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ABSTRACT

One of the most frequently encountered problems in the general
area of polliution is that of diesel exhaust odour, particularly in cities,
where the use of diesel-powered buses and lorries provide the inhabitants
with much cause for complaint, Despite this, the diesel engine has much to
offer in terms of reliability and econcmy. Thus, if the widespread use
of diesel engines is to be extended to include light transport vehicles,
such a8 passenger cars, then the diesel sxhaust odour ;foblem must be
considerably reduced, In order to contribute to this objective, the
present work has attempted to establish the mechanism by which odorants
are formed during the combustion process and to elucidate the conditions
which influence the processes of formation.

Section 1 describes briefly general aapects of hydrocarbon
oxidation, the mechaniam of which has been deduced largely from laboratory
studies using static vacuum and flow systems, The observations emanating
from these studies are relevant to the combustion of diesel fuel in an
engine, Thus the four stages of combmstion wnich have been defined are
described with particular reference o the igniiion delay period during
which many of the odorants are formed. In order to provide background
information relating to 'odour-science', the various aspects of odorant
perception and their measurement are deagribaﬁ. Pinally, a description is
given of the two main diesel exhaust odour ressarch programmes, one of
which resulted in the development of an objective odour assessment method.

An account of the apparatus and techniques used during the course
of this work is given in Section 2, Objective methods of odour assessment
using electronic analozues of the olfaciory sensory process were briefly
investigated and the problems of temperature and water vapour associated
with the use of such devices for the measuremeni of diesel exhaust odour

were considered., The main experimental programme concernsad the controlled



oxidation of diesel and pure hydrocarbon fuels in a stainless—steel

reactor incorporated into a static vacuum system. Investigation of the
combustion phenomena taking place during diesel fuel oxidation under

various conditions of stoichiometry, pressure and temperature revealed that
the kinetic behaviour of this fuel was very similar to that observed for a
high molecular weight, straighi-chain alkane fuel, For comparison, oxidation
experiments using hexadecane, i-decene and butylbenzene were performed

under cool-flame and hot-ignition conditions, Analysis of the reaction
products was carried out at various stages during the reaction using liquid-
and gas-chromatography.

The resulis obtained during the course of this work are presented
in Section 3, The complex nature of diesel fuel w23 revealed by the gas-
chromatographic analyses performed, the chromatograms obtained gerving to
'finger print' the fuel used. Kinetic data for the oxidation of various
fuels are presented, followed by the gualitative and semi-quantitative
results derived from the zas- aﬁd iiquid-chromatographic analyses of the
oxidation producta, The liguid-chromatographic data are most important, since
the results provide a guantitative measurement of odour intensity. The gas-
chromatographic analyses were used to assess the efficiency of the 'odour-
trapping' procedure and to monitor any composition changes which occured
during the oxidation process., Identification of the individual products
formed was precluded by the complexity of the chromatograms and the
practical limitations of the system,

In Section 4, the analytical and kinetic results are rationalised
on the basis of a chain-thermal oxidation mechanism which is well established
for many hydrocarbon-oxidant systems. A description is given of the complex
interactions between the oxidation processes involving the various types
of chemical compound present in diesel fuel, representad by pure alkaneg,

alkenes and aromatic compounds., The kinetic data recorded!indicated that



fuel combustion is initiated in the aliphatic fraction of the fuel, while the
analyical results showed that for all of the fuelas tested, odorants were
formed in the highest concentration under cool-flame conditions. The wide
range of products formed is explained in terms of a mechanism involving
alkylperoxy radical isomerisation and decomposition.Aromatic molecules
pregent in the fuel have a high resistance to oxidation and therefore
contribute extensively to the partially oxidised aromatic fraction of the
exhaust, However, it has been shown that aromatic molecules can be formed
from straight - chain aliphatic molecules, ez, nexadecane, provided that

the carbon chains are fairly long, During not ignition, the odorants
produced during the first-stage reactions are aimost completely destroyed,
The heterogeneous distribution of the fusl-oxidant mixture in a diesel
results in stoichiometries existing in some regions of the combustion
chamber which are too lean or too rich to support combustion, while other
regions act as cool-flame quench zones, The formation of partial oxidation
producta, and therefore odorants, in these resicns is expected to be very
high, The resulis obtained have been incorporated into a model of diesel

fuel spray combustion, wanich affords a gualitative description of the odorant

formation process,
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Tal A Challenge to the Gasoline Engine

The two principal power plants used today for the propulsion
of road transport vehicles are the gasoline engine and the diesel engine,
Until recently the gasoline engine had a monopoly over light - to - medium
power range duties while the diesel engine was unsurpassed for heavy - duty
operation,;since it had been perfected to produce dependable power with
minimum maintenance and fuel consumption.

In these economically stringent times, diesel engine manufacturers
are seriously considering the prospect of diesel powered passenger cars,
since the diesel engine has much toc offer in terms of low specific fuel
consumption,This advantage is however, considerably reduced when one
considers that the diesel engine is 20 to 30 years behind the gasoline
engine, in terms of power - to - weight ratio, noise, vibration and cold
starting. If it is assumed that these disadvantages could be overcome
given the incentive, there still remains the problem of exhaust emission.
Compared with the gasoline engine, the diesel engine offers low emission of
carbon monoxide and low emissior of polycyclic aromatic hydrocarbons, The
unburnt hydrocarbons, nitrogen o;ides, odour and soot are however, not so
attractive. Legislation restricts the leveis of smitted carbon monoxide,'
hydrocarbons, nitrogen oxides and soot and this has given engine designers
the incentive o reduce these emissions quite considerably. This is not the
case with exhaust odour which has eluded legislation, partly bacause of
the inherent difficulties of odour measurement, Research carried out over
the past ten years has removed some of the mystery surrounding diesel
exhaust odour. The major odorants have been identified and a prototype for
their measurement has been produced.

It is only too evident that the majority of the public consider

diesel exhaust odonr to be highly unacceptable. It is also obvious that
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this problem must be alleviated before the diesel engine can compete with
the gasoline engine for the light duty sector of the market. Now that the
instrumentation for odour assessment is available, research into the
emission of odorants can be performed with greater efficiency and rapidity.
An understanding of the mechanism by which odorants are formed during the
combustion cycle may suggest engine design modifications for the reduction

of odour emissicn with obvious advantagzes to all concerned.

1.2 Bcological Aspects of Diesel Engins Operation

The diesel engine hasd iwo deirimental effects on the environment,
i.e. it causes the generaiion of noise and it is responsible for the
emission of pollutants., The first effect receives much attention from the

design engineer and is no% directly r=liated to the subject of the present

g
i

study; it will not therefc - discussed zny further. The pollution aspact

s

has two facets, The first iz ihe adverse mhwsicliszical effects suffered by
animal apd plant life {rom exposure to dissel cengine exhaust, and the second
is the effects zssociated wilh odour emission, i.e. the deraiing of the
aesthetic guality of the environment and the physiological and psychological
stress which this can cause’

Larsen’ , has defined twelve stems in the approach to the
problem of obtaining clean air and it will be useful if these are reviewed
within the context of diesel engine operation. The suggested steps are:-

(1) To determine the effects of the concentrations and exposure
duration of wvarious pollutants on people, animals, plants and property.

(2) To decide which effects should be prevented,

(3) To select ambient air quality standards which will prevent
these effects,

(4) To measure and evaluate ambient air pollution concentrations,

(5) To calculate the overall source reductions needed to achieve
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selected ambient air quality standards.

(6) To measure or estimate emissions from each source type in
an area,

(7) To decide how much each source type could be permitted to
emit and still achieve the ambient air standards required.

(8) To select or develop means for achieving the necessary
reduction in emissions,

(9) To decide the date after which each source type should be

controlled,
(10)

(11) To enforce emission siandards,

set emission standards,

=
Q

(12) To continue monitoring sources of emission and the ambient

atmosphere in-' order o ensure that adeguate zir guality is being obiained.
Steps 1 to 12 have besn applisd io specific diesel exhaust

componenis i.e. smeke, Ni . » 0O and zoial hydrocarbons (HC). The motivating
influences which have contribtused to this acniasvement are, (a) the public
awareness of the problemywhich is in part —elated to the degree of
undesirability of the noxious emissions, and (1) the ease with which each
specific exhaust component can bé measured znd controlled.

When compared to the poilutants already featured in the legislation}
odour has a particularly elusive character., Ita cause, measurement and control
have presented problems of such complexity that legislation is at the present
impossible, despite the intensive investigations which have been carried
out during the last twelve years.

A quotation from a report4of the U.S. House of Representatives,
illustrates the underlying philosophy of pollution and public awareness,
'The quality of the environment is not a human health issue per se. It

is more a matter of unaccepiability, at face value, of offensive odours,
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discoloured water, low visibility, ez. irritation, littered landscapes

and soiling'. Two points that are worth noting are, first that the quality
of the environment is a highly subjective matter, and second, that public
objection about the more insidious and less overt characteristics of
pollution is less likely, although these characteristics may be potentially
more harmful.

The toxicity and carcinozenicity of some of the components of
diesel engine exhaust have been the subject of investigations over a much
longer period of time than that devoted to odour research. A literature
reviewsundertaken as part of this study, showed that interest in the
carcinogenic potential of engine exhausts was being expressed in the early
1650's. Since the publication of these early reports, the analytical
techniques employed and the methods used to test the physiological activity
of the potentially harmful pellutants have uncergzone extensive improvement,
These developments have encouraged investizations into the effects of
exhaust components emitiad in much lower zuantities than those under
legislative control. It has been stated that over 2000 partial oxidation
products are present in diessl exhanst, ilthough some of these components
may be physiologically harmful in high concentrations, they are emitted in
such small guantities that they are considered harmless, except posaibly
in confinad spaces. Other species identified in the exhaust are however,
suspected of presenting a serious health hazard sven in very low concentrations.
The carcinogenic polycyclic aromatic hydrocarbons and their nitrogen
containing heterocyclic analogues, the aza-arenes, are two classes of
compounda which warrent further investigation in this context, Examples
of polycyclic aromatic hydrocarbons documented?aa being components of
of diesel engine exhaust, are shown in Figurei+1 . Perhaps the most notorious
of these is benz(a)pyrene, (BaP) which, for historical reasons, is perhaps

the most well known carcinogen. The potentially carcinogenic properties



Figure 1+1

. Examples of P.C.A.H., Identified in Diesel Exhaust
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exhibited by BaP and other carcinogens can be enhanced by the presence

of other chemical compounds which may act as irritants, co- or anti-
carcinogens or transport media. Many compounds emitted by diesel engines

have these other characteristics and their combined effect has been discussed
in some detail in the aforementioned literature review.

The following conclusions summarise the present state of knowledge
concerning the carcinogenic potential of diesel and gasoline exhaust,

(1) A wide range of polycyclic aromatic hydrocarbons has been
identified in the exhausts of both the gaaol:lnewa‘nd the dieaels'lgrllz‘i“ne.

A small number of these are known to be carcinogenic.

(2) The aliphatic fraction of the exhaust, normally ignored in
carcinogenicity tests, since it does not contain p.c.a.h, has also been
demonatrated to be carcinogenic? possibly due to the presence of epoxides,

(3) Under normal, efficient combustion conditions, the diesel
engine is known: to produce less p.c.a.h. than the Zasoline engine.

(4) Under inefficient combustion conditions, ie: overfuelling,
the levels of emitted p.c.a.h. from the diesel engzine were observed to
increase dramatically to levels far hizher than those produced by the
gasoline engine., Under these conditions, the associated production of soot
and other pollutants including unburnt fuel asrosols combine to produce
a chemiczl envircnment which has greatily enhanced carcinogenic potential.

(5) The emission of p.c.a.h. by sasoline engines appeaved to
be strongly dependent on the composition of the fuel and lubricating
0oil, although a more rescent publicatiodééuggeata that the effect on the
ambient p.c.a.h. levels, of increasing the éromatic content of the fuel
and oil, is negligible. The fuel and lubricating oil compositions have
little effect on the emission of p.c.a.h, by diesel engines,

(6) Tor both types of engine, the operating conditions such

as speed, load, F/A rates and temperature all had a substantial effeect on
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the emission of p.c.a.h. However, transient operating modes, particularly
acceleration, were shown to produce the highest levels,

(7) Epidemiological studieﬁn into the possible relationship
between mortality rates and occupational exposures to higher than normal
concentrations of diesel and gasoline exhaust have sown that no excess
deaths from lung cancer occurrad-among motor mechanics, garage hands; drivers
of cars lorries or buses, bus and tram conductors; drivers of horse-drawn
vehicles, road men, council labourers, dustmen. Investigation more specific
to diesel engine operatiog&qqproduced similar findings.

It is evident, from the foregoing discussion, that much can be
done to reduce the emission of certain pollutants from the diesel engine
by careful design, operation and maintenance. The diesel exhaust odour
problem is not so easily eliminated, owing to the lack of reliable instrument-
ation for the assessment of the effects of engine design and operation
on the emission of odorants., Recent advances in the field of diesel odour
have led to tne identification of the major odour components and to the
develovment of an instrumental techmigue for odour assessment based on
this knowleda=., A full.appraisal of both the theoretical and practical
aspects of the odour assessment technicue will undoubiedly precede any

move to use it as the basis for legislation.
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12D The Combustion : of Hydrocarbon Fuels

Although much of the information concerning the oxidation of
hydrocarbons has been obitained from studies carried out in static vacuum
systems using low molecular weight fuels, (CN<10), at sub-atmospheric
pressures, the results thus obtained are nevertheless directly applicable
to the mechanisms operating at much higher pressures within the chambers
of internal combustion enginea.zl A brief review of theories of hydrocarbon
oxidation is therefore given below.

The gas phase oxidation of z straignt chain hydrocarbon with a

carbon number > 4 representsd by the gemeral formumla C ons, is classed

2)

as a degenerately branched chain reaction, ihe theory of which has been

22
developed in full by Semenov.

1.3.1 Initiation
Initiation of the process at temperatures within the cool flame
regime, {2t0u430 ), involves attack of the Tnel by molecular oxyzen to

23,24
produce an alkyl radical and a hydroperoxy —adiszal. ™"

Coonua #+ Oy — CHp o + HO, (1)
This reaction predominates over pyrolysis, since the latter reaction has
a very high activation energy which przcliundes iis occurrence below 40000.
It is 8till not certain whether reaction (1) occurs homoganéouslyuor
heterogeneouslf?ggut it is accepted that the trocess has a moderately
high activation energy ie: 40-55 keal mola -, Owing to the high endothermicity,
the reaction is slow and selective, the point of oxygen attack in the fuel
molecule being determined by the C-H bond strength; tertiary C-H bonds
are the most readily attacked and primary C-H bonds the least readily
attacked, At high temperatures small differences in bond strengths are
less important. Once the primary chain cycle has been initiated, the major
fuel-removing reactions will be those involving attack by atoms or radicals

el -
H and CH

guch as Oﬁ, noz, C G to 1OO, H B



eg. OH + CnH2n+2 —_— Hzo + an2n+1 (2)
L] -
HQE i Cn.H2n+2 : H202 & CnH2n+1 (3)

Reaction (3) would account for the hydrogen peroxide.recoversd under
certain conditions, although the yield may be low owing to the hetero-
geneous decomposition of this compound to oxygen and water.
At temperatures of about 40000, initiation still occurs
primarily via an abstraciion mechanism(reactionl), However, as the temperature

increases further, pyrolysis becomes more important, particularly under

oxygen-deficient conditions.

r‘ -
Cafionsy ——— Cpafoy + CEj (4)

8 VR P Propagation
Two possible steps are available for propagation of chains,
both reactions involving the attack of molecular oxygen on the alkyl
radical formed by reaction (1)
CHy .1 + O wems CH, .00 (5)

: et :-
Cfonil & 9 —= S0, + RO

2 (6)

Reaction (5) is indicated as a reversible reaction in . which the equilibrium
at temperatures below 30000 lies well over to the right, The activation
energy for this process is effectively zez033 At higher temperatures the
reverse reaction becomes slightly more effective, setting up a competition
for oxygen between reactions (5) and (6). The relative importance of

these two reactions has led to two theoriegm regarding chain propagation
at low temperatures. Reaction (5) which leads to the formation of an
alkylperoxy radical forms the basis of one mechanis;fdghile reaction (6)
which produces the conjugate alkene forms the basis for the othef?‘OE these
two mechanisms the alkylperoxy radical isomerisation scheme is favoured

31,33,3537
on the basis of experimental consideration, especially for the low
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temperature oxidation of fuels with more than four carbon atoms,

The elegance of the alkylperoxy radical isomerisation scheme
lies in its ability to account for the diversity and complexity of the
products formed, The alkylperoxy radical produced via reaction (2) can
undergo homogeneous intramolecular rearrangement to form the hydroperoxy-
alkyl radical, the decomposition of which leads to the formation of a
hydroxyl radical and stable products, including O-heterocyclea, carbonyl
compounds and alcohols with rearranged carbon skelstons:

0 B, 00 —C H, OCH )

CoHyp 100 ——>P + OF (8)

The chain cycle is then completed by the unselective attack of the highly

reactive hydroxyl radical on the fuel.

C Hoin * ox cqzn, + HO (9)

1.5.5 Branching

The observation of certain thermo-kinetic phenomena, such as
cool-flames and the negative lemperature coefficient, implies the existence
of a degeneraiely branched chain reaction in the propazation sequence,. The
long ignition delays, induction ﬁeriods and the slow acceleration of the
reaction is reconciled with the formation of a relatively stable intermediate
product which has a lifetime of several seconds, This intermediate can then
go on to form stable final producis or decompose in a branching reaction
to form two or more reactive chain centres,

Aldehydeaisperoxidesﬁggd peracidsﬂla:e examples of intermediates
which act as branching agents in many hydrocarbon oxidation systems. The
branching agent gradually accummulates during the course of the reaction
until a critical concentration is reached, When this concentration is
exceeded, an autocatalytic and exponential increase of the reaction rate

occurs during which the branching agent is rapidly consumed. The fall in
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concentration of the branching agent resunlts in a decresase in the rate of
reaction, The mechanism therefore exhibits self-limiting properties which,
if the prevailing conditions are such as to preclude ignition, results in
the passage of a cool-flame, If, however, the rate of reaction is such
that the rate of heat production exceeds the rate of heat dissipation
through diffusional processes, then the reaction rate undergoes chain thermal
acceleration,culminating in hot ignition,

In the low temperature region where the oxidation is quite selective,
Fish'*"'suggests that degenerate branching results from the alkylmonohydro-
peroxide produced by a linear chain involving intermolecular abstraction of

hydrogen by the alkylperoxy radical 2s shown below:-

122 Cn32n+2 * - ’
€ Hyp,00 ——— C B, OOH — 5 RO + OH (10)
+
T %2
: Caflons1

At high temperatures reaction {5) predominates, leading to a high

stationary concentration. : of the conjuzate alkene,

an2n+1 - 02 iy e g ok 302 (6)

The primary chain cycle is then completed by the reaction:-

Cillonee + H0p —vu— CH, » + H0, (3)

e8!

At these elevated temperatures,the hydrogen peroxide decomposes homogeneously
to form EH radicals in a branching step.

5,0, e N e S0 o M (11)

The éH radical formed can then participate in a further propazation step.

- - 5
CHy , + OF —— CH, . + HO (2)

Pyrolysis will also be occurring to an appreciable extent leading to the

destruction of the alkyl radicals formed in reaction {(2).
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1:%.4 Termination

Under cool-flame conditions, chain termination occurs through
homogeneous recombination and disproportionation of radicals or possibly as
a result of their = destruction at the walls., Wall termination is likely
to predominate at low initial pressures and low radical concentrations.
A reflection of the role played by wall termination is afforded in the
dependence of the induction period on surface conditionsfzﬁadical stability
also determines the extent to which wall reactions are involved in the
termination stages. Alkylhydroperoxide radicals are fairly stable and

therefore heterogeneous termination will be a common fate.

L]
C Hone700 —> 1 wall | (12)
L]
C_H,  00H —_— wall ! (13)
HO, —> i7" wall (14)

At higher fuel conversions, radical concentrations are larger and

homogeneous termination becomes more imporiant,

»

R o T T e Contiansy <+ M : (15)
2cn1={2n+106 ——' CH, J00CE, . + 0, (16)
C_H, 100+ ‘Hi,—— CH, 0H + 0, (17)
O, + H), ——> B0, + 0, (18)

Except for methyl and ethyl radicals, which have a small number of degrees
of freedom, the third-body requirement for energy dissipation is unnecessary.
At low temperatures, reaction (18)can be considered as a termination
step since the hydrogen peroxide formed is reasonably stable, reaction (11)
occurring only infrequently.
43,44

At high temperatures various heterogeneous steps have been

postulated,
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OH e, S Y (19)
L]

HO,, —_— wall (20)

H —_— wall (21)

and certain homogeneous recombination reactions have also been proposed.

CH3 - 0513 A e Y UG S (22)
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1.4 Diesel Engine Desizn and Combustion

One very important aspect of diesel engine combustion is the
highly heterogeﬁeéus nature of the process,Unlike the gasoline engine,
in which the fuel and air are homogeneously mixed prior to spark-induced
ignition, the diesel engine combustion process is initiated by injecting
a suitable liquid fuel into a hot, highly compressed air mass contained
in the cylinder. A highly exothermic spontanecus reaction occurs, causing
the trapped gases to expand rapidly, forcing the piston down to - -
produce ' the powar stroke of the cycle,.:

The fuel spray injection process produces a fuel-air distribution
pattern which changes as a function of time. The stoichiometry of the fuel
air mixture varies from zeroc to infinity and is dependent on fhe:injection
process and the air motion within the combustion chamber, Within the space-
temporal co-ordinates of the chamber, fuel-air ratios too-lean and too-rich
to burn coexist with those of ithe correct atoichiometry for autoignition,
the rature of the ensuing combustion mechanism snowing a strong dependence
on the mixing process, Under most engine operating conditions, ignition
takes place before all the fuel is injected: it has been found that the
ratio of the fuel present in the combustion chamber at the start of combustion,
to the total amount of fuel injected, has a marked effect on the resulting

combustion process and consequently on the formation of pollutants,

1.4.1 Frel Injection and Combustion Chamber Desizn

The achievement of efficient combustion in the diesel engine
is dependent on the careful design, manufacture, testing and maintenance
of the fuel injection equipment,As an example of the duty required of the
fuel pump and injectors of a present day high speed engine ie: an engine
developing 40 b,h.p. at 1,500 rpm. the fuel pump measures, accurately, a

3

volume of fuel oil less than 0,.25mm”. This minute quantity is delivered to
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the fuel valve at a pressure greater than 2,000psi to be atomised by injection
into the combustion space through nozzle holes ca 0.025mm in diameter. The
process is completed within 5110_2sec. and is repeated between 12 and 13

times every second.

With regard to the combustion chamber design, th; differing
configurations predominate., These are the pre-combustion or indirect
injection chamber and the open or direct injection chamber. The pre-
combustion chamber is the older design of the two and in its conception
the fuel is made to seek out the air, whereas in the direct injection
ghamber the reverse is the case. The pre-—combusiion chamber is divided
into two parts in order to produce an air-blast effect. The larger part
is formed by a cavity machined in the crown of the piston and takes the
form of a shallow saucer-like depression. The smaller part forms an ante-
chamber and contains about one-third of the total compression volume., It
is into this latier part that the whole of the fuel isiinjected.The smaller
chamber is connectad via throat and or=ifice %o the main chamber, see Figure
1*2and it is through this orifice that air fiows from the main volume on
compression. The air is raised above ihe normal compression temperature
due to conductive heat transfer from the orifice and throat surfaces. On
ignition, the rapid expansion of the zas driwves the fuel out into the main
chamber where it is able to complete the combmstion process, The fuel-air
mixing is therefore mainly due to combustion-zenerated motion. The mixture
which comes from the pre-chamber is composed of partially burned, partially
vaporised fuel intermingled with air and this, when dispersed throughout
the main combustion chamber, readily absorbs the available oxygen. This
type of chamber has proved very effective at promoting combustion at a
rate high enough to enable the engine to operate over a wide range of speeds
and to function with 2 variety of fuels, The injector vossesses only a

single hole and the engine has very good fuel consumption provided the
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operating conditions are not varied widely.

The open or direct combustion chamber is formed by a cavity
machined centrally in the piston crown, the injector being situated in the
head, over the centre of the cylinder. In most engines the injector. is
provided with several spray holes, four being most generally used. Viewed
in plan the holes are equally spaced but, in elevation they are arranged
around a cone 50 that the fuel is directed in a somewhat downward direction.
The vertical angle between opposite sprays, known as the cone angle, is
fairly wide, ranging from about 130°% 160%according to the requirements of
the chamber, The mixing of the fuel and air depends mainly upon the spray
atomisation, penetration and air motion. A typical fuel injection arrangement

showing the direct combustion chamber is shown in Figure 1.3,

1.4,.2 The Combustion Process

Since the diesel engine first assumed its role as one of the
primary sources of power, the comoustion process occurring in the engine
has been the subject of  intense investigation resulting in an engine
which displays greatly improved efficiency and flexibility. However, despite
these advances much of the combustion process is liitle understood due to
ita highly complex heterogeneous nature, Une fundamental aspect is the
ignition delay period, which if understood may provide the answers to
combustion related problems such as pollutant formation, mechanical étreaa.
noise and the overall engine efficiency,

Reference to . Figure 1«4 = will assist in the definition of
ignition delay and its occurrence in the sequence of events which constitute
the combustion proceéé?llluatrated in the pigure is the pressure profile
recorded in the combustion chamber during the compression ignition stroke.
Curve 1 shows the smooth pressure~time curve resulting from the adiabatic

compression of the gaseous charge in the cylinder without combustion taking



Pigure 12

The Indirect Combustion Chamber

The Direct Combustion Chamber
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Time-Pregsure Diagram of Compression and Expansion Strokes in a Diesel Enzine
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place, e.g. under inert atmosphere conditions. Curve II depicts the ideal
combustion of a homogeneous fuel-oxidant mixture commencing immediately

on fuel injection, resulting in the formation of carbon dioxide and steam,
Curve III illustrates the actual combustion curve, a more complex pressure-~
time trace resulting from the interaction of physical and chemical phenoﬁona.

To assist in the description of the combustion trace, it is
convenient to divide it into four consecutive time periodé? Period 1
is the ignition delay period, which commences as depicted with injection
of fuel into the cylinder and terminates when the preasure rise caused by
combustion results in deviation from the motored pressure-time trace, This
period is defined more precisely as the pressure rise delay period and is
shorter in duration and more reproducible than the illumination delayf?
period . . This latter period starts similtaneously with injection and
continues wuntil chemiluminescent radiation, posaibly from the excitation
of formaldehyde molecules and high temperzture carbon atoms, is observed.
The ignition delay period is fundamental in determining the character of
the resulting combustion mechanism and a more explicit description of its
nature will be given later,

Period 2 is characterised by a rapid pressure rise which reaults
from the exponential acceleration of the reaction rate to an explosive
state and the propagation of flame fronis th—ouzh the boundary layers
enveloping the individual fuel sprays. The combustion in this period is
essentially the burning of a premixed flaméf

Period 3 lasts longer than the previous period and has the
characteristics of a diffusion fiame" . The temperature in the cylinder
at this stage of the combustion process is very high and consequently the
evaporation and combustion rates are exceedingly large. The rate of fuel
injection therefore exhibits limiting control over the rate of the combustion

process,
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Period 4 consists of the continuation of the combustion process
during the last part of the expansion strokBALIter fuel injection has ceased,
Information about the nature of the processes occurring during this period
is very limited.

An attempt to describe some of the aspects which contribute to
the complexity of the physical and chemical phenomena involved in the

aforementioned transitory periods will now follow commencing with period 1,

the ignition delay period.

1.4.2.1 The Ignition Delay, Period 1

The injection of the ligquid fuel into the combustion chamber in
the form of a2 spray marks the commencement of the ignition delay period.
During this period a combination of physical and chemical processes determine
the nature of the resulting combustion mechaniam starting with autoignition,
The physical processes involved may be listed as follows:-

1. Spay disintegration and droplet formation.

2. Heating of the liguid fuel and evaporatiion.

3, Diffusion of the vapour into the air to form a combustidble

mixture. 5

At some stage during these processes the ratesof the chemical
reactions increase until the combustion becomes completely chemically
controlled. The chemical processes involved are:-

1. The decomposition of ths heavy molacular weight hydrocarbons
into lighter molecules.

2. The preignition reactions between these lower molecular weight
hydrocarbons and other fuel componentis and oxyzen.

¥uch discussion has centred on the relative importance of the
physical and chemical processes in determining the length of the ignition
delay period. Both processes are initiated on injection and initially

physical processes must occur before gas phase oxidation can take place,
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However, the two itypes of process overlap fo a large extent and the chemical
phenomena very rapidly assume control of the combusiion process.

A qualitative description of the ignition delay period begins
with disintegration of the fuel jet. Fuel initially enters the combustion
chamber as a sheet or ligament ultimately breaking up into a spray of
different size droplets with different distribution patterns. The initial
pressure of the jet is low and therefore the initial velocity relative to
air is low. At this stage, jet disintegration is caused by ever present
surface effects producing large slow moving droplets of spherical geometry.
As the pressure increases, aerodynamic forces feature more prominently in
the turbulence and the droplet size decreases as the velocity increases,

Tn a modern diesel engine, turbulence is high enough to produce jet
disintegration at very short distances from the injector nozzle™ . Figure 1°5
illustrates a cross-sectional view of the spray structure in stagnant air.
Particles of air are entrained in the spray at the point of turbulence

and conseguently the mass-flow in the x direction increases. According to
the law of conservation of momenium and due to the frictional drag, the
velocity of the droplets in the x direction decreases whilst a concurrent
spread in the y direction takes pliace.

The formation of small diameter droplets is critical in
determining the length of the igrnition delay? The surface to volume ratio
and the heat transfer coefficient both increase as the droplet size
decreases thus resulting in an increase in the rate of vaporisationiy

The first droplets are relatively large and slow-moving and start
at the cenire of the spray only to be pushed sideways to the spray periphery
by the rush of incoming dropleis which are smaller and iravelling at higher
velocities. The droplets at the axis become less efficiently atomised. At
the spray front the droplets meet the highest aerodynamic resistance tmt
the spray penetrates the air because the droplets retarded at the front

are continually replaced by new high momentum ones. Accordingly the droplets



Figure 1-5

Cross-Sesctional View of Fuel Spray in Stagnant Air
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somewhere in the periphery of the spray are the earliest ones in the
injection sequence., These evaporate very quickly and mix with the air.

It is interesting to note that all the evidence collected from
outside engines i.e. constant volume bomb experiments, suggests that jet
disintegration is not an important part of the physical delay period.
Ghowﬁz and Yuﬁlindicate, however, that neither injection lag nor jet
disintegration are negligible in an esngine,

Standard texts are available for the rigorous mathematical
treatment of droplet formation and distribution patterns. Qualitatively
the droplet breakup continues whenever the FHeher number, which is the
ratio of inertia body forces to surface tension forces, is exceeded,
Hinze™ suggests that the critical Weber number is 10. Droplet diameter

e ] PR e E ey . 55,56
decreases with a reduction in injsctor nozzlis crifice diameter and

57

an increase in cylinder» pressure,

The ccmplexiiy of the spray charscterisiics increases with the
extient of droplet vaporisation, The literature contains many attempis to
model the wvzaporisatiosn procsss, some of the more sxacting analogues
approaching empirically derived resulis. The vaporisation process is critical
in determining the nature of the ensuing combination mechanism. A complete
description of spray formation and dropiat vaporisation, for example, would
indicate where in the temporal and spatial coordinates of the combustion
chamber, autoignition was most probable, and bty which particular fuel
component or components it was initiated, Greater understanding of pollutant
formation and possible methods for tﬁeir elimination would then be achieved,

A preliminary investigation of the physical and chemical
counterparts of the ignition delay may suggest that the fuel vaporisation
is the rate-determining process, Constant volume bomb investigations by
Thuxfshava revealed, however, that the pressure drop due to fuel vaporisation
begins almost immediataly with injection and that the rate of the pressure

drop is directly proportional to the estimated rate of fuel injection,
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These observations indicate the very fast evaporation rate for the fuel in
question, Miller on the other hand has produced high-speed photographic
evidencé“’to show that combustion begins long before vaporisation is
complete, Further photographic information is provided by Rothrock and
Waldroém'who photographed fuel in the diesel combustion chamber and
concluded that there was considerabie vaporisation of the injected fuel
before combustion and that this vaporisation affected the course of
combuation,

Wentzel's approach to the problem involved computation of the
time required to vaporise fuelsbl, wnich led to the conclusion that
small droplets vaporised within 0.5210"2 ‘seconds. Schmidt“ recognised
Wentzel's calculated resulis tut suzgested a formmla for ignition delay
based on chemical reaction raies alone.

Out of this cenfusion of =vidence the following observations
may be made unequivecally:-

1. 4n increases in inlet ai> preasu—e znd temperature, in fuel
temperature and in waler jackei femperature, produces a decrease in
ignition delay to varying degrees,

2. Ignition delay decreases with sngine speed, Although this has
been atiriomtad to turbulence, Smallég, showed that, in a bomb, increased
turbnulence 4id not give increased ignition deiay,. The effect on ignition
may be explained in terms of an increase in cylinder temperature with speed,

3. The apparent existence of chemical control is indicated by
the data contained in Figure1-6, which illustrates the ignition delay for
three different fuela plotted against air temperature., Inspection of this
shows that, at any intake air temperature, gasoline (which has the higheat
volatility) exhibits the longest ignition delay and yet diesel fuel with
much lower volatility has a much shorter ignition delay. Whilst there is
no doubt that the rate of physical processes such as evaporation and

diffusion increase with fuel wolatility, it appears that these factors
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are of secondary importance compared with the chemical nature of the fuel.
In addition it has been observed that isooctane and n-heptane have markedly
different ignition lazs but about the same wvolatility.

4. Constant volume bomb results would appear to indicate the
rate-controlling nature of the chemical processes in that the ignition
delay is a function of air temperature and pressure and oxygen concentration4?
all of which affect the rate of chemical reactions. Meanwhile the effects
of the amount of fuel injected, the rate of fuel injection, injection
needle opening pressure and nozzle size (a2ll of which affect the physical
processes) were observed to be small., Other observations made by Stringer
et 316‘ using a continuous flow apparatus have shown the great influence
of temperature and pressure - in that -order - on the ignition delay of
many fuels, Factors which affect the physical processes such as air velocity,
air-fuel ratioc and intensity of air turbmlence, have a negligible effect
on ignition delay. |

5. It has been shown that small concentrafions of additives
affect iznition delay and since the influnences of these on the physical
proceases of spray formation etc. is slight, it is apparent that these
compounds act in a chemical mariner,

A closer investigation of the vapcrisation process would appear
to be warranted, since the oxidation of the fuel is initiated in the vapour

phase, and the mechanism by which suitabls conditions favourable to

autoignition are generated ought to be considersd,

1.4.2,1,1 Physical Ignition Delay Period 2

One of the most comprehensive definitions of the physical delay
65
period states that it is the time required for the physical changes to
occur as the fuel changes from its liguid phase at the injection temperature

to the vapour phase at the self-ignition temperature, The mathematical
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treatment of this fuel vaporisation process is somewhat complex and fraught
with a number of basic assumptions, the wvalidity of which, as the
literature shows, is open to much debate, El Wakil et alSI, for example,
have formulated two models., The firat considers the vaporisation of a
single droplet and the sscond assumes the spray characteristics to be
predominant. The single droplet model is based on the empirical heat and

&6
mass transfer coefficients of Ranz and Marshall with corrections for

high rates of mass transfer. The equations initially developed for steady-
state vaporisation conditions were applied in ths unsteady state behaviour
on the assumption that a guasi-steady theory would be adequate. A critique
of the equations and assumptions has been mad;immd the model is reported
to work for droplet diame%ers)?OOJPm.

The single droplet model is justifi=d in the case of diesel
engine operation, since very short jet disintesration distances are
involved, However allowance must be made for The three main interactions
which occur, viz: reduction of the local air vapour mixture temperature,
reduction in mass transfer becanse of loca ly hisgh partial vapour pressures
of the fuel, and local air motion caused by “ransfer of momentum from the
droplets to the air. El wakilf;as made allowances for the first of these
agsumptions in his second model which is hased on the concept of adiabatic
saturation.

&5

Ffenein concludes from his studies that the physical delay period
is not the rate-controlling process in the overall ignition delay period.
The chemical reactions leading to autoignition are thms believed to be

the rate controlling processes, a deduction supported by experimental

observations in both 2ngine and constant volume bomb systems.
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1.4.2.1.2 Chemical Ignition Delay

The chemical ignition delay is defined as the period of time
which elapses between the end of the physical delay and the point of
self-ignition. During this period, reactions leading to the self-ignition
point occur at an increasing rate as the temperature of the reactants
increases. The end of the chemical delay period is often experimentally
determined as the point at which the pressure rise deviates from the cylinder
pressure time-trace obtained from injection of the fuel into an inert
nitrogen atmosphere. At this point the reactions are sufficiently exothermic
to invoke the rise in cylinder pressures above the motored pressure-time
recording,

It is evident from the discussion of hydrocarbenoxidation in
Section 1.3 that the chemical ignition delay encouniered in the engine
is synonymous with the time required for the critizal concentration of the
branching agzent to accummlate,

The oxidation mechanism can be represented by a simple.aeries
of consecutive reactions, governed by first order kinetics with respect
to the fuel.

' [Fuet} — i —[7] —x, . [Products]

The rate of fuel consumption can be expressed za:

-d[Puel] = Kk, [Fuel] : (1)
at

and the rate at which the intermediats is formed by:

arIj = k,[Puel] - k,[Products] (2)
at

The rate of formation of the products can be similarly defined:

d[Products] = k. [T] '
ot 2 (3)

Now if steady state conditions are assumed where:

d[ Puel + d[I] + 4 [Productaj = her) (4)
dt t dt
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integration of equation (1) gives

[Fuel]l] = [Fuel]oe b (5)
where [Fuel] = the initial concentration of the fuel,

Substitution of (5) into (2) gives:

af[1] = K, [Fuel]oe_k1t - k,11] (6)
dt

and integration yields:

[1] e [Peel] ¥ i0dT%® 0 52Y )

s

X 2—:(1

A

The rate of change in product concentration can be ascertained using the

fact that
[Product] = [Fuel] -[Fuel] - [I] (8)
which leads to
ko1 Pk 072"
[Product] = [Fuel]o 1- (9)
.-k,

The variations with time of [Fuel},[I] and [Producta] are shown schematically
in Figure 17. The concentration of the fuel falls exponentially with time
according to equation (5). That of the in‘ermediate, I, starts at zero

and finishes at zero since I is firally convertad to products, The rate of
formation of the products is proporticnal at any tiﬁe to the concentration

of the intermediates, Thus the rate is initially zero, passes through a
maximum when (I]is a maximum and gradually falls again to zero.

The above steady-state treaiment of the reaction scheme assumes
isothermal conditions., An increase in the temperature arising from the
exothermicity of the reaciion govermed by k2 will increase the overall
reaction rate, The effects of temperaiture and other parameters on the rate

of formation of the intermediate will now be studied in more detail.
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Congider the more definitive scheme,

(2) alPuel] + o] R RN X2 . a[products]

where a, b, ¢ and 4 are the number of moles involved in the reaction.In
the initial stages of the reaction the rate of accumlation, Vm , of the

intermediate can be represented by

RS 1 i L k1[Fue1’saE02'jb (10)

dt
since the second stage of the reaction involvring the decomposition of I
is insignificant wntil [1] —>[1] max.
The rate constant, k1. is related o the activation energy of the

process and the temperature by the Arrhenius eguation, ie:

K :: Ae—Ea/RT
’

(11)
where A is the pre exponential factor, Ea is the activation energy, R is
the univaersal 23 constant and T is the absolute temperature,

Substituting (11) in (10) gives,

PR o o G W b L?‘:eia[ﬁjb (12)
dt i

and since the ckhemical ignition delay,;fc, i3 Inversely proportional to
the rate of reaction, ie:

"J::: d 1/?’3 : (13)
equation (12) becomes,
(14)

=
1 - R

—_ 1

e
where A1 contains a constant of proporticnality.
Since the ignition of hydrocarbon - air mixtures cccurs between narrow
limits of the F/A ratio, it can be assumed that the ratio of the fuel
to oxygen concentration is constant and that equation (14).can be reduced to:-
Ty Aze"Ea/RT (15)
Ye
where Azcontains a pa:ame%er related to the fuel concentration.

The critical concentration of the intermediate compoundJ[I],which



is needed to start the reaction and cause a detectable pressure increase
may be considered constant and to depend upon the total mass and heat
capacity of the charze in the combustion chamber. The ignition delay, I.D.
in a diesel engine can therefore be expressed as follows:-

¥ R A1ena/RT (16)
where A1 ias a constant which depends on the design of the combustion
system.

The activation energy,Ba, sometimes called the global activation
energy, increases in magnitude as the cetane number of the fuel decreases,
The ignition delay is therefore expected 1o increase as the cetane number
increases, as ?igure1-3 shows. The cetane mumber of a fuel has only qualitative
significance and simply serves to place fuels in order of ease of ignition.
The cetane number increases almost linsarly with the number of carbon atoms
in the main backbone , while addition of sids chains decreases the cetane
number, It will be noticed that these %frends == 3 reversal of those
obtained in relation o the ociane mumbe=, is: Tuslis with high cetans numbers
ez: high molecular weight alkanes have low octane mimbers and fuels with low

cetane mumbers ez: aromatic Fuels have hizh cctane numbers, Table 1+1

-

P

a7
A review of ignition delay formmlae derived empirically from

=

experiments performed in engines, flow sSystems zand volume bombs, indicates
that the inclusion of a pressure term in aguation (16) improves the general

applicability of the relationship, ie:

T, T AT (17)

n
D

where p is the absolufe pressure raissd to an exponent n. Inspection of this
formula indicates that an increase in either the pressure or temperature
results in a decrease of the ignition delay. Moreover, I.D. is more sensitive

to temperature chanzes than to pressure changes,
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The Variation of Tgnition Delay with Cetane Number

&0

X
30 } 0
0 0atm 20 40 cim:
\
\
o 10 X \Ir g 10 L.
2 T L i i
G - 'S
4 T A T %
J
N o ined =
2 2 3
8 N NN 3 \
£ a1 S s 2 A
] ~N. PN e = ER 3 N » \h\__‘
= \l‘-. \L.._ - \ - ‘ —
10 s = 1-9 - e Y
- e . e
08 = = 08 et -
06 s 05 LI M o L
0s 05 e
LS 4 04 : L
03 l 032 - i
0 10 20 3 40 50 &0 70 B0 S0 100 ¢ 10 20 30 40 50 S0 70 &0 90 100
CETANE NUMBER CETANE NUMBER
40
: |
30
20 5B at
|
LA
£ $ AI1 [] ;
| 8 LI 1 L 1
) '
3 3P e
i |
a 4
z 3 \.\\ | |
= oA NN —_— sk
& L% L3 s S
1_3 -\ S T e N (1) | T N B e S R e L I | I\..
i TR
\ F4 -
" ~ \""‘--.
10 > —
.
0'8 ~— ~&
05 o —=
05 bt
04 5 Dy
B3

0 10 20 30 40 50 S0 70 80 S0 130
CETANE NUMEER




Table 1+1

Cetane and Octane Numbers of Various Hydrocarbon Fuels

Fuel Cetane No. Octane No.

Research Motor

n-heptane 56+3% 0 0

n-octane 63+8

n-decane 76+9

n-dodecane B7+6

n-tetradecane 96+1

n-hexadecane 100+0

QOctadecane 102-6

1-octene 40+5 28-7 347

1-decene 602

1-dodecene 713

1-tetradecene 82-7

1~hexadecene 84.2

1-ociadecene 90+0

Methylevclohexane 20+0 74-8 T1+1

Dicyclohexane AT-4

Decalin 421

Isooctane 100

Benzene 140

Cyclohexane T7

n-Pentane 62

42
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1.4,2,2 Premixed Burning, Period 2

The second stage of the combustion process is characterised by
a rapid increase in the cylinder temperature and pressure, as those regions
of the combustion chamber containing fuel and air of the correct stoichiometry
undergo spontaneous igniticn, The rapid rise in temperature resulting from
this highly exothermic process serves io increase the rate of vaporisation :
and diffusion, thms extending thes ignition rezion,

Henein63 has formulated a very useful phenomenological model,
which places the chemical and physical mechanisms involved in the combustion
process in the spatial and temporal coordinates of the combustion chamber.
This model has been formulated on the basis of photographs showing flame
development and other observations produced by many independent workers.

A brief description of the model will now follow,

.....

e

. 6 A
Photozraphs produced by Scott  showinz the spray configuration

in a direct - injection engine at the start of comtustion enabled Henein

to . represent schematicallywthe shape of the spray as shown-in fFigure 1.9
The average distance between the fuel droplets is expected to change with
their loeation in the spray, and is greatast near the edge downstream from
the centre~line of the spray where the smaller dronlets are concentrated.
The average local fuel-air ratio,and consequently the combustion mechanisms,
are therfore expected to vary from one locaiion %o another, The distribution
pattern of the P/A ratio for fuel in both the liguid phase and the vapour
phase, is shown in Figure 1-9 ., Thia distribution varies with the radial
distance from the injector nozzle hole. However, at the downstream edge of
the spray and for all distances, the P/A ratio always approaches zero and

63
increases as the cenire of the spray cores is approached. Henein assumes,



Figure 1.9

Schematic Diagram for a Fuel Sprav Iniscted in Swirlinz Air
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with justification, that most of the droplets carried away from the core
will be completely evaporated before the start of combustion. Ignition
therefore occurs, in the premixed fuel and air near the domstream edze
of the spray. This 'statement is supported not only by the adiabatic saturation
model of E1 Wakilf‘ but also by photographs of the actual combustion process.

Figure ™0 shows the regions into which Henein subdivided the spray.
The Lean Frame Region (LFR) containas F/A ratios which range from infinity
near the spay core centre to é value which approaches zero near the spray
edge. At some poinits near the extremities of the spray, the P/A ratio will
he of the correct stoichiometry for autoignition and ignition nuclei will
develop. Photographic GVidenciF?:erifies that the ignition process does
commence in the spray.envelope near the downstiream edge of the spray. Flame
fronts propagate from these ignition centres and combustion spreads through
the spray envelope, Henein and Bolt723ﬁggsst that an alternative two-stage
ignition process may occur in the microvolume —ezions mmder consideration,

The LFR has a low mass-averazed P/A :atigu;hich leads to complete
combustion of the fuel., From the pollutant formation aspect, the IFR is
relatively free of HC formation bmt NOx may be formed in high local
concentrations, Under very light ioaés. the temperatures may not be high
enough to produce NOx concentrations during this early stage of the combustion
process,

The spray region enveloping the LFR consists of F/A ratios below
the lean ignition limit, and is termed the Lean Flame Cut Region, LFOR.
Here the main reactions are fuel decomposition and partial oxidation. The
thermal decomposition products consisi of low molecular weight hydrocarbons,
while aldehydes typify the oxygenat=sd products formed. It is believed that
this region is one of the main contributors to the emission of HC and of

some of the odorous constituents in the exhaust,

The extent of the ILF0OR dotermines its contribution to the total
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Henein's Phenomenological Model - Mechanisms of Combustion of a Fuel Spray
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output of pollutants. It is important, therefore, to consider those factors
which are likely to affect the size of the ILFOR. High temperatures and
pressures promote combustion of leaner mixtures and thus the LFCR is reduced.
The cylinder temperature and pressure are related to the overall F/A ratio
tﬁrhocharging and coolant temperature, In addition to these factors, the
air swirl and the chemical composition of the fuel also affect the extent of
the ILFOR, thus illustrating the complexity of interdependent relationships
which determine how much fuel is subjected to combustion at the lean flame
limit.

At the borders between the IFCR and the LFR, Heneiémsuggeata that
hydrocarﬁon fuel molecules react to form carbon monoxide, hydrogzen and
steam together with the species b,ﬁ and &H. Pristrom and Wésternberg73

suggest that a paraffin fuel molecule undersces the reactions,

C.4 | 0" C.H. B 1
i 91 e TR, + C.L e n nel . .20 ( )
- o ~ :‘--—

C:‘I-;-E:‘!-!-“ e | by 32’1—2 i g (2)
Ca-15ppp + 0 —— Oxygenated Productis (3)

Flame quenching in the IFOR is suggested 2s the mechanism by which
oxygenated hydrocarbons, carbon monoxids and other intermediate compounds

are formed, These reactions are discussed in more detail in Chapter 4

1.4.2.3 Diffusion-Controlled Burning, Period 3

Following ignition and combustion in the LFR, the flame propagates
toward the spray core. Here the fuel drops are larger but the increase
in local air temperature due to the exothermicity of the ignition process
increases the rate of vaporisation and diffusion. Some of the smaller
droplets will completely vaporige before being burnt within the rich
ignition limit, while the larger dropleis may be surrounded by a diffusion-
type flame as shown in Figure 1-11, Landeﬁu has obtained very convincing

photographic evidance of ths vapour surrounding individual droplets of fuel
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47 75
undergoing diffusion burning, while Henein states that many other

investigators have not observed such phenomena.

As the temperature of the combustion volume increases, the rate
of the chemical reactions become so large in comparison with the rate of
fuel injection that the latier process becomes the rate-determining step.

Pollutant formation during the diffusion burning of the spray
core and the spray tail is very high, especially at high loads. Unburnt
hydrocarbons, carbon modoxide, oxygzenated compounds and carbon - which
imparts luminosity to the flame - are all readily produced, together with
Nox, since the temperatures are very hizh,

The spray tail consists of the last fraction of fuel injected., The
pressure differential across the injector nozzle is quite low at this stage,
and therfore spray penetration and atomisation are low, Under high load -
conditions, insufficient oxygen for compleits combustion reaches the spray
tail, Due to the high {emperatures, the el mndergoes rapid evaporation
and thermal decomposition. Partial oxidation of the pyrolysis products
leads to many oxygenatad products and carvon monoxide. The spray tail and
fuel originating from secondary injeciion ar= now accepted as the major
sources of carbon particles, (smoke) carbon monoxide and unburnt hydrocarbons.

Some of the fuel injected impinges on the combustion chamber
wall, This sitvation arises particularly with small, high speed direct
injection enzines because of the shortsr sprav zath and the limited number
sprays., Combustion of this part of the Tuel depends upon the rate of
evaporation and mixing of fuel and oxyzen, If the gzas near to the liquid
film surface has a low oxygen concentiration, or the mixing is not efficient,
evaporation will occur without complete combnstion, Under these conditions,
the fuel vapour will be pyrolysed and form unburnt hydrocarbons, partial
oxidation products and carbon particles,

48 = - o "
The Henein model describes the progresasion of combustion in each
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region of the spray. Figure'1-12 summarises this progression and relates it
to the cylinder pressure and mass average temperature at the start of
combustion in each region. The formation of pollutants from each region,

excluding wall impingement is shown schematically in Figure 1413



Figure 1-12 o

Progression of Spray Combustion, Cylinder Pressure and lMass Average Temperature
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Figure 113

Emission Formation in a Fuel Spray Injecied in Swirling Air
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1.5 Aspects Of Qdour Assessment

Rounds and Pearsallﬂ;uggest that four independent factors are
integrated when an individual perceives an odorant, ie: (a) the odour
quality (pungent, sweet etc.), (b) the odour intensity (strong, faint etc.),
(¢) the irritation quality (whether thes nose, throat and/or eyes are affected),
and (d) the irritation intensity (whether zcute, slight etc,). Dravnieks, ’
on the other hand, proposes four 'odour dimensions' ie: intensity, detectability,
acceptability and quality. The complexity of the perception mechanism is
appreciated, when it is realised thai odour sensation can differ in
psychophysical (sensory) intensity, which is not synonymous with concentration
difference, Odours can differ in acceptability or hedonic attribute
(pleasantnessversus unpleasantness) and in guality or character, Quality is
understood in terms of the degree of similarity to various other odours..
However, it is claimed that the most simmificant factor involved in odoux
comparison is the hedonic diffserence beiwmsen the Two o&curaf&ggours are
freguently 2valuated by human paneis in pursuit of a variety of objectives;
the panel selsction methods and training wary accordingly. Selected,
senaitive, consistent panallists, trained %o optimise their sense of smell,
are essential to product quality work but in pollution work have limited
value{7 Instead panels are selected o reflect 2 broad range of population
gensitivities and thus provide more useful data relevant to the variety of
human response patierns with which pollutant work i3 concermed. The training
of such panellists mmst be performed with much care since unintentional
manipulation by leading questions, biased scales, predictable odour presentation
sequences eic; result in a high degree of consiatency but reduce the
significance of the results,

The following list of points will serve to illustrate some of the

difficultiss which can arise from the use of human panellists in the

evaluation of odorants.
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1, The human sensory response not only varies among individuals but also
changes with time for a given individual.
2. Sensitive individuals can detect odours at concentrations below those
readily measured by advanced analytical technigues.
3, The human sensory response ito an odorant suffers from fatigue and
adaptation effects,
4, Environmental effects, such as temperature, humidity and odour background?o
can have important influences on odour evaluation,
5. Many personal attributes of an individual can influence the evaluation
and assessment of odours, In this ceontext aze, sex, ethnic and social
grouping, smoking and eating habits all influence the response of the
panellist,

Deapite these complications, it has bean statedalthat the human
observér can, under carefully planned and controlled experimental conditions,

respond as well as an excellent analytical instrument,
- - ?J— * - * - -

Dravmieks, who has carrisd ou% much mesearch into odour
assessment, states that the mumber of panellists per panel should exceed 7,
so that some simple statistical tests can be 2pplied to the results; 9 or
10 panellists are preferable, This aspect of panel design, together with

} 77 82
other considerations are discussed in the pazers of Dravnieks and Turk,
Despite the recommendation of at least 7 panellists, the work reported

by many researchers who used only 1 to 3 individuals, is of much value in

providing relative judzment data,

151 Odour Tniensity and Detectability

Often the intensity of a particular odorant is expressed in units
which are related to the threshold concentration., This guantitative
assessment suffers from many inadequacies, not the least being an inability

to predict the perceived odour intensities above the threshold limit, At
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lower intensity levels, odours become difficult to perceive and therefore

the odour threshold is expressed as a range of concentrations, The actual
values depend on the type of test, paneliist selection, detectability criterion
etc., and can be defined only in the context of these parameters. The detection
of an odour involves a decision process - the panellist may be absolutely
certain that the odour is present, or feel fairly certain, or be not so

sure etc, The criterion for a yes/no decision is influenced by his willingness
to make an erroneous decision, which in turn depends on the consequences of

82=85
'yea! and 'no' judaments,

Several researche;:’ﬁggr'used the threshold dilution technique
to assess diesel exhaust odour intensity. It is sufficient to say that the
absolute values produced must be viewed in the light of the foregoing discussion.
Several methods have been developed to measure the intensity of
an odour, The simplest involves the assigznment of a numerical or word scale
to the odour sensation. Typically 4 - 7 cateasries are used, More categories,
especially beyond 10, do not improve the intenaity resolution, since the
scatter in the judaments increases, A 4ypical :ategnry?gcale which is as
good as any is :-
0 - No odour
1 -~ Just p;rcaptibla
2 - Faint
3 = Easily noticeable
4 - Strong
5 = Very strong
The numbers do not indicale how much stronger the sensation is, and once an
odour has reached the fifth category no further intensity differentation is
posaible, ie: two odours raied at '5' can differ greatly in their intensities
when compared directly.

Two laws, empirically deduced from odour panel studies, serve to

relate the intensity of the odour stimulus %to the concentration odorant, The
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first of these laws, the Weber-Fechner law, states that the ratio of the
intensity of the applied stimulus to the incremental change in intensity
of the stimulus which is necessary to produce a 'jusi noticeable difference’
in response, is independent of the original intensity of the stimulus, This
law has been found to have widespread applicability?%o sense perception,
Steven's law, which also is applicable to other physiological
91,92

response patterns, can be expressed mathemalically:~

T (perceived) =k X
or log I = log k + n log X

where I is the intensity of the sensation, X is the concentration of
the odorant and k and n are coefficients,

Qdour intensity ratings are greatly assisted by odour intensity
reference scale§E9}¥ge intensity of the test odour is characterised by
that concéntration of a reference odorant which smells equally as strong.
This technique obviates the difficulties inhersnt in the semantic and
number scales and permits better intensity discrimination even with novice
panellists, In a typical test routine the panellista smell the sample cdour,
X, and compare it with a set o prepared samoles of scaled intensity. Turk?z
suggested a binary scale of 12 refsrence samples in which each successive
bottle in the series contained t#ice the concentration of the odorant as the
previous bottle, Comparisons are simpleat wher X and the reference odorant
are similar in quality. However judzments are guite satisfactory even if the
odour guality is very differen:ifgge use of this technique to assess diesel
exhaust odour requires the cooperation of a carefully frained panel of
observers and the use of a special exhaust dilution—presentation facility,

In 1949 Arthur D. Little Inc. repor‘:.ed%the development of a sensory
method for the qualitative assessment of an cdorant. This technique enabled
ADL to carry out an extensive ressarch programme into diesel engine exhaust

culminating in the development of the instrumental odour analysis sysiem,

which is also central to this particiliar study.
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The ADL method produced qualitative and quantitative descriptions
of the odour sensations, reported in terms of reference standards, The
composite written description was reproducible and defined the effects
of process changes on the odour of the exhaust as compared with the standard
operating conditions of the engin;?'The total odour sensation was described,
generally by four to six character notes. The methed was qualitative, since
a verbal description of the odour qualities was given and the order of the
odour character notes indicated their detection as a function: of time,.

The intensity of each character noie as well as the total intensity
of aroma (TIA) was rated on 2 four point iniensity scale: not detectadle’ (0),
slight (1), moderate (2) and strong (3) intensities, With experienced

panellists, the basic four point intensity scale can be extended to a

seven point scale by the use of one-nalf ratings ie:

Numerical Rating Intensityr
0 Hot detectable

oy »

Very-slizht

-

13 Slight ‘o moderate
2 . Moderate
23 Modesrata to strong
3 Strong
Two feeling sensations, ie: nose and irritation, were indicatediif present

by a check mark {v) without attempting to dascribe their intensity.

Bach ofthe four trained panellists, forming the odour profile
panel, entered an odorised static test chamber, and sniffed the air three
times. Each panellist recorded his cbservations on the TIA, odour chaéacter
notes perceived, and the order of appearance and intensity of the notes.
After the observations in ths teat room, the panellists gathered to report

their results, Reference was made to cdour standards to assist agresment
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on the various verbal descriptions used and to aid the development of a
common language for describing the ocdour quality., The panels' results
were then composed in an odour profile which summarised the odour observations
of the four panellists and indicated the odour gualiiy, the order of
appearance of the character notes, and their relative intensities.

The profile description of the diessl exhaust odour in the test

room at a dilution of 600:1 is summarised below:

TIA 2
Smoky burnt 2
Oxidised oil 12
Kerosene - 13
Nose irritation v

v’

Eye irritation

Cwing to the inherent variability in odour intensity measurements,
particularly over én extended period of time; combined with the difficulty
in distinguishing small differences in intenaity based on recalled standards,
ADL devised a second method of odour measurement,

The dose/response method initially involved the use of the static
test chamber, but was later refined into a kinetic odour measurement method.
In this technigue, the exhaust was presented in five concentrations ie:

0.2, 0.4, 0.8, 1.6 and 3,2 /m3 or dilutions of40pg;1 to 30031, These were
presented first in increasing order, then in random order, The primary
response for each of the four panel members at each test condition was the

TIA value, although profile descriptions were also reported. The TIA values
ranged from barely detectable to strong, The advantage of this method of
presentation is that all of the individual intensity values obtained for

five concentrations, in two sets, can be summarised by averaging the intensity
responses for each concentration. The intensity vs. log concentration data

can then be plotted and the regression line can be fitted,
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Thuvse T = a+ Db 10g100

Where C is the concentration of exhaust, j:/m3 of dilution air, I, is the
intensity of that exhaust at £/h3 and b is the slope of the line. The
intercept value, a, (ie: exhaust diluted to 1000:1 ) describes the intensity
of the exhaust sample with the most reliability. The calculated intensity,
(1), has become the numerical value used in developing correlations with
and calibration of the oxygenates expressed as pg /2 of exhaust,

Organic fractions, isolated by ligquid chromatography from the
trapped exhaust, were also presented and assessed in a manner similar to
that just described for the exhaust gas odour assesament, One refinement
which was necessary for the presentation of these fractions involved the
use of a moving air stream to carry the evapocrated fraction to the panellist,
The organic fractions were dissolved in nonane and injected by means of a
moior driven syringe into the air stream. Cne advantage of this presentation
system over the static test lay in the covert manner of sample presentation
40 the panellist thus enabling an unbiased report for the detection of
low concentrations. The ocdorised air stream was mixed mniformly in a XKinex
static mixer, before it entered the aluminium-clad odour test chamber.

Using this procedure, the total grzanic extract (TOE), of the exhaust, and

the aromatic and oxygenate fractions counld be presented to the panellists

for the dose/response assessment, Figuresi.1i shows the odour intensity

of the TOE and the separated aromatic and oxrzenate fractions vs presented
exhaust concentrations. It is clear that the oxygenate fraction is more
representative of the total exhaust odour, The separation and characterisation
of the aromatic and oxygenate fractions will be described in some deatil

in section 1.5.5.2

e Dsl Odour GQuality

Odour character or quality is a difficult concept to define,
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Researchers are now convinced that odours cannot be neatly fitted into
a limited number of odour 'types'. Instead, an odour can be characterised

in terms of its similarity to other odours or by listing appropriate

sensory attributes,

82
Turk has sugsested that diesel exhaust possesses four essential

quality 'hotes'—burnt, oily, pungent and aldehydic. In order to assess
whether these notes are present in a particular exhaust sample, the Turk
reference odour kit contains 16 bottles consisting of four concentrations

of each of the four quality standards. Each reference odorant consists of

a numver of carefully blended componenta mixed in specified proportions,

to give an overall odour which is similar to each identifiable quality
descriptor, The sample odour is then comparsd with each of the four quality
reference standards to ascertain which descriptors are applicable and then
to estabiish, by means of the concentration seriss, the contribution of each

descriptor to the total odour character.

1525 Odour Acceptability

Odour acceptability is sirongly dependent upon the context in
which it is perceived, in odour which 'does not belong' is much less
acceptable than the same odour arising within its axpected environment,
However, studies have shown that there are manv odours which are almost
universally accepted as unpleasant. The same also applies to some 'obviously
pleasant'odours, although the diversity of opinion is broader., In addition,
many other odours fall in between these extremes and tend to be reported as
neutral, pleasant or unpleasant with much inconsistency,

A seven point hedonic scale has been devised to categorise the

pleasantness/unpleasantness of an odour:-
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+3
+2 Increasing Pleasantness

+1

0] : Neither Pleasant nor Unpleasant
-

-2 i Increasing Unpleasantness
Y

All strongly unpleasant odours will be rated -3, although some may be
98
more unpleasant than others. An example of the nse of this scale in

classifying eight orgzanic cdorants is given below:-

Qdorant Hedonic Value
Thiophene =2.9
Hexanethiol =2.9
Pyridine 2.7
Propioralidehyds -1.5
Styrene -1
Butan-i-ol 0.9
Butanone 0.6

vyl Acetate 1.2

29
Fare et 2l have reported the findinzs from their investigations

into the public cbjectionability to diesel axhaust, using a mobile test
laboratory, The odour was presanted without identification and was

assessed using five hedonic descriptors: pleasant, neutral, unpleasant,

very unpleasant and unbearable, The main conclusion emanating from the
statistical treaiment of the results was that the public objectionability
ratings could be directly related to the quality and intensity data produced

by a irained odour evaluation panel. The survay showed that the objectionability

of the diesel exhaust odour increased with odour intensity, although the

linearity and the strength of the relationship depended on the manner in
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which the objectionabilily response was elicited from the participants.

154 Objective Assessment of Qdour

By definition, 'odour' can never be objectively assessed gince it
is the subjective response of a human being to an external stimulus, Never-
theless, instrumental technigues for measuring those particular properties
of air samples which can be related to the odour intensity or possibly
to the odour quality ( as determined by a human panel ) have been developed
for some well-defined applications, The instruments available vary immensely
in design and concept and reviews have been publishegm,:ﬂich describe the
respective merits of these potentially useful devices. One tachnique, for
example, uses gas chromatographs equipped with computerised analysis
capabilities to clasaify complex odours.‘02

‘ One of the major problems associated wiitn the design and
development of instrumental technigues for odour assessment concerns the
degree of sensitivity required from the objective technique,which should
ideally compare favourably with the capabilitiss of the human nose. A number
of odorants are ¥Xnown which produce significant odours at concentrations
below p.p.b. by volume in air., This corresponds %o 13"93/1, which |
necessitates either very sensitive dstactors or enrichment of the sample
while avoiding interference by excess atmosoheric moisture or other
contaminants.

Many attempts have been made to correlate the perceived odour
of a complex mixture with a specific class of chemical substance contained
within the sample., Thus for diesel engine exhaust the carbonyl class, or
more specifically the aldenyde class, of compounds has been frequently
measured in an attempt to establish a guantitative relationship with the
odour, Such attempts are often negated by the fact that compounds which

belong to the same homologous series but, have different molecular weights

usually exhibit widely different odours, For instance, dimethyl and diethyl
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sulphides are strikingly unpleasant, but the threshold begins to increase

with an increase in molecular weight and the odour quality changes until,

with hexasulphide, the threshold is much higher and the odour is not
objectionable. Thus analysis by chemical groups, eg: % aldehydes, % sulphides
or % mercaptans etc, has little relevance to the gquantification of the

odour unless only one chemical compound or one class of chemical compound

is the principal odorant. The effectiveness of instrumental odour assessment
methods is also reduced by synergistic effects which may exist in a compound
odour. With synergism, the odour of one compound is modified by the interaction

with another odorant and in these circumstances az correlation between the

werceived odour intensity and a single chemical class is highly improbable.

Tx5aD The Characterisation of Odour Compcnents in Diesel Exhaust

In 1968, the Coordinating Research Council and the Environmental
Proteciion Agency jointly sponsored tmo major diessl odour research

1 SRR T TSR S T e g 108=109 ’
programmes carried out by ADL Inc. and the Iliincis Institute of Technology.

These iwo progZrammes have coniributed a zreat deal to the large volume

of published information regarding the natures of diessl exhaust odour
species and their measurement, The resmlis cbtained from both of these
studies, during the first three y;ars of the contract have been summarised
in a report produced by their sponsors?%hdnz'to the importance of the
reported findings and because the results published form the basis of the

present study, a brief resumé will be ziven of the information emanating

from the research programmes.

1551 The IITRI Research Programme

In order to collect samples for the detailed chemical and odour
analysis programme, IITRI developed a unique method of irapping samples of
diesel engine exhaust using a solid polymer matrix, The sample traps consisted

of stainless steel tubes packed with a hydrophobic cross-linked styrene
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polymer which adsorbed practically all hydrocarbons and partial oxidation
products while allowing the escape of the odour-irrelevant substances

such as: CC, 802, 320 and CH4 and the permanent gases, By careful application
of heat, the compounds were desorbed into a stream of helium which was

passed through the trap, and were carried into a gas chromatograph equipped
with duval capillary columns. The colummn effluent was evaluated for its

odour by a trained analyst . and, whenever possible, the odour of each compound
eluted was described gualitatively using the fonr odour descriptors specified
by the Turk kit. The exhaust sample was resolved bv the dual column
chromatography iechnique into over 1000 components, about 100 of which

were found to be odour-relavant, The odour-relevant peaks appeared to
represent individual compounds and these were identified by comparison

of retention-time data with those of known compounds and by mass speciroscopy.

The IITRI programme emphasised the identification of chemical
classes of substances and the results obtained are listed in Table 1.2

Many high molecular weight cyclic and aromatic hydrocarbon classes,
including naphthalenes, indans, tetralins and cvcloparaZfins were isolated
a8 strong contribuiors to a 'burnt cdour note!, Various non-aromatic
hydrocarbons, containing more than one double or triple bond, contributed to
the 'burnt odour note' of the ov;rall odour, Arcmatic aldehydes containing
the benzene or furan structures were found %o have wvaried odours ranging
from pleasant to pungent and were considered <o be important odour
contributors., Some heterocyclic sulpher compounds, such as thiophene and
its derivatives, were isolated as odorants, These compound classes are
gummarised in the aboves Table,

Those classes of compound, identifisd but considered to be odour
irrelevant, included the lower alcohols, simple alkylbenzenes and alkanes
(mostly Cig b0 Cia )+ All these compounds were found in significant amounts,
but were generally present at concentrations below their relatively high

odour thresholds, Indication of the pressnce of some n-alkanoic acids



Table 1.2

Classes of Qdour Relevant Compounds as Tdentified by TITRT

General Class

Specific Class

Qdour Note

Aromatic hydrocarbons

Nenaromatic hydrocarbons

Sulfur heterccycles

Aldehyvdes

Alkyl benzenes
Alkenvyl benzenss
Methyl indans
Naphthalenes
Tetralins

Alkenes / zlkymes
Thiuphenas
Benzothiophenes
Paraffinic aldahydiea

Aromatic aldshydes

Furan aldshyde

Pungent, burnt

Burnt

Burnt-fuel

Naphthalene

Toul-burnt

Burnt

Aldehyde

Pleasant

Pungent

65
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were found, but these were considersd not to contribute greatly to the
overall odonr.

After two years of research, the ITTRI programme was terminated
in favour of the ADL programme since, the two studies were complementary

and the ADL procedure produced more significant information for a given

level of effort.

1.5.5.2 The ADL Research Programme

The objectives of the ADL research programme were to identify
the odorous compounds present in diesel sxhaust a2nd to develop an instrumental
technique for their rapid estimation.

As a result of the integrated application of analytical chemisiry
and sensory methods outlined in Section 1.5,1, ADL have reported the
identification of major odorous species in dissel exhaust, The odour is
deseribed as having two major odour notes; cily-kerosene and smoky-burnt,
The oily kerosene odours are principally due %c the alkyl-substituted
indans, tetralins and alkylbenzene in the sromatic portion of the unburmt
hydrocarbens. The smoky-burnut character is primarily due tu the partial
oxidation products of these same arcmatic species, plus a smaller contribution
from the paraffin oxidation prodﬁcta, specifically: alkyl, hydroxy and/or
methoxy substituted indanones, phenols, berzalishyvde and alkenones,

The agsiznment of thess odour noiss %o specific chemical classes
was achisved by collecting large volumes of sxhaust by condensation,
separation of the non-odorous and odorous fractions by liquid chromatography,
followed by resolution into individual species by the application of two-
staze gas chromatography and final detection by high-resolution mass-
spectrometry, Each of the steps in this procedure were guided by odour
analysis of the fractions and by determining how well they represented
the original exhaust odour., Odour studies showed that the total organic

extract (TOZ) had the odour intenaity and character of the original
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exhaust, Using liquid column chromatography, the TOE was resolved into three
fractions, the major fraction (80%) consisting of paraffins which had no
odour when examined at the appropriate concentration., The exhaust odour
was associated with the fractions containing the aromatic species (17%)
which exibited the oily-kerosene odour and the oxyzenated species (3%)
which had the smoky-burnt odour.

Tables 1+3 and 1*4 show the odour-structure correlation for
the oily-kerosene odour complex and the smoky-burnt odour complex. In
summary, it was foundéthat,
1. The smoky odour character was most consistently associated with hydroxy
and methoxy indanones with some contribution from methyl and methoxy
phenols,
2, Burnt odours were associated with furans and alkylbenzaldehydes,
3.The oxidised oily characier was usually ascribed to alkenones, dienones
hydroxycyclocarbonyles and indanones,
4., Irritation factors most freguently associatad with lower molecular
weight phencls, Scme benzaldehydes and methoxr benzenes may also have
contributed to this irritaioun,
5. While some unsaturated aldehydes contrituied %o the exhaust odour complex
the most abundant exhaust aldehyées did not appear to make a significant
contrimtion.
6. Neither sulpher-nor nitrogen-containing sseci=s contributed to the
smoky-burnt odour complex, Althongh such species were observed during analysis
none were associated with exhaust odour,
7. Naphthalenes, which constituted 50% of the aromatic fraction, were
considered to have irritant properties in addition to enhancing the perceived
odour character of the indans and tetralins, ies: the naphthalenes exhibited
a synogistic effect rather than being important odorants themselves,

With regard to the origin of the most significant odour contributors,

ADL concluded that the aromatic portion of the fuel appeared to be the source,
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Odour-Structure Correlation for the Qilv-Kerosene Odour Complex
Odour Type Associated Structures
Qily Alkyl benzenes (1)
Alkyl indenes (2)
Kerosene Alkyl indans (3)
A1kyl tetralins (4)
Sensation (feel, irritation) Nethyl napthalenes (5)
R R R
2 -
L1 2 {2) 5 (3)
N
.w
(4) {3)
Table 1.4
Qdour-Struncture Correlation for the Smoky—Purnt [dour Complex
Structure Tyvne Odour
Alkengns Oxidised oily
Diengne Oxidised oily
Furan g Irritation
Furfural ' Burnt
Benzenes _
WMethoxy % Smoky, pungent
Phenol Burnt, irritation
Aldehyde Burnt, pungent
Benzofuran Particle size
Indanone Smoky metallic
Idenone Leathery tarry burnt
Naphthaldehyde Particle size
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although some contribution from the paraffin portion was evident, The

estimated concentrations of odour species were thought to be:-

Total ppm Individual ppb
Oily-kerosene Aromatica 20 40 - 400
Smoky-burnt Oxygenates B 0.1- 10

it was also estimatedothat about 200 different distinct chemical species
may be responsible for the oily-kerosene odour, while approximately 2000
species contribute to the smoky-burnt odour. The engine exhaust, under the
test condition employed had a total hydrocarbon level (HC) typically at
500 ppmC, from which it can be sesn that the odorous species are a very
amall portion of the exhaust HC's,

By using ligquid chromatography, all of the aromatic components
which produced the oily-kerosene odour and all of the oxygenates which
contributed to the smoky-burnt odour were resolved into just two separate
fractions, the former labelled, liguid chromaiographic aromatics, LCA and
the latter, liguid chromatograpni¢ oxygenatass, LC3. The resolution of all of
the exhaust components into two odour relevent fractions enabled ADL to
develop a correlation betweer the intensiiy of the exhaust odour and the
concentrations of the LCA and the LCC fractions in the exhaust. More
gpecifically ADL found that a paéticnlarly zood corrzlation existed between
the total odour intensity of the exhaust, expressed in TIA units, and
the concentration of the LCO fraction expressed in ngl of exhaust,
Mathematically this correlation may be expressed in the form:-

TIA = 1.0 + 1.0103101100(}13/1)
and was found to be effective down to TIA values of 0-5.

Pigure 1-15 shows a plot of observed odour intensity, vs, predicted
odonr intensity using the above correlation, and indicates that the 1/1
correlation is statistically very good, 2d = (0«3, The TIA values have been

‘determined using various operating conditions, and these data in conjunction

with those obtained from field studies have indicated that the TIA
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Observed Odour Intensity vs. Predicted Qdour Intensity

70

TIA

INTENSITY

OBSERVED ODOUR

TIA = 10 +10lcg LCO(pail)

20 =03
&
x ]
9
>
2
@ | ]
| &
> s
.//,
¥
L
1 2

PREDICTED ODOUR INTENSITY TIA




relationship holds for all the conditions tested., On the basis of these results
ADL have developed a prototype instrument which uses high pressure liquid
chromatography to resolve trapped exhaust samples into the LCA and LCO
fractions.

The ADL insirument, known by the nmemonic DOAS, (Diesel Odour Analysis
System) is the only instrument of its type availabley at present, for
diesel exhaust odour measurement. Its development has been followed with
interest by diesel engine manufacturers and government organisations, both
in America and in Burope, since its universal acceptance could result in
odour legislation, .

Prior toc analysis, diesel exhaust samples are collected in stainless-
stesl traps packed with Chromosorb 102, a crosslinked polysiyrene polymer
with a2 large surface area for adsorption, This particular material is
hydrophobic but retains exhaust hydrocarbons with 95-98% efficiency, allowing
only 10 ppm of the light hydrocarbons such as methane to escape, The toial
organic extract {TCE) is recovered for analysis by elution. of the trap
using cyclohexane. The ADL procedure collects about 25 1 of exhaust, although
15 1 samples have been found adeguate, The exhaust odour species collected
may be stored in the traps for about 12 days without incurring significant
loss of odour,

The DOAS is shown scematically in Figzure 1.16 . It consists
basically of a high pressure ligunid chromatograph modified to make it
specifically suitable for diesel exhaunst analysis, A high pressure pump is
used to ecycle cyclohexane continuously through the system which includes
a 15¢cm x 0.64cm stainless-steel column packed with Corasil II. The column
effluent is monitored by a UV detector operating at 254nm. A 1Qp1 vloume
of TOE is injected onto the polar column. The LCA fraction is not retained
and is eluted to produce the firat peak of the chromatogram. The oxygenated
gpecies, because of their polarity, are retained on the column and to affect

their elution, the polarity of the cyclohexane solvent is increased by
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addition of SQpl of isopropanol, The LCO fraction is eluted as the second
peak in the chromatogram, an example of which is shown in Figure 1.17

Integrated circuits are used to control the operation of the
system, ie: the switching of the isopropanol injection valve and the
timing of the sequence of events after injection, The area underneath the
chromatogram is processed by additional electronic circuitry which converts
the LCO area into pg of LCO and then to the appropriate TIA value using
the empirically determined relationship described above. The area of the
LCO peak is calibrated against standard solutions of 2-methoxy 4,-
hydroxyacetophenone, the relationship between the instrumental response for
the LCO fraction and the standard having been previously established., The
instrumental technigue, therefore, produces a guantitative assessment of
diesel exhaust odour eliminating the very costly and time-consuming method
of odour panel assessmenz,

In conclusion, it should be notea that, although the IITRI and
ADL programmes produced resultis which were iarzely complementary, some
differences of opinion exist regzarding the natu=e 57 some of the odour
relevant classes. IITRI obtained evidence which indicated that the aliphatic
aldehydes, particularly those possessing unsaturated molecular structures,
wers important odorants. ADL, how;ver, only confirmed the presence of these
compounds in the exhaust, stating that they wer= lo3s important odorants
than many other classes. A similar disagreement concerned the odour relevance
of the sulpher-containing heterocycles; IITRI claimed that these compounds
were important, while ADL rejected this conclusion, Despite these, and one
or two less important discrepancies, the iwo studies certainly contributed
much useful information to the fields of diesel exhaust analysis and the
nature of the odorants, It is important to note that the ADL instrumental
technique for odour measurement, unlike many other proposed techniques,
does not assume that the diesel exhaust odour is due to the presence of

a2 single chemical substance or chemical class in the exhaust. Thus the
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resolution of the discrepancies mentioned above is unimportant to the

functioning and reliability of the measurement method.

1.5.5.3 A _Comparison of the Subjective and Qbjective Assessment Techniques

The most consistent and reliable techniques for diesel exhaust
odour assessment are those devised by Turk and ADL, both of which have
been previously described, The only objective method for diesel exhaust
odour assessment is the ADL DOAS which has been developed through correlations
with the ADL odour panel, The only test available for checking the validity
of the DOAS odour measurements is therefore a comparison with the odour daia
produced by application of the Turk methed, Such a comparison has been
performed and reported.”'

Diesel exhaust samples were collected for odour analysis from
four different diesel powered passenger cars., The Turk odour reference kit
was used by a irained panel of odour analys%s to zenerate a 'D' value for
each exhaust sample. Simultaneously, the ADL 304S instrument was used to
quantify in ferms of TIA values a similar set of samples, Figure1+18
shows the two sefs of data obtained and the high dazree of correlation which
exists beiween them. This study indicates *ha: 4he DCAS instrument is
capable of gquantifying diesel exhaust odour =i:h a degree of accuracy

comparable with thati obtained from a panel of trained observers.
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1.6 Present Work

One of the most complex reactions known to chemical science is
the combustion of hydrocarbon fuels. Some aspects of the oxidation
mechanism have been elucidated as a result of countless studies performed
during the last two decades. Measurements of important kinetic parameters
such as the rate constants, activation energies and the pre-exponential
factors has made possible the developmeni of overall reaction schemes,
moreover, the advent of modern analytical instrumentation has resulted
in the identification of the intermediates and firal products of the reaction.

These developments in combustion science have resulted in an
understanding of the processes by which oxidation producis are formed.
The intention of the present study was to use these well-established
techniques to investigate the oxidation of diesel fuel in a static vacuum
system and to monitor the formation of odorants during the combustion process.

During the combusticon of single component hydrocarbon fuels,
various oxidation phenomena, such as siow combustion, cool-flames and two-
gtage ignition, have been observed. Many partial oxidation products are
formed during the slow combustion and zool-flame oxidation processes, and
these compounds are very similar to the diesel exhaust odorants characterised
by IITRI and ADL. The present study was therefore designed to elucidate the
conditions under which 2 milticomponent diesel fuel exhibits the aforementioned
combustion phenomena. Samples were wishdrawn during the combustion process
for odour analysis using a technique similar to that devised by ADL.
Similtaneous gas chromatographic analysis of the samples provided additional
information regarding the nature of the components constituting the odour
fractions and the efficisncy of the collection procedures,

The objective of these analytical studies was to dafine the
conditions favouring odorant formation and to establish the mechanism by

which odour relevant compounds are formed from diesel fuel, In pursuit of



78

this aim, the combustion experiments were performed under various initial
pressufes and temperatures and with a range of stoichiometries of fuel-
air mixtures.

Owing %o the complexity of the ADL technique compared with the
procedures now employed for the measurement of 'standard emissions', ie:
NOx, CO, HC and smoke it was also intended that the possibilities of
developing a simple, objective odour measurement technique should be

briefly investizated.
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2.1 Objective Odour Assessment

In an attempt to devise an objective method for the qualitative
and quantitative assessment of diesel exhaust odour, a literature search
was carried out under the following titles: odour, olfaction and
olfactometry. The literature contained scme reports of research into the
development of odour-assessing devices (olfactometers) which varied in
complexity end mode of operation. Adsorption of the odorant onto a
substrate was frequently cited as ths potentizal basis for an olfactometer.
Two devices which employed adscrption as the fundamental operating
mechanism differed widely in the emphasis placed on the respective aspects
of the adsorption process. One device used the exothermic heat release
which arose from the adsorption process as a means of detecting and
characterising the odorant. The other device concentrated on the electronic
effects emanating from the adsorption ¢f = vapour onto an organic layer

sandwiched between two metallic laye the form of an organic

d
i

¥
i3

aneglogue of an inorganic semiconductor. This latier device has been
patented and forms the detector section of z commercially availeable
hydrocarbon vapour monitor.

These two detectors were chosen for further investigation

ne their potential applieability to diesel exhaust odour

2
F!o

in order to gdete
assessment. The coastruction of the two types of clfactometer together

with the responses produced by these devices %o standard odérants will be
described. Finally their usefulness in assessing diesel exhaust odour in

situ will be analysed.
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5.1.1 Adsorption Olfactometry

2.31.1.1 The Development and Construction of an Adsorption Qlfactometer

Initially, the concept of assessing an odorant by detecting the
heat evolved during the adsorption of its vapour on a substrate was
suggested by Moncrieff:Iz ‘who indicated that this physicochemical
process was possibly fundamental to the perception of odours in biological
systems. Moncrieff used two thermistors in a Wheatstone bridge cicuit as
the basis for his olfactometer. One of the thermistors was coated with an
organic or inorganic film on which the odorant wculd be adsorbed;the other
thermistor was uncoated but subjected to the same savironment as the
coated one., Adsorption of the odorant vapour on the film produced a
resistance differential between the two thermistors resulting in the
generation of a signal at the Wheatstone bridgze cutput. The amplitude
of the differential signal was found to be a function of the chemical
structure of both the vapour and the film and the wvapour concentration
in the air stream. The apparatus developed differed from Moncrieff's
design in that it was possible to measure elsctronically the heat of
adsorption of vapours on comparatively larze guantities of organic and
inorganic gas chromatographic packing materisls cver a range of temperature,
pressure and flow rate conditionms.

The apparatus is shown schematically in Figure 2.1. The complete
system was housed in a thermally insulasted box constructed from hardboard
and expanded polystyrene, a design which permitted isothermal measurements
to be made within the range 25 to 35°¢. Compressed air from a cylinder
was first purified by passing it through a2 column of activated carbon and
then humidified by bubbling it through a dreschsel bottle containing

distilled water. Once inside the box the air stream was passed through a
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Key to Figure 2.1

Inlet for Purified and Humidified Air
Glass Coil for Temperature Equilibration
Flowmeters for Streams 1 - 3

Mixing Chamber

Odorant Vaporiser

Pressure and Temperature Measurement Globe
Thermistor (THB12)

0-15p.s.i. Pressure Transducer

Detector in Conditioning Position
Detector in Sensing Position

Syringe

Outlet to Vacuum Pump

Recording Thermistor (TER12)
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Figure 2.1

atus Flow Scheme

Odorimeter Appar




86

glass coil to achieve thermal equilibrium between the air stream and the
box atmosphere. The stream was then split into three separate streams,
each monitored by a flowmeter. Stream (1) entered the mixing chamber and
constituted the diluting air for the odorant which was injected into the
reservoir. The vapour from the odorant was carried to the mixing chamber
by streem (2). Stream (3) was used to condition the detector prior to an
odour assessment run. The mixed odorant and diluent gases then passed
into = sphere situated at the end of the mixing chamber where the temp-
erature of the air stream was measured by thermistor G. The gas finally
passed into the detector, shown in Figure 2.2, which consisted of a glass
cell containing 1 g of adsorbent packsd around a2 second thermistor M. The
back pressure resulting from restriction of the gas flow by the packing
was measured by a pressure transducer,d, situated in the globe. The
pressure thus recorded was then nullified by attaching a vacuum pump to

the outlet of the detector, thus assisting the zas Tlow through the cell.

s

-

Adscrption of the odorants was therefore effectively performed at
atmospheric pressure.

The circuit for the thermistor Wheatstone bridge network is
shown in Figure 2.3. The THE12 negative temperature thermistors were of
the miniature gless encapsulated germanium bead type, activated by a
2 volt stabilised d.c. power supply. The low hea%t capacity of these
particular thermistors rendered them especially suitable for the application
in hand. The output of the network was recorded on a Bryans X-Y plotter
operating with an internal time base signal.

The detector was tested with three types of adsorbent: activated
charcoal, Chromosorb 102 and 20% Dincnyl phthalate on Chromosorb W. The
packing was conditioned with air stream (3) for 30 minutes at the flow rate

ekl
selected for the'odour' assessment normally 0.5 1 min
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Three odorants; acetone, methanol and propanol were chosen for preliminary
tests on the device, followed by many other compounds of the aldehyde,
ketone and ether classes. The adsorption and desorption curves were found
to be essentially similar in shape, but the differences which did arise
such as base width, rise time and peak height were found to be sufficiently
reproducible and unique to permit the qualitative differentiation between

the odorants used.

2.1.1.2 Procedure for Testing the Response with Various Odorants

A typical operating procedure using Chromosorb 102 as the
adsorbent and methanol 2s the odorant was as fcllows. The detector cell was
packed with 1 g of the adsorbent after silanised glass wool plugs weré
fitted to the inlet and outlet ports of the cell in order to retain the
packing particles. The cell was then capped and conditioned by air stream
(3) for 30 minutes at 0.5 1 min —; see Figure 2.2.After this period, the
cell was remcved from the conditicning position a2nd a thermistor was
placed in the cell, which was then attached to the cutlet of the mixing
chamber. The flow rate of streams (1) and {2) were sdjusted, together with
the vacuum pump, to give the desired total flow rate, dilution ratio and
null pressure point. The temperature of the zir stream was then measured
by recording the output of thermistor G in & separate Wheatstone bridge
network, the output of which was recorded on a milliammeter calibrated
in degrees centigrade. After the system had been allowed to equilibrate
for 5 minutes, 0.25 ml of oderant was injected into the reservoir through
the rubber septum, and the differential signal of thermistor M with
respect to thermistor G was recorded. Typical curves thus produced are

shown in Pigure 2.L.

The conclusions which can be drawn from the many experiments
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carried out are:—
1. The apparatus was capable of measuring kinetically the heats of adsorption
of vapours on activated solids.
2. The quantitative response at a given flow rate and temperature was
proportional to:-
(i) the concentration of the odorant irrespective of whether this was
determined by the volume injected or the dilution ratio used,
(ii) the chemical composition of the odormnt and
(1ii) the chemical nature of the adsorbent.
The above cbservations were reproducible for concentrations of
odorant below a critical value unique to each odorant. Above this critical
concentration the adsorbent beceme saturated and insensitive to further

inereases iz odorant concentration. This process zppeared t

o

be analozgous

ch occurs in the crganaleptic perception of odour.

[

to olfactory fatigue wh
3. Curve characteristics such 23 bese widstk, riss time, desorption time and
peak helght were all dependent on the chemical pature of the odorant and
and adscbent. Thus under the same conditicns of temperature, pressure,
flow rate, sample concentration-and adscrbent, the curve characteristics
were unique to each odorant tested i.e. the spparatus had qualitative
discernment cepabilities.

With regard to the functioning of the apparatus, it was found
that the reproducibility of the response depended on the use of freshly
activated adsorbent for each test unless lengthy in situ reconditioning
at elevated temperatures was performed. In addition heat loss from the
cell to the surrounding a2tmosphere and the excessive quantity of ineffective
adsorbent surrounding the thermistor were considered to reduce the sensitivity
of the apparatus. For these reasons, further modifications were made

together with an attempt to reduce the size of the anna*atus.
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The modified detector cell shown in Figure 2.5 was housed in
a detector block, Figure 2.6,which was machined from aluminium - a
material which has %een chosen and reporteé?;s suitable for the lining
of odour assessment chambers. The reference cell was housed in a fixed
compartment of the detector block, while the sample cell was removable
to permit the repid interchange with a freshly packed cell and to assist
with the cleaning and packing. Both the reference and the parallel sample
cell consisted of two chambers. The first chamber in the reference cell
contained only a thermistor and the second only the adsorbent. In the
sample cell the first chamber contained both thermistor and adsorbent
whilst the second acted as a dummy chamber. This configuration allowed
equelisation of the air flows through the parallel sample and reference
cells, the resistance to air flow afforded by the packing in the sample
cell being compensated by the ineffective packing in the reference cell.

Air was drawn through the detector by a vacuum pump and passed

through a flowmeter attached to the outlet. In order to test the response
of the detector to various odoranits, the inlet tubs was inserted into the
neck of a test tube containing the cdorant. The response produced was

recorded on the Bryams X-Y plotter and Figure 2.7 illustrates the typical

responses achieved with isopropanocl and acetone with 20% dinomyl phthalate

adsorbent packing.

2.1.1.3 The Applicability to Diesel Exheust Odour Assessment

After prolonged testing of this device, it was appreciated that,
although its potential for detectirg chemical vapours under idealised
conditions was confirmed, its suitability in its present form for the
assessment of diesel odours was extremely limited. Specific aspects of

its design which would need modifying include the attainment of isothermal
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Detector Cell Construction
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Figure 2.6
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Figure 2.7
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conditions for the detector and gas streams since temperature greatly
affects the adsorption process. The thermistors were low—temperature
types, requiring that the smbient temperature should not exceed 100°¢.
In order to achieve these conditions for diesel odour testing, the
exhaust would need to be cooled and possibly diluted with nitrogen to
prevent condensetion of some of the higher-boiling components. This
would result in grestly reducing the concentration of the actual
odorant components of the exhaust making it essential that higher
standards of electrical stability and sensitiviiy should be achieved.
A correlation of the detector response patterm with a2 human odour
judging panel would also have to be performed in order to achieve
meaningful resﬁlts from the objective method.

The recognition of the amount of experimental work and the
specialised facilities required to render the device a viable proposition
made termination of the investigation intc the adscrption device inevitable.

Although some of the conclusions listed here are also applicable
to the organic sediconductor detector, the work on these two devices was
performed simultaneously. Therefore, a brief dsscription of the work
carried out on the organic semiconductor detector will be given, since it
will assist in tne appreciation of an overail picture in objective odour

assessment techniques.

2.1,1 Organic Semiconductor Olfactometry

2.1.2.1 The Theory of Orzanic Semiconductor Operation

The idea of a completely electronic analogue of the olfactory

process is not new. In addition to the device described above, which was

- ; y i W bt 113
developed from Moncrieff's pioneering work, Wilkins and Hartman
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suggested the possibility of detecting odours by the change induced in
the electrical potential of an exposed wire whilst I~heinharc1n'4 ]

devised and patented the construction of an organic semiconductor which
he claimed could form the basis of an olfactometer. This latter device was
chesen for further investigation into its applicability to the assessment

of diesel exhaust odour.

114
Meinhard showed that various odorants could be qualitatively

and quantitatively estimated by the use of semiconductor devices which
employed organic materials as their constituent parts as opposed to the
traditional inorganic compounds. Using layers of carefully chosen organic
compounds between metallic electrodes, Meinhard produced a device that
displayed the characteristics of a conventional diode. Different organic
materials produced similar properties to those exhibited by P,H,P+ and
n’ inorganic materials.

Adsorption of odorants at the interface between the two organic
layers resulted in a change in the I - ¥V characteristics of the device,
especially when operating in the reversed bias mode. Figure 2.8 illustrates
the characteristics displayed by a conventional inorganic P N function
diode and for comparison the lower section of the Figure shows the I - V
characteristics of 2 phenazine (Ni) and a flucrescein (P) diode under the
influence of increasing sulphUr dioxide concenirations in the ambient
atmosphere. The magnitude of the change in the I — V characteristics is
proportiocnal to the concentration of the odorant and to the area of the
junction exposed, thus giving the detector quantitative estimation
capabilities. The response to a particular odorant is unique for a given
cembination of organic layer materials. Thus if several different
combinations were to be used in separate diodes operating simultaneously

then a 'finger print' may be obtained for a given odorant making qualitative
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discernment possible.

Table 2.1 gives a list of possible organic materials which could
be used in the construction of these devices. The combinations of urea/
naphthalene, naphthalene/sodium salt of fluorescein and fluorescein/

phenazine were investigated.

2.1.2.2 The Construction of an Orzanic Semiconductor

Two methods of producing the organic layers were investigated.

The first method employed the compression of the various layers in a
ministure opposed plunger machine, and the second involved the deposition
of the organic compounds from solution by evaporation of the solvents.

For compression, a thin layer of copper powder was placed on.the
top of a plunger in a cylindrical stainless-steel die. The second plunger
was then placed in the die and the plungers were compressed together in a
vice. One plunger was then removed and a layer of crystals of the organic
compound was nlaced on the copper disc aad tapped to distribute the
material evenly. This layer was then compressed. This first coated electrode
was then expelled from the die and the procedure was repeated with more
copper powder and the second organic compound forminzg the opposing electrode.
To complete the semiconductor, the first costed electrode was reintroduced
into the die so that the two organic layers were face to face. Hand
pressure on the two plungers was then sufficient to compress the layers
together.Electrical leads were attached to the electrode faces using
conductive silver paint.

In the solvent deposition method, fluorescein was dissolved in
e minimum guantity of methanol and the solution was poured over the copper
face of a 25 x 25 mm piece of printed circult board. The solveant was then

evaporated at room temperature and the plate was dried in a vacuum oven at
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Type Exemples
N Reducing Agents Phenszine
Lewls bases Charge Transfer Complexes
Soft Dbases
P Oxidising Agents Biradical Acceptors e.g.
Lewis Acids PiA's
Soft . Acids i Svrolysed Polymers
| ~harge Transfer Complexes
Shlorzanil + p-phenylenediamine
Iodine + Anthracene
Aromaties, Dyestuffs etec.
Juinones and Derivatives
Hiznly Conjugated Aromatic and
Aiiphatics
Examples of Junctions
N +P Phenezine/chloranil + p-phenylenediamine
Phenazine/Fluorescein
P +P Indigo/Chloranil

Indigo/Chloranil + p-phenylenediamine

Chlorarnil/Chloranil + p-phenylenediamine

Indigo/Fluorescein
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BOOC. Phenazine was dissolved in cyclohexane to form a saturated solution
at 30°C and after deposition on another electrode the above drying procedure
was repeated. When dry, electrical leads were attached to the two film—covered
electrodes which were then placed face to face.

Using the circuit shown in Figure 2.9, I - V characteristics
were obtained as shown in the lower part of the Figure. The semiconductors
produced by sclvent deposition were far more successful than the compressed
layer devices. This was probably due to the uniformity and thinness of the

organic layers produced by the former procedure.

2.1.2.3 Testing the Response to an Odorant

In order to test the effect of an odorant on the device, it %as
necessary to expose the organic layer interface to the vapour under test.
Meiphard suggested that this could be achieved by drilling holes through
the top electrode, perforating the two organic layers and terminating at

the surface of the bottom elcctrode. In practice, this was found to be

7]

difficult without the use of speciaiised engineering equipment. In the
case of the compressed semiconductors, the drilling action disintegrated
the top electrode, indicating the inefficiency of the compression machine
in compressing the metallic powder intoc 2 cocherent mass. It was therefore
impossible to test the response of the devices made without resorting to
more technically complex methods of exposing greater areas of the
organic layer interface, possibly by chemicel etching processes used in
the photographic and electronic industries. Exposing the junction along
the edge of the electrode to ocdorants did not produce any observable
change in the I — V characteristics, but this was not unexpected 6wing

to the small area thus exposed. Continuation of the investigation into

the semiconductor devices was therefore abandoned for the following
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reasons:-
1. Highly specialised construction techniques would be needed for the
production of functioning devices.

2. The response of the device to many odorants would have to be correlated
with the response of a2 human odour-judging panel, the prohibitive nature
of this aspect being the complexity and expense in both time and finance
nesded to obtain meaningful results.

3. Dehydration cf diesel exhaust would be a necessary prerequisite to
testing with the semiconductor device, since condensed water vapour would
result in a short circuit of the two electrodes. The dehydration process
would undoubtedly irreversibly change the qualitative and quantitative

characteristics of the exhsust odour.

2143 The Appiicability of Obiective Cdour Assessment Technigues to

Diesel Exhaust Odour

Of the two objective instrmmental taschnigues described above,
the adsorption device appearesd to be the most promising, owing to its
simpleconstruction and the fact that resulss were forthcoming in terms
of response to chemical environments presented to it. In addition, the
problem concerning the water vapour content of the exhaust might be
avoided by the use of packings, similar to Chromosorb 102, which are
unaffected by water vapour. However, the amount of experimental work
involved in producing the device (or combination of devices) together
with the correct packing materials which would enable a correlation to
be established with a human odour judging panel, was considered
prohibitive.

Sinée an objective method developed by Arthur D. Little inec.

106-107
had been reported together with substantial evidence to support its
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applicability to the diesel exhaust odour problem, a decision was made
to concentrate on this apparently viable objective method. However, the
advantages of the two objective methods investigated lay in their
potential compactness and ease of operation, making direct in field
measurements possible. Continued investigation may be justified if
future legislation necessitates a2 quantitative a2ssessment of exhaust
odour and if the advantages menticned above are considered sufficiently
important.

As 2 note of interest, the organic semiconductor device has
been produced cormercially under the acronym MACGRII& (Molecular

Adsorption Controlled Organic Rectifier). -
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2,2 The Statiec Vacuum Apparatus

22k The Vacuum System

The static vacuum spparatus differed from the conventional
all-Pyrex glass system in that the reactor consisted of a cylindrical
stainless-steel bomb. A schematic diagrem of the system is shown in
Figure 2.10 from which it can be seen that greaseless Rotaflo taps
were used in all line sections through which the reaction products passed.
These sections of the line were maintained at 100°C using Electrothermal
heating tape to prevent product condensatiocn.

The air used for the majority of the oxidation experiments was
drawn from the laboratory atmosphere throcuga two packed columns, one
containing activated charcoel and the othar mclescular sieve. These columns
removed water and other contaminants, the =fficisncy of removal being
reflected in the hizhly reproducitle natures of the combustion data
collected. The zas storasge globes were reserved for the volumes of oxygen
and nitrogen which were used in the prepsratioz of specific atmospheres.

o

Some difficulty was eficounteresd in structing a vacuum—-tight

l}

connection vetween the reactor and the glass spparatus. A rigid glass-to-~

aE

Kovar metal seal was initially employed with to § inch Swagelok coupling

0

connecting the metal section of the seal to =ie reactor inlet/outlet port.
This seal did not however, withstand the thermal stress arising from a
change in reactor temperature and therefore eventually fractured. The
connector was medified to introduce 2 degree of flexibility by using a
convoluted stainless—steel tube connected to a glass—-to-stainless-steel
seal, This proved satisfactory for some time before failing once again at
the seal. The final modification dispensed with the seal altogether and

replaced it with a Swagelok union and a p.t.f.e. ferrule, the convoluted
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Key to Figure 2.10

BV Baffle Valve

C1 Activated Carbon Column

ca Molecular Sieve Column

DP Diffusion Pump

Fli Perkin-Elmer F1l Gas Chromatograph
F Furnace

Gl Penning Gauge

G2 Pirsnni Gauge

GCL Gas Chromatography Loop

I Injection Ports

LCT Liquid Chromatography Trap
ML,2 Mercury Manometers

0 Observation Port

P Pressure Transducer

PV ressure Relsase Valve j
RP Rotary Pump

RV Reection Vessel

sv Solenoid Valve

Ti-4 Cold Traps

Vi-3 Gas Storage Globes

Vi Product Sharing Globe
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The Static Vacuum Apparatus
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stainless-steel tube thus being connected directly to. the glass
apparatus. This connection withstood furnace temperature changes and
allowed a vacuum of 2:«:.19._h torr to be achieved in the system. Figure
2.11 illustrated the successful desi izn of the connector.

In order to protect the pressure transducer from excessive
pressure pulses resulting from hot ignitions, a glass baffle containing
a glass float was incorporated into the system below the pressure
transducer orifice. Pressure changes accompanying slow combustion and
cocl- flemes were recorded unhindered, but under an excessive pressure

surge the float would seal off the transducer orifice.

2.2.2 The Reaction Vessel Design

Figure 2.12 shows a vertical cross-section of the steinless-
steel reactor which was constructed in two parts. both enveloped by a
1 cm. thick copper jacket. The lower zection coantained the 325 ml reaction
volume which was cylindrical in geometry; 10.26 cm. deep and 6.35 cm. in
diameter, with stainless—-steel walls 2.82 =m. thick. The reaction volume
was enclosed in the lower section by en upper plate which bolted down with
eight screw studs. The three ports which penetrated the reaction volume

were located on this upper plate. One port, squipped with a Perspex window
enabled observations of light-emitiing combustion phenomena; the inclusion
of this port increased the reaction volume to 341.5 ml. Fuel injection
through a silicon-rubber septum was facilitated by a second port centred
on the vertical exis of the reaction volume and the remaining port was the
stainless-steel inlet/outlet port through which the reaction atmospheres
were admitted and the reaction products were withdrawn. A pressure release

valve was incorporated into this last port to vent any explosive pressure
z xp 2

surges which might oecur. The valve was set with a cracking pressure of
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The Flexible Stainless Steel Connector
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Key to Figure 2,12
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25 to 30 psig. A nitrogen envelope surrounded the whole reaction vessel
at all times, thus minimising atmospheric oxidation of the outer surface.

Initially, some difficulty was encountered in making the
interface between the two sections of the reaction vessel vacuum-tight.

As a first attempt the two faces were polished using a very fine grade

of polishing paper supported on a plate-glass table. The two sections

were then bolted down with a torgque of 80 ft 1bs. The failure to hold

& vacuum made it apparent that an interfacing gasket was essential. Indium,
a material frequently used in high vacuum applications, was en obvious
first choice, but its low melting point excluded it from the application
in hend. The prcblem was solved by using a jeintless aluminium ring gasket
and with thishin place a vacuum of 2x10-h torr was achieved.

The internal surface of the reactor was clesned with acetone and
cyclohexane prior to being closed and was found to be conditioned after
only three or four runs under cool lsme conditions.

The heating equipment consisted of a Stabilag furnace containing
four heating elements. The top of the furnace was in the form of a split
collar, eacn half of the collar-housing a heating element. This design
allowed the reactor to be easily removed for servicing when required.

The heating circuit is showz in Figure 2.13 and was developed
so that each of the housing elements could be balanced to give an even
temperature distribution.

Temperature control was achieved using a platinum resistance
thermometer which supplied signal fesdback to an A.E.I. RT3R/MK2
proportional temperature controller. The platinum resistance thermometer
(see Figure 2.14) was-modified from 2 C.N.S. model so that it could be
accommodated by the 3 mm diameter drilling in the reaction vessel wall.

The output from the controller supplied the total current requirement of
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The Furnace Heating Circuit
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Fizure 2.1L

Tne Construction of the Platinum Resistance Thermometer
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the furnace. The proportion of this current selected for each heating

element was determined using heavy-duty voltage regulators. The required

£ d e . o
temperature of the furnace could be maintained to withain —1°c and was
measured using standardised chromel-alumel thermocouples placed to varying

depths in vertical hole borings in the reaction vessel wall.

2.2.3 Fuel Injeetion

Fuel was introduced into the reaction vessel through a silicon~
rubber septum housed in the injection port situated in the centre of the
reaction vessel head. The required guantities were delivered from micro-
syringes designed for high pressure liquid chromatography. All the syringes
were equipped with needle guides, since the injection port was not easily
accessible and rapid injection was essential. With fuel volumes less then
5> sl, the pressure variation which accompanied injection was so small
that it was necessary to have a fast responding mariking system to record
the point of fuel injection on the pressure chart, The simple device
developed for this purpose is shown in FTigure 2.15. The 1l3-volt charge
from the battery was stored by .the capascitor until it was discharged at
the required instant across a spare galvencmeter in the Honeywell 1706
Visicorder. To synchronise the discharge with the end of injection, a
micro~-switch was attached to the syringe barrel in such & position that
it was operated by the finger at the end of the syringe plunger stroke.
The single deflection produced and rscorded on the chart thus defined the

zero-time point with respect to the subsequent pressure-time trace.

2.2.4 Pressure Measurement

The pressure changes accompanying the course of a reaction were

monitored using a2 0 to 50 psia unbonded strain gauge transducer sSupplied
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The Injection Marker Apparatus
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by Bell end ilowell (type 4.306-02L42-030). The 10 volts DC required for
excitation of the transducer bridge was obtained from a Belix TSS65
stabilised power supply.

The output signal from the transducer was amplified using an
LM201 operational amplifier functioning in the inverting mode and the
signal thus produced was recorded using a Honeywell 1706 Visicorder
equipped with a 130A miniature galvanometer. The circuit for the LM201

operational amplifier is shown in Figure 2.15.

2.2.5 Product Anslysis

2.2.5.1 Product Sempling Valve and Timing Gate

An essential prerequisite for monitoring the formation of
odorants during the oxidation reaction was a facility which enabled the
instantaneous sampling of the products at any dssired time after injection.
Previous devices have employed a sclenoid-operated valve activated by a
transistor-based time-delay circuit. In order to take advantage of the
recent advances in solid-state electromics, particularly the widespread
application of monolithic integrated circuits, a circuit design employing
such devices was developed. Two 555 Timer A chips were incorporated into
the circuit, the remaining auxiliary extermal components simply being the
resistor—capacitator networks end associated switching apparatus. One of
the timers determined the initial delay period, i.e. the time interval
 between injection and valve opening. The second timer controlled the time
period for which the solenoid valve remained open. The first timer was set
in operation by closing the same set of contacts on the syringe barrel,
which were used as part of the injection marker system. The second timer

was directly coupled to the output of the first, so that the two time
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periods were consecutive. Manual operation of both first and second
timers was possible using pulses generated through bias switches. The
advantages of using a timing network such as this were the reproducibility
of the time intervals and the semi-automatic nature of the sampling
cperation. Both time periods, which were independently set, were selected
using a particular resistor—capacitor network. Thus, once these networks
were selected, the sampling procedurs was autcmated from the moment of
closing the syringe contacts on injection. This dispensed with the
inherently cumbersome use of a stopwatch which for short time periods,
would have been most inconvenient.

The circuit was coastructed on copper strip board, the external

components to the chips being carefully selected to attain the

menufacturers quoted reproducibility for the tiring periods of - 0.5 % for

- . . 3 e < :
lOQ/gs and - 2 7 for 3 minutes. Capacitor lesiaze is obviously a factor
which seriously influences the timing reproducibility and thus care was

Sroducibilit
excercised in tihe construction to mi e leaxsce through grease or flux.
Supply voltage for the timer chips was obtained from a Kingshill
stebilised power supply which délivered 12 volts DC to the parallel voltage
rails. Figure 2.17 illustrates the ccmplete solencid-timer network.
External indication of the timer states was achieved using two
spall filament bulbs powered directly from the cutput of each timer. This
errangement was particularly useful when the timer periods were set up
prior to operation during an experimental run.
A cross-section of the solenoid valve is shown in Figure 2.18
which illustrates the very simple mode of cperation. On activation of the
coil, the iron rod 1lifts rapidly under the effect of the induced magnetic

field, thus opening the valve orifice and permitting free gas flow.

Products are then instantaneocusly withdrawn under vacuum from the reactor
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Key to Figure 2.17

Integrated Circuits

A Timer A Operational Amplifier RS

Capacitors

€1,6,12,15,16 Polyester 400V d.c.
€5,6,7,10 Polyester OOV d.c.
C3,8 Polycerbonate 630V d.c.
chk,9 Polycarbtonate 63V d.c.
Diodes

D1.2 INLOO2

R1-10 1-10 (Prefered Values)
| R11-20 1-10M (Prefered Values)

R21,23 300k

R22,2% 15k

R25,26,27 10k

Transistors

TIR1 BFY50

Miscellsaneous

RY Relay 12V d.c. 300 ohms

sy Solenocid Valve

SW1,2 Switches, bias to off (240V 31)



Figure 2.17

The Solenoid Valve Timer
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Fi;f" re 2.18

‘The Solenoid Valve
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into either the stainless-steel liquid chromatography traps or the glass

gas chromatography loop.

22,52 Gas Chromatography

The Szmple Loop

Much experimental work went into the development of the on-line
£2s chromatographic sampling system. Initially the F1l GC was linked to
the combustion rig by a four-way rotery valve and ; inch bore Pyrex glass
tubing, a system which together with the injection port incorporated into
the loop, had a total volume of 10 mi. The loop was maintained at lOOOC
with Electro-thermal heating tape. With this design, however, only trace
quentities of products were actually transferred to the capillary column
for eanalysis. Modifications to this system were made and a glass coil was
added to the loop, increesing its volume +to 25 ml. apd simultaneously
permitting the trap to be cooled using liguid nitrogen for the purpose
of condensing the gaseous products. These modifications were made in
conjunction with a reduction in the volume of the product-sharing globe
to 250 ml., which also assisted in incressing the volume of sample trapped.
Good chromatograms resulted from these modifizations even without cold
trapping of products.

The final design of the loop is shown in Figure 2.19 The
stainless-steel valve employed to redirect the carrier gas through the
loop was initially connected to the loop by Drallim brass couplings and
silicon-rubber washers. However, it was discovered that the trace
chromatograms produced as background were due to the products being
retained within these couplings. This problem was eliminated by using

stainless—steel Swagelok couplings and p.t.f.e. ferrules. The injection
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port incorporated into the loop enabled the accurate measurement of
retention times for standard compounds which were directly injected into
the loop and also permitted the doping of the product sample trapped in

the loop with known compounds.

The Gas Chromatograph

A Perkin-Elmer Fll Gas Chromatograph, squipped with flame
ionisation detector and linear temperature programmer, was used for on-
line gas chromatographic analysis of the oxidation products from the
various fuels and also of the fuels themselves. Component separation
was achieved using a 50 ft. Carbowax 20M supvort coated open tubular
(8COT) capillary column. The column was chosen for its particular affinity
for polar species and for the high temperature stability of the stationary
phase. The column was carefully conditioned using a prolonged step—wise
temperature programme and low nitrogen carrier gas-flow rate. Three pre-
column splitters were available for use with the column and after some
experimentation the medium-flow splitter operating with a 2:1 splitter:
column ratio was found to give optimum performance. The splitter was
used to reduce the possibility of column overicad since sample volumes
for capillary column seraration are typically C.lf&l. The flow rates
required are also much less than for packed columns and are normally
less than 5 ml. min.“l compared wita the 20 or 20 ml. min.ﬁl with
packed columns. Flow rates were monitored using a bubble flow meter
attached to the splitter vent since the column flow rate/splitter flow
rate was found to be constant over a wide range of carrier gas pressures.
The cerrier gas, together with the hydrogen and compressed sir for the
f.i.d., were controlled using needle valves and pressure gauges.

Fuel analyses were also carried out using the same chromatograph
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equipped with a stainless-steel § in.x 12 ft. column packed with 15 %
Apiezon L on Chromosorb P 80-100#. Apiezon L is primerily a boiling-
point column and the results obtained were compared with those obtained
from a simulated distillation. Once again, the high temperature stability
of the column packing made the column highly suitable for resolution of
the high molecular weight components found in diesel fuel.

Further confirmation of the alkane peszk assignments to some of
the fuel components was obtained with a Perkin-Elmer F30 Gas Caromatograph
attached to & Verian CDS 111 (C) Computing Integrator. Comparisons were
nede between the chromatograms produced from American test fuel and those
from standard diesel fuel. For the analysis 2 6§ £t. stainless-steel column
packed with Carbowax 20M was used with dual flame ionisation detectors;
The CDS 111 integrator quantified the results obtained from the two fuels
and expressed the data in peak area percent. A standard mixture of nine
alkanes from C5 to Cl6 mede identification of these alkanes possible in
both fuels, The programme used for this analysis together with the

details of all the other fuel analyses is reported in Section 2.4,

2.2.5.3 Liguid Chromatography

The Sample Traps

Combustion products intended for liquid chromatographic analysis
were trapped by a method which was developed for diesel exhaust analysis.
The miniature traps were identical in design to the large traps employed
for the collection of 15 litres of diesel =ngine exhaust. Figure 2.20

illustrates a cross-sectiocnal view of a typical trap constucted from a
1.18 in. x 3/16 in. 0.D. 316 stainless-steel tube with a 3/16 to & in.

316 stainless—steel Swagelok reducing union fixed to each end. The
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Product Sample Trap for Liguid Chromatography
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ccmbustion products were trapped on a solid cross-linked polymer packing,
Chromosorb 102, the fine particles of which were retained in the tube by
discs of silenised glass fibre sheet housed in the Swagelok couplings.
Figure 2.21 shows how the traps were located in the static vacuum apparatus
prior to sampling. The ball joint at the end of the fexible p.t.f.e.
tubing was coupled to the socket situated below the product shar;ng globe
V4, since this part of the apparatus became redundent during the sampling
procedure.

Prior to use, the Chromosorb 102 packing material was purified
of trace contaminants by careful elution procedure which involved the

use of three sclvents. 200 grams of the packing material was transferred

(&

to a 1 cm. glass column, the lower end of which was restricted and
plugged witn silenised glass wool. One litre of methanol was passed
through the column to remove any polar contaminants, followed by 500 to
800 ml. of pentame. Finally cyclohexanes was ussd to flush out the previous

solvents. The Chromeosord 102 was then éried 2t room temperature by

spreading it on a shallow dish placed in
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contaminents. Informetion regarding the quality of solvents and the

Chromosorp 102 is included in Tadle 2.2,

Analysis of the cyclohexane eluent from the Chromosorb 102
treps was performed using the technique devised by Arthur D. Little Inec.
for the analysis of diesel exhaust samples. A successful attempt was
made to faithfully reproduce the essential deteils of the ADL equipment,
the only difference being the manual as opposed to the electronic

operation of the events sequence used in the ADL scheme. The basic

components of the schemes were available as the Perkin-Elmer 1240 HPLC
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Figure 2.21

The in situ Connections of an LC Trap
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Table 2,2

Specification of Materials Used in Liquid Chromatography

Chemicals Supplied By Purity
Chromosorb 102 Perkin-Elmer -
60-80 mesh

Cyclohexane BDH AnataR
Pentane BDH AnalaR
Methanol BDH AnalaR
Propan-2-o0l1 BDH AnalaR
Silica Gel BDH AnalaR
Adsorption Activity 1

Aluminium Qxide Koch=Light -

W 200 Basic

Activity Grade Super 1

2'-Hydroxy-4'methoxy Aldrich Chemical 99%
acetophenone Company

Indan Aldrich Chemical 97%

Company

130
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with the additional requirement of z high-pressure fixed volume loop
injector valve. The flow scheme is shown in Figure 2.22

The objective of the high-pressure liguid chromatograph (HPLC)
analysis of each sample was to resolve the exhaust components contained
in the cyclohexane solution into two fractions, one containing the non-
oxygenated aromatic and eliphatic species (designated liquid chromatographic
aromatic, LCA) and the other the oxygenated compounds (designated liquid
chromatographic oxygenates, LCO). This simple resclution was achieved
on a 15 cm. x 0.33 cm. stainless-steel column packed with Corasil II. The
column was conditioned prior to use by passing a methanol flow at 1 ml.
min._l for 50 minutes followed by cyeclohexane under the same conditions.
Reconditioning of the column was sometimes necessary and this involvedl
the same procedure.

Samples were injected into the solvent stream at the top of the
column using a septum injector and a 1Qfxl syringe designed for high back
pressure injection. The septum was constructed of soft silicon-rubber

faced with p.t.f.e. on the solvent s

F
\-be.

H

The resolved peaks emérging from the column were detected by
a mercury line U.V. absorbance detector equipped with filters selecting
a wavelength of 2537&. At this particular wavelength the paraffinic
species in the sample do not absorb and therefore rass through the
detector without contributing to the non-oxyzenated component peak.
The detector contained two 12 p21 cells, one for reference and the other
for the sample, each with a path length of 10 mm. An absorbing component
passing through the detector produced a differential signel which was
amplified by an electrometer equipped with a range selector and attenuator.
The detector output in the form of optical density units (0.D.) had a

maximum sensitivity of 0.01 OD fsd. onr 2 10 mv. recorder. This degree of
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Key to Figure 2.22
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G Pressure Gauge

E Septum Injecior
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sensitivity was not required, however, and analyses were usually performed
on & range of 2.5 OD fsd. for a 10 mv. output. The signal from the
electrometer was recorded on a Perkin-Elmer-Hitachi recorder (2.5 mv. fsd.)
which, on account of its lower input voltage requirements, responded to a
signal of 0.63 OD with 100 % deflection on the aforementioned range setting.
The peak areas were gquantified by a Kent-Chromalog electronic integrator
coupled in parallel to the recorder output.

Solvent flow through the system was generated by a Milton-Roy
positive displacement reciprocating pump which delivered solvent with
a quoted repeatability of 2%0.2 $'at Mow rates Trom 0.6 xl. min - to
4.6 ml. min—l and pressures up to 1000 psi. All analyses were performed
at a flow rate of 1 ml. min_l. The pump was operztad in conjunciion with
a Hester—raust pulse damper which minimised sclvent flow fluctuations well
beleow the detector response level when set at 2.5 OB fsd.

A gradient eluticn and degasser unit was used &s a reservoir
for the cyclohexane. The solvent was continually stirrsd in the reservoir
and could be heated under reflux to remcve dissolved gases which might
otherwise form bubbles in the detector giving rise to spurious signals.

T

he gradient elution unit was not used for tae generation of a solvent
polarity gradient, since the analytical procedure necessitated the
introduction of a discrete solvent slug rather than a continuously
increasing polarity scheme. Isopropancl was used as the high polarity
solvent which enabled the elution of the polar components retained by the
Corasil II column. A volume of 50/ul was injected into the solvent streanm
using a Perkin-Elmer fixed volumn loop injector valve specifically
designed for this purpose.

The necessity for using solvents of very high purity for the

analysis procedure was very evident. Fresh aliquots of AnalsR cyclohexane
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taken from the storage bottle were found to give the best results., If,
however, the reagent had been allowed to stand in contact with air for

any length of time, then it was found necessary to purify it by passing

it through & 1 in. column, the upper portion containing_lOD g. of silica
gel (Woelm Activity 1) and the lower portion containing 100 g. of aluminium
oxide (W basic Activity super 1). The first SO ml. of eluent was discarded
and the next 500 ml. was retained. Fresh iscpropanol was also used
throughout the znalysis since use of the azzed reagent resulted in peak-
tailing of the LCO peak.

By modification of the gradient elution former unit, a convenient
method for eluting the LC traps of the bomb exhaust was achieved. The -
gradient elution unit consisted of a synchroncus-motor driven syringe
wnich delivered a 2igh polarity solvent intoc ihe continuously stirred
degasser reservoir. As described previcusly, tae generation of such a
gradient was not warrented and therefors the syringe mechanism lent itself
to the ccntrciled elution of the traps. To facilitate elution, a Swagelok
coupling and a length of p.v.c. tubing wes used to connect the syringe to
the trap. Cyclohexane was delivered at a constant flow rate of 0.5 ml. min_1
and the elusnt was collected in 1 ml. gradusted flasks held at the lower
end of the trap. This technigue not only rendered the elution reproducible
under flow conditicns, but also minimised tas 2iution times which under
gravity feed conditions might have been sufficiently long to make solvent

evaporation a problem.

2.2.6 Fuels
In crder to produce results relevant to the production of
odorants during diesel engine combustion procsss, an authentic diesel

fuel of the type commercially available to the general public was used
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for all the experiments. This fuel was purchased from a retailing
garage and the single quantity of fuel obtained served for the complete
experimental programme. Variations in fuel composition, which are known
to occur with each delivery to the retailer, were thus avoided. The fuel
was stored in a cool atmosphere in opague glass containers, since under
these conditions diesel fuel is known to exhibit high stability. Gas
chromatographic analysis of the fuel directly after purchase and at
regular intervals throughout the experimental period indicated that the
fuel suffered no changes in composition.

The exact specifications relating tc the analysis of the

diesel fuel used are related in Section 2.L4. The specifications concerning

the other compounds used for fuel are given in Table 2.3.

=



Fuels (Other

Table 2-3

Than Diesel) Used in Combustion Studies

Chemicals

Supplied by:-

Purity

n-Hexadecane

Ethylbenzene

n-Butylbenzene

Xylene

Indan

1-decene

BDH

BDH

BDH

BDH

Ralph N-Emmanuel

DA

Minimm assay GLC 99%

Minimum assay GLC 99%

Minimum assay GLC 99%

AnalaR

137
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2.3 Experimental Techniques

2.3.1 Calibration of the Pressure Transducer and Pressure Recording

The outputs of the pressure transducer and the electronic
amplification equipment together with the galvanometer response were
calibrated against a mercury menometer. Various pressures of dry nitrogen
were admitted to the reaction vessel and the galvancmeter spot displacement
corresponding to each pressure was recorded. A linear relationship with
minimum hysteresis was recorded for the pressure range 0 to 600 torr.
Attenuation changes affected only the gradient of the relationship, not
the linearity. Prior to each set of experiments at a given temperature
and pressure, the calibration procedure was carried out; repeated
calibrations were then performed during and after the same set of experiments
or whenever attenuation changes were made. The rsproducibility throughout
the experimentation and indeed over a long period of time was found to be
extremely good.

To record the pressure-time trace correspending to each fuel
oxidation, the following technique was used. The required pressure of gas
acting as the atmosphere for the experiment was admitted to the bomb, the
pressure of the gas being measured by the mancmeter Ml. The 1706 Visicorder
galvanometer spot was then displaced Ly the zero potentiometer on the LM201
amplifier to give a trace approximately 1 cm. from the bottom of the chart.
Once this had been set, the same pressure of gas would always return the
galvanometer spot to the same position on the chart. The chart drive was
then set in motion and the fuel was injected into the bomb. The pressure
rise accompanying the combustion process was then recorded as the
galvanometer spct was displaced. If necessary, adjustments were made to the

anmplifier attenuation in order to produce the maximum galvanometer deflection
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for a given pressure rise, whilst keeping the spot to the limits of
the 12 cm. wide chart. The calibration procedure for the chosen

attenuation setting was then performed.

P Fuel Injection

A study of diesel engine combustion reveals the important
role played by fuel injection characteristies in determining the form
of the resulting combustion process. Spray atomisation and penetration
are two critical factors which affect the nature and completeness of
combustion. However, in the experiments conducted with the statie vacuum
apparatus, no useful purpose would have been served in attempting to
simulate the diesel engine injection process, since sub-atmospheric
pressures and comparatively low temperatures were employed, both of
which affect the spray characteristics. The injection technigue used to
introduce the desired quantity of fuel into the bomb was similar to that
employed in gas chromatography, i.e. repid, clean injection with quick
withdrawgl of the syringe needle.This tecanigue produced results of high
reproducibility.

Two types of septa were tested for their durability. The first
type consisted of a rubber-teflon-rubber sandwich construction, specifically
recommended for extreme temperature conditions. The second type consisted
of a soft white silicon rubber which was, however, found to be more

durable, lasting for more than 25 injections before replacement became

necessary.

2.3.2 Product Sampling and Analysis
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e el Gas Chromatography

Anelysis of the contents of the bomb at any instant after
injection was facilitated by rapid withdrawal of the gases under vacuum
through the solenoid valve into a sampling loop. The sequence of events
for this process will be related with reference to Figures 2.11 and 2.20,
the tap identification numbers being common to both Pigures. As an
example of a typical analysis, the sampling of the pre-cool flame oxidation
of diesel fuel at 500 torr pressure and 280°C will be cited.

The time for analysis was chosen to be zpproximately two seconds
after injection. The timing circuit was therefore set to give two seconds
as the initial delay period and five seconds as the valve-opening time,
since this would allow pressure equilisation within the loop. The bomb was
then conditioned with five runs each consistinz of one 5/41. injection of
fuel into 500 torr of air, ten minutss being silowed to elapse bestwsen
each run during which time the bomd was evascusted. After the lasti ten
minute period, taps 13 and 22 were closed, isclating the bomb from the
vacuun system. Tap 21 was slowly opened allowing 500 torr of air,
measured on mancmeter Ml, to fiil the bomb. Tap 15 was then closed leaving
tap 1b in the open position. Evacuaticn of +he 100D, sample sharing volume
V4, and the line including manometer M2 now being complete, taps 10 and 11
were closed. In order to direct the gas flow through the loop, taps 1,4,5
and 12 were closed. With the system in this condition only the solenmoid
valve restricted the bomb contents from enetering the evacuated sample loop.
The Visicorder galvanometer spot was checked to resd Po and the chart drive
was set in motion. Injection of the %/41 of fuel resulted in the syringe
contacts starting the initial delay period of the timer. After two seconds
the sdenoid valve automatically opened to allow the partially oxidised

fuel products to escape and fill the loop, V4 and the manometer M2. After
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five seconds, taps 2 and 3 were closed, tap 5 was opened and the rotary
valve on the Fll was turned to redirect the carrier gas through the loop.
The carrier gas was allowed to flow through the loop for 15 minutes before
being returned to its original position. The whole system was then
evacuated in preparation for further runs.

Prior to analysis the gas chromatogranh was set with the required
initial conditions and the baseline checked for stability. The programme
used for the analysis of the oxidation products of all the fuels was as

follows:—

N, carrier gas . 3 psi split with vent: column ratio as

2:1; 4 ml./min through column

H, (FID) 17 psi
Air(FID) 25 psi
Initial Temp. é °¢
Initial Period 5 minutes
Final Temp. 195 °¢
Prog. Rate 5 ccjmin.

Under these conditions, 40 minutes was sufficient to elute all the peaks.
For the major part bf the enalytisel work, low fuel volumes were
injected into the bomd as determined by the stoichiometric equation for
oxidation. In addition the fuel lean region was of particular interest
requiring even smailer quantities of fuel. The conditions, therefore,
forced the use of low ettenuation settings, since the actual quantities
of products formed were so small. The ionisation amplifier was therefore
operated with the attenuator set between 10 and 50 which resulted in the
baseline drift originating from column bieed being very significant, even

after careful and lengthy conditioning of the column.
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This baseline . drift excluded the possibility of using an electronic
integrator for quantifying the peak areas. The quantification of
components being eluted from a capillary column is known to be a more
complex task than for packed column assaessment, since the splitting ratio
and other factors have to be taken into consideration. With the
chiromatograns being so complex in nature together with the high degree of
baseline drift, the problem becomes virtually insoluble. A capillary
column was chosen for the particular application in hand for its ability

to produce en extremely high degree of component resolution together with
its low sample volume requirements.

It was possible to formulate very useful conclusions from the
qualitative data produced by the capillary chromatography and the shortage
of quantitative data was compensated for by the results obtained from the
liguid chromatographic analysis, the two technicues complementing each

other in a very favourable manner.

2.3.3.2 Liguid Chromatography

1]

In 2 manner very similar to that described for the collection
of bomb products for gas chromatographic zzmalysis, it was possible to
collect samples for liquid chromatographic znalysis. The essential
difference between the sampling methods was that the samples for LC
analysis were edsorbed on to a solid stationary phase and therefore did
not remain in the gas phase as for the GC anzlysis. The solid adsorbent
used for this purpose was Chromosorb 102, since its efficiency in the
collection of such components has been reportedjo&“w The traps were
placed prior to sampling in the vacuum line above tap 12. The flexible

p.t.f.e. tubing terminating in a ball joint was located in the cup section

above tap 8, the product sharing volume V4 being redundant for this
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sampling operation. The sequence of events leading to the actual time
of sampling was identical to that employed for GC analysis. Taps 1,2,
3,9 and 10 remained closed, and taps 2 and 8 were opened allowing
evacuation of the trap through tap 1ll. When the solenoid valve was
opened the gaseous contents of the bomb were drawvm under vacuum through
the traps. The sampling section of the line was open to the vacuum
system throughout the sampling period. The solenoid valve remained open
for 1 minute, which was sufficient to evacuate all the contents through
the sampling trap. After the sampling period, taps 12 and 8 were closed
and the trap was removed and capped with stainless—steel plugs.

It has been reported thet the samples thus collected are
stable for some considerable period of time. However, although experiments
did not disprove this claim, an attempt was made fo enalyse the samples
within 2% hours from collecticon.

Preparation of the traps before sampling and their cleaning
after use involved the careful washing of the couplizgs and tubes with
water followed by acetone and finally cyclohexane. The interior surfaces
of the' traps were cleaned with the assistance of a small diameter GC
column cleaning brush.After this washing procsdure, the traps were dried
in an oven at 200°C for 24 hours.

Silanised glass fibre matting was used to retain Chromosorbd
102 packing within the tubes. To ensure an exact fit of the glass fibre
retaining disc within the Swagelok union, the following technique for
fitting the discs was developed. The Swagelok reducing union was placed
upright on a flat surface with the 3/16 ID end uppermost. The glass fibre
sheet, previously washed in cyclohexane and dried, was placed flat over
the Swagelok opening and a disc of the material punched out of the sheet

directly into the coupling using a length of 3/16 in. steel-tube specially
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sharpened for the purpose. The trap was then located in the union, the
fibre disc thus being retained. In order to pack the tubes, they were
placed upright in a retort clemp and the lower end sealed with the fibre
disc was attached to a vacuum line. The Chromosorb 102 was then firmly
packed into the tubes accompanied by tapping. When full, the open end

was closed by another Swagelok coupling complete with fibre disc. For
storage, both before and after use, the traps were capped with stainless-
steel Swagelok plugs.

Each trap was stamped with a number a% one end which fulfilled
the dual role of enabling identification of each sample and also affording
a means of indicating which way up the trap was placed in the combustion
epparatus during sampling. It was important that eluiion of the traps
should be performed in a menner such that the sample was eluted from the
same end of the trap from which it entered. This reverse elution eliminated
the possibility of the sample undergoing & chromatographic elution with
perhaps the retention of some of the trapped components.

CZlution of the traps using the motor driven syringe has already
been described. The trap was connected to the syringe using a coupling
adaptor which enabled the connection of a length of narrow bore p.t.f.e.
tubing to the trap and to the end of the syringe needle.

Once eluted the sample solutions wsre stable only for a relatively
short period and analysis was always performed within three hours of
elution. If the samples were left for a period in excess of 24 hours, then
there was a noticeable decrease in the LCO peak area indicating the
instability of some of the components.

The 12L0 HPLC was prepared for analysis by filling the reservoir
with 200 ml. of cyclohexane solvent and setting the flow rate to 1 ml./min.

The detector was calibrated using the internal calibration filter and the
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baseline was corrected if necessary. The syringe holding the isopropanol

in the fixed volume loop injector was filled with fresh reagent. After
pumping for 1 minute, 59}41 of isopropanol was injected and simultaneously
a stopwatch was started. After 1 min. 40 seconds, the isopropanol passed
through the detector and although the pure reagent does not absorb at

254 nm, a response was recorded. This signal was due to a number of factors.
First, the introduction of a second solvent intc the main solvent stream

is known to produce a detector response, since there is a loss of transmitted
light due to a change in the angle of refractiocn of the liquid in the
detector cell. This effect, however, is expected to be rather small.
Secondly, an unknown impurity possibly originating in the cyclohexane

has been observed to accumulate on the column. This impurity is polar

in nature and is therefore retained on the column until the passage of

the isopropanol. The size of the peak thus produced is proportional to

the volume of cyclohexane which has passed through the column, and for

this reascn it was essential to inject the iscpropancl at regular timed
in£ervals in order to quantify the background pesk and to make it
reproducible. Isopropanol was thersfore injected every 5 minutes which
allowed sufficient time for the resoluticz of the LCA and LCO peaks.

After 5 or 6 isopropanol injections the background peak area
aessumed a minimum and reproducible level. 10«1 injections of the
cyclohexane samples were made 30 seconds prior to the next isopropanocl
injection.This time scale permitted the complete elution of the LCA peak
before the emergence of the LCO. One 501 injection of isopropanocl was
sufficient to elute all the LCO contained in one quhl injection sample.
The Kent—-Chromalog integrator quantified each peak, several injections
of each sample being made to ascertain the average area and the percent

standard deviation (3%) for the data.
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Calibration of the LCA and LCO peak areas was achieved by
using two standard solutions. For the LCA peak area indan was recommended
by ADL as a celibration standard. A solution of 0.608 g./100 ml.
cyclonexane was made, a %/*1 injection of this solution thus containing
12.0%;ag. of indan. The Chromalog geve an aversge respose of 18.6 counts/
et indan. The ratio of the detector response per pg. of indan to that per
e of LCA depends on the fuel type. GC/MS facilities were not available
to establish this ratio for the fuel used sc thet guantities of LCA had
to be expressed as pg of indan. For the LCC peak, LY-methoxy, 2-hydroxy
acetophenone was recommended as the standard. A solution containing 139 mg/
1C0 ml. of cyclohexane was made; a l’,ul aliquot of this solution therefore
contained 1. 39 pg HMA. Since the ratio of the detector response to LCO
compared to an egqual quantity of A is known to be constant at 0.72, a
1 sl injection of the standard solution gives the same response as 1 pg.
of LCO. 3 ml injections of HMA were made for sach se=t of samples to
czlibrate for the LCO response. The Chromalcg integrator gave an average
response of 133 éountS/»l. HMA,

To establish the background pesk originating from the trap
alone, one trap from every batch of trzps prespared was set aside bafore
sampling and was then eluted with the rest cf the traps containing samples.
The traps did contribute a very small amount to the LCO peak and this

contribution, typically less than 2 § of the smallest LCO peak of the

samples, was deducted from the area of each LCO peak.
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2.4 Fuel Apalysis

Diesel fuel is a complex mixture of organic compounds containing
species with carbon numbers from CS to C32+. The majority of the fuel
consists of alkanes but aromatic and olefinic species are also present to
verying degrees depending on the origin and blending of the fuel,

A complete analysis of the fuel would prove to be a very
difficult task and in fact no such attempt has been reported in the

literature. The aim of the gas chromatographic znalyses which were

carried out was therefore to:-

c*
B
1

a. characterise fuel used in the oxidation
experiments;

b. to determine the molecular weight spread of
the ccomponents;

c. to compare the chromatograms of the standard
diesel fuel to those of the American- test
fuel;

d. to obtain a fingerprint chromatogrem of the
‘fuel for comparison with those obtained for
the oxidaticn products;

e. to divide the chromatograms into molecular
weight bands thus permitting comparisons with
published data to be made;

f. to check for any changes in fuel composition
which may have ocurred during the experimental
pericd.

The gas chromatographs and the respective operating conditions
used are summarised in table 2.4

In addition to the GC data collected, a sample was analysed by



Table 2+4

Details Pertaining to the Cas Chromatographic Analvses

Chromatograph

Microtek 2000

Perkin Blmer ¥il

Perkin Elmer F11

Perkin Elmer F30

llewlett Packard 5700A

Detector
Column

Packing

Carrier Gas
C.G. Flow Rate
( wl / min )

Initial Temp.(°C)

Initial Period(min)

Pinal Temp. (°C)
Programme Rate

( °c / min )
Sample Volume (ul)
Objectives and

Results

H, FID
6' x 1/8¢

Carbowax 20M

30

220

10

1
Preliminary

Investigation

into Fuel
Composition

H2 F1D

Am x 1/8"

15% Apiezon L
Chromosorb P
N2
24

T0
2 l‘j
250

10

1
Characterisation

of tlkanes in

Fuel an¢ Products

H,FID
50' Scot capillary

Carbowax 20M

60

195

i

1
Characterisation

of Alkanes in Fuel

and Producté undey

High Resolution
Conditions

H2FID
6' x 1/8"

Carbowax 20M

|r{}
10
200

10

1
Characterisation

of Alksnes in Fuel

with measurement
of relative peak
areas

H,FID
6' x 0-09" ID
Diatomite C
(AW-DMCS ) +10% SE=-30
N,

30

60

300

1

Simulated Distillation

of Diesel Fuel
(Courtesy of ADL)

871
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Admiralty Oil Laboratory who kindly established the elemental composition
of the fuel and also specified some of the physical characteristies, i.e.
colour, flash point and viscosity. The results are given in Table 2;5.
AOL also supplied results from a simulated distillation of a typical
diesel fuel using a method similar to the ASTM methodj16 .. This data has
proved most useful for comparison with the GC data collected.

From the data in Table 2.5, it can be seen that the C:H ratio
of hexadecadiene approximates very closely to that of diesel fuel. In
addition, hexadecadiene has a molecular weight which can be comsidered
representative of the 'average' molecular weight of diesel fuel. For
these reasons, the stoichiometric egquation for the oxidation of diesel

fuel was established using the molecular weignt of hexadecadiene as an

approximation.
ClﬁﬂBD ¥+ 23.502 —=p lECSE 2 15320
222 + 752 - 704 + 270
i.e. 752g of 0, = 23.4% Air (Wt)

752g of 02 is contained in 3204g Air
F/A ratioc = 222/3204 = 0,069

This value is within the range often guoted iz the literature i.e. 0.067

et

to 0.07, the variations arising from the differing values that the authors
atiribute to the C:H ratio and the weighit % of oxyzen in the air.

Using the above value for the stoichiometric F/A ratio, the
measured density of the fuel (0.827), and the hexadecadiene approximation
for the molecular weight, a computer programme was devised to calculate
the volume of fuel which was required to comply with the stoichiometric
equatioﬁ for oxidation over a range of initial temperature and pressure

conditions. The programme also calzsulated the pressure rise produced

solely by vaporisation of the fuel under these same conditions. This



Table 2-5

AOL Analysis of Diegel Fuel Used in the Present Work

FElemental

ch 86440, 86+70

b 1377, 1361

W ND* ND#

0% ND* ND*
Characteristics

Appearance: Clear and Bright
Colour: 1-0

Flash Point (PMC): 150°F (65+56°¢C)
Viscosity @ 100°F; 4+5 cS

Comparison of lMolecular Weight and C:H Fatio with Alkanes

Hydrocarbon MWt - C:H Ratio (WT)
Diesel Fuel —~ | 0157 = 0+159
Hexadecadiene 222 0-156
Hexadecane 226 i 0+150
Heptadecane 228 0-176

* ND = Not Detected

150
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calculation assumed the applicability of the ideal gas laws to the completely
vaporised fuel.

The fuel lean regions of combustion were of particular interest,
since they represented the gross F/A ratios effective in the diesel engine
under normal running conditions. Inspection of the fuel volumes calculated
revealed that a 10/91 syringe could be used for the injection process with
reasonable accuracy. Larger fuel volumes, i.e. ford>l , were infrequently
injected with a 25 ul syringe since under conditions of high temperature
and pressure, hot ignitions invarisbly resulted.

Using the same computer programme format, calculations were
made for the various fuel types investigated and data was obtained in

this manner for l-decene, n-butyl benzene and hexadecane fuels.
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SECTION 3

Jel Gas Chromatographic Analysis of Diesel Fuel
P Simulated Distillation
Heli2 Carbowax 20M Packed Column Chromatography
3:1:3 Apiezon L Packed Columﬁ Chromatography
2 1 Carbowax 20M Capillary Column Chromatography
3,2 Static Vacuum Studies
3.2:.1 Fuel Vaporisation
3.2.2 Fuel Oxidation Kinetics
3:2.2.1 Kinetic Measurements at 250°C
3.2.2.2  Kinetic Measurements at 280°C
3.2.2.3  Kinetic Measurements at 295°C
3.2.2.4 Kinetic Measurements at 31000
3.3 Liguid Chromatographic Analvsis of Fuel Oxidation Products
331 Analysis of Products FPormed at 280°¢
3.3.2 Analysis of Products Formed at 205°C
Be 35 Analysis of Products Formed =t 310%
3.4 U.V. Spectrophotometric Analysis of LC Trap Eluent
3.5 Gas Chromatogravnic Analysis of Fuel Oxidation Products
- 7 Diesel Puel

S Samples Collected in the Gas Phase
5 ¥ 1N B Samples Collected in the Chromosorb 102 Traps

3:.5.1.3 Condensed Gas Phase Samples



3.5.2

3.5.3

305-’4‘

3:5.2.1

3.5.2.2

3.5.3‘1

3. 5.1
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Hexadecane Fuel

Samples Collected in the Gas Phase

Samples Collected in the Chromosorb 102 Traps
n - Butylbenzene Tuel

Samples Collected in the Chromosorb 102 Traps
Diesel Engine Exheust Samples

Samples Collected in the Chromosorb 102 Traps
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el Gas Chromatographic Analvsis of Diesel Fuel

Selad Simulated Distillation

The results obtained from a simulated distillation of a typical
diesel fuel under the conditions listed in Table 2.4 are graphically
shown in Figures 3.1 and 3.2. The percent distillation data in Figure 3,1
were calculated from the total area underneath the chromatogram while
adhering to the conditions and method explicitly defined in the ASTM
prccedure“6 . Figure 3.2 illustrates the component-distribution by boiling
point, showing the total number of peaks in each block of the histogram
from Figure 3.1, together with the number of peaks each of which had an
area greater than 0.05% and 0.1% respectively of the total.

Elution of C,, (eicosene) marked the 85% distillation point
containing 139 resolved peaks from a total of 229. Of these, 23 components
were present in gquantities between 1 and 2% area and four peaks were hetween
2 and 3% area. The streight chain alkanes formed 20.37% of the total
chromatogram area up to and including CED' The individual alkanes constituted

some of the largest single romponent peaks in the chrcmatogram,

Table 3+1 contains data relating %o the aromatic content and
boiling point ranges of several types of Furopean and American diesel fuels.
The AST&HLas specified three grades of diesel fusl for use in American enginesd;
the ASTM Nol-D fuel, used principally in autcmotive power units, is considerably
more volatile than the British Class 4 fuel and has a lower boiling range i.e,
175 to 285°C (cff. 180 to 360°C),the ASTM-2-D is similar to BS Class A fuel and
is used for heavier engines, and the ASTM-4-D is similar to BES Class B but is
mich more viscous., These data would indicate that, in general, American fuels
have lower final boiling ranges than their Furopean counter-parts, The fact
that fuel characteristics effect the nature of the exhaust emitted is discussed

in Section 4,
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Boiling Point and Aromatic Content Data for American and European Fuels

Table 3-1

158

American

Fuel Aromatics Distillation °C
10% 50% 905
DIESQ - ACL Data No Data 185 265 356
European
Nol DEF 2405 A(1) 20+4 203 251 324
47 - cetane
European
No2 DEP 2405 A(1) 3240 b2 som 260 293
'
Buropean (low temp.) |
r !
?
i Soltrol low aromatics 1+3 E 237 247 257
H
American 1
;
Midwest No?2 347 E 214 263 307
American |
No1 Diesel 20-8 202 224 258
American
| No2 Diesel 2441 218 250 297
Eagt Coast
{ American
M=-T0-F 15-0 184 202 232
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2.2 Carbowax 20M Packed Column Chromatography

Arnalysis using a packed Carbowax 20M column (6 metres) in the
PEF30GC enabled the C5 to C20 alkanes to be identified by comparison of
the peak retention times with those of the pure compounds. Elution of
eicosane marked the point at which 82% of the total area under the
chromatogram had been recorded. The alkanes from C5 to C20 accounted for
43% of the area but before these results are compared with those derived
from the distillation data it should be stated that the degree of fuel
component resolution obtained under the packsd C20M conditions was not as
good as that achieved under the prolonged temperature progremme involved
in the distillation procedure. This was shocwn also by the fact that only
30% of the peaks recorded under the distillation conditions were detected
on the F30GC. However it was observed that straight-chain alkanes
particularly those between ClE and 020, were again present as the predominant
fuel components.

Analysis of an American test fusl unisr the same conditions

S

produced 2 chromatogram with an overall strisrtion of fuel components

similar to thet cbtained with the Eurcpes~ fuel. Undecane appeared to be

"]

the principal fuel component in the chromatogram, but this conclusion
might need to be modified if the dstector respcnse were calibrated for

individuel components,

3.1.3 ' Apiezon L Packed Column Chromestograniy

Using a packed Apiezon L column under the conditions outlined in.
Section 2.k, the diesel fuel was resolved into 83 peaks with a distribution
pattern very similar to that achieved by the distillation procedure.
Apiezon L separates components. in order of Boiling-point and this column.
was particularly effective at separating the low molecular weight components
eluted at the front of the chromatogram. Por example, pentane and hexane

were separated by four minutes under the programme used, whereas, with C20M,
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these components were virtually superimposed on one another which made

cryogenic cooling a necessary experimental prerequisite for improvement of

the resolutiom:.

Figures 3.3 and 3.4 together show the first 48 minutes of a typical

chromatogram obtained for the fuel. The alkane peaks from C_ to Clh are

5

eluted in this period but after Clh the chromatogram spreads out and 020 is

eluted after 125 minutes. It is evident from Figure 3.4 that this complex

section of the chromatogram is only partially resolved.

3.1.4 Carbowex 20M Capillary Column Chromatography

Fuel analysed on the F11 GC capillary column produced chromatogcrams
that exhibited a higher degree of resolution than that achieved with any of
the packed columng,. except under the distillation procedure. Figures 3.5
and 3.6 show the first 48 minutes of the chromatogram, which was sufficient
to elute all the major components including the high molecular weight
alkanes, Carbowax 20M separates components in order of boiling point and
polarity, so that the components eluted at the front of the chromatogram
were low polarity, low boiliag point species. Diesel fuel does not contoin
oxygenated orgenic compounds and therefore high polarity components of the
carbonyl type for example, would not be expected to be present. Instead,
variations in polarity arising from the molecular configuration of the
many isomeric alkanes and aramatic hydrocarbons present, together with
individual ccmpoment boiling points will determine the order of elution.

Many fuel chromatograms were run in order to establish a 'finger-
print' of the fuel. Oxidation of the fuel in the static vacuum apparatus
was studied to a large extent in thes regions of incomplete combustion., It
was therefore necessary to determine which components in the proéuct
chromatograms were original fuel components and which were formed during
the oxidation reactions. It can be seen from the examples of the chromatggrams

included here that this was a difficult task. For this reason, oxidation
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Apiezon 1L Packed Colurmm Chromatogram of Diesel Fuel
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Figure 3.4
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Apiezon L Packed Column Chromatogzram of Diesel Fuel (Cont,)
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Carbowax 20M Capillary Column Chromatogram of Diesel Fuel
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Carbowax 20M capillary Column Chromatogram of Diesel Fuel (Cont.)
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experiments were also carried out using hexadecane as a single component
fuel, since the interpretation of the product chromatograms was simplified.
Hexedecane 1is sufficiently similar to diesel fuel to enable significant

comparisons to be made of the ensuing combustion mechanisms.
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2.8 Static Vacuum Studies

el Fuel Vaporisation

Fuel vaporisation is a necessary prerequisite to gas phase oxidation.
It was therefore considered necessary to establish the characteristics of
the vaporisation process for several reasons. First, the pressure rise due
to fuel vaporisation alone had been calculated using a computer programme
and it was clear that empiricle verification of the pressure data obtained
would indicaete the validity of the assumptions made in the calculations.
Secondly, the nature of the vaporisation process was important in determining
the characteristics of the combustion process, possibly being a rate-determining
step during short induction periods. Thirdly, further informetion regarding
the cooling effect of fuel vaporisation on the atmosphere contained in the
bomb was needed.

In order to check the validity of ths computer calculated fuel
vapour pressures at given temperatures in the bomb, Increasing volumes of
fuel were injected into nitrogen atmospheres and the resultant pressure
rises were rzcorded. FPigure 3.7 illustrates a “ypical set of data for the
vaporisation of diesel fuel at 29500 (568°%) 2nd at various initial pressures
within the bomb. It can be seen‘that, as expected, the initial pressure of
nitrogen has no effect on the vapour pressure attained in the bomb. An
increase in the initial pressure served as 2 check on the electronic
recording equipment, since recalibration haéd to be carried out for each
new pressure. For low fuel volumes and low temperatures the pressure rise
accompanying vaporisation was small (~3 torr) rendering the observed pressure
data more susceptible to experimental error. Nevertheless it can be seen
that a high degree of correlation exists between the calculated and the
experimentally determined vapour pressures, thus indicating the applicability

of the computer data to the present system.
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Comparison of Experimental and Calculated Values for the Vapour Pressure

of Diesel Fuel at 29500

Torr
5 —
P, Torr CALCULATED
LINE
L 7
z | ® 50
9 © 100 P
b E o]
1. O 150 s,’
3+ ok
® 200 o’
o g}}ﬁf
< 2 P -
> ’;40
’Q.-
[ i
A i
-0
: L i 1 i 1 1 1 1

"ttt _I}JI
Tooke 3. & D58 B et 1112

FUEL VOLUME




168

At 250°C (523%) the vaporisation of the fuel produced vapour
pressures that were of the order of 63% less than the calculated values.
Reference to Figure 3.1 provides an explanation for this behaviour since
it is apparent from boiling point considerations that only 42% of the fuel
distils at a temperature of 25000. This temperature was therefore adopted
as the lowest temperature at which oxidation experiments could be carried
out, since below this temperature only low concentrations of the higher
boiling components would be present in the gas phase. In addition temperatures
below 250°C have little relevance to the actual conditions found in the
diesel engine combustion chamber,

Figure 3.8 shows the pressure time data recorded during the
vaporisation of volumes of diesel fuel injected into 600 torr of nitrogen
at 310%C (583%). Figure 3.9 compares the effect of increasing the initial
nitrogen pressure on the pressure drop caused by the cooling effect of diesel
fuel and n-butylbenzene on the atmosphere in the bomb. It can be seen from
Figure 3.§ that n-butylbenzene has a much grester cocling effect than
diesel fuel as would be expected from specific heat and latent heat
considerations.

Studies of the physical factors involved during thé admission.
of cool gasses into heated reaétion vessa2ls have shcwgf%hat the subsequent
rise in temperature lays significantly benrind the recorded pressure rise
as measured by a piezo-electric pressure transducer. The significance of
this observation is that, although the pressure equilibrium point has
apparently been reached, the actual temperature in the reaction vessel
is appreciably lower that the equilibrium temperature. This effect becomes
more pronounced as the fuel concentration, initial pressure and reaction
vessel temperature are increased. An additional aspect to comsider with
respect to the injection of liquid fuels is that the rate of vaporisation

for a given hydrocarbon fuel is also affected by the prevailing conditions,
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Figure 3-8

Variation in Pressure Recorded after Injection of Puel into an Atmosphere

of Nitrozen

Pressure-Time Trace Recorded During Vaporisation of Diesel Fuel
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Fizure 3.9 He

=AR vs.APo Data for n-butylbenzene and Diesel Fuel (25ul injections at 310°C)
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Evidently it is important that combustion data collected from static vacuum
systems should be interpreted with due consideration for the actual
conditions existing in the reaction vessel,

In order to assess the extent to which the temperature of the
atmosphere in the reaction vessel was affected by injection of the liquid
fuel, the apparent reduction in temperature was calculated from the
observed pressure drop and application of the ideal gas equation. For
example at 310°C a 25p1 injection of diesel fuel into 600 torr of
nitrogen produced a calculated fall in temperature of 9°C (3%] from
the equilibrium temperature. This corresponds to a drop of O,hocépl of
fuel injected. For smaller volumes of fuel, the fall in temperature was.
not so great but the temperature drop of the reaction vessel atmospheré
dropped to: & rate of 0.51°CfFl for a 10pl injection., This observation
is consistent with the heat balance and heat transfer mechanisms-operating
in the system. The 3% drop in temperature represents the maximum extent
to which the temperature deviated from the equilibrium value as ﬁ result
of fuel vaporisation. Under most conditions the fuel volumes rarely
exceeded 10ul and were never greater than 2§nl.

As a summsry of this particular aspect, the Pollowing observations
can be made regarding the resul%s obtaipned during the vaporisation experiments,
1. An increase in the initial pressure Po, whils the teﬁperature and fuel
volume remained unaltered;

(i) increased — AP

(ii) increased T

(iii) had no effect on AP,

2. An increase in the fuel volume while Po and Eo remained unaltered;

(1) increased —AP

(ii) increaseda v

(1ii) increased AP,

3. An increase in temperature while the fuel voluma and PO remainad
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unaltered;
(i) decreased — AP,
(ii) decreased v

(iii) increased AP,

G Fuel Oxidation Kineties

Figure 3.10 shows the types of pressure-time trace which were
recorded together with the kinetic parameters measured during the various
combustion phenomena. The final pressure reached in the bomb after reaction
was complete was designated as ARe . The amplitude of the pressure pulse
accompanying the passage of the first cool flame,‘&Pl was measured
together with the induction period, T;.f . AP, was deducted from both
APy and APl before plots of these parameters were:constructed.

The single and multiple cool flames which were readily produced
in the fuel vapour—oxidant mixtures are shown in Figure 3.10 as traces
(b) and (e) respectively. Under certain conditions, single (d) and

two-stage (e) ignitions werc recorded. However, th

ct
1]

typical slow combustion
(£) curves so frequently reported in the literature on hydrocarbon
cxidation were not observed. Iﬁ the zbsence of any cool-flames, the traces
recorded closely resembled thé vapcrisation curve (a), produced in an
inert nitrogen atmosphere. Under the conditions leading to slow oxidation
the only indication that reaction had occured was that AP was greater
than the value recorded in an inert atmosphere.

The oxidation experiments were carried out for two reasons;
first to establish the type of combustion behaviour which could be expected
for various diesel fuel / oxidant ratios under a variety of temperature
and pressure conditions, and secondly to determine the extent to which

diesel fuel combustion paralleled that of other hydrocarbon fuels. A
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complete and qualitative kinetic investigation of diesel fuel combustion
in the system used was precluded by the complexity of the fuel and the
precticel limitations of the system. Besides these aspects the determination
of kinetic parameters in such a system is of scademic interest only and the
data so obtained would have been of little practical significance.

From the data collected, specific conditions were selected for
analysis of the oxidation products.

Throughout the following pages the fuel concentration is expressed
in terms of the egivalence ratio 0, which is defined as the volume of
fuel actually injected into the cxidant atmosphere divided by the volume
of fuel required for complete combustion according to the stoichiometric
equation. Thus, for an equivalence ratio of unity i.e. 0=1.0, the
stoichiometric quantity of fuel was added to the oxidant and for 0=0,5,
only half the stoichiometric quantity of fuel was injected. Alternatively
the equivalence ratio may be expressed in the following manner:-

F/A ratio used

stoichiometric F/A ratio

3.2.2.1 Kinetic Measurements at 250°C

At 25000 the measured vapcur pressure of ths fuel was smaller than
the calculated value; an explanation of ihiz hzs already been given, Despite
this observation, a brief study was made of thes types of combustion occuring
at this relatively low temperature.

Single cool flames were observed at pressures between S50 and 250
torr for rich fuel-oxidant mixtures in which ¢ exceeded 1.0. Above 250 torr
cool flames were observed in leaner mixtures where 0<1.0,their intensity,
AR, increasing and the preceding induction PeriOd,qzﬁ,decreasing'as‘d
was increased . At 600 torr a hot ignition was observed when 8 = 0.6.

Figure 3.11 (A) shows the O vs APy, and vs AP, relationships determined at

600 torr and figure 3.11 (B) shows decrease in the induction period with
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Kinetic Data for Diesel Fuel Oxidation at 600 torr and 250°C
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an increase in d. The observations and data collected established that a
multicomponent fuel such as diesel fuel behaves in 2 manner similar to
that established for many single component hydrocarbon fuels,

If equilibrium of the pressure, temperature and concentration
of the contents oI the bomb occurred prior to sampling, then the analytical
results obtained would be of greater value and less ambiguous. In order for
equilibrium to be established, the induction pericd must be of sufficient
duration to allow the heat and mass transfer mechanisms to be optimised,
Inspection of Figure 3.11(B) indicates that 18 ssconds or more were
available for equilibration but it was doubtful whether complete vaporisation
of the injected fuel had occurred. This condition may have resulted in
higher concentrations of the lighter components of the fuel being present
in the gas phase, thus representing a somewhat artificial enviromnment for
the preignition reactions. An increase in the temgerature of the bomb was
therefore necessary, although & large reduction in the induction period
would then be expected due to its exponential decrease with increasing

temperature.

2 1 L gy
3.2.2.,2 Kinetic Measurements at 280 C

. o -
At 280°C the measured fuel vaspour pressure equalled the calculated

value of 0.38 torr / pi fuel.

Preliminary investigations at this tempsrature revealed that
many of the combustion phenomena considered to be of interest occurred if
a specific value for 6 of 0.42 was selected, and the initial pressure Po
was then increased. Figure 3.12(A) shows the variation of AP~ and AP,
with increasing Po. Figure 3.12(B) illustrates the exponential decrease in
the induction period,qéf,with increasing values of Po. This relationship is
expressed mathematically asi Tef = ko © + C, and is found to be applicable

to many hydrocarbon + oxygen systems.

Figure 3.13 shows the development of 2 cool Fflame and traces its
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Kinetic Data for Diesel Fuesl Oxidation at 28008
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Pressure - Time Oscillographs Recorded During Fuel Oxidation (d=0-42; To=280°)
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progression through increasingdP) and AP, values to a two stage hot
ignition. These recordings were made for J = 0.42 and increasing values
of Po as indicated in this Figure.

Comparison of Figures 3.11(B) and 3.12(RBR) reveals that the induction
period leading to hot ignition at 280°C was much shorter than that at 25000
ie. 3 seconds compared with 18 secconds. For short induction periods, other
factors such as fuel injection rate, fuel vaporisation rate and hétero—
genicity of reactants become relevant. An attempt was therefore made to
lengthen the induction period by adding nitrogen as a diluent and thus
reduce the importance of these factors.

To observe the effect of added nitrogen on the induction period
various pressures of air, P, , were admitted to the bomb. The pressure was
then increased by adding nitrogen to give a total pressure, Pyovr, of €00 torr.

Fuel volumes corresponding to ¢ = 0.42 for each particular value of P,

were then injected and Tcf was measured. For comparison,the Ycf values
were also chbtained for the same set of Py values for air alome, ie: when
Po = Fror

Figure 3.14 shows ine relationship betweea Tef and By for buth
sets of experiments. The effect of the nitrogen diluent is greatest when
the partial pressure -of air in the res¢ctant atmosphere is below 0.5, when
the maximum effect recorded was a 20 ¥ increase in the induction period.
When the partial pressure of air exceeds 0.5 the two curves are indistin-
guishable within the limits of experimental error. The addition of
nitrogen is evidently thus not a practical method of increasing the
induction period at high air pressures.

From Table 3.1 it can be seen that diesel fuel contains a high

percentage of aromatic species. In order to establish whether aromatic
compounds typical of those present in diesel fuel would undergo oxidation

at 28000, xylenes, indan, ethylbenzene and n-butylbenzene were injected

into 600 torr of air., No evidence of cxidation was observed for any of
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Effect of Nitrogen Diluent on the Induction Period
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these compounds over the range o = 0.1 to 2. The temperature of the bomb
was then increased to 29500 in an attempt to induce oxidation of the

aromatic compounds and to bring the temperzture of investigation into line

with the wall temperatures encountered in the diesel engine combustion chamber.

3.2,2.3 Kinetic Measurements at 29500

Extensive kinetic studies of diesel fuel oxidation were carried
out at 29500 since this temperatu;e produced interesting combustion phenomena,
including oscillatory cool-flames.

Figures 3.15(A) and (B) show the trends exhibited by AP, and
AP, vs Py for a range of o values. Figure 3.16 shows how ABs varies
with ¢ for increasing Py values, straight line relationships being
observed throughout the pressure range. The variastion of AP, with o
for increasing P, (Figure 3.17) is however more complex, the plots
exhibiting decreasing degrees of curvature with increasing Py until st
600 torr a straignt line is obtained.

Multiple coocl-flames were readily produced at 29500 and up to
five were recorded with injerticns of @ and 10 pl of fuel ( ¢ = 0.79 and,
0.87 respectively) into 500 torr of air, Two typical traces which were
recorded are shown in Figure 3.18; these illustrate the oscillaetory cool-
flames found at two Py and o values.

Hexadecane was used as a fusl in brief comparison studies which
revealed that combustion phenomena analcgous to those encountered with diesel
fuel ,were produced under similar conditions. The AP_.and AP,; values for
hexadecane were of the same ordsr of magnitude as those of diesel fuel but
the induction periods were always shorter, e.g. at 500 torr and ¢ = 0,42
for both fuels, Jc.f. is 2.3 seconds for diesel fuel and 0.8 seconds for
hexadecane.For comparison with results for dlesel fuel at 200 torr,
(Figures 3.16 and 3.17) the AP and AP, values for hexadecane with

increasing ¢ are shown in Figure 3.19. The trends characterisgic of
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Po and AP, vs,APo Data for Diesel Puel Oxidation at 29500
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Pow vs.0 at Various Initial Pressures for Diesel Fuel Oxidation
at 295°%¢
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APq vs. & at Various Initial Pressures for Diesel Fuel Oxidation

at 295°C
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Figure 3-18

Oscillatory Cool Flame Recordings for Diesel Fuel Oxidation at 29500
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OP, and &P1 vs. ® for Hexadecane Fuel COxidation at 200 torr and 29500
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diesel fuel are again encountered with hexadecane. The pressure time
traces recorded indicated the close similarity which existed between the
two fuels in that the shape of the cool-flame pressure profiles were
very similar in comparable regions in the respective ignition diagrams.
Injection of the same aromatic compounds mentioned in the
previous sechtion once again resulted in no detectable oxidation at 29500;
The lack of chemical reactivity of the compounds under investigation thus

made it necessary to raise further the temperature of the bomb.

3.2.2.4 Kinetic Measurements at 310°0

This temperature was the highest to which the bomb was raised in
these studies. The induction periocds for diesel fuel were very short ie.
'Ef'( 0.8 seconds at 211 pressures. Measurements of kinetic parameters was
thus considered to be of little value since the rate of vaporisation would

have been comparable with the rats of the pre—cool flame reactions. Figure
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apply to the data collected.

Cut of the list of aromatic compounds injected as fuels only
n-butylbenzene produced a cool-flame. Figure 3.Z1(A)shows the decrease
in Tef with ¢ for this hydrocarven at 600 torr and Figure 3.21(ﬁ)shows the
variation of AR, and AR with 4 onces again at 600 torr. After the type of
combustion expscted of the three fuels had been established, analysis of
thercontents of the bomb could be carried.out under comparable conditions
throughout the pressure—-time profile. Section 3.3 presents the LC trapping
aﬁd analysis results for the oxidation products from the bomb; these are

important with regard to odorant formation during combustion. Section 4.k
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Kinetic Data for n-butylbenzene QOxidation at 600 torr and 51000

Figure 3-21
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gives an account of GC analysis under similar conditions, the results

providing further information on the chemical processes involved.
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3.3 Ligquid Chromatographic Analysis of Fuel Oxidation Products

LG Aralysis of Products Formed at 28006

The oxidation products of the fuels were were withdrawn for

"

analysis by the method described in Section 2.2.5.3 and under the conditions
listed in Table 3.2

Each Figure shows the pressure time trace recorded under the
stated initial conditions andserves to relate the anslysis point to the
oxidation pressure-profile., Table 3.3 includes the percent standard
deviations (%o) for the LCA and LCO areas measurei by the integrator for
four sample injections. The degree of dispersion in the peak areas listed
ie: %5 = 0.00 to 6.00, applied to 211 the data contained in the subsequent
tables.

Figure 3.22 shows the changes observed in the LCO and LCA leveis
of the samples taken a2t the indicated times. The number lccated in the

e thes tran identifieation number

Hr

Figure directly sbove each pair of points
and indicates the order in which the samples were taken for analysis.

The kinetic background to the emission of cool-flames has beer.
described in Section 3.2.2.2. Figure 3.13 suwmmarises the development of the
pressure-tinme traces with incréasizg values of B from 500 to 600 torr. It
was under these conditions that the LCA and LCO levels were determined.

In order to determine the LCA and LCO background levels of the
fuel system, 5 pl of diesel fuel were inject=d into 500 torr of nitrogen
and after 5 seconds the contents were withdrawn into trap 9. The ﬁCA and
LCO levels recorded are shown in the Figure at the point prior to injection
since' the. sampling time used for the tackground measurement was of little
significance. Further confirmation of the very low LCO value recorded in
the background was obtained by injecting into the HPLC a saméle of diesel
fuel in cyclchexane. The presence of LCO components in the fuel was so low

that even with undiluted fuel no LCO peak was recorded.



Fuel Used Initial TFuel Volume | Equivalence | Combustion Phenomena QObserved| Table Figure
Pressure Injected pl Ratio

Diesel 500 5 0.h2 Two Cool Flames 3.3 3.22

Diesel 600 6 0,42 Two-Stage Ignition 3.4 .03

Diesel 600 5 0,32 Two Cool Flames e 3.2L

Hexadecane 500 5.0 0.he Two Cool Flames 3.6 3,25

1-Decene 500 5.8 0.42 Two-Stage Ignition 3.7 3.26
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Trap No.| Analysis o LCA Lca (2g) |uca (pg)l 8% LCO | LCO (pg)™ | LCO (ng)™ | TIA
m Te o per pl per Trap per nl per Trap
ime (sec) fuel fuel

5 0.2 5.66 537.6 107.5 3,50 81.0 16.2 3.9
3 1.k 3.20 539.3 107.9 2.91 (TT7.0 15.4 3.8
4 3.2 0.00 T47.3 149,5 2.07 124,0 24,8 4.0
6 3.3 1.95 719.6 155.9 1.95 116.,0 23.2 4.0
1 3.4 ST 621.0 124.2 6.9 93.5 18.7 3.9
/i 4.0 0,47 670.3 134.1 3.86 154.8 31.0 4.1
2 5.6 3.29 804 .7 160,9 4.0 135.0 27.0 b1
8 26.5 1.32 512.1 102.4 3.54 145.7 29.1 L,1
9 2.18 1747 35.0 3.29 18.0 3.6 3.2

1 Concentration of LCA in ug expressed in terms of Indan equivalent

2. Concentration of LCO in ug expressed in terms of 4-methoxy,2-hydroxyacetophenone

equivalent.
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Figure 3.22 . 194

ILCA and 1CO Levels Recorded During the Oxidation of Diesel Fuel at

280°C, 500 torr and with & = 0-42
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Inspection of Figure 3.22 shows that the LCA and LCO levels
rise to relatively high values within a very short time. This observation
is exemplified by the levels in trap 5, the contents of whick were
collected 9.2 seconds after injection. There is then a parallel rise in
bDotn LCA and LCO as the cool-flame front is approached, followed by a
drop in both lavels as the flame passes through the reactant volume. A
furtier rise then occurs before the levels decrease as AP» is approached.
Althougi: the time interval between injectioa and the analysis point could
be accuretely measured, ie: +0.0L seconds, the reaction may not undergo
instantaneous quencning. Further reactions may therefore occur even
during the short analysis period. These reactions could result in a
slight delsy betﬁeen the point of analysis on the pressure time trace
and the observed change in LCA andcLCO-levels. Evidence of further = _ 23
reactions taking place during analysis was cobtainsd at high pressures
and certain 6 values. Under these conditions, tiie recording of the
instantaneous pressure drop on activation of the solenoid valve indicated
that 4 slight increase in pressure caused the trace to deviate from the
vertical. This suggested that £he reaction was still continuing in those
circumstances owing to the increased reaction rate.

The data in Table 3.3 and Figure 2.22 were were collected as
the two-stage ignition boundary was approacned. An increase in the
initial pressure to 600 torr produced an ignition at the same equivalence
ratio (Table 3.4 and Figure 3.23). The incresse in LCA and LCb as the cool-
flame front is approcached is again observed and this is followed by a
severe reduction in both levels to trace quantities as the hot ignition
occurs. The LCA then eppears to make a partial recovery to its pre-ignition
value while the increase in LCO is more gradual.

A reduction in fuel volume to 4.5 pl (o = 0.32) enabled data to
be collected at 600 torr for the passage of two cool flames (Table 3.5 and

Tigure 3.24)

Two other fuels, hexadecane and 1-decene wers oxidised for
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N o o
Oxidation at 280 €, 600 torr Pressure and with an Eguivalence Ratio of 0.42
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LCA and ILCO Levels Recorded Durinz the Oxidation of Diesel Fuel at
280°C, 600 torr and with o = 0-42
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Data Pertaining to the LCA and LCO Levels Recorded During Diesel Fuel

Table 3.5

198

Oxidstion at mmooou 600 torr Pressure and with an Equivalence Ratio of 0.32
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Figure 3-24 ; 199

LCA and LCO Levels Recorded During the Oxidation of Diesel Fuel at

280%c, 600 torr and with o = 0+32
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comparison under the same conditions as one of the diesel fuel experiments
ie: o = 0.42 and P, 500 torr. Hexadecane exhibited cool-flames (Figure 3.25)
while l-decene produced a two-stage ignition (Figure 3.26). Tables 3.6

and 3.7 contain complete analysis data for these two systems. The conditions
used for the oxidation of hexadecane and the diesel fuel at @ = 0.32

were on the boundary between the two-stage ignition and cool-flame regions.
The balance between the conditions leading toc either of these phenomena

was so fine that the evacuation time of the bomb between injections
determined the nature of the resulting combustion. If the evacuation time
was no greater than 10 minutes minutes, then two-stage ignition invariably
resulted for injections of fuel under conditions apparently similar to

those inducing two cool-flames. Table 3;5 shows that traé 5 contained the
products of a hot-ignition induced by injecting the fuel after only five
minutes of evacuation., Similarly, traps 6 and 8 (Table 3.6) containesd
samples from hot-ignitions generated by the same procedurs. All the other
points in these Figures were obtained under the same conditions but allowing
10 minutes evacuation between eacn injection. The same drastic reduction

in the LCA and LCO levels wa3 observad following th=se hot-ignitions as

was recorded in Figure 3.23.

One interesting aspec£ of the results obtained with the two non-
aromatic fuels, ie: hexadecane and 1-decene, iz the LCA levels recorded.
Although these levels were very low, socme of the LCA components were found
with .hexadecane. Injection of undiluted l-decene into the HPLC gave 9.2Tug
LCA / pl of fuel, which was very similar to the initial LCA levels recorded
for traps 5, 4, 1 and 6. However, the LCA levels in hexadecane fuel wss
zero as determined by the above procsdure but it inereased significantly
during oxidation rising to a maximum of 6.5‘p5 / JL of fuel prior to the

first cool flame.
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Table 3.6

Data Pertaining to the LCA and LCO Levels Recorded During Hexadecane

Oxidation at mm,uoﬁ,. 200 torr Pressure and with an Eguivalence Ratio of 0.L42
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Figure 3.25

LCA and LCO Levels Recorded Durins the QOxidation of n-hexadecane at

280°C, 500 torr and with o = 0-42

ORDER

SAMPLING

O
LCO

@ 9
LCA

I

T

z_l
580

[

SEC

Ha/pL

HG/H]
101

TIME

202



203

Table 3.7

Data Pertaining to the LCA and LCO Levels Recorded During 1-Decene

W s (o) g . i
Oxidation at 280°C, 600 torr Pressure and with an Equivalence Ratio of 0.42
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LCA and LCO Levels Recorded During the Oxidation of 1-decene at mmoon.

Figure 3-26

500 torr and with o = Q42
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3.3.2 Anzlysis of Products Formed at 295°C

Investigations were continued at the above temperature using
the conditions and fuels summarised in Table3.8.

The variation in LCA and LCO levels found at 280°C were-also
observed at 29500, (Figure 3.27) To ascertain the relationship between the
LCA and LCO levels and the equivalence ratio, the products were analysed
at Py for each o value used. In practice this required sampling of the
contents of the bomb six seconds after injection of the fuel. Reference to
figure 3.27 serves as an example to éhow that Fe had been reached during
this six second period. The LCA and LCO values determined are shown in
Figure 3.28.

Hexadecane was again used for compsariscon with diesel fuel and
the results obtained from oxidations carried out under similar conditions
are shown in Figure 3.29. The LCA and LCO levels are within the same order

of magnitude as those measured at 280°C. Once again very low LCA levels

are observed.

FoSS Analysis of Products Formed at 310°C

 As described in Section 3.2.2.L, n-butylbenzene was the only
aromatic compound found to undéfgo oxidation at these temperatufes. Figure
3.30 shows a typical cool-fleme profile obtained during oxidation and the
LCA and LCO trends. As expected the LCA and LCO levels were very high
compared with those for standard diesel fuel. The LCO levels measured were
also much higher, showing a 60% increase above those obtained from diesel
fuel.

Analysis of the oxidation products at Pee for n-butylbenzene
showed a more complex variation of the LCA and LCO levels with o than for
diesel fuel, as a comparison between Figures 3.31 and 3.28 indicates. The
degree Of reproducibility of the n-butylbenzene data is typified by the two

points in ?igure 3.31, relating to injections of 9.8 and 10 Pl of fuel



Fuel Used Initial Fuel Volume Equivalence |Combustion Phenomena | Table Figure
Pressure Injected nl Ratio Observed
Diesel 500 5.0 0.42 Two Cool-Flames 3.9 3.27
Diesel 600 I 0.12 Two Cool-TFlames 3.10 3.28
3 . 0 0 i 22 n L] n " n
h.h 0 - 32 " " n " "
hlg 003T L1 " L1 n "
5.8 O.ha n " n " "
6‘ r) l.:" htir " " " " "
T 3 2 0 A 52 n 1] L] n n
8.5 0.62 Two-Stage Ignition i &
Hexadecane 500 5.0 0.42 Two Cool-Flames 3.29 3.11
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Trap No. Analysis LCA (pg) per LCA (pg) per LCO (pg) per LCO (pg) per TIA
Time Trap pl Fuel Trap pl Fuel

4 0.16 439.1 87.8 ol.0 18.8 3.9

3 1.0 587.4 117.5 152:7 30.5 4.2

2 1.36 727.2 45,4 155.0 31.0 4,2

5 1.90 676.1 135.2 150.1 30.0 .1

6,8 1.92 6148,3 123.7 142.3 i3 b1

T 3.0 739.3 7.9 169.7 33.9 h,2

1 4.36 697.5 121.5 154.3 30.9 b2

9 Ha - oL.1 18.8 14,2 2.9 83
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Figure 327 208

LCA and 100 Tevels Recorded During the Oxidation of Diesel Fuel at
295°C, 500 torr and with o = 0+42
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Fuel Equivalence | LCA (pg) per LCA (pg) per LCO (ng) per LCO (ug) per TIA
V?lume _ Ratio Trap Al Fuel Trap "~ al Fuel
Injected ul
s 4y ¢ 0.12 207.9 122.3 k3,0 25.3 i 8L
3.0 0.22 L89.3 163.1 iy 39.1 L.0
.k 0.32 790.3 179.6 204,11 LE. 4 h.2
4.9 0.37 960 . b 19€.0 235.2 LB.0 L.3
5.8 0.42 1090, 4 188.0 278,k 48.0 4.3
6.5 0.h7 1235.0 190.0 299.0 46.0 L.y
T.2 0.52 1360.2 188.9 317.7 Ly,1 L.k
8.5 0.62 333.3 39.2 20.7 2.4 3.2
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Data Pertaining to the ILCA and LCO Levels Recorded During Hexadecane

211

S A, 0 = = s =
Oxidation at 295 C 500 torr Pressure and with an Equivalence Ratio of 0.42
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Figure 329 212

LCA and 1,00 Tevels Recorded Durinz the Oxidation of n-hexadscane at

295%¢, 500 torr and with o = 0+42
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Trap No. Analysis LCA (pg) per LCA (pg) per LCO (ug) per LCO (pg) per TIA
Time Trap Bl Fuel Trap 2l Fuel
I 0.83 2223.0 390.0 114.1 20.0 k.0
5 1.83 2758.8 484.0 148.8 26.1 h.1
7 4.01 2650.5' 465.0 198.3 34.8 h,2
6 6.67 3197.7 561.0 270.9 47.5 4.3
2 Tl W377.6 768,0 335.5 58, 8 I
3 7.8 4104 .,0 720.0 356.4 62.5 4.3
1 11.67 3659. 4 642.0 327.2 57. 4 L.y
3 15.33 4485.9 787.0 431.8 75.8 4.5
9 N, - 1886.7 331.0 26.6 b7, 3.3
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Figure 3-30 214

ILCA and TLCO Levels Recorded During the Oxidation of n-butylbenzene at
310%C, 600 torr and with o = 0-42
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Fuel Equivalence|LCA (ng) per LCA (pg) per LCO (ng) per LCO (pg) per TIA
Volume Ratio Trap Al Fuel Trap pl Fuel
Injected
pnl
1.6 0.12 1518.8 949,3 5T 47.3 3.8
3.0 0.22 2446.2 815.4 217.2 T2.4 h,2
L. Y ; 0.32 3867.4 879.0 325.8 4.0 4. b
5.7 0.42 4301.1 54,6 359.8 63.1 h.5
(A 0.52 5473.1 770.9 486.7 68.5 4.6
8.4 0.62 6365.6 757.8 537.4 6L.0 4,6
9.8 0.72 6666.7 €80.3 581.8 50.4 0.7
10.0 0.73 6795.7T 679.6 586.5 58. T W7
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Figure 3+31 216

LCA and ICO Tevels Recorded During the Oxidation of n-butylbenzene at

0 Y TR 3 .
310 €, 600 torr and with Various Rguivalence Ratios
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(o= 0.72 and 0.73).

Further information regarding the reproducibility was obtained
from oxidations of standard diesel fuel and American test fuel. Table 3.1k
summarises the data obtained at 600 torr and with & = 0.42, and phis shows
that the greatest dispersion in the P, analysis data was reflected by a
% o value of T.13 in the LCO levels for the standard diesel fuel. One
important feature of these data is the apparently higher LCA and LCQ levels
of the American test diesel fuel when injected into nitrogen.

Samples of the oxidation products were collected from mixtures
containing 600 torr of air and with an equivalence ratio of 0.L42. The
products were withdrawn 20 seconds after injection, during which period
three cool-flames were observéd with both fuels. The American fuel prior
to oxidation contained 117 more LCA than the stendard fuel. After oxidation
the difference increased to 32%. The LCO levels after oxidation were very
similer despite the fact that the American test fuel had an initial LCO

level nearly three times higher than that of the standard fuel.



Table 3.14 218

Comparison of LCA and LCO Levels in Ruropean and American Test Fuels

Before and After Oxidation at 31000, £00 torr Pressure and with an

Equlvaelence Ratio of 0.42

Standard Dissel Fu

Trap No [LCA (usg) LCA (pg) LCO (pg) LCO (pg) TIA
per Trap per pl Fuel|per Trap per pl Fuel
1 758.1 133.0 209.9 36.8 4.2
2 TTh.2 135.8 232.2 Lo.7 4.3
0/ 1.49 1.49 7.13 7.13 -
X 766.1 13k.4 221.1 38.8 4.2
3 Hg L467.7 82.1 6.3 ) i 2.7
American Test Fuel
Trap No ILCA (pg) | LCA (pg) [LCO (us) | LCO (pg) |TIA
per Trag per Rl Fuel| per Trap rer ul Fuel
o 1010.8 177.3 211.3 37.1 L.2
2 1010.8 177.3 212.7 33 h.2
o 0.00 0.00 0.456 0.k46 -
1010.8 XT7.-3 212.0 370 L.2
3 §; 521.5 91.5 17.4 ek 3.3
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3.4 U.V. Spectrophotmetric Analysis of LC Trap Eluent

The cyclohexane eluent ovtained from each LC trap was subjected
to U.V. absorption analysis in ordsr to ascertain the U.V. spectrum in the
200 - 350 nm wave length range. A Pye-Unicam SP 800 double beam spectro-
photometer, eguipped with matched 2mm quartz cells was used for the
analysis which was carried out with cyclohexane in the reference cell.The
undiluted exhaust eluent from the LC trap was usually transferreq without
dilution to the sample cell. The main object of subjecting the LC eluent
to liquid chromatography was to separate the oxygenated from the aromatic
species. This was necessary since the ADL correlation of odour panel
response to LCO concentration.was subject to less dispersion than the
parallel correlations with either the LCA fraction of the combined LCO plus
LCA fractions. Since no such separation was performed in the presént study,
however, the absorbance at 254 nm resulted from the combined absorbancies
"of the two fractions.

A typical spectrum of the oxidation products of diesel fuel is
shown in Figure 3.32. The rise in absorption at the high energy end of the
spectrum is due to the absorbance of the paraffinic portions of the
molecules present. The 25k nm fixed wave length menitoring by the HPLC
detector does not coincide with a unigue szbsorbance band. ADL chose 254 nm
as the monitoring wave length since it wes 2 preferred value for commercially
available gratings, the use of which would preclude detection of slkanes.

Figure 3.33 shows the results cobtained from the analysis of a
selection of fourteen samples of tue products of oxidation of diesel fuel.
The LCO and LCA content of each sample was known from LC analysis. The
samples were selected to give a wide range of LCO and LCA concentrations
in order to determirethe correlation with sbsorbance over the whole range
investigated ie. 0.0 to 1.0 absorbance units.

The degree of correlation of eitner LCA or LCO with the total



Figure 3%-32

U.V. Svectrum of Diesel Fuel Oxidation Products
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Figure 3-33 el

LCA and LCO vs, U.V, Absorbances at 254nm for Diesel Fuel Oxidation Samples
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sample absorbance at 254 nm is extremely good, a finding confirmed by the
statistical treatment of the two sets of data which give high values for
the correlation coefficients (r).

Figure 3.3k shows the spactrum obtained for samples of the products
of hexadecane oxidation. The spectra show greater definition then those
for diesel fuel samples, with a band centred at 260 mm. Carbonyl groups
strongly absorb at 260 nm e and the particularly well-defined absorption
at this wave length suggests the presence of aldehydic and ketonic groups
in the oxidation products. These species are of course also present in the
diesel fuel samples but tend to be marked by the vast numbers of other
species present, particularly the aromatic compounds. The correlation of the
absorbancé with LCA and LCO is once again very good as shown by the data

in Figure 3.35.
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U.V. Svectrum for n-hexadecane QOxidation Products
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Figure 3+35

LCA and LCQ vs, U.V. Absorbance at 254nm for n-hexadecane Oxidation
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3.5 Gas Chromatograpnic Analysis of Fusl Oxidation Products

Section 2.3.Lk.1 describes the method employed for the trapping
and snalysis of the gaseous oxidation products. In order to evaluate the
efficiency of the trapping process, two other techniques were employed
to collect samples for GC analysis. In one mesthod, the products from 35
post-cool flame runs were condensed in the evacuated loop by surrounding
it with liquid nitrogen. The oxidations were zll carried out under the
same conditions, ie. 600 torr of air at 3130C and ¢ = 0.42; and the samples
were withdrawn after the same length of time. The products condensed into
droplets which formed two phases, one consisting of an opasue agueous
deposit and the other of & light-brown oily liquid. These deposits were
recovered from the loop using a minimum guantity of cyclohexane and the

resultant sample was then reduced under vacuum at room temperature to

=

approximately one—third of its original volume. For comparison, other
gamples were obtained for GC analysis from the LC trass; the cyclohexane
eluent conteining the oxidaticn products derived under the seme conditions
gs those gbovi, was again reduced under vacuum and the cancentrate was
injected on the F1l column.

Chromatograms of samples obtained before and after vacuum

iy
i

concentraticn indicated that no excessive 1oss cof the lower molecular
weight components cccurred through prefereptial evaporation.

A3 stated previously in Secticn 2.3.4.1, the results from these
analyses were essentially qualitative. Informetion was obtained concerning
the efficiency of the respective trapping technigues and comparisons of
the ozidation product chromatograms with those of the original fuel allowed

some important deductions to be made.
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3.5.1.1 Samples Collected in the Gas Phase

Pre-cool flame product chromatograms indicated the presence of
components with Kovats Indices (KI) ranging from ca. 1050 to more than
2,000, The relative peak areas and peak distribution patterns were very
similar to those of the original fuel. Figure 3,36 shows one such pre-
cool flame chromatogram obtained by injecting 5 pi of diesel fuel imto
500 torr of air at 280°C end sampling after 1.5 seconds. Those components
in the fuel with KI between 50C and 1050 were not detected in the pre-
cool flame caromatograms. These lighter molecular weight components together
constitute approximately 11% of the total area of the chromatogram
(Figure 3.1), eaca individual component being present in very low concentrations.
For this reeson, their presence was not detscted.

Post-cool flame product chromatograms did, however, record the

elution of low moleculer weignt low polarity components within the first

'I

three minutes. Tais band of eight resolved components with KI ranging

from 500 to 900 was entirely unique to the post-ccol flame product

ry

(¢}

chromatograms. Two of the principal peaks Ia this band nsd retention times
comparable with those of ethanal and propanal (54 and T8 seconds respectively).
The post—cool flame chromatograﬁs differed from those of the original fuel
in that the alkane peaks displayed shoulders, is. unresolved components,
and the peaks eluted between each alkane showsd differsnces in relative areas
and distridbution patterns. These sections of the chromatograms have been
labelled 1 to 5 in FTigure 3.37 to assist in the discussion of their
characteristics.

Chromatograms of the products remaining after the occurence of
an ignition (Figure 3.38) were completely different from the cool-flame
or initial fuel chromatograms. The ignition product chromatograms contained
fewer peaks and exhibited a major peak with KI = 1600. The components

eluted in the first 3 minutes were present in nuch lower concentrations

than in the post-cool flame product chromatograms.
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Pre-cool Flame Products Chromatosram on C20M(Diesel Puel Oxidation at

o
280 C, 500 torr and with g=0-49)
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Post-cool Flame Product Chromatogram on (20¥(Diesel FPuel Oxidation at

280°C, 500 torr and with g=0-42)
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Past-hot Tznition Chromatoszram on C20M(Diesel Fuel Oxidation at 280°C
and 500 torr)
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3.5.1.2 Semples Collected in the Chromosorb 102 Traps

Diesel fuel oxidation products trapped on Chromosorb 102, eluted
with cyclohexane and injected onto the F11 GC after the eluent had been partially
removed under vacuum, produced chromatograms which indicated the efficiency
of the trapping process. The cyclohexane sclven: peak obliterated the first
four minutes of the chromatogram so that the components constituting band 1
in Figure 3.37 were masked. From KI = 1050 to 2000 the chromatograms
were similar to those obtained for the gas samples, Figure 3.39. This
similarity suggests thet the Chromosorb 102 traps were efficient collectors
of the oxidation products ani that preferential retention of particular
chemical groups did not occur, an observation which has been reported

108, 109
by other workers.

2 el RS Condensed Gas. Phase Samples

Chromatograms of the products ccllected by condensation in the trap
cooled with liquid nitrogea were run on the PE T30 GC using & six metre
packed C20M column -operating under the conditiors listed in Teable 2.3.

These chromatograms e;nibited greater resolution owing to the
larger quantities of individual components present in the samples. Thefe
wes again partial cobliteration of the front of the chromatogram by the
solvent peak, nine peaks were nevertheless recorded before the solvent in
& chromatogram of post—cool flame products. Figure 3.40 illustrates the
improved resolution of this portion of the chromatogram. The retention

times for the alkane components are also shown at the bottom of this

Figure.

e s Hexadecana Fuel
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Pigure 3-39

Posk-cool Flame €20} Chromatogram of Diesel Fuel Oxidation Products

Collected in IC Trap
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Figure 3-40

Pogt-cool Flame Products Chromatozram of Diesel Fuel Oxidation

Products Collected by Condensation Method
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3.5.2.1 DBamples Collected in the Gas Phase

The chromatograms of samples of oxidation products of diesel fuel
were so complex due to the multicomponent nature of the fuel that the assign-
ment of peaks to the individual components proved to be difficult. In order
to resolve this problem, hexadecane was chosen as representative fuel,

The reasons for the choice of this compound were its similar kinetic
behaviour to diesel fuel and also its molecular attributés mentioned in
Section 2.k,

Samples of gas phase products were taken during the oxidation
of hexadecane in a manner similar to that used for the oxidation products
of’diesel fuel. At 280°C and ¢ = 0.%2, hexadecane injected into 500 torr
of air produced two cool-flames with high AP, and AZ values. Samples
were taken throughout the cool fleme region. The induction period leading
to the first of the cool-flames was shorter than that obtained with diesel
fuel under the same conditions ie. 1.4 seconds compared to 3.2 for diesel
Tuel,

Figures 3.41 and 3 42 show the chromatograms of product samples
withdrawn after 1.00 and 1.08 seconds ie. both during the induction period.
During this very short time, a large number of oxidation products are
rapidly formed. Chromatograms taken after 12 seconds were very similar to
those at 1.08 seconds indicating that most of the oxidatior products are
formed early in the reaction-and persist throughout the cool-flame. Attempts
were made to take samples which would provide some information regarding
the chemical processes occurring between 1.00 and 1.08 seconds, but the
practical limitations of the system made this impossible.

Alkane assignments in the product chromatograms were made on
the basis of the comparison of retention times of the Peaks with those of
Standard compunds and by "Goping" the samples with pure alkane components

prior to further GC analysis.

All the oxidation products formed had KI less than 1600 on C20M.
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0201 Chromatosram of Fexadecans Oxidation Products Recorded 1-0 Seconds
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C20!1 Chromatogram of Hexadecane Oxidation Products Recorded 1+08 Seconds

After Tnjection of 5ul of Fuel into 500 torr of Air at 2580°C
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Thus the formation of detectable quantities of compounds such as aceto—

phenone or alkyl-substituted tetralins through cyclisation reactions was

precluded.

3.5.2.2 Samples Collected in the Chromosorb 102 Traps

GC analysis of the LC trap eluent containing the oxidation
products of hexadecane produced chromatograms which were very similar
to those obtained from the gas phase samples. Loss of compound resolution
due to reduction in component concentration was evident in all the
chromatograms (Pigure 3.%3). Hevertheless it was possible +o make a direct
comperison of the gas phase and LC trap sample chromatograms. The efficiency
of the LC trap procedure was again confirmed since compounds with KI
greater than 500 were present in the chromatograms in similar proportions
to those in the gas phase samples. Components of lower XI were obliterated

by the cycloksxans pesi.

85,3 n-Butrylbenzene Fuel

3.5.3.1 Samples Collected in the Chromoscrb 102 Traps

With the samples taken from the LC trap during the oxidation
of n-butylbenzene as described in Section 3.2.3.3 the combined eluent
fractions from each trap were partially distilled under vacuum. The
concentrated sample solution was then analysed by GC and ?igure 3.L4k4 shows
the number and distribution of the component peaks. The number of peaks
recorded was much smaller than for either diesel fuel or hexadecane post-
cool flame oxidation samples, being more comparsble with the number found

for the ignition samples from diesel fuel.
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Figure 3-44 £38

Post-cool Flame C20X Chromatogram of n-butvlbenzene Oxidation Products

Collected in 1L.C Traps
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2.5.4 Diesel Engine Exhaust Samples

3.5.4.1 Samples Collected in the Chromosorb 102 Traps

In order to compare the gas chromatograms of the LC trap
oxidation products from the static vacuum apparatus with those of
diesel engine exhaust, samples were taken from a diesel engine for
analysis. The engine was operating at 800 rpm with 8 cu mm of fuel
injected per cylinder. The fuel pressure was recorded &s 215 at. and
the timing was 15° DNIT. Figure 3.45 shows the most important secticnlof
the chromatogram obtained. Sample doping with pure alkane components

assisted peak assiznment,
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C20¥ Chromatogram of Diesel Engine Exhaust Collected in LC Trap
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4.1 The Composition and Combustion of Diesel Fuel

In the petroleum industry the gas-chromatographic analysis of
a particular diesel fuel complements physical analysis. In the present
work, chromatograms obtained for the fuel were compared with those
obtained for the products after the fuel had been oxidised.The chromatographic
and other analytical results shown in PRigures 3.1-%.6 indicate the diversity
of the components to be found in diesel fuel. The extremely complex nature
of the combustion process is of course predetermined by the multicomponent
nature of the fuel as well as by the mechanisms of fuel injection and mixing
in the combusition chamber.

A static vacuum system was chosen for the oxidation experiments
in order to obtain some degree of control over the conditions governing the
combustion process, The use of such systems for the study of hydrocarbon
oxidation is well established, although their application to fuels with a
carbon number greater than ten has been very limited,

It was apparent at the outset of this work that results of a
quantitative kinetic nature would only be meaningful if the equilibrium
condition of temperature, pressure and homogeneously dispersed reactant
concentration were obtained prior to ;eactien. Under such conditions it may
be assumed that the fuel undergoing oxidation is representative of a combustion
microcosm existing somewhere in the spatial and temporal coordinates of the
diesel engine combustion chamber, The considerable pressure differences
existing beiween the real and laboratory systems would not be expected to
influence the oxidation mechanism to any sismificant extent? However, since
the regions of the ignition diagram which were of greatest interest were
thogse where the induction period was less than six seconds, the attainment
of equilibrium conditions prior to reaction could not be assumed, Nevertheless,
the results obtained are useful in a qualitative sense, even thouzh the
absolute values of the kinetic parameters are only relevant in the context

of the particular system used,

—
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/. 1 Fuel Vaporisation and Preflame Activity

Figures 3.8 and 3.9 show the effects preduced by the endothermic
vaporisation of the liquid fuel on the pressure inside the bomb. The extent
to which the 2quilibrium ofthe system is perturbed was discussed in Section 3.

Cylinder studies of diesel engine combustion have included the
examination of the cooling effect caused by fuel vaporisation in the context
of investigations into heat release. One of the firat comprehensive studies
into heat release was reported by Austen and Lyn:B Pigure 4.1, produced as
part of thei» study, shows a heat release profile of a direct injection
engine at iwo engine speeds. The cooling effect of the fuel vaporisation,
particulariy at low speed, is quite marked. In a more recent study, Hoelzer“20
has defined iwo phases of heat release, phase 1 resulting primarily from
non-luminous premixed combustion which involves a significant portion of
the fuel and phase 2 representing the light-emitting diffusion-controllied
process. Austen et aiw recognise also a third phase (see Fig 4.1) and add
that the first phase lasts for only a few crank angle desgrees (maSOCA),-
while the diffusion-burning phase continues for ca dché, and constitutes
the main heat-release period.These iwo periods together account for 80%
of the total heat release, The third phase, defined by Austen and Dynfs
corresponds to the tail in the diagram, in which a small but distinguishable
rate of heal release persists throughout the expansion stroke and produces
the remaining 20% of liberated heat, These observations are summarised in
Figure 4,2 which also indicates the prevailing mechanism of combustion
in each of the phases defined. Austen et al were able to correlate the
amount of fuel injected during the ignition delay period with the rate of
pressure rise and thereby show that the portion of fuel undergoing
premixed combustion significantly influences the shape of the cylinder
pressure diagram.

Garner et 3.11,2l from their studies have been able to produce a

diagram (Figure 4.3) which shows the differential cylinder pressure profile



Rate of Heat Release Chu/lbair/CA

chu/lbair/CA

Rate of Heat Release

I
O

Analvsis of Feat Rele

Figure 4-

1

ase : Effsct of Engine Speed

30k

20

-3
@)
T

—
-
-
-

LR i

— -
A —————

R e —

-se-mn-- 1025 rev/min
— 1280 rev/ min

bl PR

i o e 1~

-40

- ]
-30 =10 tdc 10 90 30 40 50 60 70 80 90 100

°

CA

™wms
Figure 4.2
] ol il 4

The Fvents which Detearmine the Rate of Heat Release

70 \ ] i 1
combus ion
GOk *// controiled 4
B by chemical kinetics
ignition A premixed burning combustion

40~ delay region controlied

I combustion by chemical
30pF . o « controiled by mixing L kinetics 7]
20r o

start of
1pLiniection end of -
| injection

¥ | 1 i ! 1

160 170 180 190 200 210

°CA

245



_gas phase high temp

oxidation C
xS
- Jow temperature ,pgv'r}
1700 1, oxidation | }em
|
e
!
{
1600 §
&
.- W b
7 ~ cracking due to oxygen -
1500~ & = starvation 3}
g further oxidation i
@ of cracked products o
\\“ﬂxméyiiiﬁupe ////
"‘"‘--. .
1 _fuel vaporisation _
) fuel injection X
L 1 L ! I 1 L 1 J ! 1 1 | ! | 1 |
T S SRR (Bl T - SRR - AR TS Lo R i SIS R - B R L - R

TIME —DEGREES CRANK ANGLE

Ul °yj} ruian( SulLjots) SWE]odd

2 7
.

n
+

UoT48UQUO]) T=n [eS8eT( JO Sesess LEl

Coy BINET

9ve



247

with no engine compression included. The cooling effect of the fuel vaporisation
is clearly shown and the oxidation and pyrolysis reaction occurring throughout
the different periods are indicated. Fuel injection starts at zero on the time
scale and continues for 16°CA. Maunéflin_a discussion of the preflame reactions,
states that during the low temperature oxidation phase, cool-flames accompanied
by the formation of high concentrations of aldehydes and peroxides have been
recorded in engine testg?-é;;se observations are particularly important,,

since they confirm that the preliminary oxidation of diesel fuel under
engine-operating conditions is a degenerately branched chain reaction

involving aldehydic and peroxidic species. Further experimental evidence,
confirming that the chemical processes occurring during the delay period

128 129
are of the chain branching cool-flame type, is provided by Sokolik, Boyee

and Garner?zrhese workers have shown that the flame development can be
greatly influenced by the addition to the reactants in the combustion
chamber of fuel fractions exhibiting cool-flame characteristics, These
experiments produce similar effects on the combustion mechanism of a sparik-

126
ignition engine,

Boyc;2;tudied the combustion of diesel fuel in a flow reactor
and compared the results obtained with those produced for the oxidation of
heptane under similar conditions._Spectruscopic technigues confirmed the
previously reporteiizgialarity between the preismition reactions which
occurs with these two fuels; the spectra recorded were very similar and
exhibited a strong emission band corresponding to HCHO. With diesel fuel,
the emission was accompanied by substantial quantities of white smoke which
became more dense and acrid as the reaction progressed, The exhaust odour
produced by the flow reactor was similar in most respects to that emitted
by a diesel engine, a fact which Boyc;%;ttributed to high concentrations:
of aldehydes. The formation of soot at low level temperature was found to

decrease as the reaction temperature increased, Moreover the preignition

glow was seen to increase in intensity with increasing cetane number or



248

paraffinic content of the fuel, From these observations, Boyce concluded
that an increass in the paraffinic content of diesel fuel led to increased
eage of ignition and smoother, more efficient engine operation., However,
a fuel which is too reactive produced engine knock if the production of
aldehydes, particularly formaldehyde and acetaldehyde, was superseded by
by the formation of peroxides in the early stages of reaction. The subject
of aldehyde and peroxide involvement will be discussed in more detail in

Section 4.2.1,

A.1.2 Oxidation Kinetics

ditelsl Diesel Fuel

Figures 3,11A and B show the pressure change and induction period
data obtained during the oxidation of diesel fuel at 25600 and under
increasing equivalence ratio, It is evident that, as the concentration of
the fuel increases, AP1 and AP, increase and the induction period decreases,
Similar trends were obtained at 280°C and 295°7 (Fizures 3.12 and 3.15 - 17).
These observations are consistent with the basic kinetic principles outlined
in Section 1.4.4.2. Assuming that the zases behawve idesally, the magnitude
of the presasure rise, AIH, in a constani-volume reactor is given by the

equation; \
)

AP, = Po{ &7 -1

no%o
where Po, To and no are the pressure, temperafure and molecular concentration
of the unchanged mixture and A and T are the mean molecular concentration and .
temperature at the instant when the pressure rise isszl.

When the extent of the reaction is small,.&P,i is largely due to

the exothermic nature of the reaction and consequently after the reaction
has ceased, APw» is not much greater than Po. As the concentration of fuel
increases, at a constant initial pressure, the number of {ragmentation products

{n) increases leading to an increase in both AP, and APy . If however,
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Po is sufficiently high, the passage of a cool flame may be followed by a

hot flame, giving a pressure time record similar to that shown in Figure
3.10(d). The rapid, non-isothermal increase in pressure during the ignition
process is followed by an exponential decrease in pressure until the contents
of the reaction wvessel reach equilibrium with their surroundings. The final
pressure change, AP» , is considerable, showing that a substantial increase

in molecular concentration has occurred. It can be seen from Figure 3.11A that
when 6 = 0+6 a hot ignition occurred., The conditions prevailing were such

as to preclude a time interval between &P1 and the hot ignition; under these
conditions £§P1 was just discernible as a shoulder on the hot ignition

Ppressiure curve,

The induction period leading to 3 twmo stage ignition is divisible
into two parts,'Tc.f, and'rh.i., whare ?é.f. is the time between injection
and the first cool flame maximum and Th,i., is the time beiween the cool flame
maximumand hot ignition, A% constant temperatiure, | o.f, decreases with the
initial pressure, Po, according to the equation:

Touf, = K Po ot al
where n is positive and k1 and.c1are conatanta, This zquation is found
to be applicable at both higﬁﬁ;ﬁa low pressureafhm%ﬁm

The effects of Po and To on | h,i. are more complex since these
quantities influence not only the second staz= process itself but also
the cool-flame intensity and thus the actual walues of pressure and
temperature at which the second stage ignition process occur;szacent sﬁ‘.ud.:iesm3
of the oxidation of isobutane have indicated that the occurrence of a hot
ignition is dependent on the attainment of a critical concentration of
hydrogen peroxide at a critical temperature, These studies indicate that
hydrogen peroxide is the principal branching agent for this particular
system, and that the subsequent decomposition of this compound results in an

acceleration of the reaction to hot ignition. The rate equation governing

this process therefore takes the form :-
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Rate = Ae -E/RT [H202] &

The relationship between 1n'ch and 1/To has often provided a

method of estimating the 'effective activation enerzy', E., for the cool-

A?
flame process, In the case of many fuels, this plot is linear over a considerable
range of temperature and the values of EA obtained correlate quite well with
their octane numbers, In other cases, however, the plot of lnprbf vs, 1/To
is non linear and in view of the chemical complexity of the overall cool-
flame process, the precise significance of EA is not clear,

The effect which the addition of an inert diluent gas to the
reactants has on the induction period is shown in the Figure 314, It can
be seen that'rhf was reduced slightly by the addition of nitrogen when the
total pressure was below 300 torr; at higher pressures, however, the effect
of the diluent on the induction period was virtually insignificant., Generally
the addition of an inert gas, to the reactants in an uncoated vessel maintained
within the low temperature region, does not affect the maximm reaction rate,

2 134 135
eg. as in propane and isobutane oxidation.

althongh Tof is often reduced,
The data trends shown in Figure 3+14 can be explained quite simply in terms
of a degenerate chain-branching mechanism, At low vressure, ie; ca 300 torr,
radical destruction occurs primarily by heterozenecus termination afier
diffusion of the radicals to the vessel walls, Addition of an inert gas will
retard such diffusion and the radicals thus have a longer effective lifetime
during which they can be involved in a chain-propagation step leading
eventually to a cool-flame., Under these conditions, | cf is decreased, A
higher pressures, homogeneous termination as a result of radical-radical
combination is important. Under these conditions, the addition of inert

gas has a smaller effect, unless the radicals have a restricted number of

degrees of freedom in which case the inert gzas will act as a third body for

energy dissipation and hence increase the number of effective termination
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135
reactions. Thus, for example, Figure 4+4 shows the results obtained when

four different inert gases were added to a mixture of isobutane and

oxygen at 286°C, It is evident that helium has the smallest effect on the
induction period, while carbon dioxide exerts the zreatest influence. These
observations are in accordance with the effectiveness with which the inert
gas molecules act as third bodies in homogensous termination reactions,

It can be seen from Figure 314, that above 300 torr, the addition of
diluent gas did not significantly affect the induction period, which
suggests that the termination reactions were not greatly influenced by the
presence of an inert gas.

The ineffectiveness of nitrogen in lengthening the induction
period precluded this as a means by which the reaction could be retarded
sufficiently to make possible the collection of kinetic data under equilibrium
conditions,

Figure 3+20 shows the exponential decrease of | cof with initial
temperature at various equivalence ratios, At 310°C the reaction started
almost before injection was complete, even with very lean mixtures, ie: d =
0+33. Since complete premixing of the fuel with ‘he oxidant prior to
reaction could not have occurred, the continued collection of kinetic data

was considered to be of little value,

fo12-2 Hexadecane Fuel

A comparison of Figure 319 with Figures 3+15 to 3+17 shows that
the variation of .AP1 and APpa with ¢ obtained Tor hexadecane fuel were
similar to those for diesel fuel., It was observed throughout the oxidation
experiments, that under the same initial conditions of Po, To and @,
hexadecane was more reactive than diesel fuel z2s evidenced by the much
shorter induction periods for the alkane fuel, However, the maltiplicity
of cool-flame propagation observed with diesel fuel, (see Figure 3-183)

was not observed with hexadecane, a maximum of only three cogl-flames
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Figure 4-4
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being recorded for the alkane fuel. This may be a reflection of the
multiplicity of branching agents obtained from the many components in
diesel fuel compared with the relatively few obtained from a single

hydrocarbon.

4+1+2+3 n-Butylbenzene Fuel

The kinetic data obtained for n-butylbenzene confirmed the
reported stability of this aromatic hydrocarbon, since the lowest
temperature at which the measurable oxidation occurred was 31000. A
broad cool-flame was produced afier a relatively long induction period
(Figure 3+21), even with - stoichiometric fuel to air ratios, and the
value of dP/dt for all stoichiometries was smaller than those for other
fuels, A comparison of the reactivities of butylbenzené, hexadecane and
diesel fuel under the same initial conditions confirms that the ignition of
diesel fuel is controlled primarily by the most easily oxidisable components,
ie: the alkanes. However, under cool-flame conditions partial oxidation
of the aromatic fraction will occur, since the exothermicity of the

oxidation mechanism may give rise to transient temperatures in the range

360 to 460°C.
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4+2 The Formation of Odorants During the Oxidation of Hydrocarbon Fuels

Before the results of the liquid chromatographic analysis of
the oxidation products are discussed, it is important to consider whether
the Arthur D. Little odour assessment technique is a reliable means of
assessing the odour produced by widely different fuels, ADL have investiga%ggwy
the effects of fuel composition on the correlation between the concentration
of LCO and the exhaust odour intensity at 1000 : 1 dilution. The fuels used
ranged from Kerosene (16% aromatic, s.g. 0808, 90% B.Pt 235°C) to No2
diesel fuel 61339, (37% aromatic, s.g. 086, 50% B,Pt 311°C) and included
a special low aromatic fuel, Soltrol 200 (1+3% aromatic, s.g. 0+78, 90% B.Pt
25706). There was a good correlation between the predicted and the observed
exhaust odour intensity for 2ll the fuels tested, dsspite the widely different
odour quality produced by Soltrol 200, It appears therefore, that the ADL
odour assessment technique is applicable to a wide range of engines, fuels
and operating conditions,- a conclusion which has been substantiated by
more recent experiment;jfThe three main classes of hydrocarbons which
constitute a standard blend of diesel fuel are the alkanes, alkenes and
aromatics. Although the composition of diesel fuel varies considerably,
depending on its origin and blending, the aliphatic fraction is always
predominant, uwsually forming about 70% of the fuel volume, It is not
surprising, therefore, that the aliphatic fraction exerts a profound
influence on the kinetics of the fuel oxidation process, Several workergzaﬂz4
have commented on the similarity between the combustion phenomena observed
with a straight-chain hydrocarbon, often heptane, and diesel fuel, In order
to compare the kinetic and analytical results obtained for diesel fuel with
those of a pure alkane,hexadecane was selected in this study, since its

molecular weight and carbon to hydrogen ratio were similar to the®molecular

weight' and C/H ratio of diesel fuel,
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A9 4 Hexadecane Fuel and Alkane Oxidation

Figures 3.25 and 3,29 show the analytical and kinetic data
obtained during the oxidation of hexadecane ai two temperatures, 280 and
29500, but at the same initial pressure, 500 torr and equivalence ratio,0+42,

The LCA and LCO analyses performed during the oxidation at these
two temperatures indicated that the mechanism of odorant formation had
changedwith temperature, At ZBOOC, the LCA level increased steadily
throughout the induction period, but unlike the LCO fraction, did not
decay rapidly with the passage of the cool-flame, At 29500, however, the
LCA concentration fell during the passage of the cool-flame, while the LCO
level rose to a maximum, These trends differed from those observed for the
other fuels in which the LCA and LCO fractions cdisplayed similar behaviour
during the oxidation process. It is evident that before any firm conclusions
can be drawn, further investigation of this fuel-oxidant system is
necessary, including detailed chemical analysis of the products formed.
However, certain aspects relating to the formation of LCA and LCO during
the cool-flame processes in these studies are worthy of comment,

It ig evident from the analytical daza »ecorded that a close link
exists between the cool-flame mechanism and the {ormation of ILCA and 1LCO,

The important ramifications emanating from this observation are those relating
to the nature, origin and mechan@sm of formation of the odour components,
These deductions evolve from a knowledge of alkane oxidation, the relevant
agpects of which are described later,

After passage of the cool-fiame, the levels of the two odour fractions
remained fairly constant under the condiiicns of femperature and
stoichiomeiry prevailing in the system. These conditions approximate to
those which exist in the exhaust pipe of a diesel engine operating under
mid-speed, mid-load modes, The stability of the LCA and LCO fractions
suggesta therefore, that, after formation, the two odour fractions are
little affected by their passage through the exhaust system; i.e. the mass

of ILCA and LCO formed in the combustion chamber survives almest intact to be
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emitted into the atmosphere., After emission, the odorants are cooled and
diluted in the ambieni atmosphere and are thus rendered even more stable,
In order to prevent the emission of these partially oxidised compounds, two
approaches to the problem are envisaged. The first involves afterburner
treatment of the exhaust gases using catalysts to complete the oxidation
process, The second involves improving the fuel-oxidant mixing process by
various design modifications in order to increase the amount of fuel
subjected to oxidation via the hot ignition mechanism, Evidence for the
subsequent reduction in LCA and LCO under these conditions is shown in Figure
3+25, This Pigure records the odour levels of samples collected during hot
ignition which occurred under essentially cool-flame conditions due to a
reduction in the evacuation time between fuel injections, Both the LCA and
LCO fractions were extensively reduced during the hot ignition, an observation
frequently recorded during the course of these studies with other fuels, It
is evident that the increase in temperature accompanying hot ignition leads
to destructive oxidation of the odorants formed during the first-stage reactions,
From their extensive analytical programme, ADL concluded that the
ILCA fraction consisted of aromatic molacules, the majority of which originated
from unburnt fuel, Alkanes, including hexadecane, and alkenes do not absorb
U.V. radiation at 254 nm and hence do not contribute to the LCA peak. It
would appear, therefore,that in the present study the LCA fraction must
consist of aromatic molecules formed during the cxidation process and not
unburnt fuel, Aaronson and Hatuléfy in their study of the oxidation of
hexadecane in a rapid compression machine, identified benzaldehyde,
phenol, 2-5, dimethylpiperazine, cyclopentanol and ¥ -valerolactone in the
products., Although some of these compounds contain oxygzen and therefore
cannot be LCA components their identification indicates that cyclisation
reactions can lead to the formation of significant quantities of homocyclic,
heterocyclic and aromatic molecules; moreover, some compounds like

2-5, dimethylpiperazine do not of course contain oxygen.
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Tables 3+6 and 3+11 contain the TIA values corresponding to the
LCO levels recorded, while Pigure 4+5 shows the odour / analytical data
collected by ADL?Zﬂﬁch relates the TIA value to the concentration of ILCO
(ngl) in diesel engine exhaust. It can be seen that the measured TIA values
range from 0-8 to 2-2 on a scale which extends from )(, (threshold) to 3,
(strong). Odours which have an intensity greater than 3 are not differentiated
on this scale, However, most of the TIA values obtained in the oxidation
experiments had values greater than 3, The very high LCO concentrations
which correspond io these TIA values originate from the partial oxidation
of frel under conditions which preclude the occurence of a hot ignition.
Although the LCO is formed by similar preignition reactions in the diesel
engine, the hot ignition which occurs during each complete combustion cycle
destroys some of the LCO formed, which results in lower TIA values than
those recorded in these studies. Of course, as mentioned above, when a
hot ignition occurred in 'the bomb the LCO fraction was considerably
reduced and sometimes completely destroyed,

The rapid rate of formation of the LCA and 1LCO components during
the first stage of the oxidation reactions is indicated by the initial gradients
of the concentration vs, time plots for esach odour fraction, Figures 3+25
and 3+29, A further indication of- the ra‘te of formation of each fraction
is given by Figures 3+41 and 3-42, which show the chromatograms of vapour
phase samples taken during the oxidation experiments,Thus, for example,
the chromatogram in Eigure 3-41 was obtained for a sample taken after only
1400 seconds, while Figure 3+42 shows that for a sample %aken 0+08 seconds
later, The inset in Figure 3+41 shows the relative times at which the samples
were taken in relation to the multiple cool-flame phenomena, which occurred
1+4 seconds after injection. Chromatograms taken at different times after
the cool-flame indicated that no significant changes occurred in either the

number of componentis or their relative concentrations, A number of factors,

such as the limited resolution, the complexity of the chromatograms and the
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time involved prevented any attempt to identify each peak, The analytical
studies of II£?Q;:;ealed the complexity of peak identification, since they
were only able to identify a few individual components even with the assistance
of 200ft. capillary cclumns to improve resolution and a high resolution
mass-spectrometer to assist assignment. The peak odour description experiments
performed by IIT, however, indicate that diesel exhaust odour is mainly due

to the presence of components which are eluted from 2 Carbowax 20M column
after undecane (KI=1100), It can be seen from Figure 3+42 that this section
of the chromatogram, from KI = 1100 to 1600, contains many partially resolved
components, Previous studies have shown that components such as alkyl-
benzaldehydes, aliphatiz aldehydes and ketones and various O- and N-
heterocycles have Kovats Indices on Carbowax 20M columns between 1100 and
1600, These compounds are common partial oxidation products from hydrocarbon
fuels and many have low odour thresholds, The fundamentals of hydrocarbon
oxidation, outlined in Section 1+3 will now be elaborated upon in order to
describe the principal features of alkane oxidation and more specifically,

the mechanism of formation of partial oxidation producta such as these from
hexadecane,

Investigations into hydrocarbon oxidation performed over the last
fifteen .years have indicated that many of the combusiion phenomena observed,
and the nature of the products formed, can be accounted for by the rearrangement
of alkylperoxy radicals and the decomposition of the hydroperoxyalkyl radicals
thus produced. These reactions are widely belisved to constitute the principal
chain-propagating step through the cool-flame region, Morsover, during the
oxidation of 3-ethylpentane?s3-methylpentan;3;nd 2-methylpentan;:c¥;‘remains
the dominant reaction path at quite high temperatures, (ca 40000). The
distribution of products formed by the decomposition of the hydroperoxyalkyl
radicals is continuous across the slow combustion/cool-flame boundary and is
little affected by carbon deposits resuliing from two-stage ignition or

21,141, 142
very large increases in the initial pressure, thus confirming the
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homogeneous nature of the reactions involved.

The isomerisation and subsequent decomposition of alkylperoxy radicals

follows the scheme outlined below:-

q_0
CH3,E(CHZ)40F{3 + 0p — . CH CH(CH2)4 5 1
cH_CH(CH,) ,CH o< CHCH(CH.,) ,C! | 24
3C(CHy) 07 » CRSCRCA(CR,) 508
1:4 H transfer 0-0H
£ i 055$HGHZCH(CH2)2CH3 2p
1:5 H transfer 0-0H
’ e !
¥ cnﬁmcxz) 2CHCH20H5 2
1:6 H transfer 0—-0H
a—.ﬁ:X-CnH%OOH » Products + OH 5

Reactions 1 to 3, together with the unselective attack of the hydroxyl

radical on an original fuel molecule,

CoPono ¥, OB - S i N 5 !

form the principal chain propagation cycle occurring just prior to and in

the cool-flame, The «-, A~ and ¥-hydroperoxyalkyl radicals produced by the
homogeneous intramolecular rearrangement, reaction 2, decompose to form

a hydroxyl radical and stable products which include (-heterocycles, carbonyl
compounds, alkenes and alcohols with rearranged carbon skeletons, Fisﬁfawggs
has greatly extended the alkylperoxy radical isomerisation scheme, has
accounted for the diversity of products formed on the basis of the following

reactions:-

(1) 0-0 bond fission, cyclisation and CF elimination

CHB?F%‘}H(CHZ)}CHZ) — 02533-—/03(032)5m3 + 0B ) Sa
OTSH 0 oxiran
cH
" 7 e >
c_A3rl:?.{;tf:‘@«’éﬂ(cﬂz)scﬁ3 - Oy g\ /ca(caz)zr'ﬁ + 0B 5p

050H 0 oxetan
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y~tss
CcH,cH(CE, )/ fHcH cH — CH.-CH CH-CH.CH. + OH
3;(2%' 2CHz ik f o¥
OT; 0 furan

(ii) C-0 bond fission, ¢-radical only

CH_ CH— %q(cw )

oL 5 -CH = CH(O CH H
3 H, —» CHy~CH (¢ 2) 505 + 02 6
~OH
(iii) 0-0 and C€-C bond fission, A-, and Y¥-redicals only
CH,CHz /\L— ¢x(CH,).CH, —& . cH 5CH + CH, = CH(CH,),CH, 78
3] 2’23 30 23
OIRH o + bH
CH,CH~CH -/.\[' HCH,CH, ~Y¥ __, CH.CH—CH, + CH, = CHCH SCHy 7
33 2) 3 3N,/ 2 2 3
) e
0-0H 0 + OH
9
(iv) Alkyl group shift and 0-0 bond fission
xy g
CH j-(m (cH,) ,OF g'a-(cm?) 4CH5— cq(cqz) CHy + CH,0 8
5~ CHs{}t}-O :

The molecular structure of the fuel molecule determines which
hydrogen atom is abstracted in reaction 2 and therefore ultimately controls
the structure of the products formed by decomposition of the hydroperoxy-
alkyl radical. Parameters which are particularly imporiant are the size of
the transition-state ring and the strength of the -x bond to be broken, The
/3~ scission reaction available to B - and ¥- radicals results in the formation
of high yields of alkenes.with fewer carbon atoms than the original fuel,
while an increase in branching of the carhon skeleton of the fuel molecule
increases the octane rating of the fuel and increases the relative propensity
of the }5- scission reaction, Thus fuels whish have a hizh octane rating
(or conversely a low cetane rating) tend to produce larger quantities of
alkenesflThis fact has important implications with respect to the environment,
since gasoline fuels will produce more alkenes which may react photochemically
to produce fog., On the other hand, an increase in the length of the carbon
chain increases thé cetane number and is also conducive to the formation of
O~heterocycles which may undergo further oxidation., At low temperaturss,

(230 to 30000) oxetans are readily oxidised, tetrahydrofurans react somewhat
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less rapidly, while oxirans are relatively stable, At higher temperatures,
( > 400°C), tetrahydrofurans are less readily oxidised than either oxirans
or oxetans?éThe oxidation of O-heterocycles is accompanied by early ring
fission and the formation of oxygenated products, eg: carbonyl compounds
of lower carbon content than the original O-heterocycle, Summarising these
observations it is apparent that the diesel engine requires for operation
fuels which, by their nature, are conducive to the formation of O-heterocycles
some of which are strong odorants?niﬁgther oxidation of these compounds
results in the formation of carbonyl compounds which are also sirong odorants.
‘The gasoline engine, however, operates with fuels containing a much higher
proportion of branched-chain alkanes which results in the emission of
alkenes which are essentially odour irrelevant,

In addition to the decomposition reactions outlined above, the
hydroperoxyalkyl radicals may add on further oxygen to give hydroperoxy-
alkylperoxy radicals, reaction 9 :

CnH nOOH + 0

2 2 'OoanznOGH 9

This reaction competes successfully with decomposition, when the partial
pressure of oxysen is high; intermolecular hydrogen absirac-tion then
produces a dihydroperoxide, reaction 10 :

00C_H, 00K + C_H

HCOCnﬁznGOH + CnH2n+1 10

2n4+2
Dihydroperoxides decompose by homolysis of both 0-0 bonds; in -dihydro-
peroxides this scissién may be accompanied by the scission of a C-C bond
leading to two carbonyl compounds and two hydroxyl radicals,
ro0(R ' R%)c-c(RorY)0or — r'R%c=0 + ®OR%c-0 + 20m 11
whereas 4-, ¥- or §- hydroperoxides will decompose to dicarbonyl compounds
1.2 1 2

R'R C-CHZ—CR3R4—~R C-CH.,-CR° + B> + RY + 20 12
I | N 2y

00H OOH 0 0
147

Cartlidge and Tipper have postulated the following reactions for

,the di-n-heptylperoxide to account for the dicarbonyl and furan derivatives

found in the reaction products:
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CH_COCH,COCH,CH, CH, + 2H20 154

/32223

CHa—CH—CH2-0H0520H2CH5 ——»CH,0H + CH,CH,CH COCH2CH0 + H

3 3CH,CH, 0 13

2

H
CHE—C“

EARE
H20 + CH38H032 3\‘ /, 2
0

CHsoﬁ - ?32-3H2
CH, CE-CH,CHO 1355
2 2
b
0
The nature of the combustion phenomena observed with diesel fuel
indicates that the reaction mechanism involves a degenerate chain-branching
agent, the decomposition of which results in increased reaction rates, which
are manifésted as cool-flame and hot ignition processes, The nature of the
degenerate branching agent in hydrocarbon oxidation has been much discussed,
and it is generally agreed that the most probable agents are peroxides,

aldehydes and peracids,

In the low temperature region, i.e. below'SOGCC, where the oxidation
140,143
is guite selective, Fish, Luggesta that degenerate branching results from

the alkyl monchydroperoxide produced by a linear chain involving intermolecular
hydrogen abstiraction by the alkylperoxy radical, reaction 14:

* an2n+2 : .
B b = \
CanntJOO ,Cnuz +1003 Cnﬁz +10 + OH 14

|

2 * CnH2n+1

Some of the partial oxidation products formed during the propagation step

may also act as degenerate branching agzents, since the attack of molecular
oxygen on moderately stable products with weak C-H bonds is considerably

faster than the corresponding attack on alkanes, (i.e, faster than the initiation

reaction). Aldehydes are by far the best example of such a class of products

148 = 150
and reaction 15 has frequently been supposed tc fill this role, For
: 151 o 152
formaldehyde 315 = 32kecal mole 1, whereas for acetaldehyde, E15 may be as low as
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g2

14 kcal mole .

+ FUSRCO 15

CH HO
RCEO + 0, - H0,

The facile H abstraction reaction for aldehydes is explained by the lower
C-H bond strength (RCO - H = 88 %2 kecal mole_1) found in these compounds

compared with the C-H bonds in alkanes, (es. 02H5 - H = 98*t1kecal mole-1°

?
_q.8
C - H = 9131kecal mole ), However,

3)3
higher aldehydes, including branched unsaturated aldehydes, are in general

(Cﬂﬁ)QCH ~ H = 94+5 kecal mole_1; (cH

154
less reactive than acetaldehyde.

The acyl radical formed in reaction15 may enter into the following

sequence of reactions:-

RCO + 0, -——--»R&Oi 16
P.CO3+ RH ——--—..300314+ R 17
R(..‘OBH P R— Rt':02 + OH 18

in which the peracid formed leads to further degenerate chain branching.

The homolytic breakdown of peroxides and the oxidation of aldehydes
are the most frequently cited modes of degenerate branching during the
oxidation of alkanes, Branching reactions involving free »radicals as reactants
have received l2ss attention, bui it has been suggested that these may play
a2 considerable part, In the oxidation of heptane for example, the hydro-
reroxyheptylperoxy radicals formed may decompo&;fsreaction 19, sufficiently
rapidly to compeie with hydrogen abstiraciion to give a dihydroperoxide,

reaction 10, Furthermore, the reaction of free radicals with molecules,

reactions 20 and 21, can lead to chain branching.

~CHCH..CH 20 ; " o H 1
CH5?8H2IF?3H_{ 0H + (cr-{a)gco + 03}17 + CO 9
00H 00
362 + RCHO B T 20
sz + RWOR ——=——»> RO 4+ OH & 3'62 21

At hizgher temperatures, i.e. above AOOOC, hydrozen peroxide may
play a prominent role in the branching stage by decomposing homogeneoualy

following the collision with a second molecule, reaction 22, the process
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i56
-1
having an activation energy of 45 kecal mole ,

HOCH + M > 20H + M 22
This high activation energy means that hydrogen peroxide involvement
occurs only at temperatures higher than those at which organic peroxides
decompose,

The concentration of peroxide needed to affect the course of the
oxidation is very small., Moreover, even on the assumption that peroxides are
stable enough, at ambient temperatures to be collected in the Chromosorb 102
traps, the alkylhydroperoxide molecule does not contain a strong chromophore
and therefore would not contribute to the LCO trends observed in this study,

In Figure 4-6(a) and (b) the LCO concentrations measured are plotted
as Tunctions of time throughout the passage of iwo cool-flames, Figure 4.4 also
includes similar data for the concentration of typical branching agents, such
as aldehydes and peroxides, recorded during the oxidation of various f;gigTrss
It can be seen that strong similarities exist beiween the LCO variations and
those of the branching agents, which infers that the increase in reaction
rate induced by the decomposition of the branching agzent leads to the rapid
formation of thes ILCO components, thus rroducing the similar trends observad,
Aldehydes, other than formaldehydes, and their decomposition products will
form part of the LCO fraction. It is presumec, however, that the decomposition
products of the peroxides and not the peroxides themselves, will be detected.

Garner et alznin studies of the preigznition reactions, were able to
measure the concentration of aldehydes and peroxides in a diesel engine, The
data obtained are shown in Figure 47, It was found that for four different
hydrocarbon fuels, the peak concentration of aldehydes and peroxides occurred
Just before the start of the pressure rise caused by combustion. Moreover,
for high cetane fuels, the peak concentration of these intermediates occurred
earlier than with lower cetane fuels, Thasss observations, recorded in the

diesel engine, are typical of the behaviour of branching agents previously

observed in static and flow systems,
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Figure 4.7
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From this discussion of the nature of the products formed during
alkane oxidation, it is anticipated that the LCO fraction consists mainly
of O-heterocycles and carbonyl compounds, The low molecular weight unsaturated
carbonyl compounds, which are notorious odorants, eg. acrolein and
crotonaldehyde, possess a very strong chromophoric group, i.e. C=C-C=0,
and their presence even in low concentrations will produce a significant
LCO response. Similarly the oxygenated aromatic and heterocyclic compounds:
will absorb UV radiation at 254nm quite extensively, The aliphatic aldehydes
and ketones do not possess chromophoric groups of the same intensity as the
previously mentioned classes of chemical compounds, but their presence in the
products will be dstected by virtue of the C=0 abscrbance. It should be
remembered, however, that the components producing the absorbance at 254 nm
may not be the only important odorants but may alsc act as indicators of the
concentration of components with low odour thresholds and relatively low
values of émax at 254 nm, It may be concluded therfore, that the ILCO trend
obgserved is due to the fluctuating concentrztions of The unsaturated
aliphatic and aromatic carbonyl compounds and of the O-heterocycles such as
the alkyl-substituted tetrahydrofurans.

The parallel rise in O-heterocycles withthe cooi-flame pressure
pulse has been studiedugn some depth and the resulis obtained are given in
Figure 4+8, which shows the amount of n-hexane {uel remaining and of
O-heterocycles formed as a function of time. It can be seen that the consumption
of fuel almost ceases before the passage of the cool-flame, while
concentrations of all the O-heterocycles continue to increase, After the
cool-flame, the O-heterocycle concentration decreases which indicates that
thege intermediate compounds participate in further reactions, The maximum
rate of O-heterocycle formation coincides with the cool-flame region of
the ignition diagram, and only small quantities of these compounds ares found
at temperatures above the cool-flame limit, The transition from the cool-

flame region to the hot ignition region was acccmpanied by a sharp decrease
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Figure 4.8
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in the quantities of O-heterocycles detected. This observation is similar to
that recorded for the LCO fraction under hot ignition conditions,

Another study which provides some very useful data was published
by Cullis et al?awho traced the formation of pentene-1, 2,4-dimethyl oxetan,
transpentene-2,propionaldehyde and zcetone during the oxidation of n-pentane
at 278°C as shown in Figure 4-9, It is apparent that some of the partial
oxidation products eg. the alkenes and the O-heteraocycles reflect the cool-
flame pressure pulses more accurately than others, eg, the carbonyl compounds,
Since in the present study the LCO absorbance is reiated .to the combined!
concentrations of many oxygenates, it is evident that, unless one particular
class of compound eg. the O-heterocycles, predominates in the products the
LCO trend observed will not reflect the cool-flame pressure pulse with much
accuracy. .

Before concluding this section on alkane oxidation it is important
that the high temperature, i.,e. above 40000, oxidation mechanism should

34
be discussed, The alkene-theory of hydrocarbon oxidation was proposed by Knox

y 159,140 1615162 163
following studies of the oxidation of ethane, propane and isobutane, both
alone and competitatively, It was found that the major primary product
obtained during the oxidation of these alkanes was the conjugate alkene and

that this accounted for up to 80% of the producta formed, The reaction sequence

propesed to account for this product disiribution waa as follows:=-

G Bouy o+ 0, —~ CH, + H, 23
Cflonyp  +  HO, > GH, .+ HQO, 24
C Hy + O, > o~C_fi, OCOH 25
ol—énHZHOOH +0, — 00C_H,, 00H 26
00C,_H, 00H + HO,, + HOOC_H, 0OH + 0, 27
HOOC fi,, OOH » Products + 20H 28
CnH2n+2 - 6H E 5nHEnH & HZO 4
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As a result of the change in mechanism with temperature, the
principal productis are alkenes and hydrogen peroxide and their secondary
decomposition products, which of course include water.

I% is obvious from an understanding of the dieéel engine combustion
process that clearly defined temperature zones do not exist in the combustion
chamber, However, it may be said that as a first approximation, the alkyl-
peroxy radical scheme will be the predominant reacition mechanism in the lower
temperature regions i,e. near the chamber walls and in the exhaust system of
the engine, The alkene mechanism and fuel pyrolysis predominate in the spray
envelope where the gas temperatures are much higher. Rapid diffusion of
reactants and of products of both mechanisms will occur and this process will
be assisted by piston movements and by combustion-induced turbulent motion
of the trapped gases, Thus conditions will be produced which are conducive to
the interaction between intermediates and products from both oxidation mechanisms,

The alkenes formed by hydrogen abstraction, reaction 23, will
undergo further oxidation, to produce a class of compounds which are extremely
odour-relevant i.e. unsaturated carbonyl compounds, This aspect will be

discussed further in the next section which deals with the oxidation of

1-decene,

422 1-Decene Puel and Alkens Oxidation

Diesel fuel contains ca 2-3% by weight of alkenes, The preceding
section: of the Discussion has shown that the pressnce of relatively small
concentrations of certain compounds, albeit reaction intermediates, can have
a profound affect on the course and products of oxidation., Moreover, certain
studie;&g;;; shown that alkenes may be the principal intermediates responsibie
for the ignition of fuel blends containing alkanes or aromatics at high °
temperatures i.e,;T> 300°¢C.

Owing to the important role which may be atiributed to alkenes under

certain conditions, a brief discussion of the reactivity of this class of
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compound, relative to the others found in diesel fuel, appears to be warranted,
The ease with which alkenes are oxidised increases with molecular
weight in a manner similar to that observed for alkanes, Beginning with the
low molecular weight alkenes, it is observed that ethylene does not exhibit
a cool-flame but consideration of the explosion limits and the low cetane
number indicates that this compound is more easily oxidised than ethane,
Propylene exhibits well-defined cool-flame regimes, but the induction ' period |
preceding the firsi cool-flame and the ignition delay show that propylene is
less easily oxidised than propane in the temperature range below 400°C, Above
this temperature, the value of Tec.f. and | h.i., increases for propane with
temperature, while that of propylene decreases. Thus in this temperature
range there is a reversal of the ease of oxidation for these conjugate species,
From butylene upwards, the alkene is always less reactive than the corresponding
alkane, Josfaﬁas provided an explanation for this behaviour and suggests that
higher alkenes react to form radicals which have relatively long lifetimes.

For 1-decene the following sceme may be envisaged:-

. L

GTH15-Ch2~CH=CHZ + 0H ————» 07ﬂ15-ud-CH=CH2 + H20
- L]

CTH1B—CH—CH-CH' 07515—C:nCI-CHQ

The radical shown is stabilised by resonance and is therefore less reactive,

thus effectively reducing the prodability of further reaction with oxygen.
Figure 3.26 shows the formation of LCA and LCO during the oxidation

of 1-decene at 280°C and 500 torr with an eguivalence ratio of 0-42,

Injections of pure 1-decene on the HPLC columm revealed that the LCO level

of the fuel was zero and that the fuel contained an aromatic impurity,

the concentration of which was comparable to the LCA levels recorded in

samples taken prior to hot ignition, The formation of LCA and 1CO differ

from those obtained with hexadecane although the concentrations of 1CO

13

formed with both fuels were of the same order of magnitude i.e. ca 10 Fa.
After 2+¢3 seconds a hot ignition occurred, the effect of which was to reduce

both the LCA and LCO levels to 10% of their previous values,
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As previously stated, the alkene compounds present in diesel
exhaust are considered to be insignificant with reapect to the odour, and in
fact their presence in diesel exhaust samples is undetected by the ADL scheme.
However, the alkenes present in diesel fuel. and those formed during high
temperature alkane oxidation, can participate extensively in the formation of
odoranis, since alkenes are precursors to carbonyl and heterocyclic compounds..
The two main reaction paths lesading to these compounds are:-

(1) Addition of atomic oxygen to the less substituted atom
adjacent to the double bond in an alkene results in the formation of either
an oxiran or a carbonyl compound:

(CH;) ,C=CE, + 0© ———~(CH3)20H6 ———---(CHS)QC\—FH

0
or (CH.) CHCHO

D%

2

(2) (i) The abstraction of a hydrogen atom followed by addition
of molecular oxygen to produce unsaturated aldshydes, such as acrolein;

(1i) Alkyl radical addition to give saturated aldehydes such

as acetaldehyde,

- CR,=CHCHO + OH
i =~'r e ) Fal= -
(i) CH3CH CH,, O0OCH,,CH=CH,, 3 . )
+02 LHZU + uHQCHO —_— CH3 + CO

0

g

(11) CHCH=CH, + s c:aﬁc_rr.«:?a—-———-cnaf':ﬁ-m@tzn T
RH O0H
——— 48 }5
CH,CHO + RCH,OH

These few examples indicate the important role which alkenes can play in the

subsequent formation of odorants. The aldehydes formed are preserved from

167
further oxidation by the presence of excess alkene and hence are ultimately
"

emitted in the exhaust.
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4243 n-Butylbenzene Fuel and Aromatic Hvdrocarbon Oxidation

In carrying out experiments on the oxidation of benzene and its
alkyl derivatives below 40000, the field is limited by two considerations,
First, the pressure limitation of the apparatus (less than 1 atmosphere)
predetermines a very slow rate of reaction especially with benzene, Secondly,
the lower aromatic homologues are so stable, that their respective ignition
diagrams lack a cool-flame region, This situation is somewhat alleviated as
the length of the side chain attached to the benzene nucleus is increased;
the higher homologues being increasingly more readily oxidised as shown by
the list of activation energies for the oxidation proces;&Lhown in Table 4-1
These considerations led to the choice of n-butylbenzene as the compound which
could best be studied in the present apparatus as representutive of the
aromatic fraction of diesel fuel, ;

At 310°C, 600 torr and with an equivalence ratio of 042, a cool~
flame was produced when n-butylbenzene was injected into the reaction vessel
(Figure 3-30). The LCA and LCO levels followed the pressure trace accompanying
the passage of the cool-flame; the maixima coinciding with APe.f. After the
cool-flame had passed the LCO and LCA levels fell slightly before increasing
again asAPss Wwas approached,

The rise in LCA level above that criginating from the unburnt fuel
can be explained by the formation-of producis which possess intense chromophoric
groups. Since the products are eluted Trom the HPLC colum concurrently with
the remaining fuel fraction, they must be aromatic in character and be of low
polarity. These characteristics would be present in a molecule such as
biphenyl, for example, which has an absorption band at 246 nm and a molar
absorptivity, ¢ oy of 20 Cogf;hese spectroscopic data indicate that biphenyl,
or a substituted derivative, absorb UV radiation in the region of 254 nm
far more strongly than benzene ( émmx254' &max2305nzr an alkyl benzene

(such as n-butylbenzene) similarly, the polycyclic aromatic hydrocarbons would

also exhibit much higher UV absorbance at 254 nm than n-butylbenzene. The



Table 4-1

Activation Fnergzies for the Combustion of Some Aromatic Eydrocarbons in Air

Hydrocarbon Activation Energy
kcal/mole
Benzene 6840
Toluene 49+0
Ethylbenzene 415
n-propylbenzene 3G-0
n-butylbenzene 240
o-Xylens 380
m-xXylene 33+0
p=xXylene 400
Mesitylene 3640
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171
formation of polycyclic hydrocarbons in normal and reversed diffusion flames

and fuel-rich premixed flameaigg;”%een atudied in some depth and is well

documented. Although the temperature in such systems is higher by 100 to 200°¢C

than in the present study in a static system, the formation of substituted

biphenyls and polycyclic aromatic hydrocarbons under cool-flame conditions is

highly probable. Prior to analysis of the trapped samples, it was nobed that

the €102 packing in the end of the trap nearest the reactor was discoloured

with a sooty deposit. This observation would substantiate the formation of

polycyclic aromatic hydrocarbons, since the formation of these ,compounds

is considered to be precursory to soot formationiysﬁ?ﬁ
The relationship between the equivalence ratio and the levels of

LCA and LCO produced is shown in Figure 3,31, At low 3 ratios, the LCA level

is high. Since the reaction under these conditions is slow and incomplete

the conversion of fuel to oxygenated products is low and the LCO levels

recorded are accordingly diminished, The high LCA level is therefore considered

to be primarily unburni butylbenzene, As the equivalence ratio is increased,

proportionately more fuel is converted to LCO, while the LCA level falls.

This process is self-limiting under cool-flame conditions and a situation is

reached(ca.o = 0+52) when the conversion of fuel is at a maximum; addition of

more fuel under these conditions therefore effectively leads to a reduction.

in the LCO formed when this is expressed in fterms of pg/Pl of fuel injected.

ADL concluded from their extensive investigations that the LCO fraction
in diesel engine exhaust consists mainly of the partial oxidation products
derived from the aromatic fuel fraction., It 4s therefore evident that the
oxidation of aromatic compounds is fundamental to diesel exhaust odour. and
the mechanisms for these reactions will now be described.

In general the kinetics of alkylbenzene oxidation resembles that
of the alkanes, especially if the side-chain contains more than two carbon atoms.

The partial oxidation producis from benzene and alkylbenzenes fall into three

categories which depend on the severity of the oxidative aitack.
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Oxidation of the side-chain attached to thé aromatic ring results
in the formation of compounds such as acetophenone and benzaldehyde., ADL
have identified these compounds in diesel engine exhaus%?igﬁf conclude that
species such as these are responsible for the 'burnt-odour' note associated
with the exhaust.The mechanism whereby such compounds are produced from
n-butylbenzene, the model aromatic fuel used in these studies, involves the
formation and decomposition of the appropriate arylperoxy radical or the
hydroperoxide. A suggested mechanism involving these intermediates for side-
chain oxidation is shown in Figure 4-10,

At higher temperatures, oxidation of the ring without fission
results in the formation of phenolic compounds, possibly via radical-radical
reactions involving phenyl. Phenol and related compounds are strong odorants.
In addition these compounds have been identified with the lachrymatory
properties of diesel engine exhaust, A recent sur*:e;ogives the odour threshold
concentration for phenol as 0+047ppm and that of p-cresol as 0+001ppm
describing the odours as 'medicinal' and 'tar-like-pungeni' respectively.

Oxidation accompanied by ring fission produces unsaturated acids
and olefinic species. One route for the formation of these compounds from
phenol has heen auggested[.”.& decrease in pressurs and an increase in

temperature increases the probability of ring fission which may proceed by

the following route:

OH 0= 0H
0, 0,
__""'."'-‘_) 1 l + ‘-132 ————.._.;
0-0"
OH OH 0H
_fﬁ) ——-—-——) RH )
+RC i
b-oH 6 + oH ot BN

OH
_/COOH
: i
+ v} e
ety —_—— cx - CoHy
4 NCOOH



Figure 4-10
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The unsaturated acids thus formed are strong odorants and also possess
strong lachrymatory properties., It may be said, therefore, that side-chain
oxidation of aromatic compounds leads to the formation of powerful odorants
but more severe oxidation results in odorants with additional lachrymatory
effects,

178

Burgoyne studying the cool-flame oxidation of n-propylbenzene,
traced the formation and decomposition of several important intermediates and
products, Figure 411 shows the results of these analytical investigations in
which the concentration of three different peroxides was recorded as a function
of time, The behaviour observed suggests that the formation and propagation of
the cool-flame is due to the involvement of hydrogen peroxide and the alkyl~-
peroxides. It is evident that, for a fuel with a complexity of diesel fuel,
these intermediates will be formed first from the alkane fraction of the fuel.
Once formed, these intermediates assisi in the initiation of the oxidation
of the aromatic fraction. This interaction is discussed in more detail in
Section 4+-2-4.

Figure 3-44 shows a chromatogram which is typical of those recorded
for the products of n-butylbenzene oxidation collected in the C102 traps, It is
clear that the uajority of the compounds formed were esluted after the base
fuel peak, indicating that they are either more polar or that they have higher
molecular weights than n—butylbenéene. The absence of many low molecular weight
components is another indication of the stability of the aromatic nucleus to
gas phase oxidation under these conditions; for, if ring fission had occurred
to any great extent, fragmentation molscules such as the lower alkenes and
carbonyl compounds would have been recaerded in the chromatograms between the

cyclohexane solvent peak and the fuel peak.

4244 Fuel Mixtures

One of the objects of the present work was to investigate the nature

of the combustion phenomena which could be preduced with diesel fuel under
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various conditions. A number of workers have investigated the oxidation of multi-
component fuels in both static and flow systems, but no studies have previously
been made of fuels as complex as diesel fuel, Nevertheless, the data obtained
from relatively simple systems provide an insight to the interactions which
may be anticipated for diesel fuel,

Salooja observed that the ignition behaviour of - binary fuel
mixtures was influenced to a greater extent by the more readily ignitable
component when the temperature was close to the lowest ignition temperature,

Moreover, it was concluded that the type and extent of the preflame interaction

were responsible for the ignition behaviour of the mixture, Thus, with
mixtures of alkanes and alkenes, the ignition tendency increased even to the
extent of exceeding that of the more readily ignitable compcnent due to the
ennanced preflame activiiy of the mixture, For example, in a mixture of hexane
and 1-heptene, in which the alkene is slightly less reactive than the alkane,
the ignition ten&ency-ahove 30008 is increased by the presence of the alkeneiéA
At lower temperatures the effect on ignition of adding 1-hexene is minimal,
These cbservaiions suggest that alkenes may be the principal reation intermedietes
responsible for the high temperature ignition of alkanes and possibly aromatics.
The influence on ease if ignition of addins an sromatic compound
to an aliphatic fuel has been inveatigateé6ésing a number of hydrocarbons
including benzene and hexane,. At-temperatures close to the ignition temperature
of hexane, the ignition tendency of the fuel blend varied almost linearly with
the concentration of the components.
The temperatures used in these studies are directly comparable with
the temperatures of the diesel engine combustion chamber wall, i.e. 250—55000.
Here the influence of alkenes will »e %o promote ignition, but owing to their
low concentration in the fuel (i.e., 2-3% by weight) the effect is expected
to be small, On the other hand, the aromatic fraction constitutes up to 25%

of the diesel fuel and therefore, the retarding influence of the aromatic

fraction is appreciable and in fact necessary to prevent fuel deionation on
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injection,

At high temperatures, i.e. 75000, which may be reached by the gases
at the centre of the combustion chamber, the ignition tendency of the fuel
is influenced to an even greater extent by the more readily ignitable
component. For example, a mixture of n-heptane and isopropylbenzene ignites
more readily at ?5000 than either component of the fuel on its ownl.é5

In relation to the present studies, it was found from consideration
of the induction periods leading to the first cool-flame that the reactivities
of the four fuels tested decreased in the order: hexadecane > 1-decene >
diesel fuel > n-butylbenzene. The multiplicity and intensity of,and the
induction periods preceeding the the first cool-flame,indicated that diesel fuel
behaved in a manner very similar to that of a pure aliphatic hydrocarbon fuel,
with n-butylbenzene displaying unique behaviour as regards stabilty. It would
appear reasonable, therefore, to consider diesel fuel as an essentially
alkane-type fuel system with associated effects which vary in proportion with
the concentration and relative reacﬁivity of the alkene and aromatic components

present.

de2:5 Diesel Fuel

42501 Constant-Volume Bomb Studies

At 280°C, a boundary condition between cool-flame oxidation and two-
stage ignition occurs; the transition was found %o be dependent on the
eguivalence ratio and the initial pressure, Por an equivalence ratio of 042
and at an initial pressure of 500 torr,two cool-flames are observed, At an
initial pressure of 600 torr, the second cool-flame develops into a hot ignitionm,
but two cool-flames can be produced by reducing the equivalence ratio to 032,
An investigation of the LCA and LCO concentrations near this boundary condition
revealed thai the two fractions behaved similarly rising and falling in
concentration in phase with the pressure changes accompanving the combustion

process ( Figures 322 to 3-24).
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Figure 3-22 shows the rapid rise in LCO from zero, prior to
ignition, to ca 18 ngpl less than 0+25 seconds after injection. As the cool-
flame front approaches the rate of LCO formation decreases and then, as the
first cool-flame passes the LCO concentiration falls slightly. A rise in the
ICO to a maximum concentration of ca 33}ug4p1 occurred simltaneously with
the passage of the second cool-flame and then the LCO level remained fairly
constant over the remaining periocd of sampling,

The LCA fraciion is seen to behave in mach the same manner as the
LCO throughout the passage of the cool-flame, Howsver, unlike the LCO the
initial LCA concentration is relatively high due to aromatic compounds in the
fuel,., Since the LCA concentration increases during the course of the reaction
it is evident that this fraction does not conzist entirely of unburnt fuel
components, It will be remembered that a similar increaée in LCA was observed
for n-butylbenzene which prompted the conclusion that aromatic compounds with
strong UV absorbance such as biphenyl and polycyclic aromatic hydrocarbons
must be produced during the oxidation., Since these compounds do not possess
strong odours their presence in the LCA fraciion will weaken the correlation
between TIA and LCA and in fact ADL repo:é?i;Zt this correlation is less
reliable thz» the corresponding TIA-LCO relationshin.

Two differences in the behaviour of LCA and LCO are apparent from
Pigure 3-22, The first concerns %he position of the maximum concentration of
LCA relative to LCC and the second rslates to the stabilities of the two
fractions. The LCO maximum occurs: during the second cool-flame while the LCA
maximum occurs after the second cocol-flame has passed through the reactants;
the LCA concentration then decreases rapidly. The fairly constant LCO level
may indicate either that the LCO components are relatively stable under these
conditions or that the concurrent decrease in LCA is due to oxidation, the
resulting oxygenates offseiting any decrease in LCO which may have occurred,
A comparison of Fizures 322 and 3-25 reveal that the post cool-flame

concentration changes of LCA and LCO with time for hexadecane were similar to
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those of diesel fuel, Therefore, the above explanation for this behaviour may
also apply to the alkane fuel, It is also evident from Figures 3+22 and 3+25
that the LCO levels from diesel fuel are higher by a factor of ca 3+5 than
for hexadecane. This is obviously due to the partial oxidation of the aromatic
compounds present in diesel fuel. y

An increase in the initial pressure to 600 torr, at 280°¢ produced
a two-stage ignition for anequivalence ratio of 0+42, (Figure 3¢23). The LCA
and LCO levels rose much more sharply prior to the cool-flame than under any
of the other conditions used, Both fractions were, however, complétaly
destroyed by the ensuing hot ignition, after which the LCA level rose again
fairly guickly although the LCO recovery rate was far more gradual, The final
levels reached by the two fractions never equalled the post cool-flame levels
recorded under any condition.

As explained previously, the corditions normaily supporting two
cool-flames would produce a hot ignition if the evacunation time between
injections was leas than ten minutes, Figure 3+24 contains the results of
analysis of a sample collected during such a hot ignition, the extensive
reduction in LCA, LCO and subsequently TIa being apparent., The observed
destruction of the odorants during hot ignition suggests that a reduction
of exhaust odour can be achisved by increasing the percentage of fuel that
is subjected to hot ignition., Thi; may be accomplished by improving the air-
fuel mixing process thereby increasing the nomogeneity of the air-fuel
distribution in the combustion chamber,

Figure 3-27 shows the rapid formation of both LCA and LCO during
the first few fractions of a second afier injection. The oscillating concentrations
of the two odour fractions then displayed the familiar trends in relation to
the cool-flame pressure pulses. A comparison of these results obtained at 295°C
with those produced at 280°C (Pigure 3+22) indicates that the LCO fraction
does not reflect so precisely the passage of the cool-flame at the higher

temperature, It has been stated previously that O-heterocycles reflect with
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greater accuracy cool-flame behaviour than do carbonyl compounds, The LCO

trend in Pigure 3+27 is, therefore, closer to that exhibited by carbonyl
products than to that shown by O-heterocycles, This observation may indicate
that further oxidation of the O-heterocycles to carbonyls with lower carbon
content has occurred at the higher temperature. The TIA values corresponding
to the LCO concentrations at 29500 and 280°C indicate that the products formed
at the higher temperature are slightly more odorous, It is evident that further
research is necessary to establish whether the product spectrum has indeed
changed to include more carbonyl and other lower molecular_weight oxygenated
compounds,

The effect of increasing equivalence ratic on the LCA and LCO levels
is shown in Figure %+28, The results indicate that the two fractions were at
maximum comcentrations when the equivalence ratios used were between 0-3%9 and
0«42, The conclusion to be drawn from these data is that as the equivalence
ratio increases, proportionately more fuel is converitesd to LCO and therefore
the odour of the products is much higher, This would appear acceptable on a
kinetic basis, i.2. an increase in fuel conceniration would increase the reaction
rate and thus lead to the greaier conversion of fusl to partial oxidation
products prior to the sampling point. Above d=0+42, the proportion of LCA
and LCO per volume of fuel injected falls until hot ignition occurs and produces
the dramatic decrease in both frgctions and consequently the odour, as
previously recorded.

Further information regarding the products of diesel fuel

oxidation is contained in Figures 336 to 3-40, which show the pre- and post
cool~flame gas chromatograms for samples collected by variocus methods.
Despite the loss of low-molecular weight, low-polarity fuel fractions in the
samples, comparison of the pre-cool-flame chromatogram ( Figure 336 ) with
the post cool-flame chromatogram ( Figure 3+37 ) illustrates that a distinct
change in the sample components has occurred, Table 4.2 lists the Kovatis

109
Indicies of 119 standard compounds which IIT classified in their study of



Table 4.2

The Kovats Indices and Retention Time Data for Standard Compounds

Used by IITRI to Identify the (Qdorants in Diesel Engine Exhaust
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Kovats Retention Kovats Retention
Index Time® Index Time®
Carbowax Apiezon L Carbowax Apiezon L
Compound 20M (min) Compound 20M (min)
Pentanc 500 0.37 Methyl-n-hexanoate 3175 1.46
l-Pentene 538 0.30 Cyclcopentanone 1176 0.75
3-Methylpentane 570 0.82 o-Xylene 1178 2,20
2-Pentene 571 0.43 Dodecane 1200 9.61
Hexane 600 1.03 n-Propyl-n-pentanoate 1209 2.05
L-Hexene 642 0.85 Ethyl-n-hexanoate 1223 1.88
2,2, 4=-Trimethvinentana f53 2.1)1 1-Pentanol 1225 0.80
J-Hexene 670 1.07 1,3,5-Trimethylbenzene® 1227 2.60
Heptane 700 2.50 1-methyl-2-ethylbenzene 1242 2.40
LCyclohexane 719 2.41 l-rnet.‘ayl-.’.—isopropylben:eneb 1248 2.7
Dimethylhexane 723 3.15 1-methyl-4-isopropylbenzeneP 1248 2.92
l-Heptene 740 2.10 Di-n-butylsulfide 1257 3.72
3-Heptene 743 2433 1,2,4-trimethylbenzene 1262 2,57
2,3,4-Trimethylpentane 756 3.72 2-Octanone 1275 1.58
2,3,5~Trimethylhexane 764 4.04 Methyl-n-heptanocate 1276 « 376
Propanal 792 0.40 Octanal » 1280 1.72
Octene 800 4.97 1,3-Diethvlbenzene 1281 2.85
1, 2-Epoxybutane 826 0.64 i-Methyl-3-n-propvibenzeneP® 1284 2.87
l-0Octene B30 3.95 Cyclohexanone % 1228 1.02
2-Methyltecrahydrofuran 858 1.22 1-Methyl-4-n-propylbenzene 1289 2.92
2-Ethyl-1l-hexene 860 4,09 1,4-Diethylbenzenel 1297 2.90
Methanol B62 0.34 Tridecane 1300 9.83
2-Ocztene 870 4.10 1,3-Dimethyl-5-ethylbenzeneP 1300 2.80
Hutanal 871 0.60 n-Propyl-n-hexanoate 1308 2.35
2-Propanol 883 0.29 1,2,3-Trimethylbenzene 1320 2.39
Drethylsul fide ge9 1.35 Ethyl-n-heptanocate 1323 2.18
Z-Autanone 893 0.44 1 -Hexanol 1331 1.03
2,5-Dihydrofuran 897 0.59 4-aethy1cyclo‘nexagone 1338 s B
Nonane 900 7.40 1,1-dimethylindan 1363 2.90
Tetrahydropyran 910 1:53 Cyclohexanocl 1380 0.81
Zthanol 912 0.43 Methyl -n-octanoate 1380 2,02
i-Methvltetrahydropyran 918 2,00 lionanal 1387 2,00
tenzenea 920 .12 Tetradecane 1400 10.03
Dinydropyran 925 1.21 n-Propyl-n-heptanocats 1409 2,63
1-llonene 931 5.43 Ethyl-n-Octanocate 1425 2.49
Ethyl-n-propanoate 946 0.76 1-Heotanol 1438 1.23
L~Pentenone 966 0.70 2-Furaldehvde 1467 0.63
Pentanasl 970 0.79 Methyl-n-nonancate 1483 2.29
“hinphene 984 0.96 Decanal 1494 2,27
Decane 1000 8.856 Pentadecane is00 10.28
Etayl-n-butannate 1023 1.16 n-Fropyl-n-occtanoate 1511 2.91
I'oluene 1025 172 Furfurylacetate 1520 0.65
2-Butenal 1027 0.48 Benzaldehyde 1527 0.74
n-Fropyl-n-propanoate 1033 1.30 Ethyl-n-nonanoate 1527 2.75
Z-0ctyne 1034 2,50 1-Octanol 1547 1.44
1-Decene 1035 6.38 Methyl-2-furcate 1573 0.55
Di-n-propylsul fide 1060 2:74 Tetrahydrofurfurylacetate 1573 1.05
“ yanal 1070 1.18 Methvl-n-decanocate 1587 2.53
o.raldehyde 1075 0.91 1,1,4,6-Tecramechylindan? 1587 3.41
Undecane 1100 9.40 Undecanal 1600 5
n-Propyl -n-butanoate 1110 1.589 Hexadecane 1600¢< 11.74
Cthylbenzene 1112 2.14 Tetrahydrofurfurylpropionate 1643 1:13
1-Butanol 11i8 0.55 p-Tolualdenyde 1658 0.95
Ethyl-n-pentanoate 1123 153 Acetophenone 1659 0.83
p-Xylene 1124 2,32 2,6-dimethyltetrslinb 1669 3.61
Nitromethane 1130 0.09 Heptadecane 1700 15.8
m-Aylene 1130 2,27 Octadecane 1800 24.0
2-Heptanone 1170 1.30 Erky 5r7~'1'etramel'ny1tetralinb 1811 6.10
Heptanal 1175 1.41 2,5,8-Trimethyltetralinb 1884 6,69
tonadecane 1900 37.8

aApiezou L retention time is corrected for column dead volume.

bﬂyd:c:carbon standards supplied by Mobil Research and Development Corporation.

SAfter Kovats Index 1600 the temperature program has ended and the temperature is maintained at 180°C.
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diesel engine exhaust, Figure 4+12 shows a C20M chromatograms obtained for a
diesel engine exhaust sample, The odour descriptors have been assigned

to each peak of interest, From a comparison of Figure 412 and Figure 3+37

it would appear that the chromatogram produced in this study contains all the
odour-relevant components. This observation supports the conclusion that odour-
relevant compounds, similar in molecular weight and polarity to those present
in diesel engine exhaust, are produced during the cool-flame oxidation of
diesel fuel in a static vacuum system.

The post cool-flame chromatogram contains components with KI > 900
which are missing from the pre-cool-flame sample analysis. Within this band,
labelled (1) in Pigure 3+37, the lower aliphatic aldshydes ranging from
ethanal to butanal are eluted, and although IIT confirmed their presence by
mass-spectroscopy, the contribution of these compounds to the odour of diesel
exhaust was considered insignificant, - largely dus io their low concentrations
and realtively high odour thresholds. The alkyl subatituﬁed benzenes (LCA
components) above ethylbenzene are eluted mainly in bands (2) and (3); the
alkyl substituted indans{LCA) and the higher molecular weight carbonyl compounds
above nonal (LCO) are eluted in bands (3) to (5); the alkyl substituted
tetralins (LCA) and the aromatic aldehydes (LCO) have a much higher boiling
point and polarity and are therefors eluted in and after band (5). Most of the
ADL classified odour components are eluted before nonadecane ( KI=1900 ) and

ag such, must be present, albeit unresolwved, in Figzure 3-37,

4+2+5+2 Engine Studies

One of the most enlightening studies of the formation of diesel
exhaust odorants was carried out by Barnes?ﬁwho used a threshold dilution
technique to assess the odour of samples collected from a heptane-fuelled
engine, operating with various intake aimospheres. The artificial atmospheres
consisted of mixtures of an inert monatomic or polyatomic gas (He, Ar, N2 and

002) and oxygen, The ineri gas was sither substituted for the proportion of
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Figure 4-12

IITRI Carbowax 20M Chromatogram of Diesel Engine Exhaust
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nitrogen in z2ir or was added to a2ir as a diluent. The three phases of

combustion, defined in Section 4-1, are known to be affected by the nature of the
intake atmosphere since the diffusional mixing processes, fuel spray patterns,
droplet distributions, compression and combustion temperatures and combustion
limits within the chamber, are altered, The odour results obtained could not

.be explained by changes in the diffusional processes, in the fuel spray

patterns or the cycle temperatures; a good correlation was found, however,
between the measured exhaust odour thresholds and the lean flammability limits

of premixed heptane flames. The lean flammability data for heptane was obtained
by extrapolating the results published by other workers who have studied the
combustion of various fuels in the specified atmospheres, Since these results
were published, Varghese et afyiave produced data which have provided the
necessary lower flammability limits of heptane in the artificial atmospheres
used, The new data changed the correlation obtained by Barnesf6
but it is still positive, thus supporting the conclusions originally drawn,

A normalised lean flammability limit (LFL), defined as the ratio
of the LFL (% of fuel) in the intake atmosphere of interest to the LFL for
the same fuel in air, was used to assess the effect of the inert gas on the
flammability of the fuel-oxidant mixture, Values of this ratio greater than
unity indicate that more fuel is required before the mixture is flammable as
compared with the combustion of that fuel in air, Figure 4+13 shows the odour

threshold dilution ratio vs. (LFL) / (LFL in ai»); a good correlation is

~—

evident. Table 4+3 contains other details of the LFL ratio - odour correlation
reportedaband the fuels used.

The correlation between the LFL's measured in homogeneous fuel
oxidant mixtures and the odorous levels produced under heterogeneous diesel
fuel combustion +dindicates that the reactions involved in the premixed burning
phase of the combustion process are responsible for odorant formation., The

odoranta formed in the premixed burning phase of the process, suffer only

partial oxidation due to the lean stoichiometry of the region; these partial
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Figure A-13
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Tahlad.3

a6
Qdour ILevels vs. Lean Flammability Limits

Intake Atmosphere Odour Level LFL/IFL in Air
% by Volume DSO
21 0, +,79 N, 228 1.000 (All Fuels)
21 0, + 79 Az 17 0+752 (C3H8)
21 0, + 79 He 14 0+807 (CSHB)

1204 (cH,)

T G2 + 29 co, 930
1216 (CSHB)
175 0, + 658 N, + 16+7 Ar 160 0+930 (CHA)
1-013 (CHd)
175 02 + 658 Hz + 167 N2 s 247 1:008 (CSEBJ

1+016 (n-06H

14112 (0'4)

175 02 + 65+8 N, + 16+7 CO

2 5 545 1+168 (0338)

1+183 (n-06_14)

122 02 + A5-8 N, + 420 Jz 382 1+168 (0538)
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oxidation products then survive the subsequent diffusion combustion process and
are emitted as odorants, This effect would be most pronounced at idle and
light load, where the temperatures and the F/A ratios are lower,

The results obtained by Bamesaéindica.te that argon-oxygen and helium-
oxygen mixtures permit the combustion of leaner mixtures than does air, and
would therefore be expected to produce smaller amounts of partially oxidised
fuel., Consequently the exhaust would be less odorous, a fact verified by the
data in Table 4.3 ., The converse situation occurs with carbon-dioxide, which
will only suppori the combustion of mixtures richer than those which will
just ignite in air.

Several contributory factors combine to influence the mechanism

by which the addition of an inert ‘gas alters the flammability limits of a fuel
oxidant mixture., Additives such as oxygen, nitrogen, helium and argon are
chemically inert but they do influence the physical properties of the mixture,
such as the thermal conductivity, specific heat etc, Carbon dioxide and
nitrogen have been found in many other 3tudieémko reduce the speed with which
a flame propagates through the reactant mixture, to narrow the flammability
range and to shift the maximum flame speed ftowards smaller percentage fuel
content, The addition of the inert gas seems mainly to affect the flame
speed by altering the ratio of the thermal conductivity to the specific heat.
Addition of helium.or argon increases this ratic and therefore the flame speed.
The obéervationa reported by Barne;u;an be rationalised on this basis,

| It will be appreciated from Section 1.4.,5. that the LFL conditions
exist inithe lean flame out region (LFOR) specified by Henei;ain his combustion
model, Henein proposed that this region would be 2 rich source of partially
oxidised hydrocarbons and pollutants, Further support for this hypothesis
is provided by Tru;;; et al who studied the effact of inlet temperature and
equivalence ratio on the odour produced by a premixed n-heptane-air fuelled,

motored CFR engine. The resulis are shown in Figure 4.14 (a) and (b). Pressure

recordings showed that below the lower line in (2), mno energy was released
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during the compression stroke and the observed odour was that of n-heptane

only. In the area between the two unshaded regions, smoke, odour and eye-
irritation were observed in the exhaust, Under these conditions, the pressure
traces showed energy release, indicating the occurrence of oxidation reactions.
In the upper region, ignition occurred in two stages, as shown in Figure 4+14 (D)
which reduced the concentration of the partially oxidised products. Trumpyla‘
concluded that the smoke, odour and eye-irritaion were a result of exposure

to the exhaust components when the second stage of combustion was quenched.

It is evident that the results recorded during these engine studies
are very similar to those obtained during the present work. Fxperimental
evidence from the bomb and the engines confirms that the odorous components in
diesel engine exhaust are formed mainly during the premixed phase of combustion.
‘Oxidation of various fuels in the bomb under premixad conditions shows that
the principal mechanism for odorant formation is the classical degenerately
branched chain reaction. This mechanism, which is manifested in the propagation
of cool-flames, occurs with fuel-lean mixtures at temperatures and pressures
which are too lean for hot ignition. These studies have also shown that as the
fuel concentration decreases towards the IFL under conditions of fixed
temperature and pressure, the oxidation mechanism changes from single or multi-
stage ignition to cool-flame oxidation. This change in mechanism is accompanied
by a large increase in odorant concentration - an observation which correlates
well with the LFL hypothesis established on the basis of engine studies.
Conversely, the change from cool-flame to hot igmition results in a sharp

decrease in odour, both in the engines and in the bomb.

4.2:5+3 Qdour-Relevant Chemical (lasses

Information obtained from conventional gas phase oxidation studies
involving a variety of fuels shows that odorants are formed via decomposition
of organic intermediates and by fuel pyrolysis which occurs in the high

temperature, fusl-rich zones of the combustion chamber. The reaction mechanism
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involves the production of aldeshydes and peroxides as a first stage reaction,
which occurs slowly., Then in the second stage, there is rapid decomposition of
these same compounds leading to autoignition, If the critical conditions for
hot ignition are not attained uniformly throughout the combustion volume then
partial oxidation products, such as aldehydes, will remain after hot ignition
has occurred in other regions of the chamber. Since the odour-producing species
in diesel exhaust are known to be present in very low concentrations, i.e. ppm
or less, the amounts of aldehyde surviving the hot ignition process would not
have to be very large to produce a significant odour,

Many investigators have sought a correlation between the concentration
of aldehydes in the exhaust and the odour intensity; some have claimed that the

76,182~86 187,188

correlation is positive, while others have dismissed any relationship. 0ften
the correlation is weakened or even destroyed through inefficient collection
or inappropriate analysis techniques. The two most frequently used methods for
measuring aldehyde concentrations employ MBTH (3-methyl-2-benzothiazolone
hydrazone hydrochloride) or 2:4 .DNPH (2:4-dinitrophenylhydrazine) reagents,
The first reagent, used in a method devised by Sawicki et a1?9ia sensitive to
formaldehyde and other water-soluble aliphatic aldehydes., The second reagent
will form a hydrazone with many aldehydic and ketonic compounds but is leas
sensitive to large sterically hidered arcmatic carbonyl compounds, Since the
aromatic aldehydes may constitute more than 25% of the total aldehyde;a;n
diesel exhaust it is evident that neither of these methods is entirely
satisfactory for estimation of the total carbonyl content of diesel exhaust.
Skala et al?ﬁwith the assistance of mass spectrometric data suggest that the
main odorants are the aromatic carbonyl compounds, benzaldehyde, indanone,
indenone, cinnamaldehyde, naphthaldehyde, acenaphthenone, flusrenone and higher
homologues, Moresover, it is stated that the exhaust gases were free of 'diesel
odour' when the engine was operated with 2 fuel containing only n-alkanes.

The results pertaining to the predominance of ths aromatic carbonyls supports

the results of the ADL programme since the LCO fraction is said to consist
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186
primarily of these compounds., Besides the aromatic carbonyls, Skala identified

aldehydes and ketones formed from alkanes, cycloalkanes and alkenes. The levels
of the aldehydes are saidlggﬂgg related to those of the unburnesd hydrocarbons,
the levels of the latter being a very good measure of the odouéi&vvided that
the hydrocarbon levels are in excess of 100ppm, These observations are in
agreement with the combustion model in which the Tegions of the combustion
mixture which are excessively lean or rich permit the survival of fuel
molecules and are also conducive to the formation of partial oxidation
products,

Analogous to the concept of co-carcinogens is the idea that some
of the other components in diesel exhaust exert a symergistic effect in
conjunction with the true odorants. Examples of compounds falling into this
category are the oxides of nitrogen, the oxides of sulphur, particulates
and acids. A brief review of the current theories relating to these species

is given below.

187
Vogh has suggested that ch is of some importance in the overall

185,192
odour stimulus of diesel exnaust, but this view is not widely accepted, With

o
rezard to sox, C'Donnell and Dravnieks found from mass spectrometric data
that in addition to the partial oxidation producis of hydrocarbons, sulphur

193
species were among the important odour contributors, while more recent work,

in aggreement with nggaguggests ‘that this is not so, It is evident that these
opposing views must await further invesiigation before the role of the individual
8pecies can be agsessed,

Finally, particulates and especially organic acids are often quoted
as contributing to the perception of odour, acting via an irritation effect
which increases the olfactory sensitivity to the real odorantas. Once again
further investigation is needed to resolve he contribution of these components
but the consensus of opinion indicates that they are important in determining

the overall character of diesel odour, providing a background on which the more

characteristic odour notes are superimposed,
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4.3 Summarv and Conclusions

Combustion studies performed, both 'in cylinder' and in a
laboratory combustion apparatus indicate that the initial stages of
diesel engine combustion is a degenerately branched chain reaction, the
mechanism being fundamentally dependent on the formation and decomposition
of aldehydes and peroxides. Results obtained from laboratory combustion
studies which are applicable to the diesel engine have shown that the
variety and diversity of the chemical compounds formed can be explained on
the basis of the further reactions of alkylperoxy radicals initially formed.
The trends exhibited by the LCA and LCO fractions in the present study
indicate that the odorants are being formed,at low temperatures, by the
alkylperoxyradical route and that ocdorant formation is highest under cool-
flame conditions,

With regard to the engine system, it is evident that the partial
oxidation products which constitute the odorants, are formed primarily,
although not exclusively, in the regions of lean combustion, ie: the
extreme edges of the fuel spray. It is at these positions that the cool-
flame preignition reactions are guenched prior to the onset of hot ignition,
possibly by diffusion of radicals to the walls; thus high concentrations
of partial oxidation products wh%ch make up the LCQ fraction remain,

Since the alkane components in diessl fuel are the mést readily
ignitable, it is to be expected that these compounds will initiate the
combustion process. At low temperatures, the comdbustion mechanism involves
the formation of alkylhydroperoxides and hydroperoxyalkyl radicals. The
decomposition of the former leads to chain-branching, while decomposition
of the latter results in the formation of a wide variety of oxidation
products, many of which such as the O-heterocycles, eg: alkyl substituted
furans and furanones have very low odour thresholds, At higher temperatures,

large quantities of alkenes are probable reaction intermediates; further
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oxidation of these compounds produces unsaturated carbonyls e.g. acrolein
and crotonaldehyde, which have been identified in diesel engine exhaust
and have extremely stronz odours,

The aromatic and branched chain alkane fuel components are less
easily oxidised and are therefore expected to produce large quantities of
only partially oxidised compounds at low temperatures, It is the oxygenated
aromatic fraction which has been identified as being the most odorous
in diesel exhaust., However, the concentrations of these compounds, together
with those of any other components, are greatly decreased as a result of
hot ignition., Thus, if the whole of the diesel engine combustion volume
were to undergo hot ignition, the exhaust would not present a serious
odour problem,

Throughout this study, the ADL correlation between the concentration
of LCO in the exhaust and the odour intensity was assumed to be correct,
gince the extensive facilities required to test the correlation were not
available. The consensus of opinion regarding the possibility of legislation
being based on the measurement technigue is, that, even if further investigation
reveals that the present correlation, or a derivative thereof, is applicable
to a wide range of engine designs and fuel types, the method must be simplified
before it is accepted as a standard fechnique., One method of reducing the
sample analysis time would be to eliminate the ligquid chromatography
separation step. A very brief investization inic the possibility of relating
the odour intensity, as measured by the LCO concentration, to the total U.V.
absorbance of the combined LCA and LCO fractions, wasa made in this work,
Figures 3+33 and 3%+35 contain the data collected during the analysis of the
products formed from diesel fuel and from hexadecane respectively, The plots
of LCO and LCA against total absorbance. of the cyclohexane eluent indicates
that a high degree of correlation doss indeed exist between both odour fractions
and the toial absorbance, These resulis suggest therefore, that for high

concentrations of LCA and LCO, the odour may be estimated from the total U.V.

absorbance atl 254 nm of the products eluted from the traps, thus removing
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the " necessity for IC separation of the LCA and LCO fractions.
However, further investigation involving the analysis of diesel exhaust
samples is necessary before liquid chromatographic separation of the odour
fractions can be assumed to be redundant.

Diesel exhaust odour is indicative of incomplete fuel combustion,
two fundamental conseguences of which are energv wastage and pollution, In
view of the very favouable brake specific fuel consumption figures of the
diesel engine, (in comparison with the gascline and other engines) energy
wastage is perhaps less important than pollution, Indeed, it is the latter
agpect which will affect the prospects of the diessel engine and the plans
for 'dieselisation' of the lighter transport wvehicles e.g. passenger cars,

This study, in the broader sense, shows that the ADL technique
produces results which are not only reproducible, but are meaningful in the
context of current combustion theory., It is suggested, therefore, that the
technique should be used for assessing diesel engine combustion chamber and
fuel injection equipment designs in an attempt io optimise efficient combustion
characteristics. A significant and noticeable reduction of diesel exhaust
odour would remcve one of the main obstacles to the widespread use of one

of the most sfficient and reliable forms of power plant available today.
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