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Summary

The aim of this research was to assess the effect of oxygenated
hydrocarbons on the knocking characteristics of an engine when blended with
low-leaded gasoline.

Alcohols, ethers, esters and ketones were tested individually and in
various combinations up to an oxygen content of 4 % wt/wt in a blend with Series F-7
gasoline of 90, 92, 94 and 96 RON. Tests were carried out at wide open throttle,
constant speed and standard timing setting. Engine speed was varied using a
dynamometer and knock was detected by two piezoelectric transducers, one on the
cylinder head monitoring all four cylinders and one monitoring the cylinder most prone
to knock. The engine speeds associated with trace and light knock of a continuous
nature were noted.

Curves were produced for each oxygenate blend of base RON used
against engine speed for the two knock conditions which were compared with those
produced using pure Series F-7 fuels. From this a suggested RON of the blend was
derived. RON increase was less when using a higher RON base fuel in the blend.

Most individual oxygenates showed similar effects in similar
concentrations when their oxygen content was comparable. Blends containing more
than one oxygenate showed some variation with methanol/MTBE/3 methyl
butan-2-one and methanol/MTBE/4 methyl pentan-2-one knocking less than expected
and methanol/MTBE/TBA also showing good knock resistance. Further tests to
optimise initial findings suggested a blend of methanol and MTBE to be superior
although partial replacement of MTBE by 4 methyl pentan-2-one resulted in a fuel of
comparable performance.

Exhaust emissions were tested for a number of oxygenated blends in
2-star gasoline. 2-star and 4-star fuels were also tested for reference. All oxygenate
blends reduced carbon monoxide emissions as expected and hydrocarbon emissions
were also reduced. The largest reduction in carbon monoxide occurred using a 14.5 %
(I :1:1) methanol/MTBE/4 methyl pentan-2-one blend. Hydrocarbon emissions
were most markedly reduced by a blend containing 25.5 % 4 methyl pentan-2-one.

Power output was tested for the blends and indicated a maximum increase
of about 5 % at low engine speeds. The most advantageous blends were methanol/
4 methyl pentan-2-one (6 : 5) 11 % in 2-star and methanol/MTBE/4 methyl
pentan-2-one (6 : 3 :2) 11 % in 2-star.

In conclusion methanol/MTBE (6 : 5) and (5 : 5), and various
combinations of methanol/MTBE/4 methyl pentan-2-one, notably (6 : 3 : 2) gave good
results in all tests conducted. CFR testing of these blends showed them to increase
both RON and MON substantially.

Key Words: Alcohols  Gasoline  Knock  Octane Number Oxygenate
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INTRODUCTION

Research during the last hundred years has shown that oxygenated
hydrocarbons are very suitable fuels for the internal combustion engine. From its
early beginnings Otto and others recommended ethanol as a fuel and this has gained
and lost favour during changes in the availability of gasoline and variations in its
relative price. Until the recent dramatic fall in oil prices oxygenates of many types
were being seriously considered as blending agents at up to 20 % replacement of
gasoline; however the present climate has reduced the economic attractiveness of such
schemes. Brazil has a government policy to reduce oil imports by using home
produced alcohol and this has not changed. The United States of America also
supports ethanol blending in substantial quantities by subsidies to farmers and other
countries are encouraging oxygenate blending. In many countries the production of
ethanol from agricultural crops is not feasible due to the limited availability of land and
this is the case in Europe. Methanol is favoured in many of these areas and in some

methyl tertiary butyl ether (MTBE) is also used in small quantities.

Much research has been carried out using individual oxygenates including
performance of the fuel blend, emissions, materials compatability and others. Very
little information is available on ketones and esters and, apart from mixtures of tertiary
butanol (TBA) with methanol, almost no information exists for combinations of
oxygenates and any useful synergistic effects which may exist when blended with

gasoline.

Oxygenated hydrocarbons which are relatively small and branched in
structure have been found to be high quality fuels exhibiting higher octane numbers
than gasoline in many cases. This property is the main reason for the current interest
in their use especially in the cases of low and unleaded gasoline. Many oxygenates
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have shown better octane enhancement properties in unleaded fuels. The quality of a
fuel is the determining factor for maximum compression ratio and hence power output
that can be achieved for a given combustion volume without spontaneous combustion
ahead of the steadily burning flame front which is known as "knock", "pinking" or
"detonation”. Engine knock is an annoyance to drivers but under certain conditions,

usually high engine speed, can be destructive towards the engine.

In this research oxygenates have been tested in a low-leaded gasoline
individually and in various combinations to determine their knocking characteristics as
well as possible useful synergistic effects. The oxygenates chosen include many of
the well known and extensively tested ones for comparison as well as virtually
untested chemicals. Combinations of chemical type were tested to determine whether
this played a significant roll in the overall effect or if it was purely component
dependent. The oxygen content of the fuel blends was kept down to below 4 % wt/wt

to avoid the need to change carburettor settings found in a normal automobile.

The test engine was operated as near to ordinary road conditions as
possible and promising blends were retested using a standard CFR octane rating
engine to determine actual blend octane numbers. Exhaust emissions and power
output of the test engine used were also monitored for comparison with ordinary

gasoline and each other.

18
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LITERATURE SURVEY

1.1 Spark Ignition Engine Knock

Knock is a major factor in determining the output of an engine as it limits
the compression ratio (CR) which can be used. Excessive knocking is known to
cause engine damage and in some cases complete structural failure (10, 11). Much
work has been carried out on the subject since its discovery in the last part of the
nineteenth century, the most intensive periods being in the 1950's and 1960's when
higher performance cars were increasingly in demand. Tetra ethyl lead was discovered
as a very effective anti-knock compound and has been used since the 1920's.
However, due to concern over emissions its use is slowly being phased out. There

is, therefore, renewed interest in knock, its causes and prevention.

It is generally accepted that knock is caused by the spontaneous
combustion of the last fraction of the unburned charge in the cylinder leading to a rapid
increase in pressure (Figure 1) producing a pressure wave which rebounds from side

to side in the cylinder causing the knocking sound.

The velocity of the pressure wave is in the order of 500 m/s (29, 37)
compared to the flame front speed of 25 m/s. Autoignition of the last part of the charge
usually occurs between 2° and 15° after top dead centre (ATDC) (8, 29, 38), and the
predominant frequency of knock has been reported by several authors as for example 5
to 7 kHz (28), 8.5 kHz at 2000 rpm and 9.3 kHz at 5000 rpm (39) and using
holographic vibration analysis 8 to 12 kHz by Felski and Hoppe (40). As well as the
sharp rise in pressure associated with knock measurements have shown (38) that there
1s an increase in actual peak cylinder pressure. Knock intensity appears to be a
function of unburned charge mass remaining at the time of knocking combustion (28).

20
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This is reasonable as a larger mass exploding is likely to produce greater shock waves.

Knocking combustion is a multistage oxidation involving the production
of hydro-peroxides which decompose to free radicals at higher temperature and
pressure. The reaction proceeds via a degenerate branched-chain mechanism resulting
in a run-away reaction. The mechanisms involved are Initiation, propagation, chain

branching and termination.
1.2 Initiation
Initation occurs by the abstraction of a hydrogen atom from an alkane by

an oxygen molecule to form an alkyl radical and a hydro-peroxy radical (1, 2, 3, 4).

The reaction is slow and selective, C-H bonds being broken in the order 3Y, 2, 1¥-

1.3 Propagation

The alkyl radical may do one of four things, decompose,
disproportionate, isomerise or react with fuel or oxygen. Below 300°C in the presence

of oxygen the predominant path is reaction with oxygen (3, 4, 5).

peroxide radical

The peroxide radical formed may isomerise to >kCnHZHOOH and then

decompose to aldehydes, ketones or o-heterocyclics plus a hydroxy radical. Many
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workers (3, 6, 7, 8, 16) have noted the occurence of aldehydes, ketones etc in partially
combusted mixtures supporting this idea. The hydroxy radical may then react with

another alkane, abstracting a hydrogen atom so that :-

OH" + R o > R® + HO __ 3

1.4 Degenerate Chain Branchine

Thermal decomposition of peroxide radicals may produce hydro-

peroxides and complex intermediates,

%

ROO + R s > ROOH + R _ 5

hydro-peroxide

followed by

ROOH e > RO’ + OH 6

alkoxy radical

1.5 Termination

Termination of these reactions may occur by radical-radical interaction or
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destruction at the cylinder walls,

2ZROO*  —eeee > ROOH + R + O, — 7
alkene

ROO®  + HO,* . > ROOH + 0O, __ 8

2HO,™ - > H,0, + 0O, — 9

Low engine speed knock is usually audible to the driver but is not
damaging to the engine. High engine speed knock, however, is often inaudible above
the engine, road and wind noise. The most severe knock, which can be very
damaging, often occurs at motorway cruising speeds, 4000 to 5000 rpm (10) and
modern high compression engines increase the tendency to knock. Engine design and
previous abnormal operation are also important (11). Many engines will fail in less
than 50 hours under conditions of heavy knock and the damaging effect of knock is

cumulative.

The most common damage sustained by an engine is pitting of the piston
and cylinder head, gasket failure and piston lands failure, the type of damage being
dependent on the engine design. Some cars are now fitted with knock sensors which
although useful to some degree may allow an engine to operate in light knock for long
periods. This is because if set too light engine noise can be confused with knock
leading to an automatic retarding of the ignition and hence worse performance. This

results in manufacturers setting them to trigger under medium knocking conditions.
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1.6  Hydrocarbon Combustion

Non-isothermal oxidation of hydrocarbons in a closed vessel is usually
associated with a transient pressure change. The characteristics of which classify the

combustion behaviour. Of the four basic types observed:-

1. Slow combustion - almost isothermal, gradual pressure rise.
1. Single or multiple cool flame - fluctuations in slow combustion
pressure rise.
iii. Two stage ignition - cool flame and large pressure pulse.

iv. Single stage - large pressure pulse.

Knocking combustion appears to be of the third type. The occurrence of
cool and hot flames have been noted by many workers (12, 13, 14) and high speed
photography up to 500,000 frames per second (15) indicates spontaneous ignition of

the end gases in more than one place.

1.7 Low Temperature Combustion

A two stage ignition mechanism is one where as temperature increases the
pressure required for ignition sometimes passes through several maximum and
minimum values. The region surrounding a minimum is known as a "lobe” and from
work by Walsh (9) it appears that the more lobes present, the more likely knock will
occur. The nature and amount of oxidant, the nature and extent of the containing
vessel surface and the structure of the fuel all affect the formation of cool flames.
Among the products of these cool flames are alkenes, alcohols, aldehydes, ketones
and organic peroxides. In a study using a CSTR to investigate knock, ie combustion
in a steady state vessel, Lignola (12) observed cool flame oscillation which could be
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either damped or periodic in nature depending upon the temperature of the system.
The damped cool flames were associated with a negative temperature coefficient of rate
of reaction. He supports work by Fish (13) that the cool flame combustion is

controlling but as yet which cool flame products control subsequent ignition are not

known.

From Figure 2, a simplified ignition diagram for all hydrocarbons, the
area in which cool flames occur can be seen. To the right of the curve ignition is
possible. Following the line from A to B ignition becomes easier. From B to C it is
more difficult and after C the higher temperature mode of combustion takes over. C to
E extrapolates the high temperature mode and C to F the low. Between ABC and
AGC is the cool flame region where B the point of minimum pressure is a lobe, and is
also the point of minimum ignition delay. The value of pressure in the diagram is

greater as the carbon chain length decreases and branching increases.

To the left of DCGA, slow no flame oxidation occurs where there is less
chain branching. The autocatalytic action here eventually leads to hot and cool flames.
The low temperature mode is sensitive to fuel structure and the association of structure

to knock implies low temperature ignition is important.

Cool flames appear as a blue glow throughout the chamber over 30° or

40° crank angle at about 380°C (3).

1.8  Higher Temperature Combustion

As the temperature increases a deeper blue flame is apparent accompanied
by a large energy release, and a motored engine will drive itself at this point.
There is also an increase in hydro-peroxide and formaldehyde concentration. Greater
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temperature still results in auto-ignition.

1.9  Factors Affecting Knock

Many things influence the combustion behaviour of gasoline in a spark
ignition engine. They can be broadly classed as external influences and fuel properties

and it is the latter which are of the most interest in this study.

1.10  External Influences on Knock

As previously mentioned knock limits the compression ratio that can be
used in an engine. This is because the increased pressure associated with a greater
compression ratio promotes increased temperature before the spark which can cause
spontaneous ignition. A higher inlet temperature promotes knock (35) as do higher

mixture temperature and increase in coolin g water temperature.

Knock is most likely in most cars at wide open throttle. This is because
the charge is greater and so then is the pressure. Ignition advance is very important as

1s engine speed, higher speeds allowing less time for peroxide formation.

Air humidity (absolute) has a small effect as the vapourisation of water
droplets reduces the charge temperature increase during compression, and air/fuel ratio
has some effect although it varies among engine types as to whether a rich or lean
mixture is worst. One of the most important factors is engine design where the shape
of the cylinder head and its effect on turbulence, heat removal and flame path length

can be crucial.

Fuel segregation during wide open throttle acceleration sometimes results
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in what is termed transient knock (17, 28). This often occurs when the fuel air mixture

entering the inlet manifold contains a large number of droplets of higher boiling
material. These droplets are commonly aromatic components which are highly
resistant to knock. The vapourised portion of the fuel may thus be less resistant and
depending upon the distribution of the droplets one or more cylinders may receive

poor quality fuel and so knock.

Combustion chamber deposits are also important, and there is an octane
requirement increase (ORI) as deposits increase (28). However, with leaded gasoline
these deposits build up and fall away in a cyclic manner. Unleaded gasoline has a
different type of deposit which does not break down and appears to be less thermally

conductive which may lead to a large ORI with time.

1.11  Fuel Properties in Relation to Knock

Investigations into which hydrocarbons have the best resistance to knock
soon identified trends. In the 1920s Ricardo showed toluene to be highly knock
resistant and Edgar in 1931 found that branched chain hydrocarbons, such as
iso-octane, have a high anti-knock rating. 1931 also saw the development of the
standard tests for anti-knock quality using Ricardo's variable compression engine.
Rating n-heptane as 0 and iso-octane as 100 the octane rating scale was developed.
Hydrocarbons were then rated against a mixture of these two and given an octane

number equal to the percentage of iso-octane in a comparable blend.

The main results of many researchers work have shown that the highest
octane numbers are obtained with aromatics eg benzene, toluene followed by highly
branched iso-paraffins. Paraffins and olefines decrease in octane number as the chain
length increases but larger branched isomers are usually better than shorter straight
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chains. Naphthenes are also high octane compounds. - Side chain addition to aromatics

and naphthenes reduces the octane number, however, branching of the side chain

reduces the deterioration.

Owen (17) states that fuels with a large amount of preflame oxidation are
the most susceptible to knock, as would be expected from the earlier description of
knock and the rate of formation of peroxides. Hawthorn and Scott (18) elaborate by
suggesting that molecular structure influences the chain process by determining the
amount and availability of internal energy required for bond fission and the relative
attack of hydrogen-carbon bonds and also influences the stability and ease of oxidation

of the radical fragments from fission and of the molecules of these radicals.

1.12 The Co-operative Fuel Research Committee (CORO)

Octane Number Test Methods

As already mentioned the octane number of a fuel is the percentage by
volume of iso-octane in an iso-octane/n-heptane mixture with the same knocking
tendency as the fuel. The two CORC test methods for rating a fuel use the same
variable compression CFR engine at different operating conditions. These are known

as the Research and Motor methods and the conditions are shown below.

Research Method Motor Method
Engine speed rpm 600 500
Air intake temperature “C room 38
Mixture temperature “C not controlled 149
Ignition advance 13° variable
Coolant temperature “C 100 100
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Primary reference fuels (PRF) which are mixtures of iso-octane and
n-heptane give the same results for each test. Gasoline blends, however, do not. The
motor number is usually less than the research number by about nine octane numbers
and this difference is known as the sensitivity of the fuel, s. For modern high
compression engines the control of both of these numbers is important as at lower
engine speeds the fuel is best represented by the research octane number (RON),
whereas at higher speeds under more severe operating conditions the motor octane
number (MON) of the fuel is more important, although for some engines MON
appears to be more important throughout the speed range (10). That is to say that two
fuels having a RON of 97 (typical premium gasoline) but MONs of 88 and 83 may be
indistinguishable at low engine speeds but the one with the lower MON may knock

severely at high engine speeds.

As previously stated fuel segregation may occur during wide open throttle

(WOT) accelerations with some fuels and so a knowledge of the boiling characteristics

related to octane numbers of a gasoline is important. The Rypp number is a measure of

research octane number of the lighter components which boil off up to 100°C, the

front end octane number (FEON). The difference between this and the whole fuel

research octane number is known as the AR oo which is preferably small.

1.13  The Anti-knock Quality of Oxyeenates

Most of the work carried out in the past has concerned methanol and
ethanol and more recently tert-butanol (TBA) and methyl tert butyl ether (MTBE).
When Otto listed fuels suitable for his engine he included ethanol and its high
anti-knock quality has been noted by many researchers. It was also used during the

second world war mixed with kerosene when gasoline supplies were low. Methanol
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became of interest as a fuel for very high compression racing car engines and is still

used today. Blending with forecourt gasoline was a later development.

Oxygenates burn in the same way as hydrocarbons (9, 20) with cool and
hot flames, although the formation of knock-promoting formaldehyde has been
detected as an intermediate with methanol and ethanol. Townsend and MacCormac
noted the combustion of acetone in air produced one cool flame with one lobe and later
work by Bradwel and Hinshelwood (20) noted cool flame periodicity with higher
ketones but again only one lobe. This supports Walsh's suggestion (9) that one
prominant lobe is a sign of high knock resistance when one considers the octane
numbers of these ketones, eg 4 methyl pentan-2-one (4MP2 also known as methy]
iso-butyl ketone, MIBK). Referring back to Figure 2, the temperature of the point B
on the diagram, ie the lobe, for all hydrocarbons is around 300°C and D is well over

400°C. This is also the case for most oxygenates, however, ethers have lower ignition

temperatures point B being of the order of 200°C (9, 21) and D is below 400°C 9).
This low temperature ignition behaviour may in part account for the very high octane
number of many of the ethers. Hinshelwood and Eastwood (21) observed two stage
ignition with one lobe for dimethyl ether and two lobes with higher ethers which goes
against a very high octane number, however, the low temperature ignition factor may
offset this. Oxygenates are all high octane components which may in part be due to

their fast flame spread speed compared with hydrocarbons 36).

One problem concerning the oxygenates is their sensitivity to more severe
engine operating conditions, ie they have a relatively low MON. A large variation
exists in reported RON and MON data especially for methanol and ethanol, eg 105 to
115 RON and 88 to 95 MON for methanol; however, these figures are for pure

methanol and it has been observed that when blended with gasoline the effect observed
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is greater than these numbers suggest. A low octane number gasoline:is very much
more enhanced than a high one (23, 26, 30, 33) which has led to the use of research
and motor blending octane numbers, RBN and MBN. Values for methanol and
ethanol vary more greatly than others as before but part of this is now due to the base
gasolines used in researchers work. Small temperature variations in RON and MON
tests could also account for some of this (33). However, typically both methanol and
ethanol have blending sensitivities of up to 30, compared to gasoline of 9 or 10. This
worsening of sensitivity may result in a reduction in blend MON (24, 25, 27) leading
to high speed knock or RON give-away which is expensive (33, 34). The low MON
of methanol has been associated with pre-ignition tendencies (22), however, in blends

up to 20 % this is not a problem.

There is a large variation in the range of RON, MON, RBN and MBN of
oxygenates reported in the literature depending on the base fuel used. In this work and
those given in Table 17, the RBN and MBN average for four gasoline bases reported
by Cahn (23), are used. As can be seen these oxygenates are all high octane number
components and they are also all very volatile. This has the effect that the FEON of a
blend contains most of the oxygenate and thus the FEON is much improved (25, 26,

31) leading to a reduction in the occurrence of transient knock.

Work by Cahn (23) has shown that as with hydrocarbons branchiness of
oxygenates increases the octane number. He agrees with other workers that a lower
base gasoline gives the best octane improvement, as was found in this work. The
results from his work helped to determine which oxygenates were worth pursuing
especially the ketones. Correlations between functionality type, position and shape of
hydrocarbon backbone were studied to enable extrapolation to predict other useful
oxygenates. The general conclusions drawn were that the position of the functional
group verses the hydrocarbon backbone showed no correlation, although secondary
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and tertiary positions were better than primary. - The effect of the position is

independent of the hydrocarbon backbone structure but is a function of the primary
base octane number. There does, however, appear to be a correlation between
functionality and backbone structure and a weak correlation between the position of

functionality and functionality.

1.14  The Effect of the Olefinic Content of the Base Gasoline

From research by Russell (31), Marhold and Tranie (41), Mrstik (42) and
others (24, 25, 26, 43) it has become accepted that the hydrocarbon types in a gasoline
blended with oxygenates can affect the octane improving effect of the oxygenate. The
most notable effect is of that due to the olefinic content of the base gasoline. Two
conditions in which knock is usually studied are acceleration and constant speed.
Critical knock speed is also determined. Critical knock speed has been found to be
much higher with olefinic fuels, 3500 - 3900 rpm compared with 1300 - 1400 rpm
for non-olefinic (31, 42) and Marhold and Tranie (41) determined the maximum octane
requirement of non-olefinic fuels as 2500 rpm and 20 % olefinic fuels as 4500 rpm.
Marhold (24) suggests that MTBE increases fuel quality no matter what the base fuel

but that methanol and especially ethanol are detrimental in olefinic fuels.

Russell's treatment of data obtained by Associated Octel and ARCO (33)
using RON depreciation [ie RON - Road ON where Road ON (RAON) = (RON +
MON) / 2] attempts to eliminate any effect due to slight changes in RON of the
blends. However, using the same data a different interpretation of these results may
be found in a paper by Mrstik (42) who relates the oxygenate blends to change in
RAON. This shows a reduction in lowering of RAON for olefinic fuels compared to
non-olefinic fuels at constant speed which is the opposite of Russel's interpretation of
these results. Otherwise they agree that all oxygenates improve the quality of a
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non-olefinic gasoline under accelerating conditions, and that at constant speed
methanol and ethanol are detrimental whereas MTBE and TBA may be beneficial.
Also fuel containing 15 % olefines was depreciated under accelerating conditions

especially when ethanol was used.

Russell's interpretation of the constant speed olefine fuel results is
supported by the fact that MON improvement especially for methanol and ethanol in
such cases may be zero or even negative (34) and at constant RON high speed knock
is more likely. To avert this RON give-away may be necessary. Benefits observed
for MTBE and TBA in olefinic fuels appear to reduce with speed (26) although these

two oxygenates still appear to be good blending components for olefinic bases.

1.15  Alkyl Lead Anti-knock Additives

Tetra ethyl lead (TEL) was discovered as a highly efficient anti-knock
compound in 1921 and tetra methyl lead somewhat later (44). Straight run gasoline
without lead additives would be too poor quality for present high compression engines
and extra reforming, isomerising and cracking to boost gasoline octane is very
expensive compared to the use of small quantities of lead anti-knocks. TML is quite
volatile and has a major use in highly aromatic, ie low FEON, gasoline helping to
avoid segregation and transient knock (17, 44). The octane improvement of
hydrocarbons varies depending upon type. Paraffins have the best lead response
followed by naphthenes, olefines and aromatics. Low octane fuels respond better than

high ones (17).

The mechanism by which lead anti-knocks work is not fully understood,

however, it appears that lead oxide formed in the combustion chamber deactivates free
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radicals by providing quenching sites (44). The active species, OH" and HO'Z* acting

as chain carriers leading to knock are mopped up thus reducing the hydro-peroxides

and formaldehydes which promote knock. The reactions may be as follows (1):-

2Pb + 0y > 2PbO 10
PbO TN o)< — > PbO(OH)* — 11
PbOOH)" +  OH" e > PO, + H,0 _— 12
PbO, + R > PO + RO — 13

Lead oxides are prevented from depositing on the combustion chamber walls by

dibromoethene included in the TEL fluid which converts them to more volatile halides.

Lead is also of great value as a lubricant for the valve stems and guides
(45). Below 0.15 grams per litre lead in gasoline, problems of lubrication may arise
which many have postulated will require a new engine design and vast capital
investment therein, (50, 56, 57). Fear is expressed in the readiness of Japanese

technology to fill the gap in Europe although West Germany is moving rapidly

towards unleaded gasoline.

1.16  The Reasons for the Cutback in Lead Usage

There are two main reasons for the move towards unleaded gasoline.
Firstly concern has been growing over possible health hazards of lead emissions and
secondly the most widely used method of reducing nitrous oxide and carbon monoxide
exhaust emissions involves the use of platinum/rhodium catalysts which are
deactivated by lead. The controversy of lead and health has been raging for many
years but no conclusive proof exists to link exhaust emissions to health. The most

usual association is to brain damage in children and research (46) has shown lead to be
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very effective at cleaving RNA, the building blocks of protein and hence organs eg the
brain. However, a much publicized report into IQ in children near Spaghetti Junction,
Birmingham (47) found that social factors swamped any possible effects due to lead

from exhaust emissions, water pipes and paint.

Lead exhaust emissions, however, constitute about 90 % of atmospheric
lead (45) and studies using an isotope of lead in Turin and Belgium concluded that a
substantial portion of the blood level of lead was attributable to exhaust emissions,
some 24 to 60 % (48). A British Ministry of Agriculture, Fisheries and Food report
also accepts that lead fall-out from cars is a significant factor in food lead content (50).
Previous information based on the Lawther report 1981 sited inhalation as the only

major source of exposure.

As previously stated no firm evidence exists to support claims concerning
emissions and health, however, governments aware of public opinion have moved to
reduce lead in gasoline, aiming eventually to eliminate it completely (50, 51). The
new lead level in the EEC is 0.15 grams per litre, although there are concessions for
some countries, and West Germany has taken the lead towards unleaded gasoline. All
new German cars must be able to run on unleaded fuel. This decision stems from fear

over acid rain pollution suspected in part to be caused by emissions of nitrogen oxides

(NO,) from cars. Again the link is not conclusive and Eastern bloc coal fired power

stations are a much more likely cause. Reduction of NO, emissions can be carried out

using lean burn engines or the USA developed 3-way catalyst, poisoned by lead,
which West Germany favours (52). Additional costs per car will be in the order of
£250, and the need to maintain high octane quality of gasoline has led to the

widespread use of oxygenates in German fuel.
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1.17  High Octane Unleaded Gasoline

The RUFIT study (53) examining the prospects of unleaded gasoline
concluded that the quality required to satisfy present high compression engines would
involve an 8 to 10 % energy penalty compared to the 0.4 g/l leaded case. This is due
to vehicle and refinery consumptions varying with clear pool RON. The optimum
octane number for the unleaded case (ie minimum total crude oil consumption in
refining and motoring) was found to be 92 RON and the minimum driving cost at 91
RON, much too low for most European cars and octane boosting by refining is
expensive. In the case of hydroskimmer refineries octane boosting is limited without
new investment (53, 54, 55). The extra costs of unleaded, high octane gasoline
associated with refining have been reported widely (55, 56, 57, 58) but this appears to
be the most cost effective method at present (55, 68). The options open to refiners to
improve octane quality include stricter reforming, alkylation and isomerisation,
propane polymerisation (59) new catalysts (62) and processes such as residue cracking
(63), the Dimersol process (60, 61, 65) and the total isomerisation process (64). One
problem associated with increased reforming is that the increased aromatic content of
the gasoline may give rise to low volatility and poor engine cold start (32). The
alternative, wholly or partly, to extra refining with the associated crude and product
losses is the use of oxygenates which as previously stated are very high octane

blending components.

1.18 The Present Use of Oxygenates

Many oxygenates are already in use around the world, those most
commonly to be found are methanol, ethanol, TBA and MTBE. The use of
iospropanol and secondary butanol as co-solvents with methanol is also carried out in
some countries. The most widely used oxygenate is ethanol which is used in large
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quantities in Brazil and the USA. Gasohol (10 % ethanol) accounts for about 50 % of
US gasoline sales and a 20 % blend is in use in Brazil although many vehicles run on
pure ethanol. The primary sources of ethanol are the hydration of ethene and the
fermentation of biomass both of which are very expensive. In order to reduce crude
usage the fermentation method is preferred but is only viable with large government
subsidies in countries which have vast tracts of land available for cultivation of fuel
crops. The land required to support Brazil's alcohol program is in direct competition
with food production (66) and estimates of requirements of land vary from 1 % (67) to
7 % (68) and even over 20 % (66) of all agricultural land in Brazil. Because of this

excessive land usage ethanol is impractical as an alternative in Europe (69).

Methanol can be produced from any material which can be thermally
decomposed to give a mixture of hydrogen and oxides of carbon which are converted
to methanol using a catalyst. Natural gas is a major source and Middle East production
will add greatly to that of Europe and the USSR. West Germany has shown a great
interest in methanol as has New Zealand. Studies in Germany by Volkswagen have
concentrated on a 15 % blend which requires modification of vehicle fuel system

components and a modified carburettor but appears to work very well.

TBA, obtained as a by-product from the production of propene oxide, has
been used as a co-solvent with methanol in the USA and West Germany. Itis used to
reduce some of the more detrimental effects of methanol such as its high volatility and

phase separation tendency.

MTBE is produced from reacting iso-butene and methanol. The

iso-butene can be selectively removed from the C, stream from a thermal or catalytic

cracker or via a route from butane, involving isomerization and dehydrogenation (70).
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MTBE is used at present in Italy, Switzerland, West Germany-and Japan and many

other countries are showing interest in it.

1.19  The Advantaces and Disadvantages of Oxygenates

There has been a considerable amount of work carried out to test the
suitability of various oxygenates as blending agents for octane improvement. This has
tended to concentrate on material compatability, phase separation in the presence of
water, volatility, exhaust emissions, octane quality of the blend and power output. In
most cases where problems are thought to arise the most detrimental properties are
exhibited by methanol followed by ethanol; however, these can be tempered by the

use of co-solvents such as the butanols which have more gasoline-like qualities.

Some oxygenates are derived from non-crude oil sources and so reduce
crude usage (58, 68, 75), and more efficient burning of the fuels in the engine (95)
reduces total energy consumption further. Volumetric fuel consumption in
automobiles is often higher because of the lower heating values of oxygenates
especially methanol, however a 20 % blend of MTBE has been found to be little or no
worse than gasoline (43, 75, 76). The power output of engines has been noted to
increase when using oxygenate blends and efficiency also increases (30, 71, 72, 75,

76).

Storage of oxygenates has not been found to cause any extra problems

and MTBE is especially stable showing no peroxide formation (43, 74, 92).

1.20 Materials Compatability

All materials which would come into contact with the oxygenated blend
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must be resitant to deterioration excessively greater than that produced by pure
gasoline. This involves the distribution system to the gasoline filling station as well as
the pumps themselves and the vehicle fuel system, because blending in the refinery is
the most likely method of incorporating oxygenates (33, 53). In this way good control
of product specification is possible. It appears thus far that no materials problems
have been encountered up to the gasoline delivery pump; however, increased wear of
the pump mechanism has been noted when gasohol was in the system and has been
attributed to the solvent properties of ethanol removing lubricants which would

otherwise prevent wear.

Most work has naturally concentrated on the fuel handling system of
automobiles and attempts have been made to suggest suitable materials to avoid
problems. Certain paint finishes, notably "touch-up" paints may be affected by
methanol (73) and may fade. This could be a minor problem for older, repaired cars
but is unlikely to affect the majority of the population. It has been observed that fuel
tanks are stripped of their lead/tin (terne) plating by fuels containing substantial
amounts of methanol or ethanol (36, 77, 78, 80); however, this can be overcome by
the use of pure tin to plate the steel (79). Other metals are also subject to attack
especially by methanol eg magnesium, aluminium, zinc and copper although cadmium
plate can replace zinc in fuel pumps, carburettors can be nickel plated and more use
made of brass to alleviate these problems (80). Also stainless steel has applications in
the fuel system. MTBE and Oxinol (a blend of methanol and tert butanol - ARCO

USA) do not appear to have any problems with metals (75, 76, 78, 92, 93).

The main problem associated with materials is the deterioration of fuel
lines and gasket materials. Increased swelling caused by oxygenates may lead to
constriction or blockage of fuel lines, leakage at joints and eventual break up of the
system. There is conflicting evidence as to the degree of damage caused to rubbers
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and plastics and as this work considers multiple combinations of oxygenates rather

than individual blends future materials must be resistant to many different oxygenates.

The polar nature of methanol makes it the most detrimental blending
component followed by ethanol and the other less polar molecules. Graham and Judd
(73) rule out almost all synthetic materials including vitons (fluorocarbons), pvc,
nylon etc and suggest the use of rubber to be preferable. The use of nitrile rubbers is
supported by Pinto (79) and Piazza et al (81) who noted slight but acceptable swelling
with methanol and ethanol. MTBE was found to be similar to gasoline in effect. No
significient problem has been associated between MTBE and elastomers by several
workers (74, 75, 76, 82, 83), and Levinin (82) recommended the use of neoprene or
neoprene-nitrile rubber blends for MTBE. Fayolle and Langlade (83) favour a

pvc-nitrile blend.

Fluorocarbons appear to be very resistant to attack by oxygenates and
may prove to be the most useful (36, 77, 84, 85). Although Graham and Judd (73)
suggest vitons are unsuitable for methanol and Ismat (86) that MTBE attacks them, the
majority of workers in this field consider them to be the most promising. Nersasian
(89) lists Viton GH, B, VT-R-4590 and A-Hv as the most resistant to swelling for
methanol and ethanol and VT-R-4590 and VT-R-5362 for MTBE due to their high
fluorine content. Williams (36), however, suggests Viton VTX is suitable for all

oxygenates.

It appears that a solution to the problem of materials compatability is
available but existing vehicle fuel systems may have problems associated with attack
by oxygenates. The widespread use of oxygenates in West Germany, does not as yet
appear to have caused major problems with the existing vehicle population and it may
be a number of years before fuel line failures become a common problem.
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1.21  Phase Separation

From data available it would appear that phase separation due to the
presence of water is a major problem with oxygenated gasoline blends. It would be
difficult to eliminate water from the transport and storage system of gasoline although
quantities of water present could be reduced to tolerable levels (79), and the use of
co-solvents for methanol, which is most affected by the presence of water, such as
iso-propanol, iso-butanol and others (30, 78, 80, 87) should solve the problem. No
problems have been associated with MTRBE (92, 93) and in fact this has been

suggested as a co-solvent for methanol (87).

Phase separation appears to be worse at lower temperatures and higher

aromatic content (30, 89).

1.22 Volatility

The high vapour pressures of ethanol and especially methanol have led to
fears of vapour lock in fuel lines and poor cold starting. The high vapour pressure of
methanol/gasoline blends (Figure 3) is associated with the azeotropy in the distillation
curve (Figure 4) (80, 89). This is not such a problem with less polar molecules such
as the ethers, Figure 5, and the high vapour pressure of methanol blends can be
reduced by removing some butane from the blend (30, 68) or by using multiple
oxygenate blends rather than pure methanol. Removal of butane incurs cost penalties
as butane 1s very cheap. Vapour lock does not appear to be a problem in mild climates
with up to 10 % methanol (73). Most authors agree that there is only a small butane
loss with MTBE (34, 54, 78, 90) and depending upon the volatility of the base
gasoline butane may be added to the blend to increase the cost effectiveness of MTBE
(58, 74).
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1.23  Exhaust Emissions

Due to the oxygen contained within an oxygenated fuel blend, unless the

carburettor is adjusted to the same equivalence ratio as for pure gasoline, the engine

will run lean. This results in lower nitrogen oxides (NO,), carbon monoxide (CO)

and hydrocarbon (HC) emissions. Even when the equivalence ratio is the same, some
results have shown lower emissions (80). Harmful poly-nuclear aromatics are also
reduced (43), however, there has been an increase in aldelyde emissions observed.
These aldehydes are partly responsible for photo-chemical smogs and can be reduced
by increasing the engine compression ratio (80) or by the use of a catalytic converter

where they are destroyed.

1.24  Availability and Cost

Limits on the amount of oxygen allowed in blends, presently 2.5 % in
Europe, result in a shortfall of RON if oxygenates are to be the only octane
improvement method for unleaded gasoline (51). The present availability of
oxygenates is limited and is only sufficient to cover the reduction in lead from 0.4 to
0.15 g/l (54, 55, 96). Extra use of aromatics, such as toluene, would be required to
fill the gap (32, 94) although this could lead to RON give-away due to their high
sensitivity and a low volatility fuel could have poor cold start characteristics. MTBE is
limited by the availability of iso-butene although routes to it via isomerization and
dehydrogenation of butanes are now possible (88, 91). It has been noted that
oxygenates range from between 5 and 9 times as expensive as using TEL although
methanol, MTBE and TBA appear to be close in cost to their value in gasoline (54).
Ethanol is not a viable blending component in Europe due to its very high price and the

limited agricultural land which could be spared for its production.
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CHAPTER 2

EXPERIMENTAL EQUIPMENT




EXPERIMENTAL EQUIPMENT

2.1 Rig Construction

The experimental programme was carried out on a small car engine with
an applied variable load to simulate driving conditions. The engine, a Fiat 127,
903 cc, was supplied by Esso Petroleum Limited for a previous project but had had
only light use. This was stripped down to check for wear and damage on the
bearings, valves, pistons , etc. Slight damage was noted on one of the pistons and on
the corresponding cylinder head combustion chamber. The roughened surfaces were
smoothed and as no other problems were apparent the engine was reassembled.
Before repositioning the cylinder head, however, the combustion volume of each
cylinder was measured using paraffin to determine the compression ratios, this will be
discussed later. The engine was run for about 40 hours to build up deposits etc after

the clean up operation. (Figures 6 - 9 show views of the experimental equipment).

2.2 Fuel System

A small petrol tank (Austin Mini) was used to store the ordinary gasoline
on which the engine was warmed up and run on in between the test fuels. This was
fitted with a sightglass and connected to the fuel pump via a three way valve, used to
change over to the test fuels. A fuel measuri ng device fed from another reservoir was
also connected to the main fuel line before the pump, as was the carburettor return line,

Figure 10.

The fuel measuring device consisted of a glass tube held vertically with a
threaded rod down the middle onto which were fixed a number of discs slightly
smaller than the bore of the tube. The rate of change of height of gasoline across
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these discs was much faster than in the rest of the tube and so these. pOsiti’ohs'We’re'

easily discernable. Discs were positioned at 50, 150 and 250 cc in the tube

Figure 11, and a stop-watch was used to determine fuel consumption.

2.3 Other Alterations to the Engine

Whilst the cylinder head was removed, top dead centre on pistons 1 and 4
was located in order to mark up a timing plate. The engine had no gear box but was
connected directly to the load controlling dynamometer with a prop-shaft via a large
aluminium alloy disc. This was painted matt black and marked with degrees of

advance up to 30°.

Thermocouples were inserted into the coooling water in the cylinder head
and the oil in the engine sump. These, along with thermocouples in the engine air
intake and dynamometer cooling water outlet, were connected to a multi-channel digital

display.

The cooling of the engine was achieved using a small heat exchanger and
cold water supply. This proved insufficient and was amended to include a Fiat
radiator with electric fan in series with the heat exchanger and fins were also welded

on to the engine sump over which the air from the radiator fan was blown.

An Alcock viscous air flowmeter type H800 was connected to the inlet of
the engine air filter box. This included an air stream-liner the pressure across which
was monitored and recorded and a conversion chart was used to determine volumetric

air flow, Figure 12 and 13.
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A forced air wet and dry bulb thermometer was made in order to measure
air humidity in the laboratory as absolute humidity can affect the knocking in\t'e”nsity\ of
an engine. High humidity reduces knock as some of the heat of combustion is used to
vapourise the particulate moisture in the air. The equipment consisted of a small
electric blower, two thermometers, a cruciform of QVF glassware and a wick. The
cruciform QVF was mounted vertically and the thermometers were positioned such
that the air from the blower blew across their bulbs, one of which was covered by the
wick which dipped into a water reservoir, see Figure 14. A psychrometric chart,
Figure 15 was used to obtain the humidity and the wet and dry bulb temperatures and
air pressure were recorded for each days' experiments. Error due to air pressure

variations was small and so neglected.

2.4 Distributor Timing Curve Check

As spark timing is very important when studying engine knock the
distributor was checked using a Sun 504 distributor tester to ensure correct operation.
Advanced ignition leads to knock promotion as the extra delay allows the formation of
large quantities of hydro-peroxides, which initiate the chain-branching reactions

leading to knock.

Dwell angle and its variation, contact breaker spring tension, cam
accuracy and timing advance were all measured and found to be satisfactory (see
Appendix 3). The ignition advance was also observed with a stroboscopic timing light
on a number of occasions during fuel tests to ensure that it remained essentially

constant and within the manufacturers limits, see Figure 101.
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2.5 DPXI1 Heenan-Froude Dynamometer

In order that the engine could operate under load an hydraﬁlic
dynamometer was purchased to replace exisiting non functional equipment.
Connection to the engine was made by a propshaft of Hardy-Spicer design. The
universal joints at both ends of the shaft reduce the need for perfect alignment as small

amounts of shaft flexing can be absorbed without damage to the bearings.

The DPX1 dynamometer is also known as a water brake as it uses water
to absorb the engine power. Load is exerted on the engine by directing the inlet water
onto a rotor using sluice gates operated by turning a handle. The power absorbed is
converted to heat which is detected in the outlet water. The load which the DPX1
could apply to the Fiat engine was sufficient to reduce the engine speed to about 1000
rpm at wide open throttle and the minimum load allowed operation well in excess of

6000 rpm.

Various methods of rpm measurment were tried, the most reliable and
accurate of which proved to be a Compact type M48 optical tachometer. A piece of
reflective tape was applied to the end of the dynamometer shaft (Figure 16) which
refected the light emitted by the optical head back to the built in receiver. The engine
rpm was then displayed digitally. The short sampling time of the instrument ensured a
fast response to change in engine speed, and allowed any irregular engine operation to

be observed.



Figure 16 Heenan-Froude Dynamometer

Fiqure 17 Load Measuring Device




2.6  Dynamometer L.oad Measuring Device

The dynamometer was obtained without a load cel] and thus a load
measuring device was designed using four strain gauges in a wheatstone bridge
arrangement mounted on a cantilever acted on by an arm attached to the dynamometer
casing, Figure 17. Two strain gauges were mounted on the upper side of the beam
and two on the lower, thus two were subject to compressive strain and two to tensile
strain, Figure 18. A variable resistor was placed across the bridge circuit to enable
zeroing and power was supplied from a Brandenburg ST1 stabilized DC supply set to
5 V. The deflection of the beam due to the load exerted on it changed the resistance of
the strain gauges proportionally and the change in voltage which resulted was
measured using a Fluke 8300 A digital millivoltmeter, with 10 microvolt resolution.
Using all four strain gauges in the bridge actively, the maximum signal was produced.

The beam design is discussed in Appendix 4.

The beam attached to the dynamometer casing was designed to allow
weights to be suspended freely for calibration and periodic checking of the bridge
circuit. Tables 1 and 2 shows the results of calibration and Figures 19 and 20 plot this
data which as can be seen is a straight line. The conversion factor from millivolts to

torque was obtained from the gradient of the line and found to be 27.525.

2.7  Engine Power Output Testing

Engine poweér output was determined at all engine speeds at wide open
throttle. The engine matched as close as possible one found in a car with electric fan

h
etc thus power losses were assumed to be normal and power output expected to matc

handbook specifications.

64




DC
R T SUPPLY
-

DIGITAL
MILLIVOLTMETER

Fiqure 18 Bridge Circuit for Strain Gauges in the Load Measuring Device

65



Table 1  Calibration of Dynamometer Load Measuring Device

kg Load (N) Torque
0.0 0.00 0.00
1.0 9.81 5.34
2.0 19.62 10.69
3.0 29.43 16.04
4.0 39.24 21.38
5.0 49.05 26.72
5.2 50.99 27.79
6.2 60.80 33.14
7.2 70.61 38.48
8.2 80.41 43.83
9.2 90.22 49.17
10.0 98.07 53.45
11.0 107.87 58.79
12.0 117.68 64.14
13.0 127.49 69.48
14.0 137.29 74.83
15.0 147.70 80.17

Output (mV)

Load Increasing

0.00
0.19
0.39
0.58
0.77
0.97
1.01
1.20
1.40
1.59
1.79
1.92
2.15
2.32
2.51
2.72
2.19

Output (mV)
Load Decreasing

0.01
0.21
0.41
0.61
0.80
0.97
1.06
1.26
1.45
1.62
1.79
2.02
2.21
2.41
2.59
2.75
2.19
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Table2  Calibration Check During Testing Programme

1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
5.83
6.83
7.83
8.83
9.83
10.83
11.83
12.83
13.83
14.84
15.83

Increasing Load mv Output

0.18
0.39
0.57
0.77
0.97
1.17
1.37
1.57
1.75
1.95
1.13
1.33
1.75
1.73
1.93
2.14
2.34
2.54
2.73
2.93
3.13
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Table 3 Power and Torque Tests

NB Cooling fan for radiator on

WOT 13.11.84
rpm mV Torque hp
1100 2.15 59.18 9.14
1250 2.15 59.18 10.39
1500 2.21 60.83 12.81
2000 2.26 62.21 17.50
2500 2.36 64.96 22.80
3000 2.44 67.16 28.30
3500 2.40 66.06 32.50
4000 2.39 65.78 37.00
4500 2.35 64.68 40.90
5000 2.26 62.21 43.70
5400 2.15 59.18 44.87
5500 2.13 58.63 45.30
5670 2.04 58.63 44.70
6000 1.96 53.95 45.50
6440 1.81 49.82 45.10
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After warming up of the engine various loads were applied randomly o
ensure that a specific speed gave one millivo]t reading. Engine speed was then\’f v
reduced to a minimum and subsequently increased in Steps up to 6500 rpm. Millivolt
readings were taken and engine torque and power output were derived (Table 3) and
plotted, Figures 21 and 22. Maximum torque was produced at 3000 rpm and

maximum power at about 6000 rpm as expected. Values were slightly higher that the

engine manual stated.

2.8  Engine Compression Ratio

Displacement and compression volumes measured when the engine was
dismantled, using kerosene, suggested that there was a variation amonst the cylinders
which needed to be checked. These measurements are given in Table 4 and produced
compression ratios for cylinders 1 to 4 of 8.92, 9.13, 9.07 and 9.07 reépectively.
Total engine capacity was measured as 904 cc. Two further methods of measurement
were made the first being the use of a compression tester. Results are given in Table
5, these show for cylinders 1 to 4 8.93, 9.52, 9.09 and 9.07 as the compression
ratios. Cylinder 2 is noticeably higher and this may be due to tighter piston rings
and/or better valve seating than the others. The other method tested, known as the
Morse method involves power output measurement for the engine running on all four
cylinders and on each combination of three to determine the cylinder with the least
power loss. Results of two tests are given in Table 6, 7 and 8 which show that
cylinder two has the least power loss associated with it when the spark plug is

disconnected. Cylinder 2, therefore, had the highest compression ratio and/or the

lowest leakage of gases from the chamber.

Later testing with knock detecting equipment found cylinder 2 to be the

most likely to knock as the fuel quality was reduced.
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Table 4  Displacement and Compression Volume

Cylinder Head + Gasket TDC Cylinder \}olume Total

(Cm3) (cm3) (cm3)

1 24.3 4.2 28.5
2 23.8 4.0 27.8
3 24.0 4.0 28.0
4 24.0 4.0 28.0

..

Cylinder BDC Cylinder Volume Total Pre-compression Volume
(cm3) (cm3)

; 1 230.0 254.3
é 2 230.0 253.8
{ 3 230.0 254.0
? 4 230.0 254.0

.
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Total Capacity 904 cc

il

(All measurements made by filling with

kerosene)

Copression Ratio

1l

Total Pre-compression Volume / Total Compression

Volume

/

Cylinder Compression Ratio

| 1 8.92
> 9.13
| 3 9.07
4 9.07

i e e e e S St
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Table 5 Compression Test

Cylinder Pressure (Psi) Average Pressure (Psi)

1 131.5 126.0 130.0 131.5 131.33
2 139.0  140.0 140.5 140.0 139.88
3 135.0 132.5 134.0 133.0 133.63

4 132.5

,_.
w
w
o

134.0 134.0 133.38

Compression Ratios determined by this method were :-

(Atmospheric Pressure = 760 mm Hg = 1013.25 mbar = 14.696 Psi)

Cylinder Compression Ratio
1 8.93
2 9.52
3 9.09
4 9.07
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2.8.1 Morse Method Power Test

Wide Open Throttle

Constant Speed 4 Cylinder Operation

Reset to the Same Speed Running Only on 3 Cylinders

Table 6 Morse Method at 1500 rpm

Morse Method

Plug Removed Millivolts Power (Hp) Power Loss (Hp)
0 2.55 14.79
4 1.86 (1.85) 10.78 4.06
0 2.56 14.84
3 1.91(1.90) 11.07 3.77
0 2.56 14.84
2 1.95 (1.94) 11.31 3.53
0 2.57 14.90
1 1.88 (1.88) 10.90 3.94
0 2.56 14.84
15.30 Total

Repeated experiments in brackets
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Table 7 Morse Method at 2000 pm

Plug Removed Millivolts Power (Hp) Power Loss (Hp)
0 2.65 20.49

4 1.90 14.67 5.82

0 2.65 20.49

3 1.94 15.00 5.49

0 2.65 20.49

2 1.96 15.15 5.34

0 2.66 20.49

1 1.92 14.84 5.62

0 2.65 20.49

22.27 Total




Table 8  Summary of Morse Method Test Results

% of Total Losses Cylinder pm Order of Lowest Loss
26.53 4 1500 4
24.64 3 1500 2
23.07 2 1500 1
25.75 1 1500 3
26.13 4 2000 4
24.65 3 2000 2
23.98 2 2000 :
25.24 1 2000 3

Power loss on cylinder 2 is least.

CR on cylinder 2 is greatest; partly due to smaller combustion volume.

Pressure in cylinder 2 is greatest which could possibily be due to tighter piston rings
and/or better seating of valves. The cylinder may act like a compressor having lower
losses due to blow-by gases etc

Knock is greatest in cylinder 2.

2.9  Air Fuel Ratio

The fuel consumption of the engine was measured at a number of engine
speeds at wide open throttle and air flow measurements were derived from graphs
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produced by the pressure variation across the air flowmeter. Figures 46 and 47

provided data for a plot of air fuel ratio against engine speed, shown as Figured8 (scc

Results, Chapter 3). This was used with the emissions data gathered in later

experiments, and also to determine quantities of OXygenates required in the test

programme.

2.10  Knock Detection Equipment

Engine knock was detected by several methods the simplest of which was
by listening to the engine when wearing ear defenders which muffled the ordinary
engine noises. The knocking was easily detectable at low engine speeds as a
mechanical tapping sound. A stethoscope arrangement was used at higher speeds with
reasonable success, however, remote sensing was required to enable all
instrumentation to be monitored simultaneously and because of the difficulty of
detecting the onset of knock at high engine speeds. Two different knock sensors were
obtained. One a Bruel and Kjaer type 4369 piezoelectric accelerometer and the other a

CEL type 7G11 piezoelectric pressure washer.

The Bruel and Kjaer accelerometer was chosen by its frequency detection
range which adequately covered that of knocking, 5 to 15 kHz, and on its ability to
withstand quite high temperatures. It was mounted on one of the cylinder head bolts,
which was tapped, by a stud following tests using a magnetic coupling to determine
the optimum mounting position to emphasise pick-up from all four cylinders above
other engine noise. The optimum place was found to be as shown in Figure 23. The
signal produced was fed into a dual beam storage oscilloscope via an amplifier.
Originally a small amplifier was built but this was not very satisfactory and a Kistle
type 566 charge amplifier was later used. Two types of oscilloscope triggering
mechanism were considered to allow identification of the accelerometer signals.
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The signal trace obtained by the accelerometer consisted of four bands of

noise representing the firing of the cylinders in order,ie 1342, A typical trace is
shown as Figure 26, Using the storage mode on the oscilloscope the occurrence of

knock is easily detectable due to the large spikes observed within the noise pattern

associated with normal combustion,.

The second piezoelectric knock detector used was in the form of a ring,
often called a knock washer, which replaces the compression washer on a spark plug
and detects the pressure variation within that one cylinder, Figure 27. For reasons
previously given cylinder two was chosen for this detector, Figure 28. The signal
from this pressure transducer was in the form of a typical pressure trace, Figure 29,
and was powerful enough not to require amplification. The trace was also strong
enough to be used to trigger the oscilloscope and thus marking the position of number

2 cylinder on the accelerometer trace, making the other trigger mechanism redundant.

Photographs of oscilloscope traces showing varying degress of knock,

detected by the transducers are shown as Figures 30 - 36.
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Figure 30

Figures 30 to 32 show the onset of trace knock from normal combustion
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Figure 34 Light Knock

Figure 35 Heavy Knock
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2.11  Operating Procedure for Test Engine Equipment

Having described the equipment used in the test programme a brief
description of its operation is given here. At least 30 minutes is required for warm-up
of the oscilloscope, air flowmeter, micromanometer and infra-red gas analyzers.
Having ensured that the dynamometer is set to minimum load and that there is adequate
water pressure, the dynamometer cooling water and engine cooling water can be
switched on. The fuel may then be turned on, the choke set and the engine started. The
electric radiator fan is next switched on and the engine warmed up for fifteen to
twenty minutes or until the sump oil temperature is of the order of 80°C.
Simultaneous engine throttle opening and load increase are carried out until wide open
throttle (WOT) is achieved. Engine speed is now controlled solely by dynamometer
load variation which for the Fiat engine ranges from 1050 rpm upwards. The
change-over to the test fuel is made when it is felt that the engine is running smoothly
under load. After about three to five minutes or 300 cc fuel used, testing can be
undertaken. Starting at a low engine speed, which is slowly increased, the occurrence
and disappearance of both light and trace knock are sought. Engine speed is then
decreased and increased several times to check these values. Aural detection as well
as oscilloscope trace analysis are used to determine the levels of knock. Light knock
is defined as continuous, audible and easily distinquishable on the oscilloscope trace,
(see Figure 34), which reduces dramatically with a slight increase in engine speed.
Trace knock is the first detectable continuous knock which usually occurs at about 150

to 200 rpm above light knock.

Shut-down of the equipment is the reverse of start-up.
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2.12  Test Fuels for Experimentation

The base gasoline used in the experiments to determine the effects of
different oxygenates was chosen so that a comparison of these results could be made
by companies associated with CORC, ["The Co-operative Octane Requirement
Committee"]. The fuels used were blended from a high and a low key* and produced

a series known as F-7. This series is a low leaded one averaging at 0.14 g/1, low in

olefines and having a medium ARy (8.5 to 10.5 octane numbers) and sensitivity

(7.5 to 11.5 octane numbers). A detailed blending chart is given as Table 9 and
blending curves as Figure 37. This series has now been superseded by G-7, a fuel
with similar properties currently used in co-operative test programmes by the oil

companies. Blending information is given as Table 10 and Figure 37.

Figure 38 shows the F-7 series plotted on AR g Vs sensitivity of the

fuel. AR is the RON of a fuel less the RON of that part which distills off at 100°C.
Sensitivity is the RON of a fuel less the MON, and for a given RON indicates the
probability of engine knock at higher engine speeds, where MON appears to be more
important. When compared to a 1979 Survey of European Gasolines (data from 24),
Figure 39, it can be seen that F-7 is representative of the middle area of the bulk of
those tested. Supplies of F-7 key components were obtained from Esso Petroleum

and blended in the laboratory in single RON increments.

* Key denotes a blend of components having a specific octane number.
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Table 9  Blending Information for Series F-7 Gasoline

RON % HighKey MON R100 $ ARyggp TEL TML  Aromatics Olefines
90.0 1.0 82.2 79.8 7.8 10.2 0.0 0.02 360 4.0
91.0 8.0 82.2 80.7 8.2 103 0.09 0.02 370 4.0
92.0 150 83.5 81.6 8.5 104 0.10 0.02 370 5.0
93.0 220 84.2 82.6 8.8 104 0.10 0.02 38.0 5.0
94.0 29.5 84.8 83.7 92 103 0.10 0.03 39.0 5.0
95.0 375 85.5 84.8 95 10.2 0.10 0.03 39.0 6.0
96.0 455 86.2 86.0 5.8 10.0 0.11 0.03  40.0 6.0
97.0 54.5 86.9 872 101 9.8 0.11 0.03 41.0 6.0
98.0 64.5 87.7 885 103 9.5 0.12 0.03 42.0 7.0
95.0 740 88.4 89.7 106 9.3 0.12 0.03 43.0 7.0

100.0  85.0 89.1 910 109 9.0 0.12 0.04 440 7.0

101.0  96.0 89.7 923 113 8.7 0.13 0.04 450 8.0
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Table 10  Blending Information for Series G-7 Gasoline

RON

% High Key MON Ripo S  ARjgp TEL TML  Aromatics Olefines
89 5.2 81.3 81.6 77 74 0.13 0.01 309 10.9
90 12.3 81.9 82.2 8.1 7.8 0.13 0.01 318 10.9
91 19.6 82.9 82.9 8.5 8.1 0.13  0.01 327 10.8
92 27.2 83.2 83.6 8.8 84 0.13  0.01 337 10.8
93 34.9 83.9 84.4 9.1 8.6 0.13  0.01 346 10.8
94 42.9 84.5 85.2 85 8.8 0.13 0.01 356 10.7
95 51.2 85.2 86.1 58 89 0.14 0.01 36.6 10.7
96 59.8 85.9 87.0 101 9.0 0.14 0.01 377 10.7
97 68.7 86.6 879 104 9.1 0.14 0.01 3838 10.6
98 78.0 87.3 89.0 107 9.0 0.14 0.01 40.0 10.6
99 87.8 88.0 90.1 11.0 89 0.14 0.01 412 10.5
100 98.0 88.8 913 112 87 0.14 0.01 425 10.5
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2.13  Oxygenates Used In Experiments

Four types of oxygenates were tested, namely alcohols, ethers, esters and

ketones. There were several reasons for choosing those used which will be outlined

here. The list of oxygenates and their concentrations is given in Table 11.

Table 11 Oxygenates Tested and the Volume Percent Blends Used
Alcohols
Methanol 5,10, 15
Ethanol 5,10
Tert Butanol 5, 10, 15, 20
Ethers
Methyl tert butyl ether 5, 10, 15, 20
Diisopropyl ether 5, 10, 20
Anisole 5, 10, 20
Esters
Dimethyl carbonate 5, 10
Methyl Acetate 5, 10
Ketones

3 methyl butan-2-one
4 methyl pentan-2-one
Acetone

Methyl ethyl ketone

5, 10, 15, 20
5, 10, 15, 20
5, 10, 20

10, 20

Working down the list, the alcohols and methyl tert butyl ether (MTBE)

were included as a substantial amount of work has been done in the past using them,

much of which is encouraging to those advocating the use of oxygenate/gasoline
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blends. This formed a solid base from which to start the research and ensure

equipment and test procedures were adequate. The use of these first four in the list by
others has been due to their low production cost, availability, effectiveness, materials

compatability and for some their historical use over the past sixty years.

The majority of the other oxygenates in the table were chosen because of
their branched structure small molecular size and in some cases prior knowledge of
their RON and MON. Present cost was also important although bulk production of a
presently expensive chemical and new processes could make other oxygenates not

tested here viable.

It should be noted that unlike CORC group tests the oxygenates were
lead-free causing a slight lead depletion in the fuel blend which will have resulted in a
slightly lower RON than would otherwise be obtained. This effect was considered
relatively small and coupled with the undesirability of handling TEL and TML led to it

being neglected.

Concentrations used in experiments varied depending upon the oxygen
content, weight percent, of each chemical. This was in order to limit total blend
oxygen content to a maximum of about 4 % wt/wt, this is above EPA and European
maximums at present but still within the limits of good drivability, ie no observed
problems caused by the leaning effect due to the extra oxygen in the combustion

process.

Initial tests were carried out using 2-star gasoline, followed by a limited
set of tests using F-7. The bulk of the tests were carried out later including
combinations of 2 and 3 oxygenates again using F-7 fuels after the new and better
analysis equipment had been obtained.
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CHAPTER 3

RESULTS



RESULTS

3.1  Preliminary Testing of Engine Using Oxygenates in 2-star

After stripping, cleaning and inspection the engine was run for 40 hours
on forecourt four star to build up deposits in the cylinders prior to testing. This was
done to ensure that the combustion charateristics varied little during the tests due to a
“clean” or "dirty" engine. For each experiment the engine was warmed up using four
star and then changed over to the test fuel. Two minutes were allowed for the
carburettor to clear, followed by a further three minutes for the engine to settle down
with the new fuel. 2-star gasoline was run through periodically to compare the audible
and visual (oscilloscope trace) knock with the test fuels. During a test the level of
knock was assessed, the fuel changed to four star and then back to the test fuel and

reassessed to confirm initial results.

Results
1. Engine speed 1600 rpm
Load 232 mV
Air pressure drop 21 mmH,0
2-star knocked severely
2-star + 10 % methanol  no detectable knock
2-star + 20 % ethanol no detectable knock
2. Engine speed 1500 rpm
Load 230 mV
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Air pressure drop

2-star

2-star + 5 % methanol
2-star + 2 % methanol
2-star + 10 % ethanol

2-star + 5 % ethanol

Engine speed

Load

Air pressure drop

2-star + 10 % MTBE

Engine speed
Load

Air pressure drop

2-star + 5 % MTBE

Engine speed

Load

Air pressure drop

2-star + 2 % MTBE

These tests gave an idea as to the requirements of the three oxygenates

knocked severely

no detectable knock

knock detected, audible and visual

no detectable knock

slight knocking observed, audible and visual

1580 rpm
2.32 mV

21 mmHzO

no detectable knock

1640 rpm
233 mV

no detectable knock

1575 rpm

231 mV

20 mmHzO

knock detectable, audible and visual
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tested when blended with 2-star which has a RON of about 93. They proved the

equipment to be working satisfactorily and helped to establish the testing procedure

for the main experiments.

3.2  Preliminary F-7 Tests

These tests were carried out using methanol, TBA, Oxinol 50 50 % viv
methanol and 50 % v/v TBA)and MTBE in varying concentrations blended with F-7
fuels. Tests for trace knock only were carried out which put the effect of each
oxygenate into perspective. The results are shown in Figure 40 - 43 and show the
large effect of MTBE even in small concentrations, as it can be seen that the maximum
engine speed associated with knock is greatly reduced. These tests formed a basis for
the main programme and analysis of results. The extension of the tests to include light

knock and better equipment reduced their significance however.

Graphs 40 - 43 and 50 - 87 have the experimentally determined knock
limited conditions connected by straight lines to allow each blend to be distinguishable
from the others especially were overlapping occurs and does not intend to imply that

the condition between the points is linear.
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3.3  Main Experiments Involving Oxvygenates

The aim of these experiments was (i) to test a number of oxygenates at
different concentrations to detemine their effect on fuel antiknock quality and (ii) to
combine two or more chemical types and change the individual chemicals in order to

assess whether a synergistic effect is exhibited.

The oxygenates‘tested are listed in Table 11. The maximum concentration
in a gasoline blend was set such that about 4 % wt/wt oxygen was contained in the
blend. This limit should ensure that there were no adverse effects due to a too lean
mixture. The concentrations chosen for the experiments are also listed in Table 11.

The oxygenates fall into four categories : alcohols, ethers, esters and ketones.

The base fuels used for the experiment were the CORC Series F-7 90, 92,
94 and 96 RON gasolines. The oxygenates were blended with each base fuel and
tested at wide open throttle and constant speed. Load was varied using a dynamometer
and knock was detected by ear and also by a piezoelectric transducer connected to an
oscilloscope. Two knocking conditions were examined, firstly trace continuous knock
detectable only by instruments and, secondly, light knock audible, continuous and in
most cases easily recognizable on the oscilloscope. Engine speeds at these two points
were noted for each blend and limiting curves of engine speed against required octane

number were drawn.

Comparison of the knock curves with one for pure base gasoline indicated
the amount of appreciation due to the oxygenate. For example 10 % v/v MTBE in a
92 RON base knocks lightly at 1510 rpm. A pure base fuel of 94.4 RON would
knock similarly suggesting an appreciation of 2.4 RON due to the MTBE. The
appreciation was found to decrease with increasing base fuel RON.
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Table 11

Oxygenates Tested and the Volume Percent Blends Used

Alcohols

Ethers

Ketones

Methanol (M)
Ethanol (E)

Tert Butanol (TBA)

Methyl tert butyl ether (MTBE)
Diisopropyl ether (DIPE)

Anisole

Dimethyl carbonate (DMC)
Methyl Acetate (MA)

3 methyl butan-2-one (3MB2)
4 methyl pentan-2-one (4MP2)
Acetone

Methyl ethyl ketone (MEK)

5, 10, 15
5,10
5, 10, 15, 20

5, 10, 15, 20
5, 10, 20
5, 10, 20

5,10
5,10

5, 10, 15, 20
5, 10, 15, 20
5, 10, 20
10, 20

Combinations of oxygenates were expected to have an effect of an

additive or less than additive nature when compared to their components. Anomalous

fuel blend results of possible importance would be picked up during testing as less

knock than average would be exhibited.

The results are shown as Figures 50 - 87 and in Tables 40 and 41

(Appendix 1). These show the maximum engine speed at which the knock occurred.

Most results were obtained at the same absolute humidity although air pressure did

vary slightly. Base fuels were checked regularly and many blends were retested to
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check for repeatability of results.

The results obtained for single oxygenates showed several chemicals to
have similar effects in similar concentrations, when their oxygen content was
comparable. Dual combinations were all tested as 10 % v/v blends which produced a
range of 2 to 4 % wt/wt oxygen in the blends, with most at about 3.5 % wt/wt.
Methanol/MTBE and methanol/ethanol blends appeared to have better than average
effects in this concentration,most of the others having similar results. Treble
combinations were blended at 15 % v/v. These showed some variation with
methanol/MTBE/3methyl butan-2-one and methanol/MTBE/4methyl pentan-2-one
being superior and methanol/MTBE/tert butanol also exhibiting quite good knock

protection but not better than predicted for it from blending numbers.

Table 12 Weight Percent of Oxveen in the Oxyeenates

M 50.0
E 34.8
TBA 21.6
MTBE 18.2
DIPE 15.7
Anisole 14.8
DMC 53.3
MA 43.2
3MB2 18.6
4MP2 16.0
Acetone 27.6
MEK 222
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Table 13  Weight Percent of Oxygen in Blends of Oxveenates

All oxygenates in equal % v/v (ie 1 : 1)

M/TBA 35.8
MTBE/TBA 19.9
M/MTBE/TBA 29.9
M/MTBE 34.1
M/DIPE 32.9
M/Anisole 32.4
M/4MP2 33.0
M/3MB2 34.3
M/E 42.4
M/DMC 51.6
M/MA 46.6
MTBE/4MP2 17.1
DIPE/4MP2 15.9
DMC/4MP2 34.7
MA/4MP2 29.6
MA/Anisole 29.0
MTBE/DMC 35.8
M/MTBE/DMC 40.5
M/MTBE/4MP2 28.1
M/DMC/4MP2 39.8
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Table 14 Weight Percent of Oxygen in the Gasoline Blends Containing Oxygenates

Blend % Oxygen Blend % Oxygen
MEK 10 2.29 M/DIPE 10 3.30
MEK 20 4.56 M/Anisole 10 3.46
DIPE 5 0.74 M/4MP2 10 3.41
10 1.48 M/3MB?2 10 3.52
20 2.98 DIPE/MTBE 10 1.61
AMP2 5 0.83 MTBE/4MP2 10 1.69
10 1.65 MA 5 2.68
15 2.47 10 5.29
20 3.28 DMC 5 3.61
3MB2 5 0.97 10 7.09
10 1.93 M/MA 10 5.20
15 2.89 MA/Anisole 10 3.57
20 3.85 MTBE/DMC 10 4.47
Anisole 5 0.94 MA/4MP2 10 3.49
10 1.86 M/E 10 4.32
20 3.62 M/DMC 10 6.16
Acetone 5 1.41 DMC/4MP2 10 4.42
10 2.81 M/MTBE/DMC 15 6.98
Methanol 5 2.56 M/DMC/4MP2 15 6.91
10 5.10 M/MTBE/TBA 15 4.52
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Blend % Oxygen Blend % Oxygen
Methanol 15 7.65 M/MTBE/3MB2 15 4.39
Ethanol 5 1.77 E/MTBE/4MP2 15 3.46
10 3.53 M/MTBE/4MP2 15 4.24
MTBE 5 0.87 M/DIPE/4MP2 15 4.12
10 1.74 M/MTBE/4MP2  5:3:3=11  3.57
15 2.61 M/MTBE/4MP2  6:3:1=10  3.75
20 3.49 TBA 5 1.10
Oxinol 10 3.65 10 2.19
MTBE/TBA 10 1.97 15 3.29

M/MTBE 10 3.43 20 4.38

Tables 12 and 13 show the oxygen % wt/wt of each of the oxygenates
and the various combinations tested. As can be seen this ranges from about 16 to 52

% wt/wt. Table 14 lists the blends used and the oxygen % wt/wt in the fuel.

Various methods of interpreting the results were investigated to determine
the effect of blending multi-component blends. Firstly the addition of the effects due
to each component was compared to the actual results of a multi-blend, eg a 10 %
blend of a 50/50 mixture of A and B in gasoline was compared by adding the effects
of 5 % A to 5 % B. This was not satisfactory as the effect due to 5 % of an oxygenate

was not always very obvious. Also it was thought that the multi-blend might be
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represented better by one half of the sum of the RON appreciations due to 10 % of the
components for dual-blends and a third of the sum due to 15 % for triple component
blends as the quantity of gasoline would be the same in each separate blend as with the
multi-component system. Results showed a fairly close agreement at the low RON
base fuel end but this method could not be tested using 94 and 96 RON base fuel plus

oxygenates. This was because trace knock was not detectable for a fuel above 98

RON or light knock for one above 97 RON.

Tables 15 and 16 show a worked example for each method. From Table
16 it can be seen that the results of the mixture are on a par with 15 % MTBE, lower

than 15 % methanol and much greater than 15 % 4MP2.

Comparing the results by the % wt/wt oxygen in the blend was also
examined. 15 % v/v M/MTBE/AMP2 ~ 4.3 % wt/wt oxygen; this is equivalent to
8.5 % M, 25 % MTBE or 26 % 4MP2. The effect of the blend is greater than 10 %
M, less than 20 % MTBE and much greater than 20 % 4MP2 by. 26 % 4MP2 was not
tested. These results showed no correlation. Calculation of predicted effects using
blending numbers of the oxygenates was then tried to compare predictions with actual

experiments.

The blending octane numbers cited in the literature vary dramatically
especially for methanol and ethanol ranging from 110 to 134. Values used in this
analysis (Table 17) are taken from an internal report from PRD EXXON (23). They
are based on a 10 % blend of each oxygenate on four different base gasolines and
show a constant value for each oxygenate. MEK has no value given and an estimate
has been made, partly based on work by Barronet et al (72). 3MB2 is also not given
but experimentation has shown that the increase in fuel quality is very similar to

4MP2.
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Table 15  Multi-component Blend Octane Number Prediction; Summation Method

Attempt to predict multi-component blend results, 5 % sum method.

Numbers quoted are RON appreciation.

90 92 94 96
" LY T L T L
4AMP2 1.7 15 1.2 07 00 07
MTBE 14 00 08 00 00 00
M 31 31 25 15 21 22
Total predicted 6.2 4.5 43 22 21 2.9
Actual multi- 5.0  4.15 43 40 40 2.7

component

results

%

(L = Light knock, T = Trace knock)

116



Table 16 Multi-component Blend Octane Number Prediction: Averaging Method

Attempt to predict multi-component blend results by averaging the sum of

15 % oxygenate blends.

90

92 96

T L T L T L T L
4MP2 2.75 3.0 2.0 2.1 1.8 0.7 0.8 0.5
MTBE 5.2 5.5 4.9 4.5 4.5 3.5 ? ?
M 6.6 6.1 6.0 5.1 ? ? ? ?
Total 14.56 14.6 12.9 11.7 - - - -
divide by 3 4.85 4.85 4.3 3.9 - - - -
Actual multi- 5.0 4.15 4.3 4.0 4.0 2.7 - -
component
blends
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Table 17  Research and Motor Blending Numbers for Oxyeenates {R P Cahn (23)}

Blending Numbers

10 % v/v blends used

i

MTBE
DIPE

Anisole

DMC

3MB2
4MP2

Acetone

MEK

* Barronet (72)

RBN

124
125
107

117
110

115

111

110

108
108
109
119

118

MBN

94
96
98

99
100
98

97
100

103
103
98



An average overall fuel octane is achieved by adding the blending RONs
and base RON in appropriate fractions. RON for the blend was determined from the

RBN information given for M, MTBE and 4MP?2 (Table 17), and using

RONplend = 01 {RBNgyygengie + 9.0 x RONpoop}

RON increase = RONyjeng B RONpool

the RON increase dependent on the RONpool (the base gasoline) was found (Table

18). These were plotted as Figure 44. Co-ordinates for each oxygenate lay on a
straight line. The lines were all parallel with a gradient of -0.1. The expected increase

for the fuels under test, namely 90, 92, 94 and 96 RON were found and tabulated
(Table19).

No account was taken for variation of RBN with blending concentration
but from Figure 45, and according to Nichols (73), it can be seen that for methanol
the relationship is not far from directly proportional; therefore, the error was assumed

small.
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Table 18

RON Increase Dependent Upon Pool RON

Methanol

RBN =124

MTBE

RBN = 117

4MP2

RBN = 108

3.05

2.94

2.74

2.54

[\S]
|
(93]

2.04

1.84

1.45

1.34

1.14

0.94

RON increase
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Pool RON

93.5

94.6

96.6

98.6

93.5

94.6

96.6

98.6

93.5

94.6

96.6

98.6
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Table 19 Expected RON Increase for Test Fuels at 10 % Blend.
From Ficure 44
Base RON M MTBE 4MP2
90 3.4 2.7 1.8
92 3.2 2.5 1.6
94 3.0 2.3 1.4
96 2.8 2.1 1.2

If we assume the effect of 5 % of an oxygenate is half that of 10 % and

the increases

for a combination of them is additive we find that the effect of

oxygenates for a 15 % multi-blend is :-

Base RON

90
92
94
96

RON Increase

3.95
3.65
3.35
3.05



Similarly when working from the blending numbers :-

MTBE
4MP2

Taking 5 % of these and adding them

5%
5%
5%

85 % of the RON of each base fuel is :

85 %
85 %
85 %
85 %

Thus, assuming that the effect of the oxygenates is independent of base

fuel RON, adding 17.45 to each 85 % base fuel value gives the RONyep 4.

124
117
108

90
92
94
96

Il

124

=
o]
Z

|

117
108

6.20
5.85
5.40

17.45

76.5
78.2
79.9
81.6



Base RON

RONblend RON increase
90 93.95 3.95
92 95.65 3.65
94 97.35 3.35
96 99.05 3.05

Experimental compared with predicted values of RON increase for 10 %
M, MTBE and 4MP?2 are reasonably in agreement for both trace and light knock,
MTBE values are slightly low.

Combined as a 15 % blend the octane increases from these experiments

are higher than predicted.

CFR testing of some blends has been carried out and methanol results
compare favourably with those of Nichols. The actual RON increases due to the

oxygenates are listed as Table 21. These can be compared with those in Table 22.

(See Table 23.)
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Table 20  Experimentally Derived Multi-blend Oct

ane Increase

Data taken from graphs of engine speed vs the octane number of base fuel

plus oxygenate (Figures 51 - 87) were compared with that of the pure base fuels

(Figure 50) to find blend RON, from which the RON increase was calculated.

90 92 94 96
% viv L* T* L T L T L T
M 5 3.0 3.1 1.5 2.5 2.2 2.1 0.7 2.0
10 3.3 3.9 2.7 3.2 3.3 3.8 - -
MTBE 5 0.0 1.4 0.0 0.8 0.0 0.0 0.0 0.0
10 1.7 2.5 2.2 1.8 1.6 2.5 1.5 1.3
4MP2 5 1.5 1.7 0.7 1.2 0.0 0.7 0.3 0.4
10 2.3 1.9 1.3 1.7 0.4 1.2 0.3 0.6
M/MTBE
/4MP2 15 415 5.0 4.0 4.3 2.7 4.0 - -

E3

(L = Light knock, T = Trace knock)
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Table 21

CER Tests to Gauge RON Incre

ase due to Oxygenate Addition to Series

F-7 Base Fuels

Base RON  Oxygenate % viv RON increase Linear extrapolation
to 10 % blend

96 M 2.0 0.7 3.5

97 M 2.0 0.5 2.5

94 M 4.0 1.8 4.5

94 M 6.5 3.0 4.6

91 TBA 5.0 0.1 0.2

94 TBA 5.0 0.8 1.6

91 MTBE 6.0 1.4 2.3

91 MTBE 11.0 2.4 2.2

91 Oxinol 6.0 1.6 2.7

91 Oxinol 11.0 3.0 2.7

96 - 0.0 -

97 - - 0.2 -

For 98.6 RON pool: RON increase for 10 % oxygenates blends were calculated.

M 2.54 DMC 1.24
E 2.64 MA 1.14



TBA 0.84 3MB2 0.94
MTRBE 1.84 4MP2 0.94
DIPE 1.14 Acetone 1.04
Anisole 1.64

Table 22 Expected RON Increase for 10% Blends in Series F-7 Base Fuel

90 92 94 96
M 3.4 3.2 3.0 2.8
E 3.5 3.3 3.1 2.9
TBA 1.7 1.5 1.3 1.1
MTBE 2.7 2.5 2.3 2.1
DIPE 2.0 1.8 1.6 1.4
Anisole 2.5 2.3 2.1 1.9
DMC 2.0 1.9 1.7 1.5
MA 2.0 1.8 1.6 1.4
3MB2 1.8 1.6 1.4 1.2
4MP2 1.8 1.6 1.4 1.2
Acetone 1.9 1.7 1.3 1.1
MEK 2.7 2.5 2.3 2.1




Table 23

Comparison Between CFR and RBN Octane Increases for 10 % Blends

Blend 91 94 96 97
Mg 3.3 3.0 2.8 2.7
¢ 5 2.5
Mcrr - 45 3.5
TBARgy 16 13 11 1.0
TBACrR 0.2 1.6 - -
MTBEgs 2.6 23 2.1 2.0
MTBECFR 2A3 - - -
OXiHO]RBN 25 - - -
OXanlCFR 27 - - -




Table 23 shows that results for Oxinol, MTBE and TBA are in good
agreement when considering the accuracy of CFR tests ie = 0.3 RON. The CER
results for methanol are rather hi gh. However, as can be seen below, 10 % blends in

Series F-7 gasoline, tested in the test bed engine, give results similar to the RBN

predicted values.

90 01 92 93 94
10 % M Test bed 3.3 3.2 2.7 3.3 3.2
10 % Mggy 3.4 3.3 3.2 3.1 3.0

From the results shown in Tables (22, 24, 25 and 26) it can be seen that
in general the actual RON increases found under 4-cylinder conditions are in
agreement with predicted values. Results for ethanol, anisole, DMC and MA are,
however, lower than expected, and when combinations were compared some showed
lower than expected results in higher RON bases. Better than expected results were
obtained for M/MTBE, M/MTBE/3MB2 and M/MTBE/4MP2. A summary of the

results can be seen in Table 27.

In order to compare multi-component blend results with RBN predictions

appropriate fractions of the RBN values given in Table 22 were added to 90 % of the

base fuel RON.
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e.g 10 % M/MTBE

90 92 94 96
RBN values 3.05 2.85 2.65 2.45
Test Bed Trace 3.75 3.50 3.50 2.20
Results
Light 3.10 3.60 2.60 1.00
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Table 24  Experimental results (RON appreciation Single Components)

90 92 94 96
T L T L T L T L
M 5 31 30 25 15 21 22 20 07
100 39 33 32 27 38 33 - -
15 61 61 425 51 31 - - _
E 5 095 08 12 09 00 06 01 045
10 285 245 1.9 25 24 22 17 14
TBA 5 15 1.1 125 05 00 00 00 055
10 165 14 130 03 1.0 00 04 08
15 205 21 15 08 08 00 065 1.0
20 325 25 17 14 165 12 12 13
MIBE 5 14 00 08 00 00 00 00 00
10 25 17 1.8 22 25 16 13 15
15 52 56 48 45 45 35 - -
20 67 60 58 47 - ; - ]
DIPE 5 22 25 15 10 00 04 08 038
10 22 215 175 14 06 04 1.0 08
20 40 355 35 3.0 23 20 19 -
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90

92 94 96
T L T L T L T L
Anisole 5 145 225 16 1.0 0.0 035 0.7 0.6
10 1.85 2.7 1.8 1.55 1.5 0.9 0.85 1.1
20 4.0 3.9 325 3.6 2.8 4.0 - -
DMC 5 09 0.0 0.0 0.75 0.0 0.0 0.1 0.0
10 1.2 1.5 1.6 1.3 0.7 0.15 0.6 0.4
MA 5 09 0.4 1.0 0.0 0.0 0.0 0.0 0.0
10 1.3 0.8 1.2 0.5 0.0 0.0 0.0 0.0
3MB2 5 155 15 1.15 0.6 0.0 0.15 0.1 0.0
10 235 2.1 1.55 125 1.3 1.0 0.2 0.1
20 34 3.5 275 2.4 2.1 2.1 1.8 -
4MP2 5 165 15 1.25 0.7 0.5 0.0 035 03
10 1.9 2.3 1.7 1.3 1.1 0.4 055 03
20 33 3.8 235 24 2.2 1.4 1.0 0.6
Acetone 5 1.7 0.9 1.25 0.7 0.3 0.0 0.6 0.15
10 24 2.7 1.85 155 1.1 0.8 0.9 0.3
MEK 10 1.9 225 115 110 1.15 0.9 2.0 0.85
20 3.9 3.8 2.5 2.7 3.0 255 2.2 -
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Table 25

Expected Results for Oxygenated Blends from RBN Data

90

92 94 96
Oxinol 2.55 2.35 2.15 1.95
MTBE/TBA 2.20 2.00 1.80 1.60
M/MTBE 3.05 2.85 2.65 2.45
M/DIPE 2.70 2.50 2.30 2.10
M/Anisole 2.95 2.75 2.55 2.35
M/4AMP2 2.60 2.40 2.20 2.00
M/3MB2 2.60 2.40 2.20 2.00
DIPE/MTBE 2.35 2.15 1.95 1.75
MTBE/4MP2 2.25 2.05 1.85 1.65
M/MA 2.70 2.50 2.30 2.10
MA/Anisole 2.25 2.05 1.85 1.65
MTBE/DMC 2.40 2.20 2.00 1.80
MA/4AMP2 1.90 1.70 1.50 1.30
M/E 3.45 3.25 3.05 2.85
M/DMC 2.75 2.55 2.35 2.15
DMC/4MP2 1.95 1.75 1.55 1.35
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90 92 94 96

M/MTBE/DMC 4.10 3.90 3.70 3.50
M/DMC/4MP2 3.65 3.45 3.25 3.05
M/MTBE/TBA 3.90 3.70 3.50 3.30
M/MTBE/3MB2 3.95 3.75 3.55 3.35
M/MTBE/4AMP2 3.95 3.75 3.55 3.35
E/MTBE/4MP2 4.00 3.80 3.60 3.40
M/DIPE/4MP2 3.60 3.40 3.20 3.00
M/MTBE/4MP2 3.05 2.85 2.65 2.45
5:3:3 11%)

M/MTBE/4MP2 3.03 2.83 2.63 2.43
6:3:1 10 %)
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Table 26  Experimental Results for Oxygenated Blends

90 92 94 96

T L T L T L T L
Oxinol 3.5 2.8 23 225 2.7 265 - -
MTBE/TBA 3.1 2.4 1.8 1.25 215 16 0.85 045
M/MTBE 3.75 3.1 3.5 3.6 3.5 2.6 2.2 1.0
M/DIPE 2.9 255 195 155 1.0 1.7 1.9 1.8
M/Anisole 3.0 27 1.85 155 125 1.0 1.55 1.1
M/4MP2 3.1 2.4 1.85 1.4 0.7 1.0 1.7 0.9
M/3MB2 2.5 2.1 135 0.9 0.9 0.75 1.2 0.7
DIPE/MTBE 245 1.2 1.1 025 0.0 0.0 0.8 0.4
MTBE/4MP2 2.7 1.55 1.4 0.75 0.5 035 0.9 0.7
M/MA 3.1 2.4 1.75 1.4 1.25 1.7 - -
MA/Anisole 2.5 1.0 1.3 0.6 0.0 0.0 1.7 1.15
MTBE/DMC 2.5 1.0 1.3 0.9 1.2 1.6 - -
MA/4MP2 1.75 0.3 1.2 035 1.2 0.5 - -
M/E 3.8 3.25 3.1 275 31 2.6 - -
M/DMC 335 27 2.0 135 20 2.0 - -
DMC/aMP2 2.5 1.1 1.5 0.75 0.7 065 14 0.6
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90

92 94 96

T L T L T L T
M/MTBE/DMC 3.6 2.7 3.7 2.9 3.8 2.3 -
M/DCM/AMP2 3.65 2.8 1.9 2.6 3.7 2.7 -
M/MTBE/TBA 3.9 3.5 3.6 2.65 3.8 3.65 -
M/MTBE/3MB2 4.5 4.5-47 43-49 4.0-42 3.8-45 2.9 -
M/MTBE/4MP2 5.0 415 43 4.0 4.0 2.7 -
E/MTBE/4MP2 3.2 2.8 4.1 3.0 2.5 2.2 2.
M/DIPE/AMP2 3.2 2.9 4.2 3.0 2.8 2.2 -
M/MTBE/4MP2 3.7 3.0 3.0 2.6 3.0 2.4 -
(5:3:3 11 %)
M/MTBE/4MP2 3.7 2.9 3.0 2.8 2.7 215 -

(6:3:1 10 %)
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Table 27  Summary of the Effects of Oygenates Compared to those Predicted Using

RBN Data

TBA

MTBE
DIPE

Anisole

DMC

3MB2

4MP2

Acetone

MEK

Oxinol
MTBE/TBA
M/MTBE
M/DIPE

Equivalent to, or possibly higher octane increase than

predicted
Lower octane increase than predicted

In reasonable agreement with predicted values

In reasonable agreement with predicted values
In reasonable agreement with predicted values

Lower octane increase than predicted

Lower octane increase than predicted

Lower octane increase than predicted

Higher octane increase than predicted for low octane base
fuels, lower octane increase for high ones

Higher octane increase than predicted for low octane base
fuels, lower octane increase for high ones

In reasonable agreement with predicted values

In reasonable agreement with predicted values

Slightly higher octane increase than predicted
In reasonable agreement with predicted values
Higher octane increase than predicted

Lower octane increase than predicted for high octane base

fuels
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M/Anisole

M/AMP2

M/3MB2

DIPE/MTBE

MTBE/AMP2

MA/Anisole
MTBE/DMC

MA/AMP2
M/E
M/DMC
DMC/4MP2

M/MTBE/DMC
M/DMC/4AMP2
M/MTBE/TBA
M/MTBE/3MB2
M/MTBE/4AMP2
E/MTBE/AMP2
M/DIPE/4AMP2

Lower octane increase than predicted for high octane base

fuels

Lower octane increase than predicted for high octane base

fuels

Lower octane increase than predicted for high octane base

fuels

Lower octane increase than predicted for high octane base
fuels

Lower octane increase than predicted for high octane base
fuels

Lower octane increase than predicted for high octane base
fuels

In reasonable agreement with predicted values

Lower octane increase than predicted for high octane base
fuels

Lower octane increase than predicted

In reasonable agreement with predicted values

In reasonable agreement with predicted values

Lower octane increase than predicted for high octane base

fuels

In reasonable agreement with predicted values
In reasonable agreement with predicted values
In reasonable agreement with predicted values
Higher octane increase than predicted
Higher octane increase than predicted
Lower octane increase than predicted
In reasonable agreement with predicted values
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M/MTBE/4MP2 Higher octane increase than predicted for low octane base

(5:3:3 11 %) fuels, lower octane increase for high ones
M/MTBE/4MP2 Higher octane increase than predicted for low octane base
(6:3:1 10 %) fuels, lower octane increase for high ones

3.4  2-star Tests on Combinations of Methanol/Methyl Tert Butyl Ether/4 Methyl

Pentan-2-one

As the main experimental programme suggested that a combination of
M/MTBE/4MP2 could be useful in fuel blending, a series of tests was carried out
using 2-star forecourt gasoline to determine the optimum combination. The results in
Table 28 show that in fact the least knock was detected when no 4MP2 was present.
As can be seen replacement of MTBE with 4MP2 had a small effect which,
considering the limited availability of MTBE, makes the use of 4MP2 highly desirable.
Tests using 3MB2 instead of 4MP2 gave almost identical results. However, due to its

high cost 3MB2 is not an economic alternative at present.

Test Conditions

Inlet Air Temperature 25°C

Cooling Water Temperature 65°C

Engine Oil Temperature 80°C

Dynamometer Outlet Temperature 22°C

Atmospheric Pressure 759 mmHg

Tdry 23°C

Tyver 17°C

Absolute Humidity 0.0096 kg H,O/kg dry air
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Table 28  Results Obtained for Different Combinations of 4MP2 and 3MB? with

Methanol and MTBE in 2-star Gasoline

4MP2 Results :
MTBE 4MP2 M Trace knock Light knock
(% viv used) (max rpm) (max rpm)

10 0 5 1610 1310
1590 1270

5 5 5 1600 1330
1620 1320
1640 1360
1620 1320

4 4 6 1590 1400
1630 1380

3 3 6 1630 1550
1620 1540
1680 1550

0 10 5 1690 1600
1660 1590

3 1 6 1660 1580
1680 1590

4 0 6 1660 1600
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MTBE 4MP2 M Trace knock Light knock
(% viv used) (max rpm) (max rpm)

5 0 5 1700 1600
1700 1600
1700 1580

2 2 6 1680 1600

4 1 5 1680 1610

0 4 6 1690 1620
1680 1590

2 3 5 1680 1600
1700 1620

3.3 3.3 3.3 1730 1630
1690 1610

0 5 5 1720 1630

5 5 0 1850 1690

0 0 0 2100 1800




3MB2 Results :

MTBE 3MB2 M Trace knock Light knock
(%0 viv used) (max rpm) (max rpm)
5 5 5 1630 1300
1620 1330
1640 1320
5 5 0 1850 1680

4MP2 and 3MB2 produced similar results, as expected from earlier work.

3.5 Air/Fuel Ratio for Emission Tests

Average air flowmeter readings were used to determine the air/fuel ratio of
the engine which remains essentially constant from blend to blend. Pressure drop
across the meter was converted to air flow using a calibration chart (mm water gauge
times 36.54 gives grams per minute). Fuel consumption was measured against engine
speed and data from the resulting graph was used in air/fuel ratio calculations. The

density of the blends was assumed constant at 0.774 g per ml. Accurate densities are

given in Appendix 3.



Table 29  Data to Plot Air Flowmeter Pressure Drop Vs Engine Speed

Engine Speed

Pressure Drop over Air Flowmeter

(rpm) (mm H,0)
1100 13.5
1300 15.3
1500 17.7
1700 20.2
1900 22.6
2100 255
2300 28.2
2500 314
3000 38.2
3500 44.6
4000 51.1
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Table 30  Fuel Consumption Data

At wide open throttle

Engine Speed Time for 100 ml fuel Fuel consumption
(rpm) to be used (seconds) (ml per minute)
1500 86 70.0

2000 66 91.0

2500 53 113.0

3000 44 136.0

4650 28 214.0
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Table 31  Data Derived from Fuel Consumption and Air Flowmeter Readings

Fuel Alr Fuel Air/Fuel
rpm (ml/min) g/min) (g/min) ratio
1100 48.0 493 37.4 13.18
1300 58.0 560 452 12.39
1500 68.0 647 53.0 12.21
1700 77.0 738 60.1 12.28
1900 86.0 826 67.1 12.31
2100 95.0 932 74.1 12.58
2300 104.5 1030 81.5 12.64
2500 113.5 1147 88.5 12.96
3000 137.0 1395 106.9 13.06
3500 160.0 1635 124.8 13.06
4000 184.0 1865 143.5 13.00

3.6  Engine Power Output

The engine power was monitored using a load device on the
dynamometer, output being measured in millivolts. Engine torque equals 27.525
times mV from calibration of the device. After many runs average values for
oxygenated blends were obtained and plotted, as Figure 49. 4-star fuel was used as a

reference intermittently during the oxygenate/2-star blend experiments.
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The plot shows a maximum power increase of about 5 % at 1100 rpm

compared with 2-star when using M/4MP2 (6 : 5) 11 % in 2-star and M/MTBE/

AMP2 (6 : 3 :2) 14.5 % in 2-star. This reduces to 2 % at 2500 rpm. Maximum

output is only about 1.5 % higher. Almost all oxygenate blends showed a slight

increase in power.

Table 32  Data used to plot Power Qutput Curve

rpm  M/MTBE/4MP2  M/MTBE  MTBE 4MP2 Oxinol E

1:1:1 6:5 22 255 115 11.5

(mV) (mV) (mV) (mv)  (mV)  (mV)
1100 2.23 2.26 2.29 226 2.27 2.29
1300  2.28 2.28 2.31 229 230 2.31
1500  2.34 2.32 2.32 230 231 2.32
1700 2.37 2.35 2.37 236 2.36 2.35
1900  2.40 2.38 2.40 237  2.38 2.39
2100 2.45 2.42 2.46 243 2.44 2.45
2300  2.50 2.48 2.51 2.48  2.48 2.49
2500  2.53 2.52 2.54 252 2.52 2.53
3000 2.56 2.56 2.56 2.55  2.56 2.56
3500 2.55 2.56 2.55 252 255 2.54

2.51 2.54 2.54

[\
W
S

4000  2.55 2.55




4-star

M/MTBE/4MP2

rpm M/4AMP2 2-star M
6:3:2 6:5 8
(mV) (mV) (mV) (mV) (mV)
1100 2.24 2.31 2.31 2.20 2.29
1300 2.27 2.32 2.32 2.25 2.31
1500 2.31 2.35 2.34 2.27 2.31
1700 2.34 2.39 2.38 2.32 2.36
1900 2.37 2.42 241 2.36 2.40
2100 2.41 2.47 247 2.40 2.46
2300 2.48 2.51 2.52 2.47 2.51
2500 2.51 2.55 2.55 2.50 2.53
2700 2.53 2.55 - - -
2900 2.56 2.56 - - -
3000 2.56 2.57 2.56 2.55 2.56
3100 2.56 2.57 - - -
3300 2.55 2.57 - - -
3500 2.54 2.57 2.54 2.53 2.54
3700 2.53 2.56 - - -
3900 2.53 2.56 - - -
4000 2.52 2.56 2.56 2.52 2.53
4100 2.51 2.55 - - -
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3.7  Comparison of the Emissions of Oxygenated Blends with 2-star and 4-star

Gasoline

In these experiments no change to the carburettor was made so that actual
air/fuel ratios vary from fuel to fuel and emissions of carbon monoxide and
hydrocarbons for oygenated blends would be expected to be lower than ordinary
gasoline due to the extra oxygen present. Oxygenates were blended into 2-star
forecourt gasoline for these experiments. Graphs showing the concentrations of

exhaust emissions for the tests are shown as Figures 88 - 98 in Appendix 1.

3.7.1 Comparing 2-star with 4-star

CO at less than 2000 rpm there was up to 1.5 % more CO produced.

Between 2000 and 3000 rpm the amount was similar to 4-star. Over

3000 rpm there was an increase in CO again by about 1 %.

CO peak occurs at about 1700 rpm for 2-star, 1750 for 4-star.

CO, CO, % with 2-star gasoline is lower than with 4-star by 1 %.

HC Similar HC curve initially lower, higher final figures.



3.7.2  Comparing Oxygenated Blends in 2-star with 2-star and 4-star

3.72.1 M/MTBEMAMP2 (1:1:1

1145 %

CO Lower by about 2 %

Lessby 1t0o 1.5 %

Maximum peak about 0.5 that of 2-star ~ Peak lower by 1 %

Similar shape

Peak occurs at 1950 rpm

co, Greater by 1 %

HC Slightly less at all speeds

3722 M/MTBE (6:511%

CO Similar shaped curve
Lower by 1to2 %
Peak 2 % lower

Peak at 1850 rpm

€O, About 1 % higher

HC Slightly less

Greater up to 2500 rpm

Slightly less at all speeds

1% lower until 3500 rpm

About 0.5 % higher

Initially slightly less
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3.7.2.3 M/AMP2 (6:511%

2-star 4-star
CcO Curve 1.5 to 2 % lower Curve 1 to 1.5 % lower
Peak at 1700 rpm after 1600 rpm
Cco, Greater by 1to 1.5 % Slightly higher
HC Similar curve Similar curve
3.7.2.4 M/MTBE/4MP2 (6:3:2)11 %
2-star 4-star
CO Similar curve 1.5 % lower 1 % lower average
Peak 1700 rpm
CO, About 1 % higher Almost the same
HC Similar curve Very similar curve
3725 M8%
2-sta 4-star
CcoO Similar curve 1.5 to 2 % lower 1 to 1.5 % lower
Peak at 1800 rpm Similar curve



Cco, 1 % higher after 1800 rpm About 0.5 % higher

HC Starts higher ends lower Similar curve

3726 E 115 %

2-star A-star

(6(0) Similar curve 0.5 to 1 % lower Greater CO up to 2000 rpm
Peak at 1700 rpm lower after 2000 rpm

co, About 1 % higher Lower at low speeds

HC Lower (by 50 ppm) Lower

3.7.2.7 Oxinol 11.5%

2-star 4-star

co About 1.5 % lower Lower by 1 % after 1800 rpm

Peak at 1700 rpm

€O, 1 % higher similar curve 0.5 % higher above 1800 rpm

HC Lower (by 50 ppm) Lower
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3.7.2.8 MTBE 22 %

2-star
CO 1 % lower to peak 0.5 % thereafter Lower from 2000 to 4000 rpm
Peak at 1800 rpm byupto 1%
Cco, 1 % higher similar curve Similar curve
HC Lower (by 50 ppm) Lower at start, coincides at
4000 rpm
3729 4MP2 255 %
2-star 4-star
CO Curves similar 1 % lower 0.5 % lower
Peak at 1500 rpm
co, 1to 1.5 % higher Greater below 1500 and above
3500 rpm
HC Lower (by 70 ppm) Lower (starts 200 ppm lower)
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3.7.3  Summary of Results of Emission Tests

Comparing the emissions of the oxygenated blends in 2-star gasoline with

both 2-star and 4-star gasoline:

Blend 2-star 4-star
CO HC CcO HC
1:1:1 M/MTBE/4MP2 « < « <
6:5 M/MTBE « < < <
6:5 M/4MP2 « = < =
6:3:2 M/MTBE/4AMP2 « = < =
8 M « = < =
11.5 E < < < <
11.5 Oxinol « < < <
22 MTBE < < < <
25.5 4MP2 < < < <
Key : - < slight reduction

« large reduction

= little or no difference



3.7.4 Conclusions Regarding Emissions

3.7.4.1 2-star verses 4-star Gasoline

At low engine speeds CO emissions are higher with 2-star than with

4-star and again at over 3000 rpm. The peak CO output is slightly higher (1 %) using

2-star.

CO, output is lower for all engine speeds and HC output is similar

throughout the speed range.

From the summary of results obtained by comparing the exhaust gas

concentration curves (Figures 88 to 98) it can be seen that : -

i. in all circumstances CO is less when using a blend containing
OXy genates.

ii. HC concentration is lower in almost all cases compared with pure
2-star and usually lower than pure 4-star.

iii. The engine speed at which the peak value of CO and the minimum
CO, value occur is shifted for some blends compared to pure

2-star. The speed at which it occurs is increased for : -

6:5M/MTBE

&M

22 MTBE

25.5 4MP2

1:1:1(14.5 %) M/MTBE/4MP2
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The peak shift is usually in the order of 100 or 200 rpm and is always in
an increasing rpm direction. Compared to 2-star the shift in almost all cases results in
the peak coinciding with that of pure 4-star. The exceptions are 6 : 5 M/MTBE which

is slighly more than the 4-star peak after shift and 1: 1 : 1 M/MTBE/4MP?2 which is

greater than the 4-star peak.

It should be noted that the 1: 1: 1 M/MTBE/4MP2 peak is lower than the
4-star peak to a much greater degree than other blends. This blend contains more
oxygen than most of the others tested and the emissions would be expected to be lower

with no adjustment to the air/fuel ratio.
3.8 CFR Testing

A blend is tested to produce a knock intensity of a value which is
bracketed by a 2 octane number difference of primary reference fuels. From this the

RON or MON of the test blend can be determined.

RON testing is done at lower inlet air and mixture temperatures than MON
and also at lower engine speed. The RON results obtained reflect a modern car
engine's requirements at low engine speeds whereas MON is more important at high
engine speeds. Thus two gasolines may have the same RON eg 97 (4-star) and yet
different MON, eg 88 and 85. The one with the lower MON may cause engine knock
at higher engine speeds which can be annoying to the driver, if audible, and may be
damaging to the engine. The difference between RON and MON is the sensitivity, s,
and with forecourt gasoline it is usually about 9. Fuels with a greater sensitivity may
require a higher RON than 97 for 4-star in order to have a sufficient MON to satisfy
the mass car population. Olefinic fuels have a higher sensitivity than paraffinic fuels.

Mixing of gasoline or of a gasoline with oxygenates can also affect the sensitivity other
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than as might be expected. Octane mixing is not linear as the knock promoting species

in a low MON fuel are still present in the mixture and continue to act as such. (For

example the F-7 blending curve (Figure 37) shows that a 50 % blend of the high and
low key components has a sensitivity of 10.0, the low key has one of 7.9, the high
key one of 11.4. Linear blending would predict a 50 % blend sensitivity of 9.6.
Therefore the sensitivity of 10 is worse than would be predicted. Also 50 % blend

RON = 96.6 but linearly this would be 95.6. Actual MON = 86.6, compared to linear
blending predicting 86.0.)

3.9 CFR Tests on Blends Containing Oxyeenates

Two sets of tests were carried out, one for blends containing single
oxygenates to check initial findings suggested by preliminary engine tests, and the
second set was done with promising multiple blends derived from the main

experiments.

Both RON and MON were determined for the fuels using a standard

single cylinder variable compression ratio engine under the usual test conditions.

Error in single sample determinations was + 0.3 95 % confidence for

RON and * 0.5 95 % confidence for MON.

The first set of tests produced the following results :-



Table 33 Initial CFR RON and MON Determinations

Blend RON MON
base F-7 octane number + x % v/v of y oxygenate

96 + 2 % Methanol 96.7 86.0
97 + 2 % Methanol 97.5 86.6
94 + 4 % Methanol 95.8 85.2
94 + 6.5 % Methanol 97.0 85.8
91 +5 % TBA 91.1 83.3
94 +5 % TBA 94.8 85.0
91 + 6 % MTBE 92.4 84.3
91 +11 % MTBE 93.4 85.1
91 + 6 % Oxinol 92.6 84.0
91 + 11 % Oxinol 94.0 84.9
96 base fuel 96.0 86.3
97 base fuel 97.2 86.7




Comparison with base fuel values for RON and MON gave the following
RON and MON increases : -

Table 34 Octane Increase Due to the Presence of Oxyeenates

Blend RON increase MON increase
96 +2 %M 0.7 - 0.2
97+2%M 0.5 - 03
94 +4 % M 1.8 0.4
94 + 6.5 % M 3.0 1.0
91 +5 % TBA 0.1 0.5
94 +5 % TBA 0.8 0.2
91 + 6 % MTBE 1.4 1.5
91 +11 % MTBE 2.4 2.3
91 + 6 % Oxinol 1.6 1.2
91 + 11 % Oxinol 3.0 2.1
96 base 0.0 0.1
97 base 0.2 -0.2

However, it must be remembered that RON is £ 0.3 and MON is £0.5.
Comparing these results with those derived from a comparision of the blend curves
with the base fuel curve (Figures 51 - 87 with Figure 50) shows that some CFR
results support derived results whereas others do not. The absolute humidity of the air
is an important factor which may account for some mis-match. For example early data
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were collected for MTBE blends on a very

and hence infer better than actual knock protection.

3.10 CFR Experiments of Oxvyeenates with G-7. Compared to F-7 Tests

RON and MON determinations have previously been carried out by a
number of companies to find the effect of adding MTBE, Oxinol, ethanol and TBA to
the CORC Series G-7 gasoline, a similar series gasoline to F-7 used in these
experiments. Quantities of oxygenates used were; MTBE 10 %, Oxinol 6 %, ethanol
5 %, TBA'5 %. All oxygenates were leaded to 0.15 g/l. Increase in Reid vapour

pressure (Rvp) was greatest with Oxinol and least with TBA. MTBE also had a small

effect.

The results showed MON, RON and s increases as follows : -

Table 35 Published RON and MON 1n Series G-7 Gasoline

humid day which tends to suppress knock

Base fuel RON MON S

1 88.3 80.8 7.5
2 91.0 82.5 8.5
3 94.0 84.5 2.5
4 97.0 86.6 10.4
5 100.1 88.9 11.2
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Base Fuel A RON

MTBE 10 % 1 3.1
2 2.7
3 2.2
4 1.9
5 1.3
Oxinol 6 % 1 2.0
2 1.8
3 1.5
4 1.0
5 0.5
TBA 5% 1 0.6
2 0.6
3 0.6
4 0.4
5 0.1
Ethanol 5 % 1 2.2
2 1.9
3 1.9
4 1.6
5 0.9

From these results it can be seen that the RON increase is less the higher
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the base blending stock. The MON increase is variable but usually follows the RON
trend. However, due to the high sensitivity of the oxygenates the MON increase is
usually less than that of RON, leading to an increase in sensitivity of the gasoline

blend. Comparing these results with those obtained on the Fiat engine : -

Table 36 Derived RON and MON Increases from Experimental CFR Work

Base RON F-7 A RON A MON A s
MTBE 11 % 91 2.4 2.3 0.1
TBA 5% 01 0.1 0.5 -04

04 0.8 0.2 0.6
Oxinol 6 % 91 1.6 1.2 0.4

Table 37 Comparative Series G-7 Published Data

G-7 RON A RON A MON A s
MTBE 10 % 91 2.7 2.1 0.6
TBA 5% 91 0.6 0.3 0.3
94 0.6 0.2 0.4
Oxinol 6 % 01 1.8 1.0 0.8
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The F-7 results are single experiments and so are subject to the maximum

error of RON £ 0.3 and MON + 0.5 and so are in reasonable agreement with these

other findings confirming the CFR test results used in this work. Small differences

are expected as the G-7 series is not identical to the F-7 series.

The AR values are also of interest in the G-7 tests as they show a
decrease. This is important as this indicates that the front end volatility of the fuel is
closer to the RON in fuels containing the oxygenates. The higher front end RON is
important when fuel segregation in a car inlet manifold occurs which can lead to RON
starvation in some of the cylinders. The addition of oxygenates is therefore

advantageous in these cases.

3.11 Multiple Blend CFR Test Result

Four different blends were produced each in two gasolines (90 and 94
RON F-7). The blends were 6 : 3 : 2 methanol/MTBE/4MP2 11 %, 6 : 5 methanol/
MTBE 11 %, 1 : 1 : 1 methanol/MTBE/4MP2 15 % and 10 % 4MP2. The results are
shown as Table 38. As can be seen the difference between 6 : 3 : 2 and 6 : 5 (ie
replacement of some MTBE by 4-methy! pentan-2-one (4MP?2) is very small although
the blend with no 4MP2 is slightly better as found when testing them on the Fiat
engine. Also as expected from 2-star experiments the greatest improvement was
obtained when using the 1 : 1 : 1 blend. Oxygen content of the first three blends is
around the 4 % wt/wt level, at present above the European and EPA maximum. RON
improvement for these blends is about 4 and MON for 6 : 3: 2 and 6 : 5 is about 2.6+
The 1:1 : 1 blend in 90 RON base fuel shows a A MON of 3.8 and A RON of 4.2.
This is a much better result than expected probably due to the effect of the 4MP2. The
10 % 4MP2 blend reults show a greater A MON than A RON suggesting that the

sensitivity of 4MP2 is less than gasoline and this counters the high sensitivity of
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methanol leading to the result obtained for the 1 : 1 : 1 M/MTBE/4MP? blend.

Table 38  Multi-Component CFR Test Results

Blend Base RON RON MON ARON  AMON
- 90 90.0 82.2 - -

- 94 94.0 84.8 - -
M/MTBE/4MP2 90 94.0 84.8 4.0 2.6
6:3:2)11% 94 97.7 87.4 3.7 2.6
M/MTBE 90 94.0 85.1 4.0 2.9
6:5)11% 94 97.7 87.5 3.7 2.7
M/MTBE/AMP2 90 94.2 86.0 4.2 3.8
1:1:1)15% 94 98.2 87.8 4.2 3.0
4MP2 90 90.9 84.4 0.9 2.2
10 % 94 95.2 86.7 1.2 1.9

Using the formula : -

BN = BNpjeng — (1= %) BNpyee

X

where x is the volumetric fraction of oxygenate, the blending Research and Motor

numbers for the oxygenate combinations were calculated.
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Table 39 Multi-Component Blending Numbers Derived from CFR Results

Blend Base RON RBN MBN S

M/MTBE/4MP2 90 126.4 105.8 20.6
6:3:2)11 % 94 127.6 108.4 19.2
M/MTBE 90 126.4 108.6 17.8
6:511% 94 127.6 109.3 18.3
M/MTBE/AMP2 90 118.0 107.5 10.5
1:1:1)15% 94 122.0 104.8 17.2
4MP2 90 99.0 104.2 -5.2
10 % 94 106.0 103.8 2.2

These show that the blending sensitivity of 4MP2 is very low and may be
negative in certain circumstances. This compares with average results obtained by
Cahn (23) of RBN 108 MBN 103 and Baronnet (72) RBN 110.3 for 4MP2.
However, the sensitivity of M/MTBE is worsened when replacing some of the MTBE
by 4MP2. Sensitivity is reduced in the 1 : 1 : 1 blend in the base fuel of 90 RON
where the MTBE and 4MP?2 fractions are higher. Interpretation of these results must

be cautious due to the possible experimental error of + 0.3 ON and the fact that the

tests were only carried out once, but they do back up the 4 cylinder experimental work

inthat 6 :3:2 and 6 : 5 results are similar.
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DISCUSSION OF RESULTS

The abundance of work reported by other researchers concerning
methanol, ethanol and MTBE indicated the sort of results which were to be expected in
the experiments to be carried out in this work. There is general agreement on almost

everything published in this field with only a slight variation in degree of antiknock

quality etc.

The preliminary experiments were performed using these oxygenates to
test the engine, dynamometer and instrumentation because of this available
information. Reducing quantities of these were blended with 2-star gasoline and
tested. They showed, as expected, an increase in knocking tendency with reduction of
oxygenate quantity in the blend. Using the CORC Series F-7, which was blended up
in increments of one RON, experiments were carried out to assess the antiknock
quality of methanol, TBA, Oxinol 50 and MTBE. Their quantities were limited to a
maximum of about 4 % wt/wt oxygen to avoid any driveability problems which could
occur with too weak a mixture. The results shown as graphs of required base fuel
octane number against engine speed (Figures 40 - 43) were produced by observing the
point at which trace knock is no longer present. The actual RON of each blend was
not known and their determination was not immediately possible as it had to be
performed at Esso Abingdon. However, the graphs did suggest how those tested
compared with each other and how increasing oxygenate quantities reduced the

required base fuel RON to eliminate knock.

The first CER tests concerned these blends and showed as expected a
greater RON than MON increase. This is due to the higher sensitivity of the
oxygenates than the gasoline that they were blended into, although the results for
MTBE were close to each other. These CFR results were one-offs due to the limited
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availability of test equipment thus making error a maximum. However, as the base

gasoline tests show they are reasonably reliable.

The Fiat engine tests showed the best improvement with MTBE up to
4 % wt/wt oxygen, ie the required octane number of the base fuel was lower than for
the other oxygenates. This again was predicted as, at 4 % wt/wt oxygen in the blend,
23 % MTBE of RON 117 was present compared to, for example, only 8 % methanol

of RON 124 to 134. On a volume basis methanol produced the greatest improvement,

Comparing the 6 and 11 % curves for Oxinol and MTBE it can be seen
that they are somewhat similar in slope but that the MTBE curves require the same
base fuel octane numbers at lower engine speeds than the Oxinol curves. The
difference is small and suggests that in equal quantities MTBE gives better protection
against knock than Oxinol. The CFR results for 91 ON base fuel show a slightly
better RON improvement with Oxinol but worse MON improvement suggesting that
MON is a more important factor for the Fiat engine. This is supported by comparing
the 5 % TBA and 4 % methanol curves which are similar as would be suggested in the

CFR results, ie similar MON but different RON.

These tests were useful in determining the methods by which to proceed
in the main experiments and indicated agreement with the published work by other
authors. They were, however, limited in their use because the condition of trace
knock had been the only point of determination of the fuel quality required, and day to
day variations in conditions did have a small but noticeable effect making it necessary

to run several reference fuels to determine whether experiments could be performed to

produce repeatable results with confidence.

For the main experimental programme two conditions of fuel rating were

172




decided upon. These were trace continuous knock and light continuous knock. The
light knock was easily distinguishable and disappeared over a very small increase in
engine speed for each fuel. The range of oxygenates was extended to include other
types, ie esters and ketones, some of which had previously been tested by others and
some chosen purely because of their branched structure. To determine the apparent
increase in quality of a base fuel by the addition of an oxygenate several engine tests
were performed using the F-7 series to determine the required octane number at all

engine speeds. Blends containing oxygenates were then tested and compared with this

curve to indicate the new blend octane number.

The most important part of these experiments was the combining of
oxygenates to produce multiple blends which might exhibit a synergistic effect which
could not be predicted. The results were obtained on days of reasonably similar
atmospheric conditions and reproduceability was very good. Many results were
similar for single oxygenate blends as would be expected from their RBN and MBN
data and in general trace knock occurred up to between 100 and 200 rpm after the
cessation of light knock although the shape of the two curves was not always the

same.

The aim of the dual and treble combinations was to combine chemical
types as well as promising individual components so that if a mixture containing, for
example, an alcohol, an ether and an ester gave excellent results other experiments
containing these three chemical types would suggest whether it was the types in
combination or the individual components that was responsible for the improvement in

quality, so directing further research.

The results initially suggested methanol plus MTBE with a ketone was a
better than average blend and also that methanol plus MTBE and TBA was good.
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Dual blends suggest methanol plus MTBE and methanol plus ethanol were better than
expected, and later experiments showed that in fact the best combination appeared to
be methanol and MTBE, and that the TBA or ketones in the treble blends were useful
in replacing some of the MTBE but did not improve the blend antiknock quality. CFR
tests on combinations of these did, however, show the importance of the ketone, 4
methyl pentan-2-one, in reducing the sensitivity of the blend due to its own very low
sensitivity. The replacement of a small amount of MTBE by 4MP2 showed no change
in RON but a very small decrease in MON which supports the Fiat engine tests which

suggested that the best results were achieved with no 4MP2, both in Series F-7 and in

2-star gasoline.

Comparing the apparent RON appreciation in the Fiat engine with actual
CFR data shows some agreement but because of the limited CFR data available no
definite correlation can be made between light or trace knock on the Fiat and ARON or
AMON on the CFR although trends are very apparent, ie a large increase ARON and

AMON is reflected by a large shift in the Fiat engine test curves.

Attempts to predict the effect of combinations of oxygenates resulted in
the use of blending numbers rather than experimental results which were extrapolated.
Blending numbers were useful in most cases, but were not able to predict the larger

than expected and potentially valuable increases in quality for some blends.

The engine power output measured for a number of blends was seen to
increase slightly when oxygenates were present and the largest increase was at low
speeds, maximum output being almost unaffected. This may result in better

acceleration for the blends especially over the first part of acceleration, but this should

be tested to be confirmed.
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Exhaust emissions were tested with no adjustment to the carburettor.
Thus oxygenated fuels burnt in a leaner mixture because of the oxygen in the
molecules which would be expected to reduce carbon monoxide and hydrocarbon
emissions. A reduction in emissions was noted for all oxygenates which were blended
at approximately 4 % wt/wt oxygen. The greatest reduction was noted forthe 1: 1 - 1
M/MTBE/4MP2 blend at 14.5 % which gave much lower emissions than the others
even though the oxygen content was not the highest. Most blends showed a reduction
in CO from a maximum of 7 % to 5 or 5.5 %, and a lower output at all speeds.
Hydrocarbon emissions were reduced by the greatest amount in the 11.5 % ethanol,
11.5 % Oxinol, 22 % MTBE and 25.5 % 4MP2. The lower emissions may be due to
more efficient combustion of the fuel although some blends did contain slightly more
oxygen than others. The peak value of CO was observed to shift when some
oxygenates were included. The peak always moved to a higher engine speed usually
corresponding to that of 4-star gasoline ie greater than 2-star by about 150 to 200 rpm.
However, that of the 1: 1: 1 M/MTBE/4MP2 blend shifted by a greater amount. This
shift in peak may again be due to more efficient combustion, other possible causes
such as lower bond energies and ease of oxidation were examined but no correlation
could be found. If more efficient combustion is occurring, requiring less time for the
same degree of combustion, emissions at a lower speed than that which may be critical

will be lower so shifting the peak to a higher speed.

4.1 Ketones as Blending Components

Acetone, MEK and 4MP2 are among the hundred largest volume organic
chemicals. The majority of work on oxygenates in the past has concentrated on the
alcohols and a few ethers and little research into the use of ketones and esters has been
carried out. At present the esters which appear to be useful are very expensive as
noted by Beuther and Kobylinski (89) and are unlikely to figure highly in the near
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future as alternative fuels unless bulk production reduces their cost substantially.
Some of the ketones, on the other hand, are close in price to other more accepted
blending components and their very high octane numbers make them attractive. Little

precise information is available but this research has shown acetone, MEK and

especially 4MP2 to be worth considering further.

4MP?2 is produced from acetone and is used mostly as a solvent in
coatings and extractive distillation. It is also a powerful degreasant. One major use is
as a paint solvent for automobiles. In the US the EPA is attempting to reduce
evaporative emissions caused as the paint is dried and moves towards solvent-less
coatings will liberate vast quantities of 4MP2 which is already over produced. Water
based solvents, developed during the oil crisis, are already in use as primers and
undercoats (100). They are produced by ICI and Herberts (who supply Opel cars) and
they reduce emissions by 70 to 80 % although they do cost more than ordinary paints.
There is also a move towards the use of powder coatings, resins and pigments, which
are baked to form a type of enamelled coating. The move towards solvent-less
coatings and the very low sensitivity and high RON of 4MP2 make it a likely candidate

for blending in the future.
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CHAPTER 5

CONCLUSION



L
]
i

CONCLUSION

Previous research by many workers in this field has shown the benefits
and drawbacks of using certain oxygenates as blending components in gasoline.
Oxygenated hydrocarbons burn in the same way, forming the same products, as the
usual constistuents of gasoline. They also have the ability to form cool flames and
peroxides which, as has been discussed, may lead on to spontaneous combustion.
However many oxygenates have been found to be more resistant than gasoline to this
problem under standard test conditions and this has generated the great interest shown

in them as blending agents.

Small branched molecules are well known to exhibit a high resistance to
knock and this criterion was used when selecting suitable candidates for testing. The
base fuel for tests undertaken was a low-leaded, middle sensitive fuel, CORC Series
F-7, well known to those engaged in gasoline testing in industry. Four types of
oxygenate were tested: alcohols, ethers, esters and ketones, some of which are already
in use as blending agents such as methanol, ethanol and MTBE. Many of the others
are virtually untested. Little information is available concerning multiple blends of
oxygenates with gasoline. Most work that is reported involves the use of the butanols
as co-solvents with methanol to reduce its disadvantages such as its low vapour

pressure, and tendency to separate from the blend in the presence of water.

This work has focussed on combinations of oxygenates in gasoline
blended up to a maximum of 4 % wt/wt oxygen in the blend. This is greater than
presently allowed by all countries and represents the maximum amount that would be

acceptable in automobiles in present use without modifications to the carburettor.
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No obvious chemical interaction was observed for multi-blends based on
chemical type, ie such as an alcohol plus an ester plus a ketone always gave results
better than expected, although methanol plus MTBE and a ketone appears promising.
In fact most combinations of oxygenates appeared to give worse knock protection than
might be expected from their blending numbers as individual components. This may
be because detrimental properties of one of them reduced the enhancement properties
of the others. It is also known that the blending octane number of a component
reduces with increasing base fuel RON. Individual blending numbers might then be
expected to be lower when in combination with other high octane components, such as
the other oxygenates in the blend. From the various methods investigated to predict
octane improvement due to a combination of oxygenates, the use of proportional
fractions of each components blending number was used. This, as already discussed,
may have predicted over optimistic results but was considered to be the best approach
after examination of other methods. It should be noted that some multi-blends,
notably M/MTBE, M/MTBE/AMP2, M/MTBE/3MB2 and M/MTBE/TBA, enhanced
the base gasoline by the amount predicted, and in some cases by more, possibly

showing a synergistic effect.

Tests involving 2-star gasoline suggested that although a blend of
M/MTBE was shown to be the most beneficial one, replacement of two fifths of the
MTBE by the lower RON, but higher MON, 4MP?2 resulted in very little deterioration
in fuel quality. CFR testing of these combinations supported this finding. This small
difference in the results obtained may be due to the higher MBN of 4MP2 (103 cf 99)
which reduced the overall blend sensitivity. However, CFR testing did not confirm
this for the 6:3:2 M/MTBE/4MP2 blend compared to the 6 : 5 M/MTBE blend.
Alternatively a chemical interaction between the oxygenates may be occurring, or the
effect of replacing 2 % of a component with a RBN of 117 by one of 108 is negligible
compared to the effect of the 6 % methanol and remaining MTBE in the blend.
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Throughout the experimental programme many blends were regularly
retested and the pure base fuels were used each day to ensure that the results would be
comparable. Very little variation was noted between these characterisation tests; thus it

was assumed that all oxygenated blend tests were conducted under reasonably similar

conditions.

RON appreciation, determined by comparing the knock limited speed
curve for blends (Figure 51 - 87) with that of the base fuel (Figure 50), was in
reasonable agreement with CFR results and so proved to be a reliable method of rating

fuels in an engine on a dynamometer.

It has been reported (42) that RON depreciation may occur with some
oxygenates in olefinic fuels, such as methanol and ethanol. An olefinic fuel is one in
which the olefine content is of the order of 15 %. Due to their high sensitivities the
effect of methanol and ethanol is to increase the RON by substantially more than the
MON in all blends. The critical knock range of olefinic fuels is greater than
non-olefinic ones (3500 - 4000 rpm compared to 1300 - 1400 rpm) and this leads to a
higher octane requirement at greater engine speeds. Under normal circumstances
non-knocking high speed operation is often dependent on the MON of a fuel which
may be insufficient in alcohol blends and with olefinic fuels having such a high critical
knock speed the problem is compounded. MTBE and TBA are less of a problem (31)
as their sensitivities are lower. Series F-7 fuel, as used in these experiments is low in
olefines, 4 to 8 % , and represents the middle ground in the gasolines of Europe. No
RON depreciation was expected, although results for ethanol on its own were
disappointing. It is recommended that acceleration testing of the most promising
blends is carried out in order to establish whether performance is affected but it is

thought unlikely that it will be from the results obtained here.

180




When choosing the chemical to be tested in this work it was known that
small, highly branched structures possessed the highest knock resistance. Some
oxygenates used here, however, appeared to have greater anti-knock quality than
others of a similar size, branchiness and position of functional group. No correlation
between RON or MON and bond strength, Raman spectra, nuclear magnetic
resonance, or any other internal property could be determined and it may be that the
intermediates of combustion vary, so affecting their ability to promote knock.

Engine power output, tested using blends containing 2-star gasoline,
showed an increase for all oxygenates with the largest increase, up to 5 %, being at the
lowest engine speeds. The 6 : 3 : 2 M/MTBE/4MP2 blend gave some of the best
results. Greater power at low speeds with wide open throttle may result in better
acceleration and as previously stated, acceleration testing of the most promising blends

should be undertaken.

Exhaust emissions were tested for the same blends as in the power output
tests with no adjustment being made to the carburettor to offset the leaning of the fuel
caused by the presence of extra oxygen. Lower exhaust emissions were expected for
the oxygenated fuels and this was found to be the case for all of them. The greatest
carbon monoxide reduction occurred when using 1 : 1: 1 M/MTBE/4MP?2 at 14.5 %
which although high in oxygen content was not the highest. Most of the other blends
gave similar reductions to each other. One of the criteria for the whole experimental
programme was that a standard automobile engine with no alterations to it was used.
The emissions results give the impression of being better than they are due to the
leaning effect and if "real" effects are required the equivalence ratio during testing
should be kept constant. However, this would involve changing carburettor jets and
was not in the scope of this work. Also if jets were to be changed on road vehicles a
national standard blend would be required to avoid driveability problems arising in the
event of buying fuel from different oil companies. For this reason the oxygen limit for
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blends tested was set at 4 % wt/wt, which is considered the maximum that can be

included without driveability problems being encountered by unmodified vehicles.

The peak value of carbon monoxide was noticed to shift to a higher
engine speed when oxygenates were added to 2-star. This effect appears to have no
real importance but may indicate more efficient combustion of the blends than of pure
2-star, that is less time is required to achieve the same degree of combustion so
shifting the peak to a higher engine speed. The peak of the 1: 1: 1 M/MTBE/4MP2
blend was shifted by the greatest amount and this being the same blend with the lowest

emissions supports a more efficient combustion scenario.

CFR testing of the most promising blends showed, as previously
mentioned, that little difference could be detected between the 6:5 M/MTBE and
6:3:2 M/MTBE/4MP?2 blends as the Fiat engine tests had shown. CFR results also
showed the 1 : 1 : 1 M/MTBE/4MP2 15 % blend to give the best RON and MON
improvement, as would be expected because of the greater percentage of high octane
components included. It was interesting, however, that the MON improvement of this
blend was almost as high as the RON improvement due to the higher percentage of
4MP2 in the blend. The large increase in MON is an important result as high speed
engine operation is often dependent upon the MON rather than the RON of a fuel.
Most oxygenates are highly sensitive compared to gasoline which in some
circumstances leads to RON give-away being necessary in order to provide a fuel with
sufficient MON to avoid knock at all speeds. CORC test results on 9 similar Fiat 903
cc engines show the importance of high MON at high engine speeds. The required
octane number of PRF fuels, which have the same MON and RON, ie not sensitive,
at high engine speeds is much lower than the Series F-7 fuels which have an average
sensitivity of 9 octane numbers. Experimental results for blends with similar MON
but different RON showed that MON was important for the test engine. An oxygenate
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which can enhance the MON of a base fuel by more than RON is a very valuable

blending agent and may save substantial amounts of money by avoiding RON
give-away. The CFR results for a 10 % 4MP2 blend showed the very low sensitivity

of this component.

From the results obtained in this work it appears that a combination of
oxygenates involving methanol, MTBE and 4 methyl pentan-2-one could be useful as
a blending agent in gasoline to raise the octane level by 3 or 4 with no modifications to
the fuel system of an automobile being required. The benefits of lower exhaust
emissions and slightly improved power output are in addition to the octane
improvement achieved. Methanol and MTBE are currently used individually by many
countries and some, notably Switzerland, do include them together in some gasoline
blends, although whether by design or coincidence it is not known. However, 4MP2
appears not to be used at present, perhaps because of its high cost. Present and future
legislation concerning evaporative emissions of solvents from coatings etc to the
atmosphere, and the current move towards water-based coatings as car paints will
release large quantities of 4MP2, which is one of the 100 most produced solvents.
Increased production, as would be required, would also reduce its price, which at
present is slightly greater than MTBE, and this could be a decisive factor in its use as a
blending component to supplement the restricted availability of MTBE. Oxygenates
are most likely to be used when the incremental octane barrel cost is high, such as with
hydroskimmer refineries. Unlike catalytic and steam cracker refineries,
hydroskimmers are limited in their octane boosting capacity without substantial new
investment and could not produce 97 RON unleaded gasoline in thieir present
condition. Based on present estimates methanol, MTBE and TBA are close to viability
and this research has proved that they, along with 4MP2, have the most significant

effect on fuel quality.
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NOMENCLATURE



Acetone
Anisole
ATDC
BTDC
CO
CO,
CORC
CR
CSTR
DIPE
DMC

FEON
HC

MBN
MEK
MON
MTBE

NO

ORI
PRF

R100

RBN

NOMENCLATURE

Dimetyl ketone

Methoxybenzene (methyl phenyl benzene)
After top dead centre

Before top dead centre

Carbon monoixde

Carbon dioxide

Co-operative Fuel Research Committee
Compression ratio

Continuous stirred tank reactor
Diisopropyl ether (isopropyl ether)
Dimethyl carbonrate

Ethanol

Front end octane number
Hydrocarbon

Methanol

Methyl acetate (acetic acid, methyl ester)
Motor blending number

Methyl ethyl ketone

Motor octane number

Methyl tertiary butyl ether (tertiary butyl methyl ether)
Nitrogen oxides

Octane requirement increase

Primary reference fuel
Research octane number of components which boil off up to 100°C

Research blending number
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RdON
RON

TBA
TEL
TML
WOT

3MB2

4MP2

AR g9

Road octane number ((RON + MON)/2)
Research octane number

Sensitivity

Tertiary butanol

Tetra ethyl lead

Tetra methyl lead

Wide open throttle

3 methyl butan-2-one (3 methyl 2 butanone, methyl isopropyl ketone,

MIPK)

4 methyl pentan-2-one (4 methyl 2 pentanone, methyl isobutyl ketone,
MIBK)

186




APPENDICES



APPENDIX 1

Experimental Results

The following tables and graphs relate to the experiments concerning
engine knock and exhaust emissions. The knock limited rpms for both trace and light
knock are given against the base fuel octane number into which the oxygenates have
been blended. The first table, Table 40, indicates results for the pure base fuels, an
average plot of these is shown as Figure 50. In the case of 4MP2 a 95 RON base fuel
was used and these results are shown mid-way between 94 and 96 in Table 41. A
cross (x) denotes "not tested” and a dash (-) that no knock could be detected at any
speed down to 1050 rpm. Dates of tests can be cross referenced to humidity data in
Appendix 6 if required. Plots of the knock limited rpm data for oxygenated blends are
shown as Figures 51 to 87. The RON data given are that of the base fuel and not the
final blend. Blend RONs, and hence octane improvement, were found by comparing
the knock limited speed of a blend in a certain base fuel with those of the pure base

fuels in Figure 50 at the same engine speed.

Exhaust emissions results are plotted as Figures 88 to 98 and show ppm
hydrocarbons and volume percent carbon monoxide and dioxide emissions against
engine speed, all on the same axis. The air/fuel ratios shown in Table 31 appear low
but this may be due to equipment error as the carbon monoxide emissions for gasoline
at normal idle speed (Figure 88) were within specification of between 2 and 3 %.

Crosses (x) on these graphs indicate emissions at idle speed.
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Table 40 Experimental Results for Series F-7 Gasoline

Date Trace/ Rpm Knock Limit
Light 90 91 92 93 94 95 96 97 98
26. 984 T 3000 3000 2400 2000 1900 1650 1400 1300 1300
L X X X X X X X X X
10.10.84 T 3000 2500 2200 1950 1730 1600 1450 1330 1270
L X X X X X X X X X
29. 385 T 3200 2150 1940 1860 1660 1590 1540 1310 1250
L 1930 1800 1720 1620 1550 1340 1290 1140 -
17. 485 T 3200 2150 1940 1860 x 1650 x X X
L 1930 1800 1720 1620 x 1340 x X X
24. 485 T 3150 2550 2200 2030 1840 1720 1640 1530 1400
L 2150 1950 1730 1680 1650 1610 1300 1270 1000
11. 785 T X 1910 x 1670 x 1530 x X X
L 1890 x 1730 x 1550 x 1280 x X
17. 785 T X X X 1790 x 1610 x X X
L X X X 1620 x 1290 x X X
23. 785 T X X X 1930 x 1620 x X X
L X X X 1670 x 1330 x X X
25. 785 T X X X 1880 x 1630 x X X
L X X X 1630 x 1300 x X X
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Date Trace/ Rpm Knock Limit
Light 90 91 92 93 94 95 96 97 98
26. 7.85 T X X X 1870 x 1630 x X X
L X X X 1620 x 1320 x X X
13. 885 T 3100 2170 2020 1850 1780 1640 1630 1390 x
L 1980 1910 1810 1670 1620 1600 1280 1160 x
13. 885 T X 2150 1950 «x 1670 1600 x X X
L X 1900 1740 x 1590 1370 x X X
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Table41 Experimental Results for Blends Containing Oxygenates
Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type %o vIv Light 90 92 94 96
11.7.85 MEK 10 T 1950 1830 1600 1240
L 1700 1620 1350 1150
11.7.85 MEK 20 T 1620 1520 1300 1220
L 1570 1380 1200 -
11.7.85 DIPE 5 T 1870 1760 1670 1350
L 1690 1640 1470 1150
17.7.85 DIPE 5 T 1970 x X 1340
L 1850 x X 1170
18.4.85 DIPE 10 T 1930 1750 1640 1330
L 1720 1610 1470 1180
17.7.85 DIPE 10 T 1930 1700 x 1240
L 1690 1590 «x 1130
18.4.85 DIPE 20 T 1650 1570 1480 1250
L 1580 1330 1270 -
11.7.85 4MP2 5 T 2000 1820 1630 1440
L 1760 1660 1560 1230
17.7.85 4MP2 5 T X X x 1540*% x
L X X x 1370*% x
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Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type % vIv Light 90 92 94 96
18.4.85 4MP2 10 T 1950 1720 1600 1400
L 1700 1610 1480 1260
17.7.85 4MP2 10 T X X x 1570% x
L X X x 1300* x
18.4.85 4MP2 20 T 1800 1640 1480 1290
L 1550 1460 1300 1180
11.7.85 3MB2 5 T 2020 1840 1660 1520
L 1760 1670 1520 1300
18.4.85 3MB2 10 T 1910 1800 1580 1500
L 1720 1610 1330 1280
18.4.85 3MB2 20 T 1780 1610 1510 1250
L 1590 1460 1260 -
11.7.85 Anisole 5 T 2040 1750 1660 1360
L 1700 1640 1480 1190
19.4.85 Anisole 10 T 1960 1700 1580 1330
L 1660 1580 1340 1100
19.4.85 Anisole 20 T 1660 1580 1350 -
L 1560 1300 1050 -
17.7.85 Acetone 5 T 1980 1800 1640 1390
L 1810 1660 1540 1260




Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type %o vIv Light 90 92 94 96
17.7.85 Acetone 10 T 1900 1680 1590 1320
L 1660 1580 1380 1240
17.785 M 5 T 1850 1640 1530 1250
L 1680 1590 1270 1180
17.785 M 10 T 1680 1600 1250 1100
L 1610 1380 1080 -
19.8.85 M 15 T 1400 1240 1120 -
L 1270 1120 - -
23.785 E 5 T 2200 1820 1660 1520
L 1820 1640 1420 1220
23785 E 10 T 1860 1680 1450 1260
L 1680 1430 1250 1050
23.7.85 MTBE 5 T 2050 1880 1660 1530
L 1900 1710 1580 1280
23.7.85 MTBE 10 T 1900 1700 1430 1290
L 1740 1510 1300 1050
19.8.85 MTBE 15 T 1600 1320 1200 1060
L 1300 1210 1050 -
23.7.85 MTBE 20 T 1370 1250 1140 -
L 1280 1170 - -
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Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type % viv Light 90 92 94 96
23.7.85 Oxinol 10 T 1750 1640 1370 1170
L 1650 1500 1180 1050
28.8.85 TBA 5 T 2030 1820 1660 1530
L 1790 1680 1590 1200
28.8.85 TBA 10 T 2000 1810 1620 1450
L 1770 1700 1560 1160
28.8.85 TBA 15 T 1930 1760 1630 1380
L 1720 1650 1550 1140
28.885 TBA 20 T 1820 1720 1560 1290
L 1680 1600 1320 1080
23.7.85 MTBE/TBA 10 T 1850 1700 1500 1330
L 1690 1610 1290 1210
23.7.85 M/MTBE 10 T 1710 1570 1280 1220
L 1620 1300 1190 1120
25.7.85 M/DIPE 10 T 1870 1660 1610 1240
L 1670 1580 1290 1060
25.7.85 M/Anisole 10 T 1850 1680 1590 1260
L 1660 1580 1310 1100
25.7.85 M/4AMP2 10 T 1850 1680 1620 1250
L 1690 1590 1320 1130
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Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type % vIv Light 90 92 94 96
25.7.85 M/3MB2 10 T 1900 1690 1620 1290
L 1720 1640 1380 1180
26.7.85 MTBE/DIPE 10 T 1900 1840 1660 1350
L 1780 1700 1560 1220
26.7.85 MTBE/4MP2 10 T 1880 1770 1630 1310
L 1750 1650 1480 1170
19.4.85 Methyl Acetate 5 T 2220 1860 1730 1650
L 1860 1720 1630 1340
19.4.85 Methyl Acetate 10 T 2080 1840 1670 1560
L 1820 1680 1590 1290
19.4.85 DMC 5 T 2200 1940 1650 1500
L 1900 1650 1590 1320
19.4.85 DMC 10 T 2100 1740 1620 1390
L 1750 1610 1520 1220
26.7.85 MMA 10 T 1840 1710 1590 1150
L 1690 1600 1300 -
26.7.85 MA/Anisole 10 T 1910 1800 1670 1260
L 1800 1670 1590 1100
26.7.85 MTBE/DMC 10 T 1900 1800 1600 1160
L 1790 1630 1300 -
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Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type % vIv Light 90 92 94 96
26.7.85 MA/4MP2 10 T 1980 1820 1600 1130
L 1870 1690 1440 -
26.7.85 ME 10 T 1700 1600 1290 1050
L 1610 1390 1180 -
26.7.85 M/DMC 10 T 1780 1660 1520 1060
L 1670 1600 1280 -
26.7.85 DMC/4MP2 10 T 1900 1760 1620 1290
L 1790 1650 1400 1180
26.7.85 M/MTBEDMC 15 T 1740 1630 1290 1120
L 1660 1340 1220 -
26.7.85 M/DMC/4AMP2 15 T 1730 1660 1270 1100
L 1650 1420 1180 -
25.7.85 M/MTBE/TBA 15 T 1670 1560 1240 1130
L 1590 1290 1100 -
26.7.85 M/MTBE/3MB2 15 T 1630 1320 1160 1050
L 1380 1250 - -
13.8.85 M/MTBE/3MB2 15 T 1610 1420 1250 1110
L 1430 1260 1140 -
13.8.85 E/MTBE/4MP2 15 T 1830 1500 1400 1200
L 1640 1320 1250 -
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Date Oxygenate Blends  Trace/ Rpm Knock Limit
Type % vIv Light 90 92 94 96
13.8.85 M/MTBE/A4MP2 15 T 1610 1430 1250 1120
L 1520 1270 1180 -
13.8.85 M/DIPE/4AMP2 15 T 1820 1580 1340 1160
L 1640 1320 1250 -
13.8.85 M/MTBE/A4MP2 11 T 1720 1610 1310 1130
(5:3:3) L 1640 1420 1220 -
13.8.85 M/MTBE/4MP2 10 T 1720 1610 1380 1170
6:3:1) L 1650 1360 1260 -

197




[ongj oseg 0G eJnblg

wdi pasdg sulbuz

00¥€ 000€ 0092 0022 008} 00¥} 000}
MNDONN dDVHL MOONX IHOIT
| 06
By
()]
=
c6 F
Q
0J
AV
wn
(0]
M
6 &
o)
9]
&
]
D
pd
\ 96
5
o
@

86

198



SUOTSy] TAUTT TAUTON TG oanDig

“wdi poadg auibug

00v¢e 00¢cc 000¢ 008} 0038} oovi 00c} 0001
L 1 L 1
%01 %201 20C %0¢

06

cb

V6

96

JOqQUINN SUBJOQ [on4 aseg paiinbay

199



00v¢

00cc

_m.Em [AA0Ig-0Si-Ig ¢ @4nDId

“wdi poadg suibul

000¢ 0081 0091

00V

00c}

000}

L L 1 1 L
26 %01 26 20T %0¢

1
% 0¢

06

c6

¥6

96

JaqUINN SUEBJ0Q |an4 aseg palinbay

200



3U0-g2-UBJuod JAUIOW v €6 o4nbid

- wdi paadg auibu3

00é¢e 000¢ 0081 009} 00Vt 00c1 0001
L L I 1 1 1
%6 L01 202 %S %OI % 0¢

06

cb

v6

96

JaquInN BuBloQ jon4 aseq palinbay

201



3U0-z-ueIng JAGION € G o4nblg

wdi paads aulbul

00cc - 000¢ 0081 009!} 00v1 00t 0001t
L L I 1 1 1
%26 %01 %£0Z 26 %01 %0¢

06

cb

¥6

96

JaquInN aueloQ |en4 aseg pailinbay

202



3j0SIuy GG aInbi
“wdi poadg suibug

0081 009 00Vl

T 1 L 1
%26 %01 %0¢ %0¢

06

¢b

¥6

96

203

JOQUINN SUEBJ0Q [Nn4 8segq palinbay



3U0je0y 9G oinbi

“wdi paadg suibuz

00v¢e 00cc 000¢ 0081 0091} 00v} 00cl 0001}
.H L 1 1
20T %6 %01

06

c6

v6

96

JaquinN 8ueoQ [en4 aseg palinbay

204




00¥c

JOUBLION LS 2Inbl

~wds psadg sulbuz

00c¢ 000¢ 008} 003} 00y ooct 000}
R L 1 1 L 1
%S %01 %26 %01 761 %6t

06

¢6

v6

96

JaquUINN BUEJOQ [9n4 eseg paiinbay

205



00¥¢

[oUBylg  8S 8.nbl4

“wdi paadg suibug

0001

00¢¢e 000¢ 008} 0091 ooyl 00¢ct
L I I 1
16 %201 %6 %01

N

06

c6

v6

96

JaquINN BuBjoQ [8n4 aseq palinbay

206



00¥¢

801 TANg ATElIS L AU 65 oInbld

~wds paeadg suibu3

00cc 000c¢ 0081 0081 00v! 00c! 000}
RS G 1 1 i1 1
26 %6 %01 %01 61 20T ST %0¢

06

cb

v6

96

JBqUINN 8ueloQ |an4 aseg palinbay

207



[OUIXOQ (09 8inbi
“wdi paadg suibuz

00ve 00cc 000cC 0081 009} 00V

00c|

000}

L 1
20T %01

06

cb

148

96

JaguINN 8UBQ [end 8seg palnbay

208



joueIng Aeia] 19 eJnbid

‘wdi psadg suibu3

00¥¢ 00¢c¢ 000¢ 0081 009} ooyt 00c}

0001

L L 1 1
16 %61 26 161

L L 1 1
NOH &owﬁoﬁﬂow

N

06

cb

v6

96

JequINN 8uelQ |en4 aseg palinbey

209



00v¢

00é¢

000¢

val 3galN | : 1 ¢9oainbl
wdi nmmam auibug

0081 009} oovi

00c}

000}

%01 % 0T

06

cb

V6

96

J8qUINN BUBJOQ |on4 8seg palinbay

210




00v¢e

JGLN - OUBGIBIN |- | €9 anbi
“wicds poadg suibul

00c¢ 000¢ 0081 0091 00}

00ct

000}

L 1
%01 10T

06

cb

v6

96

JOQUINN BUEDQ [an4 aseg paiinbay

211



00ve

00¢c

Idig - IoUeUldBN |-} 9 ainbld

000¢

“wdi poeadg auibug

0081

009}

ooyt

00ct

000}

%201

%01

06

cb

v6

96

JaquINN 8UEloQ [on4 aseg palinbay

212



S[oSIUY ¢ [OUBUIOWN | . F GO oInbig

‘wdi paadg auibul

00vc 00cc 000¢ 0081 009!} 00vi

00c}

0001t

L
%01 %01

06

c6

148

96

JaquINN 8uelRQ |en4 aseg palinbay

213



00ve

00¢¢e

SdWP - [OUBUION |-} 99 8Inbi
wdi paadsg suibus

000¢ 008} 009} 00v}

00ct

0001

%01 10T

06

c6

¥6

96

J8qUINN 8UBJOQ |en4 aseg paiinbay

214



CAWE - OUBUIBW |- | /9 9InDi

“wdi paadg suibug

00v¢C 00¢¢ 000¢ 0081 0091 0oyt

00ct

000}

701 %01

06

c6

v6

96

JSqUINN 8uBjoQ |on4 eseg palinbay

215



00vc

00cce

000¢

AdIg 391N -1 89 aInbi4

“wdi paadg auibug

0081

009}

oov

00cl

000}

L
%01

1
%01

06

¢b

¥6

96

JaguinN 8uejoQ |end aseg palinbay

216



CdN? - 39LN 1.1 69 8inbl]

‘wicdi pasdg suibu3

06

cb

v6

96

217

JequunpN aueloQ |en4 eseg paiinbay



00tvcC

00c¢

0002

81e1ody |AUIBIN 0/ 8inbi
wds paadg suibul

0081 0091 0[0) 4

00ct

000}

%S

%01

g g
26 %01

N

06

cb

v6

96

JagQUINN BUEIO0 [9n4 aseg palinbay

218




00¢c¢

SIEUOGIED [AGIBN-IG 2 8Inbld

“wds pasadg suibul

000¢ 0081 0039} 00¥1 00ct

0001t

1 1
26 20T

1 1
%G 101

N

06

¢cb

v6

96

pe
®
0
<.
=
o®
Q
o
O
w
o)
o
_
[0}
O
o
)
3
o)
=z
—
3
o
@
=

219



00v¢

00c¢

STe190Y TAUIOI - JOUEUION |- F ¢/ 9InDI

000¢

‘wdi psadg suibu3

0081

009!}

ooy

00c}

0001}

7201

1
%01

06

c6

v6

96

m%
c
=
®
Q
89
&
0w
o
-
c
@
O
Q
o
3
®
Z
c
3
o
®
o )

o
N
N



00ve

S[0SIUY - O1eje0y IAGIoN |- T € oInblg

00cc 0002

‘wdi peadg suibuz
008} 0091 0]0)4"

00ct

0001

L
%01

1
%01

06

4]

V6

96

X
o)
Il
c.
@
ot
w
)
wn
®
n
c
@
@)
3
)
3
5]
Z
C
3
o
®
b |

221



00vc

00cc

000¢

DANQ - 3GIWN k-1 ¥/ 8inbi4

‘wdi paads suibu3

0081

0091

00v 1

00cl

000}

L
%01

T
%0t

06

c6

v6

96

By
@
Ro)
=
@
o
03]
0
7
o
-
c
@
&
>
o
pd
c
m.

[Q\
[@\
[@\



00v¢

00¢¢

NV 9Jejeoy [AUIBIN |- 1 G/ 8inbid

000¢

‘wds paadg suibul

0081

0091}

00V

00c

0001

L
% 0T

1
70T

06

c6

v6

96

0
(]
0
c.
=
(]
Q
e}
)
73
(]
T
c
@
Q
Q
o
>
(]
Z
c
3
g

223



00vc

-00¢¢

[OUBUIT - [OUBUIBN | - | 9/ 8inbl
“wdi paadg suibug

000¢ 008} 009} 0ov!

00cl

0001

L 1
20T 20T

06

c6

v6

96

.y
@
Ko
c.
@
Q
o
@
w
o
-
c
@
o
S
o
=
o
Z
c
3
o
@

224



DINQ - [oUBUIBN |-} /L @Inbl]

‘wdi paadg auibu3

00¥e 002¢ 000¢ 0081

008}

00v} 00cl 0001

L
%01

g
10T

06

cb

145

96

JequINN 8UEBlQ |9n4 aseq paiinbey

225



ZdNV:-OWd F: 1 8/8inbld
wdi poadg suibul

00cc 000c¢ 0081 0091 oovi

00ct

0001

L 1
%201 %01

-
o)

Al
o))

q-
(9))

9

6

JBQUINN BUBQ [ond ased painbed

26

2



OWA: 391N [oueyisN | -1 71 6/ 8inbl
wdi pasdg auibug

000c 00814 009} 0ovi

L 1
LGT %61

06

cb

V6

96

227

1aquinp auejoQ |an4 aseg palinbay



00¥c¢

00é¢e

DINA - cdWP - IoUBUIBN F 1+ 1 08 8inbi4

0002

wdi posdg suibu3

0081 0091

00V}

00c}

000}

L 1
26T %61

06

4]

v6

96

g
c.
@
Q.
o
0
wn
o
et
c
@
@)
S
&
5
6]
pd
c
g

228



val 3gIW - [OUBUISIN |-} | 18 inbld

‘wdi paads sulbu3

0081 009} 00v} 00c

L 1
261 L 61

06

cb

v6

96

229

JAqUINN BuBloQ |en4 eseq palinbay



00v¢

00¢¢

CONE - 3gLN - IOUBUIBN |-} 1 ¢8aInbly

000¢

wici paadg suibul

0081

009}

ooy

00c}

000+

%61

%61

06

6

v6

96

JAqLUNN 8UB0Q [en4 aseg palinbay

230



00v¢

002¢

B

CdINy - 3gLA - [oUBUig F- |- | €89Inbld

000¢

wdl poadg suibu3

008}

0091

ooV

00c}

000}

L
761

%61

06

4

v6

96

JqUINN 8ueQ |an4d eseg palinbay

231



00¥c

00¢c¢

ZdWv . 3did - ouBUIN Lo F -1 S8 9Inbld

000¢

wdi peadg suibu3

008}

0091

ooyl

00ct

000}

%G1

1
%61

06

co

V6

96

JaqUUINN SUEBJOQ [9N4 aseg paiinbsy

233



cdNY - gL - OUBIeN €-€-G 98 aInbld

wdi paadg suibug

0081 0091 oovl 00c}

L 1
21T Z 11

06

c6

¥6

96

234

JAqUINN 8UeoQ [9n4 eseg palinbay



CdWV - gL - [oUeUlsW | -€-9 /8 ainbl]

wdi poadg suibu3z

00vce

00¢c

000¢

0081

0091

0oV

00c}

000}

L 1
20T % 0T

06

c6

v6

96

Jaquunp 8uBloQ |en4 aseg palinbay

235




TelS-¥ OSS3 88 8Inbi

wdi paadg auibug
000¥ 000€ 000¢ 000t

Ot

¢l

vl

91

HH wdd 001 pUB 20D % ‘00 %

236




1e]S-¢ OSS3 68 dInbI

wdis pasadg suibug
000¢ 0001}

* 0D

x OH

x 02

Ol

¢l

vl

9t

237

OH wdd 0oL PUBC0OD % ‘0D %



TeIS¢ W %S 71 cdNy - gL - [oUBUIsSN |- 1 L 06 9inbldg

wdi paadg auibug
000v 000€ 000c¢ 0001

Ot

¢l

vi

ol

238

OH wdd 00 PUBC0OD % ‘00 %



000V

IElS-c Ul %S 1} 391N - [OUBYISN G- 9

000¢

wdi paadg auibug
000¢

[6 2Nl

000}

0D

OH

0D

ol

cl

vl

9l

DH wdd 00} PUBCOD % ‘0D %

239



TBISCUIr%SG FF cdNy T IoUBUISN S99 ¢6 aInbl

wdi peadg suibug
000¢€ 000¢ 0001

Ol

¢l

vi

91

240

HH wdd 0oL PUBCOD % ‘00 %



000v

TBISC Ul %G 1T ¢diNy - JgLN - [OUBUISN ¢ €9 €6 9Inbi

000¢€

wdi poadg suibuly
000¢

0001

0D

OH

0D

Ol

A

Vi

91

DH wdd 00t PUeC0Q % ‘00 %

241



1e]S-¢ Ul %0°8 |oUBylosN 6 ainbld

000€

Ee

paadg suibu3
000¢

000!}

0D

OH

0D

ot

¢l

vl

9t

DH wdd 001 PUBCOD % ‘0D %

242



000¥

TBISZ UT %G F 1 [OUEUIS G oinbl]

000¢€

wdi peadg auibug
000¢

0001

0D

OH

0D

Ol

cl

vl

9l

DH wdd 00} PUBCOD % ‘00 %

243



000

TeIS-¢ U %5 [T [OUXO 96 oInDig

000€

wcs paadg auibug
000¢

0001

0D

OH

03

ot

ct

vi

9t

NH wdd 001 PUe O % ‘0D %

244



000v

le}S-g Ul %0¢c¢ 441N /6 8inDi

000¢

wds poadg suibug
000¢

0001

0D

OH

0D

ol

cl

vi

9t

DH wdd 001 PUBCOD % ‘00 %

245



000¥

IelS-¢ Ul %S°S¢ ¢dNv 86 @Inbid

000¢€

wdi peadg suibu3
000¢

000}

0D

OH

0D

ot

¢l

vi

9}

OH wdd 00} PUeC0D % ‘00 %

246



APPENDIX 2

Octane Requirement of Similar 903 cc Engines

Octane requirement against speed for nine Fiat 903 cc engines in cars on
dynamometers shows a large variation, see Figures 99 and 100. The tests were
carried out using primary reference fuels (PRF) and F-7 FBRRF (full boiling range
reference fuel) by the major oil companies under the CORC programme. 1500 rpm
and 80 kph acceleration tests were also carried out and indicated an average critical
knock range of 1500 to 1800 rpm starting at 1500 rpm and one of 3000 to 3500
starting from 80 kph using F-7. Similar tests gave 1600 to 2500 starting from 1500
rpm and 3000 to 3500 rpm from 80 kph for the PRF. The constant speed tests were

carried out at wide open throttle and all data obtained refers to trace knock.

1981 Co-operative Road Octane Requirement Data determined under

accelerating and constant speed conditions of test, nearest 0.5 ON quoted.

Specification for F-7  (Full boiling range reference fuel - FBRRF)

RON 88 - 101
s 8 - 11 (ON)
AR{gg g - 10

Olefines 10 - 20%

Lead 0.1g1@ 88 to0.15g/l @ 101 RON

ASTM Distillation 10% Vol evap 40 - 60°C
50 g5 - 115°C
90 140 - 180°C
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RVP

0.45 kg/cm2 min

Induction Period 600 minutes

Existent Gum

4 mg/100 ml max

Benzene Content 7.5 % vol max

CORC Car No 1231

Recommended ON 98

Bore 65 mm

Final Drive ratio 446

All results are trace knock, Dyna means tested on a dynamometer. Figures in brackets

refer to PRF test data.

0.65 kg/cm2 max

Timing 5° BTDC

Stroke 68 mm

Table 42 Required ON for 9 Fiat 903 cc Engines Accelerating at WOT with Series

Starting at 1500 rpm

F-7 Gasoline and PRF

Car Max Critical Knock Deposit Test Ignition
No ON Range km/1000 Location  as Tested
1 94 (93) 16 - 18 (16 - 20) 12 Dyna 5B

2 97 (95) 15-17 (24 - 26) 7 Dyna 5B

3 93 (92) 16 -20 (18 -20) 14 Road 5B8

4 96 (91) 15-17 (15-20) 6 Dyna 5B

5 95 (92) 15-16 (20 -22) 6 Dyna 5B
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Car Max Critical Knock Deposit Test Ignition
No ON Range km/1000  Location  as Tested
1 2
6 94 (94) 15-17 23 -28 17 Dyna 5B8
(23 - 25)
7 94 (93) 16 - 20 18 Dyna 5B8
(16 - 28)
8 96 (94) 18 - 24% 15 Dyna 5B8
(18 - 22)+
9 93 (91) 24 - 26 15 Road 10B
(16-17) (20-22)
10 96 (96) 18 - 20 26 -28 18 Dyna 10B
(20 - 22)
*7/10 WOT
+ Max OR at WOT = Max OR at part throttle
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Starting at 80 km/h

Car Max Critical Knock Deposit Test Ignition
No ON Range km/1000 Location  as Tested
1 90 (88) 30-32 (30-33) 12 Dyna 5B
2 96 (94) 29-31 (29-31) 7 Dyna 5B
3 91 (91) 31-36 (31-33) 14 Road 5B8
4 94 (90) 34-35 (34-36) 6 Dyna 5B
5 93 (90) 34 -35 (38 -40) 6 Dyna 5B
Car  Max Critical Knock Deposit Test Ignition
No ON Range km/1000  Location  as Tested
1 2
6 93 (92) 35 - 37 17 Dyna 5B8
(35 - 36)
7 92 (91) 30 - 34 18 Dyna 5B8
(30 - 34)
8 93 (91) 36 - 38 15 Dyna 5B8
(37 - 40)
9 94 (89) 34 - 36 40 - 42 15 Road 10B
(32-34) (38-40)
10 94 (91) 31 - 33 18 Dyna 10B
(30 -34)
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Table 43

Required ON for 9 Fiat 903 cc Engines Tested at Constant Speed with

Series F-7 Gasoline and PRF

Dynamometer tests at WOT

Car 2500 3000 3500 4000 4500 5000

No

1 97 (95) 96 (93) 93 (91) 91 (87) <90 (85) <90 (84)
2 97(95) 97 (94) 96 (94) 95 (91) 94 (88) 92 (84)
3 92 (91) 92 (90) 91 (88) 91 (87) <90 (85) < 90 (80)
4 92 (91) 92 (90) 93 (90) 92 (90) 92 (89) 92 (89)
5 93 (93) 93 (92) 92 (93) 91 (90) 91 (89) 91 (88)
6 95 (93) 95 (92) 94 (91) 93 (88) 93 (83) 91 (86)
7 93 (91) %4 (91) 92 (89) 91 (87) <89 (85) <90 (81)
8 - - - - - - - - -
9 94 (93) 94 (92) 94 (91) 95 (89) 93 (87) 92 (86)
10 97 (96) 96 (94) 94 (93) 91 (91) 90 (86) <90 (80)
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APPENDIX 3

Test Engine Distributor Evaluation

Engine Fiat 127 (45 PS) Type 100 GL 000 1971 - to date

Distributor type Marelli S156AX
Static timing 10°
Dynamic timing

10° @ 850 rpm

19 - 23° @ 1500 rpm

28 -32° @ 3200 rpm

36-40° @ 4700 rpm
Contact breaker gap 0.4 mm (0.016")
Dwell Angle 52° -58" (58 - 64 %)
Idle Speed 700 - 800 rpm

Dwell angle 54.5°

Distributor cam accuracy 1. 0.0°
2. 270.5°
3. 89.5°
4. 179.5°

Contact breaker spring tension 20 oz

254

Dwell variation +0.5°
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Table 44 Distributor Advance for 2 Marelli S156AX Distributors

Distributor rpm Ascending Descending
No 1 No 2 No 1 No 2
0 0.0 0.0 0.0 0.0
200 0.0 0.0 0.0 0.0
400 1.5 0.0 1.5 0.0
500 - 0.5 - 0.5
600 4.0 2.0 4.5 2.0
800 6.0 6.0 6.0 6.0
1000 6.5 7.0 6.5 7.5
1200 7.5 8.0 7.5 8.0
1400 8.0 9.0 8.0 9.0
1600 8.5 10.0 8.5 10.0
1800 9.5 11.5 9.5 11.5
2000 10.5 12.25 10.5 12.5
2200 12.0 13.0 12.0 13.5
2400 13.0 13.5 13.0 13.5
2600 13.5 14.0 13.5 14.0
2800 13.5 14.0 13.5 14.0
3000 13.5 14.0 13.5 14.0
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Table 45

Stroboscopic Timing of Test Engine

Engine rpm Ignition Advance
No1l No 1l No 1l No 2
Test 1 Test 2 Test 3
900 - 15.0 - 12.5
1050 - - 16.0 -
1200 - 18.5 - 13.5
1500 - 23.5 21.0 18.0
1600 - - 24.0 -
1750 - 25.0 - 23.0
2000 - 26.0 25.5 255
2250 - 27.0 - 27.0
2300 - - 26.5 -
2450 - 27.5 - 28.0
2700 - 28.5 - 29.0
3000 - - 30.0 -
3050 31.0 30.0 - 30.0
3400 32.0 31.0 - 31.5
3800 - - 33.0 -
3850 33.0 32.5 - 325
4200 - - 34.0 -
4500 36.0 36.0 - 35.0

256



000¢§

SAIN7y DUl Jonquisiq

000V

WdY peeds suibu3

000€

101 2inDi

000¢

0001

SLIWIT HT19VId4O0V

¢l

91

0¢

ve

8¢

¢t

9¢€

ov

(seaiba() eoueApy uopiubj

257



APPENDIX 4

Design of Load Cell

The beam on to which the strain gauges were attached was designed to
allow good deflection and yet not distort. The maximum engine power was 45 hp at
5600 rpm, however, the dynamometer maximum was 100 hp and as a second larger
engine might have been available the higher value was taken. Engine torque at this

speed and the assumed power was found from :-

Torque = Power = 100 x 0746 x 60 x 103 x 1
Speed 5600 2n
Torque = 127.2Nm

The arm attached to the dynamometer casing had a ball bearing mounted
on it which acted on the cantilever at a distance of 26 cm from the axis of the
dynamometer shaft. This was the maximum convenient distance. The force exerted

was thus :-

Force = Torque = 127.2
radius 0.26
Force, F = 490 N

This value was increased to 800 N to allow for abnormal operation,

surges etc during set-up, and as a safety factor.
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The beam breadth was chosen as 2.5 c¢cm to accommodate the strain

gauges and the other beam dimensions were calculated from :-

where

E is Youngs modulus

I is moment of inertia = bh3/12
y 1s deflection

x 1s length of beam (0 to 1)

M is bending moment

b is breadth of beam

h is height of beam

Integrating twice :-

and

from 2

from 3

E Tdy = - Ex*  +
dx 2
ETy = - Ex3 o+
6
1
0 and y = 0
A = Fl
2
B = -FIl
3
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B = Ely
Therefore Ely = F13
3
Thus beam height (thickness) h - ( F13 «x 1 X 12 )3
3 Ey b
andat F = 800N
1 = 7.5cm (convenient beam length)
E = 207x 101 N/m? (mild steel)
b = 25cm
y = 25mm (maximum deflection)
h = 47x10°m
h = 5 mm

Actual beam dimensions after manufacture were :-

length = 7.3cm, 6.8cmfrom load application point
bredth = 2.54cm
height = 0.67cm

This is thicker than designed but an adequate signal was obtained when
the beam was tested, this was thus accepted and used in subsequent experiments. The

strain gauges were mounted centred at 5.1 cm from the point of load application.

260




APPENDIX 5

Density of Series F-7 Gasoline Key Components

In a 50 ml density flask at 21.5 °C weighing 32.3662 g

Low key = 38.2629 g
High key = 40.1555 g
Therefore density of :-

Low key = 0.7653 g/ ml
High key = 0.8031 g/ ml

Table 46 Density of Series F-7 Blends

Blend % Key Component Density ( g/ ml)
RON Low High

90 99.0 1.0 0.7656

92 85.0 15.0 0.7710

94 70.5 295 0.7765

96 54.5 45.5 0.7825

An average density of 0.774 g/ml to be used for gasoline blends.

261



APPENDIX 6

Humidity Measurements Taken During Experiments

Table 47

Date Dry Bulb Wet Bulb Air Pressure  Absolute Humidity
Temperature  Temperature (corrected) kg H20/1<g dry
°C °C mm He air x 1073

21. 5.84 16.9 11.4 755 6.4

22. 5.84 14.2 11.9 748 7.9

23. 5.84 18.3 13.3 759 7.6

24. 5.84 16.4 12.7 760 8.0

29. 5.84 13.0 10.0 764 6.4

6. 6.84 14.2 11.1 760 7.0

7. 6.84 15.8 13.3 763 8.6

12. 6.84 22.2 15.6 771 8.6

18. 6.84 18.9 15.0 773 9.0

19. 6.84 21.1 16.9 774 10.4

20. 6.84 21.7 18.0 768 11.7

21. 6.84 21.7 13.9 765 6.9

22. 6.84 22.5 15.8 761 8.7

25. 6.84 18.9 15.0 761 9.3
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Date Dry Bulb Wet Bulb Air Pressure  Absolute Humidity
Temperature  Temperature (corrected) kg HyO/kg dry
°C °C mm Hg air x 1073
27. 6.84 18.9 13.3 769 7.4
28. 6.84 18.0 12.5 768 6.9
10. 7.84 22.8 15.6 761 8.0
19. 9.84 18.3 12.8 760 7.1
20. 9.84 14.4 11.9 755 5.7
21. 9.84 14.0 9.7 758 5.8
26. 9.84 14.0 9.7 761 6.1
3.10.84 15.6 10.8 747 6.9
10.10.84 18.9 12.8 771 7.1
11.11.84 18.6 12.8 771 10.3
29.11.84 20.3 16.4 768 11.1
30.11.84 19.2 15.3 768 6.9
21. 2.85 21.9 13.9 782 5.1
25. 2.85 19.4 10.8 769 7.4
28. 2.85 23.9 15.3 771 6.3
6. 3.85 24.4 14.4 771 6.3
19. 3.85 17.2 8.9 761 3.7
25. 3.85 20.3 12.2 750 5.4
28. 3.85 20.6 11.9 766 5.4
29. 3.85 18.0 11.1 764 5.4
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Date Dry Bulb Wet Bulb Air Pressure  Absolute Humidity
Temperature  Temperature (corrected) kg HyO/kg dry
°C °C mm Hg air x 1073

1. 4.85 20.8 15.0 755 8.3

18. 4.85 23.6 16.1 774 8.3

19. 4.85 17.5 11.4 769 6.3

24. 4.85 13.9 7.8 774 4.0

11. 7.85 65.3 17.2 769 9.0

17. 7.85 18.1 13.9 766 8.3
23. 7.85 17.5 12.8 768 7.6
25. 7.85 22.2 16.7 766 9.9
26. 7.85 20.8 16.9 755 10.4

9. 8.85 16.1 13.3 755 8.6

13. 8.85 16.1 13.0 762 8.3

14. 8.85 17.8 13.6 762 8.3

19. 8.85 19.4 15.8 758 9.7
28. 8.85 19.7 16.4 769 10.3

4. 9.85 16.4 13.1 766 7.4

5. 9.85 15.6 12.5 764 7.9

10. 9.85 18.6 15.3 772 9.7
12. 9.85 18.3 14.2 767 8.4
29. 1.86 15.3 8.9 744 4.4
30. 1.86 10.8 6.9 755 4.7
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