FAQ Autonotive Gasoline
Bruce Hami|lton
B.Ham [ ton@rl .cri.nz

This FAQis posted nonthly to the Usenet groups news.answers, rec.answers,
and rec.autos.tech. The | atest copy should be available by FTP from
rtfmmit.edu in the pub/usenet-by-hierarchy/rec/autos/tech directory, and
al so available on the WWfromsites that automatically convert those FAGs.

Subject: 1. Introduction, Intent, Acknow edgenments, and Abbreviations
1.1 Introduction and Intent.

The intent of this FAQis to provide sonme basic infornation on gasolines and
other fuels for spark ignition engines used in autonobiles. The toxicity and
environnent al reasons for recent and planned future changes to gasoline are
di scussed, along with recent and proposed changes in conposition of gasoline.
This FAQis intended to hel p readers choose the nost appropriate fuel for
vehicles, assist with the diagnosis of fuel-related problens, and to
understand the significance of nbst gasoline properties listed in fue
specifications. | make no apol ogies for the fairly heavy enphasis on

chem stry; it is the only sensible way to describe the oxidation of
hydrocarbon fuels to produce energy, water, and carbon di oxi de.

1.2 Acknow edgenents.

Thanks go to all the posters in sci.energy and rec.autos.tech who spend
val uable tine responding to questions. | would also |like to acknow edge
the considerable effort of L.M G bbs of Chevron, who has twi ce spent his
val uable tine courteously detailing errors and providing references

for his corrections. Al remaining errors and om ssions are mne.

1.3 Abbreviations.

AKI = Antiknock Index of Gasoline ( (RONWMON)/2 )

Cl = Conpression Ignition ( Diesel )

Gasoline = Petrol ( Yes, conplaints were received :-) )

IC = Internal Conbustion

MON = Motor Cctane Rating

Cct ane = The COctane Rating of the Gasoline

RFG = Refornul ated Gasoline ( as defined by US Clean Air Act )
RON = Research Cctane Rating

SI = Spark Ignition ( Gasoline )
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Subj ect: 3. What Advantage will | gain fromreading this FAQ?

This FAQis intended to provide a fairly technical description of what
gasoline contains, howit is specified, and how the properties affect the
performance of your vehicle. The regul ati ons governi ng gasol i ne have
changed, and are continuing to change. These changes have made much of the
traditional |ore about gasoline obsolete. Mtorists may w sh to understand
alittle nore about gasoline to ensure they obtain the best value, and the
nost appropriate fuel for their vehicle. There is no point in prematurely
destroyi ng your second nobst expensive purchase by using unsuitable fuel
just as there is no point in wasting hard-earned noney on hi gher octane
fuel that your autonobile can not utilize. Note that this FAQ does not

di scuss the rel ative advantages of specific brands of gasolines, it is
only intended to discuss the generic properties of gasolines.

Subject: 4. What is Gasoline?



4.1 Where does crude oil cone fronf.

The general | y-accepted origin of crude oil is fromplant life up to 3
billion years ago, but predom nantly from 100 to 600 nmillion years ago [1].
"Dead vegetarian dino dinner" is nore correct than "dead di nos"

The nol ecul ar structure of the hydrocarbons and ot her conpounds present

in fossil fuels can be linked to the | eaf waxes and other plant nol ecul es of
marine and terrestrial plants believed to exist during that era. There are
vari ous biogenic marker chenicals ( such as isoprenoids fromterpenes,

por phyrins and aronatics fromnatural pignents, pristane and phytane from

t he hydrolysis of chlorophyll, and normal al kanes from waxes ), whose size
and shape can not be expl ai ned by known geol ogi cal processes [2]. The
presence of optical activity and the carbon isotopic ratios also indicate a
bi ol ogical origin [3]. There is another hypothesis that suggests crude oil
is derived fromnethane fromthe earth's interior. The current nain
proponent of this abiotic theory is Thomas Col d, however abiotic and
extraterrestrial origins for fossil fuels were also considered at the turn
of the century, and were discarded then. A |arge anount of additiona

evi dence for the biological origin of crude oil has accunul ated since then

4.2 \Wien will we run out of crude oil?

It has been estinated that the planet contains over 6.4 x 10715 tonnes of
organi ¢ carbon that is cycled through two nmajor cycles, but only about 18%
of that contributes to petrol eum production. The primary cycle ( turnover of
2.7-3.0 x 10712 tonnes of organic carbon ) has a half-life of days to
decades, whereas the |large secondary cycle ( turnover 6.4 x 10715 tonnes of
organi c carbon ) has a half-life of several mllion years [4]. Mich of this
organi ¢ carbon is too dilute or inaccessible for current technology to
recover, however the estimates represent centuries to mllenia of fossi
fuels, even with continued consunption at current or increased rates [5].

The concern about "running out of oil" arises from m sunderstanding the
significance of a petroleumindustry nmeasure called the Reserves/Production
ratio (R/'P). This nonitors the production and exploration interactions.

The R/'P is based on the concept of "proved" reserves of fossil fuels.

Proved reserves are those quantities of fossil fuels that geol ogi cal and
engi neering information indicate with reasonable certainty can be recovered
in the future fromknown reservoirs under existing econom ¢ and operating
conditions. The Reserves/Production ratio is the proved reserves quantity

di vided by the production in the last year, and the result will be the
length of time that those renmaining proved reserves would last if production
were to continue at the current level [6]. It is inportant to note the
econonmi ¢ and technol ogy conponent of the definitions, as the price of oi

i ncreases ( or new technol ogy beconmes available ), marginal fields becone
"proved reserves". W are unlikely to "run out" of oil, as nore fields
become economic. Note that investnent in exploration is also linked to the
R'P ratio, and the world crude oil R'P ratio typically noves between

20-40 years, however specific national incentives to discover oil can

extend that range upward.

Concer ned people often refer to the " Hubbert curves" that predict fossi
fuel discovery rates would peak and decline rapidly. M King Hubbert
calculated in 1982 that the ultimte resource base of the |ower 48 states of
the USA was 163+-2 billion barrels of oil, and the ultimte production of
natural gas to be 24.6+-0.8 trillion cubic metres, with sonme additiona



qualifiers. As production and proved resources were 147 billion barrels of

oil and 22.5 trillion cubic netres of gas, Hubbert was inplying that vol unes
yet to be devel oped could only be 16-49 billion barrels of oil and 2.1-4.5
trillion cubic netres. Technol ogy has confounded those predictions for

natural gas [6a].

The US Geol ogi cal Survey has al so just increased their assessnent of US

( not just the |lower 48 states ), inferred reserves crude oil by 60 billion
barrels, and doubl ed the size of gas reserves to 9.1 trillion cubic netres.
When conbined with the estimate of undi scovered oil and gas, the totals
reach 110 billion barrels of oil and 30 trillion cubic netres of gas [7].
When the 1995 USGS estimates of undiscovered and inferred crude oil are
calcul ated for just the lower 48 states, they totalled ( in 1995 ) 68.9
billion barrels of oil, well above Hubbert's highest estinate nade in 1982.

The current price for Brent Crude is approx. $22/bbl. The world R'P ratio
has increased from 27 years (1979) to 43.1 years (1993). The 1995 BP
Statistical Review of Wirld Energy provides the follow ng data [6, 7].

Crude G| Proved Reserves R/'P Ratio
M ddl e East 89.4 billion tonnes 93. 4 year
USA 3.8 9.8 years
USA - 1995 USGS data 10.9 33.0 years
Total World 137.3 43.0 years
Coal Proved Reserves R/'P Ratio
USA 240.56 billion tonnes 247 years
Total World 1, 043. 864 235 years
Nat ural Gas Proved Reserves R/'P Ratio
USA 4.6 trillion cubic netres 8.6 years
USA - 1995 USGS data 9.1 17.0 years
Total World 141.0 66.4 years.

One billion =1 x 1009. One trillion =1 x 10712.
One barrel of Arabian Light crude oil = 0.158987 n8 and 0.136 tonnes.

If the crude oil price exceeds $30/bbl then alternative fuels may becone
conpetitive, and at $50-60/bbl coal-derived liquid fuels are econonic, as
are nmany bi onass-derived fuels and other energy sources [8].

4.3 \What is the history of gasoline?

In the late 19th Century the nbst suitable fuels for the autonobile

were coal tar distillates and the lighter fractions fromthe distillation
of crude oil. During the early 20th Century the oil conpanies were
produci ng gasoline as a sinple distillate from petrol eum but the

aut onotive engi nes were rapidly being inproved and required a nore
suitable fuel. During the 1910s, |aws prohibited the storage of gasolines
on residential properties, so Charles F. Kettering ( yes - he of ignition
systemfane ) nodified an I C engine to run on kerosine. However the
kerosi ne-fuel l ed engi ne would "knock" and crack the cylinder head and

pi stons. He assigned Thomas Mdgley Jr. to confirmthat the cause was
fromthe kerosine droplets vaporising on conbustion as they presuned.

M dgl ey denpnstrated that the knock was caused by a rapid rise in
pressure after ignition, not during preignition as believed [9]. This
then lead to the I ong search for antiknock agents, culmnating in



tetra ethyl lead [10]. Typical md-1920s gasolines were 40 - 60 Cctane [11].

Because sul fur in gasoline inhibited the octane-enhanci ng effect

of the alkyl lead, the sulfur content of the thernally-cracked refinery
streans for gasolines was restricted. By the 1930s, the petrol eum

i ndustry had deternined that the |arger hydrocarbon nol ecul es (kerosine)
had maj or adverse effects on the octane of gasoline, and were devel opi ng
consi stent specifications for desired properties. By the 1940s catal ytic
cracki ng was i ntroduced, and gasoline conpositions becane fairly consistent
bet ween brands during the various seasons.

The 1950s saw the start of the increase of the conpression ratio, requiring
hi gher octane fuels. Octane ratings, |lead | evels, and vapour pressure

i ncreased, whereas sulfur content and ol efi ns decreased. Sone new refining
processes ( such as hydrocracking ), specifically designed to provide

hydr ocar bons conponents with good | ead response and octane, were introduced.
M nor inmprovenents were nade to gasoline formulations to inprove yields and
octane until the 1970s - when unl eaded fuels were introduced to protect

t he exhaust catal ysts that were al so being introduced for environnental
reasons. From 1970 until 1990 gasolines were slowy changed as | ead was
phased out, lead |levels plumetted, octanes initially decreased, and then
remai ned 2-5 nunbers | ower, vapour pressures continued to increase, and

sul fur and ol efins remai ned constant, while aromatics increased. |In 1990,
the US Clean Air Act started forcing major conpositional changes on gasoli ne,
resulting in plumreti ng vapour pressure and increaing oxygenate |evels.
These changes will continue into the 21st Century, because gasoline use

in Sl engines is a major pollution source. Conprehensive descriptions of the
changes to gasolines this century have been provided by L.M G bbs [12,13].

The nove to unl eaded fuels continues worl dwi de, however several countries
have increased the aromatics content ( up to 50%) to replace the alkyl

| ead octane enhancers. These highly aromatic gasolines can result in

in danage to el astonmers and increased |evels of toxic aronmatic em ssions
i f used without exhaust catalysts.

4.4 \What are the hydrocarbons in gasoline?

Hydrocarbons ( HCs ) are any nol ecul es that just contain hydrogen and
carbon, both of which are fuel nolecules that can be burnt ( oxidised )
to formwater ( H20) or carbon dioxide ( CO2 ). If the conbustion is
not conpl ete, carbon nonoxide ( CO) nmay be formed. As CO can be burnt
to produce CO2, it is also a fuel

The way the hydrogen and carbons hol d hands deterni nes whi ch hydrocarbon
fam|ly they belong to. If they only hold one hand they are called
"saturated hydrocarbons" because they can not absorb additional hydrogen
If the carbons hold two hands they are called "unsaturated hydrocarbons"
because they can be converted into "saturated hydrocarbons" by the
addi ti on of hydrogen to the double bond. Hydrogens are onmtted fromthe
followi ng, but if you renember C = 4 hands, H = 1 hand, and O = 2 hands,
you can draw the full structures of npbst HCs.

Gasol i ne contains over 500 hydrocarbons that may have between 3 to 12
carbons, and gasoline used to have a boiling range from 30C to 220C at

at nospheric pressure. The boiling range is narrowing as the initial boiling
point is increasing, and the final boiling point is decreasing, both
changes are for environmental reasons. Detail ed descriptions of structures



can be found in any chem cal or petroleumtext discussing gasolines [14].

4.4.1 Saturated hydrocarbons ( aka paraffins, alkanes )

- stable, the major conponent of |eaded gasolines.
- tend to burnin air with a clean flane.
- octane ratings depend on branching and nunber of carbon atons.

al kanes
normal = continuous chain of carbons ( Cn H2n+2 )
- low octane ratings, decreasing with carbon chain | ength.
nor mal hept ane GGG cGcC CrH16

i so = branched chain of carbons ( Cn H2n+2 )
- higher octane ratings, increasing with carbon chain branching.

i so octane = cC ¢C
( aka 2,2, 4-trinethyl pentane ) |
CCCCC C8H18
|
C

cyclic = circle of carbons ( Cn H2n )
( aka Napht henes )
- high octane ratings.

cycl ohexane = C

| CBHL2

4.4.2 Unsaturated Hydrocarbons

- Unstable, are the remai ni ng component of gasoline.
- Tend to burn in air with a snoky flane.

Al kenes ( aka ol efins, have carbon=carbon doubl e bonds )
- These are unstable, and are usually limted to a few %
- tend to be reactive and toxic, but have desirabl e octane ratings.

C
| C5H10
2- et hyl - 2- but ene CCCC

Al kynes ( aka acetyl enes, have carbon-carbon triple bonds )
- These are even nore unstable, are only present in
trace anmounts, and only in sone poorly-refined gasolines.

Acetyl ene C=C C2H2

Arenes ( aka aronatics )
- Used to be up to 40% gradually being reduced to <20%in the US
- tend to be nore toxic, but have desirable octane ratings.



- Sone countries are increasing the aromatic content ( up to 50%in sone
super unl eaded fuels ) to replace the alkyl |ead octane enhancers.

C cC

11\ 11\
C C CC C

Benzene | [ ] Tol uene | [ ]
C C C C

\\ \\

C C

C6H6 C7H8

Pol ynucl ear Aromatics ( aka PNAs or PAHs )

- These are high boiling, and are only present in snall anmpbunts in gasoline.
They contain benzene rings joined together. The sinplest, and | east toxic,
i s Napht hal ene, which is only present in trace anmounts in traditiona
gasol i nes, and even lower levels are found in refornul ated gasolines.
The larger nmulti-ringed PNAs are highly toxic, and are not present in
gasol i ne.

cC C
11N 1\
C C C
Napht hal ene | | ] | C10H8
C C C
\\ N
cC C

4.5 \What are oxygenates?

Oxygenat es are just preused hydrocarbons :-). They contain oxygen, which can
not provide energy, but their structure provides a reasonable antiknock

val ue, thus they are good substitutes for aronatics, and they nmay al so reduce
t he snog-form ng tendenci es of the exhaust gases [15]. Mbst oxygenates used
in gasolines are either alcohols ( Cx-O-H) or ethers (Cx-OCy), and contain
1 to 6 carbons. Al cohols have been used in gasolines since the 1930s, and
MIBE was first used in commercial gasolines in Italy in 1973, and was first
used in the US by ARCO in 1979. The rel ative advantages of aromatics and
oxygenates as environnentally-friendly and | ow toxicity octane-enhancers are
still being researched.

Et hanol CCOH C2H5CH
C
I
Met hyl tertiary butyl ether CCocC CAHIOCH3

(aka tertiary butyl nethyl ether ) |

They can be produced fromfossil fuels eg nethanol (MeOH), nethyl tertiary
butyl ether (MIBE), tertiary anyl nethyl ether (TAME), or from bi omass, eg
et hanol (EtOH), ethyl tertiary butyl ether (ETBE)). MIBE is produced by
reacting methanol ( fromnatural gas ) with isobutylene in the |iquid phase
over an acidic ion-exchange resin catalyst at 100C. The isobutyl ene was
initially fromrefinery catalytic crackers or petrochem cal olefin plants,
but these days larger plants produce it from butanes. MIBE production has



increased at the rate of 10 to 20% per year, and the spot nmarket price in
June 1993 was around $270/tonne [15]. The "ether" starting fluids for
vehicles are usually diethyl ether (liquid) or dinmethyl ether (aerosol).
Note that " petroleumethers " are volatile al kane hydrocarbon fractions,
they are not a Cx-O Cy conpound

Oxygenat es are added to gasolines to reduce the reactivity of emni ssions,

but they are only effective if the hydrocarbon fractions are carefully
nodified to utilise the octane and volatility properties of the oxygenates.
If the hydrocarbon fraction is not correctly nodified, oxygenates can

i ncrease the undesirable snbg-form ng and toxic em ssions. Oxygenates do not
necessarily reduce all exhaust toxins, nor are they intended to.

Oxygenat es have significantly different physical properties to hydrocarbons,
and the levels that can be added to gasolines are controlled by the 1977
Clean Air Act amendnents in the US, with the |aws prohibiting the increase
or introduction of a fuel or fuel additive that is not substantially

simlar to any fuel or fuel additive used to certify 1975 or subsequent
years vehicles. Waivers can granted if the product does not cause or
contribute to em ssion device failures, and if the EPA does not specifically
decline the application after 180 days, it is taken as granted. In 1978 the
EPA granted 10% by vol ume of ethanol a waiver, and have subsequently issued
wai vers for <10 vol % et hanol (1982), 7 vol%tertiary butyl alcohol (1979),
5.5 vol % 1:1 MeOH/ TBA (1979), 3.5 mass% oxygen derived from 1:1 MeOH TBA

= ~9.5 vol % of the al cohols (1981), 3.7 mass% oxygen derived from met hano
and cosolvents = 5 vol % max MeOH and 2.5 vol % nm n cosolvent - with sone
cosol vents requiring additional corrosion inhibitor (1985,1988), 7.0 vol%
MIBE (1979), and 15.0 vol % MIBE (1988). Only the ethanol waiver was exenpted
fromthe requirenent to still nmeet ASTMvolatility requirenents [16].

In 1981 the EPA ruled that fuels could contain aliphatic alcohols ( except
MeOH ) and/or ethers at concentrations until the oxygen content is 2.0
mass% It also pernmitted 5.5 vol % of 1:1 MeOH/ TBA. In 1991 the maxi mum
oxygen content was increased to 2.7 mass% To ensure sufficient gasoline
base was avail abl e for ethanol blending, the EPA also ruled that gasoline
containing up to 2 vol % of MIBE coul d subsequently be blended with 10 vol %
of ethanol [16].

Initially, the oxygenates were added to hydrocarbon fractions that were
slightly-nodified unl eaded gasoline fractions, and these were known as
"oxygenat ed" gasolines. In 1995, the hydrocarbon fraction was significantly
nodi fi ed, and these gasolines are called "refornul ated gasolines" ( RFGs ),
and there are differing specifications for California ( Phase 2 ) and Federa
( sinmple nmodel ) RFGs, however both require oxygenates to provide Cctane.
The California RFG requires the hydrocarbon conposition of the RFGto be
significantly nore nodified than the existing oxygenated gasolines to reduce
unsaturates, volatility, benzene, and the reactivity of em ssions. Federa
regul ati ons only reduce vapour pressure and benzene directly, however
aromatics are also reduced to neet enissions criteria [16].

Oxygenat es that are added to gasoline function in tw ways. Firstly they
have hi gh bl endi ng octane, and so can replace high octane aromatics

in the fuel. These aromatics are responsible for disproportionate anounts
of CO and HC exhaust emissions. This is called the "aromatic substitution
effect". Oxygenates al so cause engi nes w thout sophisticated engine
managenent systens to nove to the | ean side of stoichionmetry, thus reducing
em ssions of CO ( 2% oxygen can reduce CO by 16% ) and HC ( 2% oxygen can



reduce HC by 10% [17], and other researchers have observed sinilar
reductions al so occur when oxygenates are added to reformul ated gasolines
on ol der and newer vehicles, but have al so shown that NOx | evels may

i ncrease, as also nay sone regul ated toxins [18,19, 20].

However, on vehicles with engi ne nanagenent systens, the fuel volune will be
increased to bring the stoichionetry back to the preferred optimum setting.
Oxygen in the fuel can not contribute energy, consequently the fuel has |ess
energy content. For the sanme efficiency and power output, nore fuel has to
be burnt, and the slight inprovenents in conbustion efficiency that
oxygenat es provi de on some engines usually do not conpletely conpensate for
t he oxygen.

There are huge nunber of chenical nmechanisns involved in the pre-flane
reactions of gasoline conbustion. Although both al kyl |eads and oxygenates
are effective at suppressing knock, the chem cal nobdes through which they
act are entirely different. MIBE works by retarding the progress of the | ow
tenperature or cool -flame reactions, consum ng radical species, particularly
H radi cal s and produci ng i sobutene. The isobutene in turn consunes

additi onal OH radicals and produces unreactive, resonantly stabilised

radi cals such as allyl and nethyl allyl, as well as stable species such as
al l ene, which resist further oxidation [21,22].

4.6 Wiy were al kyl |ead conpounds added?

The efficiency of a spark-ignited gasoline engine can be related to the
conpression ratio up to at |east conpression ratio 17:1 [23]. However any
"knock" caused by the fuel will rapidly nechanically destroy an engi ne, and
CGeneral Motors was having nmajor problens trying to inprove engi nes wi thout
i nduci ng knock. The problemwas to identify econonic additives that could
be added to gasoline or kerosine to prevent knock, as it was apparent that
engi ne devel opnent was being hindered. The kerosine for home fuels soon
became a secondary issue, as the magnitude of the autonotive knock probl em
i ncreased throughout the 1910s, and so nore resources were poured into the
guest for an effective "anti knock". A higher octane avi ati on gasoline was
required urgently once the US entered WAV, and al nbst every possible
chemical ( including nelted butter ) was tested for antiknock ability [24].

Oiginally, iodine was the best anti knock avail able, but was not a practica
gasoline additive, and was used as the benchmark. In 1919 aniline was found
to have superior antiknock ability to iodine, but also was not a practica
addi tive, however aniline becane the benchmark antiknock, and vari ous
conpounds were conpared to it. The discovery of tetra ethyl |ead, and the
scavengers required to renove it fromthe engine were nade by teans | ead by
Thomas M dgley Jr. in 1922 [9,10,24]. They tried sel enium oxychl ori de which
was an excel l ent anti knock, however it reacted with iron and "di ssol ved" the
engine. Mdgley was able to predict that other organonetallics would work
and slowy focused on organol eads. They then had to renpve the |ead, which
woul d ot herwi se accumul ate and coat the engi ne and exhaust systemwi th | ead.
They di scovered and devel oped the hal ogenated | ead scavengers that are stil
used in | eaded fuels. The scavengers, ( ethylene dibrom de and ethyl ene
dichloride ), function by providing hal ogen atons that react with the |ead
to formvolatile | ead halide salts that can escape out the exhaust. The
quantity of scavengers added to the alkyl |ead concentrate is cal cul ated
according to the amobunt of |lead present. If sufficient scavenger is added
to theoretically react with all the | ead present, the amunt is called one
"theory". Typically, 1.0 to 1.5 theories are used, but aviation gasolines



nmust only use one theory. This ensures there is no excess bronmine that could
react with the engine.

The al kyl |eads rapidly becane the nbst cost-effective method of enhanci ng
octane. The introduction was not universally acclained, as the toxicity

of TEL soon becane apparent, and several emnent public health officials
canpai gned agai nst the w despread introduction of al kyl |eads [25].

Their cause was assisted by sonme mmjor disasters at TEL manufacturing

pl ants, and al though these incidents were mainly attributable to a failure
of managenent and/or staff to follow instructions, they resulted in a
protracted dispute in the chem cal and public health literature that even
i nvol ved M dgley [25,26]. W should be careful retrospectively

appl yi ng judgenent to the 1920s, as the increased octane of |eaded gasoline
provi ded major gains in engine efficiency and | ower gasoline prices.

The devel opnent of the alkyl leads ( tetra nmethyl lead, tetra ethyl lead )
and the toxic hal ogenated scavengers neant that petroleumrefiners could
then configure refineries to produce hydrocarbon streanms that woul d

i ncrease octane with small quantities of alkyl lead. If you keep adding

al kyl | ead conpounds, the | ead response of the gasoline decreases, and so
there are economic linmts to how nuch | ead shoul d be added.

Up until the late 1960s, al kyl |eads were added to gasolines in increasing
concentrations to obtain octane. The linmt was 1.14g Pb/l, which is well
above the dinmnishing returns part of the | ead response curve for nost
refinery streans, thus it is unlikely that much fuel was ever nade at that
level. | believe 1.05 was about the nmaxi mum and articles suggest that 1970
100 RON prem unms were about 0.7-0.8 g Pb/l and 94 RON regulars 0.6-0.7 g
Pb/ 1, which matches published | ead response data [27,28] eg.

For Catal ytic Refornate Strai ght Run Napht ha.

Lead g/l Research Oct ane Nunber
0 96 72
0.1 98 79
0.2 99 83
0.3 100 85
0.4 101 87
0.5 101.5 88
0.6 102 89
0.7 102.5 89.5
0.8 102. 75 90

The al kyl lead anti knocks work in a different stage of the pre-conbustion
reaction to oxygenates. In contrast to oxygenates, the alkyl lead interferes
wi t h hydrocarbon chain branching in the internediate tenperature range

where HO2 is the nost inportant radi cal species. Lead oxide, either as

solid particles, or in the gas phase, reacts with HO2 and renoves it from

t he avail abl e radi cal pool, thereby deactivating the nmajor chain branching
reaction sequence that results in undesirable, easily-autoignitable

hydr ocar bons [ 21, 22].

By the 1960s, the nature the toxicity of the enissions from gasoline-powered
engi nes was becomi ng of increasing concern and extensive conparisons of the
costs and benefits were being perfornmed. By the 1970s, the failure to find
durabl e, | ead-tol erant exhaust catal ysts woul d hasten the departure of |ead,
as the proposed regul ated emi ssions | evels could not be econonmically

achi eved wi t hout exhaust catalysts [29]. A survey in 1995 indicated that



over 50 countries ( 20 in Africa ) still permt |eaded fuels containing
0.8g Pb/l, whereas the European maximumis 0.15 g Pb/l [29a].

4.7 Wiy not use other organonetal lic conpounds?

As the toxicity of the alkyl |ead and the hal ogenated scavengers becane of
concern, alternatives were considered. The nost famous of these is

nmet hyl cycl opent adi enyl nanganese tricarbonyl (MMI), which was used in the
USA until banned by the EPA from 27 Cct 1978 [30], but is approved for use
in Canada and Australia. Recently the EPA ban was overturned, and MMI can
be used up to 0.031gMh/ US Gal in all states except California ( where it
remai ns banned ). The EPA has stated it intends to review the whole MMI
siuation and , if evidence supports renoving MMI, they will revisit banning
MMT. Aut onobil e manufacturers believe MMI reduces the effectiveness of the
| at est em ssion control systens [31]. Canada al so contenpl ated banni ng

MMI because of the sane concerns, as well as achieving fuel supply
uniformty with the | ower 48 states of the USA [31]. MMI is nore expensive
than al kyl |eads and has been reported to increase unburned hydrocarbon

em ssi ons and bl ock exhaust catal ysts [32].

O her conmpounds that enhance octane have been suggested, but usually have
significant problenms such as toxicity, cost, increased engi ne wear etc.
Exanpl es i nclude dicycl opent adi enyl iron and ni ckel carbonyl. Germany used
i ron pentacarbonyl (Fe(CO5) at levels of 0.5%or |less in gasoline during
the 1930s. Wiile its cost was |l ow, one of its mmjor drawbacks was that the
car bonyl deconposed rapidly when the gasoline was exposed to light. Iron
oxi de (Fe3™4) al so deposited on the spark plug insulator causing short
circuits, and the precipitation of iron oxides in the lubricating oil also
led to excessive wear rates [33].

4.8 \What do the refining processes do?

Crude oil contains a wi de range of hydrocarbons, organonetallics and ot her
conpounds contai ning sulfur, nitrogen etc. The HCs contain between 1 and 60
carbon atons. Gasoline contains hydrocarbons with carbon atons between 3 and
12, arranged in specific ways to provide the desirable properties. Cbviously,
a refinery has to either sell the remminder as marketable products, or
convert the larger nolecules into snaller gasoline nol ecul es.

Arefinery will distill crude oil into various fractions and, dependi ng on
the desired final products, will further process and bl end those fractions.
Typi cal final products could be:- gases for chem cal synthesis and fue
(CNG, liquified gases (LPG, butane, aviation and autonotive gasolines,
aviation and lighting kerosines, diesels, distillate and residual fuel oils,
lubricating oil base grades, paraffin oils and waxes. Many of the conmon
processes are intended to increase the yield of blending feedstocks for
gasol i nes.

Typi cal nodern refinery processes for gasoline conponents include

* Catalytic cracking - breaks | arger, higher-boiling, hydrocarbons into
gasol i ne range product that contains 30% aromati cs and 20-30% ol efi ns.

* Hydrocracking - cracks and adds hydrogen to nol ecul es, producing a
nore saturated, stable, gasoline fraction

* |somerisation - raises gasoline fraction octane by converting strai ght
chai n hydrocarbons into branched isoners.

* Reforming - converts saturated, |ow octane, hydrocarbons into higher
oct ane product contai ni ng about 60% aromati cs.



* Alkylation - reacts gaseous olefin streans with i sobutane to produce
liquid high octane iso-al kanes.

The changes to the US Clean Air Act and other |egislation ensures that the

refineries will continue to nodify their processes to produce a |ess

volatlle gasollne with fewer toxins and toxic enissions. Options include:-
* Reducing the "severity" of reformng to reduce aromatic production.

* Distilling the C5/C6 fraction ( contai ning benzene and benzene precusers )
fromrefornmer feeds and treating that streamto produce non-aromatic high
oct ane conponents.

* Distilling the higher boiling fraction ( which contai ns 80-100% of
aromatics that can be hydrocracked ) fromcatal ytic cracker product [34].

* Convert butane to isobutane or isobutylene for alkylation or MIBE feed.

Sone ot her countries are renoving the al kyl | ead conpounds for health
reasons, and replacing themw th aronatics and oxygenates. If the vehicle
fl eet does not have exhaust catal ysts, the emni ssions of sone toxic
aromati ¢ hydrocarbons can increase. |If maxi num environnental and health
gains are to be achieved, the renmoval of |ead from gasoline should be
acconpani ed by the i nmedi ate i ntroduction of exhaust catal ysts and
sophi sti cated engi ne managenent systens,

4.9 \What energy is released when gasoline is burned?

It is inmportant to note that the theoretical energy content of gasoline
when burned in air is only related to the hydrogen and carbon contents.
The energy is rel eased when the hydrogen and carbon are oxidised (burnt),
to formwater and carbon dioxide. Cctane rating is not fundanentally
related to the energy content, and the actual hydrocarbon and oxygenate
conponents used in the gasoline will determ ne both the energy rel ease and
t he anti knock rating.

Two i nmportant reactions are:-

C+® =0

H+ Q2 = H0
The mass or volune of air required to provide sufficient oxygen to achieve
this conplete conbustion is the "stoichionmetric" mass or volune of air.
Insufficient air = "rich", and excess air = "lean", and the stoichionetric
mass of air is related to the carbon: hydrogen ratio of the fuel. The
procedures for calculation of stoichiometric air-fuel ratios are fully
docunented in an SAE standard [35].

Atoni ¢ masses used are:- Hydrogen = 1.00794, Carbon = 12.011
Oxygen = 15.994, Nitrogen = 14.0067, and Sul fur = 32. 066.

The conposition of sea level air ( 1976 data, hence low CO2 value ) is

Gas Fracti onal Mol ecul ar Wi ght Rel ati ve
Speci es Vol une kg/ mol e Mass

N2 0. 78084 28. 0134 21.873983
2 0.209476 31.9988 6. 702981
Ar 0. 00934 39. 948 0.373114
coz 0. 000314 44.0098 0. 013919
Ne 0. 00001818 20. 179 0. 000365
He 0. 00000524 4.002602 0. 000021
Kr 0. 00000114 83. 80 0. 000092
Xe 0. 000000087 131. 29 0. 000011
CcH4 0. 000002 16. 04276 0. 000032



H2 0. 0000005 2.01588 0. 000001

Air 28. 964419

For normal heptane C7H16 with a nol ecul ar wei ght = 100. 204
C7/H16 + 112 = 7CO2 + 8H20
thus 1.000 kg of C7H16 requires 3.513 kg of @2 = 15.179 kg of air.

The chemical stoichionmetric conbustion of hydrocarbons with oxygen can be
witten as:-

CxHy + (x + (y/4))®@ -> xC® + (y/2)H20

Oten, for sinplicity, the remainder of air is assuned to be nitrogen

whi ch can be added to the equati on when exhaust conpositions are required.
As a general rule, nmaxi mum power is achieved at slightly rich, whereas
maxi mum fuel econony is achieved at slightly |ean

The energy content of the gasoline is neasured by burning all the fuel

i nside a bonmb cal orineter and measuring the tenperature increase.

The energy avail abl e depends on what happens to the water produced fromthe
conbustion of the hydrogen. If the water renains as a gas, then it cannot
rel ease the heat of vaporisation, thus producing the Nett Calorific Val ue.
If the water were condensed back to the original fuel tenperature, then
Gross Calorific Value of the fuel, which will be larger, is obtained

The calorific values are fairly constant for famlies of HCs, which is not
surprising, given their fairly consistent carbon: hydrogen ratios. For liquid
(I ) or gaseous ( g ) fuel converted to gaseous products - except for the
2- et hyl but ene- 2, where only gaseous is reported. * = Blending Cctane Nunber
as reported by APl Project 45 using 60 octane base fuel, and the nunbers

in brackets are Bl ending Cctane Nunmbers currently used for nodern fuels.

Typi cal Heats of Conbustion are [36]:-

Fuel State Heat of Conbustion Resear ch Mot or
M/ kg Cct ane Cct ane
n- hept ane | 44,592 0 0
g 44. 955
i -oct ane | 44,374 100 100
g 44. 682
t ol uene | 40. 554 124* (111) 112* (94)
g 40. 967
2- et hyl but ene- 2 44,720 176* (113) 141* (81)

Because all the data is available, the calorific value of fuels can be
estimated quite accurately from hydrocarbon fuel properties such as the
density, sulfur content, and aniline point ( which indicates the aronmatics
content ).

It should be noted that because oxygenates contain oxygen that can
not provide energy, they will have significantly | ower energy contents.
They are added to provide octane, not energy. For an engine that can be
optimsed for oxygenates, nore fuel is required to obtain the sane power,
but they can burn slightly nore efficiently, thus the power ratio is not
identical to the energy content ratio. They also require nore energy to
vapori se.

Ener gy Content Heat of Vaporisation Oxygen Cont ent

Nett MI/ kg M/ kg wt %

Met hanol 19. 95 1.154 49.9



Et hanol 26. 68 0.913 34.7

MTBE 35. 18 0. 322 18.2

ETBE 36. 29 0. 310 15.7

TAVE 36. 28 0. 323 15.7

Gasol i ne 42 - 44 0. 297 0.0

Typi cal values for comercial fuels in megajoul es/kilogramare [37]:-
G oss Net t

Hydr ogen 141.9 120.0

Carbon to Carbon nonoxi de 10. 2 -

Carbon to Carbon dioxi de 32.8 -

Sul fur to sul fur dioxide 9.16 -

Nat ural Gas 53.1 48.0

Li qui fi ed petrol eum gas 49. 8 46. 1

Avi ation gasoline 46.0 44. 0

Aut onoti ve gasoline 45. 8 43. 8

Ker osi ne 46. 3 43. 3

Di esel 45, 3 42.5

Qoviously, for autonpbiles, the nett calorific value is appropriate, as the
water is emtted as vapour. The engine can not utilise the additional energy
avai | abl e when the steamis condensed back to water. The calorific value is
t he maxi mum energy that can be obtained fromthe fuel by conmbustion, but the
reality of nodern SI engines is that thermal efficiencies of only 20-40% nay
be obtained, this Iimt being due to engineering and nmaterial constraints
that prevent optimumthermal conditions being used. CI engines can achieve
hi gher thermal efficiencies, usually over a w der operating range as well.
Not e that conbustion efficiencies are high, it is the thermal efficiency of
the engine is low due to | osses. For a water-cooled SI engine with 25%
useful work at the crankshaft, the | osses may consist of 35% (cool ant),

33% (exhaust), and 12% (surroundi ngs).

4.10 What are the gasoline specifications?

Gasol i nes are usual ly defined by governnent regul ation, where properties and
test methods are clearly defined. In the US, several governnment and state
bodi es can specify gasoline properties, and they nay choose to use or nodify
consensus m ni mum qual ity standards, such as Anerican Society for Testing
Materials (ASTM . The US gasoline specifications and test nethods are listed
in several readily available publications, including the Society of

Aut onoti ve Engi neers (SAE) [38], and the Annual Book of ASTM Standards [39].

The 1995 ASTM edition includes: -

D4814-94d Specification for Autonotive Spark-1lgnition Engi ne Fuel

This specification |ists various properties that all fuels have to conply
wi th, and may be updated throughout the year. Typical properties are:-

4.10.1 Vapour Pressure and Distillation O asses.

6 different classes according to |ocation and/or season.

As gasoline is distilled, the tenperatures at which various fractions are
evaporated are cal cul ated. Specifications define the tenperatures at which
various percentages of the fuel are evaporated. Distillation limts

i ncl ude maxi mum tenperatures that 10%is evaporated (50-70C), 50%is
evaporated (110-121C), 90%is evaporated (185-190C), and the final boiling
point (225C). A mininumtenperature for 50% evaporated (77C), and a nmaxi mum
amount of Residue (2% after distillation. Vapour pressure limts for

each class ( 54, 62, 69, 79, 93, 103 kPa ) are also specified. Note that the



EPA has issued a waiver that does not require gasoline with 9-10% ethanol to
nmeet the required specifications between 1st May - 15 Septenber.

4.10. 2 Vapour Lock Protection C asses

5 classes for vapour |ock protection, according to |ocation and/ or season
The Iimt for each class is a naxi mum Vapour-Liquid ratio of 20 at one of
the specified testing tenperatures of 41, 47, 51, 56, 60C

4.10.3 Antiknock I ndex ( aka (RON+MON)/ 2, "Punmp Cctane" )

The ( Research Cctane Nunber + Mdtor Octane Nunber ) divided by two. Limts
are not specified, but changes in engine requirenents accordi ng season and

| ocation are discussed. Fuels with an Anti knock index of 87, 89, 91

( Unl eaded), and 88 ( Leaded ) are listed as typical for the US at sea |evel,
however higher altitudes will specify | ower octane numbers.

4.10.4 Lead Content
Leaded = 1.1 g Pb / L maxi num and Unl eaded = 0.013 g Pb / L maxi mum

4.10.5 Copper strip corrosion
Ability to tarnish clean copper, indicating the presence of any corrosive
sul fur conpounds

4.10.6 Maxirmum Sul fur content

Sul fur adversely affects exhaust catal ysts and fuel hydrocarbon | ead
response, and also nmay be enmitted as polluting sul fur oxides.

Leaded = 0.15 %rass maxi mum and Unl eaded = 0.10 %rass maxi mum

Typi cal US gasoline |levels are 0.03 %mss.

4.10.7 Maxi mum Sol vent Washed Gum ( aka Exi stent Gum)

Limts the amount of guns present in fuel at the tinme of testing to

5 ng/100m s. The results do not correlate well with actual engine deposits
caused by fuel vaporisation [40].

4.10.8 Mninmum Oxidation Stability

This ensures the fuel remains chemcally stable, and does not form additiona
guns during periods in distribution systens, which can be up to 3-6 nonths.
The sanple is heated with oxygen inside a pressure vessel, and the del ay
until significant oxygen uptake is measured.

4.10.9 Water Tol erance

H ghest tenperature that causes phase separation of oxygenated fuels.

The Iimts vary according to location and nmonth. For Al aska - North of 62
latitude, it changes from-41C in Dec-Jan to 9C in July, but remains 10C al
year in Hawaii .

Because phosphorus adversely affects exhaust catalysts, the EPA limts
phosphorus in all gasolines to 0.0013g P/L

As well as the above, there are various restrictions introduced by the C ean
Air Act and state bodies such as California's Air Resources Board (CARB)
that often have nore stringent limts for the above properties, as well as
additional linmts. Mre detailed descriptions of the conplex regul ations

can be found el sewhere [16,41,42] - |'ve just included sone of the nmjor
changes, as sone properties are determned by levels of pernitted enissions,
eg the toxics reduction required for fuel that has the nmaxi num permtted
benzene (1.0%, neans total aronatics are linited to around 27% There have
been sone changes in early 1996 to the inplenentation tinmetable, and the



followi ng timetabl e has not yet been changed.

The Clean Air Act also specifies sone regions that exceed air quality
standards have to use refornul ated gasolines (RFGs) all year, starting
January 1995. OQther regions are required to use oxygenated gasolines for
four winter nonths, begi nning Novermber 1992. The RFGs al so contain
oxygenates. Metropolitan regions with severe ozone air quality problens nust
use reformul ated gasolines in 1995 that;- contain at |least 2.0 w % oxygen,
reduce 1990 vol atile organic carbon conpounds by 15% and reduce specified
toxi c em ssions by 15% (1995) and 25% (2000). Metropolitan regi ons that
exceeded carbon nonoxide limts were required to use gasolines with 2.7 wt%
oxygen during winter nmonths, starting in 1992.

The 1990 Clean Air Act (CAA) anendnents and CARB Phase 2 (1996)
specifications for reformul ated gasoline establish the following linits,
conpared with typical 1990 gasoline. Because of a lack of data, the EPA
were unable to define the CAA required paranmeters, so they instituted

a two-stage system The first stage, the "Sinple Mddel" is an interim
stage that run from 1/Jan/ 1995 to 31/ Dec/ 1997. The second stage, the
"Conpl ex Model" has two phases, Phase | (1995-1999) and Phase Il (2000+),
and there are different limts for EPA Control Region 1 (south) and Control
Region 2 (north). Each refiner must have their RFG recertified to the

Conpl ex nodel prior to the 1/Jan/ 1998 inplenentation date. The foll ow ng
are sone of the criteria for RFG when conplying on a per gallon basis, nore
details are avail able el sewhere, including the details of the baseline fuel
conpositions to be used for testing [16, 41, 42,43,43a].

1990 Clean Air Act CARB
Si npl e Conpl ex Phase 2
I Il Limt Average

benzene (max.vol.% 2 1. 00 1.00 1.00 1.00 0.8
oxygen (mn.mass % 0.2 2.0 2.0 2.0 1.8 -
(max. mass % - 2.7 - - 2.2 -
sul fur (max. mass ppn) 150 no increase - - 40 30
aromatics (max.vol.% 32 toxi cs reduction - - 25 22

ol efins (nmax.vol.% 9.9 no increase - - 6.0 4.0
reid vapour pressure (kPa) 60 55.8 (north) - - 48. 3 -

(during VOC Control Period) 49. 6 (south)

50% evapor at ed (nmax. C) - - - - 98.9 93
90% evapor at ed (nmax. C) 170 - - - 148. 9 143
VOC Reducti ons - Region | (mn% 351 27.5 - -
(VOC Control Period only) - Region Il (mn.% 15.6 25.9 - -
NOx Reductions - VOC Control Period (mn.% 0 5.5 - -
- Non-VOC Control Period (mn.% 0 0 - -
Toxi cs Reductions (mn% 15.0 20.0 - -

These regul ations al so specify em ssions criteria. eg CAA specifies no
increase in nitric oxides (NOx) em ssions, reductions in VOC by 15% duri ng
t he ozone season, and specified toxins by 15%all year. These criteria
indirectly establish vapour pressure and conposition limts that refiners
have to neet. Note that the EPA al so can issue CAA Section 211 waivers that
allow refiners to choose which oxygenates they use. In 1981, the EPA al so
decided that fuels with up to 2% wei ght of oxygen ( from al cohols and ethers
(except methanol)) were "substantially simlar" to 1974 unl eaded gasol i ne,
and thus were not "new' gasoline additives. That |evel was increased to
2.7 wt% in 1991. Sone ot her oxygenates have al so been granted wai vers, eg
ethanol to 10% volume ( approximately 3.5 wt% ) in 1979 and 1982, and



tert-butyl alcohol to 3.5 wt%in 1981. In 1987 and 1988 further waivers
were issued for nmixture of alcohols representing 3.7% w of oxygen

4.11 What are the effects of the specified fuel properties?

Vol atility

This affects evaporative em ssions and driveability, it is the property that
must change with |l ocation and season. Fuel for md-sumer Arizona would be
difficult to use in md-winter Al aska. The US is divided into zones,
according to altitude and seasonal tenperatures, and the fuel volatility is
adj usted accordingly. Incorrect fuel may result in difficult starting in
col d weat her, carburetter icing, vapour |ock in hot weather, and crankcase
oil dilution. Volatility is controlled by distillation and vapour pressure
specifications. The higher boiling fractions of the gasoline have significant
effects on the enission |evels of undesirabl e hydrocarbons and al dehydes,
and a reduction of 40C in the final boiling point will reduce the |evels of
benzene, butadi ene, fornal dehyde and acetal dehyde by 25% and will reduce
HC emni ssions by 20% [ 44].

Conbustion Characteristics

As gasolines contain mainly hydrocarbons, the only significant variable
bet ween different grades is the octane rating of the fuel, as nost other
properties are simlar. Octane is discussed in detail in Section 6. There
are only slight differences in conbustion tenperatures ( nost are around
2000C in isobaric adiabatic conbustion [45]). Note that the actua
tenperature in the conmbustion chanber is al so deternined by other factors,
such as | oad and engi ne design. The addition of oxygenates changes the
pre-flane reaction pat hways, and al so reduces the energy content of the fuel
The | evel s of oxygen in the fuel is regulated according to regional air
qual ity standards.

Stability

Mot or gasolines nay be stored up to six nonths, consequently they nust not
form guns which may precipitate. Reactions of the unsaturated HCs nay
produce guns ( these reactions can be catal ysed by nmetals such as copper ),
so antioxidants and nmetal deactivators are added. Existent Gumis used to
nmeasure the gumin the fuel at the time tested, whereas the Oxidation
Stability nmeasures the tine it takes for the gasoline to break down at 100C
wi th 100psi of oxygen. A 240 nminute test period has been found to be
sufficient for nbst storage and distribution systens.

Corrosi veness

Sul fur in the fuel creates corrosion, and when conbusted will form corrosive
gases that attack the engi ne, exhaust and environnent. Sulfur also adversely
af fects the al kyl | ead octane response, and will adversely affect exhaust
catal ysts, but nonolithic catalysts will recover when the sul fur content of
the fuel is reduced, so sulfur is considered an inhibitor, rather than a
cat al yst poi son. The copper strip corrosion test and the sul fur content
specification are used to ensure fuel quality. The copper strip test nmeasures
active sul fur, whereas the sulfur content reports the total sulfur present.

Manuf acturers many al so add additional tests, such as filterability, to
ensure no distribution problenms are encountered.

4,12 Are brands different?

Yes. The above specifications are intended to ensure mnimal quality



standards are nai ntai ned, however as well as the fuel hydrocarbons, the

manuf acturers add their own special ingredients to provide additiona

benefits. A quality gasoline additive package woul d incl ude: -

* octane-enhancing additives ( inprove octane ratings )

* anti-oxidants ( inhibit gumfornmation, inprove stability )

* metal deactivators ( inhibit gumformation, inprove stability )

* deposit nodifiers ( reduce deposits, spark-plug fouling and
preignition )

* surfactants ( prevent icing, inprove vaporisation, inhibit deposits,
reduce NOx em ssions )

* freezing point depressants ( prevent icing )

* corrosion inhibitors ( prevent gasoline corroding storage tanks )
dyes ( product colour for safety or regulatory purposes ).

During the 1980s significant problens with deposits accunul ating on intake
val ve surfaces occurred as new fuel injection systens were introduced.

These intake val ve deposits (IVD) were different than the injector deposits,
in part because the valve can reach 300C. Engi ne design changes that prevent
deposits usually consist of ensuring the valve is flushed with liquid
gasol i ne, and provision of adequate valve rotation. Gasoline factors that
cause deposits are the presence of al cohols or olefins [46]. Gasoline

manuf acturers now routinely use additives that prevent |1VD and al so maintain
the cleanliness of injectors. These usually include a surfactant and I|ight
oil to miintain the wetting of inmportant surfaces. Intake valve deposits have
al so been shown to have significant adverse effects on enissions [47], and
deposit control additives will be required to both reduce enissions and
provi de clean engine operation [48]. A slighty nore detail ed description

of additives is provided in Section 9. 1.

Texaco denonstrated that a well-fornul ated package coul d i nprove fue

econony, reduce NOx eni ssions, and restore engi ne perfornmance because, as
well as the traditional |iquid-phase deposit renoval, sonme additives can

work in the vapour phase to renove existing engine deposits w thout adversely
af fecting performance ( as happens when water is poured into a running engi ne
to renmove carbon deposits :-) )[49]. Chevron have al so published data on the
ef fectiveness of their additives [50], and successfully litigated to get
Texaco to nodify sone of their clainms [51]. Most suppliers of quality
gasolines will formulate simlar additives into their products, and cheaper
product lines are less likely to have such additives added. As different
brands of gasoline use different additives and oxygenates, it is probable
that inportant fuel paraneters, such as octane distribution, are slightly

di fferent, even though the punp octane ratings are the sane.

So, if you know your car is well-tuned, and in good condition, but the
driveability is pathetic on the correct octane, try another brand. Renenber
that the conposition will change with the season, so if you | ose
driveability, try yet another brand. As various Clean Air Act changes are

i ntroduced over the next few years, gasoline will continue to change.

4.13 What is a typical conposition?

There seens to be a perception that all gasolines of one octane grade are
chemically sinmlar, and thus general rules can be pronul gated about "energy
content ", "flame speed", "conbustion tenperature" etc. etc.. Nothing is
further fromthe truth. The behavi our of manufactured gasolines in octane
rati ng engi nes can be predicted, using previous octane ratings of special

bl ends intended to determnine how a particular refinery streamresponds to



an oct ane-enhancing additive. Refiners can design and reconfigure refineries
to efficiently produce a wi de range of gasolines feedstocks, depending on
mar ket and regul atory requirenments. There is a worldwide trend to nove to
unl eaded gasolines, followed by the introducti on of exhaust catal ysts and
sophi sti cated engi ne managenent systens.

It is inmportant to note that "oxygenated gasolines" have a hydrocarbon
fraction that is not too different to traditional gasolines, but that the
hydrocarbon fraction of "reformul ated gasolines" ( which also contain
oxygenates ) are significantly different to traditional gasolines.

The last 10 years of various conpositional changes to gasolines for
environnental and health reasons have resulted in fuels that do not follow
historical rules, and the regul ati ons mapped out for the next decade al so
ensure the conposition will remain in a state of flux. The refornul ated
gasol i ne specifications, especially the 1/Jan/ 1998 Conpl ex nodel, will
probably introduce major reductions in the distillation range, as well as
changing the various limts on conposition and em ssions.

I"'mnot going to list all 500+ HCs in gasolines, but the follow ng are
representative of the various classes typically present in a gasoline. The
nunbers after each chemical are:- Research Blending Cctane : Mtor Bl ending
Cctane : Boiling Point (C: Density (g/m @15C) : M ninmum Autoignition
Tenperature (C). It is inportant to realise that the Bl ending Octanes are
derived froma 20% m x of the HC with a 60:40 i C8:nC7 ( 60 Cctane Nunber )
base fuel, and the extrapolation of this 20%to 100% These nunbers result
from APl Project 45, and are readily available. As nodern refinery streans
have hi gher base octanes, these Bl ending Cctanes are higher than those
typically used in nodern refineries. For exanple, nodern Bl endi ng Cctane
rati ngs can be nuch lower ( toluene = 111RON and 94MON, 2-nethyl -2-butene
= 113RON and 81MON ), but detailed conpilations are difficult to obtain.

The techni que for obtaining Blending Cctanes is different fromrating the
pure fuel, which often requires adjustnment of the test engine conditions
outside the acceptable linits of the rating nmethods. Cenerally, the actua
octanes of the pure fuel are sinmlar for the al kanes, but are up to 30
oct ane nunbers | ower than the APl Project 45 Bl ending Octanes for the
aromatics and ol efins [52].

A traditional conposition | have dreaned up would be |ike the follow ng,
wher eas newer oxygenated fuels reduce the aronatics and ol efins, narrow the
boiling range, and add oxygenates up to about 12-15%to provide the octane.
The amount of aromatics in super unleaded fuels will vary greatly from
country to country, depending on the configuration of the oil refineries

and the use of oxygenates as octane enhancers. The US is reducing the levels
of aromatics to 25% or lower for environmental and human heal th reasons.

Sonme countries are increasing the level of aromatics to 50% or higher in
super unl eaded grades, usually to avoid refinery reconfiguration costs or
the introduction of oxygenates as they phase out the toxic |ead octane
enhancers. An upper limt is usually placed on the anount of benzene
permitted, as it is known hunman carci nogen

15% n-paraffins RON  MON BP d AT
n- but ane 113 : 114 : -0.5: gas : 370
n- pent ane 62 : 66 : 35 : 0.626 : 260

n- hexane 19 : 22 69 : 0.659 : 225



n- heptane (0: 0 by definition) 0

n- oct ane

so you woul d nev
n- decane
n- dodecane
n-tetradecane
30% iso-paraffins
2- met hyl propane
2- met hyl but ane
2- met hyl pent ane
3- et hyl pent ane
2- et hyl hexane
- met hyl hexane

3
2, 2-di et hyl pent ane
2

, 2, 3-trinethyl
2,2,4-trinethyl
( 100: 100 by
12% cycl oparaffins
cycl opent ane
nmet hyl cycl opent
cycl ohexane

er blend ker

but ane
pent ane
definition)

ane

nmet hyl cycl ohexane

35% aronmati cs
benzene
t ol uene
et hyl benzene
net a- xyl ene
par a- xyl ene
ort ho- xyl ene
3-et hyl tol uene
1, 3,5-trimethyl
1,2,4-trimet hyl
8% ol efi ns
2- pent ene
2- et hyl but ene-
2- et hyl pent ene
cycl opent ene

benzene
benzene

2
-2

( the follow ng ol efins are not
have sone of the highest

i n gasoline, but
1- net hyl cycl ope
1, 3 cycl opent ad
di cycl opent adi e

Oxygenat es
Publ i shed oct ane val ues

nt ene
i ene
ne

vary a | ot

-18 :

-41 .
-88 :
-90 :

122
100 :
82 :
86 :
40 :
56 :
89 :
112 :
100 :

141
107 :
110 :
104

98 :
124
124 :
162 :
155 :
126 :
162 :
170 :
148 :

154
176 :
159
171 ;
present

184
218 :
229

0 :
-16 :
( you would not want to have the follow ng al kanes in
osine with gasoline )
-38 :
-90 :
-99 :

120 :
104 :
78
80 :
42
57 :
93 :
112 :
100 :

141
99 :
97 :
84 :

91 :
112 :
107 :
124 :
126 :
102 :
138 :
136 :
124 :

138 :
140 :
148
126 : :
in significan

146 :
149
167

98
126

174
216
253

-12
28
62
64
90
91
79
81
98

50
72
81
101

80
111
136
138
138
144
158
163
168

37
36
67
44

0.684 : 225
0.703 : 220
gasol i ne,
0.730 : 210
0.750 : 204
0.763 : 200
gas : 460
0.620 : 420
0.653 : 306
0.664 : -
0.679 :
0.687 :
0.674 :
0.690 : 420
0.692 : 415
0.751 : 380
0.749 :
0.779 : 245
0.770 : 250
0.874 : 560
0.867 : 480
0.867 : 430
0.868 : 463
0.866 : 530
0.870 : 530
0. 865 :
0.864 :
0.889 :
0.649 :
0.662 :
0.690 :
0.774 :
t anounts

bl endi ng oct anes )

75
42
170

0.780 :
0. 805 :
1.071 :

because the rating conditions are

significantly different to standard conditions,
45 nunbers used above for the hydrocarbons,
bl endi ng RON as 148 and MON as 146, however that was partly based on the

| ead response, whereas today we use MIBE in

nmet hanol

et hanol

i so propyl alco
met hyl tertiary
ethyl tertiary

hol
butyl ether
butyl ether

tertiary anyl nethyl ether

133 :
129 :
118 :
116 :
118 :
111 :

for exanmple the API
reported in 1957, gave MIBE

pl ace of

105 : 65
102 : 78
98 : 82
103 : 55
102 : 72
98 : 86

| ead.

Cooo0o0o

796
794
790 :
745
745
776

385
365
399

Pr oj ect



There are some other properties of oxygenates that have to be considered
when they are going to be used as fuels, particularly their ability to
formvery volatile azeotropes that cause the fuel's vapour pressure to

i ncrease, the chemi cal nature of the emi ssions, and their tendency to
separate into a separate water-oxygenate phase when water is present.
The refornul ated gasol i nes address these probl ems nore successfully than
the original oxygenated gasolines.

Bef ore you rush out to make a highly aromatic or olefinic gasoline to
produce a hi gh octane fuel, renmenber they have other adverse properti es,

eg the aromatics attack el astoners, may generate snmoke, and result in

i ncreased eni ssions of toxic benzene. The ol efins are unstable ( besides
snelling foul ) and formguns. The art of correctly formulating a gasoline
that does not cause engines to knock apart, does not cause vapour lock in
sunmer - but is easy to start in winter, does not formguns and deposits,
burns cleanly w thout soot or residues, and does not dissolve or poison the
car catalyst or owner, is based on know edge of the gasoline conposition

4.14 |s gasoline toxic or carcinogenic?

There are several known toxins in gasoline, some of which are confirned

human carci nogens. The nost famous of these toxins are | ead and benzene, and
both are regul ated. The other aromatics and sone toxic olefins are al so
controlled. Lead alkyls also require ethylene dibrom de and/or ethyl ene

di chl ori de scavengers to be added to the gasoline, both of which are
suspect ed human carci nogens. In 1993 an International Synposiumon the Health
Ef fects of Gasoline was held [53]. Major review papers on the carcinogenic,
neur ot oxi ¢, reproductive and devel opnental toxicity of gasoline, additives,
and oxygenates were presented, and interested readers should obtain the
proceedi ngs. The oxygenates are al so being eval uated for carcinogenicity, and
even et hanol and ETBE may be carcinogens. The introduction of oxygenated
gasoline to Al aska and sone other areas of the USA resulted in a range of
conpl ai nts. Recent research has been unable to identify additional toxicity,
but has detected increased |levels of offensive snell [54]. It should be noted
that the oxygenated gasolines were not initially intended to reduce the
toxicity of em ssions. The refornul ated gasolines will produce different

em ssions, and specific toxins must initially be reduced by 15% all year

The renoval of al kyl |ead conpounds certainly reduces the toxicity of
exhaust gas eni ssions when used on engi nes with nodern engi ne managenent
systems and 3-way exhaust catalysts. If unleaded gasolines are not
acconpani ed by the introduction of catalysts, sone other toxic enissions
may i ncrease. Engines without catalysts will produce increased |evels of
toxi ¢ carbonyls such as fornal dehyde and acrol ei n when usi ng oxygenat ed
fuels, and increased | evels of toxic benzene when using highly aromatic
f uel s.

There is little doubt that gasoline is full of toxic chenicals, and should
therefore be treated with respect. However the biggest danger renains the
flammability, and the relative hazards shoul d al ways be kept in perspective.
The major toxic risk fromgasolines comes from breathing the tail pipe
evaporative, and refuelling em ssions, rather than occasional skin contact
fromspills. Breathing vapours and skin contact should al ways be m nim sed.

4.15 |s unl eaded gasoline nore toxic than | eaded?



The short answer is no. However that answer is not global, as sone countries
have repl aced the | ead compound octane-inprovers with aromatic or olefin

oct ane-i nprovers wi thout introducing exhaust catalysts. The aromatics
contents may increase to around 40% wi th high octane unl eaded fuels reaching
50%in countries where oxygenates are not being used, and the producers have
not reconfigured refineries to produce high octane paraffins. In general
aromatics are significantly nore toxic than paraffins. Exhaust catalysts

have a limted operational life, and will be immedi ately poi soned if

m sfuelled with | eaded fuel. Catalyst failure can result in higher |evels of
toxic em ssions if catalysts or engi ne managenent systens are not replaced or
repai red when defective. Maxi mum benefit of the switch to unleaded are
obt ai ned when the introduction of unleaded is acconpanied by the introduction
of exhaust catal ysts and sophisticated engi ne nanagenent systens.

Unfortunately, the manufacturers of al kyl |ead conpounds have enbarked on a
wor | dwi de mi sinformation canpaign in countries considering enulating the

| ead-free US. The use of |ead precludes the use of exhaust catalysts, thus
the em ssions of aromatics are only slightly dimnished, as |eaded fuels
typically contain around 30-40% aronatics. Qther toxins and pollutants that
are usual ly reduced by exhaust catalysts will be emtted at significantly
hi gher levels if |eaded fuels are used [55].

The use of unl eaded on nodern vehicles with engi ne managenent systens and
catal ysts can reduce aromatic enissions to 10% of the | evel of vehicles

wi t hout catalysts [55]. Alkyl |ead additives can only substitute for sone of
the aromatics in gasoline, consequently they do not elimnate aronmatics,
which will produce benzene emi ssions [56]. Al kyl lead additives also require
t oxi ¢ organohal ogen scavengers, which also react in the engine to form and
em t ot her organohal ogens, including highly toxic dioxin [57]. Leaded fuels
emt |ead, organohal ogens, and much hi gher |evels of regul ated toxins
because they preclude the use of exhaust catalysts. In the USA the gasoline
conposition is being changed to reduce fuel toxins ( olefins, aromatics )

as well as enissions of specific toxins.

4.16 |s reformul ated gasoline nore toxic than unl eaded?

The evidence so far indicates that the conmponents of refornul ated gasolines
( RFGs ) are nore benign than unl eaded, and that the tail pi pe emn ssions of
hydrocarbons are significantly reduced for cars w thout catal ysts, and
slightly reduced for cars with catal ysts and engi ne nanagenent systens. The
em ssi ons of toxic carbonyls such as fornmal dehyde, acetal dehyde and acrol ein
are increased slightly on all vehicles, and the enission of MIBE is increased
about 10x on cars w thout catalysts and 4x on cars with catalysts [55].

When all the emi ssions ( evaporative and tailpipe ) are considered, RFGs
significantly reduce em ssions of hydrocarbons, however the em ssions of
carbonyls and MIBE may i ncrease [55]. There has been an extensive series

of reports on the em ssions from RFGs, produced by the Auto/QO Il Air Quality
| mprovenment Research Program who neasured and cal cul ated the likely

effects of RFG[18, 19, 20, 58,59,60,61]. Mre research is required before

a definitive answer on toxicity is avail able.

The maj or question about RFGs is not the toxicity of the em ssions, but
whet her they actually nmeet their objective of reducing urban pollution.
This is a nore conplex issue, and nost experts agree the benefits will only
be nodest [18, 19, 20, 61, 62].

4.17 Are all oxygenated gasolines also reformul ated gasol i nes?



No. Oxygenates were initially introduced as alternative octane-enhancers in
the 1930s, and are still used in sone countries for that purpose.

In the US the original "oxygenated gasolines" usually had a slightly-
nodi fi ed gasoline as the hydrocarbon fraction. The US EPA al so nandat ed
their use to reduce pollution, mainly via the "enl eannent” effect on engines
wi t hout sophisticated management systens, but al so because of the "aromatics
substitution" effect. As vehicles with fuel injection and sophisticated
engi ne nanagenent systens becane pervasive, reformul ated gasolines could be
i ntroduced to further reduce pollution. The hydrocarbon conponent of RFGs is
significantly different to the hydrocarbon fraction in earlier oxygenated
gasol i nes, having | ower aromatics contents, reduced vapour pressure, and a
narrower boiling range. RFGs do contain oxygenates as the octane-enhancer
but have different hydrocarbon conposition profiles [34,41, 42,43, 44].

Subject: 5. Wiy is Gasoline Conposition Changi ng?
5.1 Wy pick on cars and gasoline?

Cars emt several pollutants as conbustion products out the tail pipe,
(tail pi pe emi ssions), and as | osses due to evaporation (evaporative

em ssions, refuelling em ssions). The volatile organic carbon (VOQ

em ssions fromthese sources, along with nitrogen oxi des (NOx) enissions
fromthe tailpipe, will react in the presence of ultraviolet (UV) |ight
(wavel engt hs of | ess than 430nm to form ground-level (tropospheric) ozone,
which is one of the major conmponents of photochem cal snpg [63]. Snbg has
been a major pollution problemever since coal-fired power stations were
devel oped in urban areas, but their emi ssions are being cleaned up. Nowit's
the turn of the autonobile.

Cars currently use gasoline that is derived fromfossil fuels, thus when
gasoline is burned to conpletion, it produces additional CO2 that is added
to the atnospheric burden. The effect of the additional CO2 on the gl oba
environnent is not known, but the quantity of nan-made em ssions of fossi
fuel s nust cause the systemto nove to a new equilibrium Even if current
research doubles the efficiency of the IC engi ne-gasoline conbination, and
reduces HC, CO NOx, SOx, VQCs, particulates, and carbonyls, the anount of
carbon dioxide fromthe use of fossil fuels may still cause gl obal warn ng
More and nore scientific evidence is accurmulating that warning is occurring
[64,65]. The issue is whether it is natural, or induced by human activities
and and a | arge panel of scientific experts continues to review scientific
data and nodels. Interested reader should seek out the various publications
of the Intergovernmental Panel on Cinmate Change (I PCC). There are

i nternational agreenents to limt CO2 enissions to 1990 |levels, a target that
will require nore efficient, lighter, or appropriately-sized vehicles, - if
we are to maintain the current usage. One option is to use "renewabl e" fuels
in place of fossil fuels. Consider the anmobunt of energy-related CO2 em ssions
for selected countries in 1990 [66].

CO2 Enmi ssions
( tonnes/year/ person )

USA 20.0
Canada 16. 4
Australia 15.9

Cer many 10. 4



United Ki ngdom 8.6
Japan 7.7
New Zeal and 7.6

The nunber of new vehicles provides an indication of the nmagnitude of the
probl em Al though vehicle engines are becom ng nore efficient, the distance
travelled is increasing, resulting in a gradual increase of gasoline
consunption. The world production of vehicles (in thousands) over the | ast
few years was [67]; -

Cars

Regi on 1990 1991 1992 1993 1994
Africa 222 213 194 201 209
Asi a-Pacific 12, 064 12,112 11, 869 11, 463 11, 020
Central & South America 800 888 1, 158 1,523 1,727
Eastern Europe 2,466 984 1,726 1, 837 1, 547
M ddl e East 35 24 300 390 274
North America 7,762 7,230 7,470 8,172 8, 661
West ern Europe 13, 688 13, 286 13, 097 11,141 12, 851
Total World 37,039 34,739 35, 815 34,721 36, 289

Trucks ( including heavy trucks and buses )

Regi on 1990 1991 1992 1993 1994
Africa 133 123 108 101 116
Asi a-Pacific 5,101 5,074 5,117 5, 057 5, 407
Central & South America 312 327 351 431 457
Eastern Europe 980 776 710 600 244
M ddl e East 36 28 100 128 76
North America 4,851 4,554 5,371 6, 037 7, 040
West ern Europe 1,924 1,818 1, 869 1,718 2,116
Total Wrld 13, 336 12,701 13, 627 14, 073 15, 457

To fuel all operating vehicles, considerable quantities of gasoline
and di esel have to be consuned. Major consunption in 1994 of gasoline
and mddle distillates ( which may include sonme heating fuels, but

not fuel oils ) in mllion tonnes.

Gasol i ne Mddle Dstillates

USA 338.6 246. 3
Canada 26. 8 26.1
West ern Europe 163. 2 266. 8
Japan 60. 2 92. 2
Total Wrld 820. 4 1029.0

The USA consunption of gasoline increased from?294.4 (1982) to 335.6 (1989)
then dipped to 324.2 (1991), and has continued to rise since then to reach
338.6 million tonnes in 1994. In 1994 the total world production of crude oi
was 3209.1 nillion tonnes, of which the USA consumed 807.9 nillion tonnes
[68]. Transport is a very significant user of crude oil products, thus

i mproving the efficiency of utilisation, and mnimsing pollution from
vehi cl es, can produce i medi ate reductions in em ssions of CO2, HCs, VQOCs,
CO, NOX, carbonyls, and other chem cals.



5.2 Wy are there seasonal changes?

Only gaseous hydrocarbons burn, consequently if the air is cold, then the
fuel has to be very volatile. But when sunmer cones, a volatile fuel can
boil and cause vapour |ock, as well as producing high | evels of evaporative
em ssions. The solution was to adjust the volatility of the fuel according
to altitude and anbient tenperature. This volatility change has been
automatically perforned for decades by the oil comnpanies w thout informn ng
the public of the changes. It is one reason why storage of gasoline through
seasons is not a good idea. Gasoline volatility is being reduced as nodern
engines, with their fuel injection and nmanagement systens, can autonatically
conpensate for sone of the changes in anmbient conditions - such as altitude
and air tenmperature, resulting in acceptable driveability using |l ess volatile
fuel

5.3 Wy were al kyl |ead conpounds renmoved?
" Wth the exception of one prem um gasoline marketed on the east coast

and sout hern areas of the US, all autonotive gasolines fromthe m d-1920s
until 1970 contai ned | ead anti knock conmpounds to increase anti knock quality.
Because | ead anti knock conpounds were found to be detrinental to the
performance of catalytic eni ssion control systemthen under devel opnent,

U. S. passenger car manufacturers in 1971 began to build engi nes designed to
operate satisfactorily on gasolines of noninal 91 Research Cctane Nunber.
Sone of these engines were designed to operate on unl eaded fuel while others
required | eaded fuel or the occasional use of |eaded fuel. The 91 RON was
chosen in the belief that unleaded gasoline at this |evel could be nade
available in quantities required using then current refinery processing

equi pnment. Accordingly, unleaded and | ow | ead gasolines were introduced
during 1970 to suppl enent the conventional gasolines already avail abl e.

Begi nning with the 1975 nodel year, nost new car nodel s were equi pped
with catal ytic exhaust treatment devices as one nmeans of conpliance with
the 1975 legal restrictions in the U S. on autonobile em ssions. The need
for gasolines that would not adversely affect such catal ytic devices has
led to the large scale availability and growi ng use of unleaded gasoli nes,
with all |ate-nmpodel cars requiring unl eaded gasoline."[69].

There was a further reason why al kyl |ead conmpounds were subsequently
reduced, and that was the growi ng recognition of the highly toxic nature of
the em ssions froma | eaded-gasoline fuelled engine. Not only were toxic

| ead emni ssions produced, but the added toxic |ead scavengers ( ethylene

di brom de and et hyl ene dichloride ) could react with hydrocarbons to produce
hi ghl y toxic organohal ogen em ssions such as dioxin. Even if catalysts were
renoved, or |ead-tolerant catal ysts discovered, alkyl |ead compounds woul d
remai n banned because of their toxicity and toxic em ssions [70,71].

5.4 Wy are evaporative enissions a probl en?

As tail pi pe em ssions are reduced due to inproved exhaust enission control
systens, the hydrocarbons produced by evaporation of the gasoline during

di stribution, vehicle refuelling, and fromthe vehicle, become nore and
nmore significant. A recent European study found that 40% of man-made

vol atil e organic conpounds cane fromvehicles [72]. Many of the problem
hydr ocarbons are the aromatics and ol efins that have relatively high octane
val ues. Any sensible strategy to reduce snog and toxic enissions will also
attack evaporative and tail pi pe enissions.



The health risks to service station workers, who are continuously exposed
to refuelling em ssions remain a concern [73]. Vehicles will soon be
required to trap the refuelling em ssions in |arger carbon canisters, as
wel | as the normal evaporative enissions that they already capture. This
recent decision went in favour of the oil conpanies, who were opposed by the
aut o conpani es. The autonobil e manufacturers felt the service station
should trap the enissions. The activated carbon canisters adsorb organic
vapours, and these are subsequently desorbed fromthe canister and burnt in
t he engi ne during normal operation, once certain vehicle speeds and cool ant
tenperatures are reached. A few activated carbons used in ol der vehicles

do not function efficiently with oxygenates, but carbon cannister systens
can reduce evaporative em ssions by 95% from uncontroll ed |evels.

5.5 Wy control tail pipe em ssions?

Tai | pi pe emni ssions were responsible for the majority of pollutants in the
| ate 1960s after the crankcase emn ssions had been controlled. Ozone |evels
in the Los Angel es basin reached 450-500ppb in the early 1970s, well above
the typi cal background of 30-50ppb [74].

Tuning a carburetted engine can only have a marginal effect on poll utant

| evels, and there still had to be sone frequent, but long-term assessnent
of the state of tuning. Exhaust catalysts offered a post-engi ne sol ution
that could ensure pollutants were converted to nore beni gn conpounds. As
engi ne nanagenent systens and fuel injection systens have devel oped, the
volatility properties of the gasoline have been tuned to mininise
evaporative emn ssions, and yet mmintain | ow exhaust em ssions.

The design of the engine can have very significant effects on the type and
quantity of pollutants, eg unburned hydrocarbons in the exhaust originate
mai nly from conbusti on chanber crevices, such as the gap between the piston
and cylinder wall, where the conmbustion flane can not conpletely use the HCs.
The type and anobunt of unburnt hydrocarbon enissions are related to the fue
conposition (volatility, olefins, aromatics, final boiling point), as well
as state of tune, engine condition, and condition of the engine

lubricating oil [75]. Particul ate em ssions, especially the size fraction
smal l er than ten nmicronetres, are a serious health concern. The current
maj or source is fromconpression ignition ( diesel ) engines, and the
nodern Sl engi ne system has no problem neeting regulatory requirenents.

The ability of reformul ated gasolines to actually reduce snbg has not yet
been confirmed. The conposition changes will reduce sonme compounds, and

i ncrease ot hers, making predictions of environnental consequences extrenely
difficult. Planned future changes, such as the CAA 1/1/1998 Conpl ex nodel
specifications, that are based on several nmmjor ongoi ng governnent/industry
gasol i ne and emi ssion research programes, are nore likely to provide
unamnbi guous environmental inprovenments. One of the major problens is the
nature of the ozone-forning reactions, which require several conponents

( VOC, NOx, W ) to be present. Vehicles can produce the first two, but the
their ratio is inportant, and can be affected by production from ot her
natural ( VOC = terpenes fromconifers ) or manmade ( NOx from power
stations ) sources [62,63]. The regulations for tail pipe eni ssions

will continue to becone nore stringent as countries try to mininise |ocal
problens ( snmog, toxins etc.) and gl obal problens ( C2 ). Reformulation
does not always |lower all em ssions, as evidenced by the foll owi ng al dehydes
froman engine with an adaptive | earning management system [55].



FTP-wei ght ed emi ssi on

rates (ng/m)

Gasol i ne Ref or mul at ed
For nal dehyde 4,87 8.43
Acet al dehyde 3.07 4.71

The type of exhaust catal yst and managenment system can have significant
effects on the emi ssions [55].

FTP-wei ghted enission rates. (ng/m)
Total Aronatics Total Carbonyls
Gasol i ne Reformul at ed Gasol i ne Reformul at ed
Noncat al yst 1292. 45 1141. 82 174. 50 198. 73
Oxi dation Catal yst 168. 60 150. 79 67.08 76. 94
3-way Cat al yst 132.70 93. 37 23.93 23. 07
Adaptive Learning 111. 69 105. 96 17. 31 22.35

If we take sone conpounds listed as toxics under the Clean Air Act, then the
beneficial effects of catalysts are obvious. Note that hexane and i so-octane
are the only al kanes listed as toxics, but benzene, toluene, ethyl benzene,
o-xyl ene, mxyl ene, and p-xylene are aromatics that are listed. The latter
four are conbined as C8 Aronmatics bel ow [ 55].

Aromati cs FTP-wei ghted enission rates. (ng/m)
Benzene Tol uene C8 Aronmtics
Gas Ref orm Gas Ref orm Gas Ref orm
Noncat al yst 156. 18 138.48 338.36 314.14  425.84 380.44
Oxi dati on Cat. 27.57 25.01 51.00 44.13 52.27  47.07
3-way Cat al yst 19. 39 15. 69 36. 62 26. 14 42. 38 29.03
Adaptive Learn. 19. 77 20. 39 29.98 29. 67 35.01 32.40
Al dehydes FTP-wei ghted enission rates. (ng/m)
For mal dehyde Acrol ein Acet al dehyde
Gas Ref orm Gas Ref orm Gas Ref orm
Noncat al yst 73. 25 85. 24 11.62 13. 20 19.74 21.72
Oxi dation Cat. 28.50 35.83 3.74 3.75 11. 15 11.76
3-way Cat al yst 7.27 7.61 1.11 0.74 4.43 3. 64
Adapti ve Learn. 4.87 8.43 0.81 1.16 3.07 4.71
O hers 1, 3 But adi ene MTBE
Gas Ref orm Gas Ref orm
Noncat al yst 2.96 1.81 10.50 130.30
Oxi dati on Cat. 0.02 0. 33 2.43 11. 83
3-way Catal yst 0. 07 0. 05 1.42 4.59
Adaptive Learn. 0. 00 0.14 0.84 3.16
The aut hor reports analytical problenms with the 1,3 Butadi ene, and only

Noncat al yst val ues are considered reliable. OGher studies fromthe
Auto/ O | research programindicate that |owering aromatics and ol efins
reduce benzene but increase fornal dehyde and acet al dehyde [ 20]

Em ssi on St andards

There are several bodies responsible for establishing standards, and they
pronmul gate test cycles, analysis procedures, and the % of new vehicles that
nmust conply each year. The test cycles and procedures do change ( usually

i ndi cated by an anomal ous increase in the nunbers in the table ), and



have not l|isted the percentages of the vehicle fleet that are required to
conply. This table is only intended to convey where we have been, and where
we are going. It does not cover any regulation in detail - readers are
advised to refer to the relevant regulations. Additional limts for other
pol lutants, such as fornal dehyde (0.015g/m .) and particulates (0.08g/ni),
are omtted. The 1994 tests signal the federal transition from 50,000 to
100, 000 mil e conpliance testing, and | have not |isted the subsequent
50,000 mile limts [28,76,77].

Year Feder al California
HCs CcO NOx Evap HCs CcO NOx Evap

o/ m g/m g/m g/t est o/ m g/m g/m g/t est
Before regs 10. 6 84.0 4.1 47 10. 6 84.0 4.1 47
add crankcase +4.1 +4.1
1966 6.3 51.0 6.0
1968 6.3 51.0 6.0
1970 4.1 34.0 4.1 34.0 6
1971 4.1 34.0 6( CC) 4.1 34.0 4.0 6
1972 3.0 28.0 2 2.9 34.0 3.0 2
1973 3.0 28.0 3.0 2.9 34.0 3.0 2
1974 3.0 28.0 3.0 2.9 34.0 2.0 2
1975 1.5 15.0 3.1 2 0. 90 9.0 2.0 2
1977 1.5 15.0 2.0 2 0.41 9.0 1.5 2
1980 0.41 7.0 2.0 6( SHED) 0.41 9.0 1.0 2
1981 0.41 3.4 1.0 2 0. 39 7.0 0.7 2
1993 0.41 3.4 1.0 2 0.25 3.4 0.4 2
1994 50, 000 0. 26 3.4 0.3 2 TLEV 0.13 3.4 0.4 2
1994 100, 000 0.31 4.2 0.6 2
1997 LEV  0.08 3.4 0.2
1997 ULEV 0.04 1.7 0.2
1998 ZEV 0.0 0.0 0.0 0
2004 0.125 1.8 0.16 2

It's also worth noting that exhaust catalysts also enmt platinum and the
soluble platinumsalts are sone of the npbst potent sensitizers known.

Early research [78] reported the presence of 10% water-soluble platinumin

t he em ssions, however later work on nonolithic catalysts has deternined the
guantities of water soluble platinumenissions are negligible [79]. The
particle size of the emi ssions has al so been determ ned, and the eni ssions
have been correlated with increasing vehicle speed. Increasing speed al so

i ncreases the exhaust gas tenperature and velocity, indicating the em ssions
are probably a consequence of physical attrition.

Esti mat ed Fuel Medi an Aer odynami ¢
Speed Consunpti on Em ssi ons Particle D aneter
k' h [/ 100km ng/ m 3 um
60 7 3.3 5.1
100 8 11.9 4.2
140 10 39.0 5.6
US Cycle-75 6.4 8.5

Using the estimated fuel consunption, and about 10n8 of exhaust gas per
litre of gasoline, the enissions are 2-40 ng/ km These are 2-3 orders

of magnitude | ower than earlier reported work on pelletised catal ysts.

These eni ssions may be controlled directly in the future. They are currently
indirectly controlled by the cost of platinum and the new requirenent for
the catal yst to have an operational life of at |east 100,000 nmles.



5.6 Wy do exhaust catal ysts influence fuel conposition?

Modern adaptive | earning engi ne managenent systens control the conbustion
stoichionetry by nonitoring vari ous ambi ent and engi ne paraneters, including
exhaust gas recirculation rates, the air flow sensor, and exhaust oxygen
sensor outputs. This closed | oop system using the oxygen sensor can
conpensate for changes in fuel content and air density. The oxygen sensor

is also known as the | anbda sensor because the actual air-fuel mass ratio

di vided by the stoichiometric air-fuel nmass ratio is known as | anbda or the
air-fuel equival ence ratio.

The preferred technique for describing mxture strength is the fuel-air
equi val ence ratio ( phi ), which is the actual fuel-air nass ratio divided
by the stoichionetric fuel-air nass ratio, however nost enthusiasts use
air-fuel ratio and | anbda. Lanbda is the inverse of the fuel-air equival ence
rati o. The oxygen sensor effectively measures | anbda around the
stoichionmetric mxture point. Typical stoichionmetric air-fuel ratios are
[80]: -

6.4 methano

9.0 ethanol

11.7 MIBE

12.1 ETBE, TAME

14.6 gasoline without oxygenates

The engi ne managenent systemrapidly switches the stoichionetry between
slightly rich and slightly | ean, except under w de open throttle conditions
- when the systemruns open | oop. The response of the oxygen sensor to
conposition changes is about 3 ns, and closed loop switching is typically
1-3 tinmes a second, going between 50nV ( |anmbda = 1.05 (Lean)) to 900nV
(lanmbda = 0.99 ( Rich)). The catal yst oxidi ses about 80% of the H2, COQ

and HCs, and reduces the NOx [76].

Typical reactions that occur in a nodern 3-way catal yst are:-
2H2 + &2 -> 2H20
200+ 2 -> 202
CxHy + (x + (y/4))®2 -> xC + (y/2)H0
2CO0 + 2NO -> N2 + 202
CxHy + 2(x + (y/4))NO -> (x + (y/4))N2 + (y/2)H20 + xCQ2
2H2 + 2NO -> N2 + 2H20
CO+ 20O -> C»2 + H2
CxHy + xH2O -> xCO + (x + (y/2))H2

The use of exhaust catal ysts have resulted in reaction pathways that can
accidentally be responsible for increased pollution. An exanple is the

CARB- mandat ed reduction of fuel sulfur. A change from 450ppmto 50ppm which
will reduce HC & CO enissions by 20% was shown to increase fornal dehyde by
45% but testing in later nmodel cars did not exhibit the same effect [32,58,
59]. This denobnstrates that continuing changes to engi ne nmanagenent systens
can al so change the response to fuel conposition changes.

The requirenent that the exhaust catal ysts nust now endure for 10 years or
100,000 miles will al so encourage autonmakers to push for |ower |evels of

el ements that affect exhaust catal yst performance, such as sul fur and
phosphorus, in both the gasoline and |ubricant. Mdern catal ysts are unabl e
to reduce the relatively high I evels of NOx that are produced during |ean
operation down to approved |levels, thus preventing the application of



| ean- burn engi ne technol ogy. Recently Mazda has announced they have

devel oped a "l ean burn" catal yst, which may enabl e automakers to nove the
fuel combustion towards the |ean side, and different gasoline properties my
be required to optinise the combustion and reduce pollution [81]. Mazda
claimthat fuel efficiency is inproved by 5-8% while neeting all em ssion
regul ati ons, and sone Japanese nanufacturers have eval uated | ean-burn
catalysts in limted nunbers of 1995 producti on nodels.

Catal ysts also inhibit the selection of gasoline octane-inproving and

cl eanliness additives ( such as MMI and phosphorus-containi ng additives )
that may result in refractory conpounds known to physically coat the
cat al yst, reducing avail able catal yst and thus increasing pollution

5.7 Wy are "cold start” em ssions so inportant?

The catal yst requires heat to reach the tenperature ( >300-350C ) where it
functions nost efficiently, and the delay until it reaches operating
tenperature can produce nore hydrocarbons than woul d be produced during
the renai nder of many typical urban short trips. It has been estimated that
70-80% of the non-net hane HCs that escape conversion by the catal ysts

are emtted during the first two mnutes after a cold start. As exhaust

em ssi ons have been reduced, the significance of the evaporative em ssions
i ncreases. Several engineering techniques are being devel oped, including the
Ford Exhaust Gas Igniter ( uses a flanme to heat the catalyst - lots of
potential problens ), zeolite hydrocarbon traps, and relocation of the
catal yst closer to the engine [76].

Reduced gasoline volatility and conposition changes, along with cl eanliness
addi ti ves and engi ne nmanagenent systens, can help mininise cold start

em ssions, but currently the nost effective techni que appears to be rapid,
del i berate heating of the catalyst, and the new generation of |ow thernal
inertia "fast light-up" catalysts reduce the problem but further research
i s necessary [76, 82].

As the evaporative enissions are also starting to be reduced, the enphasis
has shifted to the refuelling em ssions. These will be nainly controlled

on the vehicle, and larger canisters may be used to trap the vapours enitted
during refuelling.

5.8 Wen will the enissions be "clean enough"?

The California ZEV regul ations effectively preclude |IC vehicles, because
they stipulate zero em ssions. However, the concept of regulatory forcing
of alternative vehicle propul sion technol ogy may have to be nodified to

i nclude hybrid or fuel-cell vehicles, as the mgjor failing of EVs renains
the lack of a cheap, light, safe, and easily-rechargeable electrica
storage device [83,84]. There are several major projects intending to
further reduce em ssions from autonmobiles, mainly focusing on vehicle mass
and engi ne fuel efficiency, but gasoline specifications and alternative
fuels are also being investigated. It nay be that changes to I C engi nes and
gasolines will enable the IC engine to continue well into the 21st century
as the prime notive force for personal transportation [77,85]. There have
al so been calls to use market forces to reduce pollution from autonobil es
[ 86], however npbst such suggestions ( increased gasoline taxes, congestion
tolls, and emni ssion-based registration fees ) are currently consi dered
politically unacceptable. The issue of howto target the specific "gross
pol luters" is being considered, and is described in Section 5.14.



5.9 Wy are only sone gasoline compounds restricted?

The I ess volatile hydrocarbons in gasoline are not released in significant
quantities during nornmal use, and the nore volatile al kanes are consi derably
| ess toxic than many ot her chem cals encountered daily. The newer gasoline
additives al so have potentially undesirable properties before they are even
conbust ed. Most hydrocarbons are very insoluble in water, with the | ower
aromati cs being the nost sol uble, however the addition of oxygen to

hydr ocarbons significantly increases the nutual solubility with water

Conmpound in \Water Wat er in Conpound

% mass/ mss @ C % mass/ mss @ C
normal decane 0. 0000052 25 0. 0072 25
i so-oct ane 0. 00024 25 0. 0055 20
nor mal hexane 0. 00125 25 0.0111 20
cycl ohexane 0. 0055 25 0. 010 20
1- hexene 0. 00697 25 0. 0477 30
t ol uene 0. 0515 25 0.0334 25
benzene 0.1791 25 0. 0635 25
nmet hanol conpl ete 25 conpl ete 25
et hanol conpl ete 25 conpl ete 25
MIBE 4.8 20 1.4 20
TAMVE - 0.6 20

The concentrations and ratios of benzene, toluene, ethyl benzene, and xyl enes
( BTEX ) in water are often used to nonitor groundwater contamination from
gasol i ne storage tanks or pipelines. The oxygenates and other new additives
may i ncrease the extent of water and soil pollution by acting as co-solvents
for HCs.

Vari ous governnent bodies ( EPA, OSHA, NIOSH ) are charged with ensuring
peopl e are not exposed to unacceptabl e chem cal hazards, and nmintain
ongoi ng research into the toxicity of liquid gasoline contact, water and soi
pol l uti on, evaporative enissions, and tail pipe em ssions [87]. As toxicity
is found, the quantities in gasoline of the specific chemcal ( benzene ),
or famly of chemicals ( alkyl |eads, aromatics, olefins ) are regul ated.

The recent dranmatic changes caused by the need to reduce al kyl | eads,

hal ogens, ol efins, and aronatics has resulted in whole new fanilies of
conmpounds ( ethers, alcohols ) being introduced into fuels w thout prior
detailed toxicity studies being conpleted. If adverse results appear, these
conpounds are also likely to be regulated to protect people and the

envi ronnent .

Al so, as the chenistry of emissions is unravelled, the chemnical precursors
to toxic tail pi pe em ssions ( such as higher aromatics that produce benzene
em ssions ) are also controlled, even if they are not thensel ves toxic.

5.10 What does "renewabl e" fuel or oxygenate nean?

The general definition of "renewable" is that the carbon originates from
recent biomass, and thus does not contribute to the increased CO2 eni ssions.
Atruly "long-ternm view could claimthat fossil fuels are "renewabl e" on a
100 million year tinescale :-). There was a najor battle between the

et hanol / ETBE | obby ( agricultural, corn growing ), and the nethanol/MIBE



| obby ( oil conpany, petrochem cal ) over an EPA nandate demandi ng that a
speci fic percentage of the oxygenates in gasoline are produced from
"renewabl e" sources [88]. On 28 April 1995 a Federal appeals court
permanently voi ded the EPA ruling requiring "renewabl e" oxygenates, thus
fossil-fuel derived oxygenates such as MIBE are acceptabl e oxygenates [89].

Unfortunately, "renewable" ethanol is not cost conpetitive when crude oi

is $18/bbl, so a federal subsidy ( $0.54/US Gallon ) and additional state
subsidies ( 11 states - from $0.08(M chigan) to $0.66(Tenn.)/US Gal.) are
provi ded. Ethanol, and ETBE derived fromethanol, are still likely to be
used in states where subsidies nake them conpetitive with other oxygenates.

5.11 WII oxygenated gasoli ne damage ny vehicl e?

The foll owing coments assune that your vehicle was designed to operate on
unl eaded, if not, then damage such as exhaust val ve seat recessi on may occur
Damage should not occur if the gasoline is correctly formulated, and you

sel ect the appropriate octane, but oxygenated gasoline will hurt your pocket.
In the first year of nandated oxygenates, it appears sone refiners did not
carefully fornulate their oxygenated gasoline, and driveability and em ssions
probl ens occurred. Most reputable brands are now careful ly fornul at ed.

Sone ol der activated carbon canisters may not function efficiently with
oxygenat ed gasolines, but this is a function of the type of carbon used.

How your vehicle responds to oxygenated gasol i ne depends on the engine
managenent system and state of tune. A nodern systemw || autonatically
conpensate for all of the currently-permtted oxygenate |evels, thus your
fuel consunption will increase. O der, poorly-maintained, engines nay
require a tune up to mmintain acceptable driveability.

Be prepared to try several different brands of oxygenated or refornul ated
gasolines to identify the nost suitable brand for your vehicle, and be
prepared to change again with the seasons. This is because the refiners can
choose the oxygenate they use to neet the regul ations, and nay choose to set
sone fuel properties, such as volatility, differently to their conpetitors

Most stories of corrosion etc, are derived from anhydrous nethanol corrosion
of light netals (alum num magnesiun), however the addition of either 0.5%
water to pure methanol, or corrosion inhibitors to methanol -gasoline bl ends
will prevent this. If you observe corrosion, talk to your gasoline supplier.
Oxygenated fuels nay either swell or shrink sone el astomers on ol der cars,
dependi ng on the aromatic and olefin content of the fuels. Cars later than
1990 shoul d not experience conpatibility problenms, and cars later than 1994
shoul d not experience driveability problens, but they will experience

i ncreased fuel consunption, depending on the state of tune and engi ne
nmanagenment system

5.12 What does "reactivity" of em ssions nean?

The traditional nethod of exhaust regul ations was to specify the actual HC
CO N, and particulate contents. Wth the introduction of oxygenates and
ref ornul at ed gasolines, the volatile organic carbon (VOC) species in the
exhaust al so changed. The "reactivity" refers to the ozone-forning potenti al
of the VOC enissions when they react with NOx, and is being introduced as a
regul atory neans of ensuring that autonobile em ssions do actually reduce
snmog formation. The ozone-form ng potential of chemicals is defined as the
nunber of nol ecul es of ozone fornmed per VOC carbon atom and this is called
the Increnental Reactivity. Typical values ( big is bad :-) ) are [74]:



Maxi mum I ncrenental Reactivities as mg Ozone / ng VCC

car bon nonoxi de 0. 054
al kanes net hane 0. 0148
et hane 0.25
pr opane 0. 48
n- but ane 1.02
ol efins et hyl ene 7.29
propyl ene 9. 40
1, 3 but adi ene 10. 89
aromati cs benzene 0.42
t ol uene 2.73
nmet a- xyl ene 8. 15
1,3,5-trinmethyl benzene 10.12
oxygenat es met hanol 0.56
et hanol 1.34
MIBE 0.62
ETBE 1.98

5.13 What are "carbonyl" conpounds?

Carbonyl s are produced in | arge anpbunts under |ean operating conditions,
especi al |y when oxygenated fuels are used. Mst carbonyls are toxic, and the
carboxylic acids can corrode netals. The emi ssion of carbonyls can be
control |l ed by combustion stoichionetry and exhaust catal ysts, refer to
section 5.5 for typical reductions for al dehydes.
Typi cal carbonyls are: -
* al dehydes ( containing -CHO),

- formal dehyde (HCHO) - which is formed in |arge ambunts during | ean

conbustion of nethanol [90].

- acetal dehyde (CH2CHO) - which is forned during ethanol conbustion

- acrolein (CH2=CHCHO) - a very potent irritant and toxin.
* ketones ( containing C=0 ),

- acetone (CH3COCH3)
* carboxylic acids ( containing -COOH ),

- formic acid (HCOOH) - forned during | ean nethanol conbustion

- acetic acid (CH3COOH) .

5.14 What are "gross polluters"?

It has al ways been known that the EPA emissions tests do not reflect rea
worl d conditions. There have been several attenpts to identify vehicles on
the road that do not conply with em ssions standards. Recent renote sensing
surveys have denonstrated that the highest 10% of CO enitters produce over
50% of the pollution, and the same ratio applies for the HC emitters

- which may not be the sane vehicles [91-102]. 20% of the CO enitters are
responsi ble for 80% of the CO enissions, consequently nodifying gasoline
conposition is only one aspect of pollution reduction. The new additives can
hel p nai ntain engi ne condition, but they can not conpensate for out-of-tune,
worn, or tanpered-with engines. There has recently been sonme unpublished
studi es that denonstrate that the current generation of renpte sensing
systems can not provide sufficient discrimnation of gross polluters w thout
al so producing fal se positives for sone acception vehicles - nmore work

is required, and in sonme states | &M eni ssions testing using dynanmoneters

is being introduced to identify gross polluters.



The nost fanpus of the renpte sensing systens is the FEAT ( Fuel Efficiency
Aut onobil e Test ) teamfromthe University of Denver [99]. This teamis
probably the world |l eader in renpte sensing of auto emissions to identify
grossly polluting vehicles. The system neasures CO CX2 ratio, and the

HC/ CX2 ratio in the exhaust of vehicles passing through an infra-red |ight
beam crossing the road 25cm above the surface. The system al so includes a
video systemthat records the licence plate, date, tine, calcul ated exhaust
CO C®2, and HC. The systemis effective for traffic lanes up to 18 netres
wi de, however rain, snow, and water spray can cause scattering of the beam
Ref erence signals nonitor such effects and, if possible, conpensate. The
system has been conprehensively validated, including using vehicles with
on-board em ssions nmonitoring instruments.

They can nonitor up to 1000 vehicles an hour and, as an exanple,they were
invited to Provo, Utah to nonitor vehicles, and gross polluters would be
offered free repairs [100]. They nonitored over 10,000 vehicles and mail ed
114 letters to owners of vehicles newer than 1965 that had denonstrated high
CO level s. They received 52 responses and repairs started in Dec. 1991, and
continued to Mar 1992.

The entire nonitored fleet at Provo (Utah) during Wnter 1991:1992

Model year Grams CO' gal | on Nurber of
(Medi an val ue) (rmean val ue) Vehi cl es
92 40 80 247
91 55 1222
90 75 1467
89 80 1512
88 85 1651
87 90 1439
86 100 300 1563
85 120 1575
84 125 1206
83 145 719
82 170 639
81 230 612
80 220 500 551
79 350 667
78 420 584
77 430 430
76 770 317
75 760 950 163
Pre 75 920 1060 878

As observed el sewhere, over half the CO was enmtted by about 10% of the
vehicles. |If the 47 worst polluting vehicles were renoved, that achieves
nore than renoving the 2,500 | owest enmitting vehicles fromthe total tested
fleet.

Surveys of vehicle popul ati ons have denbnstrated that em ssions systens had
been tanpered with on over 40% of the gross polluters, and an additional 20%
had defective em ssion control equipnent [101]. No matter what changes are
made to gasoline, if owners "tune" their engines for power, then the majority
of such "tuned" vehicle will becone gross polluters. Professional repairs to
gross polluters usually inproves fuel consunption, resulting in a |low cost to
owners ( $32/pa/ Ton CO year ). The rermoval of COin the Provo exanpl e above
was costed at $200/ Ton CO, conpared to |Inspection and M ntenance prograns
($780/ Ton CO ), and oxygenates ( $1034-$1264/Ton CO in Col orado 1991-2 ), and



UNCCALs vehicl e scrappi ng progranme ( $1025/Ton of all pollutants ).

Thus, identifying and repairing or renoving gross polluters can be far nore
cost-effective than playing around with reformul ated gasolines and
oxygenates. A recent study has confirnmed that gross polluters are not always
ol der vehicles, and that vehicles have been scrapped that passed the 1993 new
vehi cl e eni ssion standards [102]. The study also confirned that if estinated
costs and benefits of various em ssion reduction strategies were applied to
the tested fleet, the identification and repair techniques are the nost
cost-effective neans of reducing HC and CO It should be noted that sone
strategies ( such as the use of oxygenates to replace aromatics and al kyl

| ead conpounds ) have other environmental benefits.

Action Vehi cl es Estimated % reduction % reduction
Af fected Cost per $billion
(mllions) ($billion) HC CO HC CO
Ref or mul at ed Fuel s 20 1.5 17 11 11 7.3
Scrap pre-1980 vehicles 3.2 2.2 33 42 15 19
Scrap pre-1988 vehicles 14. 6 17 44 67 2.6 3.9
Repair worst 20% of vehicles 4 0. 88 50 61 57 69
Repair worst 40% of vehicles 8 1.76 68 83 39 47

Subj ect: 6. What do Fuel Cctane ratings really indicate?
6.1 W invented Octane Ratings?

Since 1912 the spark ignition internal conbustion engine's conpression ratio
had been constrai ned by the unwanted "knock" that could rapidly destroy

engi nes. "Knocking" is a very good description of the sound heard from an
engi ne using fuel of too | ow octane. The engi neers had bl amed t he "knock"

on the battery ignition systemthat was added to cars along with the
electric self-starter. The engi ne devel opers knew that they could inprove
power and efficiency if knock could be overcone.

Kettering assigned Thomas Mdgley, Jr. to the task of finding the exact
cause of knock [24]. They used a Dobbi e- Ml nnes manograph to denonstrate
that the knock did not arise frompreignition, as was conmonly supposed, but
arose froma violent pressure rise *after* ignition. The manograph was not
suitable for further research, so Mdgley and Boyd devel oped a hi gh-speed
canera to see what was happeni ng. They al so devel oped a "bounci ng pin"

i ndi cator that neasured the ampunt of knock [9]. Ricardo had devel oped an
alternative concept of HUCF ( Hi ghest Useful Conpression Ratio ) using a
vari abl e-conpressi on engi ne. Hi s nunbers were not absolute, as there were
many vari abl es, such as ignition timng, cleanliness, spark plug position
engi ne tenperature. etc

In 1927 Graham Edgar suggested using two hydrocarbons that could be produced
in sufficient purity and quantity [11]. These were "normal heptane", that
was al ready obtainable in sufficient purity fromthe distillation of Jeffrey
pine oil, and " an octane, named 2,4,4-trinmethyl pentane " that he first
synt hesi zed. Today we call it " iso-octane " or 2,2,4-trimethyl pentane. The
octane had a high antiknock val ue, and he suggested using the ratio of the
two as a reference fuel number. He denobnstrated that all the comercially-
avai | abl e gasol i nes could be bracketed between 60:40 and 40: 60 parts by

vol umre hept ane: i so- oct ane.



The reason for using nornmal heptane and iso-octane was because they both
have simlar volatility properties, specifically boiling point, thus the
varying ratios 0:100 to 100:0 should not exhibit large differences in
volatility that could affect the rating test.

Heat of
Melting Point Boiling Point Density Vapori sation
C C o/ m M/ kg
nor mal hept ane -90.7 98.4 0.684 0.365 @ 25C
i so octane -107. 45 99.3 0. 6919 0.308 @ 25C

Havi ng deci ded on standard reference fuels, a whole range of engines and
test conditions appeared, but today the nbpst common are the Research Cctane
Nurmber ( RON ), and the Motor COctane Nunber ( MON ).

6.2 Wiy do we need COctane Ratings?

To obtain the nmaxi mum energy fromthe gasoline, the conpressed fuel-air

m xture inside the conbustion chanber needs to burn evenly, propagating out
fromthe spark plug until all the fuel is consumed. This would deliver an
opti mum power stroke. In real life, a series of pre-flame reactions wll
occur in the unburnt "end gases" in the conbustion chanber before the flane
front arrives. If these reactions form nol ecul es or species that can
autoignite before the flane front arrives, knock will occur [21,22].

Sinmply put, the octane rating of the fuel reflects the ability of the
unburnt end gases to resist spontaneous autoignition under the engine test
conditions used. If autoignition occurs, it results in an extrenely rapid
pressure rise, as both the desired spark-initiated flanme front, and the
undesired autoignited end gas flanes are expandi ng. The conbi ned pressure
peak arrives slightly ahead of the normal operating pressure peak, |eading
to a loss of power and eventual overheating. The end gas pressure waves are
superinposed on the main pressure wave, leading to a sawtooth pattern of
pressure oscillations that create the "knocking" sound.

The conbi nati on of intense pressure waves and overheating can induce piston
failure in a few nminutes. Knock and preignition are both favoured by high
tenperatures, so one may lead to the other. Under high-speed conditions
knock can lead to preignition, which then accel erates engi ne destruction
[27,28].

6.3 What fuel property does the Cctane Rating neasure?

The fuel property the octane ratings neasure is the ability of the unburnt
end gases to spontaneously ignite under the specified test conditions.
Wthin the chem cal structure of the fuel is the ability to wi thstand
pre-flane conditions w thout deconposing into species that will autoignite
before the flame-front arrives. Different reaction mechani sms, occurring at
vari ous stages of the pre-flame conpression stroke, are responsible for the
undesi rabl e, easily-autoignitable, end gases.

During the oxidation of a hydrocarbon fuel, the hydrogen atons are renpved
one at a time fromthe nmolecule by reactions with snmall radical species
(such as OH and H®2), and O and H atons. The strength of carbon-hydrogen
bonds depends on what the carbon is connected to. Straight chain HCs such as
nor mal hept ane have secondary C-H bonds that are significantly weaker than
the primary CH bonds present in branched chain HCs |ike iso-octane [21, 22].



The octane rating of hydrocarbons is determ ned by the structure of the

nol ecul e, with long, straight hydrocarbon chai ns producing | arge anmounts of
easily-autoignitabl e pre-flane deconposition species, while branched and
aromati ¢ hydrocarbons are nore resistant. This al so explains why the octane
ratings of paraffins consistently decrease with carbon nunber. In real life,
t he unburnt "end gases" ahead of the flane front encounter tenperatures up
to about 700C due to conpression and radi ant and conductive heating, and
conmence a series of pre-flane reactions. These reactions occur at different
thermal stages, with the initial stage ( bel ow 400C ) conmencing with the
addi ti on of nol ecul ar oxygen to al kyl radicals, followed by the interna
transfer of hydrogen atons within the new radical to form an unsaturated,
oxygen- cont ai ni ng speci es. These new species are susceptible to chain
branchi ng i nvol ving the HOQ2 radical during the internediate tenperature
stage (400-600C), nmminly through the production of OH radicals. Above 600C,
the nost inportant reaction that produces chain branching is the reaction of
one hydrogen atom radical with nol ecul ar oxygen to form O and OH radi cal s.

The addition of additives such as al kyl |ead and oxygenates can
significantly affect the pre-flame reacti on pat hways. Antiknock additives
work by interfering at different points in the pre-flame reactions, wth
t he oxygenates retardi ng undesirable | ow tenperature reactions, and the
al kyl | ead compounds react in the internmediate tenperature region to
deactivate the nmjor undesirabl e chain branching sequence [21,22].

The antiknock ability is related to the "autoignition tenperature" of the

hydr ocarbons. Anti knock ability is _not_ substantially related to:-

1. The energy content of fuel, this should be obvious, as oxygenates have
| ower energy contents, but high octanes.

2. The flame speed of the conventionally ignited nmixture, this should be
evident fromthe simlarities of the two reference hydrocarbons.
Al t hough fl ame speed does play a minor part, there are nany other factors
that are far nmore inportant. ( such as conpression ratio, stoichionetry,
conbusti on chanber shape, chemi cal structure of the fuel, presence of
anti knock additives, nunmber and position of spark plugs, turbul ence etc.)
Fl ane speed does not correlate with octane.

6.4 Wiy are two ratings used to obtain the punp rating?

The correct nane for the (RON+MON)/2 fornula is the "anti knock index",
and it remains the nost inportant quality criteria for notorists [39].

The initial knock measurenment nethods devel oped in the 1920s resulted in a

di verse range of engine test nmethods and conditions, many of which have been
sunmari sed by Canpbell and Boyd [103]. In 1928 the Co-operative Fuel Research
Conmittee fornmed a sub-conmittee to devel op a uniform knock-testing

apparatus and procedure. They settled on a single-cylinder, valve-in-head,

wat er - cool ed, variable conpression engine of 3.5"bore and 4.5" stroke. The
knock indi cator was the bouncing-pin type. They sel ected operating conditions
for evaluation that nost closely match the current Research Method, however
correlation trials with road octanes in the early 1930s exhi bited such | arge
di screpanci es that conditions were changed ( hi gher engi ne speed, hot m xture
tenperature, and defined spark advance profiles ), and a new tentative ASTM
Cctane rating nethod was produced. This nethod is sinmilar to the operating
conditions of the current Mdtor COctane procedure [12,103]. Over severa
decades, a large nunber of alternative octane test nethods appeared. These
were variations to either the engine design, or the specified operating



conditions [103]. During the 1950-1960s attenpts were nade to internationally
st andardi se and reduce the nunber of Octane Rating test procedures.

During the late 1940s - md 1960s, the Research net hod becane the inportant
rati ng because it nore closely represented the octane requirenments of the
notori st using the fuel s/vehicles/roads then available. In the |ate 1960s
Ger man aut omakers di scovered their engines were destroying thensel ves on

| ong Aut obahn runs, even though the Research Octane was within specification
They discovered that either the MON or the Sensitivity ( the nunerica

di fference between the RON and MON nunbers ) also had to be specified. Today
it is accepted that no one octane rating covers all use. In fact, during
1994, there have been increasing concerns in Europe about the high
Sensitivity of sone commercially-avail abl e unl eaded fuels.

The design of the engine and vehicle significantly affect the fuel octane
requi renent for both RON and MON. In the 1930s, nost vehicles would have
been sensitive to the Research Cctane of the fuel, alnost regardl ess of the
Mot or Oct ane, whereas npost 1990s engi nes have a 'severity" of one, which
means the engine is unlikely to knock if a changes of one RON is natched by
an equal and opposite change of MON [32]. | should note that the Research
met hod was only fornmally approved in 1947, but used unofficially from 1942,

6.5 Wiat does the Mdtor Cctane rating neasure?

The conditions of the Motor nethod represent severe, sustained high speed,
high I oad driving. For nobst hydrocarbon fuels, including those with either
| ead or oxygenates, the motor octane nunber (MON) will be | ower than the
research octane nunber (RON).

Test Engi ne conditions Mot or Cct ane

Test Met hod ASTM D2700-92 [104]

Engi ne Cooperative Fuels Research ( CFR)

Engi ne RPM 900 RPM

Intake air tenperature 38 C

Intake air humdity 3.56 - 7.12 g H2O/ kg dry air

I ntake m xture tenperature 149 C

Cool ant tenperature 100 C

G| Tenperature 57 C

I gnition Advance - variable Varies with conpression ratio
( eg 14 - 26 degrees BTDC )

Carburettor Venturi 14.3 mm

6.6 What does the Research COctane rating measure?

The Research nmethod settings represent typical mld driving, wthout
consi stent heavy | oads on the engine.

Test Engi ne conditions Research Cct ane

Test Met hod ASTM D2699-92 [ 105]

Engi ne Cooperative Fuels Research ( CFR)
Engi ne RPM 600 RPM

I ntake air tenperature Varies with baronetric pressure

( eg 88kPa = 19.4C, 101.6kPa = 52.2C )

Intake air humdity 3.56 - 7.12 g H2O/ kg dry air
I ntake m xture tenperature Not specified
Cool ant tenperature 100 C



QG| Tenperature 57 C
I gnition Advance - fixed 13 degrees BTDC
Carburettor Venturi Set according to engine altitude
( eg 0-500nF14. 3mm 500-1000nF15. 1mm )

6.7 Wiy is the difference called "sensitivity"?

RON - MON = Sensitivity. Because the two test nmethods use different test
conditions, especially the intake m xture tenperatures and engi ne speeds,
then a fuel that is sensitive to changes in operating conditions will have
a larger difference between the two rating nethods. Modern fuels typically
have sensitivities around 10. The US 87 (RON+MON)/2 unl eaded gasoline is
recomended to have a 82+ MON, thus preventing very high sensitivity fuels
[39]. Recent changes in European gasolines has caused concern, as high
sensitivity unl eaded fuels have been found that fail to neet the 85 MON
requi renent of the EN228 European gasoline specification [106].

6.8 What sort of engine is used to rate fuels?

Aut onoti ve octane ratings are deternined in a special single-cylinder engine
with a variable conpression ratio ( CR4:1 to 18:1 ) known as a Cooperative
Fuel s Research ( CFR ) engine. The cylinder bore is 82.5mm the stroke is
114. 3nm giving a di splacenent of 612 cnB. The piston has four conpression
rings, and one oil control ring. The intake valve is shrouded. The head and
cylinder are one piece, and can be noved up and down to obtain the desired
conpression ratio. The engines have a special four-bow carburettor that
can adjust individual bow air-fuel ratios. This facilitates rapid swtching
bet ween reference fuels and sanples. A magnetorestrictive detonation sensor
in the combustion chanber neasures the rapid changes in conbustion chanber
pressure caused by knock, and the anplified signal is neasured on a
"knockmeter" with a 0-100 scale [104,105]. A conplete Octane Rating engi ne
system costs about $200,000 with all the services installed. Only one
conpany manuf actures these engi nes, the Waukesha Engi ne Divi sion of Dresser

I ndustri es, Waukesha. W 53186.

6.9 Howis the Cctane rating determ ned?

To rate a fuel, the engine is set to an appropriate conpression ratio that
wi | I produce a knock of about 50 on the knockneter for the sanple when the
air-fuel ratio is adjusted on the carburettor bow to obtain nmaxi nrum knock
Nor nal heptane and iso-octane are known as prinmary reference fuels. Two

bl ends of these are nade, one that is one octane nunber above the expected
rati ng, and another that is one octane nunber bel ow the expected rating.
These are placed in different bows, and are also rated with each air-fue
rati o being adjusted for maxi mum knock. The hi gher octane reference fue
shoul d produce a readi ng around 30-40, and the | ower reference fuel should
produce a readi ng of 60-70. The sanple is again tested, and if it does not
fit between the reference fuels, further reference fuels are prepared, and
the engi ne readjusted to obtain the required knock. The actual fuel rating
is interpolated fromthe knockmeter readi ngs [104, 105].

6.10 What is the Cctane Distribution of the fuel ?

The conbi nati on of vehicle and engine can result in specific requirenents
for octane that depend on the fuel. If the octane is distributed differently
t hroughout the boiling range of a fuel, then engines can knock on one brand
of 87 (RONWMON)/ 2, but not on another brand. This "octane distribution" is



especi ally inportant when sudden changes in | oad occur, such as high | oad,
full throttle, acceleration. The fuel can segregate in the manifold, with
the very volatile fraction reaching the conmbustion chanber first and, if
that fraction is deficient in octane, then knock will occur until the |ess
vol atile, higher octane fractions arrive [27,28].

Sonme fuel specifications include delta RONs, to ensure octane distribution

t hroughout the fuel boiling range was consistent. Cctane distribution was
sel dom a problemw th the al kyl |ead conpounds, as the tetra nethyl |ead
and tetra ethyl lead octane volatility profiles were well characterised, but
it can be a major problemfor the new, refornulated, |ow aronatic gasolines,
as MIBE boils at 55C, whereas ethanol boils at 78C. Drivers have di scovered
that an 87 (RONWMON)/2 from one brand has to be substituted with an 89
(RON+MON) / 2 of anot her, and that is because of the conbination of their
driving style, engine design, vehicle nass, fuel octane distribution, fue
volatility, and the octane-enhancers used.

6.11 What is a "delta Research COctane nunber"?

To obtain an indication of behaviour of a gasoline during any nmanifold
segregation, an octane rating procedure called the Distribution Cctane
Nurmber was used. The rating engine had a special manifold that allowed
the heavier fractions to be separated before they reached the conbustion
chanmber [27]. That method has been replaced by the "delta" RON procedure.

The fuel is carefully distilled to obtain a distillate fraction that boils
to the specified tenperature, which is usually 100C. Both the parent fue
and the distillate fraction are rated on the octane engi ne using the
Research QOctane nethod [107]. The difference between these is the delta
RON(100C), usually just called the delta RON. The delta RON ratings are
not particularly relevant to engines with injectors, and are not used in

t he US.

6.12 How do other fuel properties affect octane?

Several other properties affect knock. The nbst significant deterninant of
octane is the chem cal structure of the hydrocarbons and their response to
the addition of octane enhancing additives. Other factors include:-
Front End Volatility - Paraffins are the major conponent in gasoline, and
t he octane nunmber decreases with increasing chain length or ring size, but
i ncreases with chain branching. Overall, the effect is a significant
reduction in octane if front end volatility is lost, as can happen with
i nproper or long term storage. Fuel econony on short trips can be inproved
by using a nore volatile fuel, at the risk of carburettor icing and
i ncreased evaporative enissions.
Final Boiling Point.- Decreases in the final boiling point increase fue
oct ane. Avi ation gasolines have much lower final boiling points than
aut onoti ve gasolines. Note that final boiling points are being reduced
because the higher boiling fractions are responsi ble for disproportionate
gquantities of pollutants and toxins.
Preignition tendency - both knock and preignition can i nduce each other

6.13 Can hi gher octane fuels give nme nore power?
On nodern engi nes with sophisticated engi ne nanagenent systens, the engi ne

can operate efficiently on fuels of a wi der range of octane rating, but there
remai ns an opti num octane for the engi ne under specific driving conditions.



A der cars without such systens are nore restricted in their choice of fuel
as the engine can not automatically adjust to accommbdate | ower octane fuel
Because knock is so destructive, owners of older cars rmust use fuel that will
not knock under the npbst demandi ng conditions they encounter, and mnust
continue to use that fuel, even if they only occasionally require the octane.

If you are already using the proper octane fuel, you will not obtain nore
power from higher octane fuels. The engine will be already operating at
optimum settings, and a higher octane should have no effect on the nanagenent
system Your driveability and fuel econony will remain the sane. The hi gher
octane fuel costs nore, so you are just throwi ng noney away. If you are
already using a fuel with an octane rating slightly below the opti num then
using a higher octane fuel will cause the engi ne nanagenent systemto nove to
the opti mum settings, possibly resulting in both increased power and i nproved
fuel econony. You may be able to change octanes between seasons ( reduce
octane in winter ) to obtain the nost cost-effective fuel wi thout |oss of
driveability.

Once you have identified the fuel that keeps the engine at optinmm settings,
there is no advantage in noving to an even hi gher octane fuel. The

manuf acturer's recommendation i s conservative, so you nay be able to
carefully reduce the fuel octane. The penalty for getting it badly wong,
and not realising that you have, could be expensive engi ne damage.

6. 14 Does | ow octane fuel increase engine wear?

Not if you are meeting the octane requirement of the engine. If you are not
neeting the octane requirenent, the engine will rapidly suffer major damage
due to knock. You nust not use fuels that produce sustained audi bl e knock
as engi ne danage will occur. If the octane is just sufficient, the engine
managenent systemw ||l nove settings to a | ess optimal position, and the
only major penalty will be increased costs due to poor fuel econony.
Whenever possi bl e, engines should be operated at the optimm position for
long-termreliability. Engine wear is mainly related to design
manuf act uri ng, mai ntenance and |ubrication factors. Once the octane and
run-on requirenents of the engine are satisfied, increased octane will have
no beneficial effect on the engine. Run-on is the tendency of an engine to
continue running after the ignition has been switched off, and is discussed
in nore detail in Section 8.2. The quality of gasoline, and the additive
package used, would be nore likely to affect the rate of engi ne wear, rather
than the octane rating.

6.15 Can | mix different octane fuel grades?

Yes, however attenpts to blend in your fuel tank should be carefully

pl anned. You should not allow the tank to becone enpty, and then add 50% of

| ower octane, followed by 50% of higher octane. The fuels may not conpletely
m x inmediately, especially if there is a density difference. You may get a
slug of | ow octane that causes severe knock. You should refill when your
tank is half full. In general the octane response will be |inear for nost
hydr ocarbon and oxygenated fuels eg 50:50 of 87 and 91 will give 89.

Attenpts to mix | eaded high octane to unl eaded hi gh octane to obtain higher
octane are usel ess for nost conmercial gasolines. The | ead response of the
unl eaded fuel does not overconme the dilution effect, thus 50:50 of 96 | eaded
and 91 unl eaded will give 94. Sonme bl ends of oxygenated fuels with ordinary
gasoline can result in undesirable increases in volatility due to volatile



azeotropes, and sonme oxygenates can have negative |ead responses. The octane
requi renent of some engines is determ ned by the need to avoid run-on, not
to avoid knock.

6. 16 What happens if | use the wong octane fuel ?

If you use a fuel with an octane rating bel ow the requirement of the engine,
t he managenent system nay nove the engine settings into an area of |ess
efficient conbustion, resulting in reduced power and reduced fuel econony.
You will be | osing both noney and driveability. If you use a fuel with an
octane rating higher than what the engine can use, you are just wasting
noney by paying for octane that you can not utilise. The additive packages
are matched to the engines using the fuel, for exanple intake valve deposit
control additive concentrations may be increased in the prenium octane grade.
I f your vehicle does not have a knock sensor, then using a fuel with an
octane rating significantly bel ow the octane requirenment of the engi ne neans
that the little nmen with hanmers will gleefully pumrel your engine to pieces.

You should initially be guided by the vehicle manufacturer's recomendati ons,
however you can experinment, as the variations in vehicle tolerances can

nmean t hat Octane Nunber Requirenent for a given vehicle nodel can range

over 6 Cctane Numbers. Caution should be used, and remenber to conpensate

if the conditions change, such as carrying nmore people or driving in

di fferent anmbient conditions. You can often reduce the octane of the fue

you use in winter because the tenperature decrease and possible humdity
changes may significantly reduce the octane requirenent of the engine.

Use the octane that provides cost-effective driveability and perfornance,
using anything nore is waste of noney, and anything less could result in
an unschedul ed, expensive visit to your nechanic.

6.17 Can | tune the engine to use another octane fuel ?

In general, nodern engi ne nanagenent systens will conpensate for fuel octane,
and once you have satisfied the opti mum octane requirenment, you are at the
opti mum overal |l performance area of the engine nmap. Tuni ng changes to obtain
nore power will probably adversely affect both fuel econony and enissions.
Unl ess you have access to good di agnostic equi pnment that can ensure
regulatory limts are conplied with, it is likely that adjustments nay be
regarded as illegal tanpering by your |local regulation enforcers. |If you are
skilled, you will be able to legally wing slightly nore performance from
your engine by using a dynanmoneter in conjunction with engi ne and exhaust gas
anal yzers and a wel | -designed, retrofitted, performance engi ne managenent
chi p.

6.18 How can | increase the fuel octane?

Not sinply, you can purchase additives, however these are not cost-effective
and a survey in 1989 showed the cost of increasing the octane rating of one
US gallon by one unit ranged from 10 cents ( nethanol ), 50 cents (M),
$1.00 ( TEL ), to $3.25 ( xylenes ) [108]. Refer to section 6.20 for a

di scussi on on naphthalene ( mothballs ). It is preferable to purchase a

hi gher octane fuel such as racing fuel, aviation gasolines, or nethanol

Sadly, the price of chem cal grade nethanol has al nost doubl ed during 1994.

If you plan to use al cohol blends, ensure your fuel handling systemis
conpati ble, and that you only use dry gasoline by filling up early in the
nmor ni ng when the storage tanks are cool. Al so ensure that the service station



storage tank has not been refilled recently. Retailers are supposed to wait
several hours before bringing a refilled tank online, to all ow suspended
undi ssol ved water to settle out, but they do not always wait the full period.

6.19 Are aviation gasoline octane nunbers conparabl e?

Avi ation gasolines were all highly | eaded and graded using two numbers, with
conmon grades being 80/87, 100/130, and 115/145 [109, 110]. The first nunmber is
the Aviation rating ( aka Lean M xture rating ), and the second nunber is the
Supercharge rating ( aka Rich Mxture rating ). In the 1970s a new grade,
100LL ( low lead = 0.53m TEL/L instead of 1.06m TEL/L) was introduced to

repl ace the 80/87 and 100/ 130. Soon after the introduction, there was a

spate of plug fouling, and high cylinder head tenperatures resulting in
cracked cylinder heads [110]. The old 80/87 grade was reintroduced on a
limted scale. The Aviation Rating is deterni ned using the autonotive Motor
Cctane test procedure, and then converted to an Aviation Nunber using a

table in the method. Aviation Nunbers bel ow 100 are Cctane nunbers, while
nunbers above 100 are Performance nunbers. There is usually only 1 - 2

Cctane units different to the Motor value up to 100, but Perfornmance nunbers
varies significantly above that eg 110 MON = 128 Performance numnber.

The second Avgas nunber is the Rich Mxture method Performance Number ( PN

- they are not conmonly call ed octane nunbers when they are above 100 ), and
is determ ned on a supercharged version of the CFR engi ne which has a fixed
conpression ratio. The nethod determ nes the dependence of the highest

perm ssible power ( in terns of indicated nean effective pressure ) on

m xture strength and boost for a specific Iight knocking setting. The

Per f ormance Numnber i ndi cates the maxi num knock-free power obtainable froma
fuel conpared to iso-octane = 100. Thus, a PN = 150 indicates that an engi ne
designed to utilise the fuel can obtain 150% of the knock-limited power of

i so-octane at the sane nmixture ratio. This is an arbitrary scal e based on

i so-octane + varying amounts of TEL, derived froma survey of engines
performed decades ago. Aviation gasoline PNs are rated using variations of

m xture strength to obtain the naxi mum knock-1inited power in a supercharged
engi ne. This can be extended to provide m xture response curves whi ch define
t he maxi mum boost ( rich - about 11:1 stoichiometry ) and m ni num boost

( weak about 16:1 stoichionetry ) before knock [110].

The 115/145 grade is bei ng phased out, but even the 100LL has nore octane
than any autonotive gasoli ne.

6. 20 Can npthbal ls increase octane?

The | egend of nothballs as an octane enhancer arose well before WA I when
napht hal ene was used as the active ingredient. Today, the mgjority of

not hbal | s use para-di chl orobenzene in place of naphthal ene, so choose
carefully if you wish to experinment :-). There have been sone concerns about
the toxicity of para-dichl orobenzene, and napht hal ene not hbal | s have agai n
beconme popular. In the 1920s, typical gasoline octane ratings were 40-60
[11], and during the 1930s and 40s, the ratings increased by approxi mately 20
units as al kyl |eads and i nproved refining processes becane w despread [12].

Napht hal ene has a bl endi ng nmotor octane nunber of 90 [52], so the addition of
a significant anmount of mothballs could increase the octane, and they were
solubl e in gasoline. The anount usually required to appreciably increase the
octane al so had sone adverse effects. The npst obvi ous was due to the high
melting point ( 80C ), when the fuel evaporated the naphthal ene woul d



precipitate out, blocking jets and filters. Wth nodern gasoli nes,
napht hal ene is nore likely to reduce the octane rating, and the anpunt
required for I ow octane fuels will also create operational and em ssions
pr obl ens.

Subj ect: 7. What paraneters deternine octane requirenment?
7.1 What is the Cctane Nunber Requirenent of a Vehicle?

The actual octane requirement of a vehicle is called the Cctane Nunber

Requi rement (ONR), and is determ ned by using series of standard octane fuels
that can be bl ends of iso-octane and nornal heptane ( prinmary reference ),

or commercial gasolines ( full-boiling reference ). In Europe, delta RON
(100C) fuels are also used, but seldomin the USA. The vehicle is tested
under a wi de range of conditions and | oads, using decreasing octane fuels
fromeach series until trace knock is detected. The conditions that require
maxi mum oct ane are not consistent, but often are full-throttle accel eration
fromlow starting speeds using the highest gear available. They can even be
at constant speed conditions, which are usually perforned on chassis
dynanoneters [27,28,111]. Engi ne nmanagenent systens that adjust the octane
requi renent may al so reduce the power output on | ow octane fuel, resulting
in increased fuel consunption, and adaptive |earning systens have to be
preconditioned prior to testing. The maxi num ONR is of npbst interest, as that
usual |y defines the reconmended fuel, however it is recognised that the
general public seldomdrive as severely as the testers, and so may be
satisfied by a | ower octane fuel [28].

7.2 What is the effect of Conpression ratio?

Most peopl e know that an increase in Conpression Ratio will require an
increase in fuel octane for the same engi ne design. Increasing the
conpression ratio increases the theoretical thernodynam c efficiency of an
engi ne according to the standard equation

Efficiency = 1 - (1/conpression ratio)~gama-1

where ganma = ratio of specific heats at constant pressure and constant
volume of the working fluid ( for nobst purposes air is the working fluid,
and is treated as an ideal gas ). There are indications that thernal
efficiency reaches a maxi numat a conpression ratio of about 17:1 for
gasoline fuels in an SI engine [23].

The efficiency gains are best when the engine is at incipient knock, that's
why knock sensors ( actually vibration sensors ) are used. Low conpression
rati o engines are less efficient because they can not deliver as nuch of the
i deal conbustion power to the flywheel. For a typical carburetted engine,

wi t hout engi ne managenent [ 27, 38]: -

Conpr essi on Cct ane Nunber Brake Thermal Efficiency
Rati o Requi r errent ( Full Throttle )
5:1 72 -
6:1 81 25 %
7:1 87 28 %
8:1 92 30 %
9:1 96 32 %



10:1 100 33 %
11:1 104 34 %
12:1 108 35 %

Moder n engi nes have inproved significantly on this, and the changi ng fuel
speci fications and engi ne design should see nore inprovenents, but
significant gains may have to await inproved engine materials and fuels.

7.3 Wiat is the effect of changing the air-fuel ratio?

Traditionally, the greatest tendency to knock was near 13.5:1 air-fue

rati o, but was very engine specific. Mdern engines, wth engi ne nanagenent
systems, now have their naxi mum octane requirement near to 14.5:1. For a

gi ven engi ne using gasoline, the relationship between thernmal efficiency,
air-fuel ratio, and power is conplex. Stoichionetric conbustion ( air-fue
ratio = 14.7:1 for a typical non-oxygenated gasoline ) is neither maxi num
power - which occurs around air-fuel 12-13:1 (Rich), nor nmaximm thermal

ef ficiency - which occurs around air-fuel 16-18:1 (Lean). The air-fuel ratio
is controlled at part throttle by a closed | oop system using the oxygen sensor
in the exhaust. Conventionally, enrichnment for maxi mum power air-fuel ratio
is used during full throttle operation to reduce knocking while providing
better driveability [38]. An average increase of 2 (RtM/2 ON is required

for each 1.0 increase (leaning) of the air-fuel ratio [111]. If the mixture

i s weakened, the flane speed is reduced, consequently |ess heat is converted
to nechani cal energy, leaving heat in the cylinder walls and head,
potentially inducing knock. It is possible to weaken the m xture sufficiently
that the flame is still present when the inlet valve opens again, resulting

i n backfiring.

7.4 What is the effect of changing the ignition tinng?

The tendency to knock increases as spark advance is increased. For an engi ne
with recormmended 6 degrees BTDC ( Before Top Dead Centre ) timing and 93
octane fuel, retarding the spark 4 degrees |lowers the octane requirenment to
91, whereas advancing it 8 degrees requires 96 octane fuel [27]. It should
be noted this requirenent depends on engi ne design. If you advance the spark
the flame front starts earlier, and the end gases start forming earlier in
the cycle, providing nmore time for the autoigniting species to formbefore
the piston reaches the optinum position for power delivery, as determ ned by
the normal flane front propagation. It becones a race between the flane front
and deconposition of the increasingly-squashed end gases. Hi gh octane fuels
produce end gases that take longer to autoignite, so the good flane front
reaches and consumes them properly.

The ignition advance map is partly determ ned by the fuel the engine is

i ntended to use. The tinm ng of the spark is advanced sufficiently to ensure
that the fuel-air mixture burns in such a way that maxi mum pressure of the
burni ng charge is about 15-20 degree after TDC. Knock will occur before
this point, usually in the |ate conpression - early power stroke period.

The engi ne managenent systemuses ignition timng as one of the najor
variables that is adjusted if knock is detected. If very |ow octane fuels
are used ( several octane nunbers bel ow the vehicle's requirenment at optimal
settings ), both performance and fuel econony will decrease.

The actual Octane Nunmber Requirenent depends on the engi ne design, but for
sonme 1978 vehicles using standard fuels, the following (RtM/2 Cctane
Requi rements were neasured. "Standard" is the reconmended ignition timng



for the engine, probably a few degrees BTDC [ 38].

Basic lgnition Timng

Vehicl e Ret arded 5 degrees St andard Advanced 5 degrees
A 88 91 93
B 86 90.5 94.5
C 85.5 88 90
D 84 87.5 91
E 82.5 87 90

The actual ignition tining to achi eve the maxi mum pressure from nor nal
conbustion of gasoline will depend mainly on the speed of the engine and the
flanme propagation rates in the engi ne. Knock increases the rate of the
pressure rise, thus superinposing additional pressure on the nornmal
conbustion pressure rise. The knock actually rapidly resonates around the
chamber, creating a series of abnornmal sharp spi kes on the pressure diagram
The normal flane speed is fairly consistent for nbst gasoline HCs, regardless
of octane rating, but the flame speed is affected by stoichiometry. Note that
the flanme speeds in this FAQ are not the actual engine flane speeds. A 12:1
CR gasoline engine at 1500 rpm woul d have a flane speed of about 16.5 nis,
and a simlar hydrogen engine yields 48.3 m's, but such engine flame speeds
are al so very dependent on stoichionetry.

7.5 What is the effect of engi ne nanagenent systens?

Engi ne managenent systenms are now an inportant part of the strategy to
reduce autonotive pollution. The good news for the consumer is their ability
to maintain the efficiency of gasoline conmbustion, thus inmproving fue
econony. The bad news is their tendency to hinder tuning for power. A very
basi ¢ nodern engi ne system could nonitor and control:- mass air flow, fue
flow, ignition timng, exhaust oxygen ( |anbda oxygen sensor ), knock

( vibration sensor ), EGR, exhaust gas tenperature, cool ant tenperature, and
intake air tenperature. The knock sensor can be either a nonresonant type
installed in the engine bl ock and capabl e of neasuring a w de range of knock
vibrations ( 5-15 kHz ) with mninmal change in frequency, or a resonant type
t hat has excellent signal-to-noise ratio between 1000 and 5000 rpm[112].

A nmodern engi ne nmanagenment system can conpensate for altitude, anbient air
tenperature, and fuel octane. The managenent systemw || also control cold
start settings, and other operational paraneters. There is a new requirenent
that the engi ne managenent system al so contain an on-board di agnostic
function that warns of mal functions such as engine msfire, exhaust catal yst
failure, and evaporative em ssions failure. The use of fuels w th al cohols
such as nethanol can confuse the engi ne nmanagenent system as they generate
nore hydrogen whi ch can fool the oxygen sensor [76]

The use of fuel of too | ow octane can actually result in both a |oss of fue
economy and power, as the managerment system may have to nove the engine
settings to a less efficient part of the performance map. The systemretards
the ignition timng until only trace knock is detected, as engi ne damage
fromknock is of nore consequence than power and fuel econony.

7.6 What is the effect of tenperature and | oad?
Increasing the engine tenperature, particularly the air-fuel charge

tenperature, increases the tendency to knock. The Sensitivity of a fuel can
indicate howit is affected by charge tenperature variations. Increasing



| oad i ncreases both the engi ne tenperature, and the end-gas pressure, thus
the Iikelihood of knock increases as |oad increases. Increasing the water
jacket tenperature from 71C to 82C, increases the (RtM/2 ONR by two [111].

7.7 What is the effect of engine speed?.

Faster engi ne speed neans there is less tine for the pre-flane reactions
in the end gases to occur, thus reducing the tendency to knock. On engines
wi t h managenent systens, the ignition timng may be advanced w th engine
speed and | oad, to obtain optinumefficiency at incipient knock. In such
cases, both high and | ow engi nes speeds may be critical

7.8 What is the effect of engine deposits?

A new engine may only require a fuel of 6-9 octane nunbers | ower than the
sanme engi ne after 25,000 km This Cctane Requirenent Increase (ORl) is due to
the formation of a mixture of organic and inorganic deposits resulting from
both the fuel and the lubricant. They reach an equilibrium amunt because
of flaking, however dramatic changes in driving styles can also result in
dramati ¢ changes of the equilibriumposition. Wien the engine starts to burn
nore oil, the octane requirenent can increase again. ORIs up to 12 are not
uncomon, depending on driving style [27,28,32,111]. The deposits produce
the ORI by several nechanisns: -
- they reduce the conbustion chamber volune, effectively increasing the
conpression ratio.
- they also reduce thermal conductivity, thus increasing the conbustion
chamber tenperatures.
- they catal yse undesirable pre-flane reactions that produce end gases with
| ow aut oi gni tion tenperatures.

7.9 Wiat is the Road Octane Nunber of a Fuel ?

The CFR octane rating engines do not reflect actual conditions in a vehicle,

consequently there are standard procedures for evaluating the perfornmance

of the gasoline in an engine. The npbst conmon are: -

1. The Modified Uniontown Procedure. Full throttle accelerations are nade
fromlow speed using primary reference fuels. The ignition tining is
adjusted until trace knock is detected at some stage. Several reference
fuels are used, and a Road Cctane Nunber v Basic lIgnition timng graph is
obt ai ned. The fuel sanple is tested, and the trace knock ignition timng
setting is read fromthe graph to provide the Road Cctane Nunber. This is
a rapid procedure but provides mniml information, and cars with engi ne
management systens require sophisticated el ectronic equi pnent to adjust
the ignition timng [28].

2. The Modified Borderline Knock Procedure. The automatic spark advance is
di sabl ed, and a manual adjustnment facility added. Accelerations are
performed as in the Mdified Uniontown Procedure, however trace knock is
mai nt ai ned t hroughout the run by adjustnent of the spark advance. A map
of ignition advance v engine speed is nade for several reference fuels
and the sanmple fuels. This procedure can show the variation of road octane
wi th engi ne speed, however the technique is al nost inpossible to perform
on vehicles with nbdern managenent systens [28].

The Road Cctane Nunber |ies between the MON and RON, and the difference
bet ween the RON and the Road Octane nunber is called 'depreciation" [111].
Because nom nal l y-identical new vehicle nodels display octane requirenents
that can range over seven nunbers, a |arge nunber of vehicles have to be



tested [28, 111].
7.10 What is the effect of air tenperature?

An increase in anbient air tenperature of 5.6C increases the octane

requi renent of an engine by 0.44 - 0.54 MON [27,38]. Wen the conbi ned effects
of air tenperature and hunidity are considered, it is often possible to use
one octane grade in sumer, and use a |ower octane rating in winter. The

Mot or octane rating has a higher charge tenperature, and increasing charge
tenperature increases the tendency to knock, so fuels with |ow Sensitivity

( the difference between RON and MON nunbers ) are less affected by air

t enper at ur e.

7.11 Vhat is the effect of altitude?

The effect of increasing altitude may be nonlinear, with one study reporting
a decrease of the octane requirement of 1.4 RON 300m from sea level to 1800m
and 2.5 ROV 300m from 1800mto 3600m[27]. Other studies report the octane
nunber requirenment decreased by 1.0 - 1.9 ROV 300m wi t hout specifying
altitude [38]. Moddern engi ne managenent systenms can accommodate this
adjustnment, and in sone recent studies, the octane nunber requirenment was
reduced by 0.2 - 0.5 (RtM/2 per 300mincrease in altitude.
The | arger reduction on ol der engi nes was due to:-

- reduced air density provides | ower conbustion tenperature and pressure.

- fuel is metered according to air volunme, consequently as density decreases
the stoichiometry noves to rich, with a | ower octane number requirenent.

- mani fold vacuum control | ed spark advance, and reduced manifold vacuum
results in | ess spark advance.

7.12 What is the effect of humdity?.

An increase of absolute humidity of 1.0 g water/ kg of dry air lowers the
octane requirenent of an engine by 0.25 - 0.32 MON [ 27, 28, 38].

7.13 \What does water injection achieve?.

Water injection, as a separate liquid or enulsion with gasoline, or as a
vapour, has been thoroughly researched. If engines can calibrated to operate
with small anmpunts of water, knock can be suppressed, hydrocarbon em ssions
will slightly increase, NOx enissions will decrease, CO does not change
significantly, and fuel and energy consunption are increased [113].

Water injection was used in WA I aviation engine to provide a |arge increase
in avail abl e power for very short periods. The injection of water does
decrease the dew point of the exhaust gases. This has potential corrosion
probl ems. The very high specific heat and heat of vaporisation of water
nmeans that the conmbustion tenperature will decrease. It has been shown that
a 10% water addition to methanol reduces the power and efficiency by about
3% and doubl es the unburnt fuel enissions, but does reduce NOx by 25% [ 114].
A decrease in conbustion tenperature will reduce the theoretical maxi num
possi bl e efficiency of an otto cycle engine that is operating correctly,

but may inmprove efficiency in engines that are experiencing abnornal
conbustion on existing fuels.

Sone aviation Sl engines still use boost fluids. The water-nethanol m xtures
are used to provide increased power for short periods, up to 40% nore -



assum ng adequat e nmechani cal strength of the engine. The 40/60 or 45/55

wat er - met hanol m xtures are used as boost fluids for aviation engines because
wat er woul d freeze. Methanol is just "preburnt" methane, consequently it only
has about half the energy content of gasoline, but it does have a higher heat
of vaporisation, which has a significant cooling effect on the charge.

Wat er - met hanol bl ends are nore cost-effective than gasoline for conbustion
cooling. The high Sensitivity of alcohol fuels has to be considered in the
engi ne desi gn and settings.

Boost fluids are used because they are far nore econom cal than using the
fuel . When a supercharged engi ne has to be operated at high boost, the

m xture has to be enriched to keep the engi ne operating w thout knock. The
extra fuel cools the cylinder walls and the charge, thus del ayi ng the onset
of knock which woul d otherwi se occur at the associ ated hi gher tenperatures.

The overall effect of boost fluid injection is to pernit a considerable

i ncrease in knock-free engi ne power for the sane conbustion chanber
tenperature. The power increase is obtained fromthe higher allowable boost.
In practice, the fuel mixture is usually weakened when using boost fluid
injection, and the ratio of the two fuel fluids is approximately 100 parts
of avgas to 25 parts of boost fluid. Wth that ratio, the resulting
performance corresponds to an effective uprating of the fuel of about 25%
irrespective of its original value. Trying to increase power boosting above
40%is difficult, as the engine can drown because of excessive liquid [110].

Note that for water injection to provide useful power gains, the engine
managenment and fuel systenms nust be able to nonitor the knock and adj ust
both stoichionetry and ignition to obtain significant benefits. Aviation
engi nes are designed to acconmpdate water injection, nost autonobile engines
are not. Returns on investnent are usually harder to achi eve on engi nes that
do not normal extend their perfornance envel ope into those regions. Water

i njection has been used by some engi ne manufacturers - usually as an
expedi ent way to nmmintain acceptable power after regulatory em ssions
baggage was added to the engine, but usually the manufacturer quickly
produces a nodified engine that does not require water injection

Subject: 8 How can | identify and cure other fuel-related probl ens?
8.1 What causes an enpty fuel tank?

* You forgot to refill it.

* Your friendly neighbourhood thief "borrowed" the gasoline - the unfriendly
one took the vehicle.

* The fuel tank |eaked.
Your darling child/wife/husband/ partner/mother/father used the car
The nost likely reason is that your |ocal garage switched to an oxygenated
gasol i ne, and the engi ne nanagenent system conpensated for the oxygen
content, causing the fuel consunption to increase ( although the effect on
wel | tuned engines is only 2-4%).

8.2 Is knock the only abnormal conbustion problenf?

No. Many of the abnornal conbustion problens are i nduced by the sane
conditions, and so one can | ead to anot her



Preignition occurs when the air-fuel nmixture is ignited prematurely by

gl owi ng deposits or hot surfaces - such as exhaust val ves and spark plugs.
If it continues, it can increase in severity and beconme Run-away Surface
Ignition (RSI) which prevents the conmbustion heat being converted into
mechani cal energy, thus rapidly nelting pistons. The R cardo nethod uses an
electrically-heated wire in the engine to nmeasure preignition tendency. The
scal e uses iso-octane as 100 and cycl ohexane as O.

Sonme conmon fuel conmponents: -

paraf fins 50- 100
benzene 26
t ol uene 93
xyl ene >100
cycl opent ane 70
di -i sobutyl ene 64
hexene- 2 -26

There is no direct correlation between anti knock ability and preignition

t endency, however high conmbustion chanber tenperatures favour both, and so
one nmay lead to the other. An engine knocki ng during high-speed operation
will increase in tenperature and that can induce preignition, and conversely
any preignition will result in higher tenperatures than may induce knock

Msfire is conmmonly caused by either a failure in the ignition system or
fouling of the spark plug by deposits. The nbst combn cause of deposits
was the al kyl | ead additives in gasoline, and the yellow glaze of various
| ead salts was used by nechanics to assess engi ne tune. Fromthe upper
recess to the tip, the conposition changed, but typical conmpounds ( going
fromcold to hot ) were PbC Br; 2PbQO Pbd Br; PbO PbSO4; 3Pb3(PX) 2. PbCl Br.

Run-on is the tendency of an engine to continue running after the ignition
has been switched off. It is usually caused by the spontaneous ignition of
the fuel-air mxture, rather than by surface ignition from hotspots or
deposits, as commonly believed. The narrow range of conditions for

spont aneous ignition of the fuel-air mxture ( engi ne speed, charge
tenperature, cylinder pressure ) may be created when the engine is swtched
of f. The engine may refire, thus taking the conditions out of the critica
range for a couple of cycles, and then refire again, until overall cooling
of the engine drops it out of the critical region. The octane rating of the
fuel is the appropriate paraneter, and it is not rare for an engine to
require a higher Cctane fuel to prevent run-on than to avoid knock [27, 28].
Qobviously, engines with fuel injection systens do not have the problem and
idle speed is an inportant factor. Later nodel carburettors have an idle
stop sol enoid which partially closes the throttle blades when the ignition
key was off, and thus ( if set correctly ) prevents run-on

8.3 Can | prevent carburetter icing?

Yes, carburettor icing is caused by the conbination of highly volatile fuel
high hum dity and | ow anbi ent tenperature. The extent of cooling, caused by
the | atent heat of the vaporised gasoline in the carburettor, can be as nuch
as 20C, perhaps dropping bel ow the dew point of the charge. If this happens,
water will condense on the cooler carburettor surfaces, and will freeze if
the tenperature is | ow enough. The fuel volatility can not always be reduced
to elimnate icing, so anti-icing additives are used. In the US, anti-icing
additives are seldomrequired because of the w despread use heated intake
air and fuel injection [28].



Two types of additive are added to gasoline to inhibit icing:-

- surfactants that forma nononol ecul ar | ayer over the nmetal parts that
inhibits ice crystal formation. These are usually added at concentrations
of 30-150 ppm

- cryoscopi c additives that depress the freezing point of the condensed water
so that it does not turn to ice. Alcohols ( nethanol, iso-propyl alcohol
etc. ) and glycols ( hexylene glycol, dipropylene glycol ) are used at
concentrations of 0.03%- 1%

If you have icing problens, the addition of 100-200m s of al cohol to a ful
tank of dry gasoline will prevent icing under noderately-cold conditions.

If you believe there is a small amount of water in the fuel tank, add 500M s
of anhydrous isopropyl alcohol as the first treatnment, and isopropyl

al cohol is also preferred for nore severe conditions. Oxygenated gasolines
using al cohols can also be used. It's inportant to ensure the al cohol is
anhydrous, as sonme grades contain up to 30% wat er

8.4 Should | store fuel to avoid the oxygenate season?

No. The fuel will be froma different season, and will have significantly
different volatility properties that may induce driveability problens. You
can tune your engine to performon oxygenated gasoline as well as it did on
traditional gasoline, however you will have increased fuel consunption due

to the usel ess oxygen in the oxygenates. Sone engines may not initially
performwell on sone oxygenated fuels, usually because of the slightly
different volatility and conbustion characteristics. A good nechanic should
be able to recover any |lost performance or driveability, providing the engine
is in reasonable condition

8.5 Can | inprove fuel econony by using quality gasolines?

Yes, several manufacturers have denonstrated that their new gasoline additive
packages are nore effective than traditional gasoline fornulations. Texaco
clained their new vapour-phase fuel additive can reduce existing deposits by
up to 30% inprove fuel econony, and reduce NOx tail pi pe enissions by 15%
when conpared to other advanced |iquid phase additives [49]. The adverti sing
cl ai ns have been successfully disputed in court by Chevron - who denopnstrated
that their existing fuel additive already offered simlar benefits. O her
reput abl e gasoline manufacturers will have sinmlar additive packages in their
prem um quality gasolines [50]. Quality gasolines, of whatever octane
ratings, will include a full range of gasoline additives designed to provide
consi stent fuel quality.

Not e that oxygenated gasolines nust decrease fuel econony for the sane power.
If your engine is initially well-tuned on hydrocarbon gasolines, the
stoichionetry will nmove to | ean, and maxi nrum power is slightly rich, so
ei t her the managenent system ( if you have one ) or your nechanic has to

i ncrease the fuel flow The mnor inprovenents in conbustion efficiency that
oxygenat es may provide, can not conpensate for 2+% of oxygen in the fue

that will not provide energy.

8.6 What is "stale" fuel, and should | use it?

"Stale" fuel is caused by inproper storage, and usually snells sour. The
gasol i ne has been allowed to get warm thus catal ysing ol efin deconposition
reactions, and perhaps also losing volatile naterial in unseal ed containers.
Such fuel will tend to rapidly formguns, and will usually have a significant



reduction in octane rating. The fuel can be used by blending with twi ce the
vol unme of new gasoline, but the bl ended fuel should be used inmediately,
otherwise teh old fuel will catalyse rapid decomposition of the new,
resulting in even larger quantities of stale fuel. Sone stale fuels can drop
several octane nunbers, so be generous with the dilution.

8.7 Howcan | renove water in the fuel tank?

If you only have a small quantity of water, then the addition of 500m s of
dry isopropanol (IPA) to a near-full 30-40 litre tank will absorb the water,
and will not significantly affect conbustion. Once you have nopped up the
water with IPA small, regular doses of any anhydrous al cohol will help
keep the tank dry. This technique will not work if you have very |arge
amounts of water, and the addition of greater anounts of I PA may result in
poor driveability.

Water in fuel tanks can be ninimsed by keeping the fuel tank near full, and
filling in the norning froma service station that allows storage tanks to
stand for several hours after refilling before using the fuel. Note that

oxygenat ed gasol i nes have greater water solubility, and should cope with
smal | quantities of water.

8.8 Can | used unl eaded on ol der vehicl es?

Yes, providing the octane is appropriate. There are sone ol der engi nes that
cut the valve seats directly into the cylinder head ( eg BMC minis ). The
absence of |ead, which lubricated the val ve seat, causes the very hard
oxi dation products of the exhaust valve to wear down the seat. This valve
seat recession is usually corrected by installing seat inserts, hardening
the seats, or use of specific valve seat recession protection additives

( such as Val venaster ). Mst other problens arise because the fuels have
different volatility, or the reduction of conmbustion chanber deposits.
These can usually be cured by reference to the vehicle manufacturer, who
wi || probably have a publication with the changes. Sone vehicles wll
performas well on unleaded with a slightly | ower octane than recomended
| eaded fuel, due to the significant reduction in deposits from nodern

unl eaded gasolines. If prenmium unl eaded petrol containing relatively

high I evels of aromatics is used, sone carburetted engines fromthe 1960s
may experience spark plug fouling, however nost vehicle manufacturers
have guides to ensure careful engine tuning will elininate nmost of the
probl em

8.9 How serious is valve seat recession on ol der vehicles?

The amount of exhaust val ve seat recession is very dependent on the |oad on
t he engi ne. There have been several nmjor studies on valve seat recession
and they conclude that npost danage occurs under hi gh-speed, high-power
conditions. Engine load is not a primary factor in valve seat wear for
noderate operating conditions, and | ow to nmedi um speed engi nes under
noderate | oads do not suffer rapid recession, as has been denonstrated

on fuels such as CNG and LPG Under severe conditions, damage occurs rapidly,
however there are significant cylinder-to-cylinder variations on the sane
engi ne. A 1970 engi ne operated at 70 nph conditions exhibited an average
1.5mm of seat recession in 12, 000km The difference between cylinders has
been attributed to different rates of valve rotation, and experinents have
confirmed that nore rotation does increase the recession rate [29].

The nmechani sm of val ve seat wear is a nixture of two major nechani sns. Iron



oxi de fromthe combustion chanmber surfaces adheres to the valve face and
becomes enbedded. These hard particles then allow the valve act as a grinding
wheel and cut into the valve seat [115]. The significance of valve seat
recession is that should it occur to the extent that the val ve does not seat,
serious engi ne danage can result fromthe |l ocalised hot spot.

There are a range of additives, usually based on potassium sodi um or
phosphorus that can be added to the gasoline to conmbat val ve seat recession
As phosphorus has adverse effects on exhaust catalysts, it is seldom used.
The best long termsolution is to induction harden the seats or instal
inserts, usually when the head is renoved for other work, however additives
are routinely and successfully used during transition periods.

Section: 9. Alternative Fuels and Additives
9.1 Do fuel additives work?

Most aftermarket fuel additives are not cost-effective. These include the
oct ane- enhancer sol utions discussed in section 6.18. There are various other
pills, tablets, magnets, filters, etc. that all claimto inprove either fuel
economny or performance. Some of these have perfectly sound scientific
mechani sns, unfortunately they are not cost-effective. Sone do not even have
sound scientific nechani sns. Because the sane nobdel production vehicles can
vary significantly, it's expensive to unanbi guously denonstrate these
additives are not cost-effective. If you wish to try them renenber the

bi ggest gain is likely to be caused by the | ower nass of your wall et/ purse.

There is one aftermarket additive that may be cost-effective, the lubricity
additive used with unl eaded gasolines to conbat exhaust val ve seat recession
on engi nes that do not have seat inserts. This additive may be routinely
added during the first few years of unleaded by the gasoline producers, but
in the US this could not occur because they did not have EPA waivers, and

al so may be inconpatible with 2-stroke engine oil additives and forma ge
that blocks filters. The ampbunt of recession is very dependent on the engi ne
design and driving style. The long-termsolution is to install inserts, or
have t he seats hardened, at the next top overhaul

Sonme other fuel additives work, especially those that are carefully
fornmulated into the gasoline by the manufacturer at the refinery, and
have often been subjected to decades-1ong eval uation and use [12, 13].

A typical gasoline nay contain [16,27,32,38,111]:-

* Ol-soluble Dye, initially added to | eaded gasoline at about 10 ppmto
prevent its msuse as an industrial solvent, and now al so used
to identify grades of product.

* Antioxidants, typically phenyl ene diam nes or hindered phenols, are
added to prevent oxidation of unsaturated hydrocarbons.

* Metal Deactivators, typically about 10ppm of chel ating agent such as
N, N' - di sal i cyli dene-1, 2- propanedi ani ne is added to inhibit copper
whi ch can rapidly catal yze oxidation of unsaturated hydrocarbons.

* Corrosion Inhibitors, about 5ppm of oil-soluble surfactants are added
to prevent corrosion caused either by water condensing from cooling,
wat er - sat urat ed gasoline, or fromcondensation fromair onto the
wal I s of al nbst-enpty gasoline tanks that drop bel ow the dew point.
If your gasoline travels along a pipeline, it's possible the pipeline



owner will add additional corrosion inhibitor to the fuel

* Anti-icing Additives, used mainly with carburetted cars, and usually either
a surfactant, al cohol or glycol

* Anti-wear Additives, these are used to control wear in the upper cylinder
and piston ring area that the gasoline contacts, and are usually
very light hydrocarbon oils. Phosphorus additives can al so be used
on engi nes without exhaust catalyst systens.

* Deposit-nodi fying Additives, usually surfactants.

1. Carburettor Deposits, additives to prevent these were required when
crankcase bl ow by (PCV) and exhaust gas recirculation (EGR) controls
were introduced. Some fuel conponents reacted with these gas streans
to formdeposits on the throat and throttle plate of carburettors.

2. Fuel Injector tips operate about 100C, and deposits formin the
annul us during hot soak, nainly fromthe oxidation and pol yneri sation
of the larger unsaturated hydrocarbons. The additives that prevent
and unclog these tips are usually pol ybutene succini m des or
pol yet her ami nes.

3. Intake Val ve Deposits caused major problenms in the md-1980s when
sone engi nes had reduced driveability when fully warned, even though
t he amount of deposit was bel ow previously acceptable limts. It is
bel i eved that the new fuel s and engi ne desi gns were producing a nore
absor bent deposit that grabbed sone passing fuel vapour, causing |ean
hesitation. Intake val ves operate about 300C, and if the valve is
kept wet, deposits tend not to form thus intermttent injectors
tend to pronote deposits. Ol |eaking through the val ve guides can be
ei ther harnful or beneficial, depending on the type and quantity.
Gasoline factors inplicated in these deposits include unsaturates and
al cohol s. Additives to prevent these deposits contain a detergent
and/ or dispersant in a higher nolecular weight solvent or |ight oi
whose | ow volatility keeps the valve surface wetted [ 46, 47, 48].

4. Combustion Chanber Deposits have been targeted in the 1990s, as they
are responsi ble for significant increases in enissions. Recent
det ergent - di spersant additives have the ability to function in both
the Iiquid and vapour phases to renmpve existing deposits that have
resulted fromthe use of other additives, and prevent deposit
formation. Note that these additives can not renove all deposits,
just those resulting fromthe use of additives.

* (Octane Enhancers, these are usually formul ated bl ends of al kyl |ead
or MMTI conpounds in a solvent such as toluene, and added at the
100- 1000 ppmlevels. They have been replaced by hydrocarbons with
hi gher octanes such as aromatics and ol efins. These hydrocarbons
are now being replaced by a nixture of saturated hydrocarbons and
and oxygenates.

If you wish to play with different fuels and additives, be aware that
sone parts of your engi ne nmanagenment systens, such as the oxygen sensor
can be confused by different exhaust gas conpositions. An exanple is

i ncreased quantities of hydrogen from methanol conbustion

9.2 Can a quality fuel help a sick engine?

It depends on the ailnent. Nothing can conpensate for poor tuning and wear.
If the problemis caused by deposits or conbustion quality, then nodern
prem um qual ity gasolines have been shown to i nprove engi ne perfornmance
significantly. The new generation of additive packages for gasolines include
conponents that will dissolve existing carbon deposits, and have been shown
to i nprove fuel economny, NOx enissions, and driveability [49,50,111]. Wile



there nay be sone disputes anpongst the various producers about relative
merits, it is quite clear that premumquality fuels do have superior
addi tive packages that help to mmintain engine condition [16, 28, 111],

9.3 What are the advantages of al cohols and ethers?
This section discusses only the use of high ( >80% ) al cohol or ether fuels.

Al cohol fuels can be made from sources other than inported crude oil, and the
nati ons that have researched/ used al cohol fuels have nminly based their
choice on inmport substitution. Al cohol fuels can burn nore efficiently, and
can reduce photochem cally-active em ssions. Mst vehicle manufacturers
favoured the use of liquid fuels over conpressed or liquified gases. The

al cohol fuels have high research octane ratings, but also high sensitivity
and high latent heats [8, 27,80, 116].

Met hanol Et hanol Unl eaded Gasol i ne
RON 106 107 92 - 98
MON 92 89 80 - 90
Heat of Vaporisation (MI/ kQg) 1.154 0.913 0. 3044
Nett Heating Val ue (MI/ kQ) 19. 95 26. 68 42 - 44
Vapour Pressure @ 38C (kPa) 31.9 16.0 48 - 108
Fl anme Tenperature ( C) 1870 1920 2030
Stoi ch. Fl ame Speed. ( mMs) 0.43 - 0.34
M ni mum I gni tion Energy ( mJ ) 0.14 - 0.29
Lower Flammable Limt ( vol %) 6.7 3.3 1.3
Upper Flamuable Lint ( vol %) 36.0 19.0 7.1
Autoignition Tenperature ( C) 460 360 260 - 460
Fl ash Poi nt ( C) 11 13 -43 - -39

The maj or advantages are gai ned when pure fuels ( MLOO, and E100 ) are used,
as the addition of hydrocarbons to overcone the cold start problens al so
significantly reduces, if not totally elimninates, any em ssion benefits.

Met hanol wi Il produce significant amounts of formal dehyde, a suspected

human carci nogen, until the exhaust catal yst reaches operating tenperature.
Et hanol produces acetal dehyde. The col d-start probl ens have been addressed,
and al cohol fuels are technically viable, however with crude oil at

<$30/ bbl they are not economically viable, especially as the denand for then
as precursors for gasoline oxygenates has el evated the world prices.

Met hanol al nbost doubled in price during 1994. There have al so been trials

of pure MIBE as a fuel, however there are no uni que or significant advantages
t hat woul d outwei gh the poor economic viability [15].

9.4 Wiy are CNG and LPG considered "cl eaner" fuels.

CNG ( Conpressed Natural Gas ) is usually around 70-90% net hane with 10-20%
et hane, 2-8% propanes, and decreasing quantities of the higher HCs up to
but ane. The fuel has a high octane and usually only trace quantities of
unsaturates. The enissions from CNG have | ower concentrations of the

hydr ocar bons responsi bl e for photochenical snbg, reduced CO SOx, and NOx,
and the lean nmisfire limt is extended [117]. There are no technica

di sadvant ages, providing the installation is perforned correctly. The ngjor
di sadvant age of conpressed gas is the reduced range. Vehicles may have

bet ween one to three cylinders ( 25 MPa, 90-120 litre capacity), and they
usual |y represent about 50% of the gasoline range. As natural gas pipelines
do not go everywhere, nobst conversions are dual-fuel with gasoline. The
ignition timng and stoichionetry are significantly different, but good
conversions will provide about 85% of the gasoline power over the ful



operating range, with easy sw tching between the two fuels [118]. Concerns
about the safety of CNG have proved to be unfounded [119, 120].

CNG has been extensively used in Italy and New Zeal and ( NZ had 130, 000

dual -fuell ed vehicles with 380 refuelling stations in 1987 ). The conversion
costs are usually around US$1000, so the econonics are very dependent on the
natural gas price. The typical 15% power |oss neans that driveability of
retrofitted CNG fuelled vehicles is easily inpaired, consequently it is not
recomended for vehicles of less than 1.5 engine capacity, or retrofitted
ont o engi ne/ vehi cl e conbi nati ons that have nmargi nal driveability on gasoline.
The I ow price of crude oil, along with installation and ongoi ng CNG
tank-testing costs, have reduced the number of CNG vehicles in NZ. The US
CNG fl eet continues to increase in size ( 60,000 in 1994 ).

LPG ( Liquified Petroleum Gas ) is predom nantly propane wi th iso-butane

and n-butane. It has one najor advantage over CNG the tanks do not have

to be high pressure, and the fuel is stored as a liquid. The fuel offers
nost of the environmental benefits of CNG including high octane

Approxi mately 20-25% nmore fuel is required, unless the engine is optinised

( CR12:1 ) for LPG in which case there is no decrease in power or increase
in fuel consunption [27,118]. There have been several studies that have
conpared the relative advantages of CNG and LPG and often LPG has been
found to be a nore suitable transportation fuel [118, 120].

nmet hane pr opane i so-oct ane
RON 120 112 100
MON 120 97 100
Heat of Vaporisation (MJ/ kQ) 0. 5094 0. 4253 0.2712
Net Heating Val ue (MI/ kQ) 50.0 46. 2 44, 2
Vapour Pressure @38C ( kPa ) - - 11. 8
Fl ane Tenperature ( C) 1950 1925 1980
Stoi ch. Fl ame Speed. ( Ms ) 0. 45 0. 45 0.31
M nimum I gnition Energy ( m] ) 0. 30 0. 26 -
Lower Flammable Limt ( vol %) 5.0 2.1 0.95
Upper Flamable Linit ( vol %) 15.0 9.5 6.0
Autoignition Tenmperature ( C) 540 - 630 450 415

9.5 Wy are hydrogen-powered cars not avail abl e?
The H ndenburg.

The technol ogy to operate | C engi nes on hydrogen has been investigated in
depth since before the turn of the century. One attraction was to

use the hydrogen in airships to fuel the engines instead of venting it.
Hydrogen has a very high flame speed ( 3.24 - 4.40 nfs ), wide flanmability
limts ( 4.0 - 75 vol% ), lowignition energy ( 0.017 mJ ), high autoignition
tenmperature ( 520C ), and flanme tenperature of 2050 C. Hydrogen has a very
hi gh specific energy ( 120.0 Ml/kg ), making it very desirable as a
transportation fuel. The problem has been to devel op a storage systemthat
will pass all safety concerns, and yet still be Iight enough for autonotive
use. Al though hydrogen can be m xed wi th oxygen and conbusted nore
efficiently, nost proposals use air [114,119,121-124].

Unfortunately the flame tenperature is sufficiently high to dissociate
at nospheric nitrogen and form undesirabl e NOx eni ssions. The high flane
speeds mean that ignition tinmng is at TDC, except when running | ean, when



the ignition timng is advanced 10 degrees. The high flane speed, coupled
with a very small quenching distance nean that the flame can sneak past
narrow i nl et val ve openi ngs and cause backflash. This can be mitigated by
the induction of fine nmist of water, which also has the benefit of

i ncreasing thermal efficiency ( although the water | owers the conbustion
tenperature, the phase change creases vol um nous gases that increase
pressure ), and reducing NOx [124]. An alternative technique is to use
direct cylinder induction, which injects hydrogen once the cylinder

has filled with an air charge, and because the volune required is so

| arge, nodern engi nes have two inlet valves, one for hydrogen and one for
air [124]. The advantage of a wi de range of m xture strengths and high
thermal efficiencies are matched by the di sadvantages of pre-ignition and
knock unl ess weak nixtures, clean engines, and cool operation are used.

Interested readers are referred to the group sci.energy. hydrogen and the
" Hydrogen Energy" nmonograph in the Kirk O hnmer Encycl opedia of Chem ca
Technol ogy [124], for recent information about this fuel

9.6 Wat are "fuel cells" ?

Fuel cells are electrochenmical cells that directly oxidise the fuel at

el ectrodes producing electrical and thermal energy. The oxidant is usually
oxygen fromthe air and the fuel is usually gaseous, with hydrogen
preferred. There has, so far, been little success using |low tenperature fue
cells ( <200C) to performthe direct oxidation of hydrocarbon-based |iquids
or gases. Methanol can be used as a source for the hydrogen by addi ng an
on-board reforner. The mmin advantage of fuel cells is their high fuel-to-
electricity efficiency of about 40-60% of the nett calorific value of the
fuel. As fuel cells also produce heat that can be used for vehicle clinmate
control, fuel cells are the nost |ikely candidate to replace the |IC engine
as a primary energy source. Fuel cells are quiet and produce virtually no
toxic em ssions, but they do require a clean fuel ( no hal ogens, CO S, or
ammonia ) to avoid poisoning. They currently are expensive to produce, and
have a short operational lifetine, when conpared to an |IC engine [125-127].

9.7 Wiat is a "hybrid" vehicle?

A hybrid vehicle has three major systenms [128].

1. Aprimary power source, either an |IC engine driven generator where the
I C engine only operates in the nost efficient part of it's performance
map, or alternatives such as fuel cells and turbines.

2. A power storage unit, which can be a flywheel, battery, or ultracapacitor

3. Adrive unit, alnost always now an electric notor that can used as a
generator during braking. Regenerative braking nmay increase the
operational range about 8-13%

Battery technol ogy has not yet advanced sufficiently to economically
substitute for an I C engine, while retaining the carrying capacity, range,
performance, and driveability of the vehicle. Hybrid vehicles may enable
this problemto be at |east partially overcone, but they remain expensive,
and the current ZEV proposals exclude fuel cells and hybrids systens, but
this is being re-eval uated.

9.8 \Wat about other alternative fuel s?

9.8.1 Anmmoni a ( NH3)



Anhydr ous ammoni a has been researched because it does not contain any carbon
and so woul d not rel ease any CO2. The hi gh heat of vaporisation requires

a pre-vaporisation step, preferably also with high jacket tenperatures

( 180C ) to assist deconposition. Power outputs of about 70% of that of
gasol i ne under the sane conditions have been achi eved [114]. Anmonia fue

al so produces copious quantities of undesirable oxides of nitrogen (NOx)

em ssi ons.

9.8.2 Water

As wat er-gasol i ne fuel s have been extensively investigated [113,129],
interested potential investors may wish to refer to those papers for sone
background. M. Gunnerman advocat es hydrocar bon/water emul sion fuels and
pronoted his A-55 fuel before the new A-21. A recent article clains a 29%
gain in fuel econony [130], and he clains that mi xing water w th naphtha
can provide as nmuch power froman |IC engine as the sane flow rate of
gasoline. He clains the increased efficiency is fromcatal ysed dissociation
of A-21 into H2 in the engine, because the conmbustion chanmber of the test
engines contain a "non-reactive" catalyst. For his fuel to provide power

i ncreases, he has to utilise heat energy that is nornmally lost. A-21 is just
naphtha ( effectively unl eaded gasoline w thout oxygenates ) and water

( about 55% ), with small anmouts of winterizing and anti-corrosive additives.
If the magic catalyst is not present, conventional |IC engines will not
performas efficiently, and may possibly be damaged if A-21 is used. The
only nodification is a new set of spark plugs, and it is also clainmed that
the fuel can replace both diesel and gasoline.

It has been clained that test results of A-21 fuel em ssions have shown
significant reductions in CO2 ( 50%clained - who is surprised when the fue
is 55% water? :-) ), CO HCs, NOx and a 70% reduction in diesel particulates
and snmoke. It's clainmed that 70% of the exhaust stream consists of water
vapour. He has formed a joint venture conpany with Caterpillar called
Advanced Fuels. U.S. patent #5, 156,114 ( Aqueous Fuel for Internal Combustion
Engi nes and Conbustion Method ) was granted to M. Gunnerman in 1992,

9. 8.3 Propyl ene Oxide

Propyl ene oxide ( CH3CH (O CH2 = 1,2 epoxypropane ) has apparently been
used in racing fuels, and sone racers erroneously claimthat it behaves
like nitrous oxide. It is a fuel that has very desirable volatility,
flammability and autoignition properties. Wen used in engines tuned for
power ( typically slightly rich ), it will nmove the air-fuel ratio closer
to stoichionetric, and the high volatility, high autoignition tenperature
( high octane ), and slightly faster flamespeed may i nprove engi ne
efficiency with hydrocarbon fuels, resulting in increased power without
maj or engi ne nodifications. This power increase is, in part, due to the
increase in volumetric efficiency fromthe requirement for |ess oxygen

( air ) in the charge. POis a suspected carcinogen, and so should be
handl ed with extrenme care.

Rel evant properties include [116]:- Avgas
Propyl ene Oxi de 100/ 130 115/145
Density (g/m) 0. 828 0.72 0.74
Boi | i ng Poi nt (O 34 30-170 30-170
Stoichionetic Ratio (vol %9 4.97 2.4 2.2
Aut oi gni ti on Tenperature (O 464 440 470

Lower Flammable Limt (vol %9 2.8 1.3 1.2



Upper Flamuable Lint (vol %9 37 7.1 7.1
M ni mum I gni ti on Energy (md) 0.14 0.2 0.2
Nett Heat of Combustion (MI/ kQ) 31.2 43.5 44. 0
Fl ane Tenperature (O 2087 2030 2030
Burni ng Vel ocity (m's) 0. 67 0. 45 0. 45

9.8.4 Nitronet hane

Ni tronet hane ( CH3NQ2) - usually used as a mixture with nethanol to reduce
peak flame tenperatures - also provides excellent increases in volunetric
efficiency of IC engines - in part because of the | ower stoichionetric
air-fuel ratio (1.7:1 for CH3NO2) and relatively high heats of vaporisation
( 0.56 MI/kg for CH3NO2) result in dramatic cooling of the incom ng charge.

ACH3NO2 + 32 -> 4CO2 + 6H20 + 2N2

The nitronethane Specific Energy at stoichionmetric ( heat of conbustion
divided by air-fuel ratio ) of 6.6, conpared to 2.9 for iso-octane,

i ndi cates that the fuel energy delivered to the conbustion chanber is

2.3 tinmes that of iso-octane for the sanme mass of air. Coupled with

the higher flane tenperature ( 2400C ), and flane speed (0.5 nfs), it has
been shown that a 50% blend in nethanol will increase the power output by
45% over pure nethanol, however knock al so increased [28].

9.9 What about alternative oxidants?
9.9.1 Nitrous Oxide

Ni trous oxide ( N20O ) contains 33 vol % of oxygen, consequently the conbustion
chamber is filled with | ess useless nitrogen. It is also netered in as a
liquid, which can cool the inconing charge further, thus effectively

i ncreasing the charge density. Wth all that oxygen, a lot nore fuel can
be squashed into the conbustion chanber. The advantage of nitrous oxide is
that it has a flanme speed, when burned with hydrocarbon and al cohol fuels,
that can be handl ed by current |C engines, consequently the power is
delivered in an orderly fashion, but rapidly. The sane is not true for
pure oxygen conbustion with hydrocarbons, so | eave that oxygen cylinder on
the gas axe alone :-). Nitrous oxide has al so been readily available at a
reasonabl e price, and is popular as a fast way to i ncrease power in racing
engines. The follow ng data are for common prenixed flanmes [131].

Tenper at ure Fl anme Speed

Fuel Oxi dant ( C) ( mMs)
Acetyl ene Air 2400 1.60 - 2.70

" Ni trous Oxide 2800 2.60

" Oxygen 3140 8.00 - 24.80
Hydr ogen Air 2050 3.24 - 4.40

" Ni trous Oxide 2690 3.90

" Oxygen 2660 9.00 - 36.80
Pr opane Air 1925 0. 45
Nat ural Gas Air 1950 0. 39

Nitrous oxide is not yet routinely used on standard vehicles, but the
technol ogy is well understood.

9.9.2 Menbrane Enrichment of Air



Over the last two decades, extensive research has been perforned on the

use of nenbranes to enrich the oxygen content of air. Increasing the oxygen
content can nake combustion nore efficient due to the higher flane
tenperature and | ess nitrogen. The optimum oxygen concentration for existing
autonotive engine materials is around 30 - 40% There are several commerci al
menbranes that can provide that |evel of enrichnent. The problemis that the
surface area required to produce the necessary anount of enriched air for an
SI engine is very large. The nmenbranes have to be laid close together, or
wound in a spiral, and significant amunts of power are required to force
the air along the nenbrane surface for sufficient enriched air to run a
slightly nodified engine. Mdst research to date has centred on Cl engines,
with their higher efficiencies. Several systens have been tried on research
engi nes and vehicles, however the higher NOx enissions remain a problem

[ 132, 133].

Subj ect: 10. Historical Legends
10.1 The nyth of Triptane

[ This post is an edited version of several posts | nmade after JdA posted
some clainms froma hot-rod enthusiast reporting that triptane + 4cc TEL
had a rich power octane rating of 270. This was followed by another
post that clainmed the unl eaded octane was 150. ]

In WNI there was a major effort to increase the power of the aviation

engi nes continuously, rather than just for short periods using boost fl uids.
I ncreasing the octane of the fuel had dramatic effects on engines that could
be adjusted to utilise the fuel ( by changi ng boost pressure ). There was a
12% increase in cruising speed, 40%increase in rate of clinb, 20% i ncrease

in ceiling, and 40%increase in payload for a DC-3, if the fuel went from 87
to 100 Octane, and further increases if the engine could handl e 100+ PN fue

[134]. A 12 cylinder Allison aircraft engine was operated on a 60% bl end of

triptane ( 2,2,3-trinmethylbutane ) in 100 octane | eaded gasoline to produce

2500hp when the rated take-off horsepower with 100 octane | eaded was 1500hp

[14].

Triptane was first shown to have high octane in 1926 as part of the Cenera
Mot ors Research Laboratories investigations [135]. As further interest

devel oped, gallon quantities were nmade in 1938, and a full size production
pl ant was conpleted in |late 1943. The fuel was tested, and the high | ead
sensitivity resulted in power outputs up to 4 tines that of iso-octane, and
as much as 25% i nprovenent in fuel econony over iso-octane [14].

Al'l of this sounds incredibly good, but then, as now, the cost of octane
enhancenent has to be considered, and the plant producing triptane was not
really viable. The fuel was fully evaluated in the aviation test engines,
and it was under the aviation test conditions - where nmixture strength is
vari ed, that the high power |evels were observed over a narrow range of
engi ne adjustnent. |f turbine engines had not appeared, then naybe triptane
woul d have been used as an octane agent in | eaded aviation gasolines.

Si gni fi cant desi gn changes woul d have been required for engines to utilise
t he high antiknock rating.

As an unl eaded additive, it was not that nuch different to other isoal kanes,
consequently the nodern manufacturing processes for aviation gasolines are



al kyl ati on of unsaturated C4 HCs with isobutane, to produce a highly

i so-paraffinic product, and/or aromatization of naphthenic fractions to
produce aromatic hydrocarbons possessing excellent rich-mxture anti knock
properties.

So, the nyth that triptane was the wonder anti knock agent that would provide
heaps of power arose. In reality, it was one of the best of the iso-al kanes

( remenber we are conparing it to iso-octane which just happened to be worse
than nost other iso-al kanes), but it was not _that_different from other
menbers. It was targeted, and produced, for supercharged aviation engines
that could adjust their mxture strength, used highly | eaded fuel, and wanted
short period of high power for takeoff, regardl ess of econony.

The bl endi ng octane nunber, which is what we are di scussing, of triptane

is designated by the American PetroleumlInstitute Research Project 45 survey
as 112 Motor and 112 Research [52]. Triptane does not have a significantly
di fferent bl ending nunmber for MON or RON, when conpared to iso-octane.

When TEL is added, the |lead response of a |arge nunber of paraffins is wel
above that of iso-octane ( about +45 for 3m TEL/US Gl ), and this can |ead
to Performance Nunbers that can not be used in conventional autonotive

engi nes [14].

10.2 From Honda Civic to Fornula 1 wi nner

[ The following is edited froma post in a debate over the advantages of
water injection. | tried to denonstrate what nodifications would be required
to convert ny own 1500cc Honda Civic into something worthwhile :-).]

There are many variables that will deternine the power output of an engine.
H gh on the list will be the ability of the fuel to burn evenly wi thout
knock. No natter how clever the engine, the engine power output limt is
determ ned by the fuel it is designed to use, not the anmount of oxygen
stuffed into the cylinder and conpressed. Mdern engi nes designs and
gasolines are intended to reduce the enission of undesirable exhaust

pol I utants, consequently engine performance is nainly constrai ned by the
fuel avail able.

My Honda Civic uses 91 RON fuel, but the Honda Formula 1 turbocharged 1.5
litre engine was only permtted to operate on 102 Research Cctane fuel, and
had limts placed on the anbunt of fuel it could use during a race, the
maxi mum boost of the turbochargers was specified, as was an additiona

40kg penalty weight. Standard 102 RON gasoline would be about 96 (R+tM/2 if
sold as a punp gasoline. The normally-aspirated 3.0 litre engines could use
unlinmted anpbunts of 102RON fuel. The F1 race duration is 305 kmor 2 hours,
and it's perhaps worth renenbering that Indy cars then ran at 7.3 psi boost.

Engi ne St andard Formul a One Fornul a One
Year 1986 1987 1989

Si ze 1.5 litre 1.5 litre 1.5 litre
Cylinders 4 6 6
Aspiration nor mal turbo turbo
Maxi mum Boost - 58 psi 36. 3 psi
Maxi mum Fuel - 200 litres 150 litres
Fuel 91 RON 102 RON 102 RON
Hor sepower @ rpm 92 @ 6000 994 @ 12000 610 @ 12500
Torque (Ib-ft @rpm 89 @ 4500 490 @ 9750 280 @ 10000



The details of the transition from Standard to Fornula 1, w thout
consi dering engine materials, are:-

1. Replace the exhaust system HP and torque both clinb to 100.

2. Double the rpmwhile inproving breathing, you now have 200hp
but still only about 100l b-ft of torque.

3. Boost it to 58psi - which equals four such engines, so you have
1000hp and 5001 b-ft of torque.

Sinmple?, not with 102 RON fuel, the engine/fuel conbination would knock
the engine into pieces, so...

4. Lower the conpression ratio to 7.4:1, and the higher rpmis a
bi g advantage - there is much less tinme for the end gases to
i gnite and cause detonation.

5. Optinise engine design. 80 degree bank angles V for aerodynamc
reasons, and go to six cylinders = V-6

6. Cool the air. The conpression of 70F air at 14.7psi to 72.7ps
raises its tenperature to 377F. The turbos churn the air, and
al t hough they are about 75%efficient, the air is now at 479F
The huge intercoolers could reduce the air to 97F, but that
was too |ow to properly vaporise the fuel

7. Bypass the intercoolers to nmaintain 104F.

8. Change the air-fuel ratio to 23%richer than stoichionetric
to reduce conbustion tenperature.

9. Change to 84:16 tol uene/ heptane fuel - which conplies with the
102 RON requirenent, but is harder to vaporise.

10. Add sophisticated electronic timng and engi ne nanagenent controls
to ensure reliable conbustion with no detonation

You now have a six-cylinder, 1.5 litre, 1000hp Honda Civic.

For subsequent years the restrictions were even nore severe, 150 litres
and 36.3 nmaxi mum boost, in a still vain attenpt to give the 3 litre,
normal | y-aspirated engi nes a chance. Ooviously Honda took advant age

of the reduced boost by increasing CRto 9.4:1, and only going to 15%
rich air-fuel ratio. They then devel oped an econony nobde that involved
heating the liquid fuel to 180F to inprove vaporisation, and increased
the air tenp to 158F, and | eaned out the air-fuel ratio to just 2%rich
The engi ne out put dropped to 610hp @ 12,500 ( from 685hp @12,500 and
about 312 Ibs-ft of torque @10,000 rpm), but 32%of the energy in

the fuel was converted to mechani cal work. The engine still had crisp
throttle response, and still beat the nornally aspirated engi nes that
did not have the fuel limtation. So turbos were banned. No other

F1 raci ng engi ne has ever come close to converting 32% of the fue
energy into work [136].

In 1995 the FIAlisted a detailed series of acceptable ranges for

typi cal conponents in racing fuels for events such as F1 races, along
with the introduction of detail ed chromatographic "fingerprinting" of

t he hydrocarbon profile of the fuel [137]. This was necessary to prevent
novel formulations of fuels, such as produced by Honda for their turbos.
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