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ABSTRACT

We have attempted to understand the empirical activity order of
a variety of diesel fuel ignition improvers that, previously, have been
found to sensitize the autoignitions of hydrocarbon and oxygen
containing mixtures. Accordingly, the empirical activity order
2-Tputoxyethyl nitrate (BEN) > 2-methoxyethyl nitrate (MEN) >
di-tbutyl peroxide (DTBP) > ipropyl nitrate (IPN) has been
investigated from, first, the low temperature pyrolyses of these
materials, where the decomposition reactions of the initial pyrolyte
alkoxy radicals were found to be ubiquitously important. Second, an
autoignition study of the performance of nitrogen dioxide as an
ignition improver, that was analogous to the previous nitrate and
peroxide studies, has shown that the activities of the nitrate ignition
improvers derive mainly from the alkoxy rather than the nitrogen
dioxide moieties of these materials. An understanding of the activity

order BEN > MEN > DTBP > IPN has been advanced then based
on the various possible oxidations of the alkyl radicals, that are

produced in the sequential pyrolyses of these ignition improvers and

their daughter alkoxy radicals, and correlates with the ease of

hydroxy radical formation in these processes.
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CHAPTER 1 INTRODUCTION

(11) PREAMBLE

The petrochemical industry always aims to be competitive and
ultimately attains this through the abilities to influence and respond
to market desires. For instance, diesel fuels are now produced to
contain ignition improving additives either to make better use of

petrochemical resources or to be marketed as superior products.

Diesel fuels have been empirically formulated to contain ignition

improving additives for a long timel. This formulation has rested on

the measured cetane number improvements of a diesel fuel, that
contained a range of single ignition improvers, under standard engine
conditionsz, and features organic nitrates as the most promising class
of improver.

Recent attempts3,4 have been made, at the Thornton Research
Centre, to base the use of diesel fuel ignition improvers on a more
careful empiricism, from the autoignitions of diesel fuels, that singly
contain these additives, under simplified rapid compression conditions.
These studies are removed from the complications of the engine
cycle, that is repetitive and involves a diesel injection, and are
performed following the single stroke compression of a gaseous
premix in a rapid compression machine (r.c.m.). The rapid
compression raises both the pressure and temperature of these

mixtures to precondition an autoignition. The autoignition process is

manometrically followed from the end of compression to the ignition

)

where the phenomenological ignition delay is recorded between these



states. Various autoignition behaviours are observed in these
experiments, including the two stage ignitions, with a cool flame first
stage, and the single stagé hot ignitions, that are both observed in
static, low pressure studies®. Figure (1.1) shows the pressure-time
evolutions during and following the rapid compression of a primary
reference fuel (P.R.F.), 10% oxygen and ~ 90% diluent mixture to
(a) 17.7 bar and 650K, where a two stage autoignition is observed and
where the cool flame pressure pulse is clearly marked AP and (b)
20.4 bar and 760K, where a single stage autoignition is observed.
The figure emphasises the measurement of ignition delays (t), which
are recorded from the peak pressure reached by the compression to
the maximum rate of pressure rise during the hot ignition (the total
ignition delay). In the two stage autoignition case, this measurement
can be divided between the first and second stage delays, where the
maximum rate of cool flame pressure rise differentiates between the
two stages.

Kirsch and Selby have respectively studied the effects of
2-Tbutoxyethyl nitrate (BEN), 2-methoxyethyl nitrate (MEN),
di-tbutyl peroxide (DTBP) and lpropyl nitrate (IPN) on the
autoignitions of a P.R.F., oxygen, diluent mixture at end of
compression temperatures (e.o.c.t.’s) of 650 and 760K. The P.R.F.
used in these studies was a 7:3 mixture of loctane and Dheptane, with
a research octane number (R.O.N.) of 70. The above ignition
improvers were individually incorporated into the aforementioned

mixtures, at various mole fraction ratios compared to the fuel, and

the ignition delays of these modified mixtures were recorded
following their rapid compressions. In these experiments, the ignition

improvers always produced shorter ignition delays compared to the

identically compressed unmodified mixtures and, to compare the



Figure (1.1) Pressure-time evolutions during and following the rapid

compressions of (a) P.R.F., 10% O,,~ 90% N, (e.o.c.t. = 650K) and (b) P.R.F.,
10% O5,, 30% N,,~60% Ar (e.o.c.t. = 760K) mixtures
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effects of these materials at 650 and 760K, these shortenings are

expressed as fractions of the comparable unmodified ignition delays.
Figure (1.2) shows then the fractional shortenings in the ignition
delays, At/t, of a R.O.N. 70, 10% oxygen, ~ 90% diluent mixture,
caused by the various mole fraction additions of a variety of ignition
improvers at (a) 650 (b) 760K. These studies show the empirical
order of ignition improver effectiveness to be BEN > MEN > DTBP
> IPN, and, particularly, show the ether nitrates to be more active,

in this regard, than either the nitrate or the peroxide.

Essentially, the study of this thesis aims to provide a chemical
understanding of the behaviour of ignition improvers, according to the
above rank order, and, thereby, to identify the desirable features of
an ignition improving material.

This understanding has been approached from studies of both
the low temperature pyrolyses of the above ignition improvers and by
an experimental and theoretical autoignition study of nitrogen dioxide,
a pyrolysis product of the (ether) nitrates, that is comparable to the
ignition improver studies of Kirsch and Selby.

In support of these pyrolysis and autoignition studies, the
previous pyrolyses of ignition improving materials, the studied
chemistries of these initial pyrolyte organic radicals and the available

theoretical autoignition models will now be briefly surveyed.

(12) THE PYROLYSES OF ORGANIC NITRATES PEROXIDES
AND NITRITES

The pyrolyses of organic nitratesd (RONO»), pero:r:ides'h8
(ROOR) and the related nitrites? (RONO) have been subject to



Figure (1.2) Fractional ignition delay shortenings of rapidly compressed-
RON 70, 10% oxygen,~ 90% diluent mixtures at e.o.c.t's of (a) 650K (b) 760K.
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numerous recent reviews.

These pyrolysis studies began in the 1930s and aimed at the
manometric determination of the overall Arrhenius parameters of
these processes. On the basis of the similarities that emerged, these
pyrolyses were asssumed to be uncomplicated homogenous first order
processes, and the measured Arrhenius parameters were associated

with the homolyses of the weakest bonds in the pyrolytes. The

pyrolyses of these materials then, in each case, provide an alkoxy

radical (RO-) as an initial product.
ROOR —— 3 RO: + RO
RONO — RO: + NO
RONO2? —— RO- + NO»

These early pyrolysis studies were suggested to be Kkinetically
discrepant, however, by two subsequent developments. First, Benson,
in 195810, proposed a group additivity based thermochemistr)%< that
was later quantified for organic nitrates, peroxides and nitritesll,
Second, a large number of kinetic measurements on the pyrolysis of
di-tbutyl peroxidel? were concurrently made, and, by virtue of the

exceptional stability of this peroxide, were in remarkably good

agreement, both internally and with Benson’s new thermochemical
system, The suggestion then was that the early pyrolyses of these
material classes should have proceeded with group additivity activation
energies and, by discrepancy, had generally failed to isolate the

homolyses of the weakest pyrolyte bonds. These pyrolysis studies

were therefore generally considered to have involved a mixed

homolytic and chain decomposition of the pyrolytes and consequently

were repeated under conditions designed to eliminate this chain



complication.

This was achieved in various ways that included limiting the
pyrolyses to small extents' of reaction, the use of radical traps,
generally nitrogen dioxide or nitric oxide, and by performing the
pyrolyses at very low pressures. These studies are summarised in
table (1.1) which, in each case, shows the pyrolysis conditions, the
measured Arrhenius parameters and the method of analysis.

The first pyrolysis studies to employ radical traps were
performed by Leggett and Thynnel3, who pyrolysed diethyl and
di—ipropyl peroxides in nitric oxide and, subsequently, by Battl4 and
Bensonl?, who independently pyrolysed dimethyl peroxide in the
presence of nitrogen dioxide. Additionally, oxygen has been used as
a radical trap in the pyrolyses of di-Ibutyl and di-Pheptyl peroxides
in a recent study by Rignyld,

The pyrolyses of the nitrites were most comprehensively
restudied by Batt, who has pyrolysed small concentrations of the
methyl12, ethyll8, ipropyll9, sbutyl?0 and tamyl20 members of this
material class, to only small extents of reaction.

Non chain conditions have also been achieved using the Very
Low Pressure Pyrolysis (V.L.P.P.) techniquezl, where Benson22 has
remeasured the Arrhenius parameters for the decompositions of tbutyl
nitrite and Dpropyl nitrate. A similar study of Dbutyl nitrite was

performed by GoldenZ3,

Table (1.1) shows that the careful pyrolyses of ROX, where
X = NOj, OR or NO, occur with activation energies that, within
experimental error, are independent of the identity of R, in accord
with the principles of group additivity. The activation energy for the

pyrolysis is given then by D(RO-X)-RT, where D(RO-X) is the
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dissociation energy of this bond and T is the mean temperature of

the study. The activation energy differences between the nitrates,
peroxides and nitrites therefore reflect differences in the respective
group values of D(RO-X). The most accurate thermochemical

kinetic values for these are D(RO-NO») = 41.4 kcal mol-1 25,

D(RO-OR) = 37.8 kcal mol=1 26 and D(RO-NO) = 41.5 kcal
mol.-1 9,

(1.3) THE CHEMISTRY OF ALKOXY RADICALS

The chemistry of alkoxy radicals has been the subject of two
recent reviews?,27, Generally, the pyrolysis or photolysis of an
organic nitrate, peroxide or nitrite has been used to generate these
radicals in an environment where the reactions of this species, mostly
the decomposition, metathesis with oxygen or isomerization reactions,

could be selectively studied.

The alkoxy radical decomposition reactions have mainly been
studied by Battl7-20,28 who has independently pyrolysed a variety of
Organic peroxides and nitrites in nitric oxide and, to promote the
radical decomposition reaction, in up to 0.9 bar of carbon
te€trafluoride. These conditions allowed a relative rate measurement
of the alkoxy radical decomposition reaction against the competing
addition reaction of this radical with nitric oxide. The competition

Kinetics of the addition reaction were obtained from the pyrolysis
kinetics of the neat nitrite, together with the appropriate group

additivity entropy change for this homolysis.



ROOR ————— RO- + RO

RONO — 5 'RO- + NO
RO- ————3 Products

RO + NO ——— RONO

Varying the amount of carbon tetrafluoride showed that the
rates of the alkoxy radical decomposition reactions are pressure
dependent and consequently R.R.K.M. theory was used to correct the
measured data to the high pressure limits. In the pyrolysis of methyl
nitrite, it was necessary to offer isobutane as the competing agent for
the methoxy radical removal due to the relative stability of this
radical to decomposition. The limiting high pressure Arrhenius
parameters, obtained by Batt, for the decompositions of the
methoxyl7, ethoxyl8, ipropoxyl9, Sbutoxy20, tbutoxy28 and tamyloxy20

radicals are given in table (1.2).

The alkoxy radical reactions with oxygen have occasioned the
use, by Gutman??, of Laser Induced Fluorescence30 (L.LF.), as a

direct technique, to study this reactivity of several small members of

this radical type. Accordingly, the reaction kinetics of the methoxy

and ethoxy radical with oxygen were respectively measured between

413 and 628K, where logig (k/M-1s-1) = 7.8-2.6 kcal mol-}/RT In

10 and at 296 and 353K, where the second order rate constant

increased from 4.8 x 106 to 5.9 x 106 M-1 s~1,

The alkoxy radical isomerization reactions have hardly been

studied and mention will only be made of a recent, and elegant,

study of the isomerization of the 2-pentoxy radical by Berces3l.

The general difficulty of these studies arises from the reactive

10
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radical products of the isomerization reaction, that convolute this
reaction into other processes. Berces has overcome this difficulty by
the efficient trapping of tile isomerized 2-pentoxy radical with the
methyl radical, to produce an easily observable molecular product,
2-hexanol.

Berces then has cophotolysed both di-2-pentyl peroxide, or
2-pentyl nitrite, in the presence of excess azomethane, and
determined, from the relative yields of 2-hexanol and acetaldehyde,
the competition kinetics of the 2-pentoxy radical isomerization

reaction against the decomposition reaction of this radical.

CsH110,CsHyg + hv — 2 C5H110-
CH3N2CH3 + hy — 2 CHgj: + No
CH3(|:HCH2CH2CH3 —— 5 CH3CHO + TPr:
0.
CH3CHCHCHyCH3 —_— CH3ClZHCH2CH2CH2-
l
O OH

CH3CHCH2CH2CH2 + CHy» — CH3(%HCH2CH2CH2CH3
OH * OH

The reference kinetics were determined, as part of this study,
from the competition kinetics of the 2-pentoxy radical reactions by
decomposition or with nitric oxic?e, under isomerization precluding
conditions. Bercés then has obtained the rate expression for the
2~-pentoxy radical isomerization reaction to be logig (k/s=1) 11.,7-9.5

kcal mol=1/RT In 10, over the temperature range 279 to 385K.

12



(14) AUTOIGNITION MODELS

An autoignition model has been used in a purely theoretical and
previous investigation of the autoignition of a sprayed diesel fuel,

ignition improver mixture32. The autoignition model was based on a
gasoline engine knock model33 that was physically extended to
include the break up and evaporation of the spray, and allowed the
relationships between these physical processes and the ignition
Improver activity to be explored. This autoignition investigation
aimed at gauging the physico-chemical complexities of developing
ignition improvers for engine applications and emphasized the need to
carefully understand the autoignition behaviour of these materials in a
Physically simple situation. Our autoignition study of nitrogen
dioxide, under r.c.m. conditions, conforms to this, and, was modelled

{0 contribute to the above understanding concerning organic nitrates.

Accordingly, the autoignition properties of nitrogen dioxide

have, in this work, been investigated using a model provided by Cox

and Cole34, The Cox and Cole model was developed from an earlier
model, produced at Thornton, by Halstead, Kirsch, Prothero and
Quinn32,35, that was based on r.c.m. studies of hydrocarbon
autoignition. The Thornton model contained recognition that the
Phenomena of hydrocarbon autoignition could be understood thermo-
kinetically30, The cool flames, thereof, were considered then to arise
from a thermally driven mechanism change, effected by a thermo-
Kinetic switch, that in the cool flame quenching, decreased the
branching rate relative to the termination rate. The Thornton model
Was expressed as a generalized reaction scheme for hydrocarbons, and
Implicitly contained the accepted cool flame "peroxy radical

1SOomerization and decomposition"37 and post cool flame "conjugate

13



olefin"33 mechanisms for the oxidations of these materials. The
thermokinetic switch between these mechanisms was provided by a
varying alkyl radical reactivity towards oxygen, that switches from
oxygenation to metathesis during a cool flame passage. The Cox and

Cole model, we have used, is essentially a more explicit version of
the Thornton model, that includes an updated and more detailed
chemical understanding32,40 of the elementary reactions involved.
Figure (1.3) shows the Cox and Cole generalized mechanism for the
autoignition of a hydrocarbon with a carbon number of 5 4.

The Cox and Cole model has been appraised, in the work of
this thesis, in terms of the featured hydroperoxyalkyi radical
reactivity, This appraisal was based on a kinetic study of a
representative member of this radical type that used the pulse

radiolysis/kinetic absorption technique?l,

(15) FINAL REMARKS

This study aims then to investigate the behaviour of a range of
ignition improving materials, including' 2-Dbutoxyethyl nitrate,
2-methoxyethyl nitrate, di-tbutyl peroxide and Ipropyl nitrate, mainly
from the low temperature flow reactor pyrolyses of these materials.
The flow reactor was specifically built and validated for this purpose
and resembles a reactor of Kershenbaum and Leaney42:43, These
pyrolyses allowed both the decomposition kinetics of the above
ignition improvers to be measured and the .chemistries of the initial
pyrolyte alkoxy radical fragments to be investigated, to respectively

provide a physical and chemical basis for understanding the empirical,

ranked performances of these materials.

14



Figure (1.3) Generalized mechanism for the autoignition of hydrocarbons,
with carbon numbers > 4, at temperatures up to about 850K.
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As mentioned earlier, an autoignition study of nitrogen dioxide

as an ignition improver, that is analogous to the nitrate and peroxide
studies of Kirsch and Selby, has also been performed, and allows a
full comparison between the above nitrate and peroxide ignition

improvers.

Additionally a spectrokinetic study of a hydroperoxyalkyl radical,
the a-hydroperoxyisobutyl radical, has been undertaken to investigate
the behaviour of this radical as an autoignition intermediate, and,

retrospectively, to support our understanding of ignition improvers.

16



CHAPTER 2 EXPERIMENTAL METHODS

(21) THE PLUG FLOW REACTOR

(2.1.1) General description of the reactor

We have built a linear flow reactor specifically for the purpose
of studying the low temperature pyrolyses of a variety of ignition
improvers at high inert gas dilution. The flow technique was deemed
desirable for this purpose owing to its steady state nature, where the

pyrolysis chemistry can be temporarily resolved on a convenient

second time scale along an axis.

In general the design of flow reactors aims at creating an
environment where a chemistry can be studied free from any heat or
mass transfer limitations. Desirably then the aforementioned axis 1is
free ‘from any temperature gradients and is temporarily resolved solely
by the convective gas flow. We have attempted to achieve these
ideals in a furnace heated flow tube that contains an independently
heated metallic sinter, through which the reactor gases are passed.
The sinter is made of 22 micron wide fecralloy (an Fe/Al alloy)
fibres that have been pressed into a sheet, and serves as a highly
efficient heat transfer medium by virtue of the extensive surface
contact it provides with the permeating gases. The sinter was a gift

of Shell Research Ltd., where it has found an application in a flat

flame burner apparatus44.

The reactor gases are supplied to the fecralloy sheet divided

between the reactants and the main diluent, where the reactants are

17



directly delivered to the fecralloy surface by a cooled inlet tube and
the diluent is furnace preheated. ‘"The double advantage of this
arrangement 1s respectively that the reactants are preserved from
premature reaction and that the sinter lifetime is extended by the
minimization of its energy demands. The aims of the sinter,
therefore, are to rapidly heat and turbulently dilute the reactants,

and, by virtue of this turbulence, to establish a plug flow throughout
the rest of the reactor. The pyrolysis studies can be performed then
in this plug flow, that is isothermally maintained against heat losses
by an additional furnace heating.

It is necessary, however, to ensure that these ideal conditions
are preserved despite a means of sampling the various axially resolved
steady reaction states. An intrusive gas cooled probe, that can
traverse the central reaction axis, has been chosen for this purpose,
and allows a gas sample to be withdrawn from any axial reaction
position for chemical analysis. The probe aims to preserve the
isothermal plug flow of the reactor both convectively, by sampling
this flow at its indigineous linear rate, and thermally, by its judicious
cooling action. The latter is achieved through the ability of the
probe to sample, additionally, the axial temperature profile of the
plug flow by means of a centrally positioned thermocouple, that can
move independently of the probe itself. It is therefore possible to
explore, and isothermally optimize, the temperature profile of the
plug flow along the central reaction axis, by varying the balance
between the fecralloy and furnac.e heating.

Finally, the flow reactor has been constructed using a wide bore
quartz tube, with a small surface to volume ratio, to minimize the

possibility of any heterogenous chemistry.

18



(2.1.2) Detailed description of the reactor

The flow reactor is constructed around a quartz flow tube, F,
(H. Baumbach Ltd.) 86 cm long x 8.6 cm bore, that is horizontally

mounted within a radiation furnace and is shown in figure (2.1). A

40 cm long quartz preheating tube, P, (H. Baumbach Ltd.) covered at
one end by the fecralloy sinter, FS, is inserted, by this end, into the
upstream end of the flow tube. The upstream end of the preheating
tube, and downstream end of the flow tube, are both mounted and
sealed in bench fixed stainless steel flanges, Fl and F2, and,
additionally, these two tubes are connected by a similar "floating
flange", F3, just outside the furnace. Flanges F2 and F3 are shown
in figure (2.2), where the mechanism employed for sealing the reactor
is clearly indicated. The flow tube locates into flanges F2 and F3

and the preheating tube passes completely through flange F3, where,
in each case, a vacuum tight seal is made on compressing a silicone
O ring around the entire tube circumference. The O ring is sited in
a recess of the flange and is compressed by the movement of an
annular plate towards the flange body. This is achieved on tightening
six screws that pass evenly through the plate and into the flange.
Flange F2 is bored to allow the passage of a movable sampling probe
that is sealed in the flange by two press fitting silicone O rings.
Flange F2 is, additionally, water cooled, to preserve the silicone O
rings and possesses a protective pressure relief valve, that opens just
In excess of 1 bar absolute flow tube pressure, and also a port that
connects to a pressure measuring device. Flange F1 is similar to
flange F2 except flange F1 passes the inlet tube rather than the
sampling probe and possessses none of the additional features of

‘flange F2. Flange F3, like flange F2, contains a pressure measuring
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port. Flanges Fl1 and F3 are shown in photograph (2.1) together with
the assembled preheating and inlet tubes.
The flow reactor is separately supplied with the reactant and

diluent gases, which, in the latter case, are admitted to the preheating

tube through the inlet, I, where they are furnace preheated. The
reactant gases, however, are mainly heated by the fecralloy sheet,
where, subsequently, the temperature of the flowing and diluted
reactant mixture 1s furnace maintained.

The furnace consists of an enclosed ring of six infra-red
heaters, H, (Sun Lighthouse Ltd.) that are evenly spaced around the
flow tube at a fixed distance from its surface of ca. 4 cm. The
arrangement 1s enclosed by an evacuated, circular, stainless steel
jJacket that, together with the heaters, is mounted between a pair of
opposed sindanyo face plates (A.C.D. Ltd.).

The power supply to the furnace is thyristor controlled, with a
manually supplied set point, and employs a thermal feedback
mechanism. This mechanism operates by the thyristor taking an input
signal that represents the difference between the set point and the
output signal of a type K thermocouple (Minta Ltd.) that is in
contact with the flow tube wall. Additionally, the radiation heaters
are supplied in three pairs, where the heaters of each pair have
equivalent vertical positions and are in series with a rheostat
(Claude~Lyons Ltd.). The purpose of this arrangement is to
preferentially heat the bottom rather than the top of the furnace, to
counter the effect of convection in the large, otherwise stagnent,
furnace cavity. This is achieved by adjusting the three rheostats until
the wall temperatures around the middle of the post fecralloy heated

flow tube, that are measured by an even circular distribution of six

type K thermocouples, are all isothermal. The temperatures recorded
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Photograph (2.1)
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by these thermocouples are digitally displayed (Farnell Ltd. DTT2)
using an appropriate power supply (Farnell Ltd. D5-5A). The total

power of the radiation furnace is 7.5 kW and the reactor is protected

from accidental overheating by a thermal switch.

The reactant gases are introduced directly onto the upstream
surface of the heated fecralloy sheet by means of a gas cooled quartz
inlet tube, I, that passes through flange Fl.. The inlet tube is shown
in figure (2.3a) and is constructed from four concentric tubes
(H. Baumbach Ltd.), where an inner tube carries the reactants and is
surrounded by two outer tubes that carry a coolant. The coolant is
supplied by a rotary vane air compressor (Gast Manufacturing
Corporation, model 1022, free air flow 235 dm3 min-1) at a
rotameter set flow rate (Platon Flowbits Ltd., 2-25 standard dm3
min—1). Additionally, a fourth tube, that inserts inside the reactant
tube, serves as a jacket for a movable type K thermocouple. The
temperature of the reactant gases can thereby be measured along the
entire length of the inlet tube and is digitally displayed as before.

To ensure that the inlet tube fits through flange F1, the outermost
concentric tube is centreless ground to have a uniform outside
diameter across its length of 19.95 mm. The inlet tube then clears
flange F1 by only 0.05 mm, where it is doubly sealed by two press
fitting silicone O rings that are partially recessed into the flange body.

The fecralloy sheet is mounted on the upstream end of the
preheating tube in an arrangement that allows for an electrical heating
of the sinter and that is shown both in figure (2.3b) and in
photograph (2.2). Essentially the mounting is achieved by the passage
of a squared configuration of four nutted screws through the fecralloy

sheet, its contacts and the holed flange. The fecralloy sheet is

similarly squared, to ensure a good electrical conduction, and its
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Photograph (2.2)



electrical contacts run inside two opposed edges of the sheet. The
fecralloy sheet 1s m::)unted directly onto the upstream surface of the
flange, where it forms a i)ress fitting seal, leaving the electrical
contacts to be made on the upstream surface of the sheet by two
copper strips. The fecralloy sheet is supplied by a 13A variac, the
output of which is stepped down by a 1.6 kVA transformer (F.
Vowles Ltd.) to provide a high current supply that minimizes contact
resistance problems. The fecralloy sheet contacts are connected to
the transformer terminals by two nickel rods.

The reactor gases are sampled from the flow tube by a movable
quartz probe. The probe is of an identical construction to the inlet
tube and passes through flange F2 with an analogous fit and sealage
to that of the inlet tube in flange Fl. The probe then is
thermocoupled, by a type K theromocouple, to measure the sample
temperature throughout, and air cooled, in accordance with this
measurement, to ensure that the sample is removed without any
further reaction. The temperature measured by this thermocouple 1s
also digitally displayed as before. The probe is mounted on a
motorised drive and can traverse the centre axis of the flow tube up
to the fecralloy sheet. Photograph (2.3), like figure (2.1), also shows
the furnace/reactor assembly, and, particularly, reveals the flanging
and sampling mechanism of the reactor.

The flow rates of the reactor gases are set by‘ mass flow
controllers (A.F.C. 260 A.S.M. Ltd.) that are powered and take their
set points from a six channel read out box (A.S.M. Ltd.). A bulk
flow rate and absolute pressure of, respectively, the order cm s—1
and 1 bar can be stabilized in the flow tube by a carefully throttled
downstream pumping of the tube by an oil rotary pump (Edwards

ED50). The pump is throttled by an on-off Saunder’s valve in
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parallel with a calibrated needle valve (Edwards LVS). The reactor

exhaust is passed through a heat exchanger on immediately exiting the
flow tube. The pump then receives a cooled exhaust and expels

these gases to an outdoor area.
The pressure at each end of the flow tube is monitored by an

aneroid Wallace and Tiernan gauge that is calibrated over the range
0-800 torr. The pressure gauges are connected to the reactor, as

mentioned earlier, by means of ports in flanges F2 and F3.
(2.1.3) The inlet system.

The flow reactor is introduced to the reactant gases using the
inlet system shown in figure (2.4a). The introduction of a reactant
that is a room temperature liquid is achieved using a bubbler that
contains this reactant and that is connected to a mass flow controlled
gas supply. The supply gas is bubbled through the liquid reactant,
via an immersed sintered thimble that breaks this gas into fine
bubbles, and the bubbler effluent is subsequently scrubbed and then
transferred to the reactor. The scrubbing is achieved by passing the
effluent through a glass wool containing U-tube that removes any
contained droplets and the reactor is thereby supplied with the
reactant vapour pressure, at the bubbler temperature, in the supply
gas. The bubbler 1s immersed in a cold ice bath to ensure an even
delivery of the reactant over a period of time and the supply gas is
provided by either the main reactor gas or oxygen. Exceptionally,
for studies that employ two reactants that are room temperature
liquids, two bubbler systems are operated in parallel and their

respective effluent gases, both after scrubbing, are premixed in a

vessel before their admittance to the reactor. In either case the
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reactant gases are transferred from the mixing vessel to the inlet tube

by nylon tube.
(2.1.4) The sampling and analysis system.

The sampling system is shown in figure (2.4b) and enables a gas

sample to be removed from the flow tube and subsequently analysed
by gas chromatography (Perkin Elmer PU4500 F.I.D. detection)., The
gas sample is continuously withdrawn from the reactor using the
movable probe under the action of an oil rotary pump that 1s
throttled by a further mass flow controller. The sampling 1s exactly
throttled to occur at the bulk linear flow rate and transfers a gas
sample to the sampling system, via a flexible nylon tube coil, through
the sample loop of the gas chromatograph (g.c.) and subsequently to

the pump.

The gas chromatographic analysis of the reactor gas is
performed using a system that is respectively apriori understood for
its separation characteristics and apostpriori calibrated. These pre and
post-requisites require the gas chromatographic analysis of a variety
of gaseous standards that are, formerly, the suspected components
and, latterly, the known components of the reactor gas mixtures.

These gaseous standards are analysed after their presentation to
the sampling and analysis system under evacuated conditions. This
system 1s evacuated up to and including the sampling loop by a
pumping arrangement that consists of an oil rotary pump (Edwards
ES35) and a two stage mercury diffusion pump that is isolated on its

high and low vacuum sides by a pair of liquid nitrogen maintained
cold traps (77K). The rotary pump serves to back the diffusion

pump, in a combination that respectively provides a soft and a hard

31



evacuation of this system, where the traps both protect the pumps
from the removed gases and contain any mercury vapour that escapes
from the diffusion pump. To improve the pumping speed of this
system, the sampling line is warmed to ca. S0°C by a heated exterior
winding of nichrome wire that is supplied by a 13A variac. The
vacuum achieved by this system is measured at a remote site from
the pumps, using a pirani head (Edwards PRE 10K) and gauge
(Edwards 501) combination, where it can reach 10=3 mb. The
standards are admitted to this evacuated sampling and analysis system
both via ports in the sampling line and according to the room
temperature state of the standard. Accordingly, the gaseous standards
are directly admitted whereas the liquid standards are degassed, to
remove the dissolute air, and are then admitted as their vapour
pressures.

The liquid standard is contained in a ported glass bulb, where it
is degassed by a series of freeze-pump-thaw cycles. In the first of
these cycles, the standard is initially chilled by a brief immersion in
liquid nitrogen and then exposed to the pumped sampling system
where it is subsequently frozen with maintained exposure. The
standard 1s next isolated from the pumped sampling system and
allowed to thaw to room temperature, where the majority of dissolute
air 1s degassed in vacuo. The amount of degassed air can be
measured by the pirani head and gauge combination on isolating the
evacuated sampling system from the pumping arrangement and by
then exposing this isolated system to the standard. The freeze-
pump-thaw cycle is repeated, without intially chilling the standard,

until the pirani measurement indicates that the standard is thoroughly

degassed. This usually requires three cycles.

As mentioned earlier, the purposes of these standard analyses is
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either to establish the separation characteristics of a chromatographic
system or to calibrate such a system for a particular analyte. In the

former case, the standards are analysed as neat gases and can be
admitted to the sample loop of the gas chromatography system at
known pressures that are measured by a strain gauge pressure
transducer (Transamerica Inc.) and are digitally displayed
(Transamerica Inc.). In the latter case, the standards are analysed in
a nitrogen diluent, rather than as neat gases, to increase both the

flexibility of the quantitative analysis and, thereby, the accuracy of

the calibration. These latter standard mixtures are made in ported
globes, where the standards are admitted at measured pressures and

are then diluted by a ported supply of nitrogen diluent to a measured

total pressure. The standard mixtures are subsequently allowed » 20
minutes to achieve an even mix, prior to analysis. These standard
mixtures can also be diluted, if desired, by an analogous
procedure.

The gas chromatography systems that have been used in the
work of this thesis are discussed in Chapter 3. Finally photograph

(2.4) shows a broad view. of the flow reactor, including the inlet,

sampling and analysis systems.
(2.1.5) Characterization of the flow reactor.

As a prerequisite to using the flow reactor for any new kinetic

studies, 1t was necessary to confirm the desired isothermal and plug

flow ideals throughout the reaction space.

Initially the operated reactor was thermally investigated to

characterize the temperature distribution of the reactor gas across the

reaction axis. Accordingly the reactor was representatively operated
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at a temperature of ~ S00K and at a bulk linear flow rate of ~ 0.5
cm s—1 of nitrogen. As mentioned in the general description of the
reactor, the sampling probe carries an independently moving thermo-
couple and allows a temperature measurement anywhere between the
downstream surface of the fecralloy sheet and the sampling probe
tip. The temperature distribution between these extremities 1is
affected certainly by the balance between the fecralloy and furnace
heatings, as noted in the general description of the reactor, and
possibly by the cooled sampling probe. To simply explore this
temperature distribution, the above two, and opposing, effects thereon
were resolved by a far downstream siting of the cooled sampling

probe in the flow tube. In this situation, the movable thermocouple
was positioned to be axially equivalent with the flow tube wall-

contacting thermocouples and the balance between the furnace and
fecralloy heating was adjusted so that these thermocouples all
recorded an isothermal temperature of ~ SO0K. In this condition, the
temperature distribution across the reaction axis could be explored to
investigate the possible effect thereon of only the cooled sampling
probe. The sampling probe was cooled so that the tip temperature
was nominally 20K lower than the above isothermal temperatures,
where the probe sampling is expected to quench the isothermal
pyrolyses of the ignition improvers, and the aforementioned

exploration showed that the sampling probe cooled the upstream gas
across the reaction axis by a logarithmically decreasing amount that

extended for about 5 cm from the probe tip.

The sampling probe shortfalls the original ideal of maintaining

isothermality across the reaction axis then with implications that

concern the anticipated use of the flow reactor. Accordingly, the

pyrolyses of the ignition improvers occur both at isothermal and
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exponentially decreasing temperatures across the reaction axis, and

the kinetics of these processes, therefore, can only be freely studied
from this non ideal under first order conditions. The first order rate
equation that expresses the fractional removal of a pyrolyte, a/a,,

where a and ag are respectively the sampled and initial pyrolyte

concentrations, between the upstream surface of the fecralloy sheet
and the probe tip is given by the following expression, where k and

k' respectively represent the isothermal and exponentially decreasing

rate constants and where t and t' are the corresponding reaction times.

a = a5 exp (-kt) 5 exp (-k't") dt’

This equation implies that the first order pyrolysis kinetics of an
ignition improver can be conveniently measured by varying the total

reaction time, where the following simplified rate expression applies.

a = const. exp (-kt)

Finally, this expression is only valid if the relative pyrolyte
concentrations are all measured after a partial pyrolysis at the

isothermal temperature. The second implication concerning the

sampling probe then is that the reactor gas can only be sampled at or

beyond ~ 5 c¢m, measured downstream from the fecralloy sheet, of

the reaction axis.

Subsequently, the flow character of the reactor was investigated
in distribution experiments, under the previously stated operating
conditions, where a trace amount of methane was introduced, via the

inlet tube, into the reactor’s main nitrogen flow with a subsequent

probe sampling along the flow tube axis. These experiments showed

the methane to rapidly achieve an homogeneous distribution in the

reactor, even in close proximity to the fecralloy sheet. The
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implication of this finding is that the apparent flow behaviour of the
reactor 1is ideal, although. 1t 1s not identified whether this is of a plug,
as desired, or stirred character. To resolve this uncertainty, the
methane was replaced by a chemical reactant. In these experiments
then, the temporal variation of the reactant concentration reflects its
loss by reaction, which was investigated by independently varying
both the sampling position, to test for plug flow, and the flow rate,
to test for stirred flow.

Accordingly, the pyrolysis of di-tbutyl peroxide (Me3CO2CMe3)
was chosen for this purpose, owing to both its simplicity and to the
large number of previous studiesl2, This pyrolysis proceeds by the
rate determining decomposition of the parent peroxide followed by
the faster decomposition of the tbutoxy radical. In the presence of
oxygen, the methyl radicals that are produced in the latter

decomposition are essentially terminated by oxygenation to their

peroxy analogues. The simplicity of this pyrolysis arises then

Me3C02CMe3 —— Me3zCO: + Me3CO:
Me3CO- ——— MesCO + Me:

Me: + O ——— MeO>:

from the presence of oxygen, which ensures that both the peroxide

decomposition and acetone formation occur by first order kinetics,

that are already of desired notability, as represented below, where kg

is the first order decomposition rate constant of the peroxide.

log1o [Me3C02CMe3Jt = -kdqt + constant

S

2.3
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[M62CO]t
logig|1- —— | =.-kgt + constant
[Me2COl, 2.3

The pyrolysis of 0.55 mb di-tbutyl peroxide in 1 bar of a 5%
mixture of oxygen in nitrogen was therefore appropriated to the
aforementioned characterization experiments, where the effects of
independently varying the sampling position and the flow rate were
investigated. These experiments surprisingly found the pyrolysis to be
unaffected by the former changes and significantly affected by the
latter changes. The implication of this finding is that the reactor
flow is appreciably stirred, although a stirred flow treatment of the
pyrolysis data was kinetically unsatisfactory. In response to these
findings, attempts were made to, at least partially, quench the stirring
of the reactor gases. As signficant flow rate variations had failed in
this, these experiments were repeated in the flow of a different gas.
Helium was chosen for this purpose, where it was hoped that the low
molecular weight of this gas would reduce the amount of stirring in
the region of the fecralloy sheet, the considered origin of this
difficulty. |

The pyrolysis experiment was repeated, with the above change,
and both the peroxide decay and acetone formation were successfully
resolved along the flow tube axis, implying that under these
conditions, a plug flow behaviour pertains. To confirm this, the
pyrolysis was extended over the temperature range 460-504 K, where
the maximum temperature across the reaction axis was always

isothermal with the wall temperature.

Figures (2.5) and (2.6) respectively, plot the first order decays

and formations of the peroxide and acetone at each temperature of

the study. The first order plots for the acetone formation required
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Figure (2.6) First order acetone formations in the pyrolysis of 0.55mb
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each studied temperature, 'by an extrapolation of the observed acetone
yields reciprocally against the residual amounts of the peroxide.

These infinite acetone yielas varied with temperature, by an effect
that is considered to be an experimental artefact, and were not
therefore calculated, more simply, from the stoicheiometry of the
pyrolysis. It should be noted that this artefact implies a limitation to
the use of this reactor to explore mechanisms, by the suggested
difficulties of mass balancing a studied process. The slopes of figures
(2.5) and (2.6) provide the first order pyrolysis rate constants of the
peroxide, that are typically measured to ¢+ 25%. Figure (2.7) is an
Arrhenius plot of the first order pyrolysis rate constants against the
reciprocal temperature, where (a) the solid line refers to the peroxide
decomposition and (b) the broken line refers to the acetone
formation, where the highest temperature datum has been omitted.
Linear regression analyses of these data respectively gives the
following Arrhenius equations for the pyrolysis, where the errors
quoted here, and throughout the rest of the thesis, are to two

standard deviations.

(a) logio (k/s=1) = 1503 + 0.69 - (36.1 * 1.5) kcal mol=YRT In 10
(b) logig (k/s—1) = 14.35 + 212 - (34.6 » 4.6) kcal mol~l/RT In 10

The pyrolysis kinetics of di-tbutyl peroxide have, as mentioned

earlier, been extensively studied. Shaw and Pritchardl2 have

re-evaluated much of the available data and recommend the following

Arrhenius equation for this process.

logig (k/s—1) = 15.80 + 0.03 - (37.8 = 0.1) kcal mol-l/RT In 10

Clearly then there is good kinetic agreement between the pyrolysis

studies performed here and previously, and the position of our flow
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Figure (2.7) Arrhenius plot for the pyrolysis of di-butyl peroxide.
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tube study amongst these earlier, mostly static, studies is shown in the
Arrhenius plot of figure (2.8). |
The pyrolysis of di-tbutyl peroxide has therefore successfully

established an ideal plug flow performance of our reactor, that can

be similarly employed to study the pyrolysis kinetics of a variety of

ignition improvers.
(2.2) THE RAPID COMPRESSION MACHINE

The Thornton r.c.m. has been described in detail elsewhered>
and is shown in figure (2.9).

The r.c.m. rapidly compression heats a gas mixture, by
pneumatically driving a pair of opposed pistons together, and the
subsequent autoignition process is manometrically followed, with time,
up to the autoignition.

Briefly, an evacuated reaction chamber is filled with the desired
gaseous precompression mixture. The fuel components of these
mixtures are generally injected through a septum capped port of the
electrically warmed chamber, where they subsequently evaporate.
These mixtures are then compressed by a mechanism that allows the
initially withdrawn pistons to be pneumatically armed and locked in
this position. This is respectively achieved by applying a high
nitrogen pressure to the driving cylinder and by transferring a lesser
nitrogen pressure to the hydraulic fluid that fills the hydraulic control
chamber.

The r.cm. is fired by the electronic opening of a solenoid valve
that vents a small volume of liquid from the hydraulic control

chamber and breaks the hydraulic lock. This causes the pistons to

accelerate together, under the driver gas pressure, where the piston
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Figure (2.8) Arrhenius plot for the pyrolysis of di-tbutyl peroxide,

reproduced from Pritchard, and including the data of this study.
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