ational ene;gigs.of ;He colliding molequies;'-Accordiﬁg
to tﬁe adiabatic principle, the smaller this difference is, the
more likely it is for the V-V process to occur, and in the limit

-

-



.

whe;g'collision occurs QE£§eén two iéenticél harmonic oscillator -
molecules, this difference is zero and V-V should have inthrs\\\\\
case 2 maximum efficiency.
Electronic to vibrational interéoleoulagr énergy transfer

(E-V) hay populate hidh Qibratibnal levels. e.g. .electronically
'excited ;adine ?ay be excited up to ¥v.= 2 upen collision with HC]
and'up to V' = 3 and 4 upon co‘llision with HBf.and N¢ respectively -
(3). Since Efv energy transfer populates high vibrationa
:ievels, E-V is,usually followed by éubsequen: intermolecular or

intramolecular V-V or V=T processes. -

1.1.3 g;the-reller law . ) -

Bethe ?nd Teller (4) derived a law for the rate,of'change of
vibrational energy of a diatomié*molecule. They used a harmonic
oscillator as fhei: model and assumed that the only transitions
possible'are those corresponding to a chagge in vibrational
quéntum number of unity (AVQil),'in other words, only transitions
between neighbouting energy levels are allowed. They also used a
scalfﬁé la{ relating every transition rate constant Ky 4,
between two adjacen;'ievéls ara'v41; tpjthe guantum number of the

upper level.

k”;”+l ol (v+1) , (1.7}
After considerable algebra in simpliying the differential rate
eguations, Bethe and Teller arrived at an expression for the

variation of vibrational energy with time:

dE 1 - ‘
- = = = (E - Ep) ' - (1.8}
st T - ' . \

where E is Ehg vibrational energy at time t, Epn is the



~vibrational énergy at thg equilibriym temperature T. T is the
vibra;idna;‘relaxation time. It is the recipré&al*of the
vibrational relaxation rate couanstant di?ferencel(klo - kg1)»
where kjgq is tJ;‘rate cOn;Fant for the t;ansition from the first
vibrational'level to the ground level and kdl is the rate
" constant for the reverse progéss. Accordimif;oumicroscopic
_reversibility, kg is related to kjg by:
ko1 = %10(91/30)exp (-hI/AT) |
where g is the degeneracy, the vibrational gslaxation rate
con#tant can be ;ritten as: o
| kyig - kg = Elotl—(gl/go)exp(-hLVLT)] ' (1.9)

Since kjg is the product ‘of the collision freguency 2 aha the

transition probability f30= kig = 24;30'- the final expression

for Ehe vibrational relaxation rate constant is:

-

1/T = 2R [X-g1/9gexp (-hJ/£T) ) (1.10)

l.1.4 Temperature dependence of interstate-rate constants
(T-V Processes) -

Landau and Teller (5) developed an expression relating the
transition probability to the temperature. They uséd an
exponential inteEaction poténtial in their model. Since the
collision effﬁciency depengs‘on the duration of a collision as

well as on the period of vibration, Landau and Teller _concluded

that the transition probability depends on and increases with the

ratio of these two factors, and it is an exponential function of

—

thiq.ratio. According to their treatment, only short range

forces are effective in producing excitation so that only the

. -

repulsive part of the interaction potential is important. The

»
-
kY



. - : ' . . . . ' - g
long rdnég\JLtractiv part of the interaction potentialicaﬁ be
~neglécted. After asgzming a Maxwéii-Boltzmann distribution of
" relative velocities and averaging over all possible velocities, ®:
the transition prgaability is given by:
Plo xTT/6 exp(-8/171/3 & nprasry (1.11)

——

where 5'is characteristic constant associated with the repulsive

. . >~
gart of the interaction potential. The factor exp(-éT'1/3) is

the dpﬁiﬁant ohé. Since the collision frequency‘fo; a sinéle
molecule is diréctly proporpiondl to. the pressure P for a binary
céllision, most o©f the experimental results on vibrational
relaxation are represented by a plot of log PT vs tfl/%é

1.1.5 Theoretical studies of yibratioﬁal energy tr#nsfer

In this section, 2 summary of the theoretical studies on

vibrational energy transfer of a diatomic molecule will be given.

ariefly, three theoretical approaches have been used td.study
vibrational eneigy transfer: classical, semi-classical and
quantum mechanical appr&acbes. _- S e e P
In the classical treatment the trajectory of the colliding
‘atoms apd the @iatomié molecules are treated classically. The
éssumption made in this treatment is that only head-on collisions
between an atom 2 ané atom B of a harmonic diatomic oscillater BC
ovcur. A one dimensional collinear coordinate system is usecd.
Consequently;_rotations are not cohsidered (2,5,6,7,8,9,1C,11,12). —
If an exponential interaction potential, is used Z[= Iprp(-«r)-é,
(where-d is‘the reciprocal of the range of the intermolecular

forces (l/d) and € is the attractive potential); then the amount

of energy transfered during the collisien is (8,9,12):



srr‘pzvz 2 gy - :

CAE> = : cschz (——) (1.12)

where mA, mg and me are respectlvely the mass~of A, B and C,
LLIS ‘the reduced mass of the dlatomlc molecule BC, LLzs the
reduced mass of the system A and BC,.G= m./{mg+me), w is the

relative velocity of A and BC, Vis the freguency of

-

oscillation of the diatomic molecule BC and csch is the

hyperbolic‘cosecant.

i In the semi-classical calculation the vibration of the
diatSmic molecule is treated quantum mechanically with discrete

—

energy levels and the motion of the incident atom is treated
classically. Then the probability of transition from a
vibrational state i to vibrational state i+1};§'i+l,is calculated

(1,2,13,14,15). It is given by:
2 .2
s ye

If the energy transfer by collision in the semi-classical

ZWQV ¢/
. = 2 1
;Di,iq-]_ = csch® | e y (V)

(1.13).

treatment is equal -to <AE> ;% 1 hY, both semi-classical and

et

classzcal trﬁgtment are seen to be identical.

In the,pure gquantum mechaniecal treatment, a beam: of

particles-rep:esedted by a2 plane wave is scattered by a
stationary harmenic oscillator. The Jdetails of calculations are

given by Mott and Jackson (16), and the final result Eoripgrj is:

sinh (Ma;) sinh (TF;j)'

Py = w3 2Ts (o2 - 322 =

j) 5 (1.14)
. (cosh{g;) - cosh(n'qj))

where q; = 4”%1uiﬁj; qj=3ﬂ%uuﬁﬁx,ui is the relative velocity -



of approach before the collision and a4 is the relative velocity

of recession after the collision, sinh is the hyperbolic sine

function, . cosh is tis//%ypéfbolic " cosine function and
;{3=fvlu Vidr is the overlap factor. |P?-3|2 represent the
coupling between state i and state j. It is equal to the square

of the matrix element for the transition between - the two

vibrational states:

[VH]: =1 -
[VOHH]E = (VR = 2 () 12 A
[V(1+2)-£_]: =. [yf—(f"'z)]z =.q‘(‘F) (1) (HE)IIGHZ -

-

"wheref{=4ﬂ2D7h and Q;i) is the vibrational amplitude coefficient
which is the-fCartesian displacement of an atom for unit change
ofAéhe normal Eoordinape of a given vibratioﬁ" (17). _

All three approaches agree in the limit of validity of the
approximation that the de Broglie wave length is smaller than
the range of interaction. If the symmetrized velocity (i.e. the
average of approaéh and réceésion-velocities) is used and if the
velocity Sdfficiently exceeds the threshold velocity necessary

for the transitionm to occur, then the three approaéhes give

éimilar results.

1.1.6 Polyatomic molecules o
For-polyatomié molecuies severa} vibrational modes are

available, and they might relax separately with diff;rent

relaxati®n times. However, the majority of polyatomib molecules .

exhibit a single relaxation time (6,17). This is thought to be

due to rapid V-V energy transfer which maintains a continuous

hD
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-

equilibrium between the upper vibrationalvlevels, followed by V-T

relaxation involving transition from the first excited jﬁate to .

the ground state. 1In fact, for the majority of polyatomic

molecules energy gaps between some upper vibrational levels are

much smaller then energy gaps for the lowest vibrational levels

——r

léading to rapid V-V processes among higher .levels followed by a

slower V-T energy transfer; nevertheless, a few jmolecules such]as

S0, have large energy gaps between upper \vibrational levels.which

are comparable to the lowest vibrational levels (l18). Such
molecules exhibit more than one vibrational relaxation time, and
relax via 2 parallel mechanisms with 2 rate constants of the

same order of magnitude.
S .

An equation for the probability}gkzifg} that a transition
from vibrational state i to vibrational state j of a vibraticnal
mode (a) of one mdlecuki will occur simultaneously with a

transition from vibrational state k to vibrational state 1 of a

. vibrational mode (b) of another molecule has been developed by

:;Schwartz, Slawsky ‘and Herzfeld, (SSH theory) (19,29) and improved

by Tanczos'(21).(SSHfTanczos theory).”
Since polyatomic' molecules are not spherically symmetric,

and since the collision might not occur in the most favorable

' orientation, steric factors P,(a) and p,(b) are introduced. The

transition probability is then: -

~ ~

| —_—
e = Po(3) Po(b) [V‘WI’X

X (4u/kT) exp [~e/kT] %"\—Ey f:f(ijdﬁs

e f(ﬁ)--i’i'(ﬁ)zex _ ] [ _englr —r (1.15)
o \w) "R T uT | | T et =L 1% |



where LLie the- reduced mass of-the colliding pair. «, €,u; and uy
have already been identified, Te is the 1nterm01eéﬁT3E separation
at the c1a551cal turning po1nt and Y is the separat1on at zero
energy. AE is the amount of energy exchanged . durlng the
collision.

AE = by (i=3) + bl (k-1) = (Eiz-ﬁi’-)ﬁl/z N (1.16)
This equation is applied to energy transfer forlLE‘g 50 cm-l.

For large-AE Tanczos (21) dqfived a siﬁpler expression for
the transition probability. He found:

d -, - P
8 = B@2) (F) @I e 5(3) x
87 AL AE €
X[W] ;'Tcxp =3 ZkT+kT] (1.17)

¢ = pu? I!S.AE:.";LW2 3 '
. 2kT (2a-=fz=k_r)'

whete

k »
and o« and r are the values of & and r at the velogity

. -
———

iving the highest contribution to the thermal transition
g X .

probability. ?his equation is an extension of the SSH . equation.
It is known as the SSH-Tanczos equation and it is applicable for
AE>200 cm'l. The steric factors introduced to account for the
c011151on orxentat1on are usually taken as l/3 for diatomic and
linear poLyatomlclmolecules, and 2%3~for non-linear polyatomics
_and for the bendlng mode of linear molecules.

| In the SSH-Tanczos equation, (eg. 1l.17), the exponential

factor controls the temperature dependence of ;Dija ?%55since che™

pre-exponential factor of this equation depeﬁds~re1atively weakly

on the temperature. -Among the three terms of the exponential
——



-

factor, thé ;erﬁ 3§'is tﬂg dominant one. Ié_predicts a linear
_Efiifign between log‘;?i:i'%%% and T"1/3 as in the Léhdah-Telleq
expression (1.11). Nevertheless, if the éttractivé poteﬁtiaL‘”’"ﬂ
€, ié rélatively large (which can easily happen when AE is near
zero), the third term of the expomential will dominate the -
_;empérature'dependence of ;)ﬁ:E ig;. In that case, log?i:z Eg;
will be a'linear function of T‘l, cohsequently,'SSH-Tanbzos
theory predicts the wcurvature actually obsefved_in Landau-Teller
plets (log PT vs T‘1/3)'cf strongly polar molecules, as well as
the curvature at low temperature for all other molecules. (Some
gxam?les which show this beﬁavior will be présented in the next
section). )
l.1.7 Temperature dependence of V-V processeé

In the Landau-Teller theory and in the SSH theory discussed
earliér, the vibrational transitions are sﬁpposed to occur via
short range repulsive forces. Both theories are very successful
ingpredicting‘the temperature dependence of the vibrational
relaxaﬁion rates.of a widé variety ‘of molecules; In both
theories, the reaction éross secEion} J, (which is related to the
transition_p:obability by: ]=;P(ﬂ12) wﬁerefﬂﬁz)is the-gas
kinefic collision cross section) increases with teﬁpérature.

\

However, these theories are unable to explain the behaviour of

-~
,

several energy traﬁsfef processes such as near-resonant V-V
energy transfer process, where the reaction cross section has 2
strong negative temperaturé dependence.- For example, laser -
"induced fluorescence e#periments (22) and shock wave technigues

y -. - : > .
(23) indicate that the cross section of the near resonant V-V




energy transfer process e -
has a negative temperature dependence below 1000 K. Sharma angd
Brau (24,25) hafe explained this behaviour in terms of weak long :

range forces whigch couple the N, quédrupole moment with %he Co,

. -
e e

dipole moment.

Under cﬁnditions whefe AE and the dipole‘quadrupole ~
spherical ?otential a:e-ﬁoth small compared to the kinetic energy _
aﬁ iﬁfinite sépa;ation, and the d? Broglie éave length is small\
cqmpérgd to the collision diameter, Sharma and Brau éalculatqd‘-.

- - 'f'-—-—-_-‘- - i ' N
the reaction cross section for V-V energy. transfer semi-

‘classically:
&T\2 Uty =
I{T):S?(E) ful(u)exp(—ﬁ)du " -la)
=33 (1R Ry 1/ 64 TR T 0

whére'u,is the geduced massof the szaand N, molecules,

QLO= <000|Cf|001> is the dipole matrix element between (000) ard
- , , . ’ )
(001) states of COp .(Q}5 =[¥iWar), @g; = <1|@[0> is the’

”-ﬁ“\\_ﬁulguadrupole matrix element between the states i=1 and j=0 of N,O

. (Qij .-.J(piQ ll:’-ldr) and U is the collision diameter.
‘The above expressions clearly'ipdicate 2 negative

temperature dependence of the collision cross section of near

p=
resonant V-V processes.

-
» i . e

1.1.8 Lambert-Salter plot
The_ relationship between the number of collision per

transition, Zj4 » at room temperature and the frequency of the

lowest vibrational mode }/ ;. for-pelydtemic molecules has been
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examimed by ALambert and \ Salter -(26,27).‘ A plot of log;ZEO
vs Yo in Shows that molecules fall in two dlstlnct classes. {fig

1.1): Non- hydrogen contalnlng molecules and hydrogen—contalnlng

e \
molecules. In both cases the oiot 1s llnear and ?%0 = lxzio =

—

\.

wherells a constant and AE in =

E
L3

. ]

€ 8.3 x 1073-¢m for the-hydrogenrcontaining molecules

17 x 1073 cm for the nan hydrogen —containing
' molecules..

some molecules show lower values ofizao than expected by the
Lambert Salter plot, such as soz and NH3., These two -molecules
are strongly polar so that the d1pole—dlpole‘attractlon dom1na_es
the relaxation procesgs. CH3C1, CHqBr anéd CHil are also strongly

polar but they conform closely to, the Lambert-Salter plot. The
difference between the CHB-halogen molecuies and molecules such
as NH3 or 802 is that in the former the‘dlmerlzatlon energy,
&Edim' is much lower tha'n that for S0, or NHq ‘AEéim for CH3C1 =
é?o cal. mol‘l_amd thaim for NHy = 4660 cal. mol~1 (27a)). It
appears t@at the dimerization energy rather thao just the dipole

‘moment is the important factof;which_pfoduces a éeviation from

the Lambert-Salter plot. X | ' v

1.1.9 Polanyi-Woodall law -

-3y , , : .
Polanyi and ﬂgﬁgalh_(zs) studied the rotational

relaxation of excited HCl praduced .in the chemiluminescence

reactien:
* T .
H+Cl, — HCl + Cl N

. The transition probability from higher state j to lower state i

(4N
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was fougd to be-gifeéliy: .
';Dj-i -//’/expO\AE_) | ' (1.19)

where # and A are constants, AE is the ‘energy difference between

j and i. Polanyi and Woodall found that at 230 K, the value of)v_

. -

ig 8.5 x.lb'3.cm yhiqh is nearly the same as the value of

)\ found in the Lambert-Salter plogp for hydrogen-containing
méleculgs. This is surpriiigg bec;3§§ the'former'deals with
roéational and the latter with vibrati;nal'energy chahges. We
shall later see thaﬁ the SsH theory élso.produces a similar
value, indicating a ugiversal nature ‘' for %.or >( .. This "Energy
gap law" is supported by several theoretical cglculations (28a,
28b) and has been used by.éolanyi to inEFrpret e;perimenta;
results (28c—28e)-and theoretical calculations (28f-28h). On the
other *hand, Pritchard et al#(zsi:ﬂiéi) have.suggested that a
"power gap law" .(P= /;AE-). , where /y'and x are consta‘nt'sj
gives a better representétion of the transitién_prqbability fﬁr
rotational enézgy éransfer than the exponential gép law does.
The power law has had considerable success for a\large numbér of
diatomic ﬁole;ules. Horeovér, several theoretical calculations
show that t%e transition probability for rotational ene%éy

transfer 1is pest represented by a "power gap law" (28k).

Although éome ﬂ%thodéffor direct calculation”of the parameters

,4‘5 and A}s exist (281-28m),£he most reasonable values of those

paramete:s'gp use are simply empirical ones. It should be noted
that within experimental error it is usuaily not possible to
distinguish between the two 1aws!-and each one adequately ’

«escribes experimental laws.

r
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1.2 Rules for vibrational energy transfer in polyatomic molecules
In polyatomic molecules, the large number of vibrational
modes and their combinations makes -interpretation of vibrational

relaxation times difficult. A few generai rules based on a large

- - - - L
,numbqs of experimental observations and theoretical assumptions

a;; formu;ated. ‘These rules appear to be useful for making 5
pxgdiction of certain energy transfer processes.

1. The first of these rules is based on the Bethe-Teller law which
has been discussed in section 1.1.3. In this section ﬁore details
will be added. According to the Bethe-Teller law, .the rate of
vibrationél relaxation of any vibratiénal mode which rela;gs
indeéendently of -the others is given by: |

LQE/dt = - (B-Ew)/T | |

where T is related to the activation and kpy and kg by:

1/(NT )= kyg-Kgy
where N is the total number of molecules.

It is worth no%ing that a few-experimental and theoretical
studies shoé that rotation affects the vibrational relaxation of
hydiogén containing mdlecules. For examéle, Bereng{et al (289)
studied the vibrational relaxation of HF-HF tﬁeore;i&qlly,- They
showed that ingrgasing rotation .tends to deéféase the orienéation
effect and thus decrease the vibrationéh relaxation cress section
by a2’ factor of three for J;B compared t§ J=0. - In ancther
éxam@le, Lpnéel et_al (éSp) have shown that reotation of

electronically excited OH affects the vibrational relaxation

cross section. Thirdly, while experimeptal vibrational
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:élaxatiqn rate constants fgr'cﬁ4 are higher than thése‘fo:-CD4 ’
SSHlﬁheofy aétﬁally predicts the contrary. This-@is;reéancy has
been attributed by Jolic et al (283f to.;he:otational eéfects
which Sre nggletfed in -SSH theory.- By caléulating the
vibraﬁional prob?ﬁilitieg for CH, molecules usiné first order
péfturbation theory, Jolicard el al EZBS)'showéd that rotation
has a strong effect on vibrational energy transfer. Actualiy
therefore ki is an a#érage-over the init&al rotational ‘state and
a sum ;ver the final. rotatienal states. Since the rotational
sqblevelé éﬁuilibrate within a few ¢olliéions, o:e tends to

nocre the fine structure. Therefore, stridtly speaking, the

a——

notation T for translation should be interprefed as R,T where R

represents rotation. This means that if vibrational energy is
transfered to rotati§n, this subsequéntlyvis quickly transformed
into translation.’ |

The above expression for vibratidnal energy transfer is
valid only wﬁen the fb{irétion proqeedé from a Boltzmann
distribution to another Bo ﬁzmann distribqtion'indepéndently of
the size of the perturbation ({i.e. tempefature chanée)L Hawevef;
it is not applicable when the ;nifigl distribution is npot
Boltzmann such as in'laserainduced'pe{turbation éxperiments. In
such a case differeﬁt rate laws may be appropriate (29,30)!
. The following rules deal with‘V-V:energy transfer in
éolyatzmic molecules.
2. If .2 first excited vibrational -levels in each of 2 different

modes i agd j are similar in energy, there will be a rapid

intramolecular V-V intermode céupling and -the 2 modes will relax



- simultaneously with a vibrational relaxation time = [ §'cj/ci)t;

where’ti is the vibrational relaxation time of the lower mode,

and where C; and Cj are respectively the heat capacity of the

lower and the higher vibra#ional mode'(S). _This rule can also be

-

applied when several modes aggﬁfimilar in energy: in this case i

/
always repreésents the moggrqf lowest energy and j. represents all

‘other modes. If the ehergy levels are not similar, then V-V
. :

-

coupling isdﬁgzﬁgifiiégnt and one can observe two or more

relaxation zdnes with different rate constants corresponding to
1 . = .
each of the relaxing modes. This 'is called multiple relaxation
- . B

(6).

The following propensity rules formulated by Flynﬁ {31
appear to be valid for molecules with less than 50 vibrational
levels below 3000 cm‘l_upder‘condiéions cf low to moderate

.vibrational excitation. They do not apply to molecules with low

/
* -
fregquency torsional modes and molecules undergoing sticky

collisions, Lie. whgn the collision partners remain in clése
proximity to each other for times much longer .than the'
vibrational pe:idds.

3. "Up-the-ladder" V-V intramode exchangé

A{(v) + A(%L;—_" A(f\hlj + A(0) AE {1.20}

is very efficient. This is -due to the near-resonant energy

transfer at low vibrational gquantum number V. - At high

. . _ ' ‘ . D, .
vibrational quantum number the anharmonicity becomes important

and AE for the above process becomes of the order of *T.f

o

Consequently this efficiency is expected to drop off. However,
since the sgquare of the matrix element increases witH'increasfug

' J

—
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v, the drop-off begins to be important when V is sufficiently
. L 8

.. high. | ' ' ~

4. V-V intérmode'intramoleculaf enerqgy t;ansfer 1s judged
efficient if_ the eﬁergy gap between the vibrational levels.
'exchanging gngrgywﬁs less than #T. This rule is illustrated by
the following egquation: - .

A(i) + M= a(j) +M AE ' (1.21)

If AE iiT, this process will be effi-cient, and this efficiency
will be increased if there is at least one hydrogen or one
deuterjum atom in the molecule (Q). ' - i -
1.3 Vibratiomal relaxation of N,0 | |

‘Nzo is a linear asymmetric molecule. It has fsur'nonmal\
vibrationai modes, a ddubly_@egenerate bending mode (0,1;0)'at
589.2 cm'l; a symmetric stretchingjmode (1.0,90) ét'1276.5 cm'l
"and an asymmetric stretching mode (0,0,1) at 2223.7 cm~l (figs
1.2). A combinatioh of ‘these hodgs is also possible. A
vibfatiopal ;ngrgy level diagram for NZO'iS represented in-
fig.1.3. This diagram includes the vibrational modes and the
degeneracy of eaéh of the vibrational levéls. (See chapter 4 for
details of the calculation of the-energies.)

The vibrational rélaxation_of_Nzo has been studied by a
large number of workers (32-50). The result§ ¢an be classified
‘into two groups depending on the tefhnique used. In the gas
compression technigue, a2 .gas undergoes a sudden increase in
~ Pbressure. Ini;iélly the whole energy is in tﬁg translational and

rotational degrees of freedom. Then a rapid T-R or T-V enerqgy

transfer establishes an equilibrium between the three degrees of
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Figure

-

1.2 vibrational modes of N,0.
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E‘iguré 1.3 Energy level diagram of N,0.
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freedOm.' The measured relaxaéion time is thought to correspond
to T~V processes. It is called the T-V relaxation time. Such
rapid compression can »¢ produced by shock wave, iﬁﬁéegutube and
ultrasdhic waveés. In the.second group of.expeziments,'seiected

vibrational or rotational modes are excited. This results. in an

|F » . -

increase of Evip °f Egot- Relaxation towards equilibrium Qia VfT
or R-T eﬁergy transfer can be monitored by following either the
decrease of Evib'or Epot+ ©or by-following the corresponding
increase in Eq. The deasured relaxation time is ﬁhought to
correspond to V-T processes. It is called the V-T relaxation

time. This group of experiments includes infrared excitation,
[}

Raman excitation, and infrared chemiluminescence. Within each

group, precision of the results is good to excellent.
/ﬁevertheless, a large discrepancy may arise when comparlng the
results of the two different groups of experiments. In this
section, the resulte of -each indi{jduel technique will be
presented separatéiy and a compérison*of 2ll known results on the

vibrational relaxation of N,0 will be presented at the end.

Shock tube: (see chap. 2 for.details about experimental

techniques and calculations). The first shock tube study'of the
vibrational relaxation of. N,0 was performed by G:1ff1th et al
(32) in 1955, by followzng the density change behind a shock wave
with an interferometer. By comparing the expe:imental density

-

ratlo across the shock wave to the theoret1ca1 one calgulated by
\

assyming that.(l) 2ll modes are exczted (ii) only bending modes

are exczted, he concluded that only the bendlng mode was excxted.

The two stretchlng modes were -unexcited under their experlmental
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conditions. The variation of the vibrational relaxation time
obtained by Griffith et al Qith temperature is— shown ig fig.

l.4. " In the observation time available to them, they did not

find any evidence for multiple relaxation times: 'Late:, Bhanéu

(33) inveStigated_the vibrational relaxation pf N5O using a Mach-
' Zehnder interferometer. Vibrational relaxaticn times observed by
Bhangu are ;n_accofd with tho;e found by Griffith et al (fig._

1.4). Neveftheléss, Bhangu concluded that the vibrational
relaxation time depends not only on temperature but also on the
regime of':elaxation. . Simpson et al (34) also measured téé
vibrational relaxation time of N-0 using a Mach-Zehnder
interferometer. Heasﬁ;ements maée up to 1700 X showeé that
neither the symmetric nor the antisymmetric‘modes'hgve,longer
relaxation times than the bending modes. Their results differ
markedly from those obtained by Griffith and by Banghu (fig.
'1.4). Simpspn et al (35,36) also measured the vibrational
relaxation times of pure N,0 and of mixtures_ of N,0 with Ar,_3H.e,
4He, D,, HD and p-Hy froﬁ 350 to 1400 K dsing a laser Scb;iéren-
system. In ;11 cases, it was possible to represent the
vibrat;onal relaxation time vs Eemperature by a Landau-Teller
plot (fig. 1.4). For pure N,0, ' -

10'PT = lo.87-1/30 1,627

where_T is the temperature in K'and ?t is the vibraéion;l
relaxation time in pmsec.atm. These results disagrge
v . ' . —_—
significantly with those obtained by Simpson et al (34) above
600 K using the inteffe:bmeter, as is shown in fig.l.4. Simpson"

attributed this discrepancy to the poorer time resolution of the
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interferometer than that of the laser Schlieren system. ‘For this

. reasen he prefered the new data cbtained by the latter methed.

By using the same technique as in ref., (35,36), Dove et al (37)
measured the vibrational relaxation time of pure N,O between 450

K and 2370 K and of.N5,0-Ar mixtures between 800 .2and 2370 K. The

-

" results of Dove et al are in disagreement with all other shock’

tube results (see fig. 1.4). Dove et al did not observe any
indication of multiplé relaxation processes. They made two
separate analyses: in the first analysis (i) they assumed that

the asymmetric stretching mode is slower than the two otHEf?ﬁBdes

and relaxes separately. In the second aqalysis (i1) they assuggg,

that all £four vibrational modes relax together. Their

experimental results agree with the second'&nalyéis in which all _

four modes relax with the same apparent time constant. However
in this as in all other studies, only short time regimes (one to

éwo natural lifetimes) were probed. The fundamental question on

the constancy of the phenomenological relaxation time has vet to

be satisfactorily answered.

~Impact tube: In impact tube experiments, a gas in a reservoir

at equilibrium with pressure Py temperaﬁure To and uniform

velocity Ug,, is.aliowed to expand isentropically through a

nozzle, then adiabatically compressed at the nose of an impact

tube. At the stagnation point, thefgas is characterized by 2 .

pressure Py, a temperature Ty and a velocity Us = 0; and in the

‘reservoir by a pressure Pg, temperature Tg and veloci;y Uy = . .

g

If the compression occurs very slowly, the energy and the eatropy

at the stagnation point will return to their initial values in

&
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the reservoir and.the pressure Pg will be egual to the pressure
Pge. However, if the compression time is short, the gas enefgy
will depart from its equilibrium energy and the transfer of

energy will occur by an irreversible process along with an

increase of entropy. . A>

: i
, The relatiodship between the vibratiomal relaxetidn time and

-

the variation of pressdre is ﬁery complicated. For more details
on the experimental technique and the data reduction the reader
is refg::éd—ko refs. 6 and 38.

- In contrast to the _shock Eube tichnfhue where the
temperature varies.between 350 %.ZEB*éeve{al thousands of
éegrees, most of the measureménts of vib:ationél relax&tion times
uéing impact tubes ére reported at room temperature to 400 K.

Vibrational relaxation times of N,0 have been measured by

several workers using impact tubes (39-41). Griffith (39)

-

measured the ﬁibrational relaxation time of ﬁzo between 290 and

400 K. He found that the vibrational relaxation time decreases

_with increasing temperature (fig. l.4), supporting the theory

that fast collisions are most important. He reported a value of
1.12 [tsec.atm,. at 290 K. Huetz et al (40) measured ‘the

vibrational relaxation time of pure N0 and mixtures of N5O with

.He, Ne, Ar and N, at 300 K. The vibrational .relax3tion time of -
_______.——’.— - -

the pure N,O was found to.be 1.12 psec.atm.. and the vibéétipnal
relaxation times of N,O colliding foh He, Ne;,Ariénd N, are
0.135, 2.2, 6.0 and 1.5 psec.atm. respectively. Huetz et al (41)
also studied the vibrational relaiation time of Nzo'as-affundtion

of ‘temperature between 290K and 380K. ' They found Landau-Teller

A
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behévidur fét:the-vibrational relaxation time:
1n PT = -16.25 + 16.49 T-1/3
At 300 K one finds: PT = 1.03 psec.atm. ) o
In contrast to the'shoék-tube mea§urements where the_
v1brat1ona1 relaxatlon tlmes‘are in disagreement w1th each other
over a large temperature range, the vibrational relaxation tlmes
measq;ed withTimﬁact tubes are self-consistént at room.

Eemperatdre; they vary Setween 1.03 éo'1.12 psec.atm. This
A :

agreement is probably due to the fact thét at rcom temperature
only the process (0,0,0) = (0,1,0) contribute§,significantlya
In shock tube experiments,.the situation is much more complicated
.at hiéher temperaiures and many p:gcessgs'ére involved. This

will be disc ss later.

‘Ultrasonic techniques:- This “method is generally used to measure

vibrational and rotational relaxation near room temperature.
.l‘-—-"' * *

This technique is well described in s%andard text bedks (6,42).
A brief deséription will be given in this section.

- When a sound wave pé%ées‘throdgh a gas, a raéid élternating
compression and rarefaction wave occurs. 'fg; variation of sound

L]

velocity a with the angular sound freaguency (J 1is given by:

RT R(Cyy, + C ") :
o2 = —- (24 ____E%_-__E_éei_i ] (1.22) °
W (C% + va (J )

where W is the molecular weight of the gas, Cy 1is the heat
. ’ ' -

capacity at conftant volume at the lower _frequensg,_a%d

va= c%:-CVi_at the higher freguency where thg relaxat;on moge

ceases entirely to make its contribution Cy, to the effective

heat capacity. The inflection point' in the above dispersion
. : T > : - .

K
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?
equation corresponds teo (WT=1.

The varlatlon of the absorption coefflczent per wabeleﬁgfh,

with the frequency gives similar information. The maximum

absorp ion corresponds to (JT=l. Cénseduently; the. v1brat1ona1

-relaxatlon time can be obtained elther by measurement of "sound

velocity or sound absorptlon per unlt wavelength as a funtt1on of

freguericy. Since the vibrational relaxation time is ’nversely

-~

make measurements by varying the pressuré while keeping the
frequency constant. o : -
Vibrational relaxation times of pure N,C measured by

ultrasgnic techniques at room temperature are in excellpnt

agreement with each other. They vary between 0.89 and 0.99____-

rsec.atm.(43—47). As for the_lmpact tube techniques, this

agreement is probably due to the fact.that at room temperature,
only the bending mode (0,1,0) is excited, so that the relakation

time of the process (0,0,0) — (0,1,0) is measured.

Opto-acoustic effect (Spectrophone): This method providés direct‘

measurement of energy transfer rates provided that excited modes

are IR aétive. In this method, t¥e gas sample is encloéed in a

constant yOIUmé celi and irradiated with a pulsed beam of IR
radiation.. Filteré or lasers are used. to seléct wavelengths in
bréer to excite a given vifrational level. The excited molecules
nay losé their vibrationai energy by inéuéé! eﬁigsion,
spontaneous emisgioﬁ of rad;ation'or by‘transfer of vibrational
energy to relative translational energy by means of inelast]

collisions. Thzs latter effect produces a perlodlc change in/the

proportional to the pressure, it is usually more convenient to
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. - . 3
gas temperature. Since the cell volume is constant, a periodic
change of the pressure will be produced leading to the

production of a sound wave which gan be detected by a suitable

microphoné:Thentime lag between tggéabso;ption of vibrational
en®rgy and its.dggradatioﬁ £o trans1atiqnal energy deterﬁines a
pha e.shift ¢ between the incident radiation and. the émitted
soynd wave. This phase shift can be directly related to the V=T

axation time—gyf(g):

tan (/2 - €) = WTCy, /Cyq (1.23) .
The ampiitpde, b, of theAédund wave can alsc be related to the V-T
relaxation - time by (6): ol .
: S é; s )
B S A
- - b = o " )
Cy, AP T3 (Cy, /Cyo) ™ 2 29y -

where B is a constant. Conseguently, vibrational relaxation

”

_ times. can be determined either by a phase.ébift measurement or by

an amplitude measurement.

Read et al (48-50) measured V-T relaxaﬁion times of NZO at

L4

290 K by monitoring the phase shiftﬂ At high energy (4.5 only

thg antisymmetric stretching mode (0,0,1) was exci;éd aﬁd'the
corresponding V-T relaxag?on tigme was l.éftsec.atm.'At low energy
(7.84), only the symmetric séretchiﬁﬁ;mode (1,0,0) is éxcited.andg
. the V-T relaxation time for this 'vibrational level is-igl;
rséc.atm. Slobodskaya ét ql (51) measured Y-T relaxation times
for N,0 at different energies. - The éntisymmetric stretching?mode

(0,0,1) hés the larger V-T relaxation time, l.Bfasec.ath The

symmetric mode (1,0,0) has a V-T relaxation time of 1.13



'FSec.atm.in collision with He, Ne, Ar, and Kr respectively.

jssec.atm. Finally De Vasconcelos et al (52) measured V-T

“relaxation ‘times of the symmetric and the antisymmetric

stretching modes - of pure N,0 -and in mixtures with He, Ne, Ar and

- Kr at 288 K by using the amplitude-method. - The V-T relaxation

time of the symmetric stretching mode (1,0,0) was .found to be

P

0.87 + 0.06 msec.atm for pure N,O and 0.14, 1.38, 6.8, 17.7

-

-

According to De Vasconcelos, two deactivation paths from (1,0,0)
arewpéssible._ The first one is a direct deactivation by V-T

‘energy transfer.. The second cne invglveslIntramolecular VQV
energy transfer through the-secohdllevel of tée bendingjmoée
(0,2,0), ,Sinceiﬁhe eneigy difference between-(l,0,0) and (0,2,0)
is small, a rapid equilihrium will bé'established‘between (L,0,0)

and (0,2,0). As a conseguence, the deactivation of (1,0,0) will

occur thrdugh the (0,2,0} energy level and the transition (0,2,0)

—-}(0 1, 0) — (0 0,0) is therefore the rate determ1n1ng route.

The V- T relaxation time of.the (0,0,1) eneray level (at 4. wﬂls
found to be 1. 84f4sec .atm. for pure NZO and 3.8, 6.8, 12.6 and
23. Ofasec atm. in . cellision thp He, Ne, Ar 'and Kr respectively.

Laser induced fluorescence: With the development of lasers,

which are convenient sources for vibrational excitati?ns,_mahy

molecules have been studied by this method resulting in a large

datea ba;e‘bf rates of vibrational energy transfer between lika

molecules and different molecules. This method has also'been
‘ ' - . .

used to study the vibrational relaxation of pure N,O and ¥,0

mixed with foreign gases.- ‘ b

In this technique, the gas sample is irradiated by a pulsed

(%)



_IR laser. = After the laser excitation, the decay of "the

‘'vibrational fluorescence 'is monitored with time.  The radiative

: - ¥

lifetime of thHe vibrationally excited states is ia;ge compareé to .

collisional dedctivation,-tﬁus the fluorescence signal ‘can be
used as a measure of the emitting level's population. The

intensity of the fluorescence signal is proportional to the

population ¢f the excited emitting levels and appagently decays

exponentially with time. The V-T relaxation times are dedﬁced‘

.\

‘érom tﬁg slope of the semi-log-plot of the fluoréscence_intensity
with time. ' B o : | | . >
Y&idley (53,54),¢$tudiedhthe rates of de;ctivatiop of pure
N,O (0}0;1) ané of N,0 éna in mixtures with He, Ne, Ar, Kr, Ha,
Do and Ni'ﬂrfl) at.2§8 K by IR fluorescence. A Q-switched N,0
laser was used to excite N,0 into the (0,0,1) level. By plotting

the lo ithm of the quoreéceﬁEe intensity transmitted bY”a4.5r

filter as a Yunction of time, the V-T relaxation time of the

L

(0,0,1) — (0,0, éeactivation was found to be l.?ﬁjyéec.atm.;

in the pressure range 5 to¢ 50 torr. Using the relation

(PTops) ™t = XNZO(Pero-Nzo)—l‘ + - xnzo“?'fvzo w7
where M is a foreign gas, and X is the mole fraction. The V=T
relaxation time of Nzo in collision with the foreign gases was
found to be 5.05, 13.6, 12.8, 24.4, 0.236 and 1.21 use€iatm. for
deactivation by He, Ne, Ar, Kr, Hy and Dy resoectlvely. In the

NZO N, mixture, a solutlon of the differential equations for the

d1sappearance of N-O (0 0,1) predlcts a. double exoonent1a1 decayﬁ

the rap1d decay correspondlng to tﬁe equzllbrat1on of N,0 (0,0, 1)

o

with N, ®w=1), and the slow decay corresponding to the V-T

——

ra



33

deactivation‘df N3O (0,0,1) and Ny (V= 1) tegether.‘"From'the,
observation ot’the fluorescence signals, the' V-T relaxat%bn times
. of these two processes are found to be 0.26 and.21.7ftsec.atm:
respectivelj. _By'comparing the experimental resnIts of NZO-rare
éas mixtures with the results of COz-rare'gas mirtures and Sy
assuming that the mechanism of'deactivation ef‘NéQ with rare
gases is similar to the correspondxng (but‘better known)
‘mechanism for C02 collldlng with rare gases (54), Yardlef
‘concluded that the pr1nc1pa1 path for 1ntramolecu1ar deaq&ivation
of N-O (0,0,1) by rare‘gases.is through the (1,1,0}'1 vel.
Finally, Yardley concluded bf'cemparing the calcqlatede::t3\~
constants for NZO—NZ and Coz-ﬂé that long-range dipole-quadrupole
ferxrces are re590031b1e for the v1brat1ona1 energy exchange
be:ween N,0 and Ns. Flyno et al (55) measured the V-T relaxation
time of the (0,0,1) vibrational level of pure'NZO at 296 X. A Q-
switched Nzo-He;Ne laser was used to excite Néo m;T3§Eles. The
decay of the (¢,0,1) vibrationai level was monitored-by observing
the fluorescence intensity througn a 4.5/“filter. 20 exper{ments
were performed betweem 1 te 40 torr of N,O. Each individual
experiment showed an exponential decay within'the experimental
error. The vV-T relaxatzon time of N,0 was found "to be 1,96
rsec.atm. which is in good agreement w1th the V=T relaxatlon time
found by Yardley. Flynn et al SUQgested that the deactivation of
‘the (0 0, l) level of N20 occurs via intramolecular V-V energy
transfer to the nearby bending mode (0,2,0) as has been suggested
for. the Co, moieenle (56,57). Doyennette et al measured the V-T

-~

reIaxation_time‘of'the—(0,0,l) vibrational level of‘Nzo at room
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temperature (58,59) and as a function of temperature between 300

and 1000 K (60). In the room temperature measurements, a Q-

swltched NZO He—Ne laser was used to excite the N,O molecules.

The fluorescence intensity of the (0,0,1) vibrational level was

monitored as a function of time. The curve representing the

. . -
variation of the deactivation rate constant with pressure is

shown in fig. 1.5. Although, pressures up to 5 torr are shown in

'ﬁig. 1.5, experiments with pressures up to S50 torr .were

performed. At low pressure'tne deactivation rate constant

_ decreases with increasinhg pressure. This is’'due to the fact that

at low pressure, the diffusion of excited molecules to the wall

is very important. Therefore, the wall deactivation is the

dominant process in the deactivation of N-O molecules ané its -

importance decreases with increasing pressure as is usual for
diffusion processesl(sl). However, at hlgh pressure, the
deactlvatron due to quenchlng colllslonslbecomes deminant and the
rate coeff1c1ent decreases llnearly with the pressure. From the
sleope of the curve in flg. ‘1.5 in the high pressure regime, the
v-T relaxatxon times were found to be 1. 74\£§£m;a¢ﬂf'h337—q

1. 77f45ec.atm. (59) which’ are 1in- good agreement with the results

reported by Yardley and Flynn. The variation of the-V-T

relaxation time of the (0,0,1) vibratioaal level with

temperature, between 400 K and 1000 K (Boj,'is shown in fig. 1l.4.
Doyennette et al observed that-below 400 K, the V-T relaxation

time increases less rapidly than expected by the Landau-Teller

law. 'They attributed this behaviour to the long range attractive .

* forces which become more important at low temperature.

*



Figure 1.5 Variation of the relaxation rate tonstant ™
with pressure for dlfferent cell dlmenb‘O'Tci
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Hénzy et al,_;tudied'v-v eneigy transfer between the (0,0,1)
vibrational‘lévél of Nzo and other molecules at room temperaturé,
{(62), and as %-function of tgmgeraﬁﬁre (63-64). The éxperimental
procedure is éimilarrto the one described, above. As was
discussed by Yardley (53), the fluorescence sfgﬁal from NoO
(0,0,I)deac%ivatioh is the sum of two:exponeatiai decays, the
rapid decay being due to intermolecular V-V energy transfer, and
thé slow one due to the V-T energy transfer. Henry et al
calculated V-V relaxation-times by using the semi-classical
méthod developed by Sharma (24) (eq. 1.18, secﬁibn 1.1.7Y. By
assuming that V-V energy transfer is due to a long-range
interaction, thegcalcqlated relaxation times for de-Nz ‘mixtures
agree well with thé experiﬁental cnes. However, for mixtures
with HCl, HBr, and HI, the calculated relaxation times are 2-4
orders of magnitude larger than the experimental "ones". ' Henry

et al attributed this difference to the formation of hydrogen

bonding or to V-R emergy transfer which is very important in

" molecules containing hydrogen anms..'Ehe effect of temperature

on t%g‘;ate of V-V energy trapsfer haé been studied 5y measuring
the‘v-v relaxation time of the N,O-N, and N,0-CO mixtures bétween
300 and 1000 K (63-64). Curves representing V;ﬁ relaxation times
v; temperature ére shbwn,dn_fig. 1.6. These’ curves sﬁow ‘a
maximum which appears clearly for the-Néo—Nz mixtgre. "The

maximum extends over a wide range of temperatures. For near

resonant V-V energy transfer, the increase of the relaxation time

. .with temperature in the low temperature-regime can be attributed

~ to the long-range attractive multipolar forces and the_decrease

-
*



Figure 1.6

-

Landau-Teller plot: for intermoiecular‘v-v

energy transfer in N,0 by collision with
NoO and. with foreign gases (literature
results).
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£+ N20(0,0.1) +Na (0) —=N,0(0,0,0)+N, (1) (63).
2: N20(0,0.1)+C0(0) —=N,0(0,0,0) €O (1} (63)
3

: N2C(0,0,1)+¢0(0) —=N,0(0,0,01+C0 (1) (67)!
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Ll

of the relaxation time with increasing temperature in the high

-temperature rééime cannot be interpreted. Henry et al compared

the theoretical rate constant to the experimental one. For N,0-
CO mixtures, theygtoncluded that assuming long-;enge attractive
dipole—dipoie fqrces gives better agreement with the experimental
results than assuming a dlpole -guadrupcle 1nteract10n.
Nevertheless, for the Nzo N, mixture, the dipole- quadrupole
interaction explains the experimental results better than the
dipole-dipole interaction. Stephenson and Moore (65) measured
the rate of V-V edergy exehange from the asymmetric stretching

mode of COz (0 0,1) to 13 COz, N,O, CO and lSNZ as a function of

temperature. The technlque involves pumping C02 (0,0,1) using a
-~

‘ C02 laser, follTovwed by V-V energy transfer to Nzo, 1““02 eetCo

From the exponential decay pf the Co, (0;0,1) and/or the N,0
(0,0,1) fluorescence sjgnai, the V=T relaxation time of N5,0 by
collision with N,0 and CO, were found. They are shown on fig:

1.4 andAfig. 1.7 respectively. By comparing their experimégtal

‘data with the availeble theoretical calculations, Stephenson and

Moore reached the conc1u51on that the v1brat10nal enerqgy transfe:,";
is due to multipole moment interactions. Starr and Hancoeck
measured the intermolecular V-V energy transfer between N5O
{0,0,1) and @ as well as the V—T'tate ¢f deactivation of Nzo

(0,0,1) by collision with N,0, CO, and Ar at 296 K (66), and as a

function of the temperature (67). N,0 was excited by collisions

‘with CO CV'7]J which had been aitectly excited by a frequency-

-

doubled COf laser. A cell filled with CO was used as a filter in

order to absorb-all CO (1->0) emission; thus the time-resolved



E‘igure 1.7
- : of N,O by collision with foreign gases
(literature results).
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- populatioeon 6f ﬁhe N0 (0,0,IL level c¢oulé@ be diiectl§ mdnitﬁ;eé.
By monitoring the N0 (O;O,i) fluorescénce signal, a'fast and a
slow felaxati&n could be heaéuréd,-as was meﬁ:ioned earlier. The
v-v rélaﬁation.tiﬁé.of.de by collisiqs with CO at room
tgmpefature was gound to be 5.85 x 10‘3.f¢sep;atmi which is in
~good'a§:qement with tﬁe‘value.found by ﬁenry et al. The
relaxation time foxr V-T déaétivation by cellision with N,0, CO
and Ar are regpec;ively: 1.74, 2.71, and lO.SrLsec.atm: The
dependence of the V-V relaxation time of N,0 (0,0,1) upen
collision with CO vs temperaéure'i; shown ‘in fig. l:é. The
dependence of the V-T relaxatigqn time of N50 upon c¢ollision with
. NzO,ICO'and Ar on temperaturg are shown in fig. 1.4 anéd fig.’l.7.
The élopes of the temperature dependence of the V-T relaxation
time upon collision with CO and Ar (fig. 1.7) are similar at high
temperature. Tpe Probability of (V-V) energy transfer betwéeq
ﬁ2¢ (0,0,1) and CO, was calculated by the authors using the
Sharma-Brau theory (24). 1In Ehis:model, dipolre-dipole
intermolecular forces were responsible for_the energy exchange.
These calcuIatioﬁs succesfully predict the negative temperature
dependence of the deactivation prdbabilit? in the low
temperatu£é fegime_as was obserﬁéd experimentally. However, as
was disqyssed above, theorétical calculatioﬁs fail to giﬁe any
explanation forrthg increase in the probability with temperature
in c@g_high.temperature regime.. Picgrd-BersellLﬁi et al (68)
studied ;he'decay of the (0,0,1f'vi$rétional levgl of N,0
previouslf excited by activated N, They found that -

intramoleculag V-V energy transfer between (0,0,1) and (0,3,0)



-

was respons:.ble for this decay and the relaxation time of this

process was found to be 1.64 jusec.atm.

Up to now, only the lgser induced: fluorescence measurements
involviAg the antisymmetric stretching mode (0,0,1) of NEO have

been discussed. V-T relaxation times were d"irectly‘ related to

this level. The symmetric stretéhing mode (1,0,0) has received -

little attention in contrast to the antisymmetric stretching
mode. The first vibrational relaxation measGrement if_o_volving the
(1,0,0) mode at roonl__t_gmperatur_e was due to Kung (69).‘ \The
excitation of the: (l,O';O). mode was perfor-ned by an ocvertone

activation using a ‘DF laser. E‘rom the (l 0 0) f’luorescence

signal, Kung measured mo-—r-elaxatlon tlmes - a short :elaxatlon'

time egual to 0. 062 Hmsec. atm. wh1ch correspondf"f'o_'-he
intramolecular V-V energy transfer between (1,0,0) ind {0,2,0)
and a long relaxation time egual to 1.3 lusec.atm. which’
corresponds to’ the V-T deactivation of (O'l 0). From the (0,0, l)
fluorescence su;nal“i‘ single relaxation time equal to 2. 1-

rsec.atm. was determlned. It corresponds to the (0,0,1) —_—

(1,0;0)/(0,2,'0) ‘Process. - Kung (70) 2'lso measmred the'"—’

intramo'iecuiar-.'-v—v“'relaxation ti‘me between the (1,0,0) and
{0,2,0) levels and the V=T relaxation time of the (0,1,0) mode of

N,O upon collision with Ar, N, Hp0 and NO. He found values of

0.38, 0.26 and 3 x }0'3f45ec;atm.for (1,0,0) = -(0,2,0) V-V -

relaxation for collisions of N,0 with Ar, N, and H,0 -

respectively, and values of 12.1, 1.75, 9.4 x 10-3 and 0.062

-

| sec.atm. for\ V-T relaxation for collisions of ';‘ilzo (0,1,0) with

Ar, No, H,0 and NO respectively. It is found that H,0 is very

;o .



efficient reiaxér. This is probaply due to the icid-base'type

interactiop between .N,O ad@_Hzo.

Comparison: -Tables 1.1, 1.2 and 1.3 éﬁd fighres 1;4, 1.6, and

1.7 include the most important published results on the

vibrational energy transfer of pure N,0 and of N,0-foreign gases

»

mixtures. Several important points can be concluded from these

‘results. ‘ *
. ) o

' In Table 1.1, vibrational relaxationm times of pure N0
. N ) —

measured .at room te%fﬁziizqe are summarized. Two groups of

vibratignal -relaxation ¢t
- ™

es were measured depending on the
; _

. e N : b ;
technique used.” In the gas compression technigue, relaxation
times of the order. of .1 Msec.atm. were measured. Among these the

impact tube and .the ultrasonic experiments were actually

performed for

com temperature; whereas the shock tube

-

measurements were pegfo:med at higher temperatures, but the
' ~

\;l\eglgxation time reported for room temperature was obtained by a-

L

short.extrapolafion. -Except for the results of Dove et al (37).

"and Griffith (32), they .are in excellent agreement. This

Y
e

égreement is prgbably qu to‘ﬁhe fact that at room-teméerature,
only the bending_modé is excifed. Even if the stretching mé&e is
so%ewhat exciteé, the rapid V-V energy transfer between (L,0,0)
and (C,1,0) or (0,2;0) establiSbes a rapid equiiibriﬁm between
__these two modesy'sp thgtvtﬁe rélaéation timg of the (0;0}0) ;:3 B
(0.150) prcéess.is measured. In_the‘Second géoup of experiments,
(spectrophone and laser induced fluorescence), the symmetric

and/or the antisymmetric stretching mode were excited. In this

group of experiments the measured relaxation times are in very.
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-Table 1.1 Vibrationalxirelaxation time

-

(oS

43 -

s (psec.atmy of pure N,0

at room temperature (literature results).-

N o ‘Experimental Authors and
(1,0,0) or (0,1,0) “(0,0,1) Techniques references—
- 1.0 S.T. Simpson
. (35,36)
1.0 - S.T. Simpson (34)
1.2. S.T. Bhangu (33)
1.3 - S.T. Griffith (32)
0.72 S.T. Dove (37)
1.12 I.7T. Griffith (39)
1.12 I.7T. Huetz (40)
1.03 I.T. " Huetz (41)
0.92 U.s. Eucken (43)
0.89 \ U.S. Eucken (44) °
0.9 U.s. McCoubrey (45}
0.97 and 0.94 U.s. Holmes (46)
0.99 - U.s. - Decius (47)
- l.1 1.6 S- Read (48)
1,13 1.8 s. Slobodoskavya
. (51)
0.87 1.84 S. DeVasconcelos .
(52)
1.74 L. Yardley (53)
1.96 L. Flynn (55)
1.74 L. " Doyennette
. (58)
1.77 Le Doyennette
, (59)°
1.74 L Hancock (66)
1.64 L. Picard (68)
1.3 2.11 L. Kung (69,70)
S.T. = S8hock Tube “%
I.T. = Impact Tube
U.S. - Ultrasonic
S. - Spectrophone ’
. L. - Laser. »
< \\‘
o ) J
L, AN
- T




good agréemeﬁt. Hoéever, the relaxation times obtained by Kung’
(69,70} are slightly higher'thanﬂﬁsfse obtained by other workers.

N i - N Q l . -

In Table 1.2 the V-T relaxation times of the (1,0,0) or -

< - ' )
{(0,1,0), and (0,0,1) modes of N-0 by collision with foreign gases

at room-teﬁp;¥aturg are summariied. Not many results have been—
published on the deactivation.of Nzolby foreign gases. .For this
:eason_ig is difficult to draw a general conclusion. Agreehent
between these results is not as good ;s in the case of pure N,O.
In some cases agreement is very good such as for the deactivation
of N,O (0,0,1) by Ar, where relaxation times:are:12.6; 10.9 and
12.8 flsec.atﬁ:. cr for N,O (1,0,0) deactivated by He, where
relaxation ﬁimes are b.;BS épd 0.14/45ec.atm, In all other cases
_ the agreement is poorer.

Tablell;B summarizes the results of V-V relaxaticr Sor
collision of N,O with N,0 and with foreign gases. Again here,
the lack.of experimental data‘ﬁakeé the comparison vefy
difficult. However, good agreemeﬁt;between these results appears
in some cases. For example, the intermolecular V-V relaxation
times fpr exchange betweeh‘Nzo {0,0,1) and Nz obtained by Yardley
(53) and Henry (62) are very close; moreover the intermolecular
V-V relaxation times for exchange between N,O (0,0,1)-and CO as
obtained by Hancock (66) and by Henry (62) are again in good
agreément. ' In all other cases it was impossible to reach any

conclusion.

In fig. l.4 the dependznce of the vibrational relaxation

—_—

[ .
times of pure N-0 on temperature is shown. Experiments performed

_ ) .
in shock tubes are somewhat in disagreement with each other.
: ’

N -

-
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Table 1.2 Vibrational relaxation}times (rsec.atm.) for the deactivatio

—

of N,-O by collision with foreign gases at room temperagure
- (literature -xesults).

. _ , .
Collision|(1,0,0) ot (0,1,0) excited . (0,0,1) excited
Partner Huetz|{De Vasconceles Kung DeVasconceles |Hancock|Yardley
(40) (52) (70) (52) (66) (53) .
He 0.135 0.14 | 3.8 o 5.05
Ne 2.2 1.38 , 6.8 13.6
‘ar  |6.0 | 6.8 12.1 | 12,6 | 10.9 | 12.8
Kx 0 17.7 23.0 24.4
N, 1.5 L 1.75 | . 21.7
NO S 0.062 . /—?
co | : | 2.71 | s
H,0 .00094
Hop g 0 o 0.236
D, e | I 1.21
¥
/
3
. = .



Table 1.3 V-V relaxation times (rsec atm) for deactivation .of'NZO by -
collision with N,0 and with foreign gases at room
temperature (llterature results}.

———

Cecllision|Intramolecular V-V Intermolecular V-V . (0,0,17 excited

Partner |(1,0,0) --> (0,1,0) - _f ,
. {Kung (69,70) Hancock (66) {Yardley (53) Henry {62)
N,O 0.062 |
— -
Ar 0.38 '
No ' 0.26 0.26 ° 0.294
co | 5.85x10™3 .57 x 1073
co, | . _ - S 2.31 x 1072
HC1 ) B
HBr | ' | 1.51 x 10~1
. . ’ o
HI . . ‘ ' A 6.56 x 1073
. Y .
- H20 -3 X 10-3 .




Simpson et al, for example, measured the vibrational relaxation
time of pure N,0 in a shock tube using an interferometer in one
case (34) and a laser schlieren system (35,36) in another case.

The results obtained by these” two techniques are different.

Simpson et al attributed this.difference to the measurement

.2system. However Dove et al (37) vsed a laser Schlieren system‘ané

their results are also.in disagreement with all other shock tube
results. Consequently, ?he disagreement is not due to'the

measurement system, but rather may reflect a fundamental

difficulty 1in experiments inveolving 1argé perturbations.

. Vibrational relaxation times obtained by impact tube technigues

are alsoc in seriocus disagreement with each other. In contrast to

the gas compression. technigues, laser induced fluorescence data

~are seemingly satisfactory. This is due to the fact that only

the "vibrational mode (0,0,1) is initially excited. However, the
Landau-Teller plots in this case aépear to be steeper than the

Landau-Teller--plot obtained for the gas compression data. It

.appears .also that at low temperatures there is a deviation of the

Landau-Teller Plot from linearity. Indeed, the_V;T relaxation -
time at,low tempefatufé decreases with decreasing température;
] The dependencé of the V-V relaxation time for deactgifﬁioﬁ

of N,O by collision with foreign gases on temperature is shown in
fig.l.6. The results of the N-O and CO system obtained by'Hénry
(63) and Héncoék {67) seen éo match eéch other. 1In the N,0 - N,
system the dééféaSe of the Vv relaxation time with decreasiﬁé

temperature is evident. a

Fig. 1.7 shows the variation of-the V-T relaxation time for
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N,O by collision with foreign gases. .BeCause of the lack of
results, it is impossible to make a cohparisoe between the
different technigues used’and between the resﬁlts'of different
authors.-.However, it appeags that at high temperatures.the
curves yepresenting PT vs T~ /3 are parallel and increase with
decre351ng temperature finally tendlng to a constant value.
1.4 Vibrational relaxation of 9232

C,Hy, is a linear s}mmetrical\molecule. It has;three
streeching.modes; two symmetrie: (1,0,0,0,0) at 3373.7 cm~1l and
(0,1,0,0,0) at 1973.8 cm'l ' respecti}elyr, one entisymmetric:
(0,0,1,0,0) at 3281.9 em™} and two doubly degenerate. bending
modes: (0,0,0,1,0) at 611.6 em'l and fU,0,0,0,l) at 729.3 cm'1
(fig. 1.8). Combinations of these modes afe also possible.

The vibrational level diagram oflcsz is illustrated in fig.
1.9. On this figure,-the vibrational modes and the degeneracy of
each vibretional level are illustrated. |

.Not as many data have.been pgblished on the vibrational
-reLaxation'of'CZHZ as on that of N,0. _The reléxation time of

2H2 is known to be very short (71-76) because of the hydrogen

atoms, and its measurement is thus much more dlfflcult than that
of N,O. Mofegver{ CoH, has 7 v1brat10nal_modes.(1nelud1ng 2
degenerate setsi coﬁpa;ed to 4 for NZO;- Consequeneiy, its energy

level diagram is éignificéﬁtly more complicated, and the analysis

-2

of the different deactivation pathways of CoHy is more difficult
. - . r———
.than the correspond@ing one for N,0. . : S~

The first_ measurement of the vibrational relaxation time

of CoHy is due to Edmonds and Lahb {71). They extracted the

»
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- o E‘igure 1.9 Energy level diagram of C,H,.
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vibrational relaxation time of 0.11 pMsec.atm. for pure C,H

51

IThrational relaxatlon time of a number of pOlYitlec gases at

298 K from measurements of acoustic absorption. They ébtained a

2-

Later, several authors measured the vibrational relaxation time

-

a vibrational relaxation.time of 0.0728 rsec.atm. at K.
Streftdn (73) obtained a value .of 0.082 rsec.étm. SpringQL et al
(74), measured the v1bratlonal relaiégzon time of CyH,, CH4;
CoHy, and CGHG between 300 and. 500 K. In all cases the
vibrational relaxatlon_times were found to vary with temperature
accoiding to the Landau-Teller law. For C,H, the Qibrational
relaxation time- is éiven by (74):

log PT = 9.6827~1/3_ 8.577
This is represent;d graphically in_figflulo.

Hager et al (75) studied vibrational relaxation of CoHoy ané
CoHy-rare gas miktufes at room temperature using the lééer

-

induced fluorescence technique. Laser pulses from a parametric
oscil?ator wé;elused tq excite (0,0,1,0,0) and/or.(p,l,o,l,l) at
3300”cm'l. Time dependent fluoréscence'signals from (0,1,0,0,0)
and (0,0;0,0,1) were observed at Sfﬂ and 13.7f4respéctively; The
fluorescence signal at 13.7p4 may .be dhe to |
{(0,0,0,0,1) — .°(0,0,0,07
(0,0,0,0,2) ——» (0,0,0,0,1)
or (0,0,0;1,1) —_ (0,0,040,1)-

. 9 -
However, an absorption cell filledﬁwith CoH, essentially in the

. ground state, interposea'between the fluoreséence cell and the

I.R, detector, blocked 950% of tpe fluorescence signal proving

\

o - ~
of C,H, using ultrasonic techniques. Lambert et al (72) measurgd——
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that the fluorescence signal. a‘t: '13.7r was mainly due to the

{0,0,0,0,1) —> (Q.,D,O,-&,‘O) transition. ' The fluorescence signal

' observed_ at 8/\4 was attributed by Hager et al to the

(0,1,0,0,0) —> (¢,0,0,0,1)

transition. . The results for (0,1,0,0,0) and (0,0,0,0,1)

deactivation including gas kineticé collision numbBers are

summarized in table 1.4.

. .
It is krrowp*\.\('l'S) that following V-V intermolecular processes:

'CZHZ.(Orltorlrl)‘ @' C2H2(0,0,0p0'0)-—-> CZHZ(OII_JOIOOO) +

C,H,(0,0,0,1,1)
and

Hy(0,0,0,1,1) + CpH,(0,0,0,0,0) —> CyH5(0,0,0,1,0) +
CHy(0,0,0,0,1)" | .
are very Vrapid. ‘The depopulation of (0,1,0,0,0) cannot occur by
a simple V —>» T/R eneégy transfer step, since AE for such a '_
proces's‘is -‘2000 em~l. The expected number of cdollisions per
::le.activat:ir:mr accordir;g to the Lambert-Saiter plot (fig.: 1.1)’is

several orders of magnitude larger than. the actual experimental

one of 650. Consequently, -the experimentally observed -

deactivat:irar'xa of (0,1,0,0,0) can only be interpreted as a pu':e V-v

energy exchange to the neighboring combination of levels /pf lower
fundamental frequencies.. The c0mb1nat10r: m/o_é\e‘g\!(o ,0 1, 2),
(0{'/,0 2,1, anﬁ (0,0,0,3,0) are within KT of the energ)\of
(0,1,0,0, 0), thus V-V energy transfer to these modes is expected'
to be relatively rapid accérding to the propensity rules cf

Flynn, mentioned in Ch.l. Since the experimental deactivation of

(0,1,0,0,0) is nevertheless slow, the authors assume that ifor
- o
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|
Table 1.4 Vibrational relaxation times (usec. .atm) and collision

.~ numbers for the deactivation ¢f CoHse by collision with
CoH, and with foreign gases at room temperature (75,76).

-

4
v

Collision | (0,0,0,0,1) | Golliision | (0,1,0,0.0) Collision
Partner. _deactivation | ‘number deactivation number
. CoHy == [ 0.104 *1090 ~0.061§\\-\\ 650
. - . “"—’—__._’
Ne L. 286 22100  2.09 ) 16300
s Ar 1.99 | 1seo0 1.69 N\ 13100
~] = 1.96 14400 1.41 ) 10400
‘ X 2.31 | 1800 1.71 . 13400
Vi . .
N, 0.953 8000 1.31 11000
co - 0.550 ._ | 4500 - 0.645 ' 5300
Hy NIRRT 280 |  0.0424 700
HBr 0.0465 © 300 0.626 4100
- ?‘P \

-‘.;..
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CyH,, the usual rules for vibration relaxation in polyatomic

-m%isgules discussed in section 1.2 are not applicable and that

the C-C stretching mode }0,1,0,0,0) seems to be isolated from the

Ll

other vibrational modes and can store its energy_for a‘1dng time.

The depopulation of (0,0,0,0,) occurs after -about 1100

-

:cpllisions. Since (0,0,0,1,0) and (0,0,0,0,1) are very close in

I

energy, a rapid equilibrium between these two vibrational levels

will be established and the deactivation of (0,0,0,0,1) will take
- o

place through the (&,0,0,1,0) mode, (which is of lower energy).

-Vibrational relaxétion times and'collision numbers for3

-

dgactivation of (0,1,0,0,0) and {0,0;0,0,1) by collisien wifh

[}

rare gases are also presented in Table'l.4; Collision numbers are

13 to 25 times larger than those for the self-relaxation of
CoHy. This isHQue to the’ fact th;tfrare gases cannot_ take up
internal énergy'so thaE rare gases are less efficient in
deactivating CyH; than CoH, itself.

Deactivation of C2H2 by HZ' HBr, Nz and CO was also studied

at room temperature by Hager‘gf al (76) using.the same technigue

as for pure CoH, and the C2H2-rare gas mixtures. Results are

summérizeq in Table 1l.4. Deact;vatlon ‘of (0,0,0,0,1) by Hzﬁand

HBr seem to be very rapid. Only roughly 300 colllslons are

required toAdeactivatelig,OJLO,l). This type of behaviour also

was obéerved with NZO; These results are surprising; while the’

low colllslon number for deactxvatlon of CoHy by’ Hz 1s expected

'deactlvatlon of C2H2 by colllslon with 4Br is assumed to be less

i
efficient and_a hlgher collision number ;s'E?EEcted.;-The low

collision number observed’ experimentally for deactivation of

. 4 -
“ . ~

wr

2



¥ (0,0,0,0,1) by HBr was attributed by'Hgger et al to an attractrde

is due to the addi

e ®

El

interaction between HBr and C,H, or even to an incipient chemical
o e , "~ _ . , , -

reaction. - Ni/gggdgb geém té slow down the deactivation of both

(b,l,0,0}O) and (0}3:0;0,1),Aas_was the case for rare geées{

R
- oy . . I
however N, and CO are more efficient than the rare gases; this

ossibility of V-V energy transfer

processes which age rather eXficient

CzH5(0,1,0,0,0)+ Mo (w=0) —> C,H5(0,0,0,0,0)+ N,(ar=1) AE=357 cm'.l B

LY -

S s : - '.(1.‘25 (a})

CyH(0,1,0,0,0)+COMW=0) —>- C,H,(0,0,0,0,0%+COv=1) AE=164 cm~'
. " . . ) * . _.—-'-‘ '.
< | (.25 (5)) ]

'Table_l.S and figure 1.10 .summarize most of the known

results on the vibrational reIaxaqugusf CoH,. Relaxatdion times

:measured at room E;dﬁg;ature are in good agreement. ‘However, not

-

many resultf habe been p%bllshed on the deactivation of C,oH5 by
<
colllslon wlth forelgn gases nor on the dependence of the

‘ vzbratlonal regaxatlon tlme on'temperature.  Therefore we cannof

-make any judgement on these, results, as we did for vzo.

— . - y_'

1.5 LGear mixture rule
The "linear mixture rule has been widely used to separate
contributions td‘the rate constant from two or more collision

partners. This Fule states thaweif k, is the rate constant of

' the progess A.+ My —> B + M; and k, is the.rate constant of the
" . . !

process A + Mz —> B + M4, where M, and M, are neutral species:
<

then the rate constant. .k for the overall p:d??ss A--> B is a
. . A. )

;iiqear functdon“of'ki; and k3

= X{ 'x-k' . ‘ : - - .
k xikl."' ‘ 2 .29 ) - . - ‘! (l 26-]
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- Table 1.5 Vibrationa¥grelaxation times (Msec.atm) of pure C2H2 at
* room temperature’ (11terature results).
(0,0,0,0,1) or (0,1,0,0,0) |[Experimental -
(0,0,0,1,0) deactivation| Techmigue Authors and References
- deactivation - '
0.1l . Acoustic Edmonds and Lamb (71)
s . 0.0728 u.s.” - | Lambert. and Saltef (72)
o.082 [/ U.s. Stretton (73)
- 0.0754 . U.s. Wang (74) —_
0.104 0.0618 [ Hager {75,76)
— - | A

* Ultrasonic technigue

** Laser technique

L

-

.\




where Xy éﬁd Xs a;é respectively.the mole fra;tioﬁﬁ b}
collisi§5al partners Mj and Mé. The linear mixture rhlsﬂ%§ used
in vibrational relaxation ’ diatomié dissociation, unimolecular
decomposifioh or isomerization at.the low pressure limit. It can
be feéregented‘graphically-by a linear plot of the overall rate
‘congtant as a‘fuﬁction of the mole fraction of one of th;
collision_gigtners (fid.l.ll). In the 6ase>of vibrational
relaxation of & (My=A), the intercept at Xl=1 gives the rate
constant for the deactivétion of A by itself.aqd the intercept at
Xy = 0 gives the rate constant for the deactivation éf A by Mj,..
It has been seen in the previéus two sections that several
authors have used the .linear mixture rule to ext;aéé ﬁhé rate
- constant for the‘deac;ivation of NZO aﬁd CoHsy by coilision with
foreign gases. In these examples the validity éf the linear
mixtu?e_rhle has not been discussed by the authors. In this
_seqtion;fthe validity.of thé iineaf mixture rule will‘be
dfscussea.iﬁ detail. The reason fozkffe non-linearity as po:nted
out by several authors will be dlscusséh' -
| . It has been shown theoretlcally that the llnea* mlxtufe rulé

.\

does hold under very llmlted conditions. P;ltchard et al (77)

have pointed out that under qonditions wherelV-v.and/orfR—R

.
—

energy transfer are very‘impdrtant,'a marked deviation from the
. -~

‘linear mixture rule for dissociation will be observed. This‘was

shown by direct integration of the master equation .for

_dissociation of a non dilute diatomic gas. Linear mixture rules

for dissociation hold in the {igiﬁ of infinite dilution (78)

'otherwxse, the dxsappearence of A, which is evzdently one of the

. -



£

Figure

1.11 Linear mixture rule.




‘Eoilisién partners will be given by:
o, diA)

— = ky[(A12 - ky[M,](A] _ (1.27)
dt - ; ,

.”3 : ‘ ) = : -

This rate equation leads to a break-down of the linear mixture

g rule. Schlag and Valanc; (79) have shown that,nécegsary
(4<D ‘conditions forifﬁ? linear mixture rule to hold are: a) the
process is out of the iﬁcubation or transient péfiod and b) the
. reactants are in therma%iequilibr;hm‘below the critical energy.

If the equilibrium is disturbed during the reaction the linear
mixturé'ruleiwill Sreak down, so that deviation from'f;qearity is
"an indication of non-equilibrium processes. The linear mixture
o rule will hold ohly if the reverse reaction caﬁ'be ignor;d-i.e.
if the prodﬁéts of dissoti;tion do ﬁot.fécombihe. In this way
second order %inetics is av?ided. | “ .
. Tﬁo triviai coﬁgitionSrfsr hhe‘lineér mixture rule teo hold
f?%) for A —:B ére: a).éhere is one lév l in A and a product
.st%Ee'B; b) thére are many levels in 2 Su ‘the microscopic rate
coﬁétadts_for deactivation by Eollisi'ﬁ with‘Mi and M, are
related.by a congzghgxﬁactor. These c¢nditions can not Be
N absoiﬁtely satisfied in a real system and tﬁerefo;e the linear
mixture rule can'not bé'obeyed in genegal.’

Troe (SQ! has given a‘thebretical treatment for éo}yatomic
disgociétioh under non-eguilibrium éonditﬁong.'ﬁe conclucded that
the deviation from tﬁe linear'mi;turé rule islwithin'exggpimental
error. Dove and Raynor (81)‘havé §£own{3pat unde:.condiéioné‘
where vib:afidnal,and :ﬁtatiopal eﬁérgy distfibuﬁions are not in

equilibrium, contributions of collisioy partners to the



v;brat;onal relaxatxon and to the dlsseciatlon rate constants
cannot be -added. linearly. ﬁewever, in both stud1es (80 81), the
reactant is infinitely diluﬁed id an inert gas, 'so- that the
effect of intermolecular V-V energy transfer can: be neglected.

In a2 recent paper, que et al (82) sclved the master

- .

equation for the wvibrational relaxation of highly Eiluted

mixturgs 6f‘a molecule in tﬁoﬂégezﬁdeSes, by the eigenvelue
metﬁod (maerix method). They :feched the following conclusions:
a) thetllnear mlxture rule is oheyed under very INmited
condlezons: i) requatlpn is near equilibrium, ii) relaxiation
pebceeds b§ one single step, iii) .the collisional pattern of the
two inert speciee-are si@ilar;' ‘
b)_deviations from lineggaty are aiways @osi:ive-aﬁé vary from a
éew éercent to a faetor’of two.
¢} deviations ffoﬁ liheari%y_are large when ‘the difference
. between the colligional pattern for the two inefe speciesl}is
,f-large. f// | -
d) great curvature in mixture olots cccurs when'a highly
eff1c1ent collider is added to a mixture contalnlng a collider of

low efflczency.

Teitelbaum (29,78) studied the vibrational relaxation‘of_a

mixture of a diatomie molecule, ABT"with an inert gas, M, by

solving the detalled master eguatiom for vibrational relaxatlon.

V-V energy tra fer and anharmon1c1ty ugre explicitly cons:dered

I

and conditigps for the Ei}{glty of the. linear mixture rule were

o B ’

mined. Only transitions between neigHboring'leve}s were

ailqﬁe 'Uiil, and the Landau-Teller scaling law was used to



*

scale the rate constants. The general rate law was. found\to be:

Y

dE . (E-Ep) 2,0 2F Ez
-_—= - Naz k [ + E =, em—— ]
i = aB ki, 1'7(e wy - g e

) : aB | .
o exp = (————— . ) t ’ . (1.28)
. ( . l_xe T—'. -
In this egquation k%:g is -the rate constant for thé process
AB(l) + AB(l) —> AB(2) + AB{0).
1/T = Xap (k150 - kg2 + Xy (kY o - kg, 1) -

yhere‘k?ao is the rate constant for the process

“ ' : AB(l) + AB(0) —-> AB(O} + AB(O)

. and kl o is: the rate constant for the process:

AB( +M-—-§>AB(0)+M
- E, Ew , have been 1dent1f1ed in section 1. l 3 Nag is’ aQe total'
number of diatomic mp;ecu;es, and K, is the Morse-spectros;oplc
anharmonicity constant. Tha aﬁova'rare law differs frgy/thé
')Eéthe-fellerxrate law (eq. 1.8) by an'aéditional term due to.V-V

processes. The V-V contribution decays much faster than the V-T

- . _confribution if it can be assumed (as is usually the case). that

2'g5>k1'0._ However, despite the small amoung,of energy change :

assoczated w1th v-v pchesses, for suff1c1ent quant1t1es ‘of "AB, .
Nag k%:g can be much larger than 1/T and the amplltude of the v-v
contribution may exceed that, of V—T, part1cu1ar11y when the

initial distribution is not Boltzmann. From eqg. 1.28, it is.
. - ‘- . - e L4 ) .I ) . ) ‘ ) .
.clear that the vibrational relaxation ‘rime is not constant.

L)
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Only under conditions where the V-V term is negligible such as
when Npp — 0, or kf:?_ —3> 0 or 'Xe-'—> 0 or : . '
[2E2/(hY) + E - E3/(hp)1, —>0, | ‘ —

can the vibrational relaxation time be constant. In th. general

ses where the init;aif;Bpulation is not Boltzmann such as in

laser “excitation fexperiments or in chemical activation

experimeénts, the yate of relaxation is not burely exponential and
does not -obey the Bethe-Tefger law so that the vibr;tional
relaxétion time is not‘e*pected to be a conséant. It is .
iméortaﬁt in these ;ages to realize that a phenomenological raté
"constant” ié time dependent; This has been defined e.q. (29.78).
by: -
1/z" = -d (ln dE/dt) o (1.29)

o dt :

and 1/PT" or 1/NT" can be written as a function of Xpp and

depends-on five additional parameters:

- B . ' .
al ¥ = kl:g/(kl,o - ko;1)= this represents the elative

- importance of V-V and V-T rate constants.

B AB . . . .
- b)- By = (kl 0o - ko &)/(kl 0~ kO,I):- ;hls is the relat V-

T

efficiency of M and 2aB. 4

) § B - Fw,e /] b 12/ E/mN2 + (E/p) - 002 o}

thlS represents the dev1at10n -from equ111br1um.
b 4

¢) M = CAB/kf this -represents how classical the'oscill;;ing
molecule is. . = -

e) e whlch is the anharmon1c1ty constant. ~
Fzg 1. 12 shows the varlatlon of the effect:ve second order

- -

rate coeff1c1ent,g , with the mole fraction xAB‘§t cog?kant

- -
Ik R . : P



Figure 1.12 Variation of the vibrational relaxation:
rate constant for a diatomic molecule as

a funcetion of mole fraction (Test of the
linear mixture rule).™

N

* Typical conditions used here arey = 100, 5 =10, y, = 0.01. A = 4.5, and dn = 0-1.°

-

g . .
From ref. 78




Nt (k§r0 - kg}i) which is the'most likely‘exp rimental situation{
Atieaﬁly time, the non-linearity is evident. The deviation froo
linearity is alweys positive and exhibits a‘iaximum. This
maximum appears ét low Xpg. It is due to the fact that even
though et low Xpp. the V-V amplitude’ becomes smaller, its Qdecay
time becomes longer. These two propertzes of the V-V,
contrlbutlon cowpete and glve 2 maximum at low Xap- The lxnear
mixture rule is ocbserved only at equilibrium i.e. after several
natural lifetimes from the_beginino of the reIax;tion §zocess.
. - : . :

At this time the-rapid V-V rate has decayed leaving only the V-T
rate, whlch is a linear function of the molar frac%zon.
Consequently, from a llmlted range of xAB' a linear extrapolatlon,"--
to Xppg=0 or Xpg=l leads to false estimates of the 11m1t1ng rate
constants unless measurements are performed at equilibrium.

\\Ege effect of temperature on the linearity of th_'oixtu:e-
rule is not stra&ghtforward. Teltelbaum (78) predlcted that the
non- llnearlty cf the mixture rule for dxatomlcs WIIl be more

pronognced‘at high temperatures,,as has been .observed
‘experimeotally (83) for polyatomics.

Rao and Mallu calculated the vibrational relaxation times of "/
SO,-Ar and CHg-Ar mixtures between 300 K and 2000 X (84) as well
as of CH4-O£~hixtufes between 300 K and 1400 K (85) by using the
SSH-Tanczos method'(Zl). The reczprocal relaxat1on tlmes uene
plotted as a functlon of the mole fract1on at dszereno

~~

) temperatures. Thelr :esults show non- 11near1ty 1n the mixture

rule which becomes more pronounced at hlgh temperatutes, (fig.

-

1.13 (2), (b) and (c)). Rao suggested that V-V 1ntermolecplor'

-
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Figure 1.13

a funtion of ‘mole fractioiééﬁf&@;ﬁi the :(
.linear mlxture rule). . ' i

Variation of the vibratipnai relaxation
times calculated by SSH-Tanczos method as
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exchangee are responsible for the non-linearity. Stretton et al

‘_(§6) calculated the rate of vibrational relaxation for mixtures

LY

: hOf 0, with CH4,KCD4, CoHy, szkjkg\ESf-HDO using-the SSH-Tanczos_

method. A plot of the reoiprocqlwfpdz ation time vs mole

fraction of O, shows clear non-linearity in fi 1.13 46).
Up to now, ‘the conditions for the valld1ty of the llnea:.

mixture rule has been dchussed. SOme theoretlcal calculatzons

——

Wwhich clearly indicate _an expectat1on of non?11nearity hgs been‘

presented[ Now" _some exper1mental results on this subject

concentrat1ng on three categorles of experlmental results will be

Presented.
- . > o '
In the first gategory, the mixture rule is found to be
‘ - 1

linear within experimental error (41, 67, 70, 87-93). .However,
the POSSlblllty of non-linearity cannot be excluded. In fact,

-tbe‘experlmental error does not allow us to confzrm the p:esence

or the absence of llnearlty. Since there is no ev1dence for non-

“linearity in this categoty of experimental data, the linear

mixture rule is explicitly or implicitly assumed by the authors

.‘_

’ to*?e vélidh Several examples show this lclnd of behavloutn'

_“

Hancock et a& (87), measured_the vrbratxonal telaxatfbn tlmes of -

DF-Ar mixtures between 198 K and 296 K us1ng the laser

fluorescence technxque- At 264 K and 2°6 X, the rec1procal of'

' the vibrational relaxation time was found tofférEZnear with mole
_fraction ]fig: 1.14 (a)) However, at 232 K, deviation.from
linearity was apparent (fig. 1.14 Yb))._ This behaviocur 1is

. itobablydue to the dimerizazion of DF. The rate of tibtétional

axation of HF-Ar mixtures has also been studied by Hancock et

RERA
AU TS

Ay



(g} Ctserved DF excitation and quenching r;m.:s as a func~
tion of DF molélraction in argoa at 296 *K.
From r&. 87 ) J

1 -
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.
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0 skc™’ Torr™' _

O T o " dos oo o,
.- ’ X, ;
7 (e} vibrational relaxation rates in HF-Af mistures 33 3

lunction of HIF mole {raction. The intercept is k“",-éﬂto.
set"'-torr". and’ the ‘lqﬂ (kll"!l'-‘uflt) - (8.7420.%) X} 3 .
sec™tetorr~t, Data were taken at fixed argon pressures: + at 31
torr, O at 9.9 toer, and A at 114 tort. .
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b2 :
al (88) using-the_lgser fluorescence technique._ Mixtures with
mole frgctions down to 0;601 of HF were measured. The ploé of
;/pz vs xéy‘seems to be perfectly linear between Xyp =:0.001 ané
0.08 mole (fig. 1.14 (c)). However, linear extrapolation up o
Xyp=1l gives results which differ markedly from the ?quits of
pure ‘HF, thus indirectly indicating non-linearity. Hancock et al
(66) measured the vibratipnal.relaxation of OCS(0,0,I)-CO
mixtures between Xocs:E,OZ and Xpeg=0.9. Despite the ;afge
en§ugh range of mole fraction we cannot see any evidencé for
nonline;;Ety (fig. 1.14 (d)). In many cases, the plots of the
reciprocal of the requatioﬁ time vs mole fraction seem to be
lineaf withfn'experimental error. However, the range of the mole
fraction 1is not_iafge enough to allow us to decide on this

conclusively.

In the second category of experimental data, the linhear

—

'mixtu:e rule was assumed to hZ:§ within experimental error.
. . - ’/\

However, non-linearity can be ea {lyedlserved. Several examples
show tha; non-line;r plots give a bette representation ofithe
mixture rule than lin;;;‘ones. Dove et al (94) héasured the
vibrational relaxation of Hy in several iqeit speciég; Their
results are represented in fi;. l4(e): Itlsgems that a*cufve
gives better rep{eSentation of their 1/PT vs XH2 data. _Borrel et
al (95)'measdnédwé%e vibrat%onal relaxdtion of HC1-CO mfxtu:es in
a.skock tube. Their results"are éthn.in fig. 1.14(f). ) Ag;in
here,.a curve gives a better fit to éﬁe éxperimeqtal data. fhi;

also may indicate a break-down of the linear mixtire rule.

Several other examples show that a curve gives much better fit jo

L1
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experimental data than a straight line (96-101). This leaves

some doubt about the validity of the linear mixture rule in the

examples mentioned in category one.

o

" In the third category of experimental gata, the linear

.

mixture rule clearly breaks down. Several examples 1n the

1iteratﬁre exhibit a nonlinearity in the plot ;f the rgciprocal
vib;atiqnal relaxation time vs hblé fraction (50,83,102—165).
Fig. 1l.15 shows two examples.of such a plot (taken from ref.
105).  In fhis figure._the-mixtu:e rule for CH,-Ar and N,O0-Ar
vibrafional relaxation are presented_agﬁdifferent temperatures.
Distortion froﬁ linearity is most e;;dent at mole fractions

<0.02, and.is most pronounced at high temperatures.

In summary, non-linearity arises when experimentalists-force.

*a fit of the data to a first order rate law, whereas mixed first

and second order -kinetics might be a better representation of the
data. Secénd drde:'Y-V_proceéses are_vefy important at the
beginning of- the rélaxation; they are responsfble for the
deviation from lineafity which arises from pure first order”
kinetics. ﬁén-linearity be&om@sEQery important at high
temperatures. Non-linearity arisesufo: dissoéiation reactions
also when thé reactants.afé'not in thermal equilibrium below the
critical energy. And finally, several experimental data show
that the linear mik;ure rulé'ié not generally‘va;id. .
1.6 Jistification for the present study T '

| grevious results on the vibraﬁisnal relaﬁation of éblyatpmic

molecules seemed ambigious  and at- best inconclusive. For

example, literature data on the vibrational relaxation of N,0 are

.
n -
- -
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in conflict with each other. Furthermore, while most of . the

theoretical studies on the linear mixture rule prédibt the -

failure of this rule, many experimental results show that -the

lihear mixture rule is ébeyed‘(within experimeptal error). For
these reasons we have decided to study thezvggié;iqnal relaxation
_Lof polyatomic molecules in éome detail .in order to understand
the mechanism of tye relaxation ;nd see why most of the data on
polyatomic bolécules are in conflict. We chose N,0 for such

- . study as-a medel compound because this molecule has been widely

tested an? the reported data are in contradiction. on the other

hand acetylene .is leSs known, it relaxes extremely fast (~20
biﬁes faster than N-5O), its.gtructure {i.e. ﬁibratipnal level
diagram, symmetrization, number of atoms per molecule) is
different grom N-O. Acetylene will therefore provide additional

information on the. structure - relaxation relationships.

-y
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~_/ - . CHAPTER 2: EXPERIMENT

A shock wave technigue has been used to measure the

"vibrational relaxation time of N»0, CZHQ, and C,H,~-Ar mixtures.
. o /

The shock tube has been widely used over the last 30 vears to
study vibrational energy transfer, combustion, isomerization, .

dissociation, ionization -...etc. It is a very valuable tool for
P .

[

the study of physical and chemical processes at high:

. . ' ’ —_—
temperatures, because, not only working temperature, pressure and

gas .compositions can ‘be varied over a wide range, but also

-

) &7

‘because the shock generated process can be ‘monitored by a variety
of instrumentél methqu.

2.1 Sound waves'éﬁd shock waves

The 1ideal sound wave 15 a reversibly, isentropic,adiabatic
process. It is propagated through the gas by collision between
molecules, and there is no net flow of the gas molecules in the
direction of the propagation of the wave. It can be shown that

the propagation velocity, of a sound wave is:

@ =‘./LCP/CV)/9P =‘f(CP/CVJRT/W , ; (2.1)
where W and P are reépeétively the molecular weight and the

density of the gas. ST

A §hock wave 1s produced when a disturbance 1is fo:cgé\

~

'fhgough a gas with a2 velocity greater than the velocity of the .
sound wave. When a shock wavecis‘prod&ced, a sudden increase in
the pressure, the temperature and the density of the gas océurs,
and the molecules will be set In motion in the same diréc;{gg as

the shock wave. Unlike the sound wave, the shock wave is an

irreversible with positive entropyrchange process.

R

f



2.2 rormﬁtion of the shock wave '

A shock wave;is produced in the laboratory by a shock tube.
A shock tube consists basically of Eéo séétions separéted by a
thiﬁ diapgragm which can be burst wh;H reguired (f£ig 2.1 (a))s

One section is filled with a high pressure gas_ (the driver

section), and the other section is filted with a relatively low

pp——

pressure test gas (the test section). When the diaphragm is
burst (by mechanical means or -under the high pressure of the

driver gas), a sHock wave is formed. This rapidly moves-at a

‘supersonic velocity and rushes out to compress the test gas.

Within a shorﬁ time, the gas flow becomes'stggdy, and a_sﬁarp,
planaf boﬁndary (the shock froné) éeparating the unheated test
gas from the'hééteé gas is formeé. Behind the shock front, the.
contact surface separating the driver gas from the heated gas

t

moves at lower wvelocity than the shock frqqt (£ig. 2.1 (4)).

‘Simultaneously, an expansion wave or a rarefaction wave moves

' back into the driver section at the speed of sound. This wave is

characte;ized by a falling temperature. -

The variations of the pressure and the temperature along the

shock tube are shown in fig.2.1 (b) and (c). The pressure and

temperature rise sharply from Ty and Py in the unshocked gas to
Ty and Py at the shock fromt, and remain constant (if no chemical
or physical changes to the hot gas resﬁit) until the contact

surface. . Behind the coltact suyface, in the driver gas, the
. L

temperature falls down below the room temperature T, then rises .

. . / .
slowly in the-ratefaction.zone to reach Ty. The pressure rises
o

slowly in the rarefaction zone to reach the initial pressure P,
) ) . 2
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- = . .
- - ‘- r . -
in- the driver section. ‘

The thermodynamic states are determined by the initial

conditions of the unshocked gas, the shock wave velocity and the
conservation laws of fluigd mechadics. This witl he discussed

later in section 2.6. At the shock front, the kinetiec energy of

the gas entering the shock front reaches equilibrium in only a

- . ) : ' . .
few collisions. For most polyatomic molecules, rotational

%

equiiibrium is essentially reached in less than 10 collisions.

However, the vibrational energy reqguires typically several

thousands of collisions to reach equilibrium. The temperature

profile for translational, rotational and vibrational

'"tempezatures"'of the shock front are shown in fig. 2.2(a).
Initially translational deg:ée of freedom is excited, this causes
the‘translational temperé:ure to increase. Energy is transferred
from translational to roéatiopal and .then to vibrati6nal dggrees
of freedom. This caugés\the.translational and . rotational
temperatures to fall and the vibrational temperature to }ncrease
in the shock wave.. The density is inversely proportionél te the
temperature and varies as shown in fﬁg, 2.2(b). The variation ;f
the temperature and the density behind the shock front can be
directly related to the cheﬁical and physical procesées occuring
'behind the shock front. In section 2.7 we shall discuss this in

terms of vibrational relaxation.

2.3 Shock Tube

The nickel coated steel shock tube used in our laboratory is

" schematically represented in fig.2.3. The low préssure section

(internal dimensions 6.8 cm X 6.8 cm) is 319 ¢m long. The high
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Figure 2.1 The shock tube (showing pressuré and -

- temperature variation). s
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presshre section (9.5 cm internal diameter) is i23 em iong.
* . " .

- ~ . ‘ .
These two sections are separated by an aluminum £foil diaphragm.
. » . . . .
of varying thickness. _
. - [ .
The pressure of the test gas varies from 0.5 to 20 torr, and

the pressure of the driver gas (He) réquired to burst- the

diaphragm depends on the stréngth of the aluminum 'foil - in our

hal -

. . - ’
case:

90-130 torr for Alcan regular household alumlnum £o0il (-~ 0 02 mm
thickness)

110-160 torr for Reynolds household aluminum foil (-~0.02 mm
thickness)

s

190-250 torr for Reynolds aluminum foil (heavy duty) (~0.04 mm
. : thickness)

250-600 torr for extra thick Alcan Alumlnum fozl {(~0.1 mm
thickness)

The latter foils were scratched diagonally with a pencil or a

screw driver. in order to create a gcontrollable variety of

diaphragm strengths.

2.4 Gas handling systeﬁ’and gas mixtures

)
Steel storage tanks of 235 1 capacity were used to prepare

——

the gas mixtures. They were evacuated to a pressure of less _than

"10-2 rorruby a rotary pump (EDWARDS’ EDM 12) and down to

S
approximately 1077 torr by an oil diffusion pump (SPEEDIVAC

EDWARDS HIGH VACUUM-LTD). Acetylene (99.6% pure from Matheson)
was dlstllled twlce and then acetylene-Argon mf’fures were
prepared at least 24 hours before use. Mass:spectrometrlc

analysis showed no impurities in the mixtures. Nitrous oxide

_(99.99% pure from Matheson) and Ultra—ﬁﬁgh purity Arédﬁf$99.99%

-

pﬁrity from Matheson) were used directly from the cylinder

-



., . . . -

without any further purificatiogt . \\ '

Gases w&re introduced into the test. section from the mixture

.stbrage tanks for C2H2 and C,H,-Ar mzxtures and directly from the
“ -

-

= cyllnder for Nzo. Pressures in ehe test sectlon could be measured,

l

—_— 'u51ng a calzbrated McLeod gauge for pressures less than 1.5 torr

-

or by a éalibrated oil manometer for pressures betweer 1.5 and 5
torr or by a callbrated mercury manometer for E;essures hxgher
than 5 torr. The drlver gas, He, (99.995% pure from Air’
Products) was introduced dlgectly from the cylinder intg the
driver section until the diaphragm burst spcntaneoegly.

Leaks in the-shock tube and in the'tanks were- tested

routinely using a He-Ne ma'ss spectrometer leak detector'fVARIAN

“gf\ﬁ§25-40). The oetgassing rate in the shock tube varied between .

F 4

-

2073 and 10~ % torr per minute-and the time between the filling of
the shock tube and tHe initiation of the shock wave was kept to

less than one minute.

2.5 Measurement of shock wave velocity
The shock wave velocity can be measured by determining the -
time taken by the shock wave to travel between successive laser
beams crossing the shock tube perpendicularly at several
positions roughly 40 cm apart (fig. 2.4). A He-Ne laser (6328 ;)
_(SPECTRA PHYSICS 120) was used for this purpose. The laser is
split 1nte‘two beams of equlvalent'1nten51ty,with'a EEam
splitter. One beam is used for the quanFatative'laser schlieren

system and the other part £for the shock wave velocity

determinati&h system, which also makes use cf the Schlieren

- -

effect (see Section 2.7 for details of the laser Schlieren_
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effsct).’ THiﬁ latter beam crosses 'thé;shock tube

pegpendicq}arlylat three éifferent positions by meahs of' ‘4

A b

mirrors‘fhrougy‘flusﬁ'fitting sets of windodsi_ The ﬂihdowslage.
oé,Schlieren'qdalityséflaf to l/20°ofra'wa§e lenéthh The
deflection of tHe’laéer beam by the -shock w&&é at any of the 3
posftions can Bé detected by a foux-quadrant-cbhnected photodiode
(see section 2.8 for more details). The Signa;;dqe to ‘the

deflection of the laser beam was amplified-using sets of Summing

~

.mand-differen;ial amplifiers constructed in our laboratory (see

section 2.8). The signal was displayed and stored on afdigital
oscilloscope (NICOLET 290-111). Knowing the distances between

the laser beams-an@ the time taken by the shock wave to travel

I

between two successive positigns (one sees, 2 series of

alternating positive and negative spikes, one for each
interaction), the shocdk wave velocity can then be measured with

an accuracy better than 1%.

2.6 Shock wave parameters
/

Shock wave-parameters can be calculated by seolvihg the
- S

Rankine-Hugoniét equations for shock fiow (13,'IQ557107) and by

city.

using thermochemical data (108) and the measgred shock’ ve

Under the assumption of no heat exchange ir the shock wave %o

chemical reactions, no radiation éﬁg that~the test gas

initially at rest, the Rankine-Hugoniot equations
3
can be weduced to:

-

RPu, = Pale : for mass conservation

Py + PoU2 = P, + P,u2"  for momentum conservation (2.
1 + 02/2 = ﬂe + U2/2 for energy conservation
o o _ e _
~ ‘ A
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In these equations, the subscripts’ o denote initial conditions

in the test gas, and e condltlons where all degrees of freedom
are exc1ted' {.e. thermal equilibrium. Uy, is the. shcck wave
.velocity, L is the density and ﬂ is the energy of the gas.,

.| Two ad@{tional equations are used,

R =P v}o (HTo) =P wo/(,%'r ) - $22.3)
the ideal gas, law and h — - -
4. (14’x°) (S/2)RT + X ((7/2)RT + E) : (2.4)

for linear rJolecules, where Eis the v1brat10na1 energy and X,

S,
J .o c
the mole fractlon of the vibrati molecul (l-xo) 1s the‘mole .
i )

fraction oq'the inert diluting gas (Ar in our case).
e ‘ i

From ef. 2.2 (a) and 2.2 (¢}, U

) 7 » can be obtained; .

N (2.5)

From eq. 2.2 and, 2.4 A /P, can be obtained; .,
po/ﬁg\ [1/(2T'}q[az(r Te+To)¥ Y2F-T +T ) +4T Tel  (2.6)
where F = (WO/R)(ﬂ -4 '

For a given Ty, we have ﬁ% and U,.. Py is easily determined

-—

from (2.3). w draw graphs'%f Té vs U° and Po .vs Ug- By

interpola ion’from ghese gxaphs we can deduce the pressure andé

temperatu e from a measured shock velocity. . 1

N

2.7 Laser\Schlieren system - -

-In-the ‘ser Schlieren System the time dependence of the

laser beam deflectlon (whlch is proportional to the density

gradient caused by the energy transfer) is measured and hence the

rate of vlbratzonal relaxation 1s_determ1ned.

\\
Paa

-t

The principle of the laser schlieren system has been
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' discussed in detail by Teitelbaum (13) and by Kiéfer_et—&l (169).7
A brief rééumé’of :he mathematical gquatioﬁsligvaaqed in
calculation of the vibrational ‘relaxation time 'is given below.
Under conéitions where (é) the refractive index77=l. g3
-deflgéfions are small and (c) the lése: beam 1is perpéndicula:‘to
- the axial flow, the deflection of the laser beam'by a refractive -
index gradient dn/dy is gfven-(lO?, 110) by: | )
@ = ldﬂVﬁy ' , - : | | (2.7)
where 1 is the internal dimension of the test sectidn sgd y is.

the coordinate of the laser beam in the shock tube (See fig 2.5).

{

-

The relation between the :efractive.index,77, and the gas
density,;), is given by the Gladstone-Dale law (11l1):
1. +8pP | (2.8) .

where{3is the spécific refractivity of the‘gas.'é is then given

N |
"

L] J - N »
1apQ/dy o ©(2.9)

The s€cohd term of eq. 2.8,5;1, is negligible compared to 1

© -
"

for g¥ses,. énd therefore, condition (a) is satisfied. Condition
(b) is also satisfied under our experimental‘condifions (the -
largest deflection wgﬁ\io'é radians). Condition (c)-is easily

satisfied (see section 2Z.9).

-~

In'a mixture of several gases, the specific refractivity ]
_ P

is related to the individual specific refractivities of each

-

component,‘ﬁi, by (110):
B = EBiXW; /EXyH; . (2.10)

"where X5 andg W; are respectively the mole fraction andéd the

molecular weight of component i. B

L]
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Figure 2.5  Laser beam deflection on photodiode.:

L.B. Laser beam _
P) Photodiode

7.8, Test seciion |
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For small deflections, @, the displacement of the laser beam

"on the photodiodé is given by A =D6 where D is the distance from

gt

the centre of the shock tube to the photodetector (fig. 2.5).

Hence, the deflection at the-phdtodiode is:

A =pD13Q/dy. C(2.11)

. Kiefer (109} has shown that in the limit of large D fas in this

case), geometric cptics can be applied except for the beam-shock

: \ ) .
front interaction. THen, if y is the coordinate of the laser beam
in the shock tube,.thé coordinatelg,at the photodetector is:
I
5(2) = ya/ao + A =—ya/ao:f_ﬁlnqp/dy ‘ (2.12)

which is a sum of the deflection due to the density gradient 4,

and the divergence inherent in the laser beam, a/a,, where a

o and
-

a are the laser beam radii at the shock tube centre and at the

v

photodiode respectively.

It has been shown (13) that the voltage generated by the

- shoeck wave deflection is given by:

, 8 310 AP £ty agk 1
V 2V, Gy/= == —=— exp (- —2=-) (l- -2—= ) L(2-13)
. VT a Tu T au? '

where G is the gain of the amplifier, V, is-the maximum signal,
. N .

t, and ral are respectively the time and thé relaxitiqn time in
laboratory coo:?'i{l,ates and K ='r3 lDAP/(Uo ‘C*:)_,exp.(-tl/t.)-, A

piot cf log V vs tl.should give approximately a straigqht line

with slope:
S = - 1/(2.303T7)
and intercepts: ~ .
\[8_ AP A1D ak ,
lcg VoG _ﬁ: E;E -—-;- (1_- ;az;) (2.14)
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~— The observation section for the laser Schlieren system is

schematically represented in fig. 2.4. The laser beam crosses

i

the shock tube at right éngles through optically flat windows and
 falls perpendicularly onto'é four-quadrant photodiode. The
deflection of the laser beam'caused:by the vibrational energy
transfer is'deteéted by the photddiodé, émplified with an
aﬁplifier developg@ in our laboratory (see séc:ion 2.8 for‘
details), and then sEP:ed in a digital.wave form ahalyser of 10
nsec ho;izontal-fesolution and (;1/256 let vertical resolution
(Gould Biomation 8100). Some time after the experiment 1is
completed thé digitél signal is extracted and displayed on a
digital oscilloscope (a second channel of the same one used for _
the shock.w;ve velocity determinations). . The laser-Schlieren
method is known for its high spaﬁial and temporal resélution
(risé time. of O.UZfasec. and spatial resolution—bf,~0.ﬁs mmfor
shock wave velocity between 1.5 and Z,Lammﬂﬁsec; (13)). EE;
minimum density gradient which could be measufed is determined by
the statistic§1 noise.’ It is equal fo 10-2 g/cm4, and the
gaximum‘dehﬁity gradient was found {B be 10'3‘g/cm4 (13).

" The beam sélitéér, and mirrors are mohpted on standard
optical beﬁchés. The laser and optical benches rest on the same
‘1arge piece of concrete (-lOOOng‘supporﬁed by seweral-tgick
rubber stoppers. In this wig//gibratioﬁel fregquencies greatef
than 12 Hz .can be damped out. However, since botﬁ ﬁhe'Sourge and
.. 'detector are'oscillating in phase, the only noise measg:éd is the

inherent electronic noise and that due to laser instability. The

heavy shock tube itself is clamped to the concrete floor of the
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laboratory, thus'ayoiding recoil of the shock tube itself. The

shéck tube was not in physical contact with the optics.

-

2.8 Photodiode and amplifier-

A fodr-quadfant photodiode (United.Detectgg technology PIN=-
SPOT/8) of 1 cm? active area, 0.5 mA/mW;sensitivity, 0.25:mA.d5rk
current, 25 pf capacity and a noise power of 2x10‘§ watts has

been used to detect the laser deflection beam. It provides a

fast (one nsec. response time) and effi&ient'response to

vié&ble light (signal tognoise ratio better than 20,000:1) (13).
Each guadrant is connected to an external lead. The current
generated by each quadrant 'is given by:

V; = r;s;p; ) {2.15)
Where p; is the light power falling on it, S; is the senéitivity
of the guadrant and ri;ié thegload re§istor (loon) (;ig. 2.Gf

The leads A& and C are connected to a differential video
Y

agplifier (Fairchild MA733C) ©£/10 nsec rise.time and low noise
A S K

in order to maintain a good response guality. The leads B and D
are also connected to a second differential amplifier

(£ig.2.6). -Fhe two differential signals can be subtracted and

—_

added at thé\input of the digital waveform analyzer and then

displayed on the Nicolet oscilloscope. Then:
~ ‘ t : —_

Vi -V, =TSG (pg + pc - Pp - Pa). (2.16 (2))

Vy + Vo rsG (pg + Pp = Pp = Pg) {2.16 (b))

where G. is the gain of the amplifier.
Vy = V5 is the d&fference‘between the laser ligpé falling -on

the right half and the left half of the photodiode. Hence vy -

~
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Figure 2.6 Photodiode and amplifier operation.
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V>, measures the deflection in the horizontal direction which is

caused by the density gradient of the shock wave. Similarly,
Vy +'V2'would be a measure of the laser beam deflection in the
verticél direction.

& third 51gna1 generated by all four elements of the

-

»

photodlode summed together is also obtalned and can be fed into a.

third oscilloscope.: The source of thlS- signal is the bias
potentiol of the photodiode (fig. 2. 6+r——ff the deflection of the
laser beam is large or if stray scattered light eoters the
phorodiode,‘the amplitude of this signal will change. _In

preliminary experiméntsiwé found no unusual sighs of stray light,

,0 of large deflec¢tions beyond the beam-shock front ifteraction.

Therefore we did not monitor the 51gnal on a regular basis.

_The unampllfled 51gnal from each guadrant can also be
followed by measuring the potential drop across.a 10 K resisror
connected in series with eaco of the four elemeoto (fig. 2.8).
These were contiouously monitored in 2 sets of‘differential pairs
to ensure that thé beam was centered on the photodiode.

‘The photodiode and the eléctronic circuit of tho amplifier
inoluding'storage'capacitors.are protected1from oickup or
interference by housing the ensemble in a single solia'ﬁetalibox.
The box can be displaced and rotated in all directions by

mounting it ¢n the optical bench. Short terminated cables

ensured a time response of better than 0.1 msec. This was

‘checked by imposing a pulsed signal from a wave form generator.
. B . ) -

The rise time was found to be better than O.ITASec.
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2.9 - Calibration and alignneak of the schlieren optical system

Calibration and alignment of the schlieren optiéal system was
5\ .

91

performed periodically. Before\any measurement could bhe done we

" had to ensure that the unampl?fied signals measure@ at each .

. ! . .
quadrant’ were the same. This was accomplished by measuring the

—————

)
)

veltage generated by using an oscilloscope (Telequipment
Oscilloscope Type 01011) when _the laser beam falls éntirely on
v : . - [y
: : \
each of the four quadrants. It was found that all four signals

were identical within léss than 0.l%.
The gain of each differential amplifier could be adjusted by

measuring the amplified signal from any two adjacent quadrénts

and, then chénging.the potentiometer until the two amplified

signals equalized. The gain can be measured by comparing the

amplitude of the amplified and the‘unamplified signals.--

—~THe laser beam can be centered on the photodiode by

_measuring the differential sjgnai simultaneously from two

horizontally adjacent and twéfvertically adjacent guadrants. The

photodiode is displaced vertically and horizomtally until null

" output is obtained from both differences. This calibration

J——

is necessary before each experiment.

- The following one—éime alignment was performed be%o:e‘ady
measurement gould'be done. First, the horiéontal boundary of the
photodiode wés made.parallel to the shock tube axis in order to
eﬁsure that the measured voltage Qenerated by the shock wave

corresponds to the axial density gradient. A straight line was

drawn on the outer shock tube wall parallel to the shock tube

axis. Then the mirror which\reflects the laser beam onto the

-
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photoaiode was rotated around its vertical axis and the

R ) . -
trajectory of the reflected laser beam on the shock tube wall was
compared to the line drawn on the sheck tube wall. If the

trajectory of the reflédcted beam was parallel to the llne drawn,

the vertical axis of the mirror was therefore normal to the shock

tube axis. ‘If this were not the case, the position of the mirror
. %

was adjusted until_the two axes were perpendicular. The

" reflected laser beam was then allowed to fall ¢nto the

photodiode. The mirror was again pivoted around its vertical

‘axis and the laser beam swept across the photodiode face. The

generated voltage was observed on the osc1lloscooe. If the

“horlzontal“ photodlode boundary was parallel to the shock tube

<

'axls, the generated voltage (Vq -+ Vz) would be constant and

remain uﬁchanged throughout_the entire displacement of the laser
beam. If this was not the case, the photodiode was rotated in
its socket around the axis perpendicular to its face until the
desireq'constant signal was obtained.

The laset beam c?%ssing the shock tube and falling onto the
photodiode should be ﬁormal to the shock tube axis and to the
horizontal boundary of the photodiode respectively. This

condition could be met by superimposing the incident laser beam

. withlthe reflected one from the observation windows of the shock

tube and the photodiode ' surface respectively at a distance of
several meters. The laser beanm wastkept nermal to the shock tube
axis and to tﬁénp todiode in the hotizontal plane. However, in
the vertical lane along which we expectéd no schlieren

/ .
deflections a .slight deviation from normality was deliberately
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made in order that the photodicde not reflect radiation back into

M ™

the laser source. °*

- -

2.10 Experimental procedure and obSefanion <, |

Before\any expeﬁihent, theAshock tube was evacpatedAdown to
,lO'ztorr using a rotary pump then down to a pressure,o% ~-10-3
torr using diffuéion pumps (séme pumps used to evacuate the
storage tanks). The test gas was iﬁﬁroduced into the tés;
section. Before infrodtcing the driver gas (He) and bursting the
.diaphragm, the laser beam was centered‘ai the photodiode to make
sure that all four quadrants generated the same voltage.. The

Biomation and the Nicolet oscilloscopes were reset. Then the

_driver gas was introduced at a pressure high enough to burst the.

— e —

.élumipum diaphragm. The streﬁgth of the shock wave depended on
the driver pressure, and this could be contéolled by varying the -
thickness g;é the strength of the aluminum diaphragm. When the
shock wave crosged‘the laser beam used for the velociﬁy
measurement, three sé}kes were successively regisfg;ed on ;he
Nicoigt oscillo#cope allowing the shock wave velocity td,be
measured (see sections 2.5 ana-z.s)._ When the shogk wave crossed
the laser beam destined for the guantitative laser schlieren
system, the waveform analyzer (Biomation) was trlggered by the
signal generated by the shock front 1tse1f, and the szgnal thus
registered in the Biomation unit, was later transferred to the
-Nicolet oscillogéope and stored on a magnetic disé. Since the
Biomation unit was equlpped with a pretrlggerlng function 1t was
easy to obse:ve the 51gna1 even before shock arrival and thus

have an unequlvocal zero base line.’
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| Fig. 2.7 shows a typical ekample‘of a3 laser schlieren signal
- .

ocbtained from a mixture of 5% C,Hy in Ar. This signal like all.

-

other signals is characterized by a small negative and large

positive spikes caused by interaction of the laser beam with the
i . . .

curved. shock front itself, and a nearly exponential decay which

is due to the densiti'gradient during relaxaticn of the test gas.

Only one part of-the-:elaxatioﬁ zone is observed in the laser

-

echlieren sigdel,"the other bart is covered by the shock front

B

itself. A plot of the logarithm of the voltage vs time might

give a straight line if the decay is truly exponential, or a mild
curve if this 1is not\the.case.f For some experiments we obtained
a straight line within the experimegtai error. For some other
. . * L] :
experiments, a milé curve gave a better representatiop of the
decay. However, from one single experiment it ‘is imposeible to
draw any conclusion about the shape of iﬂe log-plot of the
- voltage vs time curves, for three 1mportant reasons a) We are
measuring only a small portion of the relaxation zone. Over one
or two natural lifetimes, it is aifficult to distinguish.a sum of
2 exponentials on@}ofrwhich decays at say tw1ce the rate of the
other from a pure eiponential decay by graphical means. b) In the

unhidden signal, the signal to noise ratio near equilibrium is

:elatively small for molecules that decay as fast as NZO or CoH,,

S50 that we could not measure subtleties in a single experiment

despite the well. known capabilities of laser schlieren for high

precision sensitive measurements. c¢) In any experiment, there is
a finite temperature change, which in principle affects the value

of PT' (the vibrational relaxation time in gas particle

94 .
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’ceordinates). Thus a time dependent PZ' does not necessarzly

imply anythlng about the 1ntr1n51c constancy of.PT'. In fict we

needed to extend the time reglme in order .to decide about the
=1

shape of the log-plot curves. This:could be achieved.by varying.

the initial pressure of the test gas. Increasing the pressure of

L

the test gas has two-important effects on the laser schlieren

"signal: 2a) it increases the szgnal size and therefore 1ncreases

the signal- to -noise ratio, b) 1t extends the tlme regime. In

fact Pt‘lS'the constant in guestion. At higher P,t' decreases.

-

At a fixed measuring time, t (~1 psec), the measurement |

corresponds to a larger t/T'. -

A large number of experiments were performed at different

test gas pressures and d}fferent driver gas pressures. A wide-
range .of tempetatures and tiee regimes were acteseible for pure
gases and for mixtures. This sytematrb\&iriation oftour
experiment;l conditions allowed us to study the effect of the
time‘regime on the vibrational relaxation time at fixed'
temperature and] the effect of temperature on the v1brat1onal
relaxation time at flxed tlée a; well as the effect of

-

temperature and of tlme on the validity of the linear mixture

‘rule. All-of these results are discussed in detail in the next
- chapter.

2511 Data. reduction - . C - P

Three methods were used to calculated vibrational relaxation_‘
times of ph:e gases and of mixtures. The Blackman method (112),
Kiefer's metho@ (109) and a point-by-point analysis developed by

Teitelbaum (83).

P g



The first method is based on the validity of the Bethe-

Teller law. The vibrational relaxation time is assumed to be

b}

s W ) . .
constant, “the measured voltage is an exponential decay and a plot

7 . - V .
of the logarithm of the voltage vs time is nearly linear. The

slope, 5, of the lbg-plot of the voltage is directly related to

‘the vibra®ional relaxation time. The reciprocal of the slope

1/(2.3038) is indeed. the appaient vibrational relaxqtioﬁ:tiﬁe in

labdratoryfcoofainates {(laboratory time), T *. The laboratorytIme

ti, is related to the gas bart%cle time tg duriﬁg which;th Las
lmoIEEGles haée actually been heated. ‘- From considerations of the
gés compression, it can b& shown (106) that the-time for which
thegas;ﬁ:ticleshqve beer in tHe-sho@k wavé'is éivén.by
fglo/gd; which.is épproxj.matel;“ tlb/,oo:' Therefore the relaxation
time in gas-particle coordinates is. obtained by multiplying
l 1/(2.303S) by the equilibrium dens}iy ratip.

i .

The specific heat Cp can be written in the form:
‘\ B -

Co = Cp + Cyiy 2,17y

where C is the specific heat due to the external degrees of
freedom and Cyip.is the contribution to ﬁhe~specific heat due to
‘vibration. It turns out that the Giﬁrationél rélaxafion‘timg as
determ{ned from the élope of ailo; plot should’be multiplied by
Ehe sgec;fic heat ratio ?b;(cp'cvib) in order to correct the
results for the variation of the translational teméeratu:ei At:

Tow Eemperatures, the fractional population of the vibrationally

excited molecules is véry small and the ratio Cp/(Cp—Cvig) is
very close to ;. ﬁt hﬁéh'teméerature, the population of

vibrationally excited molecules is high., Cvip then becomes

*
2
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important and the ratio CD/(Cp - céib) can approach 2 in extreme
cases. Finalf&, by multiplying the .relaxation time by the -
equilibrium pressure in atm, one normalizes the results to one

atmosphere. The final expression for the vibrational relaxation

time in gas‘garticle coordinates is then:
£ C Pe D 1
Pt = - — 2 &€7°

(2.18) .
R, Cp-Cyip Po 760 2.303S

-

This procedure, -due to Blackman (112), assumes no cﬁupling
bétween the rate eguation and the hydrodynamic equation;: It w;s
used in this work to obtain a éood approximation of PT' and its’
' temperature dependence.

In a more rigorous procedure due to Kiefer (109), the réte

'y ‘ . . ' . ;
of change 0% the density is measured at each point of time,

‘Thus, one can obtain an @5timate of the vibrational relaxation

time at eééh point of time,\ijgzééfng to the following .
phenomenology: | : | o

= P(l-dEp/dE) = ~
PT' = —————mm—oo
d/dt 1n(T&E/dt)
dé}dt can be written as: | oo ' o ™
4B/t = (GE/4D) (40/4y) (dy/dty @t /dt)
= (dE/d0) c,dp)dy)(uo) (P /0) (2.20) .
Also ) ;
dEp/dE = (dEp/dT) (4T/4P) (P/dE)
' = Cy,ip (dT/dD) (@L/4E) | (2.21)

In :the pecint-by-point analysis, an analytical expression

based on a solution of the Hugoniot eguations and their

derivatives is obtained. The vibrationalrrelaxation.time is -

*
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. given by:

PT" = —memmmem—mmmmmmee [(Py + Pougcl-ﬂgﬂo] . (2.22)
(GE/40) (0/4Y) U0y .

In this equation ¢" is a phenomenological relaxation time defined

T = —o=memn | . <

The first step in the point-by-point ﬁethod as well as in

" Kiefer's method is to cbnvert the voltage profile to a density
profile. 1If we assume that the density gradient in the hidden

' region ié expohgnfial and the'time origin 'is at the shock £front,
the density of the first point can be calculated by integrating
from-t,;=0 to t; . Since we do not know whether the density
profile is of an exponential form or not, and we were not sure
that the time zero corresponds to the arrival of ‘the shock front
.to tﬁe laser beam, we.decided to start the intég;ééion from the
en@lqeér equil;Q:ium. One majof problem arises from this
"integration. This, éroblem is due to the fact that near
equilibrium the signal is too smdll to gharacterize (E-Ego and
hencé‘tfp¥ecisely. Fufghermore, since T' at all times depends
to varying-degreés on O, i.e. on the.integration, residﬁal érfor

is found at'all times. o

'Table-z.l shows_ an exaﬁplelof a calculation of the
vibrational relaxation #ime of pure N,O by the three methods
ldiscussed above. In the point-by-pdint method the vibrational
relaxation timés are very small neaf eguilibrium and‘inc:ease

~ Jradually as time decreases to reach a constant value. =&t is
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gulte liﬁely"that this behavior is due to the buildup of error
resulting from backwards integration; On the other hand, tﬁe'_
constant values of the vibrational relaxation time calculated by~
the point-by-point method -were_ 30 to-50% less than those
calculated by the Blackman method.® We'believe that-ghis smaller
value of Pzﬁ calculated by the point;by-point_method (a different
phenomenology than the Blackman.or Kiefer method) is already an
indication of non-constancy of relaxation timas.
| .'If-we coﬁpare the PT' values caléulated by élackmén‘s méthod
to those calculated by Kiefer's metho%'me-find that .the
difference is less important; in fact fff caiéulated~by
Blackman's method’iS»only 5-10% larger than that calculated by.
t ’ .
Keifer's method. Eince.our a%m was to determ{ne the variation of
Pr with time and temperature, any method will help us to achieve
this. Fér this purpose we used the relatively simple Blackman
‘method. .

The accuracy of the vibrational relaxation times measured by
the Blackman method depends mainly on the slopes of 18V vs £y
plots. Other £factors such.as the ratio of the densities,
temperatures and pressures behind thé shock wave,‘thefratio of
éhe heat cépacities and the initial pressures were;more than 99 %
accurate. Thus, precise measurement‘bf the'slope of the ;n V vs
t; Plots 1is the most important parameter determining ;he
precision of our~peasuréments. This depends oé the type of
molecules, . i.e.,.}or N-O, the measured T (lab—écale) is
relatively high (I'*=0.224-l.42f45ec.) and the prec}siOn on ;ﬁe

vibrational relaxation time was always better than 5%. On the
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Table. 2.1’ Vibrational relaxation times of pure N,0 deduced by 3«
different methods. (Initial conditions: P,=2.28 torr,
PD=140_torr; T,=235-K, U°=0.933 mm/MSec. )

- Y

e

Thermodynamic t1 v PT' (L) PT"(2) PT' (3)
Variables sec mVolt | Hsec.atm. | Msec.atm. | ysec.atm
Tq | 3.07 | 92.8 0.416 0.230 0.400
-—— = 2.3'8.. N ‘ . :
S 3.22 80.0 . ©0.228 0.400

3.38 67.2 " 0.23% 0.400
o | _ | .
-2 2139 3.58 | 56.0 | " 0.228 0.399
Po o
.3.78 46.4 | » 0.224 0.399
| 4.13 30.4 o 0.235 0.398
£§ = 5.83 4.41 24.6 | m 0.218 0.398
po o b
4.67 17.6 " - 0.227 0.397
4,93 13.9 - " 0.216 - 0.396
5.2% 11.3 " 0.212 0.394
a
5.53 7.50 v | 0.198 ] 0.392
5.93 | 496 " 0:178 | 0.390
6.33 1,28 "  0.146 0.384
6.73 2.17 n 0.098 ¢.387
. \ N\
< - YN .
(1) Blackman's method . . N.B. T N 0.967 psec.

. (2) Point-by-Point method

{3) Kiefer's method
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other hand, measurement for CoHy and CoHo-Ar mixtures is more
-difficult because of the speed of the relaxation (z"=0.095-

0.86 psec) and the errors in the measured vibrational relaxation

fimes ‘werk better than 15 %. _ ’

L%
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. .CHAPTER 3: EXPERIMENTAL RESULTS

3.1 Vibrational relaxation of pure N,0

A total of 70 experiments werétperformed with pu:e'sz.
Results are summarized in.table A.lt_apgendix_ﬁivand repreéented
gtaphiéaily in fig. 3.1 to 3.9. By solving.thg_Raﬁkiné-Hugoniot
equa;ions’ (see section 2.6), the thermodynamic variables Pa/PLor
?E)PO andé ’I'e/To can be calcula£ed and represented graphically
(Fig; B.l - B.3, appendix B),. From the ﬁelocity measurements,
all thermodynamié variables can be deférmiped with better than 1%
accuracy.

-The ratio Cp/(cp‘cvib) = Cp/(T/ZR) is calcelated ffom the_cp
yalues at different temperatures.given in the JANAF
;hermochémical ta;les (loé).r A plot of CprCp-Cyis) vs.
'Egmperatﬁre is shdwn in fig. B.4, appendix B. From -the
equilibrium.' temperature Te' the raﬁio Cp/(Cp-Cvib) Ean be
determinéd for each individual experiment.

_‘In'Table A.l,'thg most important vparameters in the
relaxation procesé are summagized. The initial pressure of the
test gas P, varied from 0.16 to 25.8 torr, and the pressure in
‘the driver section , PD,'required to burst the aluminum diaphragm
varied from 119 torr to 703 éorr. The slowest shock wave
(U°=0.569 mm/MSec.) corresponds to the .lowést temperature
(Té;451K), ang- tﬁe fastest shock wave (Uo=1.§87 xnm//Asec.)
‘corresponds to the highest tempefaturef{Te=1893K).‘Since a large
pa:tion'of the rélaxationizone is dspinated by shock front
interference at the beginning of the relaxation, ané since the

signal-to-noise ratio near equilibrium is low in the majority -of
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‘our experiments, measurements started after a minimum of 0.97

=

-rsec. and ended after a maximum of 7;89,4séc.as measured from the

he

[ad

time the shock front_arriéed at the laser beam. Thus in
majority of our e&periments, measurément started after 4-6
relaxét}on times (tmip/;;) and ended after 5-?:ié1a¥ation times
ktmax/z*). The measured portion of the.relaxatidn zone extended :

- -g:-' .
over 1.5-2.5 relaxation times for most of our experiments. 1In

e -

this_narrow region a plot of log V vs.Atl was neériy linear for
most of our expefimenﬁs and we obtainéd an avé:age relaxation
time‘for each experiment in this way. .Hoﬁeﬁer, some experiﬁents
exhibited ag apparedt non—linearity. 'In the§e cases, thé Cﬁtve
was divided intp 2 or 3 portions and each portion was treated
separateiy and ‘the Eorresponding average relaxation &times were
found, so that for some exéerimenté moré.than one relaxation time
was determined. The reciprocal of the slope of the l;g éldt
'curves, 1/(2.3038), was the .relaxation time in laSOratory
coordinéfes T*. 1t varied fr&m 0.224vtq 1}42f*sec. The
vibrational re;axatian time for’each\ex§eriﬁent was calculated’
using the Blackman method (llZ)lieq. 2.18, section 2.li). It
vaiiedfrpm 0.096 to 1.30 m sec.atm. A dimensionless time-scale
can be'defined by multiplying the total gas kineti; collision
freguency Ziotal PY the laboratory time or by the gas particle
timet In this latter case the collision number is obtained.
Since, qualitatively, it does not make any qualitative difference

whether a laboratory time or gas particle time is used, the .

former was used. The resulting number 2t is related to the

collision number by the relation:
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Collision number = Z.,.47 % Po/Po = 2tFa/Ly
where Zeotal = XpyZym+(1-XM)2p5, M, Xy is the mole {ractiop of the
polyatomic molecule,‘zb&M is the collision freguency for pure
polyatomic molecule M, and Zarpm is the-cUTllslon frecuency for

polyatomic molecule M infinitely dilute in argon. Each collision

frequency can be calculated using the equation: : _
277\/‘;;'1'1\1 - - ,
Z = T —— — . . (3'1) -
Y v

where N is the ;btal number of molecules anéd v is the volume

5 Te P CIm t Tay 2/ SEE Pe
=- qTT/ F Xy + ViE
: Ty KTe ) W—LM—Ar KTe

(3- 2)

Zeotal

where /__L is the reduced mass, ry and Tape the collisidn radii of M

and Ar afe found from ref. 113. .For pure N,0 as well as for pure

C,H,, the second term of equation 3.2 drops out. Values of 2t
for pure N,0 lie between 49 and 3707. These results are

summarized in table A.l.

3.1.1 The effect of 2t on the vibrational relaxation time of
pure N,O. /

The most important factors affecting the viﬁraticnal
relakation time PT are the equilibrium temperature T, and the
extént from equilbriumf 2t, The variation of PT' wifh Zt at
~\\§iffefent temperatures_is shown iﬁ fig. 3.1 to fig. 3.7. In
. these figures,_experimgigs having similaF temperatures have been
WL}Jcolleci:'ed Closed symbols.correspond to ouf experlmental

results “and the open . symbols correspond to the experimental

results of Dove et al. (94). In the low temperature region (450-

584 K, fig. 3.1), PT' increases with iﬁcreasing Zt in the range_
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1650 to 2édo-collision, and reaches an equilibriim value of 0.77
[sec .atm. at high 2zt (2t>2200). at hlgher _temperatures (fig. 3.2)
low Zt {(700-1300) we:e prob®d under our experlmental condltlons.
In this regigg, PT' 1ncrease& more.rapldly with the 2t and
aproaches an equ;llbrium value at high Zt. However we were not
able 'to measure a vibtational,releiﬁtion,time at thhighé} than
1300; and tﬁerefore'the equilibrium velue cf PZ' was not reached
under -our experimental conditions for T, >788 %. At even higher
temperatures (fig. 3.3 and 3%4), the vibratioﬁel relaxation time
inereases even more rapidly and the vibretiopel relaxation seems
fto proceed far trom equilibrium. At extremely high temperatures,
(1610-1755 K, £ig. 3.6 and 3.7), reletively small 2t were probed
. {less than 305) and .the 2t effect on the vibrational relaxation
time is reversed. In this case the vibrational relaxation time
decreases with‘increasing Zt. It was very difficult to ﬁind the
temperature regime for which the vibrational relaxation time waé
apparently unaffected by 2t since it is a week dependence over a
broad temperature‘regime. However, by'examining.curves in £ig.
3.4'apd 3.6 we can deduce that this region of temperature sges
Between 1106 and 1610 K. We did not obtain enough experimental
results in this temperature regtme to ‘enable us to locate the
transiticn temperature precisely. A few experiments were made
‘between 1230 ané 1330 K (fig. 3.5). The scatter in the results
in this temperature regime was so hlgh that it was impossible to
'dec1de whether the curve of fig. 3.5 increased or decreased with
Zt. For this reason we aseumed that the vibrational relaxetion

r

time remains unaffected by Zt in this temperature regime.
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‘Figure 3.1 _Variation of the vibrational relaxation
time of pure N-O with Zt at T=450-584 K.
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. Figure

3.3 Variatioﬁ of the vibrational relaxation
20 with 2t at T=809-879 K

time of'pure N
and 906-991 K.
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Since the temperature from experiment to experiment could

not be maintained constant to better than +50 K and sometimes.

+100 K. The scatter 6bsérved in figs. 3.1-3.7, e.g. therefore

Aréflect this uncertainty-as well as thé precision of‘measuging T*

(~5%) and thé“@ntrinsic uncertéinty in 2t (i.e. t-}iO.S/&sJ

arising from the choice of a single poiht in time as

representative o£ an average'r* for each experiment.
aAll curves in fig. 3.1 to 3.7 are summarized in fig. 3.8,
at loﬁ temperature, pr’ fﬂéreases with temperature and with Zt.

At high temperatuiffPf decreases with inéreasing temperature and

Zt. 'This_intriguing pattern of deceleration and acceleratidn of

' rates, as well as the basic quesiion of the non;constancy of the

‘relaxatioh rate coefficient impelled us to examine_thé details

of the relaxation mechanism more closely (sée Chapt. S){

3.1.2 The effect of temperature on the vibrational relaxation
time of pure N,0.

The effect of temperature on the vibrational relaxation time
-at different Zt can be deduced from fig:3.8; From the curﬁes.
of éhis figure vibrational relaxation times were extrépclated
and/or interpolated at 2t = 100, 150, 200, 300, éOO, 800, 1000,
1200 and 1400‘réspectively. Re%ults are summarized~in table 3.1
and.represented graphically in fig.3.9. At the beginning of the
relaxation (zt = 100, 150, 200), the vibrational relaxation time
incfeasesfwith teméerature‘in £he 1ow‘témperaturg region a.d
decreases with témperéture'in the high-temperature region {curves
S 1-3). As Zt increases, the vibrational relaxation time becomes

- - - » B - /-- 3
more sensitive to the temperature and increases more rapgdly with
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. Figure 3.5 Vvariation of the vibrational relaxation
. ‘ time.of pure N,0 with temperature at
o = different 2zt.
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-

‘tempgrature (durves 4;9); Since the effect of Zt 6n the
vibrational relaxation time at high temperature is opposite to

that at low temperature (see previous section), curves

—

representing the variation.of the vibrational relaxation time

with temperature sross at a transition temperature (curves 1, 2

-

and 3).
Table 3.1 Vibrational relaxation times (psec.atm.) of pure N,0 as
' a function of temperature and Zt. -

T (X) i . ' !
TE AN 672 +| 765 +| 843 +| 939 +| 1063+| 1283+| 1645+| 1729+
26 16 25 29 26 34 387] 31
100 . 0.14  0.26 0.3l 0.28
- 150 0.11 0.15 0.20 0.26 0.26 0.21
200 ' 0.13 0.17 0.25 .0.26 0.23 O0.16
300 0.17 0.23 0.39
600 ©0.33 0.46
800 0.32 - 0.43 0.47 . 0.67
. . : A
1000 0.45 ° 0.57 0.65  0.%4
1200 | 0,55 0.69 0.93  -1.26
1400 | 0.63 0.80 ’

3.2 Vibrational relaxation of pure C,H,

A total of 82 individual experiments were performed with
. bure CoH,. Results are summarized in{table'A.Z, appendix A, ang
represented graphically in f£ig. 3.10 to 3.1S.

"85
Most of the details about the presentation of our

experimental results as well as the calculation of some

-

parameters have been discussed in the previous éec;ion.fsgc:ion

3.1) and will not -be repeated herg.

& ‘ ‘ -
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4

The thermodynamic. variables atq repzesédtéd graphically in
"fig. B.5 te B.7; appendix B, as a'funbtion of the shocklwavé
veloc;ty. From the shock wave velocity méasurgment, all
the:mbdynamic variables can be determined dsing these figures.
In fig.” B.8, appgnéix B, a plot of Cp/(cp‘cvib) is.shown and“from
the equilibrium teméef&%ure, the ratio Cp/(cp‘cvib) cgn be
determined as we did in‘the case of N,0..

- In table A.2 the most important expééiméntal conditions in
the ;gléxation process are summarized: The initial pressures of
the test gas P, vary from 7.204 torr to 1.18 torr. The low;
pressures {(compared to those of N-0) were necesséry because of
the rapidiQy of thg relaxation. We were not able to measure the
vibrational reiaxatibﬁ time for.experimeﬂts performeé at
pressures highet_than 1.18 torr.. The relaxation ;ode was no
longer well defined there. The pres;ure in the driver sectioé ’
Pp,. re uiredlt6 burst the aluminum diaphragm varied from 87 to
-4}5 torr. However not many‘:xperlments were erfo*med with high
TPp pPressure. UR\er such conditions the laser schlleren signal
was very sharp and the residual relaxatlon 51gna1 was too small
to allow an accurate measurement of the relaxation time. Since we
were limited by a very smail.rénge of test gas p:essu;es’and
driver gas pressurés, the shock wave velocitieé Uy varfed'between
1.146 and 2.042 mm/msec. only amﬂThecprréspondiBg equilibrium
temperatures varied»f:om 613 to 1184 K. Measurements of the
relaxatlon time- from the laser SChlleren s:gnal were made after 2

minimgﬁof O.82f¥sec. and ended after a maximum of 2.59 msec. as

measured from the shock front arrival at the laser beam. Thus,

hY

>



in the majority of our experiments,“meaSurements,beggffijfg; 4-6

relaxation”times_(tmin/t*)_and.ended after 5-7 relaxation times

- —_—

(tmax/r*), and the measured portion of the relaxation zone

corresponded to 1.5-2.5 relaxation times for most of our
experiments. Vibrational relaxation times in laboratory
coordinatgs (t?) appeag in table A.2. They vary from -0.35fasec.
for the low temperature experiments to -0:16fdsec. forthe high
temperature experiments. The corresponding vibratipnal.

relaxation times in gas particle coordinates seem to fluctuate

around 0Q07f¢§ec.atm. Finally the values of Zt were below 275

(For all experiments) in contrast to N,O where 2t reaéhed values

of several thousand. _ : .

3.2.1 The effect 0f Zt on the vibrational relaxation time of
.pure Czﬂz- )

The variation of the vibrationél relaxation Eime with 2t
at different temperatures is represented in f£igs 3.10 to 3.13.
In these figures, ‘experiments haz}ng the same or.%imii§r
temperatures we;e_céllected; In a fixst? attéﬁpt, we tried-to
collect experiments within'a narrow temperature rgngé.i.e.,%ﬁ_
f£ig. 3.11, we trieéd to make 4 groups of experi@eﬁts having
temperature ranges 749 to 764, 770 to 773;:793 to 802 and 826—to'u
838 K, repectively. H&wever, temperature ranges.were :oo‘gmali
.for the Limiéed number of experiments in eagh range so that if

was iméoSsible-to draw separate curves for each of the
'tempefatdre ranges selected. For tﬁig_reésog, temperature rénges
were ingreased to include more expériments-and are indicated for
each curve oﬁ f;g. 3.10 to 3.13. Inlall cases we observed that

the relaxation time incgeased with increasing Zt. No sign of
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Fzgure 3.10 variation of the vxbrat;onal relaxatlon
time of pure CoHoy with Zt at T=613-713 K
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3;12 Variatibn of the vibrational relaxation
time of pure CoHy with 2t at T=844-1003K.
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,

equilibr;um_of nearFequilibrium_zelaxaeion was qbse;ved; all
curves of fig. 3.10 to.3.13 appear on the samg'graph'in £ig. 3.14
for comparison._'Most curves iﬁcrease wieh 2t with peerly the,
sanme slope;‘ The only exception comes from_éhe cﬁrﬁe
eorresponding to the-Eempefature tange 844-1003 K mcufye.j).
This curve increases more slowly with Zt and crosses all othe:
curves. The reason behind this curioﬁs behaviour is not known.
This cannot be explained bf the experimental error. It may be
due to a change of mechanism of the relaxation of C2H2_in the
eemperature range 844—1003 K.

. 3.2.2 The effect of temperature on the v1bratlona1 relaxation
times of pure CoHy

The effect of temperature on the vibraticnal relaxation.time

oat different Zt can be deduced from curves of fig. 3.14: From
these curves, vibretional relaxation times were determined at Zt
=-100, 150, 200, and 250. Results are sgmmarized in table 3.2

and represented graphically in fig. 3.15: Two curves of PT' vs T'

have been drawn for each colllslon number. In cne curve
(dashed), PT' 1pcreases monotonlcally with the temperature. 1In
the secoed curve (solid), a maximum and a mingmum appear
respectively at 830 and 909 K. This is due to the ‘unusual
behavier of the curve corresponding to To=844-1003-K of fige ;.14 -

(curve 5). However we can conclude that generally relaxation

time increases with temperature.

. -l
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Figure '3.14 Variation of the vibrational relaxation
time of pure CoHy with 2t.(curves of figs.
. 3.10-13). '
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3.15 Variation of the vibrational teLaxation

‘Figure
‘time of pure C,H, with temperature at
different 2Zt.
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. Table 3.2 Vibraticnal relaxation times (fsec.atm.} of pure C2H
as a functxon of temperature and 2t.

ZtT g 675+| 733+ 769+| 830 +| 909 +| 1114 +
32 5 16 5 53 45
1. 100 0.041 == " 0.050 0.065 0,056 0.075
150 0.057 0.069 0.081 0.098 0.072 0.116
200 0.081 .0.095 0.135 0.087 0.151
250 0.110 0.125

3.3 Vlbratzonal relaxation times of Czﬂz—hr mixtures.

Vlbratlonal relaxation t:mes of mixtures of 23.6,

$0.5,

12.1, 5.0, 2.5, and 1.0 mole percent of CoHy in Ar have been

measured. ‘A total of 53, 46, 74, 58, 32 and 34, experiments

respectively were perforﬁed‘for each mixture. The results are

summarized in tables A.3 to A.S8, appendix A, and represented

graphlcally in figs. 3 l6 to 3.47.

+

Curves representlng the variation of the the:modynamlc

variables with the shock wave velocity as well as curves

representing the variation of the ratio p/(C

equilibrium tempe:atdre will not be presented for

v1b) w1th the
the mixtures
since these curves gég similar to the correspond1ng C2H2 and

curves wh:ch have already been presented._
For mixtures of 2.5% and 1.0% mole fraction of CoHo,

signal-to-noise ratio' was rather low. More than half of

experiments performed in these mixtures were rejectecd for
lack ¢of precision. For this reason, not many experiments appear

. . o “
in table'A.7 and A.8. '

In tables A.3 to AB the parameters affecting the relaxation

Y



process are ‘presented and the range of experimental conditions

and results extracted from these tables as well as the range of .

experimental condi;ions and resu}ts for pure CyH; are represenﬁed
in table 3.3: At.large CoH, mole fraction only experiments
performed with low pressure test gas are measﬁreaﬁle, i.eg
0.202-1.18 torr for pure CoH, and 0.33-1.73 torr for 50.5 $ CoHp—

Ar mixture. At low'C2H2 concentration, the range of test gas

pressures could. be increased i.e., 1.10-9.42 torr for the 5.0%1

D i

- CoH,-Ar mixture. The range of shock wave velocities was nearly
272 g

the same for all mixtures. However the range of equilibfi
temperatures is displaced towards high temperature as tbé
concentration‘bf C2H2 was decreased. The probed time range ttmin
and tg,.), the 1abo:ato£y relaxation time_and the vibrational

relaxation time éeeq to be unaffectd by the cong?ntr;t;on of CoHsy

in the mixtures. However the Zt range increased with decreasing

C2H2 concentratioh.

3.3.1 The effect of Zt on the'vibrational relaxaticon time of
- C2H2-An mixtures.

The variation of the vibrational‘relaxation time PI" with.Zt
for different temperature ranges and mele fractions is
reérééented graphica{ly in figs. 3.16 to 3.35. As in the case of
pure CoHo, we tried to col;ect~experiment§ in small ranges of
_temperature. However, the rapidity of the vibrational relaxation

made measurement very difficult, and therefore' the %xperimental

error was very high, so that it was impossible to draw a separate

——

- -
curve for each of the narrow temperature ranges selected. For

this reason, the temperature ranges were increased for most of

W)
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Figure 3.16 Variation of the vibrational relaxation .
time of the 50.5 $ CoHo-Ar mixture with Zt

at T=659-872 K, 934-934 K and 1019-1099 K..
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Figure 3.17 Variation of the vibrational relaxation
time ¢of the 50.5 % C2H2-Ar mixture with Zt
at T=1241-1596 K.
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Figure " 3.18 Variatjifn of the vibrational relaxation

the 50.5.% CoHo-A® mixture with 2t
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Figure 3.19 Vari-a"t‘é?en of” the vibrational relaxatjon
time of the 23.6 & C Ho-Ar mixture with 2t .
at T=926-1035 K, 112421239 K and 1283-1348 K.
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3 20 Varlatlon of the vibrational relaxation

- Figure
\ time Of the 23.6 % CoHp-Ar mixture with Zt-

’ © .. 3t T=1407-1596 K and 1652-1747 K.
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Figure 3.21 Variation of the vibrational relaxation
N

time of the 23.6 % CoH,-Ar mixture with 2t
at T=1796-1880 K and .1932-2295 K.
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Figure 3.22 Variation of the vibrational re'laxation_-,

time cf the 23.6 % 'Csz-A:: mixture with Zt' .
{Curves of ‘figs". 3.19-21).
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Figure 3.23 Variation of the vibrational relaxation
E time of the 12.1 % C Ho-Ar mixture with 2t
at T=999-1054 K, 12%2-_1293, K and 1322-1477 K.
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3.24 Variation of the vibrational ‘relaxation

127

‘time of the 12.1 % CoHo-Ar mixture with A
i at T=1498-1826 K. .
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Figure 3. 25 Variation of the vibrational relaxation
- time of the 12.1 § C -Ar mixture with 2t
at T=1874-2060 K'ané 5090 2657. K.
Q.20 ———
® T=1874-1892 K
a T=1962-2060.K © .,
y o . 6
6 B T=2090-2236 K. .
0I5~ \© T=2277-2657 K
£
Qo
g oaop
wn
S
- o
-5
Q.05+
0 { 1 | | l"' ~
20 100 . 150 200 250 . 300 350

zt .



PT/fsec. atm,

'Figure 3.26 Variation of the vibrational relaxation
time of the 12.1 % CoH,-Ar mixture-with 2t
. - (Curves of figs. 3.223—25').
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‘E‘igure 3.27 Variation of the vibrational relaxation
: ‘time of the 5.0 % CpH,-Ar mixture with 2t
at T=984-1108 K, 1,58%-1448 K.and- 1495-1604 K.

128

0.20—

oRE- Ty

o
o
|

Q.08

t {e T=984-1108 K

a -T =1285~-1318 K
8 T=1353-1448 K

3 {0 T+1495-1604 K

0
106

150 200 e50 3Q0 385G SO0 430 -



——

‘E‘igure 3.28 Vanatlon of the vibrational relaxation
: time of the 5.0 % CZHZ'AI mixture w:.th it
at '1'81640 2488 K.
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“ Figure 3.29 Variation of the vibrational relaxation
‘ ' time of the 5.0 $ CoH,-Ar mixture-with 2t -
. (Curves of figs. 3.27-28).
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‘Figure - 3.30 Variation of the vibrational relaxaélon
time of the 2.5 & CoHy=-Ar 'nlxture with 2t
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Figure .31 Variation of the vibrational k@jjion
. time of the 2.5.% CoHy-Ar mixtur ith 2t
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" Pigure 3.32 Variation of the vibrational relaxation
time of the 2.5 % C3ZH%-AJ: mixture with 2t
-3

(Curves of—figs. =-31).
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Figure ~3.33'Variation of the vibrational relaxation
time of the 1.0 % CoHo-Ar mixture with Zt

at T=1386-2039 K.
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"+ Figure . 3.34 Variation of the vibrational relaxation
time of the 1.0 % CoHo-Ar mixture with 2t
.at T=2064-2645 K. '
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Figure 3.35 Variation of the vibrational relaxation
‘ time of the 1.0 % CoH--Ar mixture with 2t
(Curves of figs. 32.3%-34).
0.20
Lasr
£
o
8 G0
o
5 i
a : !
Q.05
0] L L ! 1 v .
100 150 200 250 300 320 400
' " zt -



133
the mixtures_especially at low mole fraction where the
tébpe;aturefg;;i;\¥as as high as 600 K. In order to facilitate
cémparisoﬁ of éurves of the same mole fraction, they were drawn

‘on the .same graph (£ig. 3.18, 3.22, 3.26, 3.29, 3.32 and 3.35,
for mixtures of 50.5, 23.6, 12.1, 5.0, 2.5 and 1.0% C,H, in Ar
. respectively). In all curves of these figureslfhe relaxation
time increased 'with increasiﬁg Zt. This is the same as for pure

CoH, and pﬁre Nzo.' However, the shape of the curves changed from
one mixture to another. For exééple, while for pure Czﬁz no sign
of equilibrium or near equilibrium could be detected (fig. 3.14),
in some mixtures; especially in the mixture cbntaining 5.0%.C232
(Fig. 3.29) and in certain curves of the mixture ccntaini;g
50. 5% (curve 3 flg. 3.18), }3 6% (curve 6 fig. 3.22) and 1l2. 1%
(curves 3 and 4 of fig. 3.26) CoH, in Ar, an equlllbrzum or near-
equilibrium value of the _vibrational relaxation time was
observed. In the mixtures of low m;E;"}racfion of CyHy (2.5 and
1.0% czt-fz) (fig. 3.32 and 3.35,) it seems that the equilibrium or

near-;q;ilibrium relaxation time is far frém.being reached.
However, the i;precision, the laiée temperature range as wgll as.
_the §mall number of experiments performed for these mixfures make
thes%.curvés less reliab;e than curves corresponding to higher

-

mole fraction. 1 -
3.3.2 The effect of temperature on. the v1brat1onal laxation
time of C2H2-Ar mixtures.

The temperature dependance'of the relaxation time of CoH,y-Ar
mixtures can be deduced from curves of fig. 3.18¥o 3.22, 3.26,
3.29, 3.32 arnd 3.35. From these curves, vibrational relaxation

times were determined at different Zt and different temperature
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and the.results are éummarizéd:in tables A.9 to A.16, appendix A.
In ééch:gf these tégies, the inverse of the vibrational
relaxation fime, 1/P7T', and the temBeratu:e range for every
: mlxture are 1ndlcatéé at dlfferent Zt. These tables W1ll be
used for testing the llnear mixture rule in the next seCtion.
The-temperature dependence pf the relaxation time at
gifferent 2t is represehted for every mixture in separate figures
(flg.:336 o 3. 41). As was found in the case oé pure CyH,, some
curves exhlbzt a2 minimum as well as a maximum (5ee for example

flg. 3.38 (12.1% CZHZ)) and thlS is due to the fact that certain

curves cross others for some mixtures. Hovever we can readily

see that the relaxation time generally increases with inéreésfgéL
temperature .(at constant 2t) £for all mixtures;g;dep
investigation. This is iﬂ agreement with the.resuits cf pure
C2H2Aand pure N5O. e
' 3.4 Linear Mixture Rule
In order to test-the valid{ty of the linear mixture rule,
"the reciprocal ¢f the vibrational relaxation time or the
phenomenological rate coefficient (PU)“l was plotted vs CyH,
mole fréction at different Zt and different temperature regioﬁs.
Fiés. 3.42 to 3.45 show the 2zt dépendence of the mixture rule for
differfent temperature regions and figs. 3.46 to 3.47 show the
temperature depenéance of the mixture rule for different Zt. The
data were taken from tables A.9 to A.l6. Inrall of these
figures,-thg effective relaxation rate coefficient ipc:eases
slowly with decreasing C,H, mole fraction, then<suddehly

increases sharply at low mole fraction to reach a maximum near

L_/\ . . ~ 1
-~
/
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Figure 3.36 Variation of the vibrational relaxation
time of the 50.5 % C,H,-Ar mixture with
temperature at different 2t. -
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Figure 3.37 Variation of the vibrational relaxatioﬁ )
time of the 23.6 § CoHo-Ar mixture with
temperature at different Zt.
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Figure 3.38 Variation of the vibrational relaxation
. - time of the 12.1 % CoHy-Ar mixture with-
temperature at different 2Z%.
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?igpre '3.40 Variation of the vibrational relaxation °.
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'3.42 Variation of the reciprocal of the
vibrational relaxation time of CoHs-Ar
mixtures with mole fraction and ZIt at

T=1300-1500 K.
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Figure 3.43 Variation of the reciprocal of the )
vibraticnal relaxatidn time of C,H,-Ar
mixtures with mole fraction and 2t
T=1300-1600 K. i

a0
It
* 190
& 130
i = 200
' o 30
o= o 00
a 330
- 20—
i -
3
g 1
¢
o A
o |
a 0 i
— .
!
f L ! L 2 W i
ol 0.2 03 04 0%



b2

',E‘igute 3.44 Variation of _the.';réciprocal of the
' vibrational relaxation time of CoHo-AL

mixtures with mole fraction and 2t at
T=1600-1800 K. : _
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Variation of the reciprocal of the
vibrational relédxation time of C Ho=Ar
mixtures with mole fraction and

.— temperature at Zt=200:
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2.5% CyHg. Then it decreases rapidly. The maximum becomes
'smaller and tends to disappear at high Zt. We can concimde that

these conditions.

the mixture rule approaches linearity unde
ST . ;

show deviation from

linearity in the mixture rule plots, ﬁq\i:viation from linearity
"similar to this one has yet been observe . However Teitelbaum
(29, 78)udid pfijict similar curves by “solving the master

equationafor vibrational relaxation of diatomic molecules. The

details of this apalysis as well as the curves obtained were

presented in the first chapter {sectlon 1.9). It was concluded
.that the linear mlxture rule is valid only at equlllbrlum (high

Zt). This is in agreement with what we found in our experiments.

Additionally, it is expected that deviation from linearity will

be more pronounced at higher temperatures. Our results are in-_
* -y

conclusive on this point. Figures 3.46 and 3.47 show that

/;axima are displaced to lower mole fractions as the tempera

increases. We were unable to measure at sufficiently'low
fr&ctions to observe maxima in PZ' for T>2000 K. We therefore do
not know how large the deviations are there.

Interestlngly, deviations from llnearlty for N,O-Ar mixture
and CH,-Ar mlxtures (fig. 1l.15) are different qualitatively fro
the presen; observations for CoHy-Ar mixtures. If the former tw
are characteristic of polyatomic systems, the present one appears

to behave more like predicted for diatomic molecules.

;
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‘ . x ‘
- - CHAPTER 4: COMPUTER SIHULATION OF VIBRATIOHAL
' RELAXATIOH
Vibratibnal relaxation times of N,0, CzHé and mixtures of

N,0 and C,H, with Ar can be calculated‘by solving the master

equatlon fTr the vibrational relaxation processes. We saw

earller that a dlatomlc molecule treated as ,2 hzz;kﬁfﬁg oscillater

- subjected tp Landau-Teller selection ruIes leads to the Bethe-

Tellef law (eg. 1.8, section 1l.lJ3). Equation 1.8 is applicabie
only to harmonic osczllators for which the V-v orocesses do not

contribute to the ene:gy transfer. By 1ntroduc1ng tné

"anharmonicity for ©both T-V and V-V processes, with the

limitation thatﬁhr=il, the master equations forla pure diatomic
molecule can be reduced tn a sinple analyticallrate laJ (29, 78)
(eq; l.28, section 1l.5).-

N-O and CyH, are polyatomic mo}ecules. Several vibrational
modes-and combinations of modes aré available so that neither
equatinn 1.8 nor egquation 1.28 can Le used xd,represenﬁ.the
vibrational relaxation of polyatomic molécules. *An analytical
expression for the'faté of change of vibrational energy for
polyatomic molecules is .not yet'avaiiableﬂ Several enérgy
transfér pathways can be involved in polyagomic moleculeg such as
T-V, interﬁolecular intermode V-V, intermolecular intramode V-V
1ntramolecular 1ntermode v-v and lntramolecular 1ntramode V-V,
It seems to be very dlfflcult to obtain an analytical expression

for the/rate of change of vlbratlonal enery for oolvatom1c

molecules. The rate of energy transfer is given by:

EL
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.dE/ét_= dE/dt(T-V) + éE/dt(V;v intermoleéulaf intefﬁkde) t4.1)‘\j
+-dE/é£(va intermolecular intraﬁode) | . l

+ dE/dt(V-V intramolecular iqtermode)
dE/dt(V-V intrémolecula;'intramode)
wé did not attempt to obtain an analyfical expression fog the ~ -
rate of energy change for polyatomi€ dlecules{ Instead, we
calculated ghe Vibrational relaxation time for N,0, CoHy, N,0-Ar
and C,H,-Ar mixtures bf numericali-integrafibn‘of the master

A}

equations. Results will be presented- in this chapter.
4.1 'vibrational energy levels A A
4.1.1. N50

The vibrational energy levels of N,0 are given by:

E(em™l) = 1299.3 (W] + 0.5) + 596.5(1% + 1.0) +

2276.5(15 + 0.5) = x11 (V] + 0.5)2 —x55(% + 1.0)2 = _

X33 (V3 + 0.5)2 + x 5 (14 + 0.5) (0 + .1.0) +

X3 + 0.5) (13 + 0.5) + x53(¥Vp + 1.0) (V3 + 0.5) +

g5,L2 - E(0,0,0) | ‘ | (4.2)
.whereﬂrl, v} ané-d@ areithe vi@rational gudntum numbers'éf }&,
V2, and })3 respectively. X5 and 922‘?!6 ‘the spedtroscopic
.constantsused for calculating corrections to the rigid rotator-

harmonic oscillator approximation (cm;lj (L13) .-

xll = =3.25 l X12 = 4.75 ’ 922 = 3.03
X9y = -2.28 k.= -12.45
X33 = —13-75' . Xl3 = =26.15 |

L tékes the values ivbf +1/B-2...0 or 1
Vibrational energy levels up to 6000 cm~ T were calculated

‘using the above equation.  Results are summarized in table 4.1
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including therdegeneracy and the relative pdpulationfat 2§S égé
750 K for each vibrational levell They are also reoresented
graphlcally in fig. 1. 3 (sectlon 1. 3).' All energy levels were
alsoc condensed into one column in flg.l.; tsince the number of
energy levels.less than 6000 em~1l is very high (51 levels) fecr a
numerical integration, all energy levels wlthiﬁ'loo em! of each _
othet weré condensed and téplaced with an average energy level of/&J
an appropriately incréased degeneracy..fThey are summa:izediin

tablé 4.1 and represented grapHically‘in fig. 1l.3. Both

regroupings.represeﬁted it table 4.1 anéd fig. 1.3 were used in.

the calculation.
In our calculation we first determined the effect of this .

arbitrary regrouping, as well as of the arbitrary cufoff at 5000

Cm'l. We'ﬁeré satisfied that these 51mollf1cat10ns di@ not

affect the generality of our results and certaznly not the

gualitative conclusions. . Physically, the# regrouping meant that

[ .
those energy levels within a single group were kinetically

indistinguishable; .i.e. cnce one of these levels became
_—

(de)populated the remalnder in that group became 1nstantaneously

equlllbrated wlth it.

4.1.2 C2H2 _ : . i
The v1braq\onal energy levets of C2H2 are given by:
E(cm'1)=3373.1(v1+ 0.5) + 197 8(v§ + 0.5) +

3281.9(V3+0.5)+ Gllrﬁtvk+l.0) + 729.,(vz +'1.c) +

-

——
Xy (V7 + 0.5) 2+ xzz(ﬂfz-'-- 0.5)2 + X32(Vy + 0.5)2%
Xgq(Vg + 1002 + xge(vg + 1.0)2 « xq, (V] £0.5) (7, + 0.5) «
x13 (V] +.0.5) (V3 + 0.5) + xq,(V] + 0.5)(Vg+ 1.0) +=

© -
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*15"”'1 + 0.5)(¥g + .‘1.0) + X53(% + 0.5)(v3 + 0.5) +

X4 (Vo +0.5) (U + 1.0) + xo5(Vp + 6.5)(qr5 + 1.0) +

x34~('\_};3+ 0.5)(':r;+l.0) + x35ijv'3 + 0.5)(‘u;5 + 1.0) +

X4 (V, +1.0)(Vg+ 1.0) + g,,L% + gggL2 - £(0,0,0,0,0) .(4.3)
wheré-xij, 944 and 955 are the'spectroscopic constants used in
calcula;ing anharmonic corrections to thé r;gid rotator—haréonic.
oscillator approximation (108): ‘

xll’—24.08 XZ2=—7-92 ' X34=—9-06 - -

X1,=-16.94  Xj3=-1.38 X35=-5.73 Gaa= 1.1
X3=-99.01 ngi:__s.lsiL Xg4=-5.38 gg5= 2.49
X14=-16.46 X5g=-0.85 X45=-12.65

Xyg=-11.75  X33=-25.69  Xg5==2.27

Ly = #T4, Vy=2, -eceeen Loz 0

Lo = TV, ¥5-2, -.vten. 1oz 0 | -

Vibrational energy levels up to 5500 cm‘l were calculated by
using the above equéfion. Results are summarized in table 4.2
including the degeneracy cbrresponding to each vibrational level,
and are also represented graéhically in fig. 1.9 (section 1.4)

along with the vibrational mode and degeneracy corresponding to

-each vibraiional level. All energy levels are collected in the

same column ofkfig. 1.9. Since the number of energy levels < 5500

-1

cm is very high, (93 1eveisj, all energy levels within 100 cm~i

of each other were condensed into one level and an average eneigé:

‘and appropriate degeneracy were assigned. This procedure was

repeated for the new.series of energy levels and another series

of energy levels was obtained. These two successive regroupings

are summarized in table 4.2 and represented graphically in fig.
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1.9,. Only the two latter regroupings were used in our

calculation. Results will be discussed below.
4.2 Master equationlfor vibrational relaxation

The rate of change of fractional popuratidn of the
individueal levels, N;, can be expressed by a;haster eqnation .
composed of contributions from T-V and V-V.processes. "In_this -
analysis, energy levels“ochzo_and CoH, are represented iﬁ a
‘column cr_increasing energy ;;;}‘tables‘4.1 and 4.2). The
distinction between wvibrational modes is ignored, so’ that
intr;nolecular internede energy transfer is_nor conside;ed'as.a

V-V process. For simplicity only intermolecular pfocesses

invelving changes ln vibrational guantum numbers in both
il

COlllSlon partners are denoted as V-V energy transfer. Tor

example reactlons such as: ' .

Coliy (17,0,0,0,0) + M —> C3H5(0,0,0,0 SRR .
where M is any colllslon partner whose v1brarlonal quantum number
does not‘change upon-coliision.is treated as a“TQV process and
the above -«equation can beldesc:ibed by:

CoHy (i) + M —> CoHo(5) + M
where 1 and J simply indicate the level of energy of CoHoe

-

The master equation‘for T-V processes is:

_ ' L EL M =kl w o
(@Ni/@t)py = (75 k33Ny = §7; kij N3] N (4.4)

where'N- Nj are the populations of the molecules Haflgaﬁx\h

v1bratzonal quantum number 1 and jJ respectlvely, W is the rotal

]

number of molecules, kij is the rate coeff1c1enr for the
transition from level i to level j, and kjl is that for the
~ '

reverse process. - At equilibrium, microscopic reversibility .
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- gives: : R . - A .
/\’\,J. = M v ’ . . . . K .
| ij Nieq * Xji Mjeq - _ - | .

and equation 4.4 becomes: _ . ’ -

: L 2= .M - .
. (dNi/dt)Tv = 3#i k.jl[Nj - (NJ/NZL) eq.\N—iil' N o (4.5}
In a mixture of Csz”with Ar for examp € energy exchange
'.///ﬁgeurs by means of collisions. of CoHo WIth C,H, and w1th Ar.‘ If
X the mole fraction of C,H L 1-X 1s the mole '
CZHZ;*S 272 Cx Hp .

-

fractlon of Ar. The master equatlon 1nc1udes contrlbutlons from -

‘\

‘CoHo-Coh,y colllslon as well as from CoHo-Ar ¢collisions:

q _ .
(dN;/dQ) py = [XCZH i KSPP2 (N5 = N3/Np) o Np) 4+
o Ar " .
(l XC2H2 j#l k (NJ = (Nj/Nl)eq ‘.Nl).]N . (4-6)
{The Master equation.for V-V process such as:

CpHa (i) + CoHp(k) == CyHp(j) + Cpia(1) {5t

_ == ' .
@Mty =X [ Tacfr KIANM <
) \ . }k:l}.:#:k 351 kil NiNg] N , . (4.7)

At equilibrium, microscopic reversibility gives:

bi —' i-
kik Njequeq = Fki Niequeq

4,7.becomesi : - ' -

-

7 PN R IS 5 S 2
3 AN /et)yy = Xeonok izk A ki (95NN 1M 3N ) eq/ NN eql N
‘ . . ~ ' o (4 8)
'$ © - In order to reduce the number of parameters from thousands

-~

to a more managea{le number, we used a phy51cally reasonable

—

scallng 1aw for T-V

PO

cz‘iz- k~20ﬁ2 (E/600.3) [exp( A,-.2H2[A1331|)1/[exp(- )\CZHz[AEOl])]

L 3 : . (4 9)
apd . .9
’ _kAr = ¢ kcﬁﬁ-’ (E/GOO 3) [exp(-KArlAEjlp1/[exp(-)\ArIAn91T)1
(4. 10)

-

~ ‘ . - o \



_and E" is the energy of level k or 1, whichever is higher.

*

L

whe:e?#.= 1k?6/k§3aa E' is the energy of level i or jr» whichever
is higher and 600.3 em~! = £ (0,0,0,7%,0)

In the above two equations >\C2H2 and .)\Ar are co:;lstants
depending possibly ohly on'teﬁpe:ature. ¢ represents the relative
Ar to C,H, efficiencies for V-T energy transfer.

For the V-V process:

kIE = ¥ «§3H2 (" /600. 3) (£'/600. ) exp (AgylBE]) - (4 1&7\(
where E'= kd l%HZ represents the relatlve efficiency of v-v
processes compared to T-V processes, . AE = Ey +'E5 - Ej - Ey.

In equatidn 4.9, 4.10 and 4.11{ the pr%gxponential fa;to: is
the analogue of the 'usual spectroséopic transiti6n probabiii:y.
The overlap factor for each collision partner wbose quantum
number changéé,-is'propértional to the guantum number of thé
upper st;té téZ).which ﬁe’ingﬁrpreted as being prpportiona; to

the energy content of t%ét state (referfed to (0,0,0,%,0 ). The

exponential factor is commonly used to model energy transfer in

. the disSociation of polyatomic molecules. It has an empirical

ba§Ts~4§Ee Lambert-Salter law, section 1.l1l.8) as well as a

theoretical basis (see SSH-fheory, section 1.1.6}). 'From the

L

. . ’
. Lambert-Salter law, we found that KEQ.OOSB for H-containing

moIécUlés and 0.017'for:other molecules.- Théoreticaily the

'exgqpential dependance of the rate coefficient on AE is very

COmpllcated {(eq. 1l.15, section 1l.l.6). By calculating the
tran51t10n probablllty ?D using SSH- Tanczos theory (ec. 1.15)

and by plottlng lnP vstlE, a mild curva&ure is observed over ‘the

-AE range,300 to 2400 cm~1 {fig. 4.1). ﬁvﬂever, the curves are

b
¥



"y .

Figure 4.1 Variation of the transition probability, .
~or pure N,0 with temperature (SSH-Tanczos
theory). ' :
o
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almost linear for small 1ntervals of AE. This justifies use of‘ n
- \
. the exponentlal dependance of our rate constant.- %;15 calculated

from the slope of £ig. 4.1. It lies between 0.0064 at 2000 K ang.

0.014 at S00 K which are of the same order of magnitude as the
empi:icai value of Lambert and Salter. We did notueegéﬁe SSH- |

Tanczos theory. to do a complete study of the wvibrational

-

relaxation of Nzo'o: Co,H, because this theory assuhesAa'very

special interaction pOtential. Witﬁout committing ourselves to

‘any particular potential we can at least use the SSH prealcflon

concernzng the exponentzal dependence on AE in order to mxnzmlze

the number of parameters in our calculatlons. e dependance on

intermplecular‘poteﬁtial is implied in ¥, #, [i.e. Kip) and AJ 
If Y=Nk%%’t and if we replace all rafe coefficieats by
eguations 4.9 to 4.11 then eguations 4.6 and 4.8 respectively’

beeome:
1L/ 9§32y 1 @8 /aty gy = (ANg/dy) gy =
Xc, 1, 32;;1 (E°/600.3) [exp(-KC:le ]AEjl|)]/[exp( )\c Hy [/\501!)1
x (Ny - (N /N )eq Ni)

+H1 =¥y o) 32;1 g (E /600. 3) [exp(-Ay AR5 [11/ Lexp (- AM|A301)

KNy - (N/Nj)egN) - (4.12) _
_and (dul/dy)w' = f\
m ’ -

2Z2°
xcszkl?’kji#lX(E /800, 3)(E /600 3)exp(—>\ BE ) x

The total rate ob change of vibrational energy is the_sum'of

-~

. (4.13)

eguations 4.12 and 4.13.

According to the Beth—Teller'law, the vibrational relaxation

time for_ a diatomic molecule,



w2

T = 1/[N(kyg = ko) ] - .
isfconsrant. " This islrrue un@er very Limited conditidns
‘espeFially wheh‘no Q-V processes are involved. - The aﬁere 2;!
equation can Se rearrangeé in the followiﬁg manner:'.

T

1/(N(kyg - kig exp(-h¥/KT)]

1/{Nkyq(1-0)] - where 6= exp (-nl/KT)

€/1y (1-0) ] S O (a14)
so that t/T = y(1-8)

"

.

In this work we use the theoretical harmonic oscillator WT
relaxation time T, merely to scale the times and phenomenologlcal
relaxatlon ‘times T'. Calculation of ‘the absolute value o§ klO 1s‘
thus not,geceesary.‘ Teitelbaum (29), has solved .the detailed
master eque;ion for the vibrational're;axation of Morse diatomic
molecules ueing a s{;ilar_model te~oure. ‘He concluded that the'
Bethe-Teller law is exactly valid only in the limit of rere
banharmonici;y dr-épproximete1y>v§iid for idfinitely slow V-V
processes or when the);nitial popularion‘is not Boltzmand. It is
' not known whether the same applies for polyatomic molecules. In
any ease,jhﬁéer.conditions whéré V-V processes are not
‘negligible, the vibratignal relaxatidn time can not be a
constant. A phehoﬁenologi al relaxation time_is defined as:

T' =~ (ﬁ-Ea)/(dE/dt) - oy (4.15i
Analagb to the experim ntal -prqeedure T' varies with time
in general. A rearrangement of eqg. 4.15 leads to:_' '

T /e = - [ (E- Ez)/dﬁ'/ayml-& | (4.16)

A computer program u51ng an exten51on of Gear's A}gorlthm

EY

"(114) was used to solve the series of dlfferentlal equatlons

—_—



'_(the sum of egs. 4.12 add 4.13)y. Ni and'dNi/dY were obtained at-

different values of ¥, and éonseéuently E and dE/dY were

calculated:
= 2 E (i) N; (4.17)
dE/dy = Z= E(i)‘aN;/dY - (4.18)

Kndwing.ﬂ, and dE/dY at each value of ¥ a;“ﬁell‘ag Exx the-
‘value of the eheigy Iat equilibrium; t"/r can be célculated at-
each value of ¥ (eq. 4'161 and the varlatlon of T'/1 w1th Y
,dgﬁermined. Th;g is the equlvalent of PT' vs Zt which was used
iﬁ the analysis of|our experlmenta; results.

Some simplié}cﬁé?bé;.haq to be introéuced to qur computer
praéiam in ord r to make the c?lculatioﬁ tractablé? The first
limitation concerned the amount of ;?h{éy exchanged upon
collision. Ideally o¢of course we wéuld like to allow all

. trénsifionsgfrcm vibrationél level i and k to vibrational levels -
-j and JJ”However,'then the number of Eransitions would be
extreme;yuhigh, and the eked&tion time of ocur computer program

. would be so‘lang that one calculation of the vibra;ibnal;

D - relaxation time would take hundreds of houré on ghe AMDAHL X7A

- . com tér. In order to iimit the number of tranéitioﬁs aliowedgbé

T// restridted the aﬁounf 6f energf exchangeﬁ for a transition. 'We_

allowed only those transitions for whlch |g(j) -E(1) |, |E(1)- E(k)y
a for V- T and |?(j)+°(l) E(i) n(k)] for v-v' are less than a maximum

value of E,. By examlnlng Table 4.1 and fig. 1.3 for NZQ and.

Table 4.2 and fig. ‘1.9 for CpHy, we find £hat for N,0 E(l)-

E(0)=588 cm"l S0 that E, for N0 éhould be at 1eash 588 cm -1

'

while forlcsz it is 703 cm-l. By chooszqg E, = 703 cm =1 we thus



.-
allowed all direct pfdcéSses connecting the ‘lowest bending mode

to ground. Direct transitions of e.g. the higher energy

stretching modes to ground, were s¢ improbable accor ing, to our

model that they could well be omitte wzthout sig 1f1cancly,

altering our results. Instead those modes were constra'ned to

relax via 1ntramolecular ot 1ntermoleculax 1ntermod xchange

processes.
L

The number of vibrational energy levels and the regrouplng
T

(or condensation) of vibrational energy levels i\lmportant

y "'?

parameters in the calculation. The number of vibra onal energy'

levels calculated are very high (51 for N,O up to 6000 et and

93 for CoHy up to 5500 cm'47z Unfortunately we canno; include

all of them im ocur calculation. The execution time of our-

computer program varies according to the fourth power of the

number of levels. Reducing the number of levels by a factor of 2

or 3 reduced the cbmputation time by a factor of 16 or 81
respectively. This could be accomplished eifher'by reciouoing

v1brat10nal energy levels or by ellmlnatlng some hlgh energy

s

vzbratlj/;; levels altogether. Both methods were tried and the

resultsfare discussed in section 4.4.
- ™

473 Linear’ mixture rule for a diatomic molecule

In orxder to test the wvalidity of our theoretical treatment,._

analytical solution of the7master 'equation exists (29,78), at
least for certain values of parameters.
The vibrational relaxation carameters used are:

-

-

~

-
"

we simulated the relaxation of a diatom?c'ﬁélecule-for.whicﬁan-

I

Aar = Aoia = Ayy = he/2KT = 0.00093 -cm at, 750 . g = 0.1 and.
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¥ = 100. The vibrational energy levels are: 0.0, 495, 985, 1470,
1950, 2425, 28935, 3360, 3820, 4275, 4725.cm™!, each with unit

degeneracy. * The maximum eﬁgrgy transfer which we allowed fof in

distribution) we expect the linear mixture rule to be obeyed~4nd

a plot b‘f\?—'/‘t’ vs mole fraction should start with T/ ~ 1.0 for.

re.diatomic molecule and end at T/T' ~ 0.1 when ¢ = 0.1

t

in the approximation of the model.

Values thﬂ/z were calculated at wole fractions: 0.06,—
0.005, 0.01, 0.02, 0.05, 0.1, 0.3, 0.5, .0.7, aré l.0. .The
resulting T'/T vs Y éﬁrves are illustrafed in fig. 4.2. T /'
at equilibrium was extrécted from the curves of fig. 4.2 and
plotted'against the mole ffactrqn in fig. 4.3.. This curve is

linear except at lqw/ﬁole fractions where the curve decreases
slightly with decreasing mole fraction of diatomic molecule.
. T/t' varies between 0.983 at X=1 and 0.0987 at X=0.0.. These

results are in agreement wifh what™%

expected for a diatomic
molecule within the aéproximaﬁions ade in the analyticé
solution (29,78). .We believe that our rogram functions as it

shoulé and can be ﬁsed to make predictions fﬂr polyatemic

molecules. -~
“4.4 Results of the Computer Simulation ~
o ' N . ‘ - .
The rate of c¢hange of the vibrational “energy level

g
populations, dN;/dt, and of the reduced vibrational relaxation

~

. ' . . ‘ \
) . . . o



J

A=Y

. 1sl
Figure 4.2 Effect of mole fract_io.n'or;,-the vari_a;cion
of‘T'/';_- with ¥ for a diatomic molecule.
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4.3 Variétion_of'f%r‘ with mole fraction for a
diatomic mélecule.
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time T /7 depend on seven parameters. Two of them are known:
the temperature, T, and the mole fraction. The five other

parameters are thegregigally and experimentally unknown.” These

are: . ) : ) -

KCZHZ or ANzof }\Art va ﬁ and )' ' ' ’ -

" Without an additional garﬂzggsrfklop we can only study the
dependence of the shapé of thé curvee repreientlngiﬂV%’vs Y on

each of these parameteré. To perfe§§<§h63 a study; standard.

values .for the parameters were chosen and the corresponding curve
’ -

was called the standard curve. Then each parameter was varied
1ndlv1dually and the correspondlng sensitivity curve was plotted

;and compared with the standard one: Standard and modified

parameters are shown in Table 4.3.{ . ‘I—”“Qa-
Table4.3: Vibrational relaxation parameters used in the
computer simulation

mole ) and :
. . . Hz °© ?&K
-’fractlen T (K) &ggo w2 Ar . AVV | 8 5

standard _ : . - -
parameters 0.50 750 0.01 ¢.01;0.01 [C.1 j100
moaified | 0:0 to 320 0,001 |0.001,{0.0% |0.01|0.0
parameters| 1.0 -] 500 0.02 0.02{0.1 ~|1.0 j30

- ' - 140600 |

"Values of A are empixically smaller than unity, we

arbitrarily chose a value of 0.01 cm for the three X's?{see
section 4.2 for justification). @ (kA 30 or k%ﬁ/k%ﬁHz ) was
-

also chosen to be smaller than unlty.sincerthé rate of energy

-

transfer of polyatomic molecules by-collision with an atom is

experlmentally found to be less, than the rate_ of energy transfer

- -

by collision with another polyatomlc moléﬁule.‘X k01/kC6H10r
. : » _
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Oﬁ/kgﬁol is usﬁaliy Higher than unity since V-V-procesSes'ere o

known. to be very efficient compared to V-T processes (6).

Unfortunately we do not know the magnitude of these parameters in

‘reality and we arbitrarily chose the values in table 4.3 in order

to get. a gualitative picture of the relaxation.

Before modifying these parameters, we have to know how many

vibrational 1é39{3\32 include'in'the calculation, and what the

effect of -xregrouping o

e v1brat10nal energy _ levels ong;he
shape 0f the T° /f vs Y curves is. We shall consrder first’ the
N,0 molecule, then .the CZHZ molecule.

4.4.1 Hzo

In a first attempt we used the firgt 21 vibretional levels

of N,O (Up to 4067 cm"l maximum energy), (see table 4.1 and

fig.1.3). Then we added 5 more élbratzonal levels (26 levels

with 451455m -1 max energy). In both cases, curves of T'/C vi/i/
h

are yery similar (see fig. 4.4). ' This is because at 750 K (whig

is the standard temperature) the relative population of high

. . c g _ ' ' .
vibrational levels is very small and does not affect the behavior.

of T'/T significantly. However at much higher temperature, the

poéulation of vibrational levels ﬁavfng high”energy-becohes

=

1mportant and we expect the shape of the two curves to be

d1fferent then. As 1ogg_as the population of the hlgh energy

Rl
i

‘levels is relatively small, we can exclude these vibrational

levels from our calculation. Since“at 750 K the two curves are

'very 51m11ar we dec1ded to use the first 21 levels in out

computer sxmulat1on as a standard number. In a second atteﬁpt we

_ used the regrouped v1brat10d?(,:;;rgy levefs of NZD (12 }evels of

Y .
" -

-’-



. . 1es.
4032 cm~1 maximum energy) in eur calculation. Tne resulting
curve is illustrated in the same figure (fig. 4.4). It seems
—that'the regrouping.of vibrational energy levelslaffects the
shape of our curvesrnarkedly in eontrast to the effect of the;
maximum energy cnnsidered. Therefore regrouping was avoiéed'in"
the case of N,0 by eliminating the’vibrational levels of high
‘energy and thus reducing the total number of vibrational levels
from S1 to 21. Once the number gf v:.brat:.onal levels was decided
upon, we could study the aependence.of'rUhr on gpther parameters.

For .the standard set of parameters Tjnr decreases with
increa51ng Y. By changlng each of the parameters except ior the
temperature,- the shape of the curves does not "change
significantly. They are simply displaced‘topards higher or lower
‘equilibrium values of-t/t depending on the'individual
parameter._ A . 7

Fig;l4.§ shows the‘efrect,ofltemperature ‘(keeping  the other
parameters fixed) on the variagfgn of T'/r with Y. At standard
Eemperature.(750 K), Z'/c'decreases Tapidly as the-relaxation
appreoaches equilibriun. However, . at low temperature (320 ¥), the
'curve increases from a lower’ value of ¢'/T , crosses,the standard

curve near the beginning of t ion then decreases very

slowly as therrelaxation'apprbache' equilibrium. The variation

. ~ -
of T'/r with Y is very small at |{ow temperatures (near room

temperaturei. | This is because af{ low temperatures, only the

ground and flrsg exc1ted state are szgnlflcantly populated (a
two level system cdn be descrlbed by a tame-lndependent fate

. constant). ’ The temperature dependence of T'/T will be discussed

- . -
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in more detail below in the discussion section.
‘ The dependence of T'/T on XAr does not seem
signifjcant, (fig. 4.6). By decreasing >\Ar' /T only slightl?
increases. Trhe small dependence of T'/T on >\Ar is expected
since Ar here is an inefficient collider (g = L1 .
“The dependence of T /‘C on)\ 20 is muck more important t‘zar
on >\Ar By decrea.81ng )\uzo by the same factor as. )\Ar' the curve

is dlsplaced 51gn1f1cantly towards a hlgher value of T° /T {Fig.

-

4.7). T |

The dependence of‘r‘/'c ‘on' yy 1s reversed ;fig.. 4.8). 1In
_this case, an increase‘.o.f')\,vv leads to an incre'ase in T'/T .
Increasingr_XNzo or >\Ar actually suppresses V-T processes.’
Decreasing iy @ccentuates 't-.he _V'-V‘processes in the relaxaltion

e~

mechanism. Fgr both operations the relaxation speeds up. ’Hﬂe‘
indicates that V-V processes are more important than V-T

processes. However, at the beginning of the relaxation (at sfall
~value of ¥), the di.fferer:ce between the standard c:‘.-;_,r%.re_and other
'cu;rv\ejs is very small. This difference increases ;s Y increeses
and becches very significant near equ-il:'brium. This indicat'es__,..,
that the V-V processes become more important as time goes on.
The dependance of T'/T on ¥ (k /k %0) confzrms our
interpretation that V-V processes are derermining the rate (fig.
4;9). For & =0 all V-V. processes are eiimina._:ed; the
corresponding T'/T is nearly constant, to w.:’;thin 123, so the
relaxa'ti'on can be closely related to the process (0.,1,0) —‘__—*»

(0,0,0). However, as soon as a small V-V contribution is

introduced the relaxation accelerates particularly for larger
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values of § . .This &qdicates again that V—ﬁ_processes are
 important and_beéome more so at longer time.

Finally, a decrease of ¢ leads to di.splacement of theé curve
to higher valdes of T'/T ﬁfig. 4.10). However, ip_this case
the difference between th;s.énd the standard curve is more
:imporﬁant at the begining of relaxétionnand decreases as thé
relaxation appfoacheg eqﬁiliérium« This means thaf near
'equilibrium where V-V processes are the important ones, it
doesn't matter whethér éh? V-T proceSses invélve Ar or N,0. as
collision partners.

The mole fraction dependence will be discﬁssed along with
the linear mixture rule .in section 4.5. ~ ) | * .
t.4.2 CoHy -~
- Thq dependance of the T'/T vs ¥ cu;ves'of CéHz on each of
the vibrational relaxation parameters does. not differ markedly
from the case of N,0. 1In this section, only the differeézeé
betwéen the N,0 .and Czﬁz curves will -be discussed. Thesg
differences arise from the diffe?ence betwen the‘viﬁéétional

energy :7vels of the two molecules.

Mogt of the curves of z'/r vs Y exhibit a maximum at the

beginnihg'of the relaxation. They appear only in some curves of

. . . . ./
N50. Only the behavior near the maximum will be discussed in
~ //" ‘r
this section. 3Beyond this maximum, these curves are similar/to .
. T o
- the N,0 curves and need not be discusseé in cetail. v

"Fig. 4.11 shows the depéndance of.the T'/T vs Y c&f&gﬁ h

" on the regrouping of vibrationad levels. We saw earlier, id\_//
section 4.4.1 that a regrouping of the vibrational levels affects

>
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Figure 4.10 Effect of g on the variatien ofT'/T with
¥ for N,O. .
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the shape of the curves of T'/T vs Y significantly. In a first
attempt we used a single regrouping of the 93 vibrational levels

of C,H, to 28 vibrational levels (up to 5387 em~! maximum

energy). Then the higﬁest 7 vibraﬁional levels were eliminated

and only 21 vibratiggal levels (up to 4520 cm'l) were'uséd. In

both cases, curves representing T '/ T vs Y are very close {fig.

n

4.11. This is'because at 750 K the relative populatlons of
P

high energy v1brat10nal levels is ~very small and does not affect

the behavior of T'/T vs ¥ curves. In 2 second regrouping of the

‘ ~
vibrational energy levels down to 15 (up to 4670 cm~! maximum

energy). the corresponding curve is'completely different’%romi\

the two other curves (fig._4.11) so that we finally decided to
use the first Zl‘vibrational Tevels of the first regroubing.

Because of the costi}ness of calculatlons using all 93 energy
levels regrouplng éan ndt be avoided. For this reason the curves
of T'/Tvs Y in the case of CoHo are appréximations. However we
believe that the 2l-level sysfém is a good approximation to the

real system.

- The behavior of T'/T vs Y.curves near tge maximum depends
on each parameter. For example the curve corresppnding to
T=320 K starts a; a higher Vazue of =T than the standard
curve does (fig. 4.12). It does nof show a-maximum at early time,
and it does not cross the standard curve as in the case of N,0.
The effect of éther parameters near the maximum is very
complicated. 1In some cases, cuéves cross each other aﬁ 2 points,
one before and one after the maximum. (eg. f£ig.-4.14) In some

other cases, they crqss each other at one point (i.e. fig. 4.15

172
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Figire 4.15 Effect ‘of K on the variat‘x
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Figure 4.17 Effect of & on the varia‘ttion of T‘/z-with
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and 4.16j. Einally,:méhy cuzves do not cross each otheﬁlat é}l
(i.e. fig. 4:12 and 4;i7);“ )
A We are qnable to explain these diffe;enceﬁ in héhavfor
near thé maximum. However, we conclude that the maximum itself
is due to a change in the mechanism of the relaxation=precrTess.
Two meéhanisms are apparentiy invoived. One, before the maximum,
corresponds to relaxation of the vibrational levels of low energy
- and the second, beyond the maximum corﬁesponds to the relaxation
of wvibrational levZ%Ejéf high energy.

"The mole fraction-éépendencé will be discussed along with
the linear mixtwre rule in section 4.5. .
4.5 Hoia£ fraction effect and lineaf mixture rule

Tﬁe dependence of T/ T’ (the egquivalent of 1/PT') vs Y cﬁrves

on the~mole fraction of relaxer for both Nzo and C,oHs molecules

was studied in-order to test the validity of the linear mixture

e —————-

rule.

CaIculationg for No,O and CyH, were performed at mole
fraction = 0.0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.3, 0.5, 0.7 and
1.0 using the standard biBraﬁional relaxation parameters. The
results are illustrated in Fig.4.18 for N,O and fig. 4.19 féi:::
CéHz. In theése figures, tf/t decreases with increasing mole |
fraction and the curves become steeﬁér and approaéh eqhilibrium'
at an earlier time as the mole fréE?iGHuincreases.v This is to
be expected because, aside:from the additiomal V-V routes which
No0 or CoH,y co{lis}on.parthers‘allow, the relative V;rhaificiency
was/lO:l in favour of N,0 or CjH, (i.e. g¢g=0.1). Values of

. "

T'/T were read off fig. 4.18 and 4.19 at Y = 1.0, 2.0, 5.0, and
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Figure 4.18 Effect of mole fraction

on the variation
ofT'/Twith ¥ for N,O0. ‘
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Figure  4.19 Effect of mole frac‘tilon on the variation
Of'['/TWith Y for C2H2.
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at gquilibriuﬁ, The cqrresponding plots of”t/t'(tﬁe equivalént
of 1/PZ") vs mole\f;gction, X, are ill1fStrated in fig; 4.20 for
. N50 a;d in é:;} 4.21 for CzHé respectively. It is clear thét the
linear miitdre ruia iéinot*obeyed;‘ According to tﬁe'linéar
mixture rule, 2 plot 6f 1?/r5 vs X sﬁould be linear and should
start at f/;‘ = 1.0 at X = 1.0 and end at T /T' = 01 at’
if g = 0;1 and if v-v processesg are unimportant. ,curvég
c;b‘t_ained in figqg. 4.20'and 4.21 started at T /7' much higher than
1.0 {(indicating the céntribu;ion-of_v-v processes) and énd at
T/ = 0.1. The deviaéion from linearity is more obvious at the
@beginning of the rglaxation (e.g;f=l.0). ‘These curves approach
linearity as the.;elaxatioq'approaches*eqdiyibrium. goyévef,
near eqﬁilibrium the curve drops off sharply at low, mole ffactioq

of X. - -

Curves of fig. 4.20 and fig.4.21 do _riot resemble aﬁy éf our
experimenfal mixture rule plots /where a'maximum_was observed at
idw-mole fractions, siﬁilar th what is expect;:\%axxdiatémic.
.moleculeé. Possibly fox other &hoices of-vibrational tgggkation
parameters the.theqretica;_curveé ould exhibit a maximum at low
mole'fréction also.. We did not try td find‘the values of the
parameters which lead to perfeéﬁ-agqeement'between experiment and”
theory. Thése are very.tfhe~conédming and expensive

-_calculétions, and our aim (as'menﬁipned above) was to merely show

" that a time-inVariant-reIaxation tiqgrdoes not exist and that its
cbnﬁeéuence is a non-linear mixture rulé; Wefbeliévéiwe.haﬁe
shown this. . ' - Ir - .

The linear mixture rule has also been tested at low

/
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Figure 4.20 Variation of T /7' with molé fraction of
: ‘ —N50 at different Y.

<X NI )
I 7 ; )
\\'
(/f{’
- & - /
. 5_ .
/T
a-
. A\’ I
3-
) ~
< }
)
L_.M-g
- ") . ! ' e
o ce 04 . 0.6 0.8 1.0



Figure 4.21 Variatién of T/7' with mole £
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';,;«r temperature for both N,0 and Czﬂé. .Vibrational relaxation

parameters have been selected in such a way that curves

—

. representing T'/T vs Y increased with Y before they reach
equili:brium: B o= 320 K, A, =')\N20 = 0.9p1, Ayy =.0.05, ¢ =
0.01 and ¥ = 5 for N,0 and T = 320 K, )\Ar oo - 0.001, Ay

& and K'are standard for C2H2 {(see section 5.22f9r détaflsh

‘Results of the linear mixture rule are shown in figs. ‘4.22 and

: _ 4.23. In both cases,_ curves representing'f/r'vs mole fraction

+* -
are nearly linear and do not change’ 51gn1f1cantly with the extent

—— v
from equ111br1um. These results are expected s1nce it has been

found- theoretically and experlmentally that the m:xture r®le
approaches linearity at low ‘temperature.
4.6 Slmulatlon of laser exper:ments for Nzo

In 1aser 1nduced fluorescence exoerlments, the_ initial
pﬁpulation 4s at equilibrium at égmperature T. Affer the laser
shct; a certain fraction.,9, of the ground state levé;s

PB=(0,0,0)are excited to'Vl =_(1}0,0 ;, say. In this way tﬁe

populatfon cf the ground_state'level ls reduced by an amount
SNPb,eq(T) and it becomeé: |

N (T) = NVo,eq(Ti '.SNVo,éq(?)
and Ehé_pogulétion of the excited vibrational level(Lh) is

increased by the same amount: o -7 T>

.-Nyl"eq(T) = NVl,eq(T) T+ SNVC’eq(T) . -

7'+ as defined in eg.4.15, describes the relaxation cf the
total erergy. ~We can also decompose the energy into its -2
compbnents (one for. each mode) anéd thus define three -

cofrespondjng T's\ursing expressions'qnalogous to: (eg. 4.15).
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?iguzei 4.22 Variation of T /7' with mole fraction of
N,O at low temperature.

-
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Figure 4.23 Variation. of T/T' with mole fractionaéf_f_
CoH, at low temperature. '
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This is useful for comparing the equilibrations subsequent to

—

laser-excitation of specific vibrational modes.

'ﬁzbrationzl relaxation times héve been calculated for
several values of $: 0.001, 0.01, 0.1, 0.5, for all three -
vibrational modes, VI=(1,be); V2=(0,l,0), V3=(O,0,l) with the -
same stahda;d parameters used in the shock wave simulation (Table
4.3). Cnly the @ain features of this calculation yill be .
presented in this section. . i

_ The fundamental frequencies of N-,O are such that near-
resofance between modes occufs relatively low on the eneréy
scale. 'e.é- (0,2,0) and (1,0,0); (0,0,1) anéd (0,4,0) are
-100 ém'l apart. We expéct that after an initial transient the 3
.mpdesvhould relax similariy.' F&gs. 4.24 - 4.26 show that the.
transient is ext;gﬁely short jndeed. |

Fig. 4.24 shows the variation of T'/T with Y of each
vibrational mode,‘(l,U,O), (6,1,0) and (0,0,1) and of the total
vibrational: energy after .excitation of the (0,1,0) mode by a
fraction 6 = 0.5. Despite the initial selectivity all three
@oaes relax.with the same' time "constant" after ~0.05 time units.
We note thqt (0,1,0) loses‘energy initially-after the excitaﬁion'-
~with T'/T = 0.005 and finally with ¢'/f= 0.25 near equilibrium.
Simpltanepusly, (1,0,0) gains enéréy and a;tains a'steady rate
after ¥-0:05~thus indicating that the procéss (0,1,0) —>

(1,0,0) 1is opefative. Then (1,0,0) and (0,1,0) transfer <heir

energy to (0,0,1) and the latter reaches a maximum at Y-0.02,

The three vibrational modes reach a constant value of z'/r=6:és

after an ext:eméiy_short transiepﬁ period (¥-0.05)}; The final
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- coupled relaxation of éll-th:ee modes (with '/ & 0.25) probably
involves a cbmpiicated set of V-V processes, which will be.
discusséd later. ‘ : = |

Fig. 4.25, shows that.exciting different modes affects the
transient speriod only. The higher the energy of the excited ﬁéée
is, the shofter is_the transient period. ‘This.is expected since
the rates of deactivation are proportional to exp(:és). .

fig. 2.26 shows the effect of the dggree of pé;turbétion °f.
the b&,mode on tﬁe obse;ved'relaxatjon cf the Qz mode. Note the
different time scale with the shock wave simulation. :C1ear1y, a
shock perturbatiqn is followed by a relatiﬁely long'incubation'
time, in-con:radiséinqtion.to the short transient of a laser-
excitation'experiment.'.At first sight this result is guite
surprising. Afterall, itwas shown (29, 76) that for diatomic
molecules, the tihe—dependenée of 7' was extended when the
molecules are laser-excited, but non-existent when shock-excited.
However, on second thought it is quité reasonable. _ A new factor
(variablé state density) has entered the picture. Time-
debendeqce of 7' due tq V-V processes'ﬁés been reinforced for
laser-excitation of polyatomics. Whereas laser-excitation
results in the direct population of those levels which are
instrumental in mode coupling, shock excitation must éroceed via
the lowest rungs on the vibrational ladder. It is only after a,
significant dincubation time related to the rate constant forw
level (0,0,0) - (0,1,0) that the ;mporiant densely packed
levels are reached, or ét least that levelLi is suffﬁciently

populated for intra- or inter-molecular V-V processes to beccme
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Figure 4.25 Simulation of a laser experiment for N0,
effect of exciting different modes,
($=0.5, standard parameters).
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' Figure 4.26 Simulation of a laser experiment for
N,0; effect of degree of excitation 3,
. ¥, excited anc observed, (standard parameters)
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operative. At lou; tempgratufes the relaxation is essentially
compl_e'&_e by then,at high temperatures it accelerates thereafﬁ'er.
The difference in behaviorl from laser-excitation willl‘ptove to be
of some _impor}:énce for in{:e;:prett'ing the confusing data of:
fig. 1.4. However, it is important to note that as long as one
i's.mea'surin.g ¢lose to equilibrium, both laser experriments‘and

shock wave experiments$s should yield the same value of l‘c'a/t‘.
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"CHAPTER 53 'DISCUSSION

Both our experimental results ahd theoretical predictiops

-shgw the same phenomenon - namely the failure of the.Béthe—_

Teller law. In other words, a single relaxation time cahno: be

*said to exist for the viﬁrational relaxation of N,0 nor. for CZHZ'

The question of whether this is a general phenomenon 'isan

important one because of the widespread use of rate constants and

because of the widespread interéretaéion in terms of one or two

. microscopic energy transfer rate constants. The picture paintéd

by Cottrell (6) appears t¢ be greatly oversimplified: once

' 1ntermolecular energy transfer processes begin to play a role,

. —-- '

the relaxation cannot be described in terms—of decay via.the

lowest mode.

Our calculations® indicate that at certain temperatures (i.e.

-600K for N,0 (see fig. 5.14 sectionHS.ZJJ) the mechanism

swltches from one where the relaxation sloqg;down to eone whereJlt——-

is accelerating, as more and more denselYﬁpacked vibrational
levels become accessible. We observed the same effect in our N,0

expérimentai results albeit at ~1300K (fig. 3.8 section 3.1l.1).

Presumably a better .choice of parameters could result in better

agreement between experiment and theory. However, our aim was

‘not to achieve quantitative agreement, rather to show that our

results are physically reasonable. For acetylene we were unable

to observe the switchover in mechanism experimentally, because it
is technically difficult to- achieve high enough temperatures for
such a low molecular weight gas in a shack tube.

The constancy of PZ' has been discussed in detail in Section
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1.5. It is.known (29, 78) that for diétomic molecules, the
vibrational‘relaxation time is "generally not go@stant. It -
éegeﬂds on §Zvera% factors, i.e. the anharménicity, the initial
dist:ibution of vib}ational levels, whether it is'Bolzmann'br
not, the importance of V-V eneégy transfer ahd the tite-regime of
relaxation t/T. T"' is constant only under cqndiéiohs where the

initial distributien is Boltzmann such as in shock tube

.
!

This result for diatomics seems to contradict our

.

.e}peiiqents.
present experimental and theoretical results where shock.waves

were used and the measured or calculated viBrational relaxation

times were not independent of t/T. The basic differénce betWeénl
diatomics- and polyatomics is that the density of states for the

latter is noé constant; This indicates that the constancy of the

state-degeneracy éeterﬁines the'coﬁstahcy of '(t).

The most important conclusion is that the Beth-Teller law
. cannot be applied to polyatomic molecules. ANevertheléss general™
rules which could be heléfui in determinihg théjvibrétibna;
relaxation mechanism of polyatomic ﬁolecules exist (31). These
rules have béen discussed in detail iﬁ section 1.2, and‘we:e'usga
"as. guidelines for developing our model.

In this broject, we did hot try to.obtain gquantitative
agreement-betweee our experiments - and calculations. Instead we
tried to find an appropriate mechanism for the vibrétional
relaxation of éolyatomic molecules which could explain
qua;itafiﬁély the type of behavior o?éaihed in our experimentai
results for N,0:and CoH,. Before we try to fiqg a, suitable

b - -

mechanism for the vibrational relaxation of N0 and C,Hp we shall

-
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cqmpare our results wlth the computer 51mu1at10n results as well

as w1th_tha-11terature results.
5.1 Comparison with literature results } —
5.1.1° N,O

211" known resq;ts on the.viprational relaxation of N,0 have
been discussed and represented grépbically iﬁ the:firse chapter
{(section 1l.3)..'In all those cases a Landeu;Teller pioe ef log pT’
vs T71/3 was dra?n to show'theHQEmpetaﬁure dependeﬁie of the
vibrational relaxation time (fig. 1l.4). -Ih orxder to cqmpare_our
results with the literature results we have to éfot log PT" vs
7-1/3'a¢ different zt. Sech'a plot is represented in'fig. 5.1.

By comparing_the shape of our curves to those in the literature

we conclude that our results are.in apparent disagreement with

other worker's results. In most cases log Pt'increases almost

linearly with T~1/3, In our resuité log Pr decreases with

increasing T 1/3 except at high temperatureﬁwhere our ‘results
seem to be in agreement with what has been published up to now.

If we plot our results on the same graph as those in the .
litetature_(fig 5.2) we can see-that despite ehe disagreemeqﬁ in
the shape of our curvesgour vibrational reT;;etion times are of Ea
the same oeder of magnitude as the iieerature values and a large
portion_ ef our curves overlap with then, especially. with other
shock tube data. Moreover, if we negiect the effect\of Z? and we
consider the overall experimental reeults we can see Ehat log PC'
increases with T-1/3 on the averagéf"-EEn we conclude that our

results are in agreement with the literature results? Can we

conclude that published results only fortuitously obey the

. . . dplai
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Landau-Teller law? Actually, in all other literature data,_ﬁhe

"extent from equilibrium (i.e. Zt] was ignored, and vet we now-

know'thgt.thisvfactor is extremely impértanﬁ. Moreover, not all
the experimental conéitiong,were megtioned tr—the literature. It -
ié possible to perfor@ twgﬂdifférent experiments w;th the samé
shock wave velocity’ (same temperatUfe) with two &ifferent .
diaphragms; in'thiszéase, the pressure of the driver gas and ‘the
pressﬁ;é'of the test gES'are different, thus 2 different Zt's are
probed: hénce two different vibragional‘relaxation times_are
obtained (see table A.l- :.8 for_éOGE example;). We believe that

“t

" the discrepancy in the literature results is mainly due to the

use of gifferent but ;pknown initial conditions and the{sijgzéfsu
differgnt and unknown’ values of Zt. ' t

-

Is it possible to obtain Landau-Teller plots similar to

those in fig. 1.4 from our experimental data? If we assume, that
. -

. . . \ s . . o
the discrepancy in the literature-résults is due to the probing
¢ ’

_of different Zt's, we should be able to reproduce the 'literature

results by plotting log Pz' vs T-1/3 usingﬁ;he'apprép:iaté
conditipns. Toe do this, we classify our experiMenéal.data
according to the driver gas pressure and we plot log PZ' vs p-1/3
for each regimé Qf driver gas pressure (which represents
éiffgrent values dE:Zt). Results are presentéd in figs. 5.}.to
5.6. In all cases we observed that iog ?ﬁ increaéed Qith =1/2
exactly as in the.literature. In fig. 5.7, all curves 0f figs.
2.2 to 5.6 appear on the same grépb. Now we cén see the effeq} of
driver gas pressure on reléxatioﬁ Eime. It is evident.f:om the

curves of fig. 5.7 that the pressure of the driver gas (keeping
—_— o .



Figure 5.3 Landau-Teller plot for pure Ny0 at Pp=450-550 torr.
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5.5 Landau-Teller plot for puie NoO at P,=180-220 torr.
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Figure 5.7 Landau-Teller plot for pure N,0 at different PD;_
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the temperature constant) 6r.equibelently varying Zt affects the

relaxatlon time markedly.

Now we cad compare our results to-the 11tezature resuL;s.
In £ig. 5.8, curves of fig. 5.7 and fig. 1.4 appeer on the same
graph. It'seemS'now'that our tesults are ‘in very good agteement
with other shock-tube results. In' fact three of our curves are

s

located between the curve of Dove et al (37) and the curves of
Simpson et al (34=-36). .

We believe eow that the éisérepency in the literature
results is mainly due to the systematic-probbng of different Zt
{or. different extents from equilibrium). Until the present study\
there was no theoretical treatment predicting this effect.-

—

5.1.2 CoH,

In orxder ES’COmpare our results with the literature results
a plot of log Pt'ts ?-1/3 at gifferent zt is needed as in the
case of N,0. Such a plot is represented in fig. 5.9. We can
‘easily see that log PZ' decreases with increasing T~1/37 rhnis.
behaviour is én disag;eemédt'with the beheviou: previegsly
reported (74) which shows that.the relaxation becomes faster as
the'temberature increases. 'Howeyet, by plotting log PT vs T:1/3_
for each regime of ériver gas pressure as we did in the case of
N5Q, we can obtein results which are in good agreement with the
literature results (fig. 5.10, and 5.11). anortunatel?, no%
many results have been publlshed on the vibrational relaxation of
Czqz, and the comparxson of ‘our results with others is ve*y

limiged.
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Figure '5.10 La-nd.ageller plot for ‘pure Czi-lz at different Pp- '
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5.1.3 Lineér_mixtﬁré rule

It-is interesting to compare the deviations from the LMR as.
obserﬁed for N,0, CH, and C,H, (present work). Both N,0 én@;CHd
'show similar non-linear mixt;re‘zules'(losy (fig. 1;15 . section
1.9). Cszshogs'a prominent maximum in -its pleot of rate
coefficient vs mole fraction (£igs.3.42-3.47 section 2.4). The
magnitude of the maximum in Csz results is more'impdrtant than
in the N,0 and CH4-results, and it is more important in CH4'than
in N50. We saw in sections 1.5, 3.4 and 4.5 that the mixture rule
.plot épproaches linearity (tﬁé maximum decreases as the
'relaxatioﬁ approaches equilibrium); thus is possible toattribute
the difference in the amplitude of the maximum to the extent from
equilibrium. 1i.e. we can say that N,0-Ar measuréments are closer
to equilibrium than CH,-aAr measﬁrements, and the results for CyH,
are far awéy from equilibrium. - //

5.2 Comparison between the computer simulation results and the
experimental results. '

' - .

All simulated .curves of T'/7 vs Y decrease with increasing Y

and reach a final value at high ¥. In our experimental-results
] N -
most of the curves representing PT' vs Zt, which is the
. ] Sy . \ L "

equivalent of T'/Z v ¥, increase with increasing 2t. Some of
them. reach their limiting value during the observation period and
some of them do not. However, in the case of N,0, PT decreases
with increasing 2t at sufficiently high temperature., At first
sight it seems that our experimental results agree with the
theoretical calculations at high temperature\and disagree with

them at low temperaturesS. However, we’ have to remember that the

values of all parameters chosen in the theoré:ical calculation
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were arbitrary. The':eal_values of these péraméters may be quite'

different and depend on tempe?aturé and might give curGesuﬁhich

-1‘F aré-completely differeﬁt 'in shape f20m-the curves already
obtained. '

Is it possible to obtain curves of T'/z vs'x which are at

least in qualitative agreement with the'experimentalllow.

tehperaturelones by'modifying Ehe‘values of the model's’

parameters? .

-

In section 4.4, we showed that modification of the
araﬁgfers affe§ted fhe shape and the amplitude of curves
representing <T'/C vs Y. Thus it is pbssibie to ﬁodify'some or
all of the'parameters'in the direction which causes T'/T ta
increase with ¥. We éfarted ;y modifying 2 parameters only, then-
we modified the third éarametea and so oh,‘until all parameters
were adjusted. i

5.2.1 N0
Fig. 4}5, section 4.4.1, sths that .decreasing the
temperature from 750 XK to 320 X leads to a large increase in the
valug of T'/r. Thus we decided to use T=320 K as a starting
. boint. The‘resultihg curve .was ploﬁted in- £ig. 5.12 {curve 1).
In this cﬁrve /T essentiail§ decredées with increasing Y. By
changing ;kAr from 0.0l to 0.001 we increased the influence of V-
T processes involving Ar, but since Ar's efficiency is relatively
s small (¢=0.1)T'/r still decreases with increasing Y(curve ]).
However.thq_;;gni:ude-of t'/T is increased in tﬁis case, as

expected. By changing XNEO from 0.01 to 0.001 (curve 3),T'/T

again increases as expected. This time we succeeded in
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. increasing the influence of V-T ptocesses;'énd_ég-a.feéult’tﬁe
shape of the curve is completely altered. Z'/z'sow essenfially'
increased with increasing Y until it reaches its final value.
However a small spike appearing ét the beé&nﬁing of re&axation
indicates residual V-V chgracter. Changing‘xvv from *0.01 to n‘agﬂ——w-
suppresses V-V processes and leads to a decrease in the mégnitude'
of zf/t-(curvé 45. However, the spike_disappears, as is expected
when V-V pfocesées are suppressed. Changing ¢ from 0.1 to 0.001
leads to large incfeages in t%e value of:f'/c {curve 5).
Finally, Ehanging ¥ from 100 to 5 (cur¥e 6) does not seem to
affect significantly the shape of curve 5, because we have'by now ‘
suppressed the V-V processes-fo such an ektent that they no

longer influence the relaxation. -

-

We conclude that the vibrational relaxation parameters can

be modified in a direction which leads to gualitative agreement

with the experimental curves. In fig. 5.12 curves 3,4,5 and 6

‘all resemble the low temperature experimental ones. However, we
- §till hawe to show that even if T'/T increaées with inqreasing ?
in the 'low tempe:atuse regime, T'/T neverthelesgmstill decreases
with Y at high temperatures f&r the same éhoice of parameters.

| We found th&t inc:easihg the temperature léads to a decrease
of T'/T soithag;if-we take ény curve of fig.5%.12 where z'f:
increases with ¥, and if we iﬁ;rease the tempé:ature, we find
that T'/T decreases with incrgasing'Y. Tﬁe'effect of
increasing temperature is illustrated in fig.-S.lE.wheré the

calculation was performed for 500, 750 and 100CK under conditions

where Xy,0 =1.0, )\Ar=0.001,)\N20=o.001, Ayy=0.05, ¢=0.01 and Y=5. =~
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. L
We used x§20=1.0 because all of our experimental obgervations

were fqr pure N,0. The results of Lhe calculationnaze in very
good semi-quantitative agreement with our experimental results:
whereas at’ low temperatdres Z'/T.increases with increasing Y and

reaches a constant valye, at high temperatures T'/T decreases

with increasing ¥ for the same sef of parameters and reaches'a
~constant value at equilibrium. Thi; behavier could éé explained

< by tHe fact tﬁat‘at low temperature (below ~§00K), onlg low
_ energy levels are populated; it is sufficient to consider the
first four levels (0,0,0), (0,1,0), }0,2;0),l(1,0,0). At the

early stage of the relaxation, the fastest processés are cccuring
first so that small PT' are ieasured; as the relaxation
épproaches equilibrium, slower processes will be measured and.of
course Pt‘\increaées. At equilibrium, the slowes§ process. which

. is in this case (0,0,0)}) —> (0,1,0) wiil be measured agh
. _ T — -

-

determines the rate of reaction. Above 600 K, vibrational levels

—_ . 'J

~.- o©of higher energy are pop&lated; in this case combinationé of
vibraticonal modes sucp as (1,1,08), (0,1,1y, (1,0,1) ee.€LC. are
cpulated and the energy level sep;;;tion becomes smaller so that .
f//’/ﬂkj;;;;sffap proéesses bepome faster giving smaller values éf PT'.-
As the temperature and/o£ Zt increases (above 500. K}, vibrational
levels of higher energy as well as more.combinations Qf.
vibrational modes will be populated. This causes the energy
level separation to deéreasé furthet and-relaxatio&-proéessés to
continue to aécelerate. This behavior‘at higher temperacture
coulg also be explained by a mechanism involving'a competition

between 2 processes, one faster than the other. .As the
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temperature increases .the faeteﬁ-prpcess dominates the

<.

relaxation. This mechanism will be discussed in some detail in a

-
-

fseparate section. Ce e, .
ii- The temperature effect can be studied alternatively by

- - . = - ) -
- plotting T'/f vs T atfdifferent values of ¥ as we did for our

experimental ReSults of such plots are illustrated in

=74

fig. 5.14. ‘Va% of t')r'nere determined from curves of fig.
) 5.13 at Y= 0.14'5.2} 0.5, and 3. The results.are'in“agreement_
with what was found experlmentally (fig. 3.9, section 3.1. 2).
For both experlmental and . calculated results, the relaxatzon t1me‘
first increases then decreases with 1ncrea51ng temperature. The
curves ¢ross each Lother at certain temperatures. ‘
‘\vUnfortunately we were_not able to reproduce all of the_
experimental resuIts; Epe turn-arocund temperature for tlme_'
dependence of T'/rwas found to be 1280 ‘K expe mentally whereas
our srmulataoﬁsvlndacate that it’ 1s somewhere etween 400 and
700 K Certalnly a different ch01ce of parameters would brlng
thlS also into agreement. We must emphasize that our alm was not
‘.to obtain perfecé agreement, but rather to show that our
‘experimental resnlts are physically reasodable. =

s.2.2{ coH, o L - T
The comgéter'calcu%ations performed for N,0 fprevious
“section) were repeated‘Eorlczﬁz.rdfgeﬁgesults are il}ustrated ‘in
“fig. 5.15. These results are drfferent'ﬁrom the results-of N,O
(compare figrgS.ls teo fig. 5t12) and even in contradiction with
whatiwas expected at. high temperature-acébrding to figs. 4.1l to

fig. 4.17 (section 4.4.2). For example, we expect the curve of

~ »
-

o™
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Figtiré' $.15 Variation of T'/Twith Y for C,H, with
. different sets of vibrational relaxation
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T'/T to increase when changing AA-: from 0.01 to 0.001 (se.e fig.
4.13)f In fig. 5.15 (curve 2) we see the opéosite effect at
320 K, The same happens when modifyingukvv-from 0.01 to 0.05
(curve 4) etc. The differences between the low temperature
(320 K) éﬁd the high éemperature (750 Kj'résults may be due to
the behaviof of T'/r vs Y curves near the m;ximum. !As was
mentibned }n‘sect%on 4.4.2, the behaviocur of these curves are
very complicated near the maximum and probabiy unknown. We saw
thatrsome curves crosé the standard one at 2 points, some other
curves at one point and some curves do not cross the standard one
at all while éhanging the vibrational relaxation parameters.
Thus the difference between the_high temperature and the low
temperature pﬁhavio: should be expected. The diffe:ence berwéen
N-0 and C,H, results is due to the difference in the vibrational
energy level diagram.betwen thése two molecules and:therefore
apparently't? different-rélaxaéion mechanisms.

The only vibratiomal relaxation parameters where T'/T

increases with Y corresponds to T=320 K,->\Ar=0.001,>\ =0.001,

otz
AVV' # and ¥ are standard (curve 3). The Ehange in the shape of

Ehe curve dccurs after modifying k from 0.01 "to 0;201.

H

C2H2
Therefqre we believe that this V-T parameter is a very important’
parameter in determining the s;ape of the relaxation profile of
CoH, at least. h' |

The effect of temperature on the‘s%ape of the curve 3 is
illuségated infig" 5.16. At Low_températures (220 Kf}t?fc

. . . L% ) ) . .
increases with Y and~approaches a constant value near egulibrium,

As the temperature increases, the shape of the durve changes and

R ‘ ' ‘ ra



Figure '5.16 Temperature efféct of t variation of T'/'Z‘ with ¥ for
- pure CyH, ()\Aracaﬁfo 0017 Ayy=0-0%, #=0.1 andy =1G0).
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T’ /zdecreases with ¥ and approaches a constant value ﬁear
equlllbr1um. ‘We did not try to make a more detalled analysis of
the temperature dependange of the vibrational relaxation of C2H2
as we did for sz. -However, we‘believe that under certain
vibrational relaxation parameters, it is possible to obtaiqﬁ
curves eimilar to those in rig. 5.14. - —

We have thus been able to show that for certain values of

v1bratrbnal relaxation parameters, dﬁ 9Q232=0001, remalnlng

‘parameters being standard) it is possible to obtain theoretical

results‘hhlch are in qqalltaéive agreement‘witﬁ the experimental

results where the relaxarion time increases as che relaxation -
approaches equlibrium. However, none of our experimental curves
shows an acceleration where PT' decreases with Zt, therefore the

8
:turn-around temperEEore was not reached; 'de believe that this
temperarure‘is higher that 1184 K which f{s the highest
tempereture measured under our experimental conditions, and
probably at T>1200 K reiaxation times which decrease with 2Zt
‘ would be measured.

5.2.3 Linear mixture rule

One result of this study is the observatioo of a marked
degiation from the linear mixture rule, partlcularly at about
-2.5% C,H,.  The devxé%;on is more pronounced at early stages of
the relaxatlon. Our calculations show 51m11ar1y that deviations
are stronger at early stages of the relaxatzon. Althoug@hrhe.
exact forp of the deviations is not reproduced, we must emphasiée
tHE?iour aim was merely to show that deviations are to Be

expected, and that the-distribu:ion-of population among the
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vibrgtf6nal‘levels_is the controlling factor. ' % judicious choice
of parameters would presumaﬁly improve th; agreemenf. For
example allowing for slower VT transitions (with energy gap
JAE|>704 cmfl) togegher with very poor ihtermoéé e6upliﬁg would
résult in more dramatic.low temperature decelerations. The same
effect might be achieveé by éllowing the mié%oscapic rate
constant to depend explicitlylon'the'identity of thé initiél and
final modes.

' So far we have solved the master equation for a temperature
of ;t mo;t.jso K where the experimentally obsérved deviations are
still quite small (105); and it would be desirable to continue
these solutions to higher temperatures. For systems with lineaf
master equations, ﬁhe computed déviations tend to increase with
temperature asttheAmultilevel character of thé process bé&dﬁes

. - .
more pronounced (82). We know that systems with nonlinear master
equations show a Similar effect (56{.' Unfé:tunately the cost of
the computations incréases very rapidly with temperature because
of-the-necessitf to inclﬁde many more levels and to allow
transitions with larger gaps. |

We conclude that the maétgr equation‘computations support
the experimental observations. They also sﬁpport thé warniné
that inverse relaxation times linearly‘eitrapolateé to infinite
dilution must be regarded with caution. At present the potential
) _pa;ametefs.of this syséem are not well enough known to allow
detéiled guantitative computation'of'th% magﬁib&de of this
"effect, and further expérimental investigations of relaxatién

rates at low mole fractions of polyatomic gasés are highly
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desirable.
5.3 Mechanism of the relaxation

5.3.1 N,0

The variation of the vibrational re;axaéion times of N50
with temperature aré-shown in fig. 5.2 (section 5.1.1). This
figuré contains the results of our pfesgnt study superimposed on
the results shown in fig. l.4. It is a contour ﬁap of PT' at
'fixed Zt. Clearly, almost anything can be'explai;ed on the basis
of systematic differenceé in the portion of ﬁhe relaxation zone
probed. Bhangu -(33) repérted an explicf!-;ime dependence f&r pT.
His results and those of Griffith et al (32) gquite clearly
correspond to the early portion of the relaxation zone. The
shopk-tube reéults of Simpson (34-36) were obtained from a
conscious gffor£ to measure far from equilibrium (115). Those of
Dove et ;1 (37)'ffom an-attempt to probe close to egulibrium
(although this was ;echniCally impﬁssible to acﬁieve'at low
teméeratures). The results of alllof these -studies are
consistent with our present observations-ﬁhat at T<1300 K,
Pr‘(t)<ér'@n. Furthermore the overall temperature dependgnce og
PT' is different for differenF systematics of measurement. Oui
individual curves in‘fig. 5.2 correspond to fixed 2Zt. A
différent temperature dependance is expected for e;ch fixed 2Zt.
The individual data in fig. 1.4 or 5.2 can be classified
according to closéness to PIL'(®), i.euﬁessentially,how‘much
bimolecular V-V character tﬁey hgve. As mentioned above, rgsults

of Dove et al are close to PU' (w). However, at low temperatures

it becomes technically more difficult to measure at large enough
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values of t/Z, i.e.'one is-far from equilibium. Thetefore, the
results of Dove and Simpsoe approach each other “as T->300 K, and
they both 51mu1taneously deviate from PZ'(®@). They all merge

w1th the ultrasonlc dispersion data at T< 450 K (43 -47), wh1ch

are alsec far from egquilibrium, in that the'Pg mode 1s

energetically inaccessible on the time scale of the experiment
and cannot be observed because of its negligible contribution to
the heat capacity. This agreement at room tEAPerature is due to
the fact that at room temperature, only the bending ﬁode ¥ is

- ‘
excited fn the gas compression technigue and the corresponding

wvibrational relaxation time is measured. The only measurement of

the vibrational relaxatlon time of the }| mode resulted in value
of 1.31%sec.atm.'wh1chlzs very close to the.vabratlonal
relaxation time of J,. This could be due to the Ffact that a
rapid equilibrium is esrablished-via V-V processes’ between }); and
VW, as our‘calculetions show (fig. 4.24 section 4.6):

N30 (1,0,0)+N50(0,0,0) —> N50(0,2,0)+N;0(0,0,0) Ae = 110 em~ ¥
Vibrational relaxation tiﬁe of the above raéid process was
.measured by Kung (69,70). He found a value of 0.062' Asec.atm.
We concluded that whether Vi or ) are excited at room
temperature, only the vlbratlonal relaxatlon time of Vs- will be

measured. Therefore the low temperature gas compression

techniques including the impact tube data and the PIT' (t.0) -

shock tube data lead to a steady-state PZ' which is related to
processes in the ¥, and V5 modes, in agreement with those laser

experiments directly probing those modes (48, 51, 52, 89, 70).

. The PZW@)-shock tube data lead, on the other hand, to‘an
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eguilibrium ET'hﬁ.involving all 3 modes.

The laser-induced relaxation experiments with lﬁ are, in
principle, complicated by the fact that no estimafe-is given for
the degree of perturbation. ItfiS<diffic£ltfto judge whether a
givén experiment is‘near equilibrium or aot. waeyér in
‘practice, it is probabiy not a serious matter for laser
experiments. éigu:gs 4.24-4:26 {section 4.6) show‘:hat
regardless of which mode is monitored or which mode is excited or
even to what degree it 1s excited, after a very short time -
(relaped to the V-V and V-T coupling propesseS) PT' 1is
essentially a Coqstant, a?d indeed has the same value
(Ias t —> @) that it does in the shock wéve simt_zlation (' /T
=0.25}). Therefore, it seems not to matter to ét“mn here whether
the energy is provided thermally or photochemically. The high-
energx/}@ level is populated directly by a photon or indirectly .
but quickly via available collisional coupling processes, so fhat
laser data shows the same behaviour as hégh'temperﬁture shock
tube data but at lower tehéeratures and earlier times.

Data on the vibrational relaxation of V; are illustréted in
'table 1.1 for room éemperature and in fig.l.4 or Sfﬁ,for other
temperatures. Relaxation times measured by laser techniques
where },; is excited, are larger_than.those measured Dby gas
compression technigques b? a factor ranging ué to 2;5 (f£ig. 1.4y,
therefére  23 equilbration is more difficult thanr the
equilibratioﬁ of just the P&, moées. At higher temperatures
this proc;é§ (V5 egquilibration) speeds up EeCause the critically

excited molecules become more concentrated. At T>120C X the

-
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process ceqsés to become rate determining.  Instead, the'excited
molecules are instrumental 1n creating a new relaxation zoute.
whlch competes aven thh the route responsible for Vl’ Vz
relaxation. This conclusion is cons1stent with cur present
observations that at T>1300 K the relaxatlon acceleratES wzth
time.

One should note that the unusual temperature dependence of
the laser-induced .P3 fluorescence experiments at low
temperatures less éhan 300 K doe§ net seem to account for the
large evolution of heat and the prbbably iarge distortion it

causes to the energy relaxation, even though this is recognized

to be a problem (l1l6). For modest effects the correction takes
the form of the factor Cé/(cp;cvib). For pure Nzo'it varies from
1.33 at 300 K to 1.84 at 900 K. For more severe heating the rate
constants themselves are affected.

In the following we. denote PZ'}nl»> as the vibrational
relaxatiron time when ); and/or Yo are excited and PU'}n)/o)s when
all vibra;ién modes aré'excited., Is it possible to.identify the
rate-determining steps responsible for PTyo and PT /MR
Standard Eheories which assume perfect coupling between Todés (5)
predict that the multimode system relaxeé with a2 time cbnstant,
PZ'(@ ) given by ‘ -

PT @) = (C; is SepTt et (5.1
where PT; is the"time constant associated witﬁ the rate
determiniﬁg stép (usually thé relaxation of the lowest—eng:gy
mode) and C; 'is the vibrationalihgép capacity of mode i, given by

c; = Réf exp(ei'/T)/(exP[ei/T]-ll2

-~
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where
Equation 5.1 is strictly applicable only to perfect intermode
coupling and small perturbations (which might not be applicable

.

here). -
E&rstf"weltest the validity of equation 5.1 for 2 case where
intermode coﬁpling is not perfect. In fig?75.13 we héve
simulated a low temperature shogk wave experiment. Afgé: the
transient pe;ipd, T /T reachef'the values 1.11, and 1.20 at 320,
and 500 K respectively. '?hese are very close to the predictions
of 1.08 and 1.23 of eéuation 5.1-as appl;ed to the V-T relaxation
of },, as being rate-determining. At high temperatures, our
calculations using eq.‘S.l indicate that 't"/t is influenced
somewhat by imperféct coupling. Neverfheless, we feel reassured
by the large rate constant for the (6,2,0) —> (1,0,0) process
rep'rted.by Kung ¢66,67). fherefore, in agreement with other
authors, we relate PZﬁplyz to the ?zocess (0,1,0) = (9.0,0}.
Using equatlon 5 1 and our definitions for PT' in Section 1.1.3:
1/PT = Nklo(l-—exp [-hiy/kt). = (1/prply2) (1 + Cy/Cy) (5.2)
Secondly, having identified PT')yyp with PT, wejn&te from
£ig. 1.4 that, at T<1300 K, PUun}o)3/PT varies from 2.5 to 1 in
the temperature range-300-l300 K; whereas (C1+C2+C3)/C2 qar1es
from 1. 08 to l 72, (Cl+C2+C3)/C3 from 300 to 5.85, while 2?(@)/3

~
from our s;mulatlons of fig. 5.13 never get larger than 1l.3. .

. —
This means not only that the V-T relaxation of V3 —_> (0,0,0}
cannot be' rate-determining, but that alsc equation 5.1 cannot be

used when intermode coupling is not pe;ésgt. Because of this
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imperfect toupling,'the valﬁes-of P T as obtained from_equetions
5.1 and 5.2 are underestimated, and therefore PT'yypn/PT is
closer to 1. This means that we cannot rule out the possibility
that even when J; is excited.Vz —> (0,0,0) is rate-determining,
at least for T<1300 K. Most other authors suppose that (0 0,1
~—> }o is rate-determining:but opinion is divided as to wh1ch
final state is involved: (0,4,0), (1,1,0) oz (0,3,0). ‘However;'
none of these processes has ever been observed directly.

The following abbrev1ated mechanism appears to descrlbe the

known result for- NoO v1brat10nal relaxatlon at low temperatures.

(0,0,0) = (0,1,0) | (1)

(0,1,0) + (0,1,0) == (0,2,0) + (0,0,0) @
(0,2,0) + (0,1,0),:—_-? (0,3,0) + (0,0,0) N
(0.,3,0) + (0,1,0) ;:_‘ {(0,4,0) + (0,0,‘0.) . (4)
C(0,2,0) = (1,0,0) - (5)

;o (0,4,0) == (0,0,1) : (6)

where step (5) is representative of ViV, coupling, and step (6)
is representative of V3V» coupllng. The imtramode relaxation in
¥, (steps 2,3,4) is practlcally lnstantenedus. Furthermore
Vs ;:é V1 is practically instantanéous; so that at these low
temperatures where L% is 1nacce551ble to thermal’ experlments, it
is suff1C1ent to consider simply steps (L), (2), {5), with the
(0,0,0) = ¥, process being rate-determining.

For experlments where Vy is acce551b1e there are 2 90531b1e
1nterpretat10n5' '

1) Step (6) i.e. Vo' V3 is rate- determlnlng at low

temperatures. In’ order to account for the high temperature

-
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acceleratzon, a new route to (0,0,1) must be postulaged, whlch

bec0mes more  important at hlgh .temperatures. Furthermore,

_constralned by the exper1mental observatlon that at T>1300 K

PZL1y2y3 < .PT, thlS new route must completely avoid the route
(0,0,0) =—=(0,1,0}) at least beyond a critical incubation time
otherwise the reletively slow (0,0,0) ::é {0,1,0) process would
be rate determining. The fast V-V process )
(1,0,0)+(0,0,0) —> (0,2,0)+(0,1,0) AE = 479 em~l. (7)
followed by the fast step (5) has the same effect as step (1l).
However the V-V precess is faster overall (in our model it is

A 4 4
about twice as fastjﬁt 750 K). The higher” temperature, the

' greare:.the-concentrations of states such as (1,0,0) at

equilibrium. Therefore in shock tube experiments when
concentratlons increase wzth time, we expect an autocatalytlc

production of (0,1,0), and therefore of (0,2,0). Flnally, the

V-V step ‘ S

(0,2,0) + (0,1,0) — (0,0,1) + (0,0,0) (8)
completes the mechanism. Step (7) followed by Step (8) is

eqhivalent to the effective route (1,0,0) —> (0,0,1) which would

‘normally not be 'considered as important because of the high

endothermicity.' However, the new V-V précesses break up this

. high-energy route into two reletively low energy routes whixch can

compete with step (6), and also overcome a potential sottleneck

-

at'step (1)r lAs'loné as step (7) is faster than step (1), i;

wiil also be faster than step (6), aceording to this

" interpretation.

2/ Altergexively{ Vy => V3 is very fast. All steps (2)-(6) are



2t pre-equilibrium, and the rate is deterﬁined by step (1) i.e.

.(o,o,OJ e Vz: In order to account for the high-temperature

'acceleration, the same V-V process, step (7) can ke postulated'as_

- .

in the first interpretation. Since the bqﬁ?leneck step (1) is
) L

avoided 1in this way,;the autocatalysis proceeds at a rated
'aece:mined by .step (7) and (8). o

In cur present study we used the numerical simulations only
to- learn about the properties of the relaxation systém in,
‘general. We varied the parameters over a wide range.r In fig.
5.13 the ohoice of parameters was such that the autocatalytic

e

leffect appeared at ~600 K compared with 1280 K experlmentally.
We are gratlfled that our model reproduces the experlmental.
rgsults qualltat1ve13 without having to make-the unpalatable
proposal that steps such as step (6) could be rate-determlnlng.

However, 1t would be useful to have addltlonal experlmental

checks on our parameters in order to enable us to use our model
L ]

for predlctlve purposes, not only for N,0 but p0551b1y also for

other systems. <

Summarlzlng, we have been able to catégoB{re'all results
into t&é groups;.according tc whether Pt'ylyz or,PTblyzyé was
qmeasuredi We have identified PT'y,p5 with kloeLand PT'y1poV3

with a competition”’between steps (1) and (7). This -

interpretation is consistent with our numerical simulation of the

—

relaxation mechanism, whth additionally preddcts correctly that

at "low" temperatures P increases with time,whyle at "high"
temperatures. it decreases with. time. In general, we have

'E}erefore.shown both experimentally and theoretically that the

° ’ ‘ . . - -
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henomenclogical relaxation time is not a constant and that its -

value, even close gp eéuilibrium, is not simply rei;ted to a.V-f

rate.coéffiCient bu;ﬁélso_contains significant V-V character.

. Qur céléulations show and our experiments are consistent with the

interpretation that“the_high energy leve}g involved (direcfly‘
- —

excited by laser or indirectly by thermal means after an -

incubation timgy_allow for the circumvention of the bottleneck
i : . ?

step. (1).
5.3.2 C,H, s

\\ o There are few experimental results wiEp wﬁich we can compare
ou? own. Overall, our PT' agree in magnitude -and temperature
dependence with acoustic me;suréments {(71-73,74). Only single
éispersions wete noted by Lambert and Salter (;2);_ boweve:;f
Edmonds‘and Lamb did note an unugual pressure dependence at low
fre&ﬁencies (71) in their absorption measurements. Héger et al

< (75,786) measured the-relaxation-of the Vs aﬁd,y3 mode._ They
founé that the L& mode relaxes in 650 collisions; whereas Vg —>
ground. takes 1100 collisions (;éble 1.2, section 1.4). In view
of the fact thaé (accofding to their interpretation, Y, — Vg) a

1239 cn~L energy gap is involved for VP, relaxation, wherg@s-oniy

703-cm_1 is involved for Vs_relaxation, plus the fact that V2

relaxation involves a transformation of stretching to -~

combinatiqns and harmonics of beeﬁing vibrations, then this is

indeed an unexpected result, as they rightiy stated. It seems

‘more'reasonable that the gimilarity of Vo and'PS relaxa:ion'times
is an indication that J, merely tracks Yg; i.e. if Vo= Vg

equilibration were instantaneous, bottlenegking at Vg — 0 would
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make both )/, and Vg relax at similar rates gear equilibrium. We

have noted in our simulation of laser experrments that regardless
of the complex nature of the ensemble of a vast number-ggf,
transition probabilities, the various “odes”of'e.g. N,O
- ' - : o T
" eventually. relax at>similar rates, with the only modifying factor
possibly bging the degree of perturbation. In Jiew of our
present obgervations that PT' can increase by factors of 2 or 3
. . . - s . N .
over a large time regimeljand Hager‘s observations that the },
mode was perturbed (1l%) than the J; mode (0I05%), the laser’
experiments are in perfect accord with our interpretation. It is
unfortunate that the observed cooling in the laser experiments
(which is not present in our own experiments)‘tend‘ﬂko.mask the-

)

intrinsic déceleration which our calculations predict should also

) h
océcur., Since our experiments were performed at higher
temperatures further c0mparison is unwarranted. Therefore, it

wouldxbe interesting if the laser efperimentS'could-be extended

[ .
to cover a lTarge dynamic’ range of time and to higher

teﬂggratures. Since the C2H2 laser operates on the Lb -—9 VS"
transition {(75,76) additional experiments would be desirable for
its optimization. ' |
5.3.3 Linear mixture rule

The validity of the mixture rule was discussed in?detail'in
section 1.5. Brietly, it is known that the linear mixture rule
is obeyed underxr very restricted conditions. We believg that non
linearity is the rule and cases where tHe linear mixture rule is
;obeyed are rather-exceptional cases, If 1n‘the majority of the

reported data, the linear_mixture rule seems to be obeyed within
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experimental error, probably wzth more accurate measureme;§§ a

dev1at10n from 11near1ty would be detected.‘ Moreover,

- .

measurements are gene:ally not carried out at 1ow,enough mole

fraction or high enough temperature where the deviation from

linear@tj is .very important so that even if curves representing

'1/PT' v$ X seem to .be linear, this does-not mean that.the linear

- -

mixture“;hle_is obeyed. All theoretical treatments confirm this
conclusion (see section 1.5). It has been shown that whether the
- T v 1 .

vibrational relaxation time is calculated by the SSH-Tanczos

- ’

theory (84<«8%) or by_eol§ing the.detaaled.master equation
(29,78), the linear mi}tu}e rule breaks down. Moreoveq some
early experimental data show'an'appareﬁt non=-linear mixture rule
(50,83,162-105).’ Out_experimental results stronély support this

con@&uszon. Our results are expected for two reasons: first of

all, most of our ‘measurements were carrled out - durlng the early
stages of relaxation, long before equilibrium was ‘reached. As

. . . ' ~ X N
was pointed out by Schlag and Valance (79), at this stage.of

relaxation the linear mlxture rule breaks down.  As we approach
equilibrium, the maxlmunl wh1ch appears 1p our curves decreases
and the mixture rule approaches a ‘linear one. In ref (78) it was

shown for diatomics that when 1ntermolecular intramode V-v

...-/
process are important mlxture rule curves exhibit a maximum at

low mole fraction. Those theoretical curves (fiqg. 1.12, section
' - . - ' . D : -
1.5) are similar to ours.—This.Suggests t¢ us that the maximum

which appears in our expetimental curves is genuine anéd is due to

- —r

the intermolecular intramode V-V procésses which are important at’

the beginniﬁé.of the relaxation (sﬁall Zt) and which become }Ess
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important as the relaxation approaches equilibrivm (i.e. at high

Zty. Under condjtions of low mole fraction of relaxer,

intermolecular intramode V-V processes_bq&ome‘less impqrtanf and
1/PT'¢approaches a valde'determined by the relatively slower V-T
pfocesses, in agresgggt with our qbservation of ?‘rapid decrease
in'plogé'of (Pra‘lfvs X. The second mechanistic "regson for the
failure of the linear mixture rule in oux étudy is tﬁat we are’
dealing witﬁ polyatodfc,molecules whefe several vibratéonal;ﬂgges
share'the,energy'and“theféfore several vibrational relaxation
routes are possible. This means that the rate law for the
-vibrationa; relaxation of polyatomic molqgules-is very
;omplicated. Intermolgecular ;hte:modé V-V processes cannot Sé
ayaidéd any moré;tﬁan the in;gamode ones éxcept at the lowest
mole fractions. However, unlike intraméde‘proéésses} intermode
i

V-V processes actually become more important closer. to

equilibrium, so

t even though mixture rule plots.become more
linear, they also go] futher away from the straight line expected

for pure V-T processes (see fig. 4.20, or 4.21 section 4.5).

_—
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' Several conclusions can-be deduced from our experimental and

numerical data as well és'f:bm_thé'literature data:

1: Vibrational relaxation times are usually not constant. They

~depend on .the regime of relaxation (i.e. on ¢/7, er 2t (the
collision number). In order to-compare the relaxation times of a

given molecule measured by several authors using different

*
L]

techniques .ox even the same .technique, the regime .of relaxation
under which the rélaxatibn time was measured must be s§ecified
oﬁhgfwisé the results would be irreconcilable. This informqtiog\n
P haéfalways.tended to be ignored becadse it has always bee;
thought“;héﬁ the rate of vibra;ional-relaxation of diatomic
- molecules and even of polxatomic molécules fqllﬁws fhe Bethe-
Teller 1law. Tﬁis is true for,diaﬁoﬁic molecules under-very
_ —
lim{fed conditions, but not at all for polyatomic molecules.
Therfofe, we strongly_suggest‘that for any measurement of e’
vibrationai relaxatiﬁn time, the regime-of.the.:elaxafion-shgul
_——be specﬁfied along with the temperature and initial degree of
excitatién. | -
,Zifﬁ We mentioned in the introduction:several examplélehere the
linear mixﬁure rule was used in order. to extract limiting rate
constants at mole fraction =.0 and l. Since it has been fo&nd
theoretically and experimentally that the dinear mixture rule-i§
generaly not valid EE; the deviation is always positive, we
- believe that dataiextracteé by linear extrapola:ion‘to the limits

of the ﬁole fraction range are probably incorrect and that this

kind qf‘éxﬁrépolatiqn should be avoided. : | B
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3, ' Since this is the first time a systematic study of the time
dépendence,aéé the molé féction deéendencejbf the vibrational
reia*étion tiﬁes of polyatomic.mqlecdles wés carried ouix, ye
fbélieve\thét"mu;h more work ﬁexperimeptal and theoretical) is
neede@-iﬁ drdef to -understand the relaxation properties of
. polvatomic molecules as well-as the linear mixture rule, i.e.
more éonatomic molecules should be studied in order to check for
genérality._ Molecules .with large vibrational relaxation ﬁimes

“are preferred gspeéially at'high temperatures. They allow for

‘_ ﬁore éccurate geﬁermination of the depeﬁdance on the régime of
reléxatron and on temperature. The regime of relaxation should
be'extenaed in,order to reach "equilibrium. This could ?e

achieved by using higher test gas préssures in a newly deéigned
shéck,tube (.e.,gi longer test section and stronger diaphragm). By

-doihg so, a complete picture of the relaxation can be.obtained
(starting from the beginning of the relaxation and ending at
equ;librium). ‘The Same study sEould be\:epeé:ed with diatomic

. molecules (i.e. measﬁring the vibrational relaxation gﬁme at the
béginning of the relaxation) iq order to compare its bghaviour

with that of polyatomic moleculesWdn ?inally, the computer
.éimulat}on_should‘be continued by :varying the'vﬁbrat%onal
relaxation paiameters in order onobﬁain better agreement betw;en

S the experimental and calculated relaxation times. This wiil lead

. to better determination of the vibrationgf\zelaxatidn pérameters.

The values of Au F r B etc. are practically unknown at present.’

¥



’E;gins\to original research

L . -

,pc{tz; e - laser-Schlieren system was constructed

allowlng for fast sensitive measurements of density.

I

gradients in high temperature gases.

—— -

- ~

2) Two new feafu;es of vibraticnal relaxation of polyatomic

.

molecules were reported for the first time.

a) Vibrational relaxation time of some polyatomic molecules

L]

are not constant and therefore cannot be described in terms
of decay via the lowest, vibrational mode. The vibrational
relaxation time of N,0 and of C,H, increases with the number:

. 0of collisions guffered in the low temperature regime and for

'

NZQ decreases yith the number! of collisiqns suffered in- the"

high temperatu:é'regime. ' . : h
b) The linear mixture rule is not obeyed: a»plof éf tﬂe
reciprocal of the standard vfbratidnél“relaxafion time vs
mecle f;action exhibits a maximum at low.molé fraction. 'Thé
amplitude oﬁ' the maximun1°decreages as‘ tbe.relaxation
approaches equilibrium. - T
3) An extensive mechanism (comprising about 20 000 sépar;te
enerqgy traﬁsfer brocesses)“was modeled t¢o describe the
relaxation. The associated differential eguatidns Qeré
solved numericaliy for the first L\e. " The soluticn gayé,
impdrtant information Eonce;béng thg observable egergy

relagation rate.
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4) ‘It was shown Esnclusively ané for the first time that

intermolecular energy transfer processes are responsible for

-

a) the non-constancy of the vibrational relaxation time and

b) the breakdown of the linear mixture rule.
5) The literature results are classified according to closeness
to equilibrium. This claésification_'explains for the firet

time, the many descrepancies evident in the literature.
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Table A, L Experlmental results for the v1brat10nal relaxation of

pure Nzo.
Po Pp Yo Te "| . *min & %max T PT Zt
toxx torr mmufsec. K rsec. ) ‘rsec. psec.at
- — N . .
16.7 119 0.569 451 L 5.48 7.89 1.42 0.760 3703
25.8 216 0.616 478 3.07 4.37 0.601 0.690 3632
18.3 207 0.669 512 2.76.  4.30 0.735 0.82 2818
19.4 211 0.681 519 2.80 3.75 0.588 0.746 2836
10.9 138  0.689 525 2.97 4.48 0.614 0.452. 1856
-7.69 139 0.730 555 3.25 5.34 0.889% 0.570 1651 -
10.9 189 0.772 584 2.51  4.07 0.663 0.720 1954
4.47 131 0.858 649 2.57 T4.22 0.719° 0.460 975
4.63 144 0.85% ‘649 2.62 3.74 0.644 0.424 949
4.00 237 0.882 664 2.67 - 3.53 0.560 0.361 832
4.47 187 0.880 664 2.62  4.00 0.741 .0.515 990 |
6.28 211 0.918 696 2.27 3.06 0.359 0.404 1195
3.81 200 0.940 711 2.14  3.18 - 0.460 0.336 748
4.24 194 - - 0,977 746 2.12 2,96 0.491 0.457 841
7..50 265 0.978 . 749 1.85 ©~ 2.37, 0.320 0.526 1239
6.59 355 1.000 761 1.76.  2.22 0.340 0.511 - 1067
3.2 200 1.000 764 1.92 3.14 0.481 0.448 - 810
4.15 213 -1.018 779 1.78 3.09 0.533 0.554 842
6.05 388 . 1.030 788 1.74 2.71 0.635 1.00 1137
S.42 282 . 1.055 809 1.88 2.91 0.415 0.628 1142
4.95 541 1.060 814 1.58 2.44 0.420 0.580 881
2.00 146 1.066 820 2.04 3.45 0.663 0.385 487
5.65 313 1.077 826 1.67 2.40 0.436 0.740 1045
5.57 300 -1.074 829 1.99 2.47 0.283 0.469 1115
0.68 379 1.085 835 2.20 2.84 0.512 °0.105 155
2,90 235 1.081. 835 ° 1.93 3.10 0.630 0.552 659
6.50 381 1.110 858 1163 2.41 0.4%91 1.05 1239
5.42 367 1.115 867 1.63 2.50  0.512 0.915 1084
5.89 385 1.122 867 1572 2.50 - 0.4490 0.855 1197
. 0.680 283 1.118 876 1.82 2.33 .0.415 0.096 134
5.73 510 1.133 879 1.56 2.42 0.506 1.00 1112
S.57 435 1,157 906 1.46 3.06 0.614 1.25 1262
0.680 335 '1.160 909 1.65 2.68 0.478 0.122 147
1.10 146 1.172 9511 1.86. 3.69 0.753 0.315 310
3.77 304 1.167 915 1.52 2.30 0.900 0.747 726
" " " 2.50 3.20 0.518 1.299 1083
3.81 324 1.171 815 1.43 2.22 '0.357 0.523 708
3.8977330 1.195 941 1.58  2.27 0.344  0.550 783
2.16 240 1.213 948 1.89 2.67 0.427 0.394 529
5.10 486 1.208 950 1.47 3.11 - 0.512 1.08 972
0.SL0 179 1.21¢6 962 1.96 3.%52 . 0.823 0.18% 147
4.77 453 1.220 965 1.42 3.06 0.512 1.04 1150
2.98 305 1.234 976 '1.68 3.39 0,320 0.432 650
3.06 350 1.248 991 1.30 2.26 0.333 0.473 609
0.646 251 1.288 1036 1.76 2.63 0.409 0.147 164




Table A.l Continued
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*

0.732

Po Pp e toin & Smax T T . 2t
torr | torr mmﬁpsec K - psec jesec. |psec.atm.
1.18 191 1.301 1041 1.65 2.84 0.600 0.367 311
0.612 120 1.310 1053 1.78  3.76 0.790 0.274 ‘199
0.612 119 1.320 1066 1.38 3.29 0.968 0.322 168
0.646 414 1.327 1077 '1.95 2.65 0.45%F '0.164 179
71.02 212 1.362 1106 ,1.56 .2.52 0.476  0.289 261
0.353 124 1:471 1230 1.08 2.82 1.13 0.305 93
_ 0.646 342 1.482 1246 1.72 2.31 0.385 0.195 183
0.628 202. 1.506 1266 1.31  2.44 0.542 0.286 167
0.544 194 1.518 1286 1.58 2.42 0.549° 0.255 159
0.942 346 1.524 1292 1.19 2.04 0.279  0.225 223"
0.416 216 1.527 1296 1.15  2.32 0.937 0.333 102
0.550 198 1.557 1317 1.65 - 2.60 0.659 0.32 175
0.392 194 1.557. 1330 1.22 - 2.32 0.596 0.213 102
0.707 320 1.628 1411 "1.17 . 2.02 0.367 0.265 180
-~ 0.612 325 1.648 1444 1.29  1.77 0.350 0.226 152
0.646 1.780 1610 1.36 2.06 0.289 0.250 198
0.612 455 1.784 1610 1.16 1.75 0.294 ~ 0.234 _ 160
0.646 527 1.791 1627 1.23  1.71 0.224  0.213 171
0.680 468 1.799 1634 - 1.22 1.70 0.290 0.261 180
0,612 549 1.803 "1643 1.47 1.90 0.309 0.250 188
'0.314 314 1.844 1685 1.29 2.36 . 0.659  0.290 107
0.544 570 1.850 1708 0.99 1.37 0.331  0.256 120
0.544 550 1.875 1743 1.11 1.64  0.285 0.238 143
0.612 580 1.884 1752 1.04 -1.42 07267 0.245 145
0.680 703 1.883 1755 1.09 1.59 0.244 0.195 176
0.157 351 1.987 1893 0.97 2.19 0.204 49
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Table A.2 Experimental results for the vibrational relaxation of
. = . pure CoHs. ) .

Pq Pp Uo Te tmin & %max T" PT it
torr | torr (mm/pKsec| K msec. rsec..rsec.atm
0.612 92 1.146 613 1.74 -2.59 0.341 0.0411 " 142
0.476 98 1.185 634 1.28 1.89 0.388 0.0426 88
1.18 116 1.206 642 1.43 -1.90 0.327 0.0940 238
0.471 92 1.209 642 1.52 2.36 0.392 0.0455 109
1.02 94 . 1.256 666 1.33 2.03 0.448 0.127 219
0.628 101 1.254° 669 ° 1l.42 2.15 0.302  0.0525 143
1.14 105 1,278 681 1.44 1.88 0.438 0.148 250
1.18 101 1.284, 684 1.59% 1.90 0.222 0.078% 274
1.02 54 1.296 693 1.63 1.81 0.244 0.0767 237
0.903 92 1.301 696 1.31 1.87 0.300 0.0850 194
0.903 92 1.322 705 1.42 1.96 .0.266 0.0790 211
0.612 111 1.319 707  1.68 1.95 0.285 0.0590 158
0.628 90 1.322 708 1.28 . 1.84 0.309 0.0641 136
0.581 120 1.332 713 1.55 2.03 0.296 0.0588 148
0.550 87 1.374 726 1.33 1.83 0.2886 0.0582 128
0.785 94 1.366 729 1.22 1.62 0.301 0.0870 1862
0.785 111 1.369 . 731 l.21 1.69 0.292. 0.0858 166
-0.92 120 1.362 731 1.51 2.17 0.335 0.112 246
0.864 105 1.368 . 731 1.23 1.63 0.337 0.108 180
0.785 . 103 1.382 - 737 1.29 1.70 0.231 0.0689 174
0.746 52 1.377 737, 1.33 1.73 0.270 0.0766 168
0.762 92 1.379 740 1.34 1.71 0.240 0.0698 172
0.471 92 1.397 740 1.54 1.80 0.329 0.061l6 118

- 0.707 101 1.406 749 l.14 " 1.55 0.273 0.0781 144
0.455 98 1.412 752 1.38 1.95 0.293 0.0546 115
0.589 52 1.412 752 1.2% 1.74 0.310 0.0746 136
0.393 125 1.410 755 - 1.42 1.78 0.275 0.0442 95

" " " " 1.78 2.04 0.328 0.0527 114
0.628 101 1.408 755 1.24 1.47 0.270 0.0697 128
0.430 92 1.408 755 1.45 1.80 0.286 0.0508
0.612 92 1.424 761 1.16. 1.67 0.250 0.646 134
0.628 98 1.422 761 1.30 1.66 0.347 0.0914 143
0.628 103 1.427 764 1.34 1.59 0.275 0.0739 142
0.628 114 1.44% 770 - 1l.15 2.00 0.289 0.0803 157
0.589 103 1.440 770 1.14 +1.63 0.258 0.0663 128
0.550 92 1.437 770 1.28 1.79 0.2456 0.0591 132
0.353 87 1.430 770 1.36 2.05 0.384 0.0578 92
0.628 92 1.434 772 1.31 1.64 0.293 0.0797 144
0.628 98 1.445 773 1.17 1.73 0.208 0.0578 144
0.353 92 1.457 782 1.06 1.85 0.311 0.0503 82

- 0.432 90 1.468 793 1.26 1,83 0.280 0.0567 107
0.476 92 1.467 796 1.15 1.77 0.236 0.0527 112
g.432 92 1.486 802 1.26 1.67 0.282 0.0592 104
0.392 96 - 1.19 1.75 0.274 0.0531 96

pea—
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Table A.2 Continued
. Po Pp Uo Te ‘min ¥ “max " BT Zt
~torr torr mmérsec K M sec. rsec. rsec.amm
0.408 90 1.528 826 1.12 1.93 0.295 0.0645- 107
0.573 142 1.528 829 . 1.34  2.29 0.454 0.139 178
0.314 .92 1.525 829 1.34 1.99 0.391 0.0633 - 89
0-.476 105 1.516 826 . 1.24 1.70 - 0.248 0.06l16 119
- D.204° 89 1.519 829 1.05 1.91 0.375. 0.0400. 50
0.471 111 1.522 829 1.39 1.89 0.188 ~0.061l6 132
0.314 103 . 1.541 835 1.04 1.85 *0.366 - 0.0633 - 78
0.32% 101 1.542 = 838 1.18 1.80 0.31le 0.0574 B4
0.338 101 1.553 844 ° 1.12 1.74 0.283 0.0555 g6
0.442 168 1.555 846 1.31 1.71 0.242 - 0,0602 117
0.353 103 1.565 . . 855 .. 1.12 1.56 .0.284 0.058¢4 B3 .
0.694 101 1.565 833 1.35 1.86 0.181 0.0727 197
0.314 96 l1.577T Be6 1.35 1.63 0.333 0.0627 - B84
.0.544 151 1.575 . 864 1.36- .1.%66 0.171 0.0554 147
0.550 1l4s 1.585S 867 l.08 1.37 0.168 0.0560 122
0.298 101 1.597 879 1.29 1.62 0.314 0.0586 79
0.377 149 1.653 912 1.21 1.62 0.235 0.06l8 102
0.680 184 1.650 915 1.09. 1.42 0,203 0.09855 163
0.51Q. 1es6 1.664 923 Je 21 1.41 0.235. 0.0850 130 -
8.235 116 1.674 926 0.89 1.53 . 0.306 0.0522 55
0.251 134 1.680 932 1.09 1.26 0.214 0.Q§94‘ 57
" n " " 1.37 1.67 0.280 0.0515 75
0.550 240 1.724° 965 1.17 1.27 0.145 0.0636 137
0.306 148 1.752 983 1.07 1.55 0.219 0.0504 75
0.471 360 1.785 - 1000 0.97 1.40 0.141° 0.0588 120
0.628 310 ©1.790 1003 0.88 0.98 0.087 0.0491 127
0.455 249 1.830 1032 0.94 1.18 0.160 0.0699 109
0.707 140 1.850 1051. 1.35 1.64 0.250 0.176 238
0.272 175 1.871 L0063 0.98 1.51 0.210 0.0586 77
0.374 322 1.933 1096 0.89 1.08 0.137 0.0581 89
0.314 245 1.926 1098 0.10 1.50 0.193 0.0685 93
0.235 258 1.928 1101 0.93 1.23 0.1l64 0.0436 . 60
0.510 415 1.940 1110 0.89 0.99 0.164 0.0962 115
0.353 323 1.976 1134 1.01 1.40 0.174 0.0752 105
0.272 288 1.990 1140 1.14 1.40 0.153 0.0521 86
0.314 330 1.993 1144 0.91 1.26 0.150 0.0595 86
0.365 341 1.999 1148 0.99 1.19 0.185 . 0.0860 100
0.338 378 2.033 1175 0.82 1.13 0.168 0.0760 8%
0.314 323 2.042. 1184 0.82 “1.24 0.175 0.079 84
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Table A.3 Experimentalresults for the v:.brat:.onal :elaxatlon of
SO 5% CyHp-Ar mixture.

- Po PD - Uo Te ‘min & Fmax A T | 2t
torr | torr |mm/psec| K &sec. | psee | psectath
0.879 0.929 659  2.19  2.34  0.184 0.0156 148
0.510 1.028 739 1.79 3.08 0.523 0.0359 106
-1.73 ] 1.100 798 1.60 2.00 °  0.292 0.0841 296
1.02 1.160 848~ 1,55 =~ 2.12 0.342 0.0683 - 192
1.04 1.170 - 860 1.72 2.18 0.360 0.0616 211
1.20 - 1.185 872 1.48 2.31 0.313 0.0788 241
0.644 1.255 934 1.49. 1.85 0.169 0.0272 = 124
0.793 1.273 . 951 1.50 1.99 0.304 0.0629 162
0.785 1.288 969 1.53 "1.95 0.300 0.0642 163
0.982 1.302 978 l.64 ~ 2.00 0.314 0.0863 ' 217
0.565 - 1.307 984 . 1l.52_ . 2.13 - 0.323 0.0519 125
1.18 1.344 1019 1.47 1.87 0.242 0.0884 251 .
0.550 . 1.355 - 1031 1.55 2.20. 0.384 .0.0532 ‘$l32
0.589 1.376 1048 - "1.35 2.21 0.333 0.0655 ° 36
0.628 1.380 1055 1.31 2.07 0.355 0.0751 138
~9.612 " 1.387 1064 - 1.45 1.86 0.336 0.700 133~
0.462 ' 1.388 1064 1.24 2.41 . 0.572 0.0908_ 110
0.471 1.395 1067  1.55  2.01  "0.342 0.0561 111
0.62 1.382. 1076 1.29 2.04 -0.314 0.0688 138
0.448 : 1.402 1079 1.28 -2.19 0.410 0.0649 103
1.14 1.402 1079 1.33 .L1.65 0.208 0.0841 229
0.864 1.412 1084 1.46 1 2.28 0.266 0.0836 -220
1.141 1.416 1090 1.39 1.70 0.255 0.106 241
0.510 1.422 1093 1.2% 1.94 0.287 0.0543 111
0.443 1.422 1093 1.17 1.77 0.300 0.0661 89
0.683 1.426 1099 = 1.36 1.85  0.262 0.0669% 151
0.628 95 1.465 1141 1.23 1.55 0.274 0.0698 125
0.746 90 1.467 1141 1.39 1.84 0.225 0.0685 173
V.526 1.447 1123 1.24 ~ 1.89 0.333 0.0686 114
0.785 90 1.477 1155- 1.25 1.75 0.222 0.0728 371
0.903 ©1.500 1182 1.23 1.69 0.222 0.0879 195
0.824 90.....-1.522 1203 . L.15 1.66 ¢.206 0.0778 174
0.516 130 1.554 1241 | 1.31 1.85 ° 0.262 0.0653 125
0.487 1.553 1241 1.27 1.60 0.300 0.0710 109
" o " .1.67 1.91 0.390 0.0930. 135
0.392 1.557 1241 1.16 1.61 . 0:290 0.0565 B2
0.628 123 1.560 1244 1.20 . 1.55 | 0.240 0.0744" 135
1.26 1.564 1250 1.33 1.69 0.221 0.138 300
0.589 1.596 12890 T1.36 1.83 . 0.289 0.0897 151
0.942 170  1.60% 1300 . 0.58 _ 0.79  0.129 -0.0661 106
0.683 130 1.616 1303 1.277° " 1.42 0.185 0.0730 152
" " ' " " 1.45 - 1.67 0.311 0.1l6 . 175 -
0.824 1.657~ 1330  1.09 1.49 0.181 0.0877. ig1l
0.330 1;662 1359 »1.05 1.867 0.323 0.0636 75

¢




‘Table A.3 antinued' .

Po Pp Uo Te - | *min & ®max . " T 2t
torr torr . mm7'}:sec. K ' sec. }usec. sec¢.atm
'0.942 © -1,685 1380 - 1.23°  1.63 0.273 0.159 234
0.330_ 1.692 1389 .1.26 1.59  0.187 0.0387 82
0.549 -+ 1.705 1404 108  1.44 0.244 0.0859 120
‘$.785 130 ~ 1.711 1410 1.09 1.36 .  0:203 - 0.103 170

.'0.448. . 1.711 1410°  1.04 1.45 0.233 0.0675 98
{ 0.510 1.776 1477  1.11 * 1.53 0.260 0.0947 124
0.707 - 1.810 1525  1.09 1.28 0.155 0.0833 Y160
0.440" 1.839 1563 1.05 1.59 0.191 0.0672 '113
0.550 1.846 1569 1.07 . -1.37 0.178 0.0790 131
0.393 © 1.844 1569 1.09  1.53 0.208 0.0658 100
10.353 . 1.864 1596 . 1.02 1.41 0.228 0.0670 84




Table A.4 Experimental results for vibrational relaxatlon of
. 23.61% CZHZ—Ar mixture.

Py - Pp’ Vs Te | thin & tpax T BT zt
torr torr mm/r_sec. X - psec. /-‘sec. r/usec.at:m
2.43 1.044 926 1.56 2.18  0.411 0.103 351
2.12 1.050 944 1.63 1.81 0.383 0.0872 285

v _ " -on 1.81 2.21 0.441 0.100 335
1.53 1,127 1035 1.5L 2:25 0.425 0.0854 246
1.02 "1.197 1124 1.35 1.69 0.415 ,0.0661 141

" "o v 1.69 2.20 0,520 0.0828 184
1.18 ‘1.240 © 1180 1.44. l.62 0.362 " 0.0740 175
" n n l.62 1.77 : 0.421 0.0860 195
" " " 1.77 2.05 0.571 0.116 221
0.903 1.260 1209 1.42 1.59 ¢.362 0.0595 135
" ' " L 1.59 1.86 0.428 0.0700 155 -
" " " .1.86 2.17 0.484 0.0790 182
"0.942 1.269 1221 1.31 2.05 - 0.374 0.0653 . 158
0.903 1.283 1239 -1.42 1.64 0.464 0.0800. 138
" " " 1.64 1.92 0.548 0.0940 " 162
" " " 1.92 2.1¢9 0.680 0.120 188
0.746 1.314 1283 1.17 2.01 0.364 0.95586 124
0.674 - 1.341 1322 L.32 1.5 0.354 0.0512 101
" n " 1.51 1.95 0.451 0.0654 125
0.612 1.358 1348 1,24 1.66 0.428 0.0590 96
" " n 1.66 2v29  0.650. 0.0900 133
1.37 1.397 1407 1.23 1.95 0.324 0.108 . 250
0.589 1.399 1410 1.17 1l.46 06.337 0.0486 8BS
" . " wo l1.46 , 1.98 0.440 0.0634 115
1.33 1.447 1481 1,15 ° 1.93 0.362 0.130 . 248
0.824 95 1.452 1490 1.24 1.87 0.375 0.0838 153
0.942 . 1.481 1534 1.26 1.72 0.298 0.0804 172
0.785 1.503 1569 1.24. 1.78 0.326 0.0761 148
0.785 95 1.508 1578 1.21 1.52 0.308 .0.0725 134
" n " " 1.52 1.90 . - 0.392 0.0923 169
0.416 1.512 1584 1.04 1.38 0.360 0.0450 60

" . -, " " 1l.46 1.5%0 0.457 0.0574 BS
0.%03 105 - 1,519 1596 .‘1.17 1.87 0.294 0.0824 174
0.3589 93 1.550 1852 1.14 1.55 0.360 0.690 99

e " oo"- " 1.55 1.84 0.530 0.101° 128
0.785 1.550 1632 1.20 1.985 0.340 0.0864 151
2.04 225 1.555 1655 1.24 1.47 0.250 0.167 363
0.609 95 1.373 1684 1.25 1.92 .0.408 0.,0841 128
0.455 95 1.583 1699 1.02 1.80 0.371 0.0581 82
0.510 90 1.587 1705 0,93 1,26 0.417 0.0737 70
o " , " " =6 1.47 0.480 0.0850 50
"l.61 e 1.892 1714 S 1.18° 1.45 0.262 0.147 279
1.29 : l.612 1747 1.17 1.67 0.227 0.106 - 252
0.982 1.611 1747 1.14° 1.65 0.274 . 0.0972 138
1.49. 215 1.641 1796 1.15 1.53 -0.192 OilOg_ 232
1.06 1.649 1811 1.13 1.53 0.248 O:IOL\§-'200

‘ »
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Table-A.4 Continued

-

Ps | Pp Yo Te ‘min & Cmax 5 | U

torr | torr |mm/.Sec| K . sec. "\ psec |psec.atm -
. .' Q .

1.00 1.668 1844 1.23 ©~ 1.53 0.240 0.0974 203

0.612 . 205 1.681 1873 1.08 1.79 0.271 0.0677 127
1.18 235 1.689 1880 1.26 1.66 0.220 0.107 253
0.785 190 1.718 1932 1.09 1.55 0.278 0.0938 153
0.667 1.720 1935 1.11, 1.52 0.314 0.0903 128
0.475 150 1.746 1982 1.00  1.15 0.246 0.0520 73
B " B " 1.15- 1.41 0.303 0.0640 80
" e " " 1.41 .1.78 0.400 0.0840 114
0.644 190 1.749 1985 1.13 1.63 0.294 0.0853 - 134 .

-

0.628 190 1.752 15891 1.06 -1.69 0.310 0.0883 131

0.667 1.757 2003 1.04 1.30 0.285 0.0869 117
o ) " A 1.37 1.67 0.354 07108 155
0.667 1.793 2065 0.97 - 1.35 0.300 0.0966 120 -

0.605 215 1.798 2074 1.03 1.65 0.281 0.0826 127
0.597 212 . 1.835 2145 1.13 1.65 0.329 0.101 134
0.471 210 1.908 2295 0.86 1.62 0.294  0.0789 98
0.495 215 1.863 2201 0.93 1.55 0.343 0.0507 100
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'Table A.5 Experimentalresults for vibrational relaxation of

- 12.1% CoHa-Ar mixture. ) i
. Po .- Pp Uo Te .| %min & -tpax T" BT 2t v
torr torr |{mm/pMsec 'K" sec. sec. sec.atm '

/s /4 s ha ‘

—

4.98 116 0.919 888  2.01 2.51 0.388 0.112 666

4.79 0.935 912  1.92 2.53 0.560 0.163 646
4.-16 0.968 956 1.93 - 2.54 0.414 0.115 = 592
2.63 98  1.000 999 1.84 2.13 0.733 0.141 = 344
2.83 -, 1.010 1012 . 1.66 2.18 0.643 0.137 364

1.71 102 1.022 1029 1.65 2.34 0.586 0.0780 232
2.24 110 1.026 1033 1.66 2.43 0.700 0.124 313
2.59 1.032 1042 1.65 1.93 0.493 0.110 . 319 {— 7
" .o - " 2.01 2.51 - 0.604 0.134 406 '
-2.00  102- .1.042 1054 1.61 2.50 0.640 0.105 285
1.61 1.152 1222 1.65 2.39. 0.640 0.111 259
1.41 92 1.158 1233 1.75 2.36 . 0.644 0.0990 232
1.56 135 1.159 1236 ° 1.98 2.46 0.600 0.0900 278
| 1.35 92 1.160 1236 '1.85-  2.54 0.687 0.102 238
1.33 ~ 102 1.197 1293 1.54 1.76 0.369 . 0.0640 181
" " " " 1.93 2,71 0.622 0.110 259
1.22 102 1.211 1322 1.56° 2.25 -0.614 0.0930 196
2.51 185 1.231 1353 1.43  _1.86 0.337 0.109 361
1.08 102 1.233 1358 1.63 2.30 0.600 0.0840 183
0.982 -
.o " " ‘1.58 2.20 0.600 0.0770 . 162
1.45 203 1.242 _1373 1.74 2.28 0.633 0.121 255
1.02° 96 1.272 “1421 1.50 2.09 0.577 0.0833 165
2.00 185 1.290 1450 1.33 1.91 0.403 0.118 299
0.860 1.300 1468 1.43 2.27 0.582 0.0751 148
1.02 111 1.301 1471 . 1.38 2.25 0.778 0.119 170
1.62 176 1.303 1477 1.23 2.07 0.412 0.105 259
1.85 185 1.316 -1498 1.30 2.06 0.350 - 0.0990 294
.1.96 253 1.329 1524 1.47 1.83 4.311 0.0970 311
2.59 259 1.333 " 1530 1.39 187 0.341 0.141 383
2.75 268 1.336 1533 1.36 . 1.67 0.303 0.134 405
1.62 176 1.340 1545 . 1.20 1.77 0.392° 0.103 233
1 1.53 176  1.354 1571 1.29 / 1.95 0.392 0.100 244
| 1.57 194 1.361 1581 1.40 1.87 0.486 0.129 253
- 1.61 277 ° 1.378 1613 1.25 1.58 0.289 " 0.0810 227

0.820 185 1.377 1613 . '1.57 2.00 0.740 0.106 145
2.24 L.385 1625 - 1.25° 1.71 0.254 0.100 336
i.34 181 1.389 1634 1.33 1.96 0.412 0.0980 223
3.26 379 1.405 1666 1.33 - L.62 0.221 0.132 498

1.22 185 . 1.408 1669 1.30 1.74 - 0.380 0.0851 191
L 1.10 227 1.410 1672 1.20 1.67 0.289 0.0592 - 163
1.14 181 1.418 1687, 1.32 2.03 0.467 0.0992 198
i.81° 1.439 . 1726 1.19 1.50 0.267 0.0941 258
1.96 286 °* l1.452 1752 1.23 | l*if 0.333 -0.131 282

. : ' | = Lt “i“\\

1.237 1382 1.29 1.53 0..320. 0.041 118 || —
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s Pp Yo Te | tmin & %max ' ‘;{'* BT ‘Z’t\_}_\
torr |“Eorr |mm/pisec| K fsec: psec. |psec.atm

1.65 ' 305 1.465 1776 1.21 1.49  0.291 0.0985 242
1.41 314 l1.466 1779 1.10 1.86° 0.308 . 0.089 227
1.65 268 1.471 1788 1.07 1.42 0.355 0.120 223
1.06 314 . 1.475 1800 1.18 1.70 0.312 0.0690 167
1.37 268 - 1.489 1823 1,12 1.53 0.290 0.0850 201
2.12 360 1.491 1826 1.12 ~1.49 0.270 '0.123 308"
0.824 185 1.515 - 1874 1.18 1.53 0.369 0.0679 124
1.96 351 1.514 1874 1.12 1.47 0.289 0.126 287 .
1.73 314 1.515 1874 1.08 l.52. 0.338 0.130 254
0.860 198 1.516 1877 1.26 1.93..-.. 0.457 0.088 155
1.45 © 1.517 1879 1.14 l1.64 0.317 0.103 228
0.722 1.522 1892 0.99 1.47 0.365 0.0605 - 99
1.10, 261 - 1.558 1962 1.12 1.58 0.364 0.0961 173
1.100 360 1.561 1975 1.20 1.71 0.397 0.105 187
1.73 379 1.565 1981 1.06 1.53 0.310 0.130 263
1.39 342 1.569 1989 1.02 1.55 ©0.286 0.0972 210
1.81 416 1.577 ° 2007 1.02 1.59 0.282 ° 0.126 280
1.81 425 1.578 2011 0.9% 1.83 0.282 0.126 - 303
1.73 397 1.586. 2025 1.16 l.61 0.262 0.114 286
1.02 286 1.589 2031 "1l.16 1.86 0.373 0.0961 184
1.41 370 1.604 2060 0.91 1.31 0.236 0.0863 189 |
1.26 166 1.617 2080 - 1.08 1.63 0.343 0.114% 207
'0.710 301 l.620 2086 . 1.27 l1.78 0.431- 0.0811 130
1.22 342 1.630 2120 1.84 1.65 0.386 0.127 213
1.18 351 l.640 2137 l1.01 1.28 0.233 0.0751 168
1.57 480 I.641 2140 1.11 1.36 0.333 0.143 242
0.860 333 1.683 2236 1.04 1.64 0.446 0.112 146
1.08 410 1.704 2277 0.94 1.55 0.296 0.0961 175
0.903 397 - 1.720 2312 1.13 1.82 0.365 0.101 175"
0.667 333 1.748 2374 1.14 1.72 ¢.507. 0.109 127
0.691 407 1.798 248% 1.03 - 1.42 0.333 0.0796 115 |
1.34 869 1.830 2566 1.11 1.39. 0.371 0.178 237
0.630 481 1.866 2657 1.09 1.56  0.396 0.0845 120

-
L %

‘.l

pr—
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Table A.6 Exper1mental results for v1bratlona1 relaxatlon of 5.0%
: ‘ CoHy-AX mzxture.
Py Pp Uo . Te Tmin & tmax ™ | PT et
torr torr mm/psec| XK. /-sec- psec rsec.atm
9.42 124 0.789 771 2.10 2.56-- 0.364 0.104 991
6.36 . ° 0.880 895 2.02 2.37 - 0.353 0.0921 828
£.79 0.939 984 1.96 2.88 0.390 0.0923 659
2.20 1.010 1096 1.69 12,10 0.607 0.0802 261
- 4.55 l1.016 110S 1.79 2.77 0.427 0.1l19 657
3.18 1.017 1108 1.72 2.13 ° 0.575 0.112 386
2.43 1.056 1173 1.54 2.42 0.538 0.0891 320
3.85 1.085 1226 1.69 2.52 0.414 0.116 556
4.12 1,118 - 1285 1.68 2,70 —0.422 0.137 644
4.83 204 '1.1187 1285 1.67 2.13 -0.443 0.1l68 653 -
2.75 130 1.120 1288 1.65. 2.39 0.560 0.122 398
2.20 1.123— 1294 1.46 1.75 0.362 0.0636 - 253
2.16 122 1.135 1315 1.55 2.29 0.600 0.106 302
2.00 111 1.136 -1318 1.61 2.15 0.600 0.117 325
3.8L . - 1.156 1353 1.58 2.34 0.373 0.122 . 557
1.65 ‘ 1.175 1389 1.47 2.17 0.420 o0.0628 228
2.51 178 1.175 1389. 1.52 2.55 0.327 0.119 389
1.57 120 1.186 1407 1.25 1.50 0.187 0.0272 166
"o " " " 1.50 2.14 0.583 0.0841 219
1.73 1.150° 1415 1.49 ° 1.78 - 0.300 0.0485 218
3.30. 1..190 1415 1.43 2.06 © 0.333 o0.1l01 444
2.28 155 1.203 1439 1.59 2.14 0.500 0.108 332
2.12 139" 1.204 1442 1.44 2.09 0.385 0.0781 293
3.22 1.207 1448 1.50 1.85 0.343 0.106 422
2.89 194 1.232 1495 1.47 © 2.10 0.431 0.124 = 412
2.20 1.233 1498 1.44 2.44  0.381 0.0846 343 -
1.30 1.236 1504 1.27 1.58 0. 240 0.0315 149
" " " 1.81 2.18 ° 0.615 0.0817 -~ 209
1.37 1.239 " 1510 1.36 1.64 | 0.292 0.0412 167
" " " 1.64 2.21 0.862 0.121 215:
3.02 | 231 l;§67 1566 1.44 1.97- 0.352 0.114 429
2,39 ) 1,277 1587 1.37 1.93 0.431 0.114 332
3.26 250 "1.279 - 1593 1.38 2.37 0.410 0.148 515
3.85 278 1,281 1596 1.37 "1,.81 0.501 0.214 517
1.41 150 1.286 1604 1.47 1.83 0.620 0.0984 199
2.04 1.302 1640 1.53 1.86 0.475 0.112 298
3.10 278 1.306: 1649 1.39 1.87 0.397 0.144 437
3.22 ' 1.323 . 1684 1.33 1.77 0.415 0.159 438
2.89 1.327 1693 1.34 1.62 0.347 0.122 378
3.02 283 -1.343 1726 _ 1.33 1.96 0.388 0.147 444
l.63 1380 1.376 1797 ~~3+63 -2.44 ° 0.554 01207 307
2.00 259 1.384 1826 1.45  1.90 0.567 0.134 312
2.75 314 1.396 1841 1.19 1.84 0.363 . 0.137 391
2.24 268 - 1.407 1864 1.34 1.83 0.486 ©0.151 336

-
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Table A.6 Continued

242

1+ Po Pp Us Te tnin & max (o BT it
torr torr mméusec K ’fasec. . /qsec. rsec.at
2.12 278 1.420 1894 ©1.29 1.62 0.325 0.0991 296 -
2.12 283 1.447 1956 1.34 1.57 0.227 0.0722 303
3.30 416 l.448 1959 1.28 1.98 0.295 0.146 528
2.63 : 1.451 1965 1.37 1.77 0.275. b.10% 4058
1.61 1.474 2018 1.34 1.88 0.382 0.0966 260
2.65 394 1.475 2018 1.26 1.79 0.368 0.153 405
2.47 416 1.484 2039 .1.15 .~ "2:19" 0.417- 0.1lée5 417
2.83 486 ~1.532 2151 1.17 1.39 0.333 0.162 379
2.00 1.546 2184 1.22  1l.58. 0.461 0.163 _.297
1.29 342 . 1.563 2228 1.21 1.76 0.367 0.0853 205
2.06 427 . 1.571 2249 1.24 - 1.52 0.282 0.105 306
2.04 435 1.572 2252 1.21 . 2.02. 0.306 0.114 355
1.18 1.580 2272 1.29 1.75° 0.443 0.0862 ' 195
1.96 431 .1.582 2278 1.21 1.63 0.356 0.128 303
1.10 287 1.598. 2322 0.67 0.92 0.385 0.0811 96
1.73 407 1.600 2328 1.12 1.49 0.281 0.0966 247
1.26 389 1.664 2488 1.19 1.59 0.309° 0.0823 202

: - NN
'SERN
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Table A.7 Expenmental results for v1bratlonal relaxatlon of 2,49%

C,H4=-Ar mixture.
2 2

Po Pp Yo Te ‘min & “max " BT t
torr | torr |mm/msecd K H sec. pses jpsec.atm|.

-+ 2.04 111 1.121 1341 1.42 1.56 0.221 0.0322 210
1.96 111 1.133 1364 1.41 1.93- 0.314 0.0453 = 229
1.84 124 1.152 1400 1.48 1.75 0.205 0.0289% 213
1.87 129 1.165 1427 1.33 1.67 0.233 0.0343 203
1.59 120 . 1.203 1501 1.25 1.44 0.208 0.0281 16l

e, " " l.44 2.04 0.388 0.0525 208
1.35 118 1.223 1538 1.48 1.86 0.347 0.0416 174
1.26 116 -1.234 1563 1.36 1.72 0.235 0.0267 150

1.30 124 1.239 1575 1.42 1.65 0.217 0.0257 155

+1.08 1.254 1604 1.30 1.54 0.233 0.0236 121,
3.22 284  1.303 1702 l.38 - 2.29  0.393 0. 490
2.81 1.342 1791 1.50 1.82 0.313 L0974 401
2,52 1.397 1920 1.28 2.28 0.417 0.129 405
1.69 277 1.388 1923 1.35 1.62 0.202 0.0418 227
3.61 417 1.430 2004 1.31 1.61 0.263 . 0.123 491

- 1.85 1.441 2024 1.28 1.82 0.247 0.0600 268
1.69 277 1.470 2084 1.17 1.54 0.267 0.0621 .219
2.88- 472 1.491 2158 1.19 ° 1.49 0.543 0.223 375
2.12 378 1.492 2138 1.25 1.57 0.313 0.0944 290

-1.53 281 1.510 2195 1.17- 1.57 .0.236 0.0530 207
2.24 378 1.510 - 2201 1.17 1.78 0.237 0.0778 325
1.81 378 “1.512 2201 1.30 1.81 0.327 0.0868 277
1.26 286 1.526 2239 1.28 1.60 0.277 0.0524 180
1.41 282 1.528 2245 1.39 1.62 0.316 -0.0674-- 213
2.08 393 1.538 2272 1.09 1.36 0.255 0.0812 257
2,08 393 1.538 2272 l.3¢  ~1.70 0.410 0.131 321
2.47 526 1.552 2308 @ 1.19 l.g%' 0.240 0.0928 375
2.26 437 . 1.552 2312 1.11 1. 0.311 0.110 290
1.78 387 1.560 2332 - 1.15 1.43 0.282 0.0796 . 235
*1.26 : 1.564 2333 1.16 1.41 0.213 0.0425 lee
1.87 411 1.573 2364 1.06 1.61 0.197 0.0593 258

“1.73 428 1.616 2480 1.09" 1.43 0.221 0€.0656 232
1.44 526 1.655 -2583 1.20 1.85 0.400 0.105 . 241
1.49° 471 1.668 2621 1.22 1.50 0.294 0.0813 225




Table A.8 Experimental results for vibrfafional relaxation of 1%

Csz-Ar mixture.

| thmin & tpax

Py Pp Uo - © T jr*k T Zt
torr torr jmm/msec| K pSec -H Sec jMsec.at
i I
1.65 102 - 1l.132 1386 1.35 1.98 .0.364 ~0.0410 189
1.73 102 1.147 1418 1.44 1.56 . 0.222 0.0271 180
l1.92 1.162 1449 1.41 1.65 0.186 0.0261 208
2.75 266 1.332 1817 1.38 2.16 0.56 0.156 407
3.42 1.340 ' 1841 1733 1.70 0.6 0.226 433
2.98 * 1.341 1841 1.24 1.73 0.400 0.123 371
'2.08. 289 - '1.346 .1854 1.15 1.27 0.135 0.02%2 212
, - " " " "o 1.27 1.51 0.277 0.0600 243
2.98 1.351 1866 1.40 1.98 0.304 0.0952 427
2.63 287 1.389 1959 1.18 '1.33 0.271 0.0798 288
" " " n 1.33 2.02 0.4%1 0.145 = 385
2.39. 278 1.3%6 1974 r.os 1.25 0.127 0.0343 - 246
" - "o " 1.25 1.60 0.403 0.10¢ 299
2.33 ~1l.416 2027 1.28 1.53 0.231 0.0632 294
2,36 -1.420 2039 1.18 1.57 0,275 0.0764 290
2.04 1.431 2064 1.28 1.73 0.341 0.0837 279
1.95 1.440 2086 1.21 1.44 0.187 0.0443 234
2.08° 287 1.445 2094 1.08 1.34 0.293 0.0749 230
. 2.87 444 1,448 2109 ~1.30 1.62 0.333 0.118 384
) 2.03 287 1.450 2110 1.11 1.23 0.198 0.0495 218
" " " " 1.30 ~1l.91 0.406 0,102 299
1.98 287 l1.464 2145 1.13 1.31 '0.210 0.0526 224 -
: h " " 1.31 1.87 0.433 0.108 293
2.49 370 1.475 2168 1.20 1.91 0.308 0.0985 363
'1.73 1.483 2196 1.17 1.34 0.154 0.0346 204
2.75 438 1.502 2245 1.20 1l.48 0.289 0.106 351
12.52 444 1.529 2304 1.07 1,87 0.475 -0.166 361
2,12 413 1.550 2394 1.03 1.29 0.186 0.0564 241
1.26 296 1.560 2396 1.30 1.49 . 0.185 0.0341 176
1.36 278 1.564 2407 1.09 1.27 0.05905 0.0180 160
2.39 463 -1.566 2436 1.04 " 1.40 0.163 7 0.,0573. 291
1.85 398" 1.581 24890 1.4 1.32 0.173 0.0481 229
— 2.25 463 1.585 2489 1.02 - 1.48 0.261 0.0889 284
o 1.l.41 453  1.607 2518 1.00 1.27 0.1%94 0.0427 166
1.85 463 1.615 2548 1.03 1.41 0.178 .0.0518 234
1.81 500 1.633 2597 1.03 1.26 0.173 0.0503 217
2.08 500 1.622 2583 '1.05 1.27 0.188 0.0623 250
. 1.56 453 - 1.651 2645 1.12 1.51- 0.292 0.0755 218
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Figure B.l Varxatlgn_of the. den51ty with’ shock wave
velocity for pure N-0.
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Appendix B.
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Figure B.2 Variation of the pressure with shock wave
T velocity .for pure N,0.
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Elgure B.3. Vazzat1on of the temperature with shock wave_

velocxty for pure N,0. .
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Figure B.S 'Varlatzon of the density wlth shock
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uter ogram for the smulat:.on . :
Appendn.x ¢ ) gcfmxpr:.bratggngl relaxation time S , v
IMPLICIT REAL#8 (AdH,0-Z) e o\
INTEGER N ,METH ,MITER ,INDEX ,IWK(94) ,IER K ‘ - '
DIMENSION Y(100) , YPRIME(100) ,WK(9870) ,ENR('IOO), . -
1IEG(100),Y8(100) -
EXTERNAL FCN .
COMMON /PARAM/ALAMA,YS, ENR FX,ALAMX, PHI, GAMMA ALAMVV
 WRITE (6,23) - - .
23 FORMAT (///," '," N.B = )
B ' ' A7)
WRITE (6, 19) : . ‘ 4
18 FORMAT (' ",° X TOL © TH
1H ME MI IN 77
: READ (5,1) N,X,TOL,TH,H,METH,MITER, INDEX
1 FORMAT (I2,E12.7,F10.7, F9. 3, Fi0. 8 ,313) ‘ :
WRITE (6,21) N,X,TOL,TH,H METH,MITER, INDEX : _ ' -
21 FORMAT (" ',12,5X,E12.7,5X,FiQ 7,5X,F5,1,5X,F10.8,313//)
READ (5, 24) FX,T,ALAMA, ALAMX, ALAMW PHl GAMMA ,
- 24 FORMAT(F10.9,F10.1,4F10.8,F18.4) X ‘ .
WRITE (6,25} . : g - _ f
.23 .FORMAT (//"'," FX TEMP ALAMA ALAMX ALAMVYV |
1PHI - GAMMA' A1) .o i
_ WRITE(6,26) FX, T ALAMA, ALAMX, ALAMVV, PHI, GAMMA -
26 FORMAT(" ',F6.4,5X,F6.1,4(4X,F6. 4) 5X,F6. 2//) -
READ (5, 2) (ENR(]) IEG(1),1=1, N) ’
2 FORMAT (F9.3,13)
ALPHA=DEXP(-TH*1.439/T)
o
Cc Calculation of Relative Popuiatipf.
C
: SY =0.0 , ' Lot
DO 11 I=1,N '
_ -Y() = IEG(I)*DEXP( ENR([)*1 439/295.0)
1. SY =SY +Y(1) .
Do 12 I=1,N : ‘ ; ’ ‘ o
12 Y(D = Y(1)/SY ‘ _ . ,
SY8 = 0.0 ' ' = ‘ :
DO 13 I=1,N° . . '
Y8(1) = IEG(1)*DEXP(-ENR(1)*1.439/T) ,
13 SY8 = SY8 +v8(l) - ; : _
DO 14 |=1,N - _ , o
14 Y8(1) =Y8(l)/SY8' -
End of Calculation. 7
- WRITE (6, 8) - '
8 FORMAT (' ',2X," ENERG DEGENERECY NV/N AT T=295 NV/N AT T°7)
... WRITE (6, 44) ( ENR(1), TEG(1), Y(1), Y8(1) =1, N) v .
44 FORMAT (F9.2,4X,13,10X,F7.5,6X,F7.5) °
 WRITE (6,5) T ' '
. 5. FORMAT(///.2X,’ REDUCED RELAXATION TIME AS A FUNCT]ON OF OF REDYCED
T TIME AT T&MPERATURE F7 0, ///) .- '
WRITE (6, 4)
4 FORMAT(' ' " T/TAU - Y DY/DX

1 .ENR DE/DX "TAUP/TAU T/TAUP SUMY SUMDY/DX’,//)

i-
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E8=0-00 .

'~ DO 40 1=1,N

40

EB=ENR(I)*Y8(I)*E8
‘DO 101 KK=1,20,1
XEND-FLOAT(KK)/‘IO

: CALL,FC (N,X, Y, 'YPRIME)

" E=0.0 . :

DEDX=0.0 *-
SIGMY =0:0 .
SIGMDY = 0.0 - -

Do 1=1,N )
. Sl Y = SIGMY:Y(I)
MDY = SIGMDY *YPRIME(I)

301

66
77

101

C —

30

10

20

3

00

E ENR(I)*Y(I)‘E

" DEDX=ENR(1)*YPRIME(1) *DEDX -

TTAU=X*(1.0-ALPHA} -

TPTAU=(EB-E)*(1.0-ALPHA)/DEDX

TTAUP=TTAU/TPTAU

WRITE (6,66) X, TTAUY(1), YPRIME('I) E,DEDX, TPTAU, TTAUP,SIGMY, SIGMDY
'FORMAT (2E13.5,2E17.7,2F10.3,F10.5,E14.5, 2E12.5)

WRITE (6,77) (Y(I) YPRIME(I) 1=2,N)

FORMAT (28X,2E15.7)

CALL DGEAR (N,FCN,FCNJ,X,H,Y,XEND,TOL,METH,MITER, INDEX IWK, WK IER).
IF (1IER.GT.128.) GO TO 20

CONTINUE

. DO 10 K=3,60

XEND=FLOAT(K) ‘ '
CALL FCN (N,X.Y, YPRIME)

E=0.0
DEDX=0.0
SIGMY =0.0"
SIGMDY = 0.0 - . . : S :
DO 30 1=1,N. } : . .
SIGMY = SIGMY+Y(!) : :
SIGMDY = SIGMDY *YPRIME(I)
E=ENR(I)*Y (1) :
DEDX=ENR(1)*YPRIME(1)*DEDX - . ,
TTAU=X*(1.0-ALPHA) . . T ‘
TPTAU=(EB-E)*(1.0-ALPHA)/DEDX —~— :
TTAUP=TTAU/TPTAU

WRITE (6;6) X,TTAU,Y(1),YPRIME(1),E,DEDX, TPTAU TTAUP,SIGMY, SIGMDY
FORMAT (2E13.5,2E17.7,2F10.3, F10.5, E14.5,2E12.5)

WRITE (6.7 (Y{D), YPRIME(1),1=2,N) ' i
FORMAT (28X,2E15.7)

CALL DGEAR (N,FCN, FCNJ,X H,'Y,XEND, TOL,METH,MITER, INDEX, IWK, WK, IER)
IF (IER.GT.128.) GO TO 20

a

CONTINUE | | <
STOP . ‘ :
WRITE (8,3) TOL ,N ,(Y(I),I=1,N) , XEND ,H ,X ,METH ,MITER ,INDEX
_FORMAT (F10.7 ,I3 ,94E15.7, 3:-‘10 T.a3) . | ~
STOP. - | ' |
END

Subroutine FCN required by DGEAR.. - ~ ' A



000

" ®hoo

S

aO00

SUBROUTINE FCN (N X.,Y,YPRIME)

IMPLICIT REAL*8 (A-H,0-Z) :

DIMENSION Y(100),YPRIME(100},Y8(100) ENR(IOO)

COMMON /PARAM/ALAMA, Y8, ENR, FX_ALAMX PHI,GAMMA, ALAMVYV

DY/ DT

.DOQI'IN
A .0
B .0

OO

" nn

1.EQ.N) 'GO TO 18
11 .

(J>_| 1E. J = 1+1 FT0 N) -' " /‘\/

- DO 15 J=IIN . I

C = DABS(ENR(J)-ENR(1)) -
IF (C.GT.616.) GO TO 17 e

( i.e. stop adding)

%
15 A=A+ (Y(J)- Y(I)*YS(J)/YS(I))*DEXP(ALAMA*(SBS 0-C))*

17
18

000

Q00

1€0.0*ENR(J)/588.0)*(1.0-FX)*PH|
1+(Y (0)=Y (17£Y8(J)/Y8(1) J*DEXP (ALAMX*(588.0-C) ) *
1(0.0*ENR(J)/588.0)*FX P

IF (1.EQ.1) GO TO 19 - |

= 1-1

DO 16 J=1,111

(J<1,1E. J=1TO i-1)"

(i.e. stop addmg)

D= DABS(ENRe\J) ENR(
IF (D.GT.616.) & ?j \

B*(Y(J)*YS(I /Y8(J)- Y(I))*DEXP(ALAM‘A*(SBB 0-D))*
1(0 O’ENR(I)/SBB 0)*(1.0-FX)*PHI

1+ (Y(A)*Y8(1)/Y8(J)- Y(D)*DEXP(ALAMX*(SBS 0- D))

1*(0.0*ENR(1)/588.0)*FX

16 CONTINUE
19 Q= A'B

V-V effect. ) o - -

1
DO 1 L=

4
lF(JEQl)GOTcn-f / _ _
R = DABS{ENR(J)*ENR(L)~ENR(I)-ENR(K)) ‘
IF (R.GT.616.) GO FTO 1~ : .
R1=DABS(ENR(J)-ENR(1))

rT

(XY



R2=DABS(ENR(L)-ENR(K))

IF {R1.GT.616.0) GO TO 1

IF (R2.GT.616.0) GO TO 1

IF (K.EQ.L) GO TO 1 i
ET = DMAX1{ENR(J},ENR(!}) o
E2 = DMAXT(ENR(K) ,ENR(L))

IF (J.LT.1) GO TO 2

CTE(Y ()Y (L) -Y ()Y (K)*Y8(J)*Y8(L)/Y8(1)/Y8(K))*
1GAMMA*(0.0+E1/588.0)*(0;0°E2/588,0) .
 1*DEXP{-ALAMVV*R)*FX -

S = 8*T

GO TO 1

u= (- Y(I)*Y(K)*Y(J)*Y(L)*YB(I)*YB(K)/YB(J)/YS(L))
1*GAMMA*(0.0+E1/588-0)*(0.0+E2/588,0) .

~ T*DEXP(- ALAMVV*RY*FX

S =S+U
CONTINUE .
YPRIME(1)=Q"*S

-y . . -

End‘ of V-V effect.

CONTINUE
End of DY/OT

RETURN
END ‘o

- Dummy subroutine FCNJ required by DGEAR.

SUBROUTINE FCNJ (N ,X ,Y.,PD) . /
IMPLICIT~REAL*8 (A-H,0-Z) :
INTEGER N

REAL Y(N) ,PD(N,N) ,X.
RETURN R

END
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