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ABSTRACT

Shock tube experiments were conducted to observe the primary reactions of methyl
radicals. 0.7% -7% azomethane diluted in argon or nitrogen was used as a precursor for
methyl radicals. The rate of disappearance of CH; radicals was measured behind incident
shock waves in real time using a high resolution laser schlieren technique. The measurements
covered the temperature range 1400-4000 K and the pressure range 0.1-1.1 aim, Selected
experimental results were analyzed by an analytic point-by-point approach, which led to a
self-consistent determination of the rate coefficient for methyl recombination, supporied by
the theory of unimolecular reactions. All of the experiments were then analyzed by computer
simulation to evaluate the rate coefficients for the primary reactions of CH,. The rae
coefficient for 2CH, = C,H, + H,, which was basically unknown at high temperatures, was
obtained by comparing experimental laser-schlieren signals with those from numerical
integration of a postulated mechanism of 44 reactions coupled to the conservation equasions
of mass, energy, and momentum. The important reactions in the mechanism were identified
by a sensitivity analysis.

Experiments were also conducted at lower temperatures of 560-1300 K. Chemical
chaos and oscillation were observed in the pyrolysis of azomethane at 900-1300 K for the
first time. |

The fall-off effect in the decomposition of azomethane was studied theoretically on
the basis of the modern theory of unimolecular reactions. The resulls of our calculation are

in agreement with published experimental work. More exact calculations nced to be done

i



above 2000 K.

Rate constants are calculated for CH; (+ Ar) = CH, + H (+ An) at the limiting low
pressure, the limiting high pressure, as weil as the intermediate fall-off ranges. The resuits
shows that published experimental rate constants for methyl dissociation correspond to the fall-
off region close to the low pressure limit. At the low pressure limit the activation energy is
fess than the bond dissociation energy, in agreement with experimental results. Forward and
backward rate coefficients at the high pressure limit are compared with cther theoretical
calculations. More theoretical and experimental work is necessary to understand the reverse
reaction and its competing reactions, as well as the decomposition channel leading to CH +

H,.

iit
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CHAPTER 1

INTRODUCTION

1.1 PRACTICAL AND THEORETICAL SIGNIFICANCE

CH, radicals are prevalent during the combustion and pyrolysis of most hydrocarbons.
CH, is also the most stable and important alkyl radical in the high temperature oxidation and
decomposition reactions of alkanes. The reactions of CH, are therefore of fundamental
interest for the mechanistic description of complicated combustion processes. Methyl-methyl
reactions are important in flame propagation because of the high methyl concentration.
Warnatz has shown that "hydrocarbon fuel is attacked by H, O, and OH in the first steps” in
a fully developed flame front.! "The alkyl radicals formed in this way decompose rapidly 10
smaller alkyl radicals and alkenes. Only for the smallest alkyl radicals, such as CH, and
C,H,, does the relatively slow thermal decomposition compete with recombination and with
oxidation reactions involving O atoms and O," According to Wamatz, the combustion
mechanism of C,-hydrocarbons ( n 23 ) can be roughly reduced to the question of "how fast
CH, and C,H; are formed" in the decomposition of these C,-alkyl radicals, and "this part of
the mechanism is rate-controlling” in the combustion of alkane and alkene.? In other words,
methane- and cthane-air flames are the two representative cases of hydrocarbon combustion.

Figure 1.1 shows a flow diagram for the oxidation of methane in methane-air flames.2 Once
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Figure 1.1 Flow diagram for the oxidation of CH, in methane-air flames at P = 1 bar, and
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CH, and / or C,H, are formed, the main reactions lead the way to CO formation. At the
same time, methyl-methyl reactions, which are the central topic of this thesis, compete with
the oxidation processes. The difference between CH, and C,Hy is that the ethane-air flame
propagates faster than the methane-air flame since GH, is more reactive than CH,.!

The recombination of methyl radicals and its reverse process, the decomposition of
ethane, have long attracted the attention of both experimentalists and theoreticians. The
recombination is a major termination process in the pyrolysis and oxidation of hydrocarbons.
It serves as the reference reaction for measurements of other reactions of methyl radicals, and
it also has been used as a model for testing and improving statistical theories of unimolecular
reaction.

Recently, the chemical vapour deposition (CVD) technique has made it possible to
synthesize diamond films by combustion of hydrocarbon.™* Unlike the conventional method
in which diamond is synthesized at extremely high pressures and high temperaturcs, flame
synthesis of diamond films can be easily conducted in an open atmosphere. Murayama et al.®
demonstrated the synthesis of a highly uniform film of polycrystalline diamond by a flat
flame. Computational simulation’ of diamond chemical vapour deposition is nccessary to
study the effects of various parameters (such as burner-to-substrate distance, flow rate, and
fuel Stoichiomeuy etc.) on diamond growth and to scale the system to larger areas,
According to Miller and Melius’s combustion mechanism and Coltrin and Dandy’s surface
chemistry mechanism, CH, plays the dominant role in depositing carbon.” Large fluxes of

CH, and H at the surface are predicted. Gas phase methyl radical reactions will affect

diamond growth rate.



In summary, the reactions of CH; at high temperatures are important for many aspects

of pyrolysis and combustion.

1.2 LITERATURE REVIEW AND THE PROBLEMS TO BE SOLVED

1.2.1 Precursor of Methyl Radical

The reactions of methyl radicals are very fast, occurring in less than 1 millisecond.
Special techniques have to be employed to generate CH; homogeneously on a very short time
scale. This can be achieved by the flash photolysis or high-temperature pyrolysis of
precursors, such as azomethane (CH,NNCH;), acetone (CH,COCH,), dimethyimercury
(Hg(CHS,),), tetramethyltin (Sn(CH,),), and methyliodide (CH,I). These are usually diluted
by inert gases. Among them, azomethane is the most frequently used precursor in the studies
of methyl radical reactions.

Troe’s rescarch group has extensively used the fast thermal decomposition of
azomethane at temperatures above 1300 K and flash photolysis at room temperature to
investigate methyl recombination.®*'® Back et al also applied the thermal decomposition and
the photolysis of azomethane to study methyl reactions.'"* Pilling’s group studied methyl
recombination over the temperature range 296-577 K using laser flash photolysis of
azomethane as a source,”® while Wagner’s group'*'” and Frank’s group'®'® as well as Gutman,
Lin et al® investigated high temperature reactions of CH, generated by the thermal

decomposition of azomethane. All thermal pyrolysis studies confirm that an azomethane



molecule decomposes into two methyl radicals at temperatures higher than 1300 K; the
decomposition occurs so fast that it excludes the methyl-azomethane bimolecular reaction.’

The rate coefficient for azomethane decomposition is available®'*'$*"** over the range
500 -2200 K. Since our experiments went far beyond 2200 K, it is necessary to investigate
the decomposition of azomethane up to 4000 K. The decomposition is a unimolecular
reaction. Thus the rate coefficient should exhibit complicated temperature and pressure
dependence. However, no one has studied the full fall-off behaviour of the decomposition
of azomethane. In chapter 2, the fall-off behaviour will be addressed on the basis of the

modern theory of unimolecular reactions.

The pyrolysis of azomethane below 1300 K is slow and generally recognized as
occurring by a chain mechanism, though the chain is short. For the sake of investigating
methyl radical reactions, low- temperature pyrolysis is not recommended. Nevertheless, for
completeness it is worthwhile seeing what would happen at those lower temperatures. Itturns
out as an unexpected gain: We observed chemical chaos and oscillation in the pyrolysis of

azomethane at 900-1300 K for the first time. Further details will be given in chapter 3.

1.2.2 Thermal Decomposition of Methyl Radical

The methyl radical is ubiquitous during the pyrolysis and combustion of
hydrocarbons. However, unlike other alkyl radicals it resists thermal decomposition. Its

unimolecular reactions,



CH, HCH + H M

MCH, + H )

are simply 100 slow to compete against bimolecular reactions with itself or with oxygen-

2CH, - CH, + H 3
- CH, + H, 4)
% CH s)
- CH, + CH, 6)

containing species such as O, O, and OH. Itis only at elevated temperatures > 2700 K #
that methyl decomposition need be considered among the elementary reactions needed to
model the pyrolysis® and combustion®* of CH, as well as the chemical vapour deposition
of diamond.>**

Recently, there have been two experimental’**® and one theoretical®* study of the two
competing channels of methyl decomposition. However, substantial disagreement exists
regarding which channel has a higher energy barrier.

The rate constants for reaction (2) have been measured at the low pressure limit by
means of atomic resonance absorption spectroscopy over the temperature range 1700 -2850
K.2% [tis, however, important to have further confirmation of these measurements and to
extend them to higher temperatures and pressures. We have performed experiments designed
1o evaluate the rates of channels (3) to (6), us{ng laser-schlieren detection of methyl reactions
behind shock waves. It turns out that reactions (3-4) become important at the same high
temperatures where thermal decomposition of CH; could compete. A proper analysis of the

experiments requires a good knowledge of the rates of reaction (1-2) up to 4000 K. In

6



addition, Merkel and Zulicke have calculated the rate constant for reaction (2) at the high
pressure limit using statistical adiabatic channel theory.” Their results do not agree with a
recent ab initio calculation of the high-pressure limiting rate constant for the reverse of
reaction (2) by Wagner and coworkers using variational transition state theory.*® The latter
found a positive activation energy in contrast to Merkel e al.’s and the experimental negative
activation energy.”™' As the experiments correspond to the low-pressure limit, it scems that
this controversy can be addressed only by carrying out a full calculation of the fall-off curves
over a wide range of iemperatures.

The theorctical study in chapter 2 is designed to cvaluate the above questions. We

proceed using the methods developed by Troe.***

1.2.3 Methyl-Methyl Reactions

1.2.3.1 CH, + CH, — C,H,

Methyl radical recombination has been widely studied for many years. A
comprehensive review of the experimental results prior to 1980 for the recombination and
its reverse is given by Baulch and Duxbury.** Most experimental measurements there refer
to room temperature and pressures below or close to 1 atm. They propose a temperature-
independent value of 2.4x10" cm® mole™ s over the temperature range 250 - 420 K for the
high pressure limit. Hippler et al felt that an experimental study at pressures above 1 atm

would help to establish the high pressure limiting value,’ and they performed the experiments



at room temperature in the bath gases Ar and N,, over the pressure range 1-200 atm to study
high-pressure effects in CH, + CH; — C,H,. This leads 1o a limiting rate constant of k...
= ( 3.5 £ 0.36 )x10" cm’ mole’ s'. There have been some experimental studies of CH,
recombination in the fall-off region. (Knowledge of the fall-off behaviour of this reaction was
derived largely from prior knowledge of ethane decomposition). Slagle et al*’ and
Macpherson et al" investigated the recombination as a function both of temperature ( 296-206
K) and of pressure ( 0.5-600 torr), which provided a more quantitative and detailed picture
of the kinetics of this important reaction over a wide range of experimental conditions. There
have been only a few experimental studies of methyl recombination reaction at high
temperatures.** Using UV absorption near 216 nm, Glanzer, Quack, and Troe measured the
methyl recombination rate constant behind shock waves in the temperature and pressure
ranges of 1200-1500 K and 0.2-25 atm,’ while Hwang, Wagner, and Wolff did the experiment
at 1200-1600 K and 10-240 atm.™ Even at the highest pressures, the reaction was in the fall-
off region, The high pressure limiting rate constants were obtained by extrapolation. Hwang
ct al suggested a negative temperature dependence. In contrast to extensive work on the
pressure and temperature dependence of this reaction at low temperature (T < 1000 K) "data
are still scarce” at higher temperatures and "reliable extrapolations to the limiting rate
constant are difficult to make" above 1000 K.*

Methyl radical recombination has also received considerable theoretical attention.
Troe has developed a systematic theory of unimolecular reactions*** based on solutions of
the master equation,*? on the statistical adiabatic channel model (SACM),*® and on RRKM

theory. The statistical adiabatic channel calculations predict a nearly temperature-independent



high-pressure-limiting rate constant, , .., for CH,+CH,—C,H,."* The low-pressure-limiting
rate coefficient and fall-off curves are analyzed on the basis of full master equation models
and RRKM models. Furthermore, Troe has transformed the complicated theory into a
relatively simple formalism in factorized form, which is very easy for experimentalists (o use.
The simplified factorization approach has been applied successfully, in practice, to many
reactions. Wardlaw and Marcus developed a flexible transition state theory (FTST) which
recognizes the interactions between the transitional modes.*” Wagner and Wardlaw® applied
the FTST model to analyze the experimental results of Slagle et al.*” and Macpherson et al.,P?
and then fit their results over the full temperature and pressure range to Troe's factorial form.
They predicted a decrease in k., .. by a factor of 3.6 over the temperature range 300 - 2000
K. Although their result is supported by two other experimental studies,"*' Troe has
questioned their conclusion on the basis of a SACM calculation.”® We are in favour of Troe’s
temperature-independent k,,. . because Troe and coworkers® established the high pressure
limiting value by direct measurement at the high pressure limit, and SACM modelling helps
to expand the temperature range. Other studies™*** are all in the fall-off range. The high-
pressure limiting rate constants are obtained by extrapolating low pressure data, and the
uncertainty is, no doubt, associated with the extrapolation. The theoretical results still need
to be tested experimentally, especially at temperatures above 1000 K.

Figure 1.2, taken from the National Institute of Standards and Technology (NIST)
Chemical Kinetics Database,’2 oullines the previous experimental and theoretical studies of
methyl recombination. The variation is very large. The apparent scatler is partially due to

the pressure variations, However, even under similar pressure conditions, some discrepancics
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are still present. There is an obvious gap concerning the high-temperature data. Only a few
of the experimental studies were done at combustion temperatures. The uncertainties still

leaves room for further study.

1.23.2 CH, + CH, » C,H; + H

At low temperatures, the reaction rate for CH, + CH, — CH, + H is small because
this channel is endothermic. As a result the reaction proceeds via the C,H, channel. As
temperature increases, it becomes a concerted reaction. "At temperatures around 2000 K and
at normal pressures, the C,H; channel is well into the fall-off regime while the rate coefficient
for formation of C,H, + H has increased significantly and now makes an important
contribution".”

There have been several studies of this reaction under high-temperature shock tube
conditions.”®* Figure 1.3 shows previous experimental work, theoretical studies, as well
as some authoritative evaluations. Atomic resonance absorption spectroscopy of H as well
as laser schlieren detection were used to determine rate coefficients for CH, + CH; — C,H;
+H. It was shown that hydrogen atoms were formed in the first step.'™ Because of the
pressure dependence of methyl radical recombination, the formation of C,H + H should
occur preferably at low pressure and high temperature. The rate constant [rom the recent,
more direct measurement of Frank et al'® is recommended over the temperature range 1300-
2500 K by the updated compilation,” though it is not uniquely determined at T>1900 K. The

computer simulation in chapter 5 will test this recommendation at very high temperatures.
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1233 CH; + CH; » CH, + H,

Reactions of CH; at high temperatures are fairly complex. The formation of C,H, +
H, is another reaction channel for CH, + CH, at high temperatures where the C,H, channel
approaches the low pressure limit. These two chanuels are the only exothermic reactions for
CH, + CH,. Thermodynamics also indicates the formation of C;H, + H, to be the preferable
exothermic channel at high temperatures ( T > 2000 K ).

Figure 1.4 displays the experimental results from several sources. Gardiner et al
made the first study of CH, + CH, = C,H, + H,. This was then followed with a more
detailed study made by Tsuboi,® where he derived the sum of the rate constants for the C,Hs
+ H channel and the C,H, + H, channel. This accounted for the reaction products of CH, +
CH, besides the recombination to ethane. Warnatz in his evaluation® recommended Roth and
Just's results where the rate constant was obtained by fitting atomic resonance absorption of
H atoms to a reaction mechanism in an ethane pyrolysis study.” Kern ct al® gave a similar
result recently, while in other studies using UV spectroscopy, Just® as well as Frank"
reported a rate coefficient with a smaller activation energy. Those experimental results
mentioned above, shown in the upper part of Figure 1.4, gave fairly consistent results with
respect to magnitude. However, these "large” rates were not compatible with Kiefer and
Budach’s observations in the high temperature pyrolysis of ethane,® and they suggested more
than an order of magnitude reduction. ( They also proposed a smaller rate coefficient for

CH, + CH, = C,H; + H). Kiefer and Budach’s argument was supported by Hidaka ct al's
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simulation of the high temperature pyrolysis of methane® ( shown in the lower part of Figure
1.4). The latter obtained a result 100 times smaller than that of Kemn ct al.® The controversy
is worth further investigation.

Compared to that for the C;H, and C,H channels, the rate coefficient for ethylenc and
hydrogen molecule formation is not well known. No data has been available above 2600 K.
Since the rate coefficient data are still scarce, no final conclusion has yet been reached on
this matter. This present study provides another set of experimental results for CH, + CH,

— C,H, + H,, and it is at least a step further towards the final sctticment.

1.2.3.4 CH, + CH; — CH, + CH,

The only available data for this reaction is from Frank and Braun-Unkhoff’s work,'®"?
where atomic resonance absorption spectroscopy was chosen 1o monitor the thermal decay
of azomethane, methyliodide and ethane. At temperatures above 1900 K, their H-profiles are
sensitive to this disproportionation reaction. However, there has been no reliable
measurement where singlet and triplet states of CH, are identified. This creates uncertaintics

in the determination of other channels of CH, + CH, at high temperatures.

1.2.4 Experimental Techniques

Methyl radical reactions have been widely studied over a number of years primarily

by the technique of flash photolysis at T < 1000 K and by shock tube pyrolysis at higher
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temperatures, coupled with kinetic absorption spectroscopy.

The kinetics of chemical reactions taking place at high temperature can be studied
conveniently by means of a shock tube, which was first used by Vieille in 1899 and is now
a widespread experimental technique for investigating fast chemical reactions. A shock wave
can change the physical state of matter drastically on a very short time scale. A gas sample
may be heated from room temperature to 10* K, and pressures up to 10* atm can be reached
within one nanosecond. These conditions may be held for a few milliseconds. During this
time period chemical reactions can be monitored by kinetic measurements.

Many means are available to follow the progress of the chemical reactions of methyl
radicals. Various approaches have been tried. Time-resolved absorption spectroscopy,
sometimes combined with gas chromatography of the end products, has been used for
measuring rate coefficients for methy! radical reactions over a wide range of conditions. The
most frequently used analytical method is UV absorption of the methyl radical at 216.5 nm.*
10.13-1747.5158606263 The next frequently used technique is mass spectrometry.®'*6%

The last few years have seen an increasing use of more sensitive analytical techniques.
One such technigue is atomic resonance absorption spectroscopy (ARAS),'*1?263*%% which
is able to detect very low concentrations of only a few ppm of H or C atoms generated by
the reactions of highly dilute CH,. The advantages offered by such low concentrations are
the minimization of effects of secondary and tertiary reactions and a considerably simplified
interpretation of the chemical kinetics of the investigated system,'®*6%

Photo-ionization mass spectrometry (PIMS)* is another sensitive technique suitable

for the measurement of radicals at low concentration (low pressure). The gas-phase species
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effuse into the ion optics of a mass spectrometer where they are ionized by the focussed
output of a pulsed laser.

The role of lasers in studying chemical kinetics in shock tubes, as fully addressed by

“Hanson,™ has also grown rapidly in the last few years.***** Laser absorption spectroscopic
methods are also able to detect very low radical concentrations with high resolution. The
combination of shock heating of a reacting gas mixture with sensitive techniques for species
detection offers great advantages for the study of elementary reactions at elevated
temperatures. This has been demonstrated by Dean and Hanson in their recent study®® of
hydrocarbon pyrolysis, where they shock heated highly dilute mixtures (6 to 100 ppm) of
ethane or mélhane in argon, and monitored the CH time history using narrow-linewidth laser
absorption at 431 nm and the C-atom time history using ARAS.

Another successful technique, which is especially useful for reactions occurring on the
submicrosecond time scale, is the laser schlieren method®™™ with excellent time resolution
and thermal sensitivities. It can monitor the time profiles of refractive index gradicnts and
has been applied to the pyrolysis of hydrocarbons, such as C;He,* C;Hg*% C,H,™™ and

L
CH,.

Lasers have also been used to photolyze azomethane or acetone at 193 nm as sources

9-

of methyl radicals'*347516263 ot 1ow temperatures (T<1000 K), and "are now also employed

as photolysis sources to trigger specific radical-radical and radical-molecule reactions in
shock-heated gases".™ Since laser photolysis may produce atomic and radical reactants both
directly and instantancously, it may control reaction pathways without going through complex

mechanisms, and it promotes more direct and quantitative measurements of specific reaction
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rates.” Modemn lasers provide powerful and promising techniques for the studies of chemical
kinetics, and one should see their application increasing. Some day we may reach the stage

when chemical reactions are fully controlled and monitored by lasers.

Despite the fact that elementary reactions of CH, have been studied for more than 40
years, there is a surprising amount of uncertainty and even controversy regarding the

magnitude of the rate constants involving CH,, especially at high temperatures.?

1.3 APPROACHES ADOPTED

The present study applies the shock tube method to heat mixtures of azomethane
dilute in argon or nitrogen. The pyrolysis of azomethane provides a clean source of methyl
radicﬂs above 1300 K, and the disappearance of methyl is monitored by the laser schlieren
technique. Consequently, we are able to observe the primary reactions of CH,. They leave
a distinctive signature characteristic of exothermic reactions, permitting unambiguous
identification of the reactions.

‘With the sensitive lasér schlieren technique, experiments can be conducted at lower
temperatures with weaker shock waves. The low-end temperature reached 560 K in the
present work, allowing us to discover a temperature regime where the pyrolysis of
azomethane becomes chaotic and oscillatory.

Since no one has investigated the fall-off behaviour for the decomposition of

azomethane (despite frequent use as a methyl precursor), the present author estimated the fall-
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off effect under the experimental conditions using the theory of unimolecular reactions
developed by Troe.*** Fall-off behaviour for the decomposition of methyl was also studied
theoretically by the same approach.

The majority of kinetic data deduced from the present shock tube experiments was
obtained by comparing observable time profiles with profiles calculated by numerical
simulation of a postulated mechanism. We shall discuss our computer simulation using a 44-
step mechanism described in Chapter 5. Under some conditions, kinetic data can be obtained

analytically, and such a point-by-point analysis will be given in Chapter 4.
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CHAPTER 2

UNIMOLECULAR REACTIONS

In the mechanism used for the computer simulation, several reactions (or their
reverses) belong to the class of unimolecular reactions. For some of the unimolecular
reactions, the temperature and pressure dependence of the rate constants is well known.
However, there have been no studies of the fall-off effects for the decomposition of
azomethane itself or for the decomposition of methyl radicals. A proper analysis of the
experiments requires a good knowledge of the decomposition rates of azomethane and methyl.

This will be addressed in this chapter.
2.1 THEORY OF THERMAL UNIMOLECULAR REACTIONS

Unimolecular dissociation and the reverse recombination in the gas phase exhibit a
complicated dependence on temperature, pressure, and bath gas. "Their kinetic behaviour is
governed by the complex competition of unimolecular chemical changes in molecular
structure with bimolecular physical collisional energization and deenergization processes".*

The reactions have the pattern

AB(+M)»A+B(+M)

Their forward reactions are usually called dissociations, and reverse reactions called
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recombinations. AB, A, and B stand for the reacting radicals, molecules or atoms, and M
represents inert collision partners which act as collisional energizers and deenergizers.

Isolated dissociation reactions are described by a pseudo-first order rate law

1 d[aB]

Kates™ BT — ot (2.1)
Isolated recombination reactions are expressed by a pseudo-second order rate law
O S S LF ] (2.2)

rec” "TTA] [B] dt

Both &, and k,,. are [M]-dependent. Under identical conditions, i.e., the same temperature,
pressure, and diluents, the rate coefficients, k.. and k,,., are related to each other by the

equilibrium constant, K,

kdiss/knc=xc (2.3)

A dissociation reaction consists of three steps:*’ collisional activation (1), collisional

deactivation (-1), and fragmentation (2)

AB+M = AB*+ M (1)
AB*+ M= AB+M (-1)
AB* > A+B (2)

where AB* are excited molecules. The reverse reaction, recombination, consists of an

association (-2), redissociation (2) and collisional deactivation (-1)

A +B — AB* (-2)
AB* > A+B (2)
AB*+M > AB+M -1)
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The limiting rate coefficients follow the relationships

Ko, a19s [M] '%;]m_fgms =k, [M] (2.4)
Ko, zac [M] '[ltilm-.gmc=kT':k_1 ] (2.5)
k., diss":['-;}]m_.idxss =ki_11'kz (2.6)
k., rac-%ﬂiﬂm—.ﬁrnc =k, (2.7)

At loW pressures, the dissociation rate is determined by the rate of collisional activation (1),
k,[M], due to the rare chance of collision. At high pressures, the collisional activation and
deactivation are so frequent that an equilibrium ratio, &, /., , of AB and AB* is established
and that the unimolecular fragmentation (2) of AB* becomes the rate determining step. In
recombination at low pressures, frequent association and redissociation of AB* establish an
equilibrium between A, B, and AB¥, as described by the ratio &,/k;. Collisional stabilization
(-1) of AB* is then the rate determining step. At high pressures, excited molecules AB* are

stabilized by collision as soon as they are formed, and therefore the recombination rate is

determined by the association step (-2).
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Figure 2,1 Fall-off curve of a thermal unimolecular dissociation or recombination reaction.

(Adapted from reference 45)

Figure 2.1 is the fall-off curve of a unimolecular reaction. It shows the transition of
the rate coefficient, k, from the "low-pressure range", where it is proportional to /M], to the
"high-pressure range”, where it approaches the constant value k. The limiting rate
coefficients are clearly the key quantities characterizing the general position of fall-off curves.
At the "centre of the fall-off curve”, the two limiting lines, k,/M] and k_, intersect where the
concentration equal to fM]. .

A systematic theoretical study of unimolecular reactions has been made by Troe.****
In the following three scctions his compact formalism is presented. It "gives a realistic
representation of the rate coefficients” and arrives at a set of formulae "simple enough to be

incorporated into computer models”.
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2.1.1 Thermal Unimolecular Reactions at Low Pressure

The rate constant of a thermal unimolecular reaction in the limiting low pressure
range, k. Ccan be expressed as a product of a strong collision rate constant, &,%, and a

collision efficiency, B..*

kc.diss-ﬂ ckﬂsc (2.8)

As discussed above, k, 4. = &, . k, is related to k, via detailed balance

kl =( [AB.]
k., [AB]

Y og"E" (2.9)

k., can be expressed as the product of the collision frequency at unit concentration, Z, and the

effective collision efficiency, B.. k.. can be rewritten in to the form**

'kt:l.d.i:m=k:|.=l3f.:z'f‘I (2.10)
The equilibrium fraction, f*, of molecules having sufficient energy to dissociate is obtained
by the integral
£=["£(8)dE (2.11)
By

where f{E) represents the Boltzmann distribution in those states of AB that have energy above

E,, the dissociation threshold energy relative to the ground state.
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Figure 2.2 Energy as a function of reaction coordinates. (a) simple bond fission reactions

(b) complex elimination reactions. (Adapted from reference 45)

Figure 2.2 shows the two types of potential energy diagrams for dissociations. E, ,
E,,and E, denote the zero-point energies of the reactant, product, and intermediate activated
complex. The dissociation reaction where the reverse recombination has no energy barrier
is a simple bond fission reaction. The dissociation where the reverse reaction has an energy
barrier is a complex elimination. For a simple bond fission reaction, E, equals to the
enthalpy change of reaction at 0 X, ie. AR, Fora complex elimination reaction, E,is equal

to AH", plus the barrier height.

2.1.1.1 Strong Collision Rate Constants

According to equations (2.8) and (2.10)

k=2f° (2.12)
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By quantum statistical mechanics, f” is split up into various factors which "include all the

jmportant contributing factors in a sufficiently accurate form, but nevertheless provide

transparent and simple equations for practical application".? Therefore &, has been

expressed in factorized form as™**

Pvip.n(Eo) KpT Eo
—vib.t 0 T @ -
O xp( KT

koBC - zw

)FEFcnthochocinc (2.13)

The Lennard-Jones collision frequency, Z,,, for collisions between the reacting
molecules AB and the bath gas M is used as the basis for the overall rate coefficient for

perfect collisional energy transfer. As is well known, it is given by’

Z, =Ny 02y | — R Q2.2 (2.14)
Tl an-y

with Avogadro’s number, N,, the Lennard-Jones collision diameter, G,z = (Capas+Ouar) 12,
the reduced mass, [,g, = M, pMyd(m,gtm,,), with the molecular weights m,, and m,, , and
the reduced collision integral Qf ;2" a function of k;T%,,,, where the Lennard-Jones well

depth €,p0= ( €4pasErn )’ The reduced collision integral can be approximated by™

Qi2:2) «[0.697+0.518510g (kyT/€ap.,) 1 2 (2.15)

which is accurate to within £2.5% in the range 3 < k;778,,,, < 300.
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The vibrational partition function is given by

S hvy,,. (2.16)
ij.b:H [1'9@(‘—1(—5)] i
i=1
where v, (i=1,2, .. .. , s ) are the molecular vibration frequencies v, (i =1, 2, .. .., 8).

They contribute to the harmonic oscillator density of states at the threshold energy according

10

(Ey+a (E,) E,) ¥

vib, b (Eo) =
Pvib, n'Ea . (2.17)
(s-1) 1 I (hvp)
i=1
where the zero-point energy, E, , is given by
S
1 (2.18)
EZ=E .Z (h\' i)
i=1
and aE,) is a correction factor for polyatomic molecules with*
a(E,) =1-wf* (2.19)
log, w=-1.0506 (E,/E;) % at E,/Ez21 (2.20)

wi=S(E,/E,) +2.73 (Ey/E;) Y2 +3.51  at 0.1<E/E;<1  (2.21)
and
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s s (2.22)
Be=(s-1) (3 v /(3 v,y)?
i=1 i=1

The Boltzmann-factor, exp( -Ejk,T), generally shows the main temperature
dependence of k;* .

F,, accounts for the energy dependence of the density of states™ 43

F = [5,£(E) dE _S_l (s-1)1 kpT y 1 (2.23)
B~ F(E,) kT = (5-1-1)!  Ey+a(E,) E,

where f{E} is the Boltzmann distribution for a total rovibrational energy, E
The anharmonicity of the molecular vibrations is taken into account by the factor,

F,,. For complex elimination reactions, F,,~1. For simple bond fissions it is given by'%*

Sl \ o
(s 3/2) (2.24)

where m denotes the number of the disappearing oscillators during the reaction.

F.,, takes into account the contribution of extemnal rotation of the molecule AB*

I*/r

F . «F 2.25
rot < rot max I*/I'l"'on;m) ( }
where, for a lincar molecule of s oscillators,
1, E,+a{E,) E
Fracm"g(———“—“ﬂu kBT? Z) {(2.26)

and, for a nonlinear molecule,
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{s-1)! ( Eq+& (Ey) E,

- /2 .27
oncm (S+l/2)! kBT ) (2 2 )

For a simple bond fission reaction, I*/ is approximated by

I*/I=2.15(E,/kyT) /3 (2.28)

but for a molecular elimination reaction one must simply guess I/l

F., ... accounts for internal rotors (treated as free rotors)***

(s-1)! ( Ey+a (En)EZ)rlz

- 2.2
Frot int (S_1+r/2) ! kBT ( 9)

where r denotes the number of internal free rotors (s+r = 3N-6 for a nonlinear molecule, and

s+r = 3N-5 for a linear molecule).
2.1.1.2 Weak Collision Rate Constants

At combustion temperatures, the effective collision efficiency, B , is much smaller
than unity. High-temperature unimolecular dissociation and the reverse recombination often
occur at the weak collision limit of energy transfer, where the "strong collision assumption”
(Bc= 1) that whole quanta are transferred in every collision has to be abandoned.*?

The weak collision factor can be related to the average energy transferrcd per

collision, <AE>, by'?*

B —<AE>
- 2.30
1-/p.  FzkaT (2.30)

which holds for 1 < F, < 3. Theoretical treatments of the energy transfer problem are far
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from satisfactory. Experimental data must be relied upon in order to specify B.. For each
different bath gas, experimental studies™® show that the temperature dependence of <AE>

is very weak and that B « T approximately.

2.1.2 Thermal Unimolecular Reactions at High Pressure

A simplified SACM (statistical adiabatic channel model*® ) calculation of the high
pressure rate constants for unimolecular simple bond fission and the reverse radical
association reactions has met with surprising success,” even though it is based on very
general features of the potential only.

The high-pressure limiting rate constant is given by the product®
k =kFSTf rigid (2.31)

where the upper limit, k", is calculated by phase space theory, or loose activated complex
theory that neglects any anisotropy of the interaction potential. The rigidity factor, frigd is
smaller than unity and accounts for anisotropy restrictions of the potential. It is convenient
to calculate the high pressure recombination rate constant, ., ., first and then to convert it
to the high pressure dissociation rate constant, k. .. through the equilibrium constant, K.

The isotropic portion of the recombination rate coefficient is represented by the

expression®

k,T
kzﬂs;?:-= }B] (

h? ) /2 Qo1 (AB)

. 2.32
2npk,T 0, (A)Q,, (B} Qecant ( )

with the reduced mass, 1, of A and B, the electronic partition functions, Q,, and the
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centrifugal partition function®

) b Eg(J) —Eg(J=0) , (2.33)
Qcone = E(ZJ'HL) exp (- 2 kB;., ) —Jgof(tn

J=0

For a given J, the centrifugal barriers, EfJ), are easily obtained by numerical determination
of the maximum of the lowest adiabatic channel potential, V, (z), for the dissociation reaction

AB—A+B®

V,{2z) =Dil1-exp(-2z) ]2+AE‘,GXP(-—E-Z) +E,+BJ(J+1) (W
with (2.34)
D=AHY + E,, - By (2.35)
p=\] fnc .\I L (2.36)
z=p (g-q,) (2.37)
AE,=E, ~E~hv po/2 (2.38)

where D, the bond dissociation energy, and B ( which is determined from the force constant,
fec» for the dissociating bond ) are Morse potential parameters. The vibrational frequency

of the oscillator, v, is associated with the reaction coordinate. ¢ denotes the reaction
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coordinate and g, the equilibrium distance between the fragments in the reactant, or the length
of the associating bond. J is the total angular momentum quantum number. B, stands for
the average value of the two smallest rotational constants of the reactant molecule in the
equilibrium configuration. The channel potential, V,, is given by the sum of the Morse
potential, V, and the channel eigenvalue, E,, which is interpolated between the gigenvalues
of the reactant and the product states by means of an empirical parameter, o For a quasi-

diatomic molecule®

a,=2/pq, (2.39)

a,=1/ (Bg,)? (2.40)

Centrifugal barriers can be fitted to the form

Ey(J) —Ey (J=0) = C,. [T(F+1) 1" (2.41)

The maxima of the centrifugal barrier for two J values allow for a determination of C,.and
v' (v’ = 1~1.5). The dominant contributions to Q".,, come from J values between 0 and

2J . (T). J..(T) corresponds to the maximum of the distribution, f{J), and is given by

Jm(r)-(—zé_’?-})m" -% (2.42)
v'

Very simple expressions for the rigidity factors, £, are used in the expression for

the thermal rate coefficients for simple unimolecular bond fission / radical recombination

reactions:®
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Frigid o 1 __ for b*=1 (2.43)

<c>3f4
£ rigid . é} for b*=2 (2.44)
s e o for b*=3 (2.45)
£ ¥igid o 4(30 for b*=4d (2.46)
where
< 2
LY A (2.47)
2<B_>AHY

and where & = b (the number of disappearing oscillators during the dissociation) - 1 (the
dissoéiation reaction coordinate) - r (the number of hindered or free internal rotors),
represents the number of the transitional oscillators which become fragment rotors. For a
nonlinear reactant b° < 4. <e> is the geometric mean of the quanta of the b oscillators of

the reactant, AB; and <B.> is the geometric mean of all rotational constants of the

fragments A + B.
2.1.3 Thermal Unimolecular Reactions in the Fall-off Range

In the intermediate fall-off regime between the low and high pressure limits, energy

transfer effects, activated complex locations, lifetime distributions, centrifugal effects, etc,
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contribute to the rate constant calculation simultaneously. A full calculation of the rate
constants accounting for all of these effectS is extremely difficult and has never been
accomplished.” Troe* proposed focussing attention on the limiting rate constants, ko and k_,
first, and then to use reduced fall-off curves which "interpolate k between k, and &, in a most
simple manner using k,/MJ/k. as a dimensionless pressure scale” (reduced with respect to

k. )

k can be expressed in reduced form as**
£ = Pk 1 /KD F Uy [M] /Kes Spu B B (2.48)

where F, is the Lindemann-Hinshelwood factor that was first given about 70 years ago™

. kM/k, M/,
Fu= o ma/ - T+ /o0, (2.49)
with
_ L
[MJC-TO (2-50)

Fall-off curves arc generally broader than predicted by the Lindemann-Hinshelwood
expression. The broadening factor, F, has been derived from rigid RRKM-type models

incorporating weak collision effects as determined by the solutions of the master equation.*

1og Fegqy

log([M]/[Ml ) ., (2.51)
N ]

log F =

1+

where N is a scaling factor,
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N«0.75-1.2710g Feg,, (2.52)

F.,. gives the depression of the fall-off curve at the centre where [MJ=[M], relative to the
Lindemann-Hinshelwood expression. F,,,, can be expressed to a good approximation by the

three parameters Sy , By , and f3,

Hr-Hy _ 1 (2.53)
x* —®r "2
Sp=1 E, + & (E,) B,
= 2.54
By = s—1+r/2)( kT ) (2.34)
Feene = po: 14 { F, + F,exp(-B,/19.5) + [1-F,-F,]Jexp(-2.3 B/ F1*53) }
(2.55)
Fy=1.32exp(-5,/4.2) - 0.32exp (-5,/1.4) (2.56)
F,=1- exp (-S,/30) (2.57)
F,=7.5 + 0,435, (2.58)
F.,,, can be fitted into a much simpler form for easier use
Fogne = (1-a’)exp(-T/T**") + a’exp (-T/T") + exp(-T**/T) (2.59)

The pressure and temperature dependence of the rate coefficients for a unimolecular reaction
and of its reverse reaction for a given bath gas can be calculated in terms of k., k,, and four

fitting parameters, T°™", @/, T", T, which are characteristic of a given specics and bath gas

M.
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2.2 THE RATE OF METHYL RADICAL DECOMPOSITION

2.2.1 Calculation

Table 2.1 lists the parameters used in the calculation for the decomposition of CH;.

There have been some experimental studies of collisional energy transfer in
vibrationally highly excited species,”* which relate to the collision efficiency, B.. It seems
reasonable to choose -<AE> = 130 cm™, typical for argon.

Empirical values of the anisotropy ratio, o3, are generally close to 0.5 for quite
different types of reaction.”***# The ratio for methane decomposition equals 0.43. Because
the lowest adiabatic channel potentials for methyl dissociation and methane decomposition
are very similar, though they differ in zero-point energies, the value of 0/3=0.43 is used also
here to determine the maxima of the potential for CH, — CH, + H.

To estimate f"#¥, only the higher frequency mode of the two disappearing oscillators

is considered, ie. <e,> = 1383 cm™.

The equilibrium constant, K, which we used to relate kg, . and k., . is”

K_(mol.cm™3)=196.20T9-2%exp(~55200/7) (2.60)
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Table 2.1 Parameters used in the calculation of the rate constant for CH, decomposition.

Low Pressure Limit

High Pressure Limit

Lennard-Jones parameters *

oy /A ey /ky IK
CH, 1.80 144
Ar 3.47 114

0.CH)=2 Q,CHy)=3 Q(H)=2
C-H bond distance in methyl /A  1.079
Dissociation energy D/cm’ 40653
Morse parameter S/ A? 1.865
Anisotropy ratio o« /8 ° 0.43

Quasi-diatomic centrifugal parameters®

C,.lem'= 0.14 v =117
Rotational constants /cm™
Average energy transferred per collision ® Ag By Cr
CH, 9.576 9.576 4.788
- <AE> fem™ 130 CH, 73.811 8.450 7.184
CH, frequencies/cm™” 2954 3123 1056
E,= AH; /em® 37861.5
CH, frequencies v, /cm™ 3002
580 disappearing oscillator
3184 reaction coordinate
3184
1383
1383 disappearing oscillator

* from Ref, 25, 83

b see text

¢ determined by the procedure proposed in Ref. 43

remaining data taken or derived from Ref. 84-85



In the calculation of F,,, Sy and By are evaluated by

Sp=2.84405+3.,06899x1073T~7.43448x1077T?
+9.46290x10° 1172 - 4.90432%x10°15T4 -234.931/T (2.61)

By = 12681 (5,-1) /T (2.62)

where Sy is derived from the polynomial fit* of H™-H.s” and the JANAF value of Hg’~Hygs"

for CH,.

2.2.2 Results and Discussion

The various factors contributing to the methyl radical dissociation rate coefficients in
the two limiting and fall-off pressure ranges are given in Table 2.2. Figure 2.3 shows the
fall-off behaviour of methyl radical dissociation. Below 1000 K the reaction is apparently
unlikely to occur at all. Methyl radical dissociation can occur with measurable rates only at
high temperatures, far above 1000 K. Note that the centre of the fall-off curve, where
{M}/[M], = 1, corresponds to lotal pressures of 900 atm and 2900 atm at the temperatures
of 1500 K and 2000 K respectively. Much higher pressures have to be applied in order 10
come close to the high pressure limit of the reaction, ie. far away from the centre of the fall-
off curve. Typical laboratory combustion pressures are about 10 times those corresponding
to the fall-off centre or less. It can be seen from Figure 2.3 that the reaction can be
considered to be at the low pressure limit when [M)/[M], £ 10°, implying that measured rates

are close to that limit. The resulting dissociation rate constants for the high pressure limit
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Table 2.2 Calculation results for CH,(+Ar) » CH+H(+Ar) using the parameters in Table 2.1

T /K 1000 2000 3000 4000
B. 0.1142 0.0599 0.0388 0.0276
Z, [cm* mol' s’ 3.003x10" 3.743x10" 4,287x10% 4.732x10"
Poon 117 2.065x10%*  2.065x10% 2.065x10%*  2.065x10%
Q. 2.453 10.33 37.47 112.6
Fe 1.084 1.180 1.288 1.412
Fo 1.372 1.372 1.372 1.372
F,, 6.676 4.378 3.236 2.540
Frotin 1.0 1.0 1.0 1.0
ko 4 | cm®- mol!- s 8.70x10°* 1.30x10° 2.83x10° 7.93x10'°
*A, /cm’ molt-s? 7.718x10" 5.457x10" 4.456x10" 3.859x10"
Q' on 1247 2251 3194 4060
free 0.726 0.726 0.726 0.726
k. . /cm? mol'-s" 6.99x10" 8.92x10" 1.03x10" 1.14x10"
kg w 18" 2.28x10% 2.34x10* 2.40x10 2.44%10"
(M], [ mol-cm? 2.62x10° 1.80x10 8.50x10 3.07x10"
F. 0.296 0.206 0.176 0.165

A= S i T f&:g’.:(m
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Figure 2.3  Fall-off curves for CH, (+ Ar) » CH, + H (+ Ar). - <AE> =130 cm™.
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and for the low pressure limit are
High Pressure: X, . (s )= L1410" T %% oxp (- 55190/ T ) (2.63)
Low Pressure: Ko u, (cm?-mol T-s 7 ) = 2.72x10% T"*°% exp (- 58925/ T ) (2.64)

The only empirical parameter which could possibly affect our calculation of the low
pressure limit is the average energy transferred per collision. The results, using five different
values of -<AE> = 70, 100, 130, 150, 200 cm™ , are compared with each other and with the
literature values in Figure 2.4. For each curve <AE> is taken as a constant, independent of
temperature. The value of k,,, changes by a factor of 2.5 when -<AE> changes from 70 to
200 cm™, but because of this relatively narrow spread it is hard to decide which curve best
descﬁbes the experiments. Equation (2.64), wherein the constant -<AE> = 130 cm', is our
choice for the best fit to the experimental literature values.>”*  Alternatively, the slope as
well as the absolute values of logk vs 1/T for experiments are best reproduced if -<AE> varics
linearly from 130 to 200 cm™ over the range 4000 to 1400 K, in accord with current thoughts

on the temperature-dependence of <AE>**® In that case ko4, is given by
Ko, ass (€m’-mol ™ -5 "' ) = 1.26x10%7 T exp (- 59800/ T ) (2.65)

Our calculation shows that at the low pressure limit the activation energy (calculated from

-dink, 4 /d(1/RT) ) is less than the bond dissociation energy ( 486.3 kI‘mol" ) and that it
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decreases with increasing temperature (446, 402, 358, and 313 kJ-mol™ at 1000, 2000, 3000,
and 4000 K respectively). The average activation energy over the range 1000 -~ 4000 K is
in very good agreement with the literature values of 373 — 383 kI'mol". **™

Figure 2.5 is a plot of first order rate coefficients versus temperature for the
dissociation of CH, at the high pressure limit and at various total densities. f"", the rigidity
factor, equals to 0.726 (see Table 2.2 ), implying a reaction with a nearly loose activated
complex. In Merkel and Zulicke's study,” the molecular data set B corresponds to the
"looser” tranmsition state. It can be seen from Figure 2.5 that their k,, . of data set B
([M]=c0) are very close to equation (2.63) ( about a factor of 3 smaller at 2400 K ). Their
results for data set C (also [M]=c0) are lower than their own data set B by factors of 22 -
105. The estimate of White and Gardiner® is simply double that of data sct C.

By detailed balance, ie. using K, the reverse rate coefficients, k., .. and k, ., can
be easily obtained. Our resuits are in reasonably close agreement with a recent ab initio
calculation of the high-pressure limiting rate constant, &, .. , by Aoyagi et al.,*® as shown
in Figure 2.6. We find a very small positive temperature dependence ( o< T°% ) for the high
pressure rate coefficient for the reverse recombination. Our &, - only changes by a factor
of 2.5 over the range 300 ~ 4000 K. Merkel and Zulicke's values*™ of ., .. differ from
Aoyagi et al.’s as well as our own. However, those of Merkel and Zulicke require
reevaluation since their forward and reverse rate constants are not consistent with the true
equilibrium constant, K., expressed by equation (2.60). ... values for their data set C need
to be reduced by a factor of 7.7; sets A and B need to be multiplied by 6 at 1500 K, by 3

at 1850 K, and by 1.4 at 2400 K. These reevaluated rate coefficients actually exhibit an even
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Figure 2.5 First order rate coefficients for the dissociation of CH, at the high pressure limit
( equation (2.63): thick line ), and at various total concentrations ( thin lines ) from
top to bottom [M]=1, 10", 102,102, 10, 107, 10, 107, 10°%, 10, 10

molcm™>. e: data set B of Ref. 35, with [M] = o
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Figure 2.6 Second order rate coefficients for the recombination of CH, + H at the high

pressure limit, (M] = o, (solid line: this work; - —-—-—- —: Ref, 36; *. 0 a
reevaluated from Ref. 35 for data sets A, B, C), and at various tolal concentrations

(dashed lines: this work) from top to bottom [M]=10*, 10, 10°, 107 mol cm™,
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steeper negative temperature dependence than their published ones do. Therefore the
controversy persists.

Some experimental values’™ which propose a negative activation energy for the
reaction of CH, + H are also somewhat controversial according to Aoyagi et al.*® The latter
try to explain the negative temperature dependence: in terms of a rate determining formation
of excited CH,". However, the pressures are much too low for this to be reasonable. For
example, Bohland and Temp's values® correspond to 107 mol cm”, and Frank et al.’s" to
10" mol cm?. Under such conditions CH, recombination is too slow, and it is more likely
that a direct ( and relatively fast ) H-atom abstraction is occurring in the experiments to form
the products CH + H, , as claimed by the experimenters. That comparison is, therefore, not
fair.

Although equation (2.13) multiplied by the collision efficiency P, is recommended
for use in calculating the rate coefficients for low pressure unimolecular processes*®®, it is
strictly not correct to do so for high energy channels:*® Bond breakage at the "low" threshold
energy results in serious underpopulation of the vibrational energy levels which adversely
compounds the underpopulation expected for the " upper” threshold channel ( an effect which
equation (2.13) ignores). Such is the situation in the present case, where CH, decomposition
could, in principle, also result in the formation of CH + H, as an alternate channel. Since
the barrier height for the latter process is not known it is worth while evaluating recent
studies for clues to its possible effect on our calculations. Kiefer and Kumaran® recently
performed an RRKM calculation for the low pressure limiting rate constant of the CH, + H

channel, here denoted by &, ..(H) as well as of the CH + H, channel, here denoted by
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kyas{Hy). Unfortunately, the latter process is not a simple bond fission, and the enecrgy
barrier is thus not known. Kiefer and Kumaran (KK) simply assumed that it was equal to
AH,?, which is likely an underestimate. They find that kg s H)%y i { H;) = 0.78 over the
temperature range 3000 - 4000 K, suggesting that the H, channel’s existence is likely to
disturb the H-channel rate. Dean and Hanson® (DH) pyrolyzed CH, and were able to
determine both rate constants indirectly by fitting their measurements of [C] and [CH] o
kinetic simulations. They obtained ky . (H )k H) = 1.8 over the range 3000 - 4Go0 K,
suggesting that the H, channel is not important, after all. ‘Whether the KK or the DH results
are correct, we note that both studies claim a temperature-independent branching ratio. This
means that our calculation of the activation energy for k. .(H) above is not affected by the
competing channel, and our conclusions regarding the controversy are at least qualitatively
correct. Furthermore, as KK already noted,” not only do the KK or the DH sets of ks
reproduce the DH data, but so do a third set due to Markus and Roth (MR)* who made direct
measurements of /CH]. The MR study leads to &, g..(H)/ky 4. (H,) varyir g from 2 to 6 over
the range 3000 - 4000 K. Tt suggests, additionally, that the energy barrier for CH + H,
formation is significantly larger than AH,’, as can be seen in Figure 2.7, where we have
calculated the branching ratio, based on the use of equation (2.13), for various choices of
the energy barrier, E,, for the formation of CH + H,. Indeed if E, = AH/, the ratio is as KK
predicts. The DH resulls are most simply explained if E, = 1.05AH;”. Al first sight the
temperature dependence of the MR experimental branching ratio seems odd. In actual fact,
as stated above, use of equation (2.13) for the channel of higher E, is problematical because

of the excessively perturbed population distribution; (hence we do not recommend a value
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Figure 2.7 Branching ratio for CH, + Ar - CH, + H + Arand CH, + Ar> CH + H, + Ar
as predicted from this work { solid curves with E, /AH;? = 1.15, 1.10, 1.05, 1.00,
0.95, and 0.90 from top to bottom, and AH,* = 105.6 kcal mol” for CH + H,
formation). Also shown are RRKM calculations from Ref. 31 ¢, and experimental

results from Ref. 26 4 and Ref, 30 o.
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for kyu(H,) ). The higher the temperature the greater the perturbation and the more
equation (2.13) overestimates kpy(H,). ( The severity of the double perturbation 1s
underlined by the dramatically low activation encrgy observed for the CH + H, channel.*)
The branching ratio , therefore, should indeed increase with temperature, as the MR data
show. Consequently we believe that the MR study is not only a self-consistent proof that the
H,-channel is the relatively unimportant higher-energy channel, but also that our own

calculation for the lower-energy channel is quantitatively correct.

2.3 THE PYROLYSIS OF AZOMETHANE

Azomethane is often used as a source of methyl radicals. However, its decomposition
"proceeds via a complicated chain mechanism™'**** at low temperatures. At elevated
temperatures ( T 2 1300 K ), "the decomposition of azomethane is sufficiently fast to exclude
any CH, radical-parent molecule reactions”, and there is an adequate amount of evidence that

the decomposition follows the stoichiometry®!*!¢2

CH,NNCH,; —» 2 CH, + N,
To carry out the calculation, it is assumed that the decomposition of azomethane occurs in

the following consecutive sequence
CH,NNCH, — CH,NN + CH, (A)

and that step B is much faster than step A because of the instability of CH;NN. Step B has
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an exothermicity of at least 16 kcal mol’, a value estimated at room temperature by Y.-R.
Luo. Thercfore, the decomposition rate of azomethane according to the stoichiometry is
determined by step A. The next sections are devoted to the calculation of the rate constant
for step A, which will be used as an approximation to the whole rate.

The author was forced to make such an assumption because of the lack of

spectroscopic data and thermodynamic properties for CH,NN.

2.3.1 Calculation

The parameters used for the calculation of azomethane decomposition are listed in
Table 2.3.

Six oscillators disappear during the reaction. They become fragment rotors. One of
them (1008 cm™) is identified as the reaction coordinate. Two low frequencies (214, and 312
cm™) correspond 1o the torsional-type reactant oscillators. The remaining three frequencies
(1179, 1112, and 353 cm™) are used to determine the rigidity factor.

There are no literature values of Lennard-Jones parameters for azomethane. The
collision diameter is estimated from the value for C;Hg.® The reduced collision integral is
set to unity, ie. & 25 2,/" = 1. The collision frequency, Z,,, will be overestimated only by
10% to 30% from 1300 K to 4000 K.

All data for CH,NN are estimated or identified from those for CH,NNCH; and
CH,NNH.?%

The equilibrium constant, K., is calculated by statistical thermodynamics. Appendix
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Table 2.3 Parameters used in calculating the rate constant for azomethane decomposition

E,=AHS /cm® 20454 *
CH,NNCH, frequencies® v /em™
2989 2926 1583 1437 1381 1179 919 591 2977 1416 1027 214%°
2081 1440 1111 312¢ 222° 2988 2925 1447 1384 1112* 1008%% 353"
Parameters for low pressure limit:
Collision diameters® o /A CH,NNCH, : 5.176 Ar: 347
Average energy transferred per collision - <AE> fem? =130
Parameters for high pressure limit:
Electronic partition functions  Q,(CH,NNCH,) = Q,(CH,NN) =1 Q(CH,) =2
C-N bond distance in azomethane /A 1.482°

Dissociation energy D/cm™ 22748

Morse parameter 8/ A* 2.7168

Anisotropy ratio o /8 0.5

Quasi-diatomic centrifugal parameters’ C,./cm"* = 0.012 v = 1.07

Rotational constants /cm™ ) Ap B, Ce
CH,NNCH;’ 13569 0.1467 0.1398
CH,NN8 1.997 0.3707 0.3323
CH," 9.576 9.576 4.788

Frequencies/cm'™

CH,NN8# 2992 2925 1559 1435 1382 1120
920 557 2983 1430 1140 170
CH;’ 3002 580 3184 3184 1383 1383

* taken or derived from Ref. 85, 93, and 97. © torsional vibrations treated as hindered internal
rotors. ¢ disappearing oscillators. ¥ reaction coordinate. © taken or estimated from Ref. 25,

83. ! delermined by the procedure proposed in Ref. 43. & estimated from Ref. 96.
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1 gives a brief summary of the calculation.

The following two formulae are used to evaluate Sy and By in the calculation of F,,

S, = 3.08690 +1.26277x1072T~3.66333x107°T?

+5.42321x10°207% - 3.18554 %1074 T + 24573/T (2.66)

By = 2185 (Sy-1) /T (2.67)

where S, is derived from the polynomial fit of Hy’- Hayg® for azomethane.”

2.3.2 Results and Discussion

Table 2.4 tabulates the factors which contribute to the rawe constant of azomethane
decomposition. Figure 2.8 shows five curves of k, 4, with different -<AE>"s. The "direct”
experimental studies™® as well as the most recent modelling work™ of weak collision effects
in argon all suggest a value of 130 cm™. (There is no good theoretical reason for a constant
-<AE>; it is only an empirical choice). As shown in Figure 2.8, k, 4, increases with
increasing temperature beiow 2000 K and decreases above 2000 K. Equation (2.30) predicts
a decrease in the weak collision coefficient, B, with increasing temperature as shown in
Table 2.4. Tt gives good results as long as Fx < 3. This is the case for large nolyziomic
molecules only at sufficiently low temperatures. With increasing temperature this is no
longer the case for large polyatomic molecules, ie. the expression for B, breaks down;
Equation (2.30) results in a serious underestimate of .* Exact calculation for the C;H,
system by Gilbert, Luther, and Troe demonstrates that the decrease of P, ceases at a
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Table 2.4 Calculation results for azomethane decompositivi using the parameters in Table 2.3

T /K 1000 2000 3000 4000

B. 7.756x10? 1.786x107 2.419x10° 1.840x10*

Z, [cm* moll-s 3.346x10" A4.733x10" 5.796x10" 6.693x10"

Purn 1T 4.330x10" 4.330x10* 4.330x10 4.330x10™

O.» 2.080x10° 6.192x10° 3.321x10° 5.224x10"

exp(-E,/kT) 1.657x10°°  4.071x107 5.493x10° 6.380x10"

Fe 1.740 4.536 24.50 250.7

Fo 1.141 1.141 1.141 1.141

F,, 2.394 1.098 0.6684 0.4645

| - 2.185 1.092 0.7284 0.5463

ko 4ss { - mol™: s 1.28x10" 4.13x10" 5.66x10" 2.61x10"

*A, /cm®mol':s 2.838x10"  2.007x10" 1.639x10"° 1.419x10"

Q' one 2.539x10* 4.860x10* 7.1:2x16* 9.312x10*

fred 0.0674 0.0674 0.0674 0.0674

Ky = 18" 3.76x10* 6.64x10" 5.30x10" 3.86x10"

[M]. ! mol-cm? 2.93%x10°¢ 1.61x10°? 9,35%x10° 1.48x10°

F.. 8.79x10° 7.45x10 1.12x10" 1.12x10"
A= kT B yan Q,; (CH,NNCH,)

h o 2mpk,T

1241 (CH,NN Qg (CH,)
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Figure 2.8 k, 4, for azomethane decomposition calculated using different values of the
average energy transferred per collision (from top to bottom - <AE> =200, 150,

130, 100 and 70 cm™).



temperature corresponding to Fp = 4 where f. starts to increase with temperature.* We can
conclude that the resuits of o+ calculation are reasonable up to 2000 K. The resuits above
2000 K are underestimated since equation (2.30), based on a simplified expor.ential-up and
-down collision model, becomes inadequate when Fy is much larger than 3.

Pseudo first order rate constants at different pressures are displayed in Figure 2.9,
Also shown in the figure are the experimental results of Moller, Mozzhukhin, and Wagner.”
Above 1300 K their results agree fairly well with the present calculation in the density range
10 to 10° mo! cm™. This is also the range in which our experiments were carried out. The
drop-off in the rate coefficients at higher temperatures is a reflection of the underestimate of
kﬂ. disz

Our calculation under the present experimental conditions is compared with the
available literature data®'*'%*"2 in Figure 2.10. Taking account of the variation of the total
deusities, the present calculation is supported by those previous measurements. It is in
excellent agreement with Moller, Mozzhukhin, and Wagner’s experiment'® above 1300 K.
The drop-off in the first order rate coefficient at higher temperatures is present because of the
increasing influence of k, 4, Even if the decomposition rate of azomethanc had not been
underestimated above 2000 K (as a consequence of underestimating &, 4, and B,), the
decomposition is still fast enough that we can safely exclude a bimolecular reaction between
CH, radicals and the parent molecule from our mechanism of CH, reactions (below). It can
be seen that the magnitude of k at 4000 K (even though it is severely underestimated) is
about same as that at 1300 K. However, the real value of the rate coefficient for azomethane

decomposition is still uncertain in the drop-off region. The absolute value of the rate constant
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Figure 2.9 First order rate coefficients for the dissociation of azomethane at the high
pressure limit { thick line ), and at various total concentrations ( thin lines ).
From top to bottom [M] = 1, 10, 10%,10%,10%, 107, 10,107, 10, 10,

10" molcm™. e: experiments from Ref. 15, with [M] = 3~8x10"® mol cm",
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Figure 2.10 First order rate coefficient for the dissociation of azomethane calculated at a total
concentration of 10 to 10°* molcm (thick line), and experimental data in the
literature ® Ref. 15 (3-8x10° mol<m™); * Ref. 8 (3x10°* 10 1.7x10* mol<m);

a fitting from Ref. 16, 22 (2.5x10° mol<m™); ¢ Ref. 21 (1x10°® molcm™).
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at such high temperatures remains to be calculated using a more exact collisional energy
transfer model or remains to be verified by experiment. This will be discussed further in

chapter 5 in the framework of a simulation of the full mechanism,

58



CHAPTER 3

EXPERIMENTAL

Experiments were carried out in a shock tube and designed to obscrve the primary
reactions of CH;. The thermal decomposition of azomethane at high temperature offers a
clean source of methyl radicals to investigate their reactions. The laser schlicren technique

was used to monitor the chemical reactions.

3.1 PRINCIPLE AND APPARATUS

3.1.1 Shock Waves and Shock Tubes

A sound wave is propagated through a gas by collisions between gas molecules. This
is a perfect reversible adiabalic process consisting of a weak isoentropic compression. When
a disturbance is forced through the gas with a velocity faster than the characteristic sound
speed, an irreversible shock wave of a very different nature is generated.” Because the pas
molecules in the path of the shock wave can only move away from the shock front with the
sound wave speed, the temperature, pressure, and density of the gas suddenly increase in the
shock wave. Obviously, a net motion of the gas following the shock wave results as well,

A shock wave can be conveniently initiated in a shock tube. A shock tube consists

of a high pressure chamber--driver section and a low pressure chamber--test section (Fig. 3.1),
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Figure 3.1 {(a) Conventional shock tube. (b) A distance-time diagram showing progress of
the shock wave, the rarefaction fan and the contact surface separating driver and test gases.
(c) The pressure distribution along the tube at time t,. (d) The temperature distribution along
the tube at time t,. (Adapted from reference 99).
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The two sections (Figure 3.1(a)) are initially separated by a Mylar or aluminum diaphragm.
A shock wave is generated by the spontaneous bursting of the diaphragm caused by
increasing the pressure of the driver gas. A plane shock wave propagates with supersonic
speed through the low-pressure test gas, exciting it suddenly to a new temperature and
pressure. At the same time, an expansion or rarefaction wave moves back into the high-
pressure driver gas at the speed of sound. In contrast to the shock wave, the expansion
results in a smooth change in pressure, and thus the rarefaction wave is usually referred to
as a fan. The test gas and driver gas make contact at the contact surface, where a
temperature discontinuity separates the gas compressed by the shock from that cooled by the
expansion. The contact surface moves rapidly along the tube behind the shock front.
Conventionally the conditions in the undisturbed low-pressure test gas are symbolized by the
subscript 1; so the initial pressure and temperature in this region are denoted by p, and T,.
The région between the shock front and the contact surface is symbolized by the subscript
2; hence the pressure and temperature are denoted by p, and T, The region between the
contact surface and the rarefaction fan is symbolized by the subscript 3. The initial
conditions in the high-pressure section are symbolized by the subscript 4. When the shock
wave reflects from the end of the shock tube, there is a further risc in temperature and
pressure, and this region is symbolized by the subscript 5.7 Figure 3.1(b) displays the
movements of the shock front, the contact surface, the rarefaction wave and the reflected
shock wave in a distance-time diagram. The variations of pressure and temperature are
illustrated in Figure 3.1(c) and (d). Iﬁ the ideal case the temperature rises abruptly from

room temperature, T, 1o a very high value, T,, at the shock front, and it remains constant up
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to the contact surface, where it falls subsequently to a value, T; well below room
temperature. Finally in the rarefaction fan the temperature reapproaches its initial value, T,.”

By means of a shock tube, the test gas can be brought almost instantly to a known and
controlled high temperature in region 2, and this condition may be held for a few hundred
microseconds.” During this time period the progress of chemical reactions can be monitored
by various methods. In this study, all measurements were performed behind the incident
shock (region 2) using the laser schlieren technique.

Two different shock tubes were used in this work. Each of the shock tubes consists
of a rectangular cross-section test section coupled through a transition section to a tubular
steel driver section. The first (old) shock tube, which has been described previously,"
possesses a 5.4 m long steel test section of 8.9 em X 11.4 cm cross-section and a 3.7 m long
driver of 14.9 ¢m inner diameter. The main observation window is located 3.9 m downstream
of the diaphragm. The second (new) shock tube’s test-section was constructed of stainless
steel plates welded together under ultra-high vacuum with an electron-beam. This created a
9.3 ¢m x 8.4 cm perfectly rectangular inner cross-section tube into which perfectly paralle!
pairs of observation windows could be attached absolutely flush with the inner walls of the
shock tube. The test section was 7.3 m long, and the 15.3 ¢m inner diameter driver section
was 3.8 m long. Measurements were made 6.1 m downstream of the diaphragm. Both shock

tubes gave rate measurements which were indistinguishable from each other.

3.1.2 Detection System
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3.1.2.1 Laser Schlieren Technique

Laser schlieren is a technique especially suited for studying reactions occurring on the
submicrosecond time scale. Its excellent time resolution has allowed kineticists to probe the
early stages of reactions. Its sensitivity to the thermochemistry of a process allows an
accurate measure of the net rate of endothermic/exothermic reactions. The laser schlieren
method has been fully described previously by its originators™™ and by Teitelbaum et al.”

Essentially, a 632.8 am narrow beam from a helium-neon laser (Spectra Physics Model
120) passes through the shock tube. The laser beam deflection, resulting from the refractive
index gradient generated by a chemical or physical process, is measured as a function of time.
Due to the passage of the shock front and the chemical reactions, there is a dramaltic
refractive index gradient. At the observation window, the laser beam is deflected in the
direction of increasing refractive index from its path perpendicular to the shock tube axis, and
thus off the centre of a photodiode detector, as shown in Figure 3.2. The angular deflection,

8, is related to the refractive index gradient, dn/dy, by

=1 dn .1
o ay (3.1)

provided that © is small and that the refractive index, n, of the test gas is close to unity. {

is the width of the shock tube. The displacement, A, of the laser beam on the surface of the

detector can be expressed as
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(top view) DA

Figure 3.2 Schematic drawing of laser beam deflection on the surface of the quadrant

photodiode detector.
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A-p8=p1ca (3.2)
dy

where D is the distance between the shock tube axis and the detector. The quadrant
photodiode detector is wired in a bridge configuration such that it can monitor the deflection
precisely:™ The outputs of quadrants A and C are fed to a differential amplifier to give an
output signal V, = V,- V. The voltages generated by the other two quadrants give a signal
V, = Vy- Vpthrough another differential amplifier. In each experiment, the laser beam is
initially centred on the photodiode, and the signals from all four quadrants are equal. Any
deflection of the laser beam causes the signals to become imbalanced. The horizontal
deflection signal is, therefore, V = V,- V.. The voltage generated by the detector is
proportional to the displacement of the laser beam o its surface.

Figure 3.3 illustrates the detection system of the new shock tube. Electronic signals,
Vv, geﬁerated by the quadrant photodiode detector are stored by a transient waveform recorder
(Biomation 8100), with the fastest sampling being every 10 ns. They are subscquently
displayed on a digital oscilloscope (Nicolet 290-111) and transferred onto disks for computer

processing .

3.1.2.2 System Calibration

The proportionality between V and A can be deduced from a calibration procedure
using a rotating mirror. The motor period, , of the mirror is 50.04 milliscconds. As the

beam is swept across the split Si-photodiode, the signal generated by the sweep is recorded
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Figure 3.3 Laser-schlicren apparatus (Adapted from reference 102)
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by the above-menticned waveform recorder and oscilloscope. The slope of the signal at the
central linear portion and the known sweep velocity are used to calculate the detector’s

angular sensitivity, dV/d4, ie

dv _ t© dv

L A .14 3.
da dnL dt 3.3

where L is the beam path length (from the rotating mirror to the detector). This calibration
routine is carried out immediately before and after each experiment. The calibration factor,
C,=(dV/dA)D!, for each experiment is given in Appendix 2. Given the calibration factor, the

refractive index gradient is related to the voltage signal by

dn . v
Gy N (3.4)

The uncertainty in the calibration is estimated to be less than 0.4%. The probabie error in
refractive index gradient is (1~2)x107 em” mainly coming from the random noise of the

detector.

3.1.2.3 Measurement of the Incident Shock Velocity

In the new shock tube, there are four additional laser-schlieren observation stations
equipped with Uniphase Model 1105P He-Ne lasers (632.8 nm) spanning the main
observation port at successive intervals of 305.0, 308.0, and 296.3 mm. They arc used for
the measurement of shock velocity. The velocity of the shock wave is determined by

measuring the time intervals between 4 successive electronic pulses generated by the passage
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of the shock front across the 4 stations. These signals are sequentially fed into and could be
subsequently read directly from the digital oscilloscope. In the old shock tube, 4 gold thin-
film resistance gauges (heat transfer gauges) are set at intervals of 133 mm spanning the main
laser schlieren station. Their positions are accurately known to within 0.1 mm. A 6-channel,
quartz-crystal controlled time-interval meter is employed to measure the transit times between
the four gauges. The time resolution of the electronic time interval meter is 0.1 ps.

The observed shock velocities usually show a slight attenuation as the shock front
moves from one station (or gauge) to another. Interpolation of the four time intervals gives
the shock velocity at the main observation port. The error in estimating the velocity is less
than 0.2%.

From the measured shock velocity, the state of the post-shock gas, such as
temperature, pressure, and density, can be calculated from the conservation relations for mass,

momentum, and energy.

3.1.3 Chemically Frozen Conditions behind the Incident Shock

It is necessary to introduce shock-fixed coordinates as distinguished from laboratory-
fixed coordinates (sec figure 3.4).'"2 In laboratory coordinates, a shock wave propagates at
velocity U, into a still test gas and the gas behind the shock front moves with the speed, U,
in the same direction; both velocities are determined with respect to a fixed observer. It is
convenient to use shock-lixed coordinates for relating the pressures, temperatures, and

densities immediately across the shock. Imagine a sitvation where an observer "sits on the
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Figure 3.4 Laboratory fixed coordinates (top) and shock-fixed coordinates (bottom).
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shock front” and moves at the shock velocity. The shock is now fixed with respect to the
observer and the gas motion is now relative to the shock front. In such a coordinate system,
the test gas enters the shock front at a relative velocity u,, and leaves with a relative velocity,
u,. U denotes the velocity in laboratory-fixed coordinates, and u in shock-fixed coordinates.

These two coordinate systems are related by'®

u, = U, {3.5)

The conditions immediately behind the incident shock wave, that is, before any
chemical reaction has occurred, are calculated from the initial conditions of pressure, p;,
density, p,, and temperature, 7,, together with a knowledge of the specific enthalpy, &,, and
the measured speed of the incident shock wave, u,. This is accomplished by solving the

following Rankine-Hugoniot equations” in conjunction with the ideal gas law

P1U;=PoU, (3.7)

D1 *P Ui =Po+P Uz (3.8)
h,+uf/2=h,+ui/. (3.9)
P,=p,RT,/ib (3.10)

where 1 is the effective molecular weight. 4 is a function of temperature alone since the
calculation is under chemically frozen conditions. Hence, there are four unknowns ( py, Pz

T,, and u, } and four cquations. Thermodynamic quantities are obtainable directly from the
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JANAF Thermochemical Tables.®™* An iterative method was used to calculate the

chemically frozen conditions. Appendix 3 gives the shock wave parameters for each

experiment.
It is very obvious that the initial conditions are important for the determination of the
chemically frozen conditions. The 0.2% uncertainty in the shock velocity measurement

results in less than only 10 K error at 1500 K and 20 K crror at 4000 K.

3.2 OPERATION

3.2.1 Preparation of Gas Mixtures

Azomethane mixtures of 0.6% - 7.7% diluted in argon or nitrogen were prepared
manometrically in a glass vessel and used after 48 hours. It was evacuated to a pressure of
10 torr before making a mixture. In this way the impurity level could be kept very low.
The uncertainty in the azomethane mole fraction X, is less than 0.01X,.

Azomethane was prepared for us by Cambridge Isotopc Laboratorics. Mass
spectrometric analysis indicated 99% purity, with the main impurity being water, which was
removed by trap-to-trap distillation. High purity argon and nitrogen (> 99.997% , Air
Products) were uscd to dilute azomethane. The driver gas was helium or hydrogen of high

purity grade > 99.997%.

3.2.2 Procedure

For each experiment, the optical detection system was first calibrated using the

71



rotating mirror. After the calibration, the rotating mirror was replaced by a static mirror. To
make sure that the laser beam was centred on the quadrant photodiode detector, an electric
chopper rotating at 3000 rpm was placed between the laser source and the detector. The
voltage signals generated by the four quadrants were fed into the differential inputs of
Textronix 2213 Oscilloscopes. The detector was adjusted both vertically and horizontally
unti! the voltage differences, V,-Vy, Vp-V, V,-V,, and V-V, , were set to zero, thus
cnsuring that the laser beam was centred on the detector.

The shock tubes were evacuated using rotary and diffusion pumps (Edwards High
Vacuum ED 250, EDM12, and EO1, E02, the latter charged with Dow Corning 705 silicone
fluid) to lower than 10* torr. The combined leak and out-gassing rate was less than 10
torr/min. Vacuum was monitored using an Edwards Model 14 Pirani gaunge. The azomethane
mixture was introduced into the test section within one minute.

Shock waves were generated by spontangously pressure-bursting aluminium
diaphragms with the driver gas. Usually, helium was used to produce the shock waves
having velocities under 1800 m/s while hydrogen was employed to generate the stronger
shock waves. The passage of the shock front past the observation window triggered the
transient waveform recorder (Biomation), which thus captured the laser schlieren signal.
With the pretriggering feature, the Biomation unit could record the zero base line prior to the
arrival of the shock wave. The four successive electronic pulses from velocity detectors or
gauges generated by the passage of the shock wave were captured by the Nicolet oscilloscope
or by the velocily (time-interval) meter. After those signals were properly recorded on

computer disks, the optical detection system was recalibrated.
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All measurements were made behind incident shock waves, covering the very wide
temperature range 560 - 4070 K in 0.6% - 7.7% azomethane diluted in argon or nitrogen 10

pressures of 0.05 - 1.1 aun. About ninety shocks were successfully fired.

3.3 OBSERVATIONS AND DISCUSSION

According to the Gladstone Dale Law,'
n=71+ Kp ( 3.11 )

where K is the specific refractivity of the test gas. Because the gas mixtures used in this
study contain mostly argon or nitrogen, the change in specific refractivity in a given
experiment is much smaller than the change in density. Therefore the observed refractive
index gradients are basically density gradients. Since the pressure behind the incident shock
wave is roughly constant, the temperature is inversely proportional to the density
approximately, and so the observations are closely related to the temperature gradient and
hence to the rate of reaction (weighted by the reaction enthalpy).

Figure 3.5 is a laser schlieren signal for pure argon. The large negative and positive
spikes, causcd by the interaction of the laser beam and the shock front, indicate the passage
of the shock front. This is a purely physical process, and this experiment merely serves as
a check of the performance of the experimental set-up.

The observed laser schlicren signals of azomethane mixtures can be classified into five
different patterns associated with different temperature ranges. There are slight temperature

overlaps in the pattern transitions depending on pressure and composition.
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Figure 3.5 Laser schlieren signal for pure argon ( U, = 1420 m/s, T, = 294 K).
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3.3.1 Laser Schlieren Signals at Low Temperatures ( Pattern A )

Figure 3.6 shows some of the laser schiieren signals having pattemn A. These were
observed in the temperature range 560 - 900 K. After the passage of the shock front, there
follows a very slowly decaying negative signal characteristic of exothermic processes. The
half-life for the pyrolysis of azomethane requires more than a millisecond in this lemperature
range. It has been established that the mechanism for the decomposition of azomethane in

this temperature range can be described as follows: 2229091

CH,N=NCH; — 2CH; + N, t)
CH; + CHN=NCH, - CH, + CH,;N=NCH, (m
CH,N=NCH, — CH, +CH, + N, an
CH,- + CH;- - GH, av)

The chain is initiated by the endothermic step {I). In the propagation step (II), methyl
radicals attack the parent azomethane. Although step (II) does not directly contribute to the
laser schlieren signals (because it is nearly thermoncutral), the endothermicity of the
subsequent step (III) does affect the signals. Methyl recombination terminates the chain. The
four steps have an overall exothermicity of 16 kcal mol”, which accounts for the ncgative
signals. In addition to these four main reactions, some other reaction pathways might also
exist. Step (I) could occur in two successive steps (step A and step B) as described in the
previous chapter (section 2.3). Step (IT) could produce C,H, and CH,NN. Step (II) might
also end up with the radical (CH,),N-NCH,,>* which could attach to azomethane molecules,

successively forming polymers of the form (CH;),N-N(CH,)(A,-R)*" at a later time, where
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A, represents n units of azomethane and R represents a radical. The radical CH,N,CH,- has
two resonance structures, CH,-N=N-CH,- and CH,-N-N=CH,.*' The reaction between CH,-
and CH,N,CH,- could result in the production of methylethyldiimide (CH,N=NC,H;) and
dimethylhydrazone ( (CH,),N-N=CH, ). Ethyl radicals might also be involved in the
mechanism. An alternative of step (III) could be the formation of CH, + N,CH,.

The aim of this thesis is to study the primary methyl-methyl reactions. Since methyl-
methyl reactions at low temperatures (mainly methyl recombination) are well established, and
since the complicated pyrolysis of azomethane cannot provide a clean source of mcthyl
radicals at such low temperatures, there is no further analysis of these signals. This is merely

a prelude to the secondary purpose of identifying when the system gets in and out of chaos,

3.3.2 Chaotic Laser Schlieren Signals ( Pattern B )

When azomethane mixtures were shock-heated to 900 - 1300 K, chaotic or oscillatory
signals were observed. Some of the signals are shown in Figure 3.7.1. The signals
transformed from the well-behaved pattern A to the chaotic pattern B. This is the first
experimental observation of chaos in the pyrolysis of azomethane, previously not cven
anticipated.  Although the signals are irregular, they are reproducible and have some
similarities. As shown in Figure 3.7.1, the two lower-temperature signals (Figure 3.7.1 (1)
and (3)) are very similar except that chaotic behaviour in the azomethane mixture diluted by
nitrogen begins at a slightly lower temperature than when diluted by argon. The two similar

higher-temperature signals (Figure 3.7.1 (2) and (4)) are also shifted in temperature, At
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higher pressures, experiments exhibit more chaotic signals (Figure 3.7.1 (5) and (6)). It
appears that the signals have oscillatory components.

Figure 3.7.2 shows two phase-space pictures, where the derivatves, V41), of the
signals are plotted versus the magnitudes, V(r), of the signals in the two-dimensional plots
according to the techniques outlined by Packard et al." Each of the two phase-space plots
has an evident structure and an “attractor”, suggesting a chaotic system.

The laser schlieren signal is proportional to the sum of the products of the eicmentary
rate constants and their heats of reactions'” ( X & AH,). As temperature increases, the
endothermic reactions in the pyrolysis mechanism ( ie. step (I) and (I} etc) become faster.
Therefore, there are opportunities for endothermic reactions to dominate the mechanism in
certain periods of time, resulting in positive signals in those time periods. Initially,
azomethane decomposes to methyl radicals, causing a temperature drop and a density rise.
Theré should be a positive signal. At the same time, the temperature drop causes the
endothermic reactions to slow down relative to the exothermic reactions. Methyl
recombination and other exothermic reactions then overwhelm the mechanism. As the
temperature increases and the density decreases, nmegative signals appear because of the
exothermicity. In return, the high temperature accelerates the azomethane decomposition and
other endothermic reactions as well. Superimposed on these swings are variations in the
temperature-dependent equilibrium concentrations. The alternating domination of endothermic
and exothermic reactions together with widely varying time lags and nonlinear thermal
feedback is perhaps the reason for the oscillatory and chaotic behaviours.

There has been extensive interest in studying chemical chaos and developing methods
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for coupling nonlinear systems in order to generate more exotic nonlinear phenomena.”*”'*

Two such studies have been conducted in this laboratory. Oscillatory and chaotic phenomena
were found for the condensation of Freon-11 {CCLF) vapour at about 400 K.'*'® These
systems including ours are obviously nonlinear ones in some situations because rate constants
and equilibrium concentrations depend nonlinearly on temperature. Therefore, they should
be treated differently using nonlinear kinetics and dynamics. A full analysis is underway.

Hopefully, this will help to understand irregular systems better.

3.3.3 Negative Laser Schlieren Signals ( Pattern C )

As temperature goes beyond the chaotic regime, ie. T > 1300 K, laser schlieren signals
become well-behaved again. This is illustrated in Figure 3.8, where the prominent negative
signals decay on the microsecond time scale. Those signals are the signatures for strong
exothermic reactions. In experiments at higher temperatures, up to 2400 K or more, the same
shape of signal was observed with the decay time still on the microsecond time scale. Above
1300 K, an azomethane molecule decomposes into two methyl radicals plus a nitrogen
molecule in less than one microsecond. This is fast enough to exclude the possibility of
methyl-azomethane reactions® The pyrolysis mechanism for azomethane becomes much
simpler. By the earliest observable point in time (the second minimum of each signal in
figure 3.8), azomethane is destroyed completely. Thus azomethane decomposition above
1300 K creates an almost instant source of methyl radicals, which makes it possible to

investigate the primary reactions of methyl radicals.
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3.3.4 Pressure Effects at Intermediate Temperatures ( Pattern D )

At higher pressures within the temperature range of pattern C, laser schlieren signals
become progressively more positive. For each schlieren trace, as shown in Figure 3.9, a more
slowly decaying positive component follows the very fast negative decay. This is called
pattera D henceforth. The pressure threshold for the appearance of the positive component
decreascs at higher temperatures.

Possible reactions of methyl radicals as primary steps inciude six competing channels:

CH,+M - CH+H,+M AH%g, = 448 kJ mol?! ¢}
- CH,+H+M Aﬁ"m = 459 kJ mol" ()

CH,+CH, - CH;+H AH’g = 43.8 kJ mol* 3)
CH, +H, AR, = -239 kI mol? @)

C.H, AH%g = -375 kI mol® (5)

CH; + CH, AH = 20.1 kJ mol! {6)

It is obvious that reactions (4) and (5) are responsible for the negative laser schlieren signals
(pattern C) and the negative components of the signals (pattern D). In order to identify which
reaclions cause positive components, some experiments were done at more reduced

azomethane concentrations.
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3.3.5 Dilution Effects at Intermediate Temperatures ( Pattern C+ )

As azomethane was diluted more and more at intermediate temperatures, it was
observed that not only did the signal decrease in magnitude, as expected, but the positive
component shifted to longer and longer times, eventually separating completely from the
negative component. Figure 3.10 shows six schlieren traces demonstrating the dilution
effects. Figures 3.10, (2), (4), and (6) also demonstrate that the positive component shifts to
longer times if the temperature drops. All of this indicates quite clearly that the positive
components are caused by secondary or tertiary endothermic reactions rather than the
dissociation of methyl radicals. Indeed, a recent theoretical calculation by us'® (see also the
previous chapter) and the numerical simulation to be described later show that the rates of
reactions (1) and (2) are much too small to contribute significantly to the observed signals
at intermediate temperatures. Rather, it is reactions (3)-(6) which are responsible for the
exothermic signals or components, while subsequent dissociation reactions are responsible for

the endothermic components:

CH, - CH,+H AHY,;, = 452 kJ mol (12)

CH, —» GCH+H AH®, = 154 kJ mol" (13)
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Figure 3.10 Dilution and temperature effects on laser schlieren signals (pattern C+).



3.3.6 Positive Laser Schlieren Signals ( Pattern E )

It was mentioned previously that the pressure threshold for the appearance of the
positive component decreases at higher temperatures and that the positive component shifts
to earlier times as the temperature increases. Starting from 2600 K, the signals are dominated
by a positive component ( see Figure 3.11 ) even at relatively low pressures. Such positive
signals are characteristic of endothermic reactions. This is not to say that there are no
exothermic reactions occurring. Rather, the overall thermochemistry, ie the net effect, is
endothermic. Secondary dissociation reactions (such as of C,H, and of C,H; etc) still account
for the positive signals at these high temperatures. In addition, the primary decomposition
of methyl radicals might contribute to the observed signals above 3000 K.

The next two chapters will be devoted to the analysis of the observed laser schlieren

traces with patterns C, D, and E.
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Figure 3.11 Positive laser schlieren signals with pattern E



CHAPTER 4

POINT BY POINT ANALYSIS

In this chapter, we shall show our preliminary data analysis for the experiments with
C-type signals. A more rigorous analysis based on a full simulation of the experiments will
be discussed in the next chapter. As described in the previous chapter, the following set of

bimolecular reactions are responsible for the exothermic component of the experimental

signal,
CH,+CH, — CH,+H AH,; = 43.8 kJ mol" 3)
CH, + H, AH, = -239 kJ mol* @)
C2H6 AHOZQB = '375 kJ mOI'l (5)
CH, + CH, AH%; = 20.1 kJ mol® (6)

while the subsequent dissociation reactions are responsible for the endothermic signal:

CH, - CH, + H AR, = 452 kJ mol* (12)

CH,— CH,+H AH%, = 154 kJ mol™ 13)

Defining o as the degree of reaction at time ¢, the amount of CH, remaining compared to
the initial amount of CH,, ny ¢y, 1S Nyz = Moz (1 - 2t). The rate of reaction CH, + CH,
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is given by

V-

2v dt, Vv dtg p/ dt,

(4.1)

where the initial mole-fraction of CH, in the post-shock gas, X, = 2X, A1+2X,), with X,
being the mole fraction of azomethane in the preshock gas. The initial effective molecular
weight of the postshock gas, n/, = p, /(1 + 2X,), where |1, is the effective molecular weight
of the preshock gas, ie of the initial mixture of azomethane and Ar. p is the gas density at
time #,. ¢, is the real time that the gas has been processed at the high temperature, in
distinction to the lab time, # , which corresponds to the distance from the shock front. dy/dt,
= u, = the shock velocity, while dt, / dt, = p /p, ."* V is the gas volume.

The power of the laser-schlieren technique lies in its ability to probe the primary
reaction of a complicated mechanism.'”'* Consequently, our first step in analyzing the
negative signals is to ignore the endothermic steps (12) and (13). As has been shown in
references 101, and 105, and as will be shown below, the observed signal in a laser schlieren
experiment is proportional to the sum of the elementary rate coefficients, k; , weighted by
their heats of reaction. By virtue of this property a thermoneutral reaction will not contribute
to the overail signal. Such is very nearly the case for reaction (6) relative to the other
reactions. We can therefore analyze the exothermic signal very simply and analytically
point-by-point if we consider merely reactions (3) - (5).

The rate coefficients, ; and k,, for reactions (3) and (4) are not very well known. For
example, the n;.sults of Frank and Braun-Unkhoff'® for &, differ from those of Kicfer and

Budach™ by a factor of 30, while the results of Kern et al* for k, differ from those of Hidaka
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et ai* by more than a factor of 100. Even if we take the conservative choice, following the
recommendations of Warnatz,? we still conclude that &, is larger than k; at all temperatures.
In addition, the rate of reaction (3) is weighted by a much smaller heat of reaction. Thus our

simple analysis reduces to considering only reactions (4) and (5).

4.1 THERMODYNAMIC AND KINETIC CONSIDERATIONS

k, decreases with increasing temperature, while k, increases with temperature.
Somewhere between 1700 and 2300 K, C,H, and C,H, formation compete for domination.
Note that it is exactly in this temperature range that k; is least well known (see Figure 1.2).
Itis also the region where thermodynamics and kinetics battle for control of the fate of CH,:
In this temperature range the equilibrium of reaction (5) is far to the left, whereas that of
reaction (4) is far to the right. Thus thermodynamically, C;H, formation is preferable to C,H;
formation. This will be discussed below.

(a) CH, + CH, = C,H;

The rate of the reaction can be cast into the form

de/dt, = ks;[(1-2a) 2x.p/uy - a/K.] (4.2)

with the effective molecular weight i = u’,, A1-X, o) = Py /{1+2X,(1-0}]. The maximum

degree of this reaction, c., can be obtained by setting do/dr, = 0. At equilibrium

=21 _FBo . T e (4.3)
Q. 3 [ (1+ axap.Kc) tJ (1+ X, p.K )é-1 ]

<

where = denotes the equilibrium condition and K, denotes the equilibrium constant. We use
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o, and o, to distinguish between the 2 possibilities. The physically realistic choice is
o, because o should not be larger than 1/2. It should be noted that the degree of the
reaction depends on the gas composition and the total pressure (or density) in addition to the
temperature.

(b) CH, + CH, = C;H, + H, and/or CH; + CH; » C;Hy + H

The rate of either reaction can be cast into the form

da/dt, = k[ (1-2a)? - a®/K ] X,0/ o (4.2b)

with the effective molecular weight i = u’o = Y, A1+2X,). The rate coetficient, k, is either

k, or k;. In the same manner, the maximum degree of either reaction is given by

-1/2
g = 22K " (4.3b)
- -1
4 _Kc

Note that the degree of reaction of each of these two reactions depends only on temperature.

a..,’'s for the three reactions are plotted as a function of temperature in Figure 4.1.
The degree of reaction for CH, + CH, = C,H, drops dramatically starting from about 1700
K and declines to essentially zero at about 2300 K. The calculation was done for different
gas compositions at a typical pressure of 0.2 atm. As can be seen from the figure, the
smaller the content of azomethane, the lower the temperature where o, = 0. Itis also true
that o, reaches zero at a lower temperature if one reduces the pressure. In contrast, o,
for CH, + CH, = C,H, + H, is almost 2 constant value of 0.5 in the whole temperature range.
Also shown in Figure 4.1 is o, for CH, + CH, = C,H;+ H. It increascs with increasing

temperature. But it is small compared to the other two channels below 2000 K.
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CH, + CH, = C,H, + H, has a high energy barrier compared to the zero activation
energy for CH, + CH, = C,H,. Considering both thermodynamics and kinelics, we believe
that methyl radical recombination forming C,H, predominates below 1700 K, but it becomes
prohibitive above 2300 K. Instead, CH; + CH; = C,H, + H, is the major exothermic rcaction
above 2300 K. C,H, and C,H, formation compete for domination between 1700 and 2300
K. Total pressure and gas composition will play a key role in controlling the reaction
pathway in this temperature range. Yet, k, is generally smaller than ks below 2000 K as best
as we can make out from Figure 1.2 and Figure 1.4. It may be that in this range C,H, is

produced by other processes, e.g.

CH, + C,H, - CH, + CH, A= - 195 kI mol*  (34)

followed by the thermal decomposition of C,Hj, ie reaction (13). Reaction (34) cannot
directly affect our observations because it is nearly thermoneutral. Nevertheless it provides

a pathway for satisfying the thermodynamic and kinetic requirements.

4.2 PROCEDURE

The first step in the analysis is to convert the observed signal to density gradient. The
signal is proportional to the laser beam deflection, A, with the constant of proportionality
deduced from a calibration using a rotating mirror. A in turn is related to the density

gradient, dp/dy, by
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A=p; 8(xp) (4.4)
dy

where ! is the width of the shock tube, D is the distance between the shock tube axis and the
detector, and x is the Gladstone-Dale constant for the gas mixture.” The latter is a mass
fraction average over the x’s of the individual component species. These components can
be estimated for the unstable species according to the usual bond additivity rules.'™ However
this is not crucial since k is dominated by the contribution of Ar. In any case, the
contribution of the disappearing CH, diminishes with time but is compensated by the

increasing contribution of reaction products. Thus, x is essentially constant. So

A:D[xgjﬂf (4.5)

The relationship between the density gradient and the reaction rate is found from the

solution of the hydrodynamic equations of flow coupled to the rate equations:

pu=pyu, (4.6)
D+pu=py+p Uy (4.7)
h+u?/2=hy+ul/2 (4.8)

P=pRT/p (4.9)

where kL = Z [(H-H’.q),+AH’, (298)]X, is the mixture enthalpy, p is the effective molecular
weight, u is the particle velocity, p is the pressure, T is the temperature, while X,, (H-Hq,),,

and AH’,,(298), are the mole fraction, the molar enthalpy, and the standard heat of formation
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of species n respectively. The latter 2 thermodynamic quantities are obtainable directly from
the JANAF Thermochemical Tables.*

At low enough temperatures, reaction (5) alone is responsible for the signal. We can
treat p as a known quantity, since it can be determined directly from the integral of the
schlieren trace, using the first spike minimum as time zero."? Hence we have 5 unknowns
(u, p, T, o, and k; } and 5 equations. We can solve these equations (4.2), and (4.6) - (4.9)
in terms of the observable dp/ds, and/or p. All 5 depend on time, even k, through its

dependence on 7. In fact, we shall use this property as a diagnostic tool below,

4.3 INTEGRATION OF LASER SCHLIEREN SIGNALS

To obtain p(T(1)} we have to integrate the schlicren trace. The exothermic

components of the signals are fitted to the polynomial form

vit,) = Cbx%% = Cb"u_ffE] = ;n‘ a,td? (4.10)
m=1

where C, is the calibration factor and the a,’s are fitting parameters. Figure 4.2 illustrates

the integration. The trace represents a typical C-type schlicren signal. The large spike (due

to the passage of the shock front) is followed by a quickly decaying negative signal

characteristic of an exothermic reaction. Point s is the earliest observable point. At point e

the signal decays to zero, where a chemical equilibrium is assumed to be reached. Knowing

the density at this equilibrium condition, p.., one can obtain p(t;} by integrating equation (4.10)
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from e toward s

I a
p(t,) =p.+ £K£CJV(C1)dC1=p.+ c"b"x X =B (ef-£])  (4.11)

m=1

4.4 T, p, p, AND o AT THE EQUILIBRIUM CONDITION ( at point ¢ )

In principle, the answer to the problem is to solve equations (4.2), and (4.6) - (4.9)
under equilibrium conditions ( ie do/dt, = 0 ) with the knowledge of T, g Xy, Por Mo and
p, in the preshock gas mixture and shock velocity U, as well. By substitution and

rearrangement those equations can be transformed into the following form

Lo - £(T, au,) = -2--11—, [\(20-To+T5) 2+4TyT, - (20-T4+T4) ]
0

(4.12)
%‘: =1+£‘I°,ou§(1-;;‘:) (4.13)
ua=JM (4.14)
1-(pe/Pe)?
po=p,= —2l Bt (4.15)

ZXAKC (1 -2a,_(_, ) 2

where e denotes the equilibrium, T, =T /(142X,(1-0.)}], O=pfh-h)/[RI1+2X,(1-0,)]],

and Pk, -hy)=X (20, AH o+ AH A (H - HoO )+ (1-X)(H, HC,,). AH, is the heat of
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dissociation of azomethane. The procedure is to treat 7, as known and to find the
corresponding u, , p,, P, and ¢ o, is solved by iteration. It must satisfy equations (4.12)

and (4.15) simultaneously. In other words, it has to obey

Ho Cut-)
2XpK. (1 "23.(..) )2

p0= f(Te,d.{_)) (4.16)

The calculation is illustrated by the flow chart shown in Figure 4.3. For each chosen
T,, one can get a set of uy , p,. p., and O, T, is varied until the calculated u, matches the
experimental shock velocity U,. Once p, is determined, the integrated density profile can
be very easily calculated using equation (4.11).

It should be pointed cut that the determination of p.. ( both its value and its Jocation
in time ) is a crucial step. Our point-by-point analysis relies upon it. The advantage is that
we do not have to worry about where time zero is and that we do not have to guess the part

which is hidden behind the shock spikes.

4.5 FORMALISM

All flow and kinetic variables can be expressed in terms of the density, p, and density

gradient dp/dy (or dp/dt, ). For example, equations (4.6) - (4.9) can be rearranged into
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auy= oy ; Calculate p,, by €q.(4.12) or (4.15),
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Figure 4.3 Procedure for calculating 7,, p,, p., and o, assuming reaction CH, + CH, = C,H,

alone is responsible for the negative signals
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u = u,p./p (4.17)

D =DPg+Poua (1-po/p) (4.18)
T = (po/P) [To+gui (1-po/P) /R]/ [1+2X, (1~) ] (4.19)

& = (p,ud [1-(p,/p) ] /2Xy-AHy~ (Hppo-Hizo) - (Hy ~Har) (1-X,) /X;l/24H,
(4.20)
where AH, is the heat of dissociation of azomethane. At each point in time, one determines
T and o by combining and iterating with egs. (4.19) and (4.20).
Differentiating equations (4.19) and (4.20) gives two differential equations relating T,
p, and o One resulting differential equation is substituted into the other, leading to the
following expression:

da _ Holj (Po/p)¥([1+2X, (1-2) ] - T/R}+ TT[1+2X,(1-a) ]
dp 2X,p{ CTT+AH [1+2X, (1-a)} ]}

(4.21)
where AH, is the heat of the reaction CH, + CH, = C,H,, and C is the effective heat capacity

of the gas mixture at time, ¢,

- 1-X
C = Xpl2a(cy ¢y~ 2Cp, cu,) +(2Ch, e, * Cp,m,* TAACP"“” (4.22)

The rate of reaction (equation (4.2) ) can be related to the observable dp/dt, and p through

the derivative do/dp
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dp _ da , da

dt

= {4.23)
- dt, dp

Substituting the expressions for dovdt, and do/dp into the formula above, we obtain

2X,pk, [%p (1-2a)?-a/K J{ TT+AH [1+2X,(1-a) ]}
0

dtg Boué (p,/p)?{[1+2X, (1-a)] - T/R}+ TT[1+2X,(1-a)]

(4.24)

Note that we have included the reverse dissociation reaction for cases close to equilibrium,
and we have expressed the reverse rate coefficient in terms of the forward one through the
equilibrium constant, K. Eq. (4.24) shows that the observable is roughly proportional to the
product of ks and the effective heat of reaction, AH; , modulated by a term reflecting the
decreasing amount of reagents. The 5 unknowns ( «, p, T, &, and k; ) can be solved by the
solution set of equations (4.17) - (4.20) and (4.24) at each point in time. &, can be deduced

by one of the following three methods.

4.5.1 Direct Method

Inverting equation (4.24) directly gives an explicit expression for k,. For convenience,

we define a variable B
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2;{“ {CT+AH [1+2X, (1-a) ]}

B=- —
Boud (p,/p)3([1+2X, (1~a) ] - T/RI+ TT[1+2X, (1-a)]
(4.25)
Consequently,
gp . _gp2 4.26
e - BP { )
dp _ dp da _ _poop 128,01 20)2-a/k ] (4.27)
dt, da dt, T <
Therefore
dp
ks = - dtg (4.28)

Bp? (S2p (1-20)%-a/K.]
a

This method exploits the proportionality of the observable to k'5 .

4.5.2 Slope Method

Alternatively, one can focus on the time scale of the decay, ie on the slope of the
observable, rather than bank on absolute calibration factors or worry about accumulating
numerical errors arising from estimates of 7, o, and p, based on the integration of the
observable.

For simplicity, we use F to represent the absolute value of dp/dt, as the observable,
ic.
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F=-32 - ppr, [i}‘!p (1-2a)3-a/K,] (4.29)
g 0

It is fortunate that B is almost a constant for each C-type signal. For instance, B = 17.25 m’
kg™ at 1880 K and B = 17.19 m® kg at 2030 K, both for experiment 5.4. Hence B is treated
as constant in this and in the next methods. Differentiating F with respect to £, we oblain

the derivative of the observable which can be rewritten into the form

E F d(1lnF)
(—a_3) £ _ d{InF)
K = RT P 44 (4.30)
(8X3p+_1_) _ (16X5p+5p AHS)¢z
By K. B K. RT

where E, is the activation energy. k; can be deduced from this formula along with equations
(4.17) - (4.20). It can be seen that in this method not only the absolute value of the

observable but also its derivative ( or shape ) will contribute to the determination of k; .

4.5.3 Indirect Method

"Indirect” here means that the density gradient will not appear explicitly in the
expression for k;, First, integration of equation (4.26} gives a definite relation between o and

p

L

%"' =B(¢-¢.{_,) (4.31)

Because ¢, and O, are the two solutions of equation (4.2) when dovdr, = 0, the rate

equation can be rewritien as:
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8X,p

da/dtg =k5 (d’-d.{,)) (ﬂ'-d.(,)) (4.32)

Subslituting equation (4.31) into equation (4.32) and then separating the variables, after

rearrangement we obtain

d(lnA 8X P
(dc,) = ;u ks (@upe)=Cuyy) (4.33)
or
d(lna) _ 8X,pp.
dtl = F‘:po ks(a_{‘)-d_(_)) (4.34)
where
{Bpaltar,)~Cus )l +1]
A= (a-{o-)"a') BPal@ate)Cur-)) +1 (4.35)

CZ.{_) -

The rate constant can be found from the stope of a plotof InA vs ¢, .

4.5.4 Alternative Expression for o

Yet another choice is to solve equation (4.2) for ¢ in terms of the observable, dp/d:
= (dp/da)(do/de), and use it instead of eq. (4.20). Combining equations (4.26} and (4.32),
we get

_dp . 8XaBp’

e
dt, TR

(a'"a.(‘,)) (a-a-(_)) (4-36)

The expression for o then has the form
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.37
&= % (@) +Bape)) = (Bugy)=Buy ) 440 ] t4.37
where
1 Fp
o= ( ) (4.38)
8X,Bp ' pk.

For the slope and indirect method, one can use equation (4.37) to replace equation (4.20).

Note that an iterative procedure is needed because ks is required to determine ce.

4.6 RESULTS AND DISCUSSION

All three methods have been tried. Figure 4.4 , Figure 4.5, and Figure 4.6 illustrate
the three methods graphically. The slopes are or contain the rate coefficient k. Figure 4.7
and Figure 4.8 compare k, obtained by the three methods for four expesiments. The direct
and slope methods give fairly close results, which agree within 40%. Note that reaction (5)
is exothermic and that the temperature increases during the reaction. Although it has zero
activation energy, ks will decrease with increasing temperature due to the fall-off effect,
which has been discussed in chapter 2. The direct and slope methods indeed demonstrate this
trend. The magnitudes of k, determined by the indirect method do not differ too much from
those determined by the direct and slope methods. The largest difference is a factor of 2.8
and the smallest one is only 15%. However, k,'s obtained by the indirect method increase
with increasing temperature, which is not reasonable according to the theory of unimolecular

reactions. It is not surprising that the indirect method does not work very well because the
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Figure 4.4 [llustration of the point-by-point analysis for experiment 4.8 using the direct
method assuming that the reaction CH, + CH, = C,H, alone is responsible for the negative

signals (s: earliest observable point; e: equilibrium point )
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Figure 4.5 Illustration of the point-by-point analysis for experiment 4.8 using the slope

method assuming that the reaction CH, + CH, = C,H, alone is responsible for the negative

signals ( s: earliest observable point )
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information available in the signals is not fully used in this method (for example, F and its
derivative). In this sense the slope method is the most reliable one. The results in Figure
4.9 stem from the use of the direct and the slope methods, where we have drawn an
Arrhenius plot of ks for selected experiments. Note that each experiment gives ks(7{(1)), ie
an Arrhenius plot of its own. Only partial results are plotted for visual clarity.

We then repeated the analysis assuming that reaction (4) alone is responsible for the
signal. The formalism is similar to that of reaction (5). The slight differences originate from
the expressions for do/dt, and for p. The differences are summarized in Appendix 4. The
solution for k,, in analogy to equation (4.24) now takes the form

dp _4Xip’k,[(1-2a)?- a®/K ] AH,(1+2X,) /B,

el _ e (4.24b)
dt, p.ul (p,/p)3{(1+2X,) - T/RM TT(1+2X,)

Again we drew the results as Arrhenius plots for selected experiments in Figure 4.9.

For internal consistency the rate coefficients must overlap if the temperature ranges
overlap, ie. each experiment’s Arrhenius plot must be a continuation of another one’s.
Clearly, ks shows the required internal consistency at temperatures less than 2100 K, whereas
the assumption that reaction (4) is responsible for the signal leads to a contradiction at such
temperatures. Note that for each individual curve, the low temperature end corresponds to
the carliest observable point from the laser schlieren trace.

Figurc 4.10 shows the results for ks classified according to the original mixture
composition. Data points in the figure correspond to the earliest observable points from the

laser schlicren traces. We saw no evident dependence on azomethane composition. This
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from Moller et al,** where [M] = 5 x 10 mol cm™.
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indicates that CH, is not 100 much more efficient than Ar as an cnergy transfer partner with
excited C,H,. Also shown in Figure 4.10 are the theoretical values™** calculated in the
density range 0.5 - 2.0 x 10 mol cm™. These are in very good agreement with the present
results. The slight spread in pressures may also contribute to the apparent scatier of the
results. The present results (in the density range 0.6 - 1.6 x 10 mol cm™) support those of
Moller et al,'* which indicate a steeply declining rate cocfficient as the temperature increases.
Their results are shown in Figure 4.10 (dashed line ) as well. Because they did experiments
at a higher density (5 x 10 mol cm™) than we did, their results are higher than ours. Both
results agree fairly well with each other and are also consistent with the theory of
unimolecular reactions. Our rigorous simulation of the more detailed mechanism will confirm
the assumption that reaction (5) alone is responsible for the negative signals of our lower-
lemperature experiments.

If one chooses the earliest observable points for k, instead of for ky in Figure 4.9,
above 1900 K, to draw Figure 4.11, the values of k, appear to support the "large” rate
constants. 1955556 Hgwever, Arrhenius plots obtained from the individual experiments are
not consistent because they do not overlap. This contradiction is a clear indication that other
primary reactions as well as secondary and tertiary reactions cannot be ignored at those
temperatures. In view of the complications arising from the participation of endothermic
processes, as noted above, it seems wiser not to rely on the point-by-point analysis for k,.
Rather, we have embarked on a numerical simulation of all of our signals using a 44-step

mechanism. The details of the simulation will be given in the next chapter.
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CHAPTER 5

COMPUTER SIMULATION

The Kkinetics of the reactions of CH, radicals at high temperatures is rather
complicated. Several primary channels compete for removal of CH,., The sccondary
reactions also have a large impact on the whole mechanism. Such complications ultimately
force one to extract the kinetic data from shock tube experiments by numerical simulation.
Current computer technology allows for the rapid simulation of complex chemical processes.
Simulation is now a common tool for the description of reacting systems. It is valuable for

the interpretation of experimental results and for the understanding of chemical kinelic

behaviour,

5.1 FUNDAMENTALS

The computer codes for simulation were provided to us by Sandia National

Laboratories. Outlined in this section are the theoretical models of the Sandia computer

COdeS 120-122

5.1.1 Chemical Reaction Rate Expression
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Consider n elementary reactions involving m chemical species. The net molar
production rate, v, , of the jth species is a summation of the "rate-of-progress variables”, ¢,

for all reactions involving the jth species:'®

Il
VJ=EVJI¢1 (5.1)
i=1

where the stoichiometric coefficients of the jth species in the ith reaction, v, are the
differences between the stoichiometric coefficients of the jth product species in the ith
reaction, v**;, and that of the jth reactant species,v’, ie. vy = v*%- v/ The rate-of-progress

of the ith reaction, @, is the difference between the forward rate and the reverse rate'”

mn v'.t m V”‘ 2
¢ =k, [ [ (%1"4-ke, 1] 1250 (5.2)

J=1 J=1

where {X] is the molar concentration of the jth species and k; and k,; are the forward and
reverse rate constants of the ith reaction. In association énd dissociation reactions (i.e.,
pressure-dependent reactions), equation (5.2) needs to be multiplied by the effective total

concentration [M],,, of the ith reaction:'*

m
(] off.i':’z @y [X,] (5.3}
J=1

where o, is the third-body efficiency of the jth species in reaction i. In the present study it
is assumed that all species in the mixture contribute equally as collisional partners in a
reaction { i.e., all the oy = 1). Then [M],;, equals the total concentration of the mixture,

P/RT. We shall test the validity of this assumption later in this chapter.
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5.1.2 Governing System of Ordinary Differential Equations

The well-established conservation laws of mass, momentum and energy transier
describe the distributions of density, p, velocity, 4, and temperature, T, downstream of the

shock.®*2 For one-dimensional adiabatic flow, the conservation equations are given by'*

Continuity: puA=constant {5.4)
Momentum: pug—;:\»%%m (5.5)
Energy: %h;w%;:o {5.6)
Species: |:}t1—‘ij%’--"-=vj|.|J (5.7)

where A is the cross section of shock tube, y is the axial flow distance, p denotes pressure,
and ¥, and p, denote mass fraction and molecular weight of species j respectively.

Temperature is related to the specific enthalpy of the gas mixture, k, by

m
J=1
and
hy=(hy) +f;cp, dr (5.9)

The equation of state relates the intensive thermodynamic propertics

118



Pp =pRT {5.10)

The molecular weight of the mixture, Y, is determined by

1

b= (5.11)
E FTAT

Differentiating equations (5.8), (5.9), (5.10), (5.11), and combining and rearranging equations

(5.4), (5.5), {5.6), (5.7) leads to the following set of coupled, ordinary differential equations'®

Yy _viky (5.12)
dt p
du,_ udp_ u®dA (5.13)
t pdt A dy
dT u? EE ud dA
dt pc, dt pc 2”: Vikyt Ac gy (5.14)
g&: 1 v (h cpT)+p2u3 (1 R ) dA]
dt p+pu?/c,T-pu? P- E AN By 2 kc,
(5.15)

These (m+3) stiff ODESs serve as the governing equations which should be satisfied by the
time histories of the measurable flow quantities. When chemically frozen conditions of the
incident shock are determined by a procedure similar to that described in the previous

chapter, the time histories of the flow quantities can be obtained by integrating the ODEs.
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5.1.3 Laboratory Time and Gas-particle time

There is a time compression effect in shock waves. Consider a shock wave
propagating at the velocity, U,. A gas particle enters the shock front at time ¢ = 0. Atsome
later time ¢/, the shock front has travelled a distance U, ¢’ Since the gas particle is only

moving at the velocity of (U, - u), it is not until time, 1, referred to as the gas-particle time,

that the particle has travelled the same distance. Therefore,
[ (w,-w) de=u,¢’ (5.16)

where u is the post-shock gas velocity in shock-fixed coordinates. In laboratory coordinates,
the particle is lagging behind the shock front by an amount of time equal to ( £, - :') =1,
referred to as the laboratory time. In an experiment, therefore, the particle arrives at an
observation window at a time 1, after the shock front. In other words, the test gas particle
has been at the post-shock condilions for some time longer than the laboratory time. This
longer gas-particle time is the time of interest with respect to rate processes in the test gas.
Differentiating equation (5.16) and using the mass continuity relation (¢g. 5.4) results in the

following ordinary differential equation relating gas-particle and laboratory times'”

dt, _ P14

—L {5.17)
dtg pa

When rate processes are measured using a shock tube method, the time as measured must be
multiplicd by the density-area ratio across the shock front in order to get the actual time

referred to the test gas. Usually the subscript g for ¢, is omitted. In the Sandia shock tube
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code, equation (5.17) is integrated along with the other ODEs (5.12-5.13).

5.1.4 Boundary Layer Effects

A wall boundary is present in a shock tube, resulting in a velocity gradient normal to
the gas flow and a non-uniform flow behind the shock front.”® Mirels treated the flow as

quasi-one-dimensional assuming a laminar boundary layer and proposed that'”’

L R IR L (5.18)

where [, is the distance between the shock and contact surface at infinite distance from the
diaphragm. [, can be estimated from the diluent viscosity'® (2.272x10* g s/ cm™ for Ar, and
1.786x10* g 5 em for N, at 300 K). Subscript 2 denotes conditions immediately behind
the shock. Differentiating the right half of this equation yields the expression for the change

in cross-sectional area with distance downstream of the shock'®

da (y/1,) /2
L (5.19)
dy 21, [1-(y/ 1) 3]

1
A
This expression accounts for the boundary layer effects and permits the calculation of the

effective area through which the gas must flow. The expression is used in equations (5.13),

(3.14) and (5.15). The distance of a fluid element from the shock, y, is related to the velocity

by
v _, (5.20)
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5.2 REACTION MECHANISM AND EVALUATION OF KINETIC DATA

A large reaction mechanism consisting of 44 reactions with 19 species was adopted
for calculating the laser schlieren profiles. The reactions and rate coefficicats used in the
mechanism are summarized in Table 5.1. Where possible, the rate coefficient values are
taken from the literature. The reverse rate constants are related to the forward ones through
the equilibrium constants ie k/k,= K,. The change in enthalpy, AH?,q,, for each reaction is
also listed in Table 5.1.

The thermal decomposition of azomethane at high temperatures offers a clean source
of methyl radicals to investigate their reactions. "The initial decomposition stcp of
azomethane at T 2 1300 K is sufficiently fast to exclude a bimolecular reaction between CH,
radicals and the parent molecule", and the decomposition leads to two methyl radicals® The
rate coefficient for this pressure-dependent reaction listed in the reaction mechanism is from
the work of Moller, Mozzhukhin, and Wagner."® It is supplemented by the values calculated
in chapter 2 for high temperatures. The calculated refractive-index-gradicat profiles are not
very sensitive to reasonable changes in the value of the rate coefficient. In practice, Wagner
et al.’s rate constant should be reliablc ap to 2700 K without a large crror. Beyond 2700 K,
the decomposition rate definitely needs to be verified.

Reactions (1) - (6) are the six primary competing channels for CH, decay. The
remaining reactions (7) - (43) include all the possible secondary reactions and some important
tertiary reactions. This is to ensure that no crucial reactions have been omitted. Some of the

reactions included are of little consequence. Sensitivity analysis shows that the simulation
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Table 5.1. Reaction Mechanism

k=AT exp (- E/RT)

AH’ A b E/R ref.
Reaction st
kJ mol? cm?® mol? s K
cm® mol? s

0. CH,NNCH, = N, + 2CH, 143 794x10° 00 13300 15%
I.CH,+M = CH+ H, + M 448 578x10° 00 32834 30
2.CH,+ M =»CH,+H+M 459 2.72x10% -5.31 58925 this work
3. CH, + CH, » C;H;+ H 438  3.00x10° 0.0 6800 18
4.CH, + CH, » CH,+ H, 2239 L10x10* 0.0 9026 this work

5. CH,+ CH, (+M) » CH (+M) -375 3.61x10" 0.0 0 9
Low pressure limit: 1.27x10" 7.0 1390 32,50
TROE centering: F, = 0.38 exp ( -T/73) + 0.62 exp ( -T/1180) 50

6. CH, + CH, = CH, + CH, 201  430x10% 00 5052 19
7.CH,+M=H,+C+M 330 1.30x10" 0.0 29700 26
8.CH,+M=H+CH+M 425 1.20x10™ 0.0 3011‘0 30
9. CH, (+M) = CH, + H (+M) 439 2.40x10'¢ 0.0 52800 25
Low pressure limit: T < 2200 K 7.23%10"7 0.0 47000 32

T 22200 K 1.90x10" -8.106 59100 31

TROE centering: F, = exp ( - 0.45 - T/3231) 25
10. C,H, (+M) = CH,+ H (+M) 158 2.00x10™ 0.0 20000 2,32
Low pressure limit: 416x10" 7.5 22900 32,109
TROE centering: F.=0.35 32
ILCH, +M=CH+H+M 175  260x10” 00 39900 2,110
12CH,+M=CH;+H+M 452 3.80x10" 0.0 49400 2,110
13.CH + M= GH,+H+M 154  200x10" 00 15640 65
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Table 5.1. ( Continued )

k=A T exp (- E/RT)

124

A A b E/R ref.
Reaction st
kI mol* c¢m® mol* s* K
cm® mol? s
14. CH, + M » CH, + H,+ M 136 2.29x10" 0.0 34040 52
15. CH, (+M) = CH,+ H (+M) 419 885x10°  -123 51439 i
Low pressure limit: 6.90x10"®  -6.43 53938 111
TROE centering: F, = 0.7 exp (-1/2200) + 0.3 exp (-T/12000) + exp (-6700/T) *

16. CH, + H » H,+ CH -10.8 6.00x10%? 0.0 -900 32

© 17.CH, + H = H,+ CH, 610  L69x10" 057 7640 32
18. C;H, + H » CH, + H, 277 1.2~3.8x10® 0.0 0 23265
19. CH, + H =» H,+ CH, 158  5.42x10 0.0 7500 32
20. C,H, + H = H, + GH, 282 181x10% 0.0 0 109
21. CHy + H = CHy+ H, -16.9 1.42x10° 1.5 3725 32
22.CH,+ H, »CH,+ H -2.6 6.87x10° 2.74 4740 32
23. CH, + CH, = C;H, + 2H 113 L10x10% 0.0 400 32
24. CH, + CH, = CH,+ H 262 422x10° 0.0 0 21832
25. CH, + C,H, = C;H, 419 3.19x10% 0.0 2660 112
26. CH, + C,H, = CH,+ C;H,  -305 1.81x10°® 0.0 0 109
27. CH, + C,H, = CH, + C;H, 366 650x10% 0.0 3980 18,117
28. CH, + CH, = C,H, + H, 468  1.00xI0® 0.0 11570 74
29.CH, + CH, » C;H;+ H 64 8.00x10" 0.0 20130 74
30. CH, + C,H, = CH, + G.H, 132 416x10% 00 5600 113
31. CH, + C,H, = n-CjH, 104 299x10" 0.0 3830 *
32, CH, + CH, »CH,+ CH,  -285 1.20x107 0.0 0 109



Table 5.1. ( Continued )

k=AT exp (- ERT)

AH’ A b E/R ref,
Reaction s!
kI mol' ¢m?® mol’ s K
cm® mol? s

33, CH, + C,H; (+M)= C,H, (+M) -367 2.83x10% 0.0 0 109
Fall-off factor : see text 109
34, CH, + C,H, » CH, + C,H; -19.5 5.51x10" 4.0 4167 114
35.C,H, + C,H, » C,H,+ C;H, 298  4.82x10* 0.0 36000 109
36. CH, + C,H, » CH,+ C,H,  -280 3.92x101 0.0 0 109
37.CH,+M »wCH,+ CH, + M 412 540x10"®  -157 60390 68
38. C,H, + H = CH, + C,H, 397 7.23x10% 0.0 655 115
39, CHy + CHy w CH, + CH, 266  145x10% 0.0 0 109
40. G;H, + C,H, = CH,, 296  1.00x10® 0.0 0 109
41. CH, + C;H » CH,+ CH, 33 6.32x10? 313 9063 109
42 H,+M=~H+H+M 436 2.23x10" 0.0 438350 116
43.CH+M=wC+H+M 340 1.90x10" 0.0 33700 26

The reverse of each reaction is included via detailed balance, &, = &/ K.

* See text.
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of the laser schlieren traces for different experimental conditions can be executed using a
strongly reduced set of reactions, compared to the large scheme. This is so because of the
dilution of the reactants, which reduces the importance of subsequent reactions considerably.

Reaction (1) and (2) are two competing channels of CH, decomposition. They have
been fully addressed in our recent theoretical studies'™ as well as in chapter 2. At very high
temperatures these reactions could compete with other primary reactions.

Recently Frank and Braun-Unkhoff'* made more direct measurements for reaction (3).
They chose the ARAS technique ( atomic resonance absorption spectrometry ) o monitor the
thermal decay of azomethane, methyl iodide and ethane. The measurements of time
dependent H-concentrations were performed behind the reflected shock wave in the
temperature range 1320 to 2300 K. The rate coefficient is probably the best one for this
reaction.

The present study determines the rate coefficient for reaction (4) which is derived
from the fit of simulations to experimental observations. The experimental values for the rate
coefficient are obtained by comparing laser schlieren profiles with the simulated refractive-
index-gradient profiles. More details will be given in the following sections.

There have been a large number of studies of reaction (5). They cover effects arising
from pressure as well as temperature.” The limiting high pressure rate coefficient of Troe
et al® is preferred. It is temperature independent. The expressions for the limiting low
pres#ure rate constant, which accommodates the chosen &_ value, and the centre-broadening
factor are from the most recent evaluation™ based on the modelling of Wagner and

Wardlaw.® At high temperatures ( T>1300 K ) and ordinary pressures, reaction (5) is in the
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fall-off region closer to the low pressure limit. Therefore, the low pressure limit, k,, has a
bigger impact on the cffective second order rate coefficient than k... Under our experimental
conditions, where reaction (5) plays a role, it really doesn’t matter whether we choose Troe
ct al.’s k_ or usc Wagner and Wardlaw’s k.(T). The effective sccond order rate coefficient,
Ky, calculated using the set of expressions in Table 5.1 is very close to the effective second
order rate coefficient, ky,g..» computed using Wagner and Wardlaw’s set of expressions of
k., kg, and F..* ic. Kprod Kiwagner = 0.98~1.12 over the temperature range 1300~2300 K and the
density range 0.6~3.5x10° mol cm”.

Reaction (6) could produce carbene in both triplet and singlet states. No direct
measurement has been made to distinguish singlet 'CH, from triplet *CH,. The rate
coefficient for reaction (6) from Frank’s work™® could serve as the effective value for 'CH,
and *CH,. Compared to other primary reactions, the thermal effect of reaction (6) is small.
Therefore this reaction is less thermally influential than the other primary ones.

Two different groups performed experimental studies of reactions (7) and (8)

recently. 2%

C-atom concentrations were measured using atomic resonance absorption
spectroscopy (ARAS) at 156.1 nm.2* Using narrow-linewidth and ring dye laser absorption
at 431 nm, the two groups detected CH concentration profiles generated during the high
temperature pyrolysis of highly dilute mixtures of ethane or methane diluted in argon behind
reflected shock waves. There are two sets of rate coefficients for k, and , determined by the
two groups, which differ by less than a factor of 2 over the range 3000 to 4000 K. No

matter which sct or combination of &, and k, is used, it really makes no difference in our

simulation because these two reactions hardly contribute at all in our case. The rate

127



coefficient used in the scheme is merely our preference.

Shock tube experiments of methane dissociation over a wide pressure range have been
reevaluated by Cobos and Troe using theoretical modelling.”® Their high pressure limiting
rate coefficient is consistent with a nearly temperature independent reverse rate coefficient.
Their low pressure limiting rate coefficient was then compared to other experimental data,
and this led to the recommended values (from 300 to 3000 K) given in reference 32 (and
listed in our scheme for T < 2200 K). Kiefer and Kumaran, most recently, studied the rate
of CH, dissociation at even higher temperatures (2800 - 4300 K)."' Their low-pressure-
limiting rate constant blends well with the recommendation below 2200 K, but it is six times
smaller than that recommendation at 3500 K. We believe that Kiefer's expression is more
appropriate at higher temperatures.

Kinetic modelling results of reaction (15) by Stewart, Larson, and Golden'" are
adopted in the present scheme. Their centre-broadening factor, F.= 47.61exp(-16182/T}) +
exp(-T/3371), has been refit to the general form as listed in Table 5.1.

Reaction (25) and reaction (31) are actually fall-off reactions. Sensitivity analysis
indicates that these two reactions are not so important. We simply used the sccond order
rate coefficients without considering the fall-off effects. The rate constant for reaction (31)
is a fit of the values obtained from references 109, 118, and 119.

Tsang and Hampson have calculated the dependence of the rate coefficient, &,;, upon
pressure and temperature.'® This leads to three expressions for correction factors expressed
in polynomial form at 0.1, 1, and 10 atms. Making use of those three expressions, we

estimated the fall-off factor for reaction (33) using the Lagrange interpolation formula
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T, P 4
og k(TP
33, -

tofes

n{n-1) £y - (M2-1) £+ %n (+1) £,1 T3 (5.21)
P

where 1| = log,, P (atm), and the f; are listed in the following array

i=1 j=2 j=3 j=4
i=1 -0.4870 +1.985%x107 -1.8740x10°¢ +2.1210x10% (0.1 atm )
i=2 -0.3184 +1.137x10° -8.3530x107 -2.1560x10™" ( 1.0 atm )

i=3 -0.0968 +2.233x10% +8.8824x10°® -2.0494x10* (10 atm)

At relatively low temperatures and high pressures, methyl can react with vinyl forming
propene, the reverse of reaction (37). The rate constant for the forward reaction is from
Kiefer et al.’s shock tube experiments.*

At high temperatures and low pressures C,Hs is so unstable that the small pressure
dependence is unimportant for practical purposes.'® Thus the second order high pressure
rate coefficient is used without any fall-off correction for reaction (40).

Both Dean et al.% and Roth et al.*® studied reaction (43) experimentally. The former
measured simultaneously C-atom concentrations using ARAS and CH concentrations using
laser absorption. The latter only monitored CH laser absorption.

After careful evaluation and selection of kinetic data, we believe that the reaction
scheme presented in Table 5.1 is sufficient to interpret our experiments. The following
sections will demonstrate that this reaction mechanism is successfully used in the simulation

of our laser schlieren traces.
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5.3 SIMULATION OF LASER SCHLIEREN SIGNALS

Integration of the ODEs (5.12), (5.13), (5.14), (5.15), (5.17), and (5.20) using the
kinetic data listed in Table 5.1 was made using the generalized chemical kinetics code
CHEMKIN-II package,"® the stiff ordinary differential equation solver LSODE,"" and the
Sandia shock tube code'® with some modifications by the present author. The output from
the shock tube code gives the state of the gas (T, p, p), the mole fractions x; of the mixture,
and the laboratory time #, etc. as functions of gas-particle time ¢, (or ). The results are used
for additional processing in order to obtain the refractive-index-gradient (dn/dy vs £, ).

For a given wavelength of light the refractive index, n, of the gas is related to its

density, p, by the well-established Gladstone-Dale Law, which may be written as'™
n=1+xp (5.22)

x is known as the Gladstone-Dale constant, or specific refractivity which can be evaluated

by the mixture rule

E):_Xﬁu (5.23)
Xy By

Differentiating equations (5.22) and (5.23) yields

dx
)
Y ey py— (5.24)

Y Xihy

&g

= x40
kac P
Noticing that
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dn _ dn dt dt, (5.25)
dy dtdt, dy
and
de, 1
= 5.26
a - T { )
equation (5.24) can be rewritten as
dx
Y (xymx) py—t
dn _ 1 [ dp dt , {5.27)

dy T Gdegdn de P Ty xop,

The author made use of the subroutine INTDY of LSODE'™ to evaluate the derivatives of
1, p, and x; with respect to gas-particle time. Equation (5.27) was used to calculate the
refractive-index-gradient. This information was then compared with the observed laser-

schlieren signal. The specific refractivities used are listed in Appendix 5.

5.4 RESULTS AND DISCUSSION
5.4.1 Simulated profiles

The proposed mechanism predicts the measured refractive-index-gradient profiles
reasonably well above 1300 K. Figure 5.1 shows the simulated profiles compared with two
measured C-pattern signals. The top simulated profile reproduces the experiment with the

initial postshock temperature of 1655 K. A one-step mechanism (assuming that only ethane
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is formed via reaction (5)) is also used in a second simulation of this signal. It turns out to
be indistinguishable from the result determined from the full mechanism. This verifies that
methyl recombination alone is responsible for the negative signals at relatively low
temperatures, as described in the point-by-point analysis. Figure 5.1{b), where the initial
postshock temperature is 2095 K, looks similar to Figure 5.1(a). However, the mechanism
has changed here. Methyl recombination has little effect on the simulated profile: whether
open or closed this channel gives no obvious contribution. Reaction (5) alone is no longer
able to account for the negative signal. This is essentially because the fall-off effect has
reduced the value of &, too much. In contrast, closing reaction channel (4) results in a very
poor simulation. Therefore, the primary reaction, CH;+CH,—C,H +H,, is more important than
methyl recombination, in this case.

At higher pressures, experiments (pattern D) exhibit progressively more positive
signals. Our simulation with the proposed mechanism also successfully reproduces laser-
schlieren signals of this type, as shown in Figure 5.2. Like the case of Figure 5.1(b),
CH,+CH,-C,H+H, is still the principal exothermic reaction for the two D-pattern signals.
The major contributor to the slowly decaying positive component is the secondary
decomposition of ethyl raldical following the primary reaction (3).

At higher temperatures, we believe that an extrapolation of the azomethane
decomposition rate of Wagner et al.'® could serve as an upper boundary and that our
calculation results, as shown in Figures 2.9 and 2.10, could serve as a lower bound. The real
value must be in between. Our simulation confirms that Wagner et al.’s rate constant for

azomethane decomposition, listed in Table 5.1, can be used up to 2700 K. Indeed, at about
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2700 K it makes no difference in practice whether one uses Wagner et al.’s value or our
theoretical results, except for considerations of incubation times (see below).

Figure 5.3 displays the simulation results at the temperatures above 3000 K. Using
Wagner et al.’s rate coefficient for azomethane decomposition always gives a good simulation
result.  However, it is not appropriate to extrapolate their rate coefficient for azomethane
decomposition to such high temperatures. An attempt to use our own calculated result for
azomethane decomposition, as shown in Figure 2.10, has been made at those extremely high
temperatures. It is quite successful in the simulation of experiments near 3000 K, such as
shown in Figure 5.3 (a). However, at about 4000 K, simulation leaves no doubt that our
calculation is an under-estimate of the azomethane decomposition rate coefficient. Without
raising the rate coefficient of our calculation, attempts to fit failed. A good fit for Figure 5.3
(b), for example, is achieved only when the rate coefficient of our calculation is increased by
at lcast a factor of 10. Simulation suggests a drop-off from a linear extrapolation of Wagner
et al.’s rate coefficient for azomethane decomposition. But, this drop-off is much weaker
than the theoretical prediction using the simplified collisional model (see chapter 2), This
also suggests the need for a more exact collisional energy transfer model in the theoretical
calculation of the rate coefficient for azomethane decomposition. It might alternatively imply
that a slight positive temperature dependence for -<AE>, rather than a constant, should be
adopted in the theoretical calculation, so that the collision efficiency, B,, does not decrease
so strongly with increasing temperature at the upper temperature range.

In the experimental profiles of Figure 5.3, only positive components of the gradients

show up. Endothermic reactions, such as the decomposition of ethyl and methyl radicals,
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definitely contribute to the positive signals. This does not mean that there are no exothermic
reactions. On the contrary, exothermic reaction (4), CH;+CH,—C,H,+H,, is very important,
and cthylene decomposes very fast via endothermic channels at those temperatures. This is
proved by the fact that omitting reaction (4) gave very poor simulated signals. More

simulation results can be found in Appendix 6 and Appendix 7.

5.4.2 Sensitivity Analysis

Sensitivity analysis is performed using the SENKIN program code from Sandia
National Laboratorics,'?* which involves the integration of the system of ordinary differential
rate cquations with respect to time. It is a powerful, objective, and systematic tool to
determine quantitatively and efficicntly how the solution to a model depends on the various
clementary reaction rate coefficients without solving the problem repetitively using different
input values. It also helps to identify the important reaction pathways and it provides insight
1o the kinetics.

Because temperature is closely related to the experimental observable, it is chosen
as the sensitive object. The first-order sensitivity coefficients of temperature with respect to

the individual reaction rate coefficients are defined as

8,=-9C

.3_1.{_1 i=1,2,......,43 (5.28)

Note that the sensitivity coefficients change with time because temperature evolves with time.
Figure 5.4 displays both the sensitivities of the individual reactions at early times when the

primary reactions (1-6) are just starting, as well as the maximum sensitivities of the reactions
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in the given time periods or temperature ranges. The plots in the left column mainly show
how the primary reactions compete with one another in the early stages. The maximum
sensitivities in the right column give an overall impression of the important reactions in the
mechanism. Of course, each reaction reaches its peak sensitivity at different times or
temperatures. Although the sets of the maximum sensitivities in the right column of Figure
5.4 illustrate basically the temperature effect, it should be pointed out that the variation
among the four pictures is also due to different integration time periods and different
pressures. Figure 5.5 demonstrates the effect of pressure.

A combined consideration of the endothermicity (or exothermicity), the sensitivity of
each reaction, and the experimental (or simulated) signals leads to the following proposal for
the major reaction pathways as shown in Figures 5.6.1-5.6.5.

The dominant reaction over the temperature range 1360 - 1500 K (see Figure 5.6.1)
is the exothermic reaction (5). Methyl recombination alone is sufficient to reproduce the
negative experimental signal in this temperature range. Three other primary reactions (3), {4),
and (6) are not capable of competing against the ethane formation channel, although they may
consume a small portion of methyl radicals. Sensitivity analysis reveals more details of the
subsequent reactions. Ethane, reacting with H atoms, produces most of the cthyl radicals,
which quickly dissociate to ethylene plus H. Two other radical association reactions, (33)
and (-37), have large exothermicity. However, propane formation is a tertiary reaction and
propene is formed at an even later time. Their contributions to the negative signal, therefore,
are much smaller than that of reaction (5).

In the temperature range 1510 - 1780 K, the picture (see Figure 5.6.2) is not
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substantially different, and methyl recombination still dominates the mechanism. An increase
in the temperature certainly accelerates the dissociation of the ethyl radical, which results in
a faster H-atom transfer in reaction (21). Since more vinyl radicals are formed at these
higher temperatures, the propene and acetylene content of the gas rises, (cf Figure 5.6.1).
When the temperature increases further, as shown in Figure 5.6.3, the most remarkable
change is that reaction (5) becomes less important because of fall-off behaviour. Before
drawing any conclusion, one should be very carcful to notice the pressure range, which
sometime is crucial in the competition of the primary methy! radical reactions. (This is
clearly demonstrated in Figure 5.5). Under the conditions of experiment 10.1, the exothermic
reaction (4), forming ethylene plus a hydrogen molecule, gains the upper hand in the battle
for control. The disproportionation reaction (6) increases its rate accordingly. Another loss
process for methyl radicals, reaction (3), also becomes an important step. Even though its
low heat of reaction makes it practically invisible, the sequence of reactions (3) and (13)
results in two highly reactive hydrogen atoms. Since ethylene and H concentrations are
relative high in the early stages, reaction (19) then produces more vinyl radicals. The
endothermic reactions, (13) and (19), are responsible for the positive components following
the negative components of the laser schlieren signals (see Figure 5.2). At later times, vinyl
further reacts with H producing a substantial amount of acetylene via reaction (18), and vinyl
also combines with methy! forming propenc at not too low a pressure. One can also see that
above 1800 K reaction (33) has little influence on the scheme because of the fall-off effect.

Under those conditions, C,H, prefers to react with CH, via bimolecular disproportionation,

ie. reaction (32).
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Fall-off effects are demonstrated particularly well in Figure 5.5, which clearly explains
the pressure influence on some of the reactions, such as reactions (5), (13), (33) and (-37).
As temperature is continuously increased from 2000 K, reactions (5), (33), and (-37)
gradually disappear from the sensitivity plots because of simultaneously lower pressure. In
addition to the fall-off effect, thermodynamic effects also slow down reaction (5) (formation
of ethane). Eventually this reaction becomes forbidden above 2300 K (the standard Gibbs
free energy changes for reaction (5), AG®, are -41, -8, and +8 kJ mol* at 2000, 2200, and
2300 K respectively). This issue has been addressed previously in our point-by-point
analysis. In this case, the formation of ethylene plus H, by reaction (4) is the only
thermodynamically favoured exothermic reaction in the primary steps of CH, decay, as shown
in Figure 5.6.4. The second major source of ethylene is ethyl dissociation following reaction
(3). An additional ethylene source is the bimolecular reaction between methyl and carbene.
At these high temperatures, ethylene then decomposes via a molecular channel, ie.
endothermic reaction (11). Although the sequence of reactions (C,H,—C,H; and C,H,—C,H,)
will result in the same product, there is strong evidence that the main reaction in ethylene
decomposition involves a H,-molecular channel. ™11

Methyl radical decompositions (reactions (1) and (2)) gain in influence at higher
temperatures, ie. T 2 3000 K. Endothermic reactions are favoured at these high temperatures,
As shown in Figure 5.6.5, endothermic effects resulting from reactions (1), (2), (3), (11), (12),
and (13) are so strong that we can no longer see the negative profile but only a positive trace
(see Figure 5.3). However, the simulation remains very sensitive to reaction (4) because the

two-channel decomposition of ethylene (reactions (11) and (12)) account for the positive
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signals. As already mentioned, those very high temperature experiments (signals with pattern

E) cannot be reproduced if reaction (4) is omitted.

5.4.3 Rate Constant for CH; + CH; = C;H, + H,

The rate data for the reaction, CH, + CH, = C,H, + H,, deduced from shock tube
experiments were obtained by comparing observed laser-schlieren profiles with the profiles
calculated by numerical integration of the postulated mechanism. Considering the sensitivity
of the simulation to k,, and since k, is basically the only unknown, we have a [airly
unambiguous and definitive measurement of &,. The values of the rate coefficient, k,, at the
earliest observable points are displayed as an Arrhenius plot in Figure 5.7. This figure also
illustrates the previous experimental values in the literature ***>%>°! Tt can be seen that our
results are generally in good agreement with the values of references 2, 19, 55, 56, 59, and
60 but quite different from that of reference 61. In Hidaka and coworkers’ study of methane
pyrolysis,®* reaction (4) is merely one of their secondary steps. If their values for &, are used
in our simulation, the calculated profiles are way off the experimental signals. In contrast
to those studies where CH, reactions were secondary to the dissociation of precursors such
as CH, and C,H, on the same time scale, our pyrolysis of azomethane al temperatures > 1300
K in our experiments provides an essentially instantancous and clean source of CH,, and
reaction (4) is a primary reaction. Therefore, our results not only confirm that much higher
values of &, (than Hidaka et al 's) should be adopted, but also make the higher temperature

kinetic data for this reaction available up to 4000 K. A least-squares fit gives
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k, /em*mol s = {(1.13£0.4) x10M exp(-{an261668) /T) (5.29)

covering the temperature range from 1800 to 4000 K. This is the first experimental study
for the reaction CH, + CH,; = C,H, + H, over such a wide range of iciaperature. Rate
coefficient data above 2650 K were not previously available. The k, which we have
obtained is also supported by Davidson et al.’s latest shock tube siudy of cthane
decomposition monitored by laser absorption of methyl radicals over the temperature range
1350 - 2110 K.**

Since methy! recombination generally dominates the mechanism at lower temperatures,
k, cannot be uniquely determined below 1700 K. Methyl recombination above 2300 Kis
forbidden, and thus its rate constant should have no effect on the value of k, above that
temperature, The region between 1700 and 2300 K is problematical, and it is therefore worth
examining it more carefully: Figure 5.8 shows the influence of the variation of k, by a factor
of 2 on the calculated refractive-index-gradient profile at about 2000 K. Dividing k, by 2
gives less positive a profile at-early times, while multiplying k, by 2 renders the profile more
positive at later times than the experimertal one. It is strictly not correct to assume that all
the o; = 1 (see section 5.1.1). This assumption is most likely to affect the rate coefficient
for methyl recombination. If one takes into account the different collision efficiencics of
each species in the mixture and if one uses an overestimated value (10 times as cfficicnt as
Ar) for anything else besides Ar, ks would be increased by at most a factor of 2 under our
experimental conditions. Fortunately, it hardly affects k, in practice, since simultancously
changing the effective second order rate coefficient, ks, by a factor of 2 does not alter the

picture. This is because of the much larger Ar concentration than anything else. Therefore
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we are fairly confident of equation (5.29) even at 2000 K.

Methyl decomposition is important only when the temperatuie is above 3000 K.
There are three different sets of 1.te coefficients for reactions (1), (2), (7), (8), and (43) due
to Kiefer and Kumaran® (KX), Dean and Hanson® (DH), as well as Markus and Roth®
(MR). There is also another set listed in Table 5.1, which is a combined set due to KK, DH,
MR, and us.™® No matter which set is used, our high-temperature experiments are well
reproduced, with &, varying by less than 50%. This is just as Kiefer and Kumaran already
indicated that comparably satisfactory simulations of the DH results can be achieved using
any one of the KK, DH, and MR sets.® The fact that those different choices of ratc constants
for methyl decomposition give satisfactory simulations of our laser schlieren traces is good
evidence for the reliability of our determination of &,. On the other hand, our expériments
are not able to identify which set is closer to reality.

The reliability of &, at higher temperatures is associated with that of k; and ks, The
rate coefficient, k;, was measured by Frank and Braun-Unkhoff (FB) using ARAS in the
temperature range 1320-2300 K."® Extrapolation of k; to 4000 K certainly involves some
uncertainty. The disproportionation reaction (6) could produce carbene in both triplet and

singlet states. There has been no experimental study which could measure the Lriplet and the
singlet rate constants separately. All of these uncertainties are inter-related. However, our
simulation shows that FB's k, still is the best choice. An absolutely precise determination
of k, is only possible if the triplet and the singlet rate constants of reaction {6) and k&, arc
measured accurately and separately over the entire temperature range.

Arthenius plots of the six primary methyl radical reactions (1-6) are drawn in Fig. 5.9.
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This picture shows roughly how the primary reactions compete with one another under

different conditions.

5.4.4 Significance of Results

In many hydrocarbon pyrolysis and combustion studies, the reaction, CH, + CH,; —
C,H, + H,, was often ignored. It was either omitted completely or it was assigned a very
small rate coefficient,?31.616568111-143 Giopificant errors in the extraction of rate coefficients
or in the prediction of the behaviour of various combustors are generated by ignoring such
an important reaction. On the basis of our results, a revision should be made of many
previous combustion and pyrolysis studies.

One hypothesis assumes that reaction (4) forms excited "ethane" in the first step and

then this activated complex decomposes to the products:

CH, + CH, » CH* - CH, + H,

It used to be thought that the energy barrier is enormous, and it has been estimated to be 130
keal mol!. ™ This is the reason reaction (4) is often ignored. However, the present study
gives a much lower activation energy of 17.9 + 0.6 kcal mol’. In order to interpret our
observation, a search for a low energy path has to be made. According to Melius's BAC-
MP4 calculation of heats of formation for stable and unstable species,” we can identify a low

energy path, as shown in Figure 5.10. The barrier for this low energy path is 18.4 kcal mol f
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and it agrees very nicely with the activation energy which we have found. In other words,
our experiments show that C,H* loses two H-atoms from the same carbon rather than from

two separate carbons.

5.4.5 Incubation Times

When shock heated, a gaseous reactant is adiabatically compressed, and its
translational temperature is raised nearly instantaneously from room temperature to several
thousand degrees. However, translational-vibrational (T-V) energy transfer is comparatively
ineffective.’® The vibrational energy content of the gas molecules, on which the
unimolecular reaction rate depends, lags well behind that of the other degrees of freedom.
Therefore, unimolecular dissociation exhibits a delay while the vibrational energy distribution
is relaxing to that corresponding to the higher kinetic temperature of the shock." Tre effect
is also manifested in the reverse or recombination process. The delay of the onsct of
chemical reaction after the sudden heating of a gaseous reactant has been termed "incubation”
in the literature on thermal reactions.'?’ Its determination is an important goal, because it is
an additional diagnostic for the evaluation of theories of unimolecular reaction. Unfortunately
it is rather difficult to measure it for large molecules because the incubation zone lasts for
only a few vibrational relaxation times, typically less than 0.1 us. However in the present
study, it is the "unimolecular” reaction 2CH, — C,H, which concems us, and C,H, may be
small enough a molecule to make such a measurement feasible.

Incubation times can be measured by the use of the very fast and sensitive laser-
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schlieren technique. Dove, Nip, and Teitelbaum observed, for the first time, incubation
periods in the dissociation of a polyatomic molecule, during a shock tube study of the thermal
decomposition of nitrous oxide (N;0).'” Recently, Kiefer, Kumaran, and Sundaram
conducted a shock tube study of the highly strained norbomnene (bicyclo[2,2,1Jhept-2-¢ne,
C,H,,) dissociation, which provided the first measurements of unimolecular incubation times
for the dissociation of a large polyatomic molecule.'”® It was found in several other studies
too that a relative shift between observations and simulations of dissociation reactions had
to be postulated in order to obtain a good fit to experiment,> *'*** and this is perfectly
understandable and expected according to the theory of unimolecular reactions.

In shock tube experiments, the incubation time is the period between the shock arrival,
“time origin", and the "starting point" at which molecules are dissociating at the maximum
rate after the cstablishment of a quasi-steady vibrational distribution. The moment when the
shock front passes through the centre of the laser beam corresponds to the "time origin®, and
the temperature of the system is increased instantly at that moment. Estimation of the
incubation time is possible only if one knows the exact time origin. There has been a long
argument about this location. Dove and Teitelbaum located the time origin at the first
minimum in a laser schlieren signal,' while Kiefer et. al. assigned the positive portion of
a laser schlieren signal near the zero-crossing for the time origin. (This is 0.2 to 0.4 s, in
gas time, later than the first signal minimum®7*'%), Consequently, this represents a limit
to our precision. The data presented in Figure 5.11 are based on Dove and Teitelbaum’s
assignment for the time origin. They might be over-estimated if Kiefer et. al.’s assignment

is applicd.
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In the present study, the introduction of an incubation time was necessary in order for
our experiments to agree with our computer simulations. In practice, the incubation time was
assigned as the time which was required to shift an experimental signal to the left so that it
coincided with its simulated profile. Each estimated incubation time, Az,,= Af,, (P:/0; )
multiplied by the initial postshock pressure, p,, is drawn against the reciprocal of the
temperature in a semi-logarithmic plot, Figure 5.11. The accurate determination of incubation
times is rather difficult because they are less than 1 microsecond in duration and are hidden
by the schlieren spike due to the shock front. Nevertheless, the plot does show a trend that
incubation time becomes longer at higher temperatures, apparently indicating that energy
transfer becomes less efficient. This is a curious result, because it is the opposite of what is
observed in the case of N,O. Furthermore, it is expected that in the case of C,Hg* where the
vibrational relaxation time is very short (less than 0.02 ps at room temperature® and hence
much less than that at our high temperatures) the incubation time should be no more than 0.2
us at 1 atmosphere. Therefore, we believe that Figure 5.11 may well reflect the incubation
times for "unimolecular” recombination of CH, at temperatures less than 2300 K, but that at
higher temperatures it reflects an anomalous slowing down of the dissociation of the parent
azomethane itself. This is echoed by our theoretical calculation and computer simulation
where a drop in the rate of azomethane decomposition is claimed at upper temperatures
because of less efficient energy transfer. Clearly, more work is required lo understand the

energy transfer properties of highly excited azomethane.
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CHAPTER 6

CONCLUSIONS

This study involved shock tube experiments using a laser-schlieren detection system,
designed to observe the primary reactions of methyl radicals. The rate of disappearance of
methyl radicals was monitored over the temperature range 1400 to 4000 K behind incident
shock waves. Experimental results were analyzed with the aid of analytical models and
numerical modelling to evaluate the rates of methyl radical reactions. This study leads to the

following major conclusions:

1. Under typical combustion conditions, methyl recombination is in the fall-off regime.
The rate constant for methyl recombination obtained from the analytical point-by-point
analysis supports the unimolecular reaction theory developed by Troe, and is in very good
agreement with the recommendation from a recent compilation.”? That recommendation was
then used in a numerical simulation of the complete reaction because of its explicit expression
of the temperature and pressure dependence, and because it best reproduces our experiments.
Our computer simulation and point-by-point analysis confirm that below 1700K CH, + CH;,
(+ M) » C;H; (+ M) dominates the mechanism, and it is responsible for the observed
negative signals. Due to the involvement of other competing channels, its influence begins
to decrease above 1700 K. Between 1700 and 2000 K, its influence depends on pressure.

Above 2000 K this reaction has little effect, and eventually it becomes forbidden
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thermodynamically when T > 2300 K. Incubation times for low pressure "unimolecular"

recombiration of CH, / dissociation of C,;H, were deduced for the first time.

2, The rate constant for CH, + CH; = C;H, + H,, which was basically unknown at high
temperatures, was determined by comparing experimental signals with those from numerical
integration of a postulated mechanism of 44 reactions. Although this was an indirect
detcrmination, our signals are sensitive to the value of k, over virtually the entire range, 1800
- 4000 K. Above 2000 K, it becomes the most important exothermic reaction, so that
combined with the literature data the present measurements lead to an unambiguous value of
k, over the range 1800 - 4000 K. Our results support large values of the rate coefficient.
The fit, equation (5.29), has an uncertainty of a factor of 2. The value of &, depends upon
an assumed reaction mechanism and the associated rate parameters for all contributing
reactions, but the only possible parameters, which could change our results at the highest
temperatures, are the rate coefficients, k; énd k,. However, the k, which we obtained should
not be too far away from reality unless there is a dramatic change in the values of k; or k.
Our measured activation energy is proof that C,H, is produced via H;CCH rather than via

H,C-CH, transition states.

3. CH, + CH, = C,H, + H and the secondary decomposition of C,Hy are important
reactions, partially responsible for the positive part of the laser-schlieren signals. The best
choice of the rate constant for the former reaction, recommended by this work, is that of

reference 18. Direct measurement of the rate constant for this reaction, over a wider range
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of temperature, is clearly needed. Probably the best technique for this is ARAS detection of

H atoms.

4, The disproportionation reaction CH, + CHy » CH, + CH, has the smallest reaction
enthalpy compared to the other primary reactions. Thus our studies are essentially blind to
this reaction. There has been no reliable experiments where singlet- and triplet-carbene
channels are measured separately. This lack of specificity might be a source of uncertainty

in our value of k,.

5. Fall-off behaviour in the thermal decomposition of the methyl radical was studied
theoretically using Troe's factorization approach. Methyl radical dissociation, in practice,
takes place in the lower fall-off region very close to the low pressure limit. The dissociation
rate coefficient at the low pressure limit, given by equation (2.64) or (2.65), is in good
agreement with experimental values published in the literature. It also demonstratcs an
activation energy smaller than the bond dissociation energy. Our high pressure dissociation
rate constant expression is consistent with the calculations of Merkel and Zulicke for data set
B. We have confirmed Aoyagi et al.’s results that the rate coefficient for the high pressure
recombination of CH, + H increases mildly with increasing temperature. Low pressure
experimental rate data for CH, + H — CH + H, appear not to involve recombination
phenomena. The CH, decomposition system is a good test case for evaluating theories of
multichannel unimolecular dissociation. Substantial disagreement persists regarding which

decomposition channel (reaction (1) or (2)) has a higher energy barrier, and our simulation
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was unable to identify this either. CH, decomposition has an cffect on the reaction only at

temperatures above 3000 K.

6. Although azomethane has often been used as a precursor of CH;, fall-off behaviour
in its thermal decomposition has been ignored up until now. A theoretical calculation of the
decomposition rate using a constant value for -<AE> gives a good fit to the experimental
results of Moller, Mozzhukhin, and Wagner," but it predicts a severe "drop-off” in the
decomposition rate at temperatures above 3000 K due to thc use of the inadequate collisional
energy transfer model. The numerical simulation of our experiments, however, suggests a
much weaker drop in the rate than the theoretical prediction, and a slight positive temperature
dependence for -<AE> instead of a constant. The drop-off in the rate coefficient is supported
by our observation of anomalously large incubation times for methy! radical reactions at high
temperatures.  Similar drop-offs in the decomposition rates of cyclohexene and
vinylcyclohexene have been reported in the literature: Above a certain temperature, the rate
constants fall far below a linear extrapolation of an Arrhenius plct through the lower
temperature results.>'* More experiments are required to characterize the unimolecular

decomposition of azomethane at very high temperatures.

7. Chemical chaos and oscillation were observed in the pyrolysis of azomethane at 900-

1300 K for the first time.
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Appendix 1. Statistical Equilibrium Constant for CH,NNCH, » CH,NN+CH,

The equilibrium constant of the title reaction is related to the partition functions of the

species involved

4] [}
< (cr,nm - (cH,)
K = NA\ NA
- =

EO
g exp (-ﬁ')
%: ( CH,NNCH,)
where ¢”s are the molar partition functions at standard pressure, N, is Avogadro’s constant,
and E, is the dissociation threshold energy. The molecular partition function can be

factorized into contributions from each mode, namely translation, rotation, vibration, and

electronic (only the translational components depend on the pressure):

d=qd9: 9:

d, = Y, gsexp (-€;/kT)
i

_1.43879 ¥ /cm

s
g, = ][] (1-exp(
j=1

T/K
g = 1:0270 (T/K)3/2
o O (A, B, Cp/cm™) /2
qf.l
-&-5 = 2.561x1072(T/K)5/2 (p/g mol-?)3/2
A

where g; and g, are the degencracy and the energy of the electronic states, s is the number
of oscillators, v; is the vibrational frequency (in wave numbers), ¢ is the symmetry number,
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Ap Bg, C, are the rotational constants, and { is the molecular weight.

The procedure leads to K, which can be converted to K, using the ideal gas law

K. /mol cm™ =

K, /atm

82.0578 T/K

Some of the results are listed in Table A.1. The values of X, are fit to the following equation

in the temperature range 1000 to 4000 K

K, /mol em™ = 1.965x101? 7-2-8244 exp(-32080/7T)

Table A.1 Statistical Equilibrium Constant for CH,NNCH, = CH,NN + CH,

TIK
q.(AB)
9.(A)
q.B)
q(AB)
g{A)
q{B)
q(AB)N,
g (AWN,
g (B)/N,
q*(AB)/IN,
g (A)N,
4°(B)IN,
K, /atm

K, /mol cm™

1000
2.08002x10?
3.13492x10*
2.45308x10°
9.73418x10*
6.54791x10*
2.58320x10%
3.58495x10°
2.28738x10°
4.72125x11y
7.25856x10'
4.69536x10"
5.98352x10'°
6.41419x10°
7.81667x10°"

2000
6.19252x10°
1.45735x10°
1.03268x10"
2.75324x10°
1.85203x10°
7.30639x10?
2.02795x10°
1.29394x10°
2.67074x10°
3.45756x10%
3.49241x10"
4.03023x10"
1.65718x10?
1.00976x10°

3000
3.32098x10°
3.16547x10*
3.74667x10'
5.05803x10°
3.40240x10°
1.34227x10°
5.58838x10°
3.56568x10°
7.35970x10°
9.38716x10%
3.84031x10"
7.40245%10"
1.66340x10°
6.75701x10

4000
5.22387x10"
3.83666x10°
1.12610x10?
7.78735%10°
5.23833x10°
2.06656x10°
1.14718x10"
7.31963%10°
1.51080%10°
4.66675x10%
1.47108x10%
7.03175x10*
1.41425%10°
4.30870x10™

AB: CH,NNCH,,
Symmetry number

A: CH;NN, B:CH,.
CH,NNCH,: 2, CH,NN: 1,
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Appendix 2, Calibration Factors of the Optical Detection System

Exp. G Exp. Cy Exp. C Exp. C,

10'mV<cm 10’mVcm 10'mV cm 10’'mVcm

4.8 3.67920 5.1 3.67920 5.2 3.67920 5.3 3.67920
5.4 3.67920 5.5 3.67920 5.6 3.67920 5.8 3.67920
6.2 3.67920 6.4 3.67920 6.5 3.66953 6.6 3.66953
6.7 3.66953 6.8 3.66953 7.1 3.66953 7.2 3.66953
7.3 3.66953 7.4 3.66953 7.5 3.66953 9.2 1.02136
9.3 1.02136 9.4 1.02136 9.5 1.02136 10.1 1.16953
102 127226 1112 128040 1LI3  1.28040 1114 112438
11.15 112438 11.18  1.07426 11.24  1.02876 1126  1.02876
1127 106644 1131  1.06644 1132 099446 11.33  0.99446
1136 092247 12.12* 212150 12.16%  2.12150 12.22%¢  1.91997
12.25* 191997 12.33* 175427 12.35% 175427 12.38*  1.96430
12.45%  1.96430 12.48* 196430 12.55%  1.96430 13.13*  2.44293
13.15% 244293 13.25* 207745 13.28* 207745 13.33*  2.09604
13.35%  2.09604 13.37% 209604 13.42* 209604 13.48*  1.96793
14.12* 256499 14.14* 231204 14.22* 236615 14.23* 231204
14.24* 231204 14.26* 212182 14.32¢ 212182 14.35%  2.24020

*: Experiments in new shock tube; others in old one.
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Appendix 3. Initial Conditions and Chemically Frozen Conditions

Behind Incident Shock

Exp.no x, P, P/, U, T, P, p,x10° T, pattern
% torr m/s K atm molem® K
1.1 6.82 51.0 23.0 7468 293.15 0.503 8.998 682 A
1.2 6.82 3.0 211.0 1220.0 293.15 0.082 0.7644 1306 B
1.3 682 3.0 305.0 14430 293.15 0.116 0.8401 1679 C
1.5 682 11.0 67.0 1127.0 293.15 0.255 2.666 1166 B
1.6 6.82 10.5 119.0 1264.0 293.15 0308 2.733 1376 BC
1.8 6.82 11.0 119.0 1263.0 293.15 0320 2.856 1368 BC
2.1 682 6.0 82.0 1203.0 294.65 0.158 1.507 1281 BC
2.2 0.62 19.5 550 1074.0 296.15 0360 3.455 1270 C
23 062 21.0 44.0 1013.0 295.65 0.345 3.626 1158 BC
24 062 18.0 700 1150.0 292.15 0.387 3.339 1414 C
25 0.62 16.0 640 1107.0 292.15 0323 2929 1343 C
2.6 062 130 90.0 1210.0 292,15 0.312 2.463 1545 C
2.7 062 13.0 98.0 1226.0 292.15 0319 2473 1571 C
2.8 0.62 13.0 58.0 1080.0 296.15 0.244 2312 1287 C
3.1 062 5.0 131.0 1288.0 294.15 0.135 0.9605 1708 C
3.2 069 13.0 122.0 1305.0 29565 0.358 2.506 1743 C
33 0.69 10.0 164.0 1412.0 295.65 0.324 1978 1994 C
34 0.69 21.0 112.0 12750 294.15 0.555 4.039 1675 C
3.5 0.69 12.0 201.0 1466.0 294.15 0.421 2414 2126 C
3.6 069 6.0 394.0 1641.0 29515 0.264 1.239 2595 E
3.7 069 7.0 341.0 1605.0 295.15 0.294 1.437 2494 C+
3.8 069 6.0 400.0 16220 295.15 0.258 1.235 2542 E
4.3 0.69 4.0 600.0 1758.0 293.15 0.203 0.8450 2935 E
4.5 069 5.0 470.0 1637.0 295.15 0.219 1.032 2584 E
4.7 069 13.0 182.0 1444.0 295.15 0.441 2539 2072 C+
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Appendix 3. ( Continued )

Exp. no

X, P P/, U, T, P, p,x10° T pattern
% torr m/s K atm molem?® K
4.8 630 5.0 473.0 1600.0 295.15 0.235 1.429 2005 D
5.1 630 5.0 323.0 1568.0 296.15 0.225 1.410 1942 C
5.2 630 5.0 152.0 1319.0 296.15 0.158 1.291 1487 C
5.3 630 6.0 217.0 14150 296.15 0.218 1.609 1655 C
54 630 4.0 487.0 1658.0 296.15 0.202 1.157 2123 C
5.5 630 4.5 508.0 1645.0 294.15 0.225 1.307 2005 C
5.6 425 5.0 483.0 1634.0 294.15 0.238 1.306 2221 C+
6.1 425 5.0 317.5 15320 294.15 0209 1.272 1998 C+
6.2 425 45 169.0 1363.0 294.15 0.148 1.087 1656 C
6.4 425 5.0 255.0 1495.0 294.15 0.198 1.259 1920 C+
6.5 425 30 788.0 1790.0 224.15 0.172 0.8095 2589 C+
6.6 320 5.0 410.0 1602.0 296.15 0.222 1212 2237 C+
6.7 3.20 5.0 452.0 1614.0 294.15 0.227 1224 2264 C+
6.8 320 5.0 297.0 1505.0 295.15 0.196 1.188 2015 C+
7.1 3.20 5.0 245.0 1456.0 295.15 0.184 1.173 1908 C+
7.2 190 5.0 452.0 1639.0 294.15 0.228 1,132 2451 C+
7.3 1.90 5.0 266.0 1477.0 295.15 0.184 1.091 2051 C+
7.4 1.90 5.0 250.0 1460.0 294.15 0.180 1.091 2010 C+
7.5 1.90 5.0 152.0 1335.0 294.15 0.150 1.055 1731 C
9.2 6.52 32.0 31.8  1016.0 293.15 0.596 7.160 1015 B
9.3 6.52 44.0 52.5 1209.0 293.15 1174 11.02 1298 B
9.4 6.52 6.0 385.2 19220 293.15 0.414 1.881 2683 D
9.5 6.52 5.0 307.2 1790.0 293.15 0.299 1.526 2385 D
10.1 7.69 11.5 201.0 1654.0 293.15 0.594 3.574 2025 D
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Appendix 3. ( Continued )

Exp.no X, P P/, U, T, P, px10° T, pattern
% torr m/s K atm molem® K
102 769 4.0 §77.9 2043.0 293.15 0318 1.357 2855 E
11.12 655 110 163.1 1520.0 293.15 0470 3.126 1833 C
11.13 655 100 1032.7 2431.0 293.15 1.113 3.379 4014 E
11.14 6.55 95 706.0 2191.0 293.15 0.856 3.116 3349 E
11.15 655 95 188.9 1589.0 293.15 0.445 2757 1966 C
11.18 6.55 10.0 593.1 2085.0 293.15 0.815 3.229 3076 E
11.24 6.55 105 220.1 1618.0 293.15 0.510 3.072 2023 D
11.26 6.55 11.5 335.9 1745.0 293.15 0.652 3.477 2285 D
1127 6.55 5.5 1360.5 2449.0 293.15 0.621 1.862 4067 E
11.31 6.55 5.5 608.3 1982.0 293.15 0.404 1.746 2823 E
1132 655 55 561.3 1979.0 293.15 0403 1.745 2815 E
1133 655 5.0 772.6 2094.0 293.15 0.411 1.617 3099 E
11.36 655 5.5 420.3 1780.0 293.15 0325 1.677 2361 D
12.12 678 5.5 138.2 1294.0 294.15 0.169 1.443 1426 BC
12.16 6.78 6.5 1169 1200.0 297.15 0.169 1.611 1279 B
1222 678 9.0 42,1 9779 29515 0.154 1.960 91 B
1225 678 6.0 420 1010.0 295.65 0.110 1.335 1004 B
1233 6.78 15.0 100 635.8 295.65 0.105 2234 571 A
1235 6.78 22.0 9.1 630.0 295.65 0.151 3.245 566 A
12.38 6.78 13.5 9.3 641.3 295.15 0.0961 2.033 576 A
1245 6.78 10.0 150 6955 295.15 0.0844 1.633 630 A
1248 6.78 6.0 16,6 8019 29515 0.0682 L.116 745 A
1255 678 35 357 940.0 295.15 0.0553 0.7401 911 B
13.13 175 11.0 11.4 7148 29515 0.0903 1.591 691 A
13.15 L75 5.5 22,7 881.8 295.15 0.0698 0.9273 918 A
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Appendix 3. { Continued )

Exp.no x, P, P/, U, T, P, px10° T,  pattern
% torr m/s K atm molem® K
13.25 175 8.0 156 770.6 295.15 0.0768 1.228 762 A
13.28 175 18.0 28.1 767.6 296.15 0.171 2.742 759 A
1333 175 85 50.6 1022.0 29585 0.146 1.560 1140 B
1335 175 5.0 86.0 1180.0 296.15 0.115 0.9847 1426 C
1337 175 6.5 544 1051.0 295.65 0.118 1.212 1190 B
1342 175 5.0 60.6 1043.0 296.15 0.0894 0.9265 1176 B
1348 175 3.0 1348 1229.0 295.15 0.0754 0.6040 1521 C
14.12* 7.02 6.0 187.0 1414.0 294.65 0.169 1.925 1071 B
14.14* 7.02 5.5 1267.0 2046.0 295.15 0329 2.236 1796 D
14.22* 7.02 6.0 127.0 1326.0 295.15 0.148 1.830 985 B
14.23* 7.02 5.0 462.0 1675.0 29565 0.199 1.797 1348 C
14.24* 7.02 5.0 462.0 1680.0 296.15 0200 1.797 1354 C
1426* 7.02 5.0 80.8 1155.0 296.15 0.0926 1.359 830 B
1432* 702 55 227 8845 296.15 0.0589 1.169 614 A
1435* 7.02 5.0 183.0 1411.0 294.15 0.141 1.604 1067 B

*: azomethane diluted by N,.
A, B, C, D, E: signal patterns.
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Appendix 4. Summary of Point-by-Point Analysis for 2CH; » C,H, + H,

We repeated the point-by-point analysis (appearing on p. 89) assuming that reaction
(4) alone is now responsible for the signal. The rate of reaction CH, + CH, = C;H, + H, can

be cast into the form

de/dt, =k, [(1-2a)? - & /K] X,p/ 1t (4.2b)

where the effective molecular weight & = w/y = pAI1+2X,). The formalism and its
development are similar to that for reaction (5). Some equations remain the same. The slight
differences originate from the expressions for do/dr, and p. Only differences will be
mentioned here. For consistency, the equations which are different from those for reaction

(5), are denoted by the same equation numbers followed with a letter b.

(1) T, p, p, and o at the Equilibrium Condition ( at point ¢ )

Po - (T, 0p)) = 2 [\[(20-T,+T5)3+dTyT, - (20-T,+T4) ]
. 2'1";

(4.12b)

2p = Po 4.15b

where 0=p(h,-hol/[R(142X,)], Wlh-ho) = X\ (20 AH 4+ AHp+(H o O )14 (1-X N H - HC,,),
and To' =TA1+2X,). As a_ depends on temperature only, no iteration is involved. For each
chosen T,, one can get a set of uy, p,, p, and a,.. We keep changing T, until the calculated
u, matches the experimental shock velocity U,. This is illustrated in the following flow chart.
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Given T,

-~

2
Calculate K , AH, , AH, ,
(Haz0-H%20) » 2nd (Hp-HO, )
Geof-) A0 0y DY €4.(4.3b)

l

Calculate T'g , 0, f(T,, a..y) by ¢q.(4.12b)

A

Calculate p_, by eq.(4.15b),
P, by eq.(4.13), uy by eq.(4.14)

T,=T,+AT

End

Procedure for calculating T, p,, p.., and o, assuming reaction CH, + CH, = C,H, + H, alone

is responsible for the negative signals
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(2) T, p, p, & and dp/dt at time £,
T = (p,/p) [To+tious (1-po/pP) /R1/ (1+2X,) (4.19b)
@ = (gl [1- (po/P)?] /2Xp=AH,= (Hyzo=Hzo) = (Hpy~Hir) (1-X,) /X,)/24H,

(4.20Db)

At each point in time, the determination of 7 and & does not involve iteration,

E___paug (p,/p)?[(1+2X,) - C/R]+ CT(1+2X,) (4.21b)
dp 2X,pAH, (1+2X;)

where AH, is the heat of the reaction CH, + CH, = C,H, + H,, and C is the effective heat

capacity of the gas mixture at time £,

1-X

{4.22b)
dp _ aXFp?k, [ (1-2a)?- «?/K_JAH, (1+2X,) /1, (4.24b)
dt, u.uf(p,/p)?{(1+2X,) - T/R+ TT(1+2X,)

(2A) Direct Method
2X,
_ —p Al (2r2%) (4.25b)

T hguZ (po/p)? [(1+2X,) - T/R] + TT (1+2X,)
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dp _ dp da _ -%Bpik‘ul-za)haz/xci

dt, dadt; o
dp
ko= -3% =
—Appif(1-2a)?-a3/K_]

Ho

(2B) Slope Method

2X,
F= -gtl:l = _E;ﬂBka,[(z-za)z-az/KcJ

Ey .y F _ d(lnF)
k. = (RT 3 P de,
€T 2Xp 1, a AH,
Ta-[4-2¢r(4--k:)-}: RTBP]
(2C) Indirect Method
da/dt, =k, 222 (4~ 1) (a-a.,.,) (a-a.,.,)
g =%y 3 (+) (-
1
2X,p, (4-—=—)
dina) "7 Ke o4, -au.,)
dtg "lo 4 =i} af-)

1
2X,pp (41 )
d(1nA K,
( } = € k‘{a_(,,-a.{_,)

dt, HoPo
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(4.27b)

(4.28Db)

{4.29b)

(4.30b)

(4.32b)

{4.33Db)

(4.34b)



(2D) Alternative Expression for o

__dp _ 2XB0 1y e - 4.36b)
F = at, =k, ™ (4 Kc) (a “..(;)) (a-a._;) (
F,
0=t (fha) T )

2X,Bp ' p?k, 4K -1 (4.38b)

The above equations replace those in Chapter 4 which have matched equation
numbers. The rest of the equations in Chapter 4 remain unchanged except that equation

(4.16) is no longer used in this case.
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Appendix 5. Specific Refractivities of the Species in the Reaction Scheme

Species Molecular Specific
j Weight Refractivity'
W, / g-mof? x / cm’g?
1. CH;NNCH, 58.08352 0.4158*
2. CH, 15.03506 0.5646
3. C,H, 28.05418 0.5693
4, C,H, 29.06215 0.5311
5. C,H, 30.07012 0.5628
6. H 1.00797 1.5407
7.H, 2.01594 1.5407
8. CH, 16.04303 0.6149
9. CH, 14.02709 0.4952
10. CH 13.01912 0.4152
i1, CH, 26.03824 0.5050
12. CH, 27.04621 0.5423
13. C,H, 42.08127 0.5581
14. n-C,H, 43.08924 0.5211*
15. C,H, 44.09721 0.5458
16. C,H, 58.12430 0.5323
17. N, 28.01340 ().2388
18. Ar 39.94800 0.1577
19.C 12.01115 0.3216

* estimated from molar refraction, R;, data'® using group contributions { K, = 3R/2}, ).
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Appendix 6. Additional Simulations of Laser Schlieren Profiles
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Appendix 7. Simulated Gas-Composition Time Profiles

182



-1

—2. _
//’_— »----"““::.‘.'.'.:.'::.'.-.--.._.‘:.-.:.-.-.uru“u"
d IR
i v
—31 ,/ - S T
o I 7 AT T TTTTTTorImmoomemmEeRs
S LA . S
&0 / /g‘,/ P
(=] l A /o |
e N e
™ i’ R et
i T —— —--:e’__’_“—‘{-—-_.__._—__
',/ ’, /-d—__—.—"'_——-—._
== "_
—” Che . e amem e e e e e
- [ /'/.’/ PSS
! S
[
! Y/
1 / r'-/
_6.
T T Y T T T
c 1 2 3 4 5 6 7 & 9 10

5

Lab Time (microsecond)

Figure A7.1 Simulated gas-composition time profiles.

Top: (a) Experiment 13.35 ( T, = 1426 K, P, =0.115 aim )
Bottom: (b) Experiment 5.3 ( T, = 1655 K, P, =0.218 atm )
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Figure A7.2 Simulated gas-composition time profiles.

Top: (a) Experiment 10.1 ( T, = 2025 K, P, =0.594 atm )
Bottom: (b} Experiment 5.5 ( T, = 2095 K, P, =0.225 aim )
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Appendix 8. Computer Code: Unimrxn Fortran

This program is the implementation of Troe’s factorization approach to the prediction

of rate constants for unimolecular reaction.

0

O O a0

NnOon

PROGRAM UNIMRXN
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)

PARAMETER (IST=2, KLOW=3, KHIGH=4, KFALL=5, LVAZ=7, LOUT=6, NT=31)
DIMENSION VAB(6), VA(3), VB(3), FC(NT)

CHARACTER CA(LCA)*16, ITITL*76, PREC*16, VERS*16

LOGICAL KERR

COMMON /NUM/ NABS, NAS, NBS, M, NR, NBSTAR

COMMON /ENERGY!/ EQ, EE, BE, BOO, AETPC, VRC, EKAB, EKM, DHO

COMMON /GET/ EZAB, EZA, EZB, D, DEZ, AE(, FRIGID, FANH, PVIBH,
1 BMORSE, Al, A2, EOAEZ

COMMON /PARAM/ CDAB, CDM, QEAB, WMAB, WMA, WMB, WMM, QAB, QA,
1 QB, AKC, BKC, CKC, ADIVB
COMMON /SANDIA/ SAlL, SA2, SA3, SA4, SAS, SA6

COMMON /ACPAR/ VSTAR, CVSTAR

DATA VAB/ 3002.0, 580.0, 3184.0, 3184.0, 1383.0, 1383.0/
DATA VA /2954.0, 3123.0, 1056.0 /
DATA VB /0.0, 0.0, 0.0/

SET INPUT PARAMETERS

[V(*)]=1/CM

VSTAR =1.170D0
CVSTAR=0.140D0

VSTAR:DIMENSIONLESS  [CVSTAR]=1/CM
NABS=6
NAS =3
NBS =0
CDAB=3.8
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CDM =347
QEAB=1.079
[QEAB]=[CD*]=A (1A=ICE-10 M)
EKAB=144.0
EKM =114.0
[EK*]=K (KELVIN)
WMAB = 15.03482
WMA = 14.02688
WMB = 1.00794
WMM = 39.948
WM* MOLECULAR WEIGHT
DHO = 37861.5
E0 =37861.5
[DBO]={E0]=1'CM
M =3
NR =0
NBSTAR = |
NBSTAR =M - 1 - NR
AETPC=130.0

[AETPC]=1/CM AVERAGE ENERGY TRANSFERRED PER COLLISION

VRC=VAB(3)
QAB =20
QA =3.0
QB =20

AKC=196.20
BKC=-0.269
CKC=55200.0
KC=(AKC)*T**(BKC)*EXP(-(CKC)/T)
ADIVB=0.43
BE =7.182
BOO= 16.486
EE = 1383.0
EE = 1396.0
[BE]=[BOO}={EE]=1/CM
SAl= 2.844051D0
SA2= 6.137974D-3
SA3=-2.230345D-6
SA4= 3.785161D-10
SAS5=-2.452159D-14
SA6=-234.931D0
[SA*]=DIMENSIONLESS
EZAB=0.0
DO 100 I=1,NABS

188

[MOLE/CM3]



EZAB=EZAB+VAB(l)

100 CONTINUE
EZAB=EZAB/2.0D0
EZA=0.0
DO 200 I=1,NAS
EZA=EZA+VA()

200 CONTINUE
EZA=EZA/2.0D0
EZB=0.0
DO 300 I=1,NBS
EZB=EZB+VB(I)

300 CONTINUE
EZB=EZB/2.0D0
DEZ=EZAB-(EZA+EZB)-VRC/2.0D0
D =DHO+EZAB-(EZA+EZB)

C [EZ*]=[DEZ]=[D]=1/CM
BMORSE=0.1217788D0*SQRT(WMA*WMB/(WMA+WMB)/D)*VRC
C [BMORSE]=l/A  (1A=10E-10 M)

Al=2.0D0/(BMORSE*QEAB)

A2=1.0D0/(BMORSE*QEAB)**2

C [A*]=DIMENSIONLESS

IF (IST .EQ. 1) THEN
WRITE (LVAZ, 20) D, DEZ, ADIVB, EZA+EZB, BE, Al, A2

ELSE '

SUM1 = 0.0D0

SUM2 = 0.0D0

SUM3 = 0.0D0

SUM¢4 = 0.0D0

SUMS = 0.0D0

SUMS = 0.0D0

SUM9 = 0.0D0

SUM10= 0.0D0

'SUM11= 0.0D0

SUM12= 0.0D0

SUM13= 0.0D0

SUMI14= 0.0D0

SUM15= 0.0D0

SUM16= 0.0D0

SUM17= 0.0D0

DO 400 I=1,NT
T=1000.0D0 + 100.0DO*DBLEC(I-1)
CALL LOWPK (T, VAB, ZLJ, VIBT, EXPT, FE, FROT,FINT, BC, PLOWK)
CALL HIGHPK (T, PREA,QCENT, RECK, HIGHK)
WRITE(KLOW, 30)T, ZLJ, VIBT, EXPT, FE, FROT, FINT, BC, PLOWK
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WRITE(KHIGH, 40)T, PREA, QCENT, RECK, HIGHK
DO 500 J=1,11
CMMC=10.0D0**(-DBLE(J-1))
CALL FALLOFF(T, BC, CMMC, PLOWK, HIGHK, FLH, F, FCENT, CM, FALLK)
WRITE(J+9 ,50)T, CMMC, CM, FLH, F, FCENT, FALLK
506 CONTINUE
FC(I)=FCENT
SUM1 =SUMI +T
SUM2 = SUM2 + T**2
SUM3 = SUM3 + T**(-2)
SUM4 = SUM4 + LOG(FC(I))
SUMS = SUMS5 + T*LOG(FC(I))
SUMS = SUMS + 1.0DO/T
SUM9 = SUM9 + LOG(T)
SUMI10= SUM10+ (LOG(T))**2
SUMI11= SUMI11+ LOG(T) /T
SUMI2= SUM12+ LOG(PLOWK)
SUMI13= SUM13+ LOG(PLOWK) /T
SUM14= SUM14+ LOG(PLOWK) * LOG(T)
SUM15= SUM15+ LOG(HIGHK)
SUM16= SUM16+ LOG(HIGHK) /T
SUM17= SUM17+ LOG(HIGHK) * LOG(T)
400 CONTINUE
C FITTING FCENT: T***.. T3S I-A...ACENT
T3S = (SUM1**2 - NT*SUM2)/(NT*SUMS35 - SUM1*SUM4)
ALN = SUM4/NT + SUMU/NT/T3S
ACENT = EXP(ALN)
C FITTING ARRHENIUS PARAMETERS
TERY = SUM3 - SUM8**2/NT
TER11= SUMI1 - SUMS*SUMS&/NT
TER13= SUMI10 - SUM%**2/NT
C LOW PRESSURE K
TER10= SUMI13 - SUMI2*SUMS/NT
TER12= SUM14 - SUM12*SUM9/NT
PLKC =(TERIO/TER11 - TERIZ/TERI3)}(TER11/TER13 - TERS/TERI11)
PLKB =PLKC*(TER11/TER13) + (TER12/TER13)
PLKLNA = (SUMI12 - PLKB*SUM9 + PLKC*SUMS) /NT
PLKA = EXP(PLKLNA)
C HIGH PRESSURE K
TER20= SUM16 - SUM15*SUMSB/NT
TER22= SUM17 - SUMI5*SUMY/NT
HPKC =(TER20/TER11 - TER22/TERI3)/(TER11/TER13 - TERY/TER11)
HPKB =HPKC*(TER11/TER13) + (TER22/TER13)
HPKLNA = (SUMI15 - HPKB*SUM9 + HPKC*SUMS) /NT

190



naOnOOn

NN OnOn0n

Oon

Cc

C
20
30
40
50
70

72

HPKA = EXP(HPKLNA)
FITTING FCENT: T*..T1S
SUMS6 = 0.0D0
DO 410 I=1,NT
T=1000.0D0 + 100.0D0*DBLE(-1)
SUMS6 = SUM6 + T*LOG((FC(I)-ACENT*EXP(-T/T38))/(1.0D0-ACENT))

410 CONTINUE

TiS = - SUM2/ SUM6
SUM7 = 0.0D0
DO 420 I=1,NT
T=1000.0D0 + 100.0DO*DBLE(-1)
SUM7 = SUM7 +
& LOG( FC(I)-ACENT*EXP(-T/T3S)-(1.0D0-ACENT)*EXP(-T/T1S) ) /T

420 CONTINUE

T2S = - SUM7/ SUM3
WRITE(LOUT, 70) ACENT, T3S, 1.0D0-ACENT, T1S, T2S
WRITE(LOUT, 72) HPKA, HPFKB, HPKC
WRITE(LOUT, 74) PLKA, PLKB, PLKC
ENDIF
STOP

FORMATS
FORMAT (5(1PE15.5)/ I °, 2(1PE15.5) )
FORMAT (9(1PE14.5))
FORMAT (5(1PE14.5))
FORMAT (7(1PEl14.3))
EFORMAT (/'Fcent =',1PE14.5,’exp( -T/",1PE14.5,") +',1PE14.5,

1 "exp( -T/",1PE14.5,") + exp( -",1PE14.5,'/T)" )

FORMAT (/"High Pressure k (1/s) =",1PE14.5,” T**(',1PE14.5,

1 ") exp( -',IPE14.5,'/T)" )

74 FORMAT (/’Low Pressure k (cm3/mole.s) =’ 1PE14.5, T**(',1PE14.5,

1 "} exp( -".1PE14.5,'/T)" )

CCC FORMAT (/59X,'T1 =',1PE10.3/59X,'T2 =',1PE10.3,/59X,

C

C

1 'DT =',1PE10.3/59X,'RTOL =',1PE10.3/59X,’ATOL =',1PE10.3)
END :

SUBROUTINE LOWPK (T, VAB,ZLJ, VIBT, EXPT, FE, FROT,FINT,BC, PLOWK)
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)

COMMON /NUM/ NABS, NAS, NBS, M, NR, NBSTAR

COMMON /ENERGY/ EO, EE, BE, BOO, AETPC, VRC, EKAB, EKM, DHO0
COMMON /GET/ EZAB, EZA, EZB, D, DEZ, AEQ, FRIGID, FANH, PVIBH,

1 BMORSE, Al, A2, EOAEZ

COMMON /PARAM/ CDAB, CDM, QEAB, WMAB, WMA, WMB, WMM, QAB, QA,
1 QB, AKC, BKC, CKC, ADIVB

191



DIMENSION VAB(NABS)

CDABM=(CDAB+CDM)/2.0D0

WMABM=WMAB*WMM/(WMAB+WMM)

EKABM=SQRT(EKAB*EKM)

RCI=1.0D0/( 0.697D0+0.5185D0*LOG10(T/EKABM) )
ZLJ=4.87D14*SQRT(T/1000.0D0)*SQRT(20/WMABM)*(CDABM/5.0D0)**2*RCI

QVIB=1.0D0
SIGMA1=0.0D0
SIGMA2=0.0D0
DO 600 I =1, NABS
QVIB=QVIB / ( 1.0D0 - EXP(-1.438786*VAB(I}/T) )
SIGMAI1=SIGMA1+VAB(I)
SIGMA2=SIGMA2+VAB(I)**2
600 CONTINUE
BSTAR=DBLE(NABS-1)*SIGMA2/SIGMA1**2
IF ( EO/EZAB .GE. 1.0D0) THEN
W=10.0D0**( -1.0506*(EC/EZAB)**0.25 )
ELSE
W=1.0D0 / ( 5.0D0*EQ0/EZAB + 2.73%(E0/EZAB)**0.5 + 3.51 )
ENDIF
AE(=1.0D0-W*BSTAR
ECAEZ=EO+AEQ*EZAB
HVI=1.0D0
DO 700 I =1, NABS
HVI=HVI*VAB(I)
700 CONTINUE
SM1=1.0D0
DO 710 I =1, NABS-1
SM1=SM1*DBLE(I)
710 CONTINUE
PVIBH=EOAEZ**(NABS-1) /SM1/HVI
VIBT=PVIBH*(0.6950304*T)/QVIB
EXPT=EXP(-E0/(0.6950304*T))
FE=0.0D0
DO 720 I =0, NABS-1
SMIMI=1.0D0
DO 725 J=1, NABS-1-I
SMIMI=SMIMI*DBLE(J)
725 CONTINUE
FE=FE +(SM1/SMIMI)*( 0.6950304*T / ECAEZ )**I
720 CONTINUE
FANH=( DBLE(NABS-1) / (DBLE{NABS)-1.5D0) }**M
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SP1D2=0.8862269D0
DO 730 I =1, NABS
SP1D2=SP1D2*(DBLE(I})+0.5D0)
730 CONTINUE
FRMAX=(SM1/SP1D2)*( EOAEZ/(0.6950304*T) }**1.5
RATIOI=2.15D0*(E0/(0.6950304*T))**(1.0/3.0)
FROT = FRMAX * RATIOI / ({ RATIOI - 1.0D0 + FRMAX)
IF ( MOD(NR, 2) .EQ. 0) THEN
SM1PR2=1.0D0
DO 740 I =1, NABS-1+NR/2
SMI1PR2=SM1PR2*DBLE()
740 CONTINUE
ELSE
SM1PR2=0.8862269D0
DO 750 I =1, NABS-1+NR/2
SM1PR2=SM1PR2*(DBLE(I)+0.5D0)
750 CONTINUE
ENDIF
FINT =(SM1/SM1PR2)*( EOAEZ/(0.6950304*T) )**(NR/2)
BCO= 1.438786*AETPC/T/FE
800 BC =(1.438786*AETPC/T/FE)*(1.0D0-SQRT(BC0)
IF ( ABS(BC-BCO0) .GT. 0.0001D0) THEN
BC0=BC
- GOTO 800
ENDIF
PLOWK = BC*ZLI*VIBT*EXPT*FE*FANH*FROT*FINT
RETURN
END

SUBROUTINE HIGHPK (T, PREA,QCENT, RECK, HIGHK)

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)

COMMON /NUM/ NABS, NAS, NBS, M, NR, NBSTAR

COMMON /ENERGY/ EO, EE, BE, BOO, AETPC, VRC, EKAB, EKM, DH0
COMMON /GET/ EZAB, EZA, EZB, D, DEZ, AE(, FRIGID, FANH, PVIBH,
1 BMORSE, Al, A2, EOAEZ

COMMON /JPARAM/ CDAB, CDM, QEAB, WMAB, WMA, WMB, WMM, QAB, QA,

I QB, AKC, BKC, CKC, ADIVB
COMMON /ACPAR/ VSTAR, CVSTAR
WMAPB = WMA*WMB/(WMA+WMB)

PREA =( 6.6768948D13/SQRT(T*WMAPB**3) ) * (QAB/QA/QB)
UNIT: CM3/MOLE/S

IMAX= (0.6950304*T / (2.0D0*VSTAR*CVSTAR))**(0.5D0/VSTAR)
QCENT=0.0D0
DO 820 J=0, 2¥JMAX
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QCENT = QCENT +
& DBLE(2*]+1)*EXP(- CVSTAR*(DBLE(*() +1)))**VSTAR/(0.6950304*T))
820 CONTINUE
RECK = PREA*QCENT
CCC = EE**2 /(2.0D0*BOO*DHO0)
IF (NBSTAR EQ. 1) FRIGID = 1.0D0 / CCC**(3.0D0/4.0D0)
IF (NBSTAR .EQ. 2) FRIGID = 1.0D0/ CCC
IF (NBSTAR .EQ. 3) FRIGID = 1.0D0 / CCC**(3.0D0/2.0D0)
IF (NBSTAR .EQ. 4) FRIGID = 3.0D0/ (4.0D0*CCC)
RECK = RECK*FRIGID
KC=(AKC)*(T**(BKC))*EXP(-(CKC)T)  [MOLE/CM3]
HIGHK=(AKC)*(T**(BKC))*EXP(-(CKC)/T) * RECK
[HIGHK]={1/S]
RETURN
END

SUBROUTINE FALLOFF(T, BC, CMMC, PLOWK, HIGHK, FLH, F, FCENT, CM,
1 FALLK)

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)

COMMON /NUM/ NABS, NAS, NBS, M, NR, NBSTAR

COMMON /ENERGY/ EO, EE, BE, BOO, AETPC, VRC, EKAB, EKM, DHO
COMMON /GET/ EZAB, EZA, EZB, D, DEZ, AE(, FRIGID, FANH, PVIBH,

1 BMORSE, Al, A2, EOAEZ

COMMON /SANDIA/ SA1, SA2, SA3, SA4, SAS, SA6

CM = HIGHK/PLOWK

CMMC =CMMC/CM

FLH = CMMC/(1.0D0 + CMMC)

SK = SAl + SA2*T/2.0D0 + SA3*T**2/3.0D0

1 + SA4*¥T**3/4,0D0 + SAS*T**4/5.0D0 + SA6/T
C SK=S8SK-0.5D0

C SK=SK+0.5D0

BK =((SK -1.0D0)}/DBLE(NABS-1+NR/2)) * (EOAEZ/(0.6950304*T))
F1 =1.32D0*EXP(-SK/4.2D0) - 0.32D0*EXP(-SK/1.4D0)

F2 =1.0D0 - EXP(-SK/30.0D0)

F3 =7.5D0 + 0.43D0*SK

FCENT = BC**(0.14*

& (F1+F2*EXP(-BKII9.SDO)+(1.0DO-F1-F2)*EXP(-2.3D0*(BK/F3)**1.5))
FN = 0.75D0 - 1.27D0*LOG10(FCENT)

FLOG =LOGI10(FCENT)/(1.0D0 HLOG10(CMMC)/FN)**2}

F = 10.0DO**FLOG

FALLK = FLH*F*HIGHK

RETURN

END
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Appendix 9. Computer Code: Pbpanaly Fortran

This program is the implementation of the analytical models for the point-by-point

analysis.

PROGRAM PBPANALY
C POINT BY POINT ANALYSIS (2CH3=C2H6) ----USING FITTING SIGNAL
IMPLICIT REAL*8 (A-H,0-Z)
REAL*8 DEN(1135),DENG(1135),V(1135), TIME(1135),U(1135),P(1135),
1 ARFA(1135),T(1135),XD(1135),AXISX(1135),TE(40),CK 1(40},CK2(40),
2 CK(1135),F(1135),5(1135),B(1135),RECK1(1135),RECK2A(1135),A( 10),
3 RECK2B(1135),RECK3A(1135),RECK3B(1135),CX(1135), WAY3A(l 135),
4 WAY3B(1135),WBDR(1135),CAFA3(1135),SIGMA3(1135),EA1(1135)
HAZO(X)=-16340.0D0+25.7372D0*X+0.103687D0*X**2
1 -2.7678D-5*X**3+2.93112D-9*X**4
HAR(X)=-6197.454455D0+20.786056D0*X
DHR1(X)=134882.4893D0+3.31501D1*X-2.71425494D-2*X**2
1 +4.3543D-6*X**3-3.91001D-13*X**4
DHR2(X)=-366001.564D0-41 7907D0*X+3.80D-2*X**2-1.19614D-5*X**3
1 +1.42457D-9*X**4
DHR 1(X)=155480.9995D0-5.8945D0*X-4.4533468D-3*X**2+1. 13534D-83*X**3
1 +1.01249D-10*X**4
DHR2(X)=-377244.0639D0- 14.4371D0*X+1.4686862D-2*X**2
1 -3.6277D-6*X**3+3.60466D-10*¥X**4
CPN2(X)=26.96997054D0+6.89227D-3*X-1.19D-6*X**2
CPH3(X)=26.82237579D0+4.340938D-2*X-1.257 D-5*X*¥2+1.26725D-9*X**3
CPH6(X)=9.2235781D0+1.67673449D-1*X-6.3542D-5*X* *2+8.49443D-9%X**3
C H##,AND DHR# WITH UNIT OF I/MOL ;CP## J/MOL/K
R=8.314D0
M=29
DO 17 I=1.M
READ(5,*)TE(),CK1(I),CK2(I)
CK1 (CH3=C2H6) IN UNIT LITER PER MOLE; CK2 (CH3=C2H4) DEMENSIONLESS
CK1(I)=CK1{I)/1.0D3
CK1 CONVERTED TO CUBIC METER PER MOLE
17 CONTINUE
TEST=5.4
T0=296.15D0
XAZ0=0.063D0

OO0 n0n
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WMO0=0.0410305D0
KG/MOL
U0=1658.0D0
M/S
P0=4.0D0
TORR
P0=133.322D0*P0
N/SQUARE METER
N=649
CHOOSE N AND MAKE SURE ABSOLUTE VOLTAGE DECREASED
DEN0=8.9D-3
DEN(N)=4.39183D-2
C KG/CUBIC METER
ARFA(N)=0.1143349D0
ARFAPO=2.1865574D0
BTA=0.180D-3
C CUBIC METER/KG
=9.125D-3
C viM
NvV=4
C NV IS THE NUMBER OF THE POLYNOMIAL PARAMETERS
A(1)=-117.4326530D-3
A(2)=97.6507119D3
A(3)=-26.7350786D9
A(4)=2.4000137D15
C A(DS FROM FITTING EQUATION OF VOLTAGE (V) AND TIME (SECOND)
DT=0.005D-6
C DT IN UNIT OF SECOND
INITL=193
C AT EARLIEST OBSERVABLE POINT
Cc
C

0 O 0O O

EA2=0.0D0
ACTIVATION ENERGY FOR METHOD 2 (J/MOL)
**].CALCULATE DENSITY & ITS GRADIENT AFTER INCIDENT SHOCK WAVE***
DO 10 I=INITL,N
TIME(I)=DBLE(I-1)*DT
V(I)=A(1)
DO 12 J=2,NV
V(H=V(D+AT*TIME(I)**(J-1)
12 CONTINUE
DENG()=C*U0*V(I)yBTA
10 CONTINUE
DO 30 I=INITL,N-1
DEN(I)=0.0D0
DO 20 J=1,NV
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20

30

40

DEN(D=DEND)+AJ*(TIMEN)**J-TIME(I)**J)/DBLE(J)
CONTINUE

DEN(I)=DEN(N)-C*U0*DEN()/BTA

CONTINUE

DO 40 I=INITL,N

XT=DENO/DEN(I)

DENG({)=DENG(I)*XT

F({I)=-DENG(I)

CONTINUE

C *********#****2_POINI‘ BY POIN’I‘ ANALYSIS e sde e e e s ok koo o o e ok

31

35

50

DO 50 I=INITL,N-1
XT=DENO/DEN(I}
UM=U0*XT
PM)=P0+DEN0*U(*U0*(1.0D0-XT)
TRY=XT*(T0+WMO*U0*U0*(1.0D0-XT)/8.314D0)/(1.0D0+2.0D0*X AZO)
ARFA(I=WMO0*U0*U0*(1.0D0-XT**2)/2.0D0/XAZO/DHR2(TRY)
ARFA(I)=ARFA(D)-DHR I(TRY)YDHR2(TRY)-(HAZO(TRY)-HAZO(T0))/DHR2 (TRY)
ARFA(M=ARFA(D)-( 1.0D0-XAZOYHAR(TRY)-HAR(T0)/XAZO/DHRA(TRY)
ARFA(I)=ARFA(I)/2.0D0
TO=XT*(TO+WMO0*U0*U0*(1.0D0-XT)/8.314D0)
TO=T(/(1.0D0+2.0D0*XAZ0*(1.0D0-ARFA(I)))
IE(DABS(T(I)-TRY)-0.0005D0)50,50,55 ‘
TRY=T()
GOTO 51
CONTINUE
XT=DENO/DEN(N)
UN)=U0*XT
P(N)=P0+DEN0*U0*U0*(1.0D0-XT)
T(N)=XT*(T0+WMO0*U0*U0*(1.0D0-XT)/8.314D0)
TED=T(N)(1.0D0+2.0D0*XAZO*(1.0D0-ARFA(N)))
DO 90 I=INITL,N
CX(D=2.0D0*XAZO*ARFA(I)*(CPH6(T(I})-2.0D0*CPH3(T(T)))
CX(1)=CX(1)+2.0D0*X AZO*CPH3(T(D)+X AZO*CPN2(T(I))
CX(I)=CX(1)+20.786D0*(1.0D0-XAZO)
XT=DENO/DEN(})
B()=CXD)*T(I)+DHR2(T(1))*(1.0D0+2.0D0*X AZO*(1.0D0-ARFA(I)))
W3=(1.0D0+2.0D0*X AZO*(1.0D0-ARFA(I))-CX(1)/8.3 14D0O)*WMO*(UO*XT)y**2
W4=CX()*T([)*(1.0D0+2.0D0*XAZ0O*(1.0D0-ARFA(I)))
B(I)=-2.0D0*XAZO*B(1)/(W3+W4)/DEN()
[F(I.NE.N) S(D=XT*DLOG(F(I+1)/F(1))/DT
DO 95 I=2,M
IF(TE(J).LT.TI)HGOTO 95
FACTOR=(T()-TE(J-1))XTEQ)-TE(J-1))
CK()=CK1{J-1)*(CK1(JYCK1(J-1))**(FACTOR*TE()/T(I))
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GOTO 90
95 CONTINUE
90 CONTINUE

C srexsserres METHOD | $#+ssesstsatnrs
DO 100 I=INITL N
W1=2.0D0*XAZO*DEN(I)*(1.0D0-2.0D0*ARFA(I))**2/WMO0-ARFA(I)/CK(I)
AXISX(M=-B()*DEN(I)**2*W1
RECK I(D)=DENG(I)/ AXISX(T)

100 CONTINUE

C DO 200 I=INTTL,N-1

C  EAl(D=8.314DC*T(I)*T(1+1)*DLOG(RECK1 (I+1)/RECK 1(I)/(T(1+1)-T(I))

C  WRITE(,*EAID

C200 CONTINUE

C #xkxmninner METHOD 2 #ddkkskkrkkkkks
DO 92 I=INITL,N-2
WI=ARFAPO+ARFA(N)

W2=ARFAPO-ARFA(N)

W AI=B()*DEN(D)*DHR2(T®))/(2.0D0*CK(D)*8.314D0*T(D))
WBI=DEN(I)/DEN(N)/CK(N)-1.0D0/CK(I)+WAI*W1
WAI=8.0D0*XAZO*DEN(I)/WMO0+WAI
WCI=F([)*WMO0/(2.0D0*XAZO*B(I)*DEN(I)**3)
WDI=F()*(EA2/8.314D0/T(1)-3.0D0)/DEN(I)-S(I)

C wermrmerkrs METHOD 2A *hikkirsksknkkx
RECK2A(1)=8.0D0*XAZO*DEN(I)Y/W MO+1.0D0/CK(I)-2.0D0*WAT*ARFA(D
RECK2A(I)=WDIRECK2A(I)

C wexsxernirs METHOD 2B BFrkrrkrknkkirks
EQA=(WAI*W2+WBD)*(WAI*W2-WBI)
EQB=WAI**2*WCI-2.0D0*WBI*WDI
EQC=-WDI**2
RECK2B(1)=(DSQRT(EQB**2-4.0D0*EQA*EQC)-EQB)/EQA/2.0D0

C wwkxmxmpkire METHOD 3A #rkrsekririxnts
WBDR(I)=B(I)*DEN(N)*(ARFAPO-ARFA(N))+1.0D0
WAY3A(D=(ARFAPO-ARFA(D))**WBDR(I)/(ARFA(N)-ARFA(I))

92 CONTINUE
DO 110 I=INTTL,N-3
XT=DENO/DEN(I)
W4=XT*DLOG(WAY3A(I+1)/WAY3AM)/DT
RECK3A()=W4*WM0/(8.0D0*XAZO*DEN(N))/(ARFAPO-ARFA(N))
110 CONTINUE

C **xxkxkxrss METHQD 3B *Frkssskakkedaks
DO 120 I=INITL,N-3
L=I+1
TRYK=RECK3A(I)

122 SIGMA3M)=(F(l)*WMO/DEN(I)**2/TRYK)/(8.0D0*XAZO*B(I)*DEN(T}))
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W1=ARFAPO+ARFA(N)
W2=ARFAPO-ARFA(N)
CAFA3(D=(W1-DSQRT(W2**2+4.0D0*SIGMA3(1)))/2.0D0
WAY3B([D)=(ARFAPO-CAFA3(D)**WEBDR(IY/(ARFA(N)-CAFA3(D)
SIGMA3(L)=(E(Ly*WMO/DEN(LY**2/TRYK)/(8.0D0*X AZO*B(LY*DEN(L))
CAFA3(L)=(W1-DSQRT(W2**2+4.0D0*SIGMA3(L)))/2.0D0
WAY3B(L)=(ARFAPO-CAFA3(L))**WBDR(L)/(ARFA(N)-CAFA3(L))
XT=DENO/DEN(D)
W3=XT*DLOG(WAY3B(LYWAY3BMYDT
RECK3B(I)=W2*WMO/(8.0D0*XAZO*DEN(N)/(ARFAPO-ARFA(N))
ERROR=DABS((TRYK-RECK3B(I)YRECK3B(D)
TF(ERROR-0.001D0)120,121,121

121 TRYK=RECK3B(l)
GOTO 122

120 CONTINUE
WRITE(6,80) TEST,EA2
WRITE(6,85)T0,P0/133.322D0,DEN0,U0, XAZO,WM0,BTA
WRITE(6,86)(A(N).J=1,NV)
WRITE(6,170)
WRITE(6,171)
DO 165 I=INTTL,N-2
WRITE(6,131)TIME(I)*1.0D6,T(I),RECK 1(I),RECK2A(I),RECK2B(D),
1 RECK3A(I),RECK3B(I),SIGMA3(D)
BONE=DBLE(I-INTTL+1)/48.0D0
BONE=BONE-DBLE(INT(BONE))
IF(BONE.NE.0.0D0)GOTO 165
WRITE(6,80) TEST,EA2
WRITE(6,85)T0,P0/133.322D0,DEN0,U0,XAZO,WM0,BTA
WRITE(5,86)(A(1),J=1,NV)
WRITE(6,170)
WRITE(6,171)

165 CONTINUE
WRITE(6,80) TEST,EA2
WRITE(6,85)T0,P0/133.322D0,DEN0,U0,XAZO, WMO0,BTA
WRITE(6,86)(A()),J=1,NV)
WRITE(6,70)
DO 65 I=INITL,N-1
WRITE(6,60)TIME(I)*1.0D6,T(D), U(D), DEN(D),P(1), ARFA(I),F(1),S(D),
1 CX(I),B(D),CAFA3(I)
BONE=DBLE(I-INITL+1)/49.0D0
BONE=BONE-DBLE(INT(BONE))
IF(BONE.NE.0.0D0)GOTO 65
WRITE(6,80) TEST,EA2
WRITE(6,85)T0,P0/133.322D0,DENO, U0, XAZO,WMO0,BTA
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WRITE(6,86)(A(J).J=1,NV)
WRITE(6,70)
65 CONTINUE
60 FORMAT(3G9.4,4G11.4,G10.4,G12.4,G9.4,2G12.4)

131 FORMAT(8G13.5}
70 FORMAT(SHTIME(MS),1X 4HT(K),5X,6HUM/S),5X ,8HD(KG/M3),4X,

17HP(NIM2).4X,4HARFA.4X,10HF(KG!M3IS),3X.6HS(1/S),2X.lOHC(JIMOUK),
22X,8HB(M3/KG),4X,SHCAFA3)

80 FORMAT(SIHPOINT BY POINT ANALYSIS OF SHOCK TUBE EXPEIMENT NO.,
1 F3.1,2X,11H(2CH3=C2H6),6H EA2=F7.0,8H/MOL/K /)

85 FORMAT(10HINITIAL: F6.2,1HK,2X F4.1, 4HTORR,2X ,E9.3,5HKG/M3,2X,
1 F6.l.3HMIS,2X.SHXAZO=.P6.4.2X.G12.6,6HKGMOL,2X,5H(BTA=.GS.3,
2 7TH M3/KG))

86 FORMAT(6HV(V)=(4G16.8,22H)*(LAB TIME IN SECOND)/)

170 FORMAT(4X.4HTIME,6X,1 IHTEMPERATURE, 14X,

1 23HRATE CONSTANT(M3/S/MOL))
171 FORMAT(2X,9HMICROSEC.,8X,1HK,9X,7HMETHOD1,5X,9HMETHOD 24,

1 4X,9HMETHOD 2B4X,9HMETHOD 3A,4X,9HMETHOD 3B,4X,6HSIGMA3)

STOP
END
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Appendix 10. Computer Code: Dndytlab Fortran

This code is run in conjunction with CHEMKIN-II and the Sandia shock tube code
(both as modified by the author of this thesis to calculate the refractive-index-gradient as

function of laboratory time for the comparison with laser-schlieren signal).

PROGRAM DNDYTLAB
C
C****xdouble precision
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)
C***+>END double precision
C**x*xsingle precision
C  IMPLICIT REAL (A-H,0-Z), INTEGER (I-N)
C***x*END single precision
C
PARAMETER (NSPEC=100, LIN=5, LOUT=6, LPLOT=38)
DIMENSION X(NSPEC), DXDT(NSPEC), WTM(NSPEC), BETA(NSPEC)

REWIND( UNIT=LPLOT )
READ( UNIT=LPLOT, END=100, FMT=200) KK
READ(LIN,310) ( BETA(K), K=1,KK)
READ( UNIT=LPLOT, END=100, FMT=300) U0
DO 818 K1=1,KK,10
K2=MIN(K1+9,KK)
READ( UNIT=LPLOT, END=100, FMT=300) ( WTM(K), K=K1,K2)
8§18 CONTINUE
50 CONTINUE
READ( UNIT=LPLOT, END=100, FMT=300) TL,DTLDT,RHO,DRHODT,TEMP,PA
DO 828 K1=1,KK,10
K2=MIN(K1+9,KK)
READ( UNIT=LPLOT, END=100, FMT=300) ( X(K), K=K1,K2)
READ( UNIT=LPLOT, END=100, FMT=300} ( DXDT(K), K=K1,K2 )
828 CONTINUE
SUMXU =0.0D0
SUMXUB = 0.0D0
SBBUXT = 0.0D0
DO20K=1,KK
SUMXU = SUMXU + X(K)*WTM(K)
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SUMXUB = SUMXUB + X(K)*WTM(K)*BETA(K)
20 CONTINUE
BETAM = SUMXUB/SUMXU
DO30K=1,KK
SBBUXT = SBBUXT + (BETA(K)-BETAM)*WTM(K)*DXDT(K)

30 CONTINUE
DNDY = ( BETAM*DRHODT + RHO*SBBUXT/SUMXU ) / ( UO*DTLDT )

WRITE(LOUT,400) TL, DNDY, TEMP, PA, RHO
GOTO 50

100 STOP

200 FORMAT(I3)

300 FORMAT(10(1PE11.3))

310 FORMAT(8(1PE10.3))

400 FORMAT(5(1PE11.3))
END
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Appendix 11. Computer Code: Postsens Fortran

This code is run in conjunction with Sandia CHEMKIN-II and SENKIN to calculate

sensitivity coefficients with respect to the rate constants of the reactions in the mechanism.

PROGRAM POSTSENS
C
C THIS PROGRAM WILL WRITE QUT THE SENSITIVITY COEFFICIENTS
C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)
C
PARAMETER (NSPEC=100, NRXN=100, LOUT=6, LSAVE=7, LPAR=5)
DIMENSION Z(NSPEC, NRXN)
LOGICAL LSENS

OPEN ( UNIT=LSAVE, STATUS="OLD’, FORM="UNFORMATTED' JFILE="SAVE$")
REWIND( UNIT=LSAVE )
READ ( UNIT=LSAVE, END=100 ) LSENS
C  WRITE( UNIT=LOUT , FMT=150 ) LSENS
READ ( UNIT=LSAVE, END=100 ) NSYS, KK, 11
C  WRITE( UNIT=LOUT , FMT=200 } NSYS, KK, II
50 CONTINUE
READ ( UNIT=LSAVE, END=100 ) TIM, P, Z(1,1)
C  WRITE( UNIT=LOUT , EMT=300 ) TIM, P, Z(1,1)
DO 818 I1 = 2, NSYS, 10
12 = MIN (1149, NSYS)
READ ( UNIT=LSAVE, END=100 ) (Z(1,1), I =11, 12)
C WRITE( UNIT=LOUT , FMT=400 ) (Z(1.1), I = Ii, [2)
818 CONTINUE
IF (LSENS) THEN
DO 828 J =2, II+1
DO 838 I1= 1, NSYS, 10
12 = MIN (I1+9, NSYS)
READ ( UNIT=LSAVE, END=100) ( Z({L]), [=I1, I2)
cC WRITE( UNIT=LOUT , FMT=500 ) J-1,( Z(1,J), I=I1, I2)
838 CONTINUE
- 828 CONTINUE
ENDIF
C
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WRITE( UNIT=LPAR, FMT=410) TIM, Z(1,1)}, Z(3,1)
DO 808 J1 =2, 11+1, 8
J2 = MIN (J1+7, 1I+1)
WRITE( J1, FMT=450) (J-2, Z(1,)), J=]1, J2)
IF(J2 .NE. J1) WRITE( J2, FMT=450) (-2, 2(3), J=]1, 12}
IF(J2 .EQ. J1) WRITE( J2+1, FMT=450) (J-2, Z(3,1), J=]1, J2)
808 CONTINUE
C
GOTO 50
100 CLOSE (LSAVE)
STOP
150 FORMAT(A)
200 FORMAT( Variable No.=", I3, " Species No.=", I3,
* *  Reaction No.=", 13 )
300 FORMAT('Time =', 1PE12.3, *(s) Pres =*, 1PE12.3,
* *(dyne/cm2) Temp =',1PE12.3, " (K)" )
400 FORMAT( 'Y (mass fraction)’, 10(1PE12.3))
410 FORMAT(3(1PE12.3)}
450 FORMAT(8(14, 1PE12.3))
500 FORMAT('RXN,13,10(1PE12.3))
END
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