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ABSTRACT ' 1

. This thesis concists of parts A and B¢ Part A is a
study of the pyrolysis of propane using the single-pulse
shock tube technique. Part B deals with time resolved infrared
spectroscopy applied to the pyrclysis of acetylene ;n a shock
tube at a wavelength range of 2.0pm to SeSpm.
| A survey of the literature has been carried out on the
pyrolysis of propane and acetylene, and on the use of the
shock tube as a chemical reactor.

The pyrolysis of propane at temperatures between 1200

and 2800°%K and 500 to 1500 KN/m2 reaction zone pressure, siowed
that it is a first order reaction. The product distritvuticr
at these temperatures is quite different from those resvrted
at lower temperatures. CZHZ’ Cqu, and CHq,are the major
reaction products in order of decreasing importance. CEHG

and C H6 are present only at temperatures under lEOOOK.

3
The effects of variation of reaction time, temperature
and the total reaction zone pressure, on propane ccnversion
to the major products showed that the maxirmum conversion of
propane to methane and ethylene were only dependenit on the
temperature and not sensitive to variation in reaction times,
Optimum propane conversion to acetylene w#s very sensitive
to reaction timee - At reaction times above 045us, increase
reaction pressure beyond 550 KN/m2 does not favour the
conversion of propane to acetylene.

Propane pyrolysis was accelerated by the addition of
0.1 to 0.9% of ethane due possibly to increase radical concen-
trations,; especially methyl radicals and atomic hydrogen.
Secondary reactions, involving radical dissociations and

decomposition of the primary products were thought to be the
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major factor influencing the kinetics between 1200°K and 2500°K
temperaturese.

: Pyrolysis of acetylene was investigated as the reaction
proceeds using an infrared spectroscopic technique which
employed a rapid wavelength scanning device capable of 5000
scans per seconde At temperatures betweenrlSOO and 2?60°K, the
intensity of the infrared emission was maximal at wavelength
positions which corresponded with the vibraticns in the =CH,

=CH~, =CH_ and ~C=C groups. At wavalengths between 2,0 and

2
2+7pm, the infrared emission was preceeded by a pronounced
induction time, the length of which decreased with an increase’
in both reaction temperature and ihe initial concentration of
acetylene. A correlation was zstablished between this induction
time and that preceding carbon formation during the pyrolysis
of acetylene. Arrhenius expression for seccnd order rate of
disappearance of acetylene yielded an activation energy, Ea =
139 KJ/mole, which falls within the lower scale of the value
quoted in the literature.

A kinetic modelling program deveid of steady-state limita-
tions was used to simulate concentration-time profiles of the
major reaction products which matched the experimental infrared
profiles. Comparisons between the experimehtal and theoretical
'results showed that no single reaction mechanism could explain
the pyrolysis of acetylene over the wide temperature range
studieds Two sets of mechanisms, involving an initial bimole--
cular reaction of acetylene to either CAHE or CéH'and CZHé

radicals were proposed to explain the reactions at temperatures

upto 1900°K, and above 1900°K respectively.
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1.1, "~ INTRODUCTION

Simple aliphatic hydrocarbons are the most versatile
raw material for the petrochemical industry. Their pyrolysis
at high temperatures is a process of considerable industrial
importance, forming the basis of so-called steam cracking and
hydrogasification reactions. And nowadays with the increasing
emphasis on air pollution control especially from the effluents
of combustion engines and systems, ﬁigh temperatufe pyrolysis
of hydrocarbons has assumed an important role in elucidating
the mechanism of fuel degradation prior to, and during com-

bustion,

Pyrolysis of hydrocafbons involves the breakdown of
relatively large molecules by ﬁhe rupture of carbon-to-carbon
and carbon-to-hydrogen bonds to form smaller molecules., The
major reactions involve the generation and interactions of
free radicals, and in certain cases the whole process is made
very complex by the influence of the reactor surfaces. There-
fore the understanding of the behaviour of the parent mole-
éule, the factors which influence its conversion to different
products and the fate of the intermediates is very crucial if
a true and detailed formulation of its decomposition mechanism
is to be gchieved. It is in connection with this that the
use of a 'wall-less' reactor = the shock tube - has become

a very powerful tool in the field of chemical kinetics.,

The absence of wall effects and the rapid generation of
very high temperatures with the shock tube has made the shock
tube technique a very attractive method for investigating
homogeneous gas phase reactions of hydrocarbons at high

temperatures, In employing the shock tube method for kinetic
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studies, various analytical techniques are availables For the
single-pulse technique, the test gas mixture is rapidly heated
to a desiréd temperature and then cooled suddenly. The shock
treated mixture is .analysed for reaction products by such
methods as gas chromatography or mass spectrometry; This
.technique is adequate for investigating the formation of rela-
tively stable products (for example, methane, ethane, ethylene,
acetylene and others) and can give a large amount of informa-
tion on the kinetics of the reaction; it is particularly
suitablé for studies aimed at defining the optimum conditions
for the formation of the desired reaction products. However,
for systems producing very reactive and unstable intermediate
products - such as during the pyrolysis of acetylene ; a detailed
study can be achieved by using techniques which monitor changes
in the concentrations of these intermediate species as the
reaction proceeds. These include using photospectroscopic

methods or the time of flight mass-spectrometer.

The availability of fast response infrared detectors has
made it possible to follow the progress of the reaction by
monitoring the changes in the emission intensities of certain
molecular groupings of interest. And in recent years the
development of high-speed wavelengtﬁ scanning devices has
allowed tﬁe emission intensity from more than one species to be
measured at the same time. Such devices are suitable for
studying the pyrolysis of shock-heated hydrocarbons. Measure-
- ments of the emission intensities of the species as a function
of the reaction time could give valuable information about the
kinetics of the system; this could be used in the kinetic

modelling of the reactions,.



1.2 Shock tube as a chemical reactor

The shock tube was first utilized by Vieille® in 1899 in
the study of problems relating to flame propagation and later
was used by Payman and Shepherd2 in 1937 to study the detona-
tion of methane-air mixtures., But it was not until in the early

3

1950'5 when Glick and his co-workers” developed the single-pulse
shock tube for investigating chemical reactions, was there a
major break through in the application of the shock tube tech-
nique to high temperature chemistry. Since then extensive
modifications have been made and many new analytical techniques
developed to give the shock tube a wider application in investi-
gating various problems associated with gas phase reactions,
This is evident from the numerous publications which had
appeared within the last three decades in the fields of gas-
dynamics and chemical kinetics. Chemical kineticists now regard
the shock tube as an effective answer to many of the technical
problems which confronted earliér investigators using the con-
ventional reactors. | Iﬂ particular studies of reactions at
temperatures around 1200°K, mainly by flow techniques, were
subject to considerable uncertainties in all the important
variables - particularly in the contact time and the mean
reaction temperature, and there were always the inevitable
heterogeneous side reactions occurring at the walls of the
reactor.

Not only does the use of shock tube in chemical research
offer a 'wall-free' reaction zone, but also with the shock tube,
it has become possible to study reaction kinetics well beyond

the temperature limits attainable with the conventional static

and flow reactors, This is of prime importance since such
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very high temperatures are attained very rapidly, This is
a unique feature which is very difficult to realize in
conventional pyrolytic systems which empoly electric

furnaces for heating,

Though the primary interest of using the shock tube lies
in the understanding of the chemical behaviour of molecules
at high temperatures, this technique is also valuable in
providing additional information on lower temperature reaction
mechanisms. The highly idealized conditions existing in the
shock tube help in determining whether many of the assumptions
used in interpreting low-temperature data from conventional
systems are valid; and also to judge whether heterogeneous
reactions are of any significance. Thus it has become

possible to build-np a copious library of reliable kinetic data

covering a wide range of temperatures for many gases.

A detailed account of the rapid progress in the use of
the shock tube technique, its basic hydrodynamic theory and

the overall shock tube performance have been treated in

L 5

sy Greene and

?

important texts by Bradley’, Gaydon and Hurle

8

Toennies6 and supplementary reviews due to Bauer', Bradley

and Belford and Strehlowg.

1.3 Analytical techniques for chemical studies with

the shock tube

In using the shock tube only small quantitiles of the
reactant gas are involved and since all relaxation processes -
vibrational, chemical reaction, electronic excitation and
ionization - take place very fast, the requirements for the

instrumentation for analytical purposes Wwill combine the
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the following:-
rapid time response, high sensitivity and small spatial dimension
for optimum resolution. The instrumentation is also largely
dictated by considerations of the shock wave cycle (incident,
reflected; or quenched) to be studied and the property to be
investigated,

Quantitative determination of rates of reaction could
be made behind both the incident and reflected shock wéves by
measuring the time variation of such physical parameters as gas
density, intensity of emission or absorption spectrum, While for
the quenched shock wave the 'frozen' products are removed and analysed
by normal laboratory methods. various analytical techniques
have been” employed . in high temperature studies of chemical
reactions in the shock tube ; some.of these may include:
(a) analysis by any of the conventional methods of the quenched
reaction products;
(b) spectroscopic measurements for observing the emission or
absorption spectra of the reacting species, and
(¢c) monitoring the history of the less stable intermediate

compounds using the time of flight mass spectrometer.

I.3.1 THE SINGLE-PULSE TECHNIQUE

This method closely parallels the usual laboratory
methods used in gas phase kinetics at ordinary temperatures.
The main contrast between the single-pulse technique and other
shock tube methods ,which rely on optical or other means of
following the course of chemical reactions as they proceed

behind the shock wave , is that the single-pulse method is
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based on chemical analysis of the 'frozen' reaction products
after the reactant gas had been shock treatede In the single-
pulse method,gas sample is very rapidly raised to a.calculable
and constant temperature for a known period, after which the
reaction is quenched by an expansion wave. The products are

removed and then analysed.

The single-pulse heating and rapid cooling is achieved
by a design due to Glick et al3 (figure 1l.1) which produces
reflected shock and expansion waves by puncturing the dia-
phragms at D1 and D2, Bursting the diaphragm at D1 sets up
an incident compressing shock wave which.travels down the
reaction section of the shock tube to reflect at the end wall,
(W)e This gives rise to a reflected shock wave which heats
the compressed reactant gas as-it travels upstream of the )
tubes The secoﬂd diaphragm (at D2) is mechanically broken
at a pre-determined time interval after puncturing the one at
Dl; since the diaphragm at D2 separates the high pressure end
of the tube from a large evacuated dump tank an intensive
expansion wave is generated by its breakage. The resulting
expansion wave spreads back into the shock tube and quenches
the reacting gas. After processing tﬁe gas sample, the
reflected shock passes across the interface between the re-
actant and-the driver gases. This results in general to shock-
interface interactions during which two types of waves are
formed - a transmitted shock wave (ST) which propagates through
the driver gases and a secondary reflected wave which may either
heat or cool the reacting gas further. This is an important
consideration in shock tube studies, as it is very essential
that the cooled gas is brought to a standstill and prevented

from undergoing stagnation heating,
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Figure l.2 illustrates three possible wave forms that can

result from the interaction between the reflected shock (SR)

and the contact surface (CS). Because of the abrupt changes
in the speed of sound (a) in the gases across the contact
surface the secondary reflected wavé could be either a shock
or a rarefaction (an expansion) wave. Figure 1.3 shows the
pressure variation at point Xl, near the end plate (W) for the

corresponding wave systems,

The reflected wave at CS will be a shock (figure 1.2(i))
irf aaj>a3; and this will give rise to successively weakening
multiple reflections between CS and the tube wali (W)e There-
fore in the region between W and CS both the pressure and
temperature will increase with'time in a stepwise fashioﬁ, but
the increments after the first shock (Sl) are smaller, On the

other hand, if a2<:a the reflected wave will be a rarefaction;

3
this wave subsequently will reflect many times between the
wall and CSe The type of wave reflected will aiterﬁate
between a rarefaction and shock - as illustrated in figure 1.2
(ii). The pressure (as in figure 1.3 (ii)) and temperature
will fall after the passage of the first rarefaction R1 and

then rise and fall to much lesser extents with subsequent

weaker reflected disturbances.

Multiple shqck reflections at the contact surface is
undesirable if the gas is to be allowed to react for several
milliseconds at conditions of constant enthalpy and pressure.
The formation of secondary shock or rarefaction waves at the
contact surface is prevented by a gas~dynamic technique called

10,11

the 'tailored-interface' method « Interface tailoring

conditions are realized when 8, = ag (figure 1.2(iii)) in

v - .. Il CRN ’
N S S LYy, e . R e
vaas ouybu-lf Yo Luad d&yunu Ve tede QLU vel LEEAVIID UL el AABMAY L elw



14
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which the reflected shock, SR’ passes through the contact
surface without change of speede Under this condition the
contact surface is brought to rest abruptly and uniform
conditions‘of pressure (figure l. 2 & 1.3, (iii)) and
terperature persist for a much longer time than in the two

previous cases (as in (i) & (ii))

Unlike the single-pulse shock tube, shock tubes opera-
ting in simple mode form have no dump tank for generating
intensive cooling expansion wave. And here quenching of
the reaction products does not employ the technique of burst-
ing a second diaphragm but is achieved by the formation of
rarefactién wave at the contact surface as was described
above and illustrated in (ii) in figures 1, 2 & 1,3, This
method does not make any provision for preventing reheating
of the gas sample after being processed by the primary
reflected shock wave; its application relies on the assump-
tion 12 that the reaction mixture is only reheated to a

temperature much lower than T the temperature behind the

5!
primary reflected shock wave. However, this assumption

has been stated 15 to be invalid when the data obtained

by Greene and co~workers 1z using this pethqd of
cooling are compared with results obtained from other shock
tube investigations. It is believed that because of the
diffuse nature of the contact surface the rarefaction so
produced will be weakened 14. Nevertheless a small drop in
temperature will be sufficient to quench a chemical reaction

in view of the strong dependence of chemical reaction rates

on temperature and the high cooling rates of the order of lO5 to

6

10 °k/s 513 attainable in the single-pulse shock tube,
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The philosopy of using the single-pulse technique for
chemical kinetics depends on the strong assumption that the
whole gas sample is subjected to heating for the same length
of time before quenching. However, this condition is not
always met in practice. The x~t diagram for é single~pulse
tube shoﬁs that the length of time the test gas is exposed
to the high temperature pulse will vary along the length
of the tubc. Belford and Strehlow’ have reviewed the several
limitations inherent in the use of tﬁis technique. These
limitations, especially the uncertainties in determining the
true reaction times and the actual value_of'thé reflected
shock temperature, have led to the development of a number
of modified methods for deriving reéliable kinetic data from
the single-pulse shock tube. - The two major methods fbr
evaluating kinetic data'from the shock tube aimed at circum=-
venting some of these limitations are the comparative rate

15,16

method of Tsang and the isolation section technique

first reported by Johnston and Tschuikow-Roux l7.

In the comparative rate method a binary mixture of
reactants in an inert carrier gas ié used; the kinetics of
one of the reacéants ( the standard ) is well known while
that of the second is being measured relative to the known
kinetics of the first component. By using such gcchnique
the uncertainties in the value of the reflected shock tem-
perature is largely removed 16. In reference 16 the

possible sources of ~ errors in this type of approach and

ways of minimizing them hagve been dizcussed.
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Because the dwell time (reac?ion time) - that is the time
during which the reaction mixture was subjected teo the high
temperature (T5) ~ varies as a function of the distance fronm
the end plate of the shock tube, calculations of experimental
resulfs are made using the average dwell time, Such average
dwell, time répresents only an approximation 6f the true
value of the reaction time. An improved estimate of this
value can be achicved if the reaction mixture were to be
confined to within 6nly.a srall length of the tube's test
section., The isolation technique ié based on this principle
and therefore, it avoids the use of average values for the
dwell time. ’This'tebhniqne is accomplished by using two

20

shutter 17 or pneumatically operated valves usually

located close to the end plate.-

Evans et alal have reéently compared the reliability
of daté obtained from both the comparative and isolation
techniques. They obtained evidence in favour of the isola-
tion technique; in addition, they suggested the importance
of taking into account the deceleration of thé shock front

while calculating the reflected temperature, T5.

One of the limitations of thé reflected shock region
for the study‘bf chemical kinetics lies on qalculating T5.
The most troublesome‘featu}e is the disagreement between the
values of the reflected shock wave temperature (T5) computed
from measured reflected énd/or incident shock velocities, based
on a onc~dimensional theory. The chief causes of such dis-
ragrecments are the perturbations introduced by the nonideal

opening of the diaphragm, and groving boundary layer gencrated
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by the incident shock. However, these difficulties associated
with the calculation from measured velocities can be largely
solved if this temperature is directly measured rather than
calculateds Such option has been adopted bf Napier and
Subrahman&am 22 and in the single-pulse expgriments in this

wWorke-

On the whole, the use of the éingle-pulse chock tuEe
technique in the sfgdy of chemical reactions at high témpera—
tures has continued to enjoy much popularity amongst chemical
kineticists since it was developed by Glick and co-workers.

A host of cher later investigators, such as references (15-17)
to nawme but a few -~ have used this technigue in the study

of the pyrolysis of hydrocarbons,
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Te3e2 Spectroscopic Technique

The application of the spectroscopic techniques in the study

of the emission from shock-heated gases was pioneered by
28

Gaydon and his co-workers s wWhose main interest was
centered on the comparative study between the emission
spectra from the shock-heated gas with those obtained in
flames and discharge tubes. The spectrum of radiation

from the shock -heated gases, as in flames and other systems
which emit radiation, depends on the form of energy changes
taking place within their molecules. Electronic transitions
in molecules accompanied by simultaneous changes in the
internal vibrational and rotational energies of the molecules
are responsible for band spectra in the visible and ultra-
violet regions, In the near infrared, the band spectra
result from changes in the vibrational and rotational energy
alone, while bands in the far infrared are due to only
changes in the rotational energye. Emission continuum

is usually attributed to’ the presence of hot solid
particles;.and studies in the shock tube of the kinetics

of carbon formation 29-31 have utilizéd ﬁhe appearance of

emission continuum to identify the moment of incipient

carbon deposition.

The availability of very sensitive and fast response
photomultipliers has made the use of the spectroscopic techniques
very attractive; and also there is that added advantage
that optical techniques do not interfere significantly with
the reacting gases. Numerous researches have been carried
out in the ultra-violet, visible and infrared regions of the

spectrum with both emission and absorption measurements.

Emission measurements though simpler to conduct have a
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common defect in that measurements are obtained only for
the concentrations of the excited state and any attempt to
relate thesé to the groundstate concentrations of the
principal constituents would require an accurate knowledge
of the population distributions of the excited state.
Fortunately certain compounds, for example acetylene,
methane and ammonia, are capable of providing thermally
excited emission in the infrared and this method has been

used by Jacobs 32

and many others to obtain useful kinetic
results by simply equating the intensity of the emission to

be proportional to concentration of the compound.

Of greater utility is the absorption method since
knowing the appropriate extinction co-efficients at the high
terperatures of the shock tube, it is then easy to calculate
the concentration of the reacting species from the amount of

radiation absorbed.

The main difficulty inherent in the use of the spectroscopic
techniques in shock tube studies is the small amount of light
emitted and 1its short duration of few microseconds.

While this could be a serious handicap for studies conducted
in the primary shock waves, it is less serious in the
reflected shock region where the period during which the

light is eﬁitted can be considerably'pro-longed by using

the interface - tailoring technique33 and also the prevailing
higher temperature and gas density lead to a considerable

increase in the strength of the light emitted.

Of special interest in this work is the application of
infrared spectroscopy, especially the ultra-rapid technique,

to shock tube studiess This is discussed later in section

1.3.5 and 1.306.
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1,3.3 Time of flight mass spectrometry

This is a nov;1 technique of dynamic sampling behind
the reflected shock through a pinhole. Essentially it is
a simple mass Spectrométer which operates on time of
flight principles rather than on deflection in a magnetic
field, It is incooperated with the shock tube via a small

34,35

pinhole .(about 0.05 = 0.I27 mm in diameter ) made in
the end plate which is lined with thin gold foil. The
shock-heated gas leaks through this pinhole into the ionizing
chamber, where the molecules are ionized before accelerating
to the detecting system. Depending on the mass of the ions
they will reach the detector at different times, the lighter
ions reaching first since the ﬁelocity of ions of constant

energy is proportional to the inverse square root of their

masSs

The output signal from the detector is displayed on the
oscilloscope at regular short intervals of about 50us and

can be photographed on a rotating drum canera. The main
attraction of this method is that it has become possible to
follow the course of chemical reaction as it proceéds,
monitorins both the formation and disappearance of unstable
intermediates. This method has been used by Kistiakowsky
and co-workers Hrs L to investigate the pyrolysis and

oxidation of acetylene behind the reflected shock waves.

The major points for which this technique has often
been criticized are the problems associated with the growth
of thermal boundary layer and its aspiration into the

sample jet, possible contamination of the sample by gas
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which has been treated by collisions with the walls of the
leak, and possible self-rarefaction of the region from

which sample is withdrawn.

I.3.4 Application of infrared spectroscopy to shock

tube studies

Infrared spectroscopy enables the identification of
certain functional groupings in a complex molecular struc-
ture and with the development of fast response infrared
detectors the application of infrared spectroscopy in the
study of fast reactions has becdme very popular. Witk the
assumption of Beers Law that for a transparent gas the con-
centration of a reacting species is proportional to the )
intensity of the radiation it eﬁits, it is then possible to
make time - resolved measurements of the variation in the
intensities of the various molecular groupings. Moreover,
this method could be employed to follow processes occurring
in the shock tube if it is assumed that radiative equilibruim

is attained in short times compared with chemical deccmposi-

tion.

The first application of high-speed infrared spectro-
scopy to shock tube studies was simultaneously reported by
Hooker 29 and Windsor et al 36 at the seventh international
symposium on combustion in 1959. Hooker detected infrared
emission through sapphire window at 3.04 um from shock-
heated acetyleﬁe using a photoconductive indium antimonide
cell, while Windsor et al used a lead sulphide detector to
monitor the infrared emission of CO waveband at 2. 335 pm

in their study of the vibrational relaxation of carbon
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monoxide. Useful kinetic results, some of which are dis-
cussed later, were obtained from these initial studies,

The fi}st published data on reaction rate measurements
using the infrared emission technique in a shock tube was
reported at the 8th international symposuim on combustion
by JaCOsteo He used'a 0.7 ps time-constant gold-doped
germanium infrared photoconductive detector to study the
initial rate of ammonia decomposition in the range 2000 -

BOOOOK. By assuming that NH, behaves like a transparent

3
gas, he measured the changes in ammonia concentration
directly by following the infrared emission intensity as a
function of time. Such measurements yielded a low vaiue

of 218.4 KJ/mole for the apparent activation energy, which
is almost one half of the bénd-strength (441 KJ) in NH2 - He
This was taken to be an indication that such measurements
represent, not the initial decomposition rate but, a measure
of the early rate of a chain process. However, in a later
investigation 37 the same author obtained a more reliable
kinetic data by measuring the rate over a period of
times The decomposition reaction of methane in the
shock tube has been followed 38 by observing the infrared
emission of methane at'3.§pmaﬁd those of the formed species
at 2.9 - 3.0pmn. It was shown that the first-order rate
constant of its decomposition is dependent on the concentra-
tion of the carrier gas, argon. Wray and Feldman39 in an
extension of the work of Bott and JacobsL-LO on SF6, used a
liquid helium cooled copper-doped germanium detector in the
study of the decomposition of 502F2° They verified

experimentally that the gas was transparent over a wide

range of partial pressures of SOZFE’ and hence calculated
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its decomposition rate at 1900%- 2300°K directly from the
slope of the decay of the infrared emission. A comparison
of their data with those of Bott and Jacobs’ revealed that
SF6 decomposes about I0 times faster than does its oxida-

tion product, SO Numerous other interesting result

2 Far
have been obtained in similar pyrolytic studies of various
compounds carried out in the recent years, For example,

Kuratani and Bauer42

investigated exchange reaction
between acetylene and deuterium at temperatures of 1300 =~
1665°K. The rate of substitution of D for H was followed

by recording the infrared emission intensity due to CEHD

(at 3.914 Pm) and to CZHZ (at 3.129 Pm). On the strength
of their observation they were able to postulate the occur-
rence of two types of unstable intermediates;
a) a molecular complex, C2H2°D2 between acetylene and
deuterium; and '

b) CHD®* an excited molecule.
22 2

Also the use of infrared spectroscopic technique has become
very useful in combustion studies of hydrocarbons in the
shock tubg. This involves the monitoring of the infrared
emission from COZ, co, HZO gnd the hydrocarbon species by
using suitable narrow band filters and detectors. The oxi-
dation prodﬁcts from the combustion of methanéﬁ5 y and

ethané“* have been observed using this method.

Ie345 Rapid scanning infrared technlque

Studies utilizing high-speed infrared spectroscopy
reviewed in the last section (I.3.4) were only used to

observe the emission intensities at the characteristic

vibrational frequencies of the bands of interest,

»
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Their application in investigating chemical reactions is
very limited as the variation in the intensity of emission
due to only one particular functional group (or grou?s if
their emission bands are so close together that they can-
not be resolved) could be followed at a time. In such
attempts to monitor sigultaneously the emission
intensities due to more than one group involves the use of
as many filters and detectors as there are functional groups;
which is very expensive., Therefore the desire to limit
cost, as well as to examine the progress of fast chemical
reactions over a wider wavelength range in times as short
as a few milliseconds, led to the development of rapid

infrared scanning spectrometers.

The development commenced with the design by Bullock
and Silverman45 in 1950 of an instrument, based on the

46

original ideas of Daly sy Which was capable of scanning

across 2 micrometers in 2 milliseconds. In this and other

47- 20

later designs which followed, rapid scanning across

a wavélength inferVal at short times was achieved by the

use of either fast rotating or oscillating littrow mirrors.
The major problem associated with the use of rotating or
oscillating mirrors in these designs are the mechanical strain
placed on tlLe éirror while in motion; this seriously limits
the repetitive rate that can be achieved. These spectro-
meters lend themselves to kinetic studies of rela-
tively slow chemical reactions and are not fast enough as

to enable shock tube investigatiqns to be carried out.

A decade later after Bullock and Silverman's initial

attempt, Bethke?l introduced a new design of ultra-rapid
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scanning infrared spectrometer which was capable of

scanning upto 20,000 times per second over a scan width

of 0.5 micrometers. This was achieved by changing the angle
of incidence of the infrared radiation entering the mono-
chromator by using a high speed rotating disc instead of a

rotating mirror,

Figure 1.451 shows the layout of this instrument. The
scan wheel D,has radial slits, located close to the edge,
which acts as moving entrance slits for the monochromator.
The infrared radiation emerging through the monochromator
is picked up by a sufficiently fast response (rise time <

0.2 ms) infrared photoconductive detector,

An ultra-rapid scanning spectrometer, based on this
(Bethke's) design has been successfully used in this labora-
tory for the study of the pyrolysis of shock heated methane
and ethylene52 « The results from that study showed that
the application of uvltra-rapid scanning infrared spectro-
scopy to shock tube studies can be a valuable method of
elucidating reaction mechanisms at high temperatures.

And one of the objectives of the present investigation is

to use this technique to eludidate the mechanism of

acetylene pyrolysis behind the reflected shock waves.
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Figure 1.4 "t ULTRARAPID-SCAN SPECTROMETER

SHOCK TUBE

. Optical schematic dia-
gram of URSIS. The apparatus is

a modified Perkin-Elmer mode) %3 )
single-pass  monochromator. The
light path is reverse that of an un- Mi-8 - reflecting
modibed instrument, Both the axis
of the scanning wheel and the scan mirrors
trigger system (lamp, L1, M8, and
PN ) are mounted above the mono-
chromator and its optics. Si - Exit slit
S2 - Iimiting slit
Pr - CaF2 prism
J

DET . = InSb Detector

Scan WH - Scanning
wheel

L
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L1k The effect of houndary layer on shock tube kinetic data

The flow of viscous fluids through a tube very often
results in the formation of a layer of fluid very close to
the walls of the tube across which the flow velocity is pro-
gresg?vely retarded until it finally becomes zero at the wall.
The formation of such a layer called the boundary layer, in
the shock tube has been extensively described in many

4 - 6, 59.

texts The prescence of a wall boundary in shock tube
can cause serious deviations in the test time, temperature and
density histories of the éhocked gas ffom those predicted by
-ideal theory. Duff53‘has observed that in a low-pressure shock ‘
'tgbe (P1 = 6645 N/ma) at a distance from the shock~front corres~

ponding to the position of the contact surface, the boundary layer

thickness reaches as high as 20-53% of the radius of the tube,

The growth of boundary layer in the shock tube has been
likened to an aerodynamic sink which removes gas from the
region‘bétween the shock front and the contact surface; such
mass removal causes the shock to decelerate while the contact
surface is accelerated apparently because of the reduction in the '
cross-sectional area of the shock tube. The effects of the
wall boundary layer becomes more. pronounced és the length-to-
diameter ratio of a shock tube is increased and as the initial

pressure in the driven section is reduced.

The formation of a boundary layer, sometime after the
rupture of the diaphragm, is shown schematically in (figure 1.5).
The influence of boundary layer growth has been analytically

treated in great detail by Mirrels 54-56. Mirrels has surgested
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tvat flow non-uniformities associated with the boundary layer
behind an incident shock may significantly affect shock tube
studies of chemical kinetics. Brabbs and BellsS?’58, using

the Mirrels equations, have experimentally confirmed that

kinetic data from the shock tube are subject to, and must be
corrected for, boundary layer induced non-uniformities for both
turbulent and laminar flows. Warshay63 has also examined the
effects of boundary layer corrections on the measured rates of
dissociation of 1% Br in argon using Mirrels' model for wholly
turbulent boundary layer. A comparison of his kinetic data

from two separate studies - without62 and with 63 boundary layer
corrections indicated that even under 'favourable' experimental
conditions (MS = 3-4, large tube dismeter, 10.2cm, short reaction
time, 10 to 50ps, and high P = 18-72 torr ) where boundary layer
corrections could be assumed to be unimportant, the application
of such corrections produced a change of 20% in the rate cons-
tant at the lower temperatures with both the activation energy
and the pre-exponiential constant decreasing. He also pointed
out that the boundaryrlayer effeéts on the apparent rate of
dissociation of bromine was very significant at the lower

temperatures (around 12640K) but become negligible at high

temperatures,

Mirrels! results55’56 from the treatment of laminar flows
in the boundary layer have been used by Strehlow and Belford61
to evaluate some simple formulae which are very useful for

estimating the magnitude of errors introduced by the boundary-

* 1 torr = 0.1333 KN/m°
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layer -~ induced non-idealities on kinetic parameters measured
from shock tube studies., These formulae outline corrections
for estimating:-

a) the actual observation time tp’ from the

laboratory time tl’ using the equation:

- 3
F o 2 (v our (gt

in the place of (1.42)

tp ¥ tL (92/?1) " (le4b) for an ideal flow

with no boundary layere. Where:-

( ?2/€ ) = the density ratio across the shosk
1

front

tn ¥  the maximum hot flow transit time -

defined as ty = 5.85 a2P, /(Mg "7a) em ™ torr7l,

where d = hydrawlic diameter (= 4 A/L, where
A = tube area, and L = tube parameter), P, =

initial pressure in the test section, M_ = shock

I3
mach number, and a; = velocity of sound in the
gas ahead of the shock wave. Equation (l.La)

is an adquate approximation as long as tL/t <o.1:
n =Ly

above this the correction is larger.

b)  the temperature drift behind the incident shock
(for a monatomic gas) is given as

9

. 2 :
AT/TZ ¢ 0.2 (tl/tm) 2+ 1.2 tp [(Ms - l)/ng

(Mi + Bi”:d(ln MS)/dJ» (1a4¢c)
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c) The density correction as:

459/ = éST/jL//(ir-J)
= 1.5 (AT/T) (1.4d)

The limits for the application of these corrections have been

discussed in references (9, 61).

However, while these corrections are applicable to studies
performed in the incident shock wave, there are no sinple
formulae yet available for making such estimations for boundary
layer effects in the reflected shock waves because of the comple-
xity of the flow pattern in the reflected shock region. The
complication arises as the refigcted wvave travels against the
on coming gas of the incident wave, it interacts with the .
boundary layer giving rise to bifurcation of the front 13 23 29,
This typg of interaction leads to the thickening and the separa-
tion of the layer froﬁ the walls of the tube so that it extends
more into the central region. The layer also becomes more
turbulent and follows the front of the reflected shock up the
tube at a lower velocity. This phenomenon will destroy the

homogeneity of the reactant gas and introduce large gradients

of gas properties transverse to the shock tube axis.

Both analysis and experiments indicate that monoatomic
gases show little shock - boundary layer interaction, while
gases composed primarily of complex moiecules, for example,
hydrocarbons, maybe seriously affecteds Therefcre, spectro=«
scopic measurements of time variation properties, such as
optical absorption or emission can be greatly affected by the

growth of the boundary layer. It is therefore an important
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consideration in the present study since any changes in the
gas density,.resulting from non-uniformities in shock heating
of the gas between the shock and>the contact surface will be
greatly magnified in the reflected shock region. Such changes
in density could alter the strength of the emission and thus
would invalidate any assumption of the dependence of councen-
tration on the intensity of emission, except at low optical
densities., However, under suitably controlled experimental
conditions it is possible to keep the gas in the reflected
shock region at an undisturbed state for up to several milli-
seconds; independent préssure and density measurements are
usually useful in judging the reliability of measurements made

in this region.

l.5 Tailoring of the interface

While it is desirable to conduct kinetic studies in the
reflected shock region because of the accessibility to higher
temperatures and the availability of longer observation times
at which the hot gas is relatively static, as opposed to the
conditions at the incident shock region where the gas is
continually moving and the process may be studied during the
passage of the shock down the tube before the onset of reflec-
tion, it might occur that the desired near ideal conditions
behind the reflected shock are marred by interface instability
arising from the generation of multiple reflected shock or
rarefaction wavses during thé interaction between the reflected
shock and the oncoming contact surface. This leads not only
to reduction in the length of observation time behind the

reflected shock but also the test gas is no longer subjected
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to a single isothermal pulse. References (4,5) have outlined
various forms of wave pattern that could result from such
interactions. This instability phenomenon occurs because

of the differences in the speed of sound and specific heat
ratio of the gases in the incident region from those behind
the contact surface. Figures (1. 2 and 1. 3) show the Various

forms of interaction that do occur.

Instability at the interface can be arrested or at least
minimized by the using the technique of interface tailoring,.
This technique relies on the principle of adjusting the condi-
tions sc that the sound speed and the svecific heat ratio in
the incident shock are matched to those in the region behind
the contact surface, so that thé reflected sﬂock vasses through
the contact surface without any‘change in the shock strength.
In such conditions the contact surface is brought to abruont
rest and the hot gas in the reflected shock region then
remains stationary and uniform conditions persist for a greatly
increased observation time until the reflected rarefaction

wave arrives from the driver end of the tube,

The interface -~ tajlorihg conditions are usually achieved
by adjusting the composition of the driver, or the test, éas
and sometimeé by electrically pre-heating the driver gas. 1In
the present study the interface - tailoring technique was
employed, and it was achieved by simultaneously varying the
vercentages of nitrogen in the pre-dominantly hydrogen driver
gas and adjusting the initial pressures of the test gas,

Calculations for tailoring conditions are outlined in section

2¢35¢5
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l. 6 -Pyrolysis of hydrocarbons

Pyrolysis of hydrocarbons proceed through a complex
mechanism in which the degree of complexity increases with
~increasing molecular weight of the molecule being pyrolysed
and with increasing conversion. The basic reactions occuring
during the pyrolysis of h&drocarhons, especially for a2liphatic
hydrocarbons of paraffin series, are dehydrogenation reaction
(1,I) and chain rupture reaction (1.2) resulting in the forma=-

tion of olefines and lower molecular weight paraffins:

CnHZn + 2 —_— CnHZn * H2 (1'1)
and -
C H CH +
m+n 2(m+n)+2 ) m 2m CnH2n+2 (1.2)
Higher ' olefin lower
paraffin paraffin

Vhich of these two reactions is favoured depends on thermo-
dynamic considerations. The energy required to rupture

a C-Cbond (~209 - 344 KJ) is lower than those for C - H
link (™~293 - 418 KJ); this suggests that under non-catalytic
conditions, the velocity of reaction (1.2) is greater than

the velocity of dehydrogenation (J.1). However, different
hydrocarbons differ in ease by which they undergo pyrolysis;
in generél the extent to which a compound decomposes at any
temperature depends on its relative thermostability. There-
fore the relative stabilities of different kinds of molecule

are clearly of great significance.

Thermodynarics provides a useful definition of stability

in terms of the standard frce energy of formation of a
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o
compound from its elcecments, written as ZXGF i With methane,

for example; this is the standard free energy of the reaction (in

equation 15 )

C(s0lid ) + 2H, (gas) __ y CH, - (1.3)

Vhere ZSGg is large and positive, the compound in question cannod
readily be formed from its elements under the specified condition,.

o
F

indicates a marked readiness to decompose into the clements,

A large pésitive value for JAY:! for an existing compound
or into other compounds of higher stability (i.e. with smaller
positive or a negative ZXG%). Figure (1.6) shows?O the’
dependence of free energy of formation of gaseous h&drucérbons
per carbon atom on temperature. The tendency for decompcsi-
tion reaction to proceed at any temperature is from a Ligher
to a lower curve in the figure. Hence, methane is thé rost
stable of all the hydrocarbons over a wider temperaturse
fange. In general paraffins and naphthenes are relatively the

more stable hydrocarbons.at lower temperatures (below EGOOK),

whilst aromatics and olefins and acetylene show remarkable

increase in relative stability at high temperatures. Acetylene,

for example, is thermodynamically very wunstable at ordinary
temperaturés but, beinz a highly endothermic comround, it

becomes less unstable with rise in temperature.

At shbck vave tempcratures many investigators, émonsst
them Glick?u" and Skinner et al65 ’ havé observed that
during the pyrolysis of hydrocarbons paraffins quickly yield
olefins (especially ethylene) which in turn is converted to
‘acetylene (a more stable product at temperatures above 15OOOK)

and hydrogen. Consequently, a general and simplified decom-
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position sequence for hydrocarbons can be represented as:-

Ky ' K K
Conflynsz.  —— Catun —E25"CH 3 5 20C
s 2 —nH,
paraffin ’ olefin acetylene carbon

in which Xy > K2§7 Ky are the rate constants, and n is

the number of carbon atoms contained in the hydrocarbon.

This form of decomposition sequence illustrates that
the higher molecular weight hydrocarbdné are being systema-~
tically cracked to series of lower molecular weight products
in which acetylene becomes a major reaction product at high

temperatures 12,22 . 66

This is in keeping with Porter's
earlier suggestion that acetylene is the last stable hydro-
carbon to be observed before carbon is formed during the
pyrolyéis of hydrocarbons. Deservedly, therefore particular
attention has been paid to the study of the pyrolysis of the
low molecular weight hydroc;rbons since they form the bulk
of the reaction products during the decomposition of higher
hydrocarbons. Also of particular interest is the formation

of the unsaturated intermediate products (olefins and acetylene)

which are in great demand for the chemical industries.

For yearsy great research interest has been centred
on the last step in the deomposition sequence of hydrocarbons,

that is the pyrolysis of acetylene, since it is believed that

it has direct bearing on the formation of carbon, a substance
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whose nuisance in combustion engines and systems is well
known. Alsq of vital interest is the knowledge of the mech-
anism of‘aéetylene pyrolysis which is very important with
respect to the industrial hazards presented during acetylene

6?—69.

manufacture andiifs wide use for chemical synthesis

1l.6,.1 Free Radical Mechanism

In pyrolytic reactions there is a complex sequence of
elementary steps intervening between reactants and the

products as a result of formation of very reactive interme-

diates( atoms and free radicals)?1 in the course of the
reaction, The involvement of free radicals and atoms during
pyrolytic reaction; has led to serious difficulties in formu-
lating the reaction mechanism of even the simpliest hydro-
carbone By posulating the free radical mechanism, Rice and
Herzfeld72 have demonstrated how very complex reaction mech-
anism may still lead to simple overall kinetics. The Rice-
Herzfeld free radical mechanism distingvishes three types of

elementary reactions - initiation, propagation and termination-

as the chain processes occurring during pyrolysis.

(a) Chain Initiation:

The initiation step is the formation of free radicals
from a valence-saturated molecule. This can result from a
number of ways depending on the reactant(s) involved and the
method employed in investigating the reaction. Initiation

can occur during pyrolysis by any of the following ways:-

i) Dby the unimolecular splitting of the parent molecule

at its weakest link; for example, during the pyrolysis
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of most aliphatic paraffins, such ethane, propane,
the decomposition starts with the rupture of the C - C bond

to yield radicals; for example,

CZHG - CH% + cn% 2.1.(3)

C Hg S CH}  + CJHI 2.1.(4)

ii) by molecular interactions between the molecules of

the reactant(s), as in the initiation of acetylene pyrolysis:

CH, + CH, 3 c4H3 + H® 2.,1.(5)
or

[ ] [ ]
CZH2 + caH2 o CEHS + CZH 2,1.(6)

iii) Reaction can also be heterogeneously initiated at the

walls of the reaction vessel., The last initiation metho@
(iii), is only applicable to situations whgre reactor surfaces
play important role, as in most studies conducted in static
and flow apparatus; but it is of no significance when the
shock tube is used, The magnitude of the rate of chain
initiation depends on the humber of the active centres invol-

vede Generally, the initiation steps are show and endothermic.

b) Chain Propagation

The radicals.once forméd, propagate the reaction by
generating other new radicals. In this reaction-step product-
molecules are formed while the total number of radical inter-‘
mediates, or chain centres remain constant. In applying

Rice~Herzfield chain mechanism to the pyrolysis of hydrocarbons,
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the chain propagation reactions can be classified into three

distinct groups:

i)

ii)

iii)

attack by the free radicals on the parent molecule(s)
to form an end product and a new free radical or
atom; for example,

+ e ) ‘
C,H, + °cH 3 cZH4 CH 2.1.(8)

unimolecular conversion of one free radical into

another;

. . C.HS
i 03H7 3 n’3°7 .

the unimolecular decomposition of a free radical to
form a product and a new free radical or atom:

for example;

caﬁ5 3 CZH4 + H 2.1.(9)
03H7 3 CZHh + CH3 2¢1.(10)
C4H3 3 C4H2 + H 2.1.(1;)

Propagation reactions are usually fast and thermo-neutral or

exothermic

(c) Chain termination

The chain process in terminated when all the generated

free radicals in the system are consumede. Chain may be termina-

ted either by the capture of the radicals by the vessel walls
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_(for reactions conducted in convectional systems), or by the
recombination and disproportionation reactions of the free

radicals)

; recombina-
‘ ) tion
c4§3 + CL}HB 3 CoHe ; 2.1.(13)
or
C.H;: + C_H y C,H, + C,H. dispropor-
23 2> 2k 276 tionation

2.1.(14)

Also chain may be broken by the addition of inhibitors -
special substances which replace the active free radicals by
radicals of low activity, incapable of propagating the chain
process. Chain breaking process can be either linear or
quadratic reactions. In the linear chain breaking reaction
the rate of breaking is proportional to the first power of

the free radical concentration, here the chain could be
terminated at the walls; whereas in a quadratic chain breaking,
the rate is proportional to the product of the concentration
of two free radicals or to the square of the concentration

of any of the free radicals, and are usually the result of termina-
tion by eithér a recombination or disproportionation reactione.
Quadratic termination reactions in the gas phase must have
high rate constants to-COmpete éince the radical concentra-

tions are usually small.

The nature of the initiation, propagation and termination
steps are of very important consideration in relating the

reaction mechanism to the overall kinetic behaviour of a
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systen., Thé overall order of a reaction is mainly deter-
mined by the manner in which the chains are broken, Gold-
finger et al?3 have studied this relationship and have
classified free radicals into two major groups,‘p- and p-
radicals, judging from the standpoint of the types of propa—A
gation steps in which they participate. The P- radicals are
those that only participate in second-order propagation
steps; for example in equations 2¢1.(7) and 2.1.(8) CH3, H® atom
and the ethynyl radical in the pyrolysis of ethane and
acetylene respectively are B- radicals. - Whereas in equations
2.1. (9 - 11), the radicals czgé"'03ﬁﬁ and C,H are termed

J-radicals as they mainly participate in first - order pro-

pagation steps,

A careful choice of possible combinations between these
.radicals in the chain breaking reaction can resolve the
question posed by the experimental observation that some
unimolecular reactions have a non-integer overall reaction
ordef. Goldfinger and co-workers73 have formulated a table
of possible combinations between.ﬁ- and P- radicals inorder
to expléin such discrepancies, Summary of such various
combination possibilities, and including tle conditions in
which termination steps involve the participation of third
bodies are generally availabie in standard texts on reaction
- 77

kinetics, such as references Such summary has been

outlined in table 1.
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Overall orders of reactions for various types

of initiation and termination

reactions

—

First order Initiation

2nd - order Initiation

Overall orden

simple

termination

3rd body

termina-
tion

simple

termination

3rd body

termination

FP

PP

PP
PPM

PPY

B
Fp

PP

PPH

P

ppn
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This analysis shows that if the chain initiating
reaction is bimolecular rather than first-order, the overall
orders are highgr by one-half, and whére the termination steps
involve a third body, the.tendency is for the order to be
reduced by one-half. However, several factors influence the
form a termination step takes in a reaction. Since the com-
bination of free radicals requires little or no activation
energy, their rate coefficients are mostly dependent on the
frequency factors; these themselves do not vary greatly,
therefore the relative concentrations of the radicals are very
significant determining factors that influence the type of
termination process that takes piace. Higher concentrations
of P-radicals will favour BB- and FﬁM termination steps,
while the abundanée of p-radicals results in JJJ and ppH
combinations. The general importance of table (2.1) is under-
lined by the fact that it is very helpful in deciding a
reaction mechanism without having to solve the complex steady-

state equations in each case.

1.6.2 Review of the pyrolysis of some selected hydrocarbons

Pyrolysis of the individual hydrocarbons have been
ektensively studied and it will be too cumbersone to attempt
to undertake a detailed review of all of them. Hence the
literature survey will be limited only to those hydrocarbons -
propane and acetylene - which are of major interest to the

current study.
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le6a20l Pyrolysis of propane

The commercial importance of provane for the production of
olefins-ethylene and propylene - led to up surge of interest
in the kinetics of its pyrolysis. Considerable work has been
carried out in this respect at low temperatures (300°K-900°K)
using static systems and the results of such researches have been
discussed extensively 79;84. Also extensive studies of propane
decomposition at moderately high temperatures (950-1300°K),
aimed at simulating the industrial pyrolyzing conditions using
tubular flow reactors 85_91, while only very few experimental
investigations have been reportgd to date using the shock tube
techniques. Works prior to about 1954 has been reviewed by

93

" Steacie while a recent review by Volkan and Ajprilgl+ has compre-

hensively covered much of the latter studies.

The pioneering researches on propane pyrolysis were conducted
at low temperatures using conventional static systems; notable
among these which dealt with reaction rate and reaction mechanism

95 96

include studies by: Pease and Durgan”’”, Steacie and Puddington’—,
Marekwand~McC1uer97, and Ingold et a198. These studies showed
the decomposition of propane to be largely a homogenous gas-
phase reaction proceeding with a radical chain mechanism; the
reaction was reéorted to be first - order relative to the
concentration of propane with the activation energy varying

from 209 - 293 KJd. The masor decomposition products of pro-
pane pyrolysis are hydrogen, methane, ethylene and propylene

all of which are found to be present in nearly equal amounts

and at low conversions, and are thought to be formed according

to the stoichiometfy;



4'7
05H8 s cHl+ CZHq (a)

8 —> H 3% (®)

Laidler et_al79 have re-~examined the foregoing results
by investigating the exact nature of the initiation and
termination reactions at temperatures between 800 - 9OO°KAand
at pfessures up to 79,8 KN/ma. They arrived at similar
conclusion that the reaction is homogenous and proceeds by
a free radical mechanism in which the initiating step was
the self-dissociation of propane to a methyl and an ethyl
radical; they also observed in addition that a transition in
the reaction order from first to 5/2 occurred at hiéher
temperatures (» 920°K) and low pressures. .Lgidlef and

79

co-workers therefore vroposed the following eight step

reaction mechanisn,

Initiation CiHg — CH; + cZHé (1)
caﬁg + Csflg 4—*) cini * CHe (5
ue g C,Hy CBH; +  Hy (3
cag + CgHg C;H; + CH (&)
cBH; — CHy + CH, (5
Csty — A
CBH% + CHy __, CH, + CgHg  (7)
termination .
2 CHg —_ C_H, (8)
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which explains the basis why the order is closer to 3/2 at
lower pressures and higher temperatures, and closer to unity
at higher pressures and lower temperaturese. Here, the}ﬂ)
termination reaction (7) is important in the first order
region, whereas reacti&n (8) a PP radical recombination is an
important step in the 3/2 order region. The transition of
the reaction order from first to 3/2 was accorpanied by a

decrease in the activation energy from 280 = 227.8 KJ.

Studies at higher temperatures using the flow techni-
.que85 - 90 have detected the presence of some secondary
products like ethane, acetylene, 04 and some heavier hydro-
carbons in addition to the major products, Several of the
primary products, especially oropylene, are relatively un-
sfable. At higher conversions of proparne yields of ethylene
and methare increase relative to thoce of prooylene and hydrcgene

Both Buekens and Froment 88 and Crynes and Albright89
have indicated that the overall rate of propane decomposition
is not well described by either first-order or other simple-
order equations. They observed that the activatioh energy

N
decreases with increasing propane conversion. Similarly,

86

Kershenbaum and Martin wﬁo used a theoretical model to
'determine the order of the reactions and the reaction rate
constants from their experimental results on non-isothermal
propane decomposition at 1070 - 12?0°K also found that the
overall order of the reaction lies between 1.0 and 1.2,
although they processed their data assuming a first-order
kinetics and obtained

-1

- 1 -
Kovera11 = 2+4 X 10" exp(- 52,100/, ) s

On the other hand Kunugi et al85 taking the decomposition
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rate to be 3/2 as proposed by Laidler et al obtained the rate

constant asj;

K = 5.,5x10%> exp(- 51,500/RT) ml ¥ mol ~% sec™l

Both results therefore seem to agree, within the limits of
experimental error, with the ﬁrediction thét the order of

propane pyrolysis lies between 1,0 and l.5.

Effects of various diluents on the course of propane
pyrolysis have been investigated. Dilution of the pyrolyziné
propane with hydrogen accelerates the decomposition rate.
Its accelerating influence increases with increasing extent
of dilution., The addition of hydrogen also increases the
selectivity of the formation of methzne and ethane, while
those of propylene and ethylene decreases. This has been

85

explained in terms of secondary hydrogenolytic demethyla-
tion of propylene - which enhances the yield of methane and
ethylene. :

C_H + H C_H CH

376 2 > 27y L

O

The ethylene so0 formed isiﬁ1turn hydrogenated to ethane. The

e8?’91 e80’99’100 shows

addition of pronylen and nitric oxid
marked iniﬁibitory effects on the rate of propane pyrolysis.
Herriot et a190 and Crynes and Albright89 have studiéd the
effects of steam dilution. Steam accelerated propane decom~- -
position though not as effectively as 02. At high conver=:
sions increase in steam concentration significantly increases

the selectivity of ethylene, while those of methane, ethane

and propylene decreased by about 1%,

Although the pyrolysis of propane is at least implicitly
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assumed in many cases to be a completely homogeneous gas

phase reaction, the influence of reactor surfaces has been

79 101

frequently demonstrateds Laidler et al s and Poltorak et al
used the static reactor at subatomspheric pressures ana
found that the surface acts both to initiate and terminate

the reaction. Fusy et al'%and Martin et a2 claim that

the wall is effective in terminating the chainse. Similarly,

81

Leathard and Purnell have sugcested that heterogeneous

deactivation of hydrogen radicals at the walls,
H* wall

product
is an important reaction when explaining the self-inhibition
reactions of proranee. Treatment of the inside walls of the

reactor surface by H.S and various other gases has been

2
89,90

reported by workers using flow reactors. Contacting

HZS with the reactor for several minutes at temperature

from 3730 - 10?3°K, resulted in the formation of metal sul-
phide film on the reactor walls. These metal sulphides are
gradually converted to metal oxides when oxygen or steam
comes in contact with the reactors. The metal oxides promote
coking reactions and the formafion of large quantities of

hydrogen, Herriot et a190

have confirmed qualitatively

that reéctor history is an important factor in the overall
pyrolysis process since it affects the types of heterogeneous
wall reactions which are especially important relative to
coke and hydrogen formation. Hence, the residence times in
reactors are of importaﬁt consideration in kinetic studies

of high temperature pyrolysis. The residence times in static

and flow reactors are relafively high and surface effects
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enormous, these invariably resuvlt in the loss of many pyrolysis
products which if not observed hinder.the formulation of an
accurate pyrolysis mechanisme The shock tube technique has

the ability to restrict fhe residence times of the reaction
mixture to micro-seconds ;nd to embrace a higher temperature
range. As a result the immediate products of the reaction

can be observed and an accurate mechanism can be proposed.

Unfortunatel&, very little work has been done on propane
pyrolysis using the shock tube, Bensonga_ in 1967 studied
the pyrolysis of propane at temperature range betwgen 1100°-
lQ50°K using a chemical shock tube. Both uncatalyzed andg
hydrogen sulphide - catalyzed homogeneous decomposition was
investigateds His values for a first order constants for
fhe uncatalyzed reaction-were in excellent agreement with lowsr

.
85,86 btained from other convectional

temperature data
techniques. However, at this temperature range, the product
distribution differed from those obtained at other studies,
though the trend, that propane pyrolyzes via two routes, at
equal rates, one route leading to propylene ;nd hydrogen, the
other to ethylene and methane or ethane, was still maintained.
He observed that the production of propylene falls with
increasing conversion, while methane and ethane formations
were substantially unchanged. The yield of ethylene and
acetylene rose at the expense of propylene; and at high tem-

92

peratu:es; propylene was thought to be subsequently conver-
ted, almost stoichiometrically into ethylene and acetylene, This
result contrasted to the observations at lower temperatures
85,95 where decreased propylene selectivities were -accom-
panied by sharp rises in the selectivity for methane and

ethane,
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The presence of hydrogen sulphide accelerated the initial
decomposition, and maintained a high propylene selectivity

at high propane conversion which normally decreases as ethylene

selectivity increases. Hydrogen sulphide also enhanced the
formation of methane at the eﬁpense of ethane. Change in the
;eaction (reflected shock) pressure from 811 to 507 Ki}ma had
no effect on the observed selectivity pattern. The gross
features of the pyrolysis was explained by a free radical
mechanism in which a two channel initiation reaction involved
unimolecular decomposition of prcpane to a methyl and an ethyl
radical on one hand, and to a propyl radical and hydrogen |
atom oﬂ the other. The mechanism discussed was'essentially
similar to the low temperature scheme, though suggestions for
the inclusion of steps of propylene conversion to ethylene

were made, but not followed up,

Lifshitz et a127 studied the decomposition of propane
at temperature range between 1050-1650°K, at initial pressures
of 50-200 KN/m2 using a single-pulse shock tube. The average
reaction time was 700 ps and they analys.ed the reaction
mixture for both primar& and secondary products. The rate of

production of each of the primary products was defined as:

d [P ] =- 1071 exp[-Ei/RT] [CBHB] fl
dt :

'This showed that the activation energies lie between 209-293 XJ
and that the power dependence of the initial rates of the
formation of those products on the initial concentration of
profane vary from 1.2 to l.6s They also investigated the

isotope distribution by pyrolyzing a mixture of C3H8 and C3D8
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in argon. They had inferred from such results that ethane

was produced predominantly via the reaction,

CH3 -+ CH3 3 CZH6

In a later mechanistic analysis based on the results of that
investigation, Lifshitz and Frenklachlo4 proposed an ll-step
reaction scheme which they believed was adquate to explain
the mechanism of high temperature pyrolysis of propanes
Hovever, one should have thought that for such a mechanism to
be capable of explaining the reaction mechanism of prorsane
pyrolysis at high temperatures, and indeed to reflect the
pattern of the product distribution observed in that stuldy,
it ought to include the secondary decomposition reactiosns of
some of the primary products such as ethylene and propylene
to give prominent secondary products like acetylene, allene,
etc.- But no account was given for the appearance of these

secondary product in their experimental resu1t327,

As far as the author of this current work is aware, the
only feported investigators to have studied.the pyrolysis of
propane in a éhemical shock tube at temperatures beyond
BOOOOK, are Shirotsuka et al106 « Their study covered-a ver&
wide temperature range from 1000 - 5000°K, and reaction times
O0f 048 = 1.5ms at high reaction zone pressure of ~ 981 KN/mZ.
Although théy had processed their data by assuming a first
order kinetics, on the grounds that a better correlation was
obtained for a first order than a second order treatment, yet

their analysis demonstrated that Arrhenius plot for a first

order rate kinetics cannot be extrapolated beyond 1300°K.
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A sharp drop in both the values of the activation energy and
the frequency factor occurred at temperatures above‘l}OOoK,

thus yielding two separate first order rate expressions;

K, = 1.1x10'% exp(-61000/RT) s~ at 1000-1300°K

and
r

K, = 10%  exp(- 6550/RT) s~! at 1310-5000°K.

Although no appearent reason was given for such rapid fall
in the value of the activation energy from 255 KJ/mole to
27+.4 KJ/mole, and the frequency factor change from 1013 to

86,87 that this fall in rate of

10", but it is believed
reaction with increase in temperature indicates the involve~
ment of secondary reactions which inhibit propane pyrolysise.
Also the results from other shock tube inVestigationsa7’lo?
have shown that even at moderately high temperatures (1200-
1680°K) a first order kinetics is not appropriate to describe
propane pyrolysis, rather there is a change to a three-halves
order kinetics., But at temperatureé as high as 3000°K and
above, it would be expected that other processes apart from

pyrolysis, for example ionization, may be taking place and

these would undoubtedly alter the kinetics of the reaction.

Hence it is obvious that there has not been sufficient
experiments at high temperatures to determine the kihetics of
propane pyrolysis. Even the pattern of product distribution
during its pyrolysis is still in question, and the few investi-
gationsa?’107 so far conducted at high temperatures do not

show any agreement as regards the overall order of the kinetics

of the process. This is apparent from the Arrhenius plot
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shown in figure 1.6 o 1.

It is however , essential that in investigating
-the pyrolysis of propane at high temperatures, the eXperi-
mental conditions are limited to temperature ranges where

other processes apart from the 'simple chemistry' will

not greatly affect the result ,

Figure 1.6*k:First-order Arrhenius plot for propane

pyrolysis obtained by authors at témperatures)'llOOOK

l.og k

4.0 :

360

240

5.0 6.0 740 8.0 9.0
( 1/7 x 10 %K
1 - Kershenbaum and Martin58§ (1070 - 1270°K)
2 - Benson’® (1100 - 1450°K)
3 «~= recalculated Frend's datalo?assuming
first-order kinetics (1210 - 1680°%K)

106

4L - Shirotsuka et al’ (1310 - 5000°K
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1.6.2.2 ' Pyrolysis of acetylene

Thermal decomposition of acetylene has been extensively
studied apparently because of its extremely important features

108 have

in the pyrolysis of other hydrocarbons. Knox et al
obtained evidence that some hydrocarbons originally react

to form acetylene and that it is through this compound that
the final products, hydrogen and carbon, are formed. Later
studies of hydrocarbon pyrolysis including investigations
using the shock tube? have confirmed that breakdown to
acetylene eventually occﬁrs as this is the most stable sﬁecies
at high temperatures. Much of the.éarlier works on acetylene

pyrolysis have been summarized by Steacielog. These were

Carred
low temperature studiespout either in static or flow systems.
" Since that review numerous investigations has been undertaken

using variaties of novel techniques and covering the tempera-

ture range from (580° - 2900°K).

In'general at low temperatures, about 900°K, polyméri-
zation is almost the only principal reaction of acetylene,
the product béing predominantly aromatic Hydrocarbons; and
also small quantities of hjdrogeq, methane,'ethylene_and
higher olefinic and acetylenic hydrocarbons and possibly
'carboneous solid are produced. At high témperatures, in the
region of 900°- 2900°K, both polymerization and decomﬁosifion
reactions occur, the product being carbon, hydrogen and
acetylenic hydrocarbons - like vinylacetylene, diacetylene, and
higher molecular weight triple-bonded structures, the latter

being present in minor quantities.



Suggestions have been put forward as to the natﬁro of

110
the initial products in acetylene pyrolysis. Silcocks

observed that at 640 =~ 740°K, the polyme; was initially‘C,_}Hl+
and the mean molecular weight increased slowly as the reaction
proceeded;‘ Cullis et allll'using infra?ed spectirosiopic
method, at 673°- 8750K, observed that acetylene was initially
convgrted to polymers and benzene which slowly decomposed to.
give methane. At a widér temperature interval (773 - 12?3°K),

Cullis and Franklin 112

studied acetylene pyrolysis employing
both static and flow reactars. Their analysis also showed
that both polymerization and decomposition occurred, and they
found vinylacetylene to be the sole initial‘product, whereas
methane was the predominant final gaseous product, They‘also
observed that vinylacetylene was beiﬂé converted to CL}H2 and

113

H In contrast, Read _ found that vinylacetylene is not

2.
an important intermediate in the formation of either diacety-
lene or carbon from acetylene. This contradicts the results
of Munson and Andersonllu at ?73o - 1120°K, that bimolecular

reaction to form vinylacetylene, followed by reaction with

other molecules of acetylene, is one process which leads to

carbon formation from acetylene., Frank - Kamenetsky 112 deducgd

from pressure measurements that'thefe is first an induction
period, followed by dimerization to (CZHZ)Z’ with a hetero-
geneous reaction occurring after 50% of the acetylene had
reacted.

110

Silcocks also demonstrated the importance of hetero-

geneous reactions during acetylene pyrolysis; while Minkoff

116

et al found that the rate of decbmposition was influenced

by unclean surface of the reaction vescel, For example, theyll

6
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observed that the decomnosition rate was increased from about
(1.28 to 2.20)}{10"‘+ mole/cc-s by the deposit from previous
experiments. Hence no clear mechanism has emerged, as to
how acetylene decomposes from these works employing conven-
tional experimental techniquese.s The difficulty in under-
standing the mechanism of the reaction seems partly from the
analytical difficulties involved in obtaining reliable data
because of the high reactive nature of acetylene and most of

it products. For exampie, Bone and Cowardl17

experienced that
at 1073°K and higher temperatures acetylene always flashed.
on being admitted to the feaction vessél unless it was largely
diluted with nitrogen or hydrogen; and this explosive charac; -
tgristics make any accurate determination of the rafe of
reaction under isothermal conditions very difficult. Also
the time lag between sample collection and its analysis has
been shown112 to cause remarkable increase in diacetylene -~
vinylacetylene ratio. However, at present, some of these
problems have been largely overcome by use.of modern tech-

niques such as the shock tube coupled with the use of spectro-

scopic methods,.

Although many -of the early studies were éonfused by the
presence of heterogeneous reactions, shock tﬁbe studies also
revealed the présence of polymers under ciréumstancés wbere
heterogeneous reactions are highly improbable. Aten and Greene 23
2k investigated acetylene pyrolysis in the temperature
range 1400 to ZSOOOK using shock wave heating., They employed
a combination of time resolved emission and absorption measure-

ments in the visible region of the spectrum and analysis of
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the quenched reaction products; and they had related the
formation of polymer products, in this case mainly diacety-

lene and some vinylacetylene, to the change in turbidity of
118

Skinner and Sokoloski ,Kozlov and

Knorre 27 and Maryasin and Nabutovskiidtst™?

the gas. Green et alla,
’ also analysed
the quenched reaction products from shock heated acetylenerru
using more conventional techniques and they all detected the
presence of either vinylacetylene.or diacetyleﬁe or both.
However, though there.has been speculations that some of these
products might have been formed during the cooling process;

later studies Stsdlmsimilar tenperature range using time of flight

(T.0.F)mass spectrometer have confirmed the pfesence of not

only-C[+ acetylenic hydrocarbons but also C6, 08 and even
higher poiyacetylenés. The spéctroscopic work of Bauer et
120 '

al has indicated that aromatic polymers are formed at high

temperatures as their characteristic absorption spectra were

obtained from the shock heated gas.

However, there are contradictory reports on the role of
these acetylenic compounds during the pyrolysis reactions of

acetylene, Skinner and Sokoloski 118, Mar'yasin and

Nabutovskii 513319 | and to some extent Bradley and Kistiakowsky-t

have identified vinylacetylene to be the major primary.produét

while othersla’z#have reported that diacetylene is the only

1

l
prominent C, intermediate at 1400 ~ 2500%°K. Gay et al = ,

I
using a shock tube coupled to a high resolution T,0.F mass

spectrometer, which was capable of displaying spectra every

20 ps found C4H3 to be the first "neutral species" formed. This

species readily attained a steady-stata concentration and

was then follcwed by subsequent formation of CL‘_H2 s C6H2
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and C8H2 - in this order. This finding disagreces with the
concept of Bradley and Kistiakowsky whicﬂ suggests that the
polymers (ChHh’ C6H6 and 08H8) ére simultaneously formed and
instead of polymerization proceeding until all the acetylene had
been consumed, they attain a state of equilibrium with acetylene
after ébouf 30% conversion. The relative ratios of the equili--
. brium concentrations of polymers remained constant during

the expefiment. Gay et.all'l also noticed that the steady state
concentration of CEH3 iqcreased very little with temperature,

while that of C#HZ increased rapidly and hence from this and
other observations they concluded that reactions (1) and (2) are

not reversible and that

2C H, ; cL*H3 + H (1)

;CZHZ 3 C4H2 + H, (2)

the decomposition sequpnce'of.acetylene proceeds in the following

forward direction:

Cal, 5 Oz 5 CH, _ 3 CHy 5 G, _y  © * 1,
. carbon
It is therefore apparent that there is considerable conflicting
evidence and suggestions as to how acetylene decomposes, and as
such it has been difficult to formulate a single reaction
mechanism which could describe the overall kinetic behaviour
of acetylene. Furthermore; from the fact that the dilution of
reacting écetylene wvith either vinylaéetylene, diacetylene or
methylacetylene accelerates its consumption 11?’116’121, it

seems probable that these polymers, once formed, react further

with acetylene and may be playing significant role in

the overall decomposition of acetylene to carbon. Hence
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many different mechanisms have been, from time to time,
postulated, The various suggested mechanisms as to how acety-
lene decomposes to carbon can be classified broadly into two
groups;
i) those which involve polymerization122’123 to high
| molecular weight hydrocarbons, usually aromatic in
nature, which then lose Hydrogen but leave the
carbon nucleus intact,

16 is the

and ii) those in which the removal of hydrogen
primary step, fhe labile species formed then com-

bining in some way to give solid carbon.

fﬁe first group io usually asoociated-with aAbimolecular
reaction whefeas the latter is more often attributed to free
radical-mechanism. Actually according to later theories,
tHese two processes,‘polyméfizotion and dehydrogenation, are
not truly independent and neither occurs as a distinct pre-

66

liminary to the other. Thus Porter advanced the "acetylenic

theory", ﬁhose concept of "simultaneous" polymerization and

' dehydrogehatioﬁ is now widely acceptede This concept has been

' greatly clarified by the work of Bonne et all@%; and |
Kistiakowsky and his co-worker534’41 « It woﬁld appear that
the mechanism of acetylene decomposition to tﬁe final products,

carbon and hydrogen, involves the intermediate formation of

polyacetyleness

Bonne, Hamman and Wagnerlau', investigated the mechanism
of carbon formation in premixed CaHa/oxygen flames, whilst
Kistiakowsky and co-workers S4s#l studied the pyrolysis of

acetylene in shock waves. Even though the two systems are
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Figure l.7: Formation of polyacetylenes during the
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very different, the results obtained are remarkably similiar
(figures 1.7, (a) and (b)), and in eaéh case it was possible to
identify and follow the concentrations of the polyacetylenes-
cha’ C6H2, C8H2 and ClOH2 - throughout the entire course of
reaction, From their 34,41 time-resolved measurement (as in
figures 1.7 (a) and 1.8 it is evident that tﬁe formation of

the higher polyacetylenes was characterized by an induction_
period, whose length seems to increase with increasing mole-
cular weight of the species. Similarly, several investigators
on carbon formation during the pyrolysis of acetyléne in shock

29y 31 or other methods have

waves using emission spectroscopic
also recorded pronounced induction time before the onset of
carbon particle depositibﬁ. A goqd correlation has been
known34 to exist between the induction period for carbon
formafion and the characteristic times, for the polyacetylenes
tq decay. Carboﬁ starté to form as the concentrations of these
-polymers pass through maxima. Such findings undoubtedly present
evidence fhat the polyacetylenes'afe carbon precursors during
thermal decomposition of acetylene, and it seems that useful
kinetic daté could be obtained from both the rate of formation
and decay of these polymers. |

The rate of carbon forration from shock heated acetylene

29 31

has been measured by Hooker®, Mar'yasin and Nabutovskii and

Gospling et al30 using optical method. They had characterized
the induction period as the time before the onset of emission
from the solid carbon particles in the visible spectrum region,
Though their techniques were similar, nevertheless the values of

E. . . . . .
ind? activation energy for carbon formation varied widely

from 54,34 KJ/mole29 - 209 KJ/moleBl.
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Mar'yasin and Nabutovskiill9 had also used a‘difrefent method
and obtained Eiﬁd = 125KJ/mole, In this case, their method of
determining the induction period consisted of passing a plug
of cotton wool through the reaction chamber of the shock tube
after each experimental run, and thé colour of this cotton wool-
indicated thé presence or absence of carbon blacke For con-
firmatory purposes in the doubtful cases, a liquid extraction
of the cotton wool plug was carried out by meéns of benzéne;
and the presence of black colour after the extraction was
regarded as a positivé indication_of carbon black. formation.
The reaction times, determined fromvthe reflected shock
pressure trace, was taken to be the induction period of carbon
formation in the cases where the first positive indentification
was noticed. However, the accuracy of such method is not only
" subjéctive and doubfful but lacks precision as to the very
._instant when-carﬁon formation starts, and therefore it is
important that each daté can only be assessed and compared
depending on the simiiarities.of'thé-teﬁhnique used and the

method of data processing employed in the investigation,

A ﬁumber bf experimental results appear to favour a '
simple bimolecular reactioﬁ for. the rermoval of acetylene. In
many investigations covering wide temperature ranges (620-2450°K)
it has been shown that the QGcomposition éf acetylene is dominated
by a single reaction mechanism which obeys a second order
kinetic law. An.Arrhenius plot of second-ofder rate constans
for fhis wide temperature range fall approximately in a single- --

straight line, which can be represented by the expression“l
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log K = 1048 - 173900/2.3RT

where K is (1/mol sec).

Such remarkable features do suggest that to a great extent
the rate controlling step is bimolecular - with the combination
of two molecules of CZHZ to form vinylacetylene., However,

such feaction as;
C,H
2CH, —>  hh

alone cannot explain all the other features of the acetylene
pyrolysis; - for example, the presehce of an induction period
as réported by23,24,29-31,111,115,119 which is eliminated by the
addition of substances, .such as diacétyl and ethylene oxide 111
which readily generate free radicals; whereas the presence of
about 1% nitric oxide (én inhifitor) greatly lengthens the

109

induction period (by a factor of 100 or more)

The activation energy of the reaction of CZHE decomposition
is low, between 100 - 209KJ/mole. Such low value of activation
energy would not favour the.two possible simple modes of

unimolecular decomposition of acetylene into radicals, such

as;
1) CZHZ ' 3 2CHe - originally proposed by Bone
and Cowardll?
o © + 5 by Si 110
and 2) CZHZ 5 CZH + H* by Silcocks

Both reactions - (1) and (2) - are very endothermic, about 96l.4

125

and S506KJ, respectively + Many authors have therefore,

favoured a biradical mechanism which gives an excited mole-

126,127

cule of acetylene in triplet state or a triplet and



6'7

biradical species CL*HL**128 . .Minkoff 126,127 suggested
-mechanism based on the assumptions that both chain initiation
and termination are surface dependent, aﬂd that the chain
carriers .are acetylené or polymeric molecules in the triplet

state, viz:

*

2

C,H, y 26,8,

" H. o R )
Co, + G,y (CH5),

*

* _ * :
(Czﬁa)n+ CZHZ 3 (CZHZ)n+1 or CZHE + M,
* ) *
(C,H,), +(C,H,) y Pproducts

* .
or (CaHa)n ‘ 5 Mn

where
(CZH

*

* :
2),(0 H_ ), etc are triplet molecules and M_ = "dead"
2 22y , n

polymer._

| It is believed that at lower temperatures, the trans con-
figuration of the triplet state leads to the formation of
straight-chain polymers, whilst at higher temperatures the
presenée of radicals in the cis configuration would qccdunt _

for the elimination of hydrogen; for example,

L

HC =

Q - m
Q

[ ]
= CH — Ha + C[*H2

thus explalning the formation of aromatic hydrocarbons and

128

carbon, Palmer énd Dormish later modi fied Minkoff's

triplet mechanism. Instead of CZHZ undergoing initially
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* . :
double excitation, anHa 3 2C2H2 they proposed a unimole=-

cular excitation of acetylene to its lowest lying state;

02H2 + CZHZ _— CaH2 + CEH2

where the second molecule of acetylene is present only as a
collision paftner. The triplet acetylene on further collision |
with a fresh molecule of acetylene gives a triplet dimep

which in turn undergoes further collisions to give stable

producfs such as benzene;
H, H, .
CH, + CH, —_— CQHQ_

H C V N é t,
CLlr 4 + ‘2H2 produc

’

Since the generation of stable species from the excited states
must take place at -the surfaces, the triplet state mechanism
might seenm adquéte in explaining the aCetylgne reactions in
the conyentional systems_wherg surfaqe effects are apnarent.
But with very fast reactions and in cases where surface effects
are absent or quite negligible (for example in shock tubes)
its authentici£y night be questionable. A new dimension to
the whole question of the ﬁechanism’of acetylene pyrolysis

was given by the applicatibn of rapid sampling technique in
conjunction with the shock tube, The detection of Cl}H3
radicall"1 ‘which remained in a steady state concentgétion
throughout‘the entire course of the reactioﬁ has led to the

suggestion'*l’129 that this species is formed from acetylene 1

by a reaction such asj;

po ] s - '
2C,H,, — cH; + H
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and that, subsequently, other polyacetylenes are formed by

the reactions:

chj (+ M) 3 1o

CAHZ + CZHZ —_ 613

CéH3° (+ 1) s CH, + I (1) etc

Bonne et a1148 proposed a very similar mechanism, It differs
only in that formation of higher polyacetylenes is thought to

occur via the reaction of acetylene with ché and C6H5

radicals rather than with tht polyacetylenes themselves,

Another possible route via which the radical ché could

be produced is by the reactions.
+ L J L]
CZHZ CZH ) Q4H3
. Cullis, Hucknall and Shepherd130 have suggested that the initial
nucleus in carbon-forming system is the CZH' radical, and that

the initial stage of the céfbon-forming process from acetylene

involves the reaction,.
CZH + CZHZ ) CL}H2 + H in which both

the acetylene and polyacetylenes are said to act as the growth

Species,

An alternative free radical mechanism in which the possi-
ble initiation reaction includes the bimolecular reaction of =

acetylene to give a vinyl and ethynyl radical has been

121

suggested by  Stehling et al and theoretically

develoged in  detail by  Back LT,
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The Back's mechanism is based on bimolecular dispropor-
tionation reaction of two molecules of acetylene into

radicals;
L] L
CZHZ + CaH2 3 CZH + CZH3

This initiation step is followed by series of radical addition,
abstraction and decomposition reactions - which accounted for
the formation of the generally observed reaction products of
acetylene pyrolysis over the entire temperature range from
(700 - 2400°K). This mechanism presupposes that the products

are distributed as follows:

diacetylene =~ 1is the major product at high temperatures
vinylacetylene- is the major product intermediate tempera-
ture,
while aromatics:and’pqumers are the dominant products at the

lower temperatures.

The Back's mechanism consists of 17 reaction stepé, and
assumes that at high temperatures, as found in shock tubes,

the vinyl radical formed at the iﬁitiation step will be largely
dissociated and the chain will be carried by hydrogen atom

H* radicals. Since the relative concentration of these

2
radicals is a complex function of a number of competing

and C

reactions, 1t is possible that changes in the product dis-
tribution with temperatures follow the change in the relative
concentration of the radicals, but this cannot be ascertained
without any exact knowledge of the rate constants for the

elementary reactions involved, Therefore, the problem involved

in adopting this and other complex mechanistic schemes in
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"kinetic modelling te reproduce the experimentally observed
time dependent parameters, such as in concentration - tine
profiles of the species, lies in the choice of accurate
rate constants for each of the steps - a task which is
not easy since most of these reactions involve (uncommon)

high-molecular weight radicals.

From the above review, therefore, it is obvious that
due to the complexity of the pyrolysis reaction of acetylene
the mechanism is still not very cleare Inorder to under~

ant nore of its complex reaction mechanism which involves

-

cr

siuiltaneous polymerization and dehydrogenation reactions,
studics are still required - especially in investigating

the early stages of the reactién at high temperaturess

-under homOfeneoﬁs conditions - using fast detecting
techniques to monitor the rapid building-up and the decaying

of the numercus intermediates present in the system.

l.7: The present work

Following the review on section 1.6, the current studies
were undertaken tc elucidate the mechanism of high temperature
pyrolysis of hydrocarbons with referecnce to propane aﬁd
acetylene, To accomplish this, it was necessary to use a
reactor which is free from 'wall-effect' - the shock tube
and to procced as follows:-

(i) fTo invecstigate the pyrolysis of propsne at

temperatures from 1200°K to 2800°K and to

determine the pattern of product distribution

using gas chromalographe



(iii)

( iv)
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To examine in details the effects of variation of
such pargmeters as time, temperaturc and pressure

on the optimum conversion of propane to the major
reaction products; especially the effect of increases
in the reaction zone pressure on the yield of acety~

lene at high temperaturcse

To investigate the effect of addition of some
quantities of ethane ~ a known product of propane
pyrolysis and also an important source of radicalsx
(CH;, CZH; and H®) - on the decomposition of
propanes

To suggest mechanism for high temperature pyrolysis

of propane based on the product distribution.

To study acctylene pyrolysis at temperatures between
1400 to 2760°K by monitoring the formation and decay
of intermediate species and products using an ultra-

rapid scan infrarecd spectrometer.

To elucidate mechanism of the recaction by using e
kinetic modelling program,devoid of steady state
assumptions, to generate concentration - time
profiles for reaction products which could match

with the experimental infrared emission profiles.
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P21 Shock wave formation and propagation

A classic illustration by Becker132

‘ for a gas confined
in a cylinder equipped with a freely mo%able piston gives

an elegant description of wave formation and its propagation
in a tube, ~I; sudden l1mpulse ig applied to the piston

it accelerates, and the entire motion is thought to consist of
many small successive movements. Each such movement generates
a corresponding pressure pulse which propagates through the
gas ahead of the piston. This will travel at the sound speed
of the gas as a compression wave with a velocity Cln.), chara-
cterized by the temperature Ty of the gas;

n = .
’ — 2.1.0

a is the sound speed of the gas

¥4
]

the specific heat ratio

o
n

the universal gas constant -

m = the molecular weight of the gas
The compression is rapid and assumed to be adiabatic,.so that
the passage of the first wave raises the temperature of the

gas to T The next small movement of the piston generates a

2e
further compression wavelet which will travel at the velocity,

a characterized by T Since each successive compression

2, 2.
wavelet increases the température of the gas ( i.e. Tﬁ7'Tn-1)
and the sound velocity increases with temperature (equation
(2.&.0)): therefore there is the tendency for the later pulses
to overtake the preceeding ones. Naturally, it is not possiblei
for pulses to actually overtake one another since any pulse

attempting to overtaking its predecessor will enter gas at a
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lower temperature Tn-l and will therefore decelerate immediately.
Consequently, the pulses coalesce to form an abrupt discon-
tinuity in pressure, teuperature and density.

This discontinuity, once formed, moves with a constant
velocity intermediate between the sound speeds of the hot and
the undistured cold gas aheads In a real shock tube the driver
gas acts as the piston and the face of this 'gaseous piston!
is called the contact surface, wﬁile the accumulation of the
compressed gas moving at éﬁpersonic velocity into the uncom-
pressed gas 1s the shock wavee The boundary between the shock
wave and the uncompressed test gas ahead of it is the shock

front.

2.2 Shock tube coordinates

A simple shock tube, illustrated in figure 2.0(A), is.
essentially a long tube separated by a thin diaphragm into
two sections - the high pressure driver section and the low
pressure driven section. When the diaphragm is suddenly broken
and instanteously removed a shock wave t;avels away from it at
a supersonic speed into the test gas while a rarefaction wave
travels in the opposite direction with a sonic velocity into
the driver gas. The nature of the driver gas and the pressure
ratio (PA/Pl) across the diaphragm dictates the strength of

the shock.to be realized.

An idealized pressure distribution along the shock tube
after- a time, t"ﬁas elapsed after the bursting of the dia-
phragm is shown in figure 2.0(B); while the shock history is
plotted in the x - t diagram in figure 2.0(C).

The advancing shock front is halted at the end wall of

the shock tube and it is reflected back into the already
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FIGURE 2.0: Idealized wave diagram for the shock tube

at time t' after bursting the diaphragm.
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heated region (2). The result of this is that the gas in
the reflected shock region (5) is compressed twice and as
such temperatures higher than those in region (2) are
produced,

To solve the resultant hydrodynamic equations of the
gas motion in the shock tube, two basic coordinate systems
are useds For the first system, the shock tube is taken to

be at rest while the velocities of the gas molecules (V) and

the shock front (W) are measured relative to it(figure 2.1).
Figure 2.2 shows the second system in which the gas is
regarded as flowing with a velocity (Uj or ﬁ; ) into a
stationary shock front, to emérge at the other side with a
lower velocity (U2 or 05 for the incident and reflected waves
respectively).

| The gas ahead of the incident and behind fhe reflected
waves are assumed to be stationary (Vj = 0, V5 = 0), and

hence the following general relationships are obtained:

U = Wg = Vo= W 2.1.1
U, = Wy - V, 2.1.2

= - = W L] .
L8 L v, . 24143
gl = Wy + 2 eluls
2 2 )

The t;ansitional changes in the properties of the test
gas across the incident shock frbht, for a shock fixed co-
ordinate can be illustrated, ag in figure 2+.3» Therefore writing
the conservation equations for mass, momentum and energy res-
-pectively for gas passing through a unit area of a stationary

shock front, we obtain:-
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340, = 202 o / for mass 2...5
§1U12 = g;ﬂaa . for momentum 2.1 46
2 2
H, + U = H + U :
1 ¥ 1 P 3 2 ) for energy 2147

In formulating the energy conservation equation (equin.Z.l,?)
it is assumed thét there is no heat exchanges in the shock
wave since the duratioﬁ of flow in the shock tube is only

a few milliseconds; and heat losses by conduction, convection

and radiation are neglected.

The momenclature and the symbols used in this and

related sections are given in section 2.3.1 and in appendix Al.

2,3 Calculation of shock parameters

The conservation equations 2s 15 to 2ele7 given in
section 2 .2 are true generally for conditiqris in the shock
waves in any gase. The solution of these equations are
obtained in terms of the ratios of the pressure, density and
temperature across the shock front. Sincé the initial

conditions ahead of the shock are known, P, '?2 and T, can
?

2
be evaluated. For an ideal gas the exact solution of these
equations is fairly straight forward since the specific heats,
Cp and Cy, are constant and independent of temperature, ;nd
the enthalpy which by definition ;s:

H E + RT

where E 18 the internal energy and R is the gas constant per
unit mass of gas, becomes simply, H = Cp T. But in the
case of a real polyatomic gas the specific heats are tempera-

ture dependent, and furthermore dissociation and ionization-

both of which are dependent on temperature and pressure - may
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occur at elevated shock temperatures and the solution
conservation equations are best carried out by interative
method.

In this chapter is outlined the procedures for caicula—
ting shock parameters for an ideal and real gas conditions.
Also the calculation for tailoring interface conditions

assuming ideal gas conditions are given in section (2, 3e5).

223501 ' Nomenclature

P

gas density

P = pressure

T = Temperature

Cp = Specific heat atlconstant_pressure
Cv = Specific heat at constant volume

=

Specific heat ratio, CP/Cv

a = Speed of sound in the gas mixture

X - (F V(T -D

p = (T -1/a27

X = mole fraction of the lower molecular

component of the driver gas - Hydrogen.

M = molecular weights of the gases.

¥ = percentage of hydro-carbon in argon

H = Enthalpy per unit mass

E = Cv.xT, the internal energy per unit mass
Ms = mach number

W = velocity of the shock front

V = the actual velocity of the gases in the S/T
U = the velocity of the gases relative to W and V
Pij = Pi/Pj |
Tij = Ti/Tj
Fis = E/Bs
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Subscripts correspond to the different gas regions in fig:(a.O).

1 = initial conditions in the test section of the shock tube
4 = d4nitial conditions in the driver section of the " n

2 = incident shock region

5 = conditions behind the reflected shock wave,

29302 Célculation of shock parameters for ideal gas conditions

2¢3+2.1 Equations.,

For 1deal gases having constant specific heats, expression ‘

(3.2.0) has been given?.as’: .

- 2
P,y = 2%M (%" -1) 3. 2. 0
(F+ 1) |
where M_, - the mach number is equal to Wg'/ §1 ' i
/5’1
and = |5
a =JTP
Napier and Simonson1§3 . have derived the following rela-

tionships, known as the Rankine - Hugoniot equations, from
_the conservation 2quations (21..5 - 2.1, 7):

(a) Diaphragm pressure : »
P | 1] yB |

(b) incident temperature = T, = P, (O(f Pal)/(O(lp21 + 1) (3.262)
initial temperature

(c) Incident Density

Initial Density el
(d) Rgfiééfed Préssufé . :

Incident Pressure P52 - 6@; re- P12)/(041 PIZ +;) (3,2.4)
(e) Reflected Temperature _ - p. : y

Incident Temperature 52 © " 52 «¥l+ P52 /(4 P52+1)  (3:2.5)
(f) Reflected Density  Q., . , ;. (%.5.61

Incident Density =~ ~ -~ "2l The

*
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and the following relationships are easily obtained.

(g) Reflected Temperature

Initial Temperature - 151 = Ts2 X Tp; (30247)
h
(h) Reflected Pressure _ P51 - P52 x Pal (3.2.8)
Initial Pressure - )
(1) Reflected Demsity _ 951 . 952 . ?21 (3.2.9)

initial Density

These equations (3.2.0 - 3.2.9) are easily solved for the
parameters behind the reflected shock wave once the initial
conditions in the shock tube are known and the shock speed

is measured. Alternatively a theoretical solution is carried
out in terms of diaphragm pressure ratio by:assigniné values

to le in this case the knoﬁledge of the shock speed is

’
not necessary but could be used for comparison between

measured and computed values for the shock speed,

2edele2 Procedure for calculation

-

Tables of the data used in the calculations have been
extracted from various sourceé. All calculations were carried
‘out by using the college CDC 6400 computer in the following

sequence:

(1) Read in values of X, f, Wé, Tl’ Pl’ and M, Cp, Cys for

each gas,

¥

(2) Calculate qu, Cpq’ .and Cvl, Cpl, fi and hence °4 and

[

s for gas mixtures.

(3) calculate Xy, Py, Eq.,ql, P1s» Epand a; and Mg,

[}

(4) Assign a value to the incident pressure ratio P_. or

. 2l
calculate it from equation (3.2,0) if L is measured.

(5) Calculate the diaphragm pressure ratio, from

P41
equation (3.2.1).
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(6) Calculate T,; from equation (3.2.2)

0

(?) Calculate the incident density ratio,.PZI from equation
(3.2.3)

(8) Calculate P52 from equation (3.2.4)

(9) Calculate ‘I'52 and 952 from equations (3.2.5) and
‘ (3.2.6) respectivelye.

and §51 from equations (3.2.6 to
3.2.7)' h

10) Calculate T51, P51.

I1) Calculate the incident shock tempefature

‘TZ':TZIXTI andP1 = .Ii."!'. _and92=921x91
I2) Calculate the reflected shock parameters frome

reflected shock temperature, T5 = T51 x Tl
reflected shock Pressure, P5 = P5l b4 P1
reflected shock Density, ‘?5 = 951 X '91

I3) WRITE out the values of W P, P, T 8, Q.

P.. and T

Si 5°

2¢3¢3 Calculation of shock;parameters,;onsiderihg real
gas effects.

At higher shock temperatures chemical reactions will
be taking place and the ideal gas cénditiops will no 1onéer
be applicable. And because of the larger heat content of
a real gas, the tempefature in a shock-wave through a real
gas is considerably lower than in a éorresponding shock
throﬁgh an idea one, whilst the density is appreciably
higher. These effects are discussed later,

Unlike the idea of gas, a real gas possess the modes of energy

which are excited to a desree that depends on the temperatﬁreo

An amount of energy equal to 3KT (where K is Boltzmann’s
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constant) is allotted to each degree of freedom in the modes
-of translation, rotation and vibration associated with a
molecule for the classical partition energy. But in the
quantum partition of energy both the translational and
rotational modes usually have this value at approximately
‘room temperature, whereas the energy of vibration only appro-
aches it at much higher temperatureé. Thus the specific

heats of polyatomic gas increase with temperature.

It is thus clear that those equations derived for an
ideal gas will not serve to predict the corresponding be-
haviour of a real gas. The variation of the specific heats

with temperature must be taken into consideration.

2e3¢3el Valid shock relations for a real gas

The basic conservation equations describing the incident
conditions are exactly those given by equations (2.1'.5 -2.7),
and for a dissoclating gas, the gas law also holds.. For
iterative purposes, these equations have been conveniently

;educed to the following forms:

2
. 2“ - 91 ) ..0
H, - H1=1_531.,,_~ .1 ( /?2] (34340)

1077
P M1U;
Z/Pl = ot RTy .(I - 91/) (3.3.1)
2 .
PZ 9 .-l .. a1 ‘
= 2bx [ t2 Y % oy
1 6% (.T_I) i} (E) (3.3.2)

where J é mechanical equivalent of heat and the )
factor IO%J is to convert ergs to calories
R = The gas constant expressed in ergs per degree

are the initial and final mblecular weights

=
-
=
N
]
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of the gas in regions 1 and 2.

If it is assﬁmed that there is no change in weight between
regions 1 and 2 which is reasonable since the hydrocarbon

mixture is largely diluted with argon, then Mi = M2.

For the reflected shock the conservation equations
can be written in a manner similar to equations (2.1.5 - 2.1.7)
in which the relations.in equations (2.1.2 to 2.1.4) has been

used to obtained the following éﬁuations:

Oy = §, (v, + W) (343.3)
Pyroip = Py 8y (Vy 4 W) | (33
H5>+%W§ = H2 + 3 (v2 + wR)2 A (3.3.5)

Inorder to solve these equations by iterative method

they are reduced to forms similar to equations 3.3.0 to 3.3.2.

v.2 D )

Hy = H + (5_2_,7 1‘+P2 . -

) 2
) 2

Pse. 1+ 22 b2 (3.3.7)

RT, gsz -1
and _ :
Psa = %2 * Ty, x Mo | (3.3.8

Solution to equations (3.3.0 to 3.3.2) was carried out
using the method of Gaydon and Hurle, while the reflected
shock conditions were obtained by applying the same priﬁciple.
The method outlined below assumes the knowledge of the |
meaéured shock speéd UI, and the variation of enthalpy with
temperature, - The temperature in the dfiven’éection of the

shock tube, T, was set to be 300. %k, and H = 0.
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2e3e3.2, Calculation Procedure

All calculations were performed gsing the college
C.D.C. 6400 computer as in section 2.342.2. .Thermodynamic
data for acetylene, propane, ethane and argon were taken

from Janaf tables ToH137,

The computational sequence
was as follows:
1) Read in the percentages of the hydrocarbons, and
Aargon, the enthalpies of these gases as a function

of temperature, and the incident shock velocity, 01

2) Calculate the enthalpy of the test mixture in
question as a function of temperature from the
following relationship:

; H(T) for test mixture = f x H (T) of the hydrocarbon
+ (1 - f) x H(T) of argon;
where f is the fraction of the hydrocarbon being investigated

in the test mixture.

3) Curve fit enthalpy of the test mixture as a function
of temperature using curve fitting subroutine.

4) Guess a value for f;l, approximately equal to C{l'

5) Calculate B, from equation (3.3.0), using this

value ?f ?21 and Uy,
6) With this value of Ha, obtain T2 from the curve fit.

7) Using the guessed value for 921, and the T‘2
obtained in step (6), calculate a first value for
the incident pressure ratio, P,y = (P,)1 from

equation (3.3.2), setting M M

-
8) Calculate a second value (Pal)z for the incident

'pressure using the same assigned value for density



9)

AIo)

8%

ratio 921 and U1 from equation (3.3.1).

Compare both values (P, )1 and '(Pal)a for incident

pressure ratio, obtained in steps (?) and (8).

i fegn -z | > A

where ZQS is the tolerant error limit, go back to step (4)

and assign another value to §E1 and repeat steps (5) to (10).

Iterations from step (4) to (10) are repeated until the

values of (le)J.- and (P21 J2 converge, i.e. A~ o .

In the present study [CS was set to O.bl.

- 11)

12)

At the convergence of (P21)1 and )2, calculate

| (P,
Py = (Pyy)1 "+ (P,)2

2

Calculate UE from equation (2.1.5), i.ee.
and V2 - the gas velocity in region 2. from equation

g, - U

(2«01 02) ’ to obta:i:n v 1 2.

2. =

The reflected shock parameters are obtained similar

procedure by solving equations (3.3.6'.to 3.348) as follows;

13)

14)

15)

16)

Guess a value for 932’ approximately equal to

twice 9210

Calculate ',H5 from equation (3+3.6) by substituting
the values of H2 and V, obtained in steps (5)

and (I2) respectively.

From the curve fit, obtain a value for T5 corresponding

to H_.

5
Lalculate (P52)1 from equation 3.3.8, again setting
Ma = M5 s 1i.e. assumming no dissociation: took places
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(I7) Calculate (Psa)a'from equation (3.3.9),
(I8) Compare (P52X1 and (P52)2 obtained in steps
(I6) and (17); and test for | (P, M -
(P52)2 < A

(I9) If (I8) is outside the specific error limit,
then the Iteration was repeated by gradually
reducing the values assigned to ?52 in step
(13), until (P52)1 and (P52)2 satisfied the

error. condition.

(20) When step (18) is satisfied, calculate

P52 = <P52)1 + (P52)2
.
(21) Caleulate Qg = P2 x S
Py = Py, x Py, and Py = Py x By
T5 = T52 x T21 x T1

(22) Write out the name of the test gas and f.

T T5.

(23) Write out U,, P 2

1 s Rt
The results of such calculation for both ideal and real gas

conditions are discussed latter.

2e3ely Results of calculation of shock parameters for

both ideal and real gas conditions,

Calculation of the shock parameters in both thetinc;dent
and reflected shock regions were carried out respectively

for mixtures of C2H2 and propane in argon using the pro-

cedures outlined above in sections 2¢3¢.2.2 and23.3.2.

The results are presented graphically in figure

(2.4.1. to 2.4e¢4) for mixtures of 2% and 5% C2H2 in argon
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and 4% propane in Argon. -The parameters were calculated in
the units 1nd1cate; in the figureé, and the units are
consistent with those used in the experimental section
.of the current study. The pressure units are in KN/ni2 and
the shock velocity incm/s. Figures (2.4¢1 to 2.4.3 a)
show the variation of both the incident and reflected shock
temperatures with shock velocity. The-temperatures in both
the incident and»reflected shock regions are seem to increase
with increasing shock velocity. As expected, shock heating
by the reflected wave results in much higher temperatureé .
(nearly twice as ﬁnch) than heating from the incident shock,
In.all cases, both for acetylene and propane mixtures in argon
the predicted temperatures for the real gas are less than
those fo; an ideal one under_similar experimental conditions.
This 1s because 'for idéal gag it ié'assumed that specific heats
are independent of temperature whereas acfually at high shock
speeds the heat capacity of the gas is increased,due to the
excitation of vibration; this would lead to the temperatufe
rise predicted by the real gas lagging behind that predic¢ted
at ideal conditions. This lag is expected to become more
prénounced as dissociation begins to occur and heat is being
absorbeds The actual shock temperature will probably be
lower than that. predicted by real gas 22 as the effect of
chemical reactions has nof been considered in these cal-
culations. This is c¢learly illustrated in figures (2.4.3b)

in which the measured  shock temperatgre for propane - argon

mixtures obtained in this work (as has been destribed in section
B¢3¢3) have been compased to the calculated values.
As anticipated the variation of density ratio, §>51

and the pressure ratio (Pﬁl)’ with reflected shock tempera-

ture are higher for a real gas than for an ideal one.



o Figure 2.4.1: Shock tnmpprature vs. incident shock velocity for H /N driver
Temps “K gas in 3% C Hz/Ar. mixture.
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Figure 2.4.2: Shock temperature vs. incident shock velocity for HE/NZ
Temp; driver gas in 2% CaHa/Ar. mixture.
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Figure 2.4,3a: Shock temﬁeraturé vs. incident shock velocity for
HZ/NZ driver gas in 4% CBHB/Ar' mixture ideal
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This is shown in figures (2.4.4) and (2¢4.5) for 5% CEHE/argon,
similar dependence are also true for mixtures of 2% CZHZ in
argon and 4% propane in argon and were therefore not shown

graﬁhically. The behaviour of P 3 is predicted from the

5
combination of equations (2.3;1) and (2.3.7)'from which the
final pressure is seen to be mainly deﬁendent on the initial

gas density and the shock speeds The variation of density ratio
5%1 is p;edicted from a_consideration of the equétion of state,
P = YRT/M in which the density increases above the ideal value
due to the fall in temperature resulting from the exéitation
vibrational energy; also for a real gas, the occurrence of

dissociation leads to a pronounced increase in the predicted

real value of_?51 since the rgal gas temperature is decreased

as heat is beiné absorbed.

2¢345 Calculation of interface - tailoring conditions 136,137

As was pointed out in section 1.5, it is desirable to
'tailor' the contact surféce so as to prevent multiple shock
reflections. A convenient tailoring procedure adopted was
that of adjusting the composition of the driver gas, Calcula-
tions were based on finding the percehtage dilution of
hydrogen with nitrogen necessary to produce failored conditions

for a given initial pressure of the test gas.

Computation was carried out by assuming ideal shock

tube conditions: that is:~-
a) an ideal bursting of the diaphragme.

b) the boundary layer and shock wave attenuation

are negligible,



97

c) all heat capacities of the gases are independent

of temperature.

The condition for achieving a tailored contact surface
for the reflected shock passing from region 2 to 3 (as in
figures (4.2), is_that the specific internél energy ratio
of the gases in these regions obey the following relation

C T . ( )
E — v 3 - (O X
32 = 3 CETZ/ME = 3P + 1)/2P55+1}

In addition, equations (3.2.1 to 3 .2.9) still hold (3.5.0)

and . including,

Tys = (Pu / le) 2pu  (3e5.1)

With the initial temperatures in both the driver and

driven sections the same, l.e. T1 = T and by making

q_’
the assumptions that the gas before and immediately after
the incident shock wave are the same; and also that the gas
behind the contact surface (region 3) is the same as the

driver gas (in region 4), i.e.

M1 = M2 H Cvi = Cv2, and M3 = M4 and Cv = C

equation 3.5,0 can be rewritten to the form 136,

M,y My = (cvu/c‘“) x Tz, x T, X@ Po, * 1)6 Py, + 1

or more conveniently for iterative purposes to

_ ’ C
Zox My, + b ‘Z) Mo = My (—ﬂc"i)x T2, x Trax (&1 Ps, + 1)
v
X
(% P52 * )

where Z, is the fraction of nitrogen in the driver gas.,

(3. 5e
Solution of equation (3.5.2) gives the required conditions
for achieving tailored contact surface. The solution of

the above equation was carried using iteration method with
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the aid of a computer programme bascd on the procedure

described below;

2e3e5.1 Computing procedure

1) Read in the initial temperatures (fi = Th)’ specific
heats of argon, hydrogen, nitrogen and of the
hydrocarbon in question,

2) For a given mixture strength (%) of the test gas

(hydrocarbon) is argon, calculate"xi, Pi’ Cyp and A,

3) Choose a value for P21 (corresponding to the
desired temperature of investigation).

4) Calculate, T21’ P52, and T52 from equations
§J2.2 s Se2e4 and 3.2.5, respectively.

5) Calculate the corresponding value of the reflected

shock temperature, T from

5
21 * T

6) Guess a value for Z» the percentage fraction of

nitrogen in the driver gas; starting from Z = O,

7) Calculate C o §

th i o
v, X4 and -F“ for the driver gas

8) Using the values from steps (2), (3) and (7),

calculate both sides of equation (3.5.2).

9) Compare the R.H.S. and L.H.S. of equation (3.5.2)
and if-the difference is greater than a fixed
tolerable error bound, Z is gradually incrqased_by
small increments and steps (6) to (8) repeated at
each increment of 2, until the desired error
limit is obtained.‘ The exact solution occurs when the

difference between both sides of equation (3.5.2)
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passes through zero
I0) When this condition is fulfilled, the talloring
condition has been achieved and the diaphragm

pressure is calculated from equation 2.2.1
11) Write out the values of Pqi’ U5’ Zs Ta, T‘5
P51 and ?51

12) Thus for a given diaphragm bursting pressure, Pq,
the initial pressure of the gas in the teét
section P1 is calculated from Pl = Pq .

Py’

Inorder to facilitate computation, figures (2.5.1) is

~plotted based on the results from 2.5.2.2;This figure shows

the relationship between the reflected shock.femperature and
and

the pressure ratios P and it acts as a quick

P
1§;
corresponding to the desired

21

" guideline to the cholce of P21

reflected shock temperature andthe diagraphm pressure ratio.

2e¢3e5¢.2. Results of calculation for interface taliloring

conditions.

Thé,results of calculation performed by the procedure
outlined above are shown in tables [2.5.1 “to 2.5.3:} and
presente& graphically in figures (2¢5¢2 = 2e5¢5)e

Figures (é.5.2 and . 2.5.3) show the variation of the
diagraphm pressure ratio with the composition of the driver
gas in acetylene mixtures (2% and 5%) in argon and 4%
propane in. argon. As the pressure ratio, Pqi incr;ases,
thg higher the percentgge of hydrogen in the driver gas
necessary for achieving interface tailo;ing. The same
relationship is true for the dependence of reflected shock

temperature on the percentage of hydrogen in the driver gas
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Tailoring conditions for a mixture of 2% CZH’ in argon

Px1 Pra Xa, (%) | Vs Xl?-h §;1 Pg) Ts ok
cm/sec.

5.0 16.54 | S51.4 6.5 | 4.56| 16.12 | 1075
5.5 | 19.10 | 55.4 6.85 | 4.77| 18454 | 1166
6.0 21.70 | 58.8 7.14 | 5.01| 21.0 | 1258
6.5 24.37 | 61.8 C 2442 | 5.24 | 2345 1318
7.0 27.13 | 6L 7.69 | Seblh| 2601 | 1439
7.5 | 29.89 | 66.8 7495 | 5.63| 28.7 | 1530
8.0 | 32.63| 69.0 8.20 | 5.81| 31.36 | 1620
8.5 | 35.55| 70.8 8.45 | 5.97| 34.03 | 1711
9.0 | 38.36 | 72.6 8.68 | 6.12| 36.72 | 1801
9.5 | 4l | 74.0 8492 | 6.26 | 39.44 | 1891
10,0 |- 44.2 | 75.6 9.14 | 6.39 | 42.18 | 1982
10,5 | 47.27 | 76.8 9.36 | 6.51 | uh.on | 2072
11.0 50.26 | 78.0 9.58 | 6.62| 47.7 | 2162
11.5 53.1 79.2 9.79 6.73 | 50.5 2252
12.0 56.2 | 80.2 9.99 | 6.83| 53.3 | 2342
12.5 59.0 | 81.2 10.19 | 6.922| 56.12 | 2432
13.0 62.4 | 82.0 10.39 | 7.01 | 58.9 | 2522

13.5 | 65.55 | 82.8 10.59 | 7.095 61.78 | 2612
14,0 | 68.6 | 83.6 10.78 | 7.17 | 64.6 | 2702
145 | 71.52 | 84t - | 10.97 | 7.25 | 67.48 | 2792
15.0 7.9 | 85.0 11.15 | 7.32 | 70.34 | 2882
15.5 | 78.20 | 85.6 11,33 | 7.39 | 73.21 | 2972

16.50 | 8L.46 | 86.8 11.69 | 7.52 | 79.0 | 3152
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Table2 +5.2 Tailoring conditions for a mixture of 5% CZHZ in argon

Pa | P | %, | Us,m07 51 | Psn Ts5, °K
cm/sec
5.0 16,56 [  53.4 6.55 4oss | 16.16] 1068
5.5 | 19.11| 57.2 6.86 | 4.81 | 18.58| 1158
6.0 21.77 | 60.4 2.15 | T5.06 | 21.07| 1248
6.5 242 | 6344 743 5.29 | 23.61| 1338
7.0 | 27.14| 6640 770 | 5.50 | 26.19| 1428
745 3040 68.2 7.96 5.70 | 28.8 | 1518
8.0 32,80 | 70.2 8.21 5.87 | 3l.46| 1607
8.5 | 35.69| 72.0 8.46 | 6.04 | 3h.14| 1697
9.0 38.64 | 73.6 8470 6.19 | 36.85| 1786
9.5 Blo48 | 75.2 8.93 6.33 | 39.58| 1876
10.0 bl 76.6 9.16 6.46 | 42.3 | 1965
10.5 4747 77.8 9.38 6.59 45.10| 2054
11.0 | -50.4 | 79.0 9.59 | 6.70 | 47.9 | 2143
11.5 53.57 | 80.0 9.80 6.81 | 50.70| 2232
12,0 56.6 81.0 10.00 6.92 535 2322
12.5 59¢53 | 82.0 10.21 7.01 | 56.34| 2y11
13.0 6247 82.8 10.41 7.10 | 59.2 | 2500
13.5 65.86 | 83.6 10.61 7.197| 62.0 | 2590
14.0 68.85 | 8Ly 10.80 7.27 | 64.89| 2678
14.5 72.28 | 85.0 . | 10.98 7.35 | 67.76| 2767
15.0 7540 85.8 11.17 7.42 | 7064 | 2856
15.5 | 78.25 | 86.4 11,35 | 7.49 | 73.53| 2945
16.50 | 8ot 87.6 11,70 7.62 | 79.3 | 3123
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Table 2.5.3: Talloring conditions for 4% propane in argon
Py Py Xy u_ x0” 51 Psy (7 og
cm/sec
440 11.14 | -0.502 | 5.90 3,93 | 11.55 | 880
5.0 1646 0.542 6455 4458 | 16420 | 1060
5.5 19.16 0.580 6.86 4.86 | 18.6 | 1150
640 21.8 0.612 7.15 5.11 | 21.1 | 1240
6e5 245 0.640 743 ¢35 | 2347 1329
7.0 27.2 0.66 7.70 5.56 | 26.26 | 1417
745 30.0 0.688 7.96 5.75 | 28.90 | 1506
8.0 | 32.9 0.708 | 8.22 5.94 | 31.60 | 1595
8.5 35.7 0.726 84146 6.10 | 34.25 | 1683
9.0 38470 0.742 8470 6.26 | -36.97 | 1772
9.5 41.7 0.756 8.93 6.40 | 39.7 1861
10.0 Li.6 0.770 9.16 654 | 4245 1949
10,5 47,7 0.782 9.38 6.67 | 45.3 | 2037
11.0 50.6 0.794 9.60 6.78 | 48.0 2126
11.5 | 53.77 | o.804 | 9.81 6.90 | 50.88 | 2214
12.0 5648 0.814 | 10.0 7.0 | 53.7 | 2302
12.5 59.7 0.824 10.22 7.10 | 5646 2390
13.0 6249 0.832 | 10.42 7,19 | 59.4 | 2479
13.5 66.0 0.840 | 10.61 7.28 | 62.3 | 2567
14.0 68.9 0.848 | 10.80 7.36 | 65.2 | 2655
14,50 | 7244 0.854 | 10.99 7.44 | 68.0 | 2743
15.0 7640 0.860 | 11.17 7.51 | 70.9. | 2831
15.5 7849 0.866 | 11.36 7.59 | 73.8 | 2920
16.5 85.0 0.878 11.71 | 7.72 | 79.7 3096 |
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Figure 2,5,1: Relationship between PZl’Puland T5 for tailoring

conditions for a mixture of 5% CZHZ/Ar.
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Figure 2.5.5 : Reflected Shock Tempcrature,Ts vs Percentage of
Hydrogen content in the HZ/N2 Driver gas at

tailoring conditions for a mixture of 4% C3H8/Ar=
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(figures ( 2.5.4 and 2.5.5h

Thesé plots ( figures 2.5.2 = 2.5.5) reveal that,even
at high shock temperatures upto BOOOOK,'it is still essential
to dilute hydrogen with small quantities of nitrogen inorder
to avoid instability in the interface.

The_initiai shock tube conditions for tailoring
conditions are.easily determined from figures (2.5¢2 = 2+5.5)
once the desired reflgcted shock temperature islknown. For
‘experiments conducted #t constant diaphragm bursting pré-
BSUres, ﬁlot of the type figures (2¢5¢4) 1is prepared and
hence the initial pressure in the driven section (Pl) and
the percentage of dilution of the driver gas with nitrogen
are readily obtained. )

The validity of these theoretically derived values for
tailoring conditions, are only ascertained by experimen-~

tally observing the constancy of the trace of the reflected

pressures o ' o ~
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PART A

THE SINGLE ~ PULSE SHOCK TUBE PYROLYSIS OF PROPANE.
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3ela The Single -~ Pulse Shock Tube

This shock tube is of conventional single-pulse design
and was built at Vickers' Research Establishmént, Ascot. The
design was based on that described originally by Glick64.

- The shock tube was constructed from a heavy wall copper tubing;
the tube has unifo:m section of 7.62cm internal diameter. The
dump taﬁk was fébricated in stainless steel. The entire shock

tube was mounted on very rigid support 122cm high.

A diagrammatic represéntation of the shock tube is given
in figure 3.1 and marked on it aré some of characteristic
features which have been described in detail elsewhereag.
Only a brief description of the apparatus and these feé%ures

are given below.

-~

3.1.1. The driver section and the dump tank

The driver section is 183cm long and is separated at both
ends by-diaphragms at positions Dl and D2 from the experimental
section of the shock tube and the dump tank respectively.

The driver section has connected to it variable length delay
.times - tube B which has eight ports; each ofAthese ports. is .
capable of being.ﬁlanked off and to each of which an auxiliary
| tube C could be fixeds The auxiliary tube C is 38cm long and
Scm in internal diameter; its function is to create strong
shocks to operate.the plungers for piercing the'diaphgagms.at
Dl and D2. The time interval between the bursting of the
diéphfagms is cldsely controlled by changing the conneétions

of tube C to any of the ports in B.



FIGURE 3.1: SCHEMATIC DIAGRAM OF THE LAYOUT OF THE SINGLE -~ PULSE SHOCK TUBE
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The joint of the shock tube to the dump tank is of
special construction to facilitate alignment of the tube. A
stainless steel bellows, A was welded to the flange of the
diaphragm station at D2 and to the dump tanke. The shock
tube was attached to this flange at D2 and passed through the
bellows. It was supported at the other end by a'three - armed,
spring~loaded spider in the dump tanke. This arrangement
afforded a considerable_degree of flexibility in the align-
ment of the shock tube sections by drawing together the flanges

at D2.

3ele2e The experimental or test section

This seétion of the tube is 366cm long and is bolted to
the driver section by means of a large threaded collar which
houses the diaphragm holder at D1, Almost halfway along
this section at E, is attached a wide aperture construction

138

'the swinging tube' section which permits rapid evacuation

of the test section via an oil diffusion pump Pe

Measuring devices such as the platinum gauges, and the
pressure gauge as well as the observation window are mounted

on the tube flush with the inside wall.

3,1e3 Diaphragm Mount -

The diaphragms at D1 and D2 were housed in diaphragm
holders into which a recess was machined so that theipeta;s
formed as a result of bursting the diaphragms could bend
back further than the diameter of the shock tube and hence
beyond the flow of the gas. This type of mount is very

22

effective®® in preventing multiple reflections which would
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have otherwise occurred using plain mounts in which case the
petals occupy a large proportion of the cross - section of the

tube and therefore would hinder Iree gas flowe.

3elelts Diaphragm Material.

-

The diaphragms were made from oxygen.—free, high conduc-
tivity copper sheet. The diaphragmé were cut from the sheet
using a blanking tool mounted in a flypress, cruciformed to
the desired thickness and then annealed in a furnance at 900°K.
The depth to which the diaphragm was cruciformed depended on
the required range of bursting pressures (830-1690 KN/ma) since
the température behind the shock wave is approximately deter-
mined by selection of appropriate driver to driven gas pressure
ratiose. However, due to non-idealities associated with the
rupture of the diaphragm, the final temperature cannot always

be accurately predicted.

One method by which reproducibility can be achieved is
to prestress the diaphragm to within about 10% of its natural
bursting pressure and then to finally rupture it mechanically.,.

This option has been employed in the present investigation.

A safety diaphragm (3.8cm pre-domed aluminium disc) was .
located in the swinging tube section. This diaphragm relieves
at a pressure of 386 KN/ma inorder to protect the baffle
valve from excess pressure; it was normally replaced after
about 10 runs as the stress imposed on it by the continual.
evacuation and pressurization of the tube caused it to split.

At higher values of the reflected shock pressure it was

observed that the safety diaphragm repeatedly relieved,
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3e2 Evacuation of the shock tube,

Rapid evacuation of the shock tube was accomplished by
using an o0il diffusion (Speedivac Model F603) fitted to the
dump tank, and halfway along the experimental section, at E.
The oil diffusion pumps were backed respectively by an Edward
one étage rotary t&pe vacuum pump. At E a wide aperture valve
making connection to the swinging tube section was built in
to provide an increased effective cross-section of the port
through which pumping took place. The extent of evacuation
attained in the dump tank and the driver section was measured
with aﬁPirani gauge (Edwards Head M6A, Meter B5 Model,
measurable range (500—103)xl33 N/ma. The dump tank and the
driver section could be pumped down to 0.133 iN/mZ. The test
section and the sample reservoir tube were evacuated down to
0.1331{10—3 N/m® and this was measured using a Penning gauge
(Edwards Model 6, Meter Model 7) and a leak rate of 6.55}:10"5
.N/ma/min was allowed. The approximate time for achieving

the mentioned vacuum levels was about 30 minutese.

33 Instrumentation ~ Diagonistics

The shock parameters measured are the following:-
a) The incident shock velocity )
b) réflected shock pressure
c) reflected shock temperature and
d) the dwell time. )
These parameters were measured in the usual way applicable

to shock tube experimentse Given below are brief outlines of

the instruments and methods of measuring these parameterse
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34301, Measurement of shock velocity.

The velocity of the incident shock was measured by timing
the passage of the shock front across the film platinum éauges
positioned at known distance(s) apart. The .arrival of the
shock front_at the locations of.the platinum gauges is detected
by the increase.in the resistance of the platinum film due to
the temperature rise induced in it by heat transfer from the
shock-wave. The stepwise rise in temperature due to the
passage of the shock front induces a small rapid voltage across
the film when a constant current is passed through it. The
voltage signal is amplified by specially designed circuits

such as that shown in figure A 3.1 in the appendix.

The platinum gauges were made by closely following the
method outlined by Gaydon and Hurle (reference 5 page 113)-
which in essence is painting a thin film (about O.5mm wide)
of bright liquid platinum on a fire-polished flat end of a
glass rod (about 6mm in diameter and 2.0cm long) and extended
a short way around the polished edges. The rod was then
oven-heated for about 20 minutes at temperature (~950°K) a
little above the softening point of the rod material so as
to obtain a firm bond between the platinum and the glasse.

The réd was withdrawn and then cdoled; the precess was repeated
so as to obtain an even strip of the film whose resistence was
about 50 - 80 ohms. Two current-carrying leads were gttached
to tﬁe two edges of the platinum strip using silver qpndu¢ting
pastes - (X - 351 and X - 353). The glass rod with the
conducting leads was hoqsed in a copper mount such that the
flat end of the rod with the strip of the platinum film was

exposed., The glass rod was held in position and sealed with
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Araldite. The copper mount was inserted in the wall of the
shock tube with the platinum film being flush with the inner
wall of the tube and its narrow dimension parallel to the

shock flow. Figure 3.2 shows the mounting of the gauge.

In this study, two platinum gauges were used and they
were positioned 0.305m (i.e. 1 foot) apart towards the end
plate of the tube. The gauge positions are marked 1 in
figure 3.1, The time taken by the shock front to traverse
this distance was read on a microsecond Counter Chronometer
(Scientific Systems Ltdes); this was triggered and stopped by

amplified signals from the first and second gauges respectively.

The shock velocity was calculated by dividing the distance

between the gauges (0.305m) by the counter reading.

i

30342 Measurement of the Reflected shock Pressure

The pressure history behind the reflected shock was
monitored using a quartz S.L.M.PZ6 piezo-electric gauge which
was mounted at the end plate of the experimental section of

the shock tube.

Quartz or other similar crystals without centre of
symmetry are'piezo-active! - that is they become polarized
when subjected fé unidirectional stress; pressure gauges made
from such crystals depend on the change of charge distribu-
tion on the faces of these crystals when subjected to deform-
ing pressure. For pressure measurements in the shocﬁ-tubés

the piezo-electric gauge functions in the following way:-
the compression of the crystal by the shock wave induces an

electric charge - whose magnitude is directly proportional to the
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compressing. pressures The charge is amplified using suitable
charge amplifier and the resulting signal measured. In the
current experiments the output of the pressure transducer was
ampli fied using Kistler (Model 566) charge amplifier and the
signal was displayed on the oscilloscope from which photo-

graphic records were made.

In the design of the mount for the crystal special pre-
cautions to provide sufficient reduction in the response of the
gauge to mechanical shock such as transmitted through the wall
of the shock tube was takén by ﬁsing antivibrational mounting.
The face of the transducer was flush with the inner wall of
the shock tube; and direct metal-to-metal contact was avoided

by using 'O'~rings - which also served for vacuum sealinge.

The pressure gauge was previously calibrated in terms of
pressure versus the output of the amplifier; this gave a linear
relationship for evaluating the pressure: This calibration
was re-checked by measuring the trace deflections “f‘displéyed
on the oscilloscope when the tube was pressurized to different
values by direct supply of nitrogen gas from the cylinder.

The following expression was obtained for the evaluating the

pressure;

P. = constant x v/K

where V = trace deflection of the oscilloscope,

measured in voltse.
[

K = setting of the charge amplifier,
volts/Pcb.

and the constant has a numerical value of 12.32 KN/m>/Pcb.

From the pressure trace recorded, the reaction time was measured,

and the trace also served as an indicator of whether the interface
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was properly matched.

343e3a Temperature Measurement

The measurements of the reaction temperatures were
carried out in the single-pulse shock tube exactly in the

22, 139, 140

manner described by Napier and co-workers using

both Na-line an& C2 - reversal methods. Two pairs of silica
windows, placed in a copper-lined steel housing in the posi-
tion G, as in figure B.i, were aligned in diametrical opposi-
tion so that a double beam method was used and the "fairing-in"
to the contour of the shock tube minimized thé degree of
turbulence produced in the gas behind the reflected shock.
Tungsten ribbon lamp was used as the background source. The
optics, filters and the photomultipliers of the measuring
systems in a light-tight box were conveniently mounted as

>

described in reference 22 and arranged” as in figure 3.3.

The double-beam method was achieved using the optical

arrangement shown in figure 3.3 in which a system of mirrors Ml

and M2 enabled the same source P to be used for both beams.

A neutral filter NF was used in one of the beams to reduce

the brightness temperature of P by a known amount. Light from
the back-ground tungsten ribbon lamp P was reflected off the
front-surfaced aluminised mirrors Ml and MZ through the shock
tube S on to the photomultipliers PM; and PM,. Lenses L, and
L3 served to focus the light into the shock tube, and lenses
L2 and L4 then form images on the photomultipliers. Aper-
tures A 1limit the light beam so that the photomultipliers
receive the same cone of light from the lamp as from the shock-

heated gases. The required wavelength spectrum line was

isolated using interference filters IF,



Figure 3.3:

Optical arrangement for double-beam measure-
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ment of spectrum-line reversal temperature.
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The measurement was made mostly by C, reversal method

2
against the tungsten ribbon lamp (51652) (0,0) Swan band).

This method has the advantage that no additions to the reacting
gases are needed. The principle of its opération lies in the
comparison o} the temperatures éf the shock-heated gas and

that of the back-ground source; if the reacting gas is cooler
than the lamp then the resonance lines of the spectrum appear
as dark absorptioﬁ'lines; whereas, if it is hotter, then the
specfrum is visible in the emission as bright lines super-
imposed on the cohtinuum. But when both the source and the

feacting gas are the same temperature, the spectrum lines just

disappears, that is at the reversal point.

From the recorded oscillograph traces the gas temperature
can be estimated. For example, if the temperature of the
shock-heated gas in between the full brightness temperature of

the lamp, T and the reduced brightness temperature in the

L,

beam with the neutral filter, T. 80 that one trace of the
. 3

oscillograph records absorption by deflection a and the other
beam gives an emission deflection e, from such measurements
the gas temperature, Tg is accurately estimately by using

’
.

the interpolation formula “;

T,o= T, o+ e(TL-Tr)/(§_+ e)
where Tg = reaction temperature, °k
TL = full brightness temperature of the .
lamp, %k
Tr = reduced brightness temperature of the

lamp in the beam with neutral filter, °k
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Calibration curves (as in figure A 3.2 in the aprendix) of
‘the lamp current versus tungsten ribbon lamp temperatures
with and without neutral filter were carried out in the
preliminary runs and this facilitatcd extrapolation of the

reaction temperatures.

Be3elte Oscilloscoxe

Tektronix oscilloscope type 549 was used with variety of
plug-in units to display fhe output from the Kistler charge
amplifier. The oscilloscope was fitted with a built-in delay
system, suitable for delayins the single sweép of the oscillo-
scope after the receipt of an external triggering pulse. The
oscilloscope was usually triggzred by a signal from the posi-
tion of thé firstrélatinum geuge, this enabled the sweering
of the oscilloscope to commence just before the onset of the
shock reflection at the end plate. As the pressure gauge
was located in the vicinity of the reacting gas, it served tc
display the time'for which the gas was maintained at high

temperature = the 'dwell time',

The pressure signal was usually displayed at 0.05v/cm
and the oscilloscope sweeping rate at 500ps/cme The single
sweep trace was photographed using an Ilford film and developed
using Kodak high contrast D19 developer. Figure 3.4 shows
a typical photographic recordAof the pressure trace obtained

from the single-pulse shock tube experiments,

Selte Sampling of Reaction  Productse

The reaction products were collected in a pyrex sample
reservoir tube having volume of 250ml. The sample tube is

separated from the shock tube by a pneumatically operated
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valve, F.- This valve was comnected to the head of the
auxiliary tube by a coil of tungum tube about 10.6m long -
Hécting as a.delay line. The pressure pulse generated after
the bursting of the diaphragm in the auxliary tube travelled
down the tungum tube to open F. It was estimated that the
valve F opens within S0ms of the rupture of the auxiliery

, tube's diaphragm, and as such was very effective in preventing
back mixing of the sample with the content of the shock tube
during the short interval (V1/2 sece) before the valve was

closed and the sample removed for analysise.

C 3eh4el. ‘ Sampling Proceedure

Figure 3.5 shows the sampling system, Tap T1 was closed

' immedlately after shutting valve F. The sample reservoir tube
was disconnected from the shock tube beyond F, and connected
.'to a’pre-eVacuated 50mlsamp1e loop via a BlO cone and socket
:joint. The sample loop was constructed with three way taps,.
fé and T3 this allowed air to.be removed from the loop arms
before introducing the mixture into the loop and to the chroma-
‘togreph via a sample valve. The sample was compressed into

the column.' A current of nitrogen carrier gas was used to""

burge the content of the loop into the columns.

Samples at constant pressure and volume were always
injected onto the column each time, and this considerably

facilitated analytical calculations.

Beliele Product Analysis

| Compositlon of the reaction mixture was analysized using

’Phase Sep Chromatograph (model LC - 2) equipped. with a Gow-Mac

katharometer detector. The detector formed a part of a wheat-

stone bridge network and also incorporated an inbuilt D.C.

et s itr® o bes

e e e # imrc e a1 T A .
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Figure 3.5: Sampling System
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amplifiers The output from the bridge was fed into the
amplifier and the resulting signal displayed on a potentio-

metric ventor recorder,

The separation of the hydrocarbons took place in two
copper columns ¢oupled to each other in series., The columns
were of unifdrm 0.635cm internal diameter and were packed with
porasil and porépak R materials respectivelye. This arrangement
ensured good peak resolution for the 03 and C2 hydrocarbons,
'Oxygen-free nitrogen! was used.as the cérrier gas and was
admittea to the. system via a pressure controller and a needle
valve. The carrier gas flow rate was measured using a soap
bubble flow meter. The response of the detecting system to
each of the following hydrocarbons - methane, ethane, ethylene,
acetylene, propane and propylene - was determined by injecting
known pressure of each hydrocarbon. Both the retention time
and the'response for each hydrocérbon was recorded. The res-
ponse for each hydrocarbon was found to be linear over the
range of sample injections useds Known mixtures of each. |
hydrocarbon in turn were made using propane as a diluent. This
was introduced into the chromatograph using the gas sampling
val¥e. Response factors for the hydrocarbons, relative to
propane, were determined at the optimum analytical conditions -
column lengths wéfe 2.0m and 1.5m for porasil and Porapak R
columns respectively, column temperature of 3?3°K and carrier

gas flow rate of 52ml/min.

[§
The response of the detecting system to the various

hydrocarbons is listed in table 3.0. A standard hydrocarbon
gas mixture (BOC special gases) was analysed, using the deter-

mined response factors and found to give good agreement with

the gpecified composition.
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Table 3.0: Response of the detecting system to various

hydrocarbon gases

Bydrocarbon ﬁe£ention time, ﬁin. Defermined
: _ Response factor

Methane _ 1.0 3.32
Ethane 2.0 1.70
Ethylene 2.20 1.65
Acetylene 2-75 ‘1-§5
Propane . 3¢5 -
Propylene 4.30 0.96
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Zelie 3. Materials for the experiment

(a) Driver Gases:
Hydrogen and nitrogen: supplied by BOC and used without

" further purification,

(b) Experimental Gases:
_ Argon: supplied by BOC as 99,995%

Hydrocarbons: supplied by BOC special gases;

all at least 99.0% purity

BSeholye Typical experimental procedure

An outline of the procedures necessary to produce and
utilize a shock wave in the apparatus previously described is
given here.

The test gas mixture .(propane heavily diluted by argon)
was prepared in a 200 litre stainless steel tank and stored
here.under 207 KN/m2 pressure for several days before use to

allow for proper mixing.

The diaphragms at D1 and D2 were mounted in the diaphragm
holders and bolted in place on the shock tube, The diaphragm
in the auxiliary tube was also located in position. The dump.
tank, the driver and test sections and the sample reservoir
tube were evacuated simultaneously to the appropriate vacuum
levels. The pressures in the dump tank and the driver section
reached 0.133 N/m2 and 0.133:{10-3 N/m2 in the experimental
section Within 30 minutes. At these pressure levels, the dump
tank and the driver section were isolated from the pumping
lines The driver gas mixture was made up to the appropriate

pressure Ph in the driver section, the percentage of nitrogen
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in hydrogen being varied so as to obtain tailored - interface
conditions with the experimental test gas pressure Py. The V
oscilloscope, shock speed counter and the triggering sfstem
were set ready. Valve F was shut i.e. isolating the sample
reservoir tube, and.the test section isolated from the vacuum
systeme The test section were loaded to the required pressure
Pl wvith test gas mixture from the storage tank. The pressure
gaugezs for reading Pq and P; were shut off, and the shutter
of the camera was opened. The auxiliary tube was fired by
direct supply of nitrogen from the cylinder. The shock
gererated from the auxiliéry tube pushed the plunger to pierce
the diaphragm at Dl, and a shock wave travelled down and was
reflected from the end-wall of the experimental section, the
sz2cond diaphrugm at D2 broke and the rezction was quenched,

- The valve f, which was opened pnéumati;ally by the pressure
pulse from the bursting of the diaphrazm in the auxiliary tube
was closed as soon as possibleffl/a secg after firing the
auxiliary tube. The camera shutter was closed; the counter
readings was noted. The sauple reservoir tube was disconrected
from the shock tube and the sample taken for gas chromato=-
graphic analysise. The photograph of the pressure trace was
developed, fixed and dried. Thus for each experiment a photo-
graph giving the reaction time and the value of the reflected
shock pressure was obtained. From the measured shock velocity,
the reflected shock temperai?ure,A‘I’5 was computed and compared

with the measured value obtained from C., reversal method.

2

The result of product analysis for each run gave a chromatogran

from which kinetic results were compiled,
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PaLse
L4,0: Results of Propane Pyrolysis in a Singie Shock Tube

Data obtained from the analysis of the shock treated
reaction mixtures provided inforxation on the product distri-
bution. With knowledge of the temperature and the reaction |
time, and together with‘the analysis of the chromatogram, the
overall order and the activation energy of thermal decomposi- .

tion of propare could be deteriined.

L,1: GENERAL _FEATURES

Lelol: Product distribution.

Pyrolysis of mixture of 4% propane in argon was extensively
investi,rated over a wide temperature range of 1200 - a?OOOK at
reaction times varying from QO.lms. to 3.5ms and total reaction
preasures of 500 - 1500 KN/ma. The reacted mixtures were
analysed for hydrogen, methane, ethane, ethylene, acetylene,
propane and propylene. The sample was not analysed for the

presence of higher molecular weight ( >C4) hydrocarbons.

The main products detected were methane, ethylene,
acetylene and hydrogen., Propylene and eﬁhane were only
detected at the lower temperature ranges. Table 41 shows
the detailed initial experimental conditions and the
experimental results in which the percentage of the individual
product present was determined from the peak area of the |
chromatogram applying the necessary calibration factor.

Over the entire temperature range covered in this investigation
extremely high degree of decomPOSitions of propane were
obtained; even at temperatures as low as lAOOOK, and at
reaction times as short as 0O.2ms. no less than 35% of the

propane was converted to productis.
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Table 4.1: Experimental conditions and esults rolysis of a mixture of 4% Propane Argon
Run [ Py | Py H Temperature | Rcaction| Yield of products i.e. Prcpane
no. in . (measured) Tine mole % of propane converted t?:- Decourosed
Driver gas | :
torr % ox ns CHy | CH, | CH, CoHg | o4l %
91 250 52 80 1300 0.2 16,73 | 53.28] 3.20 | '5.06 |15.98 4043
90 210 | 60.2 80 g 1400 0.2 18.75 | 53.97) 8.46 | 3.77 8.0 34,8
89 180 70 80 1500 0.2 18.78 | 49.81| 15.8 | 1.93 | L45 43.92
88 180 70 80 ' 1500 0.7 20,26 | 46.58) 20.82| 1.97 - 4646
2 | 170 [ 7.6 | 85 | 1m0 0.8  |19.3 |45 |20 | - | - | o
- E"_ L __’_71:2 __f_s_____lﬁo_ e Z._s_ ano._s 35.3 | 2B.6 - - Sl.6
63 vl 74.5 85 1760 G.8 10,3 | 34.9 | 32.5 | - - 463
87 180 | 70.0 80 1760 2.0 0.3 | 35.6 | 30.0 - - 44.538
11 170 | 71.5 85 1760 3.5 18,0 | 29.0 | 23.3 | - - 52.7
S I NCE N NE N I e N R
92 160 | 79 83 1830 0.1 16.4 | 562 [ 2L1.7 - - 5449
37 175 °| 72.4 100 1800 0.5 20,9 | L4.& 123.9 1 1.95 - 4849
23 150 | 81,0 85 1800 047 18.4 29.0 | 39.4 - - 52.5
86 | 160 |79 83 1800 2.0 |19.7 | 30.6 [37.0 | - - 52.3
. 1y 150 | 81.6 85 1800 345 18.0 | 23.2 [34.2 | =~ - 6C.2
85 | 150 | 84 85 1820 2.0 |1h.9 | 14.7 |35.8 | - - €6.33

g€l




Table Lel contds

Pun Py P "% H, e % | t. ms Yicld of n;oduggg - mole % ‘Propane
no torr 41 ln Pu S, ’ CHQ CZHA CEH? 492?6 93H6 decompoced
4 | _1_60J_ 77._5___ ﬁ _i_&*?___ff__ 13.0 1844 33.6 - - 6?.5-_
133 90 45 90 1860 Ol 1648 21.2 53.9 - - 96.4
a2 150 93,5 85 1860 0.7 1845 2663 433 - - 68.65
83 125 " " 1860 2.0 1.3 8.61 | 3y.1 - - 82.0
15 130 | 93.5 wo ] 1se0 | 35 | 10 | 12,5 | 4.6 - - 23.9
o1 120 T 93.5 Wl 1870 T)Tz 18.1 _2;.0 :z:;— T - —6:.6
61 130 9744 " 1870 0.7 3.7 11.7 6445 - - 66.9
60 130 " " 1870 1.0 17.5 19.5 51,0 - - 65.2
62 130 " " 1870 1.1 15,05 845 57.7 - - 64.8
16 130 9345 " 1890 3.5 10.5 10.6 26,0 - - 9544
o5 | 100 | 126 T2 | 0oz | 13.5 | 9.4 | 529 | - T 8.0
38 115 | 110 100 1923 0.6 16.2 11.8 | s52.6 - - 737
39 115 " 100 | 1923 | 0.7 | 17.8 15,3 | 49.9 - - 75
40 119 | 10647 " 1923 2.2 8.3y | 7.84 | 29.9 _| - | = | 97 |
B 110 | 130.5 85 | 1945 | 1.0 10,5 16.0 530 1 - - 764
13 115 D w1945 | 3.5 | 1b.6 | 15.4 | 37.4 - - 62.3
151 1C0 67 100 1950 043 8.2 6.5 66,2 - - 91.6
132 1c0 " " 1950 0¢3 8.0 6.7 68.2 - - 89.0
ST T T8 Tu0 - 87 [ 1990 | 0k | Seh | 6.7 | S8k T T T %

PET



Table 4el:

contd.

ran | Py | Py | o T5, Ok [Reggtion) CH, | G, | CHy 1} Gyl C5f éeggggomd
107 37 182 87 1990 { 0.7 1,98 6.7 65.6 - - *
S5 T 90 [ WO T[T [ 00 [ Ok | 5.2 | 65 | She2 | - —— .
26 100 l21.2f 90 2000 0.8 7.2 7.6 45.6 - - 85.8
77 90 140 87 2000 2.3 2.3 3ol 16.1 - - .
"5 T T T [ o | oo (88 [ 700 | 505 | - =T e
20 390 140.7) 94 2075 C.5 2.4 6.1 60.0 - - 942
g8 75 169 a7 2080 0.4 2.9 5.7 49.0 - - *
5 T35 [ 22 |9 | 2100 | 0.3 | 2.3 | - | 66t | - - .
169 75 182 e 2100 Ouh 1.9 Sl 47.8 - - \
108 75 182 " 2100 0. 1.1 - 65.9 - - .
T2 T35 T2 | T 23y [ 0.3 [ 1.2 | &8 | 53.8 | - - T T T
130 |. 80 84 100 2135 0.3 1.86 5,0 79.3 - - *
129 80 " 100 2135 0.3 0.0 0.0 80.2 - - .
128 60 1.2 2135 | O.4 0.0 0.0 86.3 - - *
135 45 155 90 2135 | 0.8 1.1 2.1 27.3 - - *
136 38 177 " 2135 1.0 0.3 2.2 19.2 - - *
T31 | S0 | 180.7 ] 98 | 2153 | 0.5 | 2.9 | 6z | 6544 1T - | Tesea
5¢ 75 169 100 2160 O 1.8 Lely 58.6 - - .

GeT



Table 4.1 contd.

Run Py o Ha in o (ield of products - mole % %C_H deq
B¢ Jeorr | Py oy~ [T K| tyms| O Colly | S ] Coflg [ Csffg [codpOsed
64 | ‘80 140.7 94 2160 Ol 1. 5.2 61.2 - - .

32 90 140.7 " 2172 0.5 3. 6.9 64.6 - - 93.3
€6 | v " " 2160 1.0 2. Lot 29.9 - - .
g7 | " " " " 1.5 2.3 4.9 28.4 - - *

Tou T3 T182 T90 [T 2201 o3| 311 = Tes3 = — |- 7 ~
116 | 33 | 202 96 2208 0.3 .9 - 37.4 - - *

65 | 80 | 158.5 | 94 | 2200 1.5 | 1.5 | 3.64 | 22.4 - - *

(105 |37 ] 161.6 | 90 | 2235 | 0.2 | 7ok | 9.57 | 36.3 - - T
117 35 192 100 2275 Ol - - 81.5 - - *

33 80 158.3 97 2306 G.45 0.9 7.8 75.1 - - 99.5

T3 Tao T T[T T s s | 7er | e | P R
41 " " 100 2355 0.7 2.18 | 4.5 31.8 - - .

69 | " " 97 2355 " 1.7 5.6 38,7 - - *

70 |75 | 168.9 | 57 " " 1.2 4.8 39.5 - - *

71 -] ¢6 | 186.2 | 90 " 2.0 2.0 5.1 18.4 - - )

72 {67 | " {9 | v | 20 0.8 2.3 |11 - - 3

b3 85 158.3 |loo 2455 | 0.4 T 1.61;—_ 5.68 Fw.l - - -

42 75 168.9 |100 i 2455 9;2 L 1.6 | 5.0 31.1 - - __L * ] .|...

[ S0 T180 TT188.37 (100 | 2515 | 0.4 5.0 6l | 56,9 | - - ' %’3
Sty 6o " 100 " n L2 | 43 | 387 - - ’




Table 4.1_ contd.

" Run Pl P41 : H2 % \TS Reaction Yield of Products - -‘mole, % %4Propane

no torr in P,+ g time, ms .CH4 CZHu CH, c2ﬁ6 C3H6 dec?mposeé
73 60 211 92. 2515 1.2 1.35 fel 14.1 - - x
54 75 169 90 2560 | 0.3 Ok 547 6245 - - *
52 80 " 100 " 03 0.2 5.0 724 - - #
32 75 " " 2560 0.l 0.9 6ol 70.9 Z Z r

e amm  Sm[EN VSN Slewn  Smem et mOWS Srhwm  Swwer Ween weewem  meclem wmmwn weatvee e J— ]
127 45 149 90 | 2630 0.2 - - 60.1 ~ - *
126 | 35 191 | 100 | 2630 | 0.k - - 55.1 - - "
120 30 224 . 2630 Ol - 3.4 6447 - - re

LET
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At any constant tempefature the percentage of propane converted
was increased by increasing the reaction time. In figure 4,0
the dependence of propane conversion on the length of the
reaction time is shown. At very high temperatures ($2200°%)

no propane was recovered in the reaction mixture, thereby

indicating that total decomposition of propane was achieved,

Figures 4.1 and 4.2 show the distribution of the major
products of propane pyrolysis at reaction times of~0.7ms. The
percentage of each product was calculated on the basis of moles
of carbon in that product per 100 moles of carbon in the propane
converted. These figures {(figure 4.1 and 4.2) show that product
distributions at the high temperature range covered in this
study are considerably differént from those reported by investi-
gators at low temperatures, Here it was observed that the
yields of propylene, ethane and ethylene rapidly passed through
maximum and declined, while the formation of methane showed
a continuous and steady increase. The yield of acetylene
increased gradually from near zero at lZOOoK, but rose very
sharply afternJIASOoK. The appearance of acetylene in the
reaction mixture corresponded with the temperature range at
which the yields of propylene and ethane, and to a lesser
extent ethylene, showed rapid decline. At higher temperatures
the percentage yield of methane and ethylene decreased with
increase in temperature and attained a minimum value (&£ 5%),
whereas the yield of acetylene continued to increase and
passed through a broad maximum at the same temperature region

where the yield in ethylene and methane had minimum value.
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"he conversion of propane to carbonaceous mabterlials - that
is high carbon -~ content substances - at the temperatures orf
this investigation was determined by mass balance from the total
carbon/hydrogen ratio., The formation of these substances
followed a similar trend to that of acetylene but it cecatinued
to rise even when the yield of acetylene started to decline

slowly.

For dectailed examination of the distributioﬂ of the mgjor
reaction products over the entire temperature range and for zll
the recaction times, table 4.1 was arranged on temperature/reac-
tion time basese. The table shows the dependence of the yi-ld
of the various products, that is moles of the product formed

per 100 moles of propane converted, on the variation of both

the reaction time and temperature.

The effects of simultaneous variation of temperature and
reaction times on the conversion of propane into methane,
ethylene and acetylene are shown on figures 43 and Lo4

78 on table 4.1. These figures show 'iso-

which are based
- conversion' curves which demonstrate under what experimental

- conditions a desired degree of conversion of propane into
_any of those products can be achieved., The highest yield of
methane (=20 - 15%) was achieved between 14500-16500K for
reaction time up to 3.5ms. Outside this temperatureatime
range, the percentage of conversion of propane into methane
gradually decreased; the rate of decrease was faster at the
higher tempergture side of the maximum iso-conversion contour.

The conversion of propane to ethylene was higher than its

conversion to methane. Highest conversions of propane into
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Figurc 4.3: Conversion of Propane to Methane and Ethvlcne
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ethylene range from 40 - 50% and its contour enveloped an area
bounded by temperature interval 13800 - 15000K and reaction
time upto 3ms. Outside this interval the conversion decreased
gradually as was noted in the case of methane. Figure 4.3

(a2 and b) indicate that maximum conversion of propane into

both methane and ethylene occurred within the same temperature.

-

The iso-conversion curves of propane into acetylene,
(figure L4e4) covers a wider temperature but narrower reaction
time range than those of methane and ethylené. At those
temperatures where the conversions into methane and ethylene
reached maxima and secemed less dependent on theilength of
the reaction time, the conversion into acetylené was at a
minimum. At conversions into acetylene less than 30%, increase
in reaction times above l.5ms does not result in an appreciably
change in the conversion value. At higher conversions of
propane into acetylene the influence of reaction time variation
becomes very pronounced. The yield of acetylene becomes more
sensitive-to prolonged shock-heating time at higher conversions
of propane. The maximum iso-conversion curve (> 60%) of propane
into acetylene occurred between 21000 - 2500°K at reaction times

under O.8ms,.

Leol.2: Effect of Reflected Pressure on Conversion to Acetylene.

Figure 4.5 and 4.6, show the effects of pressure variation
on propane conversion to acetylene. In figure 4.5 the per-
centage of propane conversion to acetylene has been plotted
against the reflected shock pressure P5 for three different

H
reaction times - O.4ms, 2.0ms. and 3.0ms. The plot shows
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that if the reaction time was held constant, and the pressure
changed, the percentage ¢of propane converted to acetylene
decreased as the pressure was increased. Such decrease in
conversion to acetylene was linear, and the slope of the
decrease became steeper with increasing reaction time., For
example, at reaction time, t £0O.4ms high conversions of
propane to acetyfene were maintained and these were less
sensitive to variations in the reflected shock pressures than
conversions at t = 2.0ms and %.0mse. Increasing the reaction
pressure by two folds resulted in decrease of conversion of

propane to acetylene by the following percentages:-
5%, 25%, and 45% for t = O.4msey 2.0ms. and 3. ms respectively.

This is further confirmed by figure 4,6 in which thé‘variation
in propane conversion to acetylene versus reaction times, has
been plotted for two close values of reflected shock pressures.
It can be seen in this figure that the two pressure curves
converged at reaction times less than 0.5ms, whereas at longer
reaction times the curves were separated. The vertical
distance separating the pressure curves increased as

the value of the reaction time became larger.

Although results are not available at lower pressure, the
lines in figure 4.5 are not parallel and are likely to'converge
at lower values of reflected shock pressure (probably in the
region under 550 KN/m2 at reaction times, t>1.0) indicating
that higher conversions could be achieved at lower pressures

independent of the reaction time. Therefore the reaction
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pressure P5, has significant effect on the oé%imum conversion
of propane to acetylene, and figures.ﬁ.ﬁ and 4.6, demonstrate
the necessity for controlling both the reaction time and the
pressure. The decrease in the conversion of propane to
acetylene with increasing pressure is to be expected if it

is assumed that the reaction occurs via the establishment

of the following <chemical equilibrium,

-

20 Hg — 3CH, + - S, (4.0)

-

in which case the reaction proceeds with a considerable
increase in volume. The influence of reactionlpressure on

the position of the equilibrium can be explained in terms

of le Chafellier's Principle - which requires that an increase
in pressure should shift the equilibruim in the direction
which reduces the volume of the system as a whole. Hence

in equation (4.0), increase in pressure will shift the
equilibruim towards the left, and consequently the conversion
of propane to acetylene will diminish with increasing pressure.
Also, there is the tendency for the acefylene so formed to
polymerize, since elevated pressure favours its polymerization.
Figures 4.5 and 4.6, together with figure 4.4 show tﬁat for
optimum conversion of propane to acetylene, it is necessary

to conduct the experiments at short reaction times, low
reaction pressure.and high temperatures$y but at reaction
pressures under about 550 KN/ma the length of the reaction

-t

time is no longer very crucial.

Leol.3: Tha Effect of Addition of Rlhane

In an attenpt to elucidate the effect of increased

radical concentration in the yield of the primary oroducts
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at high temperatures, small quantities of ethane were added
to the mixture of propane in argon. Because ethane readily
generates methyl and ethyl radicals and hydrogen atoms its
presence ought to influence the pattern of product distribution

in the pyrolysis of propane.

The results of pyrolysing mixtures of propane/ethane in
argon-(CBHB:. 02H6: Ar) in the following ratio 3.9:0.1:96 and
3.7:049:95.4) are shown in table L4.2. . Inorder to examine
the effects of the addition of ethane to the pyrolysis of
propane, the convenient parameter chosen for the assessement
of this effect was the percentage of propane converted., It is
well-known that during the pyrolysis of pure ethane/argon
mixtures the'yield of propane is quite negligible, therefore
in pyrolysing propane/ethane/argon mixtures, the difference
between the amount of propane introduced into the shock tube
and the amount recovered from the shock treated mixture
represents the net change due to reaction. The quantity of

ethane contained in thée shock-treated mixture consiéts of:-

(a) unreacted ethane from the propane/ethane/

argon mixture and

(b) ethane derived from the decomposition

of propane.

The method of calculating the yield of ethane from propane/
ethane/argon mixture was based on mass balance and is shown
in appendix-AlL -

The effects of the addition of ethane to the pyrolysis

of propane, is shown in table 4.1 and in figure 4.7.
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Table Le2: Results of ovyrolysis of mixture of orovane/
ethane 1in argon.
(a) mixture B, CBHB: 02H6: Ar = 3e9:0.1:96,0
Run |Tempera-| Reac- Yield of Products,i.e mole %
Noe. |ture tion |i.ee mole % of C HB converted to:-| % Propane
time 2
%k t,ms CHL} Caﬂbr 02H2 C£H6 C3H6 Conversions
253 1200 3.0 11,09 | 32.91 0.0 277 555 35,8
250 1200 2.2 9.95 31.52 De83 | 332 747 477
252 " 345 9495 | 33.46 | 0,00 {339 | 339 29.3
245 1250 0,10 948 28,21 0,00 | 4oyl 13,22 18,27
2hl 1300 0.10 8.06 29.75 0.00 | 5.56 | 20486, 30e7
247 1300 0410 8.42 20,12 0.00 | 532 | 1595 49.6
a8 | 1350 | 3.0 | 10425 | 30017 | 2.12)3.30 | 5.95] 9.7
246 1400 0.10 8496 : 32411 1.87 | 4.68 9.35 5240
223 | 1450 | 0.10| 9.72 | 35.2 | 3.0°[1.94 | 730 7245
236 | 1500 | o.80| 18.9 ju1.8 |25.3 | - - 99.6
240 1600 | 0.20 8.72 |31.96 2.1 | 4.36 ] 8.72 72.0
238 1600 OQL}O 13.5 2301{» 22.4 - - 7908
229 1700 0.40 9.9 14,0 3346 - - -
219 1700 0050 16.4 1109 3503 - - 99.3
221 1750 OOL}O 12.7 b 8-75 4309 - - *
226 1750 OQL}O 16015 8.13 I—}s.l - - *
220 1800 0450 9.0l | 6,97 | 3h4e2 - - *
217] 1900 | 0.50| 3.7 | 3.37 |20.6 ) - - *
211'8 1900 0050 1073 1075 12.2 - - *




Table 4.2 contde.

(b)

mixture C, C_Hg,:

C2H62 Ar = 347 o 0.9 s 9544
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28
Run | Tempera-| Reac-|Yield of products - i.e. mole % %
No. | ture tion | converted to:- Propane

Oy time

SMS CHL+ Cqu CEHZ C2H6 C3H6 Conversions
211 1500 0-5 2006 30-8 2702 - - 50-8
212 1550 0.5 1805 ll-? 27.2 - - 59.25
207 1860 " 18.8 |30.7 | 31.1 - - 78.0
209 1880 " 1705 29. 2 2907 - - 78.89
210 1890 " 16.3 [2542 | 2847 - - 89.60
208 1900 n 16.5 |17.5| 3946 - - 83.8
203 1930 1.0 3¢5 2+9 1.7 - - *
204 1975 005 503 5.0 2503 - - *
205 1978 0e5 52 5.1 | 2640 - - *
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Table 4e3: Percentage decomposition of propane at reaction

time upto O.7ms for mixtures with and without

added ethane

Temperature % decomposition of propane in mixtures:

ok 4% C3H8 + 96% Ar [3.7% C3H8 + 0.9% CHe 95.4%Ar
A c

1400 3449 -

1500 4646 50.8

;550 - 59.3

1740 48.0 -

1860 68.6 78.2

1880 65.0 78.8
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ﬁoth the table and figure 4.7 are based on the values
extracted from the results in tables 4.1 and 4.2 in which

mixtures have the following percentage compositions:

Mixture B has CBHB: C2H6: Ar==3.90:0.;:96.0
] R L n n " =3,70:0.9:95.4

and mixture A contains CSHB in Ar. in the ratio 4:96.,0

Generally, the values indicated in table 4.3 and in

figure 4.7 , shcw that the addition of ethane increased
propane deconposition. It can be seen that ethane when
present even in trace amount greatly accelerated prorane
decouposition especially at high temperatures, but ircrease
in the quantity of ethane added to the propane/argon mixture
did not result in an equal increase in its accelerating
influence, Within the limits of the scatter in the experimental
points, it can be seen that mixture C, which contains almost
10 times as much quantity of ethane as in mixture B, produced
nearly the same degree of acceleration. At lower temperaturecs,
the points on the two curves (1 and 2) in figure 4.7 lie much
closer'together - indicating that at low temperatures the accelera-
ting influence of ethane addition on the decomposition of
propane is not as pronounced as at high temperatures. -This
might be attributed to changes in the concentration le;els of
the radicals and hydrogen atoms involved in the reaction -

this will be discussed further at the end of this section.

Figure 4.8 shows the variation in the yields of the
reaction products as a function of propane conversion in the
presence of ethane a constant reaction time of O.lms in the

o
temperature range of 1250 - 1450°K. Here it was observed that
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Figure 4.8: Product yield as a function of variztion in propane
conversion at T = 1300 - 1400°K for reaction time <0,%ns,
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in the presence of ethane increases in propane decomposition
greatly enhanced the yields of ethylene and methane, while
those of propylene and ethane declined. Acetylene appeared
among the reaction products only at higher (3 40%) propaﬁe
conversions. The shape of the curves in figure 4.8 show two
distinct patterns:
a) for the olefins (Cqu and C3H6); the increase
in the yield of ethylene was linear and this

corresponded to a linear decrease in the

formation of propylene;

b) in the case of the paraffins, the increase in
methane formation as well as the decrease in
the yield of ethane exhibited curvatures in their

profiles.

These seems to indicate that ethylene increased at the

expense of propylene and methane at the expense of ethane.

Some investigatorsl41’ 142, have also ohserved that the
addition of ethane to pyrolysing feedstocks, greatly prouoted

the yield of ethylene at the expense of propylene. It has

1

been suggestedlq ? that ethane enters the reaction by increasing

the concentration of atomic hydrogen, which can react with the
relatively unreactive propylene to yield ethylene. This occurs

probably via propyl radicals88 through the following reactions:

9 L]
CsHg + H 1C;H,
iQEH? 3 n03H7
nC, H,* C.H +  CH3
nyts —_— 2L 5
Ciy * R CHy, + R;

wvhere R could be Pgﬁy LN or raaicals
e
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o
Similar observation by ¥Hunugi et alb’, who studied tne
pyrolysis of nropane in the preszence of hydrogen showed that
the yields of ethylene and methane were enhanced at the

.

expense of propylene,

The yield of acetylene in the presence of ethane was
relatively very low and it is believed that its formation
occurs as a result of the decomposition of vinyl radicals which
are formed at higher conversions through ethyl radicals or the

decomposition of propylene26.

A conmparative study of the effects of the addition of
ethane tn pyrolysing propane on the average rates of the formation
of the major reaction products is §hown in table 444 and these
values have been plotted in figures 4.9 to L4.12 . The comparison
was based on the rate of the yleld of the individual product
per 100 moles of propane reactede The average rate R, was

defined as:

l-?i = [Producti]t

t

where [Producti]t - is the total moles of product i formed at

time t for 100 moles of propane converteds

The relative rate, RRi, was defined as the average rate
of formation of the prodﬁct i fromva mixture with added

ethane relative to that of the formation of the same préduct
from 4% propane in argon under similar experimental conditions;

this was evaluated as

RR, = R; in mixture (B)

'ﬁi in mixture (A4)
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TABLE 4. 4: Log Rate of product formation = loglO (Pfoduct)

t &
PRODUCTS cH, | ¢H, CH,
MIXTURE | 3 .
‘A B A B A B
1300 2.402 ;;398 2,602 | 2.653 | 1438 -
1400 - 2436 | 2.431 2.593 2.682 | 1.789 | 1.450
11450 2.458 | 2.438 | 2.570 | 2.696 2,072 | 1.629
1500 1.94 1.86 | 2.00 1.855 1;643 1.676
1600 - | am | - | a2 - 1.924
1700 - \ 1.94 ; 1.63é - 2.06
1750 2290 | 2033 | 20233 | 1.9 | 1.909 | 2.2e2
1800 2.098 | 1.763 2,127 | 1.300 | 1.855 | 2.011
1900 1.908 | 1.346 | 1.463 | 1.00 | 2.119 | 1.792
1950 1,908 B - 2.53 | -
* Mixture A = 4% CsHy in argon

. — v / ' :
" B = (3.99 c3H8 + 0,1% c2H6) in argon
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Figure 4.10: Averare rate of cthylenes formation,

log Rg y ) PTHYLENE,
. + :

206- —_ \O\

F

1.6 \ ‘
» v
N P
v
\y

O ~-Mixture A

1.2 v - Mixture B

1200 1600 1900
Temperature, %k



161

FIGURE 4.11: Logarithm of Average Rate of 02H2 formation,
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TGURE 4.72: Relative Rates of product formstion.
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where mixture (A) is pure propane/argon mixture and mixture
(B) - propane/ethane/argon mixture.

For each temperature at which these evaluations were carried
out, the difference in reaction times for both mixtures was

not more than + O.lms,

Generally, the addition of ethane did not change the
overali trend of the dependence of the average rates of
formation of the products oﬂ temperature. At all the tempera-~
tures the curves for both mixtures exhibited the same charac-
teristic shapes. At temperatﬁres under 1600°K, the rates of
formation of methane'and ethylene was essentially the same
for both mixture A (i.e.. reaction mixture with no ethanezadded)
and mixture B(with added sthane). Above this temperature
the addition of ethane retarded the rate of the formation of
both ethylene and me:lhane. Figure 4.11 shows the effect of the
addition of ethane on the average rate of formation of acetylenes
Ethane acceler=ted the formation of acetjlene; the rate was

slightly increased by increasing the reaction temperature,

It can be seen in figures 4.12 that there was no change
in the relative rates of formation of methane and ethylene
at temperatures upto 1600°K, but above this temperature the
relative rates decreased with increasing temperature., On
the other hand the relative rate of propane conversion to

acetylene increased with temperatures

22 Discussion of propane results, -

The above cbserved effects of the addition of ethane on

the pyrolysis of propane might be explsired in terms of changes
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in the concentrations of the radicals. The non«sigﬁiflcanu
effect of the addition of ethane at lower temperatures ((12000K),
could be due to the fact the C-C bond in ethane i1s stronger
than that in propane, so propane dissociates more readily to
methyl and ethyl radicals,

. L] + L .
C3H8 5 CH3 CZHS (5.1)
whereas ethane will remain largely undissociated. If propane
were pyrolysed alcne, it will be mostly consumed by the
combinatiocn reactions between it and these radicals, via

the rcactions,

:

CH3 + 03H8 E ci{l+ + C3H7 (5.2)
CzHé + C3H8 a CZH6 + c3H7' (5.3)

but in the presence of small quantity of ethane which is largely
undissociated (relative to propane) at lower temperatures, these
radicals will also react with ethane molecule to produce

similar products, as in reactions (5.4) and (5.%5).

CHX + € Hé

3 Mo ~—sp CH, +  ClHg  (5.4)
CHy + CJH , CHg o+ CHL  (5.5)

But the net effect of reaction (5.5) is zero, so only the
reaction involving the methyl radical will be of impo;tant
consideration in the presence of undissociated ethane. At

temperatures around IOOOOK, the rate constants of the combina-
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e . .
tion reactions of methyl radicals with propane and ethane

are in the same order of magnitude. For example, at T = 1000°K,
these rate constants aregl

6

K 1.,5x10 (1/molecs)

5.2

and

6

K (1/mole. s)

5.4 1.07x10

so there will be no appreciable chaunge in the decomposition
behaviour of propane at low temperatures, especially as regards
product distribution since reaction (5.1) is the only source
of methyl radical and reactions (5.2) and (G.4) compete for
this racical at almost the same rate. This fact is borne out
in figure 4.7 where curves 1 and 2 lie closer to each other
tewards the lower temperature region., Figure L4.12 coniirms
tuis trend -~ since the curves for the relative rates of
formation of methane and ethylene at temperatures under 1600°K

did not change and their values were almost equal to unity.

At increased temperatures (above 1500°K), etﬁane will
also dissociate thereby increasing the radical concentrations
of me%hyl and ethyl and hydrogen atome. Since methyl radical
is an important chain-carrier in propane pyrolysis, increase in
its concentration will result in the acceleration of the
consumption of propane. Increase in the concentration of
hydrogen atom will also promote propane pyrolysis since the
former is known79’ 88 to react to reduce the self-inhibiting
characteristics of propane decomposition. On the other hand
at elevated temperature of this magnitude, ethyl radicals will
be involved in secondary reactions. Ethyl radicals will, like

other hydrocarben radicals higher than cné, decompose rapidly
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to lower species and hence wiil not participate to any signi-
ficant extent in bimolecular reactions with other species
present. 7The decomposition of ethyl radicals will occur via

the following reaction steps

02h5 R CZH3 + HZ )
CaH3 ; CZHZ + H

which will also lead to increase in the concentrations of
hydrogen atcms and acetylene. Figures 4.9 - 4.12 show the
significance of 1500°K, which could be explained in terms of
ethyl radicals dissociating to form acetylene via vinyl

radicals instead of

C2H5 3 C2H4 + Ha.

This fact is borne out by reference 26 where the ratio [CZHé]to
[bZHh] increased very sharply after 1500°K. For example, at

1500%K, this ratio was 6.5 times higher than its value at 13C0%K.

Previous investigators of the pyrolysis of prcpane at
temperatures lower than those encountered in the present study
have indicated that acetylené is a minor product; but as was
11lustrated in figure 4.1, acetylene was a major reaction
product, and its yield was considerably higher than those of
the other hydrocarbons. On the other ﬁand propylene which is
usually regarded as a major primary product of propane»byrolysis
at lower temperatures was not detected in the reaction mixtures
at temperatures above 1500°K. Hence the product distribution
at temperature range from 1200 - 2700°K covered in this study

showed a marked difference from the lower temperature data.
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In another shock tube investigation27 of the pyrolysis of
propane behind the reflected shnock waves at 1050 - 1650%K, it

was also renorted that the product distribution was considerably
different from the one at the lower temperature range, and that
at temperatures above 13000K the pyrolysis of the primary
products towards the production of acetylene, propyne and allene
begins to occur at a considerable rate. It is apparent, therefore,
that during the pyrolysis of propane at high temperatures, many
other reactions, normally not considered or termed insignificant
at the lower temperature investigations, emerge to prominence
and thereby alter the product distribution pattern.

It has beoen suggested that the pyrolysis of propane becomes

very complex at high conversions due to the occurrence of
seccndary decomposition reactions. The present investigation
maintained very high propane conversion, reaching almost 100%

?t temperatures above 2000°K and hence the explanation of the
ébserved product distribution is ncot simple. At the experimental
conditions of this work, it 1s not possible to suggest an overall
stoichiometry of the major reactions leading to the observed
prodiuct distributions because of the high levels of propane
conversion achievede The usual assumption that the propane

decomposition occurred via two routes with roughly equal

importance;
CSHS 3 C3H6 + Ha S«6a
and ) .
CBHS 3 CZHA + CH# 5.6P

can only be applicable at very low conversions (about 10%) and

low temperatures. The rapid fall in the yield of the so-called
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primary products at high temperatures, suggest a possible

change in reaction mechanism, and that rcactions 5.6 (a & b)

represent rather a simplification of the true process. This

;oint is discussed further in section 4.3 on reaction mechanism,.
As was pointed out in secction (l.5.2) most investigators

(92, 96-7, 105-6) found that the decomposition of propane

obeys a first order rate law, but many later investigators (79,

85, 107) have indicated that the reaction order varies from

le2 to 145 The experimental data obtained from the present

investigation were therefore analysed assuming both first

[

and 3/2 order kineticss

The Arrhenius blot for a three halves order analysis of
data obtained between 1300 - 2300°K revealed that the data
points were largely scattered especially at the lower tempera-
turese. Analysis based on first order kinetics gave a better
fit to the data points than a 3/2 order reaction. Figure
L4.13 shows the Arrhenius plot for a first-order reaction rate
in the température range between 1600 =~ EBOOOK, and the
generalized rate expression obtained by least squares analysis
is;

k = 1.79x10° exp(- 176.2 KJ/RT) s 1.

The values obtained for the frequency factor, A and the
activation energy, Ea are compared in table 4.5 with other
literature values. The value for activation energy obtained
in the current investigation is lower than the values outlined

in the table but nearer Frend'slO07 recalculated data assuming

a first order reaction; generally (as in figure 4%,14) it

compares favourably with the observed *fall' in activation
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Table 4+5: Kinetic parameters from previous shock tube

studies on propane pyrolysis

Authors Temperaﬁﬁge A E (KJ/mole)
Benson?2 1100 = 1450 | 2.7 x 10%2 256.2
Frend recalculated 1210 - 1680 108 180.3
data107
Shirotsuka et a13°€ | 1000 - 1310| 1.1 x 10%° 255

" 1310 - 500 | 10* 27.5
Present study 1200 - 2800 | 1.79 X~108 176.2
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energy with increase in tenmperature. Figure 4t.l4 comvares

most of the published high temperature kinetic data for first
order propane pyrolysis. The current result exhibitis fairly
good agreement with the literature data. While it is true

that the other studies tsee table 4.7) have indicated higher
activation energies, usually between 200 ~ 296 KJ/mole, the
discrepancies can be explained by the differences in tempera-
ture and the conversion levels of propane. Of all the litera-
ture values used in assessing these parameters, that of Frendlo?
is the most relevant on the grounds that he had used similar
(shock tube) technique and the temperature range covered Ly
"the present investipgation overlapped the temperature region
studied by Frend. A: value for the activation energy (220.3 XKJ/
mole obtained from his data assuming a first order kinetics is
very close to E,= 176.2 KJ/mole of the current investigation.
However, the current work was conducted at a much higher
conversions (> 95% maximum) as opposed to a maximum of ~&0%

employed by Frend. The latter worked at rather lower total

pressure ~ 80 KN/m2,

The only reported investigation of propane pyrolysis at
temperatures exceeding those of the present investigation using
a chemical shock tube is that due to Shirotsuka et allOE. Their
study covered a wider temperature range (1000° - 5000°K), but had
employed similar experimental conditions of high total reaction
zZone pressure of'VIO3 KN/mZ, and very high propane conversionse.
Their first-order kinetic data at the reaction temperature
between 1310°K and 5000°K had very low values for both the
frequency factor (A = 104) and the activation energy (E = 27.5%J/

mole). In orderwards there was a rapid drop in the reaction



Table 4 .7:

Literature values for constants rate of propane decompogition

Author Method Tempérange, 1st order rate constanfi) Reference
K K (sece

Laidler et al (1962) static reactor 800~380 2.58){1011{L exp (- 67100/RT) 79
Mérek et al (1931) static reactor 870-970 2.55){1013 exp (= 62100/RT) 97
Paul et 2l {1934) " 830-920 4.0x10°  exp (- 749C0/RT) 172
Steaclie and Puddington 13

(1938) n 820-930 2.88x107 7 exp (- 61000/RT) 96
Besthy (1978) flow recactor '920-1020 14.8x1010 exp (- 48600/RT) 105

non- 11
Kershenbaum et al isothermal flow| 1070-1270 2.4x10 exp (- 52100/RT) 86
(1967 reactor
Benson, A.M. (1967) shock tube 1100-1450 2.?2#1012 exp (= 56000/RT) 92
S“lr?fggg§ et al shock tube 1000-1310 | 1.1x10™% exp (- 61000/RT) 106
Shirotsuka et al
(1969) : " 1310-5000 | 1.0x10% exp (- 6550/RT) 106

¥

¥V
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"rate in this temperature range. However, comparison between
the current results and those obtained by Shirctsuka et al106
~would be-incorrect because of the enormous tempecrature
difference; and moreover the reliability of such results
obtained at extreme high temperatures around SOOOOK is very
questionable. At 5000°K processes like ionization are likely

to become increasingly important and this would undoubtedly

affect their resulte. .

However, in discussing the discrepance in fhe values of
the rate conétants reported in literature, it is important
that one should note that most of these research were conducted
on different systems, and at different extents of reaction and
temperatures. In the instances of high temperatures and high
conversions, secondary reactions could be a major determining
factor. The discrepancies in the values of the activation
energy and the pre-exponential factors obtained by different
investigators have been attributed to various causes ranging
from the involvement of heterogeneous catalytic reactions at
the walls of the reactor105 to purely mechanistic effects.
However, in the circumstances of the current investigation
heterogeneous reaction is insignificant on the grounds that
for reactions in the shock tube the wall has no effect, the
heating is instantaneous and the reaction times are very short.
Therefore an explanation of such low values of activation

energy is sought in the mechanism of the process.

The rate expression obtained in this work shows that
both the activation energy and the frequency factor are low

relative to literature values, which means that the rate of
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the reaction was decrecasing at the temperature range from

1300 - 2300°K. Such a decrease in the rate of propane
pyrolysis could be attributed to the brezkdown of some inter~
mediates by reaction which does not help the main reaction.
Propylene which is usually a major product of propane pyrolysis

79, 86, 87,

at moderate temperature, is a known inhibitor and its
characteristics are responsible for the decrease in the reaciion

rate at high temperatures.

Le3: Mechanism
Pyrolysis of propane is known to be initiated by the

rupture of C = C bond to generate methyl and ethyl radicals,

] [ ] !
c3}18 cH3 + ceH5 {5.1)

At temperatures around 800%K and lower, the level of thke con-

centration of these radicals is extremely low because K5 1

is very small due to very high activation energy (Ea = 353.2 K3/
mole)gLl of this step. As such there will be little tendency
for these radicals to recombine. Also the unimolecular

dissociation reaction,

CZH; s 02H4 + H - (5.7)

is slow (A = 101“, E = 167.2 KJ/mcle)gA’ ;04. Hence the only
channels for the removal of these radicals at low temperature
regimes will be their attack on propane to yield propyl radicals,
methane and ethane.

zEg —_— CH4 + C3H7

4=

0 S C (1,n) (5.2)
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CZH; + 5 8% c2 6 + C3H7 (i:n)(SoB)

Also at low temperatures, the formation of propylene and
ethylene are essentially obtained from unimolecular dissocia-

tion of the prbpyl radicals,

e - CBH’Z — ens + c2114 (5.8)
i - ¢cHE* — ©§° + CH : .
3 v 3% (5.9)

while hydrogen is formed from by abstraction reaction,
H* + C_H —>>H + (i,n) c ®* (5.10)

These reactions (5.1 to 5.4; and 5.8 - 5,10) have ﬁeen
shown?2282 5 B adquate in explaining the detalls of tlhe.
product distribution at low temperatures by the fact that

l: ] [3 6:l and E—’HLJ [C However the change

in the product distribution pattern in the high temperature

regime employed in the current study does indicate that other

reactions become important at elevated temperatures.

Although reaction (5.,1) is still thermodynamically
favoured at high temperatures, an alternative initial step9l ,

CBHS —_— C3H? + H® (5.1b)

may become important at elevated temperatures and hence a

number of variations in the consecutive feactions will follow
the initiation. At these temperatures, the init;etion rates
become very much faster and therefore the initial levels of
the concentration of radicals are much higher than at low

temperatures; also the rate of unimolecular dicsociation of
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ethyl radical proceeds faster than combination reaciion (9.3)
Both radical recombination and dissociation will readily

occur at higher temperatures,

- : caﬁé-—'y czzil+ + R* (5.7)
cn; + CHS--%CZH() ' (5.11)

Reactions (5.7) and (5.11) will therefore be competing with
(5.3) and (5.2) for CZH§ and CH; radicals. Reactions (5.3),
(5.11), and (5.9) are the main sources of ethane and propylene

formation. But since these products.are present only in

small quantities at temperatures under ISOOOK, and are

negligible or totally absent at higher temperatures, it seems
to suggest that either reaction (5.7) is considerably faster
'than (5.3) or that these products (CZH6'and C5H6) are
subjected to immediate secondary reactions by the attack of

. the abundant free radicals and hydrogen atoms.

The importance of secondary reactions at high‘temperature
regimes and high conversions of propane is emphasized by the
rapid increase in the yield of the acetylehe - a }secondary'
reaction produﬁt, which had been hitherto absent, or present
only in trace amount at lower temperatures. Table (4,8) shows
changes in the product distribution at temperatures upto 1900°K..
It is evident from this table that of all the 'primary' products
of propane decomposition at moderate temperatures (1200 £ T ¢
1500°KB propylene is the most vulnerable to prolonged reaction
time., Above ISOOOH, propylene was not detected in the reaction
mixture. The steep fall in the yield of propylene corresponded
to a very rapid increase in the yield of acetylene. Between

IBOUOK and 1400°K, the yield of propylene dropped by as much

as 72%, followed by that of ethane with 60% drop, while on



Changes in proauct formation with reaction temperature

Table U8
Reflected shock % conversion | Reaction Mole % of Propane converted into:
Temp. OK . of Propane ’ time,m-s CHL[. CZHL* CZHZ CZHG C3H6 c *
1300 13.0 0.2 16.8 | 53¢3 | 3.2 | 5406 |.16.0 5.69
1400 3449 0.2 18.2 | 52.0 8.2 3.8 8.0 6435
1500 43.9 0.2 19.7 50.0 15.8 2.00 Lo4iS 9.17
1500 46.6 0.7 2043 Ll a7 21.0 1.96 ' 0.0 10.39
1740 51.6 345 20.6 353 2846 0.0 0.0 15.49
1800 . 52.50 0.7 18.4 29.0 39.4 0.0 0.0 12,74
1923 73,7 0.6 16.2 | 11.8 | 52.6 | 0.0 ' | 0.0 19.6
* gm - atom

8Ll
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the other hand the yield of acetylene rose by abocut 400%.
At this same temperature range the yield of methane increase

by 17% while that of ethylene slighily decrease by~.6.0%.
The rapid decrease in the yieids of both propylene and

ethane ét this temperature intervalis a strong indication that
these products (03H6 and CZHG) are themselves undergoing rapid
decomposition reactions., The primary mode of propylene

decomposition could be163,

C3Hg —_— CZH; + CHyt (5.12)
which may be followed by reactions
Caﬂg —> CH, + B (5.13)
Caﬂé + 0336 — 02H4 + C3H§ (5:1i)
Also ethane decomposes 26,27,107 4 methyl radicals,
CHe > CH; + CH; (5415)
and followed by
cn; + CHg —> CpHy + CH, (5e4)
CZH5' > CH, + H (5.7
— CZH; + Hy,  (5.16)

The presence of vinyl radicals, CZHB in relatively large
quantities in the system is undoubted since acetylene becanme
the most prominent hydrocarbon in the reaction mixture at high
temperatufes. Acetylene was formed probably via reaction (5.13%)
and (5.17)
CZHB —_— Caﬁa + H* (5.13)

and

CZH; + 03115_9021{!2 + C3H6 (5.17)
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Another source-of vinyl radical may be reactions

s . . )

) cH, + H —>C ;¢ H, (5.18)
CH? + C_ H~—>CH + C_H® 519

3 2 > i 23 ( 9)

Reaction: (5.18) is considered to be very important at high
temperatures.

The relationship between the rapid decline in the yleids
of both propylene and ethane and the corresponding rapid rise
in the yield of acetylene, as seen in table (4.8), sugezosts =zn
acfive involvement of propylene and to some extent ethane
in the formation of acetylene at temperatures between 1200
and 1500°K., Benson 92 had made a similar observation in
the relapionship between propylene and acetylene at identical
temperature region (1100 =- IQBOOKL and had concluded thzt at
high temperatures propylene so formed from propane (at lower
temperatures) is converted almost stoichiometrically to
ethylene and acetylene. However, in the present investigation
no enhancement of ethylene at temperatures above 13000K (e.g.
see as in table (4,8)was found, but rather a steady slow fall,
whose rate of decrease increased rapidly at temperatures above
l?OOoK, was observed,. It is rather the yield of methane
that was slightly favoured by the disappearénce of propoylene and
CoHg from the product spectrum. Thus indicating that reactions
(5.12) ahd (5419) .=are mwmore .favoured than reaction (5.14).

Product distribution at temperatgres above l?OOoK, (figehol)
illustrates that the maximum yield of CZHZ corresvonded to the
minimum yields of ethylene and methane, also the formation of
"carbon" was quite substantial at this temperature region.
From the product distribution pattern, it could therefore be

suggested that ethylene and methane also undergo secondary

decomposition reactions, which contribute substantially to the



181

everall yield ¢f acetylenz and 'carbon' at the temperatures
between 1700 - 2700°K. Other investigators 1023 166 yes5ne
high temperature a argon plasma jet had inferred from the
products of propane prOCeésing that ethylene is the major
precurscr to acetylene formation, thuyg stressing the signi-
ficance of reaction (5.18). However it may be added that at
temperatures above 2000%K these hydrocarbons (CH4 and C2H4)

are being converted in a similar fashion to acetylene and

‘carbon', and that reactions (02H4_“; 2C + 2H2 and cﬁq“a C + ?Hg}
b4 .

are definitely taking place probably through some interuediates
like acetylene,

Since tﬁe formation of methane and ethylene is not
favoured at extremely high temperatures, and C,H even wren

34,
86, 107

present is liable to be in a very small amount,
reaction (5.14) and other reactions leading to the formation

of C_H for example,

3ty
CH3 + (.'»3H6'---—Z>(.'»I‘Il+ + C3H5
and
€3ty —> G, ¢ H

are considered to be af little importance. In which case
only reaction (5¢16) is left as the effective sourcet® of
Vinyi radicals since in princinle reaction (5,18) will be

equivalent to a one-step mechanism of reactions (5.7) and (5.16)

Chain termination steps at high temperatures, such as
encountered in thislinvestigation,may become very complex
and are open to some question. Ccnventionally, biradical
termination

Re + R ——= R - R,

is considered the major termination reactions gand

depending on the type of radicals ( j or p) involved in the
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reaction of the overall order of the reaction will vary
between unity and two. And for a complex system such as the
Ryrolysis of oropane at high temperatures in which the chain
reaction could be carried by as many as five radicals -
H*, CH;, CZHB’ i and n- C3H%, there are at least 15 possible
radical recombination reactions which in principle could lead

in terminaticne.

However, at the temﬁeratures of this investigation most
of these reactions are easily eliminated either on the grounds
that the concentration levels of some of the radicals partici-‘
rating in such reactions are very low or that their recombina-
tion steps are too slow to compete with the other channels
of disappearance. For instance; a computational analysis
carried out by Lifshitz and Frenklachlo[+ for experimental

27

at P. = 26.6 KN/m® and at reflected shock

1
temperatures around 1250°K {which is analogous to the condiiions

results obtained

at the lower end of the temperatures employed in this work),
- showed that the steady state concentrations of the radicals
decreased in the following order;
g * H* iC,H) and nC,H;

Cis, HY, Cills, 1CHy and nCiH,,
In quantitative terms, their computation showed that the
concentration of the methyl radical was approximately greater
than those for H®, CZHé’ i - and n- CBHa radicals by factors

2 and leo3 respectively. Such a wide_

of 15, 102, 7..5x10
disparity in the concentration levels of the radicals suggests
that ... on., meaningful reaction capable of being an effective

terz ‘nation step must be between radicals that are in highest
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concenctrations. Hence at high temperatures the system is

predominated oy P—radicals (CH; and H®°), recombinaticn reactions

3

involving CE, and H® will be the most likely termination
stepe
Indeed the rate of recombination of two methyl radicals,

2CH S CZHG (5.19)

3

is 2.41{1013 cc mol/s,lo4 whereas that for

v

2C 1 5 > ¢ Mo (5.20

is 3x1011 cc mol/s 164 - ghowing that reaction (5.1G) ic

about 100 times faster than (5.20).

Reaction,

CH; + H* > CH4 (5f21)
has K = 2.qx1012 cc mol sec T which is only 10 times slower
than reaction (5.19). In the present system, figure (5.2)
ethane production is very low and is totally absent at T)lSOOOK,
inferring that recombination reaction (5.21) is more likely to
be the termination step in preference to (5.19)s And moreover
reaction (5.21) is likely to be in a third order region under
the present experimental conditions, hence auEPM termination
will result in an overall first order reaction. It would
therefore appear that from the experimentally obtained first
order kinetics, reacfion (5421) is quite a feasible as a ter-

mination step.
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PART B

INFRARED SPECTROSCOPY OF SHOCK HEATED ACETVLENI.
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5.0. .7 Apparatus

The apparatus consisted of the single mode shock tube
,and its evacuating system, instruments for measuring the
incident shock velocity and the reflected shock pressure, and
the scanning system for monitoring the infrared emission from

the shotk heated acetylene,

Sele fhe Shock Tube

A schematic diagram of the saock tube and the associated
instruments used in the spectroscopic study is shown in
figure 5.,1. This shock tube is dimensionally the same as that
described in section 3.0, excent that it has been converted to
operate as a simple mode shock tube., This was accomplished by
removing the dump tank (as shown in figure 3.1) from the
position of the location of the second diaphragm D2, and the

tube was blanked off.

5¢24¢00 Instrumentation

Measurements of both the shock velocity and the reflected
shock pressure were made using the same equipment as those
described previouslf in sections 3.3.1 and 3%.3%.2. Only those
additional instruments not &utlined in chapter . 3. are

described below.

Selel. The Infrared System

5¢2elels The Optical Nindow

The infrared window was made from Irtan-2, this is the
Eastman-XKodak trade name for hot pressed polycrystalline zinc
sulphide, The material was shaped to form and mounted as was

140

described in reference e The mounted window was fitted into

the wall of the shock tube at the window location close to the
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end cap. When in position the optical wincdow was flush with
the inner walls of tke shock tube, Vacuum sealing detween the
shock tube and the window mount was made using O-~ringe. Figure 52

,ghows the location of the optical window in the shock tube,

5elelele The Ultra-rapid Scan Spectromecter

The design of this instrumenti was based on the idea of
Bethke.”~  Essentially this is the adaptation of a simple
monochromator into an ultra-rapid scanning device by replacing
the entrance slit of the monochromator with moving slits. A
schematic diagram of the ultra-rapid scan infrared spectrometer
is shown in figure 5.2. The ultra-rapid scanning system

consists of the following components:-

(1) . Monochromator

- This was a Grubb-Parson single-~pass type instrument
ejquipped with reflecting mirrors (M3 to M5) and a calcium
fluoride prism which transmits over 85% of infrared radiation

in the wavelength range from 2pm to Gpmlqj.

The wavelength
setting of the monochromator was altered by changing the angle
between the mirror (M3) and the prism by means of a mechanism

for driving the wavelength drum (D).

(i1) Scanning Wheel

| This was a rotating disc 29.2¢m in diameter made from an
aluminium alloy. The disc'had 120 equally sfaced radial slits
of 10x1.,0mm machined close to its edge. The disc was driven at
speed up to 5000 rpm by a 1.5 horse power synchronous a.cCe
electric motor. The scan wheel was mounted such that at its
lowest point the position of the radial slits was almost flush
with the limiting slit (S1) of the monochromatore. As the wheel
was rotated the radial slits moved across S1 in turns thus

permitting only one scan wheel slit at a time to come into view.
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(1ii) The reflecting Mirrors -~ M{: and ¥ 2

M1 was a concave mirror which focussed the infrared
radiation from the shock heated gas onto the position of S
via the reflecting mirror M2. Both mirrors were surface
 aluminised glasses which absorbed less than 5% of the inffared

radiation in the range 2 to 8pm.

5¢2¢le3 Infrared Detector

A fast response indium antimonide bhctoconductive
detector (Mullard type ORP 13)150 was used. The photo-
conductive element Was 6,0x 0.5 2ams in dimension and was
mounted on a glass dewar vessel. The detector was cooled
with liquid nitrogen. The dctecter is sensitive to radiation
from visible up to 5.6 pm. in the infrared and has maximum
reéponse at 5.3 e At the operating conditions of 7?°K

‘it has a fast response time constant of less than 5 us,
The response characteristicg of the Indium antimonide has

been given in reference 150,

5.2.1.’-} Infrared Filters

Several narrow band pass infrared filters whose trans-

' pission characteristics are shown in figure A5,0 in the appendix
were kindly loaned from the Astronomical Department of the
Goliege. These filters were originally supplied by the

Optical Coating Laboratory, Inc; Santa Rosa, Californié.

5¢2e¢1.5 Infrared Source

The monochromator was initially calibrated using the
infréfed emission provided by a Perkin Elmer black body
radiator (model Ser.149, Pat. 521 - O400) with a temperature
controller unit (model 521 -~ 5). The source was also

equipped with beam chopper.
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S5e2e2 Oscillescopes and Cameras

Dual‘Beam Tektronix storage oscilloscope (tyve 549)
and a EM 102 dual beam (SE Lab. Engineering Ltds) oscillo=
.scope were used. Both oscilloscopes have an in-built time
delay system, suitable for delaying the single sweep of
the oscilloscope after fhe receipt of an external triggering
pulse from the trigger unit. However, in most cases the
_delay setting was set at zero since the oscilloscopes were
triggered from a position less than 60 cm from the end plate
by signal from the firs£ rlatinum gauge which was aléo used
for_meaguring the incident shock velocity.

The oscilloscopes were uced to display the'output from
the pressure géuge and the infrared detector. The storage
oscilloécope whent used in the storage mode enabled meaéure—
ments to be taken directly frcm the screen of the oscillo-
scopees However the use of the storage mode was limited
mostly to the preliminary runs as it does not always meet
the requirgd very high standard of signal resolution needed
in this type of investigation. The EM 102 oscilioscope,
with EM 530 plug - in unit, was used for bulk of the
investigations The traces displayed on the oscilloscope *
were photographed using either a Shackman Polaroid PL 74
oscilloscope camera for instantaneous results or a Zenit E
camera loaded with a role of Ilford HPS film, The film was
developed later in a high contrast developer (D 19) and
fixed and then printed. The photographs were analysed and

the results recorded.

563 Gas handling system

53,1 The Mixing Tank

The mixing tank was a cylindrical vessel of 30.0cm
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internal diameter, built from thick (0.5cm) pyrex glass.
Figures 5.3 shows the mixing tank and its connccting systeu.
ihe tank‘was constructed in two parts - an upper shorter
(25.0cm high) section and a longer lower half (50,0cm high).
The edges of both halves of the mixing tank were flanged so

as to obtain an increased surface of contact between them. The
edges Qere greased using high vacuum apezion 'H' grease and

then held together.

The upper part of the tank has tihree glass cone and
socket joints through which connections were made to the gas
supply systems and a manometere A stirrer fitted with paddles
was let into the tank through 2 centrally located metallic
cone and socket joint which was made from an aluminium alloy.
The aluminium socket was joined to the glass wall with araldite.
Vacuum seal at the glass joints were made using high vacuum
apezion 'M' grease, while oil~-seal ringé were used for sealing
between the rotating shaft of the sitirrer and the metallic cone;
this ensured free rotafion of the shaft without éir leaking
into the tanke The shaft was driven by an electric motor which
was held in position by a rigid support. The assembled mixing
tank was supported on a_woodén frame-work and protected with

a safety wire gauze,

Mixing was carried out such that the total pressure in the

tank, P was less the atmospherice The desired mixture

total,
strength was prepared manometrically by varying the partial

pressure of acetylene in the total pressure of the mixture.
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FIGURE 5,3 :THE MIXING TANK,
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He3%e2 - CGas purification train

Acetylene which is available commercially in cylinders
is stored under pressurein acetone and therefore acetone is
}he main impurity. Other impurities, such as68’69 ai
(1.0%), co, (0.01%), sulphur compounds (0.0001% as HZS)’
phosphorus compounds (0.0001% PH3) and moisture (0.1%) may
also be presents The elimination of these impurities from
acetyleﬁe was achieved by passing the gas through a purification
train shown in figure Se4e This consists of the following:~-

i) Two U - tubes immersed in a cold trap (CT1l, CT2)

L2 &7 of dry-ice in methyl—chloride bath (at .198°K) to
freeze off the bulk of the acetoné contained in the
gas released from the cy.inder.

4i) © two dreschel bottles (Bl, B2) containing concentrated

PH, cu) oftes ‘“\Mw\a ympant tes

(70%) suphuric acid io remove anysacetone—not
(Mafy WS 2K) St The acekyne Srem qas Sovm (D)
. (1);
c\&l&ﬁ*& s

iii) one dreschel bottle (B3) containing|l5% potasium
hydroxide solution to remove CO, and acidic
bubbles

impurities; and bettle (B4) containing potassuim
ot AR Foyprthar ang \ch.\m’n« -

permanagate solution to remove oxy %fen impurities;
u’?“’“\\\ﬂ no A= wmevallic w\xom - nok rems ok (n (£1)

iv) two drying columns 46 cme. high by 3.0 cm. internal
diameter (D1, D2) containing anhydrous phosphorous

pentoxide,

¥)  three 5 litre pyrex flask (SI, S2, S3) for storing |

the purified acetylene gas;

vl’) one detatchable sample bottle (SB) used for with-

drawing samples for analysis;

vii) one mercury manometer (M), and a flow meter F;

viii) a rotary pump for evacuating the system.
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The entire purification rig was constructed with pyrex
glass and connections to the gas cylinders and the shock tube

were made using glass/metal flexible jointse.

The purification process was carried out as follows;
the purification train was first evacuated and the storage
flasks (S1 - S3) were flushed for about 3 minutes with
toxygen-free! nitrogen to exclude air, and then evacuated
againe The storage flasks and the sample bottle were isolated
by closing the tapse. The gas supply of acetylene from tha
cylinder was then passed through the purification train,.

The purified gas was stored in the storage flasks,

The extent of purification achieved was tested by
drawing off samples with the detatchablé sample bottle and
analysed using a Perkin~Elmer double beam infrared spectro-
photometer Model 700. Spectra of samples before and after
purification were compared; the conspicious absence of the

very strong C=0 band of acetone at 5.8um and its strong CH3

deforming frequency at 8.32um in the purified sample indicated
the elimination of acetone, Figures 5.5 show the infrared
spectra of samples drawn directly frog the cylinder and of
that after purification. The spectrum of the purified
acetylene was counter checked with that obtained from standard
calibration mixture of 1% CZHZ in Nz.‘ This mixture was kindly
supplied by EDT Supplies Ltd. A quantitative assessement of
the degree of purification achieved was obtained by using

gas chromatographic analysis. The acetylene was shown to

have a purity of above 99.98%.
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: ;nfrared Spectrum of Acetylene after purification.
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Selys - Diaphragm material

The plastic film - M?linex - available in various
‘nominal gauges (supplied by Imperial Chemicals Industry,
Plastic Division) was used for the diaphragme. Mostl& two
types of melinex - gauge 500 (type'S') and gauge 700 (type'O')
of thickness 0.130mm and 0.,180mm respectively were used.
These had natural bursting pressures cf ~» 620 KN/m2 and

827 KN/m2 respectively.

- Melinex has a special advantage over other types of
diaphragms (in particular metallic sheets) in that when over
pressurized, it tears thus givirng 'neat! bursting and the
diaphragm fragments do not usitally travel down the driven
section of the shock tube. IFf the driver préssure, is close
" to or equals its natural bursting pressure tearing is very
rapid and the diaphragm rupture occurs in a manner analogous
to the bursting of a balloon by over p}essurization.
,Reproduciile shocks can be obtained using Melinex as long
as the diaph?agm is first.pressurized to within~80% its
natural bursting preésure on the driver side and then mech-~
anically ruptured by a éha:p plungen. Unfortunately, however,
small fluctuations in the strength of any given gauge of
melinex were reflected in-small variations in the natural
bursting pressures. Nevertheless, shocks exhibiting atten-
tuation or acceleration due to poor diaphragm rupture were
easily recognizable both from the reflected pressure trace

and inconsistency in the value of the measured transit time

between the positions of the platinum gauges.,.
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Se5e ISetting up the infrared svectrometler

5e¢5el Preliminary calibration of the monochromator

The calibration of the single pass monochromator was
‘undertaken by using narrow band infrared filters. For
such calibration it was essential that a narrow pencil of
radiation was used and both the entrance and exit slits
were sei at minimum width value of C.lmm inorder to ensure
very high resolution. A blackbody radiator (Perkin Elmer,
Model Ser.149, Pat. 521 - 400) operating at 2000°%K was
used as an infrared source. Thke blackbody radiator unit
was equipped with both a beam chopper and a temperature
controlling unit, The infréred radiation was focussed on the
entrance slit of the monochromater by means of a mirror
system and the radiation emerging from the monochromator
was detected by the detector positioned at a suitable
distance from the exit slit. The filters were mounted and
secured into different slots in a specially designed filter
'holder ~this permitted a quick and safe handling of these fragile
filters, The filter holder was then interposed in betweén
the exit slit and the detector such that the filters were
parallel to and as close as possible to the window of the
detectore Such mounting arrangements permitted : any radia-
tion emerging from the monochromator through the exit slit
that passes through the filters to be picked up by the
detector. The output of the detector was émplified aﬁd
channelled into two separate measuring devices. One channel
was connected to the oécilloscope which served fbr visual
observation of the amplitude .of the transmitted

infrared signal; the second channel was connected to-



2 digital volimeter wihich disnlaved the values of the outpuz

T

t diflerent seliings of the wavelength drume As the drunm

sl

sevtiing was gradually changed, the corresvonding readings of

the voltmeter was recorded, From such recordings, it was

quite easy to detect the waveleunglh drum positions which corres-
ponded to the maximum transmission (or any fraction of it) for
the filter. The same procedure was repeatcd for each of the

filters used.

The calibration points chosen for each filter were the
drum settings that corresponded to maximum (100%) transmissicn
and 50% transmission on both sides of the peék value. By using
six different narrow band filtcers vwhose pezk transmissions
ranged from 2.2 pm to 5.0um, i was possible to calibrate the
instrument accprately throughout the entire range within the

detection limits of the detector:

S5eDelt Optical alignment and calibration of the swectrometer

for centre of scan wavelength.

The monochromator, scan wheel and the mirror sysvem Ml and
M2 were assembled and properly positinned. Provisional align~
ment of the optical systenm wgs carried by using a 100 watt lamp
buldb and visually following the colours of the visible light
emerging through the system at the exit slig S2, This. was
accomplished by removing the two (diametrically opposite) shock
tube windows directly facing the optical mirror Ml and placing
the lamp bulb at a position close to the iocation of the window
furthermost frow Ml. In such arrangement the rays from the
bulb had to transverse the shock tube via the locations c¢f the
windows before falling on 1. After the provisional alignment the
lamp bulb was replaced by the infrared radiator and the infrared

' detector was positioned close to the exit slit S2. The exit



slit was sel to the suame width as the scan wheel slits. The
position of the detector was correctly adjusted by watching tha

output on the oscilloscove,.

The scan wheel was then set into motion at a speed such that

a reasonable number of scans could be seen on the osciiloscope

for an average observation time of 7ms.. This speed was set
permanently at 2500 rpm which gave 5000 scans per second. Mea-
surements of the output of the detector as. a function of bnth
the width of the exit slit and the distance of the detector ‘rown
the monochromator were made. Such measurements showed that -t a
fixed distance from the monochromator and at constant radiation
intensity, the response of the deteclor was propertional to the
area of the photoconductive element that was exposed to the
radiations No loss in rise time or resolution was expeiienced.
The detector was therefore positioned at a fixed distan.e frou

the monochromator and the exit slit was set back to a miniwun
value (O,1lmn).

The shock tube windows were replaced and the shock tube
evacuated, then loaded with acetylene/argon mixture to appropriate

pressure and the shocks fireds The width of the exit slit was
successively increased by small increaments until an appreciable
signal was displayed on the oscilloscopees This process was
repeated at other wavelength settings and the detector responce
examined. Once the optimum experimental condition had béen esta~
blished, the spectrometric system was covered to avoid the inci-
dence on the detector 6f excessive ambient radiatione The exit
slit was set to 0.35mm and this remained constant throughout the
study. At this setting,»the resolution of the spectrometer was
aprroximately 0.01 pmsa.

In the scanning conditions, the entrance slit is no longer

stationary but has been replaced by the slits in the
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scan wheel which moves across the limiting slit S). A

]

a result the conditions under whichk the previous calibration
was carried out - i.e. using a narrow ?encil of Iight, is

,no longer applicable and the spectrometer had to be recali-
brated so as to determine the centre of scan wavelength at
corresponding setting of wavelength drum, Dl. This calibra-
tion was carriedrout by using narrow band infrared filters

and the blackbody source. The scan wheel was set in motioh
~at the appropriate speedj.the shock tube windows were removed
and the black~body radiator was placed in posiiion as deécribed'
. earlier,  The filters were interposed in between the exit
slit and the detector one at a\iime and the output displayed
on -the double beam storage oscilloscope. The sweep rate

- of the oscilloscope was set so that about 3 to 5 scans

were displayed when it was triggered manually. For each
filter, the drum setting was gradually altered until a
transmitted infrared signal was seen on the oscilloscope.
Adjustment of the drum setting was continued until the peak

of the transmitted radiation became central with.respect

to the zero intensity levels between scans. Hence by
comparing traces the centre~ oﬁ;scan wavelength was deter-
mined., The calibration points thus obtained were xe=

checked by replacing the infrared windows and firing shocks
into acetylene/argon mixtures. Figure 5.7 shows thé rgsult
obtained by shock heating a mixture ofA2% 0232 in Ar at -a temperature
of 2300°K using a 30 pm infrared filter. The upper trace

is the pressure éﬁd the lower is the infrared emission
?transmitted_through the filter. The intensity of the emission
innreéases downwards. The zero-signal points between scans '

.

was used to measure the scan width. The scan width increases
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FIGURE 5.7 : INFRARED EMISSION RECORD FROM SHOCK~HEATED

MIXTURE OF 2% CLH,/Ar AT 2300°K USING A NARROW BAND -
PASS 3.0 pm FILTER.
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With the wavelength and a chart given the relationship between
the scan width and the centre of scan wavelength was available
52

from a previous study- .

).

The calibration curve for a given centre of scan wavelength

versus the wavelength drum setting is shown in figure 5.8.

5¢6 ~ Identification of spectral regions

Thé present investigation was undertaken relying on the
fact that at the range of temperatures covered in this work
the majority of the principal products of acetylene pyrolysis
are knowne And from the literature the fundamental vibrational
frequencies for acetylene and these products are available.
By carrying out investigations at these wavelength regions, it
would be possible, within the resolution limitations of the

instrument, to identify the structural groups that are present

and to follow the time fariation characteristics of their

emission intensities.

The major stable products of acetylene pyrolysis at high
shock temperaturesz4’ Shy 4l are vinylacetylene, diacetylene,
higher polyacetylenes.(e.g. CGHZ and CBHZ)’ tcarbon' and
hfdrogen. These products with the exception of carboneous
compounds and hydrogen, are acetylgnic hydrocarbons. The two
stretching vibrations in aéetylenic'moleculeé involve -C = C =~
and = C = H stretching. All =CH groups show a strong, sharp
and characteristic C - H stretching vibration at 2.95 - 3.04um.
The - C £ C - stretching mode is inactive in acetylene itself

146, 147

on symmetry grounds. For monosubstituted acetylene,

e.g. as in vinylacetylene, it is found at 4.67-4.76pm and

in disubstituted acetylenes between ho43-4.57nm. This corre-

lation has been found also to apply to cyclic acetylenesl48’149;
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Figure 5.8: Cclibration curve for infrarcd spectrometer.
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In addition for vinylacetylenes, the charactericstic vibration
frequeﬁcies of the vinyl group is also involved.' Petrov et all45
have assigned vibrational frequencies to the ﬁarious stretching

. From these references,

‘modes in vinylacetylene hydrocarbons.

table 5.1 has been prepared.

Table 5.1 Characteristic vibrational frequencies for

different structural ‘sroups

Structural As compound wévelength,
group ym
= CH CZHZ 3.04
=CH C H and other vinyl- -
bhs acet;lene hydro- 3.012
carbons
= CH CqH2 2.985
= CH, CH, and in other vinyl- 3.22
acetylene hydro- :
carbons
= CH- C H .
1By 3.30
- CH C.H, 40
CH3 4, C2% ) et
- Cs C~ CAHA 473
- C= C- Cl}Ha 1}094
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Composite frequencies of CH, are also fourd in other
spectra regions. For example:lqé olefinic hydrocarbons
“are characterised by the presence of a fairly intensive
frequency in 1800 - 1850 cm=1 (5.4 = 5.55 pm), and in
vinylacetylene hydrocarbons at 5.29Pm.

With the wavelength values assigned to each of the
structural groups as a guide, shocks were fived into mix-
tures of acetylene in argon and the results obtained at
different drum settings analysed. Figures 5.9 (a,b, and c)
show typical photographic records of such experimenfal runs.
The position of the peaks were measured from the right of
the scan; and in each scan the wavelength is increasing

from right to left. The length of each scan as measured

from the photographic records was 1.0cm, but in certain
cases, for example as can be seen in figure 5.9 (a), this
value is reduced to 0.85cm due to slit ttilting' effect
which occurs as the slit was just coming into view. In
figure 5.9 (a), all the scans except the first two from the
left of the scope, clearly shoﬁ a peak position at 0.57cm
from the right of the scanj this corresponds to & CH

structure at 2.9Bpm. The second scan from the left in

figure 5.9 (b) also contains the £ CH acet&lene peak at

3.03Pm and =CH2 group at 3.22pm at O.3cm and 0.56cm respectively.
The second scan in figure 5.9 (c) contains the acetylenic

~C=C- structure at #.BAPm and =CH2 peak at 5.2vm which are
positioned at 0.60cm and O.9om respectively from the

right of the scan.

Table 5.2, gives the values of the various positions of
these peaks and the centre of scan wavelengths for the

corresponding wavelength drum settingse.
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FIGURE 5.9: INFRARED EMISSION RECCRDS USED FOR IDENTIFING
TEE PEAK POSITIONS.

(a)

" RUN NMO. 350

P, = 3.99 KN/n® (5% CH,/Ar)
P41 = 206.6
% Hy, = 95
TEMPERATURE (T,) = 2700°K
SCOPE SETTING Y = 1.0V/cm.

X = O.2ms/cnm.
DRUM SETTING = 0.364
CENTRE OF SCAN WAVELENGTH

= 2e9me.

(b)

RUN NO. 371
Pl = 15,96KN/m"~ (5% CZHZ/Ar)

PL+1 = 60.3

% H, = 80435

TEMPERATURE (Tg) = 2000°K

SCOPE SETTING Y = 0.05V/cm.
X = 50ps/cnm.

DRUM SETTING = 0.375

- CENTRE OF SCAN WAVELENGTH
= 3.0p.m
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(c)
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RUN §0. 410
P, = 12.37 KN/n® (55 CH/AT)
P41 = 750

% H, = 85.20 ; Ty = 2224.°K

SCOPE SETTING: Y.= 1.0 V/cm.

0.2 ms/cme.

>4
1]

DRUM SETTIXG 0.465

CERTRE OF SCAI WAVELENGTH = Lo4Opnm
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Table 5.2:

Wavelength positions on oscilloscope records for calibrating the spectrometer

Run Py Pul %HZ Temps, . Drum Centre of Distance form the right of the scan
No, . . o, setting scan wave- where peaks were sited, cm
|in driver K Lenglt =CH —CH —CH =
KN/m2 ‘ gas englh =C =CHp,  |=CH- ~C=C-
' ym 2.95=3,04] 3.22um |3.30pm | L4e73~4935um

350 | 3.99 20646 95 2700 364 2.80 0.57 - - -
371 |15.96 | 60.3 | 80.35 | 2000 o375 3.0 0.3 0e56. | .
383 | 18.62 Lhe3 79.3 1508 «386 3.2 - 0.5 0475 -
458 | 1343 62,04 | 83.3 (2282 | wns0 40 & _ 0.25 | 0.80
410 {12.37 | 75.05| 85.2 |2224 oLt 65 bo4S - - - 0.60

B ¥4
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Experimental procedure

The infrared spectroscopic study of the shock heated

acetylene was carried out in the following sequence;

1)

2)

3)

it)
5)

6)

7)

8)

9)
10)

11)

12)

The shock tube was cleaned by unscrewing the end plate
of the shock tube and running a long rod carrying
cotton wool and kleen wipe tissue clothz many times

through the entire length of the test section.

The diaphragm was placed in position and the tube
evacuated to the approP;iate vacuum levels (tp 1.33xlo—7
KN/m2 in the test section and to 1.33x10-q KN/m2 in the
driver section).

The scanning wheel was.set in motion at the required
speed.
The monochromator was set to the wavelength of interest.

Liquid nitrogen was added to the dewar vessel of the

detector and the power switched on.

The shock tube was loaded to the appropriate pressures
with hydrogen and nitrogen in the driving section and

CaHa/argon mixture in the driven section.

The oscilloscope, speed counters, and all other

electronic measuring devices were made readye

The shutter of the camera - Shackmanm Polariod PL7A or

the Zenit E - was opened.
The shock was fired.
The camera shutter was closed.

Reading of the microsecond chronometer counter recordede.

The photographic record was processed and analysed.
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Large soot-~like deposits were found in the shock tube after

each runj the higher the acetylene content of the mixture,

the more the quantity of this substance deposited in the tube.
'éo the shock tube had to be cleaned thoroughly after each run.
This procedure was made necessary since the accumulétion of

such deposits would considerably cut down the infrared radiation

reaching the detector through the shock tube window,

The results were rechecked for reproducibility by repeating
each run twice or more times under similar initial shock tute
conditionse Repetition of the runs were necessary inorder to
see whether the fluctuations normally associated with the
bursting of the diaphragms and the problems of turbulence in
the reflected shock region due to boundary layer formation

were of any significances
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CHAPTER 6

RESULTS AND DISCUSSION OF PYROLYSIS OF ACETYLENE
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6.0 Regults and discucsion of nyrolysis of acetylene
6o . Infrared results at wavelensgtih interval between

2.0 to 2.7pm from shock heated acetylene

Typical infréred records obtained in this spectral
region are shown in figures 6.1 (a,b, and c). The emission
was preccded Dby an induction period during which no
detectakle infrared signal was observed. The length of
this period,'find, varied considérably dependihg on the
experimental conditioné. Table 6.1 shows the experimental
conditions and results for three mixtures of acetylene
(2%, Si» and 7%) in argon. It was observed that the induction
time, Tind was particularly sensitive to bﬁth the initial .
concentration of acetylene and the reaction temperature.
Shown in tables 6.2 and Ge3% are -sonme of the results which
illustrate thesc properties. Increase in the initial
partisl pressure of écetylene at approximately constant
reaction temperature (see table 6.4) results in decrease of
the induction time. By keeping the initial acetylene con=-

"centration at approximately constant value (table 6.3),
showed that increase in temperature also led to a signifi-
cant reduction in the value of‘zind. Above certain tempera-
}tures the induction time became.Very short that it was not
possible to obtain an accurate measurcment. The temperatures
at which the induction time became negligible decreased as
the reaction mixture became richer in acetylene; these
values were around 1900°K, 1720% and 1680°K for CH, partial

pressdres of 0,266, 0,665 and 0,931 KN/ma respectively.

After the induction period the infrared signal rapidly

rose to a mayimum and slightly fell before rising again to



FIGURE 6.1: INFRARED EMISSION RECORDS FROM SHOCK-HEATED MIXTURES OF CoH, IN ‘ARGON AT 2.0 - 2. Tpm .
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Table 6ol: Experimental shock tube conditions for measuring the induction time,tind
Run | Reaction{ Initial ' H, in shock | Reflected | 'scope |Induction | Density C5x103 logiocstG
no. | mixture | Partial Pul drfver velocity shock graticule time . ratio i

Ip;:;c—e}e{;sure gas temp., Tg (vertical) Ting fSl

2H2 , .

KN/m2 % /s oy lV/cm ns ;‘i:/
300 A .| 0.732 49.35| 77.1k 0.776 1300 0.2 1.00 6.676 | 1.963 | 3,293
502 (57°°2Hz/“} " 49.35| 80.80 | 0.798 1360 0.2 0.80 6.908 | 2,031 | 3,13
303 " " 51,70 | 78.18 0.804 | .1382 " 0.60 | 6.968 | 2.019 3,090
304 " 0,831 S0.44 | 79.17 ‘0.809 1395 0.1 -1.,00 7.010 | 2.342 3.369
205 " 04765 53.95| 79.58 0.819 1429 0.2 0.70 7.107 | 2,184 | 3,215
306 | 0.665 | 62.04| 81.67 | 0.780 1516 | 0.2 0.80 | 6,727 |1.798 | 3.158
309 " " K 81.70 0.822 1435 " 0.60 7.13 | 1.906 3.058
310 ! " ; 83.33 0.831 1463 " " 7.209 | 1.927 | 3,063
521 v n wo| 85,85 | " " 0.40 7.209 | 1,927 | ».g87
52| w " " 86470 0.856 | 1544 " - 7.442 | 1,989 -
313 " n " 86.80 0.864 1567 0.2 0.50 7507 | 2,006 3,00
314 " " " 89,20 0.921 1759 " - 7.979.| 2.133 -
207 " 0.505 80,27 | 87.29 0.840 1491 " 0.30 7.298 | 1.482 | 2.6.8
308 | n 0.466 ' | 88.63 | 88.33 | 0.974 1946 0.1 - 8.378 | 1.567 | 2,716
515 | 4 0.412  |100.06 | 90.0 0.905 1703 " 0.40 7,855 | 1.301 |-

8ic



Tabl_e 6.1. contd.

Reac- | P H, in | shock Tenpe ratio 3 |log

Run | tion CHy | Pu1 |afiver| velo- T, | V/cm Tina fo1 Cgxlo™ |\ ¢ 10
no. jmixture gas city me 2 5% 3
316 A 0.399 | 99.09 | 78.26| 0.962 | 1902 | 0.2 | 0.40 8.288| 1.329 2.725
317 " 0.266 | 103.4 92.5 0.953 | 1869 | 0.05] 0.60 8.2221 0.879 2.722
———————————————————————————————————————————————————— r—~~——~—‘—~-—-—--———-—--- --———--~~-—----—_-r-_—-——.._.._
320 B 0.319 51.7 77.8 0.797 |.1320 | o. 1. 6.120| 0.785 3.185

(ot /1 i

343 ' 0.293 | 5S6e4 80.0 0.819 | 1516 | 0.5 | 1.20 6.350 | 0.748 2.953
348 " 0.266 | 62.04 | 81.7 0.822 | 1524 | 0.5 | 1.0 6.364| 0.680 | 2.833
321 " 0.327 67.3 81.3 0.842 1592 0.1 1.0 6.525 | 0.858 2.933
349 0 0.372 | 44.3 | 75.8 | 0.866 | 1676 | 0.5 | 0.72 | 6.696| 3.001 | 2.870
322 n 0.239 68.9 75.0 0.868 1684 0.1 | 0.70 6.720 | ©.645 2.655
323 | " 0.293 | 66.0 83.0 0.926 | 1896 | 0.1 | 0.70 7.115 1 0.838 2.768
324 u 0.154 88.6 87.2 0.956 2007 0.1 1.2 7.295 | 0.452 2.734
3‘25 " 0.160 | 94.8 81.8 0.971 2066 | 0.1 | 1.0 7.390 | 0.475 2,677

) A R R U R B I D [~ R
32 (77<Czﬂéfﬁf 0.931 51.7 86.5 0.817 | 1357 | 0.1 0.6 7.733 | 2.894 3.24
a7 " n 62.04 86.25 0.854 1465 0.1 0.6 8.111 | 3.035 3.26
528 " " 64.62 84.0 0.868 1509 0.1 0.y 8.255 | 3.089 3.092
329 n - .

" 62.64 83.40 0.891 1580 0.1 0.32 8.476 | 3,172 3.010

l ' |

61¢



Table 6.1.. contd. ,
Run ‘gigg' P CH, Py H, in dri- shock Tgmp” V/em| Ling _ f,atiO (}5xlo3 108y 7Cox
no. fnixture ver gas city 2 mns 51 + 3
331 c 0,931 | 62.04 86.63 0,926 | 1691 | 0.1 | 0.20 8.805 3.295 2.819
333 " " 5944 874 0.974 L " 0.2 9.205 3.295 2.828
33y " " 58.9 8744 0.986 | 1880 " 0.1 97290 3,476 2.838

0¢c¢
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a higher maximum. At longer obscervations (9 3.0ms) there

were lrregularities in the pattern of the infrared emission
(eege as in figure 6.1 (B)), 2nd as such analysis of the
results was confined to observation times under 2.5ms only.
The distortions in the infrared signal could be due to effects
of turbulcnce in the reflected shock region induced by the
boundary layer, or a genuine chemical phcnomenon reflecting
the instability of the compnounds emitting in this infrared
region. However in all cases, the pressure trace was a useful
gulde in assessing the results obtained in this study. And
both the pressure hisféryhbehihd the reflected shock wave anﬂ
. the pattern of the infrared emligsion observed at longer wave-
length regions (to be discussed later) show vividly that
changes in the infrared ewission profile are due to chemical
'reéctions involving unstable compoundse.

2Ly 34y, 41

Earlier inVesiigators high temperature pyrolysis

of acetylene have detected the presence of several poly=-
acetylenes. Thec results obtained by Bradley and Kistiakowsky34,
and those of Gay et al*’, using the time of flight mass
spectrometer, showed that these polyacetylenes have compleXx
structures up to C6 and C8 with considerably.less hydrogen
atoms. Bradley and Kistiakowsky and otherslzq have suggested
that these polyacetylencs nay be intermediates in the formation
of solid carbon. It is apparent from the éxperimental.results
given by these researchers oty Hls 124 yyat the formation of
these higher carbon content polymers (06, C8 etc) was preceded
by a short indﬁction time. Unfortunately, there is relatively
little knoﬁn about the spectra of these higher polyacetylenes,
especially in the wavelength region under 3.0um because these

compounds arc very unstable. Also due to their structural
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Table 6.2 The effect of initial
acetylene on the 1length of induction time
Run| P C.H .H in shock: reflected| induc-
C.H., 22 P 2 .
no. 2e in argon bl driver velocity tShOCK t%on
s empera-} time,
ga ture 2nd
KN/m2 % % - mn/ps e ns
321 0.%27 2 67.251 81.25 0.842 1592 1,00
313 0.665 5 62.04 86.80 0.864 1567 0.56
329 0.931 7 64.64 83.4 0.891 1580 0.32




temperature

Table 6.3t The effect of on induction  time.
Run P C_H H Shock Temperature | Deagity | Induction
: C_H 272 P 2 . ratio .
Noe. 272 in Ar. L"l in driver gas VelOClty sl’ Tl“i“’ Z;‘._:'i(}
KN /m2 % o% mm/ps oK ms
320 0.319 2 51.7 77.8 0.797 1320 64120 1,95
343 0.293 n 56 el 80.0 0.819 1516 6+350 1.20
323 04292 " 66.00 83.00 0.926 1896 74115 0.700
306 04665 5 62.04 81.67 0.78 1316 £,727 0.800
302 04732 " 49435 80.80 0.798 1360 6.908 0.800
313 0.665 " 62.0L 86.80 0.864 1567 7.507 0.500
216 0.399 " 99.09 78,26 0.962 1902 8.288 0.400
326 04931 7 51,7 8645 0.817 1357 74733 04600
331 04931 o 62.04 86.63 0.926 1691 8.805 « 200

€¢d
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complexity overlapping in the emission bands of their different

composite structural groups would be expected in tris spectral

region where thc bands of =CH_,, = CH~, = CH and - ¢ 2 C - and

2’
others lie very close to one another. Becausc of such over-
lapping of the different emission bands, and for the fact that
other conjugated substances might also be present in the hot
Agas, the resultant émission would appear as a continuumag. And
from the sugpestion put forward by Aten and Greene24 that the
absorption (or emission) of polymerizing polyacetylenes apfears
as alcontinuum first in the ultraviolet and then in visible, it

is then obvious that the appearance of the coﬁtinuum in the

infrared would be characterized by an induction period.

Though it is not possible from the observations at 240-2.7pm
wvavelength range to attribute such emissioﬁ to any particular
structural group actﬁally present; however, it is obvious that
the emitted radiation is predominantly from species whose
formation takes place ﬁuch lzter in the process of acetylene

decompositions.

The appearance of emission continuum in the visible during
the pyrolysis of hydrocarbons has always been attributed to
the formation of carbon particles. Previous studies on the
mechanism of carbon formation from acetylenezg’ 31 have shown
that the deposition of solid carbon particles is normally
preceded by aﬁ induction time. Bradley and KiSti&kOWSkqu have
shown that there is a similarity between this induction time
and the duration of the period prior to a sharp drop in the
concent:ations of the lighter polyacctylenes (eeg. Cqu) formed
at the carly stapges of the acetylenc pyrolysise An attempt was
therefore made to-soe how the vresent data fitted into the

results of these earlicr investigations, especially in relation
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to the kinetics of forvmation of the specics emitting at this
(2.0 ~ 2.7pm) spectral regions. The result obtained from such
conparison would lead to a better understanding of the rela-
tionship between the induction times at 2.0 - 2.7um and those
measured for incipient carbon formation in the visible; hence
an insight might be gained as to the nature of spccies being

formed during the induction period.

6el.1, Correlation of induction time data

If the rate of formation of high polymeric substances

depends on the acetylene concentration to the order n, then

29

the rate cxpression will be of the forn ’

) . _ n
dCs = constant [exp (- E ,RT) C.H (6.1)
_— a 22} o )
dat
where CS = the concentration of the high polymeric sub-
stances emitting at this wavelength range.
Ea = the'activation energy in J/Mole
T = the reaction temperature, °k
7 . -1 (o} -1.
R = molar gas constant in Jmol K
[?2Hé]0 = dnitial concentration of C2H2.

If it is assumed that at the onset of infrared radiation
in this wavelength range the minimuﬁ détectable amount of
emission corresponds to equal amounts of the polymeric sub—-
stances being formed for all conditions of temperature and
pressure behind the reflected shock-wave, then equation: (6e1);

39

can be approximately expressed in the form

(Lscs)initial = constant

nstant |[exo(-E [RT) C.H " ~ (6.2)
COIlsSTa g I‘Ja/ _ 2 2 o AL
where AT —the induction time in microscconds and &Cg 1s the

amount of substance formed at time AT.

By taking the logarithm of both sides, equation (6.2)

reguces wu
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B

a n
log . = — = 1lo s H1 + const, Go
E1o OF 50T 5 [é.JO (6.3)
which gives
log, BT = 2 _ |
10 2.3RT nlog E HJ + const. (605&)

From equation (6.%2) n can be readily evaluated at any
conséant temperature by plotting the logérithms of the
various values of AT, against those of their corresponding
initial concentration of acetylenes The negative of the slope
of the resultant stralght line gives the value of n. This
method is not partlcularly conVenlent when using the shoca—i
- tube technique because of the enormous task involved in
trying to obtain exactly the same temperatures behind the
éhock-waves for different initial shock conditions. However,
'as'shown in table 6.2, the-reaction temperature was approxi-
mately constant at-15800K, and by using these limited data,
it was possible to obtain a rough value of n = 1,08 from
figure 6,2.A The plotted points in figure 6.2 are based on

the values shown in table 6.4

Table 6el4 Variation of induction time with initial

concentration of acetvlene at T = 1580°K

L
Run Pcaﬂa’ CO x 10°' {loglo ) C] AZ , log AT
No. KN /2 moles/litre ps
321 0e327 1.315 24119 1 000 3.00
313 0,665 2.673 2.427 500 2.699
329 0,931 3e74 2.573 320 2.505
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2e75-]

245

2.25

2.0 2.2 24k 2.6

logyC, * 6

Figure 6.2: The determination of n - power devendence of
induction time on initial acetylene concentration
at T =#1580°K
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An z2lternative method which is very ccnvenicnt for application
in studies using the shock tube technique is the 'iﬁitial
pressure differential' method; where méasurements are wmade

at constant initial reactant concentrations while the tempera-
ture is varied over the desirgd ranges This method has been
widely used by Lifshitz et a127’ 18 in modelling different
kinds of chemical reactions behind the reflected shock waves.
Inorder to determine the power dependence h, using this
differential method, a group of experiments were conduted
using two mixtures of acetylene in argon; mixture A contained
=% CZH? in argon and mixture B contained 2% C2H2 in argon.

By keeping the initial pressure of the two.mixtures approxi-
mately constant (13.3 - 15.96 KN/ma), n can then be evaluated
since the initial concentration of acetylene in mixture A
would be 2.5 times greater than as in mixture B. +%. If
equation (6.3) is specifically written for mixture A, 1t
becomes,

— N 4 const. (Eoly)
logy 6Ty = EESHT?'T - logy, [z (C )],

where X is the number of times the initial concentration of

C,H, in A is greater than that in B; and then for mixture B,

n -
Ea - log 4 [C2H2] , + conmst. (645)

1og;10A (A
2¢3RT

B=

By substracting (6.4) from (6.5), we have that

logoAly - logg AT, = nlog, X (6.8)
hence
/
log, X

Inorder to evaluate the R.H.S. of equation (6.7), the logari-~

thms of the induction times in both mixtures A and B are plotted
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Table 6.5: Experimental conditions to evaluate n
. Run P % R, Temp|l, y10°| Induc-
_Mixture 1o 1 2 /T tion log T
time
torr® : Ok - | Tsps.
A 301 | 110 | 77.14] 1300] 7.69 |1000 | 3.0

(5% CZHZ in Ar)

302 | 110 | 80,.80] 1360 7435 800 | 2.903
305 | 115 | 79.58} 1429] 7.03 700 | 2.845
309 100 81.70) 1435 6.97 600 2.778

313 | 100 | 86.80{ 1567] (.38 500 | 2.699

B %20 | 120 778 | 1320] 7.58 1950 | 3.29

(2% CZHZ in Ar)

343 110 828 | 1516 6.60 1200 | 3.079

348 100 88.85| 1524| 6.56 1000 ] 3.00
321 123 | 81l.25| 1592 6.28 . {1000 3.00

323 | 110 83.0 | 1896} 5.27 700 2.845

* 1 torr = 0,133 kli/m2
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against 1/7,.

Table 6.5 shows the experimental conditions of this group of
runse And using the reosults obtained from this table figure
63 was plotted. TFigure 6.3 shows that the plot of 10%1%15 VS,
1/T tor the two mixtures A and B; gave two parallel lines 'A!

and B! which were obtained by the method of least squares.

It can be seen from table 6.5 that mixtures A and B
differed in their CZHZ cqncentration by exactly a factor’of
2.23; that is X = 2.2%; so that the vertical distance, h,
between these two parallql lincs, when divided by log10 2e235

should yield the value of n,

From figure 643, h = 0.343
Vo e 1088 Tgy - log,OT,
. log10 X
=. ) h ='.' 007
log10 2.23 0.348

0.985

The values of n determined by the two methods outlined
above, is approximately unity. Hence the rate of formation
of the polymeric substances shows a first order dependence on
the initial concentration of acetylene. Using the value of
n = 1, all other experimental inddction time data, including
data obtained from limited runs conducted with 7% C,H, in argon

(mixture C), were normalized by the initial CZHZ concentratione.

Inorder to determine the value of the activation energy
of the formation of these substances, ‘ind, equation (6.3)

was rewritten to:
Eind
2¢5RT

- n
1oglO£&b [CZHé]o
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log o AT
3.3
361
249
2e7.
2e5. o % CZHZ in Ar.
© 5% CH, in Ar.
- calculated line
of best fit.
2¢3 : ;
7 505 - 6.5 ' 75 s

Figure 6.3: A plot of lOQM)AI vs I/T for mixture
A and B for determining of dependcnce

power, n
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Figure 6.4: A plot of normalized induction time vs ,},
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n
f o e 3 3 1 + I l/T
And from the slopec of the plot of lo“l() Ai [CZZHZ]O Vs !
with n = 1, the values of “ind could be calculated. The
details of the experimental conditions and the resulis for
the three mixtures of 02H2 in argon arc shown in table 6.6,

Figure 6.4 shows a least square fit of all the experimental

values, and all the points are secen to scatter along a single

line.
The slope of this line = “ind = 0.229 x 10%
' 2.3R |
E, b -
ind = 0.229%2.3%8.,28x10" J/mcle

4346 KJ/mole. | |

_Hoqker 23 had measured induction times in the vigible spectrunm
froﬁ acetylcne/argon mixtures for the incipient carbon
fbrmation. His results from a plot of the form in figure 6.5,
-yieided activétion energy of the value Eind = 41.8 KJ/mole
which is in agrecment to that obtained in the present study;
Similar agrecment has been reported by Bradley and

3y

Kistiakowsky” ', who had defined induction time as the time

corresponding to the rapid deéay of the C, polyacetylene formed-

4
during the pyrolysis of acetylene. 1t is therefore very likgly
that the substances whose infrared emission at 2.0 - 2¢7Nm was
preceded by the induction time are indentical to carbonaceous
materials whose formation wight be as a result of the decom-
position of othér products formed in the early stages of
acetylene pyrolysise Large quantities of carbon deposits .
recovered from the shock tube after each run - especially in
mixtures of high acetylene content - are eﬁpected to contribute
significantiy té the overall ermi:nsicn ceontinuum observed in

s

this spectral region. Further eryorinations at longer viave-
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length regions, wvhore the resolution of the different struc-
tural groups is possible, might offer further explasnutions

about the presence of the induction time.

6e2e Results at 2,60 = 3%.08pm spectral regicn

'Preliminary runs conducted in this region using mixtufcs
of 5% acetylene in argbn showed that generally the intensity
of the emissidn was very strong, and in many cases the value
of the intensity exceceded the saturation level of the
detector's amplifier, The saturation effect was easily
recognizable by the abrupt flattening-up of the infrared
signal -~ this is illustrated in figure 6.5. As a safeguard
against saturation the width of thé éxit slit was reduced
to a value of O.2mms And even at this slit width the satura-
tion éffect was still’occasionally observed, especially at
high initial concentrations of.aceﬁylene in the test gas,
but in all runs conducted using mixture ﬁ (2% CaHa/Ar) this
effect was not obsered.

Figures 6.6 (a,b,c,d) show the typical infrared records

obtainced at the stated conditions. These records show the

preéence of a peak shoulder to the left of the scan at
3,03 pme This correspond5145’lslto the CH stretching

frequency at 3700 - 3287 em~l of the terminal = CH group
in the acetylenecse. ﬁo other peals were noticed.in this
wavelength region within the temperature range studied.

The plots of the intensity of emission at 3.03pm against

the observation time in the reflected shock region for



FIGURE 645: INFRARED RECORD FRO!! SHOCK-HEATED 5%
.. ‘v’ -
CZHZ/Ar MIXTURE AT 2.60 3.08}1111

SHOWING THE SATURATION EFFECT.

RUN NO. 369

- 2 50/ ’
%ZHZ = 0.69 KN/m . (5/0 CZHZ/Ar)

Pip = 64463

H, IN DRIVER GAS = 82.7 %
INCIDENT SHOCK VELOCITY = 04977 mn/us
REFLECTED SHOCK TEMPERATURE =  1957°K

OSCILLOSCOPE GRATICULE: = 1.0 V/cme -

Y
X = O.2ms/cm.
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FIGURE 6.6; CONTD.

(b)

RUN NO. 375

_ 2
P, = 13.3 KN/m“ (2% CZHZ/Ar)
REFLECTED SHOCK TEMPERATURE = 2290°%K

OSCILLOSCOPE GRATICULE: Y 0.2 V/cm,

X Q.5ms/cn.



FIGURE 6.6: CONTD.
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(c) :
RUN 0. 360 RUN NO. 365 . |
P, = 15.96 KN/m2 (5% C_H_/Ar)
P, = 17.96 KN/n® (5% C_H,/Ar) 1 ot .
REFLECTED SHOCK TEMPERATURE = 1902°K
REFLECTED SHOCK TEMPERATURE = 1395%K OSCILLOSCOPE GRATICULE: Y = 1.0 V/cm.
OSCILLOSCOPE GRATICULE: Y = 0.5 V/cm, X = 0.5me/cn. 0O
X = O0O.5ms/cm,
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A !

Figure 6.7(a), are plots of rasulis ohinined from mixture A
(5% CEHE/Ar)’ while figure 6.7(b) are those from mixture
E(Z%.CaHZ/Ar). In tables 6.7 (a) and {u) are given the
.experimental shock tube conditions for each of the
temperatures in these plots.

The intensity - time plots in figures 6.7 (a) and (b)
show that emission was detected immediately following the
'reflection of the shock. This is expected since acetylene
contains = Cﬁ group and is present initially. However,
the intensity of the.emission increased with observation
time -~ initially s}owly at the lower temperature before
rapldly rising to maximum and then decaying. At higher
temperatures the rise was more rapid; af temperatures
above 2250°K gnd longer observation times (greater than
2.2ms) the emlssion started to rise again after passing
through the first maximum - thereby exhibiting two maxima

(as can be seen in figure 6.6(b) ).

In those runs vhere a substéntial part of the first
scan coincided with the onset of shock reflection it was
ocbserved that there was a slight drop in the intensity of
the emission at the early stages of the reactlon. This could
‘not be measured in most cases as the time fér the first scan
(0e2ms) affected its value.

Tﬁe intensity of the emission increased with
temperature upto 1864°K, after which the intensity level
decreased with increasing temperature. At temperatures
above 2200°K the intensity immediately behind the reflected
wave remained constant for a short time before it rose
rapidly to maximum, decayed and rose to pass tﬁrough the

second higher maximum,.
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Figure 6.7(5): Intensity = time plot for infrared emission from
shock-heated 2% CpH,/Ar. mixture at 2.6 =~ 3.08pm
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Table 6.7(a):

Experimental shock tube conditlons for shock heéting a mixture of 5% CpHp/Ar gt 2.6 - B.QByn

Pe g Initial conce Diaphragm |Hydrogen in | Incident|Reflected |Reflected shock

Run 22 of C2H2 in the Prgssure driver shock ~shock ﬁressume PrGoonT

no. test gas Ratio, Pul gas _velocity %S?gera—- g P5l ; e
KN/m2 moles/litre(x104) . % mm/ps . °x | KN/}n2

360 | 0,898 3.608 45496 75.0 0.808 1395 3245 628

361 | 0.998 34475 47,72 7749 0.851 | 1463 35.0 699
364 | 0818 3.287 52454 " 80.0 0.9045| 1703 445 | 728
365 | 0,798 3,207 53,85 8145 0.9620| 1902 48,0 | 766
363 | 0.732 2.940 5644 81.70 1.012° 2090 6040 878
366 | 04599 2.405 68493 83,3 1.055 2252 67,0 803
1367 | 04565 2.272 73.0 84.3 1.080 2357 71.0 802

¢cPe



Experimental

shock tube conditions for

Table 6.7(b): shock heating mixture of 2% CH,/Ar at 2.60-3.08um
Run Initial Initial conc. | Pressure Hydrogen Incident | Reflected
no. Partial of CEHZ Ratio Across| in the Shock Shock Reflected shock
Pressure the Diaphra-| driver gas| velocity | temperature,Tg| p.o o ive | Pressure
of CEHZ’ gm, qu : )
ratio P51 P5
Pe.n
272
KN/m?2 moles/litre % - mm/us O
370 | 0.372 | 1.497 x lo* © 48.0° 77469 0.842 1592 3.5 62
370 | 0.343 | 1.379 4845 78.30 0.853 1633 35.6 €11
372 00350 10325 " 50.0 8508 00890 1766 l*l.o 676
374 0,306 l.229 58.44 87.2 0.980 2103 52+5 803
375 {04266 | 1.069 v 62.04. 8840 . 1.026 2290 o7y . -

© 590

€ve
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The overall behaviour of the emission - time plots
could be explained by either of tﬁe following reasons:
i) during the pyrolysis of acetylene two competing
processes are taking place; (a) the decomposition
.of acetylene and (b) the formation of other
acetylenic compounds. The observed.slight decrease
in the intehsity of the emission at early stages ’
of the reaction could be‘indicating that undef
OJ4ms, ﬁhe rate of deconposition of acetylené is
many times greater than the rate of formation of
other polyacetylencs and related products which
,coqtain,_E.CH. But the signal begins to rise
immediately the rate of formation of these products

exceeds that of acetylene decomposition. OR

ii) that the intensity of emission does not follow the

- concentratidn of any particular stable species
present during acetylene.pyrolysis'but is caused by
the formation of excited compléxes in which the
vibrationé are at higher energy levels,

The complex pattern of. the infrared emissidn at tempera-
ture above 2200%K could be an indication that the reaction
prbducts emitting at this wavelength region are themselves
very unstablé; after their forﬁation, they decompose and
reform (or polymerize) to other related compounds. The
presence of a period of time at which the intensity level
remained constant before the it started to riSe again at high
temperatures (above 2100%K) might suggest the possibility
of a change in the reaction mechanism as it is known that

acetylene becomes more stable at higher temperatures.
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6e2.1, Denendence of emiscion intensity at 3.,045m frou

shiock ncated acetylene on reflected shoclt tumperature

As the = CH stretching frequence in 02H2 is known to
“have very strong intensity at 3.04um further investigations
werc made at this aneléngth by keeping the scan wheel sta-
tionary and examining the changes in the emission pattern
with.regard to temperature variation at approximately constant
partiallbressure of acetylene. The monochromator was set to
2.04pne  The scan wheel ‘was positioned such that one of its
slits which now served as the monochromator's entrance slit,
was central with respect to the entrance aperture guide Sl._

The width of the exit slit was set at.the same value as that

of the disc ( '0.1mm)'.

Whén shocks were fired into a mixture of 25 CH, in argon
the infrared signal fose very sharply to a high value and
'reméined at this value for sometime before it gradually rose
to pass through a broad maximum value. The final maximum level
attained by the infrared'signal was many times higher than the
initial height of the signal following the shock wave reflec-
tions The ratio of these heights, Imax/Io as shown in figure

648, varied with temperature. In figure 6.8a tliese parameters

and T.) have been defineds The ratio, I__ /T , is

(Io’ Tnax max’ "o

higher at lower temperatures than at high temperatures; but
above 2000°K there was no change with ratio. It was also
observed that the length of period before the commencement of

the gradual rise in the intensity of the infrared signal

decreased as the temperature increased.

At temperature of 1890°K and above, this period, at which

the intensity level remained constant before rising, denoted

)
as 1:f, was either immeasurably small or totally absent and
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Figure 6.8a: A schematic diagram of a tyvical infrared

Emission Record at 3.04um.

Emission
intensity
(Voltsg)

0.0 t\:to 1:0 ' 2..0 3.‘0

Reaction times, ms ———>
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Figure 6,8:A A plot of Imax/Io versus reflected shock temperature at 3.0Lpm
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the infrared emission seemed to remain nearly constant through-
out the experimental observation time. Also for runs conducted
with mixture of % CaHa/Argon at initial pressures (Pl) above

100 torr, the value of T, was considerably shortened and in

most cases it was zero.

Table 6.8 shows the effect of reflected shock tempera-
ture on Tf and on the infrared emission intensities Io and

I where Io is the intensity at the onset of shock reflec-

max;
tion and Imax is the maximum emission intensity recorded for
the same run. The values given in the table 6.8 are those
obtained at strictly the same obsérvation conditions using

mixture Be The values of Io increased with temperature for

a constant initial concentration of acetylene, wherecas I"ax

changed only slightly.

Immediately following the onset of shock reflection (at
to - reaction time = zero) all the acetylene is present as
€l

occurs and various reaction products contribute to the

s, whereas at other times, t  greater than to’ pyrolysis

observed total emission. Thus at t = o, the intensity of

R 2 .
the emission can be representedh by the expression;

I = g .
o %éZHa . C, § (6.8)

in which g represents the geometric factor of the optical
and detecting system, & is the sensitivity of the photo-

conducting cell, Co is the initial concentration of acetylene
and Erepresents the emisszivity of the gas at the shock

temperature,
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Table 6.8: Dependence of initial emission intensity I
. el §

at 3.04pm on tenmperature.

Initial Reflected Initial |Maximum | Ratio,|Lengbh)
Run|{Partial Pre- |shock Height of IR,|Intensity of
no. | ssure of ace-|tempera- Signal, level I T

tylene ture I, after max f
P . . I
CEHZ ,t1me,t£ o]
KN/ o, Volts Volts ms
sl 0.293 1553 C.25 1.05 L2 0.65
S2|] 0.293 1592 0.25 0.85 3.6 0.50
83 0.293 1616 0.30 1.10 3.3 Cu5
S4 0.266 1855 C.40 1.20 3.0 G.30
S5 0.266 1962 Cell C.80 1,95} 0,20
S6 C.253 2090 0.23 C.23 1.0 -
S7 0.239 2167 0.16 0.16 1.0 -
S8 Ce226 2167 0.16 C.16 1.0 -
59 0.218 2103 0.11 C.1l1 1.0 -
The setting of the oscilloscope's graticule is:
Vertical,Y;, = Oe5V/cm
Horizontal,X = O.5ms/cm
except in run numbers S6 to S9 where the setting was
Vip = 0.2V/cm and X = Q.2rms/cme
The blank spaces in the last coluwmn indicate that Z} wng either
too small to be ascurately mecasured Or ZeEIOe
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Preliminary calculation of the values of the emissivity
of acetylene at t = o, forAvarious temperatures was made
using equation (6.8), under copditions such that the effects
of both g and § were eliminateds This was achieved by
taking measurements at constant wavelength, slit width and
the sensitivity of the oscilloscope. Figure 6.9 shows the
dependence of intensity of emission on reflected shock
temperatures, The plot of ln(Io/PC 1 ) versus 1/T gave a

22
straight line whose equation is of the form,

C.H.. (6.9)

I, = 3.66x10° exp ( - 10,625/RT)IP
ol

Figure 6.9 is based on the values given in table 6.9. Equa-
-tion 6.9 illustrates that in the experimental temperature
range of 1600 to ZOOOOK, the exponential term showed a weak

temperature dependence; hence

€ o = 3.66x10° exp( - 10,625/RT), mv/torr (6.10)
22 :

6e2e2e : Rate of rise of infrared emission at the

wavelengfh interval 2.60 - 3%.08um.

Generally the rate of chemical reaction, Ra’ in terms

of product formation can be exbressed as:
n
R = d(P)/dt = K[CZHé] o (6.11)

where (P) is the concentration of the product, K is the

reaction rate constant and n is the order of the reaction
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A plot of ln(IO/PCZHZ)vs 1/T for

evaluating the Emissivity of CaH‘2 at Z.04n
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Table 6.9: Emissivity of shock heated acetylene at 3.04um.

Temperature pCaHa. I, IO/PC H= e 1, (Io/PcaHa)
272
ok torr* mv
1553 2.0 250 125.0 o83
1592 2.2 250 113.64 473
1616 " 300 136436 4.915
1855 2.0 400 200,0 5430
1896 2.2 600 272473 5.61
1962 2.0 410 205 - 5.32
2090 1.9 230 121 4.80°
2141 2.0 240 120 4e79
]

*» 1 torr = 0.133 KN/m®

(AL
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with respect to the initial concentration of acetylene,

CCaHé]o.

For thermal emission measurements, the rate of rise of
intensity is comparable to the rate of increase in the con-
centration of the emitting species, hence if the following

relationship

I = eP (6.12)

holds for species emitting at a particular wavelength region,
then combination of equations (6411) and (6.12) yields
n .
= 1 - - '
R, = ﬁgdl/dt = d(P)/dt = K CczHa)o (6413)
In applying the above expression for determining the reaction
rate at wavelength regions where the emission intensity rises to
a Iaximum and then starts to fall or remains constant after
attaining the maximum value, the rate of increase in intensity c:

be defined as the average rate of rise over a fixed period of

observation time or fraction of reaction reached,

If 4t is supposed that the overall reaction leading to
the emission at any particular wavelength region can be

represented by a simple two step mechanism

k »
n CZHZ ___E__§ (CZHZ)n
* k
(¢cu) =2
C2 Jn S product  (+ h?)

then 2pplying steady state conditions for the thermally
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*
excited molecular species (CZHZ)n’ we have

*

n
(CZHZ)n

k
1 (Cc,H,)
& 220

2

And the rate of formation of product at that wavelength

region is therefore;

*

Ka (c.H.)

d(P) PLION

, Svetee—

dt

k n
1 (cZHZ)0 (6.11)

where kl is the rate of decomposition of acetylene and

equation (6.14) has the same form as (6el3)

"In the present study, the reaction rate was determined
for reaction time, t< <tmax’ where t _ is the time at
which the intensity of the emission reached maximum, by
evaluating the slopes of the intensity -~ time plots at the
early stages of the reaction. Such rate constants were
obtained in that stage of the pyrolysis of acetylene where
the rate of polyacetylene formation is substanﬁially equal
to the loss of acetylene. A typical method fér evaluating

the slopes of the straight lines drawn to the intensity -

time curves is shown in figure 6.7 for T5 = 18640K.

The value of n, the reaction order,was assumed to be 2
since this is consistent with the findings by severalal*’lla’118
researchers that the rate of polymer formation from acetylene

or acetylene decomposition 1s z second-order reactioOlis
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Table 6,10: . Rate of Rise of Infrared Emission
at é.O&'Em. |
Temperature y Slope‘ Ra | LogloK
Ok ( AI/At ) ( ’/es 'AI/A £ ) E.ogloRa/C§
' ' |

1592 0.33 | 0.907 7,411
<1633 0.2 0.52 7+ 50
1703 1.5 - 3.576 7.52
1766 . 0.833 1.847 8.02
1864 1.24 2.48 8.178
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Figure 6.10: Arrhenius plot for the Rate of Rise
of Infrared Emission at 3.04pm.

Log K
8.5 -
8,0
//K - 3.1 x 107 exp(~136 KJ/RT) L/mol.s
7 o 5=
2.0 ‘
5.0 6.0 2.5

1/T x 10% %
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The results of such calculations are shown in table

6e 10, Exveriments at higher temperatures than those shown in
table 6¢-10 were not particularly suitable for accurate
measurementsas the infrared emission became very weak and

the conditions here were limited by the signal to noise

ratio.

-

The Arrhenius plot using the values outlined in table 6.10

yielded a second order expression,
K = 3.1 x 107 exp(- 136 KJ/RT) litre/mol./sec.

This value of E_ = 136 KJ/mole lies within the lower lrange
of reported?23-25, 41, 110-112, 115 j1jterature values (117 -
176 KJ/mole) of activation energy for second order disappear-

ance of acetylene.
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Ge265s Piscuscion of Results ot 3.04un

The infrared radiation from shock-heoted acetylene/argon
mixtures at 3.04pm rose in two stages (figure 6.8a)e. The
initial sharp rise to a constant value Io’ the magnitude of
which depended on the temperature of the reflected shock
wave, signified the onsct of shock reflection and is thought
to be due to the compression of the mixtufes by the shock
wave ané the vibrational excitation of acelylene. The gfadual
rise in the radiation intensity after time [, signifies either
the onset deactivation of some highly excited product molecules
by repeated collisions with argon and acetylene molecules or
decompesition in which the excess ehergy is uced to break the
chemical bond(s).to yield stable reaction products. Simiiar
results have been obtained by_Hooker29 (at 3287 cm-l) and
Kuratani and Bauerl*2 (at 3195 cm;l) from the infrarea radia-
tioﬂs from shock-heated nixtures containing acetylenes Their
results showed that infrared radiation started to rise a
second time after an intefval of time during which it had

remnained at a constant value.

Although it is not possible to say for certain what
compounds or particular reation products are responsible for
the increase in the emiscion intensity at 3.04um after Z},
but it is worth nofing that at lower témporatures which favour
the formation of higher molecular weight ploymers, the ratio
of Imax to Io is about four times bigher than its value at
the less favourable high temperature conditionse. It is possi-
ble that the rise at the end of the period Z;could be part

of a radiation continuun from CH and/or 'carbon! particles

which are beginning to b forned as the decomposition of
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acetylenc becomes appreciably highe This is very likely
‘to be the case since carbon formation from hydrocarbons are
usually preceeded by an induction period 23, 29_51. This
suggestion is strengthened by fact29 that carbon particles
from shock~heatcd acetylene/argon mixtures do not start

to absorb radiation (in the visible) until sometime after
the .infrared radiation had reached its equilibruim value;
at thié time a simultaneous increase in the radiation of
the heated gases and a decrease in the intensity of the
trangmitted radiaﬁion.occurs.

—

A comparison between the induction tinme, Lind measured
at the wavelength region 2.0 - 2,7pm (see table 6.1) and
the values of Z} at different temperaﬁures igs shown in table
6.11. From this table it is seen that 2} is approximately
one~hal{ the value for'[ind a£ the comparable temperatures.
The hagnitude of thefdiffefence bet¥een 7} ang ind.(ZAndx’
2 Z}) indicates that thc'reaction'immediateiy commencing

after period Z. is not the rate controlling step, and that

f
substances emittiﬁg at wavelength region unaer 2.7pm are
those products whose férmation occur nuch later during the
pyrolysis of acetylene. The period 7}, between the onset

o% the reflection of the shock wave and the commencement of
an accelera£ed rate of rise of the emission intensity, is
thought to be connected in some ranner with the time for the
molecular vibrations of acetylene to become large enough to
induce dissociation; while the rise in emission intensity
after Z} was caused by the formation of highly energized
products or_species which exit at frequencies very cloce

to that of acetylene at 3287 cm™ T,
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Table 6.11 Comparison between the induction time, T; d
(at 240-2.7pm) and T& - time at which "
. intensity remained constant at 3.04pm

Initial partial ‘Reflected shock

Press;re of C2H2 Temperature Z;nd, 'Ié
CZHZ
KN/m2 Ok ms ms
04266 1524 " 1,0 -
0.293 1516 1.20 -
0.293 1553 - 065
0.293 1592 - 0.50
0.327 1592 1.0 -
0.293 1855 - 0.30
04266 1896 0.70 -




261

63 Erission results at the wavelength interval between
3405 to 3.49pm from shock heated acetylene

Figure 6.11 shows the typical infrared records obtained
in this wavelength region. In this region it was observed

that the emission has maximum intensity at 3e22pme This

129100, < on,

in compounds ha?ing vinyl group. Another peak shoulder is

vibrational frequency at 3105 cmt

corresponds
seen to the left of the more intense peak at 3.22pm o This
second peak, though not well resolved, is thought to corres-
pond Y42 to -CH= vibrational frequency at 3030cm-1’(3.32pm) of
vinyl groupe. fpst of the previous workers 24s 34341 on high
temperature ﬁyfolysis of acetylene have found vinylacetylene, a
compound which contains both =CH - and =CH2 gfoups, to be
present in the reaction products,.

Figures 6.12 {(a) and (b) show the plots of the intensity
of the infrared emission at 3.22pm against the observation
time in the reflected shock region for temperatures between

1508 - 2520°K. The experimental shock tube conditions for

the results used for these plots are given in table 6.12.

The iﬁtensity - time records show that the infrared
radiation was detected almost immediately following the
onset of the reflection of the shock waves; and since the
pyrolysing acetylene does not contain a double - bond in
its structure, it is therefore to be suggested that the
formation of prdduct_having double bond(s) in its struc-
tural composition takes place immediately as acetylene
bzgins to DYrolysce In general the intensity - time profile
shows that there is an initial increase in emission- intensity

with the observation time, The emission pattern reveals three
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FIGURE 6.11: INFRARED EMISSTON RECORDS FROM SHOCK-
HEATED MIXTURES (2% & 5%) CH, IN
ARGON AT 3.05 -~ 3.49um WAVELENGTH REGION.,

(a)

RUN NO. 38L

_ 2
‘Pl = 17.96 KN/m (2% CBHZ/Ar)
REFLECTED SHOCK TEMPERATURE = 1585°K

0SCILLOSCOPE GRATICULE: Y = 0.2 V/cm.

X

It

O.5ms/cm,
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FIGURE 6.11: CONTD.
(b)

RUN NO. 429

_ 2
P, = 8425 KN/m® (5% C,H,/Ar)
REFLECTED SHOCK TEMPERATURE = 25200K
OSCILLOSCOPE GRATICULE: Y = 1,0 V/cm,

X 0052118/0211.
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Emission Intensity ( Volts )

Figure 6.12(b) : Intensity =~ time plot .for infrared emission from shock - heated

27 C,H, / Ar. mixture at 3.05 - 3.49 um.
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Table 6.12: g The experimental shock tube conditions for runs at 3.05-3.4§ﬂm

Run | Tnitial | Initial comc| - P H, in | Shock |Reflected |Density ratiol P_ ~[Reflected
Noe gizzjéilx"e of CH, _ driver gas Velocif.y Shock Temp| 951 51 Prigzgire,
FeH, | £ J F5
KN/m? mole/litre % mun/ps . . oK KN/m2
383 | 0.372 | 1.497x107% 40462 | 73.65 10,817 |, 1508 64336 51,80 | 592
384 | 04359 | L3 o 45496 | 77.50 0.8450 | 1585 6.503 3.3 | 616
388 | 0.327 | 1.315 0.k | 78433 0.873 | 1702 6.750 38.26| 626
381 0.317 | 1.272 " 52,13 | 80.00 0.891 | 1766 6.876 40.43| 640
391 | 0.293 | 2.176 " 56,40 | 79417 0.921 | 1875 7.074 Lya1?|  6u6
390 0,277 1,112 " 59.65 80483 04947 1972 2,241 1745l 657
392 0.239 0.,962 " 68.93 83433 0.977 2090 7.426 51,67 618
395 0.215 | 04855 ™ 72,55 | 85. 0 l.or | 2220 2.611 56.26| 599
386 0,207 | 04834 ® 79454 86.67 1.047 | 2380 2.808 61.90| 642
429 | Ouil2  |1.657 " 100.0 90.0 1,123 | 2520 94299 ?77.98| 643

99¢



267

temperaturc dependent characteristicss At lower temperatures
the infrared intensity at 3.22pm rose gradually to a maximum
and sharply deéayed and the rose again to a much higher and
broad maximum. The emission intensity increased with temnera—
ture up to around 1800°K and above this temperature the inten-
sity of the emission started to decrease with increase in |
temperature.and only one maximum was observéd. At temperatures
higher then 21009K_the emission intensity was very low and
there was almost no change in the intensity level throughout
the observation time behind the reflected shock wave for runs
conducted with mixiufe Be With mixture A, the signal rose

slowly at high temperatureo.

A special feature peculiar only to the observations in
thié wavelength region,.is illustrated in the infrared records
at run numbers 381 and-383.' As can be seen in figure 6,11 (a),
the width of the scan increased imzediately the intensity of
the infraredhemjssion had paésed through a miniwum value, Such
1ncrease in the ocan w1dth resulted 1n the broadenlng of the
principal peak (at 3.2¢pm)and the appearance of another pecak
shoulder (at 3.32pm) to the left of the original one. The
length of timé before 'peak broadening' occurred decreased with

increasing temperature.

Broadening of emission or absorption bands in infrared
spectroscopy is normally associated with shift in the vibration
frequencies of the functional groups in question. Conjugation
effect dué to the presence of multiple functional groups in a
compound is mostly responsible for such shiftses In the preéehﬁl
experimental circumstances the observed broadening effect is

likely due to the result of increase in both the complexity
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and the concentrations of the emitters in this wavelength
region. This is particularly so at the lower temperatures
where the pcok broadening was accompanied by an accelerated

rise in the intensity of the infrared emission.

The formation df.polyacetylenes and other related high
molecular weight polymers during the pyrolysis of acetylene
is pafticﬁlarly‘favourod af lowef temperatures. These polymers,
for exémple the homologues of vinylacetylene, contain

multiple ( =CH, , =CH- , -C=C- , etc)bonds and owing to

2

éonjugation effects displacement will occur in the positions
of their vibrational frequencies; this will eventually lead

to broadening in the emission bandse

118 _nd others>r?11? have identi-

Skinner and Sokoloski
fied vinylacetylene as_the major primary product during the
pyroiysis of shock-heated acetylene at.lower,témperatures-
while at higher temperatures (1400° - 2500°K) diacteylene is

12,24 Gyi1is and Franklint12

the only prominent hydrocarbon.
" have obsérved that the vinylacetylene so formed at the
ihitial stages of gcetylene pyrolysis was gradually being
converted to other prodﬁcts mostly diactylene. If one examines
the present result in this light, then the emission-time
pfofiles af 3405 =~ 3.49ﬁm wavelength region can thus be ex~
plained in terms of fofmation of two types of product - '
primary and secondary products; At lower temperatures&(l?OOOK)
a primary product, probably vinylacetylene, is formed at the
early stages of the reaction; higher polymers , for example
vinyl-diacetylene (G6H4),34 are formed later as a result of o
the consumption of the primary product. At higher temperatures

the rate of consumption of the primary products becomes very

fast and hence the seccondary products become the major emitters.
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This is particularly so since the time of decay ( t, ) of
the infrared emission following the initial rise in its
dintensity decrcases with increase in reaction temperature.

This is shown in tablc 6.13.

Table 6413 Time for emission intensity %o pass through
minimum at wavelength dinterval 3%.05-3%.49un.

Run PC H Temperature, Time of decay of
212 , intensity after
No, initial I‘ise.
KN/m2 oK 1 tge mse
383 0.372 - 1508 | 1.1
381 04359 1585 0.8

And also it can be seen from figure €.12(a), e.g. at 1702°K, the
initial small maximum had already occurred before O.2mse At
higher tewmperatures it can be assumed that the decaying process
of the primary product is completed before O.Zmé and hence only
the rising portion of the infrared siénal correspondigg to the

formation of the secondary product are observede

The start of formation of an appreciable amount of the
secondary product is signified by the broadening of the peak,
Table 6414 shows the comparison between the times at which
the peak broadening occurred and the induction period before

the start of infrared radistion.at 2,0 = 2,7pm spectral region.




Table 6.14:
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Comparison between induction time for emission

at 2,0 - 2.7pm and time at which peak broadening

occurred at

305

2 490um

Run Initial partial Reflected shock| Time for ;.
pressure of CZHé ’ T : T;nd
no. P ’ Temperature broadening
CZHZ .
KN/m2 Ok  ms ms
383 0,372 1508 1.3 -
343 0,293 1516 - 1.20
384 0.359 1585 1.0 -
321 04327 1592 i - 1.0
322 04239 1684 - 0.7
388 0.327 1702 0.6 -
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As can be seen from the table, there is a good agreement
between both times, and hence it could be suggested that the
secondary product formed in this region(3.05 - 3.49um) is
identical, if not the same as those emi@ting at the infrared
region under 2.7pme As was mentioned earlier in section
648.1, the agreement between the value of the activation energy
for the formation of these polymeric substances at ( < 2.7um),

29 54

and the values obtained by both Hooker™ and Bradley et al

for carbon formation, does suggest a similarity between these
polymeric materials and carbon. In systems which produce soot,

such as acetylene-oxygen flames, Homann, Mochizuki and Wagnerjl32,

o e
and Homann and wagner,15 . have detected the presence

2H ’ C2H3 apd C, in the reaction zone,

whilst Bonne, Homann and Wagner 12& have obtained -evidence

of such radicals as.C

indicating considerable inﬁoivement of polyalkynes, such as
diacetylene and vinylacetylene, in soot formation. In the light
of the above observations and from their own investigation on the
reaction of ethyﬁyl radical with hydrocarbons, Cullis et allBo
suggested that the initial nucleus in carbon forming process
is C.H® radical and that acetylene and polyacetylenes are the

2
growth species. An example of such reactions has been givenl30

as:
CZH + caH2 — C4H2 f H
and the diacetylene formed in the above equation now act as

the growth species
L ] + .
CZH + CL;HZ ———) CBHE H

CZH. + Cglly  — G HZ + H
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Although the exact natﬁre of the structural composition
of most of these high polyalkynes are not precisely known,
however one characteristic feature of these hydrocarbons
1s that they contain comparatively little hydrogen and that
they have double and triple C -~ C bonds. Once they are
‘formed, these polyalkynes are pértly consumed by addition

] 130
reactions such as 3 :

CZH. + c,H, > HC® = f - CZCH
C = CH
and
C4H. + CQHZ —_—> HC®* = C-C = CH
; i ,
C=C=cC =CH,

As has been pointed by Eorter77, ‘ the presence of double
and triple bonds is very important since it ehables such mole-
cules to maintain their radical characteristics during further
addition of smaller molecules such as acetylene and diacetylenes
The striking similarity between the rapid rise in the infrared
emission intensity at 3405-3.49um after the initial decay at
lower temperatures, and the rapid increase in the concentration
of the polyacetylenes in, say, the oxidation zone of acetylene=~
oxygen flames, tends to favour such reactions.‘ And the last two

reactions above actually show that peak broadening in the =CH2

and = CH- had occurred because of conjugation with the triple

bonds.
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Gelt Emission results at wavelength interval between

3¢5 - SeZum from shock heated acetylene,

In this spectral region, the strength of the infrared
emission was very strong and like the intensity at 2.6 - 3.08pm

region, it showed strong dependence on the initial concentra-

tion of:the acetylence However, unlike the observation at
246 = 3.,08pm, no saturation effect in the detector output
occurred at this wéveléngth region. Thus, this permitted
experiments to be conducted using Soth 5% and 2% mixtures of
acetylene in argon. The former was favoured since it gave a

higher Signal'to'ﬁoise rétid.'

Typical infrared records obtained in this wavelength

region are shown in figures 6,13 (a and b). In these photo~

graphg, the intensity’ of the emission is seen to reach maximum
at 4.6pm and this corresponded to fhe positidn of a well
»reSOIVed peak close to the end of the scén. Any peak here

' would_correspondll*5’151 to the =-C=C~ vibrational frequency

in polyacetylenes which usually occurs at 2100 - 2280cm"l (4e43-

4e76pm)e As was mentioned earlier, almost all the gaseous
products of acetylene pyrolysis at shock temperatures are |
acetylenic hydrocérbons - containing various numbers of carbon
atoms, Ch, 06, 08’ etc - and although the exact composition
of some of them are unknown, however, by virtue of being
alkynes, they all contain the characteristic triple bond(s).
As such their -C=2C- stretching frequency will lie very close
to each other since it is known that conjugation (including

even bylic acetylene has only a small effect on the position
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FIGURE 6.13: INFRARED EMISSION RECORDS FROM SHOCK-
HEATED MIXTURE OF 5% 02H2 IN ARGON AT

3¢5 = 5e3pm WAVELENGTH REGION.

(a)

RUN NO. 455

P, = 133 KN/m°

REFLECTED SHOCK TEMPERATURE = 1660°K

OSCILLOSCOPE GRATICULE: Y = 1,0 V/cm.
X = O.5ms/cme
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FIGURE 6413: CONTD.
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RUN NO. 403
P, = 13.3 KN/m>
REFLECTED SHOCK TEMPERATURE = 2141°K
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X Oe2ms/cme
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of the -C=C~ bonde But the shapc of the emission intensity
to the right of the peak at LeGum (notably seen in figure
6413 (b)) indicates that it is definitely a part of separate
peak of'probably another structure belonging either to the

same or another compounds However, the ratio of the heights

of these peaks was observed not to vary with increasing reaction
time,'thereby suggesting the likelihood that the two peaks

cou;d belong to the éame compound; Therefore, the infrared
emission - time profile'here could be indicative of the

time variation characteristics of the formation of any or

the combination of these polyacetylenese.

Figure 6.14 ta and b) show the plots of the iﬁtehsify
of the infrared emission at u.@um against the observation tinme
in the reflected shock region at feflected shock températures
of 1400 - 2?OO°K for various initial concentrations of acety-
lenes The correéponding experimental conditons for each of
the runs used in the plot.are stated in table 6.15, The
intensity - time plots show that at all thetemperatures
investigated, the intensity of the emission increased with
observation time to maximuim and then started to decay; the
intensity became progressively weaker as the temperature
increased. The variation of the intensity of the emission
at 4.6pm with time showed a regular pattern and those i}regu—
larities displayed by the intensity - time plots in the lower
spectral region were minimum here. This might be due to the
difference in the stretching modes of the terminal =CH and
~C=C~ bands in the different alkynes, and moreover since

~CZC- band in acetylene itself is infrared inactive herc,

this would further lessen tho complexity in the emission
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Table 6.15 Experimentalhconditjcm for emisgion results ..at 3¢5 = 5¢3pm
Run Initial ‘Concentra-~ P H,.in P Incident| Density] Reflected| *Reflected Reflected
on pressure | tion of C,H, L*l. 2 b shock ratio, pressure shoilj b shock .
PCgHg velocity 51 ratio ¥g53 | pressure,‘s Temperature
KN/mé moles/litre % mm/msec KN/m® 9K
451 04930 3.782:030°% | 4.3 | 7647 0.8085| - 7.010 | 32.536 606 1400
453 | 0.898 3,608 © 46.0 | 78,0 | 0.8635| 7.507 | 39.166 703 1570
455 04665 2.673 " 49.2 7860 0.8912] 7.740 42,734 568 1660
454 0.798 3.207 " 51.7 | 79.2 0.9153 ‘7.932 45.956 733 1740
52 0.765 3.074 » 0 53.9 | 80.0 | 0.9466] 8.175 | 50.323 770 1849
L58 0.732 24940 1 5644 81.0 0.9801| 8,413 55.185 807 1969
403 0.665 2.673 n 62.0 | 83.33 1.037 | 8.80 63,929 850 2141
457 0.698 . 2.806 " 59.1 8l.25 1.04 8.817 64495 901 2200
459 0.632 2.539'" 653 | 83.50 1.081 9.073 | 71.157 899. 2357
461 0.599 2.405 " 68493 | 8h4.2 1.085 | 9.096 | 71.827 ° 8€0 2372
462 0.565 2.271 n 73.0 | 85,0 1.10 9.186 | 74.471 842 2435
463 0.5%2 | 2.138 © 77.6 | 85.8 1.116 | 9.269 | 77.263 822 2500
466 0.466 1,871 » 88.6 | 87.5 1.122 | 9.92 80,0 245 2640
467 Ouhle 1.657 n ioo.l 89.0 1.135 [10.60 82,2 656 2760

6L¢C
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pattern. Such a circumstance would lend less confussion té
the interpretation of the results at this spectral region
than at particularly 2.6 - 3.0@um where the emission intensity

of both acetylene énd its reaction products are very strong.

Vhile it is not possible from these megsurements to know
which.of the polyacetylenes are present, however there seems
to be a general concensus amongst majority of the previoug
investigators of acetylene pyrolysis at both ordinary and
shock wave temperatureé that Can (where n is 2 or 4) is -

. the most abundant of the acetylenes that are found in the
reaction productse Diacetylene, CQHZ’ is the most favoured‘

polyacetylenes tend to decompose

A
further to diacetylenellz .

product since other C
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70 Flucidation of the mechanism of acetylene pyrolysis.

L7l T Mechanism of acetylene pyrolysis

The pyrdlysis of other hydrocarbons are known to result
in an eventual production of acetylene, before finally decom-
posingAto 'éarbon ' and hydrogen. But the controversy over
many decades now has centred on the last step leading to the
final decomposition products (carbon) of hydrocarbons, It is
in connection with this that the elucidation of the mechanism

of acetylene pyrolysis is of considerable interest,

The decomposition of acetylene is complex and many
suggestions have been put forward as to its nature; some of
these have been discussed carlier in section (leH)es There
is conflicting evidence as to the route by which acetylene
decomposes. The product distribution of acetylene pyrolysis
differs according to the temperature range investigated,

For example, Bauer153 studied thé pyrolysis of acetylene in
the shock tube between 1150 - 1450°K but detected neither
-vinylacetylene nor diacetylene at reaction times upto 1lms.
In contrast Aten and Greene 23y 2k found small quantities
of bofh in their investigation between 1400 =- 2500°K. In
addition shock tube studies utilizing the time of flight
mass spectrometer34’ bl have also detected higher polymers
at temperatures between 1800°K and 2700°K; these polymers
were found to decay to yield carbor. This strengthens
further the argument of Gaydon and ‘.Nolfha\rdl'sl+ that formation
of solid carbon resulted from the cracking of rather higher

polymerse

However, despite much controversy provoked by the

mechanism of acetylene pyrolysis, certain features are now
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well established. A number of experimental recsulis 25, 41,119
indicate that acetylene is congumed through a simpic bimole-~
cular polymerization reaction to form vinylacetylene and
diacetylene; the former being the sole primary product at
lower temperatures (< 1500°K),

C,H, £ CH, 5 C'AHA

whereas the latter is favoured at high temperatures,

CEHZ + CEHZ ' 3 C4H2 HZ

At present, there is overwhelming evidence available in

favour of a radical mechanism for the decomposition of acety-

lenee Many researchers 23y 2hy 29-31y 115y ye observed

that the decomposition of acetylene is preceded by an induc-

11l-2

tion period, which is greaﬁly lengthened by the addition

¢l nitric oxide or eliminated111 by the addition of radical
generating substances. Several mechanisms have been proposed
to explain these observations, and in particular a number

of suggestions have been made as to the nature of the second-
order initiation steps. Possible initiation-réactions may
include a bimolecular reaction of acetylene to give an excited
molecule of acetylene in the triplet state or a triplet or

126 - 8

biradical species. , the bimolecular reaction to give

e 41, 129, 130

the €, He and H and bimolecular disproportiona-

L3
tion reaction of two moleculers of acetylene to form an
ethynyl (CZH')'and a vinyl (CZHB) radical t&ls 131

However, from the fact that nitric oxide inhibits, while

the addition of rapid radical producing agents - diacetyl and

111

ethylene oxide -~ gives rise to acceleration of the reaction
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rate, it 1s therefore, established that a radical chain
reaction actually takes placee In this study the induction
period observed at 2.0 -.2.?pm confirms that a complex c¢hain
reaction is involved. Hence the discussion below is limited

to radical mechanism,

7elel, Initiation step

For a free radical mechanism, the following initiation

steps have been proposed for acetylene pyrolysis,
478.8 KJ/mol

(7.1) CH, _,CH" +H

(7.2) C.H, + C.H

* /.
oHp + Colly 5 iy + H 19049 KJ/mol

(7:3) G H, + CoH, _, C,H® + CoHy 315 KJ/mol

" where the heats of reaction, AH are calculated from the data
of reference 125, If the initiation reaction were to be
slower than all subsequent reactions and does not result in
the setting up of a propagation chain, then the overall rate
of the reaction will be equal to the rate of initiation. In
such a situation, reaction (7.1l) and (7.3) will be very much
too endothermic; and whereas the activation energy of reaction
(742) may be very close to that of the overall reaction, its
pre-exponential factor will be certainly too low by a factor75
as much as 100 to 1000. Hence it would appear that none of
these initiation steps is involved in a rate determining
fashion during écetylene decomposition, but rather they could
be responsible for setting up propagation chains which would

undoubted account for the high rate of acetylene consumption

observed by many authors. For such circumstances, the overall
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rate of the reaction maybe less dircctly dependent on the

rate of initiation and the asscssement of their relative
importance becomes difficult. Hovever, for a generally accepted
overail second order kinetics, step (7.1) becomes improbable
'and hence reactions (7.2) and (7.3) are more likely to occur.

41, 112-3, 130

On this basis many authors have favoured rcac-

151

tion (7.2) while Back cénsiders reaction (7+3) to be the

actual initiation step on the grounds that reaction (7.2) could

have occurred through the following steps;
[ [ ] [ 4
CH, + CJH, CH o+ .CZH3 (7e3)

*C_H . cH, + H : (7ei4)

‘C.H ’ (7.5)

Telele : Propagation step

The propagation reactions are formulated on the basis of
the detected reaction products. As has been outlined earlier,
investigations similar to this current one have shown that
diacetylene and sometimes vinylacetylene are the major higher
acetylenes with some small amounts of hexatriyne (C6H2) and
octatriyne (CBHZ) and of course the inevitable ‘carbon!
particless On the basis that diacetylene and sometimes vinyl-
acetylene are the major high temperature products in the

130 have proposed a

pyrolysis of acetylene, Cullis et al
complete reaction scheme for temperature 1000 = EBOOOK, consis-
ting of 7 reaction steps,‘while Back131 has set out a more

complex scheme comprising upto 17 elementary reactions to

account also for the formation of other products,
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However, the complexity of Back's mechanism could be consie-
derably simplified by grouping the reactions in the scheme
into 3 different temperature regions - low, intermediate and’
high tempcratures. At high temperature region there is not
much difference between these two reactibn schemes except
tfor the different initiation éteps. Identical propagation
reactions have been suggested by references bl andlaq to
explain the formation of polyacetylenes. Some of these
reactions include the followings:

a) those leading to the formation of diacetylene

+ m* (7.50)

CEH + 02H2 > 04H2

in which the propagation may also occur as a result of the

reaction (7.6)

H* + CaHa > CHe + H, (7.6)
chH3 | (+M) 3 c#H2 + H* (+M) (7.7)
acaﬁ‘ | S C#Ha (7.8)

b) those leading to the formation of higher polyacetylenes,

CEH; S+ CH, s C#H; (7.9)
‘ ChHS' ‘ S chHl+ + H .(7.10)
chﬂ3 + C.H, ) C4H4 + c2H° (7.11)

L2 2 —_— Cely i (7.12)
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CeH, + caﬁ' \ 08H2 + H (7e13)

It is possible that some of these reactions occur through

Ways, such as:130

.CZH + 0432 3 CH, + cqﬁ‘ (7.14)
cun' | + C,H, s CgH, + H* (715)
and -
H* + CeHy 3 CeH® + B, (716)
C6H' + 'caﬂa s CgH, + H* (7.17)

The participatién of some highly unsaturatéd radicals such
as C6H3 and CBH3 has béen suggested by Géy et alll énd
Cullis et al 130 , and it is thought 13° that their com-
binatioﬁ results in coaguiation leading to the formation of

carbonaceous materialse

The infrared emission results obtained in this investi-
gation had shown the presence of =CH2, -C=C~ and -CECH _
groupse If these groups were assigned to some stable mole=-
cules, then it is possible to formulate a chemical model on.
the basis of the reaction schemes outlined above and carry

out various comparative analysese.

It is very difficult to visualize the effect that reactions
in a scheme embodying reactions (7.1) to (7.,17) will have on
product formatione. Steady-state analysis is precluded due
to the complexity of the system and hence the computer method

for solving the differential equations derived from such
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mechanisms was adopted. The principal advantage of this
method 1s that no reactions neced to be eliminated initially,
but by assessing the effects of intiroducing or removing reac-
tion steps, and/or changing their rate constants it is possitle
to predict the concentration time profiles of the various

products and hence an appropriate mechanism is identified.

From the experimental results on the variation of the
intensity of the infrared emission with time at the different
wavelength regions, matching of the simulated concentration
time profiles with the experimental intensity~time plots could

-

be made by using the following characteristis features;

i) times for the intensity of the emission ¢f the
different groups to pass through a minimum or to

reach a maximunm, and

ii) induction period before the onset of emission

at the lower (2,0-2.7pm) infrared region.

By examining the concentrat;on time profiles of the different
products (or that of -a group of related products) predicted
from the model, an assessment of the relationship between

the expe;imentally obtained emission - time profile and the

product distribution could be made.

72 Kinetic modelling of gas vhase reactions

" Studies of gas phase reactions particularly at high
temperatures, often yield complex rate laws due to the contri-
butions to the observed kinetics from several elementary

stepse This is particularly evident in pyrolysis and com-
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bustion studiez, where the fuel or fuel/oxidant can rapidly
produce significant concentrations of reactive species. The
purpose of numerical analysis of a kinetic model is to derive a
concenfration-time profile for radical and molecular species
in a reaction simulating that in the shock tube. It is often
difficult to decide beforehand on a method for predicting

the course of a complex reaction or even being sure that the
mechanism assumed is the only one possiﬁle. There maybe
alternative reaction paths which can lead to the same kinetic
observation., Therefore, in developing a theoretical model,
one is usually faced with the problems of selecting the
important reaction steps to include in the model and alco in

choosing accurate rate parameters for each stepe.

Semenov 155 has given a comprehensive survey of 'classiceal!

‘methods (such as the application of steady-state hypotlesis)

used to determine mechanisms and rate constants in reaction
mixtureses Applying such methods, an apparent rate law is
derived for a particular reaction mechanism and compared to
the experimental reéults. Further mechanisms are postulated
until the desired rate law is predicted. For complex systems
such as ehain reactions, this usually leads to the deter-
mination of values for the ratios of groups of rate constants
or to the formulation of rate constant in eqpalities. In
this way, it.is often possible to eliminate some of the pro-
posed steps from the effective reaction mechanism for different
limiting conditions. But in recent yearé,'it has become
fashionable to use computer simulation in the analysis of
complex free radical mechanism by attempting to fit data to

more detailed cheimical models; in many of these, there is the
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mistaken belief that the ability to achieve such a fit is,

of itself, an indication of the correctness of such model and
that the parameters so obtained are of fundamental significance,
rather than recognizing them as mere numerical fits which they
are. This has resulted in the proliferation of misleading rate
constants often seen in the literature. However the adoption of
complex chemical models is necessitated by the inability of
simﬁlified models to adquately describe the complexity of the
system being investigated; in so doing many hypothetical reac-
tion steps are included and these often result in large errofs-
The lagge discrepancies in the values'of reported. rate parameters
are aﬁparent reflections on the coypromise between choosing

very complex models and the ability to achieve accurate analysis.

Byrne et al158 have reviewed the various numerical methods
for handling differential rate equations forrulated from com=-
plex chemical models. The two most pcpularly used methods are
thg Snow's method;56 and that originated by Gear 159, The
Snow's method uses a standard numerical method to ihtegrate
the set of simultaneous rate equations derived from the model
and often such methods iﬁcorporate proccdures to fit rate
constants to experimental product distributionse The main
disadvantage of Snow's and other related methods is that they
make use of a quasi steédy—étate approximation when one
( or more) of the free radical intermediates becomes small.-
The errors inherent in this type of computational approach
have become increasingly apparent over the years and have
been reviewed by Edelson.157

At elevated temperatures, however, steady-state condi -

tions may not be achieved and such methods are no longer
applicables In these circumstances, it becomes appropriate
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to simulate the observed changes accompanying the reaction
by integrating sets of coupled differential equations, reore-
senting the rates of the individual elementary reactions.
These équations are coupled because the rate of each step,
éhd hence its contribution to the overall kinetics is a func-
tion of the concentration of the reactants; these may parti-
cipate in more than one elementary stepe. For any given

mechanism the rate of the jth reaction for the 1th species

\
\

|
y
| Ps s
NS Wi j ) g . iJ
Rj=KjZC.-—_Kji=11
i=]1

is expressed as:

i

The net rate of consumption of species 1 is given by the

differential equation:

_d_(_:i - % (Yij B - Py RJ‘)
dt J=1
where
NR = number of chemical reactions
NS = nuqber of chemical species
le = stoichiometric number of reactants for forward
reactions
Ci = concentration of the specie i
Pij = §toichiometric number of reacténts for reverse
reactions
Kj,Ké = rate constants for forward and reverse

reactions respectivelye.

for initial conditions, Cj (o) = Cyo,
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There the set of dilferential equations representing the entire
reaction mechanism involving NR reactions and NS species can

be written as in the form:

f (c)

[ ]
L
= A C for linear system.

The function f(c¢) can be linear or non-linear in concentration
depending on the formulated mechanism, it represents the
matrix of the rate constants, values of which are either
experimentally determiqed or estimated by using thermochemical
Qata table, Because of the large differences in the values
of the rate constants for the individual elementary reactions,
the elgments of A pose difficulty in qbtaining a numerical
~solution. Such‘a difficult system to solve is termeq159
"stiff", and the degree of 'stiffness' is a measure of the
time constants. The most serious problem posed by stiff
differential_equations is that of numerical stability. It is
in respect to this that many workers in computatibnal kinetics
have increasing;y turned to Gear's integration methodl29, The
Gear‘s method works extremely well for these stiff equations

and it is free of the problems associated with steady-state

approximationse

The integration of these d%fferentiai rate equations
predicts the variation of some obserVable.properties usually
the concentration of cﬁemical species with time, and this can
be directl& compared with experimental results., The values
for the rate constants of the elementary steps are adjusted

until a match between the two is obtained. Alternatively
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éé the computer prediction of the same properties instead
of the detailed matching of the complete reaction profiles,
For example, Bradley and Frend 26 using GCearts method
have matched the apparent rate constant for the pyrolysis of
ethane in a shock tube by adjusting both the reaction mechanisna

and the values of the rate constants, Bowman170

in his study
of the oxidation of methane behind the reflected shock waves,
matched two experimental properties - the maximum concentiration
of O-atom and the time to reach this maximum - with the
numerical computed values, By individually perturbing, the

rate constants of each reaction in the proposed mechanizm, he

was able to determine to which reaction rate the O-atcn

concentration profiles was most sensitivee.

However, the formidable task of computer fitting procee-
dures is somewhat simplified because of the availability of
such computer programs as library subroutines, and also

‘because the choice of possible rate constants is subjected

to the conStxamts that:

i) some of them are known from literature

ii) the remainder can be reasonably estimated from

similar known processes.

73 Computational method used in this work

In the reflected shock region the gas is brought abruptly
to rest and maintained at a constant temperature until the
arrival of the rarefaction wavese. Hence homogeneity could

be assumed and the reaction procecds isothermally. 1In iso-
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thermal. constant ~ volume pyrolysis the experiment is des-
cribed by sct of differential equations which4are constriucted
by the rigorous application.of mass-action principles. This
set contains an equation for each chemical species in the

model, and in each equation expresses the time derivative of

of this species in terms of the usual mass~-action products.
By assigning numerical values to all the rate constants, and
the initial concentration of the reactant knoﬁn, this becomes
an initial value prleem ig non-linear ordinary.differential
equation, As was poin?ed out in the last section (?.1),
Gear's method offers both accurate and raplid solutions to

15l

initial value problems, and has been extensively used26’

in kinetic modelling of hydrocarbon pyrolyses.

The computer program used in this work was based on the
adaptation of Gear's method (available from the NAG library
as a subrouvtine code named - DO2AJF), to the kinetic modelling

of acetylene pyrolysis. The program makes use of methods of

variable order upto a maximum of si#, in which the order and
the step~size are chosen automatically to try to obtain the
requireq accuracy with minimum computation. A set of differ-
ential equations is formulated from the proposed mechanism(s)
and incorporated to this library subroutine as an external
routine., An outline of tﬁis numerical techﬁique is described
in the NAG Library Manual;sa s while the details are §Vailab1e

in the text by Gearl99 ,

An outline of the working procedure of this program as

applied to the pyrolysis of shock-heated acetylene is given

below (in section 7+3.1)
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Tedel Computine procedurse

1) A mechanism consisting of many elementary reactions was

formulated and fed into the program,

é) Read in total number of reactions and species partici-
pating in the reaction; denote each chemical species by
a number; for example, acetylene - 1, vinyl radical - 2,

ethynyl radical - 3, vinylacetylene - Ly etc.

3) Values were assigned to the frequency - factors and the
activation energies of reaction steps in the proposed
schemes These values were either literature values for

the same recaction or estimated from known similar reactionse.

L) Read in the experimental reaction temperature (T5) and
the initial concentrations of acetylene and argon corres-

ponding to a particular shock tube condition; (the initial

concentrations of other species at time, t =Q, are zero).

5) Set the error bound tolerance for each of the species.

Y

6) Estimate a value for the initial step length; (this value
will be automatically adjusted by'the program if the
assigned value is too high‘to enable numerical solution
to be proformed within the error limit). The step_length
is a time interval which is a fraction of the total obser-
vation time for which the concentrations of the species

are to be calculated.

7) Set an upper limit for the observation time (equal to

total reaction time);

8) Calculate the rate constants at temperature (T5) for each



9)

10)

11)

12)

13)

14)

296

'step in the mechznisme.

Call the Rag library subroutine DO2AJF to integrate

over the step length and calculate the concentration

of each speciess The subroutine checks whether the
step length is sufficient to achieve the specified
accuracy in the concéentration of each species. If not,

the step length is automatically adjusted.

At each successfully performed integration, calculate

the rate of each elementary reaction.

Write out the reaction time, concentration of each

specles and rates of reaction.

Increase the reaction time by step length size and

repeated the integration from step (9).

Steps (Q) to (12) are repeated until the reaction time

equals to the total observation time limit as in step (7).

Plot graphs of concentration versus reaction time

‘for each species using a college subroutine.

N
]
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Toly. Resulte of kinctic modelling

The infrared records obtained in the infrared regilon
between 2,.0pm to 5.3pm from shock-heated acetylene and
discussed in chapter 6, do suggest that the pyrolysis of acety-

lene might involve complex kinetics.

The experimental results showed that the major structural
groups that were present in the system are =CH, =CH2, =CH- and
-C=C-o Both = CHand -C=C- detected at the wavelength intervals
between 2.7 - 3.08um and 3¢5 - 5.0um respectively are acety-
lenic bands, and since acetylene which is being pyrolyzed as
well as the major hydrocarbon products of its decomposition a1l
contain these functional groups, therefore, the comparison
between the computed concentratiop profiles and thé experi-
mental results will be‘very difficult to achieve. Hence ths
following simple and straightforward procedure was adopted;
the simulated concentration - time profiles for each stable
reaction product were examined and compared individually to
the experimental emission results., On this basis both the
profiles of the product being examined and its concentration
level relative to the other products had to be taken into

consideration.

On the basis of the literature survey given in section
l.6.2.2, the major reaction préducts of acetylene pyrolysis at
the temperatures covered in this study are known to be the
following hydrocarbon, vinylacetylene, diacetylene, hegatriyne
and polymeric (CS) substances. Therefore, any reaction schene
to be proposed must account for the formation of these procductse.
Various sets of reaction mechanism and their rate constants
were compiled from literature and from these,athe whole two sets

of reaction schemes (as in tables 7.0 and 7.1l) emerged. These



Table 7.0: : Scheme. I: Mechanism . for the Pyrolysis of Acetylene

A E, (KJ/mole) Reference
1. CJH, + G, , CH + H 10 185.2 130
2. C4H§ + CH, ______; c H, * c_H* 10 8 41.8 ' 130
3. C,H3 L, G+ 10 4 250.8 130
e C,H, + CH® ._____3 C,H, + H* 10 0.0 - 169
5. CoH, + He — canl-‘ + B 10 1.3 794 | 130
6o C4}12 + C2H° -—-———9 C6.H2 + H* . 10 8 125 _ 130
7. C,H, + H' . CH . 15 10 2742 | 130
8. ECEHS‘ : Products (polymer) 5"108 | | 30466 167
9. CH, (+M) . '_____> C,H, + Hg () | 10 ¥3 209 %173
10, CH, + M . G, +Cy (D 1not? 7742 | * Estinated
11. C'6H2' +M ey - G+ H, + M 2x10 b4 189 ' *168 )

&
o B
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02H3 5.0 x }O 70 X 4.2
7.0 X lO8 6.5 X Lol
. 8 . .
cH 10 41,8
e 1014 LheO X Lol
H, 10113 7944
1010 27.2
. 11 |
H 108 12,5
H, 10™10 35,6 X L2
Hy, + M 1014 209.0
C, +w 1.8x1017 77,2
H2 + M 2):1011‘k 189 -

Reference

131
131
130
131
120
130
167
130

© 171

*Estimated

* 168

. 66¢



SUV
were based on the extension of the mechanisms proposcd by

Cullis et alt>° and that due to Backro-

for high temperature
regimes to include the formation of the various high poly-
acetyienes. These two mechanisms were extensively tested
;énd examined by computer simulation. For more detailed
analysis secondary reactions of the initial decomposition

products and the formation of carbonaccous materials were also

considered.

Numerical integration of the differential equations
formulated were carried out for each trail sets of reaction
mechanism., In each case, the‘experimental conditions -
temperature and composition of the reactants - were used for
integration according to the procedure outlined previously in
section 7.%.1le Comparison of the calculated concentration -
time profiles and the experimental emission results was
accomplished with the aid of computer generated plots of
concentration versus reaction time for all the stable products,
Trial - and - error searches for successful combinations of
different reactions and rate data to achieve profile matching
were maae. In order to overcome the observed discrepancies
in profile matching, the technique of evaluating the effects
of introducing or removing reaction steps was adopted so that
an appropriate mechanism could be identified., After all the
various possible reaction combinations have been examined, the
following two scts of reaction mechanism -~ schemes I gnd I1 -

emerged and are discussed below,

Toliele Scheme I: Using Cullis' initiation step.

\

This scheme is shown in table 7.0; it consists of 11



301

reaction steps in which the following initial step,

+

2 CZH2 ‘ S Cl{.H; H*
‘was used. Scheme T'is a detailed version of the- reaction
meéhanism proposed by Cullis e; dﬁBoin which additional
reactions involving the sccondary reactions of the primary
products, as well as the fofmation of higher polymers Qés
examined, The rate constants for fhe reaction steps and the
sources from which they were obtained are also given in the
table. Incases where estimates of the rate constants had to
made, the choice of‘those data had been based on those of very

similar reactions; such rate constants are marked®e-

?.4.1.1. Predicted concentration'profiles of the stable

products,

.The typical computed results of the concentration - time
profiles of acetylene and the major reaction products are
shown in figures 7.1 to 7.4 at the specified reflected

shock temperatures .«

a) Acetylene

Figure 7.1 shows the predicted cﬁncéntration profiles
of acetylene from sgock—heated mixture of CZH2 and argon.
The concentrat;on of acetylene decreased with increasing
reaction time for all temperatures., The rate of decomposition
was slower at the lower temperatures than at higher tempera-
turese On thermodynamic grounds the predicted decomposition
rates at'temperatureé above 1900°K are too high and therefore
unacceptable. Hence computations beyond this temperature

needed modifications in the proposed scheme. This is

discussed later,.
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t) Vinylacotylene, Cqﬁu

The concentration - time profiles for vinylacetylene is
sﬁownAin figures 7e2e¢ The concentration of vinylacetylene
increased with reacticn time to a maximum value and then
started to fall, except for 2% CZHZ/argon in where, at tempera-
tures under 1590°K, the maximum value w28 not reached within
the set computational time limit of 3.0Oms. The time that
elapsed before the maximum concentration was attained shortened

progressively vwith increase in reaction temperature.

c) | Diacetylene, CL*H2

The concentration profiles of diacetylene (shown iﬁ figures
7+3 (a to ¢) were similar to those of vinylacetylene, excent
that in this case the maximum concentration was reached at
" much later reaction time; the time taken for the predicted
concentration of 04H2 to pass through maximum also decreased

with tewmperature ; this is illustrated by the following values

in table 7.2 o

Table 7.2: Time, tmax, taken for the computed concentration of

product to pass through maximum during the nyrolysis

of 2% CZHZ/Argon.

Reaction temperature , °K Time, “nax, (ms)
Gy C,H2
1608 2.06 -
1702 1.08 3.3
1766 069 2.6
18725 0449 1,40
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The predicted concentration of vinylacetylene was generally
higher than those of diacetylene by a factor of 103 at

T418750K, but at '1‘>1900°K, C rapidly builds up and decays,

uiy

while the concentration of CL\LH2 increases and exceeds that of

CQH#.

d) Polyacetylenes

The coﬁcentration; of C6H2 were insiginificant relative
to the other compounds, The computed concentrations of
these polyacetylenes increased gradually from zero at the early -
stages of the reaction but later acceleratedes The plot of the
computed concentrations of fhe rolymeric product formed by the
recombination of two vinyl radicals to 04H6 denoted by 'poly-
mer' is shown in figures 7.4 « These figures Ehow that the
-plot displayed a characteristic\induction period during which
there was 1little change in the concentration levels of these
products. The length of the induction period decreased with
increasing temperature in the following manner for a reaction

mixture of 2% acetylene in argon:

Témperature, °k . Induction time, ms (computed)
1508 1;255
1608 . 04830
1875 | — 0.600

The values predicted by this scheme showed that the concen-
trations these polymeric products and 'carbon' particies were

quite substantial.
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. * . .
Telioelals Comparison of experimental with modelled results

obtained by scheme I,

Comparison between the modelled profile and:

i) The acetylenic =CH and -C=C- functional groups
‘at the wavelength intervals 2.60 - 3,08pm and 3¢5 - 5.3pn
respectively.

The predicted concentration profiles of acetylene at all
temperatures do not bear any resemblance to the emission
profiles at any of the four spectral regions investigated.
Since acetylene was present initially in the reaction mixture,
it would be anticipated that at least, at the region 2.60 -
2.08pm, where the vibrational frequency of =CH group in acety-
lenz is known to exist and is particularly strong, the infrared
emission profile should have becn identical to the predicted
concentration - time profiles, for acetylene. This discrepancy
has been discussed earlier in section (6.2.0) and the only
possible explanation is that due to high rates of formation
of other alkynes, the infrared emission follows the concentraF

tion profile of these productse.

The predicted concentration profiles for both Cqu’ and
CQHB’ are identical to the emission ~ time plots for =CH and
~C=C- groupe. However, there are disérepancies between the
different times at which the computed concentration of these
compounds passed through maximum and those for which the

infrared emission reached maximum value before decaying. These

times are shown in table 7.3

The other compounds containing both =CH and ~C=C- groups
are C6H2 and CBHa but their predicted concentration profiles
did not follow the pattern of the emission time plots, and

* s s . 2 < s . . .
This is based on the assumption 2 that the emission intensity is
rrepartional to the concentration of the emitting species.
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Table ?.3: Time taken to reach maximum value by emission
due to CH and -C=C- groups and the computed

" concentrations of C,H and CH,.
. Lol [ 2

tmax (ms) for
Reaction tem- | @ CEHZ L f Infrared emission .| computed
perature, °x . Argon *° due to | concentrations
of
=CH —C=C- Cth CQH2
1395 5 262 2.0 Ko naxima
1592 2 : 2.0 - 2445 -
1583 5 - 1ok 1.18 | 3.C%
1766 ) 2 102 - 0069 2.50
1740 . 5 . - OQ8 - 1042
1875 : 2 0.8 - 0.49 leg0




Table 7 4: Time taken for Experimental

and modelled concentrations

maximum value

313

emission at 3.32pn

of C,H, to reach

5y

* Pemperature, Time takeng*to reach maximun (ms)
O Experimental Predicted
=CH2 Emission Conce of anq
1588 1.8 2.45
1702 1.8 1.20
1766 1.0 0.69
1875 0.8 0.49
1972 008 O.l}O




Sl
morecover, cven if they were formed, the predicted concentra-
tion lecvels for them are so minute relative to those of Cth
and C, 4. as to have any significant influence on the intensity

42

of the emission at these wavelength regionse.

ii) =CH2

The only major product in the model that contains double
bond structure is vinylacetylene and c,Hg if it is assumed 8
that the product formed by the reéombination of two vinyl
~radicals is butadiene. The predicted concentration profiles
for both of these compounds.from reaction scheme I did not
precisely match the emission profileé at temperatures under
1702°K, especially the characteristic fall in the intensity
of the infrared emission which preceeded the observed peak
broadening'phenomenon. But the general trend of increase in
emission intensity with time to pass through maximum closely

matched the profiles of ChH An example of such profile

4.
comparison is shown in figure 75 at T = 1875°K. Time taken
for the emission intensity at 3.32pm to reach maximum is
compared with the predicted tmax for the concentration of

'vinylacetylene and diacetylene in table 7.3.
iii) Polymers

The predicted concentration profiles of the polymeric

product formed from the reaction

ZCZH3 > products

showed a characteristic feature of induction time which closely

matched the experimental induction time obtained at the

wavelength interval 2.0 - 2.7pm. Since no other products
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displaycd such induction characteristics similar to the
‘experimental induction time, it could be assumed that these
ﬁolymérs are responsible for the emission results at the

ﬁavelength region under 2.7pme Table 7.5 illustrates this fact.

Table 7.5: Conmvarison between experimental and computed

ITnduction times

Temperature, Induction time,  ms
°k Experimental Computed,
1508 1.20 1.255
1592 l. O 1. O
1875 - 0600
1896 " 0,70 -

At temperatures higher than 1975°K, the extended Cullis
model failed to produce satisfactory concentration - time
profiles for any of the products; at high temperatures and
for reaction time as short as O.5ms the predicted rates
became too high, and the rates of consumption of these products
exceeded the rates of their formation and hence computation
beyond O.5ms reaction time was not possible. The results
modelled from scheme 1 and shown in tables (7.3 to 7.55 show
that at temperatures under 19?2°K, the predicted concentration-

and C

time profiles for CAHA, CI*H2 H6 were very similar

A

to the experimental infrared emission records. But at higher

temperatures the predicted rates became too high and the,
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scheme failed to produce satisfactory concentration profiles
for the major reaction products, and this necessiated the
re-examination of certain reaction steps by observing the
effects of thelr withdrawal from the scheme. Such tests

proved that the secondary reactions involving the primary
products are mandatory inorder to explairn the observed profileé.
Withdrawing such reactions as (R9-11) from the scheme shown
in table 7.0 .had significant effect on the concentration =
time profiles of the reaction products; their profiles did not

pass through maxima when the secondary reactions were not con-

slderedes The inclusion of reaction (9)

K )
Cqﬁu 9 C4H2 + 5, .(9.

was based on the experimental findings by Cullis and Franklinll2

at temperatures upto 1300°K and the suggestions by othersl10,118
that vinylacetylepe formed at the early stages of the reaction
was being converted to diactylene. This reaction was assumed to
be indentical to;

Y — Gl v K

and the value of K9 was estimated on this basis.
A

The participation of secondary reaction (1Q)

¢, —— CH v G (10)

during the pyrolysis of acetylene has been suggested by Kozlovw
and Knorre25 to be important at high temperatures. They have
explained the decrease in the decomposition rate of acetylene

at higher temperature in terms of two main reactions(a) and (10)
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Ca“z + cZH2 5 c4H2 + HZ | (a)

and

C,H, o 5 CHy + € (10)
In which reaction (a) is the initial reaction at low tempera-
‘Atu:es. But as the temperature increases the rate of reaction
(10) vegins to exceed that of its acetylene formation; this
leads to a transition in the high femperature regions and
results in thermal decomposition of acetylene taking place

mainly on the carbon participles.

Similar tests showed that the following reactions;

¢
202H3 3 product (C4H6)
CéHé + CZH. 3 C8H2

CH, (+ M) (+M )

g ¢

+ H

2

_ 8

become less important at T}tléOOOK; their withdrawal enabled
the computation to be carried out upto ZQOOOK. Computations
performed with the exclusion of these reactions did not

predict tmax for the formation of C H s while the concentra-

R

tion - time profiles of C and C6H2 were similar to

w2
experimental resultses The concentration - time profilés for
the differént products using this modified version of scheme I
are shown in figures(7.6 to 7.9)s. However, the predicted
tnax at these4temperatures were guite outsidé the experi=-

mental values. Therefore, alternative reaction steps were

sought which could produce a better match between the
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predicted and experimental tmax « It was found that using

the initiation step suggested by Back,l31

202H2 5 C2H3 + CZH
in the place of
2CZH2‘ 5 04H3 + H

due to Cullis et .a1130,,reasonable high temperature results
were obtained., Alternative version of scheme I in which
the Back's initiation reaction wac used is designated as

scheme 1, and is discussed below in the next section.

7ehe2 Scheme II1 - Using Eack's initiation step

In this scheme the initiation step in the decomposition

is a bimolecular disproportion Treaction to give CaH' and
CZH; radicals 131, The proposed reaction meghanism is
shown in table 7.1 and as in scheme I, the secondary

reactions were considered,

The computed concentration - time profiles of the
major reaction products from this reaction scheme is shownin
figures (7.19 to 7,14) at different feéctioq temperatures. As in

scheme I, the predicted concentrations of Chﬂh’ CQHE’ CGHZ

and carbon increased with reaction time and at temperatures
from 19500K and above these concentrations passed through
maxima. The concentration profiles of acetylene decreased
with time. At temperatures upto 1740°K, the rate of decrease

was very small but the rate increased rapidly at higher
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L}

temperafures. From temperatures around 2100°K, the computed
results showed that CZHZ does not undergo any appreciable
decomposition after about 2.,0ms. Thus showing that scheme I1

is thermodynamically more feasible than scheme I,

The plots of the predicted concentration - time profiles
of acetylene and the reaction products at various temperatures
for reaction mixture of 2% and 5% of CZHZ in argon are shown

in figures (7.10 tb 7.14 ) and labelled as follows:

figures(7.10 a & b ): showing the dependence of concen-
tration time profiles of CZHZ on reflected

shock temperature, B

figures(?7.11): showing the variation of cohcentration
time profile of vinylacetylene with reaction

temperature,

figures(7. 12 a & b): showing the concentration - time
profiles for diacetylene at different tempera-

tures.

figures(7. 13 a & b): showing the concentration - time

profiles for hexatriyne.

figures(7. 14): showing the increase in quantity of
carbon yleld with temperature during pyrolysis

of CZHZ

A comparison between the emission time plots for both
ZCH and -C=C- groups in figures (6412 & 6.14) and the predicted
concentration profiles in figures (7,10 a &b)for CZHZ do not show

any similarity. And therefore like the previous reaction
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" mechanism (scheme I - table P,0) the concentration profites
of C?Ha during its pyrolysis modelled according to scheme IT,
assuming Back's initiation step, does not indicate any agree-

ment with the infrared resulise.

At temperatures uncer 1950°K, the results modelled
according to scheme IT for the major reaction products shown
figurs 7.11-14 did not pass through maxima for the average
computation time of 3,0ms; this is contrary to the experi-~
mental observations at the wavelength regions between 2.75 -
5.2pm in which the infrared emissioa frow the different
structural groups were seen to pass through maxima. But at
higher tecmperatures, the preszicted veriation of concentration

with time for vinylacetylene and ciacetylene exhibited the

' same profiles as the experimciutal emission - time plots -

that is rising to a maximum and then decayinge

At temperatures upto 1900°K, the rate of formation of
CGHZ’ as shown in figure (7. 13), was slow but it rapidly
accelerated at higher temperatures to display similar concen-

ﬁration ~ time profiles as C The tredicted yield of

4H2.
tcarbon’ was characterised by a very slow initial rate of
formation for all temneratures except at T:>2357°K,.where

the build-up in its concentration staurted at very short reac-
tion time (figure 7. 14). The results of computational
simulation using the reaction scheme 1II p}edicts that for

all temperatures modelled the maximum level in the concen-
trations of diacetylene and heiatriyne increased with tempera-

ture and as a result the highest concentration levels of these

products were obtained at the highest temperatures. On the
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contrary for vinylacetyleme, further increase in temperature
beyond 176OOK, led to a decrease its concentration levels,
and as a result above EOOOOK, the formation of vinylacctylene

was negligible.

Comparison between the experimental and the computed

results obtained from scheme II is summarized in table (7. 6).

Table 7.6: Comoarison of experimental & results modelled from IT ~

Reaction %CZHE Time Taken to  Reach Maxinum, ms
tempera= in Experimental computed concentration
ture, %% | argon | - Ce= ol
=2CH -C=C CQHQ_; CqHa C6H2
T<< 1950 NO MAXTIHA
2100 2 1.40 - 1096 2.55 -
2141 5 - 0.80 630 0.80 1.08
2200 2 006 - 1027 1.6? -
23?0 5-0 - 0060 - Oo l} 0060
2500 5.0 - O.l+ - 0030 -
= CH2 and Cqu
1702 2 108 -
1972 2 0.8 345
2090 2 1.0 1.96
2220 2 0.6 1.08
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ZeD. Tiscussion of the lkinetic models

N In general there are lots of discrepancies bcetween

the computed,results of the concentration - time profiles

of the individual hydrocarbons and the infrared emission
plots. ‘This is an indication that other reactions are
undgubtedly occurring during the simultanebus polymerization
and dehydrogenation of acetylene. Apart from those reactions
leading to the fprmation of the pfoducts considered in
schemes 1 énd II,'othér side reactions resulting in the
formation of some other products,'unaccounted for in -these
models ;annot be ruled out. For example, Bradley and
K.'Lst:].akowskysbr have fqund high acetylgnic polymers of mole-
cular weight (CZHZ)n, n upto 4, dﬁring the pyrolysis of
acetylene at temperatures between 1800°K and 2700%K. Hoviever,
becapée the detailed knowledge of the structural sdmpositién
of these polymers are not well-known, it was therefore not
possible to include some of them in the modéls, and this
makes it very difficult to expiain the complex pattern of
the-infrared emiséion plots. Hence the discrepancies between
the modelled and the expcr+mental regults, outlined in table

(7.7) and figurss 7.1- 16 could be largely due to this reason,

From the comparison given in table (7.7), it is apparent
that the results obtained from the model using scheme I gave
a better approximation to the experiﬁental results at
temperatures upto 1900°K, than the prediction obtained from
scheme IT. At temperatures above this, the results from

scheme II were closer to the experimental infrared profilese.

This is illustrated in figure 7.16 in which the
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TABLE 7.7: . Comparison beuvween modelled and cxperimental results

Schene I Scheme 1II

a) = CH2 emission plots and the predicted concentration-
time profiles for C4Hh'

i} at TS1766°K: The results modelled from both schomes (I&II)

' .were not capable of predicting the observed initial
decay of the infrared emission at 3.32 um, which was
accompanied by‘the broaden;ng of the peak widthe But
the time for the infrared signal to pass through the
secondary maximum (that is the highest value of tmax) was
‘predicfed.ffom scheﬁell. Schene iI did not predict

any maxima at these temperatures.

ii) T = 1875 - 2220°K.

The predicted,conceﬁtration-time No tmax predicted at

profiles upto 19?2°K, for chnq lower temperature, the
had similar contours to the © concentration-time
experimental emission results, profileg did not pass
Figure 7,5 a) shows such éro- through ~ maxima at
file matchinge. : temperatures under
Baéyond 1972°K the predicted 1900°K.

rates-of consumption of 04H4 At temperatures above
largely cxceeded its rate of = 1900°K, the predicted
formatione. thax was very much

longer than the experi-

mental value.
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b) = Cli and the computed profiles for CIHQ’ CqHP and CGHE
Tho predicted tmaxfor these products using scheme I was
closer to the experimental results than those predicted
from scheme II. At temperatures upto 1900°K, the predicted
time (tmax) for Cqu was closest to the experimental
results than the tmax for C4H2 and C6H2° At ZZEOOK, the
predicted tmax for CL}Ha and C6 > Were nearer to the
experlmental value as the concentration of Cqﬂh because
negligible. '

) -C=C -~ and- C\H) qne and CcH,

Cullis’ 1n1t1at10n (scheuel) Back's 1n1t1atlon (scheme IT)

| 1) 1740°K; Predicted tmax for The predicted concentratlon-

L4
but nearest to the experi-

C ., was slightly higher time profiles for C,H,, C4H2

and C6H did not reach

mental value than the meximum at t£ 3.0ms.

correspondings for C, R

L2
and C6H2.
o} . t _ -t : .

ii) 1950°K; Predicted max for “max for C4P4was higher
C6H2 was near to the’ than the experimental but
experimental value and was nearer to it than ‘max for
followed by that for C4H2; CqHZ’ 06H did not reach

. maximum at this temveraturec,’
tmax for C,H, was very s °

Ky

l small,

iii) 2141°K; Predicted tmax very | Predicted.tmax for 04H2

much lower than the corres- equal to the time for -C=C-
ponding experimental values emlssion to reach maximum

for C| H and 06H before decayinge ‘Tﬁax for

L l+, 2
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iv) 2196°K; same as in (iii)

v) 2357°K; same as in (iii)

d) polymegict Substances

Induction times predicted

matched the experimental
emission profile at 2,0 =
2.7 pm wavelength region at

lower temperatures.

339

'66H2 was higher than experi=

mental.

Predicted tmax for C6H2 and
0432 closer to the experi
mental.

Predicted tmax for C6H2
equal to the experimental.

value.

Also predicted induction
time at lower temperatures,
but did not match with the

experimental .yalues.
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computed concentration profile of diacetylene at 2141°K has
been compared with the infrared emission records in figure 6./3(b)
for ~C=C- group af 2.5 - B.BPm. There is excellent agreement
between the computed results from scheme II and the experimental
infrared record, in which theitmaXpredicted by the model using
Back's initiation step coincided with the experimental time

at which the intensity of the emission passed through maximum,
In order to facilitate visual comparison figure 7.16 was plotted
' by appropriately scaling the data;vthat is by equating the
maximum concentration,ofthe product fo the maximum intensity
of the emission at the same conditions.éf temperature and

‘initial acetylene concentration.

Thé modelled results show that of all the acetylenic hydro-
carbons formed.at temperatures under 1900°K, the vihylacetylene
pfofile gave the nearest mafch to the experimental data for
both the ZCH and -C=C- emission plots. But at T» 1900°K, the
predicted concentration - time profiles for diacetylene and
hexatriyné, CGHE, were approximately similar to the emission -
time plots due -C=C- stretchings Generally, the computed

profiles for C and 06H2 were closely matched to the

H CH
by 2,
emission plots for -C=C- than for those due to =CH at 3.04pm.

It is thought that the significant contributions to the emission

at the latter.WAVelength position by acetyléne was responsible
for such differences., ‘

The emission infensity at 3.22pm and 3.32um due =CH2 and
=CH~ stretchings~was assumed to be entirely due to-thgspresence
of vinylacefylene, but the computed results do show that this
might not be exactly so especially at temperatures under

1766 OK, where the experimental observation showed that
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two marima were present = the first one being a smaller
maximum and its decay was followed by the broadening of the
peak width, It is believed that this phenomenon, as has been
discussed earlier in section (6+8+3), is an indication that,
at least at lower temperatures, other compounds having either
multiple double bonds or other complex structures, whose
stre;ching frequencies lie very close to 3.22pm, are formed.
Thg presence of such other compoﬁnds would result in a shift
in the position of the peak due to conjugation effect. More
welght is added to this suggestion by the results of the
kinetic modelling which confirmed thét the formation of higher
polymeric compounds are preceeded by an induction period, .
the41ength of which accurately matched tﬁe experimentalA

induction time, T at the near infrared region. . And as

ina’
was pointed out in the discussion on the results of the
emission records at 3.05 - 3.49pm there was an agreement
between ‘Eind and the time for the secondary rise in the
intensity of infrared emission corresponding to the point of
the start of peak broadenings. One of such compounds is

thought to be the polymeric product formed by the recombination
of two vinyl radicals =~ prébably'CqH6, a compound'which has

multiple (two) double bonds.

The discrepancies in the modelled results from tﬂe two
schemes at L9w and high temperature regions could be as a
result of changes in the concentrations of thé radicals. At
high temperatures CHHB and other higher radicals will become
largely dissociatéd and the chain will be carried by hydrogen

atoms and smaller - CZH' radicals. This relative concen-

[ ]
H
C2 3
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tration of CaH; and CEH‘ radicals becomes a complex function

of a number of compeling reactions. High temperatures will
favour the formation of CEH' radicals, which is formed by

abstraction from acetylene, while addition reactions to CZHé
]

either by hydrogen atoms or of larger radicals followed by
deconmposition having a lower activation energy will become more

pronounced as the temperature is lowered. This might explain

-the reason why the termination reaction,

2 CEHB o '. 3 pféduct

becomes less important at high temperaturese As has been noted
eariiér, the rates predicted by scheme I become too high at
hiéh tenperatures and therefore noﬁ capable df predicting the
high'temperature product distributions, while the coﬁverse is
true for scheme II, Tt would, therefcre, seem that there arec
two possible initiation steps which take piace during.the
pyrolysis of acetylene over such a wide temperature range. One
initiation step -
2C2H2 — C4H34 .+ H*

which is thefmodynamically favoured, together with reactions in
scheme I being capable of adquately explaining the kinetics of
the system upto about 1900°K; while at higher temperatures, an

alternative initiation step.

ZCZH2 5 CZH + CZH3

and the reactions in scheme II give a better description of the
reaction kinetics than the first scheme. This suggestion is

quite feasible, Dbecause when two competiting reactions occur
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simultaneously the onc with higher, not the lower, activation
encrgy tends to become dominant at high temperature. Although
the initiation steps might not be kineticélly distinguishable,
on the basis that either would lead to an overall second order
reaction for the pyrolysis of acetylene, nevertheless, it is
likely that several changes in the mechanism must occur over
such a wide temperature range embodied in this investigatioen.
And .the reactions outlined in schemes I and.II can account
for such changes at ﬁifférent température fegiéns vithout

altering the main kinetic characteristicsa

However, although it is possible that changes in the
modelled product'distribution with tempefature.follow ﬁhé cﬁange;
in the relative concentration of these radicais, buﬁ a lot of the
discrepancies also arose dué to tﬁe lack of the exact'knowledge
of thé values of the rate constants for the elementary reactions
involved. Large'errors are definately introduced not only in
the estimated rate data, bﬁt also in the rate constants of most
of the eiementary rezactions s nce mdét of the data available

in the literature are based on low temperature investigations.
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Conclusions

From the results on propane pyrolysis and the corresponding

discussions, it maybe concluded that:

1)

2)

3)

&)

5)

6)

“75

the thermal decompoéition of probane behind the
reflected shock waves at temperatures between 1200 -
2800°K and total reaction zone p?essures of 5 - 15 atm
(505.4 = 1516 Kil/m®) yitlded a first order kinetic

8eXP(-1?6.2KJ/RT) g1

expression, k = 1,79x10
At the stéted experimental conditions very high
percentage of propane decomposition was maintained
between reaction times of 0.2 to 3.5ms.

Increasing fhe_temperature of the pyrolysis of propane,
increased propane decomposition, and at temperatures

above ZOOOOK, total>decomposition of propane was

achieved. |,

The major rceaction prodﬁcts are acetylene, ethylene
and methane, in the order of'decreasing importance.
Snall qﬁantities of ethane and propylene were

detected only at temperaturesbelow 1500°K.

The product distribution showed.a marked difference
fgom those reported by other investigators (mostly

at temperatures lower than thase covered in the
present study). Acetylené, which has been always
described a5 a 'minor' reaction proguct at lowepr
temperatures becomes the principal gaseous product at

temperaturces above 17OOOK.

The appearance of CZH anmongst the reaction productsl

2

corresponded to those temperature range at which the
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yields of propylene and cthane, and to a lesser

extent that of ethylene, showed rapid declinc,

8) The yield of acetylenc reached maximum at the tempera-

ture range where the yields of ethylene and methane

_wére minimum.

'9) At constant reflected shock pressures, conversion of
propane into methane, ethylene and acetylene were
sensitive to simultancous variation of reaction time

and temperature.

10) HMaximum convéfsiéniof propance to methane (15 - 20%)
was obtained .at temperatures between 1450 - 1650°K
independent of reaction times (at least upto 3.5ms).

11) éufside-thé above temperaturc region the conversion of
propane to methane decreased and became‘sehsitive to
reaction time. The rate of decrease being steeper

towards the higher temperatures,

12) -Maximum conversion of propane into ethylene (40 -~ 50%)
was obtained at temperature range between 1380 = lBOOoK,
for reaction times upto 3.Oms; outside this tempera-
ture/reaction time range pfopéne conversion into
ethylene dropped and became sensitive to reaction

‘ time variation. ‘

13) At lower propane conversion to acetylene (<f3d%),
acetylcne yield was not very sensitive to changeé in
reaction time for t> l.5ms; but ét higher conversions
the yicld of acetylene become very sensitive to

_ prolonged reaction time (t> 0.8ms), and its value

decreascd with increase in time.
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15)

16)

17)

18)

19)

20)

21)
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The yield of carbonaceous materials calculated from
méss balance deficit showed similar trend as the
dependence of the yiéld of acetylenc on temperature,
The yield of 'carbon'! increased with increase

temperature,

Addition of ethane to propane/argon mixtures accele-
rated the decomposition of provane at temperatures

above 1200°K.

At temperatures under 1000°K, ethane does not

appreciably accelerate the pyrolysis of propane,

The accelerating influence of the addition of ethane
on the pyrolysis of propane increases with increase
in tempcrature; This is due to changes in the level

of concentrations of .the chain carriers,

Increase in the quantity of ethane added to propane/
argon mixture does not result in equal increase in

its accelerating influence on propane decompositions,

The présenca of ethane in the reacting propanc/argon
mixture did not. change the overall trend of the
dependence of the average rates of formation of the

major reaction products on temperature.

The rate of conversion of propane to methane and
ethylene in the presence of ethane, relative t6 the
same rate in its absence, decreased with increase in
temperature after about 1550°K. The extent of the

decrease increased with rise in reaction temperatured”

Rate of conversion of propane to acctylene in the

presence of ethane increascd relative to the same
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25)

. 26)
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rate in pure propane/argon mixture at all tempera-
tures,
The effects of the addition of ethane on the pyrolysis

of propane could be explained in terms of increase

in the concentiration levels of the free radicals =

methyl, ethyl radicals and hydrogen atom; especially

the latter two which respectively account for the
formation of acetylene and reduction of propane's

self-inhibiting characteristicse.

It is thought that at lower temperatures (around
1000°K) ethane will be present in iafgcly an undisso-
ciated state relative to pr0pane.and hence the much
needed chain propagating radicals in propane pyrolysis
will be mainly consumed.by reactions with ethane
insteads Thus interfering with the chain reactions.
At higher temperatures, ethane also decomposes to
increase the concentrations of hydrogen atoms and

the free radicals which will reduce inhibitions and

thus accelerate propane consumption.

Total reaction (reflected shock) pressure has

negative effect on the optimum conversion of propane

to acetylene, Increased reaction pressure at constant

reaction time (for any t>0.5ms) decreases the conver-

sion of propane into acetylene.

At short reaction - time (£ O.4ms) increased reaction

ﬁressure over 3-folds prodﬁces less than 10% change in

the propane conversion to acetylene.
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3)
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At constant pressure, the longer the reaction time,

the lower the conversion of propane into acetylene.

For optimum conversion of propane to acetylene, it
is necessary to conduct the experimcents at short
reaction times (under O.5ms.) and at total reaction

pressure under 550 KN/mZ.

From infrared spectroscopic studies it may be concluded:-

The ultrafapid scan spectrometer has been used to investi-
gate the pyrolysis of acetylene at 1466 to 2760 %k py
observing the infrared emission profiles at the.wave- A
léngth fegién.BetwéenAé;Opm to 5;3pﬁ. -In this waveiength

range peaks, whose intensity reached maximum at 3.04pm,

,B’EQPm (and 3.30pm), and'qkﬁpm, were observed. These

. peaks indicate the presence of =CH, =CH2 (and =CH-),

and -C=C- groups respectively.
23
to be predominantly due to the presence of CZHE ’ Cqu

These structures (=CH, =CH,, =CH~, and -C=C-)were thought

CqH2 and Q6H2 .
Infrared emissions from shock~heated mixtures of CaH2 and
argon at wavelength range between 2,0 - 2.7um were

proceeded by a well-defined induction period during which

no detectable infrared signal ﬁas observed.

The induction time varied inversely as the initial

concentration of acetylene.

Increase in reaction temperature decreased the value of

the induction timee.
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The temperatures at which the length of induction period
became negligible decreased as the mixture became richer
in acetylene; these were 1900°K, 1720°K and 1680°K for
initial partial pressures of acetylene of 0.266, 0.665

and 0,931 KN/m2 respectivelye.

A good correlation was found to exist between the
induction time at 2.00 - 2.70um and the time for incipient

formation of 'carbon particles'.

The rate of formation of the species emitting at low
infrared region (2.0 - 2,70um) obtained by induction time
measurements has an activation energy of 43,6 KJ/mole.

29

This is more in agreement with Hooker's results than

those of others.

At temperatures under l?anK, there was a shift in the

peak position at 3.30um towards a lower wavelength (3.22um).
This occurred immediately the intensity of the emission

at 3.,30um had past through a minimum value. The shift

in the peak position was accompained by a broadening of

the peak width.

The length of the induction time corresponded quite well
to the time, tb, at which broadening of the peak at

3¢30pm occurreds

The shift in peak position immediately after tb is a
result of the formation of secondary reaction products
different from the primary one(s), although both may

contain similar functional groups.

The rate of acetylene decomposition can be determined
indirectly from the rate of rise of intensity of infrared

emission at the early stages of the reaction.
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Arrhenius expression for second~order rate of acetylene

disappearance was obtained as:-
kK = 3.1 x 107 exp( - 136 KJ/mole), molefhlitrem94o

The obtained value for the activation energy for acetylene
decomposition, E, = 1326 KJ/mole, falls within the lower
range of the values quoted in literature; showing that
with the method of ultrarapid scan infrared spectroscopy

useful kinetic results can be obtained.

The results of the infrared emission experiments for
shock-heated acetylene indicated that the mechanism for
the pyrolysis of acetylene is a complex process. Two
kinetic models were proposed to explain the mechanism
of acetylene pyrolysis between 1500 to 1900°K and 1900

to 2400°K respectively.

Secondary reactions involving the decomposition of the
primary products -C4H4 and C4H2 are manadatory inorder to

obtain computed concentration profiles which matched the

emission-time plots.

Concentration-time profiles for the various reaction

. ‘ 1
products were successfully simulated using the Gear's 59
integration method which is devoid of steady statelimitia-

tions.

At temperatures upto 1900°K, the experimental results
were better explained by kinetic model based on the
extension of that proposed by Cullis et al’?0 in which

the initiation step KSZQZH and H°.

2 — O3

Above this temperature, the predicted rates became too
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high and the scheme fails to produce suitable concentra-
tion-time profiles to match the emission profiles at any

wavelength region studiese.

At temperatures above 1900°K some reactions becanme
unimportant and reactions in scheme II (table 7.l) based

159

on the initiation step suggested by Back were capable
of producing concentration - time profiles which matched

the experimental emission profiles,

Comparison between the experimental results and the
conputed concentration-time profiles for the reaction
species indicated that the likely products of acetylene
pyrolysis are Cqu and 04H2 _and polmeric substances -

H H6 and carbonaceous materialse
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Appendix Al & 2

List of Symbols

the speed of sound in the gas

the frequency factor

concentration of specie, i
concentration of the reactant molecule.

specific heat of gas at constant pressure

"specific heat of gas at constant volume

contact surface

hydraulic diameter of the tube.

the activation energy.

internal energy.

the fraction of the experimental gas in the driven
section of the test tube.

enthalpy of gas

initial intensity of infrared emission (that is emission
intensity at t = o).

intensity of infrafed emission at time, t
mechanical equivalent of heat.

reaction rate constant

length of the driven section of the shock tube.
molecular weight of the gas ‘
shock mach number

order of reaction

number of chemical reactions

number of chemical species

shock pressure (the subscripts defined the shock region

being considered)e.
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stoichiometric number of reactants for forward
reactions.

the universal gas constant

initial rate of reaction

rate of thé jth reaction

incident shock front ST - transmiifted shock front.

reflected shock front,

reaction time, ms

time at which the émission intensity ‘remained constant
at to.

the laboratory time

the actual observation time.

shock temperature (the subscripts give the shock
region in question).

velocity of gas relative fo the shock front,

the actual velocity of the gases in the 'shock tube.
end wall of the shock tube.

velocity of the shock front relative to the shock tube.
yeloéity of the reflected shock front.

fraction of hydrogen in the driver gas.

density of the gas ~ the subscript defines the shock
region being considered.

specific heat ratio

wavelength
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Subscripts

Undisturbed test gas ahead of the shock wave,
incident shock wave.

driver gas after the passage 0of the rarefaction fan. -
driver gas before the passage of the rarefaction fan.
reflected shock wave.

reflected shock |

incident shocke
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APPENDIX A3

‘A3l Calculation of composition from peak areas.

Let a standard mixture contain the following composition

in mole %:

let the peak area of compound Cn be Al at a given attenuation.

and the area for Cm be A, at the same attenuation,

2
Let the sensitivity, or calibration constant, for Cpe which
is used as a reference, be equal to unity, and for Cm equal

to S, then:

1}
-

ha
(Al/l) + (A2/s)

and AZ S Y
(Al/ l) + ‘Az/ s)

which simplifies to

]
n

A2 Yl - S.

Al Y2

A3, 2. Calibration for product composition

Pure samples of the anticipated components of the
reaction products were injected into the columns at the
optimum analytical conditions (as stated in section 3.4.2)
and their reggtion times noted. For different volumes of a
particular gas injected into the column, the corresponding

peak areas at different attenuations were measured.

Standard mixtures supplied by B.0.C. were used to deter-

mine the calibration constants for methane, ethylene, propylene



and hydrogen. The standard mixtures had the following

compositions in moles %;

Mixture A Mixture B
CH, 5el
CH, CH, 6.1
C,H, g 4% of o 4.0
S~ CgHg ‘g each C3He L6
. C5Hg | H, Lol
= balanceiﬁa. N2 balance

The calibration constants for acetylene and ethane were
obtained by mixing different amounts of ethane and acetylene
with the standard mixtures. For example, a typical such made

up mixture 'C' had the following composition:-

Caga 2¢5%
mixture B 94%

This gives an overall composition of mixture 'C' as followings

in mole %:-

CH4 5.08
C He 3450
CZH4 5.73
cZH2 2.50
03H8 3.76
03H6 4.32
H2 Lol
N 70.97
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In this appendix, is outlined two sets of sample calcula-

tion showing the method used in analysing the raw experimental

data to yield the results tabulated in tables kel.

The first set of calculation%(a) below was carried -

out for the reaction mixture recovered from pyrolysing pure

C3H8

in argon, while the second set was performed for mixed

feed when propane was diluted with small quantities of ethane,

Table A L‘.Ql

calculations.

shows the raw experimental data used in these

Table A L.1l: RAW EXPERIMENT AL DATA
Run Composition Reacp . Composition of shock
no e of pyrolysing tion treated mixture

mixture Pl Tgmp. time '

K al

C3H3 C236 Ar jtorn CI—II+ C2H6 CZHq CZHZ H2 03H6“3H8
223 | 3.9 0.1 |96 (95 | 1450 {041 [1416{0.20| 2410[041811e80.3 {0.9
a)

For each run, the material balance was performed on the

recovered products (as shown in Tables A 4,1:) and the hydrogen

to carbon ratio determined.

was estimated from the balance deficit.

(873

Let X be the atoms of free carbon

From table A 4e2, it can be seen that the ratic.

20.02 =
7.08

= 2.67).

2e83, which is more than for pure propane

The formation of free 'carbon!

Thus. free "carbon" is formed in the pyrolysis.

formed, then the material
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Table Adl4e2: MATERIAL BALANCE TQO DETERMINE H/C RATIO FOR RUN 91

Moles of producé

Run Component Recovered Material Balance
nos cas analysis per 100 moles of
mole % c H reacted C_H
38
CoHg 0.19 0.38 1.4 7.6
Cal'll+ 2.0 L.0 8.0 80.0
CSH6 O.4 1.2 . 2.4t 16.0
CaHa 0.12 0.24 0.24 1.8
0338 3.7 - - -
HZ 1.6 - Z2e2 4.0
Rest (Ar,N)) Rest - - -
$7.08 |420.02
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balance on carbon basis becomes 7,08 +dC ., By equating, the
new hydrogen to carbon ratio to 2.67, the value of X. could

be determined.

Hence, 20,02 2.7
7.08 + X
>C = 0.418

On this basis the amount of propane reacted, z =

7.08 + 0418 20,02 _ o

3.0 840

and then, the number of moles of each product formed per 100
moles of reacted propane can be calculated, for example,

the production of methane is,

1.26 100 - 5044

2450

while the free fearbon' atoms formed is,

00418

x 100 = 16,72 g - atom per 100 moles of

250 ===== propane reactede.

The percentage of propane decomposition is,

2050 X 100 = L40e3

s

2e5 + 347

Yield of products, defined as mole % of C3H8 converted to

product, is obtained by multiplying with a factor fc. Where

fc = C atoms in product/(C atoms in test gas)

For methane, fc = 1/3 and ethane fc = 2/%

Hence yield of CH4 = 50,4 x1/3 = 16.8

Product yield calculated on this basis was used in compiling

table Ll
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performed for run 223,

b) Similar material balance was
3.9% C5Hgy 041% CoH,

For reaction mixture containing
for propane based on

and 96.0 % arszon, the H/C ratio
shock-heating will be

100 moles of gas recvered after

21 - 6y = 8/3

<C - 2y
in 100 moles of the feed.

where y is the anmount of ethane

In this case y "= 0.1
* H/C ratio is ZH - 0.6 and from
Sc - 0.2
table A4.3 ,
HC = 1946 = 0.6 _ .09, which

7602 = 0.2
Thus free 'carbon ' is formed

is more than 2.67 for propane.

and can be estimated as before,
19.0 - 0.6 = _19.0 _ 2,79, >C = 0.3
( 7.02 - 0,2 ) +X 6.82 +DL
Hence Z , moles of propane converted is
19.0 712
= = 2,38
8 3
Therefore % propane decomposed = 2438 x 100 = 72.5
2:38 * 049

Moles of product formed per 100 moles of propane reacted

for example,

is calculated as before,
= 0018
X100 =  7.56

acetylenc produced

2.38
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The amount of 02H6 formed from-propane pyrolysis is (0+2 = Ool)
i,e (041/2.38) x 100 = L.2 moles.
Product yield was obtained as before by multiplying by fc,

in this case f_ for CH, is 1/5, and 2/5 for C_H etce
C o4 M PR 2 i+ 2

Table A4e3: Material balance for determining H/C ratio

for Run 223,

Run} Component Recovered Material balance | Moles of
NOe gas product per
analysis 100 moles
of C_H
moles % c H I
reacted,
223 CH4 " 1416 1.16 Lo64 48.73
CZH6 Oe2 Oul 1.20 Le2
CZH4 2610 L.20 8ok ‘ 88.2
CBH6 0.3 0.90 1.80 12.6
CZHZ 0.18 . 0.36 0.36 756
CBHB 0.9 - -
Ha 106 - 302 - 67.2
Rest(Ar,NZ) Rest - -
Z 702 [ 19.6
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APPENDIX A5 _ - CIRCUIT OF D.C. AMPLIFIER ¥OR OR¥. 13 FHOY CONDUCEITE CIALL FIGURE AS.1

GAIF = 430 forx INPUT IUPEDLICE = 47K

#1757 . S |
(+2[30V) TGCC““‘ ' : - +15V
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£ -—._.J_:— §4.7K
470%) ~ C <
< 3 o’y § < b7 R
Z S ouF S 0
7 i l ’l} SN l/rimx i l OutpU’s
p——  S4TOK I ; T3 5000
2.2uf—— ZN3819 i ! —H 27%37l4 | ' 4o oscilloscopt
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'Page

Page
Page

Page

"FOR P

ERRATA

46, 6th line

Insért; There are also extensive studies ......

79, Equation (2.1.6)
2 2
ror  §,u7 = U7
READ P, + QUZ = P, + §u2
1 171 - 2 272
85, Equation (3.3.6)
5 ’ e%
138, 2nd paragraph 10th line

FOR methane READ ‘'carbon!

149, last line
FOR table 4.1 READ table 4.3

169, Table 4.5 2nd column 4th line
FOR 500 READ 5000

207, Table 5.1, 2nd column 1st line |

FOR As compound READ As in compound

272
FOR HC'=C -C=CH
|
C=C-=C=2=CH
READ  pe'_c_-c=ocH .
|
C=C-~-C=CH

335, Table 7.6, 5th column at T = 2141°K
FOR 6.3 READ 0.3

352 , conclusion 9)

FOR at 3.30pm towards .......,READ to 3.30um from

373, Appendix A4 , Table A4.1, 8th column for Run No. 91

FOR 1. 6 READ 1.26
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Erratum

Kl
Page 48, line in the 3rd paragraph

They observed that the activation energy increases witkh increasiug

propane conversion,

vPége 194

(ii) two dreschel bottles (B1,B2) containing concentrated (70%)
sulphuric acid to remove PH3 and other hydride impurities

(Asﬂj, st,etc) from the acetone-free gas from (1),

(111) one dreschel bottle (B3) containing agueous (15%) potassium
hydroxide solution to remove 002 and acidic impurities: and
bubbler (B3) containing potassium permanganate solution to
A

3xige further any impurlities - especially non-metallic hydrides -

not removed in %ij,

e





