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ABSTRACT

This thesis is a study of the interactions of chemical kinetics,
relaxation processes, and low-speed fluid mechanics for the deflagra-
tion of gaseous carbon disulfide and oxygen under conditions for
which laser action has been demonstrated. A four-reaction branching
chain reaction mechanism is deduced from experimental evidence and
reaction rates to represent the chemical kinetics of CSZ/O2 combus -
tion. This chain mechanism is used to explain some explosion phe-
nomena and to obtain the initial conditions and initial chemical ki-
netics expected for the different types of CSZ/O2 chemical lasers.
The dynamics of chemical population and relaxation, including selec-
tive depopulation, of the vibrational levels of CO are discussed.

Three analytical methods are employed to solve the premixed
laminar flame problem for the CS,/0, flame. The von Karman ap-
proximations and the thermal theory approximation are two of these
methods; the third, which considers diffusion of only the chain car-
rier, is termed the single-speéies diffusion approximation. The
flame speed, which is the eigenvalue of laminar flame propagation
theories, was experimentally determined for the low-pressure
CSZ/OZ flame and compared to the magnitude and dependencies cal-
culated by the analytic methods. Some qualitative measures of flame
structure are compared to the calculated structure.

Details are given for a multi-slit injector whose design allows
complete control over mixing. Results for this burner and premixed

configuration burners are discussed.
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CO emission spectra were taken from CSZ/O2 flames and the
relative vibrational populations determined. The rates of population

of the upper vibrational levels are calculated from these experimental

Spectra.



Vi

TABLE OF CONTENTS

Acknowledgments
Abstract
Table of Contents

Nomenclature
INTRODUCTION

Summary

1. CHEMICAL KINETICS OF CSZ/O2 COMBUS TION

1.
1.
1.
1.

1
2
3
4

Macroscopic Behavior
Ancillary Chemistry
Primary Chemistry

Deduction of Chain Mechanism

Tables and Figure

2. INITIAL COND‘ITIONS, INITIAL REACTIONS, AND
INDUCTION PERIOD

2.

N v vV VDV NN

R ~N O~ B W N

.9

Induction Period

Early Stages of the Induction Period

Induction Time Estimate

Initial Conditions for the Flame Laser

Initial Conditions after Flash Photolysis

Initial Conditions for the Pulse Discharge Laser
Thermal Dissociation Laser

Electric Discharge Laser

Microwave Discharge Laser

Table

3. HISTORY OF THE CS,/O
CHAIN MECHANISM

2105 CHEMICAL LASER AND

3.1 Chemical Lasers

3.2 Compendium of CO Chemical Lasers
3.3 Chain Mechanism
Tables

4. VIBRATIONALQUANTA KINETICS OF CO
4.1 Energy Levels

Page
ii
iv
vi

ix

e GO ON O W e

20

30
30
33
34
37
38

39
40
42
43

44
44
46
48
50
56
56



5.

6.

7.

8.

4.2 Chemical Excitation
4.3 Radiative Decay
4.4 Collisional Decay
Tables and Figures

VON KARMAN APPROXIMATION APPLIED TO THE
CSZ/ o2 FLAME

5.

ot

Development of the Problem
Zeroth Order Approximation
First Order Approximation

Second Order Approximation

U o W

5
5
5.
5 Numerical Results

5.6 Sensitivity of Numerical Results
Tables and Figures

THERMAL THEORY APPROXIMATION TO THE
CSZ/OZ FLAME

6.1 Thermal Theory Formulation
6.2 Numerical Solution
6.3 Sensitivity of Numerical Results
Tables and Figures
SINGLE SPECIES DIFFUSION APPROXIMATION
7.1 Formulation
7.2 First Case, Thermal Conduction Ignored
7.3 Second Case, Thermal Conduction Considered
7.4 Numerical Solution
7.5 Sensitivity of the Numerical Calculation
Tables and Figures
APPARATUS
.1 Gas Supplies
2 Exhaust, Ignition, and Cooling Water
3 Chamber
4 Injector
5 Optical Subsystem

0 o 00 0 0o

.6 Observational Notes

Tables and Figures

Page
57
59
61
65

73
73
80
81
81
85
88
90

101
102
105
108
110
115
116
118
119
121
124
125
132
132
134
135
137
139
142
144



-yiii-

Page

9. FLAME SPEED 155
9.1 Technique 155
9.2 Data Acquisition 157
9.3 Estimate of the Limit of Error 160
9.4 Calculated Flame Speeds 161
Tables and Figures 164
10. EMISSION MEASUREMENTS 172
10.1 Vibrational Populations from Overtone Spectra 172
10.2 Experimental Arrangement 175
10.3 Experimental Data 177
10.4 Rate of Population of CO(v) 178
Tables and Figures 181

11. GENERALIZED KINETICS AND THERMODYNAMICS
PROGRAMS 186
11.1 The CEC 72 Program 186
11.2 The GKAP Program 187
Tables and Figures 191
CONCLUDING REMARKS 195
REFERENCES 200
APPENDIX A 214
APPENDIX B 231

APPENDIX C 246



[

LI Q

== S
o]

-ix-
NOMENCLATURE
pre-exponential coefficient of reaction rate i
flame area

spontaneous emission coefficient for the transition

from level v to v'
coefficients for polynomial fit to enthalpy

spectroscopic constant

-stimulated emission coefficient

constant for induction time calculation
specific heat capacity

molar heat capacity

heat capacity of species i

constants

concentration

diffusion coefficient

spectroscopic constant

energy

activation energy of reaction 1
electron

flow rate

function which is independent of the species
spectroscopic constant

molar enthalpy of species i

specific enthalpy of species i

standard heat of formation of species j

Planck's constant; flame arc length



K

I ionization potential

Iv, v.2 relative emission intensity
J rotational level
K rate of reaction or deactivation
k Boltzmann's constant
4 length of flame along the optical axis
Li heat conduction constant for species i
M number of reactions
‘m mass of molecule; mass flow rate
N number of species
NV relative population of CO(v)
n particle density
v, vl probability of vibrational deactivation from level v
p pressure
q parameter
R ideal gas constant
RV relative role of population of CO(v)
T initial ratio of SO to ©
Sij collision cross section between species i and j
T absolute temperature
t time
u gas speed
Vi diffusion velocity of species 1
v vibrational level; flame speed
Wi molecular weight of species 1
W average molecular weight
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2 XL
rate of production or destruction of species i
mole fraction of species i
initial meole fraction of CS2
correction for mole fraction approximation
vector function for induction time calculation
mass fraction for species 1

non-dimensional function related to mass flux

fraction

collision frequency

distance

coefficient for first VKA ; influence coefficient
spectroscopic constant

spectroscopic constant

spectroscopic constant

non-dimensional ignition temperature

non-dimensional function related to mass flux frac-

tion of CO

mass flux fraction of species 1

distance related variable
non-dimensional temperature
non-dimensional temperature
non-dimensional activation energy
eigenvalue of VKA

coefficient of thermal conduction
eigenvalues for induction time calculation

stoichiometric coefficients of the overall reaction
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v frequency

\)5‘_, 5 \)’i” j stoichiometric coefficients

p mass density

9. molecular diameter of species 1
Ty induction time

W spectroscopic constant

LE Lewis number

AE energy defect

AH;OO standard molar heat of formation at 300 K
Ap pressure drop

AV Doppler linewidth

AV Lorentz linewidth
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INTRODUCTION

This thesis is a study of the interactions of chemical kinetics,
relaxation processes, and low-speed fluid mechanics for the deflagra-
tion of gaseous carbon disulfide and oxygen under conditions which are
similar to those for which laser action has been demonstrated. Some
of the macroscopic phenomena associated with CSZ/O2 combustion are
explained from a basis of the underlying microscopic behavior of mo-
lecular interactions. The problem of a chemically-reacting gas which
is coupled to fluid mechanical constraints is solved by a few different
techniques; numerical solutions are presented. Some characteristics
of CSZ/OZ combustion are experimentally explored to provide a link
between the real world and the analytical models.

The CSZ/O2 chemical lasers operate from the fundamental
and first overtone vibrational transitions of carbon monoxide. The
CO is chemically formed in high vibrational states (maximufn popula-
tion in the 13th vibrational level) and with a large vibrational popula-
tion inversion. Laser emission from the overtone bands has a wave-
length of around 2. 7.um, while laser emission for the fundamental
bands is centered at 5.3 um.

Both carbon disulfide and molecular oxygen are very ordinary
chemicals which are stable in the normal environment. The products
of combustion of CS2 in 02, sulfur dioxide, carbon monoxide, and
carbon dioxide, are all normal combustion products of petroleum
based fuels and are normally found in the atmosphere of any industri-
al area. Thus, no special considerations need be taken for handling

of the reactants or products of CSZ/OZ lasers. This is a clear ad-



vantage over other chemical lasers and, in particular, the hydrogen
halide chemical lasers.

The CSZ/O2 flame is a low-speed flame which can be run in a
premixed configuratioﬁ. Analysis of the CSZ/O2 flame laser is aided by
the significant development of the theories for laminar flame propaga-
tion for both premixed and diffusion flames. The complexities of
supersonic flow are not present for this type of laser, and many ap-
proximations for low-speed flow, which are not possible for other
chemical lasers, become available. Because of the relatively simple
flow field, the CSZ/OZ flame laser can be subjected to analysis which
realistically represents the actual behavior of the deflagration. Hence,
it is possible to realistically relate experimental evidence to the funda-
mental chemical kinetics of combustion.

The CSZ/OZ flame is a very stable flame. It can be run over a
large pressure range including one thousandth of an atmosphere to over
one atmosphere. Propagation is possible over an extremely wide
range of fuel/oxidizer ratios with an extraordinarily low lower limit.
CS2 and OZ can be burned with or without diluents. Since the CSZ/O2
flame can be stabilized over a large range of experimental conditions,
it is ideally suited for study, as it is possible to choose the experi-
mental conditions.

The kinetics of CSZ/OZ combustion are dominated by a branch-
ing chain mechanism. The limitations of combustion efficiency which
are present in a straight chain mechanism, such as for the hydrogen
halide chemical lasers, are not present in CSZ/OZ chemical lasers.

This means that vast amounts of diluents are not required to maintain



3.

the chain reaction. The branching chain mechanism, however, means
that the chemical kinetics of CSZ/O2 chemical lasers cannot be approx-
imated by a simple scheme.
Summary

The experimental evidence pertaining to CSZ/OZ combustion is
reviewed in the first chapter. Experimental reaction rates are pre-
sented and inspected. The experimental evidence and reactions rates
are used to deduce a mechanism,based on four reactions,to represent
the chemical kinetics of CSZ/OZ combustion.

The branching chain mechanism deduced in the first chapter is
used in the second chapter to explain some of the chemical dynamics of

particular CSZ/O lasers and of explosion phenomena. The initial con-

2
ditions and initial chemical kinetics of the different types of CSZ/ o,
lasers are also discussed in Chapter 2.

The history of the CSZ/O2 chemical lasers is presented in the
third chapter. The relation of each type of laser to the chain mechan-
ism is explicitly given. The evolution of the understanding of the chain
mechanism is traced in Chapter 3.

The dynamics of chemical population and relaxation of the vi-
brational levels of carbon monoxide are discussed in the fourth chapter.
Selective relaxation of the vibrational levels by reactants and additive
gases is also discussed.

The fifth chapter develops the first of three analytical approxi-

mations which are applied to the particular case of the CSZ/O flame

2

laser. The von Karman approximations for laminar flame propagétion

are applied to a lean CSZ‘/ O2 flame in this chapter. Rough functional
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dependencies are obtained by this method.

The thermal theory approximation is developed in the sixth
chapter. This approximation ignores diffusion, but does provide a
reasonable model of the flame structure. A reasonable model of the
flame structure is also obtained by the single-species diffusion ap-
proximatlz,on which is developed in the seventh chapter. The single-
species diffusion approximation considers diffusion effects in an ap-
proximate manner by allowing for back diffusion of the most important
chain carrier.

The experimental apparatuses which were developed to study
the CSZ/O2 flame are detailed in the eighth chapter. Of particular note
is the development of a multi-slit injector whose design provides for
significant flexibility in choice of mixing conditions. The observational
characteristics of various injector and flame holder configurations is
discussed in Chapter 8.

Experimental behavior of the eigenvalue of the laminar flame
problem is presented and correlated with the theoretical results in the
ninth chapter. The temperature profile of the flame is qualitatively
discussed in this chapter.

Experimental CO emission spectra from the flame are quanti-
tatively discussed in the tenth chapter. The vibrational populations
are obtained, and with the aid of a few theoretical assumptions, the
rate of population of the upper levels of CO is estimated.

Equilibrium and kinetics computer programs which were de-
veloped for general use are applied to CSZ/O2 chemical laser condi-

tions in the eleventh chapter. The results of these programs are cor-
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related with the results obtained in other parts of this thesis.
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1. CHEMICAL KINETICS OF CS /O2 COMBUSTION

2
The combustion of carbon disulfide and oxygen provides a
chemiluminescent reaction which produces an inverted vibrational
population in carbon monoxide. The chemical kinetics of this com-
bustion determine the characteristics of the chemical lasers,and thus
chemical kinetics analyses provide a useful tool to find an understand-
ing of the processes on which these lasers are based. The flame
laser provides the most difficult case from a kinetic standpoint, as
this case couples the problems of kinetics with the fluid mechanics of
steady deflagration. Because only three elements are involved, and
the largest reactant is a triatomic, reasonable models of the kinetics
can be constructed. The intermediate species and elementary reac-
tions which are essential to the flame laser provide a basic under-
standing from which models of the other types of CS/O chemical la-

sers can be built.

1.1 Macroscopic Behavior

The global equilibrium reaction for the burning of carbon di-
sulfide in oxygen is eXpeCted(l) to be:

CS, + 30, - 250, + CO, + 1105 kT mol™! . (1. 1)

2

However, for low pressure flames, the stoichiometric ratio of

(2,3)

-CSZ/OZ has been experimentally determined to be 1:2.5 , and at

this ratio the products were SO2 and CO in a ratio of 2 to 1, respec-

(3)

tively This corresponds to a global reaction which has carbon

monoxide as one of its products:

5 -1
CSZ+—2-O2 HZSOZ+CO+821 kJ mol "~ . (1.2)
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Since carben dioxide formation from carbon monoxide and
atomic oxygen is a termolecular reaction at low pressures and pre-

(4)

dissociation is important” ~/, the carbon dioxide formation can be ex-
pected to be slow. The bimolecular reaction between carbon monoxide
and molecular oxygen does not contribute much carbon dioxide due to
a large activation energy of 210 kJ mol—l. (5)

The visible and UV emission from the CSZ/O2 flame is the
result of a termolecular reaction between atomic oxygen and sulfur
monoxide to form electronically-excited SOZ' Comparison of the

CSZ/O2 flame spectra with the SO, afterglow and the spectra of oxi-

dation of other simple molecules which contain sulfur confirm that

(6)

7)

the emission is attributable to the SO2 molecule.
5

Since the radi-

ative lifetime for SO2 fluorescence is 4X 10~ s( , the SO2 emission

can define the reaction zone for low velocity flames. This visible
emission could terminate before the overall reaction was complete,

as evidenced in the SO, afterglow where O atom concentration decays

(8)

faster than that of SO. Electronically-excited SO2 is also formed

(8)

from the bimolecular reaction between sulfur monoxide and ozdne,
but the low concentration of ozone in the flame minimizes the con-
tribution from this reaction.

The CSZ/O2 system exhibits first, second, and third ignition

(9)

limits characteristic of a chain reaction mechanism.

(10)

It is also
characterized by an induction period, which is a characteristic of
a branched chain reaction (ref. 11, pp. 619-623). This system was
(12)

identified as an example of a quadratic branching chain reaction,

but with CS and SO2 identified as the two active centers. Sulfur mon-
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oxide has been proposed as the principal carrier of the chain, (13) as
has the combination of atomic oxygen and sulfur monoxide. (14) A
compilation of the chain mechanisms which have been proposed for
CSZ/O2 combustion is presented in Chapter 3. At the close of this
chapter, a chain mechanism, which has atomic oxygen as the princi-
pal chain' carrier, will be deduced.

1.2 Ancillary Chemistry

There are a few types of chemical reactions which have only a
minor influence on the steady flame laser. First, heterogeneous re-
actions are not important since the kinetics of combustion all occur in
the gas phase.

Ion chemistry has been excluded from present considerations
due to the very small ion concentrations expected. The equilibrium
(15)

concentration of ions can be calculated from the Saha equation.

A simplified version for the first ionization stage in flames is

given by(“)
[AT1le]m’ 5 K, I , 5 T
log{ L2 besisx10%( Byl s 21050 L1 2428 (1.3)
‘ . T" aJ 2 K
[A7 mol
where
[A] = concentration of species A,
I = ionization potential from A to ATy e,
T = temperature

The first ionization potentials of the gaseous species present in the
CSZ/O2 flame are listed in Table 1-1. Since the lowest ionization po-
tential is greater than 1.5 aJ (900 kJ mol™ '), there will be negligible

ionization. The nonequilibrium ion concentration may be much larger
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(11)

than that for equilibrium, but it remains quite small.

Due to the large activation energies, the dissociation reactions
should not have much importance in the kinetics of the flame. Esti-
mates for the activation energies of the triatomics SOZ’ COZ’ CSZ’
and COS are 460, 320 to 460, 330 to 370, and 250 to 280 kJ mol~! re.

(16)

spectively, and the diatomic O, has an activation energy of 496. 8

kT mot~ L. (17)

Therefore, temperatures of many thousands of degrees
Kelvin are required before thermal dissociation can be an influence on
the kinetics; since sufficiently high flame temperatures occur only for
near stoichiometric mixture with no diluent and then only towards the
end of the reaction zone, thermal dissociation is not too important.
The reaction rates for thermal dissociation of some of the species as-
sociated with the CSZ/O2 flame are listed in the first part of Table
1-2, numbers 1 through 7.

Consideration should not be given to carbon atom chemistry
because there is a much greater probability that the CS radical will
react in a collision that it will break its bond. The CS radical is sta-
ble, with a bond dissociation energy of 762 =21 kJ mol_l, (26) but is
quite reactive. Heterogeneous reaction of the CS radical, not hetero-
geneous carbon atom polymerization, is the most probable cause of

(24,27,28)

carbon deposits found in some systems. The wall reaction

of the CS radicals produces CS, molecules which return to the gas

(29)

phase leaving a carbon-rich deposit. When carbon atoms exist in

the gas phase, they react with molecular oxygen in about five colli-

(24)

sions to form carbon monoxide and atomic oxygen; carbon dioxide

is not found as a product of carbon atoms and molecular oxygen {(see
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refs. 23, 24, 30). Carbon formation was gearched for but not found
in the C’SZ/O2 flame. (31) The reaction rates of three carbon atom re-
actions which might occur in CSZ/OZ cornbustion are listed in Table
1-2, reactions 7, 8, and 9.
Polymerization of sulfur will be significant when there is a
discharge in CS2 and when the reaction occurs in a CSZ-rich mixture

(refs. 2,9, 10, 13,32, 33). However, when molecular oxygen is present

. . . . . . . (2,34-.39)

in excess, diatomic sulfur is not detected in CS2 oxidation.

The reaction of carbon disulfide with atomic sulfur has a low proba-
(40)

bility; since sulfur polymerization is more probable the reaction

between CS, and S can be ignored. Thus, with molecular oxygen

present, the only important reaction involving atomic sulfur is with

molecular oxygen.
The SOO isomer of sulfur dioxide has been claimed to be the

primary reaction product, .with later rearrangement to form the com-

mon OSSO isomer. (13) However, both its existence and absence in the

(13,38,39,41)

flame have been claimed. The results attributed to the

SOO isomer have been explained by consideration of the higher elec-

tronic transitions of 50(42)

and the presence of vibrationally-excited
SOZ' (43) Since the evidence of the existence of the SOO isomer is
weak and its influence on the laser kinetics would be small, it will be
ignored.

Two SO molecules may be converted to the dimer (SO)Z, which
was thought to be observed in non-exploding mixtures of C82 and O2

(ref. 13). This dimer is formed by a bimolecular reaction and is the

first step in SO decomposition into sulfur suboxide, SZO’ and sulfur
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(44

dioxide. ! Since the absorption and emission characteristics which

lead to the identification of this dimer probably are attributable to

(43)

other sulfur oxides, the kinetics of 5,0, shall be ignored.

1.3 Primary Chemistry

Carbon disulfide can react with atomic oxygen in three wavs.
The primary products are CS and SO for a reaction in which O attacks

either end of the CS, molecule and retreats having captured a sulfur

2

atom. In this reaction channel the remaining diatomic CS retains

(45)

some of the reaction energy as vibrational excitation. The second
and most exothermic possibility has CO and S2 as the products, but
this reaction has a low probability due to the large energy required to
break two bonds. The third reaction channel involves the exchange of
the incorﬁing atomic oxygen for one of the sulfur atoms; because of the
| positional rearrangement, this will be less probable than the first re-
action. Rates for these three reactions are listed in Table 1-3, num-
bers 1,2, and 3, respectively.

The fast chemiluminescent reaction between carbon monosul-
fide and atomic oxygen provides vibrationally-inverted CO for the
chemical laser. The reaction of CS with molecular oxygen was once
considered important to the CSZ/O2 sy‘stem,(l4’ 34,72,73) but even with
most of the gas being 02, this reaction has been shown not to contrib-
ute much to the decay of CS. This reaction requires the breaking of
two strong bonds with rearrangement to form two new bonds, which
indicates a high activation energy and small pre-exponential factor.
The large difference between the reaction rates of CS with O and O

2

is found from the reaction rates which are listed in Table 1-3, num-
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bers 4 and 5. Electronically-excited CS does react with molecular
oxygen while the ground state does not. (39)

The atomic sulfur produced in the chemiluminescent reaction
will most likely combine with molecular oxygen in the chain branching
reaction discussed previously. This reaction is fast, with a relatively
low activation energy as shown in the rates given in Table 1-3, num-
ber 6. The termolecular chain terminating polymerization reaction
between two sulfur atoms is not too important in low pressure CSZ/O2
flames; the rate of this reaction is given in Table 1-3, number 7.

Sulfur mono:bcide is a critical link in the chain reaction. It can
produce atomic oxygen in a reaction with O2 and reacts with atomic
oxygen in a double chain termination reaction, which can be either
bimolecular or termolecular, producing electronically, excited SO?.
whose emission is characteristic of the flame. The rates of these re-
actions are given in Table-1-3, numbers 8 - 10. The electronic state
of SO2 has not been noted for these reactions, as that level of sophisti-
cation is not required here. Sulfur dioxide is also a product of the re-
action between two SO molecules. This reaction, whose rate is given
in Table 1-3, number 11, also produces an atomic sulfur to continue
one of the two chains.

The reaction of carbon monoxide with atomic oxygen to yield
carbon dioxide has been studied extensively, but there is still much
controversy over the order and activation energy of the reaction (refs.
4,5,43,67-69,74,75). A few of the rates attributed to the termolecu-
lar reaction are given in Table 1-3, number 12. The discrepancy in

the measured reaction rates is possibly due to the tendency for the
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electronically-excited CO2 to predissociate hefore it is stabilized by
emission or non-radiative processes. Carbon monoxide can oxidize
to CO2 in a reacticn with molecular oxygen which has an atomic oxy-
gen as a product. The rates of this reaction, which can aid the chain
reaction with its producticon of a bonus active center, and its reverse
are given in Table 1-3, numbers 13 and 14.

The chain terminating recombination reaction of O atoms is,
fortunately and necessarily, slower than the reactions in the chain.
The rate of this termolecular reaction is well known and is given in
Table 1-3, number 15. Atomic oxygen can react with molecular oxy-
gen to form ozone; the termolecular reaction rate for this reaction is
given in Table 1-3, number 16. There does not seem to be any evi-
dence showing that ozone has any significance in CSZ/O2 combustion.
Atomic oxygen reacts with diatomic sulfur in a chain branching reac-
tion to produce SO and atomic sulfur; the rate of this reaction is given
in Table 1-3, number 17.

The reaction between carbonyl sulfide, COS, and atomic oxy-

(64)

gen has SO and CO as its predominant products. In 2 manner sim-

ilar to its reaction with CSZ’ the oxygen atom attacks the COS mole-

cule at the sulfur atom end and retreats as the diatomic SO. The ab-

(64, 66)

sence of CS among the products indicates that oxygen atom

attack on the oxygen end is not very successful, the activation energy

for this reaction being higher due to the carbon-oxygen bond at 628 kJ

-1 (26)

mol being much stronger than the carbon-sulfur bond which is

1 (26)

310.5 kI mol ™ . The stronger oxygen-carbon bond also explains

the higher activation energy for the COS reaction, which is indicated in
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the reaction rates for this reaction, given in Table 1-4, number 1,
than the CSZ reaction with atomic oxygen, given in Table 1-4, num-
ber 1. The CO and SO should be formed vibrationally excited from
the reaction of COS and atomic oxygen. Since the total energy re-
leased in this reaction is about 100 kJ rzn.ol_1 smaller than that of the
CS and atomic oxygen reaction ( Table 1-3, number 4) and both di-
atomics should share the vibrational energy, the CO should be formed
in the lower vibrational states. This vibrationally-excited CO would
then tend to decrease the populations inversion produced by the O plus
CS reaction alone.

Atomic sulfur can react with carbonyl sulfide in a manner
analogous to that of atomic oxygen. The predominant products are
carbon monosulfide and diatomic sulfur for the same reasons. This
reaction, whose rate is given in Table 1-4, number 2, is less exo-
thermic than that with atomic oxygen, and hence any carbon monoxide
formed from this reaction should be in even lower vibrational levels.

Carbon disulfide reacts slowly with sulfur monoxide, as ex-
pected from the rearrangement that is required to form carbonyl sul-
fide and diatomic sulfur. The rate of this reaction and the analogous
reaction with COS as a reactant and CO2 as a product are given in
Table 1-4, numbers 3 and 4, respectively. Sulfur trioxide is formed
in a termolecular reaction between atomic oxygen and sulfur dioxide,
and it can revert back to SOZ in another exothermic chain terminating
reaction which has molecular oxygen as its product; the rates for
these reactions are given in Table 1-4, numbers 5 and 6.

Because of a high activation energy, ozone cannot be expected
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to be generated in a reaction between two O2 molecules (Table 1-4,
number 7) but the chain terminating inverse reaction (Table 1-4,
number 8) might occur if ozone is produced by the previously dis-
cussed mechanism. Ozone also can react in a chain terminating and
highly exothermic reaction with sulfur monoxide (Table 1-4, number

(82) (83)

9) but does not react significantly with 50, or CS,

1.4 Deduction of Chain Mechanism

Typical conditions found in free-burning CSZ./OZ chemical la-
sers will be chosen for the deduction of the chain mechanism. The
mechanisms important to other types of CSZ/O2 lasers can be easily
obtained as they are subsets of this chain. Non-diluted, oxygen-rich
mixtures of CSZ/O2 are of primary interest in the free-bﬁrning laser.
In order tko explore the kinetics of this system, a homogeneous mix-
vture of reacting gases will be considered; the problems of fluid me-
chanics, heat transfer, and diffusion shall be ignored.

With only three atomic species there are relatively few simple
molecules. Since the reactants of the overall reaction are a diatomic
and a triatomic, as are the products, the elementary reaction steps in
the homogeneous mixture should involve only the lower order mole -
cules. The previously mentioned reactions contain 17 species which

include all three monatomics (C, O,S) and all six diatomics (C,, CO,

21

CS, OZ’ SO, SZ) along with six of the ten triatomics (CO,, COS, CS

2’ 2’
OB’SOZ’SZO) and two higher molecules (SOS’SZOZ)’ The aforemen-
tioned arguments concerning reactions of secondary importance re-

sult in small production and importance of eight species (C, CZ’ SZ’

COZ’ 03,520,803? and SZOZ). Thus, there are nine species of pri-
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mary interest (O, S, CO, CS, OZ’ SO, COS, CSZ,SOZ). Since two species
are reactants (Oz, CSZ) and two are products (CC, SOZ)’ there are
five species which can be termed intermediates.

There are 45 possible bimolecular and implied termolecular
reactant pairs between these nine species, as illustrated in Table 1-5.
These are the only ones to be considered, since unimolecular (im-
plied bimolecular) decompositions have been shown to be unimportant
and termolecular and implied tetramolecular reactions do not have a
high probability of occurrence. Also, only exchange, spearing, and
recombination reactions have been considered. The 45 bimolecular
reactant pairs were first screened by the requirement that all of the
product species are among the other seven species; this left 23 reac-
tant pairs, each with at least one eligible reaction. Highly endo-
thermic reactions were omitted while noting that their inverses were
still candidates. A third screening eliminated those reactions which
have a large activation energy and corresponding low reaction rate.
The remaining 11 reactant pairs yield the 13 candidate reactions
listed in Table 1-6.

The chemiluminescent reaction (Table 1-6, number 3) be-
tween CS and O must be the cornerstone of any reaction scheme, and
within these reactions it is the only method of CO production. Fol-
lowing back the CS yields the reaction between CS, and O (Table 1-6,
number 1) as the single source of CS. Thus, the path of the carbon
atom from reactant to product is established:

CSZJrO - CS +SO followed by CS +0O - CO+S . (1.4)
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This implies that COS is a by-product, being formed in the lower
probability channel of the CS2 and O reaction (Table 1-6, numbrer 2),
the chain terminating step between CS and SO2 (Table 1-5, number 4),
and the recombination reaction between CO and S (Table 1-6, number
9).

Those reactions which provide paths which lead to the forma-
tion of reactants may slow the rate of combustion but cannot be con-
sidered as part of the chain propagation mechanism. The termolecu-
lar recombination reaction ’to’CS2 {Table 1-6, number 8) is such a
step backwards.

The atomic oxygen recombination reaction (Table 1-6, num-
ber 13), although possibly important for determination of atomic oxy-
gen concentration and thus the rate of the reaction, also cannot help
to propagate the chain mechanism as it can ultimately be only a sink
of atomic oxygen.

The efficiency of the bimolecular reaction between atomic sul-
fur and molecular oxygen (Table 1-6, number 6) along with the large
concentration of O2 make this reaction the most probable path for the
sulfur atoms as compared to the termolecular reactions given in
Table 1-6, numbers 11 and 12. The termolecular double chain t'ern;li-
nating reaction between SO and O (Table 1-6, number 10) or its slow
bimolecular counterpart (Table 1-3, number 9) are slower than the
fast chain kinetics. These reactions cannot dominate since the con-
sequences would be the inability to sustain a chain reaction. The sul-
fur dioxide which appears as a product of the fast chain mechanism

must come from either the reaction between two SO molecules (Table
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1-6, number 5) or SO and O, (Table 1-5, number 7}, or both. These

two reactions have the same molecular orbital arrangements and simi-

(26}

ilar activation energies) but the latter should have a higher steric
factor. It should be noted that the reaction between two SO molecules
followed by the fast reaction between S and O2 nets the same as the

reaction between SO and OZ:

SO + SO —*SOZ-FS

5)
S+0, SO +0 (1.5)

net: SO + O2 - S0

2+O

The abundance of molecular oxygen as compared to the scarcity of the
intermediate SO provides the reason for choice of the chain propaga-
tion reaction between SO and 02 as the more important one.

The result of this process is the construction of a branching
chain mechanism which models the kinetics of the fiame laser. It is
composed of the two elementary reactions which convert CS2 to CO
by removal of the one sulfur atorn per reaction, and two reactions
which provide the atomic oxygen required in the first two reactions of
the chain. This mechanism involves eight species and is given by:

CS2 +0O0 —~CS +8SO
cCs +0 - CO +8

(1. 6)

S +OZ—»SO + O

SO +0, =80, +0
The details of this branching chain mechanism are illustrated

in Figure 1-1. The principal chain carrier, therefore called the ac-

tive center, is atomic oxygen with SO as a vital, but less important,
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chain carrier. Both of the intermediate species CS and S are chain
carriers with single functions. The critical branching reaction, be-
tween atomic sulfur and molecular oxygen, produces both an active
center and a chain carrier. The reaction between CS2 and atomic
oxygen is also a chain branching reaction. If the last reaction of this
scheme occurs twice for once each of the preceding three, then the
net reaction yields an extra atomic oxygen (the product of the branch-
ing chain) and a stoichiometric ratio of 1:3,

CSZ+3O2 - ZSOZ—%CKD+ O . (1.7)

This net reaction can be made to fit exactly the overall reaction for
CSZ/O2 combustion, given in equation (1.2), with the addition of atom-

ic oxygen recombination and/or the double chain termination reaction

between SO and atomic oxygen.
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Approximate First Ionization Potentials for Gas Phase Species>'<

Species IP/aJ
C 1.81
CZ 2.1
CcO 2.24
Co, 2.21
CS 1.73
CSZ 1.62
2.17
> 1.94
3 2.1
CcOS 1.79
S 1. 67
SZ 1.53
SZO 1.65
SO 2.60
SO, 1.99

>Sdata from ref. 16
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TABLE 1-6. Candidate Reactions for the Chain Mechanism

1. CSZ+O - CS +50

2., C5, +0O = COS+5S

2
3. C8+0 - CO+S

4, CS +SO2 - CO8 + 80
5. SO+SO—‘SOZ+S
6. S-i-O2 - SO+ O

7. SO+Oz ——>S'OZ+O

8. CS+S+M -—'CSZ+M

9. CO+S+M - COS+M

10. SO+ 0+ M —'SOZ-’rM

11. S+OZ+M "'SOZ+M

12, S+ 0+M - 50+M

13, O+ 0O+ M —*OZ+M
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2. INITIAL CONDITIONS, INITIAL REAGCTIONS,

AND INDUCTION PERIOD
The branching chain mechanism of the GSZ/O2 flame can be
used to explain the chemical dynamics of various types of lasers and
of explosion phenomena. The significant influence of the chain mech-
anism for the widely-varying initial conditions is due to the high re-
action rates and the behavior of branching chains. The consequence
of a chain reaction which branches is that the chain carriers grow ex-
ponentially, tending to wipe out any relations to the details of the ini-

tial conditions, (84)

The initial conditions for the various types of la-
sers, flames, and explosions shall be estimated and the chemistry
associated with setting up the chain from these initial conditions will

be developed.

2.1 Induction Period

Oscillatory behavior and existence of an induction time are
two phenomena which are attributed to branching chain reactions. The
CSZIOZ system exhibits induction time behavior. Any proposed reac-
tion mechanism which is used toc model CSZ/O2 combustion should be
able to predict this induction time and, roughly, its functional depend-
encies. The four-reaction chain mechanism which was deduced in
Chapter 1 will be tested in this manner.

The initial conditions which are chosen for induction time cal-

culations are those which provide a homogeneous mixture of CS,, and

2
O, with an OZ/CS2 ratio of 10, a temperature of 300 K, and a pres-
sure of 1 kPa. This mixture will include some small fraction of

each of the intermediates; the initial amount of each of the intermedi-
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ates is estimated by the following argumernts.

A homogeneous mixture of CS2 and OZ can be expected to have
a significant amount of the intermediate CS5. Pure carbon disulfide
does not decompose significantly at normal temperature and low pres-

(13)

sures; the equilibriwm mole fraction of CS at 1 kPa is non-

negligible only above 1000 K. (44)

However, when oxygen is present,
CS has been detected in mixtures with temperatures as low as 325 K
(ref. 13). At 600 K and a pressure of 0.4 kPa , the ratio of CS con-

centration to the equilibriurn conceniration without O, has been meas-

2
ured at 109 (ref. 11, p. 665), where the ratio of CS to CSZ Wwas meas-
ured as 3X 10"3. The large nonequilibrium concentrations of CS rnust
be explained by a dynamic, not equilibrium, process; it can be ex-
plained by the fast reaction between atomic sulfur and molecular oxy-
gen {Table 2-1, number 3), preceded by carbon disulfide decomposi-
tion. The atomic sulfur required for the termolecular recombination
reaction is thus absent. The atomic oxygen then begins the chain re-
acti'on, but combustion does not occur due to heterogeneous deactiva-
tion of the chain carriers. The maximum concentration available can
be found by excluding heterogeneous reactions, assuming the steady-
state approximation on CS, and assuming that the most important re-
actions of CS and CJS2 are those which are part of the chain mechanism
(Table 2-1, numbers 1 and 2). Then the maximum CS/CS2 ratio is

K

R,
[cszj 2

where [A] is the concentration of species A and Ki is the rate con-

stant for reaction i from Table 2-1. From the approximation rates
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given in Table 2-1, this maximum ratio is about 0. 26 at 300 K,
Since this fraction is very high, the observed concentrations of CS
must be dependent on heterogeneous reactions. An importsnt wall
reaction converts CS to CS2 and a carbon-rich depositfz) with a

typical stoichiometry of
wall
CS ——— (.35 CSZ +0.95 (C0.6850.32) . (2.2)

2

A unimolecular rate, K., of around 5% 10°% s at 300 K can be de.

U 1
duced from the decay data,;(zg’ 85)

the rate for a clean wall is at least
an order of magnitude smaller. Employing this reaction with the
homogeneous reaction between CSZ and atomic oxygen and making the

steady-state approximation, the concentration of CS is found to be

dependent on the atomic oxygen concentration,
Kl
fcsl = g [cs,100] . (2.3)
3]

Under the conditions chosen for this investigation, i.e., a tempera-

ture of 300 K, a pressure of 103 Pa, and an OZ/CS ratio of 10, the

ratio of [CS] to [O]is approximately 2 X 10°.

2

The sulfur monoxide molecule is relatively long-lived, as its
most significant homogeneous method of elimination is with molecular
oxygen, a rea;:tion which is a few orders of magnitude slower than
the reaction in which SO is produced (Table 2-1, number 1}). Consid-
;zsring those two reactions, making the steady-state approximation on
S50, and assuming a temperature of 300 K and an OZ/CS2 ratio of 10,
the ratio of [SO7to [O] of 3 X 10° is obtained. Consideration of
heterogeneous deactivation should lower this ratio to a significantly

lower value. Thus, the initial concentrations of the intermediates
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will be small, except for that of CS.

2.2 Early Stages of the Induction Period

During the first part of the induction period, kinetics are

dominated by the two reactions which form a small non-branching

chain:
CSZ +0 = CS +80 Kl
SO +O2 - SOZ+O K4 (2.4)
net: CSZ + O2 - CS —I~SO‘2

Assuming that this chain is developed, then the concentrations of O
and 50 should be approxirmately constant.
Assume the steady-state approximations for the concentra-

tions of SO and O in the reaction scheme of equation (2. 4) to obtain

[s0] Kltcszj
~ . (2.5)

Since the CSZ. and O, concentrations will not change significantly dur-
ing this initial stage, the ratio [O]/[SO]can be expected to depend
only on the initial fuel/oxidizer ratio.

The competitor for atomic oxygen is the intermediate CS,
which is available in small, but significant, concentrations. This re-
action produces atomic sulfur which in turn reacts with O2 in the
‘chain branching step. The four-reaction chain mechanism (Table 2-1,
numbers 1 -4) is operative with the expectation of an exponential
growth of chain carriers. The rate of change of concentration of the

four species S, O, CS, and SO are given, within this mechanism, as
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a[cs
- k68,7001 - K,y[cs1007 ,
af s ]
{2.6)
d[ O]

—5— - K,[501[0,]-K,[CS,][0]+K,[81[0,]-K,[CS][O]

d[s50]
— = Kl[CSZ][O]+K3[S}[OZ]nK4[OIESO]

2.3 Induction Time Estimate

In order to estimate the induction time, apply the steady-state

approximation to the concentrations of S, CS, and O to obtain:

K,[C81[0] > K,($110,]

K,[50100,1~ K, [CS,110] (2.7)

K,[Cs,] = K, [Cs]
Since the concentrations of CS, and O, as well as temperature are
constant within this initial period, these approximations imply that
the concentration of C3 is constant, the ratio of SO to O concentration
is constant, and the ratio of S to O concentration is also constant.
The latter ratio is about 2 X 103 with the chosen initial conditions.
Substitution of these approximations into the rate of change of [SO]

equation from equations (2. 4) yields the crude result:

d[so]
—— > K, (0,101 . (2.8)

This can be rearranged and integrated over the induction period,
where O2 concentration is constant, to obtain;

[sO7 = [S0J,exp(k,[0,7t) , (2.9)
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where the subscript 0 indicates the conceniration of [SO] before the
chain mechanism took sver. The exponential growth of the inter -

mediates and the constant ratio was experimentally verified during

(34)

the induction period, but the shock-wave ignition technique pre-

cludes any direct numerical comparisons. The induction time, T

can be expected to be proportional to the growth constant, K, [02] .
Since the reaction rate is expected to have an Arrhenius form, the

induction time should have the form

= 1 , (2. 10)

[02 ]A4exp(- E,/RT)

1

whezre A4 is the pre-exponential constant and E , is the activation

4

energy of the reaction of Table 2-1, number 4. Induction time
studies over the temperature range of 355-.395 K with an OZ/CSZ ra-

tion of 3 and a typical pressure of 4.3X 103 Pa yield such an exponen-

(9)

fial relation. Since the concentration of O, is proportional to

2

pressure, at constant temperature the induction time should be in-
versely proportional to the pressure; such hyperbolic behavior was

found for a pressure range of 0.4 kPa to 3 kPa, temperature of

(10)

398 K to 433 K, and OZ/CSZ mixture ratios of 3 to 6. The in-

verse relation between induction time and molecular oxygen concen-—

tration was qualitatively, but not quantitatively, observed. (10)

(9, 10)

The
induction tirnes of these studies ranged-from 2 to 25 s, with the
corresponding calculated time for growt"h, (Ké[oz'l)'l, being the

order c_>f tens of milliseconds. Since these induction times were tak-

en as the time between introduction of the gases into a heated vessel

and the detection of a flash of light, the induction times should be ex-
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pected to be many times the calculated time for growth.

The same exponential growth can be obtained from the four-

reaction scheme without the requirement of the steady-state approxi-

mation on atomic oxygen concentration. Assume the steady-state ap-

proximations on the concentrations of CS and S, then apply the results

to the rates of production of O and SO to obtain:

d_[gfc_’l = K,[sollo,] - KIECSZJEO]
dl80] . 2k, [cs,1M0]- K, (50100, ]

(2.11)

These equations can be considered coupled linear equations with con-

stant coefficients for the induction period. Let

T = t/K4.[02]

b = KIECSZJ/K4[02]
x, = [oJ/Eo]O

x, = [so]/[o]o

Then equations (2. 8) become

Xm dx
T T XehEp I T ehxp

or

Choose as initial conditions

xl(O) =1, XZ(O) = T ,

(2.12)

(2.13)

(2. 14)

where r is the initial ratio of SO to atomic oxygen. The solution to

equations (2. 13) and (2. 14) is given by
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b+r-A - b.r+)
/ - { 1 < AT g
x(r) =\ X+-X'_‘_> >\++bJeXp(>‘+T)+ X -X:/"L_)\ +b]eXP()‘f) ’
_ {2.15)
Ay = (%‘E>Ei/l 2 '1] :
(1+b)
Since >\+ >0 and A <0, the solution of interest is
%(1) ~ exp(A T) {(2.16)
A significant reduction is available since b >> 1 ; then
A= 1,
+
A = -b ,
and (2.17)
1/b
x(T) - r[l ]exp{'r}
Thus, [OJ] will be much smaller than [SO] , and
[sol] = [soljexp(x,[0,It) (2.18)

which was obtained previously.

2.4 Initial Conditions for the Flame Laser

The initial conditions for the flame laser should be similar to
those of the induction period, but with the additional influence of heat
conduction and diffusion of chain carriers. The heat input raises the
gas temperature, which increases the reaction rates, and thus accel-
erates production of the chain carriers. Upstream diffusion of the
chain carriers further accelerates the rate of combustion and genera-
tion of chain carriers. The a priori knowledge of the mole fractions
of the intermediate species is a significant cold boundary problem
(ref. 86, chapter 11); the proper treatment will not be attempted here.
However, the steady-state approximations, as applied earlier, indi-

cate that the initial ratios of the chain carriers can be estimated. It is
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expected that back diffusion would cause a change in the quantity of
each species, but since the reaction rates are so high, the ratiés of
the species would remain approximately the same. The result is that
only one species mole fracticn, for any one of O, S, or SO, needs to
be known a priori, the others being dependent on the reactant mole
fractions. Since the products do not participate in the initial reactions,
the initial mole fractions of the products can be assumed to be negli-
gible.

2.5 Initial Conditions after Flash Photolysis

Carbon disulfide is dissociated into carbon monosulfide and

atomic oxygen when a CSZ/O2 mixture undergoes flash photolysis. The

(40, 87) (ith at least three-quarters

(40)

CS is formed vibrationally excited

of the molecules with more than two vibrational quanta- The

amount of CS formed depends on the experimental arrangement, but is

proportional to the flash energy and inversely proportional to the

(88)

square root of the CS2 concentration. The fraction of CS‘2 dissoci-

(40, 88) where the low-

(88)

ated in a flash can be estimated at 0. 03 to 0. 10,
er value is typical of conditions under which lasing was observed.
At the low initial temperature, less than 300 K, which is typical of

these lasers, there is not any significant concentration of the chain |
carriers. Thus, after the flash, the mixture will be composed of OZ’

CS,, CS, and S. The atomic sulfur will react with molecular oxygen

2’
in the chain branching reaction (Table 1-2, number 3), setting the

chain ih motion.

2.6 Initial Conditions for the Pulse Discharge Laser

Pulse discharge lasers typically have a gas mixture with a
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KA

large OZ/CSZ ratio and a composition which is mostly diluent. The
discharge dissociates the C)2 to atomic oxygen and the CS2 into CS and
atomic S. The amount of dissociation depends on the pulse energy and

(54)

voltage and is typically not measured. The CS and O generated by
the discharge react immediately, but the chain is also at work since
there is e;lso a significant amount of atomiic sulfur generated. There-
fore, three of the four reactions in the chain mechanism (Table 1-2,
numbers 1 - 3) start immediately. Since the ocutput is proportional to

(89)

the incident energy, the chain mechanism cannot be the major
factor in this type of laser. Another phenomenon which illustrates the
lack of major importance of the chain mechanism is the monotonically

(54)

decreasing CS concentration after the discharge; the influence of
the chain mechanism would cause the CS concentration to increase

with time.

2.7 Thermal Dissociation Laser

Thermal dissociation of molecular oxygen followed by rapid
expansion provides a supply of atomic oxygen into which cold CS2 is
iﬁjected. The initial reactants are atomic oxygen, molecular oxygen,
and carbon disulfide, and are well diluted with inert gases. The typi-
cal initial ratios of inerts/OZ/CSZ/O are estimated to be 140/3/ l/%
(ref. 90). Therefore, the reaction between CS2 and atomic oxygen
(Table 1-2, number 1) begins the chain,which continues with the CS
produced in the above reaction being immediately consumed by another
atomic oxygen (Table 1-2, numbef 2). The full chain does not have a
chance to set up due to the large amount of diluent and fast flow

speeds.
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Similarly, carben disulfide can be thermally dissociated to
form a mixture of CSZ’ Cs, st atomic sulfur, and diluent, W'hich
can be frozen by rapid expansion. A mixture of molecula'r and atomic
oxygen, which was generated in either a microwave or electric dis-
charge, can vbe injected downstream of the éxpansion to form a mix-
ture which initially contains a sizeable fraction of chain carrier. The
chemiluminescent reaction {Table 2-1, number 2) begins immediately
and is fed by the reaction between CS2 and O (Table 2-1, number 1).
The chain branching reaction between S and O2 {Table 2-1, number 3)
is also important. Although three of the four reactions which com-
pose the chain mechanism are active for the initial kinetics of this
type of laser, their importance is derived from the initial conditions,
not the binding of a chain mechanism.

2.8 Electric Discharge Laser

Electric discharge lasers run the discharge through oxygen
which is highly diluted with an inert, usually helium, to produce a
mixture of atomic oxygen, molecular 6xygen, and the inert. Typical-
ly, the ratio of atomic oxygen to molecular oxygen is around 0.1
(refs. 32,91, 92). Carbon disulfide,or carbon disulfide plus the dilu-
ent, is injected into this mixture to form an initial mixture having av
ratio of atomic oxygen to carbon disulfide concentration which is
larger than or around 1. Since the CS2 is separated from the oxygen
supply until the mixing, the concentrations of all intermediates con-
taining carbon and sulfur are negligible. Electric discharge lasers
typically have a high flow speed of the order of 100 m s—l. (32,91, 92)

As will be shown in Chapter 9, the flame speed for CSZ/OZ flames is
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of the order of I m s"l: therefore, the flame processes of thermal
conduction and diffusion cannot be important in this type of laser.

The initial reaction which is of importance is that between O
and CS2 (Table 2-1, number 1). This is followed immediately by the
reaction -between O and CS. Oxygen atom recombination is termo-
lecular (Table 2-1, number 5), but must be considered when there is
a high O atom concentration. At 300 K and a pressure of 1 kPa, the
rate for this reaction is nearly four orders of magnitude slower than
those of CS2 and CS with which it competes. The chain mechanism
never gets a chance to be fully set up due to the large flow speed and
low temperature which is caused by the large amount of diluent. The
gases transit the optical cavity in times typically corresponding to

around 500 ys. (32,92)

The chain branching reaction between S and O2
(Table 2-1, number 3) does produce a considerable amount of atomic
oxygen in this time, due to the high r‘eaction rate at low temperature
and the relative abundance of OZ' But the fourth reaction in this
chain (Table 2-1, number 4) does not occur rapidly enough at the low
temperature to contribute much to the kinetics of this type of laser
(note that the activation energy of 1.7 kJ mol™? makes the reaction
rate increase rapidly with temperature); even assuming a rapid build-
up of SOZ concentration, the characteristic time for this reaction,
K4[02], is still large at about 2 s under typical conditions of a pres-
sure of 0.7 kPa, He/Oz/CSZ ratios of 67/33/1, and a temperature of

300 k. (7%

This can be compared to the estimated characteristic
time, KZEOZJ , of about 1 Us for the chain branching reaction between

S and O2 (Table 2-1, number 3).
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2.9 Microwave Discharge Laser

The kinetics and initial mixture of the microwave discharge
correspond to those of the electric discharge laser. The microwave
discharge is a more efficient dissociator of oxygen, yielding a ratio
of atomic oxygen to molecular oxygen concentration of around 0,2
(refs. 71,93). The flow speed is of the order of 100m s~ *, (93-97)

with the same consequences as for the electric discharge laser.



a3

TABLE 2-1. Reactions of Importance During the Induction Feriod

and for Initial Laser Kinetics

Rate Constant

1. CSZ+O—>CS+SO Kl
2. CS+0 = CO+S K,
3. S+02—’ SO+ O K3
4. SO+OZﬂSOZ+O K4
i b —
5. O+0+ M OZTM K5_cK5
where KEE) is the effective bimolecular reaction rate.
The approximate reaction rates at 300 K and 1 kPa are:
Kl =2 X 106
~ 6
KZ 8 X 10
6
== X
K3 1 10
0
== X
K4 6 X 10
K5b = 4 X 102

where the rates were taken from the tables of Chapter 1 and have the

units of :rn3 rnol-‘l s'l.
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3. HISTORY OF THE CSZ/OZ CHEMICAIL LASER
AND CHAIN MECHANISM

Both of the reactant molecules, carbon monosulfide and mon-
atomic oxygen, which participate in the chemiluminescent reaction
which has high vibrationally-excited carbon monoxide as its product
are labile under conditions typically found in chemical liasers.
These two labile species can be formed from the parent CS2 and O2
molecules by any of a number of methods. Consequently, there are
many different techniques for initiating a CSZ/O‘V2 chemical laser.

3.1 Chemical Lasers

Laser action was first observed after flash photolysis of a

(98)

CSZ/OZ mixture. The first laser emission from R-branch transi-

tions was observed after flash photolysis, as was confirmation of cas-

(99)

| cading of vibrationally-excited CO. Flash photolysis produces

atomic sulfur and carbon monosulfide. The first step kinetics for this
type of laser, as given in Table 3-1, is the reaction between atomic
sulfur and molecular oxygen. Although only those lasers which use

0., are of immediate interest here, it should be noted that lasing ac-

2
Hion has been observed from the reaction between CS and O when an

electric discharge was placed in a mixture of CS2 and NOZ' (100)

A spark discharge dissociates CS2 and O2 with a similar re-

sult as for flash photolysis, as is displayed in Table 3-1, and can re-

(101)

sult with laser action. Continuous (cw ) emission was obtained

in a flowing system after moving the discharge out of the optical path,

(102)

into the oxygen supply. Since only oxygen is dissociated in this

arrangement, the first step kinetics are limited to the reaction be-
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tween CS2 and O. The next step for a flowing System was the arrange-
ment of the optical axis transverse to the flow direction. (32) Lasing
was also found when the electric discharge was replaced with a micro-

(103)

wave discharge to dissociate the oxygen. The resulting kinetics,
as indicated in Table 3-1, are of course the same as for the electric
discharge. Another way to form CS and O for a laser is tc place dis-
charges in both the CS2 and O2 supply lines so that the chemilumines-
cent reaction occurs immediately at the confluence of the two streams
(ref. 104).

Thermal dissociation of oxygen upstream of an expansion noz-

(90)

zle and CS2 injection has resulted in lasing. The initiation reac-
tions are simply the high-temperature equilibrium reacticns for oxy-
gen dissociation and recombination, and the first step kinetics is that
of the reaction of the atomic oxygen with CSZ.'

A unique initiation techniqq.e results from the addition of

atomic nitrogen to a CSZ/O2 mixture. (105)

The atomic nitrogen is
formed from an electric discharge in molecular nitrogen. The atomic
nitrogen reacts with CS2 to form CS and with O2 to form O. The CS
and O then react in the usual chemiluminescent manner. The simpli-
fied reaction scheme is outlined in Table 3-1.

All of the above-mentioned methods of initiation yield lasers

(

which are not pure chemical lasers 106) due to the requirement of the

addition of energy to initiate the chemical reactions. At room tem-
perature, CS2 and O2 are not hypergolic, but explosions can occur at

(14)

elevated temperatures. A free-burning flame must therefore

provide sufficient feedback, by means of thermal conduction and
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chain-carrier diffusion, to initiate the combustion process. Although
the rate of the reactions and hence the production of vibrationally—

excited CO is limited by combustion processes, complete population

107
( ) Subsequently, laser ac-

(108)

inversion was found in a CSZ/O2 flame.
tion was obtained from a free-burning CSZ/O‘2 flame.
For the discharge methods, an inert diluert, usually helium,
is added to retard the recombination of atomic oxygen, while the
atomic and molecular oxygen mixture is transported to the mixing
zone; the inert is necessary for lasing in many of the systems.
The first non-diluent added gas which resulted in an increase

O. (32)

in power was vibrationally-cold C Increase in laser output with

the addition of COS and NZO was observed along with a decrease in

(97)

power when N, and CO2 were added. These observations were ex-

‘plained as consequences of selective deactivation of CO vibraticnal

(97)

levels by V-V energy exchange, as will be described in Chapter 4.

3.2 Compendium of CO Chemical Lasers

A chronological listing of CO chemical lasers from the CS,/0,
parent molecules is given in Table 3-2. All of the lasers except those
with an overwhelming quantity of diluent are run with excess oxygen.
This is due to the dependency of the chemiluminescent reaction
CS + O~ CO + S on the availability of highly reactive atomic oxygen.
Thus, a high concentration of molecular oxygen is desirable to ensure
that the chain branching and chain propagation reactions occur readily.
Also of importance is the low pressure, of around 1 kPa, which is
common to these lasers; the low pressure is required to minimize

collisional deactivation of vibrationally-excited CO as well as atomic



oxygen recombination.
The maximum power reported from a single CO chemical la-

9)

ser is 1 kW for pulsed 0peration(‘8 and 34 W for cw opération. (90)
Perhaps efficiency, not power, is the best method for judging the rel-
ative performance of these lasers. However, there seems to be as
many types and definitions of efficiencies as there are differing la-
sers. This is due, in part, to the significant number of diverse tech.-
niques for the CSZ/O2 or, maore precisely,' the CS/O chemical laser.
Although each of the electrical, thermal, mass flow, overall, and
chemical efficiencies has its use, the only efficiency which can be
consistently applied is that of molecular quantum efficiency. Since
the reaction scheme for the carbon atoms is unidirectional for all of
the lasers, the laser output per reactive carbon atom shall be the
yardstick. For almost all of the lasing situations this reduces to the
energy extracted per CS2 molecule. Diluent or other added gases,
such as vibrationally-cold CO, which will not participate in the reac-
tions frofn CSZ to vibrationally-excited CO, make no contribution to
this efficiency calculation. Of the reports which supplied enough in-
formation for this molecular efficiency to be calculated, the highest

2 (93)

efficiency was found to be 7.3 X 10° 0 J per CS2 molecule for a

laser which is initiated by a microwave discharge in O, and with NZO

2
as an added gas. Since a fundamental transition is about 3. 8 X 10'2O J,

this laser produces approximately 2 photons for every CS2 molecule.
The best reported efficiency for a flame laser corresponds to approx-

imately 1 photon for every 3 fuel molecules. (118)



3.3 Chain Mechanism

The understanding of the chain mechanism of the CSZ/OZ 8y8-
tem has evolved as improved experimental techniques and increased
knowledge of the characteristics of the interimediates become available.
The CSZ/OZ combustion mechanism has long been known to be a

(12)

branching chain, but the role of the intermediates, atomic sualfur
and atomic oxygen, was not considered important compared to CS5 and
SO. Correlation of spectroscopic measurements with orbital theories
and activated complex theories improved the construction of the mech-
anism, (13) and provided a mechanism with SO as the main chain car-
rier. However, these arguments favored the wrong reaction channels.
Significant understanding of the chain mechanism was obtained
only after the relative rates of the elementary reactions became known.
An intermediate stage was obtained when a few of the reaction rates
were used with macroscopic experimental evidence to deduce a mech-
anism which raised the importance of atomic oxygen, but still main-

(14)

tained SO as the most important chain carrier; this mechanism
missed some important elementary reactions, but had net reactions
which are products of those fast elementary reactions.

The advent of the CSZ/O2 chemical laser provided the impetus
for many observers to add to the knowledge of the mechanism, which
evolved rapidly as better reaction rates became available. Mechan-

(34, 35)

isms deduced from the elementary reaction rates showed that

atomic oxygen is the most important chain carrier. Elimination of

(35

the reaction between O2 and CS from consideration ) provided the

step from which the four-reaction scheme, as discussed in Chapter 1,
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could be reasoned. Once the importance of this four-reaction mech-
anism became accepted, the relative importance of the ancillary reac-
tions and alternate reaction channels was questioned.
A comprehensive review of the CSZ/O2 combustion reaction

(123)

kinetics and macroscopic evidence considers atomic oxygen and

atomic sulfur as the active centers for chain propagation; thus, the
two species which were often ignored in the past are now considered
to be most important.

With the increased availability of elementary reaction rates
came the useful application of computer simulation of the kinetic be -
havior of the CSZ/O2 system. The four-reaction mechanism, given in

124)

figure 1-1, was found to describe the CSZ/O2 flame. ¢ The mech-

anism for CSZ/OZ/O lasers was found to be described by only three of

these reactions, (124, 125) excluding the reaction between SO and O

5



TABLE 3-1.

Method

=50

Methods of initiation and F'irst Step Kinetics

of CSZ@Z- Chemical Lasers

Initiation Reactions

First Step Kinetics

Flash Photolysis

Electrical Discharge
in Mixture

Electric or Micro-
wave Discharge
in O2

Thermal Dissoci-

ations in O2

Reaction with
Active N2

Separate Discharges

for CS2 and OZ

Elarne

— QaC
CS2 CS+S&

OZ ~0O+0

CS2 - CS5+S

O, -0+0

2

o, -0+0

M+0O., & M+0O+0

2
in equilibrium

N2 - N+N
C:S2 - CS+S

O2 - 0+0

O diffuses from
flame front

CSZ+O = CS+S0O

CS+0 - COT1g

CSZ+O - CS+50

cs+0 - cotss

CSZ+O - CS+50

CSZ+O - CS+S0

N+CS2 - CS+NS

N~I~O2 - NO+O

CcS+0 - cot+4s

CSZ+O ~CS+50

cO" indicates vibrationally-excited CO.
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4. VIBRATIONAL QUANTA KINETICS OF CO

The CO chemical laser has two distinct advantages over other
diatomic molecule chemical lasers in its rélatively slow vibration to
translation (V-T) deactivation and preferential formation of molecules
in the upper vibrational levels. Vibration to vibration (V-V) energy
transfer is sufficiently faster than V-T for CO, so that V-V deactiva-
tion dominates. The product carbon monoxide from the reaction
C5+0 - CO+8S is formed with almost all of its population in high vi-
brational states. As will be shown later in this chapter, a population
inversion may be chemically forrﬁed for each of the first 13 vibra-
tionally -excited states. The CSZ/OZ chemical laser also has the ad-
vantage of fast chemical kinetics as compared to V-V deactivation.

4.1 Energy Levels

Carbon monoxide is a diatomic molecule which is held together

by a very strong bond of 1077 kJ Jmol'l (1.788 aJ), (26)

(126)

same molecular orbital designation as NZ' This triple bond is

and has the

the cause of the deep potential well of the CO ground state, which has

247 vibrational levels before reaching the lowest vibrational level on

(126, 127)

the lowest-lying electronically-excited state. The potential

energy diagram for the CO ground state is given in figure 4-1. The
ground state vibrational and rotational energy levels are given by the

(126)

approximation formula:

_ 1 1,2 13, 1.4
E(v,T) = we(V+a)~wexe(V+z) +weye(V+a) +weze(V+2)

+B -0 (b (w3 Jaae )-[D_t8_vi}) | (541

FHe J2(J+1)° (4.1)
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when the vibrational and rotational constants are given in Table 4-1.

4,2 Chernical Excitation

The energy states of the product CO molecules from the reac-
tion between carbon monosulfide and monatomic oxygen are presently
only desc'ribed in terms of the vibrational level. The information on
the rotational level of the procduct molecules is too quickly erased by
collisions; the rotational levels for each vibrational level reach a
Boltzmann distribution within a few collisions, while V-V transfexr for
thermalization occurs on the order of once every thousand collisions
(ref. 128).

The equilibrium vibrational distribution will not be a Boltz-
mann distribution due to anharmonic pumping which, under some cir-

cumstances, can lead to a Treanor distribution. (129, 130)

However,
due to spontaneous emission, which is important at the low pressures
typical of CS‘?‘/O2 lasers, the vibrational distribution will be modified

(131)

towards the lower levels, leading to an irregular distribu-

tion.

The reaction CS + O~ CO + S is unusual in that the product
carbon monoxide is formed very vibrationally excited with little or no
CO formed in the lower vibrational levels. The product energy dis-
tribution has been obtained by few investigators,and their experimental
results are shown in figure 4-2. All of these independent measure-
ments yield a distribution with an inverted population and each has a
maximum at V = 12 or 13. High population of the lower levels was

4) (132,133,134)did not

(95, 135)

found by only one experimenter(5 while others

observe this behavior. The fwo additional measurerments did
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not cover the entire range of vibrational levels. The approximate
relative population levels from these experiments and the experimen-
tal method are given in Table 4-2.

The heat of reaction of the reaction C5+0 -» CO+S is -310.9 kJ

rnol_1 (-0.5161 aJ) at 300 K and increases slightly to -312.9 kJ mol'l

(0.5195 aJ) at 2000 K when the standard heat of formation of 230,12 kJ

-1 (25)

mol for CS is employed. Comparing that energy with the vi-

O, (126) the maximum vibrational level of CO

bration levels of C
which should result from this reaction is 12. But that is based on

the assumption that most of the CS is in the zeroth vibrational level.
However, the CS produced from the réaction with carbon disulfide and
monatomic oxygen has a significant vibrational population in the first

(49)

three vibrationally-excited levels; 26 per cent of the total energy
was found to have gone into vibrational energy of the products.

An independent measurement of the translational energy of the
products indicates that a maximum of 10 per cent of the reaction en-
ergy goes into translational energy of the products CS and SO. (136, 137)
The harmonic constant, W, » and first anharmonic constant, Xewe s
for the CS molecule are 2.55271 XlO_ZO J and 1.28 X 10—22 J, (25) re-
spectively; these indicate that for the first three vibrational levels of
CS, each vibrational quantum can increase the maximum energetical-
ly possible CO vibrational level, at v = 13, by one. Thus, the CO
molecule can be formed in up to the 15th vibrational level. The actual
heat of formation of CS is probabl.y around 40 kJ rnol'l larger than
(25)

Three independent measurements place this

heat of formation at 269 3 kJ mol-l’ (138) 272 £ 2 kJ mol—l, (139)

the standard one.
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-1 {140) .
and 293 £ 8 kJ mol 7, which would allow CO tc be formed about
1, 2, or 3, respectively, vibrational levels above the previous dis-
cussions. With these considerations there is no doubt that the vibra-
tional energy distributions of figure 4-2 and Table 4-2 are energeti-

cally feasible.

4.3 Radiative Decay

The dipole moment of 3. 00 X 10'16 v (126)

of carbon monoxide
allows the radiative decay of vibrationally-excited CO. The spontane -
ous emission coefficients, AV , are determined from the dipole

matrix elements(141)
(135)

!
s V

with the normalization based on emission

measurements. These coefficients are given in Table 4-3 for

fundamental (v = v-1), first overtone (v = v-2), and second overtone
(v = v-3) emission from the lowest-lying 20 vibrational levels. The
spontaneous emission coefficients increase with increasing vibrational

level. The stimulated emission coefficients, Bv o1 ¢ are determined

3

from the spontaneous emission coefficients through the Einstein re-

1ation( 142)

3
c
Bv o = 3Avv s (4.2)
’ 8rhyv ’

where c¢ is the speed of light, h is the Planck constant, 6.626196 X
10714 J s, and v is the frequency of the emitted radiation.
The frequency of the emitted radiation will be centered accord-
ing to equation (4. 1) and the conversion of
v = E/h . (4. 3)

The linewidth broadening to be considered here will be the two classic

types of broadening, the Doppler and the Lorentz. The full width at



-60 -
half height (FWHH) of a purely Deppler (or homogeneous) broadened

line is given by (ref. 142, p. 44)

\Y} NG 5
Avy = ZTO /———————“kfi’: , (4. 4)

where A\)D is the FWHH; is the center frequency; k is the

Yo
-2 -
Boltzmann constant, 1.380622 X 10 3 J K 1; T is temperature, and

m is the mass of the molecule. The mass of the Clelé melecule is

26k

4.649% 10" g, so that the Doppler line width can be written as

1
Avg = 1.354% 107 v/ T K72 . (4.5)

The FWHH of a purely Lorentz (or inhomogeneous) broadened line is
given by (ref. 142, p.46)

Avy = Z/m (4. 6)
where Z is the collision frequency. The collision frequency for
species i in a mixture of gases can be estimated by kinetic theory as
(ref. 143, chapter III)

1
5 N W.
Z = n( -—-8kT> Z X.S..(l +—1>
Tm i=1 ] ij Wj

o]

) (4.7)

where N is the number of species present, n is the particle density,
Xj is the mole fraction of species j, Sij is the collision cross sec-
tion between species i and j, and Wi is the molecular weight of
species i. The particle density can be represented in terms of the
total pressure, p , and the temperature by
n = p/kT . | (4. 8)

Substituting the collision frequency and particle density into

equation (4. 6) and combining the constants yields the Lorentz line-

width as
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; N 3
B I W,
Avy =L 99>=1024<K Hz )—9-1- ) X.S..<1 J""W‘l‘> , (4.9)
Pam” T2 770 J U j

For an estimate of the linewidth under conditions typically found in a

CSZ/OZ laser, assume a pressure of 1 kPa, a temperature of 1750 K,

and a frequency of 5. 64 X 1013 Hz, which corresponds to a v =9 to 8

transition. Assume that only the three species, O,, CO, and SO

2’ 2°

are important and that the mole fractions can be assumed to be

OZ:

be estimated by

0.67, SO:0.22, and CO: 0.11. The collision cross section can

s
Sij = 1'r(c7i + CJ‘j) , (4. 10)

where Gi is the molecular radius of species i. The Lennard-Jones

(86)

molecular radii are:
0,: 0,177 nm , CO:0.186 am , and SOZ: 0.215 nm .

2
. . . 12 16 . .
Since the interest is for C7 O™ 7, take the atomic weights as:

C:0.012 kg mol™', 0:0.016 kg mol™!, andS: 0.032 kg mol™ !,
from which the molecular weights are approximated. Putting all this
together yields a Doppler linewidth of 3.2 X 108 Hz and a Lorentz line-

width of 2. 8X lO7 Hz. Since the separation of the two P-branch tran-

1 Hz, (98) it

sitions, P(13) and P(12) with v= 9 to 8, is about 1.2 X 10
is clear that under conditions typical of the CSZ/O.2 chemical laser,
adjacent transitions do not overlap.

4.4 Collisional Decay

The vibrationally-excited carbon monoxide can be relaxed
readily by V-V transfer with CO molecules in other vibrational states.

The reaction

CO(v) + CQ(V’) -» CO(v-1) + CO(v'+1) + AE (4.11)
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describes the general process of a quantum energy iransfer in CO
where the energy defect, AE , is.transferred to (or from) translation-
; al and rotational energy. For v >v', the process is endothermic,
AE <0. If v' = v-1, then AE = 0 and there is effectively no chemical
change. If v <v', then the reaction is exothermic, AE >0, and the
molecule in the upper level, v', is pumped up one quantum. Since
this type of exchange is exothermic, the tendency is for this reaction
to be important; thus the upper levels are pumped at the expense of
the lower levels. This phenomenon of anharmonic pumping is to be
expected whenever the V-V transfer rates are fast compared to the
V-T rates. Of particular interest in the CSZ/O2 chemical laser is the
vibrational relaxation by ground state CO molecules

CO(v) + CO(0) »CO(v-1) + CO(1) + AE . (4. 12)

The rates of these reactions at 300 K for v = 2 to 12 (128, 144) are

(145)

given in Table 4-4 along with theoretical results which allow ex-
trapolation to v = 1 and v = 15 as well as to 700 K. The relaxation
rates are greater for the lower vibrational levels, which implies
preferential deactivation of the lower levels; thus, addition of vibra-
tionally-cold carbon monoxide inserted with the reactants can help
maintain a population inversion. However, this selectivity decreases
with increasing temperature.

V-V transfer will cause selective depopulation of the lower vi-
brational levels of CO if the energy defect is smaller for the lower
levels than for the upper levels. The probability of a V-V energy
transfer is roughly an exponential function of the energy defect and a

(128)

linear function of the vibration level; the probability of energy
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transfer in the reaction with unspecified polyatomic molecule, M ,
CO() + M = CO(v-1)+ M  + AE | (4.13)
where the superscript t indicates vibrational excitation, has the

functional dependency

P, o1 & vexp(-oE) . (4. 14)
The energy defects for the vibratiohally-cold diatomic gases CO, OZ’
NZ’ and triatomic gases COS, NZO’ COZ’ and CS2 , and the first 20

exéited vibrational levels of CO are presented ir_l figure 4-3. From
the position of COS in figure 4-3, it would be expected that the en-
ergy transfer rates from CO to COS should be relatively large. This
is confirmed by experimental data presented in Table 4-5, which in-
dicates that the de-excitation of CO(5) by COS occurs in about one out
of seven collisions. Selective population of the lowest levels of CO by
NZO can be expected due to the increasing energy defect with vibra-
tional level as illustrated in figure 4-3; the relaxation data listed in
Table 4-5 clearly illustrate this behavior. Both nitrogen and carbon
dioxide exhibit slight perferential depopulation of the lower levels of
CO.

The reactant species O2 and CSZ have a single quantum energy
defect which, as illustrated in figure 4-2 , is smaller for increasing
vibrational levels. The expectation is that these would tend to selec-
tively depopulate the upper levels, which could tend to increase the
population inversion in the intermediate levels. The near-resonant
two-quanta transfer process

CSZ(OOO) + CO(1) - CSZ(101) + CO(0) - 8.3X 10_22 J (4.15)
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52 )

. (15
has been shown tc be efficient, ' even though multi-quanta processes

should not have a high probability. The rate for this exchange at 300 K

S1 -1 ! y
is around 2.5 X 105 m3 mol 1 s 1, 149( 152)

about cnce every 620 col-
lisions, which is two orders of magnitude below the quantum exchange
between COS and CO(5). Similar multi-quanta excitation of CSZ should
have significantly lower rates for the higher CO levels, since over-
lapping of rotational bands, which provides the resonant exchange, will
not occur.

The energycdefect of SO, with CO(v) is too large to provide ef-
ficient V-V exchange; the rate with CO(l) was measured at 2. 1 X 102

m3 rnol-1 s'l. (149)

This compares with the rate for deactivation by
helium, which is given in Table 4-5. Since helium has no vibrational
or rotational freedom, de-excitation of CO(v) occurs only by V-T trans-
fer, and thus should have a lower rate than for polyatomic molecules.
The data listed in Table 4-5 illustrate the importance of V.-V as com-
pared to V-T deactivation, which is represented by the rates for heli-
um. Deactivation by other inerts should have a lower rate than that

for helium, due to their larger mass; for example, the rate constant
for deactivation of CO(1l) by helium is about seven times that for ar-

gon. (148)
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TABLE 4-1. Vibrational and Rotational Constants

for the Clelé Ground State

Symbol Constant, J
w, 4.3103193 x 10-20
® x 2. 64081 X 10°%%
e e
0y 2.28 x 10743
e’ e
@ z 3.12 x10°28
e e
B 3.836439 X 107°>
o 3.4789 x 10722
_29
v, 5.88 X 10
D, 1.2157 x 10728
B 1962 X 10732
e
H 1.163 x 10734

Data from ref. 126.
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TABLE 4-2. Vibrational Distribution of the Product CO Molecules

Relative Populations

Ref. (132) (132) (135) (133) (94,95) (54) (134)
v
1 2.38  0.09
5 1.13  0.08
3 0.35 0. 82 0.07
4 0.35 0.52 0.11
5 0.37 0.55  0.18
6 0. 05 0. 40 0. 37 0.58  0.29
7 0.06 0.17 0. 10 0. 44 0. 44 0. 62 0.48
8 0.27 0.32  0.21  0.50  0.69  0.67  0.64
9 0.61 0. 41 0.49 0.51 0.81 0.71 0.78
10 0. 66 0.55 0.61 0. 62 0.91 0. 80 0. 89
11 0. 80 0. 65 0.73 0.74 1.00  0.89 0. 94
12 0. 87 0.85  0.91 0.90 1. 00 0. 97 1. 00
13 1.00° 1. 00 1. 00 1.00 1. 00 1.00 0. 85
14 0.61 0. 90 0. 92 0.88 0.77 0.59
15 0.20 0.58 0. 30 0. 52 0.56  0.32
16 0.32 0.24 0.34  0.14
17 0.18 0.14 0.13
18 0.06
19 0.02
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11
12
13
14
15

16
17
18
19
20

matrix elements calculated in ref.

TABLE 4-3. Carbon Monoxide Spontaneous Emission Coeffici
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ents

wn

Fundamental

First Overtone

CO(v) =CO(v-1) + hv

CO(v) » CO(v-2; + hv

Second Overtone CO(v) -~ CO(v-3} + hv

A
-1

V, V-1

(s 7)

33. 4
64.
92.

118.

142,

164.
182.
200.
214.
2217.

238.
248.
256.
262.
268.

271.
275.
278.
279.
281.

W U W U1 O = = = O W © O v Wuw

N o~ Ul DV O

Av,\)_z Av,\)-3
(sh (s~ 1)
0.9 .
2.8 0.01
5.6 0.05
9.3 0.12
13.9 0.26
19.0 0.45
25. 1 0.7
32.0 1.
39. 3 1.6
47.7 2.3
56. 2 3.1
65. 6 4.1
75.0 5.2
85.8 6.5
95. 8 8.2
106. 8 10. 1
118.0 12.2
129. 2 14. 4
140. 9 15. 6

The coefficients are from ref.

135, which are based on the

141.



TABLE 4-4.

(6 2 B O S

S O O~ O

1

11
12
13
14
15

reference

Notation:
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Vibrational Relaxation of CO(v) by CO(0)

CO(v) + CO(0) - CO(v-1) + CO(1)

Experimental
300 K
1. 1E6
1. 6E6
1. 2E6 1. 9E6
7.8E5 1.2E6
3. 8E5 5.9E5
2. 0E5 2.8E5
1. OE5 1.4E5
6. 6E4 9. 8E4
3. 7E4
2.8KE4
2. 0E4
(128) (144)

aEb is aXIOb

1

) ; 3 -
Reaction rates are in m~ mol s

-1

Theoretical
300 K

.0E6

. 5E6

. 9E6

. 8E6

. 1E6

Fosd g ped peed bt

. 4E5
. 6E5
.3E4
.2E4
. 3E4

USRS ) T o'« JRNI VVRR N

. 3E4
. 5E4
. 0E4
. 8E4
.3E4

— = NNW

(145)

The theoretical results were obtained from data in ref.
version according to ref.

146.

Theoretical
700 K

. 8E5

.2Eé6

.TE6

. 1E6

.2E6

NNV et s =l

. 9E6
.3E6
. 7E5
. 7TE5
. TE5

> 1 00 b

. 8E5
. 2E5
. 9E5
. 6E5
. 3KE5

[aVEE AS T AS R VS VA

(145)

145 and con-
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TABLE 4-5. Vibrational De-excitation of COiv) by a Few Molecules

CO(v)+M = COw-1)+ M

v M: O, N, olech N,0 co, He

1 4.E2 3.2E3 _ 4.8E6  2.8E6  4.F4 3. 5E1

2 - - - 1.E6 - -

3 - - - 6. E5 - -

4 - 1.4E3 2.4E7 3. 0E5 1. 8E4 -

5 - 1. 0E5 3.6E7 1.5K5 1.0E4 -

6 - 6. 0E2 3.4EK7 9. 0E4 9.0E3 -

7 - 5. 1E2 2.2E7 5. 9E4 9.0E3 -

8 - 4, 3E2 9.0E6 5.2E4 9.6K3 -

9 - 2.8E2 4. 3E6 5.2E4 1.3KE4 9.0E1
10 - 2.4E2 Z.3E6 6. 0E4 2.0E4 1. 6E2
11 - 1.3E2 1.9E6 6. 0E4 3.2E4 2.0E2
12 1,384 - 1.1E6  6.0E4  5.2E4 3,212
13 2. 6E4 - 6.0E5 5.4K4 7.2E4 3.8E2
Deactivation rates are in rn3 mol ! ¢! and at 300 K .

Notation: aEb is aXIOb .

Rates for v=1 ; 02, coOs, N2
150, and 151, respectively.

O, COZ’ He from refs. 147, 148, 149, 149,

Rates for v=2,3 from refs. 93 and 150; rates for v=4-13 from

ref. 128.
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5. VON KARMAN APPROXIMATIONS APPLIED TO
THRE CSZ/ O? FLAME

The von Karman approximations(153) provide a simple method
of extracting information on the primary physical characteristics of
one-dimensional laminar deflagrations. These methods allow an ap-
proximat'e determination of flame speed and flame structure. Apart
from the usual assumptions of the theory of laminar flame propaga-
tion, the main implicit assumption is that the behavior of the major
species near the hot boundary has the predominant influence on the
flame properties; the initial reaction zone, where intermediate spe-
cies and initial boundary conditions have a large influence, is down-
graded and essentially ignored. The scope and accuracy of this meth-
od are limited due to the neglect of transient species, gross property
assumptions, and the small number of reactions allowed for the
kinetics scheme. However, rough functional dependencies are ob-
tained from simple numerical computations. The assets, explicit as-
sumptions, and limitations of the application of the von Karman
method are listed in Table 5-1.

In this chapter, the von Karman method is applied to the lean
CSZ/O2 flame. The chemical kinetics are modeled by a five-reaction
scheme which includes the four-reaction chain propagation mechanism
discussed in Chapter 1. Numerical solutions are presented for the
flame speed and flame structure for each of the three (zeroth, first,
and second) approximations. Comparison of the calculations with ex-
perimental data is made in Chapter 9.

5.1 Development of the Problem

Following the formulation of von Karman, the equations for
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species conservation and for the diffusion relations are {ref. 153, eqs.

8a and 8b)
! A Vi 51
do mZE:' N , h? \ .
Po@n+o (——)(e.-c.)
j=1 T jf
p £
N - € € A
Yo Llx i X, J
dX. J=1 D.. 1w, j W,
S A RT ij j i
7 = — (=) S ; (5.2)
c_ P N , h
P (0-1)+ 2. (—— )(e -e.)
JF1r*E T J
p i
where:
€, = mass flux fraction of species j ; additional subscript
J f indicates final value
8 = temperature, nondimensionalized by the adiabatic
flame temperature
A = thermal conductivity
m = mass flow rate
C_’fp = average specific heat capacity
hjO = standard specific heat of formation of species j
Tf = adiabatic flame temperature
N = number of species
Xi = mole fraction of species 1
T = absolute temperature
R = ideal gas constant
p = absolute pressure
Dij = binary diffusion coefficient
W = molecular weight of species i
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The assumptions which lead to this formulation are: (i) steady state,
(ii) one-dimensional plane flow, (.iii) no body forces, (iv) no radiant
energy transfer, (v) negligible bulk viscosity, (vi)negligible thermal
diffusion, (vii)low velocity so that the integral of the raomentum equa-
tion yield‘s constant pressure, and (viii} all the species have the same
constant heat capacity which allows the energy equation to be used to
transform the independent variable from distance to temperature.

The net rate of production of species i by chemical reaction is given

by: ST
v B, R CD
Wl = k: ’1\ 1,k)Kk -'—-T—/ s lzl,o..,I\I (5.3)
j=1
where:
M = number of elementary reactions,

\)i Kk = stoichiometric coetfficient for species i which is a
? reactant in reaction k ,

\);' Kk = stoichiometric coefficient for species i which is a
’ product in reaction k,

Kk- = rate constant for reaction k.

Consider the set of reactions:

1. CSZ+O - CS +S0C

2. CS+0 - CO+5
3. S+0, ~S0+0

4. SO+O2 —*SOZ-J-O

5. O+SO+M ""SOZ+M

with the eight species

1. OZ 2. CS2 3. CS 4. CO

5. SO2 6. S 7. SO 8. O
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The initial conditions, 8§ = SO , are given by

Xl = I-XO

. 2 . ,
X, = XO for XG<7’ 5‘—90 (5.4)
X. =0, i=3, , 8

XO is the initial mole fraction of CSZ'

provide an excess of O, as CSZ/O2 fiame lasers invariable run with a

The value of XO is limited to

lean mixture. The downstream conditions are determined from the
physical reasoning that all of the CS has been reacted and that all in-
‘termediate species have disappeared, i.e., a limited equilibrium.
Thus, the boundary conditions to be applied at 8§ = 1 are:

7

1--2-X0‘ 2X0
X, = X = ——
! 1 S G

l-—Z-XO 270

(5.5)
XO

X = X. = 0 3 1:2,3, ,6,7,8
4 1 l—X i

270

This choice of kinetic scheme and boundary conditions corresponds to
the overall reaction, equation (1.2), which was discussed in Chapter 1:

5
6. CSZ +5 O2 CO + ZSO2

Apply the steady-state approximation to the four transient
species (CS,S,S0, O) to determine their mole fractions in terms of the
reactant species (CSZ’ O?‘)° Using these approximations, it is found
that the net production of the major (reactant and product) species is
related by:

MWy
w. = w. o, (5.6)

i W
lJJ ; J

where the U are the stoichiometric coefficients of the overall reac-
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tion, reaction 6; the stoichiometric coefficient is positive for a prod-

uct species and negative for a reactant species. Choose specie‘s 4,
CO, as the standard species since My = 1, so that

Wi
Wi = “1—VV—4-W4 (5.7)
The steaay-state approximations also simplify equations (5. 3); the net

rate of production of CO becomes

K.K
1 1774
where c is the total concentration,
cC = p/R.T (5. 9)
Substituting equation (5. 7) into equation (5. 1) yields:
de. w
i A 1 4
= — : u.w. . (5.10)

at wC Va4 N, n° | ol

P b < J J(e.-e..) - (1-8)

J=1 C T j it
p £
Collecting factors which are species dependent,
1 98
Therefore,
de. de
U V%/' d@l T U iN dé] (5.12)
ii i :
Again choose species 4 and integrate to obtain
W,
€.-e.. = W = (€,-€,) (5.13)
i Cif i W4 4 “4f :

For the von Karman approximations, the mole fractions and mass flux
fractions of the intermediate species are considered to be negligible

for evaluation of the species conservation equation and diffusion condi-
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tion. The remaining €. can then be related to €4 by equation (5. 12}
so that one mass flux {raction is independent. The obvious choice is
to remain with species 4, CO.
The energy conservation equation (ref. 1, eq. 7) with reduc-

tion by equations (5. 13) is:

N , h’ \

A das j i
—— = (8-1)+(e,-€,) 0 (_ U, st . (5. 14)

= dz 4774f’ 521 cpr> iw,

Evaluate this equation for pre-flame conditions where the temperature

derivative vanishes, e, = 0, and 8= 90 , to find
%< hj° v WL
e, o ( =Ly =L = 1.8 . (5. 15)
4f 21 é—pr/ i W, 0

Equation (5. 11) is equivalent to the global energy conservation equa-
tion which determines the adiabatic fiarne temperature. The differen-
tial equation for 64 , equation (5.10) for i =4, can be simplified with
equations (5.13) and (5. 15) to obtain

de ; W
&+ = —7— / ’€4> . (5.16)
m
p (1-8)( 1 -—%)-(1-9)
0N T

4

For integration of equation (5. 16), the von Karman method
represents the functions A and Wy in terms of the non-dimensional
temperature. The mole fractions of the reactant species are approx-
imated by functions which are linear with respect to € between the
two boundary points. The justification comes from the case of only
two species which have a Lewis number of unity where, for this spe-
cial case, the weight ratio of each species is exactly a linear function

of temperature. This result is extrapolated to the current case of a
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B .5/ Oﬂ
Xy = 1-1 ‘§<1-€§O/JX0
. (5.17)
1.8 .
Xy = <“1."670>x0

The heat conductivity and reaction rates are approximated by the em-

pirical relations

KK A (5.18)
K5 = Aexp<--ei>

(5.19)

f—
>

A= fPf__A (6 )
_':—5-———2—_—_ EXp—a ®
me

where Py is the final density of the gases. Then equation (5. 16) be-

comes

_ 1-8
- -8
de _ 1-8 ] 1-9 eXp(\ aT)
d5 ~ A[C1+C2<1-eo> <1"eo> (T-8)(1-¢)-(1-9)
, (5.20)
e(eo) = 0 e(l) = 1
with
1. Ix X (2 +~X)
c - Z"0 md G - 07 TZT70
L 1 -1—X 2 1 —l-X
270 270
Define the functions y and n by:
-8
y = l-¢ and n = —i—:@-— , (5.21)
o

so that the hot boundary is located at y(0) = 0 and the cold boundary is



at y(1) =1 Equation (5. 20) is transformed to
& - plc +c n] T ex {-8 ————-1-——-} (5.22)
d']’] 1 Zﬂ v=" %p a 1 .
-8, "

y(0)=0, y({1) =1

5.2 Zeroth Order Approximation

For the zeroth approximation tc the eigenvalue, the change of
thermal enthalpy is neglected in comparison with the chemical energy
production and heat transfer by conduction. This approximation
eliminates the cold boundary ioroblem by alteration of the basic equa-
tion. For the zeroth approximation, r is neglected in comparison to

y in the denominator of equation (5.22). Thus, the equation becomes

separable:
dy _ [ N }
y & = Az[c1+c2n]nexp{_6a —— (5.23)
-5, "
Let
d n
I = J‘[C1+C2n]nexp{-—@a ———l——————}; (5.24)
0 16, "

then equation (5.23) can be integrated between the boundary points to
obtain a relation for AZ :

A= 1/21 . (5.25)
Zz

The zeroth order eigenvalue, /\Z , provides an upper bound on the
eigenvalue A of equation (5.22) (ref. 154, p. 111). From infegration

of equation (5.23), an approximation for y is also obtained:
1

1 N . 1 2
y(n) = I_JI [C1+C2ﬂ’]'ﬂ'exp{—9a ———ln———-—l}dn' (5.26)
0 | =5 -7
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-~ n =

where n' is a dummy variable for 1.

5.3 First Order Approximation .

A better approximation is obtained with a linear approxima-
tion for the change of thermal enthalpy, with the slope equal to its
actual value at the hot boundary. Again, the cold boundary problem
is eliminated by alteration of the equation. For the first approxima-
tion to the eigenvalue, m is considered as a linear function of y (or
vice-versa) in the denominator of equaticon (5.22). Again the equa-
tion is separable. Let

n= ay (5.27)
in the denominator, and then evaluate & from the limit of y and n

equal to zero to find

NTF 4K1c_1‘_1

A = . (5.28)
2,’\,1C1

The species conservation equation becomes

dy _ n
-y g = 4,00 vCpmInexei-, "T——;} : (5.29)
-
0

which, after integration between the boundary points, yields a rela-

tion for /\1 , the first order approximation to the eigenvalue
_L(y )T
M o= o 1_Jc1 (5. 30)

and a relation for y(n) which is identical to that of the zeroth approx-

imation, equation (5.26).

5.4 Second Order Approximation
For the second approximation, the species conservation equa-

tion, equation (5.22), is integrated numerically with the additional
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assumption of an ignition temperature. The ignition temperature is

introduced simply by altering the cold boundary condifion to

y(1-8) = 1
T T (5.31)
1770
5 = Tf_T > 0

where TI is the ignition tempe‘r‘ature and TO is the initial tempera-
ture. Numerical methods are employed to find both the eigenvalue
and the function y which satisfy the boundary conditions and egua-
tion (5.22).

An improvement on the approximation for the mole fraction
can be made by consideration of the diffusion condition, equation
(5-2). Assume that all of the binary diffusion coefficient are equal

and that the Lewis number, (pDEp)/}\ , is equal to unity. Then, with

‘ equations (5. 13) and (5. 15), it is found that

2P R
dX. %y =1 W, W,
O W J 1
T = 64 s (5.32)
(1-6)(1 - 52 ) - (1-8)
4f
where W is the average molecular weight,
_ N
W = ?:1 WX, . (5.33)

Substituting equation (5. 13), expanding the sum, and employing pre-

vious notation yield

i
i

N N
dX; AR I PRI RE [T P <3§1 g‘j> X

= — . 5.34
—av pun (T-8,)(1-¢) - (1-8) ( )

=
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The linear approximation for the mole fraction is to be substituted
into the right hand side of equation (5. 34} and then this equation is to
be integrated. The average molecular weight under the linear ap-

proximations for all mole fractions becomes

[17—(——1—;—>] : (5. 35)

Consider again the species CO, and since for this case

N 1 X5
?:1“3‘:“’2” byg=1, and X, = —s— , (5.36)
1-79'

apply the linear approximation, and transform to the y, n notation to

obtain
(1 __X°> ax X,
-2 4 E y(l-T)]
o I - (1_-—-n) 1 - (5.37)

The first term represents the contribution due to non-constant aver -
age molecular weight; for small values of the initial CSZ mole frac-
tion, the assumption of constant W can be seen to be valid. In order

to determine the departure from linearity, let

X X
_ 4< O> \
x = g (1= ) -u(lon) . (5.38)

X0

Then equation (5.37) reduces to

dx _ <1__29 ) 0 2 (5.39)

v

a(y-m

so that



(
X X
jn'/l 0 ‘) .Y_(_l.ﬂ'... dn' + _9
Voo g T T E
th
0<sn=<1 for 07 or ISt approximation
d
0£n<1-§ for 2" approximation
< = < (5.40)
1-6
X X
J‘, 0 >y(lﬂ) l(l ___9_> i( O\
0 (1—2n o 41 A\ )38 (L =
nd . .
L 1-6 <m =1 for 27 approximation
From the definitions of y and the mass flux fraction comes the
relation: _ _
o1 (E) ot (1o le) (5.41)
W 4f M

where Vy is the diffusion velocity of species 4 and v is the mean
flow velocity. Substituting the linear approximation for the mole frac-
tion, the diffusion velocity is given by:

X

v
4 <1 0 >< 1-v -

-—\7- —_—l‘l‘ .|.--Z--T‘[ "——1—n)- (5.4:2)
Since y =1 at n= 1-6, then at the cold boundary V, = -v , which

4

means that the product diffuses upstream with the speed of the flame
speed.

If the physical dimension is given by z and the origin corre-
sponds to the cold boundary, then the energy equation will provide the

transformation from the temperature to space coordinate:

1
AJ(1-6,) 1 T-8_ "

s = 22 g dn (5. 43)
m y -1

The hot boundary, where 1 = 0, corresponds to z = +oo .
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5.5 Numerical Results

The eigenvalue integration requires numerical values for the
constants representing the activation energy, @a, the initial tempera-
ture, 60 , and the ignition temperature, 8. The values of these con-
stants are dependent upon the adiabatic flame temperature and the rate
constants of reactions 1, 4, and 5. The adiabatic flame temperature,
Tf ; can be found in the standard manner by solving the implicit equa-
tion

N N
2 BT, = 2 H(TX

1=

0 (5. 44)

i0
where subscript 0 indicates the initial values and Hi is the molar
enthalpy of species i. Details of the calculation of the flame tempera-
ture, as well as all the other numerical results presented in this chap-
ter, are given in Appendix A. The enthalpies were calculated from a
simple tabular form of the molear heat capacities whose values were

i
taken from standard thermodynamic tables. (25)

The resulting flame
temperature as a function of the initial mole fraction of CSZ and the
resulting average heat capacity are displayed in figure 5-1.

The combined rate constant composed of the coefficient A and

activation energy 9a as given by equation (5. 18) was determined by

the values of the rate constants Kl’ (46) KZ’ (46) and K5(63) given by
Kl = 5X 107exp( - 96¥K) m> mol™! 571
K, = 3.5%10° exp(- -3-3—0,—r0—1§-) m> mol™ ! s} (5. 45)
Ky = 3.2 X 105 m6 nnol_2 g1

so that
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A = 55x%x10 s°1

3 (5. 46)
s L 42X10°K
a. Tf

The value of the constant l/(l_eo) which appears initially in
equation (5.22) is determined by the adiabatic flame temperature and
the initial temperature, which is taken as 300 K. The variations of
the activation energy constant and initial temperature value with XO )
thg initial mole fraction of CSZ’ are given in Figure 5-2.

With the previous numerical values, the eigenvalues for the
zeroth, first, and second approximations can be generated. For the
second approximation, an ignition temperature corresponding to
& = 0.05 was chosen; the ignition temperature is plotted as a function
of XO in Figure 5-1. These eigenvalues should form a lower bound
on the eigenvalue, and hence an upper bound cn the flame speed. The
numerical results for the eigenvalueé as a function of the initial mole
fraction of CS2 are preSen;ced in Figure 5-3. Notice that the better
the approximation the lower the eigenvalue. Of course, these results
do not necessarily bound the experimental flame speed due to the ap-
proximations used to produce a soluble model.

The mass flux fraction, € , and the diffusion velocity ratio,
-V4/v , have been determined numerically as functions of the non-
dimensional temperature (@-90)/(1-60) for all three of the approxi-
mations. Since the functions € and -V4/v are identical for the
zeroth and first approximations, there are only two calculations for

each function corresponding to the first and second approximations.

The results are displayed for the case of XO = 0. 10 for the mass
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flux fraction in Figure 5-4 and the diffusion velocity ratio in Figure
5-5. The second approximation for these two functions is dispiayed
with the initial mole fraction of CSZ. as a parameter in Figure 5-6 for
€ and Figure 5-7 for —V4/V .

The flame speed is determined from the eigenvalues through
equation (5.19). The mass flux, and hence the flame speed, can be
seen to be proportional to the inverse of the square root of the eigen-
value. Numerical values for the thermal conductivity were deter-
mined by taking advantage of a Lewis number of unity, and noting that

the initial and final densities are related through the ideal gas law by

p W T
L. L2 (5. 47)
Po W f
0
Then the flame speed, v, can be given by
1
D,Aexp{-8 ] - >
v:\/o 2 5 4 (5. 48)

%)
3 (1 -5 X,
The numerical value for the diffusion coefficient at 300 K was approx-

imated from data of the diffusion coefficient of O2 with various neu-

tral species and a pressure relation of(155)>

D, = (1'013x;O5Nm‘2>D , (5. 49)
choosing p as 1.0 kPa (0.01 atmosphere) and D as 1.5X 10‘5 nn2 s
(ref. 155), the diffusion coefficient is thAen taken as DO = l.5><lO—3
m® s} . The second approximation to the flame speed as a function

of the initial mole fraction of CS, is shown in Figure 5-8.

The flame thickness and temperature profile are determined
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from equation (5. 43). The thermal conductivity is again evaluated by
taking advantage of a Lewis number of unity, so that for the second

Id * . .
von Karman approximation,

1
D (1 1 T8,
Z:T\‘é'g“ﬁj%_??ﬁ_—"dn ~ (5.50)

The temperature profile of & as a function of distance non-dimension-
alized by the coefficient of the integral of equation (5.50) is given in

Figure 5-9 for five values of initial mole fraction of CS X,. The

2770

flame thicknesses for these cases vary from 1.5 mm to 5 mm.

5.6 Sensitivity of Numerical Results

The sensitivity of the eigenvalue and flame speed, calculated
by the second von Karman approximation, to changes in the ignition
temperature and activation energy is obtained by approxi_rnatioh of the
influence coefficient. The influence coefficients, &, are obtained by

calculation of the partial derivatives in the form of

% - g2 (5.51)
[ 5
a

Thus,

which relates the parameter Ba to the dependent variable Ay
a fractional change of Ga will result in approximately an &-fold frac-
tional change in !\2 . This influence coefficient is a means of pre-

senting the instantaneous relation between ea and AZ in a power form

&
Ay ~ Ga . (5.52)

2
Thus, an influence coefficient of unity implies a linear relationship
and zero implies independence. The influence coefficients for the ig-

nition temperature were approximated by decreasing & by 10 per
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cent and recalcuiating the von Karman approximations. The results
of the calculations, as summarized in Table 5-2, indicate that the
eigenvalues and corresponding flame speed are nearly independent of
the ignition temperature. The influence coefficients for the activa-
tion energy wer approximated by increasing Ga by 10 per cent from
the nominal case and recalculating the von Karman approximations.
The results of these ca1CL'Llations, as summarized in Table 5.3, indi-
cate that the eigenvalue, /\2 » and the flame speed are strongly de-

pendent on the activation energy.
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TABLE 5-1. Characteristics of the von Karman Method

1. Iacludes diffusion effect for reactants and products.
2. Accurate for flames which have a single rate-controlling
reaction with a large activation energy.
3. Simple computation.
4. Provides a lower bound of the computed flame speed.
EXPLICIT ASSUMP TIONS
1. Steady-state apprbximation on all intermediates.
2. Mole fractions of major species are linear with respect
to temperature.
3. Heat capacities constant and equal.
4, Standard cold boundary diffic ulty removal for second ap-
proximation.
LIMITATIONS
1. Requires a reaction scheme with a single rate-determining
step.
2. Intermediate species must have negligible concentrations.
3. Ignition zone kinetics ignored.
4. Chemical kinetic rates must be well known for accurate

results.
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Influence Coefficients for the Ignition Temperature

NI T .

K 5 %,

0 0.1 0

0 0.1 0

0 0.1 0
ax10”*  Lo.1 +0.004
ox10~%  _o.1 +0. 009

o

v

0
0
0
0.002
0.004

Influence Coefficients for the Activation Energy

TABLE 5-2.
- 1
XO /\2 1\2
0. 05 4,774 4.774
0.10 3.246 3,246
0. 15 2.628 2.628
0. 20 2.351 2.350
0.25 2.252 2.250
TABLE 5-3.
1
X by Ay
0.05 4,774 5. 688
0.10 3.246 3.822
0.15 2.628 3.084
0.20 2.351 2. 762
0.25 2.252 2. 659

8A2 89a .

%4

0.191 0.1 1.91
0.177 0.1 1.77
0.174 0.1 1.74
0.175 0.1 1.75
0.181 0.1 1.81

a

v

e DN

bd

. 45
.78
.53
. 40
. 34



() o
o) &3
z o
o
8
=
o
et
=
X2
o
X o <
= =
o
)—
= BH
T =0
A
G =
a . o
= )
bt o
gy
b
N
L
o -
o
—_
&
= w—f
S
TI
o
o I | I | l l I3
0.0 .04 0.08 0.12 0.16 0.20 0.24 0.28
INITIAL MOLE FRACTION CS2
Figure 5-1. The Flame Temperature and Average Heat Capacity for

All Three von Kirman Approximations and the Ignition
Temperature for the Second Approximation.



INITIAL TEMP VALUE
ACTIVATION ENERGY

=
1 T | { I z i 102
i
o _
ﬁ‘ oo
\ — 101
o .
(Y'; - -
_ _
2 ENERGY
— 100
—T
| TEMP VALUE _
e —
-
o
o | l | l 1 |

60 0.0 o006 0.2 0.5 0.m o o
INITIQL MOLE FRACTION CS2

Figure 5-2. The Temperature Value, 1»/(1_»60)’ and the Activation
Energy, Ga, for the von Karman Approximations, as
a Function of the Initial Mole Fraction of CS, .



-84 .

6.0 8.0 10.0 12.0 4.0
| l

EIGENVALUE

4.0

2.0

DOU

ZEROTH

l I i l l |

0.0

Figure 5-3.

0.4 0.08 0.12 0.16 0.20 0.4 0.28
INITIRL MOLE FRACTION CS2

The Eigenvalues Which Were Calculated from the
Zeroth, First, and Second von Kirman Approxi-
mations.



-95.

2
- I | | I
- X0=0.10
)
«“
=zo
-
-
G
e
b=
I
2ND 15T
N
R
2
o | | I
0.0 0.2 0.4 0.6 0.8
NON-DIM TEMP
Figure 5-4. The Mass Flux Fraction, ‘€, , as a Function of the
Non-dimensional Temperatiure, 8, for the Case of
X. . =0.10. '

0



~96 -

IUU

X0=0.10 -

0.8
I

0.6

0.4

DIFF VEL RATIO

0.2

0.0

l l l l

0.0 0.2 0.4 0.6 0.8
NON-DIM TEMP

Figure 5-5. The Diffusion Velocity Ratio, V/v, as a Function of
Non-dimensional Temperature, &, for the Case of

XO:O.IO.,

[N
s



3

-97.-

==y

0.8

EPSILON
0.6

0.4

U'Z

0.0

l |

0.0

Figure 5-6.

0.2 0.4 0.6 0.8 1.0
NON-OIM TEMP

The Mass Flux Fraction, €y of the Second
von Karman Approximationas a Function of
Non-dimensional Temperature with XO as a
Parameter.



-98.

1.0

g.8

0.6

DIFF VEL RATIOC
0.4

0.2

| ! l ;
0.0 0.2 0.4 0.6 0.8 1.0

NON-DIM TEMP

0.0

Figure 5-7. The Diffusjon Velocity Ratio, V/v , of the Second
von Karman Approximation as a Function of Non-
dimensional Temperature with XO as a Parameter.
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6. THERMAL THEORY APPROXIMATION TO THR S /0, FLAME
o T

4

The modeling of chernical reactions for lasers often involves
complicated chemical kinetic scherues“but the basic feedback mech-
anisms of the flame are ignored. These mechanisms of therrmal con-
duction and diffusion distinguish a flame from a mzss of rapidly
moving éas which happens to be undergoing chemical change. ¥or the
CSZ/O2 flame, both mechanisms can be important; thermal conduc-
tion upstream provides the heat which enables the reaction to pro-
ceed at a rapid rate, and diffusion provides the chain carriers re-
quired for the initiation of the chain reaction. In the extreme of the
low-pressure isothermal diffusion flame, where the OZ/CSZ ratio is
large, the diffusion me.chanism is dominant., For CSZ/O2 flames
with large flame temperatures, thé heat conducted upstream pro-
vides for chain initiation with the unimolecular decay of the CS2
molecule.

The model in which diffusion is neglected is called the ther-
mal theory. This model as applied to the CSZ/O2 laser will be dis-
cussed in this chapter and examples given for a simplified kinetic
scheme. The assets, limitations, and explicit assumptions of the
thermal theory are listed in Table 6-1. A model, which will be
termed the single-species diffusion approximation, which allows for.
consideration of back-diffusion of one chain carrier while maintain-
ing the ease of calculation of the thermal theory, is developed in
Chapter 7. The object of these déveIOpments is to provide a model
which contains the essence of the flame structure (and eventually la-

ser kinetics) without the difficulties of a complete numerical solution



of the basic equaticns.

6.1 Thermal Theory Forrulaticn

The one-dimensional thermal theory mcdel which will be con-
sidered will treat the steady-state flame which has no bodv forces
and no loss of energy by radiative heat transfer. Besides the assump-
tion of ne;gligible diffusion, the less important assumption of negligi-
ble bulk viscosity shall be made. Consider the case of the slow
laminar flame, s o that the velocity term can be ignored in the mo-
mentum equation and the flame can be considered isobaric. The con-
tinuity equation can be integrated to obtain

pv = m , a constant, (6.1)
where p is the mass density, v is the mean flow velocity, and m is
the mass flux. The energy equation can also be integrated to find
that

N dT

miZ:)l hiYi—K a4 = :rnC3 , another constant , (6.2}

where Yi is the mass fraction of species 1i.

The conservation of species is represented by

in W,
dz ~ m (6. 3a)
M 71}1( o \Vj,L
- e ! ;
w, = W, ?:l(\)i, o Vi UK, EL (Xj 27 ) (6. 3b)
The ideal gas law provides an additional relation:
p - £T , a constant . C (6. 4)
R 7

Assume that the reactions go to equilibrium or completion;

then Xi would be known. The final temperature, Tf , being the
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flame temperature could then be calculated from standard thermody -
namic tables, as explained in the previcous chapter. Then the con-
stant C3 can be evaluated at the final condition, where the tempera-

ture derivative vanishes,

X
Cs = 2 Mye¥ys (6.5)

The cold boundary difficuity appears in this model due to an alternate

evaluation of C3 at the cold boundary:

N
C, = iZZJI hioYio - (6. 6)

This problem can be removed by any of a few equivalent techniques;
the one used here will be the ignition temperature. The calculation
will then have the boundary condition of the temperature being equal

to the ignition temperature, T at the spatial origin.

I E
Transform the distance coordinate z to a new coordinate, ( =

z/m , so that the equations become

N N
2 h.Y. -2 h. Y.

aT _ _2ri=l 1Py iifg
ac T ™ML X |
(6.7)
4y, .
dg :Wi l:l’an,N

where YiO , TI , and TO are to be specified, and then by the require-
ment of equilibrium or completion the Yif are specified. The set of
nonlinear equations, equations (6.7), is an eigenvalue problem with
m as its eigenvalue. Since the w, are non-linear (except for the
case of unimolecular decomposition), the powerful techniques for so-
lution of the linear equations are not available, and hence these equa-

tions must be solved by other methods suitable to two-point boundary



-104-

value problems.
At the hot boundary the equations (6.7) must satisfy

a7

HZ - 0 3 T ~T and Yi =Y,

if (6. 8}

f 3
The most important of these conditions is the last, since it implies
both of the first two.
Define the molar enthalpy H, as
H. = Wh, . (6.9)
i i'i
Since the mass fraction can be written in terms of the mole fraction,
WiXi
Y., = — s (6.10)

1 .

W

the enthalpy sum can be written as

N 1 N
2, hy = —2 HX, . (6.11)
i=] 11 w i=1 1

Substituting equation (6. 10) into (6. 7), the mass fractions can be

eliminated. The resulting equations are

1 1 X
— HX, - — 2 H.X
w =l OVl i=l if"if
dT 2 f B
qr ™ { Y | (6. 12)
\)l
Xm M N b js 4
! ) .
o =W El(vl, LV K, T_(l (xj RT> , (6.13)
i=1, , N

which is to be applied from the initial conditions of X, = XiO and T =

TI (the ignition temperature) to T = T The N+1 equa-

and X. = X.
f 1 i

x
tions (6. 12) represent an eigenvalue problem for the N+1 variables

Xi and T, with the flame speed proportional to the square root of the
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gigenvalue.

6.2 Numerical Solution

Numerical results have been obtained for the thermal theory
approximation. The shooting method for solution of two-point bound-

(156)

ary problems was employed with the first two terms of a Taylor's
expansior'l as the stepping method. The stepping in distance begins at
€ = 0, with the temperature at the ignition temperature. The step
size in { is varied according to the distance required for the temper-
a‘tﬁre to rise a fixed amount. . This is equivalent to having the tem-
perature as the independent variable and the distance determined from
equation (6. 12).

To evaluate the thermal theory approximation, choose the four-

reaction scheme

CSZ+O—*CS+SO 1
CS+0 = CO+S 2
S+OZ—>SO+O ' 3
SO+OZ SOZ-l—O 4

to represent the kinetics of the flame with the rate constants given by

K, = 5X 107 exp( - 96% K ) m> mo1™! g1
K, = 1X 108 m> mol™! s~ 1
(6.15)
K, = 1x107 exp(- 28990 Ky 3 mo1-1 ¢-1
3 T
K, = 4><105 exp(w—?%)—q—K—) _rn3 mol™ ! g1

The initial thermodynamic conditions chosen are temperature of 300
K and a pressure of 1.0 kPa. The initial mole fractions are based on

the desired ratio of 0, /CS2 and then on the steady-state approxima-
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tions for the intermediate species. Since there are no thermal de-
composition reactions in this kinetic scheme, a non-zero initial con-
centration of intermediate species is required to initiate the combus-
tion. The initial mele fraction of the product CO is taken as zero,
while the initial mole fraction of SOZ is chosen to conserve atoms
from a m‘ixture which contained only CSZ and OZ molecules.

The enthalpies are obtained from integration of a least-

(25)

squares fit of standard heat capacity data to the three-parameter

form

+a,.T+a .T“2 (6.16)

for the range of temperature from 300 K to 5000 K. The enthalpies

are then given by

2. 4 -1

. = . < .‘1“""L LA
H a +121 za 43

i 11 iT

. (6.17)

The thermal conductivities for the individual gases have been

(86)

fitted to a square -root temperature dependence with a multiplica-

tive factor correction which is applicable for the polyatomic species

(ref. 157). The form for the polyatomic species is

C
; 7
_ y 1 -

A, = zz,iN/T [0.354:—-%-#0.113‘[, (6. 18)

1

where the approximately T1/3 variation of the reduced transport-inQ

(158) has been ignored. The form for

tegral with reduced temperature
the monatomic species shows only the square root dependence on

temperature,

N, = 4, ST | (6.19)
1 1

The heat conductivity constants /&i for the species O, and CO are
(159)

based on experimental data at 1500 K and for SO2 on a datum at
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(160} 5

900 K.~ * The constants 4 for the remaining cpecies were deter-
. . y - {86)
mined from the functional form ,
1 3 1
. -23 s - o= -
2.63 %X 10 . 2. 2 R
. = L2263 Wm kg K % mol © | (6.20)

1 G(. '\/Wi

where @ is the effective molecular diameter. The molecular diame-

ter for CS, was taken as 4. 44 X »10'10 m from a Lennard-Jones po-

tential fit. (86) The eiffective diameters for oxygen and sulfur were
(l161)

The molecular diametezrs

for CS and SO were estimated at 4 X 10719 . The heat conductivity

taken from a table of atomic radii.

of the mixture of gases is taken as the homogeneous case,

N
SRIPZR S (6.21)
1:

The logic and details of the computer program which calcu-
lates the thermal theory approximation are explained in Appendix B.
The values of the constantg aji and Li can be found in this appendix.
The input variables chosen for the sample calculation to be displayed
are as follows: step size is 0.05 K, OZ/CS2 ratio of 10 , and the

initial relative volumes of

-3
o, 1.00 SO, 4.31% 10

cs, 9.57 % 102 S 9.09 % 10°°
CS  4.34%x 107> SO 1.59x 107
CO 0.0 O 1.91x 10"

The eigenvalue which satisfies the final conditions is

4.2125 x 107° ng m™4 s-2 , which implies a flame speed of 0.450 m

. The flame temperature for this composition is 1696.3 K. The

temperature profile displays the expected sigmoidal shape, as shown



-108-
in Figure 6-1. The iflame thickness of 56.5 mun can be found from
this figure.: The species mple fractions are given as a function of
distance in Figure 6-3. The approximately steady values of the mole
fractions of the species 50 and CS should be noted, as should the
rapid rise of atomic oxygen. The production rate of carbon monroxide
as a function of distance is displayed in Figure 6-3. It can be seen
that the highest production rate is found towards the end of the com-
bustion process, with a coincident peak of CS mole fraction as can

be determined from Figures 6-2 and 6-3.

6.3 Sensitivity of Numerical Results

The influence on the results of the thermal theory approxima-
tion by the choice for some of the critical parameters is found by cal-

culation of the influence coefficients in the form

9A _ 9q :

This form is discussed in Chapter 5. Two dependent variables, the

i

eigenvalue, A , and maximum rate of production of CO, R were

>
chosen to represent the influence of parameters on the calculations.
First, the step size was increased by a factor of 2 to yield the in-
fluence coefficients ®p and QRZ along with the influence coefficient’
for the flame speed, a,v , which are given in Table 6-2. Since the
results show that the step size has little influence, the remaining
calculations were made at the larger stepsize, 0.1 K. The ignition
temperature was varied by decreasing the difference between the ig-
nition and initial temperatures, and the reaction rates were varied by

increasing the reaction rates by 10 per cent. The influence coeffi-

cients for these parameters are also given in Tyble 6-2. The only
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reaction rate which cannot be considered as a limiting rate is K3 , the
rate of the chain branching ";'eactioz1, S + O2 = S5S0O + 0. |

The approximate influence coefficients for the flame thickness,
a, have also been calculated, and are given in Table 6-2. These in-
fluence coefficients are not to be considered as significant as the other
coefficients. The flame thickness depends inversely on the enthalpy
difference, which goes to zero as the temperature approaches the
flame temperature. Consequently, as the reaction nears completion,
the step size in distance becomes large with the final distance de-
pendent on when the computation terminates.

To test the dominance of the four-reaction scheme, two double
chain terminating reactions

0+so+M—»SOZ+’M 5

O+ O+M - OZ+M 6

were taken into consideration. Since these reactions do not conserve
the number of moles, the computer program THERMAL was rewritten
to calculate the thermal thecry approximation based on equation(6. 7).

The rate of reaction chosen for the additional reactions are

K5 = 3,2 X 105 m6 rnol"2 sw1 ,
(6.23)
Ké = 1.37>(106 T_l exp(--—l—%l—ﬁ) Krn6 nloln2 s_1

Adding these reactions, the thermal theory approximation made little
difference in the species concentration profiles or the maximum rate

of production of CO, R The eigenvalue increased slightly, about

>
15 per cent, while the flame thickness increased by around a factor

of 2. The flame thickness increase is due mostly to the extension of

the definition of the flame thickness to include oxygen recombination.



TABLE 6-1. Characteristics of the Thermal Theory Approximation

Assets
1. Intermediates as important as major species.
2. Provides a good approximation for flame with a large
temperature gradient.
3. Chemical kinetics are uncoupled from energy balance.
Assumptions
1. Diffusion effects are negligible.
2. Standard removal of the cold boundary difficulty.
3. Transport properties are the same as for an ideal homoge-
neous mixture.
Limitations

1. Ignores diffusion.
2. Large computational capability required for large reaction
schemes.

3. Not applicable to isothermal phenomena.
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Figure 6-1. The Temperature Profile of the Thermal Theory
Approximation for an OZ/CSZ Ratio of 10.
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7. SINGLE SPECIES DIFFUSION APPROXIMATION

Jomat

The typical methoed for determination of the flame structure
from a comnplicated chemical kinetic scheme ignores the effects of dif-
fusion and thermal conduction in order tc provide a first-order,
non-linear initial value problem. In flames where com -
bustion occurs by a branching chain mechanism, such as the CISZ/O2
flame, upstrearn diffusion of the chain carriers is important and is
essential if chain carriers cannot be generated by thermal decompo-
sition.  For a flame driven by a chain mechanism mainly based on a
single chain carrier, an additional assumption is justified which leads
to a significant simplification of the one-dimensional steady flarne
problem. A method, termed the single species diffusion approxima-
tion, which allows for consideration of upstream diffusion of the most
important chain carrier while maintaining the form of a first order
initial value problem, is developed in this chapter.

This one-dimensional approximation incorporates ’independent
diffusion for only one species, the active center. The diffusion ef-
fects of the remaining species are limited to that required for them to
compensate for the diffusion of the active center. The single species
diffusion approximation shall be developed for two cases; the first
case ignores thermal conduction and the second includes it. The
former case has application in the limit of isothermal combustion,
while the latter is more useful for conditions of the CSZ/O2 flame
laser. The assets, limitations, and major assumptions of the single

species diffusion approximations are given in Tables 7-1 and 7-2.



7.1 Formulation

The single species diffusion approximation will be developed
for a steady flame with no body forces. and nc losg of energy by radi-
ative heat transfer. Also, the assumptions of negligible thermal
diffusion and negligible bulk viscosity shall be made. Again, the
slow laminar flame simplification is made so that the combustion is
isobaric. The continuity equation has the same result as for the
thermal theory, as given in equation (6. 1),

pvV = m , a constant . (7.1)

The energy equation can be integrated and condensed to

N
'El hie.l - ->-\n—1- %%— = C4 , a ccnstant (7.2
i=

where ei is the mass flux fraction

, v,
€, = Yi\1+_v.> (7.3)

where Vi is the diffusion velocity of species i. The conservation of
species retains the same form as for the thermal theory when written

in terms of the mass flux fractions,

dei wi
& " W (7. 42)
Wi
— 1 1 P 1.
Wi = Wi e O v Ky j:1<Xj =) : (7. 4b)

The ideal gas relation of equation (6. 4) remains the same for this

case,

- pT , a constant . (7.5)

V'

o

The diffusion condition for one-dimensional flow is given by



4% E'].N T £ g, =
ol m{ —— )L 5 | X, “f““ - X, o4 (7.6)

© __11_/ L1

For diffusion considerations, the approximation implies there are only

two differentiable spccies, the active center and everything else,

Consequently, assume that 21l of the binary diffusion coefficients are
equal,
D = D, (7.7)

so that equation (7. 6) reduces to

dX. N

i _ 1T v
= =B LX.l j_:l\jxj-vixi . (7.8)

After some manipulation (ref. 154, chapter 1), Fick's law can be
deduced from equation (7. 8):

V., = -D—(—i—[&n v.l] , ~ i=1,...,N . (7.9)
i dz i

Let species N be the chain carrier, so that species 1 through N-1
are considered everything else and hence will move with the same

diffusion velocity:

_ d i -
V. = -Da;[Ln(l-YN)J , i=1,...,N-1
(7.10)
VN = ‘—J/n N]
The relationship between Vi and VN can readily be deduced as -
YN
v, o= -VN I—:—?—l-\-‘r- i=1,...,N-1 (7.11)

Equations (7. 11) can be substituted into the definitions of the mass
flux fractions to provide N-1 zeroth order relations and one first

order relation,

i=1,...,N-1 (7.12)



v
Transform the distance coordinate, z , to the coordinate

¢ = z/m , so that equations (7.2), (7.4a), and (7. 13) become

N

L aTr :
El h1€1 - 'r—n—z" az— = C4 (7. 148_)
de.
dgl = w, i=1,...,N (7. 14b)
dy 2 |
dg - ’:‘D (Y -€x) (7. 14c)

7.2 First Case, Thermal Conduction Ignored

For the first case of the single species diffusion approxima-
tion, ignore thermal conduction so that the energy conservaticn equa-

tion, equation (7. l4a), becomes

lhiei :‘ClL . (7.15)

WMz

The temperature and distance are implicitly related through this

equation. The problem is then

N
— 1
i=1 hiei B C4
de:jL
= W i=1, s N
ac 11 (7. 16)
_Y ;
Y, = €11€N i=1...,N-1
N
dYN ) mz (YN_BN)
ac - pD

This formulation of the one-dimensional steady combustion

problem has the cold-boundary problem of lack of a priori knowledge
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of the initial concentrations of the intermediate species. Although
the initial concentrations can be obtained numerically from the un-

(162)

steady case, the initial concentrations for the intermediate spe-
cies, except for the chain carrier, shall be approximated from the
steady-state approximations on those intermediate species. Thus, as-
sume that the initial concentrations XiO are either given or approxi-
mated; then the mass fractions YiO can readily be found. Assume
that no chain carrier is upstream of the flame, so that N is ini-

tially zero. The mass flux fractions for the other species are ob-

tained from equation (7.12), so that the initial conditions for the e,

are:
Y
i0
€, i=1, ,N-1
i0 l-YNO
(7.17)
©NO = 0

The set of 2N+1 nop_linear equations, equations (7. 16), for
the 2N+1 wvariables Yi s €i , and T along with the given initial condi-.
tions for Y, and the initial conditions (7. 17) represent an eigenvalue
problem with rm2 as the eigenvalue. The flame speed is prbportion‘-
al to the square root of the eigenvalue.

7.3 Second Case, Thermal Conduction Considered

For the case of the single species diffusion approximation

which considers thermal conduction, assume that the Lewis number
pD(T
Le = ——=F (7.18)

is equal to unity. Then this problem becomes
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..Ii\
aT | 2 _1_22’1 hie;-Cy
7 (L |
dei
—az_ = Wl 1= 1, ,N

1Y, (7.19)
Y, = € T i=1,...,N-1

PATEN
dy C
N 2 p .

o = 5 (V-8

The constant C:4 can be evaluated at the final condition, where the
ternperature derivative vanishes. At the final condition, the diffusion
velocities vanish so that the final mass flux fractions are equal to the

final mass fractions. Thus, as for the thermal theory,

Z

%
Cyu = £y ¥y

(7.20)
This formulation still has the cold-boundary problem of a

priori knowledge of the initial concentrations of the intermediate

species, but also has the flame holder problem. The igniticn tem-

perature technique will be used to solve the flame holder problem,

so that the temperature is to be tak‘en as the ignition temperature,

T at the spatial origin. The initial concentration considerations

I
are the same as discussed for the previous case.

The set of 2N+1 non-linear equations, equations (7. 19), for
the ZN+1 variables € s Yi , and T along with the given conditions
for Yi , the initial conditions of (7. 17), and the ignition tempera-
ture, represent an eigenvalue problem with m2 as the eigenvalue.

The flame speed is again proportional to the square root of the

eigenvalue.
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7.4 Numerical Solution

Numerical results have been obtained for the single species
diffusion approximation. Many of the numerical techniques which
were applied to the thermal theory approximation of Chapter 6 shall
be applied to the single species diffusion approximation. The shooting
method for solution of two-point boundary value probleras was em-
ployed with the firskt two terms of a Taylor's expansion as the step-
ping method. The stepping in distance begins at { = 0, and the step
size in { is varied according to the distance required for the temper-
ature to rise a fixed amount; this is equivalent to having the tempera-
ture as the independent variable and the distance determined from
equation (7.15).

The four-reaction chain mechanism developed in Chapter 1 is
again employed with the rate constants given in equations (6. 15). The
heat capacities are determined from the least-squares fit to the three-

parameter form given by equation (6. 16) with the average heat ca-

pacity, Cp , given by

T =L ¥ xc . . (7.21)
P & =1 1 pi

The enthalpies are determined from integration of equation (6. 16) and
are given in the four-parameter form of equation (6. 17). The thermal
conductivity of the mixture is determined in the same manner as for
the thermal theory approximation as given by equations (6. 18) through
(6.21). The combination pD is assumed to have a square root de-

pendence on temperature,

1
pD = pyD,l )@ (7.22)
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since kinetic theory predicts a T
(143)

dependence of the diffusion coef.

ficient. The value of D, is determined in the same manner as

0
for the von Karman approximations of Chapter 5, from equation
(5.49).

The logics and details of the computer programs which calcu-
late the single species diffusion approximation are explained in Ap-
pendix C. The values of the input parameters which are chosen for a
sample calculation of the case which ignores heat conduction are as

follows: OZ/CS2 ratio of 10, pressure of 1.0 kPa, step size of 0.1 K,

initial temperature of 300 K, and the initial relative volume of

3
O, 1.00 SO, 4.28 X 10

cS, 9.57 % 10-2 s 4.40 X 10”7
cS  4.34 %1073 SO 5.83 % 10°°
CO 0.0 O  1.91% 1077

The final conditions which must be satisfied by the calculation
are determined by consideration of equations (7. 16) at the hot bound-
ary. Since the four-reaction scheme does not contain any reverse re-
actions, the chemistry must go to completion, as opposed to equilib-
rium. At completion, the distance derivatives should vanish. When
all of the fuels are reacted, then the rates of species production or
destruction, W all vanish so that final condition on the second of
equations (7. 16) will be satisfied. It is therefore the last of equations
(7. 16) which provides the boundary condition at the hot boundary.

This condition is the equality of the mass flux fraction and mass frac-
tions for species N, which implies that the mass flux fractions and

mass fractions of each of the species are equal.
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This implies, {rom equation (7.3}, that the diffusion velocities
must be zerc. Since these velocities are related through egquation
(7.11), the actual boundary condition to be applied at the hot boundary
is the vanishing of the diffusion velocity, VN . If this condition is
satisfied at the hot boundary, then all of the other conditions which
are associated with completion (or equilibrium) will be satisfied.

The eigenvalue which satisfies equations (7. 16) and the initial

. -4 2 .4 .2
and final conditions mentioned above is 2. 765 X 10™ " kg  m 4 e

which implies a flame speed of 1. 15 m sl The temperature pro-
file, illustrated in Figure 7-1, indicates a thin flame zone with large
gradients. The flame thickness from the initial conditions to the
final conditions is 57.2 mm, but the zone which has significant com-
bustion has a thickness of less than 2 mum. This zone may best be
gauged by consideration of the rate of production of CO; given in
Figure 7-2, which changes six orders of magnitude in about 2 mm.
The mole fractions of the species are given as a function of distance
in Figure 7-3. The maximum rate of production of CO can be seen to
coincide with the maximum concentration of CS by comparison of
Figure 7-2 and 7-3. The cause of the relatively slow temperature
rise after the rapid jump can be identified as SO oxidation by noting
the slow decay of SO in Figure 7-3. The negative of the ratio of dif-
fusion velocity to flame speed,

-VN/V ; (7.23)

is shown in Figure 7-4 as a function of temperature. Although the
diffusion speed of the active center is much faster than the flame

speed, the concentration of the active center is small, sc that the
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diffusion velocity ratio for the other species, as related by equation
{7.11), remains small.

7.5 Sensitivity of the Numerical Calculation

The influence on the results of the single species diffusion ap-
proximation by the choice for some of the critical parameters is
found by calculation of the influence coefficients in the form given by
equation (6.22). Two dependent variables, the eigenvalue, A, and
the maximum rate of production of CO, R.2 , wWere chosen to repre-
sent the influence of the parameters. The parameters which are
most important to the single species diffusion approximation are the
step size, initial concentration of atomic oxygen, and the four reac-
tion rates. These six parameters were increased by 10 per cent,
one at a time, and the corresponding eigenvalues were determined.
The influence coefficients of the six parameters on the two variables
are given in Table 7-3. Both the step size and initial concentration
of atomic oxygen have little influence on the calculation, at least near
the values chosen for the sample calculation. The only reaction rate

which has a significant influence is K therefore, the reaction be-

4§

tween SO and O, must be the limiting reaction in this calculation.
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TABLE 7-1. Characteristics of the Single Species Diffusion

Appreximation with Thermal Conduction Ignored

Assets
1. Intermediates as important as major species.
2. Chain reactions with a single aLctive center can be
represented.
3. Two-pcint boundary value problem can be solved as an
initial value problem in a manner which is consistent with

standard kinetic programs.

Assumptions

1. Diffusion of only one species is significant.
2. Diffusion effect is the same as if there were a binary

mixture.
3. Heat transfer by conduction is ignored.
Limitations
1. Large computational capability required for large reac-
tion schemes.

2. Only one chain carrier allowed.

3. Thermal conduction ignored.
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TABLE 7-2. Characteristics of the Single Species Diffusion

Approximation with Thermal Conduction Considered

Assets
1. Intermediates as important as major species.
2. Chain reactions with a single éctive center can be
represented.
3. Two-point boundary value problem can be solved as an
initial value problem in a manner which is consistent

with standard kinetic programs.

Assumptions

1. Diffusion of only one species is significant.

2. Diffusion effect is the same as if there were a binary
mixture.

3. Lewis number is unity.

4. Cold-boundary problem solved by ignition temperature.

Limitations

1. Large computational capability required for large re-

action schemes.

Z. Only one chain carrier allowed.
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TARBLE 7-3. Influence COﬁfiicients for the Thermal Theory
Calculation

fta;x;‘am‘ 104A ’ (RZ )max 5q . .

q (kg n1—4suz) (rno}.tcn"Bs“l) 9 A R, v
AT 2¢77> 79.5 0.1 0.00 0.00 . 00
o] 2.77 79.5 0.1 ©0.00 0.00 0.00
Kl 2.78 83.3 0.1 0.04 0.48 .02
K, 2.18 79.8 0.1 0.04 0.04 0.02
K, 2.79 79.3 0.1 0.07 -0.03 . 04
K 3.00 83.1 0.1 0.83 0.45 .42
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3. APPARATUS

The apparatuses for the experimental work arek divided into
modular subsystems to provide flexibility and pcrtability. The major
subsystem is that of the chamber: as illustrated on Figure 8-1, all of
the other. subsystems connect to it. Each of the gases used in the
experiments has its own independent module. The ignition, cooling
water, and exhaust systems are also independent of each other. The
optical apparatuses are both mechanically and functionally independent
of the other subsystems, except for a support structure which is
shared with the chamber.

8.1 Gas Supplies

The CSZ supply subsystem comprises a plenum tank, flow .-
meter, metering valve, and other valves and pressure gauges as
shown schematically in Figure 8-2.

The carbon disulphide is Mallinckrodt analytical reagent
grade with no additional purifications. The pyrex tank has a volume

of approximately 2.5 X 10"3 m3 and is maintained with a maximum

liquid CS2 content of about 2 ><10_4 In3 . At room temperature, the
vapor pressure of CSZ’ and hence the tank pressure, is approximate-
ly one-half atmosphere. Under steady-state conditions during a typi-
cal run, evaporative cooling lowers the vapor pressure to about one -
third atmospheric. As illustrated in Figure 8.2, the Cs, flows
through a rotameter flowmeter and a metering valve before it leaves
the module. For typical operating conditions, the maximum and min-
imum measurable CS2 flow rates with the present rotameter tube are

1.9 and 0. 05 mmol s_l.
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A heater jacket is attached to the aluminum tank bottom to
provide additional heat to the CS, in order to boost the tank pressure
and CS2 flow rate. If heat is supplied faster than that lost to the heat
of vaporization, condensation occurs in the unheated tubing and rota-
meter. 'The chamber pressure is limited by the CS2 tank pressure
and the pressure drop in the flow system, as flow from, not to, the
CS2 tank is required. This upper limit on the chamber pressure is
estimated to be about 25 kPa , which is greater than that required
for the experiments which are considered here.

The oxygen supply subsystem is composed of a cylinder of
Caltech grade O2 , two-stage pressure regulator, flowmeter, meter-
ing valve, and other valves and pressure gauges as shown schemati-
cally in Figure 8-3. The oxygen flow is measured with a rotameter
which has a tube whose maximum and minimum measurable flow
rates under typical experimental conditions are 4.2 and 0.2 mmol
snl. The nitrogen supply subsystem is composed of a cylinder of
Caltech dry grade N2 , two-stage pressure regulator, flowmeter,
metering valve, and other hardware as shown schematically in Fig-
ure 8-4. The nitrogen flow is measured with a rotameter which has
a tube whose maximum and minimum flow rates are 10 and 0.4 mmeol
s L.

The added gas supply system, as illustrated schematically in
Figure 8-5, is composed of the same elements as the oxygen supply
system. The two gases used in these experiments are carbon mon-
oxide and nitrous oxide. The CO is CP grade supplied by the Mathe-

son Company. The NZO which is used is supplied in lecture bottle
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quantity by the Matheson Company. The maximum/minimum flow
rates measurable by the rétaxneter flowmeter for the added gases
under typical operating conditions are approximately 4.3/0.2 mmol
5! for CO and 3.5/0.2 mmol s~ ! for N,O. The added gas and gase-
ous CS2 are cdmbinéd in a simple counter flow mixer. The mixer
and lines downstream from the mixer contain sufficient volume to
provide a suitably large flow time so that complete mixing will occur.

8.2 Exhaust, Ignition, and Cooling Water

The exhaust system is composed of traps, vacuum pumps, and
assorted valves, as illustrated schematically in Figure 8-6. The
dual traps are custom designed to provide the maximum entrapment
with conductance compatible with the largest vacuum pump used in
these experiments. The conductance of the dual traps is about 0.8
m” s L, The first of these two traps is designed to be utilized as a
dry ice/ethanol trap which operates at 195 K. Optimally, this trap
captures CS,, COs, and SOZ' The second trap is designed to be
utilized as a liquid nitrogen trap operating at 77 K. This trap cap-
tures all the remaining species other than N2 and probably OZ' a
2 -inch Temescal gate valve throttles the flow to the main vacuum

pump which can be either a 7.5% lO_3 rn3 s_1 Cenco model Hyvac 45,

which was used for the majority of the experiments, or a 0. 14 nn3

s~1 Stokes model 412H. The auxiliary vacuum pump is a 5.8 X 10—4

:cm3 s"1 Welch model 1404, which is basically used for testing the
vacuum and gas supply systems.

Vibration from the vacuum pumps is isolated from the cham-

ber by the use of flexible tubing and one fixed clamp in combination
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With a cantilevered clamp. The support for the traps removes the
vertical vibration and damps the horizontal. The remaining vibration
is removed in a vertical flexible line which connects the trape to a
station which is fixed relative to the chamber.

rI"he ignition éystem is an AC electric discharge whose com-
ponents are schematically given in Figure 3-7. The input of the auto-
transformer is connected to a 230 V at 60 Hz source. The high volt.
age transformer steps up the output voltage of the autotransformer by
approximately 70, yielding a maximum discharge voltage of about
16 kV. The high-voltage circuit is composed of a limiting resistance
of 2.7 M and a glow or spark discharge inside the chamber.

The water supplied to the chamber for cooling (or heating)
purposes is industrial quality water at low gauge pressure. The
water drain at atmospheric pressure is immediately downstream of
the water exit port of the chamber. The comipressed air is supplied
to the chamber to flush the chamber and traps after the completion of
a run. The compressed air is controlled by a low-pressure regulator
and valves. The gases which are removed by this flush are very ir-
ritating, if not toxic: consequently, these gases are removed through
a standard fume exhaust.

8.3 Chamber

The chamber is basically a 152 mm by 51 mm pyrex pipe
cross with a 152 mm to 51 mm pyrex pipe reducer attached to the
exhaust end. The flow axis coincides with the axis of the 152 mm
pipe and the optical axis coincides with the axis of the 51 mm cross

pipe. A third perpendicular axis corresponds with the vertical. The
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volume of this chamber is approximately 11X 10"3 m. The chamber
is supported by two plates, ‘one wﬁich is connected to the flangé bolts
which attach the cross and reducer and one which closes the other
152 mm end of the chamber.
The upstream end of the chamber is closed with an aluminum

plate, through which pass the supply lines of OZ’ CS,, and cooling

23
water. The air and N2 supply lines empty into the chamber at the
plate. The chamber pressure is measured by an absolute pressure
gauge connected to one of the lines of this plate. The plate is rigidly
attached to the structure which supports the chamber, detection
equipment, and optics. The chamber and the aluminum end plate
are sealed, as are all the parts, with a Teflon gasket.

A custom-designed pyrex fitting closes the exhaust end of the
chamber. The fitting adapts the flange of the pyrex pipe to the tube
of the traps. Additionally, this fitting provides access along the
center of the flow axis for a thermocouple or high-voltage electrode.
For the majority of the experiments, a stainless steel rod was in-
serted through the fitting; this rod was used as one of the electrodes
of the ignition circuit.

There are four options for using the ports along the optical
axis. A custom designed fitting was made to enable 75 mm round
discs to close these ports. The viewing region is limited to the
51 mm inside diameter of the pyrex pipe. The four options for these
ports are listed in Table 8-1. Option A is simply a pyrex disc
which closes the port. Option B is a custom-designed pyrex ring to

which either a NaC4 or CaF, flat is cemented; this provides a 38 mm

2
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viewing diameter through which both visibie and infrared vadiation
can pass. Option C is a cus‘;ton’hdesignad Brewster zngle attachment
to which either a NaC4 or CaFZ flat is cemented; this provides a

22 mm viewing diameter which is 100 per cent transparent to one
polarizat'ion for infréred radiation and alranost 100 per cent trans-
parent to the same polarizaﬁon for visible radiation. Option D is a
custom-designed aluminum plate through which a thermocouple rod is
inserted. Motion along the direction of flow is adjustable, by motion
- of the entire plate, over a distance of about 15 mm. Motion of the
rod along the optical axis is provided by a bored-through Swagelok
fitting with nylon ferrules. The chromel-alumel thermoconple is
composed of two 0. 13 mm wires which extend from the stainless
steel rod.

8.4 Injector

In order to promote the rapid mixing of C52 and OZ’ a multi-
ple slit injector was developed. The two gases are alternately in-
jected from 155 slits, each 0.28 mm in width and 5 mm in length
(O2 is ‘injected from both end slits), as illustrated in Figure 8-8.
The slit spacing is 0.28 mm. The injector is constructed of 311
aluminum shims (1100 alloy) bolted tightly together. There are three
distinct functions for these shims; spacer, CS2 injector slit, and O2
injector slit. The shims alternate in the series s,o0,s,c,... where
s represents a spacer, o and c Ifepresent injection slits for O2 and
CS2 , respectively. Each injection slit shim provides a path from
the appropriate reservoir in the injector to the outlet slit, as shown

in Figure 8-1. Each reservoir is fed from both ends through the end
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pieces.

The oxygen line is composed of aluminura and stainless steel
tubing which provides a conductive path for the high-voltage dis-
charge, so that the injector acts as an electrode for the ignition dis-
charge. Nylon Swagelok ferrules connect the O2 line to the end plate;
thus, the entire injector can be moved along the flow axis of the
chamber.

The total outlet area for each gas, with the added gas being

included with Cs,, is 1. 1><10"4 rn2 . Therefore, the approximate gas
velocity will be given by
u = 12<kPa>< f l)rn s"l , (8.1)
P -1/
. mmol s

where u is the average gas velocity, p is the chamber pressure, and
f is the total flow rate through the injector.

Below the injector is a water jacket which supports the injec-
tor so that the center of the optical axis runs along the face of the in-
jector about 10 mm downstream and is approximately aligned with the
center of the slits. An identical water jacket could be placed above
the injector, but this is not required due to the high coefficient of
heat conduction of aluminum, combined with the relatively high heat
capacity and skin heat transfer coefficient of liquid water {as com-
pared to gases at 1 kPa pressure). The top water jacket also blocks
the flow of nitrogen around the injector, causing high flow speed at
the edges of the injector. |

The water jackets were first made of plexiglas, but when

cracks and subsequent leaks developed, these jackets were replaced
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with identical ones made of aluminum. The water iackets are at-
tached to the machines surftaces cf the aluminum shimé with paper
gaskets and gasket cement. Additionally, the jacket is fastened with
screws to the end plates of the injector.

This injectorv can effectively be turned into a premixed con-
figuration by the addition of two plates and a stainless steel mesh to
the face. The first plate is a 1.2 mm thick spacer. A 40.mesh
stainless steel screen is placed on the spacer and held in place by a
4.2 mm steel plate which has a single 22 X 100 mm slot centered
around the CS

2 and O2 slots. The average gas velocity from this slot

is approximately given by

a = 1.1(k§a)<mmjls_l>ms‘l. (8.2)

A premixed slot burner is also available. The cs, and O2
are mixed in a two-dimensional slot mixer inside the burner, and the
mixture is injected from a 2.7 X 50 mm slot in its face. This burner
is. made from a solid block of aluminum machined as illustrated in
Figure 8-10, and two aluminum end plates. The OZ’ CSZ’ and cool.
ing water supply lines are attached to the end plates. The injector is
supported by the cooling-water supply lines which rest on the cham-

ber wall. The average gas velocity from this slot burner is approx-

imated by

a == 18<kPa>< f l>m s'1 . (8. 3)

8.5 Optical Subsystem

The optical subsystem provides numerous options for 'look-
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ing" at the flame. The options can be divided between two systems,
photographic and photometric. The photographic system records in-
formation on film which must be sequentially processed, while the
photometric systems provide real time informaticn whick is displayed
electreonically or electro-mechanically.

T-he photographic system consists of a 35 mm single-lens
reflex camera (Minolta SRT 101) with an assortiment of lenses and at-
tachments. The camera is mounted on a tripod and looks into one of
the optical ports of the chamber. Typically,a 55mm, £/1.7 lens is
used with an additional close-up lens or extension tube. Agfa-
Gevaert Agfachrome CT 18 positive color transparency film was used
for the majority of the work. The exposure index for this film is
ASA 50 (DIN 180). For shutter speeds longer than 1 s, the shutter
was manually held and the time estimated; for shutter speeds of 1 s
or shorter, the shutter control of the camera was employed.

The photometric optical system options can be divided into
three groups: those which couple the chamber to the detector, the
détector, and the detection electronics. These groups are broken
down with a listing of their options in Table 8-2. Ccupling from the
chamber can be accomplished by any of four options and combinations
of these options. Option (a), which is almost always employed, is an
optical chopper.

This pneumatically driven chopper is custom designed to pro-
vide a 250 Hz chopping speed frorﬁ a wheel with 6 equal-speed, quasi-
rectangular holes, each subtending an arc of w/é radians. An in-

candescent lamp and visible photocell are mounted on the chopper to
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provide a sigﬁal for synchrenization of electronics and chopping speed
determination. OCption (b) is a Ba¥, positive lens which is 25 mm in
diameter and has a focal length of 250 mm. Opticn (c) is a McPherson
model 2051, 1 m monochromator with a 150 lines per mm grating
blazed at 4 ym . This moncchromator has a wavelength drive whose
norraal range includes 0 to 10.3 ym . The gearing chosen provides

-3 -
driving speeds with a maximum ard minimum of 6. 67X 10 7 um s L

and 1.67% 107° um s L. Optien (d) is a mirror or combination of
mirrors which are mounted on an optical rail and aligned along the
optical axis. There are three possible coupling mirrors: (i) dielec-
tric coated flat germanium mirror whose nominal transmittance at
5.3 um is 5 per éent and reflectance is 95 per cent; (ii) 100 per cent
reflecting goldcoated concave mirror with -2 m radius of curvature
and a 1 mm hole; and (iii) 100 per cent reflecting gold-coated flat
mirror with a 2 mm hole. The mirror on the other side of the chamn-
ber has the additional options of: (iv) 100 per cent reflecting gold-
coated concave mirror with a -2 m radius of curvature, and (v) 100
per cent reflecting gold-coated concave mirror with a -10 m radius
of curvature. All of these mirrors have a diameter of 25 mm. Since
the minimum mirror separation with the Brewster angle window at-
tachments is 0. 6 m, optically stable cavities can be obtained with any
combination other than the two flat mirrors.

There are two photoconductive detector options available,
PbS and Ge:Au. The lead sulfide detector is a 4 mm X 4 mm chip
from the Santa Barbara Research Corporatioh. This chip operates

at ambient temperature and is sensitive to radiation with wavelength
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from the visible to about 3 im. The gold-doped germanium detector
is from Cryogenic Associa;’:es and is a l mm X 1 mm chip mounfed in
a dewar which has an Irtran 2 window. The Ge:Au chip operates at
77 K and is sensitive to radiation with wavelength from 2 um to past
1l ym. Each of the. detectors has a custom-built detection circuit
which provides the appropriate bias current and load resistance.

The first option to display or measure the cutput is f{rom the
detection circuits themselves. The second option consists of adding
an impedance -matching buffer and amplifier to the detection circuit.
The next option adds a Burr-Brown four-pole, stagger-tuned band-
pass filter with a Q of 20 and tuned to 250 Hz. The fcurth option
adds a custom-designed synchronous demodulator to the previous op-
tions. The signal can be displayed or measured with any of these
options; the output of the first three AC and the last is DC. The
remaining option is a Princeton Applied Research model HR-8 lock-
in amplifier which connects to the detector circuits.

8.6 Observational Notes

Ignition occurs most readily at low flow rates (under 1 mmol
s'l) at approximately an OZ/CS2 volume flow rate of 3/1. Once ig-
nition has occurred, the discharge can be turned off, leaving a free-

burning flame. The blue SO, emission provides a visible indication

2
of the location of the flame. At low flow rates, e.g.,l mmol s™! and
OZ/CS2 ratio of 4, the flame boundary is parabolic in shape in the
direction along the length of the slits and uniform along the optical

axis. At higher flow rates, e.g.,3 mmol 5”1 and OZ/CS2 ratio of

4.4, the flame is roughly rectangular with the downstream end dif-
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fuse and turning upward. Addition of nitrogen behind the injector
minimizes the convective r;se. At all flow rates attempted, the
flame remains two-dimensional.

After the flame has been burning for less than 103 s, the
chamber walls get quite hot, unless nitrogen is also flowing into the
chamber. This additional nitrogen prevents explosions in the pumps
and provides some protection for the optical windows along with
cooling of the exhaust gases. The chamber walls do get warm in
continuous operation, but an exterior fan cools the chamber walls.

After about 2X 10° s of burning with the multi-slot burner
without the screen attachment, the flame loses its two-dimensionality
due to clogging of the CSZ slits with deposits of carbon and sulfur.
When the deposits are removed from the injector, there is no chemi-
cal action evident. This is consistent with the heterogeneous reac-
tion mechanism of CS which is discussed in Chapter 2. Experiments
with a dual slot injector with 0.5 mm slit width and no cooling yield
no evidence of clogging or carbon deposition. The clogging problem
is totally elirnihated by the screen attachment. With this option, the
flame burns with the front plate, not the screen, as the holder; the
result being that neither the screen nor the slots become clogged.

The premixed injector forms a stable two-dimensional flame
.front. Under some flow conditions the ends of the flame are dis-
torted, moving in the upstream direction. This distortion of the
flame is dependent upon pressure, flow rate, and mixture ratio. The
stability of this injector is not as great as that of the multi-slit in-

jector.
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TABLE 8-1. Viewing Port Options

Cptx_f:)n ‘fl%‘ﬁ’ll‘g dlarneter (nlm)
pyrex disc 50
pyrex ring ’
(i) NaC4i flat 38
(i1) CaF, flat 38
Brewster angle attachment
(i) NaCi window 22
(i1} CaFZ window 22
thermocouple -

TABLE 8-2. Options for the Photometric Optical System

Coupling from the Chamber
(a) chopper
(b) imaging lens
(¢) monochromator
(d) mirrors
(i) 95% R, 5% T at 5 um, flat
(ii) 100%R, -2 m , 1 mm hole
(iii) 100%R, flat, 2 mm hole
(iv) 100% R, -2 m
(v) 100%R, -10 m
Detector
(a) PbS

{(b) Ge:Au

Electronics, Display and Measurements
(a) detection circuit
(b) buffer and amplifier with (a)
(c) bandpass filter with (a) and (b)
(d) synchronous demodulator with (a), (b), and (c)

(e) lock-in amplifier with (a)
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Figure 8~8. Cut~away View of Multi-slot Injector.
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9. FLAME SPEED
Flame speed is one of the important physical characteristics

of flame‘s which theoretical calculations must be able to estimate. To
provide basic data on the flame speed under conditions typical of low
speed, l?W pressure, non-diluted CSZ/O2 flames, an experimental
program was organized and executed. The flame speed was meas-
ured as a function of CSZ/O2 ratio at 1 kPa and low flow rates.

9.1 Technique

The flame speed was measured by the method of Gouy (ref.
162, chapter IV) modified to account for the flame shape. This meth-
od is sufficient to give the burning velocity within = 20 per cent, (88)
which was deemed as accurate as required. For this approxima-
tion it is assumed that the burning velocity is constant over the en-
tire surface of the flame front, and the fluid velocity at the flame
front is assumed to be perpendicular to the front and has the magni-

tude of the flame speed. Continuity considerations yield

pV = —=— (9. 1)

where p is the pre-flame density, v is the flame speed, f is the

particle flow rate, and Af is the flame area. The ideal gas law de-
termines the density from known pre-flame conditions. Let the arc
length of the flame front at a 1/:ypical cross section be given by h and

4 be the length of the flame. Then the flame speed can be expressed

in terms of measurable quantities:

(504

To approximale the loss of particle flow out of the ends of the {lame



6.

Tt

cylinder, assume that the fizme area is approximaielv equal to hall a
- It
circle of radius r whose half circumference is L . Since there are

two ends of the cylindrical flarne, the additional flame arsa, A;j ,

would be given by
1.2 ( 1 h
A;}f = :!-T—h = hi ET_Z) . (2.2)
Then with this correction, the flame speed is calculated by
_(Foyse 1 o 4
Vo= 0 p /4h -<—l—+-}--{l- ’ (9.4)
LI

Since consistent results can be expected for the flame speed meas-
ured by a slot burner when the length-to-width ratio of the burner is

(164)

greater than 3, the relation of equation (9. 4) should only be used

if md/h is greater than approximately 3 .

The multiple-slit injector, described in Chapter 8, was used
with the mesh screen option to provide a flame for the flame speed
measurements. The flow rates are measured by the supplies and
method described in Chapter 8. The initial temperature can be ap-
proximated as that of the ambient temperature, which is the tempera-
ture at which the flow rate is measured. The pressure is measured
by the chamber pressure gauge with the assumption of an isobaric
flame. The flame length is taken as the length of the screen on the
injector. The flame arclength, h, is measured from the projected
images of 35 mm positive transparencies which contain a photo-
graphié image of the flame taken through the pyrex disc-covered

viewing port. The inner boundary of the visible cone is measured as

the flame arc length.
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9.2 Data Acquisition

The first photographic run was made in order to determine the
appropriate exposure for the transpare?ncieS. In addition to deter-
mining the approximate exposure Iimits for a typical flow and OZ/CS2
ratio, a very rough estimate of the flamie speed was obtained. The
physical 'detail available from the transparencies was a function of
the exposure, not of the aperture setting or shutter speed for the
ranges which were used. The tabulation of the exposure settings and
the flow conditions is contained in Table 9-1. The lower exposure
slides (higher exposure value) are severely over-exposed with an
optimum determined subjectively as an exposure value of 6 with good
results for the inclusive range of 4 to 7. The flame arc length, h,
was measured from a composite of these transparencies to be about
2.6 X% 10"2 m , which implies a flame speed of 0. § m s_1

In order to estimate the range of intensity expected from the
CS,/0, flame under the range of flow rates and mixture ratios for
which a stable flame can be obtained, photometric data were collected
with the Ge:Au detector. Although this detector is most sensitive in
the infrared where the photographic emulsion is insensitive, the rela-
tive emissions shouid roughly correspond. The Ge:Au detector was
peinted directly at the flame through one of the NaC{ Brewster angle
windows. The relative outputs of the flame with the corresponding
flow conditions are listed in Table 9-2. These data indicate that the
expected range of flame emissicn ﬂvould vary about a factor of 4,
which is equivalent to a change of exposure value (EV) of 2. Conse-

quently, the next photographic data run would use the approximate
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exposure vaiue range of 4 £V

For the second photégraphic data ran, constant total flow
through the injectc'r was maeaintained while the OZ‘/ CS2 ratio was
varied. At each flow case, given in Table 9-3, at least three trans-
parencies were exposed with shutter speeds of 1/4s, 15, and 4 s,
which have the exposure value, compensated for the extension tube
(ref. 165), as 7, 5, and 3, respectively. The transparencies corre-
sponding to EVs of 7 and 5 were considered the most consistent, so
these are used to measure the flame arc lengths. These arc lengths
and their corresponding flame speeds are given in Table 9-3. A
possible error in the recorded CS, pressure at the flowmeter was un-
covered after this run. Consequently, the CSZ flow may have been in
error by at most a factor of J2 from the nominal. Although the re-
sultant error in total injector flow could be at most 10 per cent, the
C)Z/CS.2 ratio could be greatly changed. The upper limits on flow
and lower limits on OZ/CS2 ratio corresponding to each case are
given in Table 9-3. The flame speeds are all within the range of 1.3
to2.7m s L. |

For the third photographic run, the total flow through the in-
jector was maintained while the OZ/CS2 ratio was varied. At each
flow case given in Table 9-4 at least three transparencies were ex-
posed with shutter speeds of 1/15, 1/4, . and 1 s, corresponding to
compensated EV of about 9, 7, and 5, respectively. The arc lengths
and calculated flame speeds obtained from these transparencies are
given in Table 9-4. The consistency of these measurements is il-

lustrated in Figure 9-1, where the flame speeds for each OZ/CS.‘2
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ratio can be seen to cluster. The means and standard deviations of
the points of Figure 9-1 are given in Table 9-5. Transparencies
other than those listed in Table 9-3 and taken at other exposures
yielded flame speeds equal to or between those listed and were ig-
nored in an atterapt to provide a uniform data set.

Increasing flame speed with decreasing OZ/GS2 ratio can be
seen from Figure 9-1. Also evident frem this figure is the trend
towards higher flame speed for higher flow rates: this is expected
as heat loss and heterogeneous elimination of active species at the

162 -
( ) and these effects are

injector wall decrease rate of combustion,
less important at the higher flow rate which increases the length of
the flame. The flame speed calculated from the transparencies

listed in Table 9-1, i.e., 0.8 m s"l

at OZ/CSZ = 5, fits well into the
observed trend of Figure 9-1.

The measured flame speeds are in the ball park of previously
published estimates. rThe flame speed for flame lasers has been

calculated to be typically 2 m S'l (112)

where the OZ/CSZ ratio is
34 £ 4 and the pressure is around 2 kPa. Another flame laser has a
calculated flame speed (ref. 108, as corrected by ref. 112)of 1.5 m
s™! with an OZ/CS2 ratio of 15 and a pressure of 1.3 kPa. The

flame speed was estimated to be less than 2 m s_1 (13)

for thermally
initiated combustion of mixtures with OZ/CSZ ratios from 3 to 6.
For an atmospheric flame with an air/CS2 ratio of around 14, the

flame speed was reported to be 0.57 m s“l (ref. 1, as reduced by

ref. 166). Deletion of the inert (e. g. NZ) should increase the flame
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speed, but the addition cf water vapor should cause a smaller de-
crease. (1)

To provide a qualitative measure of the correlation of teni-
perature with visual appearance along the flow axis, the fourth pho-
tographic run was made with a chromel-alumel thermocouple placed
in the flame and moved ;long the flow axis. The inner edge of the
visual flame as recorded by the transparencies has a temperature
which is near, but below, the maximum temperature. The maximum
temperature is reached just inside (about 13 mm for an OZ’/CSZ ratio
of around 4.5 and relative flow of 40) the blue flame. The tempera-
ture remains constant along the flow axis for roughly the remainder
of the blue 'emis sion, then decreases significantly by around a factor
of 2. The large decrease in temperature can only be accounted for
by mixing with the nitrogen which flows around the injector. The
arc length which is measured from the transparencies must be longer
than that length which ideally should be used for calculation of the
flame speed. The actual flame speeds can thus be assumed to be
larger than that calculated; this problem is not significant for hydro-

(1)

carbon flames as compared to the accuracy of the Gouy method,
and so will not be considered important for this flame.

9.3 Estimate of the Limit of Error

The scatter of the flame speed data can be attributed more to
the inadequate measurement of the CS2 flow rate than to the measure-
ment of the parameters from which the flamne speed is calculated.

The accuracy of the OZ/CS2 ratio is strongly affected by error in the

CS2 flow rate, while the accuracy of the calculaticon of the flame
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speed is only mildly affected.

The limit of error which may be expected has been estimated
for both the flame speed and the OZ/CS2 ratio. The limit of error
was estimated for each of the measured quantities: these estimates
are given in Table 9-6, where the mean or typical value of each of
the limits has been given. The propagation of these limits was de-
termined by standard rnethods(léﬂ according to the mathematical
operations which form the flame speed and OZ/CSZ ratio. The limit
of error for these two calculated quantities is given in Table 9-5
according to the O, /CS2 ratio and in averaged form in Table 9-6.
The limits of error as given in Table 9-5 are plotted in Figure 9-2,
where the center of the bars is chosen as the nominal OZ/CS2 ratio
and the mean of the flame speeds for that ratio. Also plotted on Fig-
ure 9-2 is a least-squares fit of the data from run number 3 to a
linear relationship between the flame speed and OZ/CS2 ratio. From
this figure it can be seen that the spread in the data can easily be
accounted for by the error in the control of the OZ/CS2 ratio.

9.4 Calculated Flame Speeds

The flame speed,as calculated by the thermal theory approxi-
mation of Chapter 6 and the single species diffusion approximation
of Chapter 7, is given as a function of OZ/CS2 ratio in Figure 9-3.
The four-reaction mechanism was chosen to represent the chemical
kinetics, and the initial conditions were chosen according to the con-
siderations presented in their respective chapters. Although the
thermal theory approximation provides the correct dependency, the

flame speed is below the experimental values and has a weaker de-
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pendence on 02/ CS? ratio than might be expectsd from the experi-
mental data. As shown in Figure 9.3, the single specieg diffusion
approximation exhibits incorrect functional dependency bhelow an

OZ/CS ratio of about 9, with the calculated flame speeds being akove

2
the measured values. Since the four-reaction scheme was developed
for CS, combustion with an excess amount of O,, these approxima-
tions are not expected tc represent the chemical kinetics near the
stoichiometric ratio, which is 3 for the four-reaction mechanism.
The thermal theory approximation and single species diffusion ap-
proximation calculate the flame speed within a factor of 1.5.

The flame speed,as calculated by the von Karman approxima-
tions of Chapter 5 and given in Figure 5-8, is more than an order cf
magnitude too high: however, the correct dependency with respect to
OZ/CS2 ratio is observed. These approximations use a {ive-reaction
mechanism to represent the chemical kinetics and assume that the
final concentrations of all intermediates are zero. Because of the
assumptions made on the intermediate species and the consequent
relation between the rates of reactions, the failure qf the von Karman
approximations to predict the flame speed may be explained by the
restriction of atomic oxygen to the role of an intermediate. It might
be expected that consideration of the four-reaction mechanism with
atomic oxygen as a product would yield more reasonable results; this
has not been done here.

The slow speed and consequent isobaric assumptions are valid
for the flames which are modeled. The pressure drop across the

flame, Ap , is given by(lég)‘



2/ FPo N
Ap = pgv = - 1) . (9. 5)
£
The thermal theory calculation for an OZ/CSZ ratio of 10 yields a

-2 ) )
pressure drop cf 1.4 X 10 Pa , which is a ratio of pressure drop to

hydrosta‘tic pressure of 1. 4% 10 The pressure drop will increase
with decreasing (32‘/«’352 rétio due to both the increase in flame speed
and decrease in final density caused by higher flame temperatures.
The maximum pressure drop for 02,/ CS2 combustion at 1 kPa is

estimated at less than 1 Pa. The small pressure drop cannot be ex-

pected to be an important influence on the flame.
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TABLE 9.1. Conditions for Photographic Run Nurnber |

p = 1.2 kPa £ on 11X 107 el 7
£ = 0.1m OZ: 9. 1% 19'%1'no1 gt
0,/Cs, = 5 C8,: 1.9% 107 mol 57!

Transparency Aperture Shutter Exposure

Number (£/) (s) Value™

11 5.6 1/8 8

7 11 1 1

12 5.6 1/4 7

10 5.6 1/2 6

6 5.6 . 1 5

13 5.6 2 4

9 5.6 4 3

14 5.6 8 2

5 1.7 1 i.5

8 1.7 4 -0.5

“A difference of 1 EV (exposure value) is equivalent to 1 f/stop with

EV = 1 equivalent to £/1 at 1 s.

55 mm focal length lens with +1 close-up lens

AGFA CT-18, ASA 50
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TABLE 9-2. Relative Emission from the Flame

Ce:Au detector looking into flamme

p = 0.920.1kPa

N2 flow into chamber = 0.7 mmol s~l

Flow Rates

Case CS o O /CS R,elative }R_e}_atiy‘e

2 2 2 2 N oo
-1 1 To;a]* Emission
(mmols ~) (mmols ~} Ratio Fiow

1 0.14 0.70 5 32 4.5

2 0. 32 1.1 3.5 53 12

3 0.19 1.1 6 48 9

4 0.16 1.1 7 47 6

5 0. 14 1.1 8 47 3,5

6 0.14 1.4 10 58 4

“Based on the linear scale where 100 is equivalent to 2. 67 mmol s .
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TABLE 9-5. Flame Speed as a Function of O, /CS? Ratio

OZ/CS2 Flame Speed Limit of Krror Standard
Mean Std. Dev.  0,/CS, Specd \per cent,

2.5 2.73 0. 32 14.7 8.5 11.7

3.0 2.34 0. 17 14.5 §.3 7.3

3.5 1.83 6. 17 14. 5 8.1 9.3

4.0 1.35 0.10 14.7 8.2 7.4

4.5 1.0 14.8 3.5 -

Experimental data and estimated limits of erroxr for photographic

run number 3.

TABLE 9-6. Limit of Error Estimates

Measurement Symbol Limit of Error
(per cent)

ambient temperature T 0.7
chamber pressure p 3.0
flame length L 2.0
flame arc length h 5.0
02 flow foz 5.6
CS2 flow fCSZ 13.5
calculated variable

flame speed v ' 8.3

OZ/CS2 ratio 14. 6
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10. EMISSION MEASUREMENTS

The CO emission from the CSZ/O2 flame can be used to de-
duce information on both the flame structure and the relative rates
of population of the upper levels of CO by the chemiluminescent re-
action. .The spontaneous emission from the vibrational bands pro-
vides the means to determine the relative steady-state vibrational
population in the flame. The technique for reduction of steady-state
pdpulations to relative rates of population of the vibrational levels of
CO is developed in this chapter for the particular case of an OZ/CS2
flame. '

10. 1 Vibrational Populations from Overtone Spectra

The relative distribution of vibrational energy of product CO
from the reactiorn CS+0 = CO+S can be obtained by an analysis of
the overtone spectra of CO. The relative rates of formation of
CO(v), RV , are obtained from the relative steady-state populations,
NV, by consideration of the species conservation equations (with each
CO(v) being a separate species) under steady-state conditions.(lzg’ 135)
Although this method implies many approximations, results for RV
under favorable conditions compare well, as can be seen in Figure
4-2 with the results for other techniques. This technique will be ap-
plied under conditions for the CSZ/OZ chemical laser.

The steady-state populations of vibrationally-excited carbon
monoxide can be estimated from the intensity of the emission from
(168)

that band, for overtone emission

v, v-2

N o

v <X ; (10. 1)

Y
v, v-2 v,v-2



where N

N_ is the relative steady-state population of CO(v), I is

V, V-Z

the relative inteunsity of the emission from CO(v) to CO(v-2), A 5
V, V-

is the spontaneous emission {(Einstein) coefficient for the transition

from CQO{v) to CO(v-2), and v iz the frequency of the transition

v, v-2

from CO{v) to CO(v-2). This relation is modified for fundamental
transitions by replacing v-2 by v-1 in equation (10.1) and the asso-

ciated nomenclature. The values of IV w_p afe obtained experi-
s VT
mentally from the overtone spectra after correcting for optical sys-
tem characteristics. The IV 'V o, can be taken as the maximum in-
, V-

tensity from each band or the integrated intensity of each band: since

the peak intensity method has been shown to be as effective as other

(135)

techniques, this method shall be used. The steady-state analy-

sis of the species conservation equation yields the relation for Rv in

terms of Nv’ (128, 135)

5\5 max
Rv T a=l Av, v-n v n=1 = v+n,v v+n
v
max
+ 20 (E 4 X N -» k4 >+(K +K )N
all gq n=l v, v- qg v n=1 vin, v q vin w p v
where (10.2)
R,V is the relative rate of population of CO(v) for the re-
action CS+ 0O ~» CO(v)+S ,
Vonax is the highest vibrational level of CO under considera-
tion ,
K3 von is the n-gquantum deactivation rate between species q

and CO(v) ,

c is the concentration of the gases,
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Xq is the mole fraction of species q ,
'w ' is the rate of deactivation of CO{v) at the walle,
Kp is the rate of removal of CO(v) from the zone from

which intensities are obtained .
This rele}tion is derived for a homogeneous macroscopic control vol-
ume where the residence time of a molecule is large compared to the
deactivation time and all production in the v.level occurs in this
volume. This method is particularly useful when the residence time
is large compared to the half-life for radiative decay, as the spon-
taneous emission coefficients are more accurately known than the
other coefficients of equation (10.2).

Due to the low probability for multi-quanta V-V or V-T trans-
fers, only single quantum exchanges need be considered. Due to the
small spontaneous emission coefficients for many quanta emission,
emission of only the fundamental and overtone bands will be con-
sidered.

Since the CSZ/O flame is free of wall influence except near

2
the flame holder, the rate of deactivation by the walls, KW , can be

ignored. After these three assumptions, the relations of equation

(10.2) become

R, = (Av, v-l+Av, V_Z)Nv"AVH, VNv+l"Av+2, VNV+Z
q q
* Cé? Xq(Kv, v-lNV_Kv+l, VNV+1)+KpNV ) (10.3)

Because of the high tempei‘atures and added cold CO which
occur in the flame laser, two additional considerations need be

made. The rate of convection of CO(v) into the homogeneous control
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volume, to which equation (10,2} applies, must be considered. This
is due to the significant ti'lefrnal contribution to the lower vibrafional
levels. The convection term can be represented by subtraction of

the term.
K N (10.4)

from the right hand side of equation (10. 3); the superscript I indi-
cates the relative population of CO(v) in the gas which is added to
the control volume. The fast V-V transfer of CO and the consequent
anharmonic pumping phenornénon supplies the justification for con-
sideration of a collisional pumping process. The single quantum

V-V exchanges can be represented by addition of the term

: q q
Cf? Xq(Kv, v+1 V—Kv-l; VNV-].) (10.5)

to the right hand side of equation (10.3). After these two considera-
tions are made, equation (10. 3) becomes

R_ = (A

v V,V~1+Av,v-2)NV"A

v+, VNv+l_Av+2, VNv+2

q q %4 q )
te ? Xq[(KV, v_l+Kv, v+l )NV KV+l, VNV‘H_‘KV—]., AN

. I
+ Kp(NV—NV) . (10. 6)
The sum over the species can be significantly reduced because con-
tributions from only a few molecules dominate the contfibutions

from the others.

10.2 Experimental Arrangement

To measure the intensity of emission in the vibrational bands
from the CSZ/OZ flame, the apparatuses which are detailed in Chap-

ter 8 were employed with the following options. The multi-slot in-



-176-

jector with its screen option provided the flame. Vacuum was sup-

2 o :
plied by the 7.5X 10 “m” s 1 vacuum pump. The viewing ports

were closed by NaC4 flats mounted on the pyrex disc. The emission
from the chamber was chopped at 263 Hz before it entered the mono-
chrometer. Both the Ge:Au and Pbs detectors were employed with
detection from a combination of their detection circuits and the lock-
in amplifier. The output of the lock-in amplifier was recorded with
a chart recorder.

Fundamental emission was recorded with the Ge:Au detector
and overtone emission was observed with the PbS detector. Since the
signal-to-noise ratio was better by more than 10 for the overtone
emission with the PbS detector, overtore emission measurements
were chosen to provide useful data. Masking of the flame to follow a
single streamline, the center streamline, reduced the emission in-
tensity so that accurate intensity measurement could not be made for
each of the overtone bands. Thus, the determination of NV as a
function of distance along a streamline could not be made with these
apparatuses.

Masking of the flame indicated that most of the emission oc-
curs in a region from the edge of visible emission to a few milli-
meters downstream. The choice was made to measure the total
émission from the flame and to deduce an average population in the
vibrational levels. Since the largest signal was obtained when the
100 per cent reflecting, -10 m focal length mirror was placed on the
far side of the optical axis and the BaF, lens was placed on the near

side, this arrangement was used for emission measurements.
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10.3 Experimental Data

Intensity of cvertone specira was recorded for the v = 2 -0 to
v = 20 - 18 transitions under eight different flow conditions. The flow
conditions for these eight cases is given in Table 10-1. The relative
populations of CO(2) to CO(19) for these cases, as determined by re-
duction aécording to equation (10. 1), after correction for optical sys-
tem characteristics, are given iﬁ Table 10-2. These relative popula-
tions indicate the highly non-equilibrium nature of the CO(v) in the
flame. The relative populations for case 29 are plotted as a function
of vibrational level in Figure 10-1. Also plotted on Figure 10-1 is an
approximation to the Boltzmann distribution, normalized to CO{2),
for the adiabatic flame temperature of 2680 K. A least-squares fit of
the relative populations to a Boltzmann distribution yields a vibra-
‘tional temperature of 10660 K for case 39; the other cases yield least-
squares fit temperatures fr}om 9230 to 11790 K. The population dis-
tribution in the flame does not represent a Treanor distribution;
meaningful least-squares fits to the Treanor distribution could not be
obtained for any of the cases. The shape of the curve presented in
Figure 10-1 is explained by chemical population of the upper levels of
CO, combined with V-V exchange between the upper and lower levels
of CO and between all CO levels and other molecules.

The combined effects of the V-V exchanges spread the vibra-
tional populations with the majority of the excited CO cascading down-

ward (smaller v ), with some pumped upward toward higher v levels.
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10. 4 Rate of Population of CO(v)

The rate of population of the vibrational levels of CO by chem-
ical means was estimated using equations (10-6). The control volume
considered corresponded to the region of flame from which the emis -
sion was observed; that includes the region in which flame reactions
predominla.te to the limit of view of the optical system. As shown in
Chapters 6 and 7, the region in which the majority of CO is produced
is expected to be quite small, with the flame properties leveling out
downstream. So the assumption of homogeneity for the derivation of
equations (10. 6) may not be grossly violated.

There were quite a few approximations made in order to cal-
culate the RV from the Nv' The amount of CO(v) produced in the
control volume is assumed to be much larger than that flowing in, so
that the Nj can be ignored for the upper levels. The temperature
which is implicitly required is estimated from a linear fit with ve-
spect to OZ/CSZ ratio to thermal theory calculations. The rate of
pumping, Kp , is chosen as the inverse of the residence time in the
control volume, which in turn is estimated as the gas velocity di-
vided by the estimated zone thickness of 6 mm. The gas velocity is
estimated from the experimentally-determined flame speed, extended
by the thermal theory calculations for high OZ/CS2 ratio, and the
conservation of mass, pv = constant, for a cylindrically expanding
gas. The three species OZ’ CO(0), and CO(1) were considered to
have the predominant influence on the collisional process.

The rate of deactivation by OZ was estimated by the assump-

tion of a functional dependence of the rate on the energy defect as



iven in equation (4. 13). The rates were normalizad £0 an evperi-
- \ S0 an experit

10
+ EE] \1(“)f

mental rate for the v = 12 to il transition and an empirical con-

(128)

stant for the coefficient in the exponentizl., The rates for deacti-

vation by CO(0) and CO(1) and activation by CO(1) were calculated

(129)

from theoretical rates normalized to experimental data for the

(128)

v = 4 to 2 rate for deactiva‘cion» by CiO{0).

The mole fraction of the OZ was estimated by assuming that
the reaction to form CO went to completion. The mole fraction of
CO(0) was estimated by assuming that 25 per cent of the CO formed
chemically from the reaction and 75 per cent of the added CO were in
the ground state. Similarly, the mole fraction of CO(l) was esti-
mated by assuming 15 per cent and 25 per cent, respectively.

The relative rates of population, RV, , were calculated from
the NV for the eight cases mentioned previously. The normalized
‘rates are given in Table 10-3 for vibrational levels 3 through 18.

The rates for the lower vibrational levels were thought to be high due
to cascading from upper levels; the result of this effect could not be
accurately determined. The rates of population for v = 7 through 18
were re-normalized to determine the fractional contribution within
these levels.

Since the results for the R'v should ideally be independent of
the flow conditions, the results of the eight cases were combined.
The mean and standard deviation of these rates is given in Figure
10-2. These data indicate that there is 2 maximum rate of produc-
tion of CO(15) which is two levels higher than expected from the ex-

perimental results obtained by othcrs and displayed in Figure 4-2.
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Rather than this being due to the high temperature in the flame, this
behavior of a shifted maximum is probably due to the approxirmations

made to obtain V-V exchange rates.



TABLE 10.1. ¥flow Conditions fﬁr__(:""y_«;tgﬁei_f'{g-sgwp_rj\’ie zsurements
Rel a'i:‘ive 0, / CSZ CO/OZ Pressure édiabatic

Case Flow Ratic Ratio (kPa) frlej;’f;% x
34 100 6 0 1.36 2630

35 100 7 0 1. 44 2570

36 100 5 0 1.31 2680

37 100 4 0 1.23 27490

38 100 3.5 0 1.24 2770

39 100 5 0.13 1.25 2680

40 77 5 0.34 1.28 2680

41 110 10 0 2.07 2430

e 1
e N o . -4
Based on the linear scale where 100 is equivalent to 2. 67 mmol s .

T Calculated.
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11.. GENERALIZED KINETICS AND THERMODYNAMICS PROGRAMS
The kinetics and therﬁodyllanical calculations which have
been discussed were modified or developed specifically to model
lean CSZ/OZ combustion. Two computer programs which were de-
veloped elsewhere have been utilized for calculation of some of the
important aspects of CSZ/O2 combustion. One of these programs,

(169)

designated by the name CEC 72, performs equilibrium calcula-

tions; while the other, designated by the program name GKAP, (170)
performs kinetics calculations coupled with fluid mechanics con-

siderations.

11.1 The CEC72 Program

The program CEC 72 (169)

computes chemical equilibria for
complex chemical systems by minimization of the free energy of
these systems. This program considers both gaseous and condensed
species. Besides calculation of chemical equilibrium for thermody-
namic states fixed by two thermédynamic state functions, CEC 72 cal-
culates theoretical rocket performance, shock properties, and
Chapman-Jouget detonation properties.

Equilibrium calculations with assigned enthalpy and pressure
were performed with CEC72. This corresponds to isobaric, adia-
batic combustion from a given initial state to the final state, which is
calculated by the program. The initial conditions chosen for these
calculations are a mixture of gaseous CS2 and OZ at 300 K with a

pressure of 1 kPa. The equilibrium mole fractions of the products

are given as a function of initial mole fraction of CS2 in Figure 11-1.
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Of particular interest is the high equilibrium concentration of
atomic oxygen. This implies that the four-reaction mechanism might
represent the kinetics better than expected; application of the four-
reaction mechanism implicitly implies that the excess atemic oxygen,
which is formed as a consequence of this scheme with no tearmination
or recombination reaction, does not decav in the combustion zone.

The adiabatic flame temperature for the chosen initial condi-
tions is g'iven as a function of initial mole fraction of CSZ in Figure
11-2. The high temperatures and low pressure provide the explana-
tion of the large equilibrium concentrations of the species which
would be considered intermediates.

The sonic velocity, as given as a function of initial mole frac-
tion of CS2 in Figure 11-2, is many times that of the measured and
calculated flame speeds discussed in Chapter 9; therefore, the as-
sumption of low speed flow is justified.

11.2 The GKAP Program

The program GKAP (170)

calculates the chemical kinetics and
fluid mechanics of chemically-reacting gaseous mixture which flows
along a stream tube. The conservation equations for frictionless
one-~dimensional flow of a mixture of chemically-reacting gases are
integrated along a pressure-defined stream tube. Mass, momentum,
and energy may be added to the stream tube. This program can ap-
proximate a well-stirred reactor and can calculate the fluid mechan-
ics for an area-defined stream tuﬁe. If the vibrational levels of a

species are considered as separate species, then GKAP can calculate

the zero power gain between the vibrational levels. The GKAP pro-
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gram also can screen the input set cf reactions to determine which
ones are not important to the case being comnsidered.

The CKAP program was modified by elimination of those op-
tions and calculations which were thought not to be required for mod-
eling CSZ/O2 lasers and combustion. The assumption of an isobaric
flame enabled simplification of the fluid mechanics, as did the elimi-
nation of mass, momentum, and energy addition capability. The
normal shock and oblique shock calculations were deleted, as shocks
do not occur in low speed flow. The well-stirred reactor capability
was also removed.

The GKAP program was used to screen a large' reaction set
for a case of a flame laser and for a case of a CSZ/OZ/O laser. The
initial conditions for the flame laser were the same as for the ther-
mal theory calculation of Chapter 6, and the initial conditions for the

(96)

other case were taken from a CS,/0,/0 laser' """ which is described
in Chapter 3. The reaction set consisted of 32 reactions which con-
tained 13 species. These reactions and the corresponding reaction
rates, taken from the Tables of Chapter 1, were used for all GKAP
calculations and are listed in Table 11-1.

The GKAP program had trouble with the implied extra body
reactions involving SO3 and COZ; this was caused by the implicit as -
sumption of a quasi-equilibrium between all third body reactions and
their inverses. This technique is used to speed the integration as
the chemistry nears equilibrium, but leads to reversal of some im-

plied extra body reactions by the program. In order to obtain rea-

sonable results, the third hody reactions involving SO3 and CO2 were
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dronpped: to preserve sorne uniformity, all other reactions involving
those two species, neither of which is considered a primary product,
were dropped. This left a reaction scheme composed of 23 reactions
which involve 11 species.

These 23 reactions were screened by the GKAP program. Six
reactions were found to be significantly less important than the others
and were dropped from consideration; these reactions are designated
by R3, R5, R11, R13, R18, and R23 in Table 11-1. Since these in-
clude all of the ozone production reactions, the two ozone destruction
reactions, R12 and R22, were alsc dropped, thus eliminating con-
sideration of the species 03. After this first screening, the reaction
set consisted of 15 reactions involving 10 species.

These 15 reactions were screened to determine which of the
remaining reactions are least important. A group of six reactions
was found to be expendable; these reactions are designated as R17,
R19, R21, R26, R27, and R30 in Table 11-1. When these reactions
are dropped, the species COS is eliminated from consideration.

After this second screening, the re action set consisted of 9
reactions involving 9 species. A third screening found all of the 9
reactions much more important than the ones which were previously
eliminated. The three least important reactions of these which were
remaining are designated as R2, R20, and R31 in Table 11-1. After
these three reactions were drOpped, the species S2 was no longer
under consideration. This left a reaction scheme consisting of six
reactions which involves eight species.

The fourth screening found the reactions designated as R14



these reactions 1s eliminated. Thus, a reaction mechanism which
represents both the CS,/0, flame and C5,/C, /O lasers should con-
tain at least the four reactions which are designated as R1, R4, R6,

and R7 in Table 11-1 and are discussed repetitively in this thesis.
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TABLE 11.1. Raactions and Rates for the GKAP Program

Designation React‘ién & Rate*
A N B
R1 CS,+0 ~ CS+50 5. 827 Q 956
R2 CSZ+O *‘CO+SZ 2. K4 0 0
R3 ' CSZ+O - COS+S 1. E6 0 0
R4 CS+0 - CO+S 1.E8 0 C
R5 C5+0, — CO+50 2.E8 0 24200
R6 S+O2 - SO+0 1. B7 0 2820
R7 SO+O2 —*SOZ+O 4. E 0 3270
R8 CO%—O2 - COZ+O 3. E6 0 25200
R9 COS+0 - COZ+SO 6.E7 0 2770
R10 COS+S0O - CO,+5, 1. E5 0 0
R11 SO+50 —*SOZ+S 4, K3 0
R12 SO+O3 - SOZ+O2 1.5E6 0 1060
R13 SO+0 ~S0, 3.E2 0 0
R14 SO+0O+M —*SOZ-PM 2.E5 0 0
R15 SOZ+O+M —>803+M 3.E3 0 y
R16 SO3+M - SOZ+O+M 8.E-4 0 0
R17 SZ+O -S+SO 4. E6 0 0
R18 OZ+O2 - O+O3 1.3E7 4y 50620
R19 O+O3 - OZ+OZ 1. 2E7 0 2410
R20 OZ+M -0+0+M 2. 8KE7T 1 59880
R21 O+0O+M - OZ+M 1. 4E6 1 170
R22 03+M - OZ+O+M 2. E2 0 11420
R23 OZ+O+M - O3+M 2.E2 0 0
R24 CO+O+M -~ CO,+M 2, E1 0 0
*Rate is given as A T"Nexp{—B/T}
. 3 arh N :
A in (m” mol ) K s , where n is the order of the reac-

tion: B in K.

' aEb is equivalent to aX lO'b .
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TABLE 11-1 {continued). Reaciions znd Rates

for the GKAP Program

Designation Reaction Fate

A N B
R25 CSZ+M - C5+5+M 4. K3 ¢ o 40400
R26 ‘ CSZ-I-SO '*COSJrSZ 2. K1 0 0
R27 COS+M. - CC+S+M 1. 5E2 0 30500
R28 SO3+O - SOZ+OZ 3.E8 O 6040
R29 SOZ+M -+S0O+0+M 3.E2 ¢ 55400
R30 COS+S SZ+CO 2. K4 0 0
R31 S+5+M —~ S,+M 3.E4 0 0
R32 CO,+0 ~ EO+OZ 2. ®7 O 2670690
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CONCLUDING REMARKS

This study has produced some new and interesting ideas about
the CSZ/OZ combustion laser. The most significant advances involve
the application of flame theories with selected chemical kinetics to
predict the behavior of quantum phenomena. The CSZ/OZ flame is
shown t(; operate premixed under conditions similar to those of the
flame laser, i.e., low pressure, low speed, lean flame. Thus, the
theoretical analyses for one-dimensional, low-speed deflagrations
can be applied with the expectation that the results will resemble the
actual flame more closely than the analyses which are intended for
more complicated flows.

The accuracy of the theoretical analyses is dependent upon
proper considerations for the chemical changes in the flame. Al-
- though the kinetic data for the elementary reaction rates are sparse
and not well known, those data are used along with macroscopic ex-
perimental observations, made by others, to determine the most im-
portant reactions in the flame. The important reactions are reduced
in number by deduction of the sequence of reactions which occur in
the flame. The most important reactions, which are four in number,

form a branching chain mechanism for the CSZ/O flame. Although

2
this four-reaction mechanism had been proposed previously, the
arguments which were presented were not sufficient to choose con-
clusively this mechanism over any of the others which had also been
proposed.

The arguments which oppose this four-reaction mechanism

are shown to be incorrect or not important. The energetic feasibility
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of chemicel population of the vpper vibration levels of CO from the
reaciion between carbon monosulfide and atomic oxygen is shown by
consideration of recent thermochemical data and the vibrational con-
tent of the reactant CS. Xquilibrium calculations for isobaric adia-
batic CS,/0, combustion indicate that there is a large equilibrium
mole fraic’m'.on of atornic oxygen; this implies that the four-reaction
mechanism, which provides a large amount of atomic oxygen at the
end of the flame, is a better model of the CSZ/O2 flame than was ex-
pected. The four-reaction mechanism is further supported by an in-
dependent screening of the reactions with a kinetics calculation which
does not account for diffusion and heat conduction; this computer
screening indicated that the four reactions in the proposed mechanism
are the most important reactions of those which have been considered.

The proposed mechanism was used to estimate the induction
behavior exhibited by explosions of mixtures of CSZ and OZ' The
functional behavior of the induction time with respect to initial mo-
lec.ular oxygen concentration and initial temperature compares favor-
ably to the experimental data of other experimenters. The experi-
mental evidence of a constant ratio of SO te O2 during the induction
period is explained by consideration of a steady-state approxima‘cioﬁ
applied to the proposed mechanism. The actual value of the induction
time is more difficult to calculate, but the theoretical estimates are in
the correct range. The heterogeneous reactions are not yet sufficient-
ly well understood to provide a good estimate of either the exact in-
duction time or the boundaries of the explosion peninsula.

Three different one-dimensional laminar flame theories are
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appiied to lean CSZ/O2 deflagraticn under the conditions which are
similar to the CSZ/OZ combustion laser. These theoretical analyses
are applicable to premixed flames and take intc consideration at least
one of the feedback mechanisms which typify a flame calculation. The
analyses are eigenvalue problems with the eigenvalue related to the
flame speed.

The approximations suggested by von Karman are applied to
the lean CSZ/O2 flame with a five-reaction scheme chosen to represent
-~ the chemical kinefics of the flame. This five-reaction scheme, which
has the four-reaction chain mechanism as a subset, was chosen to fit
the requirements of the vorn Karman approximations that all interme-
diates disappear at the boundaries. The von Karman approximations
allow for heat conduction and some diffusion effects, but place severe
restrictions on the independence of the concentrations of the species.
Because of these restrictions, the von Karman approximation does not
provide a good representation of the flame structure.

The thermal theory approximation, which does not include dif-
fusion effects, is based on thermal conduction as the dominant feed-
back mechanism. This approximation is applied to the lean CSZ/O2
flame with the chemical kinetics described by the four-reaction chain
mechanism. The flame speed and flame thickness determined by this
approximation are reasonable; the structure behaves reascnably, but
there are no experimental data to.match.

The single-species diffusion approximation, which is based on
diffusion of only one chain carrier, is developed for and applied to the

lean CSZ/C)2 flame. The four-reaction mechanism is used to describe
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the- chemical kinetics of the {larne. The caleulated fame speed is
reasonable, but the calculai.teﬂ rezction zone 18 too small; the flame
structure behaves reasonably. The single-snecics diffusion “pb)*'o;cl
mation calculation indicates that the reaction 50+0Q - S50, +0 is the
rate-determining step for diffusion-controlied kingtics.

The flame speed of the premixed CSZ/OZ flame is experi-
mentally determined for a pressure of 1 kPa, initial temperature of
about 300 K, and an OZ/CSZ ratio in the range of 2.5 to 5. The
flame speed decreases approximately linearly (within the error of
the data) from a value around 3 m s'1 at the stoichiometric ratio of
2.5to less than 1 m s~ ' at the lean limit of these experiments. The
flame speed calculated by the three previcusly mentioned theoretical
approximations is compared to the experimental data. The von Kar-
man approximation yields a sirnilar dependency, but is the wrong
order of magnitude. The von Karman approximation does not ade-
quately describe the flame because of the failure of this particular
version to allow for a significant concentration of atomic oxygen.

The thermal theory approximation yields the correct dependency and
vields a good approximation to the flame speed. The single-species
diffusion approximation provides the correct dependency for OZ/CS2
greater than 4 and is a little higher than the data. Application of the
four -reaction mechanism must be limited to lean flames in order to
-preserve the conditions for which it was deduced; the theoretical
calculations should not be expected to be valid for OZ/CSZ. ratios ap-

proaching stoichiometric.

The vibrational population of CO in the flame is determined
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from spontaneous emission intensity. Determination of the vibra-
tional population as a function of distance along a streamline would
provide one measure of the flame structure. Sufficient spatial reso-
lution could not be obtained with the available apparatus for the
structure to be deduced from emission measurements. The average
vibration’al population of CO in the flame is determined experimental-
ly. The average vibrational population is not found to be inverted,
but is found to be highly non-equilibrium.

The rate of vibrational population of CO by the chemilumines-
cent reaction is obtained by combining the measured spontaneous
emission intensities with theoretical rates for vibrational energy
transfer. A steady-state analysis, which is considered accurate
under favorable conditions, is employed to calculaie the rate of vi-
brational population of CO in the flame. The rates for V-V exchange
could not be estimated accurately enough to ensure that the results
for the flame case are meaningful.

The points which are of main concern are the chain mechan-
ism and the theoretical flame calculations. The branching-chain
mechanism, given in figure 1-1, is responsible for most of the phe-
nomena associated with CSZ/OZ explosion, deflagration, and laser
action. The one-dimensional flame theories adequately predict the

behavior of the low pressure, isobaric CSZ/OZ flame.
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A
APPENDIX A.

The computer program which has been writfern to calculate the
von Karman approximations is designated as KARMAN4. The ten sub-
programs which comprise KARMAN4 are written in Fortran IV G.

The flow diagram of Figure A-1 displays the relationship between the
ten subprograms, and Table A-1 con"cains a brief statement on the
main purpose of each of the subprograms. The variables of the cod-
ing, which is given in Figures A-2 through A-6, were made to cor-
respond to the last transformation of Chapter 5, equation (5.21).

Common Blocks

There are seven common blocks in these programs. These
blocks are utilized to transmit data from BLOCK DATA, transmit
constants from TFLAME, or supply data to KARAPP for punch out-
put.

The common block FBLOCK contains the thermodynamic
tables used to calculate the adiabatic flame temperature. It appears
in the programs TFLAME and BLOCK DATA. The flame temperature
is calculated from six-entry tabular forms of the heat capacity and
enthalpy in the following manner.

The flame temperature is calculated from the implicit equa-
tion:

N

i?;“l H, (T )X, (o) =

2

] Hi(TO)Xi(-oo) . | (A.1)

Substituting the initial mole fraction from equation (5.4), the final
mole fractions from equation (5.5), and dropping the subscript on

XO , the implicit equation becomes
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Assurne a piece-wise lincar zpproximation to the heat capacity so that
the heat capacity and enthalpy can be represented by

— o m
Cp = azl + d3l L

. %35 ,._
Hi(T) = dli as. T+T‘

The flame temperature equation then becomes explicit and quadratic:

-

/ 5 Tm2 /1 7)
31 taz ey 5 Tf +[(_}E -3 )BT, zaZSJ Tf

N!-\l

-

= (2 + =) #11 + (1 - > a12-414_2a.15 . (A.4)

The flame temperature is then found eésily.

To provide a reasonably accurate heat capacity approximation,
the heat capacity data are broken into six temperature regions. The
flame temperature is then calculated from the lower bound of the re-
gion in which it falls. The seven arrays, each array corresponding
to the temperature table, and one scalar, which are contained in this
block and their association with the above calculation are:

Al: array which contains the constants a

21

AZ: array which contains the sum a,  +2a

24 25

Bl: array which contains the constants a31/2
B2: array which contains the sum a34/2 tasg

H1l: array which contains the constants aly

HZ: array which contains the sum »a14—2a15
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TC: array which contains the temperatures corresponding
to the table for the above arrays

HZ: scalar which contains the enthalpy of CS, at 300 K
The common block PBLOCK contains the average heat capacity
and the adiabatic flame temperature. If appears in the programs
TFLAME and KARAPP. This block is utilized to transmit data from
TFLAME to KARAPP for punch output. The two scalars held in
PBLOCK and their meanings are:
C: average heat capacity, C-p
T: adiabatic flame temperature, Tf
The common block TBLOCK contains the constants required
for the von Karman approximations. This block occurs in the pro-
grams KARAPP, EKAR, VDUF, ZINT, and THREE along with the
program TFLAME in which these constants are calculated. The
scalars in this block and the constants which they represent are:
A: activation energy, ea
B: initial temperature constant, t—el—(;-
D: ignition temperature constant, §
The common block UBLOCK contains the distance array and is
used to transmit this array from ZINT to KARAPP for punch output.
The array contained on UBLOCK and its meaning are:

U: array which contains the distances corresponding to
the non-dimensional temperature variables 7, z

The common block VBLOCK contains the diffusion velocity ra-
tio and is used to transmit this array from VDUF, where it is filled,
to KARAPP, where it may be used for punch output. The array con-

tained in VBLOCK and its meaning are:
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V: array which contains the diffusion velocity ratio, V4/v
The commeoen block YBLOCK contains the initial mole fraction

of CS, and the array related to the mass flux fraction. This block ap-
pears in the six subprograms KARAPP, EKAR, VDUF, FIND3,
THREE, and ZINT. The variables contained in YBLOCK and their
meanings' are: |
2 %o

Y: array containing the variable which is related to the
mass flux fraction, y = 1-€

X: initial mole fraction of CS

The common block ZBLOCK contains the approximations to the

eigenvalue based on the initial mole fraction of CS This block

2
transmits the data from BLOCK DATA to EGUESS, where it is used.

The array and its meaning are:

Z: array containing approximations to the eigenvalue of
P I . .
the second von Karman approximation

MAIN

The program MAIN reads in the number of cases and the ini-
tial mole fraction of CS2 for each of the cases. This value is checked
to be sure that it is within the bounds required for the calculations to
be valid; that is, a lean flame.

This program calls subroutine KARAPP for the von Karman
approximation to be made. The scalar variables unique to this pro-
gram are:

N: number of cases
I: counter for the cases

X: initial mole fraction of CS2 s XO
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The subroutine KARAPP contains the logic for the calculation
of the three von Karman approximations. This subroutine calls the
subprograms TFLAME, EKAR, VDUF, EGUESS, FIND3, and ZINT,
while not performing any calculations. Punch output is most readily
taken fror’n this program. The scalars appearing in this program are:

KXXXX: initial mole fraction of CSZ’ XO

‘E: approximation to the cigenvalue for the second
von Karman approximation

TFLAME
The subroutine TFLAME calculates and sets the constant re-
quired for the von Kirman approximations. This program calls no
others, and it calculates the three constants contained in the common
block TRLOCK and the two constants Jcontained in the common block
PBLOCK. The scalars of this program and their meanings are:
TZ: initial temperature, T

0

X: initial mole fraction of CS,, input from the calling
sequence, XO

I: integer whose value determines which part of the
thermodynamic tables are used to calculate the flame
temperature

intermediate storage variable

average heat capacity, C-p

intermediate storage variable

intermediate storage variable

2 ¢ 5 QN

adiabatic flame temperature, Tf

TI: ignition temperature, TI
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EKAR

The subroutine EKAR calculates the zeroth and firet von
Karman approximations. The integral I defined in equation (5.24) is
evaluated by Simpson's method*, and then the zeroth and first approx-
imations are calculated by equations (5.25) and (5. 30), respectively.
This program calls no others. The scalar variables which appear in
this program and their meanings are:

Z: non-dimensional temperature variable, n
intermediate constant

S
T: intermediate constant

I: counter for evaluating the integrand and for the inte-
gration

&

intermediate storage variable
intermediate storage variable
- 4 e . -
EZ: eigenvalue for zeroth ven Karman approximation, AZ

El: eigenvalue for first von Karman approximation, Al
VDUF

The subroutine VDUF calculates the diffusion velocity from
the 'mas’é flux fraction. This program does not call any other, with
the mass flux fraction being transmitted through the common block
YBLOCK. The diffusion velocity is calculated from equation (5. 42)
for either the first or the second approximation. The integer con-
stant in the calling sequence is the indicator; if N is greater than

one, then the diffusion velocity of the second approximation is cal-

culated. The variables of this program and their meanings are:

“s. D. Conte, Elementary Numerical Analysis, McGraw-Hill (1965).




EGUESS

I

VAL
step in non-dimensional temperatore
irdicator whose value determines whether the diffu-

sion velocity ratic for the first or second approxima-
tion is to be calculated

ron-dimensional temperature, 7

counter for evaluating the diffusion velocity at each
point that the mass flux fraction is known

/2

constant equal to ¥

0

The subroutine EGUESS makes an approximation te the eigen-

# e - 3 - 3
value of the second von Karman approximation. The approximation

is based on the value of the initial mole fraction, which is inputed

through the calling sequence, and an array of previously determined

eigenvalues.

This program calls no other. The variables for this

program and their meanings are:

FIND3

N:

s

array location corresponding to the nearest whole
per cent of initial mole fraction at CS, below that of
the input

initial mole fraction of CSZ’ X0

array location corresponding to the nearest per cent
of initial mole fraction of CS, above that of the input

floating point representation of the variable N
described above

intermediate value used for linear interpolation of
table

the estimated eigenvalue which is outputed through
the calling sequence

The subroutine FIND3 contains the iteration scheme for con-

. e & . .
vergence on the eigenvalue of the second von Karman approximation.
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The estimation to the eigenvalue, which was inpu'ted through the call-
ing sequence, is tried along with another estimate which is the in-
puted one divided by 1.2. If the former is too high, it is divided by
2 and the new one tried. If both the original estimates are too low
{which is desired), then the secant method* is employed to find & new
estimate. The secant method is employed on successive approxima-
tions until either convergence to within the convergence criterion or
the estimated eigenvalue is too high. When the estimated eigenvalue
is too high, a new estimate is made based on the bisection method*
but with the new estimate one-tenth the span from the best previous
estimate to the last estimate. After convergence is achieved, the
intermediate values of the mass flux fraction variable are normalized
by the final value. If convergence is not reached within fifty itera-
tions, the program returns after writing an error message. This
program calls subroutine THREE for the integration. The variables

of this program and their meanings are:

CRITN: the convergence criterion in difference from the so-
lution of 1

J: counter for the number of the iterations
JMAX: the maximum number of iterations

E: estimate to the eigenvalue
: result from the integration with estimated eigenvalue
previous estimate to the e‘igenvalue

result of the integration with previous estimate

Q = 3 g

second previous eigenvalue estimate

* Ibid.



NPy
I: counter for normalizing rnass flux fraction variable
THREE
The subroutine THREE integrates the species conservation

equation. The second order Runge-Kutta method is applied to inte-
grate equation (5.22) with the ignition temperature boundary condi-
tions giv'en in equation (5. 3\1). This program calls no others. The
scalars of this program and theii‘ meanings are:

S, T: integration constants whose value depends on XO

H: step size in the integration

W: variable related to a temperature half-step for the
Runge-Kutta method

Z: variable related to the temperature step for the inte-
gration

E: eigenvalue estimate for which the integration is per-
formed

G: partial evaluation of the integrand
I: counter for the integration
F: parfial evaluation of the integrand
Cl, CZ, C3, C4: partial evaluations of integrands
| J: counter for the number of iterations on the eigen-
value; it is inputed and outputed through the calling
sequence and incremented at the end of this program
ZINT
The subroutine ZINT calculates the transformed distances
corresponding to the values of the temperature variable for the second
von Karman approximation; thus, it determines the temperature pro-
file. The integral of equation (5.43) is evaluated using Simpson's

method. The constant preceding the integral is used to non-dimen-

sionalize the distance so that the output of this program is a non-
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H

dimensional distancse,

m O
=

P2 :
T:——(-———l_g—o—j Z . (‘A.J)

This program calls no other. The scalars of this program and their
meanings are:
Z: variable related to the non-dimensional temperature
J: counter for evaluation of the integrand
I: counter for performing the integral
E: step in non-dimensional temperature divided by 3
R, Q: holding locations for integrand evaluations
S: wvalue of integral
C: step in non-dimensional temperature

BLOCK DATA

The non-executable program BLOCK DATA contains the fixed
constants required for the von Karman approximations. These con-
stants are discussed under the common blocks FBLOCK and

ZBILOCK.



TABLE A-1. Main Purpose of fach of the Subprograms

of KARMAN4

MAIN: provides for input of the initizl inole fraction of C8

KARAPP: driver program for calculation of the thiee von Karman
approximations

TFLAME: calculates the non-dimensional constants required for
the approximations

EKAR: calculates the zeroth and first von Karranan approxima-
tions

EGUESS: provides an estimate of the eivenvalue of the second
approximation

FIND3: contains the iteration scheme for the eigenvalue of the
second approximation

THREE: performs the integration for the eigenvalue cof the second

approximation

VDUF: calculates the diffusion velocity ratio for all of the ap-
proximations

ZINT: calculates the distance as a function of ncn-dimensional

temperature for the second approximation

BLOCK
DATA: holds the constants required for the approximations
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B S

- READ(S.20) N
Dﬁ 2 I’i 7N
READ(S,21) X :
IFCXLLE.0,.0.08.X.6G7.0,2857145 €3 76
CARLL KARAPP{X)
GO 70 2
i WRITECE.3) X
2 CONTINUE
STOP
3 FORMATCIHL,"INITIAL MOLE FRACTION OF £32 1S OUT OF BOUNDS®.1PES.2)
0 FORMATCIL103
1 FORMAT{F1C.U>
END

SUBROUTINE HARAPP(XXXX)
COMMON/PBLOCK/ C,T
COMMON/TBLOCK/ R.8.0
COMMON/UBLOCK/UC 101)
COMMON/VBLBCK/V(101)
COMMON/YBLOCK/ X,Y(101)
X=XXXX

CALL TFLAMECX)

CaLL enmR

CALL VDUF(1)

CALL EGUESS(X.ED

CALL FINO3CED

CALL VDUF(2)

CALL ZINT

RETURN

END

BLOCK DATA
COMMON/FBLOCK/A1(6>,A2(6),81(8),B2(85,HI(E),H2(8),TC(8),HZ
COMMON/ZBLOCK/Z(30)

REAL«Y A1/29.39.34.89,37.79,39,97,41.57,42.50/,

i R2/109.06,142.19,152.74,156.28,158.50,160.33/,
2B1/7.852€~3,2.900E-3,2.184€E~3,1.534€E-3,0,838E-3,0,5026-3/,

3 B2/47.324€-3,10.558€E-3,3,536E-3,2.222E~3,1 .82UE-3,1 .6B6E-3/,
4H1/0.0,24.15€3,63.35€E3,106.7E€3,152.3E3,198,1E3/,

S H2/704 .4E3,606.5E3,448 563,286 .9E3,122.8£3,-43,9E3/,

6 TC/3.E2,1.E3,2.E3,3.E3,4,E3,5.E3/,HZ/117 . 1E3/

REAL«Y Z/0.0 ,4.741.6.208,5.863,5.299,4.774,4.336.3.976,3.661,
13.445,3.246.3.079,2.938,2.817,2.715,2.628,2,553,2,469,2,435,2.389,
22.351,2.319,2.293,2.24,2,260,2.252,2.249,2.250,2,25 ,2.25 /

END

Figure A-2. Coding for the Main Program Designated as MAIN, Sub-
routine KARAPP, and the program BLOCK DATA.
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SUBROUTING TFLAMEC X)
COMMON/PRLOCK, C.T
COMMON/TRLECK/ 7.8.0 : »
C@ﬁ§g§1F6L®CK/ﬂ1(6>,92(6),§1<65;32(8),H%(8>,H2(8),TC(SE,HZ
T2=300.
IFX.GY.0,1358) 68 18 2
%FgX.GT.O.827SS) GO 10 1§
GO 10 8

i %F;X.GT.0.0T@SS) GO TG 2
G 70 6

2 1=3
GO 10 &

3 %F&X.GT.O.iSSQ) GO T8 4

- GO Y06

i %FéX.GT.O.2802) GA T35
GG TG 6

5 I=6

6 Z=1./X-3.5
C=i .—x/2l
V=ZxB1(1)+B2( 1)
U=Z#A1¢ 1 )+02¢ 13+ TCC T )Y
Z=HZ#C+H2( 1 )-ZaHi( 1)
D=(SERT(1.+( 2 ,#Val d/(Usly) )-1, dxll/vV
T=0+7CC1)D
0=T7-300,
C=(HZ+H2¢ 1)/C =X/D .
B=T/D
A=Y ,2E3/T
Ti=D/20.
0=0.05
HRITE(G,T7) X,T,TZ,V1.R.B.C.D
RETURN

7 FORMAT(SHI X =,F10.4/10X,'TF*,13X,°TZ®, 8X,°TI - TZ°,11%,'A’,13X,
IE;g’.13X.'C'.ISX,'D'/ZFiu.l,F1H.2.3F14.3.FIU.S//>

SUBRBUTINE EGUESS(X.E)>
COMMON/ZBLOCK/Z¢ 30>
N=INT(X=100.+1.001)
M=N+1

HW=FLBAT(N)

C=H-X%100,
E=ZC(M)+(Z(NI-ZCH) =L
E=E/(1.+0.05«C=x(1.-C)
RETURN

END

Figure A-3. Coding for the Subroutines TFLAME and EGUESS.
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SUBRGUTINE EXER
{COMMON/YBLECK, X.¥Y(101)
COMMON/TBLOCKY R.B.D
¥(1)=0.0
£=0.0
S$1 o_x/2 ®
T=C(1.-2,5%X)/S
S=Xaxl{2,+X/2.)/5
06 1 1=2.101
2=7+0.01
§ YCId=Zal T+5%Z MEXP(~A%Z/CB-Z 33
B=Y¢{)
08 2 1=3,101,2
B=Y(1-1)
Y I-1 =Y 1-23+0.005%(R+Q)
S=Y(I-2)40,01%(R+Y( ] 2+H . %xQ)/3.
R=Y(ID)
2 Y(1)=5
EZ=0.5/YC101>
E1=E7x(1 .-SQRTCL . /CEZ%T)))
WRITECB.U)Y EZ.E1
06 3 1=2,101
3 Y(I)=SQRTCY(IY/S)
WRITECG.5 CI,YC(13,1=2,101)
RETURN
YU FORMATC® EZ = ’,E20.6/' Ef = *,E20.6//° MASS FLUX FRACTION'/)
5 ESSHHT(S(Iio.Fiq.S))

SUBROUTINE THREECE.J)
COMMON/YBLECK/ X,Y(101)
COMMON/TBLOCK/ R.B.D
321 a"X/2a
T=(1.-3.5%X)/S
S=X(2,+X/2.3/3
=0,0is(1.~-D0)
¥(1)=0.0
=H/2.,
E=H
Y(23=(] . +SORTC 1 .4 ,#ExT ) )=H/2,
=Bk T+S%7 dJ%EXP( -A%Z/CB-7 )
0o 1 1=2.98
=h+H
FaBs( T+ Sxh DxEXPC -Axld/CB-W ) )
Cl=HxG/(YC13/Z-1.3
C2=HaF /CCYC13+C1/2., Y/ H-1 )
C3=HaF /(CY(1)+C2/2. )/ W~1.)
Z=Z4H :
G=E#( T+5%7 )+EXP( -A%Z/(B-Z))
CU=HxG/(CY(1)+C3)¥/Z-1.)
1 Y(CI+8)=Y(I)+(C1+CY+2,+¢C2+C3))/6.
Y(SO{)=Y(100)+SUHT(E*(1.—X)*EXP(—H/(B—!.)))*H
= )4
RETURN
END

Figure A-4. Coding for the Subroutines EKAR and THREE.
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SUBROUTINE FIND3CEY
COMMON/ YBLECK, X, 7¢101)
CRITN=1 .- ,
J=0
JMAX=50
WRITECG,9) X
IF(X.LT.0.27> GO TO 1
£=2.250
WRITECS,14) E
RE TURN
1 CALL THREE(E.J)
U=Y¢ 101)
WRITECS,10) J.E,U
IF(U,LT.1..AND.(1.-UD.LT.CRITN) GO YO 7
F=£/],2
CALL THREE(F,.)
V=Y(101)
WRITE(B.10) J.F.V
IF(V.LT.0.0) GO 10 2

IFCV.LY.1.0) GO TO 3
IF(J.GT.JMBX) GO TO 8
E=E/2
GO 7O i
3 IF(U=C].-U),LT.0.0.6R.V.GT.UD GO TO S
4 IFCCU-V)/U.LT.3.6-7.0R,(E-F)/E.LT.3.E-7) GO TO 7
G=(Ex( 1.~V =Fx( 1 .-UN/CU-V)
F=E ,
V=U
E=G
CALL THREEC(E.J)
U=YC101)
WRITE(B.10) J.E.U
IFCJ.GT.UMAX) GO 1O 8
IFCUsCY -0, LT.0.0.0R.V.GT.U> GO 1O 5
IFCT . -U.LT.CRITND 0
GO 7o u
5 E=(E-F)/10.
IFCCU-1.0=(1.,001-U).GT.0.0) E=E=Q,
E=E+F

U

WRITE(B.10) J.E,U
IFCJ.GY.JMAX) GO TO
IFCU=(].-UD,LT.0.0.

6
OR.V.GT.U> GO T0 5
ég(%.-U.LT.CHITN) GO 7

.Y
70

-3
=
>
L]
-
m

(e v]
e
o~
ety
S
i
—

(I1).1=1,101)

)
Y
9 FORMAT(2 NVALUE ITEHQTION FOR X =,F10.4/)
10 FORMAT(!I 0.5,£20.7)
{1 FORMATC(® 0 NY ITERATIONS *)
12 FORMATC IHI, =',F10.4,.10X, "EIGENVALUE =",1PE1S.6//
1° MASS FLUX FRACTION'/)
13 FORMAT(SCI10,FIY.5))
L ESSMHT('EIGENVHLUE LIMIT NEAR STOICH IS” LIPEIS.Y)

Figure A-5. Coding for the Subroutine FINDS3.



SUBRCUTINE VDUF(N)
COMMON/YBLOCK/ X, v(1013
COMMON/TBLOCK/ 6.B.D
COMMON/VBLOCK/V( 101)

H=X/2.

V¥(1=0.0

H=0.01

IFCN,GY 1) H=Ms(1 .-

Z=H

DO 1 1=2.100

VO J=1 €1 =R%Z 3(1 ,~YCI)I/CL .-2)
1 Z=Z+H

V(101)=1.0

WRITE(G.2)

WRITE(G.3) ¢I,V(I),I=1.101>

RETURN

2 FORMATCIHL, ' DIFFUSION VELGCITY RATIO *//)
3 FORMAT(SCI10,F1Y.5))
END

SUBROUTINE ZINT

COMMON/TBLOCK/ A.B.D

COMMON/UBLOCK/UC 101)

COMMON/YBLOCK/ X.Y(101)

C=0.0095

Z=0.95 '

00 1 J=1.,100

I=102-J

UCT)=(B-2>/¢Y(1>-2)
1 Z=2-C

UC101)=1.877

[-23+E=(R+UC T )+Y . %0
R=UCI)
2 WI1)=S
WRITEC(6.3)
WRITECE,Y) CI,UCT1).1=1,100)
RETURN
3 FORMAT(//° DISTANCE FUNCTION'//)
U FORMAT(SCI10,1PELY . UD)
END

Figure A-6. Coding for the Subroutines VDUF and ZINT.



APPENDIX B.

The computer program which has been written to calculate
the thermal theory approximation is designated as THERMAL. The
eight subprograms which comprise THERMAL are written in Fortran
IV G. T'he flow diagram of Figure B-1 displays the relationship be-
tween the eight subprograms, and Table B-1 contains a brief state-
ment on the main purpose of each of the subprograms. The di-
mensionalization of the variables of the coding, which is given in
Figures B-2 through B-6, is the same as for the related variables of
Chapter 6.

The program THERMAL uses an iterative shooting method of
trial solutions to the eigenvalue problem of Chapter 6, equations
(6.12) and (6. 13). The Taylor's expansion stepping method, as ex-
plained in Chapter 6, is effectively a piece-wise integration of the
species conservation equations, equation (6. 13}.

Common Blocks

There are six common blocks in these programs. The com-
mon blocks are utilized to transmit data from BLOCK DATA and to
retain the values of important variables between the steps of the
shoot.

The cormmon block CBLOCK transmits constants from BLOCK
DATA. It appears in LAMBDB, TINF, and ENTH along with BLOCK
DATA. The constants which are in CBLOCK and their meanings are:

CA: array which contains the constants ay,

CB: array which contains the constants ag;

CD: array which contains the constants ay;



HZERO: array which contzing the hent of formation of the
species at 300 K

HZ: array which contains the constants a

HB: array which contains the constants L

CLl: array which contains the consvants 2

The common block IRLOCK retzins the initial values re-

guired for re-initializing the shooting iteration along with some final
constants which are calculated in STARTT. It appears in the sub-
routines STARTT and AGAINT. The values which are on IBI.OCK
and their meanings are:

XI: array which contains the initial mole fractions, XiO
XF: array which contains the final mole fractions, Xif
TF: flame temperature, T, , K

i

TI: ignition temperature, T, , K
el a . -3
CIl: initial concentration, mol m

Ul: initial average molecular weight, kg mol "

-

DUC: initial density, kg m ™~

P: pressure, p, K
R: initial OZ/CSZ ratio
The cormmon block SPNAME contains alpha-.numeric repre-
sentations of the species. It appears in the subroutine AGAINT and
the subprogram BLOCK DATA. There is only one array in this
block, and it is:

SN: array which contains the alpha-numeric representa-
tions of the species

The common block WBLOCK contains the molecular weights of

the species. It appears in STARTT, RATEST, and with the values in
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BLOCK DATA. There is only one array in this block and it is:

W: array which contains the species molecular weight,
y 3 -
Wi , kg mol

The common block XBLOCK transmits current data from pro-
gram to program. It appears in four programs: STARTT, AGAINT,
RATEST;, and LAMBDB. The variables which are in XBLOCK and
their meanings are:

X: array which contains the current mole fractions, X,
T: temperature, T, K
U: average molecular weight, W, kg mol ™}

The common block ZBLOCK holds the variables and constants
of the integration. It appears in STARTT, AGAINT, and most im-
portantly in RATEST. The variables and constants which are con-
tained in ZBLOCK and their meanings are:

Z: a double precision variable which contains the dis-
tance, {, m~ s kg~

A: current eigenvalue estimate, kgz .
C: concentration, mol m

C3: sum of enthalpies constant, C3 , J kg'l
DT: step in temperature, K

H: array which contains the species molar enthalpies,
Hi’ J mol-1

KMX: number of steps between print-out
PR: pressure divided by the gas constant, mol K m3

TS: temperature above which integration terminates, K

TDBL: double precision temperature, T, K



MAIN

The program MAIN controls the flow of the calculations as
well as provides for entry of the critical parameters from input
data cards. This program reads in two estimates of the eigenvalue,
one which has previously been found to be smaller than and cne larger
than the actual eigenvalue. This program ccntinues to converge on
the eigenvalue by making better approximations by using the bisec‘_
tion method until the predetermined number of iterations has been
performed or until the estimated eigenvalue is sufficiently close to
the actual eigenvalue.

This program calls STARTT, AGAINT, and RATEST. The
scalar functions and their uses are given in the following:

NA: maximum namber of eigenvalue iterations before
termination, an inputed variable

DTEMP: the step in temperature for the shooting method, an
inputed variable, K

KTEMP: the number of steps in temperature between point-
outs, an inputed variable

Y"Al:; the current lower bound on the eigenvalue, a vari-
able whose initial value is inputed

NCASES: number of cases to be run, a variable whose value
is inputed

A2: the current upper bound on the eigenvalue, a vari-
able whose initial value is inputed

IA: counter for the number of eigenvalue iterations

K: counter whose value determines when print-outs
are obtained and whose output value is an indication
of the reason for termination of the shooting inte-
gration

KS: counter for the total number of steps in each inte-
gration
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AA: the new approximation to the eigenvalue
ICASES: counter for the cases
STARTT
The initial values and constants are calculated in the program
STARTT. This program provides the logic for calculation of the
final Con;i'itions and the constant C3 . It also sets the ignition tern-
perature after having the flame temperature calculated.
This program calls TINF and ENTH. The scalar variables
and their meanings are:
DTEMP: step in temperature, K
KTEMP: number of steps between variables
I: counter for the species
S: normalization factor for initial mole fractions
UF: final average molecular weight, kg mol ™’
AGAINT
The initial values required for the shooting integration are set
in the program AGAINT. It also calculates the flame speed corre-
sponding to the eigenvalue which is input in the calling sequence.
i This program does not call any other. The scalar variables
unique to this program and their meanings are:
AA: estimated eigenvalue, ng rn—4c S"Z
I: counter for the species
V: flame speed, v, m s
RATEST

The program RATEST makes a step in the integration. The

reaction rates and rate of species change, w, , are calculated in



s expansion can be found.
The mole fractions, temperature, distaince, and average rmolecular
weight at the end of the step are calculated. This program checks
for conditions for which the integration should end. For each termi-
nation condition, an identifying message 18 printed and the counter K,
from the caliing sequence, obtains a unigque value, making the counter
an indicator.

The program calls the routines ENTH and LAMBDB. The
variables which are unique to this program and their meanings are:

TC: thermal conductivity of the mixture, A , ‘Wrn_lKn1

S: dummy variable used as the sum of the enthalpies
and the renorraalization factor

I: counter for the species

K: counter for number of steps since previous print-

out and indication for cause of termination of in-
tegration

DZ: step in transformed distance, m3 s kg
‘ , . 2 .6
CC: concentration squared, mol m

R1,R2, R3, R4: intermediate storage values

WW: array which contains the rate of species change,
W,

i
RR: array which contains the rates of the reactions
LAMBDB
The thermal conductivity of the mixture is calculated in the
subroutine LAMBDRB. The thermal conductivities of each species are
calculated; then they are combined to obtain the single value required

in the program RATEST.

This program does not call any other program. The vari-
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ables of this pregram and their meanings are:

TT:

ST:

I

TC:

TINF

-
Z,

temperature squared, K~

1
square root of the temperzture, K2

counter for the species

-1

.. , . L1
thermal conductivity of the mixture, A, Wm K

array containing the heat capacities of the species,
C ., Jmol-*K-1

pi
array containing 1';hel thelirnal conductivities of the
species, >\i ;s Wm ~ K7

The adiabatic flame temperature corresponding to the initial

mixture is calculated in subroutine TINEF.

This program uses a com-

bination of the secant method and the bisection method to find the zero

of a temperature-dependent enthalpy function.

This subroutine does not call any other.

The variables of this

program and their meanings are:

CONV:
S51,52,83,54:
I:

TF:

FF:

T2:

T1:

2.

convergence criterion

constants related to the final enthalpy
counter for the species

approximation to the flame temperature, K

enthalpy function whose zero indicates the flame
temperature

the number of iterations on TF

approximation that is higher than the flame tem-
perature

approximation that is lower than the flame tem-
perature

enthalpy function corresponding to T2
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Fl: enthalpy function correspounding to T1

XF: array containing the final mole fractions of the
species, X,

if

X: array containing the initial mole fractions, Y
1

T: imitial temperature, TI , K
ENTH
The enthalpies of the species are calculated in the subroutine
ENTH. This program does not call any cother. The variables asso-
ciated with this program are:
I: counter for the species
T: temperature, T, K

H: array which contains the species enthalpies, H. ,
J mol~ g

BLOCK DATA

The non-executable program BLOCK DATA contains the con-
stants which are required for the calculation of the heat capacities,

enthalpies, and thermal conductivities. It also contains the molecu-

lar weights and alpha-numeric representations of the species.
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TABLE B-1. Main FPurpose of Each of the Subprograms of THERMAL

MAIN: driver which controls the flow of the calculation
STARTT: performs calculations of initial values and constants
AGAINT: sets initial conditions for the shooting method
RATEST: makes a step for the shooting method; calculates the

reaction rates and changes the species mole fractions

TINT: calculates the adiabatic flame temperature
LAMBDB: calculates the coefficient of thermal conduction
ENTH: calculates the enthalpy of each species

BLOCK DATA: holds the necessary constants for these programs
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MAIN
STARTT AGAINT RATEST
{
TINE ENTH {LAMBDD

Figure B-1. Flow Diagram for the Computer Programs Which

Calculate the Thermal Theory Approximation.
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RERXS,21 ) NCRSES
DG 7 1CRSE=1,NCRSES
RERD(S5,20) NAL,OTEMP . HTEMP.A1 A2
IF(R2.GT.R1D GO 70 1
KRITE(B,11) Al.A2
o 70 7
i CALL STARTT(DTEMP.KTEMP)
00 6 18=1.NR
K=10C0
HS=0
RR=(R1+A2)/2.
CALL RGAINT(RA)D
2 K9=S+i
CALL RATEST(K)
IFCH.LY.2000) GO 70 2
WRITE(B.12> KS
IF(H.EQ.10000) GO 78 7
IF(H.EG.30000) GO 710 3
Pl=AA
GO 7O &
3 Q2=AA
6 CONTINUE
7 CONTINUE
SToP
11 FORMAT(1HT . PROGRAM NOT EXECUTED OUE TO ERROR IN INPUT EIGENVALUE
#S°//° Rl =',1PELS.5,20X, 42 =’ ,1PEL15.5)
12 FORMAT(1HO.® RATEST KWAS CALLED'.18,° TIMES®)
20 FORMAT(I10,F10.3,110.2E20.5)
21 gggMﬂT(IIO)

2
A

BLOCK 0ATR
COMMON/CBLOCK/CR(8),CB(8).C0(8),HZERO(B ) ,HZ(B) . HB(8).CL(8)
COMMON/ SPNAME/SN(B >
- COMMON/WBLOCK/W(8)
DRTA CA/33.76,58.77,35.91,33.35.,55.14,20.49,36.27.20.40/
DATA CB/,1936E-2..7739E-3, .5696E~-3, .1128€E-2, . 1365€~2, .5078E-3,
%,5197€-3, .22826-3/
DATA CO/- ,S7QUES.~ . 1YGYET7,~ ,6B99EE .- .5939E5,~.1663E7., .3392FS,
%~ ,66U8ES, ., 1US0ES/
gﬂlgEC%/I.QSE-3.Q.86E-Q.7.83E—Q.1.SﬂE—S.S.SOE—Q.3.48&—3.7.50E~4.
*u -/
Dﬂgﬂzggﬁﬁﬂlo.o.l17.163.230.1E3.-110.553.—298.8E3.279.0E3.8.9E3.
a249 283/
DATR HZ/-.828502e4, . 1041 1UES, .221700E6.~.118577E6,~.307961€85,
%,271801€E6,-,178873EY , .242673E6/
0ATA HB/.9681E-~3, .3869E-3, .26U6BE-3, .S6U7E~3, .68366~3, .2539E-3,
#,2596€E-3, . 11U1E-3/
DATA SN/AHG2  LUHCS2 UHCS U4HCG  ,UHSO2 .UHS MAMHSO  MHO /
gsgﬂ H/.032, .07613, .04407, .02801 , .06406, .03206, .048086, .016/

Figure B-2. Coding for the Main Program, Designated MAIN, and
the Non-executable program BLOCK DATA.
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SUBROUTINE STHRTY(OTVERF HTENP
REFRL=8 Z,T0BL .
COMMON/ 18LECH/XI(8) , XF(R),TF . T1.C1, U1 . 0T .P.R
COMMON/WRLOCH /W& )
COMMON/YBLOCK/X(8).T,U
COMMON/ ZBLOCK/Z,TOBL ,&.C.C3,07 . H(B 3 . MY . P, TS
DT=0TENP
KMX=HTEMP
T=300.
P=1.E3
PR=P/8.314
Ci=PR/T
READ(S,20) XI
R=X1{1)/{X1(2)+X1{3))
S=X1{1)
001 1=2.8

1 S=S+XI(1)
Ui=0.0
Dﬁ 2 I=l l8
XICI)=X1(}1 WS

2 UI=UT+HC T mXICT)
DUC=CIsU}
XEC1)=XI(1)=-3.%X1(2)-2 . XI{3)+XIL{BII-XIL 7D
XF(2)=0.0
XF(3)=0.0
XKFCUI=XTCY1+XI(23+XI(3)
XF(S)=X1(5)+2 . #XI(2)+XI(3)+XI{B)+X1(7)
XF(6)=0.0
XF(7)=0.0
XF(B)I)=X1{8 )+ XI{ 20+ XI{3+2 .. #X 1B )+ X1 7>
CARLL TINF(TF,.XF.XI.T)
CRLL ENTHCTF .HD
C3=0.0
WF=0.0
085 1=1.8
C3=C3+H( 1 MXFCI)

S UF=UF «W( I =XF(1)
C3=C3/UF
TI=400.
T5=TF +5 . +0T
RETURN

20 FORMAT(SE10.2)

END

SUBROUTINE ENTH(T,H)
COMMON/CBLOCK/CA(8),CB(8),C0(8 ), HZERG(8) ,HZ(8 ) ,HB(8),CL(8)
OIMENSION H(8)
00 1 I=1 8

1 HCID=HZ(I)+T=(CARCT Y+ T=HBC 1))-COCT /T
256URN

Figure B-3. Coding for the Programs ENTH and STARTT.
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SUBRGUT INE RERINTIANY

FERLEG 2. V08
rvm iﬁﬁ’ﬁi E%ﬁ wi"ﬁ '“”53)03’3‘(3‘*) TF .‘{j aC} U ‘Cngﬁ
LRSS FOHG
COMMON/YBLI Y /X085, T U
COMMIN/ ZBLOCK 2. T0EL 2,03, 0T HU8 2 KM PR, TS
B0
RIS
TOBL=T1-DY
T=T08L
C=Ci
=41
831 i=1.8
1 XC1=XI(1)
V=SGRT(A/DUC
HRITE(B.100T.CL.SNCTD, XCI1D.XFC1).1=1.8),R,T1,TF.C.U.V,C3,P.A
RETURN
10 FORMART(IHI . © INITIRL CONDITIONS AND CONSTANTS®//// SX,°STEP IN TEM
“P 1S9°,F9.3,° K°// BX,” SPECIES', 13X, "X I1)° . 18X, *XF(1)*/ /8 16,2X, &4
1,2820.6/3// 8X,'02/C82 RRTIO =" ,F3.2
2 /7 8X.CIGITION TEMP =".FS.1," H'//10X, ’FLAME TEMP =',F 9.1,° K’
3/7 7K. "CONCENTRATION =°.F 9.4,° MOL/M3°// 8X,
Y °RAVE MOL REIGHT =°.F 9.5 ,* KG/MOL®//9X, 'FLAME SPEED =°,F9.4,° M/
58°//18X,°C3 =°.F3.0," J/KG'//12X, "PRESSURE ='.F9.1." N/M2°//
6 10X, "EIGENVALUE =",1PRIU,Y," KGZ MU/S2°/1HD)
EnD

SUBROUTINE L.AMBDBCTC)

COMMON/CBLOCK/CA8),CB(8),.C0(8 ) . HZERXK 8) . HZ(8), HB&S) Cuss

COMMON/XBLOCK/X(8),T,U

DIMENSION CPI(8),TCI(8)

TT=T=T

ST=SQRT(T)

U@ i I-'—'l ’S

CPICYY=CACT d+T=CBCI«COC 1 M/TT
1 TCICTd=CLC T 2aST=( 0. 04264CPIC1)40.155)

TCI(6)=CL B 3=ST

CPICT I=CaC7 3+ T=CBCT7)+COCTI/TT

TCICT7)=CLL 7 )#ST%( 0, 0U26+CFP1( 7)+0.,155)>

TCI(B)=CL(8)*5T

TC=XC 1 )%TCIC1 )4 XC2)%TCI(2)+ X3 )2TCIC 3 34 XU IR TCICY 3+ XC 5 )«TCI(5 )+
#X(6)TCI(B )+ X(7)xTCIC73+X(8)=TCI(B)

RETURN

END

Figure B-4. Coding for the Programs LAMBDB and AGAINT.
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ROGTINE RETE

1.C.03,0T.H(E8), HMX.PR.TS
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0 1 1=2.8
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%F(S/LS LGT.1.E-7YG0 10 2
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Figure B-5. Coding for the Program RATEST.
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SUBROUTINE TINF(TFE X
CaMMOeN/CBLACH/CR(E) .
DIMENSION X(B) . XF(B»
CONV=1 .E-6
S1=0.,0
§2=0,0
83=0.0
SuU=0.0
m 1 I=1'8
Si=S1+XF( ] =CA(T )
Se=82+XF{ 1 )=HB{ 1)
§3=83+XF( 1 =LD( 1)

§ SU=SU+HZERAC 1 )«(X(1)-XF(1))
SY=5Y +( S2xT+51 T~-53/7
TE=({ 27626 .3xX( 221871 ,23sX(2)+17305 .6 5=X( 2 )+318 . 457
FF= TF*(SI+TF*S9) ~83/TF-84
IF(R85(FF/54 ). LT.CONY > RETURN

J=1
IF(FE.LT.C.0) GO TO 3
T2=TF

F.XTH
csiss,

COC8) HZERDCR ) L HE( 8 HB( 8 Y.CLIB)

a.
FF=TE#( S1+TF#52)-53/TF-S4
IF(ABS(FF/34).LT ,CONV > RETURN

J=Jel
IF(J.GT.S0) GO 10 8
%§(§§,GT.O.D) GO T0 2

F1=FF
GO TO U

TE=TF+20.
FF=TF#( S1 +TF #52)-53/TF~5Y4
IFCABS(FF/SM ) LT .CONV Y RETURN

J=J+l
IFCJ.GY.50) GO TO 8
JF(FF .LT.0.0) GO T0 3
12=TF
F2=FF
Y TF=({T1xF2-T2«F1 Y/ (F2-F1)
IFCCTE-TIW(T2-TF).LE.0.0) GB T 7
S FF=TF#(S1+TF+82)-83/TF-SY
IF(PBS(FF/54 ) .LT.CONV > RETURN

J=J+i
IF(J.GT.50) GO 10 8
%F(F;.LT.0.0) GG TO 6

GO T
7 gg CT1+T2)/2Q
8 HRITE(S 10) TF
RETURN
10 ESBHHT(IHI.' CAUTION CONVERGENCE NOT ACHIEVED IN TINF °,E15.6//D

Figure B-6. Coding for the Program TINF.



-246-
APPENDIX C

The computer progrém which has been written to calculate the
single species diffusion approximation is designated as SINGLED.
The seven subprograms which comprise SINGLED are written in
Fortran IV G. The flow diagram of Figure C-1 displays the rela-
tionship between the subprograms, and Table C-1 contains a brief
statement on the main purpose of each of the subprograms. The di-
mensionalization of the variables of the coding, which is given in
Figures C-2 throdgh C-4, is the same as for the related variables of
Chapter 7.

The single species diffusion approximation, with heat con-
duction ignored, as represented by equations (7. 16}, is calculated by-
SINGLED. The program SINGLED is structured in the same manner
as THERMAL, which is described in Appendix B. The iterative
shooting method of trial eigenvalues is the same, as is the stepping
method.

Common Blbcks

There are seven common blocks in these programs. The
common blocks are utilized to transmit data from BLOCK DATA and
to retain the values of important variables between the programs.

The common block CBLOCK transmits data from BLOCK
DATA. It appears in STARTS, HEAT, and TINF, along with BLOCK
DATA. This block is identical to the CBLOCK of the thermal theory;
the constants and their meanings are given in Appendix B.

The common block IBLOCK retains the initial values re-

quired for re-initializing the shooting iteration and retains some of
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the final constants which are calculated in STARTS. It appears in the
initiating programs STARTS‘and AGAINS. This block contains ail of
the values of the IBLOCK of the thermal theory program as given in
Appendix B with the additions and alterations of:

EI: array which contains the initial mass flux frac-
tions, €.
* 710

YI: array which contains the initial mass fractions,
Y30
DUC: constant related to the diffusion coefficient,
(pD/TE)O , kg m-!s-1 K-3

The common block SPNAME contains the species names in
alpha-numeric format. It appears in the subroutine AGAINS along
with BLOCK DATA. This block is identical to the SPNAME of Ap-
pendix B.

The common biock WBLOCK contains the molecular weights
of the species. It appears in STARTS and RATESS along with
BLOCK DATA. This bloc‘k is identical to the WBLOCK of Appendix
B.

The common block XBLOCK transmits current data from
program to program. It appears in three programs: AGAINS,
HEAT, and RATESS. This block is identical to the XBLOCK of Ap-
pendix B.

The common block ZBLOCK holds information required for
the integration. It appears in AGAINS, STARTS, and most im-
portantly in RATESS. The variables and constants which are con-
tained in this block are the same as those of the ZBLOCK of Appen-
dix B,with the deletion of C3, C, H, and TS and with the addition of:

B: constant related to the eigenvalue



~248-

E: array which contains the current mass flux frac-
tions, e:i

Y: array which contains the current mass fractions,
Y. ‘
i
DH: array which contains the heats of reaction,
AHgOO y 9 mol-1

XMN: wvalue of the mole fraction of O2 which terminates
the integration

MAIN

The program MAIN controls the flow of the calculations as
well as calculating eigenvalu‘e approximations. This program reads
in two estimates of the eigenvalue, which have previously been found
to surround the actual eigenvalue, from which a new eigenvalue es-
timate is obtained. Convergence to the actual eigenvalue is con-
tinued,using the bisection method until the predetermined number of
iterations is performed or until the estimated eigenvalue is suffi-
ciently close to the actual eigenvalue. This program calls STARTS,
AGAINS, and RATESS. The scalar functions and their uses are given
in f:he follow’ing:

NA: maximum number of eigenval ue iterations before
termination, an inputed variable

Al: the current lower bound on the eigenvalue, a
variable whose initial value is inputed

A2: the current upper bound on the eigenvalue, a
variable whose initial value is inputed

IA: counter for the number of eigenvalue iterations

K: counter whose value determines the print-out
frequency and whose output value is an indication
of the reason for the termination of the shooting
integration

KS: counter for the total number of steps in each in-
tegration



e &9,

AL: the new approximation to the eigenvalue

ABLTo0

Yora

STARTS

The initizl values and constants are calculated in the sub-
routine STARTS. This program provides the logic for calculation of

the constant C This program calls TINF. The scalar variables of

4°
this program and their meanings are:
I: counter for the species

S: normalization factor for initial mole fractions

D: diffusion coefficient at the initial temperature, D,

m- s

YIE: constant which relates the initial mass fractions
and mass flux fractions

AGAINS

The initial values required fo;r the shoeooting integration are set.
in the subroutine AGAINS. It also calculates the flame speed corre-
sponding to the eigenvalue which is input in the calling sequence.
This program does not call any other. The scalar variables unique
to this program and their meanings are the same as those of the sub-

routine AGAINT of Appendix B.

RATESS

The subroutine RATESS makes a step in the integration. The
reactions rates and rate of species change, Wi are calculated in

order that the second term in the Taylor's expansion for the mass flux

fraction can be found. The mass flux fractions, mass fractions, mole

fractions, temperature, distance, and average molecular weight at

the end of the step are calculated. This program checks for condi-

tions for which the integration should end. Z¥or each termination
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coendition, an identifying message is printed and the counter K, from
the calling sequence, obtains a unique value, making the counter an
indicater. This prograin calls the subroutine HEAT. The variables
which are unigue to this program and their meanings are:

I: counter for the species

K: counter for the number of steps since the previous
print-out and indicator for the cause of termination
of the integration

CP: average heat capacity of the mixture, C , J kg"l
K-1 p

YE: constant relating the mass fractions and mass flux
fractions

DZ: step in transformed distance, m’ s kg_l

2 6

. 2 -
CC: concentration squared, ¢ , mol m

R1,R2,R3,R4: rate of productioﬁ or annihilation of species for four
reactions, mol m-3 s-1

Q: renormalization factor

HEAT

The specific heat capacity is calculated in the subroutine
HEAT. The individual molar heat capacities for each of the species
are calculated and combined assuming a homogeneous mixture. The
resultant average molar heat capacity is divided by the average mo-
lecular weight to obtain the specific heat capacity. This program
calls no others. The variables of this program are:

CP: average specific heat capacity, Cp , J kg_l g1

TT: temperature squared, T2 , KZ

TINF

The adiabatic flame temperature which corresponds to the ini-

tial conditions is calculated in TINE. This subroutine does not call



any other. TINY is delailed in Appendix B.
BLOCK DATA.

The non-executable program BLOCK DATA contains the con-
stants which are used in thece programs. This program contains all

of the constants of the BLOCK DATA for the thermal theory approxi-

mation of Appendix B.



TABLE C-1. Main Purpose of Each of the Subprograms of SINGLED

MAIN: driver which contrcls the flow of the calculation
STARTS: performs Calcula.tionsx of initial values and constants
AGAINS: sets initial conditions for the shocting method
RATESS: makes a step for the shooting method; calculates the

reaction rates and changes the species mole fractions
TINF: calculates the adiabatic flame temperature
HEAT: calculates the specific heat capacity of the mixture

BLOCK DATA: holds the necessary constants for these programs



MAIN

STARTS AGAINS , RATESS

TINF HEAT

BLOCK DATA

Figure C-1. The Flow Diagram for the Programs Which
Calculate the Single Species Diffusion Approxi-
mation.
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READCS,20) NA,LALA2
IF(A2.GT.HI) GB 10 1
WRITE(G,11) Rl.A2

11 FORMAT(1IHI,* PROGRAM NOT EXECUTED DUE TG ERRCR IN INPUT EIGENVALUE
«3°//7° Al =',1PE1S.5,20%, 'A2 =',1PE1S.S)

12 FORMAT( 1HO.® RATESS WAS CALLED®.18,° TIMES®)

20 ESSMHT( 110.2820.5)

SUBROUTINE AGAINS(AAD

REARL=8 Z,TOBL.E

COHION/ IBLOCK/C1 . DUCEICBY.P, TF , T1,UI SFLBIXICE,YI(E)
COMMON/SPNAME/SN(B )

COMMON/XBLOCK/X(8).T.U
COMMON/ZBLOCK/Z. TOBL .ECB) .R.B,0H(U 3. 0T JKMX PR . XMN. Y(8)

A=A
B=R/DUC
TOBL=TI
T=T0BL
U=U1l
V=SGRT(AX/CUI=CI)
G 1 =1,
XC1)=XICI)
YCI)=YI(I)

1 ECI=EICI)
WRITECB.10) OToCI,SNCIDXCIDoYCTIDEICTIXFCID) o I=1,:8),TITFCIs

#U,V,.P.A

RETURN

10 FORMAT(1HT.° INITIAL CONDITIONS AND CONSTANTS'////SX,°STEP IN TEMP
w =°F3.3,° K°// 3X,° SPECIES 11X, X(1)° 12X, "Y(I)°.12X,"ECI)°.11X
@y "XF(1)°//8C16.A7.1PUELIB.5/)// 8X, "INITIAL TEMP =°,0PFS,1,° K°//
® 10X, "FLAME TEMP =",FS.1.° K'/
" / TX, "CONCENTRATION =",F9.4," MOL/M3°// 6X,°R
«VE MOL WEIGHT =".F9.5,° KG/MOL'// 9X, 'FLAME SPEED =',F3.4,° M/S°//
12X, ‘PRESSURE =°.F9.1,° PA°//10X, "EIGENVALUE =".1PEIY .Y, " KG2/(MU
:gﬁ%'/lﬂl)

Figure C-2. The Coding for the Main Program, Designated MAIN,
and Subroutine AGAINS.
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SUBRGUTINE_STARTS
REAL#E 7, T0OL.E o
COMMON/CBLACK /CACE ), CB( B ) LI 8) HZERAC S 2, HZ(8),
COMMANY TBIGEK/CT,0UC EICR ., TF . T1. UL JXF(B3.X1C8 3
COMMON/HBLOCK /HC 8 )

3
COMMOM/ KBLﬁVK/Z TOBL ,ECB) - A.B,0HCU 3, DT JKMLPR MN,
?IHENbI@N KR(8)O
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FERCE 2)+HZERA( 8 )-HZERG( 3 >-HZERG(7)
ZERGC 3 )+HZERD( 8 ))-HZERO( U )~-HZERAC g ;

8

\va
LLhL N

DHC 3 )=HZERDC( 1 d+HZERG( 8 )-HZERG( 7 )-HZERAC
DH( Y )QHZEFIG( 1)+HZERDC( 7 >-HZERG( 5 )-HEZERG(

TUR
20 FGﬁMﬁT(FlU 4.110/8€10.2)
END

SUBROUTINE_HEATCC
EOMMON/ CBLOCK,/ CRC
COMMON/ XBLOCK/X(8
TT=T#1
CP=0.0
b 1°I=1.8

1 CP=CPXC f MCCAC T D4T4CB( 1+CDC 1 /T
CP=CP/U

P>
8))1._ 8(8) »C0(8) HZERD(8 ) ,HZ(B ), HB(8).CL(B)

Figure C-3. The Coding for the Subroutines STARTS and HEAT.



- s
-l D0 -

°UBR@U?I& WQT -3S(HD
Fﬁﬂd a.,ﬁT5 sl.ﬁ. L=
COMMON/WBE SCH/NIB)

EOMIN XSGR/ R) . TLU

gﬁﬁgﬂ?/iﬁLﬁChiFwTﬁﬁL,E(8),ﬁ B I DL, 0T KM PR.XMN, Y(8)

=Cwl
RI=X( 2 24X 8 )65 . OETEXP( ~880 . /T )L
R2=Y( 3 JaX( 8 Yl LOER#C0
R3=X{ 83X 1 )%1 OE7+EXPL ~2800, /T 200
Fll=XC 7 20XC 1 dal ,DESEXPL ~3300. /7 M0
CaLL HEQT(CP)
DZ“DT*LP/(Dﬁ\I)*HE+DH(2)*R2+DH(?)*HS+BH(%)#ﬁ%)
Y(8)I=Y{8)+C YCB 3-EC 8 ) ysl7wB/SCRTL T
IFCYC8).LT, 1 .E-25) Y{83=0,0
EC 1 3=EC 1 3407 ah¢ T -R3-Ril 3
E{2)=E{2)+D7=b( 2 ) ~A1 )
EC3)=E( 32402 =H( 3L R1-R2)
ECU 3=FCU )+[7 W4 3= R2)
ECS=ECS+DZ#N(S(RUD
E(G )=FE(S 3D =N 8 )x={ R2-R3)
EC T 3=E(7 )4DZ%H( 7 )l B1 +R3-RY)
El8)—E(B)*BZ*H(B)*(ﬁ3+ﬁ4—ﬁl—ﬁ2)
YE=CIi.-Y(8))/(1.-E(8))
U=Y(B)/H(B)
G=Y(8)>
Dﬁ 1 I=137
YC10=F( 1 =YE
IFCYCID LT 1.E-25) Y(1)=0.0
+Y(1>
+YCID/ZWCT)

2 1=1,8
Y¢1 =41/
2 X(%)EY(I)*U/N(I)

Z=2+07
TOBL=TCBL+DT
1=T08

L
IFCXCL)LT.XHNY GO TG 7
IFCECB).GT,Y(8)) GO T3 3
IF(X§2)+X(3)+X(6)+X(7) LT.1.E-155 GO TO 6

+

IFCK.LT . KMX)> RETURN
K=0 '
GG 10 8

3 K=20000
WRITE(G.13) A
GO 10 6

6 K=10000
HRITE(B.12) A
GO 10 8

7 K=30000

WRITECG,14) 8
8 WRITE(B.10) Z.T.C.U,CP.X,Y,E

RETURN
10 FORMATC1HO,.® AT Z =°.D18,10,9X,° T=".F7.1,9%, 'C=",F9.4,9X, "U=",F9.5
%, X s “CP=* ,F8.,1//3X, °X° . 1PEEL5.11/3X, *Y " .BE15, M/SX.'E'.SGIS 4/3
2 ;EHHHT(IHO.’ NO MORE REACTANTS®,10X, *EIGENVALUE =°.1FE15.0/)
13 FORAMATC 1HO.* EC8) IS LARGER THAN Y(8) FOR’,1PE16.5/)
14 :ﬁgﬂﬂT(lHO.’ X(1)> IS TOO SHALL FCR’,.1PE16.5/)

Figure C-4. The Coding for the Subroutine RATESS.



