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“'Abstract

The dischérge flow~shockltube ﬁas been used to study the
temperature dependences of thewreaCtions of singlet molecularroxygen,
by obserying their emissions with.pﬁotomultiplier/filter combinations.

The room temperature deactivation of Oz(lAg) has been measured

2 L m.ol-'1 s~"1 obtained, lower than the

and a value of 9.4‘1 0.3 x 10

preyious values, but in accord with some more recent measurements,
The,temperature dependence of the collisional quenching of

02(}Ag) by oxygen was found to be too slow to measure accurately, and

4 2 mol_1 s-l at 1570 K is suggested,

only an upper limit of 3.8 x 10

The temperature depeﬁdence of the collisional quenching df 02(12;)
by oxygen, nitrogen and argon has been measured in the temperature
range 600 to 1500 K; and values of tﬁe rate constants are listed in
Table 8.8; Tﬁere is no simple temperature dependence for these
reaétions; and a combination of two mechanisms is suggested, long range
multipolar interactions and short range repulsive interactions which
may be dominant at the higher temperatures,

The energy pooling reaction forming 02(12;) also shows a cﬁrved
- temperature dependence in the region 600 to 1800 K, énd may be governed’
by similar mechanisms. This reaction is iﬁdependent of added gaSes.

| Tﬁe dimol emission from two 02(;Ag) moleéulés at 634 nm has been

shown to be essentially a simple coliisional‘prccéss between 650 and
1620 K, although there is an increase in emissionrat temperatures above
1100 K,  The relative emission intensities of the dimol emission Qﬁ
634 nm, 703 nm and 579 nm have been measured, and the rate constants
for emission listed at various\temperatures\in Table 9.2. bThere is
no correlation with Franck Condon factors for the singié molecuie

transitions,



The vyibrational relaxation,of‘Qz(}Ag) has been studied at
temperatures up to 1700 K, and the rate is found to be faster than
for ground state oxygen. . It appears that vibration-yibration

exchange is important in the relaxation process.




" "Contents

1.2, The Temperature Dependence of Reaction Rates

2.3. The Optical Transitions of Singlet Oxygen

2,4, Other Optical Transitions of Oxygeﬁ‘

2.6, Measurement of Singlet Oxygen Concentrations

2.7. Gas Phase Quenching of Singlet Oxygen
2.8, Decay of Singlet Oxygen in Solution
2.9. Some Reactions of Singlet Oxygen with

Organic Molecules

‘1. Introduction
1.1. An Outline of the Thesis
1.3. Vibrational Energy Transfer
"2, Singlet Molecular Oxygen‘
2.1, Introduction
2.2. The Oxygen Molecule
2.5, The Production of Singlet Oxygen
2.6.1. Physical Méthods
2.6,2, Cﬁemical‘Methods
2.10. Singlet Oxygen in the Atmosphere
3, The Discharge Flow Shock Tube

3.1. Introduétion

3.2, The Discharge Flow-Apparatus
3.2.1.  The Microwave Discharge
3.2,2, The Capiliarylfléwmétérs‘

3.2.3. Calibration Proceduré )

11
14
15
18
18
19
21

25

26

27

33.

35
39
39



The Shock Tube

3.3.1, Formation of a Shock Waye
‘ 3;3.2. The Shock Equations

3.3.3. Real Gases
"~ 3.3.4. SHocleube.Design

3;3.5. Apparatus

3.3.6. Shock Tube Tests

(a) The effect of flowing gas in the
test section
(b) Measurement of Attenuation in the

Shock Tube

Recording Apparatus

3.4.1. Laser Light Screens

3.4,2, The Photomultiplier Detectors
- 3.4.3. Digital Voltmeter

3.4.4, Transient Recorders

3.4.5. The Experimental Arrangements
- 3.4.6, Pﬁotomultiplier'Tests |

Procedure for a Typical Experiment -

41

41
43
46
47
49

53

53

55
57

57
59
62

62
63

64
67

" 'The (0,0) Transition of.O.',(lA'gl
4,1, Introduction
4,2, Experimental and Results

4.3, Discussion

"Tﬁe'Room‘Temperéture'Deactivation of 02(1Ag) by;Oxjgen~;rb
5.1; Introductipn o
5.2, Treatment of Results
5.3; Results

5.4, Discussion



6.. Analysis of Post-Shock Results by Interactiye Computer Graphics
" 6.1, Introduction 86
6.2. BEGIN 92
6.3;' FRONT 92
6;4. DIVIDE 92
‘ 6:5. VRELAX 92
6;6. - YLEVEL 94
6.7. ECONST 94
6,.8. ECALC 94
6.9, RESULT 95
6.10. FINALD 9%
6;11: PRPLOT 97

.j;,

7.1, Introduction
7.2; Treatment of Results
7.2.1, The Emission Trace at the Shock femperature
7.2.2,  Comparison of Pre and Post Shock Decay
/_Rates"
©7.2.3. Calculation of‘thelﬂigh Tgmpergture Decay
4 Rate Of‘Oz(lﬁg) from thg Shock’Decay Rate
7;3.’ Resplts |
7.4, Discussion
C7.4.1, rThe Temperéture Depéndénce'of the bimoi ‘
‘Emissi9n at 634 nm
7.4.2.  Temperature Broadening of the 634 nm |
| | ‘ Dimol Bénd
7.4.3, Thg,Temperatnre Dependence of Collisional

Quenching ofvoz(}Ag) by Oxygen

"High'Temperature‘Studiesfdf'tﬁe‘Dimol‘Emission at 634 nm 02(1Agl

100
101
101

104

106

108

120

120

123

123



8. ' The Collisidnal7QuenChingfof 02(;22)”at High'Temperatures
8.1, Introduction | | , | 126
8.2. Treatment of Results f ’; 'v128
' 8.2;1:' Tﬁe'EmisSiqh Trace at tﬁe'Shock'Temperaturé 12é
, 8.2.2; The Effect of Vibrational Relaxation on the - |
Analysis of the Shock Emission 133
(a) 100%Z Qxygenvshocks“ | - ; o133
Cb)iOxygeanitrogenﬂMixtureé‘ , "‘ 135
(e) Oxygen/Nit:ogen]Argon Mixturés »y 136
8,3. Experimental | ';‘> ", e 137
8.4,  Results o . L »158 g :
8.4.1, Accuracy of the Results S ‘f138
 8.4,2. 100% Oxygen . = o , Y 139
8.4.3. 90% Oxygen/10% Nitrogen o 147
8.4.4,  72.1% Oxygen/27.9% Nitrogen 154
8.4.5. ' 46.3% Oxygen/53.77% Nitrogen  7:  | e 160"'>
8;4.6. 25% OXygen/757 N1trogen ’  } :   , 1‘ : ,,167", i
: 5;4;7;6~ 45% 0xygen]45% Nltrogen/107 Argon i  ,  ~173 ljf
  8;4.8.’ '30% OxygenJBO% N1trogen/40% Argon €?1   ~,‘180 ;ﬁibx
'8;5., Discussion ~ o ‘  ”7 : ;;n1186 T
f 8'5;1' QXYéenlNitrogén'Mixturgé‘ - 1 | ;, “ ﬁ  f? 157  o
‘8.5;2."\fTheL'Coilie‘sidnal Qaench'ihg';sf'o‘ (1>:"') il
| g e ’ by Oxygen and Nltrogenmk   " 18§Tf ;f 
8.5;3'¢‘3The Colllslonal Quenchlng of 0 ( b )j"“ S ,’ 7 :
"’ k | ‘ by Argon'4i ;  11§6;;j J 
8‘5’45 The Energy Poollng Rate Constant v;~ ',51;i96f  :
-~ 8.5, 5; Rev1sed IOOZ Qngen Results : ‘ :lf*" ‘/¥~ i§é;2ﬁ?’;~

8. 5., 6. ’Concludlng Remarks ,"'i,'   _,ﬁ «. ;k 201 e




9, . The Dimol Emissions.of 0 ( A )

9.1.

9.2,

9.3.

9.4,

9.5,

Introductlon ‘
ExperimentalsProcedure 
Treatment of Results

9.3.1. The. 634 nm Em1381on "
9;3:2.' ’The 703 nmrEmlss1on‘
9.3.3. The 579 nm Emission
Resﬁiﬁs | i S
9.4.1, Tﬁe 634 nm Emission
9.4.,2. The 703 nm Emission
9:4.3;' The 579 nm Emission

Discussion

"'10,°  Vibrational Relaxation of oq'(,,,lA'gl

10.1,

10.2.

10,3.

10.4.

Introduction

vRoom Temperature Studies of the 579 nm Em18310n~

10, 2 1. ‘Treatment of Results

10.2.2.1 Experimental Procedure .

10.2.3. Results
High.Temperature Studies7df the 579'nm Emissionke,

:10.3.1.f Treatment of Results:

10.3.2, Results

Discussion =

11, Conclusions end‘Suggestions‘fer~Further Work

11.1.

11.2.

References

Singlet MolecularVOXygen '

Different Systems for Future Study

205

206

208
208

208
209

212

212
212
212

22

224
225 ¢

225
227

228
229

229 .

232

251

',’f}.fzsse,}:




Appendix T
Appendix II
Appenxix IIIa

IIIb

I1Tc

Calculation of Length of Shock Tube
Calculation of Energy Leyels for Oxygen
Millikan and White'Correlation

Calculation of Probability of

Vibration-Vibration Exchange at near Resonance

Calculation of Vibrational Relaxation-

time for a two component system

264

265

269

270

271



- Chapter 1,

. Introduction

‘1.1, 'An Outline of the Thesis

The aim of this work is to study the tenperatnre dependenee'of
reactions of singlet molecular oxygen, (lAg) and (122), in'a
discharge flow shock tube. | | |

Much of the earlier work described in this thesis was’devoted
to a study of the discharge flow shock tube, it 's operation and
reliability, |

The discharge £low system was used to make meaenrements of the
rate of deactivation of 02(1Ag) by oxygen at room temperature
(Chapter 5). The three dimol emissions from twopoz(lAg) moleculee
were observed both at room temperature and at high temperatures, and
their relative emission intensities and emissionyrate conetantsh
evaluated at several temperatures (Chapter 9). The dlmol emission et
579 nm, where one 02( A ) molecule is v1bratlonally exclted, gave a
means of studylng v1brat10na1 ‘relaxation (Chapter 10). |

The temperature dependence of collisional quenchlng of 0 ( A )
and 02( z ), an example of electronic energy transfer, was studied
with oxygen, itrogen and argon as collision partners (Chapter 8)

There is no simple qualitatlve model for electronic energy trensfer,t
and the overall temperature- dependence is not easy to discerna Energy
may be transferred in molecular collisions to electronlc, vibratlonal,
, rotat10na1 or translatlonal energy in the c011151on partner. The ih"'hbh;v

temperature dependence may have an . 9xpnnential form as in the Arrhen1us ?d

equation, or follow simple c011181on theory, or possibly have a T 1/3 l:-i-

dependence as in the Landau—Teller mode1~for’v;brat1onal energygr;p_ggfi;d&




transfer,

This chapter gives the simple basis for these theories,
chapter 2 describes the singlet states of oxygen together with some -
past experiments, and chapter 3 discusses the discharge flow shbck
tube and gives the experimental arrangements. |

The thesis concludes with én évaluétion bf the diséhargé flow

shock tube and some suggestions for further work,




‘1,2, 'The Temperature Dependence of Reaction Rates

For the majority of reactions, the rate increases with increasing
temperature., The change in rate constant with temperature can
usually be described by the Arrhenius equation:

K = Ae E/RT

; . 1°1
whererE is the act1vat10n energy, and A, the preexponentxal factor,

has the same units as the rate constant, k° For a flrst order reactlon,
where the rate is dependent on the concentratlon of one component,

A ins -1 is called the frequency factor. For a second order reactlon,
where the rate is dependent on the square of the concentratlon of the
reactant, or the product of the concentratlons of two reactants,kA’

can be 1dent1f1ed with the colllslon number°

1.2.1. Simple’ C0111810n Theory

For a bi-molecular reactron where two molecules take part, the
rate of the reaction can be descrlbed by slmple collis1on theory}'
where-. " N | i qr ‘k  ‘d7’,
Rate of Reaction = No., of coll1slons | Fraction of collislons w1th

| | o per second B “] [su£f1c1ent energy for reaction

The number of collrslons per second or c011181on frequency,v,f
Z, can be calculated for a given gas or mixture of gases.

ZAB" ;AB IaB CA °va i 1}2d‘”d4
 where cA and cB ere the concentratlons of gaees A and B, o is the

cross sectlonei area for colllsion of molecule A w1th molecule B,~.

and VAB 19 the mean relatlve veloclty, S

where p is the reduced mass




If Emin‘is the minimum energy necessary for reaction then:

Rate of Reaction = UAB (8RT>! e -Emiﬁ/RT

1.4
T \

. - , «
or k= a Ti e min/RT 1.5

vhich has a similar form to the Arrhenius equation. In this‘eiﬁple‘.
theory, E min contains only componenes of translational energy along
the Jine of centres of the colliding molecules,

For reactions with large activation energies, the Ti dependence
is masked by the exponential dependenee, but for many reactions
between short lived intermediates‘or excieed molecules where the
activation energy is small or zero, the rate wi11>depend simply on the
collisgion frequency and should be proportional to Ti. The dimol emission
at 634 nm from Oz(lAg) (Chapter 7) has a T& temperature dependence,

1,2.2, Activated-Compiex‘Theory

The activated complex theory1 pictures a bimolecular reaction from
reactants A and B to products, as proceeding by the formation of an

activated complex. The reaction rate is given by:
Rate of Reaction = [Concentration of activated][Decomposition frequency
complex

for activated complex

This is developed to give the reaction rate constant ast

. e e - .
K = %?, Q+ o, /RT L6
. Q A _
A”B

where Q+is the molecular partltlon function per un1t volume for the

complex, end Eo+ is the energy barr1er to‘:eactien. )A ‘
“For moet reac:ions with an appreciaﬁle activation‘eﬁergj;:

the rate censtant follows approximately an exponential.tempereture =

dependence,



1.3. Vibrational Energy Transfer

When a gas is heated rapidly, as in a shock wave, the energy is
taken up in translational and rotational motion within a few’cgllisions.
The §ibrationa1 degrees of freedom do not adjust 80 quickly. The rate
of vibrational relaxation to equilibrium at the higher temperature is
specific for each gas and dependent on it s collision partner,

Landau and Teller developed a theory for vibratidnal gnergy
transfer dependent on the time of interaction»betWeen colliding
molecules, where only the repulsive part of the intermolecular potential
energy curve is steep eﬁougﬁ to influence energy transfer, and the

attractive potential is neglectedz. They used the potential:
V(r) = v, e(-ar) o 1.7

and a time dependent perturbation theory. This gives a result for
the probability of deactivation of a molecule from it s v = 1 to

V = 0 state per collision at temperature T as:

P c e(- constant/T)I/B - : 1‘.8

10 -
Most non-polér moleéules show a lineariLandéu-Téller plot of

-1/3

log P agalnst T over a wide temperature range,

10
The rate of deactlvatlon of a molecule from it sve=1tovs=0
state, or the number of v1brat1onal transit1ons per second is‘related’ﬁ
to the probabllity by the collislon frequency

X,

10"’P

10 ST T T FR | ”.‘1,9‘-
This assumes that the collision partner is in the v = 0 state, but

there is a Boltzmann distribution of molecules between the two 1évels.

The process is reversible so the rate constant for energy transfer kv.

is related to klo as:

ky = 10/[1 ~hv/kT) T R T I e



and Ty the measured relaxation time is:
T =
/k 1.11

As the vibrational relaxation time is dependent on Z, it is
inversely proportioﬁal to the gas pressure; listed relaxation times,
or Napier times,‘are referred to one atmosphere presﬁure.

The theory most widely used for quantitative comparison with
experimental measurements is the Schwartz, Slawsky and Herzfeld (SSH)

theory3. The intermoleculgrpotential used is:

v(r) = v e | 1.12
This is essentially a repulsive potential, the attractive part,
represented by -¢, increases the relative motion to favour a higher
transition probability,

There are two alternative methods to determine a by fitting fhé
molecular collision parameters, expressed in terms of the‘Lennard
Jones potential, to the intermolecular potential, |

A defect in the SSH theory is that the attractive part of the
Lennard Jones intermolecular potential is not taken into account.,
‘This is important for all molecules at low temperatures, and polar
molecules at all temperatures,

Several other theories of greater compiexity give‘better predicgioné
for some molecules e,g. Shin for non-polar diatomic molecules, and‘ 
Tanczos for polyatomic molecplesz. | |

Howevef, the main dependence of relaxation time with tempéréture

. (c/m1/3 , , | o
is e as observed in experimental measurements at moderate to

high temperatures.



Chapter 2

f-Singlet'Molecular-Ongen

2.1. Introduction

During the past twenty years there‘has beeﬁ much interest iﬁ
the singlét'states of molecular oxygeﬁl “‘They occur iﬁ'the upﬁe;
atmosphere, and are thqught to take pait in'qxidatioh rééctiohs ih
poluted atmospheres., They haVe‘ﬁﬁﬁéﬁéliy_}éég iiietimes for excited
molecules and have begn studied e#ténsi&ély.uwm‘ |

This chapter'gives'the electronic configuration of ﬁdlecular

oxygen and reviews the literature relevant to this thesis,




1‘ Figure 2. 1.

A Molecular Orbital Diagrdm for nygen.‘;

0 Atom 0, Molecule | 0 Atom




2.2, The Oxygen Molecule

Oxygen is the most widely distributed and by far the most abundant
of the elements, it occurs free in the atmosphere, 23% by weight, 217
by volume,

The lowest electron configuration of the oxygen molecule is4 :
2 2 2, 4 2
2
KK(chs) (cu25) (ggZp) (ﬂuZP) (ng p)

A molecular orbital diagram (figure 1.1) shows the separate atoms on the
left and right, with the molecule in the centre; the two electrons in
the ﬂgZp level are shown with parallel spins, as in the triplet ground

state which is paramagnetics. These two electrons give rise to three

states, 32;, 1A and 1

3; (tﬁere are only three states as the total wave
function must be antisymmetric), The L states arise when A, the
quantum number of the angular momentum of the electrons about the inter
nuclear axis, is zero, In the triplet state, the fwo electrons with
parallel spin are unpaired, this state has a lower energy‘than a
corresponding pair with.opposed spins so 32; is the ground state,

Tﬁe A state arises when'the value of‘A is two, and is doubly degenerate
(Mt = $2). The 1Ag state of oxygen lies at 0.98 eV (94.3 kJ) above the

_ ground state, and the 1

stateé,

Z; lies aﬁ 1.63 eV (157.7 kJ) above the ground

The first excited electron configuration for oxygen is
2 2 2, 3, 3
KK(Ung) (UuZS) (agZp) (ﬁu2p) (ﬁgZp)

+ 1.~ 1, 3.+ 3. 3
Lo, I, A, B, I and TA, o An

which gives rise to the states 1

~ energy level diagram of the oxygen molecu1e7’8 is shown‘in'figure 2.2,
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‘2,3, The Optical Transitions of Singlet Oxygen -

The infra-red atmospheric band system at 1270 nm arises from
transitions between'Oz(lAg) and ground state oxygen, 02(32;). ;Iransitions
between 02(;i;) and 02(32;) give rise to the atmospheric band system at
762 nm. The emissions are seen in the 'airglow' both during the daytime,
and at night. | |

The electric dipole treneitions berween both 02(1Ag) aod 02(1zg)yand
the ground state are spin and symmetry forbidden,:elthough'weak magneric

dipole transitions are observed in both emission and absorption
o.tay + 0,380 + hv(A =1270 mm) - Ly
27 g 27 "g : , .
0.¢rh + 0,35 + hv(h = 762 mm) 2
2" g 2" g SO AT bt ¥

The singlet excited states of oxygen are consequentlyvvery long
lived compared with most other excited species. The radiative lifetime

I, the observed‘life*~

of 0 ( A ) is 45‘m1nutes for the isolated molecule

time of 9.2 seconds at 1. atmosphere pressure of oxygen is con31derab1y »j

shorter due to colli31ons. ’ 'The radiative 11fet1me of the ( b3 ) state

is between 7 and 12 secondslo 11 ‘ |
‘ These Spln forbldden tran31t10ns may become spln allowed for

simultaneoos tren81tlons.'ﬂ The unusual d1mol em1551ons occur wheo two‘ﬁ;,«f

excited molecules collide and emit one quantumvof rad;arion at half ;he_ >“J°

wavelength.for the single molecule transition. .
2C A ) +‘ 02(_A ) oL ), v( g ‘1nm)>’~» 2.3

ThlS red em1331on was reported by Sellger 1n 1960 12 from the reaction :

of hydrogen peroxrde w1th,sod1um hypochlorlte 1n aqueous solut1on" Kahn J:io ;55%

13
and Kasha™~ studied the reactlon and attrlbuted the chemllumlnescence to

solvent shifted bands of O ( ). The correct deSLgnatlon was suggested

414

by Arnold, Ogryzlo and Witzke in 196 ‘ they passed gaseous oxygen




12

through a microwave discharge and recorded emission bands at'634,,793,
760 and 860 nm., The bands at 760 and 860 nm from thé'(o,o) and (0,1)
transitions of 02(12;) were rapidly quenched when’water was added to
the system, so they deduced that the new bands seen at 634 and 703 nm
arose from Oz(lAg) molecules, and suggested an oxygen dimer, 04,

stabalized by van der Waals forces

20,('8 )00 0, *+ 0,0 L, + BV - 703 tm) =
Further work by Arnold and Ogryzlols'suggested that thekcolliding
molecules were not bound. We have studiéd the dimol féaction and fiﬁd
that the emission at 634 mm is a 31mp1e colllslonal process (Chapter 7);
A further d1mol emission band from 0 ( A ) was reported by Gray

16

and Ogryzlo™® at 579 nm arising when one 02( Ag) is v1brat10nally‘exc1téd:

. L G | . _
: 4+ 'h =
02( Ag)v=1 ;+ 02(,Ag)v==0 +. 2 QZ( Zg)v=0 ?(A; ‘57? “m),, =
i ' 2.5
We have studied this emission and report results of vibrational

relaxation in Chapter 10 o
Cooperative emission bands from O ( z, ) have also been QbSQrVEdIG

but as the concentration of 02( Xg) is usually lOW, they are weak, TR
20,'eh, o+ 20, (32") e o= 26
“ Y v=0 : v=0 IR At iun S €
2 02( z )v=0 ¢"’ O ( 2 )v~1 + .02(,; g)v=0, f,fﬁ?(;,é_499 §quf ¥%ff
} : i o N ] '  2.7:'
Khan andea 17,18 = ' e : g g e e e L L
sha reported the emission from a mixed cooperative band =~ -
at 478 nm ’ | o | | |
0 (IA ) + 0'(1f+5 | - 2 0 ( b ) ; + hv(l = 478 n )7’
20 Tglv=0 T P2t fglv=0 »

‘~:;T 3 T:J ‘
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The collisional enhancement of the (0,0) transition of 02(12;)
noted by Young and Blacklg’zo. where the optical selection rules are
possibly relaxed during the collision of two oxygen moieculés, was

not observed in our work on the 762 nm emission (Chapter 8).




14

2.4, Other Optical Transitions of Oxygen

The Schumann-Runge region marks the strong absorption of oxygen
in thé ultraviolet below 207 nm from the allowed transition 02(32;),
<+ 02(32;). The Schumann-Runge bands converge to a continuum at 176 nm
corresponding to the dissociation of the oxygen molecule into an excited
1D and a normal 3P‘atom§. [see figure 2.2]

The Herzberg I bands invthe night sky spectrum arise from the
transition 02(323) a-02(32;) in the Wave length region 250-500 nmzl,
and the Herzberg II band system from the transition 02(12;) -b02(32;)'
at 350~-700 nmzz. Both these band systems arise from forbidden .

transitions, and are therefore weak.
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2.5, The Prodﬁction of Singlet Oxygen

Singlet oxygen is produced in our system by flowing purified oxygen
through a microwave discharge. 02(1Ag) is formed in or just after the
discharge, oz(lz;) is formed from'oz(lAg) by the energy pooling reaction

first investigated by Young and Black19

1 | 1.+ 3.y R
0,'n) v 0y(tay » 0,CTY ¥ 00T 2.9

Most workers, studying the reactions of singlet oxygen in the gas
phase, use a discharge flow system, and oxygen pressures‘between 1 and
10 torr (0.13 and 1,33 kPa)23‘24 in the microwave discharge. - The less
stable radio frequency discharge has also been usedzs. - The amount of
singlet oxygen produced is enhanced if the flowing oxygen is saturated
with mercury vapour before the discharge26. Up to 10Z% of the total
flow may be singlet oxygen, but oxygen atoms (up to 3% of the flow27)
and some ozone are also produced.v kThe oxygen atoms react with the
mercury in the éas, depositing mercuric oxide past the discharge, which
also serves to reméve any remaining atomszg. | |

gg + 0 » HgO 2.10

Hg 0 + 0 ~» Hg + .102 e 2}11 .

Yaron et a129’30'31 used a silver cylinder coated with silver oxide
placed downstream of the discharge to remove 0xygenrat6ms and ozoné.,x |

It is important‘in kinetic measurements of singlet oxygen thdt '
oxygen atoms are removed, as the reactions with atoms are usually fast -
and would interfere with the system under study. Strikiﬁg eviden&é for
this is shqwn‘in a paper by Furukawa and Ogry21032 when nitrogen dioxidé o
was added to the dischérged gas to remove any reméiﬁiﬁg 6xygeﬁ 5toms§ .
the measured value of the rate coﬁstant for ﬁuenching of 02(;Ag).by |

2,3 dimethyl 2 butene dropped dramatically. Measurements.in ‘our system =
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are made at a sufficient distance from the discharge fof~any oxygen
atoms remaining after the mercuric oxide films to have been deactivated
on the walls (Chapter 5).

Snelling, Findlay and Fortin33’34’35 have studied Oz(lAg)'prpduced
in the gas phase by irradiation of a mixture of benzene and‘OXYgen with =
a low pressure mercury lamp at 253.7 nm. This method has the advaﬁiagé
that tﬁe singlet oxygen is uncontaminated with oxygen étoms or ozone,
but benzene in the system makes SOme measufements impbssible.<n The .
OZC;Ag) is formed when the excited triplet state benzene is éuenched

by oxygen, These typeé”of reaction have been studied by Kearn93

where the excited triplet state is formed by intersystem crossing.

e
?2( ?s),

S1
A 1. o .
- Intersystem crossing Ly .
Tl \\‘nd"ﬂiziigy tranéferk
0 , : 02‘( “zg) o

DONOR . ACCEPTOR
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Photosensitized oxygenation reactions, where the singlet oxygen

formed reacts with the substrate to form oxygenated products, has been

discussed in detail by Gollink37.

Oz(lAg) is formed by electronic energy transfer from excited nitrogen

dioxide in mixtures with oxygen, on irradiation between 330 and 700 nm38’39.

The concentration of 02(1Ag) is at a maximum at 390 nm, the first
dissociation limit of nitrogen dioxide,

In any system containing 02(1Ag), 02(122) is Always presgnt; but
02(122) can be formed alone by vacuum ultraviolet flash photolysis qf

40,41,42

oxygen at low pressures " A tuneable dye laser has also been

used43, and more recently 02(12;)'has been formed from the excitation:

of molecular oxygen by low energy electronsa4.

In solution, singlet oxygen is formed in the reaction of aqueous

hydrogen peroxide with sodium hypochlorite13 or chlorine45

NaOCl + H202,}* NaCl + H20 + 02 2.12

02(122) is quenched rapidly by water, and 02(1Ag) is the onlyvreactihg

species,

Singlet oxygen has been produced in liquid oxygen by irradiatibn"

at 1060 nm from a neodynium glass 1aser46.
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2.6, Measurement of Singlet Oxygen Concentrations

2.6.1. Physical Methods

Absolute concentrations of 0, (}A ) in a flow of molecular oxygen

can be determined by isothermal calorunetry47 48

Arnold et al?* measured the heat liberated when 02(1Av) is deaotiveted
on a cobalt wife, the efficiency of deactivation was 95Z.  Later workers49 50
used a platinum wire electroplated with cobalt and partially\okidised;
The methodiisioot whoily'eatisfactory, 59,°the?v¢XCi£ed speciesjio the |
flow, perhaps 02(122), will also be deactivated but‘withkabdifﬁerent
efficiency. | |

A photomultiplier, viewing the emissioos from 92(;Ag)land,02(lz

can be calibrated absolutely using the NO + Q':eaotionzg’SI :

NO + O + NO, + hv 2.3

This emission has an almost oontinuous SPeetfum between 388 nm and
1400 nm, and the light intensity is indepeodeht‘of preeeore ovérja wideﬁ_ t
range, depending oniy on tﬁe,product of the COnCentretions,’IOJINOJSZ.
A'specific methodbmeasures the photoionizatioo corrent produced""k'
using an argon fesonance lamp at 11,72 eV, This is able to ionize
2( A ) but not ground state oxygen, ozooe or oxygen atom553 j,A,i
krYPtOn resonance lamp at 10. 64 eV is able to ionlze both s1ng1et stetes

L

of oxygen54 These methods cannot be used 1f organic molecules or
oxides of n1trogen are present. : o :

Electron paramagnetic resonance spectroscopy has been used to study’;filj:*
0 ( A ) concentratlons55 56, 57 Fallck et al found that ‘their dlscharged’

oxygen contained about 10% 0, ( A )

The photoly81s of ozone and oxygen mlxtures at 253 7 nm forms

0, ( A ) as the primary step, 02( E ) is probably formed by energy

trsnsfer from excited oxygen atomss; 59 60 61,62 o ;;,,;a;o:;;];,;'?[vewf“
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0, + hv(r <316 m) - oz(?Ag) + ol 2.14

3

1.+
o(ln) + 0, - 02( Zg) + 0(3P) 2.15

The known quantum efficiency of these two reactions has been used as

an internal standard by Gauthier and Snelling in a study of the reaction

of nitric oxide with ozone,

2.6.2, Chemical Methods

Any chemical method must be reasonably rapid, specific for singlet
oxygen, free from complicating side reactions and have easily analysed
products., These criteria are not easily satisfied; for example, the
reaction of tetramethylethylene, TME, with singlet oxygen gives a

rearranged allylic hydroperoxide which can be detected by gas chroma-

tography63;
cH CH ooH CH
3 3 2
\C—-C/ + 10 — CH --—--(!.I-—-C/ « 2.16
4 7 dy DNa |
CH3 CH3 3 3

However, the same product may be formed from ground stété oxygen in a
chain reaction involving frée radicals64.
Probably best is the 1-4 cyclo addition of singlet oxygen to
conjugated dienés6$ H
| N/
N, 7\
1y §§b’/ 0 ¢/
AR z;
WA WS
| : /\

Most of these methbds detect singlet oxygen in the gas phase and -

2.17

cannot be used in solution, though emission spectroscopy may be useful.

A novel solution method follows the reaction of singlet oxygen ﬁith a
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coloured acceptor, 1,3-diphenyl iso benzofuran, to a colourless

product66.

In our system, the absolute concentrations of singlet molecular
oxygen generated by the microwave discharge have\not'been4measured, as

the results reported in this thesis require only comparative measurements.‘
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2.7. Gas Phase Quenching of Singlet Oxygen

The quenching of singlet oxygen to the ground state withOut chemical
reaction, has been studied with a large number of gases and organic
molecules as collision partners at room temperature.

The temperature dependence of collisional quenching has only been
studied in a limited temperature range for a few gases. The discharge
flow shock tube is an ideal tool to look at colllslonal quenching over
a wide temperature range, and several collision partners have been

studied. (Chapter 8) ‘ -

In an early paper, Ogryzlo67 suggested that the rapid deactivation
of 02(122) by most gases forms.Oz(}Ag) which is a spin allowed process;

‘the deactiyation ofvoz(lAg) is much slower.
1.+ 1 ’ )
0,( Zg) + M o+ 0,( Ag) + M : ; 2,18

He plotted the logarithm of the quenching rate constant against boiling
Point of the quencher, and although there was only an approximate
correlation, no other molecular property yielded a better one.

In a review in Chemiluminescence and Bioluminescence in 1973

Davidson and Ogryzlo6

against the h1ghest fundamental yibrational frequency of the quencher, and

found a good correlatlon for the quenching of both 0 ( A ) and O ( I )

by homonuclear diatomic molecules, For P°1Yat°m1¢ quenchers, most

rate constants were an order of magnitude higherychan predicted, posaibiy
due to the availability of edditioqelyvibra;ional modesviﬁ the quencher,

(Figure 2.3)

Oxygen, whlch in this context has a low vibratlonal frequency is a

poor quenching agent. ' Molecules contalnlng hydrogen tend to be effectlve

quenchers.  Water must be excluded from any reaction to be studied as

even a few ppm can increase significantly the deactivation rate constant, i

8 plotted the 1ogar1thm of the quenchlng rate constant ‘
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Figure 2. 3.

Variation of log(Quenching Rate Constant) wit
Highest Fundamental Vibrational Frequency of the Quencher
(from Reference BE

18 -

| | : : |‘ L v : l

Highest Fundamental Vibrational Frequency/om®
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Kear and Abrahamson69, in a theoretical approach to_electronic
energy transfer from 02(122), calculated quenching cross sections for
a variety of diatomic molecules., Their method assumed that energy .
is transferred under the influence of short range repulsive forces,
The calculated values for the quenching constants were roughly an order
of magnitude too low for most gases, but for oxygen itself, the theoryb
gave a very much smaller quenching constant than experiment,
Braithwaite, Davidson and Ogryzlo70 considered the influence 6f
long range forces in the quenching of 02(12;) by diatomic moleculeé.
Their calculated values agree quite well with experiment, but they too

were unsuccessful with oxygen.,

On looking at the temperature dependence between 173 and 393 K,

of the quenching of 02(122) by hydrogen71 and hydrogen bromide72,they

Came to the conclusion that although long range multipolar interactions

make a major contribution to the quenching, short range repulsive inter-

actions also contribute., A sum of the two theoretical rate constants.

best fit the experimental results. These calculations show that the
main contributionkto the quenching rate is from those procesées which
convert the maximum amount of energy into vibration, and the minimum
amount into translation and rotation of the product.

Thomas and Thrush73 looked at quenching rates with a stetistical
theory, They compered the ffaction of ﬁuenching collisidns which-
Yesult in population of a particular vibrationai{level in the quencher74,

w1th a calculated probability of the partxcular level of the quencher

belng populated; the negative logarlthm of this ratio is known as the

surprisal. A surprisal plot against the fraction of energy released

going into vibration, showed a linear relatxonshlp for a wide variety Ve

of 81mp1e gases for the quenchlng of both O ( z ) and 0 ( A )
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They suggested, on this evidence, that although energy goes
preferentially into vibration of the products,‘resonant transfer is
not important, and they favoured a common non‘specific mechanism where
quenching occurs on the repulsive part of the inter—moleculat’potential.
The temperature dependence for collisonal quenching of‘Oz(lAg) and
OZ(IZ;) is needed to help to distinguish between the roles of long

range attractive interactions, and the short range repulsive interactions,
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2.8, Decay of Singlet Oxygen in Solution

Merkel and Kearns75 proposed that the major pathway for radiationless
decay of the 1Ag state in solution is by conversion of electronic ehergy
from the oxygen directly into vibrational excitation of the solvent., The
quenching efficiency of the solvent can be related to its infrared over-
tones and absorption bands in the energy regions of the Oz(lAg) -

02(32;) transitions, They list the lifetimes of the Oz(lAg) molecule

66

in various solvents =, and discuss temperature dependence and solvent

effects76.
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2.9, Some Reactions of Singlet Oxygen with Organic Molecules

The reactions reported in the literature concern 02(;Ag).

02(1Ag) adds to unsaturated hydrocarbons forming endoperoxides:

e.g. CH CH
PN |
?H + 102 - %H ? » | 2.19
CH\\ CH //,0
'»\\CH \\CH

2 | 2

This is similar to the Diels Alder reaction, but the reaction is much

faster77.

/ 2 o2
CH CH CH CH : . :
I + N2 L |2 2,20
CcH CH, CH CH,
N /

CH, CHJ

The rate cdnstants for some of ﬁhese reactions ha?e been measured;
they increase with the number of alkyl gfoups on the oiefin, but éecrease
as the alkyl groups get 1arger78. |

A study of the reaction of Oz(lAg) with/tetraméthyiethylehe‘5y |
electron paramagnetic resonance spectroscopy shows that the rate bf :
chemical reactions is much‘faster than any deactivation prqces§79.

Two books have recentiy been published/on the reactions of singiet‘
oxygen with a wide variety'of_orgénic compound589’81. They‘are both
largely devoted to reactions of 02(1Ag) in sélution. A recent reﬁiew
by Bellu¥ considers quenching of 02(1Ag) in solutiongZ. ~ These

reactions will not be considered here.
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2.10. Singlet Oxygen in the Atmosphere

Singlet oxygen is known to exist in both the upper and lower
atmosphere, and most of the earlier work on gas phase kinetics of
singlet oxygen was pérformed‘in 6rder to elucidate the mechanisms by
which it is formed, in which it takes part, and also to assess the
concentrations necessary to produce the observed bands in the air
glow23’83. The infrared'atmospheric and‘atmospheric bands have been
observed at high altitudessd, and Vlaéov85 showé plots'bf'the‘height“
distribution of exciﬁed species present in thé'atmosphere. The
inteﬁsities 6f the two band systems differ from daytime to nighttime,
suggesting that the excitation of molecular oxygen may well be photo-

chemical, thbugh the concentration of singlet oxygen present is too

large to have been formed by the absorption of solar radiation by

oXygen alone86.

The role of singlet 6xygen in poluted atmospheres” ' is not
completely understood, but it is certainly important in many oxydation
reactions forming unwanted and unpleasant intermediates.,  The vast -

literature in this field will not be discussed further here.
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Chapter 3

" .The Discharge Flow Shock Tube

3.1. Introduction

Shock tubes have been used for meny years to study vibrational
relaxation, and reactions of excited iutermediates formed in the shock
waye. In the discharge flow shock tube, excited molecules and atoms
are formed in the gas before the shock. |

In 1966, Hartunian, Thompson and Hewitt88 developed a glow discharge
shock tube to study the chemiluminescence of the reactions of oxygen
atoms with carbon monoxide and nitric oxide; and although the system
gave encouraging results, not much interest was shown in the technique,
In 1968 4 discharge flow shockttube was built here at the University of
Keele to look at the reactions of nitrogen atoms at high temperaturesgg;
Cross ang Cohen looked at tﬁe temperatute dependence of the afterglow
from nitrogengo, nitric oxide91 and sulphur dioxidegz, and‘recently :
Breen, Quy and Glass have studied the vibrational relaxation of oxygen
in the presence of oxygen'atom393, and hydrogen in the presence of
hydrogen atomeg4. :

The comblnatlon offers a large temperature range for reactlons studxed
in a d1scharge flow system, but the method has certain 1im1tat10ns. |

The reactions of the excited 1ntermed1ates have to Be slow at room .
temperature, so that they exist for long enough 1u the pre~shock flowing‘i
gas to be present in the shock tube. __The rate of the reeetions at the‘tl:
high shock temperature must be fast enough for them to be measured withln

the hot flow time behind the shock front; the total unlform heatlng tlme

is less than 1 ms., Slgnal averaglng techniques avallable for small but L
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repetitiye signals cannot, of course, be used. The results show the
scatter inherent in shock tube measurements,
In this chapter, the apparatus is described together with‘the
tests carried out on it. These tests are neceséary to assure ourselves
that each part is working satisfactorily, and that meaningful kinetic
results can be obtained from such a system. The chapter concludes'with
the procedure to obtaiﬁ a result from a shock experiment, |
A general view of the apparatus can be seen in plates 1 ahd 2,

and a schematic diagram is shown in figure 3.1,




Plate 1

The Discharge Flow Shock Tube,

30

looking towards the driver section

Delivery system for driver gases
Driver section of shock tube

o1l diffusion pump

Diethylphthalate filled manometer

Pressure controller

Flowmeter

Needle valve

Cleaning column filled with molecular sieve

Cooled trap
Transient recorders
Low pressure section of shock tube.



Plate 2

The Discharge Flow Shock Tube, looking towards the Discharge Section

1. Power supply for photomultipliers

2. Transient Recorders

3. Low Pressure Section of Shock Tube
4. Time Interval Meters

5. Discharge Cavity inside black box

6. Photomultiplier Housing

7. Paper Tape Punch

8. Microtron Unit

9. Digital Voltmeter

10. Light screen photomultipliers

mjrwit
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3.2. The Discharge Flow Apparatus

The test gases, after purlflcatlon, flow through a microwave

discharge and then into the shock tube. The flow of gas along the

shock tube is maintained by a water cooled pump (Edwards 1SC 3000)

Situated in the basement of the building, and connected to the apparatus

by 35 mm o.d, copper tubing.

The gas Handling apparatus is built on a frame (2.5 mx 1.75 m)
attached to the sﬁock tube framework, and can be evaouated‘thh an 011“

diffusion pump (N,G,N.)‘backed by a rotary pump (Edwards ED 35).

Figure 3.2 shows the glaséware‘system for introducing the purified

8as into the shock tube at a measured flow rate, All the taps used

are of a greaseless rotafIOW\type (Corn1ng~Qu1ckf1t)
The gas is delivered from a cylinder through a pressure controller

(Edwards vpc 1) which maintains the.pressure in‘the glaso sytem at

720 mmy Hg ( 96 kPa) The fioW'fate into tho discharge'section and shock
tube jg fegulated with a stainless steel needle valve (Edwards) and
Measured yith a calibrated capillary flowmeter. The gas is dried, and %1

A MR A TR RN T T TV g it |

any hydr0carbon impurities are remoyed, by flow1ng it through a column
The s1eve is regularly regenerated

' fllled with molecular sieve (type 4A)
| . in s1tu' heatlng coil, and’

and drieqd by ﬁeating it to 473 K with an v
which ‘is collected S

flowing gas through it to sweep out the moisture,

Outside the apparatus. ‘ L R S
On the low pressure gide of the needle valve, the gas flows through
& packed trap (molecular sieve,‘tYPe'4A) at 77 K.

w systems are built into th
Only oxygen flows

e framework‘to handle

Three identical flo
the different test gases (nitrogen and argon) .- |
throuéh-ghe discharge, nitrogen and argon coobine Wltﬁ the 0¥ygen flow

Past the discharge.
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Capillary Tube

)= == To Manometer
\
B8 - Column of Moleocular Sieve
sl
-
i
:3: Heating Jacket
4 '
A (i/?
Flowmeter Needle Valve

7

r»'il'vdor F{

Pressure

Regulator 1o Pumpe

3T Uioohargo

S ST
SN ST

Packed Trap at 77K

AN

Figure 3.2. | |
. A Flow Syatem for Purxfyzng and Regulatzng
the Goses
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The oxygen used in this work is obtained from B.0.C. and is normal
industrial grade, being at least 99.5Z oxygen; the main impurities are
argon and nitrogen, any other impurities are less than 0.01%. Nitrogen
(white spot) and argon are also obtained from B.0.C.

The oxygen is saturated with mercury before it enters the discharge
section, The mercury bubbler arrangement can be seen in figure 3.8.
The end of the inlet tube is just clear of the mercury surface, and the

flow of oxygen clears away the surface film of mercuric oxide which is

unavoidably blown back after each. shock. The bubbler can be cleaned

and refilled with fresh mercury when necessary.

" 3.2.1. The Microwave Discharge

Microwave energy is generated in a magnetron, which is basically

a vacuum tube operating in a magnetic field, The magnetron is run

from a Microtron 200 unit (Electro Medical Supplies), and the microwave
energy is conveyed to a gas discharge cayity (type 214L{ E.M.S8.) shown
in figure 3.3, The discﬁarge cavity is fitted‘on to the discharge
section, which is a 300 mm lengtﬁ\Of quartz tubing (10 mm i.d.) between
the mercury bubbler and the shock tube.

M Wﬁen a microwave field is applied across a gas, electrons in the
gas are accelerated, and as the field direction changes; the direction
of force on the electron ;hangés, so the eiectron is‘ﬁade to oscillate

within the cavity. The energy gained by the electron in the field

can be transferred to molecules in the gas on collision. If the

energy of the electron is above the excitation energy of the molecules,

95

energy transfer can yield excited molecules™ .,  The use of microwave

frequencies to excite a discharge in a gas was first used by Meggersgé.
Most of our experiments were performed with a microtron power of

100 watts but some runs were performed at 40, 60 and 80 watts to test

the system. Lower powers were used for the room temperature measurements

at low pressures (Chaptér 5).



Figore 3.3, The Diecharge Cavity. (E.M.S.type 2141)
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When the generator power was set at 100 watts, the power reflected
back to the magnetrom was 7 watts, and taking into account losses along

the cable this gives the actual power discharged at the cavity as between

75 and 80 watts.

A graph of dimol emission intensity at 634 nm from oz(lAg) against
microtron power is shown in figure 3.4. The range of our experiments

is within the linear section; above 130 watts, the emission intensity

begins to fall, and below 25 watts, the reflected power rises rapidly

until the discharge becomes unstable and finally dies.

A microwave discharge in oxygen produces oxygen atoms, as well as

the singlet excited states. The oxygen atoms react with mercury in

ﬁherxygen flow and mercuric oxide is deposited on the walls of the

discharge tube downstream of the discharge cavity.

The effectiveness of the mercury for removing all the oxygen atoms

was tested by adding nitric oxide to the discharged gas (section 2.5,

and 2.6.1.).

NO + 0.+ NO, + hv 3.1

The eye is very sensitive to the yellow green emission produced by

the nitric oxide titration, but no glow was observed where the flowing

gas enters the shock tube. A small glow was observed when the microtron

power was raised above 120 watts.

No increase in emission was obseryed by a photo-multiplier with a

547 nm filter, above the background'emiasion'from excited oxygen, for

microtron powers of 100 watts and less, and it was concluded that the

: . s { en atoms before the regi
mercury was effective in removing all oxyg , gien

uring shock experiments.

of measurement, for'the‘condi;ions usgd d
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Variation of Emission Intensity with Microtron Power.
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3,2.2, The Capillary Flowmeters

Capillary flowmeters, filled with diethylphthalate, are used to

measure the flow of the gases. They are calibrated with oxygen, and

the rate of flow of nitrogen and argon is calculated from the flowmeter

readings and relative vigcosities.

The rate of flow of a gas through a cylind-rical tube is inversely

proportional to its viscosity (Poiseuille's Law).

2 2 2 3,2

where ¢O is the flow rate of oxygen and n, is its viscosity. Values
2

2

of viscosities at 295 K are used in the calculations and are interpolated

from the values below.

Visc:osif:y/l()“5 kg m-1 s—l
T/K 273 293 298
Oxygen 1.91 2,03 2.08
Nitrogen 1.67 1.76 1.78
Argon 2.08 2.23 2,27
References 97 97 98

©3.2.3, Calibration Procedure

¢ the shock tube test section, together with the oxygen

The volume ©

flow system up to tap A (figure 3.2) was measured by expanding a known

yolume of air at atmospheric pressure jnto the evacuated system, and
noting the final pressure,

The calibration was made by measuring the pressure rise in the

system after a given time, at various flowmeter readings. The time -

was chosen so that the increase in pressure in the system was too small

to affect the flow rate appreciably. The stop watch was started as
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the regulating yalye at the end of the shock tube (figure 3.8) was shut,
and stopped when the oxygen flow was switched off at tap A (figure 3,2).
The needle valye was fully opened to allow the pPressure to adjust
quickly, and a final pressure reading taken. A zero pressure reading
was subtracted from eacﬁ.result, as the pressure in the oxygen flow
system is maintained at 720 mm Hg throughout the experiments, The flow
rate can be calculated from the measured pressure difference and the

length, f, and bore, radius r, of the capillaries used in the flow-

meters using Poiseuille's formula™" :

4
B 2_p2y X_

where P_ and P, are the pressures at the beginning and end of the

1
capillary. The actual measured flow rates were only in approximate
agreement with ﬁhe calculated flow rates, possibly due to end effects

and irregularities in the bore, and the calibration curves were always

used,
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3.3. The Shock Tube

The shock tube is a.deyice to generate a shock wave. In our

system, high pressure driver gas in a stainless steel tube, is separated
from the low pressure test gas in a pyrex tube, by an aluminium diaphragm.

When the diaphragam bursts, a shock wave is propagated into the test gas,
heating and compressing it.

‘3.3;1;'Formatidn’of‘a'Shbck"Wave

The build up of a shock waye can best be visualized by considering

a piston travelling into a gas, accelerating from rest to a comstant

yelocity, p, which is greater than the speed of sound in the gas, a.

For a small increment, dp, in the velocity of the piston, a weak

compression is propagated into the gas, travelling at velocity, aq, a

second increment in piston velocity will propagate a second compression

at a slightly faster velocity, a + da, into the gas heated by the first

compression, third increment will propagate a faster compression and

g0 on. The compression waves coalesce to form a shock wave travelling

at velocity w_, which will be greater than the piston velocity v,
s

Between the shock front and the piston, there is a column of gas of

n heated by the shock wave, it is in this

e'madeloo.

increasing length which has bee

region that measurements ar

A distance-time diagram for a ghock tube is shown in figure 3.5,

In a gas driven shbck'tube, the contact surface is between the heated

test gas and the cold expanding drive: gas which acts as the piston,

As the drxver gas expands into the test sectlon, a rarefaction wave

travels in the opposite direction; ianeaSlng rarefactions travel into

1ncreaslng1y colder gas and fan out into tbe driver section.

When the shock;wave.meets the end of the shock tUBe. it is reflected

back into the shock heated gas, heatlng it further.. The rarefaction

head {s also reflected by the end of the drlver sectlon, and accelerates



Figure 3.5.

A Distance versus Time Diagram for a Shock Tube.

: ) Qete ‘
o ‘ | | | &
‘ , o2
ol ' . x.%‘}& A :' ) °e,{.&oﬂt
E Fxpmding Driver Gas (‘d:\““)(t :
- ' \4
o - WF
& Rarechticm Fan H Gos :
| — Cold Tdet Gas
; T — """""__ T " | = Time = ¢t
! Stat}mna‘y Ur‘i\:ar' Gas . \ Jt
b ‘ - Digphraga | : Distance ——w= A
b | ]
‘ | \ '
; \: 1 :
: ~ ! I
: Py S Pg= P, P, Py Pressure. Time = t
T : - |
L e | "
Te=T : T, T2 T Temperatw‘e.




43

as it passes through the fan, eyentually travelling faster than the
shock front. Whether the reflected rarefaction overtakes the contact

surface before it meets the reflected shock depends on the length of the
shock tube for a given shock speed, Measurements are made in the shock
heated gas between the shock front and the contact surface; the time in

which measurements can be made is the hot flow time and is at a maximum

at point A along the tube (figure 3.5); this is the ideal position for

the observation station.

The variation of pressure and temperature with distance at time, t,

after bursting the diaphragm is shown in figures 3.5b and 3.5c.

© 3.3.2. The Shock Equations

The pressure and temperature changes in the shocked gas behind the

shock. front can be measured with pressure transducers and temperature

gauges;01, but it is usually mere convenient to measure the speed of

the shock front, then calculate the conditions in the test gas.

The'sﬁock'eqUaticns‘are formulated in shock fixed coordinates,

where the'shock front is assumed to be stationary, and the test gas to

be moving towards it at a velocity, i, equal to -w_, where w_ is the

measured speed of the shock front. (Figure 3.6) The density, pressure

and temperature are designated ¢, P and T respectively, the suffixes,

1 for the unshocked test gas, 2 for the shocked gas, 3 for the driver

gas in motion, and 4 for the stationary driver gas, are used throughout,

The equations are derived assuming that mass, momentum and energy

102
are conseryed across the shock front .

For concentration of mass, consider the mass crossing a unit area

.per second:
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Figure 3.6,

Change of Laboratory Coordinates to Shock Coordinates

to formulate Sﬁock Equations
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For conservation, the decrease in momentum per unit area per

gecond is equal to the increase in pressure:
mu TmU = P2 - P1 3.5
and from equations 3.4 and 3.5

2 2 _ .
ppu TPy Uy TP R 3.6

For conservation of energy, the decrease 1in kinetic energy per unit area

L]

per second equals the increase in enthalpy of the gas:

2om, - 3.7

imu12'5“““2 2 7M1

and for unit mass:

2en,-h 3.8

2
bu - buy =y Ty

where h is the enthalpy per gram of substance,

Equations 3.4, 3.6 and 3.8 are known as the Rankine~Hugoniot

relationships.

For an ideal gas, cp and cv, the gram specific heats of the gas at

constant pressure and constant yolume, are independent of temperature

and:

h = CPT £ [-—L] RT ‘ 3.9

where y = cp/cv
Assuming the equation for an ideal gas:

P = pRT, 3.10

the density ratio across the shock front can be found by rearrangement:
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TG BT Ly ot ng 3.11
1

and similarly the ratios P2/P1 and T2/T1.

These equations can be solved for the post shock conditions by

using the shock speed usually expressed as a mach number M ;

u
R |
Moo= ;;1' 3.12
is the speed of sound in the test gas,

where a1

or for shocks into a stationary test gas

oW
= 2
M al 3.13

where w_is the measured speed of the shock front,

Substituting M in the equations for the ratios gives :

A e 3.14
b1 (y-1)042
P2 2YM2 - (y-1) 3.15
EI v+l '

and ’ .
T, | - o-0/2] [o-tand + 1]
2 - v 5 3.16
1 [(y+1)/2]™

3.3.3. Real Gases
The shock equations calculate conditions behind the shock front for

ideal gases, For a real gas, when the temperature rises, the transg-

lational and rotational degrees of freedom attain equilibrium within

about 10"8 ., but the attainment of equilibrium within the vibrational

leyels is much slower. The enthalpy of the gas is changing as the
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yibrational degrees of freedom relax, and h is no longer a linear
function of temperature.  The shock equations cannot now be solved
explicitly, and an iterative procedure is used,

The conditions behind the sﬁock front are calculated by computer
for our system in a program called DISHOCK, adapted from Millikan'©3,
Tﬁe frozen cohditions'are 1isted from equations 3.14, 3.15 and 3.16,
and used as initial values in the calculation of the relaxed conditions
by an iterative procedure at each shock speed. A polynomial equation
is formed for the enthalpy variation with temperature, from values
taken from the JANAF tables104 and the coefficients of this equation

are used in the jteration.

The temperature, pressuré and density ratios for oxygen are
plotted in figure 3.7 against Mach number;, both the frozen and
relaxed conditions are shown.

'3,3.4, Shock Tube Design

In a normal laboratory, without special buildings for a shock tube,

tﬁe«maximum lengtﬁ.of the tube will be governed by the size of the room,

and must be at least 1 m. less than the length of the room to facilitate

cﬁanging the diapﬁ:agm and cleaning the tube.

The driver section needs to be strong enough to withstand the high

driyer gas pressures, long enough for the rarefaction fan not to catch

the'sﬁock front too early, but not too long to give too high a residual
ge it or the instrumentation,

pressure in the test section likely to dama

 The inside of the test cection must be smooth and, as far as possible,

free from entry ports. These should be placed as near as possible to

the ends of the test section where they will interfere least with the

passage of the chock front, and the flow of the test gas.

The.position of the obseryation station is very important for the

‘best use of 2 shock tube in.studying,reactipns~behind the ‘shock front, :
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The ideal position is where the hot flow time is at a maximum (position
A in figure 3.5); normally the observation station is between 50 and
100 tube diameters from the diaphragm.

It is possible to calculate the length of the test section from
the diaphragm to the observation station for a given Mach number and the
required observation or hot flow time, from equations in Gaydon and
Hurlelos. (Appendix I) For a shock of Mach 5, using a helium driver
into oxygen, the minimum length calculated for the test section is
3.27 m for an observation time of 500 ﬁs. The minimum driver section
length is 1.12 m. _

The build up of a boundary layer between the cold walls of the
‘shock tube and the heated sﬁocked‘gas affects the flow duration, and
real gag effects shorten the hot flow time, so the actual observation
time is cut to about a half for this length of tube.

Boundary layer effects are less serious in larger diameter tubes,

‘but the larger the diameter, the longer the tube needs to be, so the

design is always a compromise,

3.3.5. Apparatus

The shock tube is built on a "Handy Angle" framework (6.4 m x 2.1 m

x 0.42 m), figure 3.8 shows the arrangement. The driver section is of

stainless steel (3.75 mm thick), constructed for us in the University
Workshops; it rests on vee shaped rollers and can be drawn back to
change the diaphragm. The staiﬁlesé'Stegl'end‘platé ﬁakeé a gas Eight
gseal with an '0' ring.

The diaph;agm section is a1so of stainlesg gtegl, the diaph;§gm‘is
‘sandwiched between '0' rings and the hinged bclts'it;ightened (figure 3.9).

The low preésure test section is of pyrex glass Pi991iné,(Cofhing—
-QVF); the main section (15 feet long) was made éspécially for us to

| maintain a smooth surface. The sections are bolted together with PTFE



Figurg 3.8. The Discharge Flow Shock Tube Apparatus.
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inserts to provide leak tight joints, but, care was necessary in

tightening the bolts to avoid cracking the glass.

The discharge section is protected from the shock wave by a cut-off
valve (figure 3.8) which closes as the shock front lifts the moveable
plug. The valve is effective in preventing the mercury from being

blown back into the trap and necdle valve, and stopping pieces of
diaphragm material from reaching the discharge cavity. However, mercuric
oxide is blown back into the mercury bubbler as the pressure equilibrates,

The pressure in the test section is adjusted with a PTFE regulating

valye (Corning~QVF) at the outlet to the main pump. The pressure is

measured with a pumped di-ethylphthalate manometer; the specific
3

~gravity of the di-ethylphthalate was measured as 1.1136 x 103 kg m °.

The pressure gradient along the tube was measured with two dial

~ gauges, one at each end, and'except for very fast flow rates (> 30 ml 8'1

at atmOSpﬁere); or at pressﬁres greater than 10 torr, there was no

difference in the two readings. All shock experiments were performed
within these limits.

The driver gases, either helium (Gas and Equipment Ltd.) or nitrogen

(B;O;C. - white spot), are delivered from their cylinders by high pressure

regulators (B.0.C. type OR 14), and cleaned and dried by passage over

molecular sieve (type 4A and 13X mixed) before entering the driver section.

Tﬁe'pressure in the driver section is measured on a dial guage (Budenburg),

Aluminium diaphragms (Multifoil Ltd.) are used throughout these

experiments, various thicknesses being used to obtain different shock

speeds. The aluminium bursts cleanly, sending some f:agménts into the

rshock stream; but most petalling back out of ;he way. The shock speeds

for a given thickness were teproducible for the same downstream pressure.

Melanéx diapﬁragms (I;C;I..Ltd.) were also tried, but these stretched

before bursting, leading to irregular shock speeds, and were not used in

these experiments.

wt



Figure 3.9.

The Position of the Diaphragm.
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The ratio of bursting pressure, P,, to test gas pressure, Pl’
determines the speed of the shock. Tﬁe dotted lines in figure 3,10
are the measured pressure ratios using either helium or nitrogen as
driver gas, for the range of thicknesses of aluminium diaphragm used.

A theoretical equationlos gives the pressure ratio from the shock speed

for a "perfect" shock where the diaphragm bursts instantaneously.

"Ei- =_.271M2 = (y;7D {1 : Y"1 'fl-<M ) l)}-2y4/y4—1 -
Pl‘ Yl+1. Ylfl a, M .

The full lines in figure 3.10 are calculated from this equation for
helium and nitrogen drivers into oxygen. The experimental shock speed
is always less than the calculated value for a given diaphragm bursting
pressure.,

A speed between Mach 3 and 4 is difficult to obtain in our system,
as helium shocks in this range need very thin diaphragms which often
burst prematurely, so a mixture of driver gases was used. The nitrogen
entered the driver section first, usually less than 30% of the pressure
required for bursting, then helium was added slowly until the diaphragm
burst. . The resultant shocks had similar shock speeds if the same
procedure Qas used each time.

The shock tube was cleaned periodically by pulling through it a

piece of cloth soaked in diethylether, and then thoroughly out gassed

for seyeral hours.

‘3.3.6. Shock Tube Tests

(a) ' The effect of flowing gas in the test section

The results of experiments into undischarged flowing oxygen were
compared with shocks into static oxygen at the normal test pressure.
The flowing gas was found to have no effect on the shock speed, and no

emission was recorded from the photo multipliers at the shock front,
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Breen, Quy and Glas.s94 looked at the thickness of the shock front in
their discﬁarge flow shock tube.with.a laser schlieren techniqueloﬁ.
They found a similar shock structure in both flowing and static systems,
We conclude that accurate kinetic measurements at high temperatures can
be made by propagating shock wayes into flowing systems.

Our earliest experiments with,a discharge flow shock tube had the
discharged gases flowing into the test section at the diaphragm end which
is the configuration used by other workers§8'90—94The system was reversed

to increase the concentration of excited species at the observation

station. All the experiments reported here have this coufiguration -

flow against shock.

(b)  Measureément of Attenuation in the Shock Tube

Tﬁe speed of thé shock front was measured with laser light screens

(section 3.4.1,) at seyeral positions along the test section to measure

any deceleration. When comparisons were made with measurements near

theﬁdiéphragm to measurements near : the observation station, the
deceleration was found to be appreciable‘(up to 37 m.l), A second
set of measurements taken at 1.5 m from the observation station and
compared with those near the obseryation station showed no deceleration
for fast shocks; and less thén IZ«m-l for slow shocks,

Tests with mixed driver gases showed a small acceleration in some
cases, probahly due to incomplete mixing. We Vere unable to obtain
mixed cylinde:'gases, and long mixing times in the driver section are

The acceleration could be minimised by adding the helium

inadyisable.
slowly.

Deceleration of the shock wave alters the values of the calculated
parameters. A c&mputer program written by;Millward1°7 for his 25 mm

diameter shock tube, using the equations of Belford and strelow 08

109

derived from the analysis of Mirels computes the corrections necessary

for a given deceleration,
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Boundary layer effects in shock tubes are, in part, responsible
for shock attenuation, and also affect flow conditions behind the shock
front, Pedley110 investigated the buildup of a boundary layer in our
tube, and suggested that tﬁe effect of boundary layer formation has
been overestimated. Bowman111 observed that non-ideal flow effects
vary for different shock tubes in a manner not accounted for by the
usual boundary layer theories, and suggested that "flow corrections
based on existing theories'sﬁould not be made arbitrarily since this
may introduce errors larger than present originally".

In this work, no corrections are made for either shock attenuation
or boundary layer effects in the teuperature and density ratios behind

the shock front.

That corrections are unnecessary in our tube is well demonstrated

as the computed ratios for temperature and density used in the calculations

give results which agree'with~the physical properties we are measuring.
In chapter 7 the correlation between the measured pre-shock decay of

excited species and the computed post shock decay is good, and in

chapter 9 the graph of the relative K values for the 634 and 579 nm
enission fit the tﬁeoretical population distribution function over the

temperature range 960 to 1500 K. (figure 9.3)



57

3.4, Recording Apparatus

3.4.1, Laser Light Screens

The shock speed is calculated from the time taken for the shock

front to travel a measured distance. The change in density at the
shock front deflects a laser beam onto the sensitive area of a photo-

multiplier, and the resultant pulse is used as a trigger for a timing

system,

The beam from a helium/neon laser (Ferranti - type GP2), is split
into three and reflected througBAthe‘shock tube, across the laboratory
and onto three photo multipliers (EMI - 9650B) gensitive in the visible
region. The laser, front silvered mirrors, and photomultipliers are
firmly mounted independently of the shock tube, so that any Qibration
transmitted to the framework on bursting the diaphragm, does not affect

their stability. The laser beam traverses the tube at an angle of

n 87° to the tube; the optical path is 5 m long.

When the shock front passes, the laser beam is deflected.from the

back of the sﬁock front, where reflection and refraction reinforce each

Otﬁer‘(figure 3;11); The pbotomultipliers‘a;e positioned so that the

beam is to one side of the sensi;ive area, the deflection then causes

a sharp rise in output which is used, via an emitter follower (Venner)

and trigger unit (Hewlett Packard 5263A) to start or stop a time

interyal meter (Venner TSA 5536). The adjustment of the photomultipliers

is checked before each shock by monitoring their output on an oscillo-

scobe (Hewlett Packard 1404).

The pulse from the first light screen is also used to trigger the

transient recorders.

The shock'speed is measured over two distances, bothvin the region

of the observation station, the two results were always the same, within

4+ 0.5%.
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For weak shocks, the shock front is broader and the light screens
are less reliable. As long as the first light screen fires to trigger
the transient recorder, the shock result can be used, and then the
speed of the shock is calculated from the time to the shock front
measured from a photo of the emission output. The speed so measured
is within + 27 of the value calculated from the timers.

3,4.2. The Photomultiplier Détectors

A photomultiplier tube consgists of a photocathode, a dynode chain
to multiply the secondary emission, (the potential gradient is maintained
between successive stages by suitable resistors), and an anode.  The

output is a current which is usually measured as a voltage across a

load resistor.

The experiments in this thesis used a 9658B photomultiplier (E.M.I.)

which has a trialkali S§20 cathode and an internally corrugated end window

to enhance’ the red sensitivity.  The quantum efficiency in the wavelength

range 400 - 800 nm is plotted out in figure 3.12 from the manufacturers'

vpublished’Curves; The photomultlplxer circuit is shown in figure 3,13;

it is a standard high current, high gain circuit for pulsed applications.

Theitathode was maintained at the recommended potential for each individual

_tube with a Brandenburg power supply (type 472R).

The output from the photomultipler was generated as a voltage across

a 51K ohm load .resistor, and was measured through a voltage follower

made from an operational amplifier (Radio Spares 741) as is shown in

figure 3.13.
Some. early experlments used a 9684B photomultiplier (E.M.I.) which

has an S1 cathode of AgOCs to look at the (0,0) transition of 02(.Ag)

at 127Q nm. Tﬁis is the‘Only cathode to provide any response between

900 and 1200 mm, and although the menufacturers' curves suggest that

thelreépqnée &ould be negligible at 1270 nm, a weak emission was
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Figure 3.13.

The Electronic Circuit for the 9658B Photomultiplier.
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observed (chapter 4). This photomultiplier was cooled t¢ 77 K in
an Oxford Instruments housing which was kept under vacuum to ayoid
condensation on the window or the electronic components within the
casing. At this temperature the thermal component of the dark
current is at a minimum and the signal to noise ratio is improved.
The circuit is similar to that shown in figure 3.13 but with the
focus electrode.

'3.4.3. Digital Voltmeter

The room temperature readings of the voltage signal from the
photomultipliers are measured with a digital voltmeter (Solatron 7040).
A reading of the voltage output when there is no emission, is subtracted
from all the values, being the voltage output from stray background
light and the null reading of the voltage follower., This zero correction
is checked with each reading.

3.4.,4, Transient Recorders

During the early part of this work, the post-~shock output from the
photomultiplier was fed into a storage oscilloscope (Hewlett Packard
141A with time base and delay generator, 1421A, and dual beam trace
amplifier, 1408A) and a photograph taken of the single sweep, The
photographic record of the post shock emission was difficult to analyse
by.hand, and was time consuming and imprecise.

Worthwhile results were obtained when a transient recorder was
purchased, (Data Lab DL905) and the post shqck emission output was
digitised and punched out onto paper tape for later comﬁuter analysis.,
The emission recorded in the transient recorder is relayed to the
oscilloscope and a photograph of the trace is taken for record purposes.

The first laser light screen activates the trigger in the transient
recorder, and after a set delay time, the emission is iecorded. The

delay time is calculated from the expected shock speed sé that the first
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part of the trace shows the preshock emission, then the shock front
arrives, seen as a sharp increase in emission, followed by the emission
from the shock heated gas as it is swept past the observation station.
(Plate 3)

‘Recently a second transient recorder was purchased, and so for each
shock two results are obtained, from the two photomultipliers (Plate 3b).
The sensitivity of the transient recorders was checked periodically
using the one volt calibrating signal from the oscilloscope, and this
checkedvagainst the voltage reading of the digital voltmeter, to
make sure that all three instruments gave identical readings for the
same yoltage input. The time scale was also checked using the crystal
oscillator in the timer,

At the end of the work. recorded in this thesis, the University
computer was changed, and the interactive graphics program (Chapter 6)
which_was written especially for the I.C.L.4130 was no longer workable.
A new program has now been written and the trgnsient recorders are
interfaced directly to an Intelligent Graphics Terminal (Hewlett
Packard 2647A). The output is stored on magnetic tape in the terminal,

and later partially processed before being transferred to the University's

new computer (G.E.C.4082) for disc storage. Complete analysis on the

terminal follows a similar pattern to that described in chapter 6.

'3.4.5.‘Tﬁe'Experiméntal Arrangements

The two photomultipliers are set opposite each other at the
obseryvation station, 4.4 m from the diaphragm, = One photomultiplier
rests on slides whichﬁrun parallel to the tube, and it is moved along
the tube to take emission readings of the concentration of excited
species.- The slide is marked out at 100 mm intervals for 2.5 m.

The.photomultiplier cathodes'aré situated 80 mm from the surface

of the shock  tube, which is the minimum distance and is governed by the
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geometry of their housings. A filter is positioned between the photo-
multiplier housing and the shock tube. Its casing has a parallel set
of slits which can be adjusted to suit the level of the emission being
studied, (figure 3.14)

The shock tube is wrapped in black paper and the photomultiplier.
assemblies are covered in black cloth; all experiments are performed
in a darkened room.

3.4.6, Photomultiplier Tests

The response of the photomultipliers to a single pulse of light was
tested with a red light emitting diode (L.E.D.) coupled to a square wave
. generator (Marconi Tnstruments Ltd. TF 2010). The L.E.D, was positioned
inside the shock tube, so that its emission level at the observation
station was of the same order of magnitude to that expected from the
excited states. The response of the detectors was measured when the
L.E.D. emitted a single square wave pulse, by measuring the area under
the pulse on the output’from tﬁe'deﬁectors via the transient recorder.
This was checked with the value found for one bulse when the L.E.D.
emitted a string of square wave pulses of the same height and duration
as the single one. For both the 9658B photomultipliers used in this
work, their response to a single pulse was found to be better than 987
of tﬁervalue for one pulse in a string,

The rise times of the photomultipliers in these experiments were
less than 5 ﬁs with a load resistor of 51 k ohms, but up to 10 ﬁs with
a load resistor of 100 k ohms,

In shock experiments the rise times are also affected by the volume
of emitting gas which can be viewed by the photomultiplier cathode, which
is illustrated in figure 3.14, A narrower cone could have been achieved
with;a slit nearer the cathode, but this was not possible without

modification of the photomultiplier housings. A lens system to focus
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the emission onto the cathode was tried, but it was difficult to set
up, and any improvement in the signal was more than off-set by the loss
because of the increased distance of the cathode from the tube.

The rise times in shoCk.experiments were normally 10 us or longer,
depending on the size of the slit necessary to get a measurable emission.
Shocks looking at the 634 nm, where the sharp emission rise at the shock
front is dependent on the square of the density ratio, were used to
measure the rise times for narrow slits (< 1 mm). The rise time was

found to be in the region of 4 to 5 ys.
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3.5, Procedure for a Typical Experiment

The pumps are switched on, and the discharge tube, test and driver
sections of the shock tube are all thoroughly evacuated. The flow of
oxygen is established in the discharge tube and shock tube test section
and adjusted with the needle valve. The downstream pressure is
adjusted with the PTFE regulating valve, and the discharge is initiated
with a teslacoil. The discharge is left to equilibrate for at
least 30 minutes before a shock.

The change in concentration of the excited species along the tube
is measured at room temperature before each shock by taking readings of
the emission level at stations along the test section with the travelling
detector. The detector is replaced at the observation station, the
filter checked, and readings of the emission noted from both photomultipliers
- this is the pre-shock glow, and is an important quantity in the analysis
of the results,

The‘light screen photomultipliers are now adjusted so that the laser
beam falls just to the side of the active area. The detector outputs are
plugged into the transient recorders, and the sweep speed, sensitivity
and delay adjusted'for the expected shock speed; the trigger levels are
set on the trigger units, time interval meters and transient recorders,
and all are put in the "ready" mode. Finally the flow rate and down-
stream pressure are checked and the tap to the monometer closed.

The shock is set off by raising the pressure of driver gas in the %
driyer section until tﬁe diaphragm bursts; reproducible shocks are ’
obtained when the pressure rises slowly and evenly.

After the shock, the discharge is switched off and the photomultiplier
yoltage zero corrections are checked; the times are noted for calculation
of the shock speed; and pﬁopographsﬁof the emission trace are taken from

the oscilloscope screen, The emission trace from the transient recorder
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is output to paper tape for later analysis.
The flow of oxygen is switched off and the whole shock tube and
discharge section raised to atmospheric pressure. A new diaphragm

is inserted and the shock tube evacuated ready for the next experiment.
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Chapter 4

The (0,0) Transition of 02(1Ag).

4,1, Introduction

The (0,0) transition of Oz(lAg) occurs in the infrared at 1270 nm.,
In our system, measurement of the concentration of 02(1Ag) by observing
this emission is not very satisfactory, as the sensitivity of the 9684B
photomultiplier is extremely small beyond 1200 nm, (section 3.4.2.)
However, the dimol emission at 634 nm is easily observed, and the
experiments described in this chapter justify the use of the 634 mm

emission as a measure for the Oz(lAg) concentration,
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4,2, Experimental and Results,

The intensity of the 1270 mm emission is directly related to the

0 (IA ) concentration:
2° g
o.day + 0.Ct7) + hv(A = 1270 nm) 4.1
2° g 2 g

The intensity of the 634 nm emission, if the dimol attribution is

correctla, should be related to the square of the Oz(lAg) concentration:
o,y + o,y » 0,3 ¢ 0,3 + hv( = 634 m) 4.2
2" g 2° g 2" g 2" g )

Our experiments at 1270 nm used a 9684B photomultiplier cooled to liquid
nitrogen temperatures; the cooling minimised the dark current and
enabled the weak signal to be seen above the noise.

Comparative measurements were made between the intensity of emission
at 634 im and 1270 nm at room temperature with this photomultiplier
for &ifferent downstream pressures between 3 and 8 torr (400 - 1100 Pa),
The measurements are shown as a log plot in figure 4.1. The points
are on a straight line of slope 2, and the squared relationship is

verified

1270.,2 4.3

634I o ( 5

The signal to noise ratio for shock experiments at 1270 nm was
too small for analysis, and no further experiments at this wavelength

were attempted.



Figure 4. 1.
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1.8

A Plot of the Relative Intens1ty
of Emissions from 02( A )
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4,3, Discussion,

We have found that the intensity of the emission at 634 nm is
related to the square of the emission intensity at 1270 nm
(equation 4.3) as would be expected from the origin of the emissions
(reactions 4.1 and 4,2), March, Furnival and Schiff26, in an early
paper, found a linear relationship between the two emissions, but
this was later discounted and the expected squared relationship found
by Whitlow and Findlayllz.

The wavelength region in the near infrared is a difficult region
to study with a photomultipiier, though Izod and Wayne113 had some
success with an R,C,A, 7102 photomultiplier cooled to solid carbon
dioxidevtemperatures.

The emission at 1270 nm can be monitored with a cooled germanium

34, 35, 39, 114, 115 but Findlay and SnellingBa’ 3

detector found only
a weak signal, and obtained results only after signal averaging over
a large number of repetative outputs,

The results here show in our system, as in others, that the dimol
emission at 634 nm can be used as a measure of the concentration of

Oz(lAg), and is dependent on the square

634 1, \,2 |
I « [02( Ag)] bob,
We are unable to comment on the pressure dependence of the

1270 nm emission suggested by Badger, Wright and Whitlockg, as the

emission here was only studied in a limited pressure range.
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Chanter 5

The Room Temperature Deactivation of Oz(lbg? by Oxygen.

L o
T g ST

5.1, Introduction

In our experiments, the room temperature decéy of the excited
species as the gas flows along the shock tube, is measured before
each shock with a travelling photomultiplier. (section 3,5)

Within the limited pressure range used for the shock experiments,
we found a lower value for the collisional quenching of Oz(lAg) than
expected. This lead to a study of the decay rate at the normal
laboratory temperature of 295 K for oxygen pressures between 2 torr

and 14 torr (260 = 1900 Pa) at various flow rates.
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5.2. Treatment of Results,

Oz(lAg) is generated in or just after the microwave discharge,
and is deactivated as the gas flows along the tube. The deactivation

occurs through collisional quenching by oxygen molecules;

1 3.~ kﬁ 3.-
02( Ag)‘ + 02( Eg) | 202( Zg) 5.1
diffusion to and deactivation at the wall;

k

.1 4 3. -
02( Ag) + wall 02( Zg) 5.2

and by the optical transitions.

1 3.~
02( Ag) -+ 02( Zg) + hv(A = 1270 nm) 5.3

1 A | 3.- 3.~
02(, Ag) + oz( Ag) + 02( z:g) + 02( zg) + hv(A = 634 nm)

3.4

Oz(lAg) molecules are also lost in the energy pooling reaction
forming 02(122) molecules,
1 R S 3.~
02( Ag) + 02( Ag) 02( Eg) + 02( Xg) | 5.5
Of these reactions, only 5.1 and 5,2 are rate controlling. The
forbidden optical Craﬁsitionskare veryeéldw in comparison with reactions
5.1 and 5.2 and althcugﬁ the energy pooiiﬁg reaction 5,5 ’ié‘loﬁ

times faster than the dimol emissionl16

, this reaction only becomes
significant in comparison with reactions 5.1 and 5.2 at high

concentrations of O:(lAé)',
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So the rate of decay of 02(1Ag) can be expressed as:

1
-d[02( A )]

1 1
= k [0,][0,(A + k [0,("A )] 5.6
" q[ 2] 2( g)] w[ 2 g)
= k. [0 (lA )] 5.7
obs 2% g ‘
where kobs is the pseudo first order rate constant for the decay of
1

02( Ag).

1
-d[02( A)]

obs dt 5.8

1
[0, ( Ag)l
Integrating equation 5.8 between zero time and t = t gives:

1
[0,(°a )
In —2—8"% = . ¢ 5.9

1 obs
[02( Ag)]o

where [02(1Ag)]o is the concentration of 02(1Ag) at zero time,
The concentration of OZ(IAg) is monitored along the tube by
observing the intensity of the dimol emission at 634 nm (Chapter 4)

where:

634 1 2
I a [0,( Ag)] b
The slope of a log plot of the intensity against time should
then give kobs/Z' |
The change in emission intensity along the tube is measured as a
function of length, and kobs is found by multiplying the slope of a
log plot of intensity against length, by the linear flow velocity of

the gas along the tube, The linear velocity is calculated from the

measured flow rate at 1 atmosphere pressure at 295 K by:
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Linear Velocity = Flow R;te . 160 5.10

mT™?Y p02

where P, is the downstream pressure of oxygen in torr.
2

It is also possible to monitor the concentration of Oz(lAg) by

looking at the emission at 762 nm from 02(122).
0,lsh » 0,027) + hv( = 762 nm) 5.11
2" g 2° g )

02(122) is formed entirely from Oz(lAg) in the energy pooling

reaction 5.5, and is deactivated by oxygen quenching, and at the walls

*
1.+ 3 - 3.-
0,2 + 0,Cr) 3 20,Cr) 5.12
*
1+ *y 3
0,(’T)) + vall » 0,0) 5.13

The forbidden radiative decay at 762 mm (reaction 5.11) is again
very slow in comparison with reactions 5,12 and 5.13 and is omitted
from the rate equation., At any point in the tube, the concentration
of 02(122) is at a steady state, where its rate of formation equals

its rate of deactivation:
1 2 * 1.+ * 1.+
kp[02( Ag)] = kq[02][02( Zg)l + kw[Oz( tg)l 5.14

1 2
k_[0,( Ag)!

and o.dtYyy - 22 5.15
2" g * *
k (0] + K,

So the concentration of 02(122) is proportional to the square of
the Oz(lAg) concentration when the oxygen pressure remains constant,

and the intensity of emission at 762 nm can be used to monitor the
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1 .
02( Ag) concentration,

762 1.+ 1 2
I a [02( zg)l a [Oz(Ag)] 5.16
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5.3 Results,

The decay of Oz(lAg) along the tube was measured by observing
both the dimol emission at 634 nm, and the 762 nm emission from
02(12;). The series of runs are listed in table 5.1. For the 762 mm
emigsion the photomultiplier slit width was about 0.5 mm, and the
signal to noise ratio varied along the tube in the measurement region
from 600 to 200, For the dimol emission at 634 nm, the photomultiplier
slit was widened to about 1 mm, and the signal to noise ratio varied
from 10 down to 2,

Results for the two emissions as first order plots are shown in
figure 5,1, The slopes are identical and the equivalence of the two
emissions is demonstrated. Most of the runs listed in table 5.1
used the 762 nm emission which has the better signal to noise ratio
for a narrower slit,

A plot of ko . against oxygen concentration is shown in figure

b
5.2, A good straight line is obtained, the slope of which gives the

collisional deactivation rate constant of 02(1Ag) by oxygen, kq,

aé (9.4 £ 0,3) X 102 3 molm1 sm1 at 295 K.

~ The intercept in figure 5,2 is a measure of the wall deactivation
rate constant, kw, and is 0,106 * 0,013 s"1 in our system, The wall

5

deactivation efficiency, v, is (1.23 £ 0,14) x 10 2 where

2k x
W

Y = 5.17

C

and ¢ is the mean velocity of an oxygen molecule, and r is the radius

of the tube.3o

Initially runs at pressures below 5 torr and with fast flow rates,

gave higher values of kb

bs than expected., Reducing the microtron



Table 5.1,
Results of the Room Temperature Deactivation
Oxygen Oxygen  Microtron Decay
Pressure Conc. Power Flow Rate Rate
/torr /1001 171 swatts /ml s=' /m s /m"
3.0 1.64 60 11.3 2.02 - 0.431
*
4,2 2.30 100 30.0 3.21 0.265
%*
5.6 3.06 100 23.05 1.73 0.480
. *
B+6 4.70 100 23.05 1.07 1.020
3.7 2.02 60 6.9 0.86 0.875
4,7 T 2457 60 6.9 0.65 1.19
4.7 2457 60 10.1 0.95 0.847
5.3 2.90 60 8.7  0.69 1422
5.8 3.17 60 101 0.73 1.08
12.2 6.67 .80 20.2 0.65 2.30
11.1 - 6407 80 20.0 0.72 1.98
7.6 L 4. 16 L 80 20.2 - 1.07 . D.958

7.0 3.83 100 30,0 173 0.601
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kObs

/s

0+312

0.355

0.371

0.511

0.306

D.321

0.34°

0.372

0.373

0.715

0,677

0.477

0.483



Table 5.1.(continued)

Oxygen
Pressure
/torr

8.4
6.5

7.3

2.5

2.0

9.8

10.7

14.0

Oxygen
Conce.

4.59

3.56

3.99

2,57

6451

4.68

3.50

1.37

1.09

5.36

5.83

7.66

Microtron
Power
/10 %ol 1 /watts

100

60

60

60

60

60

60

40

35

100

100

100

Flow Rate
/ml sV /m st
30.0 1.42
9.3 0.54
9,3 0.48
30.4 2442
9.3 0.29
30.4 1632
30.4 1.18
9.3 1.40
9.3 1.75
9.3 0.36
17.5 0.61
17.5 0.47

Results of the Room Temperature Deactivation
of 0,('44)

Decay
Rate
/m=1

0.833

1.65

2.07

0.288

4.84

0,863

0.498

0.304

0.181

3.40

2.17

3.58

80

Obs

/s-
0.536
0.443
0.495
do349
0.709
0.575%
0.443
0,212
0.150
0.604
0.665

0.838
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power for these runs gave satisfactory values of kobs' Reducing
the microtron power not only lowers the concentration of 02(1Ag).
but also reduces the number of oxygen atoms formed. At the low pressures
and fast flow rates, the mercury in the oxygen flow is probably not
so effective in removing oxygen atoms, and any remaining would
increase the rate of deactivation of 02(1Ag).

Several runs were performed with only 107 of the total oxygen
flowing through the discharge as in Wayne's technique117. Here the
concentration of Oz(lAg) is appreciably lower, but the values of kobs

fit well with the other results; these runs are indicated with an

asterisk in table 5,1 and as 'filled in' points in figure 5.2.
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5.4, Discussion,

A plot of the pseudo first order rate constant, kobs’ against
concentration (figure 5.2) is a good straight line, giving a
value of (9.4 * 0,3) x 102 L mof1 s‘-1 for the collisional quenching
of Oz(lAg) by oxygen, which is lower than the previous published
values, We believe that measurements made at a long distance from
the discharge over a long length of flow tube of wide bore, as in
our system, give more accurate results,

The straight line in figure 5.2 confirms the suggestion that
the second order energy pooling reaction 5,5 does not conbribute
significantly to the removal of Oz(lAg). The results with only 102
of the oxygen flowing through the discharge fit well with the other
results; so even when the total oxygen flow is through the discharge
the concentration of Oz(lAg) is too low for the energy pooling
reaction to have a significant effect,

Table 5,2 lists the published values of the rate constant for

deactivation of Oz(lAg) by oxygen, The last value in the table by

115 2 1

Leiss, Schurath, Becker and Fink of (8,8 £+ 0,3) x 10 ¢ uml"1 s
was published after this work was completed, and confirms the lower
value, Of course, any impurity in the system would serve to increase
the rate of deactivation of Oz(lAg), and this could be the reason for
the previous higher values,

The wall deactivation efficiency measured here is lower than that
of other workers, but similar to that obtained by Clark and Wayne117

using a tube rinsed with HF,



Table 5.2

Rate Constants for the Deactivation of 02(1A9)
at Room Temperature.

k k
/10°1 mo17%-! /s
o.§4to.03 - 0.11%0.02
1.32%0.30 0.17%0.03
1.31%0.07 0.3%0.1
1.23%0. 14 0.1320.06
1 0.2
1.02%0.6 6. 110 %o
1e1x1073

1.65%0,12 -

0.,91%0.03 3x1073

v Wavelength
/10° /nm -
1.2%0.2 762/634
2.1 1270
4.0 1270
1.3 1270
1 634
0.7 to 1.3 1270

{Stainless Steel)

4.0 (Calorimetry)

- 1270
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’ChaRter 6,

Analysis of Post-Shock Results by Interactive Computer Graphics

6.1, Introduction

The emission from the excited species is monitored by
photomultipliers/filter combinations at the observation station,
both pre-shock, acfoss the shock front and invthe shock heated gas.,
The emission has the form shown in plauaB,'trace (a) is at 634 nm,
the dimol emissibn from 02(1Ag). and trace (b) is the emission from
02(12;) at 762 nm, The compression at the shock front is easily seen
on both photos, the fall-off in intensity past the shock front reflects
the change in concentration of excited species as the gas flows along
the tube before the shock, and is seen at the observation station as the
gés downstream from the discharge is swept past the photomultiplier in
the wake of the shock front, In trace (b) at 762 nm, there is a curved
region after the initial shock compressioh tobéﬁ'enhanced level of
emission before the fall-off descriBed above‘takes‘over, this is the
relaxation zone where the concgnttatidﬁqf 02(12;) adjusts to a new
steady state at‘the higher shockvtemperature. The relaxation zone
is not observed:ip the 634 nm dimol eﬁiséiqn. trace (a).

The analysis proceeds by fitting the t:acékto‘the equations
derived in chébte:ﬂ? and 8 . For analysisvof;shocks at 634 nm the

equation used is:




Plate 3
Photographs of the Emission Trace from a Shock Experiment

(@ At 634 nm. Run No. 6.

time 10 ys cm

() At 762 nm.  Run No. 914.
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For analysis of shocks at 762 nm, the equation used is:

762

I p At -
0, - 2 (._2.> {}S_E_ (1-e—ABt
At \p A
1
- -(A-k _")aAt (A-k_")t 8.14
+ LK (1-e q ) e q
A-k '
q

where (Iz,t) are the coordinates of the points on the trace, I1 is
the measured preshock glow, and (p2/pl) and (TZ/Tl)dre calculated from
the shock speed and shock equations (chapter 3),

The parameters in these equations, K, an enhancement factor;
A, to describe the decay of excited species along the tube; kq'
a pseudo first order rate constant to describe the relaxation zone;
and At, the integration time necessary to correct for the finite rise
time of the system, are first found approximately by analysing the
trace in parts using an interactive graphics routine. Better values
of the parameters are obtainéd by an iterative non linear least squares
routine, and a final line is calculated and displajed across the trace;
A flow diagram of the programme is shown in figure 6.1. The values of
the parameters, together with their errors are printed out, and the
graphical display is stored for later "off iine“ plotting. At any
stage in the analysis, thé operator may intervene, but, more importantly,
he can assess the fit of the parameters generated as the programme
progresses.,

The photomultiplier output is not only disﬁlayed on an
oscilloscope, but digitized by the transient recorder into 1024 points
across the time scale,?and:output to'péper tape, Thé paper tape is
fed into the 4130 computer (I.C.L.) using a ﬁfogramme called TRANS
where the coordinates of all the points in millivolts and microseconds

are calculated from'thesweep speed and sensitivity valves of the
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Figure B. 1.

A Flow Diagram for the Interactive Computer Graphics Pquram.‘
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trangient recorder which head the paper tape. The coordinates are

stored in a disc file and can be called up as required for analysis

by the main programme GRAPH2,
The stepsin the initial analysis are shown in figure 6.2 and the

prograrme is described in sections labelled with the names cf the

major subroutines,



F igure B. 2,‘
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6.2, BEGIN

BEGIN calls up the run number specified on an input data card
from the disc storage, and the points are displayed in graphical form
on a graphical display unit (G.D.U.).

The points are inspected, and any unwanted ones can be rejected.
- Normally points are only rejected at the end of the trace if there is
a long tail beyond the end of the shock, though some fast shocks show
odd spurious peaks towards the end of the hot flow time. These can be
removed by the operator using a light pen to mark the region where
the points are to be rejected, The peaks may be due to conbustion
in the tube from dirt on the walls, or small pieces of diaphragm
material being swept past the detector, These traces yield reasonable
results, but the peaks are often an indication that the tube needs to

be cleaned,

6,3, FRONT

The time origin is set with the light pen as thé beginning of the
sharp initial rise at the shock front. An area round the light pen is
enlarged in the top right hand area of the screen so it is possible
to set X origin to within one data point (figure 6.3) or better than

* 1 us,

6.4, DIVIDE

DIVIDE selects alternate pointsrfor analysis as the prbgramme
is lengthy and time consuming with 1024 points, The loss of accuracy

is very small compared to the overall accuracy of the analysis,

6.5. VRELAX

The subroutine VRELAX gives the operator the bption of stuinng
the effects of vibrational relaxation where the density ratio and

shock temperature are changing across the time scale behind the
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shock front (chapter 8), The laboratory time scale is changed to
the particle time scale for the rest of the analysis, and the end of

the analysis region (Finish) is set with the light pen,

6.6, YLEVEL

An average Y value for all the points before X origin is found
and a line drawn through the points, The level of this line corresponds
to the pre-shock glow, and from the measured value read in from the
data card for the run, a Y zero line is calculated and drawn. If the
énd of the shock is on the trace, the Y zero line should go through
the points, and is a good check on the measured value of the pre-shock
glow. It is possible for the operator to change the position of the
Y zero line, but in all shocks where the end was on the trace, this
was unnecessary and this option was not used,

A value for the after glow, the emission at the shock front due
to the compression alone, is calculated and indicated on the screen

(chapters7 and 8).

6.7, ECONST

The measured pre-shock decay rate read off the data card, is
converted to time coordinates (chapter 7) and displayed on the points,
It is drawn from the afterglow, that is with a value of K equal to one.
The line is moved up with the light pen until it corresponds to the

fall-off on the trace, giving a starting value for K.

6.8. ECALC

If the pre-shock decay rate has not»been measured, or if it does
not fit the points wel}, a\calculg;ed value can be found by fitting
an exponential curve to the experimental points in the fall-off region
chosen by the operator,

Normally the measured decay rate is a good fit, and is uéed

without aslteration,
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The quenching rate constant at the shock temperature is derived
from the shape of the relaxation zone for traces at 762 nm, the
region between X origin and a start specified with the light pen by
the operator, beyond which the decay line fits the fall-off on
the trace (figure 6.2),

If the overall decay of excited species down the tube is removed
from the trace by division the points will follow a normal relaxation
curve, where the relaxation time is the time for the intensity to

reach (1-1/e) of the maximum value .

Relaxation Zone

B

&

el

w

2 ,

]

'y}

a T

(]
Maximum i
Intensity -

— Time

In RESULT the relaxation time is found from the relaxation zone by g
first order analysis; it is the reciprocal of ké'. The points are
displayed as a normal relaxation curve and the calculated line drawn
on them so the operator can assess the fit,

If K is nearly one, the relaxation zone is poorly defined, and

the programme can proceed into FINALD, RESULT is bypassed for the

analysis of traces at 634 nm,
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The programme will not run if the relaxation is to a smaller
intensity, that is when K is less than one, but values of K, At and

A can still be found,

6.10, FINALD

The complete integrated equation (equation 7.6 . or 8.14,) is
calculated from the approximate values found and an integration time of
of 16 us (laboratory time scale), and drawn on the screen together with
the experimental points, The line is usually a reasonable fit, but
at this stage the operator can change the value of any parameter if
necessary.

The values of the parameters are improved by an iterative non-
linear least squares routine, Two fitting programmes are available,
KENFIT developed by Dr., K. Newman using Newton's methodlzz, and
NAGFIT from the Nottingham University Algorithms Library123.

Both fitting routines minimise the sum of the squares of the residuals
when the calculated emission is subtracted from the experimental value
at each point, They require the differentials with respect to each
parameter., The differentiation is complicated by the integration

time in the region of the shock front,and different equations are

necessary when t > X origin >t + At where t=0 at X origin and At is

negative, A later modification to this part of the programme calculated

the differentials numerically,

The values of the parameters found with KENFIT were generally
a good fit to the experimented points, and this method was preferred.
However, it could be unstable, and sometimes the values diverged and

the iteration had to be stopped by the operator. NAGFIT iterated

quickly to self consistent values of the parameters, but in some cases
the values were not a good fit to the experimental points, NACFIT

was found to be a useful routine to get better starting values for
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inclusion into KENFIT,

Normally self consistent values were obtained after 3 to 10
iterations. After each iteration the new values were displayed on
the screen together with the previous values for comparison., The
iteration could be stopped at any time, and the calculated line

displayed or not as the operator wished,

6,11 PRPLOT

When the operator is satisfied with the values of the parameters
and the fit of the calculated curve to the experimental prints,
the values of the parameters are printed out and the graphical
display stored for off-line plotting later. A sample print-out is
shown in figure 6,4 and plot in figure 6.5,

The programme was written for this work by Dr, P, Borre11124,
and the subroutine VRELAX to include vibrational relaxation by

Dr, M.D, Pedleyllo, and modified by the author,
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A Computer Plot of the Analysis o? a Shock.
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Chagter 7

High Temperature Studies of the dimol emission at

634 nm from OZ(IA )
—_2_ _pC

7.1, Introduction

The dimol emission, at 634 nm between two Oz(lAg) molecules is
followed by photomultiplier/filter combinations at the high

temperature attained when a shock is run into flowing discharged

Oxygen.
0.ty +o. %) » 20.C3%7) + hv(h = 634 mm) 7.1
2' g 2 g 2t g ¢

Shocks of different speeds are run with d}fferent thicknesses of
aluminium diaphragms and either helium or nitrogen as driver gas,
The test pressure is kept within a limited range (6.5 % 0,5 torr)
and the temperature attained is 600 to 1620 K,

The post shock emission has the form showm in plate 3a,
detailed analysis of the trace reveals something of the nature of
the dimol emission, and the temperature dependence of the

i 1
deactivation of 02( Ag). | .

o T A N T S B O
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7.2. Treatment of Results,

7.2.1, The Emission Trace at the Shock Temperature,

Oz(lAg) is formed in or just after the discharge, the
concentration of Oz(lAg) decreases as the gas flows along the tube
due to collisional quenching with oxygen, and deactivation on the
walls (Chapter 5), The dimol emission intensity at 634 nm during a

shock has the form shown below,

.

mission

——e—te  E
'

1

1

>

63411

At the shock front, the initial compression and rise in
temperature is shown as an increase in emission, BC, followed by
a fall—dff. Cﬁ,vééeﬁ as the gas downstream of the oSéervation
staﬁion;4ﬁitﬁ‘if§Mdeérea§e in ééncéntration ofkoz(lAg). is éﬁep:.
past the detéctbr‘behin&\thewéhock froﬁt;‘ An? deaéti§a£icﬁ 5f( |
Oz(lAg)kat the high temperature is superimposed on this fgll-oﬁf‘r

The trace is analysed using the following model,
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At the shock front, the initial rise in emission 63412 is
related to the pre-shock glow, 63411, by:
2 }
634.0 _ 63 (P2 Ty
I, = I, {— = 7.2
2 liey 1

as expected for a simple collisional process involving two emitting
molecules where, (pzlpl) is the density ratio, and (T2/T1) is the
temperature ratio, Any enhancement in emission at the high
temperature can be taken into account and the experimental rise

fitted to:

p 2 T 4
6340 _ 634 (P2 t2 7.3

where K is an enhancement factor, The decay rate of the excited
species at the shock temperature, together with the initial preshock
change in concentration along the tube has an exponential form,

eAt, where A is the decay constant, and is negative. The whole

shock trace can then be fitted to:

2 i
P T
634I - 634I e 2 22 eAt 7.4
2 L 1

Experimentally, the initial rise at the shock front is not
instantaneous, due to the finite slit width and the rise time of
the photomultiplier, The equation is integrated to take this into

account:
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t
634, t
1 2 - 1 At
3t | o5 ¢ = [k ae 7.5
I
t-At t=At

where At is the integration time, This gives:

634, _ 634, . 2 }
I I, K 3f_2_§ ;_T_g? At (1 A At
Aae (P T, } 7.6

and the experimental points, (634

12, t), are fitted to this equation
(Chapter 6),
For each shock at the high temperature Tz, the results are values

of K and A, The value of the integration time, At, is constant for

shocks of the same speed and same photomultiplier slit width.
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7,2,2, Comparison of Pre and Post Shock Decay Rates,

Before the shock, the decay rate of excited species along the
tube is measured as a function of length, 9—%§£1. The shock decay
rate, A, is calculated as a function of time at temperature T2;

A = 410D, 7.7

dt_-
p
where the time is particle time, that is the time elapsed from when
the gas is shocked, to when it passes the observation station, The
experimental measurements are made in laboratory time, t,, that is

the time elapsed between the passing of the shock front to the

arrival of the gas,

Observation Station

O S— wz tp > | o Wl tl, A E—
vy tp -
point at which point where position of
gas was shocked shocked gas is shock front now
now

The distances apart of the shock front and the shocked gas at
the obgervation station are shown above, where vy is the speed of

the shock front, and w, is the speed of the shocked gas (see figure

2
3.6). Then:

w, t = w_ t + w t 7.8




105

In shock coordinates, the measured shock speed u, is:

1

-w.)

u, * ~w, and u, = --(w1 2

1 1 2

and from equation 3.4:

t u P
-EE- = --]-.- = -z- 7.9
) Y2 1
The distance travelled by the shocked gas is vy tp and:
= - = t (1 - 7.
Wy tp wl(tp tz) vy p( pl/pz) 10
ERL tp(l - py/p,) 7.11

The calculated decay rate, A, can now be changed to the same
coordinates as the measured pre~shock decay rate, so that the two
can be compared directly; these values are listed in the tables of

results,

d In I2 . d 1n 12 - El‘ . 712

p

°1
- A 1l = e u, , 7.13
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7,2,3, Calculation of the High Temperature Decay Rate of 02(1Ag)

from the Shock Decay Rate,

At room temperature, the change in concentration of Oz(lAg)

along the tube can be discribed at time t by (Chapter 5):

1 1
[0, ("4 )1 ]
- 2 e (kq[Ozl + kw)t 7.14
[02( Ag)]o
= e ‘kobs t 7.15
and at length £ by:
1 1
(o,("2)) ,
2 B . g 7.16

1 1
o, ('8 ),

where a = d 1n11/d1.
- . . 1
At the shock temperature, the change in concentration of 02( Ag)

along the tube at any given particle time, tp, is:

1
(0,(°4 )1
2 = etV Y 7.17
[02( Ag)lo
L - L ] 8
e Ty (1 pllpz)tp 7.1
At any point in the tube however, the concentration of Oz(lAg) ;

pre-shock is constant,
If there is any change in the quenching rate of Oz(lAg) at the
higher shock temperature, Tz, then at time, tp;

1
0,*8 )1,

22 5. . "‘rzioz] ts 7.19

102( Ag)]
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Where kT is the quenching rate constant for Oz(lAg) by oxygen at
2

temperature T The wall deactivation is omitted from equation

20
7.19 as it becomes an insignificant mode of deactivation of Oz(lAg)
at the high shock density where the wall temperature remains at Tl'

The overall deactivation of 02(1Ag) at the shock temperature

is the measured shock decay rate, A:

1
0, (Ca N}
2° g °T
(0,4 )1,
So:
“A = szlozl + aul(l - pl/oz) 7.21

From this equation, the pseudo first order rate constant for
the collisional quenching of Oz(lAg) by oxygen at the shock
temperature, sz[ozl, can be calculated from the difference in decay
rates measured pre»shock,d, and at the shock temperature, A, The
second order rate constant is obtained by dividing by the

concentration of oxygen, in torr, at the higher pressure behind the

shock front.

P .
- 2 273 1 -1 ,
IOZJ 560 T 5Tk mol R 7.22

2
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7.3. Results,

An oscillograph of a typical shock experiment is shown in
figure 7.1. The shape fits the model postulated at the beginning
of this chapter, A computer plot of the result is shown in figure
7,2, The experimental points are displayed, and the calculated
line from equation 7.6 using the computed parameters fits well.

The results are listed in tables 7,1 and 7.2, The flow rate
for experiments listed in table 7,1 was 17.5 ml s“1 at 1 atmosphere
pressure, the pre-shock decay rate was measured using the 762 mnn
emission (Chapter 5). The experiments listed in table 7.2 are the
controls for the vibrational relaxation studies at 579 nm (Chapter
10), In these shocks, it was important that the relative photo-
multiplier positions were fixed, and pre-shock decay measurements
were not made, The control 634 nm results of Mr. Kevin Grant for
the vibrational relaxation studies are not listed here, but they
are included in figure 7,3, In all these shock the flow rate was
maintained at 28 ml s-1 at 1 atmosphere pressure,

The initiél experiments in the discharge flow shock tube
observed the 634 nm dimol emission, and although accurate analysis
was not possxble before the tran31ent recorder was bought, hand
analysis suggested that K was approx1mate1y equal to one in the
temperature range 1150 to 1450 K,

The enhancement factor, K, is plotted against shock temperature
for all analysed runs at 634 nm, in‘figure 7.3. For a simple
collisional process, K (equation 7.3) would be equal to one,
Figure 7,3 shows that K is approximately equal to one at low
temperatures (600 to 1100 K) as expected if the dimol emission is.

a simple collisional process, Then there is a systematic increase
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Figure 7. 1.

The Shock Emission at 634 nm.

Run No. 6.

R b |

Intensity 1V div-!
|

time Sfus div™!
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Figure 7.2.

A Computer Plot of an Emission Trace at 634 rm.
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Table 7.1,

Run
No,

758

771

791

793

795

805

807

821

823

825

827

828

Results of the Analysis of Shocks at 634 nm

into 100% Oxygen.

Pre Shock Measurements

P1 Glow Decay Speed 02/01
/torr  /mV /m~1 /km s~
6030 15c6 - 1.609 50862

6.2 13.6 1.04 1.586  5.821
6.5 5.3 1.13 1.586  5.833
6.4 6.4 1.03 1.593 5.833
6.5 6.0 1o11 0.947 3.763
6.3 4.5 1.01 0.874  3.537
6.6 5.3 1.58 1.687  5.999
5.95 2847 0.90 1.438 5.527
6.6 21,2 1.01 1.520 5.691
6.0 25,1 1.05 0.875 3.537
5.82 25.4 1.01 0.875 3.537

S«76 45,7 1.00 0.866 3,505

K

130

1.24

1.39

0.83

0.89

1.54

1.06

0.80

0.96

0.90

Post=-
Shock
Decay

/m~!

1.31

1.08

1.31

1,09

111

T2/K

1458

1426

1426

1435

751

638

1569

1230

1333

680

680

671




Table 7.1.(continued)

Run
No'.

M126

M130

M131

M137

M139

M140

M145

Py
/torr

6e5

6.5

6.5

6.4

6.8

646

6.45

Glow
/mv

7.8
144
1.36
30.2
20.4
21,1

22.4

into 100% Oxygen.

Pre Shock Measurements

Decay
/m-1

1.00

0.91

0.88

1.29

1.09

Speed
/km s=!

1.403

1.404

1.724

0.885

0.870

0.864

1.416

92/91

5.455

5.455

6.058

3.570

3.522

3.505

5.483

0.92

1.01

2,19

0.74

0.83

0.91

1.11

Results of the Analysis of Shocks at 634 nm

Post~
Shock
Decay

/m™1

1e12

112

T2/K

1187

1187

1621

698

676

671

1203



Table 7.2.

Run
NG.

930
931
932
933
934
935
936
938
939
940
941
942
943

944

Pre Shock Measurements

R,
/torr

6.68

6.51

6.18

6.35

6.31

6439

6.68

6.84

6.76

6.64

6.59

6.43

6.84

6.31

Results of the Analysis of Shocks at 634 nm.
(Controls for Shocks at 579 nm.)

Glow
/mv

28.3

35.0

36.0

37.9

34.0

28.8

29,1

36.8

40.1

45.0

44.4

20.6

2141

21.1

Decay
/m-1

Speed
/km s~!

1.371
1.586
1.209
1.500
1.371
1.372
1610
1.350
1.287
1.226
1.383
1,586
1.571

1.488

Pa/ Py

5.029

5.821

4.490

5.67

5,031

5.031

5.864

4.989

4.861

4.729

5.051

5.821

5.793

5.368

X

1.24

1.29

1.09

1.29

1. 11

1.26

1.26

1.24

1.33

Posgt=
Shock

Decay
/m-!

1.08

0.97

1.04

1.09

1.01

1.12

1.21

1.09

1.09

0.83

1.10

1.34

113

T2/K

1147
1426
1008
131
1148
1148
1460
1122
1047

978
1162
1426
1405

1295



Table 7.2.(continued)

Run
No.

945
946
956
957
958
959
980
981
982
983
985
986
990

998

Pre Shock Measurements

P1
/torr

6435

6.39

6.23

6.39

6.39

6.96

6.55

6.02

6.31

6.14

6.51

6.59

6.84

6.47

Results of the Analysis of Shocks at 634 nm.
(Controls for Shocks at 579 nm.)

Glow
/mVv

16.6

43.1
43.6
44.5
41.0
24.3
26.9
26,7
25.7
’48.é
46.5

41.3

24.2 .

Decay
/m=1

Speed
/km s-!

1,465
1.588
1.386
1,597
1.597
1,573
1,569
1.584
1.310
14337
1.614
1,597
10386

1.589

5.197
5.824
5.057
5.841
5.841
5.797
5.789
5.817
4.916
4.964
5.871
5.841
5.051

5.824

K

1.24

1.27

1.25

1,05

1.22

Post~
Shock
Decay

/m-!

1.24

0.80

0.98

0.93

0.97

0.96

1.20

1.21

0.90

0.97

1.10

114

TZ/K

1343
1429
1165
1441
1441
1408
1403
1423
1074
1106
1465
1441
1162

1429
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in K at temperatures above 1100 K, to K = 1,39 at 1600 K,

The decay rates of the initial experiments analysed by hand
suggested that there was no change between the measured pre-shock
decay rate and the shock decay rate, The differences in decay
rates for the analysed shocks (table 7,1) are small, and no
systematic variation can be discerned, The decay rates are
converted to length co-ordinates,

The change in decay rate at the high shock temperature is too
small to be measured within the limited hot flow time available for
shock-tube measurements, and so the temperature dependence of the
collisional quenching rate constant of Oz(lAg) by oxygen must be
small, The decay rates are shown in figure 7.4, The graph against
initial pressure, figure 7.4a, shows a systematic increase in pre-
shock decay rate with pressure for the same flow rate as expected,
and as found in the room temperature studies (Chapter 3). A similar
graph against shock temperature, figure 7,4b, shows no pattern,

Additional evidence for the small temperature dependence can be
Seen in a comparison of the pre- and post-shock decay rates for shocks
at 762 nm, as the decay at 762 nm from 02(122) can be used to study
the change in concentration of Oz(lAg) (Chapter 5). These shocks
are listed in table 7,3 with the pre-~ and post—shbck decay rates
together with the differences., There is no systematic change in
decay rate with temperature, and the quenching rate constant for
02(1Ag) is little changed with increasing temperature,

If we assume that a 15% increase in decay rate could be
detected in our analysis, then an upper limit of 3,8 x 104 |1 mol“1 8-1
at 1570 K for the collisional quenching of Oz(lAg) by oxygen can
be calculated from equation 7,21 using the pre-shock decay rate of

1,08 m~} from shock No. 807,



Figure 7. 3. Variation of K Value with Temperature for the Dimol Emission at 634 nm.
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Table 7.3.

Results of the Analysis of Shocks at 762 nm
into 100% Oxygen.

Run P, Pre-Shock Post=Shock = To/K Difference
No. /torr Decay /m~! Decay /m-! in Decay
777 6.5 1.01 1.04 1460 +0.,03
797 6.4 1.10 1.15 1480 +0.05
801 645 1.09 1.11 1185 +0.02
803 6.4 1009 0'98 650 “0.11
835 5.8 0.96 1.25 738 +0,29
839 5.65 0.94 1.07 1238 +0.14
853 6.2 131 1.35 961 +0,04
854 6.2 1.31 1.61 935 +0,30 2
855 6.47 1.16 1.08 337 -0.08 %
8356 6.84 1.21 .38 943 +0.17 g
870 6.6 1,48 1,39 1054 ~0.09 3
Agan 642 1.13 1.13 1197 0.0 i
!
882 645 1. 19 1. 19 1181 0.0 ;

Ags4q 6.3 1.14 1.18 1449 +0.04
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Table 7.3.(continued)

Results of the Analysis of Shocks at 762 nm
into 100% Oxygen.

Run P, Pre-Shock Post=Shock T,/K Difference

No. /torr Decay /m-! Decay /m”! in Decay

M110 6.47 1.07 1.07 1140 0.0

M124  6.47 1,05 1.05 1495 0.0

M125 6.50 1.05 1.08 673 +0.03

M127 6.7 1.09 1.07 681 -0.02

M129 | 645 1.04 : 1.10 611 +0.06

M146 6+56 1.02 .’j.OS 1220 +0.03 o
M147 6.41 1.01 1.03 1647 +0.02

M150 6.5 1.09 1.12 1650 . +0,03

M151 6.56 1.30 1.30 1608 0.0
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7.4, Discussion

7.4,1, The Temperature Dependence of the Dimol Emission at 634 nm,

If the dimol emission at 634 nm (reaction 7.1) is a simple
collisional process with a zero activation energy the rate constant
will have a (temperature)i dependence and the shock emission will
fit equation 7,4 with the enhancement factor, K, equal to one, Over
the temperature range 600 to 1620 K, this is approximately true, but
there is a systematic increase in K at temperatures above 1100 K
(figure 7,3),

Arnold, Browne and Ogryzlo15 studied the dimol emission in the
temperature range 323 to 473 K, and they too found only the 'I‘i
temperature dependence of a simple collisional process. They
concluded that there was no evidence for the formation of a bound
0, complex (Chapter 9),

The increase in emission observed at temperatures greater than
1100 K has not a simple temperature dependence. An Arrhenius plot
of log K against T-l does not give a straight line (figure 7,5),
and a Landau-Teller plot is also strongly curved. One possibility
to account for these results would be a variation in transition
probability with collisional energy. The more energetic collisions
higher up the steep repulsive wall of the potential energy curve
for the dimol emission might lead to an increased probability of
emission,

There is a second possibility, where an additional route for
emission is available at the higher temperatures, and indeed a plot
of In(K - 1) againstkr-l does give a straight line (figure 7,6)

with an activation energy of 36 kJ mol~1

« The nature of any such
second mechanism between the two 02(1Ag) molecules is, however,

uncertain.
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7.4,2, Temperature Broadening of the 634 nm Dimol Band,

Arnold, Browne and Ogryzlo15 suggested that the 634 nm dimol
band broadened with increasing temperature. The band is a wide
diffuse band with a half height peak width of 15 to 17 nm.83’112.
and no fine structure, It is viewed in our system with a narrow
band filter with a half height peak width of 10 mm and maximum
transmittance of 44% at 630 nm, The overlap of the filter with
the emission band was assessed by plotting out the band from Bader
and Ogryz1083 together with the transmittance of our filter (figure
7.7), The filter will transmit 26% of the band (see Section 9,2).

An overall broadening of the 634 nm band could affect the
Value of K, Some shocks using a broad band filter (625 to 675 nm)
gave K values in the same range as with the narrow band filter
Usually used, and so it appears that temperature broadening of the

dimol band at 634 nm does not occur to any significant extent,

7.4.3, The Temperature Dependence of Collisional Quenching of

———

1
02( Ag) by Oxygen.

The rate of collisional quenching of Oz(lAg) by oxygen does not
change very much with increase in temperature, and so it now appears
to have been an unsuitable reaction to study in the limited hot flow
time available for shock tube measurements, We can, however, give
4N upper limit to the rate constant of 3.8 x 106 L molﬂl 3*1 at 1570 K,
Findlay and Snellinng, in the only other study of the temperature
dependence of collisional quenching of 02(168) by oxygen, worked

between 285 and 322 X, and for this small temperature range derived

a
N equation for the rate constant;
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Extrapolation of their equation to 1570 K gives values between

2 x 103 and 1 x 104 L m01-1 s-l.

The upper limit suggested here is within an order of magnitude of
this result, but it would be unreasonable to place any emphasis on
such an extrapolation,

The small temperature dependence of the collisional quenching
of Oz(lAg) by oxygen‘found in the work is used as a result in some
further studies with the discharge flow shock tube, The post-shock
decay rate is assumed to be identical with the measured pre-shock
decay rate in the analysis of shocks at 762 nm where vibrational
relaxation is included (Chapter 8), In the studies of the dimol
emission at 579 nmm, (Chapter 10) the post-shock decay rate is

calculated from the shock trace at 634 nm, and is used as a check

on the system where the pre-shock decay rate is not measured.
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Chagter 8

The Collisional Quenching of 0,££§;) at High Temperatures

8.1. Introduction

The collisonal quenching of 02(12;) is studied by following the
emission at 762 nm at the high temperatures obtained when a shock wave

is propagated into flowing discharged oyxgen.

1.+ 3.~
02( Zg) -+ 02( Zg) + hv(d = 762 nm) 8.1

Oxygen, nitrogen and argon haye been studied as collision partners, and
the temperature dependence for the quenching rate constants and for the
energy pooling reaction found, in the range 600 to 1650 K,

02(12;) is formed in the discharged gas by the energy pooling reaction19

from two 02(1Ag) molecules.
o,ta) + o,cta) -—k-Lo(lx*) + 0,3:0) 8.2
2" g 2" g 2" g 2t g '

Schurath116, studying this reaction, found that 02(122) was
Preferentially produced in the second excited vibrational level,

02(122) is deactivated on collision with another molecule and at the

walls:
1.+ k ! 1
0,('z) + M 3 0,( Ag) + M 8.3
1.+ ky 1 3~
02( Zg) + wall ———s 02( Ag or Zg) 8.4

where M is 02, N, or Ar.

2

02(12;) is quenched to 02(1Ag) as suggested by 0gryz1068

and
confirmed by Thomas and Thrush74 by measuring the vibrational excitation

of the quenching molecule,



127

The rate of collisional quenching of 02(122) by oxygen49, nitrogenl21

121 has been measured previously at room temperature, These

and argon

three gases are not efficient quenchers of 02(122) (see figure 2.3).

For oxygen, where the vibrational level is at 1556 cm—1 and nitrogen

at 2331 cmfl, there is only a poor match with the excitation energy from

the 02(}2;) to 02(1Ag) transition at 5240 cm-l. These gases are also

inefficient quenchérs of 02(1Ag), although here oxygen is more efficient
125

than nitrogen “~. The temperature dependence of the quenching rate

constants have not been measured previously.

The emission from 02(12;) at 762 nm has an Einstein A factor!Z®
of 0.077 s.1 and can be easily studied in our system. The post-shock
emission has the form shown in plate 3b. Detailed analysis of the

trace is described in the next section,

The results for shocks into pure oxygen, oxygen/nitrogen mixtures
and oxygen/nitrogen/argon mixtures are listed in section 8.4, and the
chapter concludes with a discussion of the temperature dependence of
the rate constants for energy pooling and for collisional quenching of

02(122) by the three gases.

i
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8.2, Treatment of Results

8.2,1, The Emission Trace at the Shock Temperature

The emission intensity from shock heated 02(12;) at 762 nm has the

form shown below:

Emission

A0 shows the emission before the shock arrives, the height of A0

above the zero line is a measure of the pre-shock glow, 76211, OB is the
initial rise at the shock front, 762Ig, due to the shock compression,

and is related to the pre-shock glow by the density ratio across the

shock front :

762.0 _ 762 : | |

a8 postulated for the optical transition (réactién 8.1). The fall-off in
emission intensity CD is observed as gas'downétream from the discharge,
with a loger'concentration of 02(122) pre~shock, is swept pasﬁ the photo~
Tultiplier, The curyed zone, BC, to an enhanced level of emission is
Where the rate of formation and deactivation of 02(122) is adjusﬁiﬁg’te

the high temperature values. An enhancement is seen in shocks for all
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mixtures of gases, and the analysis is deyeloped for this situation
(see Plate 3b).

Before the shock, at any point in the tube, there is a steady
state concentration of 02(122) where the rate of formation equals the

rate of deactivation :

1 2
.kp(aF,Tl)IQZ(.Ag)Jl

1.+ :
[0,CIp1y =

N 8.6
kq (at Tl)[M] + kw
The curved relaxation zone corresponds to the adjustment to the new
steady state equilibrium at the shock temperature, T2, where :
k_(at 7,000,182
1 _+,,Eq p T 2772 g:5
[02( zg)]z, = 8.7

K qM(at T,) [H]

At the high density behind the shock front, diffusion of 02(12;)

to the wall will be slow, and as the walls remain at room temperature :
k (at T,) <« Lk “(at T,) M) 8.8
W 1 q 2 :

and the wall deactivation can be omitted from equation 8.7,

During the curved relaxation zone the steady state is reached :

410, (TP, = et T 0,a1," -k Mat T B0, (TED], 8.0

de

where the subscript, 2, denotes the concentrations at T2. - Integrating
this equation between time = 0, where [Oz(lzg)]g is the concentration

of 02(122), and time = t :




130

1.+ 1 2
0,21, k(at T 10,0781,
1.+,,0

1.+,.0 M
[0,Czpl, Kk (at T)IMI0,CE)],

-qu(at T,) Mt

1 2
k_(at T,)[0,(2 )]
P 2 2 g 12* 51e 8.10

+ |1~ M
k. (at T D10, (1)1,

This equation would fit a relaxation process as shown below.

Relaxation zone

i

Equilibrium
Emission

Emission at
shock front

'

e Emission

e — time

With the diséhatge £16w shock tube,ktheré is a concentration
gradient of the excited species alqﬁg the tube before the shock. This
decay is superimposed on the relaxation and has an exponential form,
eAt, where A is the deca& constant, and is negative in éur configuration,
So equétion 8.10 will fit the concentration of 02(122) at any one point
in the tube, but at»any o;her point {02(122)] will differ by eAt.

The enhaﬁcement of emission at équilibrium over that expected from
the compression at the shock front, K, can be described from equations
8.6 and 8,7 as the ratio af'raie constant ratios at the pre and post

S$hock ‘temperatures :

 kp(gt,T2) kp(at.Tl)

K=" M M ' 8,11
kq (at T2> kq (a; Tl) + kwlIM]
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The overall equation for the concentration of 02(122) from

equation 8,10, then becomes :

M
kq (at ’1‘2) Mt At

1.+
[0,C°Z )]
-—2_...&._2. = K+(1-—K)e e 8.12

1.+,,0
[0,"z )1,

The intensity of emission at 762 nm is proportional to the

concentration of Oz(lz;), and the intensity of emission at the shock

762.0 0
Is e

+
=4

So equation 8.12 with equation 8.5 is now :

front, is a measure of 02(12

k]
% t
I. = I, -2 Atlg+a-re 1 8.13

where kq' is the pseudo first order rate constant qu(at T2)[M].

In the experiments, the rise in emission at the shock front is not
instantaneous, but has a finite rise time due to the rise times of the
Photomultiplier and voltage follower, and the slit width. This is
taken into account in the integration time, At, and equation 8.13 is

integrated with respect to time from t-At to t, giving :

762, 762, |
2 1 P20k At o-Aaty .
At ey | A :
-K -(Ak ! X '
i Al;c—l 1-e ( q )At) e (A kq )t 614

q

The experimental points are fitted to this equation using the

interactive computer graphics programme described in chapter 6.
1
The results of each shock are values of the parameters, K, kq .

A and At in equation 8.14 at the shock temperature, TZ'

4
g
£
i
£
|
§
g
5
1
3
i
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J
From the value of the pseudo first order rate constant, kq’, the

rate constant for collisional quenching can be obtained at the shock
temperature, T2.
For shocks into 1007 oxygen :
0,

'
k = k_ /[0 8.15
q q /19,1

where [02] is the concentration of oxygen at the shock density,
For shocks into mixtures of oxygen and nitrogen :

qu - kq'/([ozj + INy1) 8.16

where qu is a composite rate constant for collisonal quenching by

both species :

x + k 8.17
q XNQ

X is the mole fraction, and qu2 is the rate constant for collisional
quenching of 02(122) by nitrogen.

Similarly for shocks into oxygen/nitrogen/argon mixtures :

kM= O?x + k Nsz + K Ay 8.18

q q "0, q N, q “Ar

From the values of K 6btained for each shock, the energy pooling
Tate constant, kp (at Tz), can be calculated from equation 8.11 using
the value obtained for qu (at T2) and room temperature values from
the literature (see section 8.4). = The rate constant for deactivation
at the wall at room temperature is calculated at the initial pre-shock

49

Pressure, P, in torr, from the equation by Derwent and Thrush ~ :

1

k = {a +3-§-} 8.19
o
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where a is the radius of the tube, Do is the diffusion coefficient of
02(122) at one atmosphere pressure, y is the wall deactivation efficiency,
and u is the mean velocity of 02(122). The value of Do is taken as
0.201 cm2 s-lthe diffusion coefficient for 02(1Ag) at atmospheric
pressure measured by Vidaud, Wayne and Yaron31.

A, the decay constant is the same as the measured pre-shock

decay rate (Table 7.3).

8.2.2. The Effect of Vibrational Relaxation on the Analysis of the

Shock Emission

During the time of the shock, vibrational relaxation is occurring.
At the shock front the frozen conditions apply where the translational
and rotational degrees of freedom have attained equilibrium at the
frozen temperature, but the vibrational degrees of freedom have not.
The fully relaxed conditions apply when the gas is at equilibrium at
the shock temperature T,. (see Figure 3.7).

-

(a) 1007 Oxygen Shocks

During vibrational relaxation, the density ratio increases from

OA/pl to lepl. At time, t, the density ratio will be :

p p p p -t/Tv
Py Py T

Where T, is the vibrational relaxation time for the gas.

If T, is long compared to the measurement period for the shock,
the gas can be assumed to be in its frozen state throughout, but if T,
is Comparable with the period of measurement then the density ratio

Will be changing during the time of the experiment, The changes in

de“sity due to vibrational relaxation affect the values of the‘quenching

' .
fate constant, k_, and the equilibrium ratio of levels, K.
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For oxygen, the temperature dependence of the vibrational

relaxation time is giyen by102 :

1/3

In(z/ s atm) = 126.0 + T ~/2 = 21.95 8,21

The table below compares the vibrational relaxation times at the post
shock pressure with the period of measurement for that shock, (the times
are in particle time) where it can be seen that except for the slowest
shock, vibrational relaxation will affect the density ratio in the

analysis region, and thus should be included in the analysis.

Run Pz Eé 33 T, Calculated Measurement
Number /torr P1 Pl /K T, /18 period/us
803 50.77 3.168 | 3.427 650 8970 2606
889 109.5 4,193 4,704 1000 993.6 2587
A915 145.1 4,617 5.295 1213 206.6 1906
797 193.5 4,993 5.891 1480 71.8 1649

In the computer analysis described in chatper 6, VIBREL
calculates pt/pl’ Pt/P1 and 'rt for each point between X origin and
the end of the trace. The time scale is changed to particle time
for these points, where :

tp = tzpt/p1 8.22

L

and for points before x origin :

tp = tlpA/pl 8.23

Values of thé expected emission aﬁ each point past X origin are
Calculated>uéing the méasured ?re—shock deéayrrate, ahd these are
fitted to a polynomial, the coefficients of which are used later to
display the calculated line. Equation 8.14 to which the points are

fitted is modifiediby substituting p_ for Py

t
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(b) Oxygen/Nitrogen Mixtures

For experiments with mixed gases, the vibrational relaxation can
be considered in two parts, the vibrational relaxation of oxygen while
nitrogen remains frozen (to the B state), followed by complete

relaxation to the fully relaxed (2) state.

-t/t -t/t
Pe Py PR Py % Py Py M
1 1 PL P 1 A
To  can be calculated from equation 8,21 as the addition of nitrogen
2

does not affect the vibrational relaxation time of oxygen, but Ty the
vibrational relaxation time for the two gases is not the vibrational
relaxation time of nitrogen, as the presence of oxygen increases the

vibrational relaxation rate of nitrogen. 1., has been calculated by

110 127

M

Pedley from results of White on vibrational relaxation of

oxygen/nitrogen mixtures: and the following values are used in the

computer programme.

1/3

1n(TM/ s atm.) = CT /7-D 8.25

where C = 86.5 and D = 16,9 for mixtures containing more than 807 oxygen,

and

2

C = 130.49 - 128.3 X, * 102.7 X, 8.26

2 2

2

D= 4,159 + 2,118 x 8.27

0. " 0.792 X,

2 2

for mixtures containing less than 807 oxygen.
When pt/p1 has been calculated for each point past X origin, then the

analysis proceeds as before,
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(c) Oxygen/Nitrogen/Argon Mixtures

Vibrational relaxation was not included in the analysis of

mixtures containing argon (see section 8.4.7.)
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8.3. Experimental

The discharge flow shock tube system was tested with shocks into
1007 oxygen by observing the 762 nm emission. The initial parameters
were changed and their effects investigated.

The initial pressure was varied between 3 torr and 10 torr (400
to 1330 Pa). At the lower pressures, oxygen atoms may be present in
the flow (chapter 5) and distort the results, at higher pressures the
light screens tended to be unreliable and often the shocks were
missed, Results were obtained at pressures around 6 torr,

For the pure oxygen runs, the flow rate was maintained at
17.5 ml s-1 at one atmosphere pressure; for mixed gases the total
flow rate was increased to 28 ml s._1 at one atmosphere pressure,

All the shocks recorded in this chapter had the microtron power
at 100 watts, within the linear region in figure 3.4. Lower microtron
powers were tried, but the smaller emission lead to difficulties in
the analysis,

The photomultiplier slit width was chosen to give a measurable
pre-shock glow, and a post-shock emission level not exceeding 5 V.

The slit widths were generally kept constant for a series of shocks.
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8.4, Results

The results for each mixture of gases are treated separately in
this section. The overall temperature dependences are discussed in
the following section 8.5,

8.4,1, Accuracy of the Results

Shock tube measurements generally show a wide scatter, inevitable
for a procedure where the results are not only dependent on the
accuracy of any measurements, but vary with the bursting of the
diaphragm and the establishment of the shock fromt.

The errors in measurement of the pre-shock glow, pre-shock decay,
initial temperature and pressure and shock speed, are estimated to
total less than + 5Z. Irregularities in the flow have largely been
eliminated by the use of the pressure regulator (figure 3.2), but a
low gignal to noise ratio for the weaker emissions does add to the
errors,

The computer analysis gives statistical error values for the
Parameters for each shock, evaluated mainly from the scatter of the
transient recorder data. ‘These errors are not a true guide to the
accuracy of the calculated rate constants which could be better
described by the overall scatter of the results. For shocks into
Pure oxygen at lower temperatures, the value of K was found to be
Near one, and so the relaxation zone is poorly defined. In these
cases the statistical error value for the quenching constant, kq',
could be as high as * 10%, although the actual value could be in
error by as much as * 507 between shocks with the same speed.

For lower temperature runs, the maximum error comes from the

Quenching constant, The scatter is higher at the higher temperatures

due to shock irregularities,
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Shocks where the enhancement in emission is high, that is where
K is high, are easier to analyse. These shocks showed a clearly
defined relaxation zone, and the increased emission gave a better
signal to noise ratio. The subsequent results show a smaller
Scatter then usual (see figures 8.14 and 8.15). The pure oxygen
results are the least precise of the series.

Overall, the rate constants measured in the discharge flow shock
tube are considered to be within % 152 of the true value. As this

is only an estimate, error limits are not included in the results.

8.4.2. 1007 Oxygen

A trace of the shock emission at 762 nm from 02(122) in pure
Oxygen is shown in figure 8.1, A computer plot of the analysis is
shown in figure 8.2; vibrational relaxation is included in the
analysis, The postulated model has the same shape as the experimental
trace, and the calculated line using the parameters found in the
analysis fits the experimental points well, An enhancement in
emission from that expected from the shock compression alone is
°b8€rved, and the value of K is greater than one, At the higher
shock temperatures, then, the quenching rate constant has increased
ToTe than the energy pooling rate constant.

Results of shocks into 1007 oxygen are listed in table 8.1, in
31l cages vibrational relaxation is included in the analysis.

The quenching rate constant, kq, in this case kqoz, comes from
the yalye of kq' using equation 8.15. The energy pooling rate
Constant, kye is calculated from kg and K using equation 8.11.

.

49
The following room temperature values are used = :

~1 -1
kp(at Tl) = 1,22 x 10& £t mol T 8

5 -1

-1
kq(at Tl) = 1,0 x 107 2 mol " s
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The best value of kq(at Tl) for dry oxygen by Thomas and Thrush.l28

4 1 -1 5

L mol s , but the value of 1 x 10 11

is (2.8 + 0.8) x 10 2 mol =~ s

is more realistic in our system. Although the flowing gases are
themselves dried, water cannot be excluded completely from a system
which is opened to the atmosphere between shocks., Our value assumes

a maximum water content of 30 p.p.m. where the rate constant for

quenching of 02(122) by water is Thomas and Thrush's value128 of

9 1 ~1
8

2.8 x 10° 2 mol” . This amount of water will have only a small

effect on the value of the quenching rate constant at the high shock

temperature. The wall deactivation rate constant at T1 is

49

calculated from equation 8.19 using a value of 1072 for y© and

4

4.39 x 10" cm s_l for u at the initial pressure, Pl’ for each shock.
Plots of the quenching rate constant and the energy pooling rate
constant against shock temperature are shown in figures 8.3 and 8.4,

The room temperature values are in good agreement with the extrapolated

experimental curves, The "filled in"” points in figure 8,3 are from
shocks where K was found to be very close to one. In these cases
the relaxation zone cannot be defined. A value of kp from the

overall energy pooling graph (figure 8.30) and K = 1 gives a

calculated value of kq which is plotted on the graph.

L3
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Figure 8. 1.

A Trace of the Shock Emission at 762 nm.

Run No.881. 188X Oxygen.

Intensity mﬂsuV divt
I
f

time Sfus div”
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Figufe 8. 2.

A Computer Plot of the Analysis. 100% Oxygen.
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Table 8.1,

Run
No.

770

777

797

801

803

835

839

853

854

855

856

870

881

Pre Shock Measurements

Py

'/torr

6.4
6.5
6.4
6.5
6.4
5.8
5.65
6.2
6.2
“6.47
6.84
6.6

6.2

Results of the Analysis of Shocks at 762 nm
into 100% Oxygen.

Glow
/mv

977

973

353

340

778

972

249

1280

1180

1145

294

1134

860

Decay
/m™1

1.00

1,01

1.10

1.09

1.09

0.96

0.94

131

1.31

Speed
/km s-1

1.616

1.604

1.618

1.383

0.864

0.948

1.431

1.162

1.142

1.152

1.077

1.269

1.385

P2/

5.874

5.851

5.880

5.586

3.831

3.883

5.511

4.543

4,268

4.282

4,261

4.510

4.694

1.0

1.10

0.94

1.08

Rate Constants

/1 mol~'ls™!

6 5
kq/10 kP/10

3.48

4.25

4.13

3.13

(0.83)

(1.12)

3.38

(2.57)

2.38

{(2.81)

3.67

4,32

4.18

4.49

2.68

2.54

1,67

1.82

1.62

2,95

143

T2/K

1475

1460

1480

1185

650

738

1238

961

235

937

943

1054

1197

.
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Table 8.1.{continued)

Results of the Analysis of Shocks at 762 nm
into 100% Oxygen.

Pre Shock Measurements Rate Constants

: /1 mol~'g~!
Run P, Glow Decay Speed P/ P K T /K
No. " /torr ,/mV  /m~'  /km s~ kq/10° kp/105

882 6.5 621 1.19 1,375  4.597 1,08 2.72 2.21 1181
884 | 6.3 688 1.14  1.596  5.821  1.41 4.79 5.13 1449
910 6.14 461 1,05 1.607 5.860 2.21 3.91 6.30 1473
A310 6.14 458 1.05 1.607 5.860 2,18 4.39 6.98 1473
MI10 6,47 1238 1,07  1.352  5.256  1.30 2,73 2.56 1140
M124 .47 940 1,05  1.629 5,847 1.38 6.84 6.67 1497
M125 6,5 915 1.05  0.872  3.567 1.0  (0.91) = 673
M127 6.7 863  1.05 0.882 3.613 1.03 1.05 0.82 681
Mi2o 6,5  es86 1.04 0.864 3,540 1.0 (0.89) - 611
Mide 6,56 317 1,02 1,411 5,353 1.0 (4.90) =~ 1220
47 641 263 1,01 1,738 6.035 1.97 5.37  7.76 1647
¥iso 6.5 204 1,09 1,734 6,049 2,32 8.13 13.90 1650

M1y 6,56 163 1.30 1,705 5.975 2.89 3.37 7.80 1680
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Figure 8.3.

Temperature Dependence of Quenching Rate Constant of 02(13;)

by Oxygen.
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Fi gure 8.4.

Temperature Dependence of Energy Pooling Rate Constant.
180% Oxygen.
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8.4.3. 907 Oxygen/107 Nitrogen

A typical shock trace for 907 oxygen/107 nitrogen is shown in
figure 8.5a. The general shape is the same as the postulated model.
The addition of nitrogen to the oxygen flow after the discharge

02 at room

decreases the intensity of the pre-shock glow as quZ > kq
temperature, but the shock emission increases more than for the pure
oxygen shocks due to the change in rate constants at the higher

temperature. A computer plot of the analysis of this run is shown

in figure 8.6, the calculated line fits the experimental points well,

Table 8.2. lists the results of shocks into 907 oxygen/10% nitrogen,

vibrational relaxation is included, The value of kq listed is the
second order rate constant for the quenching of 02(122) by the mixture,
kM,

q kp is calculated from K and kq using equation 8,11 as before,

but here kq (at Tl) is for the mixture where :

0y N,
kq(at Tl) = kq (at '1‘1):;02 + kq (at 1‘1)xNz
N, | 121
the value of kq (at Tl) is taken from Becker, Groth and Schurath
as 1,3 x 10% ¢ mo17! &1,

Plots of the quenching rate constant for the mixture, and the
energy pooling rate constant, against temperature are shown in figures

8-7 and 808-'

o



Figure 8.5.

a. Run No. 914,
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Traces of the Shock Emission at 762 rm.

882 Oxygen/18Z Nitrogen.
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Figure 8.6.

A Computer Plot of the Analysis. 9% Oxygen/18% Nitrogen.
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Table 8.2
Results of the Analysis of Shocks at 762 nm
into 90% Oxygen/10% Nitrogen.
Pre Shock Measurements Rate Constants
/1 mol~! s~
Run P, Glow Decay Sgeed p2/p1 K 6 5 T2/K
No. /torr /mV /m~1 skm s kq/IO kp/10

A%912  6.51 800 0.74 1.204 4.767 1.92 3.13  2.60 975
912 .51 791  0.74  1.204 4.767 1.51 4.36 2.88 975
CA913 6,35 787 0.74 0.966 3.900 1.54 2.14 1.42 852
A914  6.23 610 0.75 1.192 4.692 2.19  3.05 2,84 969
914  6.23 854 0.75 1.192  4.692  1.79  3.07 2.34 969
A915  6.80 768 0.92 1.410 5.295 2.64 3.09 3.59 1213
915 6,80 788 0.92 1.410 5.295 2,31 3.85 3.92 1213
M201 6.75 259 0.73 1,392 5,279 2,02 3.33 2,96 1186
M202 6,70 534 0.85 1,381 5.25¢ 1,99 3.52 3.07 1172
M203 6,70 397 0.84 1.38) 5.245 2,00 3.97 3.8 1174
M204 6.6 380 0.84  1.571 5.648 2.74 6.08  7.26 1419
M204a 6.6 379 0.84 1,571  5.648 2.81  8.73 10.69 1416
206  6.64 349 0.84 1,574 5,652 2.80 6.55 8.00 1424

M206a  6.64 389 0.84 1.574 5.652 3.00 5.62 7.36 1424

r




Table 8.2.(continued)

Run
No.

M205s

M207

M207a

C4a

C5

C5Aa

Cé

cea

c7

cs

184:7.1

C9

Coa

C1o

Pre Shock Measurements

) 2
/torr

6.80

6.5

645

6.56

6.4

6.5

6.5

6465

6.65

6456

Results of the Analysis of Shocks at 762 nm
into 90% Oxygen/10% Nitrogen.

Glow
/mv

333

471

527

578

543

554

575

578

563

568

550

115

100

133

Decay
/m~1

0.879

0.824

0.824

0.726

0.698

0.698

0.752

0.752

0.706

0.719

0.719

0.800

0.800

0.745

Speed
/km s-1

1.539

0.844

0.844

0.867

0.845

0.845

0.932

0.932

0.930

0.925

0.925

1.520

1.520

1.620

Po/ Py

5.565
3.443
3.443
3.541
3.458
3.455
3.781
3.781
3.773
3,756
3.756
5.574
5.574

5.781

8

2.50

1.43

1.61

1.59

1.37

1.48

1.41

1.58

1.43

1.44

1.52

2.93

3.10

3.33

Rate Constants

/1 mol™! g~!

6 5
kq/10 kp/10

6. 15

1.15

1.12

1.02

1.71

179

1.65

5.56

3.48

8.52

6.76
0.71
0.78
0.81
0.77
0.66

1.05

1411

1.08

7.12

4.72

151

T2/K

1380

644

644

661

642

642

720

720

718

714

714

1345

1342

1477
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Figure 8.7.

Temperaturenﬂependence of Quenching Rate Constant for Mixture

217)4 nygen/lﬂz Nitrogen.
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Figure B.8.
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8.4.4. 72.1% Oxygen/27.97 Nitrogen

A trace of the shock emission from this mixture is shown in
figure 8.5b, and a computer plot of the analysis in figure 8.9. The
calculated line fits well the experimental points. The end of the
hot flow time can be seen clearly on this trace.

The results of shocks into 72,17 oxygen/27.97 nitrogen are listed
in table 8.3. Runs 886, 888, 883 and 890 give two sets of results for
the same sﬁock. The two photomultipliers had the same wavelength
filters and two transient recorders are now used, The correlation
between the pairs of results is good.

The temperature dependence of the quenching rate constant for the
mixture is shown in figure 8.10 and that for the emergy pooling rate

constant in figure 8.11.




1556

Figure 8.9.

A Compufer Plot of the Analysis. 72.1Z0xygen/27.9ZNitrogen.
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Table 8.3.

Results of the Analysis of Shocks at 762 nm
into 72.1% Oxygen/27.9% Nitrogen.

Pre sShock Measurements Rate Constants
’ /1 mol™'s ™!
Run . P, Glow Decay Speed p2/p1 K 5 T,/K
No. /torr /mV  /m~!'  /km s™ kq/w‘5 ko/10

A885 6.23 181 0.741 1.367 5.169 3.47 3.44 2.88 1175
886 6.84 294 0.717 1.077  4.261 2.20 2.22 1.26 847
AB86 6.84 312 0.717 1.077 4.261 2.13 2.28 1.19 850
887  6.40 441 0.656 1.180 4.408 2.45 3.76 2.24 949
888 6.60 374 0.6%91 1.040 4.126 2.31 1.41 0.78 814
AB88 6.60 685 0.691 1.040 4.126 2.23 1.85 1,00 813
889 6.23 375 0.652 1,229 4.546 2,68 2.99 1.90 1000
A889 6.23 707 0.652 14229  4.546 2.59 3.11 1.93 1000
890 6.23 323 0.633 1.271 4.868 2.43 3.73 2,37 1047

A890 6.23 727 0.633 1.271 4.868 2.37 3.48 2,18 1047

-



Table 8.3.(continued)

Run
No.

M175

M176

M177

M178

M179

M180

Mi82

M183

Mig4

M185

M186

Mig8

Results of the Analysis of Shocks at 762 nm

into 72.1% Oxygen/27.9% Nitrogen.

Pre Shock Measurements

P, Glow
/torr /mvV
6.90 197
7.0 262
6.86 217
6.9 344

. 6.8 329
6.9 323

1 6.85 165
6.85 160
6.7 165
675 165
6.7 96.7
6e7 159

Decay
/m~1

0,898

0.900

0.905

0.890

0.920

0.930

0.897

0.946

0.935

0.980

0.975

0.717

Speed
/km s=1

1.353

1.361

1.338

0.853

0.831

0.836

1.481

1479

1.483

1.519

1.627

1.384

P,/ 0,

5.050
5.068
5.018
3.425
3.339
3.354
5.308
5.356
54352
S.431
5.658

5.133

2.97

3.05

2.93

1.74

1.75

1.69

3.66

3.70

4.27

4.04

2.84

Rate Constants

/1 mol~'s™!

6 5
&q/IO kp/10

3.84

4.00

4.93

1.37

1e21

1.45

6432

4.54

6.65

7.41

11.07

4.39

2.84

3.04

3.59

0.59

0.53

0.61

5.74

4,61

6.07

7.83

11.12

3.08

157

T, /X

1139

1120

1120

645

627

632

1302

1289

1297

1347

1488

1177
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Figure 8.11. Temperature Dependence of Energy Pooling Rate Constant.
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8.4.5. 46.37% Oxygen/53.77 Nitrogen

A trace of the shock emission at 762 nm from this mixture is
shown in figure 8.12a. A computer plot of the analysis of this rumn
is shown in figure 8.13. Although the pre-shock glow is considerably
smaller than in 1007 oxygen, the increase in emission at the shock
temperature has increased by up to four times the pure oxygen value.

Table 8.4.., lists the results of shocks into 46.3% oxygen/53.77%
nitrogen. The temperature dependence of the quenching rate
constant for the mixture, and the energy pooling rate constant are
shown in figures 8.14 and 8.15. The scatter on these points is
small, the high signal to noise ratio of the traces and the high K

values mean that the analysis is more accurate,

A



Figure 8.12.
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Traces of the Shock Emission at 762 nm.
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Figure 8. 13.

A Computer Plot of the Analysis.
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Table 8.4.

Results of the Analysis of Shocks at 762 nm
into 46.3% Oxygen/53.7% Nitrogen.

Pre Shock Measurements Rate Constants
/1 mol~!s~!
Run . P, Glow Decay Speed 92/91 K 5 T,/K
No. /torr /mV  /m~'  /km s~ kq/106 kq /10

A891  6.47 388 0.566 1.170 4.446 3.37 3.00 1.60 929
891 6.47 191 0.566 1.170 4.446 3.53 229 1627 930
A892  6.35 386 0.515 1.097 4.149 3.28 2,52 2.03 868
892 .35 176  0.515  1.097 4.149  3.39  2.66 2.21 867
A893  6.59 398 0.546 1.110 4.163  3.71 2.13  1.20 865
893  6.59 165 0.546 1.110 4.163 3.81  2.47 1.43 865
A894 6,70 417 0.544 1.070 4.069 3.12  4.22 1,16 829
894  6.70 152  0.544  1.070 4.069 2.98  2.82  1.28 829
A895 6,70 415 0.585 1.168  4.327 3.60 2,70 1.43 927
895 6,70 151  0.585 1,168  4.327 3.48 2.48  1.36 930
A896 .8 356 0.587 1.012 3.950 2.99 2,03 0.93 773
896 6.8 139  0.587  1.012 3.950 2.86 2.02 0.88 774
A897 5.2 401  0.509 1.026 4.000 2.93 2,55 1,13 788

897 6.2 149 0.509 1.026  4.000 2.81 2.46 1.04 788

st



Table 8.4.(continued)

Run
NO.

M160

M161

M162

M163

M164

M165

M166

M167

M168

M169

M170

M171

M172

M173

M174

Pre Shock Measurements

P,
/torr

6.75

6.56

6.81

6.7

6.7

6.7

€.75

6.86

6.9

6.64

6.64

6.9

6.75

6.7

Glow

/mv
100
117
97
137
266
239
94
41
89
82
86
110
121
130

€9

Decay
/m!

0.507

0.532

0,531

0.528

0.533

0.551

0.530

0.562

0.555

0.559

0.559

0.548

0.577

0.553

0.530

Speed
/km s™!

1.417

1.389

1.407

0.883

0.877

0.868

1.629

1,701

1.590

1.540

1.582

1.730

1.398

1.3%6

1.718

P /P

5.028
4.951
5.012
3.468
3.446
3.423
5.480
5.613
5.387
S5.306
5.355
5.652
5.000
4.981

5.640

4.51

4.57

4.93

1.89

227

2.32

6.99

6.09

6.09

8.37

4.58

4.87

7.63

Results of the Analysis of Shocks at 762 nm
into 46.3% Oxygen/53.7% Nitrogen.

Rate Constants

/1 mol™! g~

& 5
kq/10 kp/10

5.26

3.61

1.89

1.34

1.91

5.59

9.59

6.47

6475

6.19

724

5.36

4.74

7.13

3.60

3.39

2.70

0.54

0.46

0.67

5.93

8.28

615

627

5.73

3.74

3.51

8.26

164

Tz/K

1208

1175

1195

661

655

646

1475

1574

1434

1363

1420

1617

1182

1183

1599
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Figure 8.14.

Temperature Dependence of Quenching Rate Constant for Mixture

46.3ZOxygen/53.7ZNitrogen.
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Figure 8. 13.

Temperature Dependence of Energy Pooling Rate Constant'..
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8.4.6. 257% Oxygen/757 Nitrogen

A typical shock trace for 257 oxygen/757 nitrogen is shown in
figure 8.12b, and a computer plot of the analysis is shown in figure
8.16. This run was analysed with the new computer programme
written for the HP 2647A intelligent graphics terminal and the
University's new GEC 4082 computer. The postulated model fits the
experimental trace, and the computed line fits the experimental

points.,

Table 8.5 lists the results of shocks into this mixture. The
temperature dependence of the rate constants are plotted in figures
8,17 and 8,18, Despite the enhancement in emission at the shock
temperature, these results show more scatter than for the 46,37 oxygen
results, probably because of the lower pre-shock glow for this mixture

weak in oxygen.
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Table 8.5.

Run
No.

898

899

AB99

900

A900

A901

M192

M192a

M193

Mi93a

Mig94

M194a

Pre Shock Measurements

P,
/torrx

6.80

6.23

6.23

6.27

6427

6.72

6.50

6.50

6.41

6.41

6.40

6.40

Results of the Analysis of Shocks at 762 nm
into 25% Oxygen/75% Nitrogen.

Glow

/mv

105

44.9

134

40.7

119

87.0

126

26.8

141

29.7

143

27.0

Decay
/m-1

0.319

0.392

0.392

0.421

0.421

0.450

0.380

0.380

0.381

0.381

0.363

0.368

Speed
/km s-1

1.414
1.387
1.387
1. 105
1. 105
1.007
1.406
1.406
1.420
1.42Q
1,592

1.592

o,é,/p1

5.036
4,776
4.776
4.107
4,107
3.830
4.808
4.808
4.831
4.831
5.089

5.089

7.48

7.02

3.97

4.09

3.42

7.55

7.06

7.66

8. 10

11,74

11.05

Rate Constants

/1 mol=tg~?

6 5
kq/10 kp/lo

2.73

5.26

3.60

2,38

3.91

4.99

3.40

4.86

4.74

4.83

2.32

4.23

2,93

1.42

137

0.94

3.80

4.04

3.07

4.54

6.38

6e12

169

TZ/K

1164
1173
1173

856

856

759
1190
1191
1207
1207
1432

1432



Table

Run
No.

M196

M19éa

M197

M197a

Mi9s

Migga

Migg

M199a

M200

8.5.{(continued)

Results of the Analysis of Shocks at 762 nm

Pre Shock Measurements

Py
/torr

6.70

6.70

6.70

6.70

6.64

6.64

6475

6.75

6.56

Glow
/mV

110

22.5

125

20.7

131

124

125

123

104

Decay
/m=1

01404
0.404
0.418
0.418
0.404
0.404
0.403
0.403

0.383

Speed
/km s~

1.598

1.6398

0.874

0.874

0.867

0.867

0.874

0.874

1.419

5.232

5.232

J.411

3.411

3.391

3.391

3.406

3.406

4.854

into 25% Oxygen/75% Nitrogen.

11.52

13.02

3.04

2.12

2.90

2.91

2.95

3.34

8.70

Rate Constants

/1 mol~!s™!

8 5
kq/10 kP/10

6.38

4.41

1.62

2.01

1.67

1.54

1.63

155

3.43

B8.61

6.61

0.57

0.49

0.56

0.51

0.55

0.60

3.43

170

TZ/K

1439

1437
638
638
634
»634
639v

639

1210
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Figure 8.17.

Temperature.ﬂependence of Quenching Rate Constant For'Mixturg

25% nygen/75z Nitrogen.
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Figure 8.18. Temperature Dependence of Energy Poolinngaté Constant.
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8.4.7. 457 Oxygen/457% Nitrogen/107 Argon

The collisional quenching of 02(122) by argon at room temperature

3 L mol-1 s-l), but the rate constant might be

is very slow,121 (9 x 10
expected to increase with temperature where, for a monatomic gas, short
range interactions would éredominate.

Figure 8.19a shows a shock trace of the 762 nm emission for the
mixture 457 oxygen, 457 nitrogen and 107 argon. The features of the
shock emission are the same as for the oxygen and nitrogen mixtures.
Figure 8.20 shows the computer amalysis éf the same run, the line
calculated from the parameters found in the analysis fits the experimented
points well;

The results of shocks into this mixture are listed in table 8.6.

The rate constant for quenching of 02(;2;) by the mixture at the shock

L
temperature, kq, is calculated from the parameter kq by :

kq = kq'/([ozl + INZJ + [Ar]) 8.28

where the concentrations of the gases are at the shock density, The
energy pooling rate constant is calculated from the value of K and kq
from equation 8.11; the room temperature value of qu is calculated

from equation 8.18 using a &alue of 9 x 103 2 mol.1 s'—l for k&Ar.

The temperature dependence of the quenching rate constant for the
mixture, and the energy pooling rate constant are shown in figures 8.21
and 8,22,  The effects of vibrational relaxation are not included in
the analysis of shocks into mixtures containingnargon. The addition
of argon increases the vibrational relaxation time of oxygen, and so
with the large K values the effects of vibrational relaxatioh on the
analysis become less important, The addition of nitrogen to:these

mixtures ensures large K values, well defined relaxation zones and

more accurate analysis.
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Figure 8.18.
Traces of the Skock Emission at 762 nm.
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Figure 8.20

A Computer Plot of the Analysis.
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Table 8.6.

Run
No.

A991
992
A992
993
A993
994
A994
995
A995
296

A99%96

P,
/torr

6.31
6.80
6.80
5.82

5.82

6.59
6459
7.05

7.05

Results of the Analysis of Shocks at 762 nm

into 45% Oxygen/45% Nitrogen/10% Argon.

Glow
/v

34.0

40.4

34.6

53.8

48,6

87.8

81,1

78.9

87.0

101

98.7

Pre Shock Measurements

Decay
/m~?

0.467

0.524

0.524

0.430

0.430

0.464

0.464

0.478

0.478

0.515

0.515

Speed

/km s-!

1.655

1.635

1,635

1.631

1.631

0.879

0.879

0.964

0.964

0.953

0.953

Pp/ Py

5.286
5.260
5.260
5.257
5.257
3.483
3.483
3.748
3.748
3.715

3.715

9.77

9.52

10.85

8.39

8.66

2.44

2.42

2.38

2.54

2.71

2.55

Rate Constants

/1 mol™t s~!

6 5
kq/10 kp/lo

8.45

5.51

4.42

5.79

8.06

1.21

1.51

1.82

14.6

2.3

8.51

8.40

12.3

0.51

0.49

0.77

0.85

0.69

0.89

176

T2/K

1620

1589

1589

1586

1586

667

667

755

755

743

743



Table 8.6.(continued)

Run
Noe.

C121A

C123A

C124

Ci24a

ci125

cil2s5a

C126

C126A

Results of the Analysis of Shocks at 762 nm
into 45% Oxygen/45% Nitrogen/10% Argon.

Pre Shock Measurements

P,
/torr

6.55

6.39

6.51

6.51

6.47

6.47

6.92

6.92

Glow
/mv

37.2

37.6

66.6

106

104

108

89.6

86,1

Decay

/m=~1

0.496

0.463

0.487

0.487

0.495

0.497

0.535

0.535

Speed
/km s-1

1.379

1.404

1.437

1.437

1.411

1.411

1.380

1.380

pz/m

4.663
4.702
4.752
4.752
4.713
4.713
4.664

4.664

Rate Constants

6.08

6.47

6.63

€.14

6.43

6.45

6.02

5.94

k

/1 mol™'s™!

c\/105 kp/10°
3.32 3.56
3.43  3.92
4,39 5.14
4.67 5.06
4,02 4.54‘
3.82 4.37
333 3.57
3.45 3.64

177

T2/K

1258

1293

1341

1341

1303

1303

1259

1259



Figure 8.21. Temperature Dependehce of Quenching Rate Constant for Mixture
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8.4.8, 307 Oxygen/30% Nitrogen/40Z Argon

A trace of the shock output can be seen in figure 8.19b, and a
computer plot of the analysis in figure 8.23. The postulated model

and the experimental points fit well.

The results are listed in table 8.7 and plots of the quenching
rate constant for the mixture, and the energy pooling rate constant

against temperature are shown in figures 8.24 and 8.25.
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Figure 8.23
A Computer Plot of the Analysis.
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Table 8.7,

Results of the Analysis of Shocks at 762 nm
. into 30% Oxygen/30% Nitrogen/40% Argon.

Pre Shock Measurements Rate Constants
/1 mol™' s-1.
Run . P Glow Decay  Speed pz/p1 K

No. /torr /aV /m-! /km s=1 kq/lo6 /105

P
Ci38 6.96 57.0 0.602 1.393 4.494 8.73  2.37 5.30
C139 6.31 7847 0.606 1.401 4.506 6.89 4.82 8.30
C140 6.47 80.2 0.588 1.393 4.494 8.64 3,39 7.38
C141 6.72 60,1 0.600 1.581 4.727 12.01 5.84 17.76
C142 6.84 53.8 0.592 1,608 4.756 14.95 5.38 20.43
C142A 6.84 53.4 0.592 1,608 4.756 10.36 6,59 17,34
C143 6.76 46.6 0.584 1.616 4.764 13.53 5.60 19.25
C143A 6.76 51.6 0.584 1.616 4.764 10.66 6.78 18436
C144 6.64 50.1 0.583 1,479 4.607 8.11 4.65 9,54
C144A 6.64 47.7 0.583 1.479 4.607 7.29 4.53 8.36

C145 7.08 42.6 0.598 1.470 4.596 9.99 4.67 11.96

ci45a 7.08 44.2 0.598 1.470 4.596 7.77 3.49 6.94
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TQ/K

1438

1451

1438

1767

1817

1817

1832

1832

1583

1583

1568

1568




Table 8.7.(continued)

Results of the Analysis of Shocks at 762 nm
into 30% Oxygen/30% Nitrogen/40% Argon.

Pre Shock Measurements Rate Constants
/1 mol~!g~1
Run = P, Glow Decay  Speed pz/ ) X
No. /torr /mV /m~! /km st

kq/10° kp/105
C146  6.80 34.3  0.567 1.200 4.180 4.55 3.47 4401
C146A 6.80  41.5  0.583  1.200 4. 180 a.16° 1.81 1.9
C147 6468 57.2 0.578  1.201  4.182  7.44  1.41 2.65
C147A 6.68 54.4  0.578  1.201 4,182 7.15 1417 2411
C148 6476 53.4  0.583  1.212  4.201  6.48  1.57  2.59
C148A 6.76 53,4  0.583  1.212 44201 4,75 2,62 3,17
C149  6.60 68.1 0.574 0,869 3.396  2.55  1.53  0.85
C149A 6.60 69,4 0,574 0,869 3.396 2.02  1.63  1.01
C150 s.éo 109,  0.563 0.881 3.432 2,08 1,18  0.62
C150A 6.60 110, 0,563 0,881 3.432 361 0.79 0.7

C151 6.92 120, 0.600 0.873 3.408 2.68  1.45 0.88

C151A 6.92 113, D.600 0.873 3.408 2.17 1.43 0.79
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T,/K

1177
1177
1178
1178
1195
1195
759
759
73
73
764

764



18

288 .

Figure 8.24. Temperature Dependence of Quenching Rate Constant for Mixtu;e

— 3ﬂZinygen/3ﬂz Nitrogen/4ﬂz Argon.
7~
,..; /’//
‘ //f"{)dP
o~ s’
///,@
— el
O/,f, @) O
o
— /’//"’
4%’"
= o
B-===-"" | |
R | i ] 1 | ] |
420 628 g8gg 18292 1202 1420 16820 ieep

Temperature/K

vel



28

15

51 mc::l"'4 8

ke /18

Figure B.25.

Temperature Dependence of Energy Pooling Rate Constant.

- 38% Oxygen/38% Nitrogen/4BX Argon. 4
/
90
P ! z I L 1 !
- 280 682 820G 128 1223 1400 1628 1880

428

Temperature/K

S8t



186

8.5. Discussion

Young and Black?? suggested that the emission from 02(122) at
762 nm is collisionally enhanced. Using their rate constant for the

1 - . ey 2
3 s 1) and assuming that it is not temperature

emission (7.8 x 10° 2 mol
dependent, the increase in emission at the shock front would be 5.7
p,/p, at 1600 K.  The results in this chapter show that at the shock
front the intensity of emission yaries simply as the density ratio,
for shocks into pure oxygen and all mixtures with nitrogen and argon,

There is no evidence for any collisional enhancement of the 762 nm

emission.
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8.5.1. Oxygen/Nitrogen Mixtures

The addition of nitrogen to the oxygen flow after the discharge
decreases the pre-shock glow, but increases the shock emission., The
shock enhancement gives a clearly defined relaxation zone leading to
a better precision for the rate constants., A comparison of the K
values for each mixture at the same shock temperature shows that the
equilibrium emission enhancement can be up to ten times higher than

expected from the shock compression at 1400 X,

% Oxygen Run No. T/K K value
At T = 850 K
100 856 (943) 1.03
90 A913 852 1.54
72 886 847 2.16
46 893 865 3.81
25 A900 856 4.09
At T = 1170 X
100 882 1181 1.08
90 M202 1172 1.99
72 M188 1179 2.84
46 M166 1175 4,57

25 AB99 1173 7.13
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%2 Oxygen Run No. T/K K value

At T = 1430 K

100 884 1449 1.41
90 ‘ M206 1424 2.80
72 M185 (1347) 4,27

46 M168 1434 6.25
25 M196 1439 11.52

Vibrational relaxation is included in the analysis of all oxygen
and oxygen/nitrogen shocks, It has most effect on the pure oxygen
shocks where the value of K is near one, and if it is not included,
the value of kq will be underestimated, At higher concentrations of
nitrogen where the relaxation rate of the mixture is slower than for
pure oxygen and the K value high, the effect of vibrational relaxation
on the quenching rate constant is small, A comparison of figures
6.5 and 8.13 for the analysis of run number A891 shows that when
yibhrational relaxation is not included, the pseudo first order quenching

]
constant, kq - can be underestimated by up to 207.
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'8.5.2. The Collisional Quenching of 02(;2;) by Oxygen and Nitrogen

The quenching rate constants. for the yarious oxygen/nitrogen
mixtures, plotted against shock temperature all give curved plots
(figures 8.7, 8,10, 8.14 and 8.17); the curvature is different for
each mixture, If values are taken at various temperatures from the
"best line" for each mikture, a normal kinetic plot of kq_against mole
fraction of oxygen can be made at each temperature; values from the
100% oxygen graph (figure 8.4) are not included in this plot, lines
at 100 K intervals are shown in figure 8.26; they obey, within experi-

mental error, equation 8.17 :

k = k 'x + kq XN 8.17

where =] - x
xNZ 0,

Extrapolation of these plots gives values of the quenching rate
constants of 02(122) by pure oxygen, kqoz, and pure nitrogen, quZ, at
each temperature.

The values are listed in table 8.8 and plotted against temperature
in figure 8.27.

At room temperature, nitrogen is a more efficient quencher of
02(12;) than oxygen, but above 1000 K where the lines cross, oxygen
becomes more efficient than nitrogen.

The measured yalues of kqo2 obtained from shocks into 100% oxygen
lie below the extrapolated values from the kinetic plot (figure 8.26).
Considering the difficulty in defining the relaxation zone for shocks
with K values near one, the extrapolated values are preferred.

Arrhenius plots foi the quenching rate constants are cur#ed over

the temperature range 295 to 1600 K (figure 8.28), A Landau-Teller

plot of the quenching of 02(}22) by oxygen possibly gives a straight
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line in the temperature range 700 to 1200 K, but at the extremes of
this range, the linearity is lost (figure 8.29). It is obvious

that there is no simple temperature dependence for these quenching

reactions,



Figure 8.26.
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Table 8.8.

Quenching and Energy Pooling Rate Constants
at various Temperatures.

Temperature/X Rate Constants /1 mol™’ s
k?/w6 k’ff/m6 kp/10°
295 0.10 1.27 0.12
600 | 0.86 2.02 0.51
700 129 232 0.75
800 1.77 2.68 1.06
900 2.45 2.98 1.46
1000 | 3.23 3.38 2,15
1100 4.21 3.72 2.84
1200 5.30 4.14 3.75
1300 6439 4.62 4.95
| 1400 7.70 5.20 6.42
1500 9.24 5.70 8.41
1600 - - 11,05
1700 - - o 14443

1800 - - 18.07
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| Figure B. 28.k - Arrhenius Plot for Quenching and Energy Pooling RaterConstahts.
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8.5.3. The Collisional Quenching of oq(lz;) by Argon

The temperature dependence of the quenching constant for the
mixture for both sets of results with argon show a similar shape to
the 507 oxygen/507 nitrogen results. The added nitrogen, although
complicating the analysis, gives the high K values wanted for accurate
results,

The room temperature quenching constant for O (1Z+) by argon is
mp 2' b

3 1 s“l

slow (9 x 10° 2 mol ). The results in figures 8.21 and 8.24 show

that this value is little changed at the higher shock temperature, and
only an upper limit can be given.

The dotted lines in figure 8.21 and 8.24 are calculated from the
N 0
values of kq 2 (at T2) and kq 2 (at Tz) from table 8.8 and the unchanged

room temperature value of quﬁ and give quite a good fit to the points,

The dashed line in figure 8.24 defines an upper limit for the quenching

3 '3 mol-'1 s-l.

rate constant of 02(122) by argon at 1500 K of 9 x 10
The results from the argon mixtures above 1500 K cannot yield quenching
rate constants for the individual gases as there are no values of kqoz
and qu2 above 1500 K.

8.5.4, The Energy Pooling Rate Constant

02(;2;) is formed in the energy pooling reaction from two Oz(lég)

molecules.
o.lay + o.cta) pa oy 0,30 8.2
2 %" 7 2t g 2 g 2" g

This reaction should depend only on the square of the concentration
of 02(}Ag) and be indepéndent of any added gases.  The tempera;ure
dependence of the energy pooling rate constant is curved for each oxygen/

“itrogen‘m{xture. as each graph shows (figures 8.8, 8.11, 8.15 and 8.18).



Figure 8.30. Temperature Dependence of Energy Pooling Rate Constant o
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All the results are plotted on one graph in figure 8.30 where it
can be seen that there is no composition dependence. This provides
confirmation that the energy pooling rate constant is independent of
added gases, and additional proof of the correctness of the model.
Results of the energy pooling rate constant are listed with temperature
in table 8.8,

The energy pooling rate constant plots for the argon mixtures
(figures 8.22 and 8,25) give the same values and show the same
temperature dependence; the lines drawn in the figures come from the
oxygen/nitrogen mixtures. The points fit the lines well and provide
striking confirmation that the energy pooling rate constant is
independent of added gases. Additional values of kp at temperatures
aboye 1500 K from the argon mixtures are listed in table 8.8,

An Arrhenius plot for the energy pooling rate constant does not

give a straight line (figure 8.28), and a Landau-Teller plot is also

curved (figure 8.29).

8.5.5. Revised 100% Oxygen Results

The 1007 oxygen values for the energy pooling rate constant listed
in table 8.1. fall systematically below the line in figure 8.30 (see

the dashed line in figure 8.4).

The value of k obtained from figure 8.30 at each shock,tempgrature,
together with the measured K yalue, is used to calculate a new kq 2
(at Tz) from equation 8.11 for each run listed in table 8.1, The
Tevised values are listed in table 8.9 and plotted against temperature
in figure 8.31.  The ievised values still fall below the line
calculated from the results of the oxygen/nitrogen mixtures, especially

at temperatures above 1000 K; at higher temperatures the scatter is

Ctonsiderable.
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Table 8.9.

Revised Rate Constants for 100% Oxygen.

Run Rate Constants /1 mol™'s™!
No. kq/10° ko/10° kg/10°  T,/K
measured from Fig 8.30 revised
770 3.48 7.7% 6424 1475
777 4.25 7.45 7.57 1460
797 4.13 7.82 7.19 1480
801 3.13 3.60 4.20 1185
803 - 0.58 0.83 650
835 - 0.82 1.12 739
839 3.38 4.19 5.58 1238
853 - 1.91 2,57 961
854 2.38 1.76 2,51 935
855 2.24 1.77 2.18 937
856 2.19 1.81 2.45 943
870 - 2.50 2.81 1054
asg) 3.67 3.72 4,63 1197
882 2.72 3.57 4.39 1181
Ag84 4.79 7.29 6.81 1449
910k- 3.91 7.71 4.79 1473
a910 4.39 7.71 4.85 1473
M110 2.73 3.16 3.37 1140
M124 6.84 8.21 8.42 1497
M125 - 0461 0.91 673
M127 1.05 0465 0.83 681
M129 - 0.46 0.89 611
M146 e 3.96 S 4,90 1220
M147 5437 © 11.85  8.20 1647
M1so 8.13 et 6,97 1655

151 3.37 10,78 4.66 - 1608
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Figure B.31.

Temperature Dependenee of Quenching Rate Constant
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We are unable to get better yalues when K is near one and the 100%
oxygen results are not used in the kinetic plots (figure 8.26) or

listed in table 8.8.

8.5.6, Concluding Remarks

The curved plots in figures 8.28 and 8.29 suggest that there is no
simple temperature dependence for collisional quenching of 02(12;) or

for the energy pooling reaction,

129 on the temperature

Recent work by Kohse~HOinghaus and Stuhl
dependence of quenching of 02(122) in the range 200 to 350 K by H2'

and the corresponding deuterated compounds showed

NZ' HC1l, CH,, NH

4° 73
linear Arrhenius plots. Their values for nitrogen are included as
the dotted line in figure 8.28 at the low temperature end. The slope
of their line fits our points well, but over the wider temperature
range in this study the Arrhenius plot curves above 600 K.

For these quenching reaction rates, it may be useful to remove
the small T* dependence of the rate constant which is always present
for bimolecular reactions (from collision theory =~ chapter 1) and
usually masked by any strﬁnger temperature dependence, The logarithm
of the probability of a callisioﬁ leading to quenching of 02(122) is
Plotted against temperature in figure 8.32, where it can be seen that
while the probability of quenching by oxygen increases with temperature,
that for nitrogen remains nearly constant, increasing only slightly
between 600 and 1500 K. | |

The curved plots suggest that two processes with different
dependences may be respcnsi&le for the collisional quenching of oz(lz;)'
by oxygen and nitrogen. At high tamperatures,bsbqrt tangé repulsive
forces could control energy transfer, and the conversion of electronic

to yibrational energy on the repulsive part of the potential energy
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curye could show a (temperature)—1/3 dependence, as vibrational

energy transfer does. The Landau-Teller plots are curved

(figure 8.29), so clearly this is not a complete solution to the

route for energy transfer, although it may dominate at high temperatures.
At the lower temperatures the rate may be enhanced by long range multi-
polar interactions which might well have a negative temperature

dependence.130

The collisional quenching of 02(122) is treated theoretically by
Kear and Abrahamson69 in their paper oﬁ short range repulsive inter-
actions, and by Braithwaite, Davidson and Ogryzlo70 considering long
range interactions., The theoretical results agree quite well with

experiments for diatomic quenchers other than oxygen, at room temperature,

The yalues for oxygen and nitrogen are listed below.

Rate Constants for the Quenching of 02(12;) at 300 K

J ‘mclm1 st
Quencher Experimental Calculated
Kear and Braithwaite, Davidson
Abrahamson and Ogryzlo
o, 2.8 x 10° 3.4 x 100 ~ 10
N, 1.3 x 10° 9.7 x 10° 9.12 x 10°

For nitrogen, the long range interactions calculation gives a

value more in line with the experimental value, but for oxygen, neither

model describes the experimental findings.

crelly72
Braithwaite, Davidson, Ogryzlo and Schiff **" have calculated

Tate constants for both long range and short range interactions for a
temperature range 170 to 400 K for hydrogen and hydrogen bromide, and
Suggest that although the long range multipolar interactions account

for most of the quenchiag, the short range repulsive interactions may
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also be important. Here the sum of the two calculated yalues best
fits the experimental results,

The study of Thomas and Thrush73 finding a common suprisal plot
for the quenching of both 02(122) and 02(1Ag) apparently
indicates a non-specific quenching process, though their work did not

include oxygen as a quencher, and was only carried out at room

temperature,

The similarity in temperature dependence for the rate constants
for collisional quenching and energy pooling suggest that both may
proceed by common parallel mechanisms,

The argon results show that for a gas with a slow deactivation
rate constant at room temperature, any change with temperature would
haye to be very large to be observed within the hot flow time available
for measurements in a discharge flow shock tube.

More definite conclusions for these temperature dependences might

be made when results are obtained from gases which have a higher

quenching rate constant at room temperature. Experiments are in

progress with carbon dioxide and nitrous oxide, and preliminary

results indicate,an interesting negative temperature dependence,
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ChaEter 9,

._The_Dimol,Emissions;of.Oz(lAg).

9.1, Introduction

The three dimol emissions of Oz(lAg) were first identified by

Gray and Ogryzlo16

1 1 3. - 3~
02( Ag) + 02( Ag) -+ 02( zg) + 02( zg)

+ hv(d = 634 nm) 9.1
1 1 3.~ 3.~
0,("8)up * 0o Byeo 0,2 a1 0,02 ) hup
+ hv(l = 703 nm) 9,2

1 . 1 3= 3.~
0,180y *+ 08 L0 > 0,05 L0 e 0,0

+ hv(h = 579 nm) 9.3

These three emissions have been studied both at room temperature
and at the high temperature attained when a shock is run into the flowing
discharged gas, We have been able to check the assignment kinetically,

determine the relative emissivities and estimate rate constants for the

emiggions between 1150 and 1500 K,
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9,2, Experimental Proceedure

The two photomultipliers were clamped in position at the obgervation
station throughout the series of experiments. For the high temperature
studies, three shocks at nominally the same temperature, gave one
result for the 634 nm emission, one result for the 703 nm emission and
one result for the 579 nm emission from one detector. The second
detector observed the 634 nm emission for all shocks and was used as a
reference to correct for variations in shock speed and pre-shock glow
for the three results, For all shocks the downstream pressure was
adjusted to ~ 6,5 torr (0.87 kPa) and the oxygen flow was maintained

1 at 1 atmosphere pressure),

at 1.62m s (28 ml s
At room temperature, comparative readings were taken at each

wavelength from the same detector as for the shock results, the reference

detector was kept with a 634 nm filter, and the emissions were corrected

for any long term changes,

The pre-shock decay rate along the tube was not measured, but the
value of the post shock decay rate showed that the system was behaving
normally,

The filters used peaked at 630 nm (for the 634 nm emission), 706 nm
(for the 703 nm emission) at 579 nm; all had measured half-height peak
widths of 10 ¢+ 1 nm, For esch dimol band, the published spectrum83’18
was matched with the filter transmittance, The area under the band was
measured by surmirg the height at 1 nm intervals, The fraction seen by
the filter was calculated by summing the product of the filter trans-
mittance and the band beight at 1 nn intervals, and compared with the
value for the whole band, The actual shape of the band is important
in these calculations, but the height cancels out, Figure 7.7 shovs

the band and filter fer the 634 nm emission, For each filter we are

Observing 24 * 3% of the incident intensity,
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For the emission ratios, no corrections were made for the filters-
and as the measurements were made with one detector.clamped in position,
the geometry of the system was unimportant, The emissions were corrected
for the variation in quantum efficiency with wavelength of the photo-
multipliers, which was plotted out from the manufacturers published
curves (figure 3.12), Schurath116 found these to correspond, within

experimental accuracy, to his calibration curve for the similar

9659 QB photomultiplier (EMI).
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9.3, Treatment of Results

9.3.1, The 634 nm Emission

The analysis of results at 634 nm has been discussed already
(Chapter 7).
The emisgsion rate constants for the 634 nm emission can be

calculated from the room temperature rate constant of 0,016 ¢

mc»l.'1 s-l measured by Derwent and Thrush49, using the equation:
634 T\
e = Py K(T?-) 9.4
2 1 1

where k,r is the rate constant at temperature T, and K is the enhancement
factor measured from the shock trace. The rate constant varies with

T! as expected for a simple collisional process46, and the extra emission
observed at higher temperatures is taken into account by the inclusion
of K in equation 9.4.

9.3,2, The 703 nm Emission

The emission at 703 nm should follow the same pattern at high
temperatures as the 634 nm emission if the assignment of Gray and Ogryzlo

is correct, as it comes from the same pair of molecules,

1 .1 3.~ 3.~
0,18 ) 0ug * 05080 0ug * 0CTumr * 00T,

+ hv(d = 703 nm) 9,2

The emission, then, can be fitted to a similar equation: (Equation 7.4):

AV 9.5
03 . 703 K(’a'f') (’r“) o At R

1

The trace is analysed as described in Chapter 6.
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The emission rate constants for the 703 nm emission can be calculated
from the measured emission intensity ratios and the values already found

for the rate constants at 634 nm, at each temperature:

)
703, 70 1o,(ta ) 703

= = . . k 9.6
636 " I [02(1'38) Ty

provided the respective K values are shown to be the same, and cancel

out,

9.3.3., The 579 nm Emission

The analysis of results at 579 nm will be discussed in Chapter 10,
The emission rate constants can be calculated from the measured
emission intensity ratios at the shock temperature and the values
already found for the 634 nm emission, using:
579 1
0,(4a
579, k [0,(°2))

634I 6

1
110,(°8) 1

=0
]2 9.7

34 1
k 10,C°8),

The relative concentrations of the zeroth and first vibrational
level of Oz(lA ) can be calculated from the Boltzmamdistribution
g

function for a harmonic oscillator:

1 -t -g
.[_02.5.1.5&).‘!:.1.] - e /RTppe /R 9.8
[02( Ag)v'olfacd.

- £ . 1 .
where ¢ is in J mol 1 and /R is 2131K for 02( Ag) (see Appendix II),
The results show that at rcom temperature the rate constant cannot be
obtained using equation 9.7, 2s the number of vibrationally excited

molecules in the flowing discharged gas is greater than would be expected

from the Poltzmamdistribution at that temperature, since the gas is not
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in thermal equilibrium,
The emission at 579 nm is assigned to the transition from two
02(1Ag) molecules, where one is in the first vibrational level,
(reaction 9,3) and this assignment can be checked from a study of the
K values found for shocks at 579 nm,
At the post shock temperature when the adjustment to equilibrium
is complete, the emission will be related to the calculated concentration

at that temperature:.

9B o g 1d ol ) 10,18 ),y B

) &veo 1 9.9

v=]

where 579k' is the temperature independent term in the rate constant
for the 579 nm emission., The measured K' enhancement value includes
both the extra emission seen because of the greater concentration of
vibrationally excited molecules at the shock temperature, and the

increase in emission at higher temperatures as seen with the 634 nm
Eq

emission. The equilibrium emission, ™ "1, 7, is extrapolated back to

zero time and can be seen in the diagram in section 10.3.1, The relative

emigssion at 579 nm to that at 634 nm is obtained from the extrapolated

equilibrium emission at the shock front i.e. at zero time.

579_ E 579
T34, Fq o 634
1, q K I,

where K is the enhancement factor for the 634 nm emission,

7 ‘ 1 Eq 1 Eq
k' 37 5190 10,C80),. 110,80 guy )
Y 5 T

1 2
K I, 10,'4) e 0 9,11
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At the shock froﬁt, the vibrational distribution of 02(1Ag) molecules

is the same as at room temperature where nearly all the 02(1A8) molecules
are in the zeroth vibrational level, and [OZ(IAg)v=0 0] is equal to the
total concentration of Oz(lAg). So, using the partition functions for

a harmonic oscillator:

qu -

. 1 :
[0,("a) _ -€
L Ev e M 9.12
[02( Ag)vwo ]
and 1 Eq
(0,2 . ] -€ >
Zlgvl . e IRT (.o IR 5.13
{02( Ag)vgo ]
So equation 9.11 btecomes:
579
K' I 579 - -€ 2
1 k' o /R, /RT 9.14

3. 634,y

The measured terms on the left hand side of equation 9,14 can be
compared with the calculated terms on the right hand side to give a value

of the ratio of emissicn rate constants,
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9,4, Results

Shocks, in groups of three giving one result each at 634, 703 and
579 nm, are listed in table 9.1, Also listed are the pre and post shock
glows, corrected for different emission levels from the standard
photormultiplier at 634 nm.

9,4,1, The 634 nm Emission

The K values for the 634 nm emission (chapter 7) are listed at
various temperatures in table 9,2, The emission rate constants at
these temperatures calculated from equation 9.4 are listed together

49

with the room temperature value of Derwent and Thrush ~,

9.4,2, The 703 nm Emission

An oscillograph of the emission at 703 nm is shown in figure 9,1.
together with the corresponding trace of the 634 nm emission for the
same shock, The two shapes are identical, as expected for emissions
from the same pair of molecules (reactions 9.1 and 9.2) A computer
plot of a 703 nm emission result (figure 9.2) shows that the postulated
model fits the experimented points well. The K values give the same
results as for the 634 nm emission, and show the same increase with
temperature. The same post shock decay rate is found for the 703 nm
and 634 nm emissioﬁs. The ratios of emission inetnsity at 703 nm to
that at 634 nm, corrected for the variation in quantum efficiency of
the photomultiplier at the two wavelengths, are listed in table 9.2 at
various temperatures, The emission at 703 nm is more intense than that
at 634 nm at all temperatures, by a factor of 1.81 * 0.45, The emission
rate constants at 703 nm fromequation 9.6 are also listed,

9.4,3, The 579 nm Pmission

A precise‘value of the ratio of emission intemsity at 579 nm to
that at 634 nm, corrected for the photomultiplier quantum efficiency,

is listed in table 9.2 from the shocks in table 9.1 at 1400K,



Table 9.1,

Run
Nq.

C132

c134

c138

€133

C136

12

Results of the Analysis of Groups of Three Shocks.

6.59

6.39

6.51

6.51

6.51

6455

6455

6.27
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Pre-Shock Post-Shock
Filter Glow X Glow To/K
/nm /v corre. Vz\% corr.
634 30.0 1,23 3805 1454
579 14,2 13.0 4.94 5323 5055
634 27.5 1.24 2584 1449
703 99.2  99.2 1.11 8322 8580
634 27.5 1.32 2664 1410
634  81.8 81.8 1.09 6558 6558
634 44.7 1.05 2112 1146
579 7.3  6.76 3.17 1151 1082
634 41.4 1.08 1986 1132
634  40.2 40.2 1,03 1830 1830
634 39.3 1,02 1991 1146
703 49.7 52.4 0.94 2073 2068
634 42,7 1.18 3687 1408
579 6.9  6.69 4.25 2146 2146
634 38.6 1,06 2929 1382
9703 49.3 © 52.9 1.06 3741 4709
634 45,5 1.21 4038 1416
634  44.1  40.1 1,16 3762 3435
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Figure Q. 1.
| A Trace of the Shock Emission.
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Figqure 8.2.

A Computer Plot of «rwA>3wHwaw
of a Shock at 783 nm.
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Table 9.2.

Intensity Ratios and Emission Rate Constants
at Several Temperatures.

Temperature/K

634

634y /1 mol s

703 I/ﬁsdl

703k /1 mol”s"

5791,534I

7% /1 molls™"

295

1.0

0.016

1.87

0.030

(0.045)

1150

1.10

0.035

1.63

0.057

{0.098)

1400

1.24

0.043

1.97

0.085

0.48

0.122

from Derwent and Thrush

1500

1.30

0.047

1.78

0.083

(0.132)

2186
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A Plot of Equation 9.14 for the 578 nm Emission.
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The emission rate constant is calculated from equation 9.7, where the
extra emission at higher temperatures is assumed to follow the same
pattern as the 634 nm and 703 nm emissions.

The shocks listed in table 10.1 for the studies of vibrational
relaxation of Oz(lAg) (chapter 10).may be treated with equation 9.14,
Figure 9.3 shows a plot of ktﬁl-;;;il against lafe -E/RT(I-e_E/RT)zl,

1

essentially a log v 1/T plot, for all shocks in table 10.1, which is
linear. The linearity verifies the assignment of Gray and Ogryzlo16

for the 579 nm emission (reaction 9.3), and shows that the enhancement

of the 579 nm emission over that shown for the 634 nm emission is in fact
due to the greater populationof vibrationally excited Oz(lAg) molecules
at the higher shock temperature, The relaxation zone observed ig then
characteristic of the vibrational relaxation of Oz(lAg) (chapter 10),

The slope of the line in figure 9.3.does not yield a value of
579k'/634k' directly, as the two emissions in these cases are from
different detectors; so the geometry of the system would need to be

taken into account, The straight line does however show that the 579 nm

emission rate constant follows the Ti temperature dependence, when the
different relative populations are taken into account, and so the
emission rate constants at other temperatures can be estimated from
the value at 1400K, They too are listed in table 9.2.

The scatter in figure 9.3 is quite small for shock results which

are extremely sensitive to the position of the detectors,

. . 579,634
At room temperature, the measured emission ratio, I/°771 has

8 value of 0,13, Using the emission rate constant at 295K and equation

9.7, the fractionof molecules in the first vibratimal level is 0,’046;

Thig ratio .corresponds to a vibrational temperature in the gas of

1
“700K at the observation station, Knowing the decay of 0,( ég)
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concentration along the tube, and assuming the room temperature
vibrational relaxation of Oz(lAg) to be the same as ground state
oxygen (0,042 s atm), oxygen issuing from the discharge has a

vibrational temperature of 750 * 50K,
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Discussion
The intensity ratios for unit population of the three dimol
emission§ are listed in table 9,3 together with previous results.
These ratios are expressed on the basis of number of quantum emitted
and not total energy.
The errors were minimised by taking comparative measurements at
the same point along the tube with the same detector., The largest
source of error remaining is probably the variation in quantum efficiency
with wavelength of the photomultiplier, The manufacturers published

116 found them so,

curves should be a good guide, and indeed Schurath
though individual tubes may differ. It was not possible to measure

the quantum efficiency of the photomultipliers directly, and so it is
suggested that the ratios listed in table 9,3 are accurate to * 257,

The result for the 703/634 ratio agrees well with that of Seliger131
when his result is corrected for the spectral sensitivity of his system,
but is almost double that of Whitlow and Findlay112 who found the emission
at 703 nm comparable with that at 634 nm, Their measurements were made
with small concentrations of 02(1Ag) at room temperature,

The value for the 579/634 ratio is higher than that of Kahn and
Kasha18 who measured integrated intensities of very weak absorption
bands, For both ratios we have been sble to work at much higher
concentrations of 02(1Ag) attained in the shock compressioq than othgr
workers, and these values are preferred.

Diancv-KIokev133, working on liquid oxygen foupd an enhanced dimol
emission intensity over the single molecule transition, and suggested

that a loss of centre of symmetry with vibrational excitation of onme

member of the molecular pair could account for the observed gnhancament.

134 > treated the problem of intensity

Robinson™" and Krishnala

enhancement for the dimol emissions theoretically, and successfully




Table 9,3,

22

Intensity Ratios fer Unit Populations measured

703nm

1.81 * 0,45

2.0

1.05

/634nm

as Number of Quantum Emitted

579nm

/634nm References

2.8 t 0,7 This work
- 131
- 112
1,44 18

Franck Condon factors for Single Molecule Tramsitions

6.8 x 10'"3

2.2 x 1072 132
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explained some of the aspects of transitions in oxygen pairs., Robinson
suggested that the dimol transition probability for the oxygen pair
might be enhanced from that for the forbidden transition in the

single molecule, by borrowing intensity from the allowed Schuman=-Runge
transition in the ultra-violet, under the influence of intermolecular

interactions,
0,3t + 0,037) + hv 9.15
2" "u 2" g ¢

Tsai and Robinson136 calculated the intensity of the double
transitions from both Oz(lAg) and OZ(IZ;) using a model based on a
pair of molecules ét'a fixed distance, 3.812, apart, and found
satisfactory agreement between theory and experiment., They also
calculated Franck-Condon factors for the (0,0), (1,0) and (2.0) dimol
trangitions from Oz(lAg) and found them close in value to those for the
single molecule transitions.

Einstein A factors calculated from the Franck-Condon factors for
the single molecule transitions are listed in table 9,3, These are
clearly a poor guide to the intensities of the dimol emissions,

In solid oxygen, Landau, Allin and Welsh137 found the (1,0) dimeol
transition at 579 nm to be more intemnse than the (0,0) transition at
634 nm, Tsai and Robinson, in trying to explain the enhanced intensity
of the (1,0) transition, suggested that a change in the intermolecular
overlap of the electronic wavefunction due to nuclear vibrational
motion might be responsible for the stronger observed intensity.
Clearly the calculatiors do not fit the cb;erved intensity distributions,

The low rates predicted by Franck Condon factors result from the

3-
8imilarity in bond length for the Qz(lﬁg) and 0,( 53) molecules. If,
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in the emitting pair of Oz(lAg) molecules a complex is formed and

the bond lengths change, then different Franck Condon factors may
make emissions to and from vibrational excited molecules more favour—
able, In the gas phase, however, there is no thermodynamic evidence
for complex formation. The dimol emission at 634 nm has been shown
in Chapter 7 to be essentially a simple collisional process, and

14,15 concluded from their experiments that the

Arnold, Cgryzlo et al
emitting complex is not bound, Falick and Mahon55 suggested that the
only binding energy is Van der Waals attractive forces, The spectro-
scopic evidence for binary cluster formation at room temperature is

139

negligib1e138 although Blickensderfer and Ewing believe that bound

04 molecules exist at low temperatures, However, spectra from the O4

dimer have been observedlao in solid neon host at 4,2K, and from the

a, B and y forms of solid oxygen137.
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ChaBter 10

Vibrational Relaxation of 02(1Ag)

10,1 Introduction

The vibrational relaxation of Oz(lAg) may be studied by observing
the dimol emission at 579 nm where one of the colliding 02(1Ag)

molecules is in the first vibrational 1eve116:

1 1 3.~
02( Ag)v=1 + 02( Ag)v=0 + 2 02( zg)vno + hv(d = 579 nm)

10.1

We studied the 579 nm emission at the high temperature attained
when a shock is run into the flowing discharged gas, and obtained
Telaxation times for the temperature range 1000 to 1700 K, The
results are compared with previous results for the ground state
molecule,

The change in ccncentrgtion of the vibratienally excited 02(¥Ag)
as the gas flows along the shock tube was studied at room temperature
by measuring the decay in emission at 579 mm. Although this study
yielded some information on the reactions involved, it was not
Possible to obtain a vibrational relaxation time for 02(133) at this
temperature,

~ This chapter is divided into two parts, the room temperature
8tudies first, followed by the results at the shock temperature. A
general discgssion‘ef the whole temperature range completes the

chapter,
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10.2. Room Temperature Studies of the 579 nm Emission,

10,2.1, Treatment of Results,

As we have seen before (Chapter 5) the rate of decay of

0
( A )v=0 is:

1
-d[o,(Ca )y 1 _ 1 1
2 dg v=0" kqiozl [0,( Ag)vno’ + Kk 10,( Ag)vzﬁl 10.2
k. 10, ta ) 1 10.3
A2 Tgiv=0 .
so that at any time, t3
(0 ( A )v=0 K t 634I i
= g A = rovpom— 10.4
[0 ( A ) 63&1
2" g v=0 0

0

where IOZ(IAg)va]O is the concentration of 02(168)V’0 at time,
t = 0, The rate of decay along the tube is measured as a function of
length and converted to the time scale by the linear flow velocity
~ of the gas (Chapter 5),
if 0 ( A ) molecules are formed in or just after the
discharge, there will be a greater population of the vibrationally
excited molecules in the gas flow than would be predicted by the
Boltzmann distribution function at that temperature., These
vibrationally excited molgtules,iose their excess enetgy as the
flowing gas attains vibrational equilibrium at room temperature,
So, by adding a tem to :he equation for the decay of the‘

Unvibrationally excited 0,( Ag), the rate of decay of 0, ta )v~1
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should be given by:

1
~d0,("8) _,]
2 “gv=1 1 1
it quOZ( Ag)v=1]{02} * kw[oz( Ag)v=1]

* 1
+ kg [0,C8 ) 4110, 10.5

* 1
kAloz( Ag)vsll 10.6

*
where ktel is the vibrational relaxation constant; in this case:

*
1 rel 1
+

0,08 0 * 0 — %lhJu0 * O 10.7
The reverse reaction will be very slow at room temperature and is
ignored,
Similarly, at the same time, €,

{0 (1A ) 1 “kyt
- e ' 1008

( A )v-l 0

vhere [0 (1A ) 1}0 is the concentration at time t = O,
Now for the intensity of emission:

579, ;a {A ) ol (o, s )v,}l

575, ,
I, 102( ag} 3 to, (A )V,lla

10,9

and from equations 10,4, 10,8 and 10.9¢
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= e 10,10

Plots of 1n I/I0 against distance, then converted to time, for
both the 634 nm and 579 nm emissions, give values for the pseudo
first order rate constants kA and k:. If it is assumed that the
quenching by oxygen, and the wall deactivation is the same for both

the v=0 and v=1 states of Oz(lAg), thens

579 634 *
a = a = krel[Ozl 10.11

where a is the measured decay rate, So the vibrational relaxation
Tate constant can be calculated from the difference in measured

decay rates between the two dimol emissions.

10,2,2, Experimental Procedure,

Measurements were made with one detector for both 634 nm and 579 nm
emissions, at two positions along the tube, 900 mm apart, The complete
Toom temperature decay line was not measured, as it was impractical to
change the filter on the photomultiplier at each station, and it was
felt that the long time taken to do a complete line at cné}wavelength,
followed by the second wavelength, would mean that any long term

Changes in emission would lead to errors,

For the 579 nm emission, the recorded voltage levels were very
Small, varying betweén 20 mV and 2 mV, The background light level
¥as of the order of 4 nV, and the procedure for measuring this wvas
Checked,

Normally the background light level was the valcmete? reading -
Yhen the photomultiplier was isolated from the shock tube by black

“loth, If the discharge was switched off, a smaller value vas
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obtained, but as the discharge is the major producer of stray light,
this value was discarded, Switching off the oxygen flow produced

a bright purple discharge in the resulting vacuum, but the higher
background light obviously gave an erroneous reading and it too was
discarded, Finally, a modification was made to the apparatus, so
that the flowing discharged oxygen could be pumped away without
flowing along the shock tube and past the detector, The zero
correction so obtained was the same as for the "black cloth"

method and this value was adopted, and checked with each emission

reading,

10,2,3, Results,

The decay rate of the dimol emission at 634 nm as measured at
two positions along the tube gave the value as the complete decay
line previously measured (Chapter 5) for the same downstream

pressure and flow rate,

Contrary to expectations, the rate of decay of the'vibrationally
excited 02(138) molecules was aimést the same as that:measured at
534’nm, énd in most c#ses. fractidnally‘slawer. For a series of
’nineteen experiments at pressures ranging from 4 to 12 ;crr (533 -

_ 1 |
1600 Pa) and flow rates of 14 and 28 ml s = at one atmosphere

Pressure !

vhere the error is twice the standard deviation,
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10,3 High Temperature Studies of the 579 nm Emission,

10,3,1 Treatment of Results,

The emission trace from a shock at 579 nm has the form shown

below,
N
~
N
AN
§ N
.; ~ N
(]
.E Izm \\
=

The height of AB above the zero line is a measure of the pre-
shock glow and BC is the initial rise at the’shock front due to the
shock compreséion; The decay DE reflects the pre-shock decay of
excited species as the gas flows along the tube, It is preceded by
a relaxation zone, CD, where the concentration of vibrationally
excited Oz(lbg) is adjusting to the higher shock temperature, The
vibrational relaxation time is obtained from the analysis of this
region,

The trace has a similar shape to that from the 762 nm emission
(Chapter 8) but the relative heights are different; as can be seen
from the position of the zerc.intensity line, The relaxation zone,
although similar in shape, is a result of different processes,

For the 579 nm emission, the emission is dependent on two
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electronically excited molecules collidings
0,8y +o M) o+ 20D =m0 = 579mm) 1041
2 Tgiv=1l 2" gv=0 2" g'v=0 *

and, as for the 634 nm emission, the rise at the shock front can be

described by:

p 2 T }
57910 - 579I { *Z'} o2 10.13
2 1 CH T1

for a simple collisional process,

The enhancement in emission in the relaxation zone is due to the
4 . * - » 1
increase in vibrationally excited 02( Ag) molecules as the gas relaxes
to equilibrium at the higher shock temperature, The equilibrium
em' » 579 Eq . dl b d s
ission, 12 , at T2 is shown on the diagram above, and is the
emission extrapolated back to zero time, i.e. at the shock front,

It is defined as:

P 2 1 4
2 1 Y Ty

where the enhancement factor, K', also includes any extra emission
at temperatures above 1100 K, as seen in the 634 mm emission.
For vibrational relaxation, two processes are occurring:

k
1 + 1 - 0. 10,15
02( Ag)v*a + 0, — 02( Ag)v=1 2

and

. ,
1 iy 1 ¢+ 0 10,16
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Then the rate of formation of the vibrationally excited level is:

1
dio (A ) ] ~
2" plv=1" _ 1 - 1
TS k, 10,110, ( Ag)v,01 k_10,110,( Ag)v=11 10,17
and
0,8 ) 1 = 10,08 ) 1, = 10,(%) 10.18
2" "g’v=0 2" g'v=0"0 gv=1 '
. 1
where [O ( A ) O o is the concentration of 02( Ag)vwo at zero

time, Integratlng equation 10,17 between time = 0 and time = t:

to(A)W1 k,10,110,C8 ) 00

(k_ + k10,110,811

[0 ( A )v-l 0

-(k_ +%k,)[0,]t k, [0,110,( 1y ) -
v e - Y2 [1 v=0! = {] 10,19
(k_ + k*)[ozltoz( Ag)v_l

[02( Ag)v «1]p can be identified with the initial rise at the shock

front, 5791(2),

lf(k+ + k )[02] for the two level process described here.

and the vibrational relaxation time, T, is

Taking the overall decay along the tube, A, into account,

equation 10,19 can be written as:

2
T -
579, 579, {f}_ (2} e + TTa-xptt 0.
"2 1lp T
1 1 , .
k, [0 ( A) : |
Where k! ! 2 % V'O 0 and also takes into account

(k + k )1@ ( A }v*l}
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the extra enhancement of emission at higher temperatures as seen at
634 tm, Equation 10,20 must be integrated as before (Chapters 7 and

8) to allow for the finite rise time of the system,

t
%E J[ 57912 dt, where At is the integration time; giving:
t-At
519, o 2 ¢ by -At (At = t/1)
579; . 1{__3_} {___g} — -e /7y
2 At pl T]_ A - /T
r ¥
. EA\._eAt (l-eMt)] 10.21

and it is this equation to which the experimental points are fitted
using the routine described in Chapter 6, This equation is
similar in form to that for the 762 nm emission (equation 8.14) but
the initial rise at the shock front is different, and X' and t have
other meanings, |

Optimuﬁ vaiues of’K', t, A and At are found on itera-tion for
each shock, The value of the relaxation time, t,.is corrgcted for
the shock pfessure in torr and expressed as a Napier time in us

atmospheres,

P

- 2 10.22
tau/us, atm, T .57

10,3.2, Results

The two detectors are clamped in position at thg abservatign =
Station during these experiments, so that a compariscn of the two
¢missions can be made {Chapter 9), and so no pte*shpck decay rates
a%e measured, However, the pte-shéck decéy rate for the 634 m -

*tission ig {dentical to the post-shock decay rate (Chapter 7)
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which is constant, within experimental error, throughout these
experiments,

The shape of the 579 nm emission trace can be seen in figure
10,1; the 634 nm emission trace has the form described in Chapter
7, the 579 nm emission trace has the form described here, A computer
plot for the 579 nm emission is shown in figure 10,2, the computed
line fits the points well, showing that the suggested model is
correct, Analysis of the K' values shows that the higher population
of vibrationally excited molecules at the shock temperature results
in increased emission, and that the relaxation zone is characteristic
of the vibrational relaxation time (Chapter 9).

The results are listed in table 10,1 and give the parameters
for both 634 nm and 579 nm emissions from the two detectors for each
shock, The flow rate of oxygen was 28 ml 8-1 at 1 atmosphere pressure,
and all runs were performed with the discharge power at 100 watts,

The results listed in table 10,2 had the microtron power at 80
watts, which effectively reduced the production of excited molecules,
The small pre-shoék glow for the 579 nm emission made these shocks
difficult to analyse, The last three shocks listed in table 10,2
had only 75% of the oxygen flowing through the discharge. A
measurable pre-shock glow was obtained by opening the slits on the

detectors,

' S | .
A Landau-Teller plot of the Napier times for 02( bg) relaxation
-1/3)

against frozen temperature at the shock front (ln tau against T

is shown in figure 10,3, The full line is the averaged results from

102 ,
Previous work on ground state oxygen, the dashed line is the

least squares fit to the points,

The points plotted in figure 10,4 are from the tesult; listed

. . 1 ‘ ’
In table 10,2 where the concentration of 0,( Ag) was reduced, Apart
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from two anomalously high Napier times, these results are in
reasonable agreement with the previous runs, The scatter is too great
to discern any effect of the lower concentration of Oz(lag) on the
relaxation time, and further reductions in microtron power or
discharged oxygen, produced results which were too noisy for analysis,
The experimental results for the vibrational relaxation of
discharged oxygen in the temperature range 1000 to 1700 K fit the
equation:
1

In(t/us, atm,) = 126,7 T '3 - 8,47 10,23
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Traces of the Shock Emission.

Run No. 941

Inténsity 1V divt

Intensity 400mV div?

time lﬁ?yc div
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Figure 1B.2.
A Computer Plot of the Analysis
of a Shock at 579 nm.
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Table 10.1.

Resulls of the Analysis of Shocks at 579 nm and 634 nm
into 100% Oxygen.

Run P, Pre-Shock Speed Shock Enhancement Post-Shock tau
No. /torr Glow/mV /km s"Temperature 63 579 Decay/m~! ,us
634 579 T,/K T,/K 'k °°k 634 579 atm

930 6.68 28.3 137 1147 1.24 1.12
5.0 1279 4.43 1.41  28.5

931  6.51  35.9 1.586 1426 1.29 1.08
6.0 1620 4.85 1.24  10.5
933  6.35 37.9 1,500 1310 1.29 1.04 ,
: 66 1478 3.74 0.96 8.5

934 6.31  34.0 1.372 1148 1.1 1. 10
640 1281 3.08 1.10 28.6

935 .39 28.8 1.372 1148 1.20 1.01
5.0 1281 3.64 .13 21.7

336 6.68 29.1 1.610 1459 1.28 1,12
5.1 1661 5.37 122 13.6

938  6.8¢ 36.8 1.350 1122 1.26 1.21
6.6 1249 3.41 1,31 21.4

%39 ¢.76 1049 1.15 1,09

. 40.1 1.287

7.1 1160 3.36 1,51  36.3

940 978  1.08 1,09

6. . 1,225 .

o4 45.0 7.9 1078 3,73 ' 1«50 64.5

941 1.12

6. . <383 1162 1.15
;59 8.4 7.9 "3 1297 3.45 1.32 22.1
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Table 10.1.{continued)

Resulfs of the Analysis of Shocks at 579 nm and 634 nm
into 100% Oxygen.

Run P, Pre~Shock Speed Shock Enhancement Post-Shock tau
No. /torr Glow/mV /km s~' Temperature 6 5 Decay/m~' /us
634 579 T /K T,k 0% % 634 579 atm

C54 6.72 34.6 1.624 1479 1.39 1.23
6ot 1685 5.64 1.39 18,5

C57 6.39 29.8 1.607 1455  1.51 1.15
5.3 1656 600 1.27  13.1

C58  6.47 27.9 1.589 1430  0.71 0.97
4.5 1625 4.68 1,04 11 4

CS9  6.47 27.8 1,602 1448 1.36 1.16
5.0 1647 4.78 1.21  13.3

C60 6.55 30.6 1.373 1149 1.25 1.13
6.0 1282 3.67 1.48 2847

C61 6.88 35.4 1.582 1420  1.26 1.18
6.6 1613 4.90 1.20 10.8

C62 .88 35.0 1,565 1387 1.27 1.25

C83 g,64 42,7 1.523 1341 1,23 ~ 1.08
7.6 1515 4.63 1.25  15.5

64 6,72 4t.8 1.473 1275 1.41 1.32

85 6,72 41.9 1523 1341 1.06 1.01

746 1515 3.72 1.18 10.4
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Table 10.1.(continued)

Resulls of the Analysis of Shocks at 579 nm and 634 nm
into 100% Oxygen.

Run P, Pre-Shock Speed Shock Enhancement Post=Shock tau
No. /torr Glow/mV /km s~! Temperature 634, 579 Decay/m-' /us
634 579 T, /K To/k OO% Pk 634 579 atm

C67 6.84 40.5 1.506 1318 1.13 1,07

7.4 1488 4.06 1,27 13.5
C68 6.76 41,0 1.529 1349 1,12 1.13

6.7 1525 5.26 1,30 14.1
C69 6,40 39.2 1.630 1487  1.29 0.87

6.8 1696 5,76 1,32 6.3
€70  6.68 42.6 1.604 1451 1.16 0.79

7.1 1651 5.47 1.36 11.0
C72  6.76 43.6 1.714 1606  1.42 1.07

7.6 1846 5,80 1.16 640
C73  6.59 42.2 1.620 1473 1.26 0,94

7.2 1678 5,51 1.28 9,9
C34 6,72 33.8 1.358 1131 1.12 1.10

5.9 1260 3,57 1.58  19.4
C95  g,72 38,7 1.376 1153 1.23 0.90

6.8 1287 5,03 1.37  39.5
€96 6,72  42.9 10363 1137 1.17 1401

1.7 1268 3,00 1,12 15,3
€97 6,72 45.1 10360 1134 1.29 1.04

8.1 1263 3.14 1.06 114



Table 10.2.

Run
No.

942

943

944

945

C74

Cc75

C76

c78

956

958

959

/torrxr

6.43

6.84

6431

6435

6.55

6.64

6.51

6.84

6.23

6.39

6.96

into 100% Oxygen.{Power 80 watts)
(Final 3 Shocks ~ 75% Oxygen through Discharge)

Pre~-Shock Speed Shock
Glow/mv  /km s"Temperature
634 579 T, /K T2/K
20.6 1.586 1426
4.05 1620
211 1571 1405
4.0 1595
22. 1 1.488 1295
4.3 1459
1646 1.465 1265
3.3 1422
40.2 1390 1165
7.0 1308
213 1.378 1156
4.3 1290
2645 1.386 1165
5,3 1302
24.0 1.592 1434
4.8 1630
43.1 1,386 1165
7.7 1302
44,5 1.597 1441
749 1639
41,0 1.573 1408
6.9 1598

Enhancement

634K 579

1.26
7.07

4.36

1.32
7+56

1. 14
3.28

0.85
1.85

1.37
2.82

1.11
3.09

- G .

1.19
3.48

240

Resulls of the Analysis of Shocks at 579 nm and 634 nm

Post~Shock

Decay/m~!
634 579

0.80

1.10
1.24

1.24

1.24
1.31

0.98
1.18

125
1.24

1.02
1.21

1.12

0.98
1.14

0.97
1.14

0.96

tau
/us
atm

44.6

19.4

4741

10.0

15.2

18.0

15.7

13.0

10.6

11,5
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Figure 10.3.

Landau-Teller Plot for Vibrational Relaxation

of Discharged Oxygen.
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Figure 10. 4,

Landau-Teller Plot for Vibrational Relaxation
of Discharged Oxygen.
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10.4, Discussion

Vibrational relaxation in ground state oxygen has been studied
extensively by many workers, both at room temperature, and in shock
tubes to temperatures up to 7000 K,

The results of Generalov and Losevl41 who measured the change in
ultra-violet absorption spectra between 1200 and 7000 K, White and

Mi1likanl4?

from interferometry at 600 to 2600 K, and Lutz and
Kiefel:‘ll‘3 using a laser schlieren technique at 1000 to 3000 K, all

fit well the equation for vibrational relaxation of ground state

oxygen102,

-l
Ioglo(rlus. atm) = 54,7 T /3 - 9,535

-1
or In(t/ys, atm) = 126,07 /3 - 8,14 10.24

At room temper#turé, the Landau-Teller plot has a definite
curvature, as foﬁnd for many non-polar diatomic molecules, where the
transition probability is inﬁreased by attractive forcesz. Extra-
polation of equation 10,24 gives T02 = 0;042 s, atm, at 295 K, but
measureﬁehts usingk#n acoustic tesonénce tube at 296 K'by PatkerlAA
géve ?02 ~‘0§618 *+ 0,010 sf atm, from extrapo;sticn‘cf oxygen/hydrogen
mixtuﬁes. Hdlmes, Smith4and Témpestlas using a similarvrescnance
tube method at 303 K obtained a value of 0,016 % 0,024 s. atm, These
eXperimenﬁs are subject té considerable errors as oxygen is not an
easy molecule to study, with a hmgh characterlstlc vibrat1ona1
temperature and a small cnntribut;on of vxbratxanal energy to the
specific heat at room temperature, .

The vibrational relaxation of Oz(lbg) has only»been studied by
Collins and Husalnl 6 and Parker and Ritkelé?, both at room temperature,.

Collins and Husain, using time resolved absorption spectroscopy in
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the vacuum ultra violet gave rate data for the vibrational
relaxation of Oz(lAg) and ground state oxygen on collision with
helium, argon, nitrogen, SF6 and CF4. They concluded that
vibrational equilibrium was maintained between 0 ( A ) =1 and

0, ( z ) over a wide pressure range, in the presence of

heixum and CFA‘

3.~ 1 3=
0, ( I)ymo 2 0,( Ag)vzo + 0,0 Edyep 1025

1
0, ( 8,) a1

Parker and Ritke working at a pressure of 35 atmospheres of oxygen in
a high pressure gas cell equipped with an acoustic detector concluded

that vibration-vibration energy transfer was not a significant step

in the deactivation of 02(1AE)V‘1'

The results of these experiménts in figure 10,3 show a significant
deviation from the experimental results for 02(3z;). This might be
€xpected if nz(lag) relaxes faster than 02(32;). Calculations using
the semi empirical Millikan and White correlation1 (Appendix IIIa)
2ive values reasonably in agreement with experiment for ground state
OXygen, and up to a factor of two faster for Qz(;dg).

The fastef relaxation rate from that of ground”stateyqugen
fgund in this work, could be the result of impurities iv thg’sygtem.
Polyatomic molecules increase the’relaxatien rate due to the
availability of several vibrational levels, In our system water is
the only likely impurity and it is present at concentratxons less
than 30 ppm in the Ilcwlng gas. Calculatiens nf the effecc cf thxs

Tount of water on the relaxa:xan,txme of ground state exygeu, usiug
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a value of 80 for Z the collision number for inter molecular

AR’
. . 149
vibrational energy transfer between oxygen and water , Suggests
that the difference in vibrational relaxation time will be
negligible, The effect of impurities will not be considered

further,

In our system, the relaxation processes occurring are:

1 1 «
0,( Ag)w1 + 0, 2 oz(zxg)w0 + 0, 10.26
0,(t). . + 0, » 0.¢x) _ + 0 10,27
2" Tglv=1 2 <« "2 Tp'v=0 2
and the vibration-vibration exchange reaction:
1 3.~ 1 3.~
0,08 ey * 002000 2 0,080 5 *+ 0,( Edymy 10.25

It is assumed that collisions with either 02(32;) or OZ(IAg)
have the same efficiency for vibrational relaxation. The emission
at 579 rm is a measure of the vibrational relaxatinn of OZ(IAg), but
if V-V exchange is rapid (equation 10,25) the vibrational populations
will keep in step, and the value of the Napier time cbtained will be
the vibrational relaxatiqn time of the mixture of about 107 Oz(lﬂg)
in ground state oxygen, If the relaxation of Oz(lﬁg) is fast, then

this will be the preferred route to equilibrium,

It is possible to calculate vibration relaxation times for V-V

exchange reactions near resonance from an equation developed by N

15

Rapp -0 (Appendix IIIb), giving values for T, of 0,026 s, atm. at

: 3 ’ 6 *
1000 and 0,013 ys, atm, at 1500 K, a factor of 10 - Iﬁ‘vtlmes

faster than the vibrational relaxation of pround state oxygen,
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Vibrational relaxation times for a two component system where
V-V exchange is important can be calculated from equations developed

151, 152

by Schotter and Bauer (Appendix I1Ic), Using values of the

vibrational relaxation of 02(32;) and Oz(lAg) calculated from the
Millikan and White correlation, and the above values for the V-V
exchange reaction, gives t for the mixture of 10% 02(1&8) in 907
02(38;) of 117 us, atm, at 1000 K and 22,2 us, atm, at 1500 K which
when standardized to the experimental values for 02(32;) give 78,1
and 16,5 us, atm, respectively, These values are shown in figure
10,5, together with the experimental results, This small deviation
from the ground state results would be difficult to observe, and
we believe that our values deviate more than this,

The experiments to reduce the concentration of OZ(IAg) in the
flow gave inconclusive results because of the difficulty in analysing
shocks with weak emissions, and it was not possible to discern if the
results in figure 10,4 lie on or above the dashed line in figure
10,3, the results for 103 Oz(lbg).

A similar calculation using the Schotter and Bauer equations
takes the experimental results for ground state oxygen and the results
in this chépter for 107 Oz(IAg) in 02(38;) and calculates the
vibrational relaxation of pure 02(1Ag). The values for 02(1Ag) are
24,2 ¥s, atm, at 1000 X and 4.8 us, atm, at 1500 K and are also
indicated in figure 10,5, they are a factor of 5 faster than for
Bround state oxygen, These values are faster than would be expected
for 4 molecule whose vibrational temperature and vibrational levels do
MOt differ much from that of ground state oxygen, but are‘not
““”e&SQnahly fast, indicating that the results in this study may

be described as the vibrational relaxation of a mixture of 10%

1 - X | |
02( Ag) in 02(32 ) where V-V exchange is fast compared to the
g
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. Figure 18. 5.

Landau-Teller Plot for Vibrational Relaxation in Oxygen.
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rates for vibrational relaxation,

If, however, V-V exchange is slow, the observed relaxation will
be from the two electronic states relaxing independently., This
would give relaxation times comparable with those found in this study.

The calculated relaxation time for equation 10,25 is fast, and it
seems reasonable to suggest that V-V exchange would be important
for the two molecules near resonance, So although it is not possible
to distinguish between the two possibilities from these results, the
fast V-V exchange is more favoured in agreement with the findings of
Collins and Husain at room temperature,

A complete solution to the problem will only be found when the
relaxation of both species can be monitored simultaneously,

At room temperature, the similarity of the decay rates for the
579 and 634 nm emissions (579a/6343 = 0,94 £ 0,22) fits with the
conclusions of Parker and Ritke who find that the significant
deactivation paths for t)z(lbg)v_‘1 are to 02(32;)v“1 followed by
vibrational deactivation, and, vibrational deactivation to Qz(lAg)VBO
followed by electronic deactivation, The V-V exchange reaction
10,25 does not play a significant part.

The assumptions made for the room temperature kinetics in section
10.2.1 may not be correct, and the analysis would need to be modified
where the electronic deactivation of the &?):Z(lhg)w1 state may not
be the same as for the oz(lzsg)vgo state; k: # kq. So, deactivation
of 0,8 ) ) is |

k |
1 —. 3= +0
0,( Ag)v*l * 0, 0,02 )1 2 10,28
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followed by

3.~ rel 3.~
02( zg)vsl + 02 s 02( Xg)v=0 + O2 10,29
*
1 + Kre1 0 (12 ) + 0 10.7
followed by
o.lay  + o0 8 0, v o, 10.30
2" giv=0 2 & v=0
So, as before:
634 -
al2 quOZ] + kw 10,31
but now:
579, w 1[o] ¢k + k. [0,] +k [0] +k 10.32
q 2 W rel "2 q 2 W )

Assuming the wall deactivation is the same for both states:

* *
> « 0,94 = Kg * Kret T 1 10.33
634, ) D, .

Parker and Ritke's value for the vibrational relaxation time for

OZ(IAg) at 35 atmospheres is 1,002 x 10'3 s which converts to

k:el = 7,0x 102 £ mol 1 s 1' From chapter 3, kq = 9.4 x 10° £ mol 1 . 1'

* ) 1 -1 |
and kq from equation 10,33 is 1.3x 10" £ mol s 7, 3 much slower

collisional quenching rate for the vibrationally excited state,

*
Parker and Ritke give a value for kq]kq of 0,093, the result

here for the same ratio is 0,135, in fair agreement,
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These calculations are only valid if V-V exchange is slow compared
with the collisional quenching rate. If V-V exchange (reaction 10,25)
is fast in comparison, the vibrational populations will keep in step,
and the electronic deactivation will be through 02(1Ag)v=0’ the
faster rate, The assumptions in section 10,2,1 would be correct and

579 634

a would be expected to be greater than a, the difference being

due to the relaxation of OZ(IAg).

At room temperature it appears that V-V exchange is not important
. . ! - : {ndi
in the quenching of 02( Ag)vul’ in agreement with the findings of
Parker and Ritke; at the high temperature V-V exchange is fast and
» : T 1
vibrational equilibrium is maintained between 02( ‘Ag)w“1 and

3 - - + . 3
0,( zg)v*l’ in agreement with Collins and Husain,
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Chagter 11

Conclusions, and Suggestions for Further Work

11.1. Singlet Molecular Oxygen

The discharge flow shock tube has been used in this work to obtain

accurate kinetic data for the singlet states of molecular oxygen over a

wide temperature range.

Oz(lAg) is formed in or just after the discharge and then flows
into the shock tube. Its reactions are studied by observing the
change in concentration along the shock tube before the shock,and
comparing this with the rate of decay observed in the emission behind
the shock front, Although the deactivation of 02(1Ag) is slow enough
at room temperature for there to be an appreciable concentration of
0 ( A ) along the tube, at the high shock temperature the increase in

c011i81cna1 quenching rate of 02( b ) is not large enough to measure
within the hot flow time available for shock tube measurements.,
However, it may be possible to measure the temperature dependence

of collisional quenching of Oz(lbg) by some organic compounds, if the

pre-shock emission is strong enough to measure accurately a room

temperature decay rate along the shock tube before the shock. The

increase in quenching rate constant at the high shock temperature

would have to be large enough to produce a change in the decay rate

of at least 157 of the pre-shock decay rate for measurements to be

made. This would correspond to an activation energy of about

-1 action with a normal Arrhenius temperature dependence,

5 kJ mol

o, (12*) is formed in the flowing gas by the energy pooling reaction

for a re

from two 02( A ) molecules.  The addition of nitrogen to the system

showed that rate constants can be obtained in this case where the steady

state concentration of 02( zg) at any point in the tube adjusts to a

new steady state at the high shock temperature. The oxXygen and nitrogen
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results have been published.153

The work on the collisional quenching of 02(122) by oxygen and
nitrogen yielded interesting curved temperature dependences, possibly
indicating two contributory mechanisms, Since the completion of the
experimental work for this thesis, the quenching studies have continued.
Experiments are presently being performed with carbon dioxide and
nitrous oxide, and are proposed for hydrogen chloride and nitric oxide.
The preliminary results for carbon dioxi‘dels4 and nitrous oxide suggest
quenching rate constants with negative temperature dependences in the
region 700 to 1300 K, where the quenching is possibly dominated by long

range multipolar interactions with these polyatomic molecules. It is

hoped to correlate the experimental results with calculated values,155’156'157

over a wider temperature range then Braithwaite, Davidson, Ogryzlo and

Schiff7l’72 used for hydrogen bromide and hydrogen.

The studies of the relative intensities of the unusval dimol emissions

of 02(1& ) gave interesting results in accord with other workers, but not
g

in agreement with Franck-Condon factors for the single molecule tfansitions,

s e 158
illustrating the unique nature of these emissions.

The dimol emission at 634 nm has been shown to be essentially a

simple collisional process at temperatures between 650 and 1600 K, although

the enhanced emission observed above 1100 K is difficult to explain. Two

tentative suggestions are put forward in chapter 5, but we are now

considering whether the extra emission is a result of reactions between

vibrationally axcited‘oz(lﬁ } molecules which will be present in increasing
g

numbers st the higher shock temperatures. Further shocks would need to

be performed with a slightly different filter to test this idea.

Spectra of discharged oxygen at shock temperatures wou}d show if this

theory is correct, but such experiments are not possible at the mamentf




253

The studies at 579 nm gaye results on the vibrational relaxation
of OZ(FAg); the increased yibrational relaxation rate of 02(1Ag) is
illustrated, and it is suggested that vibration-vibration exchange is
important. This work is being publishedlsg. The 579 nm emission
studies also confirmed the validity of discharge flow shock tube
results where a good straight line is obtained between measured
equilibrium emissions and calculated values from spectroscopic data
(figure 9.3) over the temperature range 1000 to 1700 K.

However, relaxation studies are limited to pure oxygen, the addition
of nitrogen lengthens the relaxation time and the relaxation zone becomes

difficult to define, Polyatomic molecules increase the rate of

relaxation giving vibrational relaxation times comparable with the

integration time and impossible to measure.

11,2, Different Systems for Future Study

The compounds isoelectronic with oxygen possess low-lying (lAg)
and (122) electronically excited states which might be expected to

behave in a similar way to oxygen and could make an interesting comparison

160,161 1 ave studied the

162

with the oxygen work. Barnes, Becker and Fink
chemiluminescence from S0 and S2 and more recently Sez, SeS and SeQ,
Unfortunately, apart from the disagreeable nature of some of these
compounds, sulphur and selenium would be deposited on the walls of the
apparatus and would interfe;e with emission studies in a large apparatus
difficult to clean easily.

The addition of iodine to singlet oxygen produces an interesting
chemiluminescence,163 but here too solid iodine in the system could

give problems,

Studies with oxygen atoms seem the most promising to yield intaresting

164

results, Although thakweak emission from oxygen atom Trecombination

would be difficult to detect, their reactions with other mqlgcules could
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be studied, where the concentrations of oxygen atoms could be monitored
with the emission from their reaction with nitric oxide. Reactions
with oxygen atoms are important in combustion studies; in the discharge
flow shock tube the oxygen atoms are generated into a clean system and
combustion can be studied at lower temperatures than previously used.
The oxygen atom reactions are likely to have a sufficiently high
activation energy for the increased reaction rates at the high shock

temperature to be measurable in the discharge flow shock tube apparatus,
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Appendix I
Calculation of length of Shock Tube

It is possible to calculate the length of the test section of the
shock tube, from the diaphragm to the observation section, x, for any
given Mach number and the required observation, or hot flow time, At.

105
The equations used are from Gaydon and Hurle :

Zal(MZ-l)
x =t {"(TIHSM 1.1
L "“"‘2(“2-1) 1.2
t = tc { (Y1+1)M .

where t is the time of arrival of the contact surface at the observation
¢

station,

The minimum length of the driver section, X4» can also be
calculated :

[y, +1)/2(y,~1)]
= Wl Ah {-.--—Mz’l}} ‘ ) 1.3
tC = --";Z 1 - Y1+1 Mz

where the suffix 1 refers to the test gas and 4 to the driver gas.

i ' " cks into ideal gas,
These equations apply to "perfect” sho g
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Appendix II

‘Calculation of Energy Leyels for Oxygen

E = Te + (V+%)we - (y-l-i)zmexe

where Te is the electronic energy in em ! above the potential energy

zero, v is the vibrational quantum number, W, is the vibrational

constant, and w X, is the anharmonicity factor.a

For ground state oxygen 02(32;1

T = 0
e
~1
w = 1580.4 cm
e
-1
wx o= 12,07 cm
e'e
For the zeroth vibrational level : E, = 787.2 om L
For the first vibrational level : E, = 2343.4 cn b
For O (1A )
—g=
-1
T = 7918 cm
e
-1
woo= 1509 cm
e
Twx = 12.9 cm.l
WX, .
-1
For the zeroth vibrational level : EAO = 8669.3 cm
ibrati . E, = 10152 cm !
For the first vibrational level : A cm

) 1.+
For 02( L)
13195 cm !

-3
L]

w = 1432.7 cm

wx_ o= . 13.954cm.1‘
: e Co=1
For the zeroth vibrational level : E - 13907.9’cm f

E = 15375 el
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Electronic Energy Spacing

Spacing between 02(1Ag) and 02(32;)

f

- -1
AEA = EA - Eo 7882.1 cm
o
and | AE/R = 11309.6 K
Spacing between 0 (12+) and 0 (32“)
~-1
= - = 13120,7 ¢m
AEZ E2 Eo
and sE /R = 18826 K

Partition functions for Electronic States

o Eo/RT g, o"Ea/RT 4 g, o Ex/RT

pf, = 8,

where g is the degeneracy

3.~ = 3
For 02( Zg) 8, v

1 e 2
For 0,("a)) g,

1 +
= 1
For 02( Zg) By

At Thermal Equilibrium 3

o] ;
Fraction of molecules in 02( Ag) state Eé _2 . AEO/RT
N 3
: , 10-7
At 295 K nAfN = 1.49 x
-4
At 1500 K nAlN = 3.54 x 10
. I+
Fraction of molecules in 02( zg) gtate fﬁ B };e ~6E21R?
N 3
-29
At 295 K nxjN = 4,15 x 10
| 6

At 1500 K nle; = 1.18 x 10
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Vibrational Energy Spacing

Vibrational spacing :

N (A I (Y IS (O DL (A I

‘For ground state oxygen, 02(.32;_)_

Spacing between zeroth and first vibrational level (v=0 and v'-y=1);
-1
A = 1556.2 cm
W
AE/R = MH/k = hcAm/k

AE/R = 2232 K
[Reference 101 gives 2228 K and reference 148 gives 2239 K]

o 1
For 02( A)

-1
A = 1485 cm
W

and AE/R = 2131 K

Vibrational Partition Function

ot = 1a - e*E/RT)

Relative population of ntP vibrational level

U . RE/RTy _ E/RT,

Ntotal

At thermal equilibrium :

For ground state oxygen, 02(32;), fraction of molecules in first

»

vibrational level :

-4
at 295K n1/N = 5,17 x 10

at 1500 K a /N = 0.175
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For 02(_1Ag), fraction of molecules in first vibrational level :

at 295K : m/N = 7.35x 1074

at 1500 K : nllN = 0.183
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Appendix IIlIa

Millikan and White Correlation

Millikan and W’hitew8 plotted experimental vibrational relaxation

times for many simple systems, and found that for Landau-Teller plots,
the straight lines intersect at a single point at high temperature.
This lead to the formation of an empirical equation correlating

vibrational relaxation times with the characteristic temperature, ©,

of the oscillator.

PG S i ki S AT oy

-4 by, =1/ 1
log,,(pt,) = (5.0 x 10 o /3773 - o015 /%) - 8.0

3 -
For ground state oxygen 02( Eg) 8 = 2232 K

. tm,
pTV/us a

A
equation 10,24
295 0.1502 1,17 x 10° 4.83 x 10°
600 0.1186 1,61 x 10° 9.01 x 10°
1000 0,1000 1,30 x 102 8.65 x 10
1500 0,0874 2,36 x 10 1.77 x 10

For 02(1A )y 8 = 2131K
& - pt,/us, atm,

Experimental
=174 calculated value from i
Temperature T : figure 10,3 | %
/K 4 , ;
295 0.1502 4ok x 10 - 1
E 2 - :
600 0,1186 7,84 x 10 _ i
1000 0,1000 7,39 x 10 | 67 %
1500 0,0874 1,48 x 10 13,5 ~§
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Appendix IIIb,

Calculation of Probability of Vibration-Vibration

Exchange at near Resonance (from D, Rapplso)
-6 2 0’ 174 AR
= 3,7x 10 .
PIO -+ 01 T sech -

where AE is difference in vibrational energy of colliding molecules

in om 1,

1

3 - I 3 -
w1t 0(Tug  F %l v 00D,

1
0,(°8.)

$ . 3- "1 B R

Vibrational Energy Spacing for 0,(Z)) = 1556 cm °, Vibration Energy

-1
Spacing for Oz(lbg) = 1483 cm

Difference AE = 73 cm ©

To calculate vibrational relaxation time: (Chapter 1)

P10 + o1
and T
Temperature P 1
-4
- 295 6.60 x 10
; . -3
1000 3,16 x 10

1500 4,99 x 1073

- klolz

= Uk,

oz
/;zsm1 atm-l
6.62 x 10°
1.215 x 10°

1,488 x 10&

T

Jus  atm

2,3 x 107

2.6 x 10.2

1.3 x 1072

1

i
B
%
i
¥
i
ko
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Appendix Illc

Calculation of Vibrational Relaxation Time for a Two Component

System, A, and B, where both are Diatomic Molecules and Vibration-
151, 152

Vibration Enerey Transfer is taken into account,

The processes occurring ares Relaxation Times
El A A ’
* |
-1 |
+
2, A, + B ‘ ) TAB
-2
k3 8
+
3. B, + B 2 By T3
k—3
4. B, + A +k By “BA
-4
- E§ + B |
5, Al + BO « Ao 1
k—‘i

[L.- A - JL][?-* T T T ks ks XX " O
M

Ty Tapd L'y BB BA
_ &, "
h i L vt B
vhere 71,, ! A
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Appendix IIlc continued

1 [ %,
—— = 1 + - k
TBB i CBo | -3
- C - c
1 . By . . //[1 A, ]
T C -4
BA B . 5 EAg

3-
In this case A = 02( Zg) and B = 02(1Ag) and the relaxation of

02(32;) [or 02(1Ag)] is the same if the collision partner is either
023"' 1A) so k trk k = k k. = k., and k _—
(Zg) o 0,040 1 72 -1 =273 T -3~ fe4t

k_o(1 + CA1/CAO)

1 1
TAB Taa ( B, Bo)
. . k5(1 + CB,/CBO)
+
and oA Tpp ( A, AO)

The relative concentrations are calculated from the Boltzmann

distribution function

e°2232/T

e-2131/T

/C
CB1/ By

brational exchange has been

k the rate constant for vi

5
calculated previously (Appendix I1Ib)

and




273

Appendix IIIc continued

If it is assumed that 107 of the oxygen flow is Oz(lAg) then

X, = 0.1 + x, = 0.9,
Taking the calculated vibrational relaxation times from the
Millikan and White correlation (Appendix IIla) for Ty (TAA) and T
2
(TBB), it is possible to calculate Ty the expected relaxation time

for the mixture, at several temperatures,

A similar calculation uses the experimental values for ground

state oxygen and Ty found in this work, and calculates Ty (TBB); the

> » » 1
vibrational relaxation of pure 02( Ag).

.Results,
Tempe;;ture 102 TV TExpt TA

(Experimental  (Calculated, (This  (Calculated
values) and corrected work) from values
for experimental in columns

values T, ) 2 and 4)

2
1000 86,5 78,1 67, 24,2
1500 17,7 16,5 13.5 4,8

These results are displayed in figure 10.5.
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