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This thesis describes the use of lighf emission from sulphur dioxide
t0 measure vibrational relaxation times (vibrational‘energy transfer rates)
in shock heated gas mixtures. Chapter 1 surveys the principles underlying
the theory of vibrational energy transfer in gases and summarises the
practical methods available for the measurement of relaxation times in the
shock tube.

the description of the shock tube and the experimental techniqueg used
in this work are given in Chapter 2.

The analysis of the sulphur dioxide emission to give vibrational-
relaxation times is set out in Chapter 3. It is shown that the observed
decrease in the relaxation time of nitrogen behind incident shock waves,
contrary to the expected behaviour, is due solely to boundary layer
formation in the shock tube. The results have been corrected accordingly;
they then fall in line with the determinations of other workers.

In Chapter 4 the vibrational relaxation times of nitrogen with the

following collision partners are given: N H,, He, D,, Ar, Kr (at 2500°K);

2’ 2’

50, (1800 - 2500°%); 0., HC1, DC1, H.O, D0 (2500%); and CH,, 0D, (2250°%).

2! 2
The first six partners have been correlated successfully with the Schwartz,
Slawsky and Herzfeld theory and also with Millikan and White's semi-—
empirical formla., The results for the remaining collision partners have
been interpreted in terms of near resonant vibration-vibration energy
transfer processes. Inergy transfer from the rotationai modes of all these

molecules does not contribute significantly to the rate of vibrational
relaxation.



In Chapter 5 the use of a laser schlieren systgm' to follow the demsity
gradient due to vibrational relaxation is described. Relaxation times
obtained for Nz - Hz mixtures are in accord with other results. A

modification is suggested to improve the sensitivity of the syasten.
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NOMENCLATURE

The letter sequences T=V, V-V; R-V, etc. quoted throughout
the thesis refer to the processes for the transfer of energy
between the internal modes of two molecules during a collision,

e.g. T-V : translation 3 vibration energy

transfer.
V-V : vibration 9 vibration energy
transfer.
R-R :

rotation & rotation energy

transfer.

Vibrational relaxation times are quoted as PT(A-B). This
refers to the transfer of energy from molecule B to the
vibrations of molecule A,

P’C(A-B)T refers specifically to the transfer of energy
in the T-V process between molecules A and B. Similarly
relaxation times with the subscripts R or V refer to the R-V
and V-V processes respectively.
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CHAPTER 1.
ENERGY TRANSFER IN GASES.

1-1) INTRODUCTION.

All chemical reactions involve the transfer of molecular energy.
| The investigation of energy transfer processes involves many aspects of the
physical sciences. In solids, energy transfer is governed by the
vibrational modes of molecules fixed in the crystal lattice. In liquids this
symmetry is lost; interpretation of results is rendered difficult by the
complex interac’:fion of molecules in close proximity. Energy transfer in
gases takes place by simple collisions whose character is well established
by the kinetic theory.

1-2) GENERAL PRTNCIPLES FOR GASES.

Gas molecules may gain or lose energy by two distinet processes = either
through the absorption or emission of radiation or during collisions with
other particles. When molecules collide, four types of energy may be
exchanged during the period of interaction - translational, rotational,
vibrational and electronic energy.

The probabilities of energy transfer for these processes are governed
by Ehrenfest's adiabatic principle (1). Consider an oseillatory motion
described by a set of quantum mumbers. The motion is perturbed by changing
an external parameter. If the change is small during the period of the
oscillation, the quantum number will be unaltered by the perturbation
(adiabatic). If the change is large, i.e. the perturbation is fast, there
is a finite probability that the quantum mumber will change as a result of

the perturbation (non-adiabatic). In this case, the perturbation is the
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collision itself and so for effective energy transfer the time of
interaction during the collision must be small compared to the period of
dscillation associated with the molecular energy change under consideration.

Translational quanta are so small that the transfer of translational
energy between molecules on collision may be treated using classicel
mechanics. The probability of energy transfer is unity.

Rotational quanta are also small and the period of oscillation, i.e.
roté.tion,is of the same order as the collision time. The probability of
rotational energy transfer is thus high; for diatomic gases at room
temperature it requires only about 10 collisions. Hydrogen, with its lower
moment of inertia, is an exception; it requires about 300 collisions at room
temperature (2).

The measurements described in this thesis are on a time scale vhich is
mich longer than the time required for the equilibration of translational
and rotational energy. These parameters are always considered to be in
equilibrium during the period of measurement.

Ehrenfest's principle may be applied to vibrational energy transfer.
¥hen the period of interaction of the colliding species is short compared to
the period of the vibration, energy transfer becomes probable.

The average period of interaction for the collision may be written as
xv-l where x represents the interaction distance between the species and v is
the mean molecular velocity. As the period of vibration is -91- vwhere V is the
frequency of the oscillator then it may be stated that energy transfer is
probable only when |

sl & 1
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A similar conclusion may be obtained by gonsidel;ing the collisions
classically.

For a typical diatomic molecule at 300°K, V22 1000 cms-l, x'xlo-acm.,

Y 3.104'cm.se<:.":L end hence Vv *

= 10. A velocity at least 10 times the
average is thus required for energy tranffer. The proportion of these
collisions is governed by the Maxwell-Boibzmann distribution of velocities
and is small. <The probability of energy transfer is correspondingly low.
For 0, at 300%%, 27107 collisions are required (2). The proportion of
energetic collisions increases rapidly with temperature; the probability of
vibrational energy transfer increases accordingly.

The period of oscillation associated with an electronic energy change
is so short that direct electronic-translational energy transfer is
forbidden. Collisional transfer of electronic energy often occurs by internal
conversion,

The advent of the laser as well as of problems associated with supersonic
combustion, shock initiated detonations etc. has stimilated interest.in these
energy transfer processes. As vibrational energy transfer tekes several
thousand collisions its importance is felt in many fields -~ chemical kinetics,
dissociation (2,3,4).

Although mach is known about the translation -~ vibration (T-V) processes,
as yet relatively little is known about (V--V) and (R-V) processes. Various
reviews have considered the probléms associated with energy transfer (4-11).

The article by Lambert (7) gives a clear account of (V~V) energy transfer.
1—3) DEFINITION OF VIBRATIONAL RELAXATION.

Vhen a gas at equilibrium is perturbed, the rate at which any parameter



A sdjusts itself to its new surroundings is given by:

a(as) = -(s 1) . (a9)

dt T
where A A represents the deviation of A from its final equilibrium value.
This re-adjustment is known as a relaxation process and ¥ is the
relaxation time characteristic of the rate of change of A. From this
definition it is also the time required for (& A) to be reduced to Yeth. of
its wvalue.
For a vibrational perturbation (1-1) becomes:
d (Epp) _ -gxm (B) - By ; (1-2)
dt T
where By, is the vibrational energy and E o (Eq) is the equilibrium

vibrational energy. This equation holds for a two level system. Landau and
Teller (12) have also shown that a system of multilevel harmonic oscillators
may be described by (1-2) provided that (1) the change in quantum number on
collision is 0,i 1, and (2) the transition probabilities per collision K
(for a change in quantum number x —> y) are in the ratio of the vibrational
quantum numbers, i.e.
K01= Klz: K23 = 132:3 ceeees
Vhen the translational temperature is changing, Eyp (Eq) becomes EVIB(T)
~the equilibrium vibrational energy corresponding to the instantaneous
translational temperature (T.). The relaxation time T in the Landau-
Teller equation (1-2) is a function of the translational temperature of the
gas. It increases in value as T is reduced. Behind incident shock waves, T

falls during the vibrational relaxation. The energy supplied to the



relaxing mode is taken from the translational and rotational energy of the
molecule., The instantaneous value of ¢ shoﬁld therefore increase as
relaxation proceeds. This will be described as "Landau-Teller" behaviour.

Apparent deviations from this behaviour will be discussed in Chapter 3.

As vibrational relazation times are the result of two-body collisions,
they are inversely proportional to the pressure of the gas. Relaxation times
are referred to a standard pressure of one atmosphere and are normally
expressed in the units of atmosphere-seconds (atm. sec.) The relaxation time
¥ 1is related to the probability of energy transfer per colliéion, ny, and

to the number of collisions required for the transfer of a quantum of energy,

Ty

-hy -1

Pyo = L v(1-e /it ) Zj
1l
Fop = /20y
vhere 2, the gas collision rate at one atmosphere, is given by
z = 4 no 2 ( kT ) 12
M 3

n = no. of molecules per cm” at 1 atm,
o = collision diameter.

M = reduced mass.,

1-4) THEORETICAL TREATMENTS OF VIBRATIONAL RELAXATION.

The first couprehensive theory of vibrational relaxation was given by
Landau and Teller. (12). Their classical calculations considered only T-V
trmléfer and coupled an exponential interaction potential between the colliding
molecules to the most favoured approach velocity for energy transfer. This
last factor was obtained from an examination of the Maxwell distribtution of

velocities.
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Many of the parameters in the theory were unknown and no absolute
calculations ?:ere made. The theory did, however, predict the correct
temperature dependence of relaxation times vig:

logyy PT X T 13 + constant.

Schwartz, Slawsky and Herzfeld (SSH) (13) derived a quantum mechanical
theory using Jackson and Mott's (14) "distorted wave" method. This treats
the problem as a stream of plane waves striking a scattering vibrator. Most
of the waves are scattered elastically; the small inelastic contribution
corresponds to a change in the vibrational quantum nmumber of the scatterer
i.e. to vibrational energy transfer. The solution to the Schrodinger eqn. for
the distorted wave is obtained by perturbation theory. This solution is valid
only when the perturbation is small, i.e. when the probability of energy
transfer is small.

The derivation of the theory has been described in great detail in the
book by Herzjeld and Litovitz (15). The theory may be extended to ineclude the
effect of resonant or near resonant energy transfer (V-V). The effect of
rotation (R-V) has not been treated.

The basic SSH theory may be summarised as follows. The calculation for
the number of collisions required to de—excite a vibrational mode from quantum
level 1 to level O, ZlO’ is divided into three parts Zo,7 ZOSC’ Z-I’R where

Z 2..,2

10 = %+ %sc%m-
%y is a steric factor which is estimated to account for the proportion of
head-on to the total mumber of collisions which can influence energy transfer.

Its value for a diatom-atom collision is taken as 1/ 3. 2 containg terms

0S¢
mainly describing the molecular weight and reduced mass of the colliding
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particles. It is independént of femperatu:e. Zpg 1s dependent on both
temperature and vibrational frequency. It takes into account, if necessary,
resonant or near-resonant V-V transfer. |

To ensble the equations to be interpreted, the interaction potential
between the colliding molecules must be expressed as an exponential. This
can lead to uncertainties in the exact application of the theory. Another
important parameter required in SSH calculations is the. characteristic
length, L, used in the exponential repulsion term between the colliding
molecules. L is normally abcut 28 for most molecules: a small error in
its computation is magnified in the calculations for ZlO' Herﬁeld and
Litovitz give various methods both for calculeting L from viscosity data and
for modifying data from Lennard-Jones type potentials to fit the exponential
repulsion term.

The original theory is very successful in predicting vibrational
relaxation times. It has since been modified in many ways, e.g. in the
inclusion of a 3~dimensional analysis using a Morse oscillator (16) or an
angular dependent potential (17). Benson et al. (18, 19) have examined in
detail the coupling between the atoms in a collision between a lhard sphere
and a diatomic molecule. Recently Hartmann and Slawsky (20) have compared
the various forms of intermolecular potential available when calculating
relaxation times in chlorine. Shin (21) has given methods for the
calculation of the steric factor Z,,

Tanczos (22) extended SSH theory to collisions between polyatomic
molecules. The polyatomic molecules are considered as "breathing spheres®

vwhere the movements of the surface atoms in the vibrations are separated
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from tﬁé translational motion involved in the collision. This modified theory
is mainly concerned with an accurate calculation of ZOSC for the polyatoms. A
Thie is the factor that describes the motions of the surface atoms. Vhen a
diatomic molecule is treated using the breathing sphere model, the derived
Z(BC is equal to that obtained from the original SSH theory. |

Stretton (23) has used this model as a basis for the comparison between
calculated and measured relaxation times in a series of hydrocarbons and their
halogenated derivatives. Ons notable point arising from Stretton's work is
that the characteristic length, L, best suited to the calculations is almost
identical for all these molecules. (18R).

Milliken end White (24) have deduced a semi-empirical correlation for the

experimental relaxation times of diatomic molecules with various collision

partners:
4/ 21
loglo PY = 5.10_4 ./J.- % . o 3 E p /3 - -015/(1:1'-] ~8.00
' (1-3)
where PY  is in atm.sec.
0 = hy R = reduced mass of the
N M

collision pair in a.m.u.

The relaxation times predicted depend only on the temperature, reduced
mass and on the vibrational frequency of the oscillator. The equation is
. remarkably accurale for a wide range of gases. If, as Stretton suggests, the
characteristic length for all collisions is similar, this result is not
surprising.

If the SSH equations are arranged in the same form as (1—3), the exponents
of T, },L end VY are approximately - Y 3, 1/ 3 and 2/ 3 respectively: equation
(1-3) gives them as - 1/ 3, /. 2 and 4/ 3. An accurate determination of the
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exponent for I forms part of the work to ‘be desc:pibed here.

Losev and Osipov (25) have also coi'related relaxation times
empirically in terms of Landau-Teller and SSH theories. Good agreement is-
reported where only T-V transfer is involved.

There are several gases for which the simple SSH and Millikan and
White theories fail e.g. air (V-V coupling between N2-02), CH, (rotation),
0,~0 (chemical interaction), These deviations from the theoretical
predictions are discussed further in section (1-5) below. |
1-5) DEVIATIONS FROM "SSH" TV THFEORY.

V¥here the collision partner is diatomic or polyatomic, the observed
relaxation time is often much lower than that predicted by assuming only
(T-¥) energy transfer. The more complex SSH theory mentioned in sect. (1-4)
which includes (VV) transfer has been applied fairly successfully to these
gas miztures in which (V-V) processes are important.

Rapp et. al. (e.g. 26, 27) have developed a separate theory of
resonant/near-resonant (V-V) energy transfer based on the lines of (T-V)
transfer. Although mathematically different to SSH theory, the final results
are roughly equivalent. No theory however is yet in the position to give an
adequate account of miltiple quantum transfers; these seem to be under—
estimated in both theories.

SSH theory is notably incorrect in predicting the ratio of relaxation
times in molecules containing either hydrogen or deuterium e.g. CH4/ CD 4
HC1/DC1 (28, 29). This has been ascribed to the coupling of rotation in
the transfer of energy in the collision. For molecules with low moments of

inertia, the high peripheral angular velocity can be comparable to the
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translational approach velocity of the coliiding molecules, Collisions in
which rotationai energy is transfered to vibrational energy directly may
thus contribute to the overall relaxation.

Lambert and Salter (30) examined the effect that the number of hydrogen
atoms substituted in organic molecules had on the vibrational relaxation
times., By plotting log Zbl against the lowést vibrational f:equency of the
molecule they found that points for compounds fell on different plots
according to the number of hydrogen atoms they contained. The plots were
linear and the slopes decreased as the mumber of hydrogen atoms per molecule
increased.

(R-V) energy transfer has often been cited as the explanation for the
molecules on the Lambert-Salter plot. However for these molecules the ZOSC
factor in the SSH theory contains terms very dependent on the number of
hydrogen atoms in the molecule. It is possible that the theory is
inaccurate in its consideration of vibrations such as H-CK.

Cottrell et.al. (31) and Bradley-Moore (32) have considered the
interaction of a classical rotator with a quantised oscillator. They have
applied their theories with some success to the hydrogen containing molecules
on the Lambert-Salter plot. Nikitin (33) has recently published a theory of
vibrational relaxation which accounts for the effects of rotation. Good
agreement with the practical measurements on HI are claimed.

Another intractable effect is that of chemical interaction between the
colliding species. This has been used by Callear and Williams (34) to

explain the anomalously fast relazation of nitric oxide with various hydrides

and deuterides. The fast vibrational relaxation of oxygen by O atoms
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obtained by Kiefer and Lutz.(35) has also been described in terms of incipient

chemical bonding — "sticky collisions",

In summary therefore, the modified SSH theory provides an adequate basis
for formal vibrational relaxation calculations., Millikan and Vhite's formula
also predicfs the rate of many T-V processes. Rotational .and chemical effects
are, as yet, not fully understood; a more comprehensive theory with their
inclusion is required.

1-6) EXPERIMENTAL METHODS OF DETERMINING RELAXATION TIMES,

For a complete understanding of energy transfer, an adequate knowledge
of the variation of relaxation times over a wide temperature range is
required. Almost all high temperature work has been performed in shock-tubes
and the results have, in general, confirmed measurements at lower temperatures.
Room temperature methods of measurement‘ -~ the ultrasonic interferometer, the
spectrophone, “kinetic spectroscopy" (flash photolysis) etc.. have been
reviewed in the monograph by Cottrell and McCoubrey (2).

1-7) THE SHOCX TUBE.

Consider a tube of gas closed at one end by a piston which is capable
of acceleration to a velocity greater than the speed of sound in the gas. If
the piston is considcred accelerating in small increments, then the pressure
wave propagating through ths medium at each step progressively compresses the
gas. Each "step-wave" travels through the gas faster than its predecessor and
a shock wave is produced when these steps coalesce. As the shock front
travels normally down the tube, the hot compressed gas is pushed out behind
it at the velocity of the piston. See fig. (1-1) (a}.

In fig. (1~1) (b) an equivalent process where the passage of gas at a
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constant rate through unit area of a stationa.fy shock front is considered.
Equations governing the physical parameters of the shocked and unshocked gas
may be written in terms of the conservation of mass, energy, momentum and in

terms of the general gas laws

rP1T¥ = P,u (14) Conservation of mass
2
P 1'02 4-Pi = P, u + Pé (1-5) n % momentum
2
'l'Uz +H =  * H, (1-6) n " energy.
L R RT3 Py _ prp (1~7) General gas law.

272

£l P2

(Notation as in fig. (1-1) (b)).

A solution to these equations in térms of the shocked gas temi)érémre,
pressure and density requires a knowledge of all the unshocked gas parameters,
the enthalpy as a function of temperature as well as one other variable of
the shocked gas. Normally the measured shock velocity, U, is chosen as this
variable and the solution of equations (1-4) - (1-~7) may be obtained. The
calculations are easy but tedious and are normally carried out on a computer.

Vhen an ideal monatomic gas is shocked, the temperature behind the
front remains constant in the absence of ionisation. There are no relaxation
processes to make the internal energy of the gas time dependent. | In a gas
undergoing relaxation behind the shock front, the shocked gas enthalpy
increases due to the contribution from the relaxing modes and the temperature
falls: the shocked gas is adiabatic and nearly at constant pressure.

For nitrogen undergoing relaxation at about 25009K, the equilibrium
temperature is several hundred degrees below the temperature behind the front.

In this context it is possible to consider the separation of the translational,
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rotationa.ll and vibrational temperatures as relaxation proceeds. Such a
process is illustrated in fig. (1-2) (@). Although the effect of vibrational
" relaxation can mean up to a 10-15% change in the trahslationél temperature and
density, the effect on pressure is much smaller. This is jllustrated in

fig. (2-2) (b) (c).

By monitoring the change in these variables, the shock tube provides a
useful tool for obtaining relaxation times. Its advantages are that by
selecting the shock strength any desired temperature range may be studied.

The one dimensional flow down the tube provides a time scale for the
measurement of these processes. However as the gas under observation has been
compressed and set in motion by the shock wave, the laboratory time scale
will not coincide with the internsl time scale of the reactions taking place
in the tube.

For ideal flow t; = tg / ( Po / P1 ) so the time scale is compressed.

tl is laboratory time; tg is gas particle time.

One of the major disadvantages of the shock tube is that the gas is never
completely inviscid and a boundary layer of cold gas builds up behind the
shock front adjacent to the walls of the shock tube. This effect is worst
at low pressures in small diameter chock tubes and any rate measurements made
under these conditions must be corrected very carefully.

1-8) RELAXATION MEASUREMENTS IN SHOCK TUBES.

All relaxation times measured in shock tubes have been obtained by
monitoring the change in temperature, density or vibrational energy of the
shocked gas. Density measuring techniques - the Mach~Zender interferometer,

the X-ray densitometer etc. have been described in the books written on shock
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tube techi:iques (36? 37, 38). Kiefer and Lu{:z'(3'9, 40, 41) have recently
u#ed a continuous gas laser as a narrow beam source of light to obtain
quantitative schlieren meésurements of the density gradient behind shock -
fronts. l

" The line reversal technique for determining relaxation times developed
by Gaydon et.al. (42) monitors the emission from an ionised metal atom and
compares it to the brightness temperature of a calibrated light source, The
population of the electronically excited metal atoms has been shown to be in
equilibrium with the vibrational energy of the relaxing gas. There has been
considerable discussion whether the relaxation times infered from this
technique are correct. Results obtained using both chromjum and sodium as
the ionised atom are however in excellent agreement with those obtained by
other methods (37).

The recent advent of fast rise-time infra-red detectors has enabled many
measurements of relaxation times in I-R active molecules to be made directly
(43). 4he intensity of an infra—red vibration-rotation band is a function of
the population of the level corresponding to the band. A record of the
intensity against time gives the relaxation time for that particular
vibration. This technique should enable the relative contributions of each
separate vibration to the relaxation of a polyatomic molecule to be determined.

The method used to determine relaxation times in this thesis was
developed from the work of Levitt and Sheen (44-47) on the characteristics of
the light emission from shock-heated sulphur dioxide. This emission has been
shown to depend on the translational temperature of the gas. Vhen a sﬁall

proportion of 802 is added to a relazing gas e.g. Nz, the emission provides
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a very sensitive method of bfollowing the fall in translational temperature
due to relaxatién. ‘

Two or three interesting points arose from Levitt and Sheen's
preliminary work on this emission tracer technique. ‘the instantaneous rate
of vibrational relaxation of nitrogen apparently decreased as relaxation
went to completion, unlike the expected increase in P-¥ for Landau-Teller
behaviour. Secondly a short investigation of the vibrational relaxation of
Né indicated that an 802 molecule was more efficient in transfering energy
than a nitrogen molecule itself. On (T-V) energy transfer theory the heavier

802 molecule should be a less efficient collision partner,

The initial objectives in this work were thus:
(1) the improvement of the translational temperature tracer
technique to obtain more accurate relaxation times.
(2) an explanation for the observed decrease in PY during

a single relaxation.
(3) an explanation for the high efficiency of the

802 molecule.

A survey of the literature has shown that although much work has been
performed on the relaxation of pure nitrogen, surprisingly little is knowm
about the efficiencies of various collision pariners. The third and main
objective of this work has been the measurement of these efficiencies with
special reference to the relative contritutions from the various (2-V),

(v-v) and (R-V) processes.
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CHAPTER 2.

EXPERITMENTAL METHODS.

2-1)  INTRODUGTION.

The shock tube built for this work is of conventional design, similar
to the tube already in operation in this Department. ihe driver section
contains hydrogen at high pressure; the test section coﬁtains the gas to
be shock heated. A shock wave is generated when a plastic diaphragm set
between driver and tést sections ruptures. The driver gas expands into the
test section,

| At the far end of the test section remote from the driver section the
shock bursts a thin diaphragm and is dissipated in the dump tank. The
volume of this tank is sufficiently large to prevent the formation of
reflected shocks or high static gas pressures. The dump tank also removes
diaphragm fragments and spent test gas.

The metalwork and construction of the tube, window mountings and seals
are almost identical to those described by Sheen (48) but the pumping system
and electronics have been improved.

2-2) DRIVER SECTION.

This was constructed from 5' of 2" o.d. round brass tubing closed at one
end. It is designzd to withstand up to 1000 p.s.i., A flat face place was
goldered normally to the axis of the tube; it was recessed to hold an "OM
ring vacuum seal, The plate is provided with locating dowels to align the
tube to a similar plate on the downstream section. The diaphragms are
clamped between these plates, vacuum sealed by the "O" rings., The section

is mounted on rollers to enable it to be moved easily to change diaphragms.,
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It is coﬁnected’by a flexible line to a vacuum pﬁmp to remofeAair before
admitting the driver gas. |

Eydrogen (B.0.C. cylinder grade) was taken by a two stage regulator with
a high pressure outlet (0.-600 f.s.i.) (British Industrial Gases) into the
tube by a W.S.A. microneedle valve. Driver pressures in the range 50 - 250
P.S.i. were employed; pressure was measured with three Budenberg vacuum
gauges ¢ 0-100, 0-400, 0-1000 p.s.i. These gauges are provided with spring
loaded cut-offs which protected them against excessive pressures.

In use, the hydrogen pressure was increased until the diaphragms burst
either spontaneously or by the action of a blunt plunger. This was operated
by a piston which could be set into motion by applying the driver gas pressure.
2-3) TEST SECTION.

A square tube: 9' long, internal section 1", wall thickness 3", was
constructed by éoldering together two lengths of brass angle. The tube is
reinforced with metal straps at 1' intervals. Face plates at either end
connect to the driver section and to the dump tank,

The hot gas was observed through three pairs of window holes reamed in
the vertical faces of the tube. These holes, at stations A, B and C (see
fig. 2~1) are situated near the dump tank end of the tube to provide adequate
test-time observation of the shocked gas.

A short, round section stainless steel manifold (2" o0.d.) between test
and driver sections has valves to admit air after a run and to a connection
to the glass vacuum line. The change in profile from round to square section
vwas machined so as to avoid any sharp edges which would impede gas flow.

The whole section is rigidly bolted to the bench to damp the recoil after
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flnng the shock.
2-4) WINDOWS.

Quartz discs, 1" diameter, 4" thick (Thermal Syndicate Ltd.) were
cemented in circular brass mounts with Araldite to form a vacuum tight seal.
The mounts are screwed into flat face plates, pairs of which are bolted
together either side of the tube. The windows fit intb the reamed holes
at A, B and C. Vacuﬁm sealing is afforded by "O" rings: the use of double
"0" rings gave & better seal than the system previously used (48) (see
fig. 2-2). '

The mounts are screwed into the face plates to such a depth so that when
fitted in position, the quartz windows are flush with the inside of thc shock
tube. To assist in this adjustment, windows were set up one at a time by
bolting to a dummy face plate. The screw tensions were adjusted until the
plate was -060" away from the shock tube wall. The mount was then adjusted
in its screw fitting until the window was felt to be flush inside the tube,
¥hen this operation was completed for each pair of windows, the dummy plates
were discarded and the windows bolted together with the plates again .060"
avay from the tube.

2-5) DUMP TANK.

A 9" diameter stainless steel tank, 22" n_n length with a short &% x 2" o.d.
linking tube and face plate is aligned with the dowmstream section at the end
zjemote from the driver. The tank is closed at one end. At the other, the
face plate and its mate on the fest section were recessed to take "O" rings.
These h‘old thin diaphragms in a vacuum tight seal. A line is provided to

evacuate the tank; it is fitted with a valve to admit air. A spring loaded
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safety valve sét to open at about 5 p.s.i. abové atmospheric pressure is
included in the end of the tank, The dump tank unit can be moved back and
forth on a metal beam bolted to the bench.

2-6) DIAPHRAGNS. ,

Sets of diaphragms were clamped in the tube at either end of the test
section., At the driver séction I.C.I. Melinex type O or MSM in varying
thicknesses was used according to the shock strength required. Melinex
tears rather than shatter§. The finite opening time of the "petals™ delays
the formation of the shock. To keep this to a minimm, the diaphragm
thicknesses were chosen so that they were aiwa&s used at or near their
spontaneous bursting point.

Water desorbing from the Melinex surface increased the time required to
reach a working vacuum. To reduce this effect thin guard diaphragms of
plastic coated, water resistant cellophane (British Sidac type MXXT) were
used. MXXT diaphragms were also used at the dump tank end.

2-7) [THE PUMPING SYSTEM.

The driver section and dump tank were evacuated with a N.G.N. type
P.S.R. 12 oil pump. The P.S.R. 12 has two separate pumping chambers in
parallel, a nominal capacity of 360 litres/min. and reaches a vacuum of about
10"'2 torr. in about one mimte. The downstream section was evacuated via
a glass line with a Klemperer single stage mercury diffusion pump backed by
a second, three stage pump and another P.S.R. 12 oil pump. In conjunction
with the diffusion pump an ultirate vacuun of 5,10~ torr. could be obtained
in the tube within about one hour. The permanent gas leak rate to the test

section is about 1+5 microns/mimte.
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2-8) THE VACUUM LINE.

A glass line joins the test section to.the vacuum pumps, connection
being made through a glass to metel seal. Two ball and socket joints absorb
any movement when the shock is fired. The line is divided into two limbs:
one for pressure measurement, the other fof gas handling and stofage.

" Large 25 mm. bore taps are used between the shock tube and pumps to.
jncrease pumping speed. Between the test section and pumps, wide bore glass
tubing with few bends and of short length also kept pumping time to a
minimm, The test section is isolated from the glass line with a Saundérs
diaphragm valve. These valves are operated by a cam clamp action and were
found to be suitable for vacuum purposes. Apiezon L grease was used on all
vacuun taps. A diagram of the vacuum line is given in fig. 2-3.

2-9) PRESSURE MEASURING LINE.

For the range 0-760 torr. a glass spiral gauge was used for pressure
measurenents. The mirror on the gauge was quartz coated by Messrs. Optical
Vorks Ltd. to prevent loss of reflectivity due to the corrosive action of
the gases. From 1-35 torr. a silicon oil manometer (Hopkin and Williams
silicon 0il type MS550, density 1.09 gm.ml™>) was used. This oil suffers
from the disadvantage of "weiting" the sides of the manometer, however it
is relatively inert to chemical reaction. -

At lower pressures a Pirani gauge, 107t - 1074 torr., and a Mc#leod
gauge, 10 = 10"6 torr., vere available. The Pirani gauge wire was
marufactured ffom a 100 watt tungsten light bulb filament and is operated
in a theatstone bridge configuration. The out of balance current, dependent

on the gas pressure, is indicated on a SQ/aa. meter., The stable bridge
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voltage is taken from the 300 volt.H.T. supply provided for the electronic
circuits. The gauge was found‘to be more réliable than its commereial
equivalent.

2-10) GAS HANDLING AND STORAGE LINE.

Gases were purified, stored and metered into the shock tube on the gas
handling line., Facilities for drying the input gases over molecular
sieves (Linde type 5A) or phosphorus pentoxide are provided. Test gas
mixtures vere made up in the reverse order of partial pressures except for
the mixtures containing H20 or D20. In these mixtu;es the remaining gases
were premixed before admittance to the storage bulb which already contained.

the HZO or D20.

Mixing was accomplished by the turbulent action obtained by passing the
gases into the flasks with a high pressure gradient; in any case mixtures
were usually left overnight before use., To prevent wastage of test gas,
samples vere admitted into the shock tube via a thin bypass line fitted with
an additional o0il manometer.

2-11) GAS PREPARATION.

All gases excapf HCl and DCl were obtained from cylinders or bulbs from
commercial sources. The materials used, their sources, quoted purities and
hardling techniques are summarised in Table 2-1.

2-11-a) Preparation of HCl and DCl.

HCl and DCl were initially prepared to the method of De Vries and Klein
(49) by the action of H,0 or D0 on silicon tetrachloride. Silicon -
tetrachloride was distilled under vacuum and condensed in a cold trap at

- 196° c, H20 or D0 which had previously been degassed was condensed into
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Gas preparation.
GAS SUPPLIER PURITY PREPARATION
'N2 Over molecular sieve,
' TS
02 and thro' liquid N2
B, B.0.C. ¥ 99-9% _trap.
cylinder
Ar
D2 Matheson 99+5% "
cylinder
CH4 " 99.95% "
Kr B.0O.C.
1,1litre v 100% Used direct
He bulb
€D, | Merck % 99% "
litre
bulb
H20 Fresh - Degassed and distilled
distilled
D,0| Norsk 99+ 7% "
Hydro
Co.
802 Hopkin
and Inpurities Frozen, pumped on,
Williams 400 ppm. melted, repeat and
syphon vacuum distilled.
NH3 I.C.I 99+ 9% Thro' KOH column into
cylinder liquid N, trap. Pellet
of Na to"remove H,O.
1st. fraction discarded.
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Comment on Table 2-1

The purities have been taken from the manufacturers Quoted
specifications. Apart from the work described in gection (2-12)
P.38, no tests were employed to check these specifications.

The deuterium was made available by Professor G. Wilkinson
P.R.S., Inorganic Chemistry Dept., Imperial College; the NH

. 3
by Dr. E.D. Brown of the Organic Chemistry Dept.
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the frozen Si Cl, end the liquid N, replaced by a bath at -80°°, The
evolving gas was condensed at —196°° and purified by successive distillation
between traps at -196°° and-80°°, The frozen product was evacuated each

time to less than 10—+

torr. ‘the pure gas was stored in a one litre tulb.

A more convenient method of DCl preparation was used in the later stages
of the work. D80, (c1BA, 99% pure) was dropped onto NaCl under vacuum and
the evolving DCl was trapped and purified as before.

2-12) GAS IMPURITIES.

Gas impurities have long been regarded as a source of error in
relaxation measurements (2) and efforts were made to minimise this effect.

As a check on the pu.f'ity of the mixtures, especially with respectto any water
present, a sample of test gas (502- Nz) vas taken from the shock tube and
subjected to mass spectral analysis. The presence of a small amount of
background emission in the M.S.9 spectrometer prevents the detection of small
- amounts of impurities; however a comparison of the scans of both backeground
and sample set a maximum water content of 300 p.p.m.

This level is insufficient to effect measured relaxation times
significantly at 2-3000%%, fThis point is more fully discussed in Chapter 4
vwhere relaxation measurements of nitrogen in the presence of water vapour are
described.

2-13) ELECTRONICS.

The light emitted by the shock heated. gas was measured by a photomltiplier.
Pulses from the luminous shock front obtained from photomiltipliers at A end
C were amplified and used to start and stop the gates of a Racal (SA 535)

microsecond chronometer. From the distance AC, the shock velocity was thus
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determihed by the indicated transit time.

Quantitative emission measurements were made at B. The output from an
E.M.I. 9558Q photomultiplier was displayed on a photographed single sweep
of an oscilldscope. |

| The three photomiltipliers and attendant electronics are supported in

light-proof boxes on an optical bench mechanically independent of the shock
tube. Light from the emission was collimated at each station by two pairs

of razor blade slits; one pair on each of the windows, the other across the
entrance to the photomltiplier boxes.

The distance between the timing slits AC is exactly 1 metre. The slits
at B are + metre from A and C. The slits for the timing photomulfipliers
were <5 mm. in width. For the quantitative measurements at B, a slit of
' *l x 125 cms., vas used on the shock tube window; one of dimensions
*29 X 1+2 or +29 x 2-4 cms. across the photomultiplier. The electronics are
shown schematically in fig. (2-4).

2-14) TIHING PHOTOMULPIPLIFRS.

Light at stations A and C fell onto R.C.A. 931A photo tubes to be
amplified as electrical pulses prior to admittance to the chronometer start/
stop gates. The electronic circuit is showm in fig. (2-5). The H.T. bias
for the dynode chain was taken from a Power Designs Inc. power pack
(0-2012V. 15 m.a.). The +300 volt stabilized supply was built by the
Department's Instrument Section.

The light emission producéd a low impedance signal across the anode load
resistor. This was amplified by a X25 pentode stage and was fed into a

cathode follower. Coaxial cable took the approximately 5 volt low
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impedance signals to a pulse shaping/amplifying network. This network
was necessary as the emission pulses (either positive or negative in sign)
were not of sufficient amplitude to trigger the gates of the chronometer.
2-15) PULSE SHAPER NETWORK. (see fig. 2-6).

The outputs from the start/stop photomltipliers at A and C were fed
into identical channels in the pulse shaper. Pulses were amplified by
another EF 91 pentode stage, X25 gain. Equal positive and negative pulses
were obtained from a phase splitting triode with equal anode and cathode
loads, 4The outputs from these were applied to the grids of a double triode
cathode follower with common cathode load, thus producing a positive pulse
irrespective of the original polarity.

The signal required to operate the chronometer gate is a pulse of
between 8 and 15 volts with a maximum risetime of -2 usec. A trigger from
the start channel was provided to operate the single sweep on the
oscilld.scope. -

2-16) SIGHAL EQUALISATION.

Owing to the slight variation between slit dimensions, valves and
resistors on each channel, equal light intensity did not give equal pulses
at the chronometer gates. To eliminate this effect so that the gates trigger
at the same point of the emission rise each time, the stage gains were
equalised for both channels.

In practice, it was assumed that, to a first approximation, the slit
dimensions at A and C were the same. The slits on each channel were
illuminated in turn with chopped light of a fixed intensity and the electrical

output from the photomultipliers was monitored on the oscilléscope. A
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potentiometer in series with the dynodé H.T. supply in one channel was then
adjusted until the displayed pulses from each chahnel were equal.,

The pulse shaper network was balanced by altering the gain of the
pentode in one channel by inclusion of a potentiometer in series with the
EF91 anode. The output obtained by feeding the oscilldscope square wave
calibrator info the network was monitored and the potentiometer adjusted
until both channels were equalised.

2-17) E.M.I. 9558Q PHOTOMULTIPLIER.

Quantitative measurements were made with an E.M.I. 9558Q
photomultipliér. This phototube is fitted with a quartz window and with a
tri~alkali cathode. It has a spectral response from 2000 -~ 8000 fwith a
_ peak at about 4000 A, The tube, although noisier then the identical tube
used by Sheen, has a greater dynode gain. The circuit is shown in fig. (2-7).

The first dynode - cathode voltage was stabilised by two 85A2 neons.
The tube was electrostatically screeﬁed by metal foil connected via 4 x 5
megohm resistors to the cathode. The anode last dynode voltage was
stabilised by a triode cathode follower. The signal from the 4+7K snode
load was fed directly to a Vhite cathode follower, Tais has an output
impedance of about 20 ohms, low enough to avoid attenuation of fast pulses
by the capacitance to earth introduced by the coaxial ceble.

The signal taken from the anode was kept to less than a volt and hence
the current drawn was a small fraction of the current down the dynode chain,
ensuring linear operation,

2-18) OSCILIOSCOPE.

The 535A Tektronix oscilldscope with type I preamplifier possessed a
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built in delay. system suitable for delayi.ng the trace sweép after the input
of the trigger signal. This was used in cohjunction with a trigger signal
from station A to obtain the shock front at a conveni.ent‘ position after the
start of a single sweep of the trace. Normally delay times in the ordexr of
100-500 Atsec. were used, depending on the estimated shock velocity.

The trace was photographed using a Télford type A oscilldiscope camera
and Kodak Ox;tho-Royal sheet f£ilm, 5" x 4", speed A.S.A. 460. The film was
developed in high contrast Xray developer.

The overall risetime of the photomultiplier-oscilldscope combination was
found to be fast compared to the time taken for the shock front to pass the
photomultiplier slits and was under 0°5 jsec. | o
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CHAPTRR 3. -
THE RMISSION TRACER TZCHITQUE.

3-1) TITRODUCTICH.

then dilute mixtures of 802 in argzon are heafed by a shock wave, three
electronically excited states ariLOPulated (331, 1B2 and (?) lBl). They
are depopulated by dissociation, quenching and by radiative transitions.
the intensity of the emission atr4360 K was found to ve proportional to the
concentration of 302 but independent of that of the diluent.

Above 3000OK the dissociation was fast compared to the duration of the

experiment. The decay has been used to examine the S0 dissociation kinetics

2
ok . . s e -
(50). Below 28C0™" the dissociation was slow and the emission rose at the
shock front to a steady level — indicating a constant temperature zZone vhere any
chemical relaxation was very slow.
Levitt oand Sheen shoved that the veriation of intensity per unit
wvavelength interval with temverature is given by:
1=1[50,] o, | emw { -E, (3-1)
okl RT

Here Io is a constant for the apparatus, independent of pressure, mole
fraction of 802 and temperature. Ea is the apvarent activation energy of the
emission. It is an average value vhich depends on the excitation kinetics
for cach wavelength, the speciral response of the monochrorator -
photomuliiplier combination and the temperature.

Ean, (3-1) shows that en "Arrhenius" plot of In I against recivrocal

temrperature should ve linecer, whose slope is defined by Ea.
R
In computing the temperature of the shocked zas, the SO, was assumed to

be fully relaxed in the shock front. Tiis assuiption has been discussed
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fully elsewhere (47, 48); relaxation megsuremenfs of P VU (soz; SOZ) at
293, 375 and 473°F (51, 52) extrapolate to a relaxation time of about

10—8atm.sec. at these higher temperatures. Millikan and VWhite's semi

empirical formila, using the lowest vibrational frequency of S0, 518 cms™L,
gives 4.10-8atm.5ec. These times are short compared to the experimental
time scale of the work to be described.

¥hen argon is replaced by nifrogen as the diluent and the gas is
shocked to about 2500°K, the traces show a rapid rise at the shock front
followed by an exponential decay to a steady level. The traces resemble
the higher temperature dissociation of 802 in argon.

It has been shown that this decay is not due to the dissociation of
502 but to the vibrational relaxation of the nitrogen; the emission follows
the translational temperature of the nitrogen and not its vibrational energy.
This contrasts with the sodium line reversal technique which monitors the

latter parameter.

3-2) ANALYSIS OF EMISSION RECORDS.

When nitrogen is shock heated, the translational temperature of the
hot gas, T, rises to a peak value Tl immediately behind the front and then
falls to an equilibrium value ‘1‘:Ll where relaxation is complete. The
dependence of the emission at the front, Il, and at equilibrium, Ill, may
be obtained by inserting T = ‘1‘1, Tll and /O = 101, Pll respectively
into equation (3-1). The rate of emission decay may be used to obtain
vibrational relaxation times.

The intensity I at any point in the relaxation is obtained in tei'ms of
o by writing (3-1) in the form:
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-

“H(e) = [ 20378 o

A degree of relaxation, X , is defined such that the effective
enthalpy H exhibited by the partly relaxed gas is given by
E = oE + (1-d) g |
where Hr’ Hu refer to the enthalpy of the relaxed and unrelaxed gas

respectively. The instantaneous vibrational energy of the nitrogen Ev is

given by:
= - = =4 -
E, = H-H (8, - H) (3-3)
The equilibrium vibrational energy at the translational temperature
T is simply
Bp = B -8,
so that
F‘I‘_Ev=(l-d) (Hr-Hu) (34)
From eqn (1—2), the Landau-Teller equation for vibrational relaxation:
45 B - B (35)
dtg v

tg is gas particle time, ¥ the relaxation time for the diatom. The
instantaneous value of ¥ at any point of the relaxation o is denoted as ¥, .

By substituting (3-4) into (3-5) and differentiating (3-3):

a4, = (@Q-«) (B, -H)
@ g™
= (Hr-%)%i_ + O(_g{_:c—Hu)

Since (Hr - Hu) is a single valued function of T and 4 a function of of :
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ol = oA -H5)
1-o = gto( ( 14 x & Hu)>
’tc( g u 4

- ol -
= 4o 14+ o7 % d(Hr Hu) me) (5-6)
at_ H -H d
: € r u ar

Consider the last term on the R.H.S. of (3-6). Now:

din (H_ -H ) = T , a(E_=-H) dinT
r u b g u . —
3, (5, - E)) 3T dtg
. 1 B . o
Since Hu =3 RT, dHr = Cp where Cp is the spec:.flq heat of the
at
relaxed gas at TOK.
dIn(H‘-H) = (C. - 3°R). 41nT
__r_.._ u - 3 SRT P d‘b
at g
-4
(c - 35R) | dinT

«H—:}—————T)_ 575R) at, (3-7)
Substituting (3~7) into (3-6):

1-o =.<.i__9_<.__(1+o((0-3-5R), dlnT)
T a [E/T)- 358 ] dd (5-8)
Finally by differentiating (3-2) and substituting into (3-8):

(1-ot)(E , almp _ dlnP)
‘T d o d

(3-9)

T =

(1 + of. dInT (C_ - 3+5R) ),dlnI
e ((E/m=5m) ! 9,

For ideal inviscid flow behind the shock front, the relationship between

the laboratory and gas particle time scales is given by

vl (Pz ) Ll (3-10)
From this and equation (3-9), measured values of dlnI (the rate of
dt
1
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emission decsy behind the shock front) can be comverted to values of Uy o

3-3) VARIATION OF SO, EMISSION WITH TEMPERATURE.

To improve the signal {o noise ratio in these experiments, unfiltered
radiation from all three excited states of 302 was observed. Fig. (3-1)
shows oscilldscope traces of 802/Ar mixtures shock-heated to various
temperatures. At 33556K dissociation is fast; at 2935°:K the induction
period for the dissociation may be observed for 2¢ 10 Jiseces at 2407dK
the dissociation is much slower than the time scale of the photographed
oscilld.scope trace.

An Arrhenius plot of the logarithm of the unfiltered light intensity
behind the front against reciprocal temperature is shown in fig. (3-2).

It is linear and the activation energy, Ea’ was found to be 835 Kcals.

mole_1

. PFig. (3-2) demonstrates that eqn. (3-1) adequately represents the
total response to the unfiltered radiation for the experimental conditions
investigated.

3-4) SHOCK IMPERFECTIONS.

Occasionally emission traces showed a slow rising portion which was
ascribed to shock attenuation. (Fig. 3-3(a)). From the rate of change of
light intensity, the increase in temperature and hence the velocity
attenuation may be calculated. This value may be compared to the value
calculated from the expected, and'observed, delay times for the shock to
traverse from timing station A to station B. Both values indicated that
attenuation was less than 1%/metre.

At high shocked gas pressures ( > latm) the traces often showed

irregularities similar to the trace illustrated in fig. (3-3(b)). This was
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due to sonic irregularities in the gas in the square section shock tube.
Normally a pressure region was selected for study where these effects were:
small,

3-5) LIGHT EMISSION IN 302/N2'

For the N2 ->SO2 runs, values of the logarithm of ‘the peak light
intensity, 1'1, plotied against rgciprocal temperature, 3/, Tl, always fell-
within experimental scatter — on the line representing the argon resﬁlts.

The experimental equilibrium intensities, Ill, plotted against Y Tll, either
fell on the argon line or were slightly too high. In these instances a '
true equilibrium intensity was not observed but the traces showed a slow
rise which was attributed to-attenuation. (Fig. 35(a)).

Extrapolation of this slow rising intensity back to the shock front gave
values of Ill in reasonable agreement with the argon results although the
extrapolation was not elways very accurate. An example of the corrected
traces is given in the form of a log 'L vs. Y7L graph in fie. (3-4).

To eliminate changes in intensity due to attemuation from effecting the
relaxation calculations, the intensity profile was corrected on the
assumption that changes in log I due to flow effects increased linearly with
laboratory time behind the front. The procedure is illustrated in fig.
(3-5(b)). For each run the final intensity level expected from eqn. (3-2),
1_11, was calculated using the experimental value of Il. By comparison to the
observed final intensity, the rate of change of intensity due to attenuwation

(dlnI could be calculated. The true rate of decay of light intensity due
dat
A

tin.
to relaxation is then given by:

dt

dinl _ ( dinT + ( dinI (3-11)
= \at : at
Obs. Relaxation ttn.
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vhere (dlnI ' refers to the measured rate of emission
dt Obs. }
decay as indicated in fig. (3-5).

This procedure has two defects. The assumption that the intensity change
due to attemation is linear, may be false; the choice of the value of ¢
(the time required for the gas to reach its observed equilibrium intensity)
is rather arbitrary., Immediately behind the shock front, the attemation
term ysed in eqn. (3—11) vas always small compared to the observed decay
due to relaxation and hence these defects will be negligible. As the
relaxation proceeds however, the rate of emission decay falls and the
attenuation term may contritute a significant error to the calculated
relaxation time.

_Traces may be analysed in two distinct ways. The emission decsay
immediately behind the shock front (X = 0) can be converted into a value
of PVY 0* The temperature dependence of the relaxation and the efficiency
of 302 as a collision paritner may be determined from the P-’Co's of several
runs, Alternatively a single trace may be analysed as < —> 1¢0 and the
varistion of P "Eo( with of obtained. As mentioned in the introduction,
previous results by Levitt and Sheen showed an apparent decrease in Py
as X >1°0, This was in contrast to the expected increase. The
remainder of this chapter describes further measuremenis on the variation of
P Y, ; chapter 4 describes the results obtained by analysing many traces

for values of P’L’o. In chapter 4 it will be shown that the S0, tracer has

2
little or no effect on the N2 Yelaxation.

3~6 VARIATION OF P ' WITH o,

Traces were analysed as follows:
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(1) Bquation (3-2) was used to calculate the value of I at o =0,
'11"" 1.0 using the expérimentally determined intensity at the front Il,
and the temperatures and density ratios obfa:ined from the computer program
solution of the hydrodynamic eéuations.

(ii) A graph of log I against t» suitably corrected for attenuation,
was plotted. The wvalues of tl at which the intensity reached values
predicted at o = °12,.. 1°0 were noted.

(iii) The gas particle times equivalent to these laboratory times were
calculated using an equivalent form of equation (3~10) in integrated form.

1‘e::J‘l’Il /O__z_ dd.
¢ P

The integral was evaluated graphically by the "method of areas" from

the computed values of -,?_2_
F1

(iv) Log I ( of =0 ... 1°0) was plotted against the calculated gas
particle times and dInl at o =0, 1 ... 1°0 evaluated from the slope of
the graph. dtg

(v) substitution into equation (3~9) therefore gave the values of "'tfd '
hence P o ! equivalent to each value of the degree of relaxation <« .,

3-7) A TYPICAL ANALYSIS.

The differentials 4lnT , dlnP
ad d

for eqn, (3-9) were obtained directly by solving the hydrodynamic equations

for the shocked gas at of, A+ <001 on the computer. Thermodynzmic data
for the various gases was taken from reference (53). The results of a

computation for a shock through 1% 802 /N2 at 2217 mm, /usec.-l are given in
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table (3—1) .

Table 3-1. .
« | % - (E d1nT - QlnpP
/oz//ol (—axdu du') = 4
RT

0 2591 | 539 (17.2 x *131) - -269 = 2.08
1 2314 | 6:21 |. (19.2x +098) - +121 = 176
’q, 1 + o dlnT ( C-B-SR)

dot \ (E/T)5-58/ =3 Ay
0 1 + (0x-.1%31x 1~80; = 1.00 2.08
1 1 + (1x-.102x2.91 = 8l | 2.19

It may be seen from the table that the product A'/B involved in the
calculation of ¥/, viz:
Y = (1-dl) A 1
A B dni/,

g
varied by 5% in going from: o =0 to o= 1.0. The previous

results (47) ignored the variation of the denominator B with & . It was
taken as exactly 1°0 and this involved an error of about 107 in the quoted
values of P’L;( at ol =10, The variation of B with o{ has been taken into
account in the results presented here.

Examples of the analyses of traces containing varying amounts of 302
end at differing terperatures are shown in fig. (3-6). It may be seen that
at longer times behind the shock front P - decreases in valus. In general
the value of P7, at &= 1+0 is almost one half the frontal value P ¥ o

This result contradicts the expected Landau—Tellex; behaviour. The fall
in translational temperature behind the shock front was asbout 2’500K for most
of the shock mixtures examined. Chosing Millikan and White's shock to shock

temperature dependence of P¥ (eqn. 1-3), this fall in temperature should
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double the observed relaxation time.

3.8) COMPARISON TO OTHER RESULTS.

Vibrational relaxation measurements on nitrogen in a nozzle expansion
have been obtained using the sodium line reversal technique (sIr) (54).
Relaxation times were also abnormally fast compared to the rates predicted
for the local translational temperature. The N2 produced in such nozzle
experiments is vibrationally “hot", translationally "cold". The possibility
that these two effects are complimentary must be considered. 'i‘he rates
obtained in these SIR measurements were however about 15 times fastei‘ than
theory, compared to the doubling in rate observed here. _ _

Holbeche and Wocdley (55) extended the measurements to oxygen and carbon
monoxide. The former gas ga%re relaxation rates slower than predicted, the
latter gas conformed to Landau-Teller behaviour.

Bray (56) has given an explanation for these nozzle experiments in
terms of anharmonicity. The vibrational levels of an anharmonic oscillator
converge as the vibrational "ladder" is climbed; the (T-V) energy transfer
rates therefore increase due to the decrease in the size of the vibrational
quenta. Combining this with the rapid near resonant (V-V) energy transfer
processes between adjacent vibrational levels, Bray showed that abnormally
fast relaxation rates will be observed in nozzle expansions., Unfortunately
the theory is complex and requires a differential equation for each
vibrational level. The solution of the fifty or so equations required for
nitrogen is impossible without precise data on all the parameters involved.
The theory, however, does not explain the slover relaxation rate observed

in oxygen.
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Despite Russo's (57) conclusion that impurities do not appreciably
" effect these nozzle relaxation rates, receﬁt evidence (58) has suggested
that minute traces of impurities e.g. H atoms significantly reduce these
relaxation times.

Until recently other workers had observed similar fast ;‘elaxation rates
in various gases behind incident shock waves., Both Blackman's (59) work on
nitrogen rei'axafion and Johanmesen et al.'s (60, 61) work on carbon dioxide
shows a fall in P, as o->1+0 although not to the same extent as ours.
Both these groups of workers used interferometric methods of measurement and
assumed an exponential change in the density gradient with a time constant
equal to the vibrational relaxation 'l';ime.

Simpson et al. (62) have shown this assumption to be incorrect. By
analysing the density change using a curve fitting procedure they have
obtained results consistent with Landau-Teller theory. Simpson (63) has
recently confirmed this result for 002 using a laser schlieren technique.

Bristow (64) has also attempted to explain the effect behind incident
shocks in nitrogen and carbon dioxide in terms of anharmonicity. By taking
Nikitin's model of an anharmonic oscillator and by selecting suitable factors,
the decrease in relaxation times can to some extent be accounted for. There
seems to be no evidence however that in our case anharmonic effects are as
large as suggested. Bray's more detailed theory suggests the anharmonic
effect to be very small behind incident shocks at our temperatures.

It is now clear that gases show the same temperature dependence during
a single relaxation behind a shock wave as they do on a “shock for shock"

basis, Simpson's work on (O, has already been mentioned. Kiefer and Lutz (65)
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ha#e neasured relaxation times in oﬁygen using the laser schlieren technique.
Their results indicate that no large decrease in relaxation times take place.

Probably the most striking demonstration has been the measurement by
Appleton (66) on the relaxation of nitrogen.usizé;IL/V absorption spectroscopy.
By monitoring the population of the o< 10th. vibrational level, Appleton
showed that below 5,500OK nitrogen relaxed, up to at least this 10th level,
via near Boltzmann distributions governed by a single time dependent
vibrational temperature.

Above 5,500OK the results indicate that the instantaneous vibrational
relaxation time was dependent on the degree of relaxation. Bray (56).
considers this last phenomenon to be an anharmonic effect. It has been
pointed out, however, that it could also be due to the onset of ionisation:
the prescence of even small numbers of electrons would enhance the
relaxation rate (67).

These results obtained by other workers do not explain the curvature
of the P, /o plots that have been obtained using the emission tracer
technique except to indicate that the effect is probably a function of the
method of measurement. The decrease in relaxation times as ol<> 140 was
found to be neither a function of SO2 concentration nor temperature. The
range of pressure over which the shocked gas could be examined at a
particular temperature was too small to enable any detailed examination of
pressure variation to be made.

3-9) DISSOCIATION.
Apart from a fall in light intensity due to the decreasing temperature

resulting from dissociation, the dissociation products themselves could
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accelerate relaxation. However it can be shown that quite considerable
concentrations of dissociation products would be needed before any decrease
in relazation time could be observed. In fact The temperature drop due to
dissociation would have a much greater effect on the intensity level than
any change in_ the rate of relaxation: these effects are not observed

: (see above). .

The absence of any dependence of the relaxation time on 802 concentration
also seems to rule out dissociation as being the likely answer.
3-10) FLOW EFFECTS. |

As the results described throug_hout this thesis were conducted in a
small, square section shock tube operated at reasonably low pressures
(p; = 5-10 torr.), the effect of boundary layers in the tube must be
considered. It has been known for some time that observed test-times in
shock tubes obtained under these conditions are much shorter thail times
predicted from ideal theory (37 p.72).

This phenomenon has been described in terms of boundary layer formation
behind the shock front; a cold layer of gas builds up adjacent to the shock
tube walls and the mass flow into this layer attemuates the shock front.

The particles further back in the gas flow accelerate because the area
presented to them by the boundary layer/shock tube cross section decreases.

The overall effect is for the shock front to decelerate and the contact surface
to accelerate until a “steady-state" is reached._ Both discontinuities then
continue down the tube at a fixed distance apart. The phenomenon is
illustrated in fig. (3-7). Much of the original work on this effect was

performed by Mirels; the equilibrium distence between shock and contact
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surface is soﬁetimes réferred to as the "Mirels length",

The main effect that these flow dlsturbances have on any kinetic
measurements made far behind the shock front, is to upset the time scale of
the experiment. Processes will appear to take place much faster than
expected. To a lesser extent the shocked gas temperature, pressure and
density increase over their theoretical values. Flow effects could
therefore account for the apparent decrease in P, with o .

Photographing the light intensity on a slower oscilldscope time base
enables the emission to be traced from shock front to contact surface; an
estimate of the experimental test-times can be made. A calculation of the
ideal test times (i.e. in the absence of boundary layer effects) shows
that they are considerably longer than the observed values.

Recently two papers have been published (68, 69) indicating how the
shocked gas parameters may be corrected for these flow effects. Hirels
ex?anded his boundary layer theory and presented tables of the variation of
shocked gas pressure, density and temperature as a function of a parameter
l/lm . 1 is the Mirels length and 1 the distance from the shock front to
the point at which measurement is being taken. Hobson et al. (70) confirmed
Mirels theory experimentally by tracking slugs of ionised gas behind shocks
in argon., 7They also interpreted Mirels equations and calculated the
correction factor to the gas particle time.

The method used to apply flow corrections in the Author's shock tube
is given in Appendix 1, The Mirels length was assumed to be equal to the
length of hot flow actually observed. For a relaxation run, log X at (=0

esee 1°0 vas replotted against the longer, corrected gas particle times.
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were calculated and the effect on the relaxation

——

dt, ) CORR.

is shown in fig. (3-8). It may be seen that the recalculated relaxation times

The slopes (dlnI

show the temperature dependence expected for Landau-Teller behaviour more
closely. .

The flow coxrrection is not strictly exact for our conditions - the
theory was developed for a non-relaxing gas in a round section shock tube.
Hobson's correction for gas particle time is strictly exact only when the gas
has reached its steady state condition 1.

At the observation point, for a nitrogen relaxation at 5 torr. preésure,
U = 2+36 mm. ec.-l, the ideal inviscid test time should be 200 /Usec. The
obse;'ved test time is 85 /u.sec.; Mirels theory predicts 95 /,Lsec. Mirels also
predicts that the test time t_ equivalent o 1 (tmc‘- 1 m/‘U) should be
280  psec. under these conditions. In other words at the point of
observation the test time has already been halved from its icleul value but
the gas has not yet reached its steady state condition.

For the run illustrated (fig. 3-8) the "l " used in the flow correction
was calculated from the shorter, observed test time 85 Hisec. If the longer
1, - calculated from Nirels theory (280 /J.sec.) - is used, the traces remain
undercorrected.

VWorking backwards from Laﬁdau—f[‘eller theory (using Millikan and White's
seml empirical formula to obiain the temperature dependence), the flow
correction required to reproduce this theory may be established. This
procedure is illustrated in fig. (39) vy depicting Hobson's test time VS.
1/1m correction. The full line has been taken from Hobsén's paper; the

flow correction required to reproduce the theory corresponds to the shorter
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test time, 85 psec. It may be seen that the cor&ection.predicted by the
longer test time 289/*sec.~does not follow the theory. Hobson has also
found that the gaé flow, when limiting conditions have not been reached, is
better described by the theory using the observed hot flow length rather
than the calculated Mirels length for lm.

- A further test was employed to demonstrate that the anomalous results
are due to flow effects. Observations were made on the relaxation of
nitrogen accelerated by the addition of a small quantity of helium., The
helium - nitrogen reduced mass is %5 a.m.u. and T?V energy transfer is
very efficient (see Chapter 4). Under these conditions, relaxation is
complete in under 2O/Lsec. and any flow correction to the relaxation rate
is small. The correction increases rapidly at increasing times behind the
front.

The result of an analysis of a run containing 1% 802/1Q% He/20% Ax/6%% N,
is shown in fig. (3-10). The argon was added to make the average molecular
weight of the mixture approzimately that of a 1% 502/N2 mixture. The gas
was therefore "acoustically matched" with the 502/1{2 mixture so the gas flow
should be similar in the two mixtures.

Although the temperature drop in this four gas system was less than with
15 302/N2 (only 69 of the gas was relaxing c.f. 9%%), the observed relaxation
time increases with of and is in much better agreement with Landau-Teller
theory.

One anomaly does arise from this last measurement. It has been shown that
the original results reproduced the theory provided that the shorter, oﬁserved,

test time was used in the flow correction, If this shorter value is used to



FIG. 3-10

RELAXATION ANALYSIS
- FOR

—

CHT13. 1%50, Jl0%He /2 O%AH/69% N,

6 ~
b
PTua .
%[O — ;
- ’O’p,
atm.serdr~
=
A | 1 1 1
(o] W ‘3
(o4

———=— ¢ THEORETICAL
DEPENDENCE

O :‘OBSERVED

h ”

72



13

calculate the small flow correction still remaining in the four gas system

then the relaxation times become somewhat Over corrected. The correction
that mist be applied to reproduce Landau~-Teller behaviour is now nearer the
long "steady state" value.

Various explanations may be offered for the difference between this
correction and that fof the 802/N2 mixtures: the discrepancy between "round-
tube" and "square-tube" theory; the effect of relaxation on the boundary
layer formation. It is possible that the fléif changes from laminar to
turbulent at some point between the shock front and ‘contact surface.

As a check that the gas flow was being correctly predicted by Mirels
theory, one further test was employed. Aided by an extra photomultiplier

and a dual channel oscilldscope preamplifier (Tektronix type 1Al), test

times were observed at all three stations. The light emission from 107

SOZ/N2 vas used; the results are summarised in Table 3-2. These enable an
x-t diagram (c.f fig. 3~7) to be constructed and this is showm in fig.
(311). To obtain the diag:r‘am‘]shock attenuation has been assumed to be
1%/metre at the three stations.

TABLE 3~2.

Test times for 10% SOZ/HZ , P. =8 torr., Tl = 2475°K.

1
Observation Ideal Mirels Observed
Station Test times in /usec.
A 155 105 85
B 200 125 105
c 245 155 135

Table 3-2 and fig. {3-11) demonstrate that although Mirels theory is
not exact, it gives a reasocnable description of the flow profile in this

shock tube.
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3-11) ELECTRONIC RELAXATION.

Before the final work on flow effects was completed, it was considered
possible that the electronic excitation kinetics of the 802 were complex
at intermediate vibrational temperatures.

Sheen (48) observed a finite risetime for the emission from S0, - Ar
mixtures; the risetimes were different for transitions from the three
excited states of SOz. These results were interpreted to yield values of
the collisional efficiencies of electronic relaxation; i.e. electronic
relaxation times were calculated for these three states. Sheen suggested
that the electronic relaxation might interfere with measurements of
vibrational relaxation in nitrogen; incomplete electronic relaxation would
lead to a diminution of light emission and hence an apparent decrease in
the instantaneous vibrational relaxation time.

All these electronic relaxation times were obtained in separate
experiments. No results were obtained from the simultaneous monitoring of
emission at more than one wavelength. Examination of Sheen's osecilldscope
traces shows that these risetimes vere not reproduceable. These experiments
vere therefore repeated, this time.simultaneously monitoring emission at
4760 and 3650 & using two interference filter/photomiltiplier combinations.

Mixtures of 10% so?_/Ar and &5 SOz/Ar were shocked under the
conditions observed by Sheen. lNone of the runs performed showed a significant
discrepancy between the risetimes at the two wavelengths, On some traces a
slight identical delay was observed; it was not reproduceable. It was

concluded that both this effect, and that observed by Sheen, was due solely

to shock defects in the hot gas.
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It is cé)nsidered that the anomalously fast i‘elaxatién'rates observed
behind the shock front were due to boundary layer effects. When these are
corrected according to current theory, the relaxation times show the same
temperature dependence during a single relaxation as is observed from shock
to shock. This result agrees with those found by other workers,

The result also shows that the population of excited states of 302 is
controlled purely by the translational temperature of the N2 diluent., This
is true not merely immediately behind the front where the vibrational
temperature is low, but also at higher vibrational temperatures betweer

the front and equilibrium.
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CHAPTER 4. |
VIBRATIONAL RELAXATION OF NITROGEN WITH _VARIOUS

" COLLISION PARTNERS.

4-1) INTRODUCTION.
The results in this chapter were obtained from analyses of the
emission decay just behind the shock front. Under these conditions (22 0

and equation (3-9) may be rewritten:

P, = P( B dinT - dln[")
© 2T (4-1)
RT d o dot
dinT
dtg

vhere the differentials are computed at exactly o =0 and

gas time, t,, = (/o 5 ) x lab. time, t, .
P 1 od=0
The calculation of several relaxation times at of = 0, each
corresponding to a temperature Tl, enables the temperature variation of

relaxation times to be determined.

4-2) VIBRATIONAL RALAXATION IN GAS MIXTURES.

The emission tracer method of measuring relaxation times requires the
presence of a small amount of 802; it is relevant at this stage to discuss
the effect of foreign gases on the ni‘l:i'ogen relaxation.

If nitrogen is mixed with amonatomic gas M e.g. argon, then there
are two collisional processes (both T-V) vhereby energy transfer can proceed:

Nz(v=1)+112 (V=0)

A

>

ky,
;;3 ¥, (v=0)+N2(v=o) (4-2)

N, (Vv=1)+nu

N, (V=0)+n (4-3)

-

02

b

flgw
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Since (4-2), (4-3) have different probabilities of energy transfer,

the observed relaxation rate ¥ will be given by:

1 _m + 1 -m (4~4)
v T ) T, -1,)

or in more general terms

! n
— = i (4-5)
T Z x (Nz-mij
v
vhere m, is the mole fraction of component M. PY¥ (Nz- M.) is the
relaxation time of nitrogen dilute in component Hi. (44) may ve re-arranged:
1

1 _ m. 1 1 + 1 :
Pv = ( P (NZ-M) P ZNZ-NZ) : P%(NZ-NZ) (4-6) -

a
A plot of Y PY against m at/(particular temperature should be linear.

Measuring the observed relaxation time of nitrogen at various concentrations
of M enables an accurate determination of the rate of both (4-2) and (4-3)
to be obtained from the slope and intercept of the plot of (4-6).

If M is diatomic or polyatomic and hence has internal modes which can
themselves relax, further processes must be considered: '

N, (V=1) + 4 (V =n-x) -1:3@- H, (V=0) + M (¥=n)

ko3 2
-k x=1,2.... n. (a-7)
M (V) + H(Vv=0) k\-ﬁ M (V=0) «4 (V=0) (4-8)
M (Y =1) + N, (V=0) ];1‘59, M (Y =0) +n,(V=0) (4-9)
- |

(4=7) is an example of a resonant or near-resonant vibration-vibration
(V=V) transfer process. (4-8) and (4-9) are the (1-V) processes for
relaxation of the added gas M. If (4-~7) is very slow or does not occur, then

two distinct relaxation times will exist in the gas mixture - one for nitrogen,
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the other for M. There is no cross counling of v'ibra‘cioﬁal energy between -
N, and I; equation (4-4) will still be vaiid'.

The presence of a fast (V-V) process (4-7) complicates the analysis.
Camac, Taylor and Feinberg (43) overceme the problem by sirultaneously
monitoring the rate of relaxction of both N2 and M. By defining a parameter
o{l, the ratio of the fraction of vibrational energy in 112 to that in I, the

relaxation tine for (4~7) could be defined:

A e - ) [ (1 _ -9112“)_ (4 -dlﬂ PY (4-10)
, 1 - 0
wnere O = nv
kT

At exact resonance O o =9M end (4-10) sivplifies to:
1
P’t(nz - m)v= ot.miI2 .PX
In this thesis a different apwroach has been adopted. It is based on
Tuesday end Boudart's scheme relating the observed P to the rates of
(4—2) (4-’5) (4—-7) (4-—9). this equation has been cuoted by Eerzveld and

Litovitz (15, eqn. 40-12):

— Ao Gl Wi .’2 - — | -
% = (1) g + Moy + Moy dg + 10 (kg = kg 0) kg (4-11)
1-1)k -1 il
(1 h)kos +{((1-10) k50 “1‘40)
vhere ¢ ox = 1/kox' I is the mole fraction of component H.

Put k50 = xk4 in (4—11), remenbering that -E—Oi = exp - (9]-,72 ._BM)=K3

0 5
_l.. 1 -H it 4+ M 1 4{)
T J) (112 .\2)r1 AC Ui ll) (l—-K )(1—1;)“3’1;\;._1:).;. g ( Zi(%-1)) (4_12)
- h (1=K3
Kl =& LT . K4 = L_\T,lrl . The °ubgcr1'o+s T,V on the relawation tires

’K(Hz—lfl) refer specifically to the rate of the (T-V) or (7-V) process

respectively.
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I x and the variables ¥ (WN,), % (N3, T (i) are known, the
value of the relaxation time ¥ (Hz-M)v may be calculated. The values chogen
for x, ¥ (M-M) etc. will be discussed for each collision partner below.

Two special cases arise from equation (4-12):

(1) When

M(l-n) K5 (ma) KT, (x(x-1))
j.e.  when the relaxation of pure M is very fast, eqn. (4-12) simplifies
to eqn. (4-4) where

1 1 1
Pft:luz-m) = P'}:INz-n)T + P'e(Nz-ij (4-13)

Under this circumstance the use of (4—4) is justified; the relative
contributions to the observed relaxation time from the (T-V) and (V=V)
processes may be calculated from (4-13).

(2) Under certain conditions (4-12) imposes a quadratic dependence of

Mon 3 ,t . Vhen the (V-¥) process (4-7) is very fast, the vibrational

energy of M and N2 will be kept in equilibrium. The total systeﬁl will relax

through the fastest of the four (T—V) processes, If this is process (4-8):
M¥ + ¥ - M + M

then the observed relaxation time is quadratically dependent on M. This has

been fully discussed by Lambert (7) in his review article.

4-3) VIBRATIONAL RELAXATION OF NITROGEN — SULPHUR DIOXIDL MIXTURES.

Relaxation times for 1% SOZ/N2 were determined over the temperature range

2900—1900°K. The upper limit is determined by the onset of the 802

dissociation during the time of measurement and the lower limit by the drop
in emission intensity; this reduces the signal to noise ratio and also makes

it difficult to obtain reliable pulses from the timing photomltiipliers.
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The relaxation times, calculated using (4-1) and corrected for attemuation
(Chapter 3) are piotted agains{: (Tl )- 1/3 in fig, (43-1). The line represents
extensive results obtained by Millikan and White (71); the results are also
shovn on a diminished scale fig, (4-2) for. comparison to nitrogen
relaxation times obtained by other workers over a wider temperature range.
(66, 72, 73).

To determine the effect of SO2 on the observed relaxation times, the
variation of P ( =P 0) with mole fraction 6f SO, vas determined at
2500°%, For each mixture (ng0,, = +01, +05, +10, +15) P vas measured over
a narrow range of shock strengths; a plot of -1og10 PY against( .),"' .1/ 3
was interpolated to give values of PV at exactly ’I’1 = 2500°K. The results
are presented in fig. (4~3). No attempt was made to check the pressure
scaling in detail; however no systematic variation of P% was observed over
a twofold range of total pressure, Interpolated results are given in table
4-1 and the plot of equation (4-6) is shown in fig. (4-4). From the

intercept and slope:

1.9, 107 atm. sec.

Py (N M) =
22 . } at 2500°%
ch(na-soa) = 249, 107 atm,.sec. :
Table 4-1.

Interpolated resulis, N2—SO2 relazation times, ?_50()0K
mso?; P T, atm.sec.
.01 1.82. 1oj
<05 1l.41, 10 4
«10 1.26. 10 4
015 1‘02. 10

Levitt and Sheen (47) presented the temperature dependence of their

results as a plot of loglo PY vs. Tm -1/ 3 vhere Tm vas the mean of Tl
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and Tll. This mean temperature was selected tb.compare to the reéulté of
other workers who had determined relaxation-times averaged over the whole -
relaxation process. This comparison is not strictly correct; the results
presented here are plotted against the true instantaneous translational
temperafure: here the frontal temperature Tl.

Te result for PV (N2-N2) may be compared with that obtained by
Milliken and White for nitrogen. (71, 72). A shock with T' = 2500°
behind the front corresponds to a mean temperature %m:= 237O°K. At this
velue of T, Milliken and Vhite find P ¢ = 2:6, 107 atm.sec. This is an
average value obtained over the first (1 - l/e)th. of the relaxation and
therefore corresponds to about { =+*3 or T = 24206K. From the
temperature dependence they observed from shock {to shock, the corresponding
value at exactly 2500%% would be 2:2. 1074 atm.sec.- some 15% higher than
the result found here. The agreement is well within the combined
gxperimental errors and those involved in making the comparison,

4-4) EXTENSION OF RELAXATION TIMES TO LOVWER TEMPERATURES.

Below 2400°% the relaxation times for 1% 50,/W, deviate fron the plot
expected for pure nitrogen (fig. 4-1), To ascertain thaet this was a real
effect and not due to impurities in the gas, the results were repeated using
107 SOZ/NZ' The results were extended to as low a temperature as possible —
1700°%,

The relaxation times, indicated in fig. (4-5), show that as the
temperature decreases so the temperature dependence of the relaxation times

becomes less steep., The ratio of relaxation times with and without the

addition of a small amount of 302 increases with a decrease in temperature.
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4-5) COMPARISON TO THE RESUITS OF LEVITT AND SHEEN (47).

A few Tuns were performed on 1% SOZ/fI2 using the emission isolated
by a 4360 3 interference filter. The results were found to be indistinguishable.
from the unfiltered radiation results presented in fig. (4-1). Previous
relaxation times obtained by Levitt and Sheen (47) using filtered emission
from Z and 107% S0,/N, mixtures were also in line with the results which
have been presented here., At no stage in this work.could any difference be
detected between the filtered and unfiltered emission results. This suggests
that all three excited states of 502 "follow" the translational temperature

of the relaxing gas.

4-6) VIBRATIONAL RELAXATION WITH FURTHER COLLISION PARTNERS.

The vibrational relaxation of nitrogen with various collision partners
was investigated using the emission tracer method. This technique is well
suited to obtaining a consisﬁent set of measurements with various collision
partners at a single temperature. It is less suited to measuring the
temperature variation of relaxation times.

A standard procedure was adopted for measuring these collision partner
effects., Sufficient concentration of the gas, M, was added to a 1% 802/N2
mixture to alter the observed relaxation rate by at least a factor of two.
For the more efficient collision partners examined e.g. H2, only a few per
cent. concentration of M was added. For Ar and Kr as much as 60~70% was
required and the resultant relaxation times were not so accurate (only 2%5
of the gas is relaxing).

As vith the 802/N2 mixtyures previously described, the relaxation time

at 2500°%% was obtained from an interpolated plot of log), P¥ versus
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(’I‘l )- i/ 3 over a narrow range of shock strengths. ' For the moi'e important
collision paritners, further results vere obté.ined at various mole fractions of
the added gas; P¥ (NZ-M) was obtained from a plot of Yp versus mole
fraction of M. Otherwise P % (N?_- M) was calculated directly from
equation (4-6): the correction for the 1% of 50, added was always small,
‘Measurements were possible only when the added gas' satisfied certain
conditions. Firstly it must not dissociate appreciably during the time
required for the measurement. It must not emit radiation comparable to the
~ tracer. The molecule mst also be chemically inert with respect to both
S0, and N, during the measurement.  To supplement literature information on
these subjects, the inténsity of the emission platesux of SOZ/Ar/M mixtures
were observed to be level, indicating sggw chemical reaction. The
intensities of these plateaux were compared to the SOz/Ar results to indicate
that no emission from the molecule M was observed.,
The peak emission, Il, from the SOZ/N2/H mixtures vas also compared to
the results obtained for SO/N,.

4-7) RESULTS ~ RARE GASES.

Relaxation times were measured in the presence of He, Ar and Kr. The
mixtures contained 4%, 70% end 60% added gas respectively. Values of logy,
P U are plotted against(Tl)_ Y3 in fig. (4-6).

Using eqn. (4-6):

P (N2 - He) 4+5, 10~6 atm.sec.

4.8, 10-4 atm.sec. 25000K,

9.4, 1074

P Y (N2—Ar)

P T (N2 - KI‘) atm, sec.,
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4-8) RESULTS-DIATOMIC GASES.

Hz, D2, 02. HCl and DCL were examined és collision partners. For H2 :
and D2, the traces in argon gave the correct steady intensity level for
about 50 )-Lsec. whereafter the emission rose rapidly off the top of'_the
oscilliscope trace. Similar effects were observed in H2 and D2 / Nz_
mixtures at the completion of relaxation. The phenomeﬁon may well be due to
an exothermic reaction between H, and SO,..

2 2 ,
Dissociation of oxygen is slow at 2500°K; no Schumann-Runge emission

was observed.

The dissociation of HCL has been measured by Jacobs (74). From both
his I.R. emission photographs and dissociation rate constants, it is clear
that the dissbciation is several orders of magnitude slower than the
relaxation process at 2500°K.

The relaxation results are shown in fig. (4-7) and (4-8). PFig. (4-9)
shows 1/ P against mg, for the concentrations measured (15, 5, 6% H2).

The dope of the plot gives

PY (I, -H) = 1.3, 10 atm.sec. at 2500
Relaxation times in 4% D, and 55 0, gave, using eqn. (4-6):

P (N,=D,) =41, 107 atm.sec.’ oK

PY(N,-0) =1.210° atm.sec.} 200

Concentrations of ¥ and 55 HCl were used. Fig. (4-9) also gives the
plot of 1/P7, versus mygy.
PY (N, - HCL) =37, 107 atm.sec. at 2500%F
For DCL.(5%), equation (4-6) gives

P?(,-Dbc1) =37 1070 atm.sec. at 2500°K
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The question of isotopic exchange in the DC1 mixtures (DCL < HC1)
was examined using I.R. spectrophotometric analysis. Previous attempts to
investigate the exchange using a mass spectrometer were unsuccessful, The

4
HCl immediately after preparation; on storage in a bulb this concentration

DCL prepared from either the D20/Si €1, or DSO 4/HaCl contained about 305

did not increase appreciably., The shdck tube was flushed with a few torr

of DC1l; a further sample was left there for two minutes and then analysed.
The HCL concentration was found to be about 50%., Thus the proportion of

HC1 in the shocked gas lay between 30 and 507, probably nearer the former,
There is very little difference between the HC1l and DC1 resulis; as we can
be certain that the values of P do not differ by more than 30%, there
can be little difference between the efficiencies of HCL and DCl in relaxing

nitrogen.

4-9) RESULTS - POLYATOMIC GASES.
Praces of Soz/Ar containing 5% Wi, shoved considerable emission over
and above the 50, radiation. Both Jacobs (75) and Bradley et al. (76) have
examined the pyrolysis and oxidation of NH3 in the shock tube. It is clear
that the surplus emission is a function of the NE? and stems from the radicals
formed during the NH3 dissociation. No relaxation measurements were possible.
Measurements were made in gas mixtures containing H20 and D20. Viater
is easily absorbed on the surface of reaction vessels ete., and consistent
results vere difficult to obtain. The shock tube was flushed with test
gas prior to firing; results were obtained at several concentrations of added

gas (2,3,5,10% H,03 3,5,10;5 DZO). The plot of l/P"d Versus m,0, D0

is given in fig. (4-10). ‘Yhe observed relaxation times in H,0 and D0 were
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almost identical within experimental error.

B N, - Hzo)} 6,107 atm.sec. at 2500°%F
P ¥ (N, - D,0)
The question of isotopic exchange in the D20 mixture must be
considered; it is a topic that canmnot easily be checked experimentally. If,
at the time of firing the shock, T5% of fhe deuterium had exchanged to give

H_ O, unless

2
P (N, ~E0) ( or Y 1

Py (N2 - D207

very little difference will be observed between the H20/D20 results, ’Althgugh
the flushing technique should have saturated the walls with DO, the safest
interpretation is to say that P (N2 - D20) cannot be different from

PV (1‘12 - H20) by more than a factor of two.

Examples of oscilldscope traces of Soz/Ar. containing a few per cent
methane are given in fig. (4-11). Above 2400°F the emission rose sharply at
the shock front to a steady level but showed a further rise soon after. At
lower temperatures, below 2400°K, the onset of this surplus emission is
delayed by a few tens of microseconds, |

From an examination of the rate of pyrolysis of methane (77, 78, 79), it
is evident that this secondary emission arises from the dissociation products
C2, CH etc. Tne literature values for the dissociation rate constant are not
consistent, From our point of view, the most pessimistic half life for the
methane dissociation is about 25 /u. sec. gas time at 2200°K. Other rate

constants suggest over double this time.

Relaxation of nitrogen containing 5% CH4 vas completed in 5 /usec. lab.
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time; a measurement of thé initial relaxzation rafe could be determined
from the first 2—3 /Msec. It is -considered unlikely that dissociation effects
the results to any extent provided measurements are taken at Tl < 2300°K.

The results have hence been interpolated at Tl

= 2250%F,
Fig. (4-12) depicts the measured relaxation times for 1% and 5% CH,;
4e5% (D, These results give: ‘
PV (N2 - ca4) = 1-0. 2070 atm.sec.

7 } at 2250%
Py (N,-0D,) = 8 107 atm.sec.

It seems unlikely that the (D, exchanges isotopically within the time

of measurement, although no tests were undertaken to confirm this. The
ratio P (N2 - 0134) : PV (N2 - CD4) = 125 : 1 should therefore
be correct within the other experimental errors.

4-10) EXPERLENTAL ERRORS.

The major source of error associated with the emission tracer method is
the interpretation of the emission decay just behind the shock front. This
vas not always well defined - especially on traces having low signal to noise
ratios or shock defects. As relaxation proceeds, the attemuation correction
becomes a significant part of the rate of emission decay . Just behind the
shock front, however, this correction is always less than 10% of the rate
of decay due to relaxation and was usvally negligible compared to other errors.

The shocked gas temperature was defined by the shock velocity to
+ 25% . The pressure of the test gas was known to better than ¥ 2. The
amounts of impurities in the gas mixztures (determined mass spectrally) were

too small at these high temperatures to have any significant effect. Flushing

the shock tube with test gas prior to firing made little or no difference
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except in the presence of polar gases. ﬁle total random error for any
individual relaxation time on the interpoiation. plot was about ¥ 2%5. The
interpolation of many relaxation times decreases tﬁe' random errors by at
least a factor of two.

4-11) COMPARISON TO THE RESULTS OF OTHER WORKERS.

VWhite has been active in the field of nitrogen relaxation - collision

partner effects. His results (published since the begimming of this work)

oK

were mainly obtained using shock tube interferometry. At 2500 Millikan

and ¥nite (72) found P (N2 - 02) = 1.4, 10"5 atm.sec. compared to the
value of 1-2. 10"‘5 atm,sec. obtained here., Both these results were

obtained using eqn. (4-6) and require modification (see below), Vhite (80)

-5

determined P Y (N2 - H2) = 1.0, 10 = atm.sec. at 2soo°K (caf. 1°3, 1070

atm.sec.). More recently values of P ¥ (N2 - CH4) =9, 1077 atm.sec. at

2250°K (e.f.1-0. 1070 atm.sec.) and P Y (N2 - He) = 2. 1078 atm.sec. at

-4

2500°K (c.f. 4°5, 107 atm.sec.) have been published (81).

Yhite's result for helium is a factor of two less than the result quoted
here, but the other result P (N2 - CH4) agrees well, Vhite also
extended his N2 - CH 4 measurements to ZYOOOK. However at this temperature
it seems certain that CH4 dissociates rapidly: both the endothermic
dissociation and the effect of dissociation products on the relexation process
will effect the apparent values of P°¥ .

Gaydon and Hurle (42) measured relaxation times in 5 H20/1q2

mixtures using the sodium line reversal technique. Yhey found that the
oK

presence of %5 H,0 halved the relaxation time of pure nitrogen at 2500

This result indicates a slightly higher efficiency for water as a collision
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partner than obtained here.

4-12) DERIVATION OF THZ RESULTS.

As discussed in this Chapter, section 2, under certsin circumstances
equation (4~6) is invalid; the more complex equation (4-12) which includes
the cross coupling of vibrational energy through a (V-V) process must be
used. All the results have initially been calculated us:Lng (4-6) and these
suffice for a comparison to the results where this equation is definitely
valid e.g. N2 with Nz,
discussed individually., Table 4-2 summarises all the relaxzation times

He, Ar, Kr. Results for each molecule will then be

calculated using eqn. (4-6).

Table 4-2.
P (N, - M) at 2500%% (eqn. 4-6)
M, P (N2 - M) atm.sec.
X, 1.9, 1074
..5
S0, 2+9, 10
-4
AT 4+8. 10
Kr 94, 104
He : 4+5. 105
1{2 13, 10-6
D 4-1. 10--6
2 -5
0, 1.2, 10
-5
HCL 4+0. 1077
DEL 4+0. 1072
H,0 6. 10
-6
D0 6. 10
-5
CH, * 1.0. 10
CD, * 8. 10~7
* at 2250
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4-13) CORRELATION OF RELAXATION TIMES WITH MILLIKAN AND WHITE'S FQRMUI:A.

The most convenient correlation for v—lbrational relaxation times of
diatomic molecules vhere the relaxation is predominantly T-V is due to
Millikan and Vhite (MW). Their semi-empirical formula, Chapter 1 sect. 4,

may be written:

2 1
logyy P = A(T /5 _ -015/1./4) - B
vhere A = 0'94/3/4,!11 . B = 8+0.
end € = 5.107 for m = .

MW determined m experimentally by plotting log A .against log /u. for
various collision partners relaxing CO and 02. The first value reported
Was m = *55 & <05 (24); a reviseci value of m = *42 has appeared for CO (82).
Values of A may be calculated from the results in table 4~2, MW
determined A and B independently; here their value of B has been used in
calculating the velues of A. The plot of log A against log /—L is shown in
fig. (4-13). The gases relaxing nitrogen by only a T-V process will lie on
a straight line whose gradient will define m, The collision partners whose
relaxation times with nitrogen include other processes (V-V, R~V ete.) will
lie below this liné.
From fig. (4-13) it may be seen that the points describing H,, D, He,
N,, Ar end Kr are collinear. The slope of fig. (4-13) gives the value of m =
*46 ¥ .o1. Since this shows that NZ’ H., D2 all behave as a monatomic gas
in the relaxation of nitrogen then '
P (N -M)y <KL PN, -N)
P (m,-D), & P (N,-D)
PN, -8), <« Py.(N,-E)

V&R

V&R



, FIG. 4-13 N 104
MILLIKAN & WHITE CORRELATION FOR

_b_lz-M VIBRATIONAL RELAXATION,

2500°K
wn
- s
40
o
(o]
)
- V)
O
I 1 1 O
N o @ ©
&N [qY) N -

v boq



105

These results are in agreement with the collision partner effects

described by MW for CO and O, with one minoi' exception.

2
¥hite (83) has measured relaxation times in DZ/CO mixtures using both
I.R. emission and shock interferometry. From 940 — 1600°%F the I.R. emission
measurements produced relaxation times in accord with the MW formula i.e.
P (c0-D,)~ P (C0-EHe) as /u,(co -D,) =/u(co - He). From
1600 -~ 2800°K interferometry was used as the method of measurement. In these
results the temperature dependence of the relaxation times increased. White
interpreted this in terms of a V=V process between the D2 and C0. There
does, however, seem t0o be a discrepancy between the two methods of
measurement and possibly the explanation lies here, not in a V—V. process,
Cary (84) measured P ¥ (N2 - Ar), P 4 (N2 ~ Ne) at temperatures in
excess of 3500°K. Both relaxation times conformed with the MW formula at
these temperatures.

4-14) COMPARISON OF RELAXATION TINES TO T-V THEORY.

The collision partners exhibiting only T-V energy transfer may be further

. compared to theory. The theoretical expression developed by SSH ( Chapter 1
sect.2) has been successful in vredicting relaxation times of many molecules.

" Boade (85) has pointed out that the theory can be used to predict the
variation of the relaxation time of molecule A by collision partner B with
the nature of B:

T (A-B).(I'CAB)?/Uo 5/.3 (SAB) 7/,3 exp (EAB ) = K, exp 1.5(2‘1—&)1‘/3/»1{3(51&3)2/3

k7T T
(4-124)
Here rcA'B is the minimim separation of two molecules approaching one

another with the relative velocity most likely to result in energy transfer,
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88 is the interaction range of the repulsive poféntial,e AB is the

intermolecular potential well depth. KA oniy depends on the nature of A

and £ = 16 W H(V2)2 uhere V2 is the vibrational frequency of A.

Using the Lennard-Jones potential parameter AB for rﬁB » a plot of:

. ro
logy, (X (a-B)(r,*")2 #5{3(55‘3)7/.3 exp ( €,/kT))against },Ll/.3(sAB)2/ 3

should be linear,with slope 1¢5 }fA ? /3

P
In fig. (4-14) the results for N, from table 4-2 and the Tesults for €O and

0, obtained by MV (24, 82, 85) are shown. The necessary parameters vere
taken from Hirshfelder, Curtissand Bird (87). Within experimental scatter
the points lie on reasonable straight lines. The best test of eqn., (4-14)

is the value of the slopes from fig. (4-14) compared to the theoretical
1
value, 1°5 ( £, ) /3 { Table 4—3] .

T
Comparison of results to theory, Boade's eqn.
N2 co 02
expt. ¢ 2+0, 102 1.7. 102 1.7, 106
theor. : 2¢3, 10 2.1. 10 23, 100

For N2, CO and probably also for 02 the agreement is within the
combined uncertainty of experiment and of the parameters used for the

correlation,
The variation of P¥U with temperature as predicted by SSH theory can

also be tested. By including the temperature dependent terms in KA’ the

ratio of the relaxsation times P 1 P > at temperatures Tl’ T2

is given by :
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| FIG. 4-14 . -
BOADE CORRELATION FOR N,C0,0, WITH VARIOUS

COLLISION PARTNERS.
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og(Pr /o )= Ky (277 — T2‘1/3) -k e d0g(m/mY Y6 (4o5)
where o
K = -6514. fAl/ 3 /»1/ 2 sA;‘;/ 3 (4-16)
K, = (4363/) 0V /2 + E )

First the ratio of the values of P¥ at 1.950OK and BGSOdK are compared
(1) from the experimental values found by M and (2) predicted by equation
(4-15). The term in K, is dominant in the r.h.s. of (4-15). The values of
K, can be compared (1) vy substituting the experimental values at the two
temperatures into (4-15) and (2) from (4-16). This is a more useful |

comparison for different molecules. The results for pure N2, co, 02 and
for 02 dilute in Ar are given in table 4-4.
Table 4-4.
Temperature dependence of relaxation times:
{theory and experiment.
P, 1950% / P, 3650°F Value of
(1) expt. (2) theor. (1) expt. (2) theor.
N2 27 30 111 114
By 15 33 93 115
02 6+6 15 66 90
, 02- Ar 1 17 81 g3

For pure N,, SSH theory gives a good description of the experimental

{emperature dependence, For CO and O, in Ar, the agreement is less good.

2
The value of Kl is, of course, sensitive to the values of s, ., rgB ete,

selected for the comparison.

The agreement for O2 is vworse still and it seems that 02 - 02

collisions are abnormally effective. The MW semi-empirical formula also
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b = 02 collisions if the 02 - Ar

prediction is assumed to be correct (24). Wikitin (88) has suggested

predicts too-low a probability for O

that the relaxation rate is increased by rotational energy transfer, Kiefer
and Intz (35) have shown that the relaxation of 0, by 0 atoms is
accelerated by chemical interaction., Perhaps this is a possible explanation

for the 0, - 0, case. PFurther work will be required before this problem

2 2
can be fully resolved.

4-15) COMPARISON OF RELAXATION TIMES TO (V-V) THEORY.

The collision partmers O,, S0 HZO/DZO, HC1/DCL, CH, and CD, all lie

2! 4 4

below the line in fig. (4-13) given by the MY empirical formila. Processes
other than T-V transfer mist be included to describe the transfer of
vibrational energy from these molecules to the nitrogen. All these gases
have their own vibrational and rotational modes and an obvious

explanation is that V-V or R-V energy transfer enhances the observed rate
of vibrational relaxation.

Fig. (4-13) may be used as a basis for estimating, to a first
approximation, the T-V relaxation rates for these collision partners with
nitrogen. Using equation (4-12) or its shortened form (4-6) + (4-13),
the rates of energy transfer between the internal modes of the collision

partner with nitrogen msy be obtained.

4-15-1) RELAXATION OF NITROGEN BY SULPHUR DIOXIDE.

The value of P (N2 - soz) at 25oo°K confirms Levitt and Sheen's

- preliminary work on the efficiency of SO, as a collision partner. S0, is

2 2
indeed more efficient than would be expected for a heavy molecule., The

reduced mass of 502 - N2 is 19¢5 a.m.u. compared to the 14 a.m.u. for
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| K, = N, collisions. Applying the equations:

2~ Y .
P [z(P'z: (§50,)) (1 -~ Ff“)] -1

ox
z = n GiAi ( 8n kT) 2
as described in Chapter 1. (n - no. of molecules per cc.

0‘ = is] i -
ap = collision diameter for N, - SO, (81)).

2.8, 10'6}

- 50,) = 1.9. 107

Poy (T, = 1))
01 (8

and hence a sulphur dioxide molecule is gbout seven times as efficient in

at 2500°%

P

transfering energy into the vibrations of a nitrogen molecule as a
nitrogen molecule itself.
Chemical effinity between the colliding molecuies seenms most unlikely.

There is no reasonable chemical explanation for affinity between sulphur
oK

dioxide or the other collision partners and nitrogen at 2500
At least one low moment of inertia must exist in 502 for its rotational

modes t0 be coupled to the vibrational relaxation of nitrogen. This would

enable the higher peripheral velocity to effect the translational impact of

the SO2 and N2 molecules, This cannot be so0; all three moments of inertia

| of SO2 are relatively high. Furthermore a calculation of R~V energy transfer

rates based on Bradley-Hoore's theory (32) gives a probability of energy

transfer two orders of magnitude lower than the observed value.

‘ Although all three normal vibrational modes of 502 - 519, 1152, 1362

cms, — - are well outside the élose or exact resonance range w.r.t. nitrogen,

a gingle quantum near-resonant V=~V transfer is possible through the \/3 mode
of S0,

50, (0,0,n.) + ¥, (0) = S0, (0,0,n-1.) + N, (1) + oF = 995 cms. >
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-1

The energy gap, & E,” for the V-V process is 995 cms.” fThis is the

excess energy ﬁhich would have to be dissipated as transl.ational .energy
during the vibrational quantum transfer.

A double quantum jump is also a possibility through the SO, ('Vl)
mode, Doubling the wave number for this mode gives only 54 cms.—l as the
energy gap & E. |

S0, (n,0,0) + {N2 (0) — S0, (n-2, 0,0) + N2(1) + &AE =54 cms. ™t

A single quantum resonance energy transfer of aE = 54 cms. ™t
( = 150 cals. mole"l) would be very fast, Callear (6) has shovn that as
expected from SSH theory, the probability of V-V energy transfer is proportional
to e " &% RT, fhe probability of dcuble quantum jumps is imch less (23);
unfortunately SSH theory has not yet been successfully applied to multiple
gquantum jumps.

Modica and LaGraff (89) have postulated double quantum jumps as an

explanation for the high efficiency CF, has in transfering vibrational energy

2
to nitrogen. The CF2 radical is in many respects similar to 502 and has
1

vibrational frequencies of 667, 1162, 1440 cms. .

Experimental and theoretical results show that the temperature
dependence of a V-V process is less than the corresponding T-V process. The
effect of this is to make V=~V transfer more important at low temperatures.
At higher temperatures the T~V processes can become as fast as, and may
even exceed, the rate of the V-V processes.

1

Considering that V=¥ transfer occurs between 802 and N2, the low

temperature "tail off" of the relaxation times in fig, (4-5) is not

surprising. It is simply due to an increased contribution from the V-V
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process to the observed relaxation time. . At 2500OK

y 10;31502 lowvers the
relaxation time of pure nitrogen by a factor of 1.5. At'IBOOOK this factor
‘has increased to 3*3.°

The relaxation time for the V-V process may be calculated using eqn.
(4-12) derived in section 2. By analysing the 10% S0, M, results at
1800 (p ¢ (W~ 105 50,) = 3+5. 107 atm.sec.) and the 1% SO/, Tesults
at 2500% (Table 4-1), the temperature dependence of this V-V process may
be caloulated. 4n estimate of P (N, - $0,)y was made using Millikan and
White's semi empirical formila. P‘\:,(SO2 - SOZ) was extrapolated from
Lambert and Salter's (51) results at lower temperatures. . Although a value
for "x" in eqn. (4-12) :

x = P (502-502)

P (so2 - N2)
was taken as 5, it was found that the special condition (1) for
eqn. (4-12) held so that it reduced to eqn. (4-13).
P (N2 - soz)v is thus independent of x.

Table 4~5 gives the results of the analysis. -

Table 4-5.

Parameters for calculation of P (Nz—Soz)v
) A
7 P (N2 N,) P (N2—802)T sz(soz—soz) x X P’K(N‘,‘,-~so‘,¢_,)V
1800 1+3, 1077 4+8. 1070 1.3, 100 .5 .96 5.0, 107
2500 1.9, 107¢ 7.1, 1074 1.0 % .5.97 4.3, 1070

(Relaxation times in atm.sec.)
The temperature dependence of the various relaxation processes in

N, - S0, mixtures is given in fig. (4-15). The upper dashed line represents
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the N2 - 802 relaxation time for the T~V process (MW). The lower line of
lesser slope represents the N2 - 502 V-V process. Obviously this slope is
net well defined -~ the temperature range over which it was .determined is

' only 700°K. Fig. (4-15) does however represent a rough indication of the

relative rates of the T-V and V-V processes,

The relaxation times for all the other collision partners have been
analysed. to obtain P (N2 - M)V using (4-12). All these V-V rates will
then be correlated using current V-V theory. It is unnecessary to invoke
(B-V¥) energy transfer processes to describe vibrational relaxation in these
- gas mixtures.

4-15-2) RELAXATION OF NITROGEN BY OXYGEN.

The vibrational relaxation of pure oxygen has been measured by several
workers (see 86). Milliken and Vhite (72) have discussed the possible
value of P (02 - N2)‘1‘ ; hence their value of

x = P (0,-0,) =12 at 2500%F
P (o2 - NQ)

is probably quite accurate. Eqn. (4-12) predicts P " (N2 - OZ)V to be

1-55. 10"5 atm.sec. Usiﬁg Z =23, 109 collisions per second and

10
P (N2 - 02) = 1
ol 7P (Nz-oz)v
|9 _5
P(qu—g?) =28, 10

This result is in general agreemcnt with the result obtained by Taylor,
, 10
Camac and Feinberg (43). [Note. The probability P (1, - 0,) quoted in
o}

ref.43 is incorrect. It should be multiplied by a factor, 2, giving

~ -5] 10 _5
&~ 9.10 « White (105) has obtained P(NZ-OZ) = 1-8.10 7 at

[<]]

2500%%
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The effect of x on P‘Tf (ﬁz - 02)V may be,ekamined.r If x = 5 gnd not
1.2; substitution into (4-12) gives P X (N, - 0,)y = 21, 1072 atm.sec., .
some 255 higher than the value calculated with x = 1-2.

A previously reported value of P7Y, (N2 - 02)v - Coigan and Levitt (90) -
is incorrect. The justification for the use of eqn. 6. ref. (90) should
read (90, p.2902):

P (0, - 0,) <8 Ty, - P (N, -0,)

not

PT(0,-0,) KL PY(N,-0,).
4-15-3) RELAXATION OF NITROGEN BY VATER/HEAVY VATER.

Relaxation of pure water is very fast. The results of Tuesday and
Boudart (see 15), 0, - H0 mixtures, give a value of 1-42. 107 atm.sec.

at room temperature. Huber and Kantrowitz (91) obtained values slightly

longer than this. The value P ¥ (Héo - H2O) has been tazken as 1.10-'9

atm.sec. at 2500°F, The reason for the high probability of vibrational
excitation during H2O - H20 collisions — hydrogen bonding (?) - probably

cannot be extended to Héo - N, collisions, 80 x should be small, say *0l1.

2

Detailed analysis shows however, that as with the N, - 802 case, the

2
simplified eqn. (4-13) may be used and P°C (N2 - H20)v is independent of x.
Thence:
PY (N, -HO0), = 5 1070 tm. sec
2 2 v hand . a IIl. e -
Z o= 22 lO9 collisions sec._l.
10
end P (N, -HO0)
o 2ol 9.10™° at 2500%
P (N2 - D2O)

ol
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4-15-4) RELAXATION OF ITTROGEN WITH EYDROGHN AND DIUTERIUN CHLORIDSS.

Both Borrell (92) and Ferguson and Read (29) have measured P ‘& (HC1-HC1).
At ZSOOOK this is about 4.10”6 atm.sec. This value is at least an 61‘(181' of
magnitude shorter than relavation times predicted by SSH theory for a T-V
process. +h sets of workers consider the relaxzation to be enhanced by
R~V transfer.

If the rate of HC1-HCl relaxation is thus enhanced by R-V processes, it
seems likely that the relaxation of HC1 by NZ would have a lower collision
probability than HCl by HCL, This sugiests a value for x less than unity,
say *1 or 01,

If'x = *1 then Aequation (4-12) g:iw}es:

PY (My- HOL)y = 1+8.107 atn.sec. at 2500°%.
and with 2 = 2-1.109 collisions. :—:ec._':L
P (- HCL) = 5.107,
If x = +01 then
P (112— HCl)v = 4.107° atm, sec.
ip
P (,-01) = 103,207,

Unfortunately not enough experimental evidence exists enabling us to select
the value of x thav exactly defines P(%-‘I:Z-Hogl). It will be shovn however thet
the result using x = <01 is in better agreement with the (V-V) results of otner
colli}sion partners than that with x = <1, This observation (making nitrogen
a very inefficient collision partner for HCl relaxation) supports the conclusion
that HC1 relaxation is enhanced by R~V transfer, On T-V theory, since

)L(NZ-HCI) <L )= (EC1-HC1), x would be about 1e5.

The uncertainty in the parameters precludes any conclusion being dravn on

the possibility of (R-V) transfer enhancing the 1'12-}{01 relaxation,
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4-15-5) RELAXATION OF NITROGEN WITH METHANE.

Parker and Swope (93) have measured the relaxation of CH by N, A:c,
Ne, Kr at room temperature. The rare gases were about 1/].Oth as effective
as the parent molecule as collision partners; surprisingly N vas still
less effective ( w1/ 20). Richards and Sigafoos (94) measured CH, and CH,-

4 4
oK

Ar relaxation times up to 1600 using shock tube U/V absorption

spectroscopy. Extrapolation of their results to 2250°F gives PV (CH - CH )
as 5, ].0-'9 atm. sec.'and X = 15 for argon. x (N2) has therefore been taken
as *l at this temperature. Equationb(4—l2) again reduces to the simpler
(4-13) under these conditions and Pt (N2 - CH4)V is independent of x.
P T (n, CH4)V = 1.0. 10 atm.sec.
Z = 30. 10° collisions sec.

[Xe)
and P (N, -CH) = 3. 107" at 2250%
o

4-15-6) RELAXATION OF HITROG. WITH TETRADEUTERO MATHANE.

At room temperature P T (CD4 - CD4) = 4PX (034 - C‘H4) (4) ;
using this figure at 22500K with the methane data, x =-1,
PV (1“ - CD ) = 8.2, 1077 atm.sec.

10

and P (i, - - 4. 1074

0‘4)
The value of PV (CD4 - CD4) is too high to allow eqn. (4-12) to be
simplified to (4~13). The value of Pt (N2 - CD4)V is hence dependent on x.

However when x = +5, P ¥ (N2 - CD4)V = 9.4, 107 atm.sec and x = «01,
- =7 - i
PY (N2 - 4)V = 64, 10 ' atm. sec. The value of P (N2 CD4)V is thus

not very sensitive to the value chosen for z.
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4-15-7) COMPARISON OF THE CALCULATIONSTO (VJE)‘THEORI.

Formal calculations of V-V energy traﬁsfer probabilities are complex.
SSH theory has been modified by Tanczos (22) and Stretton (23) and may be
applied to nitrogen-polyatom collisions. To obtain an estimate of the
observed relazation time, the calculation must be performed for each
vibrational mode of the polyatom. Close mltiple quanfu.m Jumps must also

be considered. For example, in N

5 = CH4 collisions the following modes
mst be taken into account: .
Mode degeneracy V ems. ™t A E cms.t
Vi 1 - 2916 , + 558
V§ 2 A 1535 , - 824
V3 3 3019 + 661
Va 3 1306 + 254 (double jump)

Unless the calculation shows one mode to predominate, the observed
relazation time is related to the sum of the probabilities for these four
processes. These lengthy calculations require the assistance of a
complicated computer program, not only for the probability determination but
also for the initial calculation of the interaction parameters such as the
characteristic length I.

A rough estimate of V-V relaxation rates may be obtained from Rapp's
(26, 27) theory of vibrational energy transfer. This theory is less
sophisticated than SSH theory and in consequence is less useful in making
detailed comparisons of V-V processes. The theory states that the
probability, PlO“‘9 o1’ for the process

A (V =1)+3(V=0) > aA(V=0)+B(V=1)

may be written
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This equation is supposed te hold for simple diatomic molecules ~ N

2 ?
oK

co, 0,, NO ete. At 250077, Plo»—> 01 &Y be expressed as a function of A E.

?
(Fig. (4-16)). Also plotted are the (V-V) probabllltles obtained in this
thesis as well as data on N, - €0,, CO ~ N0 and N, ~ NO taken from ref.(43).
The CH4/CD4 results have not been corrected from22‘30°K to 2500°K; if
corrected they would lie slightly higher on the graph.

Millikan and Vhite (95) have shown that N?/co mixtures are always in
vibrational equ:Lllbnum at h:Lgh temperatures. They considered that the v-v
process respons1b1e for this phenomenon had a-very high probablllty The
accuracy of their results is not sufficient to permit an exact calculation
of P ('132 - €0), but it mst be about 107 at 2500%, in line with fig.(4-16).

vhite (96) measured relaxation times in 0 4, 02H4, CZHZ mixtures.

At 1000

estimates of P (0 - C H ) may be obtained. Using eqn. (4-12)
for 0 - CH, gives P (0 - SH ) ~ 6, 10 3. As expected this is slightly
lower than the points at 2500% on fig. (4-16). Estimates for the ethylene
and acetylene mixtures are more difficult; not enough data exists for the
calculation of the relevant variables in eqn. (4-12). A simple analysis may
be performed by assuming the relaxation of the hydrocarbons to be complete
during the relaxation of the oxygen in the mixture i.e.
P (CxHy - CxHy) <L P (o2 - CxHy)V
When calculated under these conditionms,

o 10

P(0, - CBy) 2 P (0,

) ~ i
0254 o 2:5P (02 - 0213?).

-1 _ !
As AE(OZ—CH4) = 46 cms. , AE(02—02H4)_4~3C 5.
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" FIG. 416
(v-v) PROBABILITIES AT 2500."
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and QE(6 - CH) =33 cms.
2 22 ] *
these results are in accord with fig. (4-16). ‘
Fig. (4-16) shows that Rapp's theory gives a reasonable account of the
variation of log Plo-—> o1 with the A E found experimentally. The theory
does not describe the points of closest resonance (N2 - 0, N,
and the exact magnitudes of the other observed probabilities are roughly a

N -0134)

factor of two too low.

On a steric basis one would expect the polyatomic partners to have
higher probabilities than the diatomics. This is indéed observed for
H20 and CH,, but the difference is only of the orde; of the scatter in the
plot. As the temperature is increased, so the steric differences between
these collision partners should become less marked.

To a first approximationtheN2 - 802 point lies on an extrapolation of
the line from the other collision’partners. This suggests that the single
quantum transfer with A E = 997 cms.—l is responsible for the V-V process.
Any contribution from the double quantum jump must therefore be much
smaller than from the single jump.

Both the 002 and CD4 collision partners lie well below The line
describing the other results. SSH theory brezks dowm at closest resonance.
FMahan (97) has showm that the V-V probability of I.R. active molecules is
enhanced at exact resonance by dipole-~dipole interactions. Sharma and Brau
(98) have pointed out that the long range attractive forces between the
CO2 dipole and the N2 quadrupole accelerate vibrational energy transfer.
Indeed these forces predict a negative temperature dependance for the »

vibrational transfer probability below 1000OK and this has been observed
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experimentally (98y 99).

This theory cannot account for the N2'- D 4 case since GD4 has no

dipole moment. Jones, Lambert and Stretton (100) carried out SsSH

calculations on CO -~ CH4/(ID4 collision probabilities at room temperature.

An extrapolation of their calculations to higher temperatures indicates

that the €O - CD4 collisions should be much more efficient than CO - CH4

collisions in transfering vibrational energy. The Nz - (D 4 case remains
unexplained.

Both Callear, Williams (34) and Yardley, Bradley-loore (101) have
analysed vibrational relaxation times at room teﬁxperature with a plot
similar to fig. (4-16). The latter workers conside:é’ the plot of log P10-> o1
against A E to be markedly curved at low values of A B rather than linear.

: 1)

.
?

This is based on the low temperature result for N, - 002 (o B=16 cos.”

2
however .an explanation for this in terms of dipole-quadrupole interactions
has been discussed above.

Fig. (4-17) shows both the high (2500°%) and low (300°K) temperature
results. Also included are calculations from both SSH and Rapp theories.
The theories, though reasdnable)do not predict the exact magnitudes of these
V-V probabilities. The linearity of the points on fig, (4-17) when A B
> 200 cms.-:L and their apparent convergence at A B = 0, log P10~> 01~ 2.3,

suggests a possible method for calculating these probabilities empirically.

Consider fig. (4-17) as :

_ m:o,’r':'w
2-3 o
LOS‘O’RO‘QO‘ @ m."‘r‘
Myy iz

AE —
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Let log P10‘9 o1 = log PO + m.AE
where log P, = 2e3 = =17
and let m1: and m, the gradient of lines 1 and 2 be of the form

m =k c

e

where k, x and c are constants to be determined fromm =0, T =oo
and from Fig., (4-17).

Under these conditions

~ 108, Pynes ot 0.10 & E + 17 (4-17)
10 “1077 01
( T172-3

Equation (4-17) must only be considered as approximate. It does not
include any mass terms and it has been derived from the minimm of data.
The equation correctly predicts the (V-V) probabilities at 300% ang

oK 10 . oK
25007 but for the P (N‘,2 - SOZ) result of section 15-1 at 1800 it is a
)

factor of two too low.

The probabilities derived from eqn. (4-12) depend on the knowledge of
several factors., The possibility of the incorrect selection of "x" has been
discussed for each case; however the literature values for P Y (I-i-I-i) have
been accepted 2s accurate., Should these values be incorrect, the
conclusions drawn in each 'case could be invalid. This is especially true
of the conclusions for the NZ - HC1 case. Should further evidence show that
Borrell's (92) P ¥ (HC1-HCl) result to be invalid, the conclusions of
section 4-15-4 will meed re-examination,

4-16) CONCLUSION.

It seems unlikely that rotational effects are important in the
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relaxation of N2 - HC1, dH4 or H20 mixtgres since, within experimental
error, all the results can be correlated by V-V energy transfer theory.

The theories accounting for the influénce_of rotation on vibrational
relaxation are inadequate. Cottrell et al. (31) and Bradley-lMoore's (32)
theories have only a mixed success. Nikitin's (33) analysis of HI - HI
collisions is probably unique to that type of moleculé - the hydrogen
halides are the special case of a diatomic molecule with almost all the
mass centred on one atom.

Further practical and theoretical work will be required to resolve
the relative contributions of rotation and vibration on the vibrational
relaxation of gases. To a certain extent the emission tracer technique is
unsatisfactory in such a practical role. To obtain further information,
the temperature dependences of these processes must be determined. To
eliminate errors in isotopic exchange, relaxation measurements should be
made using higher concentrations of the collision partner.

Much attention has been focused on the laser schlieren technique
(39, 40, 41) for relaxation time measurement. This technique would be
ideal for the purpose discussed above : the following Chapter describes

work carried out in the construction and performance of such a system.
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CHAPTER 5. |
THE LASFR SCHLIEREN TEGMIGUE FOR

MONITORING VIBRATIONAL RSLAXATION.

5-1) INTRODUCTION.

Schlieren systems have for many years played an important part in the
measuremenf of density gradients in gases. The schlieren technique is in
principle simple, but the interpretation of quantitative measurements is
often complex.

A parallel beam of light passes through a gas sample and is focused
onto a knife edge. Any density, and hence rgfractive index, gradient
deflec%s the beam of light off the édge.

The deflection may be detected electronically using a photocell or
photomultiplier, .

Schlieren systems represent one of the most important methods of
mapping density gradients in flames (102). Flames may be run for a
comparatively long period of time. The optical system can often be
adjusted manually during the duration of the experiment. In shock tubes any
density change e.g. due to vibrational relaxation often takes place rapidly
within microseconds, The need for high intensity parallel beams of light
giving measurable electronic signals has hampered the development of
schlieren measurements behind shock waves.

Two types of schlieren technique have been developed for quantitative
shock tube density measurements. The broad beam technique (103), as it
implies, employs a wide field of light of constant intensity. The wide beam *

passes normally through the shock tube windows and is focused onto the knife
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edge. The electrical pulse obtained from the phdtomultiplier is
illustrated in fig. (5-1)(a). The voltage increases rapidly as the shock '
front entefs the light beam, remains virtually constant whilst the front
traverses the beam and finally decreases (often exponentially) to its
equilibrium value.

" Measurements of the density gradient behind the shock front are obtained
from this final stage of schlieren disturbance, The deflection is a function
of the average density gradient between the two edges of the beam.. As one
edge is in the region of equilibrium flow, the other edge - which is in the
density relaxation region - will govern the magnitude of the beam
displacement.

The second schlieren technique uses a laser beam as the light source.
This is sufficiently narrow compared to the relaxation zone to approximate
to a point source. The technique has been developed and fully discussed by
Kiefer and Lutz (KL) (%5, 39, 40, 41, 65). It enables one to measure density
chenges taking place in a few microseconds; it is roughly a factor of four
more sensitive than the broad beam technique and its optical components need
not be of such a critical quality.

A continuous gas laser beam passes through the shock tube onto the knife
edge and photormltiplier. The deflection due to the shock front may be
observed in addition to the density relazation behind the front. A typical
narrow beam schlieren pulse is illustrated in fig. (5-1) (b).

Vibrational relaxation times obtained by monitoring the density change
using laser schlieren are very accurate. This chapter describes work '

performed on the construction and use of such a systenm,
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5-2) EXPERIIENTAL; |

The system followed the design of Kiéfér and Lutz, A narrow beam of
light from a He-Ne contimuous gas laser (63281) passed normally through the
shock tube windows at observation station B. The beam was displaced
slightly in the vertical plane to avoid multiple reflections off the shock
tube.winddhs. After traversing about 7 metres, the beam diverged to a
spot 2" in diameter at the razor blade knife edge., The light spot was
arranged so that half the light fell onto an E.}M.I. 9558Q photomiltiplier.
The deflection due to the shock front produced a decrease in light intensity
on the photomultiplier, ‘ A .

Initially the system was set up using an Opticé Technology Inc. model
160 G..(%-mw.) laser. It was found that the light borne noise on the
photomultiplier swamped any schlieren signal due to relaxation., Attempts
to current stabilize the laser powef supply did not prove successful. As
emission timing signals could not be used at lower temperatures, this laser
was employed in a schlieren timing apparatus.

The timing apparatus is illustrated in fig. (5-2). As the divergence
of this leser beam (> 10-3 rad. ) gave an approximately Smm. beam width
in the shock tube, the width was restricted with lmm. Vertical slits. These
slits were secured to the optical bench independent of fﬂé shock tube.
The narrow slits of laser light passed through the shock tube exactly 1 metre
apart and fell onto the knife edge/photormltipliers previously used for the
light emission ftiming apparatus. The photomultiplier H,T. voltage vas
adjusted to a value near 400 volts, chosen so that statistical noise

fluctuations in the laser beam were just insufficient to trigger the Racal
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timer. Signal equalisation on start and stop channels was even more
critical than with the emission technique (see Chapter 2).
5-3) ANALYSIS OF THE SCHLIEREN RECORDS.(FiG.5-3)

The following anzalysis of the traces has been summarised from the
derivation of Kiefer and ILutz (39). The deflection of a single ray of the
beam is given by: > | .

D = KIW. 4/°__ (5-1)

dx
vhere

X = specific refractivity of the gas - the Gladstone-
Dale constant.

L = 1length of the optical lever .

W = width of the shock tube.

4”2  is the density gradient at the point where the ray
traverses the iﬁbe.

Provided the power distribution of the laser beam is Gaussian, then

the deflection expected fron the shock Tront may be given as

AY = erf(D)
Y Gx

where the deflection, D, is measured as o V — the change in voltage on
the photomultiplier. Vb is the total signal from the laser bean. CT'K is
the widih parameter of the Gaussian function at the knife edge.
Tne beam deflection due to relaxation, x, may be related to the signal

obtained, V, by

Y+ay | = erf [@_t_l))] (5-2)

Y Gk

Expanding (5-2) and ignoring the non~linear part of the expansion
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(correct %o within Z provided that v/vo < 15%) and substituting into
(5-1) leads to: -
v = KXW . ap (0, t-at) (5-3)

?o WWog ax

vhere at is the error involved in selecting the origin of tine for the
density gradient change.
The density change due to vibrational relaxation is related to. the

relaxation time U . Assuming an exponential density gradient in the gas:

e, (xt) = 22 e [ (t+xf)/v] (5-4)

Combining (5-3) and (5-4) gives

Vo= xwm(aR). et (5-5)

Vo ﬁ‘xcri{ il

An approximate value for the relaxation time 7V APP? BAY bes obtained by
plotting 1oglo h , (h = V) s against tl. The slope, S, of the near linear

plot gives

(v m:) | = ___1_ (5-6)

lab.tine 2303131
KL obtained a full analysis for the variation of P, with o by

expressing the Landau-Teller equation (1-2) in terms of the hydrodynamic

shocked gas equations as well as (5-5) and (5-6).
P¥y = Py - (1-d1~3%13)
' ' (1)

_a%__ [ 1n ( dEV’.EB _p_’g)]

g d f /O o

The values PVY o Vere obtained from an iterative solution to (5-7) using

it App 28 the trial value for M. A slightly different procedure has been

adopted here. It has enabled the hydrodynamic equation computer progrem
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' previously used for the emission tracer technique ( CEEISHOCK) to be
modified to intepret the laser schlieren results directly.
From egn. (3-9)

dot = /(l+o(dlan) (5-8)
at
g
vhere H =H -H. K
T u
now h = ¢, sz
U T
1
"where ¢ is a constant for the apparatus.
h=c  dt d do(
'I‘I‘ . 24 . ID2 .
dtl dot . .
= ¢ _dt dp 1 +d dlndHE
o.an 1o ( 1n ) (5-9)
dtl do(

Taking the natural logarithm of both sides of (5—9) and differentiating
WeTots A ¢

dlsh = dln(ffg + din(i‘ig) _ 1 - am¥
dot at, i I -d i
dod dd
cL(m (1 + of dindH)) (5-10)
st ao
Now dinh = dinh , dd . _ctc_g
d’c1 dof d’cg dtl

Finally substituting from (5-8) and (5-10)

PY = P. (P2/P 1) x(|+(|—d.)Q) (5-11)

(—dlnh)(l +4 dln6 H
at, dod
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where
Q = am? . mr) - awmp, - &P
2
dT do T 5
a of
ip,
d
+ i(ln (1 +o dlan)) , (5-12)
dot aol
The approximation
dln? . Td1nT
Q ~ aT d o

is in fact normally good.

5-4) THE SOLUTION OF EQUATION. (5-11).

A1l the terms in (5-11) and (} except for - dlmh and dln"¥

m
dtl d T
are obtained from the modified CHENSHOCK program. dlnh is obtained
from the slope of the semi-log plots of h against tl' A value for dIn"%
ar

is obtained by including in the program data an observed relaxation time

(P2 243 ) at some other temperature. (For example, in the gases examined -

oK

1065 HZ/I‘I2 ~ a relaxation time was calculated at 2500 from the emission

tracer results.) The differential dln?¢  is obiained by assuming the

aT
temperature dependence of the relaxation times to be of the form:
- 1/3 ,
log,, ( Py ) = AT (5-13)
BT

The solution of (5-—11) to give an exact value for P¥ is obiained by
substituting a trial value ¥ = 1/ (dlnh/dtg) and iterating between

(5-11) and (5-13) until a result constant to I 1% is obtained., The
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procedure is facilitated by wvriting the various differentials in polynomial
forn as functions of of . Solutions of (5-11) give values of P, as a

function of the value of ¢ at which the slope dlnh was measured.

' dtg

At this point the difference betveen I’L'v originzal analysis and ours may
be noted. KL feed in as data h and tl values for the entire relaxation. They
do not assume 2 linear plot of log h agzinst tl and hence their progrom gives
accurate values of PT ” correspondiné to f and T throughout the whole
relaxation region. Cur results do not justify this detailed analysis; only a
single mean value of dlnh m2y be measured. ‘this is assumed to correspond to

dtq

a mean yalp.e of 01' ’ O(N’?!IT’ in turn corresponding to the mean time of

i 1 , . -
measurenent ty .. =% (tll + t12) (see fig. 5-3).

(2

The second part of the calculstion is therafore the determination of

dI’-T’AN by integrating the relaxation equation in the form
dt, = /\50{_ (1+ <& dineH)

d (-In(1-«)) | 3 2/(01& e (5-14)

A Turther iteratvion is recuired using a {rial value of g 5.

The corvesponding value of P is obizined fron She first vart of ths

enalysiz, together with its ferperature cependence. Fron this end fthe shock
solutions ‘€, is obtained as 2 function of & ; hence dty /a (-In(1-« )) as
a polynomial in (-1n{1-®)), This is iniezrated to give t, as a polynomial in

(-1n(1-+)). 7his polymomial is then inverted to rive In(l-ol) 25 a function

&3

of tl’ “his also gives the first value of 0/ AN The iteration is repeatled:
]

convergence of of A



5-5) THE STHPLIFICATION OF (5-11).

Kiefer and Lutz have shovm that when the semilog plots of h against
tl are iinear, é simplified form of theif'énalysis may be used. This is
esentially a modification of Blackman's (59) interpretation of his shock
tube interferometric measurements. ‘the modification may be stated

PT = P’UAPP(/‘) \) ( E;F_) (5-15)
1 %
vhere Q; is the total heat capacity of the gas at the equilibrium
temperature Tll and q; is the heat capacity of the unrelaxed gas (3.5R
for a diatomic molecule). The calculated P , P and-f32 all refer to
the equilibrium temperature Tll i.e. at d =

5-6) DEMAGNIFICATION OF THE LASER BRAM.

Reduction of the laser beam width by a demagnifying telescope gives

a better approximation to a point source of light. For a given density

137

gradient this demagnification increases the size of the schlieren signal,

however it increases the divergence of the bean.

It may be shown that the signal to noise ratio of the schlieren pulse
is proportional to ﬁg_ig'% vhere
ks f? = angular schlieren deflection
P = 1laser power
of, = " divergence
M = Demagnification factor of the

telescope.
and hence demagnification also reduces the signal to noise ratio by the

factor M, Normally the increase in signal observed by using a narrower
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beam outweighs this decrease in signal to noise ratio. Some demagnification
of the laser beam is therefore desirable;
5-7) RESULTS. : N

Quantitative relaxation measurements at station B were made using a
Scientifica 5 . He-Ne gas laser. Initially results were obtained
without demagnification of the beam through the shock tube; however, as
suggested in Section 6 above, the system functioned best when a 6-1
reduction in beam width was used. The layout of the optical system is
given in fig. (5-4).

The apparatus was tested using a mixture of 1066 H,, QQ%”NZ; the gas

was shocked to about 1500—2000°K, P, =20 - 50 torr. From both Waite's

1
results (80) and the emission tracer measurements at 2500°K (Chapter 4)
the observed relaxation times are expected to be about 2—3/LLsec. lab.
tinme under these conditions,

The dependence of the photorultiplier signal on beam deflection was
checked experimentally by chopping the laser beam mechanically and moving
the knife edge/photomiltiplier combination across the beam. This
dependence was found to be linear until 60 of the beam had been deflected
off the knife edge.

Difficulties were experienced in distinguishing the schlieren signal
due to relaxation from noise due to the laser oscillations and from

mechanical noise elsevhere in the building. ‘‘he laser noise was & 2%
of the signal with a frequency of c. 1 }MHz, modulated by a 10 KHz.

envelope.

The noise was considerably reduced by the use of the ‘wektronix 1AL
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differential preamplifier. The owtput of the schlieren photomultiplier
was passed through a high pass filter (cut.off approx. 1 KHz.) to
eliminate the mechanical noise and was monitored on ome channel of‘the
preamnlifier. J

the second chamnel monitored the signal from an R.C.A. 9314
photomiltiplier which viewed a sample of the light from the laser beam. This
signal was passed through a low pass filter (cut off approx. 5 MHz.) to
remove V.H.F. "fuzz".. When the 1Al was used_in the "subtract™ mode the
10 XHz. noise envelope’ could be almost completely eliminated.

The remaining 1MHz laser noise.was found to be a function of the lasér.
cavity. This was removed by slightly adjusting one of the cavity mirrors.
This involved a slight loss in laser power; as the 5mw. available from the
laser exceeded the amount required for the schlieren system this was
unimportant. Indeed it was necessary to check that the laser intensity
did not "saturate" the photormultipliers. Examples of observed traces (i)
with laser noise (ii) after processing are shown in fig. (5-5).

The schlieren traces were analysed using both (5-11) and (5-15). The
comparison of the results obtained from both the simple and formal

equations is shoin for several runs in Table 5-1.
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Table 5-=1.
Calculation of P .
P =(l/d1nh)x P eqn. (5-11)—formal eqn. (5-15)-simple
APP dtg P2 .atm.sec. TOXK P .atm.sec. X
243, 10‘5 2°73. io'5 1539 27, 1072 1506
15, 1079 1-8%. 10™2 1531 1.8. 105 1514
13, 10:56 1.58. 10:2 1470 1.6, 1072 1456
8+8. 10 1-13. 10 1978 1.1, 1072 1955
2°1, 1072 2:53, 1005 1548 2.5, 105 1531

Fig. (5-6) shows the analysis plot for one run; fig. (5-7) gives the
plot of log, P ¥ (N2 - H2) against T‘l/ 3 calculated from these results.
These results are in agreement with previous measurements (80 and Chapter 4)..
They also agree with the Millikan and Vhite semi-empirical formula. There
is some scatter in the points - this is to be expected as the resulis were
used both to develop and improve the system as well as to yield
quan’ci‘ba;bive results.

The precautions used to réduce the laser noise left much to be desired.
To obtain more accurate results it was necessary to increase the sensitivity
of the system - some work has therefore been performed on a modification.

5-8) A POSSIBLE MODIFICATION TO THI LASZR SCHLITREN TECHNIZUE.

The modification is based on the R.V. Jones amplifier (104). The
application of this to the laser schlieren technique is showm in fig. (5-8).
Matching vertical lined grids are inserted on either side of the shock tube
observation windows, The irage formed by illuminating the first grid with
the laser is superimposed on the second grid after traversing through the
shock tube., The grids are adjusted so as to give either a half black/ half

vhite or a totally black field of view at the photomultiplier window.
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FIG. 5-7 .
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Any schlieren deflectién moves the image of ‘the first grid relative to
the second grid and alters the intensity observed by the photomuliiplier. In
effect each line on the grid acts a2s a knife edge. As the sensitivity of the
system is proportional to the number of lkiife edges then the schlieren signal
is inecreased.

Iio schlieren results behind shock waves have been obtained with this
systen but static tests have shown tThe apparstus to be feasible, 1nitial tests
suggested that grids with about 26—40 lines per inch are practicel.. These must
be identical and drawn very accurately to avoid Hoirée fringes. The best
method of manufacture is to photograph a large scale grid and reduce the size
of the negative. The whole apparatus rust be rigidly mounted against
vibration and a fine adjustment rmst be provided to superimposc the grids.

‘ The beon cennot be demagnified vefore going through the shock tube owing
to the diffraction patterns that are produced. The beam size traversing the
tube is hence not of constont ﬁidth; according to fig. (5-8) the bern is
focused af the centre of the shock tute. The mathematical intarpretation of
this focuead systen will possibly be comple:.

Time has precludsd eny furthsr investigations using these laser
schlieren systems, however it is hoped that furiher measurements of vibraticnal

relaxation will be mzde using the apvaratus that has been described.
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APPENDIX I.

FLOW CORRECTIONS 1IN LOW PRESSURE SHOCK TUBES.

Boundary layer formation in small diameter, low pressure shock tubes
causes considerable inaccuracies to the hydrodynamic parameters of the
hot gas (68, 69, 70). The major effect that is observed is a drastic
reduction of the "hot gas flow" length. This causes.one to underestimate
the gas particle times of the shocked gas; this effect was responsible for
the non "Landau-Teller behaviour™ of the relaxing gas described in
Chapter 3. To a lesser extent the shocked gas temperature, pressure and
density also increase over- their computed wvalues.

This appendix presents the method used to convert the laboratory
times, %, into the correct gas particle times by

For ideal, inviscid flow:

)

EE A TS

and where a flow correction must be applied:

t = t
1 g/‘,zfoz/f’l)'ﬂ
where C is the correction factor. Hobson et al. (70) present this factor

graphically as a function of 1/1m (ref, 70. fig, 6.3 C = bpart )

¥ideal
lm is the limiting flow length ~ the "Mirels" length of Chapter 3,

1 is the distance of the shock front from the observed gas.
1 o t. U,
m m

1 o t. U.

where tm is the limiting test time; t is the lab, time at the point of

observation. U is the shock velocity.
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Calculation of lm'

Simplifying eaqn. (3) of ref. (68) (and assuming a value of J—ghfarf3 ):
1m = A'Pl' U. metres. (1)
T2 (W—lj
where A 2 7.8, 10+5 for air
o~ 8.7, 102 for argon.

P1 = unshocked gas pressure in torr.
Té = shocked gas temperature, OK.
W = density ratio, F 2/ (ol.

This is for our tube diameter of.ll". For any other diameter d",
mltiply 1 from (1) vy (d 2
1.5 '
This calculation enables the parameter 1/1m to be obtained. The

correction factor C is then obtained from fig. 6. ref. 70.

The correction factor is only strictly exact vhen the gas has reached
its limiting separation condition. Hobson (70) has shoﬁn, hovever, that
the correction may be apvlied to gas flows before they have reached this
state, In these cases the value of lm that must be used in the correction
is obtained from the observed test time. The calculated value from egn. (1)

is incorrect and will underestimate the flow correction.

Fig. 6 of reference 70 is reproduced in Fig., 3-9 of this thesis.
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