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ABSTRACT

A study has been made of the rate of vibrational excitation
in shock heated CO for the temperature range 1300K - 2500K, by
observation of the infrared emission behind the incident shock wave.
Care was taken to eliminate impurity effects and the non uniformity
of the flow was accounted for in the prescribed manner,

The first measurements were made on the fundamental and
overtone of CO in the -pure gas and CO/Ne mixtures. The experimental
data was reduced using kinetically derived equations, which
incorporated the Landau-Teller ratios between the rate constants.

For 1 the Landau-Teller constants were found to be A = -22,2;

co-Co

B = 160.2 and for t A = -21,66; B = 148,9, The separate

CO-Ne
observations of the levels indicated that the population of the v = 2
level was by successive single quantum transitions. It was concluded
that the Landau-Teller ratio of the rate constants k21 : klO =2:1,

was incorrect, in the case of the anharmonic oscillator., The coefficient
was thought to lie between 2,2 and 2.4, It was demonstrated by computer
calculations, using selected models, that the equations used in the
reduction of experimental data were inadequate for real systems. Thus
studies using the equations were thought to be subject to a small

systematic error.

The second series of measurements was performed on CO/C02;



CO/N2O and CO/COS mixtures, to measure the rate of vibration-vibration
(V-V) energy exchange. Small concentrations of the faster relaxing
gas (i.e. the polyatomic) were shown to dramatically reduce the
relaxation time of the major component, CO. By using relaxation
equations for a binary gas mixture, the probability of the V-V

process was determined from the data. The probabilities were found

to lie in the following sequence with respect to the energy

discrepancy AE:-

Pco-co2 < PCO-N20 < Peo-cos

AE = 206 80 64 cm T

These probabilities compared in magnitude and temperature dependence
with the theories of Schwartz, Slawsky and Herzfeld and Rapp and

Golden.
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1. INTRODUCTION

l.1 PRELIMINARY REMARKS

The molecules of a gas can possess energy in four
different forms electronic, vibrational, rotational and translational.
Each form of energy, excepting translational, has a discrete set of
energy levels associated with it. The magnitude of the quanta

associated with the levels decrease in the order:-
Electronic >> vibrational > rotational >> translational

The typical molecular energy spacings for the various

forms of energy are shown below:-

TABLE 1,1
Wavenumber Characteristic -1
em1 Temp K ev J mol
Electronic 20,000 28,800 2.48 240,000
Vibrational 1000 1440 0.12° 12,000
Rotational 10 1y 0.0012 120

Transitions between the levels may be stimulated by electromagnetic
radiation or molecular collisions. Neglecting radiative decay, both

processes provide the disturbance which is necessary for the absorption



or emission of quanta of energy. The energy level spacings in the
case of electronic energy are so large, that the excited states are
not normally accessible by collision. The energy level spacings in
the case of molecular vibrations and rotations do permit collisional
excitation. In the case of translation the energy levels are so
close that they are treated completely classically. The available
thermal energy is equilibrated among the various degrees of

freedom by the following processes:-

1. Rotation =— Translation

2. Vibration (1) —— Rotation * Translation

3. Vibration (1) —= Translation

' Vibration (1) —— vVibration (2) * Translation

The exchange of translational energy with the internal
degrees of freedom, processes 1, 3, are called simple processes. If
a vibrational quantum in one molecule is converted into a quantum of
a different vibration, then it is called a complex process, i.e. u.
This last case involves two vibrations and the difference between the
two quanta is made up with translational energy. Process 2 which
involves energy exchange between the internal degrees of freedom,
vibrational and rotational, may also be called a complex process.

The probability per collision of energy exchange between
vibration and translation is small and many collisions are often

required to achieve energy conversion. The complex process is more



efficient, since less energy is required from translation. The
efficiency of the complex process depends on the matching of the
energy levels of the two vibrations.

The present work is concerned with information that can
be obtained about these types of processes, when the system is
disturbed by an external force. After the disturbance the system
requires a finite time to return to the new equilibrium. The return
to equilibrium via the processes is known as a relaxation process.
The rate at which the energy E of a relaxing system returns to its
equilibrium value E has been shown to be, by Landau and Teller,l

proportional to its displacement from equilibrium:-

- & _ 1 (E-E)
dt
or
(E-E) = (E, - E) exp(-t/1)

where 1 is the time for the energy displacement (E - E) to fall 1l/e
of the initial value (Eo - E) at t = 0, having the temperature held
constant by a heat bath., The time scale for the molecular relaxation
will be determined by the number of collisions within the region of
ocbservation. Since the collision rate is pressure dependent, the
relaxation times will be similarly so. Convention dictates that the
relaxation times should always be quoted at the standard pressure of

1 atmosphere.
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In the present case the equilibrium was disturbed with
a shock wave. The technique is well established, and has provided
the majority of data on the temperature dependence of relaxation
times. This method, together with several other important methods

for studying energy transfer, will be reviewed below.



1.2 EXPERIMENTAL TECHNIQUES

l.2.,a SHOCK TUBE TECHNIQUES

The shock tube is a device in which a shock wave is
produced by the sudden bursting of a breakable diaphragm, which
divides the tube into high pressure and low pressure sections.

The pressure of the driver gas at which the diaphragm bursts depends
on the diaphragm material and thickness. The formation of a shock
wave by the bursting is understood by regarding the driver gas as

a piston, which moves in small increments into the test gas. A
pressure pulse is propagated, and this compression heats the gas
slightly as it moves at the speed of sound. The second pulse also
moves at the speed of sound but now in slightly hotter gas. The speed
of sound increases with temperature, so that each pulse is moving
faster than its predecessor. Eventually all the pulses coalesce to
form a sharp front, i.e. the shock wave. This wave moves faster than
the speed of sound. Thus the test gas molecules, which can only move
at the speed of sound, are bound at some stage to be ingested by the
shock front. The result is that there is a build up of pressure and
density in the shock wave. Originally the waves were treated
mathematically by Rcimann,2 who assumed that the shock wave was an
adiabatic and reversible transition. Ramk:lne3 examined the theory
and showed that the process was not adiabatic. Finally, Rayleighu
and Hugoniots both showed that the shock transition must involve a

change of entropy, and thus could not be adiabatic or reversible.,.



Using a system of coordinates where the shock front is stationary,
see Figure 1.1, The Rankine-Hugoniot conservation equations may

be written:-

FIGURE 1.1
STATE 2 STATE 1
p u =Wg - Vv, up = Wy p
2? 92 <____ «—— 1* Ol
T B!
SHOCK
SHOCKED GAS FRONT UNSHOCKED GAS
where Hs =  velocity of shock front
v = velocity of gas molecules relative to the tube

P,0,T = pressure, density and temperature

The conservation of mass:-

u 1.1

LY Py Yy

The conservation of momentum:-

u + P2 1.2

The conservation of energy:-

2 2
Hy o+ iul = H, + 3u 1.3

where H = enthalpy

In 1.3, the term (iul2 - iuzz) represents the amount of kinetic



energy which is changed into thermal energy, and thus the shock
wave heats the gas. However, the heating produced by the shock
wave is not the same as that produced in an adiabatic isentropic
compression, This is due to the fact that AS > O for the former,
while AS = O for the latter. The increase in entropy of the system

which is compressed from state 1 to state 2 can be calculated:-

q = Tds
q = du + pdv (lst Law)
o.o ds = _d_l& + 2 dv
T T
But du = (. dT
v
and RdAT = pdv + vdp
.'.ds:_dg[cv+n]-v_@
T aT
y . R
T = p
o.u ds s C ﬂ - RdE
T P
T Py
Integrating As = C S dT - R [ dp
P T T P
1 P
- P
85 = C_InTp - Rln 2
P 5 P,
T 1

Since R = Cp - Cv and vy = cp/Cv
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(t,/T,)
AS = ¢ 1n |—2-2
P -1
(P2/Pl) Y
X=1
Thus: - T2 P2 Y
- = (37) exp (AS/C) 1.4
Ty Py P

The equation 1.4 shows that for the same value of (PZ/PI)’ an

isentropic process where AS = 0 (the exponential is one), the value
of T2 must always be less than T2
exponential term is always greater than one. The change in entropy

across the shock front, where the

across the shock front may be calculated from:-

P, 9 Y
A = (R/(y=1))ln (-P;—) (p_)
1l 2

The ratios (P2/P1) and (02/91) have been derived, in terms of known
quantities, from the conservation equations. The ratios are to be
found in section 6.2 of Chapter 6.

The shock wave is one of several waves produced after
rupture of the diaphragm. The wave patterns are illustrated on the
(x, t) diagram Figure 1.2, where x is the distance along the shock tube
and t the time after the diaphragm bursts. The shock wave moves at a
constant velocity in the test gas and is reflected on reaching the end
plate. The test gas is heated by the initial shock wave, and is heated
again by the reflected shock, but to a lesser degree, since the latter
has a lower velocity. Following the shock wave is the contact surface,

the point at which the test gas meets the driver gas, which moves with
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a constant velocity, which is smaller than that of a shock wave.

Thus at greater distances down the tube the separation between the
shock front and the contact surface increases. The rarefaction fan,
which is produced at the same time as the shock wave, moves into the
driver gas at a sonic speed. The fan cannot coalesce to form

a discontinuity and after reflection from the end plate accelerates
towards the shock wave. The possibilities of interaction of the
various wave forms depends upon the length of tube. This has been
dealt with elsewhere.6 The construction and operation of shock tubes

is well defined and has been docunented, ' *819+10

Particular emphasis
has been placed on the measurement of shock speed, since this allows
computation of the theoretical equilibrium state of the gas in the
shock wave. Measurements of shock wave attenuation are also important,
since in certain circumstances, boundary layer effects influence the

11,12 see section 3.l.a of Chapter 3. The velocity

shock properties,
is measured by devices which can respond rapidly, in the order of 1 us.
The methods available are pressure transducers, thin film temperature
detectors and light detection devices. The techniques provide electric
pulses which serve to trigger recording and timing devices.

It is the region between the shock front and the contact
surface, which is of particular interest to kineticists, and it has
facilitated an interesting range of chemical studies. There exists a

large amount of data on the study of the unimolecular dissociations of
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diatomic and polyatomic species, using shock technique3.12,13,lu

The studies of chemical reactions in shock waves have been tabulated,lo
and have been updated by Strehlow.ls Recent ideas include cis-trans
isomerization studies,16 and homogeneous exchange reactions using
radioactive tracers.l7 Hooker18 has studied two phase systems,

using a powder-gas aerosol for the test gas. However, the most

exciting prospect seems to lie in the glow discharge shock tube,lg

which has been effectively used by Gross2o and Cohen.zl’22

The present work is concerned with the vibrational
relaxation of gas molecules at high temperatures., The main measurement
techniques involve those which can respond to changes of density;
temperature and the emission of radiation. Shock front reflectance
methods have been used to measure rotational relaxation.23 Measurements
of density changes have been made using a Mach-Zender interferomet§::25'26
The technique has been improved by the use of a laser light source.27
Schlieren techniques have also been advanced by the use of lasers.28’2g’3o
The vibrational temperature of the shocked gas may be followed by using

1 The infrared fluorescence methods

the sodium line reversal nethod.3
allow the populations of individual vibrational levels to be followed
during the relaxation period. The first work was done by Windsor,

32,33 who studied the infrared emission from the

Davidson and Taylor,
overtone of CO with a PbS detector. The technique is simple, the
emission from the shock heated gas is passed through a filter, to

isolate the wavelength of interest, and on to a detector, which is
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usually of the photoconductive or photovoltaic type.au The infrared

35,36,37,38,39 _

fluorescence technique has now been widely used
its application in the present case is given in section 2.6 of
Chapter 2,

Finally, the nozzle expansion flow tec:hnique,m"“"“:"’u3

which is an extension of the simple shock tube, has provided dat:alm'u5
which bear comparison to shock tube results. The shock wave raises

the translational temperature, so that the vibrational degrees of
freedom may be excited. The expansion flow utilises the stationary

gas at the end of the shock tube after the shock has reflected from
the end plate. The gas is expanded through a nozzle, so that the

gas is translationally cooled, and the deexcitation of the
vibrationally excited gas may be followed. The vibrational temperature
may be followed by the sodium line reversal technique. However the
results may have been affected by 1mpuritioa.“6 drawn from the

boundary layer.

1.2,b ULTRASONIC METHODS

At relatively low temperatures the ultrasonic technique
has provided a large bulk of data on vibrational relaxation., There
are several good reviews on the subject, which also give the types of

47,48,49

systems that have been studied. The basis of the method is as

follows. The velocity of sound through the gas is given by:-
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v = (1+ R/CV)RT/M
where R = universal gas constant
v = velocity of sound
T = temperature
¢, = heat capacity of gas

molecular weight

The rate of energy transfer through the gas has an inverse
dependence on the effective heat capacity of the gas. If the
period of the sound wave is long enough for equilibrium to be

established between all modes, then the heat capacity is given by:-

Cv = ctr'ans + Crot + cvib

where Ctrans’ crot and cvib

vibrational heat capacities. If the period between the waves is

are the translational, rotational and

gradually decreased a point is reached at which energy cannot be
transferred in and out of the vibrational modes rapidly enough to
maintain equilibrium. This energy is then lost from the sound wave
and dissipated in the gas. At some point no energy is transferred

to the vibration, and the vibration makes no contribution to the
specific heat of the gas. The sound wave now travels through the gas
at higher velocity. From measurements of the velocity at various
sound frequencies, the Napier time may be calculated. The method has

had success in measurements of vibrational relaxation in a temperature
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range up to 1000K. However, it cannot be used for high frequency
molecular vibrations which make a small contribution to the specific

heat.

l.2.c MISCELLANEOUS METHODS

Experimental techniques have been developed, for the
study of vibrational energy transfer, based on the radiative excitation
of energy levels. Those vibrational modes of molecules which involve
a change of dipole moment can take up quanta directly by absorption
of radiation of the appropriate wavelength. A particular vibration
will lose energy either by radiative decay of infrared fluorescence
or by collisional deactivation, depending on the lifetimes of the

tWwo processes:-

*
A, + Mz==A, + M + K.E.

The radiative lifetime of an infrared active mode is independent of

the gas pressure whereas the collisional lifetime is inversely
proportional to it. For all but a few diatomic molecules with high
vibration frequencies (i.e. CO) the radiative lifetime is much longer
than the collisional lifetime, and the latter dominates the vibrational
relaxation.so

An apparatus which combines radiative excitation with |
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sound wave detection is the spectrophone. The gas is pulsed with
infrared radiation and the time lag for the modulated radiation to
appear as a sound pulse (optic-acoustic effect) provides a measure
of the rate of vibration-translation energy transfer.51’52’53
The infrared resonance fluorescence technique of
Millikansu employs both spectroscopic excitation and deexcitation
to study CO (v = 2143 cm-l), one of the molecules whose radiative
lifetime is shorter than its collisional lifetime, at room temperature,
Millikan studied the half quenching of fluorescence from CO by small
additions of other gases. From this he obtained the probabilities of
energy transfer in heteromolecular collisions. Important features
of the experiment were an optically thin gas and the elimination of
wall collisions as an effective quencher of CO by containing the gas
sample in a streaming jacket of Argon.
The most recent infrared excitation technique is the use
of laser pulsing to modulate the population of a particular vibrational
energy level. The development of the high power 002-N2 gas laser55’56’57
has focussed considerable interest in the mechanism and kinetic rates
and N,. This method of

2 2
excitation, combined with the observation of fluorescence from another

of vibrational energy exchange between CO

vibrational mode has been used>® to study vibration-vibration exchange
in CH, and CO2.59 There are good reviews on the subjcct.so’61
Another spectroscopic method, which gives information on

vibration-vibration energy transfer, is flash spectroscopy, described
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by Norrish62 and Callear.63 The technique, used particularly with

NO, consists essentially of triggering a powerful light flash, filtered
for suitable wavelengths, in a tube next to the reaction vessel. The
NO molecules in their ground electronic state x2w (v=0) are raised to
higher vibrational levels of the exicted electronic states, usually

A2 2*. Relaxation of the vibrational energy can be studied in the
excited state by observing the changing intensities of v=0 and v=1
progression in the fluorescent spectrum of the excited electronic

state and the ground state by flash spectroscopy. In this last method
the photoflash is followed, after a controlled delay, by a spectroscopic
flash, enabling the absorption band of the transition x2u (v=l) to the
excited A2 tt (v=0) to be photographed. The decay with time of this
band provides a measure of the vibrational relaxation of the v=1 level
in the ground electronic state of NO. Both fluorescent emission and
flash spectroscopy have been used to study the relaxation of NO in

homo and hetero molecular collisions.

1,2.d COMPARISON OF METHODS

The spectroscopic methods are concerned with exciting
molecules vibrationally. They provide a means of studying high
frequency vibrations whose vibrational energy levels are not
appreciably populated at 300K, For these vibrations, as previously
stated, there is little or no ultrasonic dispersion or absorption.

On the other hand it is possible to measure relaxation processes
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occuring in short times, by the ultrasonic technique. This is not
always possible with the shock techniques. The spectroscopic and
ultrasonic methods are complementary since in the former the direct
perturbation of the vibrational energy facilitates the study of
vibration-vibration energy transfer, while the latter is more suited
to vibration-translation transfer. However, in the case of gas
mixtures the two methods supplement each other. As with the acoustic
method, the shock wave studies provide evidence primarily about
vibration-translation transfer. Together the two techniques provide
data on the temperature dependence of this process, which can be

used to test the validity of theoretical calculations.
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1,3 PREVIOUS SHOCK TUBE STUDIES OF VIBRATIONAL ENERGY TRANSFER

The object of this section is to review shock tube results
which are relevant to the present study. The performance of the
theoretical predictions is also given. There are several methods for
the absolute calculations of Napier times, and these are given in
Chapter 4. The most widely applied approach is the S.S.H. theory
(section 4.5). It is a 3-Dimensional quantum mechanical treatment
which predicts absolute values of the Napier times, to within an
order of magnitude, for many systems over a wide temperature range,

The details are tabulated, 8284165

For simple non polar molecules

the dependence of temperature follows the Landau-'l‘ellerl relationship,
lnraTd§. At lower temperatures and for non polar molecules the
experimental times vary less steeply with temperature. The Millikan
and White66 (M.W,.) correlation, derived on an empirical basis, has

had reasonable success in predicting vibration-translation Napier times

(see section 4,6), However there are notable exceptions to the S.S.H.

theory and M.W. correlation, particularly Hyy D

2
2

longer than the S.S.H. theory predicts, while the M.W. correlation gives

2? the hydrogen halides

and NO., H 9 and 0228 show Napier times almost two orders of magnitude

2 and 40 times tooslow for Hz.

70,1 and DCl68 have been

Napier times of 7 times too slow for D

67,68,69 HB!"'IO HI

The Napier times of HC1,
measured. At 2000K HC1l has a rough agreement with the S.S,H. value
but HBr and HI are much lower than predicted by the theory and the

M.W. correlation. These discrepancies may be due to the efficiency of
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vibration-rotation energy exchange, of which the theories take no
account. Hoore72 has developed a vibration-rotation transfer theory,
and it gives a reasonable value for HCl, but not for HI. This may be
due to the use of a single value of the repulsive potential parameter,
L, to fit the experimental data of a wide range of molecules. In the
NO case, it is possible that an electronically excited state is formed,
or that dimerization may have to be taken into account. A special
potential function is needed for this molecule.

Linear triatomic molecules such as CO 73,74,75,76 and

2

82,83 have had much attention devoted to them. Opinion has been

N20
divided as to whether the molecules possess more than one relaxation
time. However, recent experimental evidence has hardened the attitude

that all the modes relax together.77'7a'79

This was certainly the
case in Camac'sao study above 2000K. The theoretical S.S.H. results do
not agree well with the experimental values, the former having a too
steep temperature dependence. Nzo has been studied in the shock tube
and there is good agreement between various workers. These molecules
are of interest in mixturosel since their vibrational modes will provide
information on intermolecular vibration-vibration energy transfer, and
also intramolecular vibration-vibration transfer.

Carbon monoxide, the basis of the present work, has been

well .tudi.d,32,36.8u,85

The original work in the reflected shock
region gave a longer Napier time than the subsequent studies using

different techniques. This was probably dus to the use of incident
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shock wave parameters in the former work. The relaxation has been

86,87

studied in the presence of various collision partners and the

Napier times agree well with the S.S.H. calculation, but are about

a factor of 2 shorter than the M.W. predictions.

The overtone of CO was studied and it was shown36 that

the rate of populating the v=2 level by successive quantum jumps
was ten times faster than the rate of direct excitation. The
equilibrium population of the v=2 level of pure CO may be acheived

in two ways:=-

k!
o1
——
veo * O e COy=1 v=
%10

Firstly CO

k12

——
then Cpsy * Cmg T O * O, 1.6
k21

—
or COv=l + COv=1 -— Co

v=2 v=0
where v = vibrational quantum number

k' = bimolecular rate constants

The mechanism was interpreted using a Landau-Teller model that,

]
ket ki, o= 1:2 etc., and it was concluded that the stepwise

0l 12
process dominated.36 However no attempts were made to distinguish
between the population of the overtone by reactions 1.5 and 1.6 from

1.5 and 1,7, It was found that both mechanisms reduced to the same
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analytical equation, see Chapter 5., Higher vibrational levels of
other molecules have been studied. In particular work on HCl67 and

HI70 showed that transitions where Av > 1 were possible, so that

ko = Ky = kg

It was suggested that this result may be explained on the basis of
efficient energy exchange from vibration to rotation.

A large number of acoustical and spectroscopic measurements
have been made in gas mixtures, which provide information about
vibration-vibration energy transfer in heteromolecular collisioms,
Considering a binary gas mixture, whose molecules A and B contain only
one vibrational mode, then if the quantum of vibrational energy is

denoted * the processes are:-

* -
1. A + A — A + A
2, A" + B = A + B
3. B* + B =B + B
4. B* + A =B + A
5. A* + B T=A + B*

The self relaxation of B is more rapid than that of A. For mixtures

of gases A and B, the relative Napier times of the pure gases (1,3)

and the relative matching of their vibrational energy levels (§A and QB)
can be so chosen to be closely similar or widely different. If the
matching of A and B is poor, so that the vibration-vibration exchange

is slow, then at all compositions, the reciprocal Napier time will be
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linear, with slope depending on the relative rates of processes
(1,2) for A, and (3,4) for B. Now consider the case in which the
levels of A and B are nearly resonant so that for certain pairs
of molecules the vibration-vibration reaction 5 will be more rapid
than the simple deactivation of B. The mixture will show only one
Napier time at any concentration, the time depending on the rates
of processes 3,4,

The most notable shock tube work in this field has been
by Taylor et al.,38 who carried out experiments in these gas mixtures
NO-N, (AE = 456 al); No-co (aE = 267 em 1); coO -N, (aE = 18 ety

2
The first two systems provided data on "near-resonant" vibration-

-vibration exchange. The 002-N2 mixture provided data on resonant

energy exchange. Since this work, other studies have been carried out

39,88,89,90,91,92

on a variety of systems. For diatomic systems the

general temperature dependence of the resonant rates is reasonable, but
the magnitude of the experimental data is considerably less than the

S.S.H. theory predicts. Simple molecules with additional vibrational

modes have complex mechanisms for vibration-vibration energy transfer.so

They are well studied at room tompcruturo.sl and the theory has been

revised to take account of the possibilities of intramolecular energy

93,94

exchange. However, further work is required on the temperature

dependence of systems containing such molecules.
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l.4 OBJECTS OF THE PRESENT STUDY

i) The construction and development of a pressure driven
shock tube. The tube was to be capable of producing conditions of
high temperatures in gaseous systems, so that accurate infrared
emission measurements could be made on the chosen systems,

ii) Infrared emission measurements on pure CO and CO/Ne
mixtures. CO is a molecule with a dipole moment, and thus lends
itself to this type of experiment. As indicated in section 1.3 the
vibrational relaxation of the fundamental and overtone have been
studied under carefully controlled conditions. It was declded to
remeasure the Napier time for these vibrational modes of CO. Then
to study the effect of the addition of an inert gas on the mechanism
of the population of the fundamental and the overtone. This was
done with the intention of being able to distinguish between the
two mechanisms of population of the overtone. The experimental
results were to be compared with computed relaxation curves using
various models for the population of upper levels., It was intended
that the comparison of theory and experiment would provide a stringent
test of the models and assumptions used in the reduction of shock tube
data.

ii1i) Infrared emission measurements on CO/polyatomic
mixtures. The current interest in shock work lies in vibration-
-vibration exchange processes. Previous workers have used linear

38,90

triatomic molecules in a binary mixture and came to the

conclusion that energy must be transferred from these molecules
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via the v, antisymmetric stretching mode. Thus for a mixture
with €O, the infrared emission from the fundamental of CO, may
give some measure of the rate of exchange between the fundamental
of CO and the vy mode of the triatomic. A series of mixtures
which lend themselves to this study are (energy discrepancy in

brackets): -

C0/CO, (AE = 206 cm l)
CO/N,0 (8B = 81 al)

€0/C0S ((E = 64 cal)

The first system in the series, is of special interest since the
low dissociation energy of CO,, means that some CO is expected in
electric discharges in coz-N2 or in c02 lasers. Thus it was hoped
to obtain information on vibration-vibration energy exchange in
these systens.

iv) Theoretical calculations. Extensive calculations of
the Napier times for the systems were carried out using the methods
selected in Chapter 4.

v) Conclusions. A reasoned explanation of the kinetics

of the processes studied under ii and 1ii was undertaken.
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2., EXPERIMENTAL

2.1 INTRODUCTION

The shock tube has been used for energy transfer studies
for a number of years.l The rise in temperature at the shock front
provides rapid and uniform heating of the test gas, so that the
various degrees of freedom exchange energy. By monitoring a suitable
characteristic of the gas, information on the relaxation will be
obtained.

The tube consisted essentially of a metal or glass tube
of circular cross section, divided into two sections by a diaphragm
of cellophane or metal foil. The shorter of the sections contained
a driver gas at high pressure which acted as a piston when the
diaphragm was ruptured. A shock wave was driven into the experimental
gas, at a considerably lower pressure, in the longer section of the
tube. It was then possible to measure the velocity of the shock,
and to observe the infrared emission from the shock heated gas, by
utilising a detector and display unit. Since the shock waQe travelled
at about 1 to 2 millimetres per us, the relaxation process was
completed within 500 us and electronic methods were necessary to
measure the relaxation process.

The following chapter describes the important parameters

in the building of the shock tube, and in the choice and construction
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of the ancillary equipment. Included also are details of the
experimental procedure, together with some of the major difficulties

which had to be overcome,
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2.2 SHOCK TUBE

2.2.,a CALCULATIONS OF TUBE DIMENSIONS

Before any tube design was undertaken, it was necessary
to calculate lengths of driver and test section required. The
important quantity in these calculations was the hot flow time,
(laboratory time) that is, the time between the passage of the shock
front and the contact surface, to an ocbserver stationed in the test
section. In the ideal situation, the time is limited solely by the
interaction of the wave systems produced when the diaphragm is burst,
after they are reflected from the ends of the tube. Expressions
relating the hot flow time to the combination of driver and test gas,
and shock speed have been derived.2 The pertinent equations are given
in Appendix 1. The calculations are made assuming ideal gases.
However, the growth of the boundary layer behind the shock front
affected the flow, so that the hot flow time was considerably
reduced. A detailed account of the boundary layer, and its effects
on shock conditions will be given in Chapter 3.

The calculations were made assuming that the driver gas
was hydrogen, the test gas carbon monoxide, the shock wave travelled
at Mach 5 and the hot flow time was 500 ys, The hot flow time
was selected on the basis of previous results obtained on carbon
monoxide.3 Using these figures, the calculations showed that the

ideal driver section was 1.5 m long, the minimum length of test
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section was 3,61 m, However, the available laboratory space was
restricted to a total length of 3.75 m. Thus the theoretical tube
geometries were modified in accord with the ranges described by
Hall.u This was an empirical approach, based on data of a number

of tubes. The final lengths decided upon were:-

Driver Section - l1.15 m

Test Section - 2.55 m

It was also important to calculate the distance the observation
station was to be placed from the end plate. At a distance of O.42 m
from the end plate, calculations showed that the initial hot flow

should not undergo any interaction from the reflected shock.

2.2.b TUBE MATERIALS AND DESIGN

The shock tube will be considered in terms of its individual
components, that is, the driver section, the connecting section and the
test section. A tube of circular cross section was decided upon, since
the absence of corners made it easy to keep clean, and the circular cross
section gave structural strength. There are two effects to be considered
on change of the internal tube diameter. Firstly, a decrease in the
diameter leads to an increase in boundary layer effects, of the shock

wave with the wall. Secondly, an increase in diameter leads to an

increase in the pumping time. In this case it was decided to restrict
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the pumping time, and to make the necessary corrections for the
boundary layer.

The driver section was made of brass, and was 1,15 m in
length, with an internal diameter of 2.54 cm. See Figure 2,l.a.

At either end of the section, a brass flange, diameter 12.5 cm, was
silver soldered to the tube. In one of the flanges were drilled
three equally spaced holes, near the periphery of the flange. These
were to house the securing bolts for the end plate., An '0' ring
made the vacuum seal. The other flange had a seating for an '0!
ring, 8 cm diameter. Pins for locating the driver section with the
connecting section were placed diametrically opposite at a distance
of 11 em. Two grooves were cut into the edge of the flange, to
accommodate the clamping screws of the connecting section. Located
about midway on the tubé was a hollow thread, which was silver
soldered to a hole drilled into the section. This was the driver
gas inlet.

The connecting section, Figure 2.1.b, was the piece which
allowed the driver section to be joined to the test section, It was
made of brass, with brass flanges, and was of length 10 cm, with internal
diameter 2.54 cm. At the end nearer the driver section the flange had
an '0' ring 6.5 cm in diameter. Also two holes were drilled to coincide
with the locating pins on the foward flange of the driver. This ensured
that both sections had their diameters in coincidence when the sections

were clamped together. The clamping was done by two butterfly screws,
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which fitted the grooves on the driver section's forward flange.
Drilled at equidistant points near the periphery of the other
flange were three holes, which coincided with the holes on a
standard Q.V.F. backing flange, and which held the test section
firmly against the connecting section.

For spectroscopic work it would be advantageous to use
a glass tube as the test section. However, in the present studies
this presented two disadvantages. Firstly, the thick curved wall
of the glass tube presented optical difficulties, and secondly pyrex

glass was opaque below 3800 cm-l. It was decided to use pyrex tubing

for the studies on the overtone of carbon monoxide, at 4260 cm-l,
and for the studies on the fundémental, at 2143 cm-l, a pyrex tube-
metal tube combination was used. The metal tube had calcium
aluminate windows which transmitted in the region of interest, See
Chapter 3. The pyrex tubing was standard Q.V.F. pipeline of 2.54 cm
internal diameter. It had been tested to a maximum internal working

pressure of 689.5 kNm'z. The residual pressure in the tube after a

shock experiment was calculated to be never greater than 305 kNm-2.
The pyrex tubing could be obtained in varyinglengths, which were
clamped together by two metal backing flanges. The joint between

the glass tube was sealed by a P.T.F.E. crescent shaped ring. All the

aforementioned parts are standard Q.V.F. pieces., The joint between the

pyrex tube and the connecting section was made by clamping a metal



- 36 -

backing flange to the metal flange of the connecting section with
a P.T.F.E. ring as the seal. For the measurement on the overtone of
carbon monoxide the test section consisted of a 15 cm length and a
2.4 m length of pyrex tubing., The 15 cm length had a 5 mm internal
diameter gas exit and.entry port glass blown on to it. At the end
of the longer length, an end plate was clamped with a backing flange.
For the studies on the fundamental of carbon monoxide,
the following sections were used:- (i) 15 cm section with gas port
as before, (ii) 75 cm section of pyrex tubing, (iii) 90 cm section of
metal tube, with one window mounting, (iv) 90 cm section of metal tube
with two window mountings. The couplings between glass-glass and
glass-metal joints were as deséribed before. The Figure 2.,2.a shows
the metal section with the two window mountings. The tube itself was
constructed from stainless steel, with brass flanges, 8.75 am in
~ diameter, and silver soldered to the tube. The joining of the two
metal sections was arranged so that large steps at the joint were
avoided. This was achieved by having a 1lip on the periphery of the
flange of one tube, which fitted into a groove on the other. An '0'
ring made the seal when the two flanges were bolted together. This
system of mating the tubes gave not only a smooth tube, but also
ensured a good vacuum. Mounted on the tubes were blocks of brass,
which were machined to accommodate the window holders. The design of
the holder is shown in Figure 2.2.b. The holders were clamped to the

tube by means of screws, and an 'O' ring made the seal. Before the
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windows were cemented in position, the holders were clamped in position
and both tubes were honed to a diameter of 2.54 t 0,0025 cm. The
windows used were of two types (i) Calcium Aluminate glass type BS 39B
obtained from Messrs. Barr and Stroud Limited. This glass had an
infrared transmission to about 1700 cm'l, with a transmittance of

50%. (ii) Pyrex glass, which was obtained from Electronic Optics
Limited. Both types of glass, were circular discs of 1.56 cm diameter
and 0.63 cm maximum thickness, which had one surface ground to a
radius of 1.27 em. The other face was flat. The windows, were
cemented into the holder, using Araldite, so that they were flush.
with the inside wall of the tube. The first and second pairs of
windows were pyrex, used to measure the velocity of the shock by means
of light screens. The last window was used for observing the infrared

emission.

2.2.c_ SUPPORTS

Support for the shock tube and driver section was important.
Considerable forces existed along the axis of the tube, in particular,
when the diaphragm was broken and when the gas was brought to rest.
Convenient rigid supports for the circular tube were standard Q.V.F.
pipeline holders. These supports consisted of a split moulded rubber
collar, kept in place by a U-bolt and back plate. The driver section
was mounted on rollers to take up any recoil, and to facilitate

changing of the diaphragm.
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2.3 VACUUM AND PRESSURE TECHNIQUE

The high vacuum apparatus is represented in Figure 2.3.
The taps, wherever possible, were of the greaseless type. The
ultimate vacuum was realised by means of an oil diffusion pump
(N.G.N. type OPW 125, with entrainment head) which was backed by
an Edwards Two Stage Rotary Pump (Type ED 35). The rotary pump was
separated from the diffusion pump by a liquid nitrogen cooled trap,
and similarly the diffusion pump was separated from the system by a
trap. This combination of traps and pumps enabled the following

vacua and leak rates to be attained:-

Vacuum Leak Rate

Glass Tube 106 mNm- 2 0.74 mNm 2s”%
Glass-Metal Tube 133 mNm~2 1.11 mvm 2™t

Test gases were stored in 5 1. and 20 1. bulbs, point A in the diagram.
The gases were distilled by trap to trap distillation, along the
distillation train, point B. It turned out, that the bulbs were
lightly used, since high purity gases were required. These are
described later. The pressure of test gases was measured on Edwards
Barometrically Independent Capsule Dial Gauges, at point C, calibrated

2 0-5,32 kim2, 0 - 101 kNm™2. The

in the ranges O - 2.66 kNm_
vacuum was measured by an Edwards Pirani Gauge Head, mounted in a

Bl4 glass joint, and the vacuum was read from an Edwards Control Unit,
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The entry to the tube was at point D.

The high pressure system is represented in Figure 2.4,
All the taps on this system were Saunders-Edwards Speedivalves,
which would stand the high pressures used in this section of the
instrument, Discharge of any unwanted high pressure in the tube
was via the tap at point E., The Bourdon gauge, at point F, was
obtained from Budenburg Company Limited, had a range of O - 1.38 MNm-z.
The device also had an auxiliary pointer which enabled the driver
pressure to be read accurately, after the shock. At point G, the

driver gas hydrogen was taken from a cylinder. Nitrogen could be

used as a driver gas, taken via point H.
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2.4 DIAPHRAGMS

In this study the diaphragms were allowed to burst
naturally, by gradually increasing the driver pressure. The
choice of diaphragm material was reduced to Aluminium foil, supplied
by G.W. Aluminium Company Limited, and Melinex Polyester Film made
by I.C.I. Tests were carried out on both types of material using
carbon monoxidg as the test gas. The aluminium foil, 0.0l cm thick,
burst on average at about 380 kNm-2. In the first instance, the
petals formed on bursting were torn off by the sharp edge of the
connecting section. Thus the conneéting section was tailored to
give an edge over which the petals could fold. In this condition,
most of the subsequent runs showed that the diaphragm petalled from
the centre, into four pieces, without fragmentation. For those
experiments in which fragmentation did occur, there was no apparent
tube damage and the fragments were removed after each experiment. In
general 150 gauge Melinex (0.0038 cm thickness) burst at 620 kNm-z.
It was found, on inspection after an experiment, that this material
split rather than folded or petalled back, to allow the greatest area
through which the driver gas could flow. It has been suggested2 that
this type of diaphragm was unsatisfactory for spectroscopic work,
since the material shredded and burned to give an undesirable impurity

spectrum. It was thus decided to use aluminium diaphragms.

The daphragm was clamped between staggered 'O' rings on
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the driver and connecting section. This gave good vacua in both
sections, It was found that excessive tightening distorted the

flanges, and that finger tightness, on the clamping screws was

sufficient.
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2.5 LIGHT SCREENS

Initially the velocity of the shock wave was measured
by two sets of light screens, after the method of Bleakney5 and
his co-wor-kers.6 The arrangement is shown in Figure 2.5.a. In
practice the light screens were independent of the ffame. Their
operation depended upon total reflection from the back of the shock
wave of the incident light. The light source S, a 12 volt Tungsten

projection lamp, was used in conjunction with a system of three

\

knife edges k., k,, k The knife edges were arranged so that they

30

lay in a line perpendicular to the axis of the flow. Then only rays

1 72°

lying in the plane so defined reach the photomultiplier P. The
photomultiplier was an E.M.I. type 9660B, of a 9-stage "squirrel-
cage" design, with a quartz envelope. The caesium antimony cathode

had a maximum spectral response between 33 x 103cm-l and 25 x loacm-l

and a long wavelength cut-off at about 14 x 103cm-l. The rate of
change of light flux on P was approximately proportional to the shock
speed and the signal voltage rose rapidly with time. The output signal
was fed to the circuit shown in Figure 2.5.b. The value of the load
resistor, L, was large so that the output signal was large. The twin
emitter follower, type TS 17, supplied by Venner Electronics Limited,
was used as an impedance transformer. The emitter follower transmitted

the signal from the high impedance source, to a low impedance at the

output, in the co-axial cable of impedance about 502, This combination
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of optics and electronics afforded a pulse rise time of the order
of 1 us.

The sensitivity of the method depended on the signal to
noise ratio from the photomultiplier. The moét important factor
in noise generation was the amount of stray light. Attempts were
made to reduce the stray light to a minimum by covering the screens
with black cloths.

In a series of test runs, using hydrogen as driver and
nitrogen as test gas, the pulse depth was seen to fall off with
increase in Mach number. The limit of operation was at a test gas
pressure of 0.9 kNm-Q. This may be explained by considering the
following equation, which was derived and used by Hornig and his

. . . . 7,8
associates in work on rotational relaxation. ®

(1 + tan"0) (n_ - 1? (a2
)
oO

Intensity of reflected light

where R = optical reflectivity = Intensity of incident 1light
6 = angle of incidence always large, that is grazing
incidence = 90°
n, = refractive index of the gas at S.T.P.
oo = density of the gas at S.T.P.

Ap = total density change across the shock front
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All other things being equal, the quantity Ap was the factor which

most influenced R. Since:-

dp = (p, - ol)
p
f1
where Py = density at the shock front
Py = density of the downstream gas

Although at higher Mach numbers the ratio pA/pl increased the value
of Py which is pressure dependept, decreased due to a lower
downstream pressure. Thus at higher Mach numbers the light screens
ceased to function.

In 1965, J.H. Kiefer and R,W. Lutz,g developed a
quantitative laser schlieren technique to measure the vibrational
relaxation of deuterium. The method used photomultiplier detection
of the deflection of a narrow laser beam, the technique being sensitive
to rapid gas density changes. It was decided to adopt several features
of this technique to improve the performance of the light screens. The
system decided upon is shown in Figure 2.6. At position A was the laser,
a helium-neon type, supplied by Ferranti Limited, which emitted a

Sem~t (632.8 nm), At position

coherent beam of light at 15.81 x 10
B was a beam splitter of 50% transmittance and 50% reflectance. The

other mirrors Ml, M2 and Ma are of the front surfaced type. kl and
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k2 were knife edges onto which the laser light was focussed. The

distance between the mirror M2 and the photomultiplier was 1 m,
This length of optical lever was found to be satisfactory. The
incident light beam crossed the tube almost normallyto the
direction of flow, 6 being 89.5°, It was assumed that the beam was
not only reflected from the rear of the shock wave, but also it was
refracted towards the higher density region; Test runs were carried
out, using hydrogen as a driver gas and nitrogen as a test gas.
Pulses of about 1 us rise time were produced. Also pulse depths
were increased by about 30% over those obtained using corresponding
conditions in the original technique. The system also operated to
a minimum test gas pressure of 0,2 kNm.z.

Two problems emerged with the use of the laser system.
Firstly, not having the beam exactly normal to the tube resulted
in secondary reflections from the walls of the tube, and secondly
the spacial resolution of the beam was lost due to the curvature of
the tube walls, The loss of spacial resolution was more acute in
the case of the windows on the metal tube. To compensate for the
divergent effect of the windows, barrel shaped lenses of focal icngxﬁ: ¥
7.5 cm were used., Plate 2.1 shows the arrangement. To éreve#t any ‘ ;:
spurious reflections interfering with the incident beam, slifs of

adhesive tape were placed on the tube,

Finally, in recent years advances in solid state olect:a?iéiéf
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have led to the production of photodiodes, which while retaining
the essential characteristics, have a number of advantages over
the photomultiplier tube. A P.I.N. photodiode was obtained from
Plessey Microelectronics. At the present time a circuit which
combined fast response with high gain had not been achieved,
But, clearly, this is a field in which some further work is

required.
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2,6 INFRARED DETECTOR

2.6.a DETECTOR AND CIRCUIT

The detector was a Mullard RPY 36 Indium-Antimonide
photoconductive cell. The photoconductive element, with a time
constant of <2.0 us, was mounted in a glass dewar vessel and was
cooled by liquid nitrogen. It had a sapphire window which trans-
mitted to about 1800 cm-l. The element was mounted in the
horizontal position with its longest edge parallel to the axis of
the incident radiation, A surface aluminised mirror at us°,
reflected the incident radiation onto the element. During operating
conditions, see Plate 2.1, a stream of dry air was played on the
window to prevent condensation. Precautions were taken to exclude
ambient radiation from the detector area, since visible radiation
damaged the element. The electrical circuit of the detector is shown
in Figure 2.7. The resistor-voltage combination was chosen to give
a bias current of about 1.2 mA, which registered on ammeter A. The
two outputs from the detector were fed to the positive and negative
inputs of a differential amplifier. This was done, in part, to

smooth the noise generated in each resistor R, and R2. The variable

1
resistance V.R. was used to prevent current surge in the detector and
ammeter when the device was stitched on. The resistor, V.R., was wound

from 250 kQ to zero, and the current rose from about zero to the

bias value. The leads on the circuit were made as short as possible,
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but capacitor, C, was included in the circuit to smooth any stray
capacitance. A range of bias currents were tried from zero mA to
1.6 mA and it was found that the noise was minimal at 1.1 mA.

The recommended value was 1.1 mA,

2.6,b OPTICAL ARRANGEMENT

The detector and its optical arrangement are shown in
Figure 2.8. The optics were set up on a bench separated from the
frame holding the shock tube., The slits were of 1 mm width. The
filters, of the interference type, were supplied by S.T.C. Limited,
and were cut-on or cut-off type. They were used to isolate the
region of the fundamental of carbon monoxide. The pyrex glass tube,
which had a zero transmittance at 2143 cm-l, was used for the
measurements on the overtone of carbon monoxide.

The detector was aligned, without the filter in position,
by placing a lamp and slit on the opposite side of the tube. The
detector element was then aligned by eye so that the pencil of light
produced by the slits, illuminated the detector uniformly. The detector
could not be aligned electronically, in the biased condition, since
there was a risk of damaging the element,

Taking the limiting rays in the diagrams the optical rise time

was calculated to be 2 us for a shock travelling at about 1.5 mm/us.
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2,7 ELECTRONICS ARRANGEMENT

The electrical arrangement is shown in Figure 2.9. The
outputs from the light screens were used to trigger a Venner
microsecond time interval meter, type TSA 5536, and measure the
time for the shock to traverse the two screens. The minimum pulse
peak to peak amplitude required to trigger the timer was 1 V., The
trigger levels were adjustable, on both inputs, between 3 V and
-3 V. The pulses were also displayed on a Hewlett-Packard 1l41A
storage oscilloscope with a type 1421A Dual Trace Amplifier, This
provided a check on the pulses entering the time interval meter.

The output from the first light screen was also used to trigger the
delay on the Hewlett-Packard 1u40A oscilloscope, so that the main

sweep was triggered as the shock wave approached the central detection
station. The output from the detector was fed via a 2 m length of
double-shielded two conductor cable to a 1403A Differential Amplifier,
which was plugged into the 140A oscilloscope. The amplifier had
thirteen calibrated ranges from 100 mV/em to 0.01 mV/cm. The bandwidth
was 0.1l Hz to 400 kHz (0.9 ps rise time) and the upper and lower
limits of the bandwidth were independently selected. The bandwidth
used was, upper limit >400 kHz, lower limit 100 Hz. This excluded
interference from mains frequency. It was assumed that there was no
distortion of the incoming pulse (frequency = 1,6 kHz) due to the

cut-off of the lower frequency components. The output from the
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detector was displayed on the oscilloscope and the transient was
photographed using a Hewlett-Packard 1968, 1l:1 ratio polaroid
camera. The photographs were taken using 3000 ASA polaroid

film. A u.v, light incorporated in the camera provided illumination
of the graticules, which were exposed separately.

From time to time performance checks were carried out
on the oscilloscopes, camera and time interval meter.

The high tension for the photomultipliers was supplied
from a power supply, type Pm 2500/R, obtained from Brandenburg
Limited. This supplied an operating voltage of 850 V to the
photomultipliers. The 10 V power supply required for the twin

emitter follower was supplied from a Venner transistorized power

supply, type TS 20/C.
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2.8 MATERIALS

In past worka’lo it was realised that impurities reduced
the relaxation time of diatomic molecules. This was particularly
so for polyatomic molecules with additional vibrational modes, and
also for light molecules such as hydrogen. B.0.C. Limited Grade X
gases were obtained, the gases being processed to the maximum
feasible purity, under strict quality controlled conditions. The
pure gases and gas mixtures were obtained in 1 1. pyrex flasks
filled to 101.3 kNm~ 2, The glass flasks had a 13.5 mm bore stem
and the gas was contained by a 'swan-neck break seal'. The flasks
were glass blown onto the system, and the seal could be broken by
releasing a plunger. The following analyses on the test gases

obtained from B,0.C.:=

(i) Carbon Monoxide:-

N, <0.0u4%

02 <0.001%

CO2 0.0016%

H2 <0.0025%
Hydrocarbons 0.0013%

(ii) Neon:-

He <0,05%

N2 <0.0001%

O2 <0.0001%

CO2 <0,00005%

H <0,00005%
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(iii) carbon Dioxide:-

N,, 0,, CO, H, all <0.0005%

2’
(iv) Nitrous Oxide:-

N H2 all <0.0005%

2> 0ps

Mixtures of gases were made up in the pyrex flasks, and were filled
to $0.1% tolerance,

Carbonyl sulphide could not be obtained in Grade X quality,
but a cylinder of 97.5% purity was obtained. ‘The gas was purified
and the mixtures were made up using the apparatus shown in Plate 2.2,
This apparatus was connected to the vacuum system via a Q.V.F.
P.T.F.E. bellows, and the pressure was reduced to 133 oNm~2, The
carbonyl sulphide was then purified by a freeze-pump-thaw cycle, and
a measured amount allowed to expand into the 2 1, storage bulb, Then
a measured amount of Grade X carbon monoxide was admitted to the bulb.
The pressures were read on a mercury manometer. The flask was sealed
off, and the mixture allowed to stand overnight so that diffusion
could take place. The flask was then removed and glass blown onto the
system.

The driver gases were obtained from commercial cylinders. .
In the case of hydrogen the purity was 99.9%, and the nitrogen was
99,5%. Before entering the driver system the gases were passed

through a B,0.C. line filter, which removed particles greater than

0,025 mm.
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2.9 EXPERIMENTAL PROCEDURES

During this section reference is made to Figure 2,3
and Figure 2.4,

The operational procedure for a shock experiment is
enumerated below:-

(i) The flask of test gas was glass blown onto the end
of the distillation train at B, That part of the system was always
well evacuated before the test gas was released.

(ii) The shock tube and pressure gauge section, C, were
evacuated by opening taps 5 and 6. It was found that a pumping time
of not less than 75 minutgs was required in order to obtain the vacua
and leak rates mentioned in Section 2.3.

(iii) After thorough evacuation tap 3 was closed and the test
gas was admitted to the tube, the pressure being measured on the
gauges at C.

(iv) Taps, 4, 5, 6 were closed and the taps 1 and 2 were
adjusted to cut off the diffusion pump.

(v) Taps 7 and 3 were opened and the driver section was
evacuated completely by the backing pump.

(vi) While (v) was being done, the detector was filled with
liquid nitrogen and the graticules of the recording scope were exposed
and photographed.

(vii) The taps 7 and 3 were closed and tap 1 opened.
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(viii) The laser was switched on, the electronics set
ready and the camera shutter opened,
(ix) The shock was initiated by increasing the driver
pressure. The camera shutter was closed, the laser and detector
were switched off, The time taken, from the injection of the test
gas to the shock going off, was typically 4 minutes, but at no time
was it greater than 8 minutes.
(x) The excess pressure in the tube was released and
residual gases pumped away. The tube was then raised to atmaspheric
pressure with nitrogen.
(xi) The diaphragm and end plate were removed, and the tube
was cleaned by pulling a rag, soaked in diethyl ether, through the
tube. This removed fragments of diaphragm material.
(xii) A new diaphragm was clamped in position, and the end
plate replaced.
(xiii) The driver section was roughly pumped out, with the back-
ing pump only.
(xiv) The test section was then roughly pumped and the
diffusion pump was turned into the system, to reduce the pressure further.
(xv) The photograph was removed from the camera, developed

and fixed.

In a typical experiment, the test gas pressures were typically

2

between 5.32 kNm < - 0,53 kNm-2, and the driver pressure was about

380 KNm™2 .
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Finally it is important to stress three major difficulties
encountered while attempting to obtain a clean uniform flow.

(i) In the present study, it was found that the diaphragm
station was one of the most sensitive parts of the tube. It was
pointed out in Section 2.4 that the diaphragm be made to burst evenly
with little fragmentation, and with no tearing. This was partly
achieved by bevelling the leading edge on which the diaphragm burst.
Also it was found that a finger tightness was all that was required
on the diaphragm clamp, since it was thought that overtightening may
have affected the opening time and the bursting characteristics.ll’12

(ii) It was made sure that the tubes were aligned as closely
as possible at the joints, Efforts were made to ensure that the
windows andtheir holders fitted exactly as possible to the contour
of the tube. This was done by honing them 'in situ'. At the ends
of the pyrex tubing there was a slight increase in test section area,
0.35 cm2, which facilitated the clamping of the backing flanges. Thus
to avoid any 'steps' in the tube, the metal sections, in glass-metal
joints, were machined to meet this requirement.

(iii) Before any of the Q.V.F. pipeline was used, it was
cleaned with chromic acid, washed thoroughly with distilled water and
dried. The metal sections were cleaned with organic solvents., The
new tubes were always pumped thoroughly, approximately three days
before being used. During operation, the cleanliness of the tube

was maintained by pulling a rag moistened with an organic solvent
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through the tube. This removed not only fragments of diaphragm,

but also contaminants which came from the driver gas cylinder. Test
runs were carried out using nitrogen as a test gas. The emission

from the tube was studied using the RPY 36 detector. For the runs

in which no cleaning took place, a steady increase in spurious
emission was observed. In the cases where the tube was cleaned,

and for short pumping times 30 minutes, a large emission was observed.
This was ascribed to emission from the cleaning fluid, which was
absorbed on the wall and windows of the tube. A longer pumping time
reduced the emission to a level which was considered insignificant,
The long pumping times necessitated that the backing pump and diffusion

pump were maintained frequently.
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3. CALIBRATIONS AND RADIATION CHARACTERISTICS

This chapter contains two sections. Firstly, a
discussion of calibration experiments, with a particular emphasis
on the estimation of the performance of the shock tube. The
second section will contain some important features of the

observed radiation.

3.1 CALIBRATION MEASUREMENTS

3.l.a SHOCK TUBE

It is now well known that non idealities in shock tube
flows affect the history of a gas sample. This is reflected particularly
in terms of the hot flow time, which is always less than that predicted
by ideal shock tube theory. In the ideal case, the shock wave and
contact surface move with different, but constant velocities. Since
the shock wave moves faster than the contact surface, the hot flow
time increases as the shock progresses down the tube. In an actual
shock tube flow the presence of a boundary layer causes the shock wave
to deceleraté and the contact surface to accelerate, thus reducing
the hot flow time. The situation in the present case is shown in
Figure 3.1. It is seen that the hot flow time is reduced by about

one half to one third of the theoretical value, over a range of Mach
R TR .;‘ji;%
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numbers. This magnitude of hot flow time reduction has been
observed generally. The flow conditions are shown on the (x, t)
diagram, Figure 3.2.a, and Figure 3.2.b indicates the growth of
the boundary layer in the shock tube. The presence of the
boundary layer is due to the loss of heat to the walls by conduction
and the loss of momentum by friction with the walls., Early
measurementsl with a small diameter shock tube showed that non
idealities could be acribed to the formation of a laminar boundary
layer. Also, as the length-to-diameter ratio of the tube was
increased and the initial downstream pressure was reduced, the
boundary layer effects increased. The situation is further
complicated by the fact that the shock wave may be decelerating
over the period of measurement. These effects serve to influence
the temperature and density of the hot flow.

In recent years the effects of flow non idealities on
shock parameters have been treated theoretically by Mirels,2*3+"
Strehlow and Belfords’6 have arranged the equations into explicit
form, which is of particular interest to kineticists. Since

748 the present

previous workers have calibrated their shock tube,
study will also take account of the non idealities and the effect
on shock parameters. The method used is given below.

The first stage of the calculations is to find the real
particle testing time, tp, from the dbacrvcd hot flow time. The

maximum hot flow time, t,» at an observation station is given by:-
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2
t = _S.Lii._d___P.l'. cm-l topr-l 3.1
m - 1.7 *
M a
s 1
where d = hydraulic diameter
- HA
L
A = cross sectional rea of tube in cm2
L = perimeter of the tube, cm
Pl = initial pressure, torr
Ms = shock Mach number
a, = velocity of sound in gas cm st

The equation 3.1 was obtained by fitting Mirels theoretical curve
(Figure 6, reference 2) of tm/d2 P, versus Mach number for a number
of gases. The equation 3.1 fits the results of Mirels, over a range
2.5 < M < 8, for all cases to within 3%.

The ideal particle heating time (tp)i is related to the

hot flow time tos by the equation;

(02/91)

(tp)i/tl av

where (°2/°1) average shock density ratio

av

The real particle heating time tp has been shown to be,9

t = t (23) 1 + 0.7 (t,/t )i 3.2
P L0, av ' 2 m *

Equation 3.2 being valid for t /t < 0.1,
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Errors in the temperature tend to move in the form of
a temperature increase behind the shock, during the observation
period. The rise in temperature has two causes:-
a) the deceleration of the flow because of the boundary growth
behind a steady shock. The relationship has been evaluated by

Mirels to be:-

3 2 _
aT, 5 Mo =1
(7F-) = (;;-) 5 3.3
2 p m (y-1) M2s
where AT = temperature increase K
'I‘2 =  temperature behind the shock where the
observation is made K
M,, = value of Mach number behind the shock (subsonic)
b = correction to boundary layer
(y=1) Mé2+ 2
Me = 2 3.4
2st - (y-1)
Hs = shock Mach number.

b) the decleration of the shock wave produces the following

temperature increase:-
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2
AT ( 2(Ms—l) dlan
2, P laG-02mh e/ | e
where tp =  calculated from equation 3.2

d = vrefers to correction due to deceleration

dlnMs Yale

T e— 3.6

dt (Yaltm+l)

Y = velocity decrement (% m 1)

The derivation of 3.6 is shown in Appendix 1. The two effects may
be treated independently and added to give the total effect of

boundary layer growth and deceleration on the temperature.

& = & & 3.7
2 2 2
TOTAL b d

Then the correction to the density is given by:-

(%% = (%) / (y-1) 3.8
av 2 1o1AL
Py
where o g (==
av pl av

To estimate the magnitude of the cérrections the following factors
must be known:- |

a) Diameter of the tube, a measurable quantity.

b) The initial downstréam pressure Pl’ a measurable quantity.

c) The hot flow time tl measured from the infrared traces of
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emission versus time. Since an average value of the density ratio
and the shock temperature were taken, for the analysis of the results,
an average value of the hot flow time was used. Thus for the CO/Ne
runs, where in most cases equilibrium was reached just before the
contact surface arrived, half the hot flow time was taken. In the
CO/polyatomic runs, where in some cases equilibrium was reached near
the shock front, tz was taken as half the time from onset of the
shock to the onset of equilibrium.
d) The shock Mach number, this is a value calculated from the
equations set out in Chapter 6, section 2.
e) The ideal average shock temperature, is also calculated by the
equations set out in Chapter 6, section 2.
f) The ideal average shock density ratio, see Chapter 6, section 6.
g) Velocity decrement. In the present study only two velocity
measuring stations were possiblc, and the value of Y had to be
estimated with the aid of the emission traces. It was found that
for most of the runs involving the CO/Ne and CO/polyatomic systems,
where the Mach number ranged from 4.0 - 6.5 that the velocity decrement
was on average 2% m'l. Gene:ally for Mach numbers lower than 4 it was
found that the velocity decrement was 1% m™ >,

As an example of the corrections involved in a typical shock
tube run, consider a shock wave of M, = 4.3, travelling in CO in a

2,54 cm diameter tube at an initial pressure of 1.066 k¥ 2 and an
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initial temperature of 300 K with a velocity decrement of 1% mL,

For this case tm = 0,483 ms and d(lnMs)/dt = 19,1 s-l. The

observations are made at tz = 60 us after the passage of the

shock. The temperature shift becomes:-

- = 0,0285 + (0.00047) (19.1) = 0.037

In this case (T2) = 1903 K
av
ee AT = 71,2 K
and since (°2/°1)av = 5,47
Ap =

0.51

1

If the velocity decrement is now set at 2% m —, all other factors

being the same then:-

%15 = 0.0285 + (0.00047) (38.2) = 0.046
2
AT = 88.2 K

and b0 = 0.63

Thus it is sho%n that in the two cases above the temperature is
increased by 3.7% in one case and 4,7% in the other. The density
increase is 9.3% and 11.6%. Since the increases are small, even in
the case of the higher shock attenuation, it was felt that they could
be added to the ideal temperature (T2)av and the density ratio

(p2/pl)av, to give the final corrected flow properties in the shock
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tube. Chapter 6 deals in detail with the calculation of the
shock parameters of temperature and density. The ideal values of
the shock parameters are compared with the corrected ones in
Figure 6.6 of Chapter 6. In the present study the corrected shock
parameters were always used to calculate the Napier time. How

the Napier time is affected by using corrected and uncorrected
shock parameters, is shown in Chapter 7. A computer programme
was written to calculate the corrected shock parameters. The

programme is presented in Appendix 2.

3.1.b RISE TIME OF THE SYSTEM AND PREEMISSION

The limiting response time of the whole system, optics,
detector and electronics was determined by using strong shocks in a

002/Ar mixture, with 5% CO At a temperature of 2000 K the

2.4

vibrational relaxation of the CO, was less than 1 us.lo The

2
observed emission was that of the CO, asymmetric stretching mode

near 2350 col. The rise of the infrared emission signal was
displayed on an oscilloscope, a typical record is shown in Figure 3.3.
“If the rise time is taken to be from 10% to 90% of the equilibrium
emission, then the record gives a rise time of about 8 us. However,
the record shows a significant (*12% of total emission) rise in
emission, prior to the arrival of the sh;ci front., It is fhoﬂi§§ that

preemission can arise from two sources, Firstly, resonance

fluorescence, which arises from the absorption and reemission of



Figure 3.3
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radiation, by the unshocked gas. As will be shown in Section 3.2.d
the contribution to preemission from resonance fluorescence is very
small. The second and more important pheomena, is multiple
reflections from the tube walls which may cause radiation to enter
the detection system prior to the shock arrival. Brabbs,ll using

3% CO, in Argon, has shown that it is possible to observe emission

2
from the shock front when the shock wave is about 0,1 m away from

the observation point. The walls of the shock tube were coated with
colloidal graphite, and Brabbsll then showed that a comparison of

the equilibrium intensities for coated and uncoated gave the emission
of the coated wall less by 30%. In view of the significant amount

of preemission, it was felt that a realistic value of the rise time

was =4 us. This value was consistent with that obtained, by

considering the rise time of the combination:-

- 2 2 2
TOUT = J;Tl + 'r2 + 'r3 + etc)
In this case T1 = optical rise time
T2 = detector rise time
T3 =  amplifier rise time

As mentioned in Chapter 2, section 2.6.b, the optical rise time

was =2 us. The values of T2 and Ta were as stated in Chapter 2.

. - 2 2 2
T = 3 us



- 67 -

This value was not disadvantageous to the CO/Ne runs where the
processes were completed within 50 us. However, in the case of the
CO/polyatomic runs, it restricted the observations to a narrow

range of concentrations of polyatomic species.
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3.2 RADIATION CHARACTERISTICS

3.2.a SPECTRA

The fundamental vibration-rotation band spectrum,
Figure 3.4, was obtained with a gas cell, with sodium chloride
windows. Figure 3.5 shows the spectrum of a mixture of 5% N0
and 95% CO, The P branch of the asymmetric stretching mode of
the N2O is seen to overlap with some of higher rotational
transitions of the R branch of the CO, The overlap was also
present with CO, and COS.

The transmission characteristics of the Calcium
Aluminate glass is shown in Figure 3.6. The glass had a trans-
mission of 45% in the region of the fundamental of CO. A cut on
filter, Figure 3.7, was used to isolate the region of the
fundamental of CO, it had a transmission of about 80% in the
region of interest. The effect of the Calcium Aluminate glass-filter
combination was to remove several of the higher rotational transitions
in the P branch of the CO i.e. j(19+18), 3(20+19) etc. One further
disadvantage of the combination was that it allowed the emission
from the polyatomic species to enter the detection system. However,
in the experiments up to a 2% maximum concentration of polyatomic
gas was used, and it was assumed that these species did not make
a significant contribution to the radiation arriving at the detector.

Observations on the overtone of CO were made in a pyrex tube,
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the infrared spectra of this glass showed that there was a zero

transmission in the region of the fundamental of CO.

3.2,b RADIATIVE LIFETIME

The radiative lifetime, Ty corresponds to the radiative

process:-
ko1
x2 + M ;;::i: x2 + M
v=0 X v=1l -
10
X + hv
2v=0

The radiative lifetime can be calculated using a formula derived

originally by Ladenburg,12 which relates the radiative lifetime

with the band strength:-

= = 1, = 3.210 x 10°°/8V
2
where T, = radiative lifetime s
§ = integrated absorption at S,T.P. in
em? atmt
-1
v = frequency s

The values obtained13 for the band strengths of CO are:-

0-+1 S = 235,6 e:m-2 atn-l
0+2 S = 1.7 en? atm?
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Thus the radiative lifetimes are found to be:-

Fundamental 1;0 = 3.288 % lO"2 s
Overtone Tgo = 1,09 s

However the second vibrational level may depopulate in a stepwise

fashion:- 1i.,e,

-
co,_, 51 O, t+ by

->
o, o oo *+ hv

If a harmonic oscillator is assumed then:-

kyy = Zky,
(0
st o2 20 - 1w x102s
2 2

Thus the second level depopulates preferentially via a stepwise
mechanism. The relaxation processes by collision are completed
with 200 us or less. Thus the radiative process will serve to

indicate the population of the observed state without affecting

it significantly.
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3.2.c CONCENTRATION OF EXCITED STATE AND DETECTOR OUTPUT

The rate of population of a particular vibrational level

was followed by observing the emission of the infrared radiation

from this state, by a suitable detector. It is believed that the

intensity of the emission, as recorded by the detector, is directly

proportional to the concentration of molecules in the excited state.

This is shown in the equations below:-

(Ref. 14)

where D#%
A
Af

Vo /V

(Ref. 15)

K

X

To

D%

I

Substituting 3.10 in 3.9

D*

h
V./V. (AAF)?
= S NI 3.9

detectivity cm (Hi% Wt

area of sensitive element cu’
bandwidth of amplifier Hz
signal to noise ratio

incident light intensity on the

sensitive element W

= IOpr 3.10

spectral absorption coefficient cm-l atm-l
(covgl) concentration of emitting species atm
thickness of emitting layer cm

intensity of blackbody, radiation W

3

vS/vN (AAf)

Io K x (COv= )

1
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At any wavelength and for a fixed path length:-

I D*, A, Af, K and x are constant

O’
v
. S
o W a (C0v=l)

3.2.d RESONANCE FLUORESCENCE

Resonance fluorescence arises from the absorption of
radiation emanating from the shock front, and the reemission of
the radiation, by gas downstream of the shock wave, Considering

an infinitely long tube of emitting gas at pressure Pyi-

I I. +4dl

—
dx

The increase in light along the incremental length dx is:-

= ' -
dI I Iop, Kdx 3.14

incident radiation intensity from shock

where 1
S 2

heated gas in watts cm

I' = pradiation intensity in watts o

generated by the emitters in dx

K =  spectral absorption coefficient in

_—_ atn-l
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The spectral emissivity of the layer, ¢, is given by:-

(Ref. 15) e = Kp,dx
LI
I IoKp2dx
I. = intensity of radiation in watts cn™2

of a black body

.o 3.14 becomes: -
dIS = Io Kp2 dx - IS p2 Kdx 3.15

where the first term on the right represents the emitted light and

the second term measures the attenuation produced by the absorbers

in dx.
. .. —dis—- = Kp dx
(IO-IS) 2

Integrating and applying x = 0, IS =0

I, = Io(l-exp(-l(p2 x)) 3.16

Thus a unit cube of shocked gas emits intensity IS into the
unshocked gas and toward the detector. The amount of light

absorbed, I,, is given by:-

Ibs = X5 = Tepaps © Is(l-exp(-l(pl))
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where I = transmitted light watts cm 2
trans

P, downstream pressure atm

The amount of light reemitted is determined by the radiative

lifetime, T,s see section 3.2.b. Thus the fraction of molecules

reemitting:-

dN/K = K2 dt
AN _ _ -1
- = K2At = 12 At
where At = time available before the shock wave

reaches the observation point

Assuming about l/6 of the reemitted light reaches the detector.
Thus the intensity of light reaching the detector prior to the

shock is:-

AN
Ip o = 'y (l-exp(-Kpl))IS

6
Thus the ratio of light before the shock to the light after is:-

AN
Ios. - (l-exp(-Kpl)IS

S 6 IS

In the present case At = 107 ¢
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For the first vibrational level:-

AN - -4
N = 3 x10
o5 Ip ¢ _5
-34—‘ = 5 x 10 " (l-exp(-Kp,)) 3.17
S 1

= = 10

1.6 x 10™° (l-exp(-kp,)) 3.18

Thus for the first vibrational level equation 3.17 shows that at
a maximum the amount of resonance radiation reaching the detector
prior to shock is 5 x lo-s‘that reaching the detector after the
shock., As is seen from equation 3.18 the amount of light reaching
the detector from the overtone is very much less. In the case of
CO it was assumed that resonance fluorescence made little or no
contribution to any preemission seen on the infrared traces.

The above calculations are only very approximate. Detailed
calculations of shock tube precursor radiation have been carried out
by La.pp,16 who concluded that in the case of CO that the effect of

resonance fluorescence was only of slight magnitude.
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4, VIBRATIONAL TRANSFER PROBABILITIES

4,1 INTRODUCTION

Exact solutions to rigorous calculations of the transition
probability, P, for any process is not possible, This is due to the
fact that realistic intermolecular potentials are not yet available,
and some of the equations involved are too complex to be solved by
computer. In the three quantitative approaches, i.e. classical,
semiclassical and quantum mechanical, .approximations are made to
ease the problem.

This chapter wili briefly outline each of the methods,
with special emphasis on those used to compare the present results
with. There will be no detailed derivations, since they are well

1,2,3,4

documented elsewhere, The relative merits of the assumptions

2,3,4 Also mentioned

and limitations of each method have been described.
are empirical methods, and those involving long range forces.,

Energy transfer between translational and vibrational degrees
of freedom, during a naxi reactive collis:lon-éan be describcd in terms
of the Ehrenfest Adiabatic Principle. - This principle states tliat the
duration of the collision must be short compared to the peridd of
vibration, if energy exchange is to take place. The classical situation

is understood by considering a vibrating mechanical spring, which if
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given a sudden blow will be left oscillating vigorously. The other
extreme is that of a 'soft' force where the oscillator is able to
adjust to the collision, during its period of vibration. This

type of collision is adiabatic. The quantum mechanical case is
that of a force field perturbing an oscillator. If the force field
is only slowly varying then the oscillator can readjust to the
perturbation, whereas if the perturbation is changing rapidly, then
there is a high probability of a quantum tramsition. The physical
situation which applies to all three l-dimensional approaches, is
represented in Figure 4.1, Atom A initially at infinite distance,
approaches the simple harmonic oscillator BC, along their internuclear
axis. The equilibrium internuclear distance of BC is y, and the
displacement from equilibriuﬁ is x. The distance, r, between the

centres of gravity of A and BC is:-
r = d + X + y/2

The total energy of the two species will be conserved throughout the
collision and it is the relative kinetic energy which is converted

into vibrational energy, the centre of gravity of BC being taken as

stationary. Full details of the collision problem have been dcscrdbed.s

Rapps’7 has compared the three approaches, and found that they give
identical results at high velocities of approach when the amount of

net energy transfer to the oscillator is small.

6



Figure 4.I
Two Particle Problem For A-BC Collisions

L= ==K~ = e

e - -~
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4,2 PARAMETER RELATIONSHIPS

In the following sections the parameters involved in

vibration excitation are as follows:-

(a) Plos transition probability
(b) Z,o collision number
(c) klO' rate constant

(d) 1, relaxation time

The subscript 10 refers to the de-excitation process. Similar
parameters, subscripted Ol,exist for the excitation process.

In the case of a 2 state model, where the molecule
has 2 vibrational levels then:-

_ : -1
T = (kol + klo)

However in a multi state model:-

- -1
L (klo - kol)
At equilibrium
k
= = exp(-hv/kT)
10

Then for T << hv/k



Also PlO

Similarly P 10

where T

My» Mpe

r
©

o(2,2)

T

266.93 x
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1/2

n/1.271 x P
viscosity yP

1 atmosphere pressure

2xHAxHchT
My + Mye

17,0) 7

xr2x10
o

masses of colliding species
constant in L-J potential values
viscosity data tabulated by Hirschfelder

temperature K

The values of T, were obtained from a computer programme see

Appendix 2.
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4,3 CLASSICAL METHOD

The purely classical approach is where the external
and internal coordinates are given by the classical equations of
motion. The energy levels of the oscillator are considered to be
a continuum, and only the total energy transfer is calculated. The
most notable workers in the field, Benson and co~workers,8’9’lo’ll'l2
base their method on a 1 dimensional collision model, using a Morse
interaction potential. The method has been extended to treat
rotat:ion-vibrartion:L3 and vibration-vibrationlu energy exchange.
Some of their earlier work gave erroneous results,lo and the more
recent papers have been criticised by Rapp and Kassal.2 Classical
calculations have been carried out also by Parker]'5 and Wilsonls’n
and co-workers. The results of numerical classical calculations on
a large number of systems, under various conditions, are given by

Kelley and Holfsberg.l8
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4,4 SEMICLASSICAL METHOD

In this method the molecule BC is treated as a quantum
mechanical system with discrete energy levels. The motion of the
incident particle A is treated classically. The first approaches
to the problem were made by Zener19 and Landau and Teller.20

Landau and Teller assumed that the interaction potential between

the colliding species was exponential and of the form:-

V(r) = A exp(-r/t)
where V(r) = potential energy
A =  constant
r = distance between species nm
2 = range of repulsive forces nm

They then showed that the probability of vibrational de-

excitation, Ploz—

Duration of Collision
Plo @ exp(- Period of Vibration )

Po = C exp(-2 v/v) 4,1

Thus the probability of energy transfer is favoured by a high
relative velocity, v, and by a low value of the vibration frequency,

v. To obtain Pl as a function of temperature equation 4.l was

0

integrated over all possible velocities. The following expression

was obtained:-
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P = KT exp(~K,/T9)
0 - lT 3 exp -K2 3 4.2

where K. and K, are constants which depend on collision across

1 2
sections.
Also NP = k = 1 (see section 4,2)
10 10 T
where N = number of collision per unit time
klO = rate constant for deactivation
T = relaxation time
1
T = NP (1 - exp(-hv/kT))
-‘l
and N a pT 2

Thus equation 4.2 becomes

4
Ki T6 exp(K2/T%3

p(1 - exp(-hv/kT))

Therefore: -

-+
Int a T 3 approximately

The original calculations have been extended, in particular by

22,23 and Takayanagi.zu The

Cottrell and Ream.zl Rapp and Sharp
_J_ .
T 3 dependence was given by most approaches, and in general the

relaxation time can be expressed as:-

1 .
Int = A + BT?3 4,3
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In the process:-

—
AB(v=l) * CI)(v=0)< AB(v=0) + CD(v=1)

there is a non zero, AE, interconversion of vibrational and
translational energy. A semiclassical calculation. of the

probabilities of near resonant vibrational energy transfer has

25,26

been accomplished by Rapp and Golden. The calculation was

made with a two state approximation (i.e. O, 1 and 1, 0), and

using an exponential potential between B and C. The result is:-

P = 3.7 10% 1 secn? (2:1T¥ _AE, 44
T

10+01

where T temperature K.

AE

difference in vibration frequency of

the colliding species, measured in —

Thus increase in AE tends to decrease the transitiom probability for
the exchange of vibrational energy. See Figure 4.2, The above method

has been expanded to a multistate proc:edt.u:ve.z7



Figure 4.2
|62 _ Vibration Vibration Transfer Probabilities
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4.5 QUANTUM MECHANICAL METHOD

This section is divided into three parts. Firstly,
a discussion of the method, secondly a discussion of how the
molecular interaction potential may best be refined, and thirdly

a comparison of tabulated and computed results.

4,5.a THE METHOD

In this treatment the approaching and retreating atom
is represented by a wave, If the wave corresponding to the retreating
atom has the same wave number as the incident wave, then there has
been no change in the internal energy of the oscillator. However,
if the retreating atom has a different wave number, then there has
been a change in internal energy. This method of treating the

collision problem, in l-dimension, has been described in detail,l'm’29

and Jackson and Mottao have dealt with the solution of the integrals
involved.

The three dimensional molecular model is more realistic,
This problem has been treated and refined by Herzfeld and his

co-workers.31’32

In this case the approaching atom and the receding
atom are represented by a system of spherical waves. The oscillator
is treated as being spherically symmetrical, that is the vibration is

considered as a symmetrical increase and decrease in the size of a
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sphere. In the original calculations an exponential potential
was assumed between the colliding species, since it made the
mathematics simpler. However, this type of collision problem
could not be solved exactly, but only by an approximate method.
At low collision velocities, where the total transition probability
is small, the approximate solution is found by using the First
Order Disforted Wave Approximation (F.0.D.W.A.).

The final Schwartz-Slawsky-Herzfeld (S.S.H.) equation

for estimating vibration-translation probabilities is:-

r 2

P, = =E = (=) x -—exple/kT) x (1 - exp(6/kT))
10 Zlo r, 1.017 x Zo x Zosc X ztr ®x Y(2,2
where r, = distance of closest approach

r = length constant in the Lennard-JonesEquation

€ = well depth in Lennard-Jonespotential

6 = hv/k = characteristic temperature of the vibration
Y(2,2) = a viscosity factor
Z° = orientation factor
zosc = vibrational collision number
YA = translational collision number

The method has been refined further so that the probabilities of

vibration-vibration energy transfer may be calculated. The details
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of this equation are given in Appendix 2. For this type of
calculation to be successful, a realistic estimation of the
quantity, £, the range of repulsive forces must be obtained.

The value of L depends on the choice of intermolecular potential.
The fitting of the purely repulsive potential, used in the
derivation, to a reasonable potential is shown in the next

section.

4,5.b THE INTERMOLECULAR POTENTIAL

At short intermolecular distances where repulsive forces
dominate, the foregoing treatment is based on a purely repulsive
potential. For real gases the field between two molecules is
usually represented by the Lennard-Jones(l-J) potential. This
potential contains an attractive, as well as a short range repulsive
component. The attractive component accelerates the particles

during their approach. The equation is:-

r, 6 r, 12
Vig (r) = -ue (—r-) - (-;-)
where € = potential well depth
Vg (r) = potential energy with a minimum at r = 2 T,

r = constant

The constant -e¢ is introduced into the exponential potential, to
make the slopes of the two potentials compatible at small distances,

which are important in determining energy transfer probabilities.
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The range of collision velocities has a minimum value of r at

r,. There are two recognized methods of fitting the two potentials.,
Method A was developed originally by Schwartz, Slawsky and

Herzfeld.2g In this case the repulsive potential is made tangent

to the L-J potential at T, Thus at this point the potential energy

and slopes of the potentials are set equal. It is found that:-

r, %- . -3
- = 12 |31 «/Em/e + 1) 1 + (Em/e + 1)
2

where Em = effective energy of collision

Method B is due to De Wette and Slawsky,>> who fitted the
exponential potential by requiring that the curves have 2 points in
common. The first point is as before, where both curves have some
potential energy, and the second point is where V(r) = 0 and r = r,.
From this condition it is found that:-

~47-1

= |GEme+ 1| [1-G |1+ Eae+e1]|)®

r
_o

The fitting of the exponential potential to the L-J potential is
shown in Figure 4.3. The value of rolz as a function of loglo Ei/t
for both methods is plotted in Figure 4.4, It is seen that method B
gives a reasonably constant value of roll. over a wide range of

log,, Em/e. Also, method B has been used by many workers since it



Figure 4.3 | .
Fitting Of Exponential To L-J Potential

Em 1T —-——- METHOD A
I.  — METHOD B
[ ‘
|
vao |
l
|
i
|
i
\
\
\
\
\
\
\
\
\
o) |
t
-€




Figure 4.4
Comparison Of Methods A & B

A
254
;& METHOD B
CO(1953K)
CO(772K)
CO(0K I CO (2912 K)
. R
9 - /
g - METHOD A
7 - I
© ] CO@OOK)l ’ CO(M12K)
I5 - cO(772
CO(1953K)
10 : :
o o) 2.0



- 89 -

gives a smaller value of £, which has usually led to better
agreement with experiment. In this study method B was used. The
important quantity obtained from the curve matching was the range

of repulsive forces £,

4,5.c COMPARISON OF COMPUTED AND TABULATED RESULTS

A computer programme to deal with the S.S.H. calculations
was devised. Details of the programme, together with the calculational
method are set out in Appendix 2. The value of £ was calculated by
an iterative procedure, and for most systems lay between 1.5 and 2.5 nm,
Figure 4.5 compares the computer results with those tabulated by
Herzfeld and Litovitzl for method B, and for vibration-translation
energy transfer. The molecular constants used were obtained from
Hirschfelder et al,au and are found in Table 4.1. The calculated values
of £ and Em/e are compared to the tabulated valussl in Table 4,2, It
is seen that the agreement for the value of % is good, the discrepancy
between the results never being greater than 2%. The values of Em/c
agree also to within 3% of each other.

Figure 4.5 shows a difference between the tabulated
probabilities and the calculated ones. This is due to the selection
of a value for Zo. Herzfeldl chose a value of 3 for Zo, whereas the

present calculations find Z, from the following:-



TABLE 4,1

Molecule v cm_l r, om e/k K
O2 1548.61 34,33 113,2
N2 2330.22 36.81 91,5
Cl2 562.64 41,15 357.,0
CcO 667.0 39,96 190.0




© TABLE 4.2

Colliding Temperature Repulsion Parameter - &nm Em/¢
S . K Computed Herzfeld Computed Herzfeld
pecies Result & Litovitz Result & Litovitz
288 1.787 1,787 25,21 25.35
02--02 1372 1.834 1.833 70,66 71.33
1953 1.841 1.840 89 .64 90.5
778 1.970 1.971 78.9 79.39
N-X, 4630 1.992 1.991 | 262.27 262.6
288 2.037 1,998 5.80 5.57
Clz-Cl2 1000 2.119 2,090 13.29 13.15
1372 2.158 2,106 16,50 16.32
288 2.008 2.011 10,29 10.30
co,-co, 1000 2.076 2,076 23.u8 23.47




10
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Figure 4.5
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zo = 2.5 x (2/L)2 + L/t 4,6

interatomic distance of BC

where L

o
[ ]

range of repulsive forces

From this equation it was found that for most systems Z° ranged
between 5 and 10. Equation 4.6 is proceding toward a more realistic
value for Zo' but thg recent work of Shin35 has refined it still
further.

In conclusion, it is believed that the present computational
method is sound, since the values of important molecular parameters
can be reproduced accurately. Although discrepancy exists between
the probabilities, computed and tabulated, the present values may be
more accurate due to the calculation of Zo. Thus the procedure

contains no adjustable parameters.
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4,6 EMPIRICAL METHODS

36

Losev and Osipov  suggested an empirical method for

calculating vibrational relaxation times. This was developed by

Millikan and Whi.te.37 It was found that linear plots of loglo-r
-t

(at unit pressure) against T 3 had a common origin for many

diatomic gases of similar reduced mass. The relaxation times of

the gases over a wide range of temperatures are given by the

formula: -

- e
log,,t = 5.0 x 10 N X ui x (e)ix (T 3 - 0.015 x u&) - 8,00

where u = the reduced mass of the colliding system

6 = characteristic temperature of the vibration.
The equation is valid for the following limits:-

1,75 < u < 127
310K < 8 < 3395 K

280K < T < 8000 K

This relationship applies only to vibration-translation energy

exchange, and takes no account of vibration-vibration exchange.
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4.7 LONG RANGE INTERACTION METHODS

De Wette and Slawsky33 made a theoretical investigation
of two cases in which long range forces are strong. They studied
the dipole-dipole interaction of 2 HCl molecules and the quadrupole-
quadrupole interaction in the case of 2 CO molecules. The inter-
actions were divided into two possibilities a) long range
(adiabatic) interaction, b) short range (nonadiabatic) interaction.
The work confirmed that the effect of the long range forces was to
accelerate the approaching particle, and this would affect the
transition probability directly.

The probability of vibration-vibration energy transfer
between infrared active modes, due to dipole-dipole interaction,
has been considered by Mahan.3® The resonance interaction was
assumed to diminish at great distances as r 3. The calculations
showed that; a) the resonant transfer of energy may be more rapid
than is indicated by the calculations using the repulsive potential,
b) the probability decreases as the temperature increases, whereas
the probability due to repulsive forces increases with increase in
temperature. These calculations have been extended by Yardleyag
to the case of non-resonant vibration-vibration transfer, due to
dipole-dipole interactions.

40,41

Sharma and Brau have shown that anomalous behaviour

of the N2-C02 system below 1000 K, can be explained in terms of a
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long range dipole quadrupole interaction. The probabilities
calculated by this method show a negative temperature dependence,
in contrast to the behaviour predicted by the S.S.H. theory.
Recent experimental evidence has been provided by Roach and
Sm:'rth,“2 who have worked on the N, -N,O system, However, it is
assumed that above 1000 K short range repulsive forces will

dominate the translation-vibration transfer process. The method

will not be considered in the present study.
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4,8 DISCUSSION OF METHODS

It is not easy to compare the theories with experiment,
since vibrational energy transfer is extremely sensitive to the
slope of the repulsive part of a potential. Thus the value of
the range of the repulsive force, £, is not well known, Herz:l?e].d”'3
found that a better evaluation of & could be obtained by fitting
the exponential potential to an L-J potential. A double exponential
potential of the Morse type has been used.“u and Monchick and
Masonu5 have modified the L-J potential to a 12-6-3 potential which
takes account of dipole-dipole interaction in polar molecules.
Molecular beams enable measurements of the repulsive forces to be
made more directly. Mueller and llam:hi“6 have concluded that the
L-J 12-6 potential does not provide a sound basis for the observed
scattering patterns and a broader minimum is required. Further
studies of this nature will lead to a better understanding of fhe
interaction potentials between colliding species,

The classical calculations of Parkerls and Benson and
Berend12 have fitted their data to the Landau-Teller theory, and have
obtained reasonable agreement. The plots of Log Plo are not simple
linear functions of T‘% over a large temperature range, but tend to
show an 'S' shaped behaviour. One of the reasons why this theory
is not well applied is the need for careful computing procedures to

solve the integrals involved.
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The S.S.H. theory has been widely applied since the
equations are presented in an explicity soluble form, It is
possible to calculate the relaxation times of pure gases and gas
mixtures to within an order of magnitude, and log t is a linear
function of T.%. There are notable exceptions, where the
relaxation times predicted by S.S.H. are different from the
experimental values. H2u7 relaxes abnormally rapidly, as does
NO. The case for NO has been enpl.aimsdu8 by assuming the formation
of an electronically excited state. Results for the hydrogen
halides, and in particular the HI/HI systenug show that Z is
several powers of 10 smaller than the S.S.H. prediction. In the
case of the hydrogen halides and some hydrides there is the
possibility of vibration-rotation rather than vibration-tramslation
energy exchange. Some 25 molecules have been fitted to a semi-
quantitative vibration-rotation nodelso with reasonable success.
However, this theory is unable to fit the hydrogen halides well.

Vibration-vibration energy transfer probabilities were
calculated from equation 4.4, section 4.4, This method has had
reasonable success in giving close agreement with room temperature

dataSl and more recent high temperature data.52

53

with the CO-NO and

0 on N2-02 vibration

exchange had less agreement. Sato et alsu have studied vibrational

N.-NO systems. However the work of White

energy exchange, by the shock tube technique, and the experimental
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data agreed well with the equation derived by S.S.H. for vibration-
vibration exchange. Recently, Riley and Kuppermann55 have made
numerically exact quantum mechanical calculations of collisional
energy transfer probabilities. They found that the F.0.D.W.A, used
in derivation of the S.S.H. theory, was very accurate for the

(0, 1) + (1, 0) process. The one quantum translation-vibration
processes were found to be an order of magnitude too large.

Figure 4.6 compares the probabilities of vibration-vibration
energy transfer calculated from equation 4.4, and those calculated by
the S.S.H. method. Specific systems were taken for the S.S.H.
calculations, as shown in the figure. The two approaches compare
most favourably with increase in the value of AE, the energy
discrepancy. It is reasonable to assume that the quantum mechanical
method should compare best with experimental data.

The Millikan and White37 correlation has been criticisedl2
on the basis that the correlation ignores some low temperature data
not lying on the extrapolated curves, The equation contains no terms

‘relating to the intermolecular potential, and a common value for L is
assumed. However as pointed out previously the transition probability
is sensitive to &. The correlation does not work for H

» D, the

2% 72
hydrogen halides and polyatomic molecules in general. The correlation
is successful in predicting vibration-translation probabilities for

diatomic molecules,
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5. RELAXATION EQUATIONS

The following chapter will contain details of the
mechanisms of the reactions used in this study, their respective
kinetic equations and the solution of these equations. The
introduction will deal with the mechanisms. Then methods will
be presented which deal with a) a binary mixture of diatomic
and inert gases, b) a binary mixture of gases with the possibility

of a complex reaction.

5.1 INTRODUCTION

In a pure diatomic gas, A, of two vibrational states,
neglecting radiative loses, the reaction for excitation and de-

excitation of the first vibrational level is:-

AA
ko1

——

AO + A Al + A
kAA
10
Xp0 *a1
where A = diatomic molecule, subscripts 1, O refer to
1st excited state and ground state respectively.
AA AA

klo , kOl = bimolecular rate constants for deexcitation and
excitation respectively
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Xp00 *a1 concentrations of ground and excited state

of A respectively

The addition of an inert gas, B, to the system, introduces another

reaction possibility:-

AB
kOl
————
AO + B —_— Al + B
kAB
10
where kAB, kAB =  bimolecular rate constants
0l 10
Xy = concentration of B
Also:- xA = xAO + xAl
X3 = X
x = ox + xg
XA
(1-X) = — X = mole fraction
" .

deo X = xB/x

In this case the energy exchange can occur by collision of A with A

or A with B. The overall rate constant for any mixture is given by:-

AA AB
knix = klO (1L-X + kmx 5.1

Assuming klo > ROJ.
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where kgg = rate constant for a pure diatomic gas
ktg = rate constant for 1 molecule of A in pure B,

Equation 5.1 has a linear dependence upon concentration, experimental
results may be extrapolated to give kig.

The excitation of the upper levels of a diatomic molecule
is an example of a series mechanism, see Figure 5.l.a. The energy
is fed into the molecule by translation, so that the lowest
vibrational mode is vibrationally excited. This energy is then
redistributed to other modes.

k01

—
Ay + A premm— Al + A

k10

etc.

In contrast to the series mechanism, the parallel mechanism
is the case where the vibrational modes can exchange energy with
translation independently. Examples of this are 1) a pure polyatomic
molecule, which has several vibrational modes, ii) that of a binary
mixture of diatomic or polyatomic gases where both species interchange
energy with translation independently. In both cases the molecules

relax towards equilibrium without disturbing each other and two



Figure 5.1
Relaxation Mechanisms
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relaxation processes are distinguishable.

In the examples just considered the processes were those
involving vibration-translation energy exchange. However, it is
possible, in a binary mixture of diatomic or polyatomic gases, for
a complex process to take place. The complex process involves
vibration-vibration energy exchange. The reactions describing the
process are given below. The colliding species are A and B (now
diatomic), subscripted 1 if they are vibrationally excited. The
etc,

rate constants are kl, k, etc. for de-excitation and k-l’ k_

2 2

for excitation.

1) A, + A — A, + A vib.-trans.

2) A, + B —_— AL + B vib,-trans.

3) A, + B, — A, + B vib,-vib, (complex process)

4) B, + B p—— B. + B vib.~trans,

5) B. + A —— B + A vib,-trans,
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The concentration of the various species are:-

>
"
>’
>
"
b

1 A0
By = x5 By = X
Xy T Xt %
x = +
B XB1 *B0
X = xA + XB
X
1-x = -2 x = 2
X X

where X = mole fraction

It is convenient to denote 1) as slower than 4) i.e. pure A has a
longer relaxation time than pure B. The mechanism is shown schemat-
ically in Figure 5.l.c. Reactions 1, 2 and 4%, 5 are simple excitation
and de-excitation of A and B. However reaction 3 couples the equilibria
of 1, 2 and 4, 5. Thus the relaxation times are not only of 1, 2 and
4, 5 but independent linear combinations of them, which gives a single
relaxation behaviour.

The two methods used to analyse the mechanisms are given

in the next section.
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5.2 KINETIC APPROACH

The basis of this method is to write down the mechanism,
derive the rate equations and integrate them in terms of the

concentration of a species which is measured experimentally.

5.2.a l1lst VIBRATIONAL LEVEL

The excitation to the first vibrational level can be

considered in terms of two models.

5.,2.2.i 2 STATE MODEL

This model has two vibrational levels, the ground and
the first. The reaction is written generally, so that the collision
partner M is either another molecule A, or an inert atom B. The
concentration of M, x, is the sum of the concentrations of A and B.

For clarity the concentration of AO and Al will be designated X, and

X, respectively.
t
kOl
—
Ao + M ' Al + M
k10
" ffi = x(x,-x) k' - xx k!
dt 0 1° 01 110

The bimolecular rate constant kél and kio may be replaced by the

L
concentration dependent quantities k01 and klo equal to k01 x and
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] .
klo x respectively.

. 1 _
when t = 0, X, = 0 (a typical condition prior to a shock

experiment)

the equation integrates to:-

k
0l
X T et t—— X (1_exp(-t(k + k ))) 5.2
1 k01 + klO 0 0l 10

Applying the equilibrium conditions (shocked gas fully relaxed)

5.2 becomes: -

x - 0l x
(]
1 Teoy *Kpg) 0
. xl
;I; s (l-exp(-t(kOl + klo))) 5.3
The relaxation time T,
t = (k.. +k )-1 5.4
01 10 *

Euqation 5.3 gives an expomential approach to equilibrium. If equation

5.3 is rearranged:-
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X
-ln(l - —]—. ) = E 5.3.a
xl“ 1

Plotting the L.H.S. versus time, a straight line of slope T-l

is obtained.

5.2.a,ii HARMONIC OSCILLATOR MODEL

This model was first treated by Landau and Teller.l It
is assumed that the molecule is a harmonic oscillator, and that
transitions can only occur between adjacent vibrational levels, of

which there are an infinite number.

k. . k

i-1,3 joinl
——
M + Aj-l <k..'_.._. Aj + M k': Aj"'l + M
Jei-1 ' 3+1,]

A further condition is that the rate constants have a simple relation

to each other:-

kj+l,j : kj,j-l (§+1) : 3

The equation for the change of population of the jth level:~

ffi
rral R R e IS W I L

(kj.j*l xj - kj*l’j xj+l) 505

and for the lowest state:-
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= k..x, - k.. x 5.6

The change in the total number of quanta is obtained by summing
equations 5.5 and 5.6 over all levels. Then the relaxation time

is found to be:-

- _ -1
T = (klo kOl)

In both the two state model and the multistate model the following

relationships may apply:~

k

IQL = exp(~hv/kT)
10
so that providing:-
T << hv/k

the relaxation time in both cases reduces to:-

t = k. b

lo 5.7

The rate constants are temperature dependent so that the equation 5.7

is only valid for oscillators relaxing in a constant temperature heat

bath. In most shock tube work this assumption has been made, even for

pure gases with vibrational modes.
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5.2.b 2nd VIBRATIONAL LEVEL

Three mechanisms explaining the population of the second

vibrational level are possible.

5,2.,b,i DIRECT MECHANISM

This reaction is analysed as a 2 state system, see section 5,2,a.i,

The result is:-

;f; = (l-exp(-t(ko2 + k20)) 5.8
5.,2.b.ii STEPWISE MECHANISM
k L
01
Ay + M ;E:;ff AL+ M
k10
]
k12
Al + M :E:;:f: A2 + M
k2l
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)
Tt - ko1 %o t Ky Xy - kyy X - Ky Xy
dx
__JE = k X, - k X
3 12 *1 ko1 %9

These equations were solved by the 'Operator Method', full details

of this technique are available.2 The basis of the method is to let

the derivative, d/dt, be designated by P, the operator. Treating P

as a constant, many differential equations are reduced to ordinary
algebraic equations. The equation can then be solved for the unknown

in terms of P, If the transform is known then the final solution can

be derived., The operations of setting up the transformed functions

and replacing the latter by the originals are based on the Laplace
transform. There are a large number of tables (specially for kinetics)2
relating the transform to the original. The result of applying this

method to the above rate equations, with the condition that X, = o

when t = 0O:-
i XaKo1X12 (k21+k12-klo-k01) exp(-t(k01+klo))
y T | Tt sy
*2 (kyy ¥k ok 57kp1 ) ko1*k107 (ko ke (kyotkoy?
exp(-t(k12+k21))
122

Applying the Landau-Teller result:-l

k 2k

12 0ol

k

"

21 kg
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Thus equation 5.10reduces to:-

k012"0 2
X T R l-exp k10+k01) ) 5.11
01l 10
Applying the equilibrium conditions:-
t + = X, Xy,
¢ e e (Ko1tk1)
[ N ] o - 2
k01
o X, 2
-;-2-” = | l-exp( -t(k01+klo) ) 5.12
-1
Put © = klo and rearranging:-
-ln(l-(x,/x )%) = t/t 5.12a
2° " 20 *

Plotting the L.H.S. versus time gives a straight line of slope 1'1.

5.2.,b,iii RESONANCE MECHANISM

'
k0.].

——
A°+H : Al+u
k10
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The second reaction is a complex vibration-vibration energy transfer,

of exact resonance (harmonic oscillator) and is assumed to be very

rapid. The rate constants k2 and k_2 are for excitation and de-
excitation,
The rate equations are:-
dxl 2
:;r = kOl xo + k_2 XXy = klo X, - k2 xl 5.13
dx
2 _ 2
-E;- = k2 xl - k_2 x2x0 5.14
If X, << x1 << X, then 5.13 reduces to:-
dxl
P ko1 *0 = X10 *1
the solution of which is:-
*
== = (l-exp(-t/1))
X
1o
this is substituted in 5.1lu4
dx, 2
-E;— = kz(xla(l-exp(—t/t))) - k_2 Xy%0 5.15
as t + o dx2 - 0
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and x + X

2 200
2 \
. Ry xg,
[ ) xzw - k x 5.16
-2 70
Substituting 5.16 in 5.15.
d(x2/x2~) 2
— = k_, x4 (l-exp(-t/1))° - k_, XX,
X
This is rearranged to:-
d(x,/x,,) x 2
——-E;-——- * k_2 xoé;;:) = k_, X, (l-exp(~-t/1)) 5.17

This is a linear differential of the type:-

g4y =
x t B o= Q

where P and Q are functions of x only or constants. Standard methods

can be used for the solution.

(l-exp(k_2 xot)) 2
T K2 %o X

- =4
_2 %o (k_2 Xy~ T )

(exp(-t/t)-exp(-k_2 xot)) + (ilz x°-2t‘i) (efP(-2t/r)-exp(-k_2xot))
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2 - 1-2exp(-t/1) + exp(-2t/1)

Xow

X

2 = (L-exp(-t/1)? 5.18
X

Thus the result is the same as that deduced in section 5.2.b.ii.

5.2.,¢ BINARY MIXTURES OF EXCITABLE GASES

The kinetic analysis of a binary mixture reaction scheme,
see section 5.1, was first attempted by Tuesday and Boudart.3 The

analysis relies upon two hypotheses, a)

xAl’ xBl << l-x’ x

X << 1

and, b) dx2/dt = 0 that is that X, adjusts very quickly, after being

perturbed from equilibrium. Thus it can be shown that:-

1l 2,,2
To = Ky # (ky + (kgkg/(k_gt ko)X + ((k_gkok )| (k_g+ kIT)X" 5,19
The full derivation, refinements and experimental observations are to be

4,5,6,7

found elsewhere. There are deficiencies in this technique. These

will be commented upon later.
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5.3 THE BAUER APPROACH

The Bauer approach8 is to consider the excitation and de-
excitation processes as a series of reactions to which the laws of
irreversible thermodynamics apply. During a reversible process a
system passes through a continuous series of states of equilibrium.
However, during an irreversible process there is a displacement from
equilibrium and the 'degree of irreversibility' determines the rate
at which the system returns to equilibrium.

The set of relaxation equations are conveniently handled
by matrix algebra and solved as an eigenvalue problem, whose latent
roots are the desired relaxation times of the various modes.

Bauer has applied the method to consider the relaxation of
all the levels of a harmonic oscillator, a binary mixture of excitable
gas and inert gas 'and probably the most important a binary mixture of
excitable gases. The full description of the method together with
examples is available.8 The present work will concern itself with the

utility of the final equationms.

5.3.a BINARY MIXTURES OF EXCITABLE GASES

For clarity the reaction scheme presented in section 5.1

is repeated below:-
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1) A, + A — A+ A

2) A, + B T— A+ B

3) AL + B, —™> AL + B

4) B, + B —— B. + B

5) B, + A —> B. + A

The equation representing this scheme is given by:-

-

Do - (Lelxy /%,0)) (k) (LX) + (ke g/ (1+(xg /%2)))X)

Lo - (Lelagy/a0)) (ke _of (L#(x,1 /%, )))(1-X) + K, X)

“kgk_o(1-X)X = 0

5.20
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The equation 5.20 is quadratic in ° -1 and X and Xg e Since

Xy + Xy = 1, the equation represents a conic section, the four

extremities of the section being given by:-

Xg *+ 0

71 = (1e(x, /x,.0)K

AA Al" “AO 1

o=-1 _ ,

TBA = (1+(xBl/xBo))(k5+k_3/(1+(xA1/on)) 5.21
xA + 0

° -1 . (sx../x )k

BB *p1/*B0” %y

o ~1l

L = (l+(xAl/on))(k2+k3/(1+(xn/xao)) 5.22

These four values can be substituted in 5.20:-

1-X X 1 1-X X _ 1 - —X)¥=
o + -1:5;3 - 0 ng + ?;B e kak_a(l X)X=0 5,23

A typical conic section, given by 5.23, is shown in Figure 5.2.

where t° = a measured isothermal relaxation time at
unit pressure

VORI T isothermal relaxation times in pure A and B

g isothermal relaxation time of one molecule of
A inB



Fiqure 5.2
The Conic Section
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° = isothermal relaxation time of one molecule

BA
of B in A

° o
AB and < BA ¥ composite values see

equations 5,21 and 5.22, in the respect that they have a

It should be noted that «

vibration-vibration termm as well as a vibration-translation
term, Thus it is the value of k3 and k_a which partly governs

the position of "B and Tga OO0 the ordinate. If the modes are

strongly coupled and k3 is large then the lines may cross, as

shown in the diagram. However when k3 + 0, the case of two

decoupled relaxation processes is obtained, the separate relaxation

times ° . t° being given by:-

1* T2

L. B, % 5.2
1 TAA AB

Lo.oLxo, X s
T A BB

In this case the conic section is reduced to two straight 115.3, which
do not intersect. In general values of Tol and 1°2 are known, as a

o
function of concentration, and t AA? 'OBB’ ‘OAB' 'onA can be found.

Then the rate constant k3 is given by:-
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1 , | 1-X X 1-X
?O To = 2 + T + TE + T
1’ 2 AA AB BA BB
2
PR e B - B - | - gk ek 5.26
AA AB T'BA BB -

The term in brackets under the square root sign is equal to the

distance between the pair of lines given by 5.24, 5.25.

.. For a specific composition, X, on Figure 5.2:-

1
ksk_3 = 5.27
4(1-X)X
X, X X
where k3 = 3 ;AQ_EL at any temperature the ratios AL ana
=3 Xp1%po %20
x
Bl are calculable.
¥Bo

If only a small part of theconic section has been measured,

usually near the pure gas value 1t l, then starting with Xy = 0

0O =
AA

the value of t° -1 is obtained. The variation of 1° -1 caused by

AA
small amounts of additive may be expanded in the form of a Taylor

series:-

1 .1 2
ATt TR W 28
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The coefficients of which are found to be:-

%
1]

ky=k) +(k ko /(k_ +k.)) 5.29

£
"

2
kgk_g(ky-w,)/(k_.+kc) 5.30

Substituting 5.29, 5.30 in 5.28

AJH
"
Al

oAA + (k2-kl+(k3k5/(k_3+k5)))x

+ (kgk_g (kg =wy )/ (k_gtk )X 5.31

3 -3"4 1

This equation shows a quadratic dependence of 1° on concentration,

similar to the result of Tuesday and Boudart3 equation 5.19.

9,10,11,12

Bauer and his co-workers have used this technique

to study vibrational relaxation in N2-CO2; CHu-st; CHu-CO2;

N,-0O,, mixtures with an ultrasonic apparatus.

C0-02; 2=05
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5.4 COMMENTS ON THE METHODS

5.4.a lst VIBRATIONAL LEVEL

The relaxation times obtained by both the 2 state and
harmonic oscillator models are temperature dependent. In most
cases a constant shock temperature is assumed and many workers
specify the relaxation times at an average temperature of the
frozen and relaxed temperature, Hethodsl3 have been developed to
estimate the relaxation times as the temperature changes during a
single experiment.

It also should be noted that the population of the first
vibrational level, observed in spectroscopic experiments would be
given by:-

)-l

T = (kol + klO

Whereas in measurements of the overall properties of the system
such as the vibrational energy or the density, the harmonic

oscillator model is probably more realistic:-

- k )‘l

o= gy -k

The application of the condition that T << hv/k, reduces both

approaches to the same result:-

- -1
1 = klO
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It is probable that differences in the approaches may only be
shown by calculation, since experimental techniques may not be

sensitive enough to measure the small difference in rt.

5,4,b 2nd VIBRATIONAL LEVEL

In sections 5.2.b.ii and 5.2.b.ii the equations were
derived on the basis of a 3 state model. It has been shown8 that
whether a 3 state or a multistate model be used, then the same
relaxation time would be observed, in the pure gas, for the second
level as for the first. The reason for this is either a) the
correctness of the Landau-Teller ratios 1:2:3 etc. for the rate
constants or b) the inclusion of the efficient vibration-vibration
exchange reaction in the mechanism. Further comment on this will be
made in a later chapter.

One of the factors neglected by the Landau-Teller theory
is that of anharmonicity. 1In this case:-

k12

—
€O,y *+ €0, <— CO,., + CO
k

21

v=0

which means that:-

k21 (Landau-Teller)< k21 (Anharmonic)

14,15

It has been shown theoretically, in the case of Nz. that
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anharmonicity makes little difference to the relaxation rate,
compared to the Landau-Teller result.

Decius16 has used the multistate harmonic oscillator model
with Av = 1, to treat the fundamental and overtone emission of a
system of oscillators. This model forbids the direct O + 2 process.
The emission of the fundamental is assumed to arise from all Av =1
down transitions, and fhe overtone to Av = 2 down transitions.
Summing over all the vibrational levels equations 5.3.a and 5.12.a
were obtained. The same relaxation time is obtained for the
fundamental and overtone, in the pure gas, when treated this way.

In the present case the runs involving CO/Ne mixtures
equations 5.3.a and 5.12,a were used for analysing the first and
second vibrational levels respectively. The relaxation times were
plotted against Td%. The experimentally obtained relaxation times
were compared with computer calculations. Relaxation curves of
population (intensity) versus time were plotted for given initial
conditions. The calculated curves were treated in exactly the same
way as the experimental curves, to obtain the relaxation times,

Further details will be given in Chapter 8.

5.,4,c BINARY MIXTURES OF EXCITABLE GASES

Bauer8 has criticised the use of the kinetic approach for

analysing relaxation processes, on the basis that a rigorous solution
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to the rate equations is difficult. It is customary to approximate

by invoking a steady state condition for the fast relaxing component.
This, according to Bauer, leads to a 'freeway for fallacy'. Henderson

et al6 worked on the 02/H20; 02/HDO; 02/D20 systems. In the 02/H20
mixture, they found a disagreement of about a factor of 10 in the results
from a direct measurement of the relaxation of pure water, and the
indirectly infrared values from the 02/H20 measurements, using the
Tuesday and Boudart method (section 5.2.c). One of the reasons for

failure may be the assumption that:-

o
0
2 - 0
dt
%
xH20 = concentration of excited water molecule.

Br:mexr'23 has shown that expansion as a Taylor series of the Tuesday

and Boudart method for small concentrations of additive gives the

following coefficients:-

4
[

= - + k
1 TB k2 kl + (k3k5/(k—3 5))

)2

L 3
]

> TB kak-sku/(k-a + kS

These coefficients are to be compared with those cbtained by Bauer,23
namely equations 5.29, 5.30. The value of v, is the same in both cases,

but w, differs. This may be a consequence of assuming the state steady
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in the kinetic approach,

It should be noted that the kinetic and Bauer approaches,
for binary mixtures of excitable gases, use a two state model for
each vibration. However, at temperatures experienced in the shock
tube the two state approximation may be inaccurate. Bauerlo has
stated that the same results, the same conic sections, would be
obtained if a harmonic oscillator model was used, with Landau-Teller
ratios between the rate constants.

In the present case the CO/polyatomic mixtures, the first
level of CO was observed and the relaxation time was extracted by

use of equation 5.3.a. The Bauer approach was used to analyse these

mixtures. Further discussion will be left until Chapter 8,
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6. TREATMENT OF RESULTS

6.1 CALCULATION OF RELAXATION TIMES

To calculate the relaxation times from the photographs
of intensity versus time, it was necessary to assume a model for
the relaxation process. The details of the processes and the
analytical equations are set out in Chapter 5. Figure 6.1 shows
the ideal relaxation curves for the first (I) vibrational level
of a 2 state system and second (II) vibrational level of a 3 state

system. Curve I was comstructed using the equation:-

X

2 - (- exp-t/1) 6.1
X
lm

and curve II:-
X
2 = (1- exp(-t/1)? 6.2
x2”

In the present example, t the relaxation time, was chosen to be 20 us,
and x, x  are the intensities of emission at times t and = respectively.
The figure will serve to exemplify the methods by which the relaxation

times were obtained,
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Equations 6.1 and 6.2 can be rearranged:-

*1
-ln(l - =) = t/t 6.3
X
Jeo
X
and -1n(1 - (-3)%) = t/t 6.4
X

In both cases the plotting of the L.H.S. versus time yielded the
slope which was the reciprocal of the relaxation time. It was
possible to take the intensity-time data fromthe Figure 6.1, by

the use of a Demac Pencil Follower. This device consisted of a
table, to which the figure could be attached, and which was mapped
out in XY coordinates. The X coordinates had a digital readout value
ranging from 0000 through 9999, and the Y coordinate 0000 through
4500. The XY coordinate of any point was registered on a digital
display unit and the values could be punéhed onto paper tape. A
computer programmel was devised to process the paper tape. The table
coordinates were converted into the figures coordinates, and plots of
the L.H.S. of equations 6.3 and 6.4 versus time made on the computer
graph plotter. The results of the analysis of curves I and II is
shown in Figures 6.2, 6.3 respectively, together with the relaxation
times. A least squares routine was included in the computer programme
to calculate the relaxation time. One further method was available

for the solution of curve II,
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1 - 2exp(-t/1) + exp(-2t/1)

-f- exp(-t/1) - % exp(-2t/1)

- 32 exp(-t/1) + i"2 exp(-2t/1)
T T

o exp(-t/t) = 3

o.o ‘ Taking 6.5,

2w

Taking 6.6,

Slope

82.

Slope

6.5

6.6

6.7
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The comparison of the results obtained is given below:-

TABLE 6,1

Theoretical Relaxation Time = 20 us

Plot Least Squares Eq. 6.7
Curve 1 20,05 us 20.03 us -
Curve II 19.93 us 20,01 us 21.4 us

Thus the chosen method of analysis reproduced the
relaxation time to an excellent degree of accuracy. The method
involving equation 6.7 had an error of 7%.

The same procedure was used to analyse the experimentally
obtained photographs. The measured time axis on the photographs was
expressed in laboratory coordinates, and it was shorter than the
actual time elapsed after the shock had passed. The conversion from
laboratory to particle time required a knowledge of conditions in

the shocked region.
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6.2 CALCULATION OF SHOCK PARAMETERS

The shock tube study required many calculations of the
state of the gas behind the shock wave as energy was taken up by
the various degrees of freedom. The experimental data consisted
of the measured shock wave velocity, the initial pressure, the
temperature, the molecular weights and the composition of the
mixture. The heat capacity as a function of temperature for each
gas in the mixture was required. From this data it was possible to
calculate the gas conditions behind the shock.

The equations used were derived assuming, ideal gases,
one-dimensional flow and no interaction with the walls, Thus mass,
momentum and energy were conserved across the shock wave. The
derivations and methods of solution have been dealt with.z’a’“
The method used in this study was an iterative method, using a

computer, suggested by Milli.kan.s’6

The details of the technique
are given below.
The pressure, density and temperature ratio, across the

shock wave were calculated from:-

Ba . 23 ¥-G-y
Py (Y + 1)
A, Gen ¥

P1 (;-1)H2+2
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o A /P

T P 1

where M = 'g = Mach number
u = shock velocity

A e m /5T \2
a = & (o.ealsyrl/u.w.)

a = speed of sound in the gas

Y = average specific heat ratio
MW, = average molecular weight
Tl’ Pl, P, = initial temperature,

pressure and density.

The conditions obtained for the state A corresponded to the uptake

of energy behind the shock, by the translational and rotational
degrees of freedom only. The gas properties in state 2, that is

after vibrational energy is taken up, were then calculated. This

was achieved by a method successive approximations involving an energy
balance across the shock wave. For the first iteration the gas
properties of state A were used. The energy required to heat the gas

to temperature 'rA was calculated from:-

= g(1,) - &(1)
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The enthalpy function g(T) is described below.
The enthalpy difference AH can also be calculated from the fluid
dynamic equation:-

3

& — Py 2
AH” L

119,503 u2 MW, (1 - (};-) )
2

where the enthalpy is in cal mol™ Y. Then the energy difference
was found.

AE = AH -  AH®

A new rough temperature may be calculated:-

T'

TA—(AB/CP)

CP is the average heat capacity, assumed here to be 10 cal mol"l
(41.8 J mol-l). This gives a 1% temperature error in T2. New values
of the density and pressure ratios corresponding with T' were

obtained from:-

]
e_'=f_e/i.
ey WA

P
3é being used since the pressure was usually constant.
1
' 1 +120.274 WW. u? Py
 ° T (1 - =)
1 1 e

This completed one round of the iteration. If E is larger than

10 cal mol-l, then a second iteration was begun using T', p'/ol
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*
and P /Pl as the initial values.
The enthalpy function for the mixture g(T) was related

to the enthalpy function for the individual species fj(T) by:-

s
gy = I F, £(T) s <5
ja1 373
where Fj = the mole fraction of species j
and £,(T) = A+ BT + cr° + DTV 6.8

The coefficients of equation 6.8 were obtained from a curve fitting
of the tabulated enthalpy data.7 A computer programmel was available
to obtain the coefficients. The comparison between the tabular values
and thosecalculated from equation 6.8 are shown in Figure 6.4, The

diatomic molecules CO and N, showed little variation in the region

2
of interest, 1200 K - 2500 K, the temperature error being at a maximum
of about 0,25%. However, the polyatomic molecules showed a wider
fluctuation over the temperature range, the maximum error being about
1%. Since the polyatomic species were only in small concentrations
(2% maximum) in mixtures, then their effect on the overall calculated
temperatures of the mixture was very small.
An analytical method for the solution of the equations for
shock conditions in state 2 has been suggested by Campbell and Kliuaa.8
The results of the present calculations are shown in Figure
6.5 for pure carbon monoxide. The density and pressure have larger

values in the relaxed gas than in the frozen gas, while the value of
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the temperature is less. These results were calculated assuming
ideal flow conditions. As was pointed out in Chapter 3, the
formation of a boundary layer and the deceleration of the shock
wave required that adjustments must be made to the conditions behind
the shock. The density and temperature were corrected, according
to the procedures laid out in Chapter 3. The corrected results
are compared to those calculated from ideal conditions, in

Figure 6.6, for pure carbon monoxide. It can be seen that the
correction to the average density ratio ranges between 8% - 13%
and the average shock temperature ranges between 3% - 5%, with
increase in Mach number. The corrected values were always used

in the present calculations.
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6.3 PARTICLE TIME AND NAPIER TIME

Figure 6.7 represents the compression of the observation
time. The particles are travelling behind the shock front at a
velocity Voo which is less than the shock velocity vy The particle
time, tp’ is the time for the particle to reach the aobserver after

being shocked. During this time the shock front has travelled v.t_,

1'p

and the particle V2tp° The laboratory time is the time since the

shock passed the observer and it has travelled a distance vity.

. v.t = v.t + v.t

1p 2'p 1"t
R TS
ty Vi~V

This is related to fixed shock coordinates by:-

e ViT% ) )

Thus to compensate for the time compression the relaxation time,
obtained in laboratory coordinates, was corrected to the particle
time by multiplying by the average demnsity ratio.

In the relaxation of gas phase systems the energy is
transferred between degrees of freedom, during bimolecular collisions.
Thus, t, is a pressure dependent quantity, and the value of t is
quoted for standard conditions of pressure. The resulting quantity

is called the Napier time,
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Thus in the present studies the value of t was calculated

from: -
(o} P P
= 2 2 1
Tp = T, X (pl av® (Pl av® 760 us atm
where rp = particle relaxation time us atm
T, = laboratory relaxation time us
Pl = downstream pressure mm
2 P2
(=) (z=)__ = average density and pressure ratios at
Py av Pl av

temperature (T2)av‘
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7. RESULTS

This chapter contains the results obtained in the present
study. Section 7.1 shows that the energy of the observed emissions
corresponded to the energy of the 1 + 0 and 2 + O transitions.
Section 7.2 shows the effect of the flow corrections on the
relaxation times of the first vibrational level of pure carbon

monoxide.

7.1 ENERGY OF THE OBSERVED EMISSION

The equilibrium population of the ith vibrational level

with energy €:» of a harmonic oscillator is given by:-

n, = Nvexp(-ei/kT)/p.f. 7.1
where N = total number of molecules
n., = number of molecules in level i
T = absolute temperature K
k = Boltzmann constant

The partition function, p.f., is given by:-

p.f. = exp(-e/2kT)/(l-exp(-e/kT)) 7.2

€ = energy separation of the vibrational levels.
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Substituting 7.2 in 7.1

ni/N = exp(-ei/kT) (1-exp(-€/kT) )/exp(~-€/2kT)
Rearranging:-
1n ni/N = -(ei/kT-e/2kT) + 1In(l-exp(-¢/kT))
Differentiating:-
d In n./N -1
T = -(e,~e/2)k ~ + £/k (exp(e/kT) - 1) 7.3
- i
daT
P o
1 2
N S em— X -
760 Dl
p2/pl =  density ratio
Pl = downstream pressure

n; corresponds to the concentration of oscillators in state i at
equilibrium, and is equated to I . To a good approximation, a plot
of 1n(n,/N) versus T-l, should give straight lines of slope

(ei - e/2)k-l. The second term in 7.3, has a small value when the
temperature is low. The term has more effect as the temperature
increases, and the value of exp(e/kT) decreases. At 2000K the value
of the second term is =800 K-l compared to (ei - e/2)k‘l which is
23100 KL, Plots were carried out for the first and second

vibrational levels of pure carbon monoxide. The Tables 7.l and

7.2 contain the data, and Figure 7.1 shows the points plotted. For
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the first vibrational level, the slope from Figure 7.1 was found

1 and (ei - €/2) was 27.64 kJ mol-l. The energy of

the first vibrational level is known to be 25.64 kJ mol-l.

to be 3333K

Similarly for the seond vibrational level, the value of (ci - €/2)

1 and the known value is 50.95 kJ mol-l. The

is 52.70 kJ mol”
figures indicate that the emission is due largely from the
experimentally observed levels, Thus in the case of the first
vibrational level contributions to the emission from transitions
such as 2 + 1, 3 + 2 etc. are expected to be small. Similar

applies to the second vibrational level where transitions such

as 3+ 1, 4+ 2 are involved.



FIRST VIBRATIONAL LEVEL

TABLE 7,1
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Photo Py (o, /p) . I, Inng/w (T (T2 x 10
No. mm K

1103 8.5 6.011 11.5 6.528 1890 5.291
1104 12,5 5,755 12 6.2u5 1671 5.984
2101 11.9 5,799 11.5 6.311 1691 5.913
2102 9.9 5.949 12 6.429 1856 5.388
2103 9,1 6.058 12,5 6.536 1945 S.14l
2104 8.0 6.098 12 6.617 1991 5.022
2105 7.0 6.224 12,5 6.771 2104 4,753
2106 5.9 6,231 12.5 6.941 2116 4,726
2107 8.7 6.054 12 6.541 1925 5.194
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TABLE 7.2

SECOND VIBRATIONAL LEVEL

)-l

Photo P, log/ey),, I, In n,/0 (T,) . (T,) x10
No. mm K

1201 11.4 5.98 15.5 5.152 1773 5.64

1202 8.1 5.994  15.5 5.491 1818 5.501
1203 8.5 6.093 16 5.459 1930 5.18

1204 7.4 6.201 16 5.580 2022 4,945
2205 7.8 6.177 17 5.59 2014 4,965
2206 4.2 6.30 16 6.188 2184 4,58
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7.2 EFFECT OF FLOW CORRECTION

The following section shows the effect, on the relaxation
time, of applying the corrections, due to non uniform flow (Chapter 3),
to the shock parameters (Chapter 6) of density and temperature.

Table 7.3, Figure 7.2 show the uncorrected data with respect to the
work of Hooker and Millikan.l The present work gives relaxation
times which are lower by approximately 26%., If the corrections are
applied to the data, using a 1% m-l velocity decrement, the points
are adjusted to give relaxation times approximately 4.2% lower than
the values of Hooker and Millikan.l This is shown in Table 7.4,
Figure 7.3, The velocity decrement in the present case was found
to be 2% m-l and the result of using this value in the corrections
is shown in Table 7.5, Figure 7.4. The data gives good agreement
with the previous work. The corrections for non uniform flow were
applied in every case in the present work, A velocity decrement of
2% m'l was observed for the majority of mixtures, and this value was
used in the calculations.

It is believed that the present calculational procedure is
sound, and that the corrected values of the shock parameters are more
realistic estimates of the conditions behind the shock wave. Belford
and Strehlow2 have urged workers to alwvays make estimates of the non
uniform flow corrections, and to present them so that others may assess

them. This has been done by several worker!.s'u'5’6’7



PURE CO 1ST VIBRATIONAL LEVEL UNCORRECTED DATA

TABLE 7.3

Photo Pl Shock Shock Av.Shock 1 Lab Napier
Speed, Mach (Temp) 3 (p2/°l)av (P2/P1)av Time Time

No. mm mm us No. Temp K us us atm
1101 9.9 1.8164 5.154 1752 0.08295 5.358 31.21 43,9 95.6
1103 8.5 1.8528 5.257 1809 0.08206 5.401 32.50 38.4 75.4
1104 12.3 1.7205 4,882 1606 0.08539 5.235 27.87 58.7 138.6
2101 11.9 1,7313 4,913 1622 0.08510 5.249 28,33 59.5 138.5
2102 9.9 1.83u4 5.205 1780 0,08251 5.379 31.84 41,1 91.6
2103 9.1 1.88u4 5.347 1860 0.08131 5.438 33.63 33.0 72,2
2104 8.0 1,9103 5.421 1903 0.08069 5.468 34,58 34,0 67.7
2105 7.0 1.9715 5.594 2004 0.07932 5.534 36.85 28.1 52.8
2106 5.9 1.9786 5.614 2016 0.07916 5.541 37.12 31.0 49,5
2107 8.7 1.8716 5,311 1840 0.08160 S .42y 33.16 39.0 80.3

= LhT -
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TABLE 7.4

PURE CO 1ST VIBRATIONAL LEVEL - 1% VELOCITY DECREMENT

Photo Pl Shock Shock  Av.Shock _1 Leb Napier
Speed, Mach (Temp) 3 (92/::1)av (P2/P1)av Time Time

No. mm mm us No. Temp K us us atm
1101 9.9 1.8164 5,154 1832 0.8172 5.818 31.21 43.9 103.9
1103 8.5 1.8528 5.257 1875 0.08109 5.901 32.50 38.4 82.4
1104 12.3 1.7208 4,882 1657 0.08450 5.655 27.87 58,7 149,7
2101 11,9 1.7313 4,913 1677 0.08u416 5.689 28,33 59.5 150.2
2102 9.9 1.8344 5.205 1842 0.08158 5.849 31.84 41.1 99.7
2103 9.1 1.8844 5.347 1929 0,08033 5.938 33.63 33.0 78.9
210% 8.0 1.9103 S5.421 1975 0.07970 5.988 34,58 34,0 74.0
2105 7.0 1.9715 5.594 2086 0.07826 6.104 36.85 28,1 58.2
2106 5.9 1,9786 5.614 2099 0.07809 6.111 | 37.12 31.0 54,6
2107 8.7 1.8716 5.311 1909 0.08061 5.934 33.16 33.0 83.9

= 8hT -
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PURE CO 1ST VIBRATIONAL LEVEL

TABLE 7.5

2% VELOCITY DECREMENT

Photo Pl Shock Shock  Av.Shock 1 L?b Napier
Speed; Mach (Temp) 3 (92/01)av (P2/P1)av Time Time

No. mm mm us No. Temp K us us atm
1101 9.9 1.8164 5.154 1852 0.08143 5.918 31.21 43.9 105.6
1103 8.5 1.8528 5.257 1890 0.08088 6.011 32,5 38 .4 83.9
1104 12.3 1.7205 4,882 1671 0.08427 5.755 27.87 58.7 152.2
2101 11.9 1,7313 4,913 1691 0.08393 5.799 28,33 59.5 153.0
2102 9.9 1.8344 5,205 1856 0.08137 5.9u49 31.84 41,1 100.3
2103 9.1 1.88u4 5.3u42 1945 0.08011 6.058 33.6u4 33.0 80.4
2104 8.0 1,9103 5.421 1991 0.07948 6.098 34,58 34,0 75.5
2105 7.0 1.9715 5,594 2104 0.07804 6.224 36.85 28.1 59.4
2106 5.9 1,9786 5.614 2116 0.07789 6.231 37.12 3l.0 55,7
2107 8.7 1.,8716 5.311 1925 0.08038 6.054 33,16 39.0 89.6

- 6hT -
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7.3 DATA OF CO/Ne MIXTURES FOR 1ST VIBRATIONAL LEVEL

The data for each mixture is tabulated on a separate
page and, for clarity, a Landau-Teller plot of the data follows
each mixture. In certain cases where few data were available,
e.g. section 7.3f and 7.3g, the gradients of the lines were drawn
with reference to the slopes of previous data as well as the
available points. Atypical experimental record of the infrared
emission due to the 1 + O transition (2143 cm ') is shown in
Figure 7.5. The data corresponding to this trace is to be found
in section 7.3b, photograph number llu4., The horizontal sweep
speed is 20 us ™t (i.e. in the Figure 7.5 20 us/largesquare),
and the emission of the CO rises vertically, and exponentially.
The rise and the intensity shown on this figure bears comparison

to Figure 7,13,






7.3.a

90% CARBON MONOXIDE

10% NEON

Speed of Sound - 0.360 km g1

3 Specific Heat Ratio - 1.417;

Av. Mol- wt. - 27.23

Photo Pl Shock Shock  Av.Shock 1 Lab Napier
Speed Mach (Temp) 3 (p,/p,) (p,/P.) Time Time
-1 2" av 2" 17av

No. mm mm us No. Temp K us us atm
1121 10.9 1.8164 5.04 1828 0.08178 5.718 30.1 30.4 75.1
1122 8.9 1.8653 5.18 1912 0.08058 5.804 31.67 40.1 86.3
1124 12,0 1,7699 4,91 1750 0.08298 5.633 28 .47 48,0 121.5
1125 11.1 1.7814 4,94 1771 0.08264 5.667 28.85 u7.4 113.0
1126 9.8 1.8405 5.11 1872 0.08113 5.776 30,82 44,0 101.0
1127 8.2 1.8972 5.27 1973 0.07973 5.889 32,78 36.3 75.6
2121 6,9 1,9576 5.43 2079 0.07835 5.962 34,92 32,0 60,4
2122 6.1 1.9786 5.49 2124 0.07779 6.0u43 35.70 31.0 53.7

- TISsT -



10T

T/

ysatm

IO

- Figure 7.6

0075

008
(TEMP/K) V3

0085



7,3.b _ 80% CARBON MONOXIDE - 20% NEON

Speed of Sound - 0.368 km s-l; Specific Heat Ratio - 1.435; Av, Mol. Wt., - 26.u4u

Photo Pl Shock Shock  Av.Shock 1 Lab Napier
Speed Mach (Temp) 3 (p,/p,) (p,/P,) Time Time
-1 2°"1av 2" 1%av

No. nm mm us No. Temp. K us us atm
114l 10.8 1.8105 4,92 1832 0.08172 5.545 28,72 40.8 92.3
1142 9.6 1.83u9 4,99 1872 0.0811y 5.571 29,50 4y ,2 91.8
1143 8.9 1.8843 5.13 1957 0.07995 5.6u44 31.15 36 .4 4.9
114y 7.2 1.,9370 5,27 2057 0.07863 5.737 32,94 32 .4 57.9
1145 6.6 1,9715 5.36 2114 0.07792 5.76 34,14 34,0 57.5
1146 11.5 1.80u6 4,91 1813 0.08201 5.378 28,54 46,4 108.0

1147 12.4 1.,7587 4,78 1723 0.0834 5.406 27.08 56.0 113.8

- ¢ST -
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7.3.c 60% CARBON MONOXIDE - u40% NEON

Speed of Sound ~ 0.385 km s-l; Specific Heat Ratio - 1.476; Av, Mol., Wt, - 24,88

Photo P Shock Shock  Av.Shock 1 Lab Napier
Speed, Mach (Temp) 3 (p2/pl)av (P2/Pl)av Time Time

No. mm mm us No. Temp K us us atm

1181 10.4 1.8779 4,88 1958 0.07993 5.174 28,55 36.0 73.6

1182 9.9 1.88u44 4,90 1966 0.07983 5.15 28.76 37.2 71.7

1183 11.1 1.8108 4,71 1839 0.08162 5.071 26,52 48,3 94,8
1184 12,9 1,7971 4,67 1811 0.08204 5.027 26,12 43,4 96,7

1185 4.1 1.7699 4,60 1765 0.08275 4,99 25.3 48,0 112.4

- €8T -



IO3' | Figure 7.8

psatm

lo " v ¥
007 0075 008 _ OO85
(remp/K)/3



7.3.d 50% CARBON MONOXIDE - 50% NEON

Speed of Sound - 0.39% km s-l; Specific Heat Ratio - 1.5; Av., Mol, Wt, - 24,09

Photo P Shock Shock  Av.Shock 1 Lab Napier
No. - m:p::gl H;g? remp K (Temp) 3 (p2/°l)av (P2/Pl)av Ti:e u:iZim
1101 12.1 1.8844 4,78 1986 0.07956 4,928 27.54 29,18 63.1
1102 15.0 1.7756 4,51 1779 0.08253 4,77 24,41 46,3 106.4
1103 16.7 1,7643 4,48 1746 0.08304 4,689 24,11 45,0 112.0
1104 17.8 1,7421 4,42 1708 0.08365 4,647 23 .49 49,0 125.3
1105 19.4 1.7205 4,37 1672 0.08u425 4,626 22.90 52,0 140.0

1106 11.1 1,9038 4,83 2006 0.07929 4,944 28.13 32,1 65.0

= hST -



Figure 7.9

10
O07

0075



7.3.e 40% CARBON MONOXIDE - 60% NEON

Speed of Sound - 0,404 km s-l; Specific Heat Ratio - 1.526; Av. Mol. Wt, - 23.31

Photo P1 Shock Shock  Av.Shock 1 Lab Napier
Speet_i1 Mach (Temp) 3 (92/91)av (PQ/Pl)av Time Time

No. mm mm us No. Temp K us us atm
1121 12,2 1.8528 4,58 1925 0.08038 4.67 25 .u4 36.8 70.2

1122 14,5 1.8284 4,52 1878 0,08104 4,63 24,77 35.6 77.9
1123 19.9 1.7699 4,38 1691 - 0.,08393 4,484 21.89 50.1 128.8
1124 25.0 1,6152 4,00 1518 0.08700 4,328 19,25 70.0 191.8

1125 16.7 1.7205 4,38 1779 0.08253 4.569 23.18 41.1 95.7

- GST -
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7.3.f 20% CARBON MONOXIDE - 80% NEON

Speed of Sound - 0,426 km s—l; Specific Heat Ratio - 1.,588; Av, Mol, Wt. - 21.75

Photo P 1 Shock Shock  Av.Shock 1 Lab Napier
Speed, Mach (Temp) 3 (02/91)av (P2/Pl)av Time Time

No. mm mm us No. Temp K us us atm

1161 20.0 1.7587 4,12 1768 0.0827 4,107 20.74 41.6 93,3

1162 23.0 1.7152 4,02 1689 0.08396 4,043 19.71 46.0 110.9

1163 25.0 1.6687 3.91 1612 0.08529 3.984 18.64 59.0 44,1

lle4 20,6 1.7367 4.07 1729 0.08331 4.13 20.21 S54.7 123.8

= 96T -



Figure 7.11

pgsatm

10 — v '
o07 O-075 0-08 0-085

(templk) /3



7.3.8 10% CARBON MONOXIDE - S0% NEON

Speed of Sound - 0.439 km s~

1, Specific Heat Ratio - 1.625; Av. Mol., Wt. - 20.963

]

Photo Pl Shock Shock  Av.Shock _1 Lab Napier
Speed, Mach (Temp) 3 (p,/py) ., (P,/P)) o Time Time

No. mm mm us No. Temp K us us atm

1182 25.0 1.6737 3.81 1578 0.08589 3.698 17.75 68 .0 146.8

1183 22.9 1.8405 4,19 1853 0.08142 3.835 21.53 37.2 92.4

1185 22.1 1,7532 3.99 1706 0.08368 3.767 19.51 47.1 100.7

= LST -
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7.4 DATA OF CO/Ne MIXTURES FOR 2ND VIBRATIONAL LEVEL

The data for each mixture is tabulated on a separate page
and, for clarity, a Landau-Teller plot of the data follows each
mixture.

A typical experimental record of the infrared emission
due to the 2 + O transition (4260 cm ') is shown in Figure 7.13.
The data corresponding to this trace is to be found in section
7.4.e photograph number 1251, The horizontal sweep is 20 us et
(i.e. in the Figure 7.13 20 us/large square), and the emission of
the CO rises vertically. The emission in this case does not rise
exponentially, as does the emission in Figure 7.5, but it shows

an initial 'toe'. The emission in this case is only 0.25 that

shown in Figure 7.5.



™
™~
o
-
o
o
TN




7.4.a PURE CARBON MONOXIDE

Speed of Sound - 0.353 km s°l; Specific Heat Ratio - 1.40; Av. Mol, Wt. - 28,01

Fhote 1 2;::}:1 wacn o (Tewp)™S (o /01). (B/P) . Time g

No. mn mm us-l No. Temp K 2 "1lav 2" 1av us us atm
1201 11l.4 1.7702 5.023 1773 0.08262 5.98 29,63 46,24 122,8
1202 8.1 1.8051 5.132 1818 0.08193 5.994 30,83 52,5 103.5
1203 8.5 1.8714 5.310 1930 0.08032 6.093 33.16 39.1 88.4
1204 7.4 1.9224 5.455 2022 0.07908 6.201 35,02 35.7 75.5
1205 7.8 1.9184 5.4ub 2014 0.07918 6,177 34 .88 33.9 75.0
1206 5.9 1.,9891 5.644 2136 0.07765 6.253 37.53 30.2 54.9
2201 3.6 2.1080 5.982 2369 0.07501 6.478 42,19 26.9 34,9
2203 2,3 2,2149 6.285 2583 0.07288 6.638 46,65 25.4 23.8
2206 4.2 2,0153 5.719 2184 0.07707 6.30 38.54 38.0 51.0

- 66T -
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7 '“.b

90% CARBON MONOXIDE - 10% NEON

Speed of Sound - 0.360 km 5™

Specific Heat Ratio - 1.417; Av. Mol. Wt. - 27.23

Photo Pl Shock Shock  Av,Shock 1 Lab Napier
Speed, Mach (Temp) 3 (02/01)av (PQ/Pl)av Time Time

No. mm mm us No. Temp K us us atm

1221 6.3 1.922y4 5.34 2022 0.07908 5.986 33.67 38.0 63.57
1224 4,5 2,0560 5.71 2267 0.07612 6.138 38,58 28.9 40.5
1225 7.5 1.9024 5.28 lo8u 0.07958 6.024 32,96 36.0 70.8
1226 8.3 1.8376 5.10 1878 0.08104 5.8u42 30.73 32.8 64,3
1227 9.8 1.7840 4,95 1786 0.08242 5.75 28,95 51.3 110.1
1228 8.0 1.8868 5.24 1959 0.07991 5.897 32 .43 37.3 75.0
2221 4.8 2,0514 5.70 2255 0.07626 6.114 38.4 30.0 4y .5

- 09T -
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7.4.c 85% CARBON MONOXIDE - 15% NEON

Speed of Sound - 0.364% km s-l; Specific Heat Ratio - 1.426; Av. Mol, Wt, - 26.8u4

Photo P Shock Shock  Av.Shock _1 Lab Napier
Yo - mipﬁ:gl H;g? renp K (Temp) 3 (02/01)av (P2/Pl)av Ti:e uzigim
1232 9.7 1.8377 5,05 1878 | 0.08105 5.723 30.16 39,5 87.0
1233 9,7 1.8791 5.16 1947 0.08008 5.759 31,57 34,7 80.5
1234 7.6 1.9184 5.27 2021 0.07909 5.839 32,91 29.1 55.9
2231 13.3 1.7771 4,88 1776 0.08256 5.625 28,19 40,0 111.0
2232 14.4 1.7204 4,73 1681 0.0841 5.516 26.39 49,7 137.0

2233 5.9 2.0109 5.52 2188 0.07702 5.92 36.21 28.5 47.4

= T9T -
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7.4.d4

80% CARBON MONOXIDE - 20% NEON

Speed of Sound - 0.368 km s-l;

Specific Heat Ratio - 1.435;

AV. MOl. wto - 260"“4

T e maen Y emy Y Goso . ey T meee
No. mm mn s~ No. Temp K 2" llav 2 lav us us atm
1241 7.4 1.9427 5.28 2069 0.07848 5.762 33.13 28.0 52.0
12u2 5.9 1.9934 5 42 2166  0.07728 5.86 34,9 27.0 43.6
1246 9.6 1.8430 4.99 1821  0.08188 5.66 29,48 43.1 90.9
1247 8.6 1.8638 5.07 1929 0.08033 5.652 30.45 38.5 4.9
2241 10.8 1.7875 4,86 1797 0.08225 5.529 27.99 44,1 96.8
2243 7.0 1.9635 5,34 2103 0.07805 5.772 33.85 28.7 51.6
2245 4.9 2.0423 5,55 2240 0.07643 5.805 36.61  27.5 37.7
2246 4.6 2.0483 5.57 2252  0.07621 5.81 36.88 25.0 32.5
2247 14.8 1.7204 4,68 1683  0.08406 5 .40 25,9 49.8 135.6
2242 12.3  1.7466 4.75 1728 0.08333 5.1462 26.7 53.4 126.0

= 29T -



IOB" ‘ Fiqure 7. 17
T
ps atm
IO2-
IO' - v .
O-07 o075 0-08 0085

(remp/)3



7.4, 75% CARBON MONOXIDE - 25% NEON

Speed of Sound - 0,372 km s-l; Specific Heat Ratio - l.4443; Av, Mol.Wt. - 26,05

Photo P1 Shock Shock  Av.Shock 1 Lab Napier
Speed Mach (Temp) 3 (p,/p,) (P,/P.) Time Time
-1 2" 1"av 2 1lav

No. mm mm us - No. Temp K us us atm
1251 11.0 1.8194 4.89 1856 0.08136 5.u86 28,46 36.3 82,0
1252 9.9 1.8562 4,99 1920 0.08045 5.534 29,63 34,8 Th 4
1253 7.8 1.9264 5.18 2044 0.07879 5.624 31.95 1.1 57.4
1254 5.8 2.,0242 5.44 2222 0.07663 5.7u4 35.33 26,6 41,2
1255 4,6 2,07u6 5.58 2328 0.07545 5.857 37.12 25,2 33.2
1256 10.9 1.7635 4,74 1761 0.08280 5.395 26,72 50.4 104,11

1258 15.4 1,7013 4,58 1651 0.08461 5.312 24,84 52.0 139.0

- €97 -
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T.4.f 65% CARBON MONOXIDE - 35% NEON

Speed of Sound - 0.380 km s-l; Specific Heat Ratio -~ 1.465; Av, Mol. Wt. - 25,27

Photo P Shock Shock  Av.Shock 1 Lab Napier

No. mm m;pﬁzgl :g?h Temp K (Temp) 3 (p2/pl)av (P2/P1)av T;:e uzlzzm
1271 12,2 1.7875 4,70 1806 0.0821 5.205 26,38 40,7 89.8
1272 10,0 1.8u88 4,86 1911 0.08058 5.287 28,24 36.2 71.2
1274 8.8 1,8868 4.96 1975 0.07969 5.313 29.43 33.4 60.4
1276 6.3 2,0065 5.28 2182 0.07710 5.40 33.34 28,5 42.6
1277 5.3 2.0699 S.44 2317 0.07556 S.u4 34.50 23.5 31.7
1278 3.8 2,1227 5.58 2443 0.07425 5.702 37.36 22.8 24,3
2271 1%.5 1.7335 4.56 1719 0.083u8 5.088 24,79 47.1 113.4

2273 9.7 1.8714 4,92 1949 0.08005 5.299 28,94 34,2 66.9

- h9T -
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7.4.g 60% CARBON MONOXIDE - 40% NEON

Speed of Sound - 0,385 km s-l; Specific Heat Ratio - 1.476; Av., Mol. Wt. - 24.88

Photo Pl 21;::1:1 :};Z§k Av,Shock ( _1 o /o) /P ;.:ab N;I?ier
No. mm mm us-l No. Temp K Temp) 3 %2 pl av 2 lav t:e uslzim
1282 11.9 1.8231 4,74 1866 0.08132 5.122 26,89 34.9 75.3
1283 9.4 1.8638 4,84 1938 0.08020 5.171 28,13 39.4 70.8
1284 8.1 1,922y 4,99 2045 0.07879 5.26u4 29,94 31.4 52.8
1286 5.4 2.0378 5.30 2258 0.07620 5.38 33.69 26,3 33.9
1287 4.9 2.0653 5,37 2308 0.07566 5.391 34,63 26,8 32.3
2281 15.4 1.7269 4,49 1707 0.08366 5.005 24,09 45.2 110.5
2282 4.4 1.7533 4.56 17u8 0.08301 5.023 24,84 46 .4 109.7

2283 8.5 1.9064 4,94 2014 0.07918 5.23 29.44 33,0 56.8

= §9T7 -
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7.4.h  50% CARBON MONOXIDE - 50% NEON

Speed of Sound - 0,394 km s-l; Specific Heat Ratio - 1,5; Av, Mol. Wt, - 24,09

Phote 1 22::2 322§k Av.Shoek (Temp)-%' (p,/0,) (p,/P.) g?ze N;E;:r
No. mm mm us-l No. Temp K 2 "1av 2 1av us us atm
1201 12.9 1.8303 4 .64 1874 0.08111 4,85 25,95 34,3 73.3
1202 11,1 1.8563 4,71 1930 0.08031 4,923 26.71 33.6 64.6
1203 9.1 1.9144 4,86 2034 0.07892 4,993 28.45 30.9 51,2
1205 9,9 1.8868 4,79 1987 0.07954 4,98 27.62 32,5 58.2
1206 8.0 1.9952 4,96 2112 0.0779 5.0u6 29.68 28,6 45,1
1207 7.8 1.9184 4,87 2046 0.07877 5.006 28,56 36.6 47.2
1209 18.1 1.7108 4,34 1681 0.08411 4,736 22,64 47.2 120.6
2201 10.2 1.8946 4,81 1984 . 0.07957 4.906 27.84 31.7 58.1
2202 12,2 1.8421 4,67 1893 0.,08083 4 .851 26,30 34,4 70.4

2203 14,9 1.7771 4,51 1786 0.082u47 4.811 24 .45 38.9 89,7

= 997 -
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7.4.14 45% CARBON MONOXIDE - 55% NEON

Speed of Sound - 0.399 km s-l; Specific Heat Ratio - 1.513; Av. Mol. Wt. - 23,70

Photo Pl Shock Shock  Av.Shock _1 Lab Napier
Speet_il Mach (Temp) 3 (02/01)av (P2/Pl) v Time Time

No. mm mm us No. Temp K a us us atm
1211 13.1 1.8051 4.52 1850 0.08145 4,759 24,69 35.5 71.9
1212 12.1 1.8266 4,58 1881 0.08101 4,777 25.28 37.4 71.9
1213 11.2 1.8600 4,66 1943 0.08005 4,826 26.23 32.9 61.3
2212 10.6 1.8829 4,72 1985 0.07957 4.855 26.90 31.6 57.6
2213 14,1 1.7980 4,51 1831 0.08173 4,742 24,5 38.5 83.0

2214 16.9 1,7237 4,32 1703 0.08373 4,643 22.48 46.8 108.5

= L9T -
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7.4,4 40% CARBON MONOXIDE - 60% NEON

Speed of Sound - 0.404 km s-l; Specific Heat Ratio - 1,526 Av, Mol. Wt. - 23.31

Photo Pl Shock Shock  Av.Shock 1 Lab Napier
Speed, Mach (Temp) 3 (02/01)av (P2/Pl)av Time Time
No. mm mm us No. Temp K us us atm
1221 13.4 1.8231 4,51 1880 0.08102 4,675 24,62 35.0 71.1
1222 11.9 1.8525 4,58 1934 0.08026 4,71 25.44 33.2 62.3
1223 11.0 1.8896 4,68 2001 0.07936 4,749 26.47 31.2 56.8
1224 11.5 1.8868 4,67 1995 0.07943 4,737 26.39 31.8 60.1
1225 9.4 1.9184 4.75 2052 0.07869 4,771 27,29 29,2 47,0
1226 9.0 1,93u6 4,79 2085 0.07827 4,803 27,77 29.7 46.9
1227 15,1 1,7601 4,36 1767 0.08271 4,58 22,92 43,7 91.2
1228 18.0 1,7302 4,28 1715 0.08353 4,533 22,15 40,0 95.1

1229 20.0 1.6880 4.18 1649 0,08464 4,473 21.08 49,8 122.8

- 89T -
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T4k

35% CARBON MONOXIDE - 65% NEON

Speed of Sound - 0.40% km s-l; Specific Heat Ratio ~ 1.5413 At. Mol. Wt. - 22,92
Photo Pl Shock Shock  Av.Shock _1 Lab Napier
Speed; Mach (Temp) 3 (p2/°l)av (P2/Pl)av Time Time
No. mm mm us No. Temp K us us atm
1232 12,2 1.8414 4,50 1919 0.080u46 4,59 24,54 35.1 63.5
1233 11.3 1,8829 4,60 1993 0.07946 4,632 25.67 32.4 55.1
1234 10.0 1.9144 4,68 2058 0.07862 4,685 26.55 27.8 45,5
1235 9.0 1.9104 4.67 2035 0.07890 4,622 26,44 29,0 41,9
2231 20.0 1.6764 4,09 1626 0.08503 4,346 20.28 55.3 128.2
2232 17.8 1.7269 4,22 1711 0.08361 4,413 21.54 47.1 104.8

=~ 69T -
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7.4,1 20% CARBON MONOXIDE - 80% NEON

Speed of Sound - 0.426 km s-l; Specific Heat Ratio ~ 1.,588; Av. Mol. Wt, - 21.75

Photo | 4 Shock Shock  Av.Shock 1 Lab Napier
o, m el R e T Of0a Ry T e
1265 15.1 1.8051 4,23 1865 0.08124 4,212 21.86 40,3 73.7
1266 16.7 1.7737 4.16 1651 0.08460 4,041 21.09 58.9 126.3
1267 21,2 1.6888 3.96 1651 0.08460 4,041 19.09 57.5 123.7
1268 14,7 1.8087 4.2y 1872 0.08113 4,213 21,95 L4y .6 80.1
2261 13.4 1.8267 4,28 1884 0.08097 4,208 22,39 42,1 69.8
2262 19.4 1.737 4,04 1705 0.08371 4,05 19.91 55.2 113.6

2263 - 22.8 1.6764 3.93 1619 0.0851S 3.981 18,81 61,3 137.7

= 0LT -
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7.4.m

10% CARBON MONOXIDE - 90% NEON

Speed of Sound - 0.439;

Specifc Heat Ratio - 1.625;

Av, Mol. Wt.

Photo P Shock Shock  Av.Shock 1 Lab Napier
Yo - mip::gl H;g? Tem K (Temp) 3 (02/°1)a§ (P2/Pl)av Ti:e uzigim
1281 20.0 1.7302 3.93 1734 0.08323 3,901 19,0 48,6 94.8
1282 20.8 1,7367 3.95 1734 0.08323 3.866 19.18 48,7 98.6
1283 25.0 1.6734 3.81 1628 0.08499 3.808 17.75 56.4 125.4
1285 22.3 1.70u45 3.88 1681 0.08410 3.822 18.43 52.6 111.3
1286 18.7 1.7703 4.03 1807 0.08209 3.9u49 19.90 41.3 79.7

= TLT -
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7.5 DATA OF CO/POLYATOMIC MIXTURES FOR 1ST VIBRATIONAL LEVEL

The following section contains the data obtained on
the CO/C02, CO/N2O, and CO/COS systems. The data for each mixture
of each system is tabulated on a separate page. After the data for
each system a Landau-Teller plot, of all the mixtures, is presented.

A typical experimental record of the infrared emission
due to the 1 + 0 in CO is shown in Figure 7.27. The data
corresponding to this trace is to be found in section 7.5.a.i
photograph number 1404. The horizontal sweep is 20 us cn-l (i.e.
with Figure 7.27 20 us/large square) and the emission of the CO

rises vertically.
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7.5.a.i 99.9% CARBON MONOXIDE - 0.1% CARBON DIOXIDE

Speed of Sound -~ 0.3529 km s-l; Specific Heat Ratio - 1.4; Av. Mol. Wt. - 28.03

YTl eed e T ey (ogso) . (p) . Time  Tme

No. mm mm us-1 No. Temp K 27" 1av 2 lav us us atm
1401 12.1 1.7591 4.98 1708 0.08370 5.636 29.19 24,0 62.9
. 1402 9.9 1.84]12 5.22 1836 0.08166 5.768 32.00 23.0 55.3
1403 10,2 1.8347 5.20 1825 0.08182 5.749 31.76 23.4 57.3
1404 12.2 1.8228 5.18 1798 0.08223 5.705 31.35 24.0 63.2
1405 13.3 1.7531 4,97 1695 0.08386 5.628 28.98 27;0 77 .4
1406 14.0 1.7264 4,89 l6u49 0.08463 5.562 28.08 31.0 89.2
1407 16.0 1.6791 4.76 1580 0.08586 5.508 26.56 35.0 107.7

1408 16.8 1.6592 4.70 1550 0.08640 5.47 25.93 36.0 112.9

- ELT -



7.5.a.ii 99.5% CARBON MONOXIDE - 0.5% CARBON DIOXIDE

Speed of Sound - 0.3524 km s ¥; Specific Heat Ratio - 1.4; Av. Mol. Wt. - 28.04.

PO T G e empd e (BpD . Tme Time

No. mm mm us-l No. Temp K 2" 1av 2 1lav us us atm
1412 12.8 1.7699 5.02 1718 0.083u9 5.628 29.61 18.0 50.5
1413 13.9 1.7046 4,83 1617 0.08519 5.542 27 .44 20.4 56.7
1414 15.0 1.6439 4.66 1534 0.08671 5.496 25.50 24.0 66.2
1415 23.5 1.5136 4,29 1344 0.09061 5.284 21.56 30.0 105.5
1416 11.0 1.7929 5.09 1758 0.08285 5.688 30.4 17.1 42.8
2413 15.9 1.6737 4.75 1564 0.08614 5.489 26.44 22.3 67.7
2414 10.3 1.7532 4,97 1698 0.08382 5.657 29.05 21.2 47.2

2415 9.3 1.8528 5.25 1863 0.08126 5.841 32.49 16.0 37.2

= hLT -



7.5.a.iii

99% CARBON MONOXIDE - 1% CARBON DIOXIDE

Speed of Sound - 0.352 km s-l; Specific Heat Ratio - 1l.4; Av. Mol. Wt. - 28,17

Photo Pl Shock Shock  Av.Shock 1 L?b Napier
Speed, Mach (Temp) 3 (p2/pl)av (P2/Pl)av Time Time

No. mm mm S No. Temp K us us atm
1421 12,7 1.7643 5.01 1709 0.08364 5.613 29,52 12.6 34.9
1422 13.8 1.7367 4,93 1662 0.08u412 5.537 28,59 12.8 36.8
1423 15.1 1.6890 4.80 1590 0.08567 5.472 27.02 4.1 41.4
142y 16.4 1.6788 4,77 1572 0.08599 5,438 26.69 13.9 43.5
1425 18.3 1,6391 4,66 1514 0.08707 5.380 25,43 13.2 43.5
1426 19.5 1,5965 4,53 1451 0.08718 5.297 24,11 14,0 45,9
1427 23.0 1.5562 4,42 1393 0.08954 5.213 22.88 15.1 54.5
2421 24,5 1.5178 4,31 1341 0.09067 5.1u41 21,75 18.3 66 .0
2422 26,7 1.4853 4,22 1296 0.09170 5.076 20.82 18.7 68,7
2424 9.9 1.8716 5.32 1879 0.08103 5.756 33.27 11.4 28.4
2425 8.8 1.8908 5.37 1882 0.08099 5.788 33.97 11.5 26.2
2426 12,5 1.,7643 5.01 1705 0.08370 5,593 29,52 12,2 33.1

= SLT -



7.5.a.iv

98% CARBON MONOXIDE - 2% CARBON DIOXIDE

Speed of Sound - 0.351 km s-l;

Specific Heat Ratio - 1l.U4;

Av. MOl. Wt. - 28.33

Photo Pl Shock Shock  Av.Shock 1 Léb Napier
Speed, Mach (Temp) 3 (02/0 l)av (P2/Pl)av Time Time

No. ] wmm us No. Temp K us us atm
1431 14,5 1.6839 4,80 1582 0.08582 5.u457 27.03 9.0 25.3
1432 21.1 1.5432 4 .40 1376 0.08989 5.194 22.64 9,6 31,2
1433 24,0 1.5178 4,32 1340 0.09071 5,132 21.90 9.6 34,1
1434 28.2 1.4579 %.15 1263 0.09249 5,038 20.17 10.4 39.2
1435 30.9 1.,4352 4,09 1232 0.09327 4,987 19,54 10.9 43,2
1436 18.3 1,6294 L.64 1499 0.08736 5,349 25,28 8.8 28.6
2431 20.2 1.6011 4.56 1459 0.08816 5.315 24,4 8.1 27.9
2433 25,0 1.5095 4,30 1331 0.09091 5,128 21.65 10.0 36.5
2434 27.0 1,4973 4,26 1314 0.09129 5.117 21.29 10,0 38.7

- 9T -
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7.5.b,i 99,9% CARBON MONOXIDE - 0,1% NITROUS OXIDE

Speed of Sound - 0.3529 km s-l; Specific Heat Ratio - 1l.4; Av, Mol, Wt. - 28,03

Photo P Shock Shock  Av.Shock 1 Lab Napier
Speed, Mach (Temp) 3 (0y/00) ¢ (P2/Pl)av Time Time

No. mm mm us No. Temp K us us atm
1501 13.1 1.,7484 4,95 1683 0.08406 5.592 28,82 22.1 6l.4
1503 14.8 1.6991 4,81 1610 0.08531 5.536 27.20 25.1 73.6
1504 15.5 1.6591 4,70 1555 0.08631 5.51 25.93 26.3 76,7
1505 14,5 1.7203 4,87 1645 0.08470 5.594 27.88 22.0 65.5
1506 17.6 1.6591 4.70 1557 0.08627 5.53 25,93 24,2 80.4
1507 19.1 1.6104 4,56 1483 0.08772 5.429 24,39 28.3 94,1
1508 20,0 1,5925 4.51 1456 0.08826 5.391 23.84 31.8 107.5

1509 10.0 1.8657 5.28 1871 0.08115 5.766 32,85 19.7 49,1

- LLT =~



7.5 .b.ii

99,5% CARBON MONOXIDE - 0.5% NITROUS OXIDE

Speed of Sound - 0.3525 km s

s Specific Heat Ratio - 1,43

Av. HOl. wt. - 28.09

Photo P Shock Shock  Av.Shock _1 Lab Napier

Yo - mzpﬁzgl H::? Temp K (Temp) 3 (02/01)av (P2/Pl)av Ti:e u:iz:m
1511 12.1 1,7699 5.08 1733 0.08325 5.728 30.47 13.9 38.6
1512 14,9 1,7046 4.90 1628 0.08500 5.608 28.24 4.4 Ly,7
1513 18.3 1,62u46 4,61 1496 0.087u41 5.388 24,89 16.4 52.9
1514 21.5 1.5606 4.u45 1403 0.08937 5.261 22.95 18.3 62.2
1516 9.9 1.8344 5.27 1840 0,08160 5.853 32.77 11.9 29.7
1517 9.3 1.8716 5.38 1904 0.08068 5.92 34,14 11.0 27.1
2511 8.8 1.8908 5.46 1923 0.08041 5.866 33.85 12.8 23.4
2512 10.8 1.8344 5.20 1820 0.08190 5.719 31.84 12.0 31.0
2513 11.8 1.7587 4,99 1698 0.08382 5.595 29.24 13.7 34.8
2514 13.7 1.7205 4.88 1640 0.08479 5.554 27.96 14,5 40.6

= 8LT -



7.5,b.,iii  99% CARBON MONOXIDE - 1% NITROUS OXIDE

Speed of Sound -~ 0.352 km s-l; Specific Heat Ratio - 1l.43; Av, Mol. Wt.,, - 28,17

Photo Pl Shock Shock  Av.Shock _1 Lab Napier
Speed, Mach (Temp) 3 (02/01)av (P2/P1)av Time Time

No, mm mm s No. Temp K us us atm
1521 25.5 l.4943 4,25 1306 0.09157 5.073 21.09 10.0 35.9
1522 11,1 1.8233 5.18 1795 0.08228 5.658 31.55 7.9 20,6
1523 14.0 1.7264 4,90 1644 0.08473 5.514 28,25 8.1 23.3
1524 16.2 1.,7248 4,74 1556 0.08630 5.405 26.39 8.5 25.8
1525 19.4 1.5886 4,51 1436 0.08865 5.265 23.86 9.1 29.0
1526 22.5 1.5439 4,38 1354 0.09038 5.174 22.52 9.8 33.5
2521 26.1 1.4891 4,23 1300 0.09185 5.041 20.94 10.8 39.1
2522 24,2 1.51u5 4,30 1335 0.09093 5.136 21.66 9.8 34,7

2523 28,2 1.,4701 4,18 1270 0.09242 5.041 - 20.40 11.0 41.9

- 6LT -



7.5.b.iv__ 98% CARBON MONOXIDE - 2% NITROUS OXIDE

Speed of Sound - 0.351 km s-l; Specific Heat Ratio - 1l.4; Av. Mol. Wt. - 28,33

Photo P Shock Shock  Av,.Shock 1 Lab Napier
Speed, Mach (Temp) 3 (02/91)av (P2/Pl)av Time Time

No. m mm us No. Temp K us us atm
1531 14,5 1.7102 4,89 1630 0.08490 5.513 28,07 5.1 15.0
1532 19.2 1.6203 4,62 1463 0.08810 5.336 25.00 6.5 21.9
1533 24,1 1.5314% 4,36 1360 0.09027 5.165 22.29 6.0 21.9
1534 27.2 1.4709 4,19 1277 0.09216 5.052 20,53 6.4 23.8
1535 29,2 1.4356 4.09 1232 0.09329 5.052 19,55 7.3 27.7

1536 32.0 1.4207 4,05 1211 0.09379 4,943 19,13 6.5 25.9

= 08T -
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7.5.c.1

99% CARBON MONOXIDE - 1% CARBONYL SULPHIDE

Speed of Sound - 0.351 km s~

l; Specific Heat Ratio - 1,43

Av, Mol, Wt, - 28.33

Photo Pl Shock Shock  Av.Shock 1 Lab Napier
Spee_ql Mach (Temp) 3 (p2/pl)av (P2/Pl) v Time Time

No. mm mm us No. Temp K a us us atm
1621 13.1 1.7061 4,86 1630 0.08497 5.515 27.74 5.8 15.3
1622 18.1 1.5975 4,55 1454 0.08827 5.2u8 24,28 6.1 18.5
1623 19.5 1.5748 4,49 1422 0.08892 5.203 23.58 6.3 19.9
1625 22.1 1,5462 4,40 1380 0.08982 5.127 22,72 6.8 24,0
1626 25.0 1.4986 4,27 1311 0.09137 5,049 21.33 6.6 23.4

= I8T -
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8. DISCUSSION

This chapter will firstly interpret and discuss the
results obtained in the pure CO and CO/Ne systems, for thg
fundamental and overtone of CO. The results will be compared
to computer studies of idealised relaxation models. A conclusion
will follow the discussion. Secondly, the interpretation and
discussion of the CO/polyatomic system is presented. A conclusion
follows this section. Then a summary is presented which draws
together relevant information from both pieces of work. Finally,

suggestions for further study are made.

8,1 PURE CO AND CO/Ne MIXTURES

8.1.a 1ST VIBRATIONAL LEVEL

The results for the fundamental of CO are presented in
section 7.2 and those of CO/Ne mixtures in section 7.3 of Chapter 7.
The Napier time-temperature data is plotted in Figure 7.4, according

to the Landau-Teller®

equation.
e
lInt = A + BT 33
where t/us atm = yrelaxation time
B/K’% = constant

A = constant (only very slightly
temperature dependent)
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In the case of the pure gas the constants A and B are found to be:=-

A "22.2 (-2202)

B 160.2 (160.0)

These constants agree very well with the values (in brackets)
obtained by Hooker and Millikan? Measurements on total properties
of the system,a’u in pure CO, also have good agreement with the
above constants. This is an interesting result since measurements
of total properties have Lo klo(1~exp(-hv/kT)) while spectroscopic
measurements have L. k1°(1+exp(-hv/kT)).

Thus as the temperature increases, the discrepancy between
the two experimental techniques should increase. The computer results,
mentioned later, indicate this.

In the case of mixtures it is possible to plot +™1 versus

mole fraction X, according to the equation:-

i, 1x . _X

Tmix  ‘co-co Tco-Ne

where X = mole fraction of Ne

Teo-Ne Napier time of 1 molecule of CO in Ne

Figures 8.1, 2 and 3 show plots of T-l vs X for the constant
temperatures 1953K, 1813K and 1628K respectively. The data is
extracted from Figures 7.6 through 7.12, thrnpointion of the

straight line to the case where X=1 gives a value of Too-Ne at the

O~N
particular temperature. By applying this to another tempsrature,
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the values of A and B in the Landau-Teller equation are:-

"21.66 ("2].-1)

>
n

lu8.9 (142.0)

-]
"

The values are higher by 2.7% for A and 6.3% for B than the values
(in brackets) obtained by Mi.llikan.5 The constant B gives a
steeper temperature dependence. It is most probable that the
present constants are more reliable since the effect of the diluent
was studied over a number of concentrations. This is in contrast
to the study of Millikan.s who must have obtained his values by
extrapolation of the line between pure CO and 3% CO in 97% Ne.

The temperature dependence of Te0-CO and TC0-Ne is shown
in Figure 8.4, This figure also shows the values given by the

S.S.H. theory and the M.W. correlation. The constants used in the

S.S.H. calculations are shown below:-

TABLE 8 :l
¢/k K r. nm v eat
0 B
Cco 88.0 27.49 2143
N‘ 35 06 37 .05 -

The S.S.H. calculations give good agreement with the experimental
value for pure CO, but the values are about 3 times shorter than

the measured value for To0-Ne® The discrepancy in the latter case
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is difficult to explain. The value of e/k and Ty for Ne come

from viscosity measurements on the pure gas. The error may arise
because the geometric mean is taken for t¢/k and the arithmetic

mean for Tys in gas mixtures. The means may not accurately
represent the L-J parameters in the CO-Ne case. The M.W. correlation
gives values of 1., ., and To0-Ne which are both a factor of 2 too
long. This may be due to the assumption of a single value for the
repulsion parameter, £, in all cases. Further, the correlation
contains no terms relating to ¢/k or Ty

8.1.b 2ND VIBRATIONAL

The results for the overtone of pure CO are presented in
section 7.4.a of Chapter 7. The Napier time-temperature data is
plotted, in Figure 7.14, according to the Landau-Teller equation.

In the case of the pure gas the constants are found to be:-

A = -21.98 ("22.2)

B = 156,7 (160.0)

The constant B is slightly less, by 2.1%, than the value obtained
pmviously.2 and thus it gives a less steep temperature dependence.
The population of the 2nd vibretional lewvel may be by a
direct O + 2 process or by stepwise processes cbeying the selsction
rule Av = 1, If the direct process predominated, then the infrared
enission trace Figure 7.13 would show an exponeatial rise, similar
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to Figure 7.5. The trace, Figure 7.13, does show a zero initial
slope, which cannot be ascribed to effects of the rise time of the
system. The zero initial slope arises from the fact that the first
vibrational level, v = 1 must have appreciable population before the
excitation to v = 2 can occur. Using an harmonic oscillator 3 state
model, see sections 5.2.b.ii and iii, the second vibrational level
may be analysed according to equation 5.12. Treatment of the
experimental results of the first level by equation 5.3.a and of the
second level by 5.12, leads to the fact that the first and second
levels give approximately the same relaxation time, at the same
temperature, This gives support for the stepwise process, since

Av = t1 selection rule is incorporated in the analytical equations,
Further evidence for the stepwise process, emerges from S.S.H.
calculations. When a large amount of energy, corresponding to the

2 + 0 transition (4286 cm'l). is transferred between vibration and
translation, the probability P20 becomes very small, 1l.44 x 107 1at
1953K. Assuming that the rate of stepwise population of the 2nd level

in twice the rate of population of the lst level, them P S.4 x

step
10”7, This means that the direct process is 10~' less probable than
the stepwise process.

The CO/Ne mixtures were plotted according to the Landau-
_Teller squation, Figures 7.1% through 7.26. Plots of T L vs X were
made at the constant temperatures, stated previously. The reciprocal
Napier time shows an unexpected concentration dependence, since the

second level results for the mixtures should fall on the same line as
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the first level mixtures. The discrepancy between the two lines
apparently decreases as the concentration of diluent is increased.
The results on the first level were obtained in a glass-
-metal tube, with windows, while those of the second level in an
all glass tube, It may be, then, that the trend shown in the figures
is an experimental artifact., However, as mentioned in Chapter 2,
strict precautions were taken to ensure the purity of the sample
and the uniformity of the flow. It was also realised that the
dimensions of the tube and the bursting characteristics of the
diaphragm produced non uniformities in the flow. These were
corrected for in the precribed manner, see Chapter 3. Thus it was
felt that the trend observed in Figures 8.1, 2, 3 was genuine. It
is possible that deficiencies in the analytical equations led to
the discrepancy. Computer studies, using idealised models, were
undertaken to test the validity of the equations., The tests are

shown below.

8,1.c COMPUTER STUDIES

8.l.c.i THE MODELS

The computer calculations, section A.2.iii, Appendix 2,
were carried out using three models in which the molecules were

assumed to be simple harmonic oscillators.
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a) The two level plus resonance model, see for example
section 5.2,b.iii, The first excited state was populated by T-V
processes, while higher vibrational levels were populated by
vibration-vibration (V-V) exchange, at exact resonance, for

example in CO:-

—

CO_q *+ €O T €O 40y + €O, 8.1

b) The Landau-Teller (L-T) model, in which the
population of all vibrational levels was by vibration-translation
(V-T) energy transfer. The ratios between the rate constants were
as shown in section 5.2.a.ii of Chapter 5.

c) The L-T model, as in b, but with resonance exchange
operating concurrently. It was possible to adjust the rate
constants of the resonance reactions (e.g. 8.1) so that the V-V
rates become fast with respect to the V-T rates.

It was possible to use the models with the molecules having
up to 10 vibrational levels. The relaxation of any chosen level
could be plotted as a function of time, a constant or changing bath
temperature could be chosen, providing in the latter case the

temperature dependence of k.. was fed in as the constants A and B

10
of the L-T equation. Diluents, particularly inert gases, could be
added to the system in any concentration. Their L-T constants,

in the presence of 1 molecule of the othir gas, would be required

in a changing temperature condition. It was also possidble to
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calculate the oscillator energy.

Figure 8.5 shows relaxation curves plotted for the first
(I) and second (II) vibrational levels, using a L-T model with 5
levels. The ordinate is the ratio of the population x at time t,
to the final population at equilibrium. The abscissa is in units
of time which have been normalised to the relaxation time (klo_l)
of pure CO, at the particular temperature. These relaxation curves

can be reduced in exactly the same way as the experimental curves,

Chapter 6, to cbtain a relaxation time.

8.1.c.ii GENERAL OBSERVATIONS

In the discussion below the molecule being considered is
CO, reference will also be made to CO/Ne mixtures. Several
interesting points arose from the computer studies:-

a) Using an L-T model with the bath temperature changing
(initially at 2051K) runs were made with molecules having 2, 5 or 10
vibrational levels. The relaxation time was taken as being the time
for the population to reach (1-(1l/e))th or 63.2% of its equilibrium
value. It was found that the relaxation time for a 5 level system
was 3% higher than that for a 2 level. The longer relaxation time,
in the former case, reflects the filtering off of vibrational energy
into the higher levels. This lengthens the tims required for the
1st level to reach equilibrium. Extending the number of vibrational

levels to 10 resulted in a relaxation time exactly the same as that
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obtained for the 5 level system. Thus for most of the computer
runs, a 5 level system was used.

b) For upper levels, the 2nd in particular, it was
observed that the L-T and L-T + resonance (L-T-R) models gave
exactly the same relaxation curves. This effect was independent
of temperature and concentration of diluent. It was also the
case no matter how fast the resonance rates were made with reapect
to the L-T V-T rates. (At about 2000K, for exact resonance the

S.S.H, theory predicts a probability of 2.16 x 10"'3

s While for the
V-T process P, is 4.8 x 107 at the same temperature. Several
calculaéions were made where the V-V rate constants were greater
than the V-T constants by factors of ten. The increase in the V-V
constants did not affect the relaxation time. In order to conserve
computing time, the V-V rate constants were made a factor of 10
faster than the V-T constants, for most of the calculations). The
concordance of the relaxation curves demonstrates a point that

theoroticianss’7'8’9

have argued. It is that the resonance reactions
serve only to redistribute the available vibretional energy, thus
enabling a quasi steady state distribution to be maintained. This
distribution slowly decays to equilibrium through V-T processes.

It is here that the distinction between the 2 level ¢ resonance

and the L-T-R mechanisms becomes clearer. In the former system

the upper vibrational levels can only obtain their energy from

translation through the 0 + 1 transition. This means that higher
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vibrational levels, in this model, would have to await significant
population of the lst vibrational level. In the L-T-R model energy
is being fed from translation to every vibrational level. The
computed relaxation curves showed that, for the 2nd level, the
relaxation time obtained by the 2 level + resonance model was longer
than that for the L-T-R model. This is one piece of evidence which
strongly suggests that the 2 level + resonance model is unrealistic.
The kinetic analysis of this model is shown in section 5.2.b.iii of
Chapter 5,

c) The relaxation time of the oscillator energy, which is
a total property of the system, is taken the time when the energy has
reached 63.2% of its equilibrium value. The times obtained were
compared to the relaxation times obtained, in the same way, from the
populations, It was found that, for a 5 level L-T model at 1500K
with temperature changing, the relaxation time for the oscillator
energy was 17.9% higher than that from the populations. For a
similar system at >3000K the discrepancy is >50%.

In L-T plots of the experimental data, from spectroscopic
and i.nterferomtrié measurements the scatter is such that these
discrepancies are not noticed. Further comment will be made in |
section 8.1.c.iii.

d) Relaxation times obtained assuming a constant bath
temperature woh different from those obtained in a chmglng-bath.
The relaxation time in the case of a constant bath was always gr;afor

than that in the temperature changing case. This is dus to the fact
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that exp(-hv/kT) is always greater in the former system, so that

it has further to go to reach equilibrium. It is also usual in
shock tube studies to take the average of the shock temperature

and the final equilibrium temperature. The relaxation time was
quoted at the average temperature. It was found that the difference
between the average temperature and the temperature corresponding to
the relaxation time was about 10K in 2000K. The discrepancy was
even less in the case of mixtures, where the temperature changed
less as the concentration of diluent was increased. Errors from

this source were negligible.

8,1,c,iii TEST OF ANALYTICAL EQUATIONS FOR 1ST ND

This section will show the tests applied to the analysis
of the relaxation curves. The tests were applied equally to both
levels, in pure CO and CO/Ne mixtures.

Considering pure CO., For the firet vibrational level,
the best possible model and conditions, to suit the analytical
equation 6.3, was an isothermal two level system. The calculations
were done at 1500K, with a constant bath. Taking points off the
relaxation curve and plotting -ln(l-x(t)/x(=)) as ordinate and t
as abscissa, a straight line was obtained, Figure 8.6, The reciprocal
of the slope was 1, this was found to be 0.9 us (the values of the

gradations of the x axis of the Figure 8.5 were arbitrarily chdnn
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as 0.5 us). The system was then revised to an L-T-R system with

5 levels, the bath temperature held constant as before. The plot

of 6.3, showed an initial curvature, However, the best straight line
was drawn through the points and t was found to be 1.0 us, This
represented an 11% increase over the previous value., A further
approach to reality was then made by making the bath temperature change
over the relaxation period. A plot of equation 6.3 in this case is
shown in Figure 8.6 (N.B. Figure 8.6 now shows the two extremes,
i.e. the isothermal 2 level model and the more realistic multistate
model, with changing temperature). There was a noticeable increase
in curvature, over the isothermal 5 level case. The best straight
line gave a relaxation time of 1.18 us an increase of 30% over the
ideal model. Experimentally the present results gave little or no
curvature on plots of equation 6.3. It was thought that noise on
the traces may have obscured the effect. However, Hatthewsa
(interferometric study at >3000K) obtained a similar curvature

by plotting -1n(1-(p/p_)) versus t, where p,p_ are the densities

at time t and equilibrium respectively. He obtained the relaxation
time by taking the slope of the curve at its mid point. Analysis

of the computed vibrational energy by this method, for a 5 level
temperature changing system, gives a value of 1.26 us. This value
is comparable to that obtained from the populations. It is realised

that experimental inadequacies may account for about 15% scatter,
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about the average line on an L-T plot. However, systematic errors
are introduced by taking values of the relaxation time from curves
such as Figure 8.6 or from the curves given by Hatthews.a There
would also be a small random error due to say estimating the mid
point of the curve. These three types of error probably account
for the scatter seen on L-T plots (see, for example, ref. 25,
p.236, p.257) and why the spectroscopic results and interferometric
results are the same.

The same procedure was carried out with the 2nd
vibrational level. The ideal model was that of an isothermal 3
level system. The relaxation curves were analysed by equation 6.4,
The relaxation time obtained was exactly the same as that for the
lst level. For the other two systems which approached reality, the
same treatment was applied. The resulting relaxation times, were the
same as those obtained on the lst level, with the same discrepancies
between the ideal and realistic models.

The relaxation times of the lst and 2nd levels were
computed for mixtures of 50% CO - 50% Ne and 10% CO - 90% Ne. A
S level L-T-R model, with changing temperature was used. Again
the curvature was evident in plots of equations 6.3 and 6.4. However,

the curvature diminished slightly in the order:-
Pure CO > 50% CO > 10% CO

This was due to the fact that as the concentration of diluetit was
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was increased, the isothermal condition was approached. In the
mixtures the relaxation times obtained for both lst and 2nd levels
were the same.

Thus two facts emerge from the above discussion:-

a) that the relaxation times obtained by a realistic
model are 30% above those obtained by an ideal model, for both
levels, using the same method of analysis. The results of the
present study, and those which have gone hofom,2 may be too high,
The equations 6.3 and 6.4 are not adequate for analysing the
experimental curves. The inadequacy has been demonstrated by
comparison with the interferometric work which gives rise to the
same relaxation times.

b) that in all conditions of temperature and concentration
of diluent the second level gives the same relaxation time as the
first, in the case of a harmonic oscillator. The discrepancy between
the results on the lst and 2nd levels, in the present case, is not
resolved. One assumption remains to be questioned. Are the Landau-
-Teller ratios of the rate constants correct? This is dealt with

in the next section.

8,1.d THE LANDAU-TELLER RATE TANTS

In the derivation of equations 6.3 and 6.4, see sections
5.2.a and 5.2.b respectively, a harmonic oscillator was assumed.
The computer models used a harmonic ocscillator., This model had

the rate constantgrelated in the following general way:-
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kj*l’j : kj,j-l = (j“’l) H j

In the case of the 1lst and 2nd levels:-

kyy = 2y,

and

kjg = 2Ky

In the case of an anharmonic oscillator it might be expected that:-

K
;(ll->2 8.2

10

This arises because the rate constant for the 2 + 1 transition
(2117 cm"l in CO) is greater than that for the 1 + O transition
(2143 e in CO).

Using two different theoretical approaches it is possible
to put an approximate value to the coefficient in 8.2, in the
anharmonic case:-

i) Using the S.S.H. theory, with the constants given in

Table 8.1, a value of k,. can be obtained., Using the same constants,

10
but now setting V = 2117 cm'l it is possible to get an apparent value

a [ ] -
for k21’ called klgp + The value for km is 1.07 x 10“ s 1 and
. 4 -
k;gp is 1,23 x10 s 1 at 1953K. Thus the ratio of rate constants

in the anharmonic case may be written:-
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(k2l = 2 x 1,23
10 anharmonic

= 2,23

ii) The vibrational relaxation of anharmonic oscillator

10,11 In this treatment an

molecules has been treated by Bray.
exponential increase in V-T probabilities was given with increase
in vibrational level. The equations allow direct calculation of
the transition probabilities between the various levels of an

anharmonic oscillator.

The calculations are as follows: -

_ v
Pv,v—l - P‘”T—'& P(yv,v--l)

where v = vibrational quantum number

P(T) = constant, at constant temperatures, which can be
chosen empirically. This factor is eliminated in
the present calculations.

¢ = the anharmonicity
F(yv vl °© adiabaticity factor which has been evalued

,V-
enpivicany.u to be

F(y) = 0.5(3-exp(-2y/3))exp(-2y/3)

' = 16 My tec 8.3
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The parameters in equation 8.3 have been described in Appendix 2,

section A.2.1i.

The value of 6' was taken from the S.S.H. calculations,

Thus for 6' = 4,33 x 106, ¢ = 0,0061 and at 1953K:~-

Then for v = 1

y = 16.42
From this:- F = 2.63 x 10>
. PlO = P(T)F

-5
.o Plo 2,63 x 10 ~ P(T)

For v = 2, all the other parameters being the same as before:-

y = 16,21
From this:- F = 3.06 x 10°°

.o le = P(T)F 2.05

- Py = P(T) 6.27 x 1073

From the S.S.H. calculations T (time between collisions) at 1953K

is 4.8 x 1030 5. Thus the rate constants are:-

kj, = Sex 10* p() 871
21

k 5
- (T(-z-%) = M = 2.4

k.. = 1.3 x10° p(T) s~

10 anharmonic S.4 x 10&
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Thus the two different theoretical approaches both give
approximately the same value for the Landau-Teller coefficient,
in the anharmonic case. The above calculations apply to the rate
constant, (klo)co-co’ in the pure gas, but presumably the same

reasoning may be extended to (klo)CO-Ne°
There is very little experimental evidence to indicate

whether the Landau-Teller ratios between the rate constants are

correct. The flash photolysis experiments of Callear and Smith13

indicate that k : k21 : k... are in the correct ratio., Similar

32 10
experimentsl“ on the high vibrational levels of 0, are consistent
with a single step quantum jump. The shock tube work of Hooker and
Millikan2 also is consistent with the single quantum jump, with the
ratios being correct for the lower levels, On the other hand work

on high vibrational levels of 1215’16

has indicated that tramsitions
where Av = 2 play a significant part in energy trensfer in 12. Also
Chow and Greenel7 have observed the 2nd, 3rd ;nd 4th levels of HI.
They found that all the levels relaxed at the same rate, with a simple
exponential, not predicted by the Landau-Teller model.

The present results indicate that the stepwise model for
the population of the upper states is correct, and Av > 1 transitions
play little or no part in energy transfer. Howovnr, it has been shown
that ratio of k,, : k4 is not 2:1. It is -oro‘likoly that the
Landau-Teller coefficient lies between 2.2 and 2.4, for fhcco rate

constants., Unfortunately, no method for the extraction of i vlino for
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the coefficient, from the present results was available.

8.1.e CONCLUSIONS

The work on the 1lst and 2nd vibrational levels of CO was
reexamined, under carefully controlled conditions. The values of
the L-T constants were in reasonable agreement with previous work.2’5
A discrepancy between the results of work, on mixtures, of the lst
and 2nd vibrational levels was shown. The detailed conclusions are
shown below:-

a) One of the objects of these experiments was to try to
distinguish between the stepwise, section 5.2.,b.ii, and the resonance
exchange, section 5.2,b.iii, mechanisms for the population of the
second vibrational level. It was shown in section 8.l.c.ii that the
3 state model assumed in 5.2.b.iii was unrealistic and this néhanism
was discounted. It was concluded that the L-T-R mechanism was the
most realistic model. In fhia pmcqis. the resonance reactions
maintain a quasi Boltzmann distribution, while the general form of
the relaxation is carried out through V-T processes. The experimental
works of App].m:on]‘8 and Millikan and Hhite.lg on "2’ seem to support
this idea.

It has been demonstrated thoontiullym‘u

that in the case
of high vibrational temperatures and low trenslational temperatures
V-V reactions play an important role, in the relaxation process. The

result is that vibrational deactivation becomes rapid, the rates being
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much faster than those predicted by the L-T model. In contrast

41,42 which show an enhanced vibrational

to some recent experiments
deexcitation rate, the work of Appleton et al“3 shows that when

T-V collisions control the relaxation process, the characteristic
vibrational relaxation time of CO dilute in Ar is the same whether
measured in a compression or expansion situation. Thus it seems
that the L-T model may be applicable in cases of extreme vibrational
excitation,

b) The kinetic equations used to analyse the computed
and experimental relaxation curves, were found to be inadequate.
They cannot cater for conditions of changing temperature in multi-
level harmonic oscillators. The relaxation times obtained for the
real conditions are often very different from those obtained from
ideal conditions. The absolute value of the present results may be
too high because of this., Thus the work of Hooker and Hillikan2 may
have a small systematic error. However, it is difficult to see how
the equations could be changed for the better.

20,21 have derived an exact

Johannesen and his co-workers
procedure which determines the relaxation time at the local conditions
of T and p,throughout the relaxation region, behind the shock.

Blythe22 has compared this method with the approximate analysis
using the average temperature., The differences between the two methods
were found to be of the order of 10% - 20%. The exact method has had

limited application, with intorferonntricza and laser lchlioronz“
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measurements., It would be worth while extending this technique to
cover spectroscopic measurements, such as thosepresented here,

c) It was thought that the difference between the 1lst
level and 2nd level results with the mixfures was genuine. The
computer calculations showed that for all temperatures and
concentrations of diluent, the lines in Figures 8.1, 2 and 3 should
concur. It was assumed that the Av = t1 was still valid, and that
the discrepancy was due to the fact that no account of anharmonicity
was taken in the Landau-Teller model. It was shown that the
Landau-Teller ratio between the rate constants k2l and klo was >2,
the actual value being some where between 2.2 and 2,4. Thus further
computer calculations using anharmonic oscillators are required.

The general shape of the curves for the 2nd level in
Figures 8.1, 2 and 3 is more difficult to explain. The 'tailing off'
at high concentrations of Ne may be due to the weakness of the infrared
emission in these mixtures. As the temperature decreases i.e. 1953K
to 1628K, see Figures 8.1, 8,3, the rate constants k21 and klo are
expected to decrease. However they do so in the same relative
proportions, so that the discrepancy between the 1lst and 2nd levels

remains constant at about 10%,
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8.2 CO/POLYATOMIC MIXTURES

A detailed analysis will be presented for the CO/C02 system,
Most of the arguments used in this analysis will be extended to the
analysis of the co/nzo and CO/COS systems. Any minor amendments will

be noted.

8.2.a CO/CO, SYSTEM

Assuming, initially that 002 is a moleculs with a ground

1l

vibrational state and an excited state at 2349 cm , then the five

processes which may govern the relaxation of the c0/002 systems are:
1) Cco* ¢+ CO —— €O + CO V-1
2) CO* ¢+ CO, —= CO + CO v-T

3 CO* 4+ CO, T—= €O + CON-206cm V-V

4) co.* + CO

5) COM+ O == o, + CO V-1
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where * indicates a vibrational energy quantum. It is also assumed
that the rate of reaction (4) >> (1), see Figure 7.28 at 1372K
(T"Ja' = 0.09) for CO/CO,.

Figure 7.28 shows an L-T plot of the results of the various
mixtures of CO and CO,. It is noted that small amounts of co, have
a dramatic effect on the relaxation time of CO. There are two
explanations which arise depending on the rate of (3):-

i) 4if (3) is much faster than all the other processes, then
it will maintain the vibrational energy of the whole system in local
equilibrium. The vibrational energy will then relax via the faster
of processes (4) or (5). There is a single relaxation time, with
the rate controlling process being either (&) or (5). If (4) plays
the dominant role, then a quadratic dependence of reciprocal relaxation
time on mole fraction of co2 will be given (this is shown in section
5.2.¢c and 5.3.a of Chapter 5). |

ii) if (3) is slower than (4) or (5) but faster than (1) or
(2), then CO will relax by the route:- (3) followed by (4) or (S),
with (3) being the rate determining step. This will give a linear
dependence of the reciprocal relaxation time on mole fraction of co,.
There will be a double relaxation process.

In general, except in the two extrems cases above, the
relaxation process cannot be defined by a single relaxation time, but
can be regarded as a coupled case of two relaxation processes. It has

been observed, experimentally, by Taylor, Camac and Feinberg ('l'.(!.t’.\)""’6
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that mixtures of diatomic gases relax to some fraction of their
equilibrium, then both gases relax with the same rate toward the
equilibrium. The fraction to which they relax initially depends
on the extent of V-V coupling, which is called, by T.C.F., the
vibrational energy ratio a. They show that for weak coupling
o + 1, and for strong coupling a + O.

Plots of 1 ) vs mole fraction of CO,, Figure 8.7, at constant
temperature 1372K show a linear dependence. It is noted that only
a small concentration range has been studied, and that the quadratic
dependence may reveal itself at higher concentrations of 002. However
the linear dependence of T-l over this concentration renge allows the

first qualitative conclusion. It is that CO-CO, are weakly coupled

2
(according to T.C.F. a + 1) such that reaction (3) is much slower than

the V-T processes (4) and (5), but that it is much faster than the V-T
processes (1) and (2). Thus (3) dominates the relaxation of CO,
The molecule CO2 has 4 vibrational modes, and not as suggested

earlier, just one. The symbol coz(xyzu) denotes a €O, molecule with X

2

quanta of the symmetric stretching mode, v,, excited; Y quanta of the

1
doubly degenerate bending wmode, Voo excited with angular momentum Z;

and W quanta of the asymmetric stretching mode, Vas excited. The

sysmetric stretch is at 1388 e-'l; the bending mode at 667 a'lg and

the asymmetric stretch at 2349 cfl. Much work has been carried out

on the vibrational relaxation of the various modes of 002. The

consensus of present opinion is that neither the symmstric stretching
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mode nor the asymmetric stretching mode have significantly longer
relaxation times than the bending mode, see section 1.3, Chapter 1.
These measurements are in contrast to theoretical calculation327’28
which indicate that the asymmetric mode should have longer times
than the other two. The calculations are sensitive to Lennard-Jones
parameters which are used for calculating the potential energy
function between colliding molecules. As indicated in Chapter 4 the
parameters may not be known with sufficient accuracy, at the present
time. Rapp and Sharng have criticised the perturbation approximation
used in the calculations, since it is invalid at high temperatures.
The energy level diagram for c02. Figure 8.8, shows some of
the lower levels for CO,, and some of the possible transitions for
populating the upper states. T-V processes excite the lowest lying
mode Ve There is a known Fermi Resonance between 2v2 and v, 80 that
there is very rapid energy exchange. These modes are always in
equilibrium. The v, and v

1 2
processes., It is difficult to define the exact nature of these

then transfer energy to mode Va via V-V

processes, since the picture regarding them is complex. A few of
the possible pathways are given below:-

i) Intramolecular V-V energy transfer:-

co,(0u0%0) + X k——-.}.coz(oom +% 4109 at

-1
C0,(1110) + X T=>0,(00°1) + X - 272 cm

3 = -1
€0,(0330) + X £=00,(00%1) + X - 416 cm
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ii) Intermolecular V-V energy transfer:-

1 09) —> 0 0 - -1
CO2(01 0) + C02(10 0) ‘——C02(00 1) + CO2(00 0) 294 cm

0 lg) = 0 0 - -1
C02(00 0) + C02(11 0) V—CO,‘,(OO 1) + C02(OO 0) 272 om

It is assumed in the present analysis that there is a rapid V-V
pathway which maintains the v, mode in a local equilibrium so that
v, and v, have the same relaxation time as vy It is noted, however,

that by using a large excess of CO compared to CO,, it is possible

2

to decouple, to some extent,the relaxation of modes v, and v_ of CO,.

2 3 2
At the high temperatures experienced in shock tubes, the effect of
the dilution may be offset by the increase in molecular velocity,
which increases the probability of the collision of 2 polyatomic
molecules. The decoupling will be neglected in the present analysis.
However, the decoupling may be significant at low temperatures (300K),
so that the rate determining step may be some intramolecular V-V
process in the polyatomic species. Studies at room temperature, with
the N2/CO2 laser systea.“ have shown the importance of intramolecular
V-V energy transfer in polyatomic molecules.

The excited Vs mode can now couple to the fundamental
vibration frequency of CO. The possibility of direct V-V coupling
between CO and modes v, or v, is available in the sequence:-

€0,(00%1) + o ;;=£!c02(1110) +00 ¢ 272 ot

—_— -1
and €O + C0,(1110) == CO*+ €0,(00%) - €6 cm
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Moore has concluded that the rate of the sum of reactions of the type
above is at least one order of magnitude smaller than the rate of:-

00,(00%1) + CO T== €0,(00%0) + CO* + 206 o

This argument is consistent with the results of Rosser, Wood and
Gerry.37 on the N2/CO2 system,

The calculations of H.rzfeldal indicate that for the
N,/CO, system, AE = 18 cm-l, at 1500K the probability, P, for
(0110) + (000) is 1.38 x 1072 (9.09 x 10™2 in pure C0,), while
for the V-V reaction, similar to 3, the value of P i{s 2.5 x 1073,
Thus in the present case, while the values of P for (4) and (5)
stay approximately the same as the N2/CO2 system, the value for
(3) must decrease because of a ten fold increase in the energy
discrepancy AE. The S§.S5.H. theory and the M.W. correlation may
given an indication as to the values of k,, kyo kg and k, . These

are shown in Table 8,.2:~



S.S.H.
M.W. Correlation

Expt.

S.S.H.
M.W. Correlation

Expt.
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TABLE 8.2
At 1372K

Reaction 1, kl/s-l

Reaction 2, kz/s-l

2.09 x 10°

7.46 x 102

2.5 x 103

Reaction 4, kuls'l

1,61 x 102

2,95 x 102

Reaction §, ksls"l

4.16 x 10°

5.29 x lO6

1.96 x 10°

6.28 x 10°

6.8 x 10°

In the S.S.H. calculations for 002. ¢/k = 213,0K and r, = 38.97 nm.

0

The conclusions to be drawn from the above discussion and

table are summarised as follows:-

i) kl > k2
ii) k, * ke
1i1) L k5>> kl' k2
iv) kg = kq exp(AE/KkT)
-1
where AE = 206 om
S kg = 0.8k,
o kg 2k g ky
v) X << 1
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Using these facts it is possible to make adjustments to the
analytical equations:-

Taking 5.31:-
1

= 2o+ (ky = k) + (kgke/(k_g + kg))X

1
CEMC R

2,,2
+ (kgk_gl, = w)/(k_g + kDX

Using assumption iv)

1 .1 _ - 2..,2
o = ?:A + (ky = k) # (k)X + (ksk_a(k“ wl)/(ks) X
also kg > (k2 - kl)
so that:-
I, = To ¢ kK (kgk_g(k, - w)/(k DN

AA

The two assumptions used above may also be applied to w, 3=
W= ky = kg o+ (kgko/Ck_g ¢+ k)

which reduces to:-

ok e 3o e kX (kk Ok, = k(KR
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Rearranging:-
k .(k -k,)
L= 3 ¢ kxa s %
AA (k.)

5

Using assumptions ii), iv) and v)

k .(k,~k.)
(k5)
L k X
T TM

This is the equation of a straight line, the gradient of which is

the rate constant k,. Similar approximations applied to the analysis
of Tuesday and Boudart, see section 5.2.c of Chapter 5, give the same
equation. The gradient was taken from Figure 8.7 and was found to be
1.45 x 10° 7}, and thus the probability 5.2 x 10™'. At 1372K, the

near resonance theory of S.S.H. gives a value of P of 1,96 x 10'“,

10-01
while the exact resonance value is 1.097 x 10'3. The calculations of
Rapp and Golden ? give a value Plo-oy Of 242 % 103, The temperature
dependence of Plo 01 from the experiments was cbtained by plotting
figures similar to 8.7 at different temperature. The temperature
dependence is shown in Figure 8.9, together with those given by the
theories. The agreement between the observed probabilities amnd
calculated ones is good considering the uncertainties in both experiment
and theory. The temperature dependence seems to be more correct in

the case of Rapp and Golden case than the §.5.i. As menticned previously
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the discrepancy may be due to taking the geometric mean for e/k

and the arithmetic mean of T of the corresponding two values for

the pure gases. This may apply particularly in the cases of the
CO/polyatomic systems, since the potential well depth of the
polyatomic species is about 2 to 4 times that for CO.

Extrapolation of the present results to 300K gives a value

of 2.3 x 10°°, This value is compared to a valus of

30

of Pio-o1

8.0 x 10‘” suggested by Moore, which indicates that the process (3)
may be =400 times more probable than the present results suggest.

' However, at temperatures x1000K long range forces between the dipole
moment of CO, ("3) and the quadrupole moment of CO become important.
The calculations of Sharma and Bmuaa indicate that the probability
was inversely proportional to temperature, see sectiom 4.7, Chapter 4,
This has been demonstrated experimentally by the shock tube studies

of Taylor and Bittomanau and Roach and S-ith.as

Thus, it is possible
to conclude that there are two separate interactions for near resonant
exchange processes. At low temperatures, long range forces are
important and the rate is proportional to 71, while at high
temperature the interaction is dominated by short renge forces, the

rate being proportional to T.

8.2.b CO/N20 SYSTEM

In this case the resonance reaction (3) is written as:-
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%3

% e ' - -
Cok + NO T €O + NO - 80 cm

k-.‘:l

1

The plot of t! vs mole fraction of N0 is shown in Figure 8.10.
The dashed line indicates the possibility of a quadratic dependence,
and thus that the above reaction is fast compared to ku for pure
N20. However, it is pointed out that the mixture containing 2%
uzo, gave very fast experimental rise times,> 5 us, which were
comparable with the rise times of the system. It was though that
the point at 2% N,0 in Figure 8.10 was unreliable, and for the
purposes of the present analysis it will be ignored.

N

0 has very similar properties to CO However, whereas

2.
modes of coz. there is a

2
there is Fermi resonance between 2»2 and v
1

1

wavenumber difference of 107 cm =~ between the secomd harmonic of

v, 1 mode of N20. This results in a slower transfer of

energy to the v, mode from the v, in N,0 then in CO,. The excitation

and the v

of the v, mode is much faster in N0. Inm this case it may be expected

that N20 would exhibit separate relaxation times for the various modes.
However Simpson et al.36 in a careful shock tube study up to 1700K,

have shown that neither the v, mods nor the v, mods have significantly

3
longer relaxation times than the v, Wode,
The magnitudes of the rate constaats, obtained by theory

and experiment are shown in Table 8.3:-



4.0.

30

Figure 8.10
Plot of 'fl«s Mole Fraction
CO/NZO Mixtures At 1372K

o0l 002
Mole Fraction NgO
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TABLE 8,3
At 1372K
Reaction 1, k /s-1 Reaction 2, k /s"l
? l "2
S.S.H. 2.09 x 10° 1.9% x 10°
M.W. Correlation 7.46 x 102 2.96 x 102
Expt. 2.5 x 10° -

Reaction 4, ku/s"l Reaction §, ksls-l

S.5.H. 1.47 x 107 2.12 x 107
M.W. Correlation 8.26 x 10° 1.03 x 107
Expt. 6.99 x 10° -

In the S.S.H. calculations, for N.O, e¢/k = 237,0 and = 38,16 nm,

2
In this case the assumptionsi), ii), 1ii) v) made in section 8.2.a

still hold. However, since AE is reduced

k_a s ks

Although in this case k., k_, are faster than in the CO/CO, case,
reactions (4) and (5) in the CO/N,O have increased by about a factor

of 3 so that:-

kg > ko k_g

8 -1

The gradient of Figure 8,10 was found to be 2,75 x 10° s~ and thus

the probability is 1.05 x 10'3. At 1372K, the near resonande theory

of S.5.H. gives a value of P, o of 2,67 x 10" while at exact
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resonance the value is 5,49 x 10_3. The calculations of Rapp and

Golden? give a value of P of 4.5 x 10°3, The temperature

10-01
dependence of PlO-Ol from the experiments was obtained by plotting

figures similar to 8.7 at different temperatures. The temperature
dependence is shown in Figure 8.11, together with those given by
the theories. The experimental data has good agreement with the
calculations, although the discrepancies may be ascribed to choice
of L-J parameters in mixtures. The experimental data shows an

increase of a factor of 2 in P for the COINQO system over the

10-01
co/ Co, systenm.

The present results were extrapclated to 300K, where a

]

value of 1.9 x 10 = was obtained for P The only measurement

10-01°
at room temperature on this system is an old dispersion measurement

of Eucken and Jaacks,>® who found a value of 2.3 x 10" for P

The most recent comparable work is that of Roach aad Slith.as who

2

-1
studied the N2/N20 system, AE = 107 cm ~, and found that P10-01

was 7.7 x 10 ' at 300K, This figure when compared to the present
value, reflects again the importance of the long renge forces, for

the near resonance condition at low temperatures.

8.2,¢c CO SYSTEN

In this case the resonamcs reaction (3) is written as:-

CO' + COS =——= €O ¢+ COGP+¢ 6% cm’

Co-N,0°

T N
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The plot of + vs mole fraction of COS is shown in Figure 8,12,
Only one mixture of CO/COS was studied, thus no conclusions about
the quadratic behaviour of the CO/COS system can be made.

CO0S has similar properties to CO2 and N20. As with N20
the rapid transfer of energy between the mode 2v2 and mode v is
not present in COS, since the energy discrepancy is 197 cm’l. The
T-V excitation of the v, mode is much faster than CO2 and faster
than N20. No high temperature data exists for the relaxation of
COS, presumably because of the possibility of dissociation.
However, as has been done in the previous cases, it will be
assumed that all the modes relax together and there is little
dissociation. The magnitudes of the rate constants obtained by

theory and experiment are shown in Table 8.4:-



Fiqure 8.12
Plot of Tlvs Mole Fraction
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TABLE 8.4
At 1372K
-1 -1
Reaction 1, kl/s Reaction 2, k2/s
S.S.H. 2,09 x lO3 1,67 x lO2
M.W. Correlation 7.46 x 102 1.75 x 10°
. Expt. 2.5 x 103 -
-1 -1
Reaction 4, kB/s Reaction 5, kS/s
S.S.H. 5.26 x 10° 1.0 x 107
M.W, Correlation 9.12 x 106 1.29% 107

Expt. - -

In the S.S.H. calculations for COS, e/k = 335K and T, = 41.3 nm.
The assumptions made in 8.2.a still apply.

The comparison of the experimental data with the theoretical
calculations is shown in Figure 8.13. As in the previous two cases,
agreement between experiment and theory is good. The data showed an
increase in the probability of a factor of 2 over the CO/N20 data.

This increase is more than expected, and more than the theory predicts.
It is possible that the COS was not perfrectly pure, and may have
contained traces of ntof.

The data was extrapolated to room temperature and a value

of 1.3 x 10"“ was obtained for P Again there is no recent

10-01°
comparable work. Eucken and Aybar,sg in 1940, obtained a value of
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e ]
6.8 x 10 for PCO-COS'

8.2.d CONCLUSIONS

The conclusions for this section are enumerated below:-

1) It has been shown experimentally that the V-V exchange
process can control the vibrational relaxation of gas mixtures. This
is the case when the minor component has a rapid T-V process available
for excitation. By analysis of the vibrational relaxational data
on the binary systems; CO/CO2; CO/N20 and CO/COS, it has been shown
that the smaller the energy discrepancy between the two species, the
more efficient the V-V reaction. Thus the 3 systems studied were

found to follow this sequence:-

10 10 10
P(CO, CO,) < P(CO, Nao) < P(CO, COS)

V3 3 V3
AE = 206 80 64 L

This is shown in Figure 8,14, together with the probabilities of

T-V processes calculated by the S.S.H. theory. This shows that V-V
processes have a steeper temperature dependence than the T-V process.
Thus as the gas temperature increases the probabilities for V-V
exchange and T-V exchange will approach each other. Therefore at
lower temperatures (1000 - 3000K) where the T-V process of the major

component is slow, V-V processes become very important.



—— Figure 8.14
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2) Comparison was made to previous or comparable work at
room temperatures by extrapolation of the present data. In the
cases where comparison was possible there was an apparent discrepancy
between the values. It was felt that the discrepancy was due to the
effect of long range forces, at temperatures below 1000K, for the near
resonance condition. It has been shown by other workers that the
probabilities have an inverse temperature dependence at these
temperatures.,

3) The present data was compared to theory, and in the
three cases studied agreement was good. The major source of error
in the S.S.H. calculations was thought to be the evaluation of e/k
and T, for gas mixtures. The geometric mean was taken for e¢/k and
the arithmetic mean for Ty The error in ¢/k may have been particularly
large, due to the differences in potential well depth between CO and

the polyatomic species.
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8.3 SUMMARY

This work has studied two aspects of vibrational energy
exchange. In the first part it was shown that V-V reactions played
an important role in maintaining the vibrational energy distribution,
while the V-T processes relaxed the gas to equilibrium, It was found
that even when the V-V processes were made very fast with respect to
the V-T processes, they had no effect on the rate of relaxation of
the system. In the study of binary mixtures, with active modes, it
was found that the V-V processes played an active part in the
relaxation process. In this case one of the gases was assumed to
relax very slowly with respect to the other. Thus the T-V processes
would play no part in populating the excited state of the slower
relaxing gas. The vibrational energy required by this gas was
provided by V-V exchange from a near resonant mode of the faster
relaxing gas. The rate at which the energy was exchanged depended
on the matching of the two modes of the gases. The smaller the energy
discrepancy between the modes, the more efficient the V-V exchange.
It was also found that at high temperatures the probabilities of the
V-V exchange would approach those of T-V exchange, because the

temperature dependence of the two processes are different.
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8.4 SUGGESTIONS FOR FUTURE WORK

1) With regard to the work on CO/Ne, the computer
programme should be extended to account for anharmonicity. It is

possible then that a rate constant for k,, may be extracted from

21
the present work.
2) This work has indicated the importance of the 1

temperature dependence of P at temperatures <l000K. It would

10-01
be interesting to conduct a similar study to that of Taylor and

Bittermanau which indicates that for N2/CO the cross over point,

2
between the long range and short range interaction, is between

1000 - 1200K., Thus extending the present data to well below 1200K
would probably indicate the cross over point in the three systems
studied.

3) The S.S.H. theory has been used extensively through-
out this work, although its limitations are fully realised. It has
two main faults, one is in the evaluation of e¢/k and To for gas
mixtures and the other is in the evaluation of, Zo, the geometric
factor. Shinuo has proposed an alternative method of calculating
Zs which may be more realistic., It is difficult to suggest
alternative methods for calculating e¢/k and Tye

4) In view of the fact that most diatomic and simple
polyatomic molecules have been studied in the pure case and in gas

mixtures, it would be worth while focussing attention on the new

technique of a glow discharge shock tube, as mentioned in Chapter 1.
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This will provide basic information on the exchange of energy between
excited atoms and diatomic molecules, at high temperatures. Comparison

can be made with work done at room temperatures.
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APPENDIX 1

FORMULAE

A,l1.,i TUBE DIMENSIONS AND HOT FLOW TIME

The tube dimensions mentioned in Chapter 2, section 2.2.a,
were calculated using the equations set out below. The length of
the tube from diaphragm to observation station is Xe* Xg is, ;n
fact, the distance along the tube at which the reflected rare
faction wave overtakes the contact surface., For a given hot flow

time, A1, and Mach number, Ms' the value of X, can be calculated

from:- '
22, (2 - 1)
Xe = T A.l.1
- (yl + l)Ms
[ 2 -n]
where T, = At l- 3 A.l,2
I (yl+ l)usJ
Where L flow duration of contact surface us
At = T~ Tg °© hot flow time us
T, = flow duration of shock wave us
a = speed of sound in test gas mm us

specific heat of test gas

-
[
]



ii

The minimum length of driver section, Xp? required for the given

At is calculated from:-

Y, *1
. i T8, - Y, -1 :l. (H - l) 2(Yu - 1)
D a 2
2 Yl +1 u Ms

speed of sound in driver gas mm us~ '

where au

Yy specific heat ratio of driver gas

In order that the maximum hot flow time, Atr, may be obtained, the
observation station must be placed at a distance from the end wall
to ensure no interaction of the reflected shock with the hot flow

region. The minimum tolerable length of the low pressure section,

in’ is given by:-

T+ X /W
- ¢ R
Xpin w1t A.l.3
8 R
where
Hs = Ms 1
-
[ P
(—2— 3
2 + Y, - 1 P2
HR =z Hs AJd.4
v, t 1 ) fl
el L2




iii

2
EZ _ 2Y1Ms - (yl -1)
P
1 \0 +1
W, = speed of shock wave mm us~t
W, = speed of reflected wave mm us~t

In the present calculations a value of 500 us was used for At.
For a shock of Mach 5 in pure carbon monoxide Yl =z 1.4 and

a) = 0.353 mn us L. Equation A.1.2 gives t_ to be 2.5 x 1073 s

and equation A.l.l gives Xo to be 3.53 m. At Mach 5, in pure CO,

P2/P1 = 29 and Ws = 1.77 mm us-l. thus A.1.4 gives W = 0.644 mm us-l.

R
From A.1.3 xmin is 3,76 m. Thus the observation station needs to be
at least 0.23 m from the end plate. The length of the driver section,

Xps Was calculated using a, s 1,334 mm us'l, Y, ®= 1.4 and T, as given

n
above, The value of Xp was found to be 1.5 m,
The flow correction computer programme, Appendix 2, included
calculations for At, for various Mach numbers and for the length of
tube used., The ideal diaphragm pressure ratios were calculated from:-

2yu
P 2y, M0 -~ (y, = 1) Yy, -1 a M .3
--‘t = l s L 1 - u* —1 ( 8 -) A‘l.s
P (v, + 1) VWwtl a, Mg



iv

A.l.ii DERIVATION d In Ms/dt

In Chapter 3, section 3.l.a, the quantity d 1ln Ms/dt
was determined in terms of measured parameters. The shock wave
is decelerating as it moves down the tube, and the change of Mach

number with distance is given by:-

d Ms
” = - YHs
where Y = velocity decrement (about 1% )
Integrating:-
In M =z -Yx+c¢
s
-Yx ¢
Ms = e e

when x = 0, ﬂs = "s(g)

where Ms(g) = the given shock Mach number

-Yx

Hs s Ms(g) e A.l-s
Also:-
. L&
Hs - a dt A-lo.7



Substituting A.1.7 in A.l.6

Y i _d_)s = M e"Yx
a dt s(g)
1
Integrating:-
Yx
Je " dx = st(g) aldt
Yx
< = M a,t + d
Y s(g) "1
when t = 0, x = 0
a = vyt
. e"Yx = l
Yns(g) alt +1
M
SOM = 3(g)
-] Yus(g) alt + 1
Taking logs:-
in Ms = ln Ms(g) 1n (Yus(g) at + 1)

differentiating w.r.t. t:-

d 1n Hs Yal Hsg )

dt YM
s(

8)alt-fl

A.l.8

A.l.g



vi

The values of Y, a Ms(g) are known and the value of

l)

t is set equal to tm’ the maximum hot flow time at the observation

station. The value of tm can be calculated from equation 3.1,



APPENDIX 2

COMPUTER _STUDIES

A.2.i FLOW CORRECTION PROGRAMME

The calculational procedure for the correction of shock
parameters has been set out in Chapter 3, section 3.l.a. The
equations for the hot flow time and diaphragm pressure ratio were
set out in Appendix 1. The calculations apply to gas mixtures,

and the specific heat ratio, ¥, for a mixture is calculated from:-

C.sF
TR

(SR N J SN

cC.F
g Vi

F 3 = mole fraction of species j

(2]
"

specific heat at constant pressure of species j

(2]
]

vi specific heat at constant volume of species j

Using this calculated value of ¥, the average speed of sound in the

gas mixture is calculated from:-

a = -2(0.8313 % 'rl/?.'i'.)i
10



ii

where Tl = room temperature K
M.W, = average molecular weight
4
b
= (M.W.), F,
i=1 33
(M.W.), = molecular weight of species j

)

The computer programme used to calculate the corrected parameters
is set out overleaf. The more importént calculational symbols
and their meanings are given in Table A.2.l1 where a symbol is
part of the output, the output format will be included. The
input symbols, their formats and meanings are detailed on the

comment cards, Table A,2.2 lists the input information.



iii

TABLE A.2.1

COMPUTATION SYMBOLS

FORTRAN CALCULATIONS MEANING

XM L Mach number (F6.3)

ATIMIX a, Speed of sound in test gas (F8.5)
u W Speed of shock (F11.5)

GAMIX Y Average specific heat ratio (F6.3)
XMWAV M.V, Average molecular weight (F8.3)

TC T, Flow duration of contact surface
TO At Hot flow duration (F15.6)

PRES Pu/l’1 Diaphragm pressure ratio (Fll.4)
DER r Radius of tube

™ ty Maximum hot flow duration (E1O0.4)
TP t Particle time for hot flow (E10.4)

TL t, Laboratory time



iv

FORTRAN CALCULATIONS

XMS2 M2s

DELTB (AT/T2)b
DLNMS d 1n Ms/dt
DELTD (AT/T2)d
DTOTAL (AT/T2)TOTAL
DELRO (Ap/pz/pl)
TACT AT

ROACT Ap

MEANING

The Mach number of the hot flow
behind the shock

Temperature correction due to

boundary layer

Temperature correction due to
deceleration

Total temperature correction
(F7.5)

Total density correction (F8.u4)

Actual correction to temperature
in K (F10.2)

Actual density correction
(F10.2)



INPUT INFORMATION

CARD No.

1., Number of jobs

for one mixture

2. Experimental
parameters

3. Species

parameters

4, Mole fraction,
Up to five species
per mixture are
allowed, and read
across the card

S. Input Mach
numbers for one job

TABLE A.2.2

COL NOS.

11
17
25
31
38

16
21
28

13
20

10
16
24

37

15

20

27

kL

10

o

27

SYMBOL & UNITS

NJOBS

XD mm
GAMAY

A4 nm s
DER cm
YID $ mm
IS

XNJ
XMWJ

FJ

XMS

XMI
Tl K

FORMAT

IS

F10.4
F6.3
F8.5
F6.3
F7.4
I3

SA3

F$,2
F7.3
F7.3

F10.5

F6.3
F6.3
F7.3
F8.3



vi

CARD No. COL NOS. SYMBOL & UNITS FORMAT

6. Experimental 1-7 Pl torr. F7.3
input parameters 8 - 17 TL us E10.4
for one job 18 - 25 RHOS F8.4

26 - 33 T2 K F8.2
7. Recycle card l1-2 ISSwW 12

For any set of experimental parameters (card 2) and species parameters
(cards 3, 4) there are a certain number of jobs (card 1). For any
one job there will be a pair of experimental input cards (cards 5,

6). If the programme is recycled (card 7), then a new number of

jobs (card 1) is read, and the species parameters (cards 2, 3, 4)

are read. Then the experimental parameters cards are read in pairs

until the number of jobs is completed.
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G MILLWARD(KEELF) CORRECTIONS FOR NON=-UNIFORM FLOW IN SHOCK TURES.
THEQRY OF H.MIRELS DEVFLOPFD FOR EXPLICIT USF RY R.A.STRFHLOwW,

NIMENSTION 7JK(5,5),XNJ(5), XMWJI(5),CPJ(5),CVI(5),CPAJ(5),CVAJ(B),FJ
1(5),6AJ(5),GJ4(5)

COMMON IS, T1,AY,RY,ATIMIX, AAMIX,GMIX,GAMIX, XMWAV,FJ,7 JK, XMWJ, GJ»PR
1ES,TO, XM, U, JJ, XNJ

4 CONTINUE
1 FORMAT(30X,65Hs#zaxnunsasF| OW NONUNJFORMITY=-EFFECT ON SHOCK PARAMELT

1ERSsunasnsnssn)
? FORMAT(30X,53H ADAPTED BY G,E.MILLWARD 2% AUGUST 196
18)

WRITE(2,1)

WRITF(2,2)

JJ=0

READ IN DATA

CARD 1 START COL 1. NJORS=NUMBFR OF JORS(IS)FOR ONE MIXTHRE

READ(7,21)NJ0OBS
21 FORMAT(IS)

CARD ? START COL 1. XD=TURF LENGTH FROM NIAPHRAGM TO ORS-RVATION
STATION(F10.4),GAMA4=SPECIFIC HEAT RATIO OF DRIVER GAS(F-.38),
A4=SPEED OF SOUND IN DRIVEK GAS(F8.5),DER=RADIUS OF TURE(F6.3),
YID=VELOCITY DECREMENT(F7.4),1S=NUMBFR OF SPFCIES IN MIXTURE(I13)

READ(7,20)XD,GAMA4,A4,NFR,YID, IS
2N FORMAT(F10.4,F6.3,F8.5,F6.3%5,F7.4,13)

TTA
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00

9n

51

100

CARD 3 START COL 1. ZJK=SPEFCIES NAME(S5A3),XNJ=NUMBER OF ATOMS 1IN
SPFECIFS(F5.2),XMWJ=MO| FCULAR WFIGHT OF SPECIFES(F7.3),Gu=SPFCIFIC
RATID OFSPECIES(F7.3)

NUMBFR OF SPFCIES CARDS SIMILAR TO CARD 2 DEPENDS ON THE VALUF
OF IS

Do 51 J=1,1S

FORMAT(5A3,1X,F5.2,F7.3,F7.3)
READ(7,90)(7ZJUK(J,K),K=1,5),XNJCI), XMWICI),GJ0J)
CONTINUE

CARD 4 START COL 1. FJ=MOLF FRACTIONS OF SPECIES A TOTAL OF FIVE
SPFCIFS IS POSSIBLE,READ ACROSS THF CARDN(5F10.5)

READ(7,100)(FJ(J),JU=1,1%)
FORMAT(5F10.5)

CARD 5 START COL 1. XMS=STARTING MACH NUMBFR(F6.3),XME=zEMDING MACH
NUMBER(F6.3),XMI=MACH NUMBFR [NCREASE(F7.4),T1=RO0OM TEMPERATURF (F
2.3)

DO 2n00 M=1,NJOBS
READ(7,7)XMS,XME,XMI,T1
FORMAT(F6.31F6-SIF7.4’F803)

CARD 6 START COL 1. P1=DOWNSTREAM PRFSSURE(F7.,3),TL=0BSE~VAT]ION
TIME(E10.4),RHNS=DENSITY RATIO AVERAGE(F>»,4),T2=AVERAGE SHOCK

TEMPFRATURE(F8.?)

READ(7,18)P1, Tl ,RHOS,T?
FORMAT(F7.3,E10.4,F8.4,FR,2)

NNENRES|

WRITE(2,22)JJ

FORMAT (1HD,41X,11HJ0B NUMRFR=,15)
FORMAT (42X ,16H=====m=ceoceeon= )

WRITE(2,23)

TTTA
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2000

11

12

53

CAIL. CULATIONS ON DIAPHRAGM PRESSURE RATIO,AND THEORETICAL
NBSERVATION TIME

CALL RLOOD

CALL COFFIN

XM=XMS

UsXMeATIMI X

AM=U/AAMT X

CY=AMxx?

Bz ((2=GAMIX=CY)=RY)/(AY)
C=((GAMA4=-1,)#ATIMIX)/(AY2A4)
D=(AM=-(1./AM))

E=(-2#GAMA4) /(GAMA4=-1.)
PRES=((1.-(CuD))#=k)=B

TC=XD/( (2. #ATIMIX%(CY=-1,))/(AM#AY))
TO=TC#(1-((2.#(CY=1.))/(CY#AY)))
WRITF(2,11)U,XM,PRES,TO
FORMAT(27X,F11.5,5X,F6.3,6X,F11.4,4X,F15.6)
XM=XM+XM]

IF (XM=XMF)9,9,12

CONTINUE

CALCULATIONS OF EFFECT OF NON UNIFORM FLOW ON THF EXPERIMENTAL
INPUT PARAMETERS PRINT OUT OF TFMPERATURF AND NENSITY INUCREASE

CALL DFATH(DER,P1,TL,RHOS,YID,T2)

XM=XMS

CONTINUE

U=XMeATIMIX

AM=U/AAMIX

CY=AMza?

A7=3,142#()ER#&82)

AP=?2#3,142sDFR
TM=5,858((4#A72)252)#P 1/ ((XMea] 7)8(AP=a2)#ATIMIXE10,0%=5)
TP=TL#RHNS=#(1+(0,7#((TL /TM)=520.5)))
XMS2=(((RYaCY)+2)/((2+GAMIXaCY)=BY))=##0.5

XT



DO

annan

91

52
2000

DELTR=((TL/TM D220 ,5)s (((XMSP2#2?2)aRY)/((xMS22%2)-1))%(-1,00)
NENMS=(YID#ATIMIXeXM) /((YID#ATIMIX=TM)+1)

NELTN=TP=#( (28 ((CY=1)#22))/((1+((RY&#CY)/2) )= (((22GAM[X%#CY)/RY)=1)))
NTOTAL=DFILTR+DFLTN#DLNMS

NELRO=DNTOTAL/RY

TACT=DTOTAL®T2

ROACT=NELRO®*RHOS

URITE(2,91)XM, TM,TP,DTOTAL,TACT,REL RO,ROACT
FORMAT(7X,F6.3,9%,710,4,4X,E10.4,7X,F7.5,3X,F10.2,10X,F8.4,6X,F10,
12)

¥YM=XM+XM]1

IF (XM=-XME)53,53,6?

CONTINUE

COMTINUE

CARD 7 START COL 1 RFCYCLE CARD IF ISSW(I2) 01 WILL RECYCLE,IF 00
THFEN PROGRAMME CONCL!IDES. ON RECYCLING THE FOLLOWING CARIRS ARE
REQUIRED FOR A NEW MIXTURE 1,2,3,4,5,6, FIC.

READ(7,3)ISSW
FORMAT(I?)

IF (ISSW.EQ.1) GO TO 4
STOP

FND

THIS SUBROUTINE CALCULATES THE SPECIFIC HYEAT RATIO,THE AVERAGE
MOLECHULAR WEIGHT AND THE SPEFD OF SOUND IN THE MIXTURE.

SURROUTINE BLOOD

DIMENSTION 7ZUK(5,5),XNJ(5) ,XMWJ(5),CPI(5),CVI(5),CPAJ(S),UVAJ(D),FJ
1(5),6A4(5),GJ(5)

COMMON IS, T1,AY,RY,ATIMIX, AAMIXY,GMIX,GAMIX , XMWAV,FJ,7J%,XMrKJ,GJ, PR
1FS,T0, XM, U, dJ, XNJ

XMWAV=0D.0

AMIX=0.0

cp=0.0

GAMIX=0.0



4?2

43
44

45
a7

50

PCM=0.0

vecmMzN.0

PCAM=0.0

VOAM=0.0

no 50 J4=1,1S
XMWAVEXMWAV+F J(J)# XMW ()
FF(XNI(J)=-1.0)42,47,43
GAJ(U)=1,6667

50 TO 47
IF(XNJ(J)=2.0)44,44,45
GAJ(J)=1.4

GO TO 47

GAJ(U)=1,33333

CONTINUE
CPJ(J)=1.9872=GJ())/(GJ(J)=-1.)
CvJ(Jry=CrPJy(J)r-1.9872
CPAJ(U)=1.9872#GAJ(J)/(GAJ(I)Y=-1.)
CVAJ(J)=CPAJ(J)=-1.9872
PCM=PCM+F J(J)=#CPJ(D)

VCMz=VCM+F J(J)sCVI())
PCAM=PCAM+F J(J)*CPAJC())
VCAMSVCAM+FJ(JY*CVAJC(D)
CONTINUE

GMIX=PCM/VCM

GAMIX=PCAM/VCAM
AAMIX=1,/10.2SORT(GAMIX2Nn 83138 T1/XMWAY)
ATIMIX=1./710.#SORT(GM]IX=#0 R313xT1/XMWAV)
AY=GAM]IX+1.

RY=GAMIX-1,

RETURN

END

T
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510

530
5410

550

10

THIS SUBROUTINE PRINTS OUT THE SPECIES CHARACTERISTICS AND
THE HEADINGS FOR P4/P1 AND HNT FLOW TIME

SURROUTINE COFFIN

NIMENSION ZJK(5,5),XNJ(B) , XMWJI(5),CPI(5),CVI(5),CPAJ(S),CVAJ(5),FJ
1(5),6AJ(5),GJ(5)

COMMON IS, T1,AY,BY,ATIMIX, AAMIX,GMIX, GAMIX, XMWAV,F J,7JK,XMWJ,GJ,PR
1FS,T0, XM, U, JJ,XNJ
FORMAT(1H0,21X,27H
1,2HMHW,5X, 6HGAMMAL)
WRITF(2,510)

DO 530 J=1,1S
WRITE(2,540) (ZJK(J,K),K=1,5),FJCJ), XMWI(I),GJ(D)

CONTINUE

FORMAT (42X,5A3,F10.5,F12.3,F9.3)

WRITE(2,550)T1,XMWAV,ATIMIX,GMIX

FORMAT (31HO T1 (DEGK)=,F6.1,5X,7HAV Ml =,F8,3,
15X, 17HMIX SOUND SPEED =,F8.,5,5X,12HGAMMA(MIX) =,t6.3)

WRTITF(2,10)

FORMAT(//34X,3HVEL ,7X,5HMACHN,10X,5HP4/P1,10X,18HTEST TIME(MU=SECS
1))

RETURN

END

SPFCIES,10X,10HMULFE FRACT,5X

TTX
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THIS SURBRROUTINE PRINTS 0UT HFADINGS FOR THE NON UNIFORM
CORRFCTINN CALCULATIONS

SUBRNUTIMEF DFATH(DFR,P1,TL,RHOS,YIN,T2)
NIMENSION ZJK(5,5),XNJ(B),XMRJ(5),CPJ(5),CVI(5),CPAJ(5),CVAJ(S),FJ
1(5),6AJ(5),G6J(5)
COMMON 1S, T1,AY,BY,ATIMIX,AAMIX,GMIX, GAMIX, XMWAV,F J, 2JK, XMRJ,GJ,FR
1FS,T0, XM, U, JJ,XNJ
WRITF(2,700)
700 FORMAT(1H0,20X,75Hesunnss%s2#CORRECTINN TO NON UNIFORM FLI'W USING M
1IRFLS FOQUATIONS#zssaz3=xs)
750 FORMAT(1H0,10X,10HT?2 (DFNRK)=,FA.1,5X,14HINITIAL PRFS =,FEL3,5X,8HR
1N02/R01=,F8.4)
JRITE(?2,750)72,P1,RHNS
WRITF(?2,752)TL,YID,DFR
752 FORMAT(10X,17HOBSERVATINN TIME=,F10,4,5X,19HVELOCITY DECKFMENT=,F7
1.4,5X,7HRADIUS=,F9.5)
WRITE(?2,751)
751 FORMAT(1HO,6X,BRHMACH NO,,7X,8HMAX TIME,6Xx,10HIDEAL TIMP,6X,7HDELT/
172,6Y,13HTFMP INCRFASE,AX,7HDELR/RO,AX,1AHNENSITY INCRFASE)
RETURN
END

TITX
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A.2,ii S.S.H. PROGRAMME

A résumé of the calculational procedure used in this
programme is set out below. The most important parameter in the
calculations is £, the range of repulsive forces, which is evaluated
by an iterative procedure. It is assumed for most pure gases and gas
mixtures, that £ has a value between 1.5 and 2.5 nm. If the value
of £ is outside these limits then the programme indicates this and

stops. Usually £ is calculated as follows:-
L' = 2me A.2,5

The value of L inserted initially in A.2.5 is 1.5 then the calculated
value of 4'is substituted in:-

2

| ]

e . (2xc D2 A.2.6
k

1016 x

*a e
("A’"nc)"

N = Avagadro's number

where u =

M's = molecular weights of A and BC

k = Boltzmann Constant

speed of light cm st

0
[1]

1

<)
"

fundamental vibration frequency of BC cm

The value of ¢'/k is then used in:-



xv

Em T (€'
=~ > G A.2,7
where T = a specified temperature K (input)

Values of €/k are obtained from the tables of Hirschfelder et al,l
and for 2 colliding particles A and B, the geometric mean of the

pair of values is taken:-

€

] € Spe
e/k = r x A,2.8
where ¢ = geometric mean of L-J potential

well depth

Em

effective collision energy

Thus from A.2.7 and A.2.8 a value for Em/¢ may be found. Then

using Method B a value of & can be obtained:-

- 1
1 6

ln(-E-E“rl) 1-(] 1+ VEmre+ 1)) |n.2.8

L =r°

Where ro is the arithmetic mean of the L-J constant. The values of

1
oA and ToBC being obtained from Hirschfelder et al.
. Toa * Topc

} of
0 2

Thus the programme returns to a walus of &, which is compared with
the input value. If the two match exactly, then the programme
continues. However, if the values are not equal, then the value of

L may be incremented by as little as 0,0001 nm and the procedure is



recycled, until the values of % do coincide.

Now putting

Then Zlo’ the collision number for deactivation is:-

) 2 -¢/kT -6/T,=1
2,0 * l.017(ro/rc) Z, Z.gc Zepans Y(2,2) e (1-e )
where Zo = 2,5 (R./L)2 + L/
L =  internuclear distance of BC
2 = MMM, + M+ M)y g
osc 2 > : -
(MB + Hc )HA

2 ¥ t
218 /_...3 I 3 (8 - S
Zepan = " |9 27 |6 ®XP |7 [T 2T

Y(2,2) = 0.76 (1 + 1.1 €/kT)
The relaxation time of one molecule of BC in all A is calculated from

T = le ‘tc

where T = prelaxation time s

T, = average time between collisions s
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For an ideal gas with rigid sphere molecules:-

n = 1.271 pPT,
where n = viscosity in yP
p = latms = 1.013 x 10° dyne cm™>

The viscosity of the gas mixture, n, is calculated from:-

n %107 = 266.93 \/QMAHBCT/(MA + Mp,)

2 (@27 at )

The viscosity is calculated assuming the molecules interact according

to a potential curve specified by interaction parameters r, and ¢

0
(2,2)

(since T* is kT/e). The quantity (Q at T®) is obtained in a

special way. The transport coefficients of a diatomic gas, of which
the viscosity is one,my be expressed in terms of a set of linearly

combined integrals, given the name n(2'2). For a given interaction

(2,2 can be evaluated, and the values of n‘2'2) and the

potential Q
reduced temperature T*® to which they correspond have been tabulated
by Hirschfelder et a1?> A value of T* is calculated, and the
tabulated data is searched for the values of T* between which the

calculated T* lies, The value of the calculated 9(2’2)

to which the
calculated T* corresponds is then obtained by interpolation.
Calculations of vibration-vibration exchange collision

numbers may also be made. In the case of near resonance, the collision
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number for deactivation of BC is given by:-

Z10(n.r.) = Zo Zosc ztrans

where Zo = 9 steric factor
) 1 MMBMC uu M BC
zosc = - (s )
Yy HB+M A HB+M2 BC 3
4
\ ’ 3 ([1\e [°
ztrans = 2w eAB

oy 2 ABC - e\ £
P 3 7
H 92 c2 z2
' A A
where OA = 16
2 N 10°° k
2 42
e' N 161 HBC “BC )
BC 2 N 105 K
6% § 22 c2(v Vo)
9' = C
ABC 10° &
-1

¢ = speed of light cm s

vibration frequency of A cm *

vibration frequency of BC cm T

of
o
"
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=
1]

Boltzmann constant

-4
f

Avagadro's number

In the case of exact resonance:-

Z1O(e.r.) = Zo Zosc ztrans
The values of Zo’ Zosc are the same as for near resocnance, but
, ) h2 1016
trans 2 2
6unm u kT 2

The computer programme used to calculate the collision numbers

by the S.S.H. method is set out overleaf. The programme was

written in collaboration with Mr., R. Gutteridge and Mrs P.M. Borrell.
The more important calculational symbols and their meanings are
given in Table A.2.3 where a symbol is part of the output, the
output format will be included. The input symbols, their formats
and meanings are detailed on the comment cards included in the

programme, Table A.2.4 lists the input information.
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a0

0N

108
101

112
111
109
110

G.MILLWARD(KEELE) OUANTUM THEORY OF VIRRATION ENERGY FXCHANGE,
THIS USFS A 3-DIMENSIONAL S,S.H. MFTHOD.

NIMENSION TEMP(INN),7EDCIN0),EXPFK(IND) , - THETACLIOO), /THAM (200),X (1
100),Y(100),GAMA(LINN) , TAUC(I00), TAUCLNO) , =L (100), 2EXK(10H),2(100),
P2CTAUCI00), ZEKBCIL0D) , ZFKA(LI0D), ZEKARC(1I00), TSC10N0), Z104xC100), 7EX(
310N),7KKRCAC100),70S(100),ZTRACLI0O0),7TR(100)

COMMON M, X,Y

READ IN DATA
THFE FIRST TWO NDATA CARDS CONTAIN CONSTANTS,

CARD 1 START COL 16.F=PI(F7.4),BK=ROLTZMAN CONSTANT(1P+17.4)
NL=INITIAL VALUE OF L (0PF10,5),BLI=INCREMENTAL VALUE OF 1 (OPF10.5)

CARD 2?2 START COL 1.ANZAVAGADRO NUMRER(1PF10,5),CE=SPFED F LIGHT(1PF10.8)

H=PLANCKS CONSTANT(1PE1N.3)
READ(7,5)F,BX,DL,RLI,AN,CF,H

FORMAT (15X ,F7.4,1PF12.4,0P2F10.5/1P3F10.3)

CARD 3 STARTY COL 1. N=NUMBER OF TEMPERATIIRF CARDS(1?2)

READ(7,10n1)N
FORPMAT(]1?)

CARD 4 START CcOL 1.TFMP=TEMPFRATURFKFI(F7.1).

no 110 I=1,N
READ(7,109)YTEMP(])
FORMAT(F7.1)

CONT INUE

XX



C
r

0N

0 O

[y 2Eer BCW Bes BN BEen B

200

170

171
51

CARD 5 START COL 1. M=NUMBFR OF INTEGRALS IN HIRSCHFHLDE=S DATAC(CI3).

SEF THE TEXT

READ(7,170)M
FORMAT (I3)

CARD & START COL 1.HIRSOHFFLNERS DATA T

FACH CARD IS ALLOWED 6 PALIRS OF DATA,

READ(7,171)(X(J),Y(J),J=1,M)
FORMAT(12F0.0)
CONTINUE

CARD 7 START COL 1.DI=INTERNUCLEAR DISTAMNCE

READ(7,9)D1
FORMAT(F10.6)

& 0(2,2)

(1PFt,.1)

OF RC(F10.+~).

CARD R START COL 1.SPECI=S CARD MO{ECULE A.20 SPACFS ALLICATFD FOR

SPFCIES NAME(20H).THFN,COL 21

COA=l =-J POTENTIAL

WEFLL

DEPTH(F10.4),

NRA=CONSTANT [N L-J POTENTIAL(F10.,4),XMA=MOLFCULAR AETGHT OF A(F10.4),

XMA1,2,=ATOMIC WFIGHTS NF ATOMS 1,2(8B0TH F10.4),XNUA=FUNDAMENTAL VISKATION

FREQUENCY (F10.4).

READ(7,7)COA,DRA, XMA,XMAT ,XMA2, XNUA

FORMAT (20H

P6F1004)

CARD 9 .SPECIES CARD FOR MOLFCULE RCIEXACTLY SIMILAR Tu CARD 8,

READ(7,8)COBC,NDRRBRC, XMBC , XMB, XMC , XNU

FORMAT (20H

»6F10.4)

TXX
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Ny

000

5nn

CARD 10 START COL 1.RECYCLF CARD.IF 21(12) WILL RECYELE [F 00 THEN THE
PROGRAMME CONCLUDES.ON RECYCLING 3 CARDS ARE REQUIREER Ik CARNS 7,8,9,
WHICH WItL CONTAIN THE PARAMETFERS OF THF NFXT PAIR OF MOLECULES.

READ(7,500)1PW
FORMAT(I?)

PRINTING OF THE HFADINGS,

1 FORMAT(1INOHICALCULATIONS OF VIRBRATIONAL RELAXATION 1N PUKE GASES A

1IND GAS MIXTURES USING THF 3ZI=D S,.S.H. THEORY )

? FORMAT(57H ADAPTFD BY R.GUTTFRIDGF & G.F.MILLWARD 23 JULY 1968 )

X FORMAT(33HOGAS A DFACTIVATING GAS HC )
4 FORMAT(BAHOCONSTANTS USED F=Pl HBK=ROI 17, IMIT.LO LO INC. A
IN=AVAGAD C(CM/SEC) PLANCKS )

WRITF(?2,1)
WRITE(2,2)
WRITE(2,3)
WRITE(2,4)
WRITF(2,41)F,3K,DL,BI I,AN,CF,H

41 FORMAT(15X,F7.4,1PF12.4,0P2F10.5,1P3F10.3)
6 FORMAT(29HOMOLFCULAR CONSTANTS EPS/K,7X, 2HR0O,5X, 39HMIL .WT, AT
1.WT.8  AT.WT.C  NURAR )

2N

31

WRITF(2,6)
WRITF(2,7)YCQA,DRA,XMA,XMAL1,XMAZ, XNIA
WRITF(2,R)CQRC,NRBC, XMRC, XMB, XMC, XNU

COMPUTF MOLECULAR PARAMFTERSIMATCHING OF THE EXPONENTIAL
POTENTIAL WITH LFNMARD JUONES POTENTIAL VIA METHUD ~,

NR=(NDRA+NRBC) /2.

CA=SNRT(CQNA=CQARC)

FORMAT(20H AVERAGF FOR A & BC ,2F10.4)

WRITE(2,20)CO,DR

FORMAT(1H0,47X,45Hes=ans CALCULATED MOl FCULAR PAKAMETERS s#swassz)

TTXX



16 FORMAT (IHO, 19X, THT(DEGK) ,5X ,SHEM/EP, 7X,4%RO/L,6X,5HRO/KC, BX, 3HL , A,

WRITH(?,91)

1RX, 6HTHETAD, 7X, 6HY(2,2),2X, 22HFXP(=-EP/KT) 1-EX¥P)

113

15

22

24

31
104

2R
10

29

1
12

13

WRITE(?,16)

XMWz XMAEXMBRC/ ((XMA+XMRB() #AN)
THETA=XNUH®CE /BK

THETAA=XNUA#H#CE/RK

nNo3ol=1,M

3LC1)Y=0.1500

AL=2.0#F#RL(T)
ZEK(I)=XMW# (2, 02CE=F /10, D=#8aXNU#AL )u#2/~K
ZEMK=TEMP(I)/2.0%#(ZFK(I)/TEMP(1))us0,33343
JEMKA=ZFEMK/CH
RLC=DR#(1,-(0.5%#(1.+SOPT(ZEMKA+1.,)) ) sau(~,1A667))/(ALOGIZIMKA+TL,))
IF(BLC-BL(1))104,104,2?

BL(I)=8BL(I)+8BLI1

IF(0.2500-RL(1))27,27,15

WRITF(2,24)

FORMAT(47HOBL LESS THAN N,150000R GRFATFR THAN 0,25000 )
GO0 TN 26

0 TN 15
NRNC=(0.5%#(1.+SORT(ZFMKA+1,.)))##0,.16667
ROL=DR/RL (1)

ZEDO=(2.54# ((RLI[)/DI)#=22))+(DT/BL(1))
ALN=RL(])

¥Y22=0.76%(1.+(1.18COQ/TFEMP(]I)))
IFCO0,.7=-TEMP(I)/ZFK(1))?28,29,29

WRITE(?,10)

FORMAT(22H KT/EPSILON TON SMALL )

GO TD 26

CONTINUE

IF(10.0-TFMP(I)Y/ZEK(1))11,13,13
WRITE(?,12)

FORMAT(22H KT/FPSILON T0OOU LARGF )

GO TN 26

FXPEK(I)=EXP(=-CQ/TEMP (1))

TTTXX
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D00

COMPUTF COLLISION NUMRBFRS VIRRATIOM TRAMSLATION ENMERGY THANSFER,

70SC= (XMPaXMO# (XMA+XMBCY#7FK (1)) / ((XMR=2D+XMOuaD ) aXMA3E #2D2THETA)
FTHETA(IY=1./(1.=-EXP(-THFTA/TEMP(])))

ZTRANCI) = ((F#THETA/ZFK(I) ) ##2) 2 (SQRT(1,5/F))* ((TEMPLL)/ZFKT) ) #wir,
116667)2(FXP( (1. 5% (7FK(I)Y/TEMP (1)) #%0.33333)=(THETA/(2&TE"P(]1)))))
ZED(1)=1.017#DROC#=#2aY2? 2=ETHETA(TI)I#ZFDNO370SC#Z2TRANCI) #=XPEK(])
WRITF(?,17)TEMP (1), ZEMKA,ROL,DROC,RLN, ZFX(1),Y22,FXPEK(]),FTHETAC]
1)

17 FORMAT(LIHO,19X,F7.1,4X,F56.2,5X,Fb.2,5%X,FF,8,5%X,F8.5,3X,1-E10.3,5X,

1NPF6.3,4X,F7.4,8X,F7.4)

RLCT)=RLN

30 CONTINUE
Q4 FORMAT(1HO0,23X,92H=ss=ss VIBRRATIONAL=-TRAMNSLATIONAL ENEFGY TRANSF=R

1==COLLISTON NUMBERS~-=-RELAXATION TIMES s#uzsss)

WRITF(2,94)
Q3 FORMAT(IHD,19X,7HT(DEGK) ,4X,7HT(=1/3),5X,2H70,6X,4H70S, %X, 2H7TRAN

1,12X,3H710,10X,4HTAUC, 10X, 3HTAY)
ARITF(2,93)

COMPUTE RELAXATION TIMFS VIA TABULATED VISCOSITY DATA,

DO 50 I=1,N

T3C(1)=1.0/TEMP(])#»80.33333
7(1)=1.013249E=-10N8DRA##28SQRT(16%AN®F /XMA/BRK/TFMP (1))
CTAUCT)=ZEDCE)/ZC])

xX=TEMP(I)/CQ

CALL LOOKUP(XX,YY)
CAMACI)IS(PA6.93#SART(2aXMA#XMBCH#TEMP () / (XMA+XMBCI )N/ ((Dras2 jaYYe
1(10.08e7,0))

TAUCCIYI=GAMA(1)/1.771/1.N13249F6

TAUCI)Y=ZED(])=TAUCC(])
WRITE(2,51)TEMP(I1),T3(1),ZFDD,Z0SC,ZTRANCI) ,7ZEDCE), TAUC (L), TAUCT)

S1 FORMAT(LIHO,19X,F7.1,3%X,FR,5,3X,F6.,3,2X,Fc.1,6%X,1PF10.3,5¥,F11,4,4X

1,1PE11.5,4X,1PF11.5)

50 CONTINUE
IF(XNUALFN,0.0)6G0 TO 26

ATXX



00

COMPUTE COLLISION NUMBEKS FOR NEAR RESONANCE ENFRGY TRANLEFER,

o 61 1=1,N
7JEKA(I)=16 . 0#FasdsXMA/AN/2.08(RBLOI)/10.0=#RaXNIIA2CF) 2% /+K
7EKARC(1)=16.0#F#sde XMux (RL(])##2/10.,0#%1A)2CE#22x (XNl=xNUJA)®22
1/8BK
JEKBCA(I)=16.0#F 2248 XMUa(RL([)2#2/10.0%#16)sCE##2#((YM+ M) 22n7)/4
1.0
JEKRC(1)=16.0#F#24aXMRC/AN/2.0%(RL(I) /10, 0%e8aXNUsCE)#22/8K
70S(I1)=((4.08XMALE XMAD)/(XMAL2824XMA2#22)) /4 . N/F 2245 ((4,02XM32XN(
1)/ (XMBR=e#2+XMC282))e7FKA(T)/THETAA2Z7EKECC(I)/THETA
61 COMTINUE
Z0NR=9.0
IF (7EKARBC(1).FQR.0.0) G0 TO o8
9% FNRMAT(1H40,24X,88Hsszs2s2 VIBRATIONAL-VIBRATIONAL FNERGY TRANSFER--
INEAR RESONANCE--COLLISION NUMBERS s#zswss)
WRITE(?,95)
WRITF(2,96)
9A FORMAT(IHO,32X,7HT(NEGK) , 44X, 7HT(=1/3),5X,2H70,10X,4H705C,10X,5H7TR
1AN,9X,9HZ10(N.R.))

DO 73 I1=1,N
7TRACI)=(Fee2)8(SART(I.0/2.0/F)) = ((TFMP(T)/ZFKARC(]))#20.166A7)
18 (((THFTA-THFTAA) /ZEKARC(I) ) na2)#EXP (1.5 ((ZFKARC(I)/THEME(]) )22
20.33333)-(ABS(THETA=-THFTAAY/2 , 0/TEMP (1)) =(CQ/TFMP(])#3K))
71ONR(T)Y=ZDONR#70S(]1)#ZTRAC(T)
WRITF(2,97)TEMP(L),TA(T)Y,20NR,Z0S(1),ZTRA(T),Z10ONRC])
Q7 FORMAT(IH0,32X,F7.,1,3X,F".5,3X,F4,1,4X,E12.5,4%X,F12.5,4X,E12.5)
73 CONTINUE

COMPUTE COLL ISTON NMUMRERS FOR EXACT RESONANCF FNERGY TRASSFER,

QR FORMAT(1HD,24X,89Hssusse VIBRATIONAL-VIRPATINNAL ENEHGY TRANSFFR=--
1FXACT RESONANCE=-=COLLTISTON NUMRERS #=sss#)

WRITE(?,9R8)
99 FORMAT(1HO,32X,7HT(DFGK) 44X, 7HT(=1/3),5X,2HZ0,10X,4H705C,10X,5HZTR

1AN,OX,9H710(F,R.))

AXX
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177
178
180

179
181

THIS SURRDUTINF TAKES AVALUE OF XX FROM THF MAIN PROGRAMME AND
FINDS A VALUF NOF YY LTHIS 1S DONF RBY SIFTING THROUGH THE TARULATHD
VISCOSITY NDATA OF HIRSCHFFLDFR,CURTISS AMD BIRD.THF VALUF OF YY

IS THEN IISED IM FURTHER CALCHLATIONS IN THE MAIN PROGRAMVE,

SURROYTINE L ONKUP (XX, YY)

COMMON M, X,Y

DIMENSION X(100),Y(1N0)

ng 178 J=1,M

TF(XX.GT.X{(J)Y)YGO TO 178

IF(XX.EQ. X()IGD T 177

IFC.NDOT.(J.EQ.1))GN TO 141

WRITE(2,179)
YYS(XX=X{())2((Y(J+1I=-Y (DI (X(J+1)=X(J)))+Y (D))
RETURN

YY=Y(J)

RETURN

CONTINUE

WRITF(2,180)

FORMAT(/39H POINT ABOVE TARLE LIMITS-EXTwAPOLATION)
FORMAT(/39H POINT RELOW TARLEF LIMITS~-EXTRAPOLATION)
YY=(XX=X ()2 ((Y(J)=Y(J=1))I/ (X=X (J=1)))+Y (D)
RETURN

FND

TTAXX
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TABLE A.2.3

COMPUTATION SYMBOLS

FORTRAN CALCULATIONS MEANING

DR Ty Average L-J constant

cQ € Geometric mean of L-J potential
well

XMW i Reduced mass of collision
partners

THETA 0 Characteristic temperature of

vibration of BC

THETAA 0, " Characteristic temperature of
vibration of A

AL 2!

ZEX o' (1PE10.3)

ZEMK Em/k Em effective energy of collision

ZEMKA Em/e (F6.2)

BLC 3 Range of repulsive forces from

Method B. (F8.5)

ROL rb/z (F6.2)



xxix

FORTRAN CALCULATIONS MEANING

Y22 Y(2,2) (OPF6.3)

EXPEK exp(-€e/kT) (F7.4)

ETHETA (1-e~%T)"1 (F7.4)

20SC Zosc Vibrational collision number
(F6.1)

ZTRAN Ztrans Translational collision number
(1PE10.3)

ZED Zlo Collision number of deactivation
(E11.4)

T3 'r% (F8.5)

XX 'r* Reduced temperature

YY 0(2,2)

GAMA n viscosity

TAUC T Time between collisions (1PE1l.5)

TAU T Relaxation time (1PEl1l.5)

ZEKBC eéc

ZEKA 0!



XXX

FORTRAN CALCULATIONS
ZEKABC e;\BC

20s Zosc(n.r.)
2TRA Z¢ rans(n.r.)
410NR Zlo(n.r.)
ZTR Z¢ rans(e.r.)
ZEX 210(e.r.)

MEANING

Vibrational collision number

for near resonance (E12.5)

Translational collision number
for near resonance (E12.5)

Collision number for deactivation

at near resonance (E12.5)

Translational collision number
for exact resonance (E12.5)

Collision number of deactivation
in the exact resonance condition
(E12.5)



INPUT INFORMATION

CARD No,

l. Constant Card

2. Constant Card

3. Number of

Temperatures

4, Temperatures
(N cards)

5. Number of values

from Hirschfelders
data

®xxi

A.2.4

6. Hirschfelders data,l
usually 14 cards, each

card has 6 pairs of

data

7. Internuclear
distance of BC

TABLE
COL NOS.
15 - 21
22 - 33
34 - 43

l-110 .
11 - 20
21 - 30

l1-2
l1-7

l-3

- 66
l-1

SYMBOL & UNITS

BK
DL

TEMP K

DI R

FORMAT
F7.4
1PE12.4
OPF10.5
1PE10.3
1PE10.3

1PE10.3

I2

F7.1

I3

12F0.0

F10.6



CARD No.

8. Species card

for molecule A

9., Species card

for molecule BC

10, Recycle card

xxxii

COL NOS.
l-20
21 - 30
31 - 40
41 - 50
51 - 60
61 - 70
71 - 80

Similar to card

SYMBOL & UNITS

Species name
CQA

DRA

XMA

XMAL

XMA2

XNUA cm

[+

ISSW

FORMAT

20H

FlO0.4
F10.4
F10.4
Fl0.4
FlO0.4
F1l0.4

I2
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A,2,iii MISCELLANEQOUS PROGRAMMES

Several programmes were used in the analysis of results,
Chapter 6. These were the polynomial curve fitting, the calculation
of shock parameters and the Demac plotter programme. The programmes
were constructed and developed by workers in this laboratory
(Mrs P.M. Borrell and Mr. R, Gutteridge). The programmes are
documented elsewhere.3

The programme to calculate the populations of the
vibrational levels of a harmonic oscillator by various mechanisms,

was written and developed by Dr. P. Borrell.
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