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FOREWORD

This Engineering Order has been prepared
to provide information concerning the more im-
portant properties of RCAF fuels, and covers in
particular those properties which are of most in-
terest to the user Units,

The discussion largely deals with the effects
of fuel properties on engine performance. The
effects of engine design and engine operating con-
ditions on fuel behaviour are also covered briefly.

Detailed discussion concerns only aviation
fuels and engines except in the rare cases where
other types of fuel and engine are specifically
mentioned,

CROSS-REFERENCED ENGINEERING ORDERS

EO 45-1-2 SPECIFIED AND ALTERNATE
GRADE FUEL AND OIL FOR
AIRCRAFT ENGINE COMBIN-
ATIONS

EO 45-1-4 RCAF PETROLEUM AND AS-
SOCIATED PRODUCTS WITH
US AND BRITISH EQUIVALENT
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Part 1
PART 1
AVIATION GASOLINE
COMBUSTION any change in chemical structure. At a verj
1 Combustion or burning, in a chemical high temperature, carbon will pass from the

sense, is the combination of one or more ele-
ments withoxygen which results in the forma-
tion of oxide of the elements, accompanied in
all cases by the liberation of heat. The heat
produced is the result of a chemical reaction
which converts the potential (stored up) energy
in the fuel heat which, in turn, can be utilized
inside a closed cylinder and be partially con-
verted into kinetic energy {energy of motion).
Energy may be transferred and transformed in
manyways, but itis never created or destroy-
ed. Fuel mustevaporate first before it will burn,

OXYGEN

2 Oxygen (O), essential to combustion,
comprises approximately 20 percent of air by
volume, The remaining 80 percent is chiefly
nitrogen, a veryinertgas, whichdoes not enter
chemically into the process of combustion

Oxygen, a very active gas, will combine with
a great number of elements and compounds; in
each instance, the amount of heat liberated
depends on the chemical nature of the substance
involved. Hydrogen and carbon, alone or in any
of their various combinations, produce large
quantities of heatwhen burned and constitute our
mostimportant fuels for the production of heat

and power.

HYDROGEN ,
3 Hydrogen (H) is a very light and highly
inflammable gas. When mixed with air and ig-
nited, it combines with oxygentoform the oxide
H0 (water). The combustionof pure hydrogen
is averyrapid process which, if confined, may
produce a very high pressure.

CARBON
4 Carbon (C) is a solid existing in three
forms; the familiar carbon present in soot or
lampblack, graphite, and the diamond. Al-
though differing in physical properties, these
are allpure carbon and,under proper conditions
one form could be converted into another without

solid into the vapour state. Carbonin its natura
state does not exist as a liquid, When ignitec
in a plentiful supply of air or oxygen, carbor
burns with a clear flame to form carbon dioxide
(CO2), an inactive and harmless gas. However
when the supply of oxygen is insufficient (rict
mixture), a certain quantity of carbon monoxide
will also be produced. Carbon monoxide is :
poisonous gas whichmay cause death when pre-
sent in the air to the extent of only four parts
in 10, 000 (0. 04 of one percent) by volume.. The
gas is colourless and odourless; thus it gives
practically no warning of its presence.

5 As fuels, hydrogenandcarbonare seldomr
available in their natural state; they occur it
combination with each other, to form compounds
known as hydrocarbons (CH group). Many thou-
sands of these compounds exist, and all are
classedas fuels. These hydrocarbonsare pre-
sent in large quantities - in coal and petroleum
as solids, liquids, and gases.

6 Crude petroleurn, because of its abun-
dance and the many products which may be
extracted from it, has become our most impor-
tant source of hydrocarbon compounds for
internalcombustionengine fuels and lubricants.
Although crude samples from different produc-
tion fields wusually vary in composition, all
crudes are made up of a great number of hydro-
carbon compounds arranged in groups. The
paraffin series is the most common in North
America. The chemical nature of petroleum is
so complex that complete analysis rarely is
attempted. However, the crude may be sepa-
rated into fractions by distillation to produce
the desired commercial products, including
gasoline, kerosene, and lubricating oil. '

AVIATION GASOLINE
Gasoline is a blend or mixture of hydro-
carbon liquids ranging in boiling point from
approximately 32° to 218°C (90° to 425°F). No
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exact limits are established for this mixture
range. Because of the latitude in boiling point
and various other characteristics, it is im-
possible to list the detailed specifications of
gasoline but a general composition of fuel is
shown in Figure 1-2. Any sample must be sub-
jected to a number of tests before its ‘exact
properties can be determined. Only after such
testing can a gasoline be pronounced satisfac-
tory for use as a fuel in a particular type of
internal-combustion engine. '

PRODUCTION PROCESSES

8 Of the many methods employed for pro-
ducing gasoline, three are sufficiently impor-
tantto warrant abrief description of the appara-
tus and procedure involved. These are the frac-
tional distillation process, the cracking pro-
cess, and the absorption process, described in
the following paragraphs.

9 The fractional distillation process, the
first to be developed, produces what is known
as''straight run' gasoline. Bythis process the
crude is heated to amoderate temperature in a
retort to vapourize progressively the various
hydrocarbon liquids. The lighter and more
volatile compounds are first vapourized, fol-
lowed inorder bythose of progressivelyhigher
boiling points. These vapours are then led
through condensers, which return them to a
liquid state. By proper regulation of the vapour-
ization and condensation, the hydrocarbouns are
separated into various ''fractions'" or compo-
nentparts (such as gasoline, fuel oil, lubricating
oil, etc.), although further treatment and puri-
fication are often necessary. The fractional
distillation process is accomplished at atmos-
pheric pressure and during the process no effort
is madeto change the chemical nature of any of
the fractions.

10 The cracking processis employedprinci-
pallyas ameans of increasingthe yield of gaso-
line from a given amount of crude. Petroleum
fractions which are neither suitable for gasoline
nor lubricating oil very often may be cracked,
thus obtaining a cousiderable quantity of gaso-
line. The cracking process is a form of des-
tructive distillation in which the crude, or a
portion of it, is placed in a sealed retort and
subjected to a high temperature and high pres-
sure. These conditions serve to break up the
chemical arrangement of the heavy hydro-car-
bon molecules and partially convert the heavier

EO 45-5A-2
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products into cracked gasoline. The fuel thus
produced often is superior to many grades of
straight run gasoline in antiknock value but re-
quires thorough refining to make it suitable for
storage. The reason for this is that cracked
hydrocarbons, which are chemically olefins
and diolefins, produce gum on ageing. Some
types of cracked gasoline may be stabilized or
inhibited from gum formation by the addition
of a small quantity of a suitable anticatalyst.
A high percentage of the total gasoline produc-
tion at present is the result of the cracking
process.

11 The absorption processis the most com-
mon method of obtaining a fuel of comparatively
highvolatility, known as casing-head or natural
gasoline, from natural gas. The gasoline is
extracted from certain compounds present in
the natural gas by forcing it through a heavy
oil which absorbs the liquid content of the gas.
The oil is then distilled to reclaim the light
fraction, which is gasoline, If properlyblended
with a straight-run or cracked gasoline, it is
quite satisfactory as an engine fuel,

PROPERTIES OF AVIATION GASOLINE

12 There are anumber of properties of gaso-
line which affect engine performance and de-
sign. Five of the most significant are listed
below, and will be discussed in subsequent
paragraphs. However, these are not the only
properties of gasoliné which are of significance,
and the order of importance is not a hard and
fast rule.

(a) Anti-knock value,
(b) Volatility
() Vapour locking tendeuncy.

(d) Stability.
(e) Solvent and corrosion properties.
ANTI-KNOCK VALUE

Definition

13 The anti-knock value of a fuelis defined as
the resistance the fuel has to detonation. Some
gasolines have bétter anti-knock performance,
or good detonation resisting qualities, when
compared with other fuels under similaropera-
ting conditions.



WHEN NO VAPOR IS PRESENT THE FUEL )
WILL NOT MIX WITH AIR AND WILL NOT BURN READILY VAPORIZED FUEL BURNS WITH EXPLOSIVE VIOLENCE
Figure 1-1 Fuel Must Evaporate To Burn
14 Detonation or "'knocking'' occurs whenthe (1) Metallic compounds.
temperature of the unburned charge of fuel is ‘
raised so high that it ignites spontaneously and (2) Aromatic Amines, (chemical combi-

combustionoccurs almost instantaneously with
aflame velocitynear 1,000 feet per second, the
normal rate of flame velocity is 60 feet per
second. The cylinder walls and piston receive
this hammer like blow, creatinga pressurerise
too great to be accommodated by the moving
parts of the engine. Finally, the energy is re-
leased as heat rather than mechanical power .
It has been found that detonation is similar to
an explosion in the cylinder, see Figure 1-3,

ANTI-KNOCK COMPOUNDS
15 To combat this undesirable quality of
some fuels, certain methods of increasing the
effective anti-knock ratings of a gasoline are
outlined,

{a) Choice of hydrocarbons with high anti-
knock ratings.

(b) .Use of additives to the gasoline which
have been found to improve anti-knock perform-
ance.

nations of aromatic hydrocarbons with am-
monia).

(3) By coolingthe charge in the cylinder,
(water injection).

TETRAETHYL LEAD

16 The metallic compound additive com-
monly used toimprove the aunti-knock rating of
gasoline istetraethyl lead (TEL). The mixture
addedto AviationGasoline is called Ethyl Fluid ,
which consists of TEL , ethylene dibromide ,
dye, and an inhibitor (against gum formation) ,
see Figure 1-4), The ethylene dibromide is
added to prevent the formation of lead oxide,
which not being volatile, tends to deposit on
the combustion chamber, valves, and spark
plugs of the engine.

17  The effect of this addition is that during
the combustion of leaded -fuel, the ethylene
dibromide combines with the lead oxide to form
lead bromide whichis volatile at the combustion
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temperatures. Thus, mostofthe leadis carried
away in the exhaust gases in the form of lead
bromide. Ethylene dichloride is sometimes
used in place of ethylene dibromide in motor
fuels. Ethylene dibromide and ethylene dich-
loride or referred to as a "scavenger". They
are added to ethyl fluid in the exact amounts
theoretically required to combine with all the
‘lead in TEL.

18 One of the main difficulties withtetraethyl
lead and ethylene dibromide scavenger is their
different vapourization points. At low charge
temperatures, ethylene dibromide is vapouriz-
ed with the more volatile fractions of the fuel,
while TEL remains with approximately tea per-
cent of the fuel, which is less volatile, and
collects as liquid droplets on the induction. pipe .
Although gases may be dis'tributed*evenly be -
tweenthe cylinders, liquids are not. Therefore,
certain cylinders receive greater quantities
of this TEL liquid fuel and only the normal
distribution of the scavenger. This excess of
TEL in some cylinders creates plug fouling,
the excess of the scavenger in the other cyl-
inders results in exhaust valve corrosion. To

EO 45-5A-2
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overcome this condition, an investigation to
develop alternate lead scavengers, such as
tricresly phosphate, with a vapourization point
nearer to that of TEL is promising. At any
temperature above 40°C (104°F) there is no
liquid fuel present in the induction pipe.

19 TELcontent in fuelis expressedinmilli-
litres per Imperial Gallon, in the abbreviated
form mls. /IG TEL can only be added to gaso-
line in limited quantities. The first millilitre
added improves the octane number by a certain
amount, the seconda smaller amount and soon,
seeFigures 1-4, 1-5, 1-6 and 1-7. Therefore,
there is a limit to the amount of TEL which
can usefully be added to a gasoline, this is
known as leadresponse, Some types of impuri-.
ties, such as sulphur, present in gasoline de-
crease its lead respounse.

20 Other metallic anti-knock agents have
beenused withless effectthan TEL. These are
iron and nickel carbonyl, which are unstable
and unsuitable for long term storage.

FUEL1000LBS. = CARBON 847y Ly
S.

EQUALS

PLUS

Figure 1-2 Fuel Composition
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OCTANE AND PERFORMANCE
NUMBER RATINGS

21 "Octane' and "Performance Number Rat-
ing" are terms universally used todesignate the
anti-knock value of the fuel mixture in anengine
cylinder. Modern aircraft engines of high power
output have been made possible principallyas a
. result of the blending of fuels of high octane
rating. The use of such fuels has permitted
increases in compression ratio and manifold
pressure, withresultantimprovement in engine
power and efficiency. However, even the high
octane fuels will detonate under severe operat-
ing conditions or if certainengine controls are
improperly operated.

22 Both the power output and the reliability
of an aircraft powerplant depend to a great
extent on the use of a fuel of sufficiently high
anti-knock value or octane rating. The substitu-
tion of an inferior fuel, while permissible in
certain emergencies, see EQ 45-1-2, is attended
by serious danger of detonation unless the en-
gine is operated at reduced throttle. The cyl-
inder temperature and the charge temperature
oun certain high powered engines are under the
control of the operator within certain limits;
neither reading should be permitted to exceed
the maximum value specified for a particular
engine.

23 Unfortunately, the whole problem of knock
is exceedingly complicated and much has yet
to be learned concerning it. However, in spite
of the large number of unknowns, the problem
in RCAF aircraft is under reasonably good
control provided that the aircraft is operated
on the grade of fuel which is specified or on a
higher grade, and that engine operating condi-
tions are held within the limits whichare known
to be safe, and whichare coveredby -1 Engin-
eering Orders,

24 Aircraft engines in military use operate
over a wide variety of conditions. One of the
most important of the variables is the amount
of fuel which is added toa given quantity of air.
Under long range cruising conditions onlysix
pounds of fuel may be addedto each 100 pounds
of air (lean mixture) whereas at take-off or
War Emergency Rating eleven pounds of fuel
per 100 pounds of air may be used (rich mixture).
This relation of fuel to air is known as the fuel-
air ratio and,

- EO 45-5A-2
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60 1bs. fuel per hour

100 1bs. air per hour:0’06o Fuel/Air Ratio.
25 At agivenengine speedof, say 2400 RMP,
it may be possible to safely take nearly twice
as much power out of the engine at 0.11 fuel-
air ratioas it is at0.06 fuel air ratio because
the rich mixture has less tendency to knock,
see Figure 1-7, Some other factors having an
influence on the tendency toproduce knock are:
engine speed, manifold pressure (boost), fuel
grade, atmospheric temperature, spark ad-
vance, cylinder compression ratio, cylinder
temperature (this can be directly determined
in the case of air cooled engines, but in the
case of liquid cooled engines can be judged only
from the coolant temperature), grade of lubri-
cating oil and oil consumption. In addition, the
type of spark plug may markedly affect the
tendency towards preignition.

26 Fuels vary extensivelyin octane andper-
formance number rating and ability to produce
power is more or less dependent upon this rat-
ing. When the fuel grade is 100 or less, this
number indicates '"octane number". If the num-
ber is 100 or above, it indicates the relative
power that the engine can develop safely with
equal knocking tendency and is known as Per-
formance Number, see Figure 1-9. When the
grade includes two numbers, such as Grade
100/130 or Grade 91/98, the firstnumber indi-
cates the rating at lean mixture conditions and
the second the rating at rich mixture. Thus,
Grade 100/130 indicates a lean mixture rating
of 100 Performance Number (also 100 octane
number) and the rich Performance Number
indicates that the engine will develop 130 per-
cent (1.3 times) as much power on this fuel
under rich mixture conditions as it would on a
fuel having a rich Performance Number of 100,
Both the first and secondfigures inGrade 91/98
refer to octane numbers. It is unfortunate that
the method of designating grade should shift
from oue scale to another. That is due to the
fact that an octane number scale with an upper
limit of 100 was sufficient until 1941; now fuels
with ratings of more than 100 octane number
under rich mixture conditions are in general
serviceuse, and asuitable method of designa-
tion was devised.

27 The following tabie lists the approximate
rating ranges of the most common fuels.
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(a) High output engine grade 115/145,

(b) Medium output engine grade 91/98 and
100/130. '
(c) Low output engine grade 73 and 80.

AROMATIC AMINES

‘28 The action of the aromatic amines is simi-
lar to.that of TEL although very much greater
concentrations are required. However, since
aromatic amines are basically fuels, and the
products of combustion are non-corrosive, the
quantities blended with gasoline have no dele-
terious effects.

29 Chemical combination of aromatics with
ammonia produces substances known as '"'aro-
matic amines''. A large number of such sub-
stances are known and some ofthem are power-
ful anti-knocks, whereas others are pro-knocks
(the reverse of an anti-knock).

30 Aniline is the simplest of the aromatic
amines and is an effective anti-knock but is
not used since it is not soluble in current avi-
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ation fuels at low temperature. Two aromatic
amines, namely xylidine and monomethyl ani-
line, were both usedin limited military service
in World War II but werenever usedin general
service. Grade 100/150 fuel containing mono-
methyl aniline was used in the campaign
against the German V-1 (buzz) bombs and per-
mitted additional engine performance which
enabled fighter aircraftto catchand shoot down
the bombs. The same fighter aircraft could
not catch the bombs when using Grade 100/130
fuel. Since the end of World War II fuels con-
taining both xylidine and monomethyl aniline
have been in limited military service use.
Xylidine is produced by a chemical process
which essentially consists of adding ammonia
to xylenes. There are six possible xylidines
but only five of these are present in commer-
cially produced material. The properties of
aniline, xylidine and monomethyl aniline are
shown in Table 6. Three per cent of xylidine
will increase the rich Performance Number of
Grade 100/130 fuel by about 15%, namely, it
will raise it to Grade 150. The addition of xy-
lidine (or of monomethyl aniline) slightly re-
duces the lean rating and in the production of

SMOOTH COMBUSTION

DETONATION

Figure 1-3
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Grade 100/150 (not a common grade) containing
3% xylidine it was considered necessary to
increase the lead from 4.6 to 6.0 ml. While
it was considered necessary to add additional
lead to restore the lean rating, it appears that
this was only necessary as regards perform-
ance of full-scale aircraft engines. While Grade
100/150 will have 100 Performance Number
under cruise conditions and 150 Performance
Number under rich mixture conditions in some
engines, there are some which will rate it at
150 Performance Number at lean cruise. It is
commonly considered that aromatic amines
are only effective anti-knocks at rich mixture
but this is not the case. While, when added to
Grades 100/130 and 115/145, thev are pro-
knocks at the lean condition and anti-knocks
at the rich condition, this pro-knock effect is
due to the severity of the lean test method.
When aromatic amines are added to some of
the grades lower than 100/130, they do not
produce a pro-knock effect at the lean coudition.
If the lean Performance Number of the grade
is low enough the amines (xylidine and mono-
methyl aniline)then become effective anti-knocks
and are so indicated by the laboratory knock
test methods. Two and ahalf per cent of mono-
methyl aniline produces the same anti-knock
effect as 3% xylidine. Both xylidine and mono-
methyl aniline produce "'sensitive'’ fuels {name-
ly, a large difference inleanand richPerform-
ance Numbers). Since both xylidine and mono-
methyl aniline are materials of high boiling
point they tend to aggravate distribution diffi-
culties. Both xylidine and monomethyl aniline
sharplyincrease the rich Performance Number
of any fuel to which they are added, but at the
same time they increase the preignition ten-
dency. Thus, it oftenoccurs that full advantage
cannot be taken of the improved Performance
Number of such blends since the increased
engine output causes the cylinders torun hotter
and results in preignition occurring before the
knock limit of the fuel is reached. Use of such
blends therefore generally requires modifi-
cation in the engine installation and particular
attention must be given to the spark plugs.

31 Both xylidine and monomethyl aniline are
much more powerful solvents than any other
compounents at present used in aviation fuel.
This solvent action is particularly noticeable
with rubber and synthetic rubber used infuel
system parts, and special rubber compounds
may be needed for such parts.
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EFFECTS OF FUELS ON RUBBER

32 Throughout the discussion above, ret
erence has been made to the solvent effects «
fuel components on rubber parts in the fue
system of the aircraft. During World War .
the solvent effect of fuels on rubber fuel syste:
parts caused very severe difficulties whic
resulted from the solvent effect causing th
parts to swell so that they either became in
operative or in some cases actually disinte
grated. The difficulties were almost entirel
due to a relatively high concentrationof aroma
tics. The troubles were most pronounced wit
Canadian equipment since high aromatic cou
tents hadnot previously been inuse in Canada
The British and the Germans had previousl
used fuels with up to 40% aromatics andconse
quently had developed suitable rubber com
pounds for use with such fuels. Subsequent t
the end of World War II it has been found th:
shrinkage of rubber parts may be avery seriou
problem with fuels of low solvent power. Thus
rubber parts which have been developed toavoi
excessive swelling in a highly aromatic fue
may shrink andcause leakage when used with
fuel having a verylow aromatic content, such
fuel counsisting almost entirely of paraffins
The problem of rubber shrinkage causing leak
age has proved to be particularly serious whe
rubber is alternately exposed to fuels of hig
and low solvent powers. Since the end of Worl
War II the majority of the fuels of Grade 100
130 and Grade 115/145 have had very low aro
matic content (in some cases below 5%) an
most fuel used for civiluse is of this type. T
obviate the shrinkage difficulty some militar
gasoline has been purchased with a minimur
aromatic content of 10%. This has caused a
increase of cost since the necessaryaromatic
cost more in peacetime than suitable paraffins
In some cases aromatic amines have been adde
to gasoline which were almost free of aromatic
as a means of obtaining sufficient solvent powe
to avoid rubber shrinkage. It has been foun
that the paraffins vary significantly in thei
effects in producing rubber shrinkage, iso
octane being worse than normal heptane.

33 All fuel components have some effect
(swelling, shrinkage or solution) on rubber
butin some cases the concentration of the com
ponent is too low to produce any significat
effect. Rubber would be seriously affected b
the bromine constituent of the lead anti-knoc
compound if exposed to the straight compound
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3785 ML. ISO-OCTANE
(100 PERFORMANCE NUMBER)

—378S5 ML.

80 PARTS ISO-OCTANE
+20 PARTS NORMAL HEPTANE
=80 OCTANE NUMBER

(58 PERFORMANCE NUMBER)

+34XML. TETRAETHYL LEAD

+ 3LML. TETRAETHYL LEAD

EQUAL PORTIONS OF TETRAETHYL LEAD IN BASE GASOLINES GIVE ABOUT EQUAL PERCENT INCREASE
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|
fr— ] 50 PERFORMANCE NUMBER OR 50% INCREASE

=150 PERFORMANCE NUMBER

PERFORMANCE NUMBER OR 50% INCREASE

=96 OCTANE NUMBER
(OR ABOUT 87 PERFORMANCE NUMBER)

IN PERFORMANCE NUMBERS.

Figure 1-4 Performance Number Increase Due to Lead

but when the compound is diluted to the small
concentration used in aviation gasoline, no
effect is experienced,

34 Turbine engine fuels have the same gene-
ral effects on rubber as gasolines, namely,
shrinkage and swelling, There is some evidence
that the rubber problem with turbine fuels may

" be more complex thanit is with aviation gaso-
lines, since the turbine fuels contain a greater
variety of classes of chemical compounds as
well as a much greater number of compounds
of each class.

35 The problem of rubber parts exposed to
fuels is exceedingly difficult. The rubber must
neither shrink nor swell excessively when ex-~
posed to a wide variety of fuels such as low
aromatic and high aromatic concentrations or
blends containing aromatic amines. Rubber
parts inthe RCAF mustwithstand temperatures
from -54°C to at least+74°C (-65°F to +165°F)
. withoutdamage or loss of plasticity at the lower

range.

Definition

36 Liquid fuels, that are used in internal
combustion engines, must always be converted
into a vapour state before combustion occurs.
This property of a liquid which enables it to
change readily into-a vapour is knownas '""Vola-
tility",; a characteristic which may be deter
minedby a distillation test and vapour pressure
test.

VOLATILITY TESTS
37 In the distillation test, the gasoline is
heated and vapourized at a constant rate. The
boiling temperatures are recorded as the var-
ious percentages of fuel are recovered. These
temperatures determine the volatility range
betweenthe initial and end boiling points of the
fuel under test, see Figure 1-11.

38 The vapour pressure testis accomplished
by sealing a sample of the fuelin abomb equipp-



Part 1

edwith apressure gauge. The apparatus thenis
immersed in a constant temperature bath and
the indicated pressureis noted. The higher the
corrected vapour pressure obtained from the
fuel under test, the more susceptible it is to
vapour locking. Aviation fuels have a Reid
Vapour Pressure of seven psi (maximum).

39 The volatility of a fuel is quite important
in determining whether or notan engine can be
started when cold. In this connection, it is
well to know that gasoline is not combustible
inits liquidform, principallybecause the mole-
cules of the liquid will notreadily mix with the
oxygen of the air. However, gasoline vapour
unites quite readily with oxygen resulting in
very rapid combustion. Therefore it is quite
evident that an engine fuel should be sufficiently
volatile to form combustible vapour at low at-
mospheric temperatures.
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VAPOUR LOCKING TENDENCY

Definition

40 Excessively volatile gasolines are ver
troublesome, because they promote a conditic
known as vapour lock. This condition is due {
vapour formation in the fuel lines which re
stricts the liquid flow, resulting in alean mix
ture and the possibility of engine failure.

Causes

41 Another contributing factor to vapou
locking is that atmospheric pressure decrease
with altitude. Therefore, when an aircra
climbs, air andfuel vapour tend io evolve fro:
the fuel in the tank due todecreaseinpressure
Reduction intemperature of the fuel decrease
this evolution of vapour, but when an aircra:
climbs rapidly, very little cooling of the gaso
line occurs by conduction and radiation to th
surrounding air. Therefore an aircraft ma
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Figure 1-7 Fuel-Air Ratio Curve

be flying at 35,000 feet with the fuel contents
temperature near that at ground level.

42 In many cases vapour locking can be al-
most eliminated by the design of the fuel feeder
system to the engine. This entails avoiding a
suction head to the fuel pump, sharp bends in
tne fuel lines, and by design of the fuel pump
with sufficient excess capacity so that it can
deal with vapour.

STABILITY

Definition

43 Storage stability depends on the tendency
of fuelto form gummy products in various types
of bulk and container storage. "Gum!' as re-
ferredtohere appliestoacolourless or yellow-
ish deposit which is sometimes left as residue
when gasoline is completely evaporated. It may
cause deposits inthe intake manifold and cause
sticking of the inlet valves and any moving parts
inthe fuel system. Aviationgasolinefreshfrom
the refineryusually contains negligible amounts
of gum. When the gasoline is stored gum may

form; the degree of gum formation depending o1
the nature of the gasoline and the conditions o
storage. High atmospheric temperatures ant
exposure to air hasten gum formation, whicl
is more rapidin small containers like tins ant¢
drums than in large storage tanks, owing t«
the greater ratio of surface area to volume i
the former case. Exposure to light may caus«
gum to form more rapidly in a gasoline, The
formation of gum is due to oxidation aund poly-
merization of unsaturated hydrocarbons in the
fuel.

44 Unsatisfactory storage stability may alsc
appear in the form of white compounds in the
fuel. This is precipitation of a lead compounc
of the TEL. This condition, if not excessive,
is not dangerous, but usually indicates thai
something else is wrong. This white powder ,
if it causes sneezing after drying, is very poi-
sonous and should be kept wet with kerosene
or oil while it is being removed. The powdery
deposit has onlyaslight effect on the properties
of the fuel.

11
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Figure 1-8 Compression Ratio
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CHANGE OF FUEL COLOUR

45 Another form of instability is usually
evidenced by change of fuel colour and the pre-
sence of considerable quantities of white, in-
soluble powder. This type of instability is to a
large extent associated with storage of leaded
fuels in galvanized drums which have accumu-
lated small quantities of water in the interior.
At presentit is known that this type of instability
may remove up to 75% of the bromine present in
the gasoline. Loss of bromine will produce a
tendency to muchmore rapid spark plug fouling ,
but does not render the gasoline unusable pro-
vided one part of it is mixed with atleast three
parts of gasoline of the same grade but not
showing white sediment or loss of colour. Gaso-
line storedin black iron drums may contain rust
which is fairly easily removed by filtering. It
was thought until recently that storage in black
irondrums eliminated the loss of bromine which
occurs with galvanized drums. It is now known
that bromine is lost in black iron drums if
storage conditions are sufficiently severe. This
lossis, however, much smaller thanthat occur-
ring with galvanized drums. It has been found
that loss of bromine in both galvanized and
black iron drums can be eliminated by change
of the type of bromine compound used in the
lead anti-knock compound.

46 When these conditions occur, the fuel is
to be quarantined and not used untilthe gasoline
has been tested and permission for its use has
been granted by AMCHQ.

TESTING FOR STABILITY
47 Specifications safeguard stability by re-
quiring that a sample of the gasoline shall be
exposed to 100 pounds pressure of pure oxygen
in a sealed container which is heated to the
boiling point of water 100°C, (212°F). Heating
is continued for 16 hours after which the bomb
is cooled. The gasoline is then removed and
measured quantity is evaporated to determine
the weight of residue left after evaporation.
The residue is not permitted to exceed ome
pound in 1500 gallons (4-1/2 toms). This oxygen
bomb stability test is only applicable to fuel at
the time it is manufactured at the oil refinery,
Gasoline after storage, shipping, and parti-
cularlywhen indrums or caas, is not required
to meet the oxygen stability test requirements
(accelerated ageing test) ofthe specifications.

48 The above "Accelerated Gum and Preci-
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pitate Test' is a truer estimate of the storag
stability of the fuel, although quite a lot m:
be predicted by the "Existent Gum'' content
the fuelwhen the increase of gum for a certa
length of time is known.

CORROSION PROPERTIES

Corrosive Constituents

49 The corrosive property of fuel is caus:
chiefly by sulphur compounds which attac
tanks, fuellines, pumps, exhaust systems, et
While it would be very desirable to elimina
sulphur completely from the fuel, the cost
refining would be prohibitive. However, tl
lead content is held to definite limits becau:
of its deleterious effects on lead responst

50 The presence of naphthenic acids in avi:
tion turbine fuels is highly undesirable wht
the fuel system contains a component utilizi
indium-coated lead surfaces. At high rates

fuel flow experienced in jet aircraft, micr:
scopic (5-10 microns) insoluble particles m:
erode the protective metallic coating over il
lead surface. Lead is extremely sensitive

naphthenic acids and aslight trace of this ac
can cause afuel pump to fail withina few how
of operation.

51 While sulphur compounds in turbine fue
do not at present seem toproduce any seriou
corrosive or other effects resulting from the
products of combustion, certaintypes of sulph
compounds can have undesirable effectson fu
system parts. Mercaptans havea very unple:
sant odor (the combat weapon of a skunk is
mercaptan) and have been shown to attack cat
mium plate on fuel system parts and also
produce deterioration of rubber type packing
inthe fuel system. Mercaptans are fairlyread
ly removed from petroleum producis in {l
refining process but at added cost, and the
removal will somewhat reduce the availab
supply in times of national emergency. Me:
captans should be limited to a relatively lc
value in aviation turbine fuel.

ALCOHOL AND BENZENE

Types

52 Although the petroleum fractions knov
as gasoline have been employed almost exch
sively for intermal combustion engine fuel:
other liquid fuels have been investigated a
used to some extent. Ethyl (grain) alcohol a
benzene appear to be preferred at present, st
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FUELS OF HIGHER THAN 100 OCTANE NUMBER
ARE MATCHED IN KNOCKING TENDENCY AGAINST
1SO-OCTANE TO WHICH MEASURED QUANTITIES

OF TETRAETHYL LEAD ARE ADDED.

_6-0 ML.

161.

1ISO~0OCTANE
100 OCTANE NUMBER + TETRAETHYL 161
—
100 PERFORMANCE ‘ LEAD PERFORMANCE
NUMBER NUMBER

Figure 1-9 Octane Rating

Table 6.

ETHYL ALCOHOL

53 Ethyl alcohol is a compound of hydrogen,
carbon, and oxygen, which may be prepared
from any organic compounds such as grain,
starch, or sugar. Its chief virtue as an engine
fuelis thatit willwithstand ahigh compression
pressure, which in turn promotes efficient
engine operation. The particular disadvantages
of alcohol as comparedwith gasoline are its low
heat value, low vapour pressure, and a pro-
nounced affinity for water.

Benzene

54 Benzene is a hydrocarbon compound ob-
tained chiefly fromcoal. It may be compressed
to a high degree, but it has a low specific heat
value per pound (but more per gallonthan gaso-
line), slow burning rate, high freezing point,
and greater cost, and the available supply would
be urgently required by other industries in case
of military emergency. It has been successfully
blended with gasoline as an anti-knock com-
pound; however, when used in this manner, it
is inferior to such anti-knock compounds as

14

tetraethyl lead, iso-octane, and iso-pentane.
Largely because its use would raise the freezing
point excessively, benzene is not utilized in
aviation gasoline.

THE TURBINE ENGINE AND ITS FUELS
FACTORS CONTROLLING CRUISING
FUEL ECONOMY
55 A considerable number of factorscontrol
the minimum specific fuel consumption or econ-
omy which can be attained. Some of these fact-
ors are built into the engine and are not under
the control of the pilot or flight engineer, others
are characteristic of the aircraft and may or
may not be subject tocontrol bythe crew; some
engine factors can be considered as operating
variables and are under definite control by the

crew, ‘

56 In considering the question of obtaining
the lowest specific fuel consumption from the
engine, it should be pointed out thatthe practi-
cal applicationis really that of using the mini-
mum weight of fuel per mile flown at a given
airspeed. This minimum weight of fuel per
mile flown may not always coincide with the
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couditions which give the lowest specific fuel
counsumption in the engine. For example:

57 To avoid overheating with very lean mix-
ture it may be necessary to use an excessive
opening of the cowl flaps; this setting may re-
duce engine fuel consumption but increase the
fuel required per mile flown.

58 Minimum fuel consumption for a given
horsepower in flight may be obtained with low
engine speed and high manifold pressure. This
low engine speed may require such a high piich
angle setting onthe propellor that the propellor
efficiency becomes unfavorable and produces
greater fuel consumption per mile flown than
an engine operating condition less favorable
to engine economy. Detailed discussion of en-
gine operating conditions which areunfavorable
to over-all aircraft fuel economy are not a
subject for this EO and information must be
sought in relevent - 2 Engineering Orders.

59 The various factors which influence the
specific fuel economy of the engine under cruise
counditions are listed below inorder of relative
importance. These are discussed on the basis

EO 45-5A-2
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of the requirement of a definite and fixed amoun
of power being available at the propellor hut
andleave out any questions of aircraft efficien-

cy.

FUEL AIR RATIO

60 ° This is without questionthe most impor-
tant factor., Where maximum range is desired
choice of engine and aircraft operating condi-
tions which will permit the engine to operate
at a fuel air ratioof about 0. 065 without knock
will, in general, produce the iowest specific
fuel consumption. The mixture can, however,
be made too lean and specific consumption will
then increase as shownin Figure 1-14, As the
mixture becomes leaner than about 0.08 fuel-
air ratio, the manifold pressure required for
a given power at fixed engine speed will need
to be increased.

ENGINE FRICTION
61 A considerable amount of power is used
merely to keep the engine rotating at a given
speed without anyuseful power being taken out
at the propellor shaft. This internal power
requires fuel to produce it and other things
being equal the fuel requiredto producea given

Figure 1-10

Typical Gasoline Molecules

15
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Figure 1-11 ASTM Distillation Apparatus

power at the propellor shaft will be increased
as the engine friction (or internal engine power)
is increased. Engine frictioni increases rapidly
with engine speed and may easﬂy be four or
more times as great at 3000 rpm as it is at
1500 rpm. For a given cruising power, mini-
mum engine friction and lowest fuel consump-
tion are in general obtained by the lowest rpm
and the highest manifold pressure which will
allow maximum economy mixture strength to
be used without knock. Maxtmum economy
mixture strength usually corresponds (in the
absence of knock) to a fuel-air ratio of about
0.065, but this may vary somewhat with the
engine type,

CYLINDER COMPRESSION RATIO

62 Increase of cylinder compression ratio
may have a significant effect on economy, al-

16

ways provided that the fuel has a lean Perfor-
mance Number sufficient to permit operation
without "knock' at maximum économy mixture
strength and without excessive spark retard
(see Spark Advance).

63 Cylinder compression ratio in aircraft
engines has nothing like the favorable effect
upon fuel economy that it has been shown to
have in routine use of passenger car engines
whichnormally operate atlessthan'10%of their
maximum available output. In the case of the
passenger car engine, increase of compression
ratio necessitates an increased fuel Perfor-
mance Number. In the case of the aircraft
engine, when increase of compression ratio
is considered, any accompanying increase of
Performance Number is largely out of the ques-
tion and a lean Performance Number of 115
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PRESSURE GAUGE

AIR CONTAINER =

GASOLINE CONTAINER

Figure 1-12 Reid Vapour Pressure Test Bomb

(Grade 115/145) must be regarded as the highest
that is likely to be available for several years
to come. In fact, it would seem that any con-
siderableincrease of lean Performance Number
will have to come from the engine rather than
from the fuel. Such increase can result from
mild engines which give the fuelits rich rating
under lean conditions. Assuming constant fuel
Performance Number, the question of com-
pression ratio largely resolves itself into one
of increasing compression ratio for the benefit
of fuel economy but at the expense of maximuni

EO 45-5A-2
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available power. It is possible to compute th«
effects of compressionratio upon fuel econom-
and available maximum power with cousider.
able accuracy. Thus, with a given fuel, in.
creasing the cylinder compression ratio fron
6 to 1, to 8 to 1 willreduce the fuel consumptio
(b per horsepower hour) by approximately 109
and will reduce the maximum available powe:
by about 20%. This would seem to be in direc
countrast with the passenger car engine wher«
increase of compression ratio improves botl
power output and fuel economy. The explanatiot
for this disparity is the fact that the passenge:
car engine is naturally aspirated (thatis, i
has constant air consumption) and has an in-
creasing Performance Number requiremewn
with increase of compression ratio. The air-
craft engine is supercharged and the air con-
sumption (on a given fuel) is varied to suit the
compression ratio.

64 The abovediscussion may possibly seexr
to infer that lowering the cylinder compressior
ratio of aircraft engines below present levels
is desirable, The discussion, however, shoulc
not be so taken; the present compression ratic
level of between 6 and 7 represents the besli
known compromise in regard to maximum pow-
er, fuel consumption, cylinder cooling, exhaust
valve life, etc.

65 The relative effects of fuel-air ratio anc
cylinder compression may be coansidered. In
Figure 1-14, which gives actual data for an
engine with a compression ratio of 6 to 1, it
will be noted that increase of fuel-air ratio
from the maximum economy value of 0.067 to
0.08 increases the fuel consumption by 12%.
It may be noted that 0.08 fuel-air ratio is the
value that with gasoline, in mostengines, gives
the maximum power output for a given air con-
sumption and is known as ''maximum power
mixture strength.'" In supercharged aircraft
engines, much higher power is available at a
fuel-air ratio of 0.10to 0. 11 than at 0. 08, but
atthe higher fuel-air ratios less power is avail-
able per pound of air than at a fuel-air ratio of
0.080. The difference in fuel consumption be-
tween fuel-air ratios of 0.08 and 0.067 shown
inFigure 1-14 is muchless thancan be obtained
if all engine conditions are adjusted for maxi-
mum economy. InFigure 1-14 the fuel consump-
tion at 0.08 fuel-air ratio is 0.51 1b per hp
hour, and this is an excellent value for this

17
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fuel-air ratio at 6 to 1 compression ratio. At
0.067 fuel-air ratio, the consumption of 0. 455
lb per hp hour is cousiderably higher than the
best that can be obtained for this compression
ratio. The data shown in Figure 1-14 were ob-
tained with constant spark advance, By adjust-
ment of spark and other changes to obtain maxi-
mum fuel economy it should be possible to
obtain a fuel consumption of 0. 41 1b per hp hour.
If an increase of compression ratio be consi-
dered which will give the same fuel consumption
at 0,08 fuel-air ratioas the 6 to 1 compression
ratio does at 0.067 fuel-air ratio, it will be
found that a compression ratio of 8.8 to 1 is
necessary. A compression ratio of 8.8 to 1 at
0.067 fuel-air ratio will give 11% lower fuel
consumption than will the 6to 1 ratio. The 8. 8
tol compressionratiowill reduce the maximum
power available on agiven fuel to about 78% of
that available with 6 to 1 ratio. It should be
emphasized that while lean mixture is a major

EO 45-5A-2
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avenue of obtaining cruising fuel economy, it
is an avenuethat has its difficulties. Very lean
mixture emphasized difficulties of cylinder
cooling, exhaust valve life and spark plug foul-
ing.

66 High cylinder compression ratio would
notappear to be a practical method of improving
cruising fuel economy of aircraft engines. If
considerable improvement in fuel economy is
required, recovery of the energy available in
the exhaust gases seemsto be the most suitable
method. Recovery of exhaust energy by use of
a gas turbine in series with a pistonengine can
reduce fuel consumption during cruise by at
least 15% while increasing maximum power by
about 20%. These improvements are obtained
in some current engines without increase of
cylinder compressionratio or of fuel Perform-
ance Number,

RELIEF VALVE

CARBURETTOR

Figure 1-13 Vapour Lock
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WATER INJECTION

67 Where lean knock value is sufficient to
permit increased compression ratio for fuel
economy, the limitations of such increased
compression ratio on take-off and War Emerg-
ency Rating power are now being overcome in
some cases by adding water (or water and al-
cohol where itis necessarytoprevent the water
‘from freezing) to the fuel-air mixture. The
addition of water will, in most cases, permit
power increases at take-off which exceed the
mechanical strength of the engine. When water
or water-alcoholis used for high power opera-
tion, the fuel-air ratiois usuallyreduced from
about 0. 10, which is normal at high power, to
about 0,08 at the instant the water injection is
started. By this means the specific fuel con-
sumption plus specific water consumption will
be of the order of 0.70 pound per brake horse-
power hour, whichisnogreater than the specific
fuel consumption at the maximum power per-
missible without water injection. Water in-
jection produces its effects by reducing the
temrperature of the fuel-air charge and also by
direct cooling of the cylinder and piston. In
some cases the cooling of the cylinder walls
makes it possible to take a power output from
anengine installation which would require rede -
sign of the cooling systemif equal power output
‘was obtained by a high Performance Number
fuel without water injection. The effect of in-
jection of water or water-alcohol in permitting
increased power output cannot be explained
entirely in terms of mixture andcylinder cool-
ing. For instance, water -alcohol whichhas less
cooling effect than straight water usually per-
mits a greater power increase than straight
water. Water injection for elimination of knock
is very old and was known about as early as
1880.

68 At presentwater injection isused in both
militaryand civiltransport service for increas-
ing output above that possible by the use of
Grade 100/130 or Grade 115/145 alone. At least
with American equipment, water injection is
not used with fuel grades below 100/130, al-
though there is no reason why it should not be
used. For example, it would be useful with
Grade 91/96 in countries where grades 100/
130 and 115/145 are not available. By the use
of water injection power is increased by 15%
to 25%, thus the rich Performance Number of
Grade 100/130 becomes 150 to 160 instead of
130, Similarly, the rich Performance Number

20
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of Grade 115/145 becomes 168 to 182 instead
of 145. While water gives the same maximum
output as would a fuel with 15% to 25% high rich
Performance Number, it really does much
more, since the use of suchfuels would mostly
require revision of the engine cooling system,
which is not necessary with water injection.

69 Withmostengines and installations, water
alone cannot be used owing to freezing of the
water in the tanks or in the lines either on the
ground or in flight. Some engines give best
results from the permissible power gain stand-
point when a mixture of water and alcohol is
used, in others the plain water is as good as
water -alcohol,

70 - Water appears to have the same type of
effect as lead, inasmuch as a given addition
of water produces a more or less uniform in-
crease of Performance Number. Thus, 40 parts
of water per 100 parts of fuel will permit in-
creasing output by about 40% if the fuel-air
ratio is reduced whenthe water is injected the
gain in output is 20% to 30%.

71 Inthe Introductionitis stated thatalcohols
and other oxygen containing compounds are not
used in fuel because such compounds decrease
range. This appears to be in conflict with the
use of water-alcohol injection and still more
with injection of water alone, since the latter
has zero heat of combustion. Actually there is
no conflict, since water-alcohol or water when
used with Grade 100/130 fuel does not involve
increased weight consumption (except insofar
as this is due to increased power). Further-
more, alcohol and water are only currently
usedunder conditions of engine operation where
fuel economy is of secondary importance and
is not used at cruising where fuel economy is
mostly of supreme importance,

72 The use of water injection, apart from
its effects in permitting a great increase of
power without the occurrence of knock, is of
almost equal value in its effects onengine cool-
ing. Water injection results in removing heat
from the cylinders and pistons which would
otherwise have to be removed by the engine
cooling system. The heat removed from the
cylinders and pistons is discharged by the ex-
haust system inthe form of steam. The function
of water injection in reducing the heat to be
disposed of by the cooling system is similar to
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INJECTION OF WATER UNDER HIGH POWER OPERATING
CONDITIONS RAISES THE POWER PERMITTED BY COOLING
THE FUEL-AIR MIXTURE AND THE HOT CYLINDER HEAD
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Figure 1-15 Performance Gain Due to Water
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but considerably greater than that produced by
rich mixture. While the use of rich mixture is
of great value inreducing the tendencyto knock,
itis also of great value inreducing the tempera-
ture of the cylinders and pistons. If an engine
is operated at lean mixture without knock and
the mixture is then progressively richened with-
out any other change of operating conditions,
it will be found that the cylinder temperatures
are considerably reduced as the mixture is
richened. If fuels of sufficiently high Perform-
ance Number to permitoperationat War Emerg-
encyRating power withlean mixture were avail-
able, engine cooling systems would need to be
considerably increased in capacity. Such in-
crease of cooling system capacity would, in
most cases, greatly increase aircraft drag.
Furthermore, increase of cooling system ca-
pacity would probably not be sufficient to pre-
vent piston and exhaust valve overheating at
War Emergency Rating power with lean mixture.
Thus, with presently available aircraft the use
of either rich mixture or water injection has
value in respect to permitting high power opera-
tion, which is not related to the value of these
measures in suppressing '"knock',

INFLUENCE OF MIXTURE TEMPERATURE
73 The temperature of the mixture of fuel
and air inthe intake manifolds has a consider -
able effect uponthe power output of the engine.
Inthe absence of knocka -12.2°C(10°F ) increase
of mixture temperature will decrease the power
output by about 1%, However, increase of mix-
ture temperature will generally increase the
tendency to knock (it may not do so if the dis-
tribution is uneven at the lower mixture tem-
perature) and as a result the manifoldpressure
must be reduced byclosing the throttle to avoid
knock. The sum of the effects of reduced charge
weight dueto increased temperature andof the
necessity of still further reducing charge weight
to avoid knock results in reducing permissible
power by about 2% for each 10°F increase of
mixture temperature, Thus, if mixture tem-
perature is increased from65°C to 120°C (150
*F to 250°F), power output will be reduced by
about 20% ou a given fuel grade. If, however,
it is desired to keep power output constant de-
spite the increase of mixture temperature,
thenif Grade 130 fuelis satisfactoryfor 65.5°C
(150°F) mixture temperature, 130 x 100/80 or
about Grade 160 will be necessary for 121°C
(250°F) mixture temperature. These figures
are sufficient to indicate the reasonfor the use
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of intercoolers or aftercoolers with turbo-
super-chargers and two-stage geared super-
chargers. Some engines suffer less from the
effects of mixture temperature than the figures
given above and others suffer more. With sen-
sitive fuels (i.e., those having large differ-
ences between lean and rich knock ratings),
the effects of high mixturetemperature can be
even larger than those given above.

74 Increase of temperature of the fuel-air
mixture in the manifold produces an increase
in knocking tendency due to the fact that tem-
perature of the charge in the cylinder is consi-
derablyincreased at the time the spark jumps.
The temperature increase at the time of the
sparkis severaltimes theincrease in manifold
temperature.

75 The above figures (2% power decrease
1or each -12,2°C (10°F ) increase in mixture tem-
perature) are sufficient to explain the effects
of water injection. In current use of water in-
jection, approximately 0.2 pound water per
horsepower hour (corresponding to a water-
air ratio of approximately 0.03) is used and
this is sufficientin some casesto reduce mix-
ture temperature by as much as 150°F, which
would explain a 30% permissible power in-
crease. The mixture temperature inthe induc-
tion systemis unlikely to be reduced by as much
as 65.5°C (150°F), since insufficient time is
available for complete evaporation, However,
eventhough the water is not completely evapor-
ated by thetime it passes the intake valve, the
residual liquid will produce further mixture
cooling effects in the cylinder,

SPARK ADVANCE

76 The spark advance used in most current
engines is a compromise between the setting
which will give the highest War Emergency
Rating (WER) and that which will give the best
cruising economy, Thus, if the spark is set for
best economy at cruise, the power available at
the WER will be reduced by 5 to 10%. If, on
the contrary, the spark is set for maximum
WER then the fuel consumption at cruise may be
increased by 5%. Some engines are now in ser-
vice which are equipped with automatic spark
change mechanism whicn provides advanced
spark for best economy cruise and a retarded
spark for maximum power.
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FUEL AIR MIXTURE DISTRIBUTION

77 If the fuel-air mixture is not equally
supplied to all cylinders, specific fuel con-
sumption will be increased. Figure 1-14 shows
the effect of fuel-air ratio on: specific and re-
lative fuel consumption and also on relative
power, under conditions of constant manifold
pressurein a singlecylinder engine. This work
of necessity has to be carried out on a single
cylinder engine since distribution inequalities
cannot be avoided ona multi-cylinder even with
fuel injection. While a single cylinder engine
has no distribution problem inthe normal seunse
it can have effects which produce essentially
the same result. It can have pulsation effects
in the induction system which may result in
liquid fuel surging backwards and forwards in
the pipe out of time with the engine explosions,
This surging of liquid fuel may result in suc-
cessive cycles having varying fuel-air ratios.
In a single cylinder engine equipped with cyl-
inder head fuelinjection the cycle tocycle fuel-
air ratiocan varyconsiderably fromtwo causes
Firstly, induction system pulsations can result
in a variation in the amount of air induced in
successive cycles. Thus, even if the injection
pump has absolutely uniform delivery per in-
Jection there will be acyclic variation in fuel-
air ratio. Secondly, while there may be cyclic
uniformity of air supply, successive injections
of the fuel pump can fluctuate considerably.

78 From Figure 1-14 it can be seen that
maximum economy is obtained at 0. 067 fuel-air
ratio and that either richening or leaning to
0.077 or 0.057 will result in an increase of
about 8% in consumption. Thus, if some cyl-
inders are operatingat0. 067 and others at0.057
and 0.077, the two latter will use up 8% more
fuel and the over -alleconomy of the engine will
be reduced, If distribution is poor with the
engine operating at full throttle and low rpm,
engine operating conditions may need changing.
Increase of carburettor air temperature and
increase of engine rpm with the throttle kept
wide open will increase mixture temperature
and thus improve distribution. Reduction of
manifold pressure by closing the throttle and
maintenance of equal power by increased rpm
will also increase mixture temperature and
improve distribution, this isless likelyto pro-
duce knock than the use of full throttle with
carburettor air heat. Poor mixture distribution
at lean cruise will show up principally in the
form of engine roughness and in backfiring in
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extreme cases. Some long-range aircraft equip
ped withfuel flow meters and means of measur-
ing engine power in flight (torque meters) car
directly determine specific cruising fuel con-
sumption and can thus detect the effects of.bad
distribution and take measures to correct it,

LLEAN PERFORMANCE NUMBER OF FUEL
79 Some current combat engines could take
advantage of an increase in lean Performance
Number over that available in Grade 100/130.
Touse fuelof higher lean grade with only minor
changesincurrent engines, adjustment of spark
advance for cruise andcruising at higher mani-
fold pressure and reduced rpm would be the
most suitable modifications.

80 While higher lean Performance Number
might permit improved cruise economyin some
current engines, operating of engines on fuels
of lower lean Performance Number than they
are rated on can have very severe effects on
specific fuel consumption at cruise. Thus, an
engine rated on Grade 100/130 may have its
cruising specific fuel consumption increased
by 15%to 20% if the carburettor setting is chang-
ed for proper operation on Grade 91/96.

WEATHERING OF FUEL IN TANKS

81 While weathering (or loss by evaporation)
of fuel in the tanks while in flight is not an
engine function, it is obvious that all possible
measures should be taken to eliminate such
loss. It is obvious that it is hardly worthwhile
operating the engine to obtain maximum cruise
range if anavoidable 5%1loss of fuel by evapora-
tionin flight isneglected. Ingeneral, fuel hand-
ling methods and aircraft operating practices
which tend to minimize boiling of the fuel inthe
tanks and vapor lockwill alsotend to minimize
evaporation losses. Engineering Orders should
be consulted in regard tosuch practices in the
case of individual aircraft,

AROMATICS IN PISTON-ENGINE FUELS
82 Subsequent to the introduction of octane
number scale for rating aviationfuels in 1930,
aromatics were used only to a very limited
extent in the United States until some time after
Pearl Harbour. The British and the Germans
had in the meantime used fuels containing up
to40%aromatics and had developedtheir equip-
ment to use such fuels.

83 Untilthe middle of 1942 the highest grade
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of fuel specified by the Army and Navy was of
100 octane number and only a lean rating was
specified. Some of the fuel supplied to this
specificationwas only Grade 100/100, whereas
most American engines had been developed on
fuel of approximately Grade 100/120. Use of
Grade 100/100 fuel in engines developed on
Grade 100/120 in conjunction with the more
severe duty which equipment is subject to in
war time caused serious difficulties in service
andresulted inthe almost immediate specifica-
tion of a rich rating method and of Grade 100/
125.

EFFECTS ON SELF-SEALING FUEL CELLS
84 When ounly a lean rating was specified
paraffinic fuels were the most economical to
produce apart fromthe fact that aromatics were
viewed with unjustified suspicion. Self-sealing
fuel cells had been developed for paraffinic
fuels originally, and many of these cells were
in service until 1941 and were known to be un-
suitable for fuels containing appreciable quanti-
ties of aromatics. Buna or self-sealing cells
are now in wide use, see EO 110-20 Series.

CAT CRACKED GASOLINE
85 With the requirement of a rich rating,
aromatics became, in wartime, the economical
and available component to obtaina rich rating
of 125 Performance Number. Prior to 1941,
Grade 100 fuel had been almostentirely produc-
ed by blending gasoline directly disttlled from
crude oil (straight-run gasoline) with various
high Performance Number paraffinic blending
agents {alkylate and similar materials) pro-
duced by means of expensive and complicated
plants. By 1942, alkylate and other similar
blending agents were in shortest supply, and
suitable straight-run gasolines to blend with
them were the next rarest component. This
situation was relieved by substituting catalyti-
cally cracked (cat cracked) gasoline for the
straight-run gasoline. Cat cracked gasoline
was in'use for motor fuel prior to 1941, and it
was known thatgood aviation fuel could be made
by this process, however, until the middle of
1941 the plants were almost exclusively used
for producing motor gasoline. Cat cracked
aviation gasoline largely consists of branched
chain paraffins and aromatics; the proportions
of these two components canbe variedbychang-
ing the operating conditions of the plants. Prior
to 1942, cat cracked aviation gasoline had been
deliberately manufactured to a low aromatic
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content in view of the general Americanopinion
of aromatics; this low aromatic content, how-
ever, reduced the amount of gasoline which
could be produced.

AROMATICS SAVED UNITED NATIONS

86 With the specification of Grade 100/125
and the enormous demand for such fuel, cat
cracked fuel containing 20 to 30% of aromatics
was produced in the greatestavailable quantity
by diversion of the cat crackers from motor
fuel manufacture. The cat cracked fuel proved
to be a life saver to the United Nations both in
respect to engine performance and quantity of
fuel available. Cumene (an aromatic) was also
blended into Grade 100/125 and was to consi-
derable value inrelievingthe critical shortage.
Cumene was also of help inincreasing leanrat-
ing in whichrespect if differs from most other
aromatics. While the use of aromatics was a
life saver, such fuel blends initially caused
a great deal of operatingtrouble with equipment
notdesigned forthem. This trouble was mostly
in connection with "rubber! parts of the fuel
system, such parts being the linings of self-
sealing fuel cells, fuel hose, carburettor dia-
phragms, and pump packings. These difficulties
have now been largely overcome by development
of suitable rubber-like parts (see Effect of
Fuels on Rubber). However, in the meantime
aromatics had acquired a reputation in some
quarters asthe cause of all ills in an aircraft,
even to tail-wheel failure.

87 In the case of two fuels having equal Per-
formance Number both lean and rich, one not
containing aromatics is somewhat preferable
to another containing 15% aromatics. However,
the air warfare carried out by the United Nations
in 1942-1945 would nothave been possible with-
out fuels containing aromatics. In some quart-
ers it was suggested that the use of aromatics
was a mistake and that expansion of production
by means of increased manufacture of paraffinic
blending agents should have beenchosen. Great
expansion of production of paraffinic blending
agents was not possible for anumber of reasons,
the most important being the fact that it re-
quired steel which would have had to be taken
from the liberty ship anddestroyer programs.

88 While aromatics were of outstanding im-
portance in obtaining rich Performance Num-
bers during World War II in Grade 100/130
gasoline and may again be very important in
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this respect for this grade in another emer-
gency, the situation is different in respect to
Grade 115/145. The aromatics necessary to
obtain rich performance in Grade 115/145 are
much less readilv available than aromatics
suitable for Grade 100/130, Cumene is uo ion-
ger available due to a rapid increase in
other important uses for benzene. As a result
the only available aromatics are toluene and
the meta-para xylenes. Plant capacity to pro-
duce the latter aromatics is so exceedingly
expensive and requires somuch steel that these
aromatics are not likely tobe available in suffi-
cient quantity in another emergency. As aresult
monomethyl aniline or xylidine may have to be
used for rich performance in Grade 115/145
and possibly in Grade 100/130. Use of mono-
methyl aniline or xylidine results in lowering
the lean rating of blends having lean ratings of
100 and 115 Performance Numbers before the
addition of the aromatic amines and this means
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that the concentration of paraffinic blendir
agents must be increasedto bring the lean rai
ings back to 115 and 100 respectively. Such =
increase is economical even if it means buildir
additional plants, since increased plant capacit
for paraffinic blending agents requires muc
less steel than will the installation of plani
to produce aromatics which will give the re
quiredrich performance. The loss oflean per
formance due to the additionof aromatic amine
may really be a laboratory finding rather tha
a true reduction of full-scale aircraft engin
performance (see Aromatic Amines - Para 28,
Further experience with aromatic amines wi.
be required to show whether the loss shown i
laboratory lean performanceis reflected inth
full-scale engines.

ALL-PURPOSE PISTON ENGINE FUEL
89 The question in the heading is frequentl
raised. To many individuals concermned wit

Figure 1-16 Knock Rating Test
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engine and aircraft operation it is not obvious
why fuels better than Grade 100/130 are not
used in view of the large gains resulting from
the use of Grade 100/130 inplace of Grade 91/
96. It is also not understood why the highest
grade of fuelis notused for allflight purposes.
Whether cost is or is not importantinwartime,
it is at least a good measure of the amount of
man hours and materials used. To produce one
gallon a day of Grade 100/130 during World
War II, a plant cost of about $35.00 was in-
volved, and this $35.00 represented about 120
pounds of metallic materials (mostly steel).

90 The amount of manufacturing plant and
of manufacturing difficulty and expense in-
creases veryrapidly withincrease of Perform-
ance Number of the fuel. To manufacture Grade
87 (an emergency grade in use during World
War II but not now in use), simple distillation
of widely available crude oil and addition of
lead are the major operations involved. Most
Grade 91/96 is made by a similar process, but
the crude oil which will produce the required
finished product is very much scarcer than that
required for Grade 87.

91 The above should be sufficient toindicate
why the RCAF has not adopted Grade 100/130
for allflight use both intraining andin combat.
While Grade 100/130 involves 120 pounds of
metallic materialfor each gallon manufactured
per day, increase of Performance Number
above this value causes a very rapid increase
in the amount of plant required. Grade 120/150
may easilyinvolve a requirement of 300 to 500
pounds of steel per daily gallon produced. In-
crease of lean rating is the more difficult and
more costly improvemeiit since neither: é:ffdiﬁé;-
tics nor aromatic amines can be used for this
purpose. Grade 120/140 was in commercial
use for Trans Atlantic airline service prior
to 1942 and higher Performance Number fuels
were used bythe MilitaryServices for develop-
ment purposes. The advantages of such fuels
were thoroughly realized but the penalty in the
form of manufacturing facilities was also known.

92 Triptane plus lead will give a lean Per-
formance Number of about 200 and about 300
rich, Triptane, at present, can only be pro-
duced at the rate of a few hundred gallons per
day by means of exceedingly costly plant facili-
ties. Other fuels having rich Performance
Numbers of 175 to 200 are also produced in
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limited quantities.

93 There is a present limited demand for
fuels with a rich Performance Number of 200.
Such fuels might have a limited combat use,
but this would present difficulty with distribu-
tion in the field. Owing to manufacturing diffi-
culties such fuels can only be procured ona
very small scale.

KNOCK RATING DATA

94 The first serious studies of knockin air-
craft engines were carried out some 30 years
ago and indicated wide differences between
gasolines made of crude oils coming from vari-
ous parts of the world. Further engine studies
indicated an apparent relation between chemical
compositionand tendency to knock. These stu-
dies led to the conclusion that aromatics were
good, all paraffins bad and cyclic paraffins in-
termediate in knock properties. Aviation gaso-
line specifications until 1930 were therefore
largely written around specification of chgmical
g¢omposition. The discovery of the excellent
knock properties of iso-octane and their com-
parison withthe poor properties of normal hep-
tane in 1926 indicated that gasoline could not
be considered as of increasingly inferior grade
as the content of paraffins increased, and this
was sufficient to indicate that the methods used
then for specifying by chemical cemposition
would not insure a satisfactory product.

95 Investigation of fuel suppliedto one of the
Military Services during 1929 and specified by
chemical composition showed that this varied
from 30 Performance Number as a low limit
to a high limit of 50 Performance Number.
Numerous attempts were made to define gaso-
line knock quality without the use of an engine,
but these proved to be failures.

KNOCK RATING ENGINES

Requirement of Engines

26 After the use of an‘engine had beenaccept-
ed as a necessity, it was observed that two
gasolines which were equal in one engine were
not equal in another. As a by-product of the
early use of ethylene glycol as a cooling liquid
for aircraft engines, tests were carried out
using widely dissimilar fuels ima single cyl-
inder liquid cooled engine at coolant tempera-
tures varrying from 65°C to 176°C {150°F to
350°F). These tests showed that the relation
between the various fuels continually changed
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with cylinder. temperature and this was suffi-
cient to indicate that fuel ratings not only varied
from engine to engine, but in anyone engine as_
the engine conditions were changed. These tests
also showedthat if knock properties of aviation
fuels were to be controlled the knocktests must
be carried out with engine conditions which
would give a reasonable prediction of behavior
in full scale aircraftengines. This wasthe be-
ginning of a program of testing a series of
widely varied fuelsinfull scale engines to deter-
mine their relative behavior. This program is
still continuing and new compounents of aircraft
engine fuels are rarely accepted for service
use without extensive testing in full scale multi-
cylinder engines. The original test program
of studying widely varying fuels in full scale
engines not only provided information as to the
effects of the fuels upon emngine performance,
but also gave relative ratings which could be
used to set up engine conditions in single cyl-
inder engines which would rate the knock pro-
perties of the fuels in the same relative order
as the full scale multicylinder aircraft engines .
If fuels are to be procured with definite mini -
mum knock properties, a large number of knock
determinations must be made as a matter of
routine testing, and such tests must be made
at each oil refinery manufacturing aviation
gasoline.

SPECIAL TEST ENGINES
97 Such a requirement for testing fuels in
an actual engine obviously rules out the full-
scale multi-cylinder aircraft engine as ameans
of carrying out these control tests. To deter-
mine the knock properties of a fuel, it is ob-
viously necessarythat it must be made to knock;
since knock is normally very destructive to
full scale aircraft engines, a single full scale
aircraft engine cylinder is obviously not a de-
sirable test instrument if a more durable engine
can be practicably utilized to obtain th¢ same
information. Fortunately it has been found
possible to build small single-cylinder engines
for use in laboratory testing.of knock proper-
ties. By suitable adjustment of operating condi-
tions, these engines will define the knock pro-
perties of fuels in the same order as the full
scale engines. These laboratory engines can
be andare builtto withstand knock for extended
periods without damage. Satisfactory labora-
tory engines have beenavailable for a number of
years. These are subjectedto continuous modi-
fications, for both mechanical reasons and to
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provide more accurate results as fuels ar
developed. This is hardly surprising sinc
engines suitable for rating 70 Performanc
Number fuels can hardly be expectedto be suit
able for rating fuels in the order of 300 Per
formance Number.

REFERENCE FUELS-ESSENTIAL

98 In the early engine studies of knock, th
relative resistance of a fuel to knock was ex
pressed in terms of some engine variable suc
as spark advance, manifold pressure or cylin
der compression ratio. In all these early stu
dies, engines without superchargers were use
andthe engine was consequently subjectto vari
ations in atmospheric conditions which in
fluenced the density, temperature and humidit
of the fuel-air mixture takeninto the cylinder
These variations alone were sufficient to pre
vent any one engine of given type from consis
tently giving the same rating to any given fue
over a periodof days, mouthsor years. Of th
various methods of varying an eng:ne functio
so that fuels could be made to knock, engine:
so built that the compression ratio could b
variedwhile the engine was in operation prove:
to be by far the most satisfactory. While conti.
nuously variable compression ratio proved t
be the most satisfactory engine variable fo:
rating fuels, it wasnevertheless not completel:
satisfactory. A fuel which would knock at 6 t
1 compression ratic (CR) in one eneine migh
knockat 5to1 CR in anengine of differenttype
Two engines of identical type in different locali.
ties might differ by as much as one-half CR i1
the rating they assigned to a given fuel wher
both engines were rununder supposedly identi-
cal conditions, except atmospheric variables

Any one engine would assign different com:
pression ratio ratings to a given fuel as the
mechanical condition of the engine deteriorated
It was found that variations in engine conditio
could be detected by always comparing the fue
being tested with a standard fuel for compari.
son. A single standard fu el proved to be insuffi
cient, and it was found that two standard fuel:s
were necessary. Of the two standards, one was
much more proune to knock than any fuel to be
tested, and the other muchless prone to knock

Attempts to use two gasolines as standard:
proved unsatisfactory, and pure compound:
having high and low Performance Numbers wer¢
investigated. Normal heptane and iso-octane

see Figure 1-5, were finally adopted as an in-
ternational standard and are still inuse althougt
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the use of gasoline of more than 100 octane
number has necessitatedthe use of lead in oc-
tane, see Figure 1-9, to extend the upper range
of the scale.

BRACKETING THE FUEL
99 In practice, any fuel being knock rated
is compared with heptane-octane or octane-lead
blends, one of which is slightly better and one
of whichis slightly worse in knocking tendency
than the fuel being tested. This test method is
known as bracketing the test fuel.

100 The use of standard reference fuel blends,
one slightly worse than and one slightly better
"than the fuel being tested counstitutes a system
resembling the go and no go gauges used for
checking dimensions machine shops. Further-
more, pure compounds are definite products
which are capable of being reproduced exactly
and which can be checked for purity although
such purity checks are not simple,

101 The useof heptane andoctane and octane
pluslead as standard reference fuels for brack-
eting any test fuelinrespect to knock properties
was soon found to be desirable for rating fuels
infull scale aircraft engines since while a full-
scale engine maydeliver constant power on any
given fuel inthe absence of knock with standard
engine conditions in regard to rpm, fuel-air
ratio, cylinder temperature, etc., the power
at which knock will occur may vary signifi-
cantly from day to day with atmospheric con-
ditions and mechanical condition of the engine.
Thus, all ratings of fuels in full scale engines
are required to be bracketed between standard
fuels, and iso-octane and normal heptane of
slightly lower purity than required for the lab-
oratory knock test engines are used.

CFR ENGINE LEAN RATING METHOD
102 As a resultof alarge amount of full scale
multi-cylinder aircraft engine rating of fuels
of widely varying composition and of extensive
work in the laboratory ratingthe same fuels in
small single cylinder engines, a rating method
using the CFR 3 1/4" bore liquid-cooled knock
test engine was standardized and is still in use.
This engine is not supercharged, and the cyl-
inder compression ratio is varied to produce
"knock''with any fuel being rated. The fuel-air
ratio producing a maximum degree of knock
{about .070 F/A) is used, Actually fuels are
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not rated interms of their tendencies toproduce
audible knock or ping, but rather in terms of
their tendencies to cause increase of cylinder
head temperature. This test method, like all
other significant knocktest methods, requires
rigid standardization of engine test conditions.

103 This method is now known to provide
satisfactory informationinrespectto lean mix-
ture ratings and is knownas the ASTM F3 Me-
thod (formerly 1-C Method). This method also
appears toprovide reasonable control of miuni-
mum quality in respect to preignition resist-
ance,

104 In Canadaup to 1941, ounly limited atten-
tion had been given tothe rich mixture proper-
ties of fuels. This was largely due to the fact
that fuels of a givengrade from various sources
were rernarkablyuniform incomposition. Fur-
thermore, Canadian objections to aromatics
and the fact that the F3 Method penalized aroma-
tics resulted in low aromatic content and conse -
quently reduced the chance of major variation
inrich mixture quality. InEngland and Germany
aromatics were not considered objectionable,
and in addition fuels were drawn from widely
divergent sources and consequently varied more
in behavior with the result that considerable
attention had been givento rich mixture quali-
ties. In general, unless special engine develop-
ment fuels are available for each fuel grade,
engine manufacturer tends to develop his en-
gines up to thelimit of the particular fuelavail-
able from his source of supply. The major
engine manufacturers up to 1941 had, with the
sanction ofthe Military Services, pursued this
plan in the case of both Grade 91 and Grade
100. It was known that some sources of both
grades were inferior to the sources used for
engine development, but this had not appeared
to be of serious moment. However, subsequent
to 1941 the rapid expansion of aviation gasoline
production soon produced evidence that the F3
Method rating didnot produce satisfactorycon-
trol of rich mixture quality, and that engines
had really been developed onGrades 91/96 and
100/120, whereas fuels supplied to the Services
might be as low as 91/91 and 100/100. This
finding made essential the adoption of a labora-
tory method of rating rich mixture quality. This
was rapidly forthcoming in the form of the
ASTM F4 Method (formerly 3-C Method) which
had bezen under development for approximately
5 years.
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CFR ENGINE RICH RATING METHOD

105 The F4 Method involveda great increase
of complicationin comparison with the F3 Me-
thod, since itinvolves supercharging, measure-
ment of power, intake air quantity and fuel
quantity, all of which are not required in the
F3 Method. The F4 Methodusesthe CFR engine
as does the F3 Method, but inthe F4 Method the
variable compression ratio feature of the engine
is not used and compression ratio is fixed 2+
seven to one, the variables being manifold
pressure and fuel-air ratio. The wide differ -
ences in rich-mixture knock properties of two
fuels of equal lean mixture quality which appear
in a supercharged engine are not apparent on
richening the mixture in an unsupercharged
engine with variable cylinder compression
ratio. In general, however, the fuel with high
rich mixture quality will become superior in
the unsupercharged engine as spark advance,
mixture temperature and cylinder temperature
are reduced.

IMPORTANCE OF QUALITY CONTROL
106 Withthe F3 and F4 Methods plus standard
reference fuels, control of both lean and rich
mixture knock quality is obtained. It is the aim
of the specifications and of these methods that
quality shall never fall below 2 minimum speci-
fied value in respect toboth leanand rich mix-
ture full scale properties. This aim has been
substantially attained, but unfortunately it has
not yet been possible to completely insure that
no fuel supplied to the specifications for any
given grade shall be not inferior to the fuel on
which the engine was developed. This situation
is recognized by the engine manufacturer who
allows a margin of safety for service fuelinfer-
ior to his development fuel. The fact that the
specifications attempt to insure minimum full-
scale knock qualities and that much of the fuel
delivered to service theaters may be superior
to the minimum caun lead to serious service
difficulties if Engineering Orders are disre-
garded in respect to maximum permissible
engine operating conditions. Thus, a given
theater of operations may for a considerable
period receive fuel which is considerablyabove
minimum rich mixture Performance Number .
Experiment in this theater of operations may
show that War Emergency Rating Power can
be raised considerably above the maximum
specified by the engine manufacturer and En-
gineering Orders. Satisfactory operation may
be experienced at such increased power up to
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the point where the fuel supplied to the theate:
of operations suddenly diminishes to the mini-
mum specified rich mixture Performance Nurm-
ber which will result in wrecked engines due
to crackedcylinder heads, burnt valves, meltec
pistons, etc.

107 Determination of the maximum operating
conditions permissible for any given engine or
any given grade of fuel such as Grade 100/13C
is a long and complicated process involving
a large amount of testing over a wide range oi
operating conditions with a series of calibratec
reference fuels and elaborate instrumentation.
Most of these necessities for determining per-
missible engine ratings on various fuel grades
are not available in service theaters, Incertain
cases, of course, theaters of operation find i{
necessary totake chances inrespect to opera-
ting engines in excess of specified maxima;
there can be no argumentin suchcases as long
as the magnitude ofthe risksinvolved arereal-
ized by those respousible for the operation.

VARIABLES AFFECTING FUEL TESTS
108 Theuse ofreference fuels with which any
fuel under test can be compared has, to alarge
degree, taken the uncertainties out of fuel rat-
ing. The use of reference fuels slightly better
than and slightly worse thanthe fuel under test
largely removes difficulties due to engine con-
dition or atmospheric variations. The diffi-
culties due to engine and atmospheric varia-
tions are not entirely solved by the use of refer-
ence fuels, however, since the fuel under test
and the reference fuels may be affected differ-
ently. Thus, sensitive fuels such as highly
aromatic blends suffer a greater relative re-
ductionin performance due to bad engine condi-
tion (such as leaking valves or other causes
of overheating) than do the reference fuels,
Likewise high atmospheric humidity will im-
prove the relative performance of some fuels
more than it will that of the reference fuels.
Thus, despite the use of reference fuels it is
necessary to give attention to engine and at-
mospheric conditions, This does not infer that
fuels should always be tested in engines which
are infirst-class condition, although the tend-
ency is to do so since this makes for precision.
It may be desirable, in setting up operational
factors of safety, to know the behavior of a
particular type of fuel in a fuli scale multi-
cylinder aircrattengine which is in bad condi-
tion due to: leaky valves, combustion cnamber
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deposits, oil pumping, etc. Generally speaking,
such tests need not be carried out since the
results can be predicted by knowledge of fuel
sensitivity obtained with standard laboratory
test engines.

109 The use of the standard reference fuels,
namely heptane-octane and octane-lead in both
laboratory and full scaletesting, has produced
counsiderable progress intesting technique. The
reference fuels are objectedtoin some quarters
since they differ considerably from current
service gasolines in respect to volatility and
from most currentgasolines in respect to sensi-
tivity. The volatility differences do not appear
to be important and the sensitivity effects can
be argued bothways. Certainly some fuels have
approximately the same sensitivity as the refer-
euce fuels, on the other hand Grade 100/130
does not, neither dothe most probable improved
fuels of the future., Furthermore, the present
reference fuel system has an upper limit of
161 Performance Number and any known fuel
which will be usable as a means of extending
the reference fuel system to higher Perform-
ance Numbers is more sensitive than octane
plus lead.

FUTURE REFERENCE FUELS
110 If fuels of more than 160 Performance
Number are to be tested andused on more than
a very limited scale, use of a reference fuel
system will be almost essential. It is possible
(and essentialin certain studies involving fuel)
to maintain constant engine performance on a
given fuel from day to day and year to year;
this involves a large amount of engine mainten-
ance and elaborate control of engine cooling
andintake air condition. While this is possible,
it stillrequires areferencefuel and this refer-
2nce fuel should preferably be of a Performance
Number which will permit checking the engine
at the maximum output at which the engine is
used. While there is a need for a reference
fuel of more than 161 Performance Number,
no such fuel is preseuntly available, and there
is no general agreement as to what it should
cousist of. For the present, fuels of more than
161 Performance Number are tested against
iso-octane+6 ml. lead andthe results reported
in terms of power. Thus, if a fuel has a knock
limited power 10% higher than iso-octane + 6
ml. lead it is reported as 161 x 1.1 or 177
Performance Number. Since a reference fuel
system of more than 161 Performance Number
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is only required for rich conditions or lea
conditions in a mild engine, sensit.ve compo:
nents can be used and possible systems sucl
as: (80% (heptane +iso-octane) + 20% toluene
+4 ml. leador (97%(heptane +iso-octane) + 39
monomethyl aniline) +4 ml. lead may be consi:
dered. In both systems illustrated above the
amount of heptane in the iso-octane-heptan:
blend would be varied to match, or to bracket
the test fuel under consideration.

PERFORMANCE NUMBER SCALE

111 While the Performance Number scale i:
now used for fuels of more than 100 octane num-:
ber andis usedin conjunctionwith octane num-
bers for fuels of lessthan 100 octane number
nevertheless all testing of fuels is carried.ou
by finding the blend of reference fuels whicl
is equal under the particular conditions of tes
to the fuel being tested. When this matchin
reference fuel blend has been determined, the
value is thenconvertedto Performance Numbe:
by means of the standardtables of Performanc«
Number versus octane number or octane plu:
lead. The Performance Number scaleis merel
a code for converting fuel knock values interm:
of reference fuel into an index which is an ap-
proximate indicationof relative engine perfor:
mance,

112 The Periormance Number scale is base«
on engine performance in terms of interma
power plus external power, namely brake horse
power plus friction horsepower. Internal plu:
external power is used since this, rather tha:
brake output, is the real indexof the fuel per -
formance. Furthermore, even on the basis o
the sum of internal and external engine power
the relative performance of fuels will not al.
ways be in proportionto Performance Numbers
Thus, the comparative performance of octans
and octane plus 1 1/4 ml. lead (100 and 13(
Performance Numbers, respectively) may be
in the ratio of 100 to 120 or 100 to 140 depending
onthe engine type and engine conditions. Similal
behavior below 100 Performance Number mayj
be expected. The Performance Number scale
is, however, set up on a basis of average be-
havior in a variety of engines. Performance
Number is only anindex of relative engine out-
putin supercharged engines where the manifolc
pressure is varied to suit the knock value o
the fuel, In the case of unsuperchargedengines
(naturally aspirated) or of supercharged engines
run at constant manifold pressure, the Per-
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formance Number of the fuel is not an index
of relative permissible output, but rather of
relative permissible compression ratio.

USE OF PERFORMANCE NUMBERS

113  Sincefuel knock values are not measured
in terms of Performance Numbers but rather
in terms of reference fuels (exceptwhere fuels
are above the limits of the present reference
fuel scale), it may be questioned as to why
fuels are not expressed in terms of the units
inwhich they are measured. The answer is that
neither of the present reference fuel systems
bears a linear relation to engine performance.
Thus inthe case of octane numbers, each octane
number represents an increasingly large in-
crement of engine performance as the upper
end of the scale is approached. Thus the dif-
ference between 70 and 72 octane numbers is
1 3/4 Performance Numbers, whereas between
98 and 100 octane number the difference is
almost 6 3/4 Performance Numbers. In the
case of octane plus lead, the effect found with
octane numbers is reversed and each unit be-
comes of less importance towardthe upper end
of the scale. Thus, with octane plus lead, the
difference between 100 and 100 plus 1 ml. lead
is 26 Performance Numbers, whereas the dif-
ference between 100 plus 5 ml. lead and 100
pPlus 6 ml. leadis only 4 Performance Numbers .
The adoption of the Performance Number scale
results in a clearer understanding of fuel val-
ues and the fuel user hasa better appreciation
of his supplies. As long as octane numbers and
particularly leadin octane were used toexpress
values, the user had only a limited appreciation
of the significance of fuel knock quality. Fur-
thermore, a generalized discussion of the re-
lationship of fuel knock quality to engine per-
formance, such as is given in this EO, would
not at present appear to be possible if knock
quality is described in terms of values given
in octane numbers and octane plus lead.

MANIFOLD PRESSURE RELATIONSHIP
114 It is not possibleto express any reason-
ably accurate relationship between manifold
pressure and Performance Number, since
neither total power (brake power plus friction
power) nor brake power are directly propor-
tional to manifold pressure even at constant
mixture temperature. However, avery approxi-
mate relationship between manifold pressure
and fuel Performance Number does exist under
conditions where manifold pressureis the only
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variable. For manifold pressures in excess of
about 24 inches of mercurv (hereafter hg) ab-
solute, the manifold pressure minus seven
inches is proportional tothe fuel Performance
Number requiredto just give knock-free opera-
tion at each manifold pressure level. As an
example, the take off manifold pressure may
be cousidered in the case of an engine set f__br
operation on Grade 91/96 but which is to have
its carburettor reset for operation on Grade
100/130.

115 Assume that the permissible manifolc
pressure whichwill just give knock-free opera-
tion on Grade 91/96 is 36" hg abs. The rich
Performance Number of Grade 91/96 is 88 and
for Grade 100/130 is 130. The manifold pres-
sure permissible on Grade 100/130 assuming
constant fuel-air ratio will be; (36-7) x ﬁ) +7
88
= (29x130) +7 - 42.8 +7 = 50" hg abs.
88

proximately, The relationship calculated above
will only hold if itis possible toincrease mani-
fold pressure without significant increase of
mixture temperature, This will hold inthe case
of an engine with a two-speed gear drivenblower
if the increase of manifold pressurecan be ob-
tained without changing from low blower gear to
high gear. If a change to high blower gear is
required, this will produce a considerable in-
crease in mixture temperature and the figures
calculated above will no longer be even very
approximate.

ap -

116 Use of improved fuel knock quality by
means ofincreased manifold pressure obtained
by supercharging can have its limits unless
cooling of the mixture after compression is
resorted to. Since compression of mixture (or
of air alone in a fuel injection engine or in a
turbo supercharger) can produce a total tem-
perature rise of as much as 176°C (350°F) in
highblower gear, it is obvious that just raising
manifoldpressure will not give adequate power
return, firstly due to low density of the ingoing
fuel-air mixture and secondly, due to knock
limitations resulting from high mixture tem-
peratures.

117 In thecase of an engine with a two-speed
geared blower, the lower speed of which will
permit full throttle operation at sea level takeoff
on the available fuel, useful application of a
higher Performance Number fuel will involve
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change of engine or of takeoff procedure. If high
blower gear is used for takeoff, it is possible
that the higher mixture temperature may result
in a lower takeoff power than is available with
the lower Performance Number fuel and low
blower gear. If the low blower gear ratio is

increased so as to allow full throttle on the

higher Performance Number fuel the increase
in output will notbe proportionaltothe percent-
age increase in fuel Performance Number owing
to increased mixture temperature produced by
increase of blower pressure ratio.

MANUFACTURE OF GRADES ABOVE 91/96
118 The case of Grade 91/96 versus Grade
100/130 discussed above is of interest since
the Grade 100/130 will permitalmost50% more
power thanGrade 91/96 and since Grade 91/96
represents the highest grade which can be made
from a gasoline which is found as such in the
crude oil in the ground. The 50% increase in
permissible power obtained with Grade 100/130
represents the improvement due to the elabo-
rate chemical maunufacturing which makes the
Grade 100/130 possible.

119 The above discussion of Performance
Numbers and Figure 1-6 show that the effective -
ness of lead rapidly drops off as the concentra-
tion is increased. In November 1941 the lead
conceuntration of Grade 100 was increasedfrom
3.0 ml. to 4.0 ml; in the middle of 1943 the
concentration was again increased to 4.6 ml.
Since increase from 3.0 ml. to 4.0 ml. ounly
increases Performance Number by 4 percent
andfrom4.0 ml. to 4. 6 ml. by a further 2 per-
cent, the gains hardly appear to be justified.
When these changes were made, there were
immediate demands for increased quantities of
Grades 100 and 100/130, respectively, and the
Military Services were not willing to reduce
Performance Number to obtain increased fuel
quantity. While the effects of changes from 3.0
ml. to 4.0 ml. and from 4.0 ml. to 4.6 ml.
would have been slight in respect to Perform-
ance Number, they were very effective in in-
creasing the total available production at fixed
Performance Numbers. The change in 1941
increased output by 25% and the change in the
middle of 1943 by 7%. These large changes in
production are explained by the facts that they
permitted increased use of gasoline distilled
directly from crude oil(straight-run gasoline)

and that straight-run gasoline becomes available
at a rapidly increasingrate asits Performance
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Number is reduced. The question of the techni
cal soundness of increasing lead content by 15
(i.e., 4.0 to 4. 6 ml.) in order to obtaina Per
formance Number gain of 2% (or to avoid
loss 0.{2%) has beenvigorously debated by som
of the engine manufacturers. Commercial spe
cifications for gasolines for civiltransport us
do not permit more than 4.0 ml. lead in an
grade except 115/145 whereas the militar
Grades 91/96, 100/130 and 115/145 all perm
the use of 4.6 ml.

FUEL SENSITIVITY

120 The question of sensitivity or the relatio
betweenrich andlean ratings has been referre
to a number of times in this booklet. Firstly
it should be pointed out that sensitivityis purel
relative. Engine output will be reduced on al
fuels as engine conditions such as spark ad
vance, cylinder compressionratio and mixtur
temperature are made more severe. Sensitivit
is an expressionof change relative to the chang
which would be experienced with the referenc
fuels. Fortunately the two reference fuel sys
tems, namely heptane-octane and octane plu
lead, appear to be closely similar in sensitivity
Sensitivity may be defined as the tendency t
lose Performance Number as the engine condi
tions are made more severe. Couversely, o
course, a sensitive fuel will gain in Perform
ance Number as engine counditions are mad
easier. As an illustration a 37°C (100°F) in
crease in mixture temperature may reduce th:
permissible output oniso-octane by 20%, where
as a sensitive fuel equal to iso-octane at th«
lower temperature may lose 40% in permissible
output at che higher mixture te mperature. Thus
at the low mixture temperature the sensitiwv
fuel will be of 100 Performance Number, bu
at higher mixture temperature its permniissibl¢
output is only six-eights of iso-octane. Three
quarters of the permissible output of octane¢
indicates that the Performance Number is abou
75, but this assumption must be checked by
bracketing the sensitive fuel with reference
fuels. If the sensitive fuelis found by bracket-
ing to be equal to 91 octane number, its Per-
formance Number is 75. rigure 1-17 illustrates
the general pattern of behavior of iso-octane
(namely 100/100 Performance Number) in com-
parison with a specially sensitive Grade 100/
130.

121 Incounsideringa specially sensitive Grade
100/130, it should be mentioned that fuels are
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onlyrequired to meet minimum values for lean
and rich Performance Number. Thus a gaso-
line of 110/130 and one of 100/150, both meet
Grade 100/130 specifications although they
represent fuels of widely differing sensitivity.
Such variations in sensitivity can and do pro-
duce noticeable variations in fuli scale aircraft
engine performance. Thus, a very mild engine
may give significantly worse performance at
takeoff on a 110/130 fuel than it does on one
of exactly 100/130. Couversely, a very severe
engine may, at the cruise condition, give better
performance on a gasoline of 110/130 than it
Joes onone of 100/150. This situationinregard
to varying sensitivity represents a somewhat
undesirable weakness of the fuel specifications .
It rarely or never results in operational diffi-
culty, however, unless the engine is operated
beyond the ratings set up by the engine maker.
Intimes whenaromatic components are scarce,
as at the present, gasolines of about 108/130
are quite usually supplied to meet Grade 100/
130. To supply fuels which not only meet the
minimum requirements of a particular grade
but which are also of substantially uniform
sensitivity represents an exceedingly difficult
problem for whichthere is no presentpractical
solution.

FUEL COMPONENTS VERSUS SENSITIVITY

122 The sensitivity of a finished fuel blend
appears to be mostly controlled by the hydro-
carbons in the blend. The addition of lead has
practically no effect on semsitivity. (This is
substantially true for typical aviation gasolines,
but it appears that lead canincrease sensitivity
of motor gasolines which are already highly
sensitive before the addition of lead.)

123 Aromatic amines on the other handconsi-
derably increase sénsitivity. Sensitivity is by
no means thoroughly understood but present
knowledge indicates that any engine effect which
depressesthe rating of a sensitive fuel results
in pfodﬁcing an increasedtemperatureto which
the fuel-air mixture is exposed. The increased
temperatures which relatively affect the sensi-
tive fuel often cannot be directly measured.

124 The importance of sensitivity in aviation
fuels isnot at present capable of definite answer
and the following points can be quoted as pros
and cons of the question.

(2) Increase of sensitivity as a rule lowers
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the preignition resistance of the fuel.

{b) Engines with the maximum output per
cubic inch of engine cylinder capacity as a rule
tend to do best on the more seunsitive fuels.

(<) Engines with very bad cylinder cooling
as a rule dobest on insensitive fuels. Reasouns
other than poor performance on sensitive fuels
may suggestelimination of poor cylinder cool-
ing.

DIFFERENCES BETWEEN AVIATION
FUELS AND MOTOR GASOLINES

125 There are anumber ofdifferences in the
properties of aviation fuels and of motor gaso-
lines which make the latter unsafe for aircraft
use unless both the engines and the aircraft
are adapted to such use. Since the highest mili-
tary grade of motor gasoline available is 80
octane number (58 Performance Number), use
of motor gasoline in combat aircraft canno’ be
considered except for certainliaison types and
other similar uses. Civil (personal) aircraft
similar to light military liaison types usually
operate on afuel similar toGrade 80 but made
to commercial specifications. Some of these
aircraft operate on premium motor gasoline
which has about the same Performance Number
as Grade 80. This use often voids the guarantees
of the makers of both the aircraft and the engine .
Premiummotor gasoline can mostly be used in
an emergency if no other fuel is available but
introduces a definite hazard from possible
vapour lock. Vapour lock, which may result in
loss of power during take-off, can have serious
consequences. The major differences between
aviation fuels and motor gasolines (both mili-
tary and civilian) are as follows:

PERFORMANCE NUMBERS
126 Motor gasolines are specified by octane
numbers, these octane numbers being deter-
mined by lean mixture methods somewhat simi-
lar to the "F3' lean mixture method used for
aviation fuels. At present most civilian motor
gasolines have their octane numbers determin-
ed by the ASTM F1 Method (Research Method)
and are sold on the basis of such octane num-
bers. The F1 Method is much milder than the
F3 Method and a civilian gasoline rated at 87
octane number by the F1 Method is of unknown
quality as far as its use in an aircraft engine
is concerned. Motor gasoline for military use
is rated by both the ASTM F1Method(Research
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Method) and by the F2 Method (Motor Method) .
The Motor Method gives octane numbers very
close tothose determined by the F3 Method and
thus usefully appraises gasoline for use in an
aircraft engine. A motor gasoline of B0 octane
number (58 Performance Number) will usually
be equally as satisfactory in respect to knock
properties in an aviation engine as Grade 80
_ aviation fuel. This will only be true, however,
provided that the lower volatility aund higher
vapour pressure of the motor gasoline do not
result in knock due to either bad distribution
or lean mixture resulting from vapour locking .

VOLATILITY

127 The volatility of motor gasoline is usually
lower than that of aviation gasoline in respect
to the points at which 50% and 90% are boiled
off in the standard distillation test. However,
this is not alwaystrue and some civilian motor
gasoline has very high volatility in winter (and
high vapour pressure).

VAPOUR PRESSURE

128 The Reid vapour pressure of motor gaso-
line is usually higher than that of aviation fuel.
Civilian winter grade motor gasoline may have
a vapour pressure of 12 pounds per square
inch.Currentaircraft are not designedto handle
fuels of more than 7 pounds Reid and use of
suchfuels therefore represents ahazardunless
the aircraft are specified as being able to use
such fuels.

CHEMIC AL COMPOSITION

129 Motor gasolines are usually quite differ-
ent fromaviationfuels in chemical composition
since the motor fuels usually contain consider -
able quantities of olefins. Motor gasolines may
contain one part of sulphur in400 parts of gaso-
line, whereas Military aviation fuels may not
contain more than one partin 2,000 parts of
gasoline, and this is often as low as one part
in 10,000. The influence of the higher sulphur
of motor gasoline on the operation of aircraft
engines is not known.

130 The high olefin content of motor gasolines
makes them less stable in storage thanaviation
gasolines unless the motor gasolines are spe-
cially treated for stability. Civilian motor gaso-
line does not have to stand extended storage and
is usually much less stable (Tends to form
more gum) than aviation fuel. Military motor
gasoline (for example, Gasoline Automotive
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type 1) is required tohave high storage stability
and much larger inhibitor concentrationis per-
mitted than that allowed in aviation fuel.

131 Motor gasolines, by virtue of the facts
that only a lean ratingis specified and that the
quantities of olefins and aromatics may vary
over a wide range, are quite variable in rich
mixture knock properties. For peace time use,
the private motorist as a rule prefers gasolines
of high olefin and aromatic content (although
he does notknow such gasolines by theseterms,
but rather by the behavior of his automobile).
Combatgrade automotive fuelhas recently been
improved in this respect since an F1 minimum
rating of 86 ON is currently required.

ANTI-KNOCK COMPOSITION
132 Lead, if used in motor gasoline, has
additions of both bromine andchlorine, whereas
bromine only is used in aviation fuel. Lead
councentration in motor fuel is not allowed to
exceed 3 ml. per gallon.

SUMMARY
133 Regular and Premium civilian motor
gasoline at presenthave F2 octane numbers of
about 79 and 83 respectively and the Premium
Grade can thus be said to correspond apptoxl-
mately to Military motor gasoline.

134 American Military or civilian aircraft
have notbeen specifically designed and develop-
ed for the use of motor gasoline, but this prac -
tice has been followed to some extent in other
countries. Use of motor gasoline insmall civi-
lian aircraft appears to be entirely feasible if
it isdesired to developboth engine andaircraft
for the purpose.

135 Liaison type aircraft in combat theatres
must depend on obtaining their fueleither from
the Air Forces or from the Ground Forces.
Since these aircraft are normally assigned to
operate with the Ground Forces, it is most
logical thatoperation be accomplished with the
fuel available to the Ground Forces {(and only
Automotive Combat Gasoline is available), even
though some increased maintenance may result.

136 Many of the engines used in liaison air-
craft were originallv designed to operate on
unleaded fuel while all fuels (motor fuel and
aviation gasoline) available in the combat the-
atres contain lead. In addition, increased main-
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tenance may result fromthe fact that the higher
"end point, " the higher gum content and the in-
creasedinhibitor content of fuelused by Ground
Forces all tend to increase combustion cham-
ber,pistonring groove and valve stem deposits .
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137 Use of any grade of aviation gasoline in
ground equipment apart from represeunting the
waste of relatively rare fuels, maycause opera-
ting trouble as aresult of the higher lead content
of Grades 91/96 and upwards.
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AVIATION TURBINE FUELS
GENERAL it is the only case where gas turbines burning
1 Uptothe present, petroleum has beenthe solid fuel have been insuccessful service use,

sole source of gas turbine fuels and this has
been true for land and marine types as well as
for aircraft types. A few turbines have been
built to operate upon the natural gas produced
with petroleum crude oil. The turbine of the
turbo-supercharger used for both aircraft pis-
ton engines and Dieselengines is agas turbine
and petroleum isthe source of the fuel used by
the piston engines to which the supercharger
is attached. In one form of catalytic cracking,
gas turbines have been extensively used to
supply the compressed air thatis necessary to
intermittently burn off the coke that forms on
the catalystduringcracking. Combustion of the
coke provides the heat energy to operate the
turbine which in turn drives the compressor
which forces the air through the catalyst on
its way to the turbine. This use of gas turbines
with catalytic cracking units is of interestsince

Gas turbines burning powdered coal are being
developed but have not yet reached the state ot
service use.

2 In jet propulsionaircraft tuels, perform-
ance number has no present significance anc
range will bedirectly proportional to the heat-
ing value, specific gravity and Reid vapou:
pressure of the fuel whichcan be carried; pro-
vided, of course, that the fuel is completely
burned, which would be unlikely in the case of
a heavy tar-like fuel. A rather wide variety
of fuels, varying from gasoline to kerosene
have been used successfully in jet engines,
The more important factor appears to be that
the design of the fuel injection nozzles and the
combustion chamber should be such as to en-
sure thorough vapourization and proper burn-
ing of the fuel, see Figure 2-1.

SPIN OF PRIMARY AIR

FUEL

| AIR FROM
COMPRESSOR

HELICAL VANES PROVIDING

TO TURBINE _
GUIDE VANES

FLAME CIRCULATION

LOUVERS FOR SECONDARY
OR DILUTION AIR

Figure 2-1 Turbine Fluid Flow

37



Part 2

3 Turbine fuels in general and 3-GP-22
(now cancelled) in particular are similar to
piston engine fuels in that they are required
to consist exclusively of hydrocarbons but
differ in that chemical composition is spe-
cifically limited by requiring thatthe aromatic
content shall not exceed a specified maximum
for combustion reasons., Due to the fact that
3-GP-22 permitted a 315°C (600°F) end point,
the number of possible hydrocarbons whichcan
be included in a blend becomes almost astro-
nomical and inconsequence this discussion will
be almostentirely interms of hydrocarbontype
rather than in terms of specific hydrocarbons,
e.g., normal heptane, toluene, diisobutylene,
etc, By modifying 3-GP-22 to produce a blend
with 1 to 2 1b Reid vapour pressure by remov-
ing hydrocarbons with four, five and six carbon
atoms in the molecule, this reduces the num-
ber of possible hydrocarbons in the blend by
about 100, If the end point of modified 3-GP-22
was cut to 204°C (400°F) the number of pos-
sible hydrocarbons which volatility restrictions
would permit being included in a blend would
still be nearly 6,000. 3-GP-22 modified to
204°C(400°F) end point and 1-2 1b Reid vapour

pressure would, of course, be motor gasoline

stripped of its light ends.

4 In the case of pistonengine fuels, chemi-
cal composition includes various non-hydrocar-
bon additives such as: lead, aromatic amines,
gum inhibitors and dyes, In thecase of turbine
fuels the only additives presently permittedare
gum inhibifors.

AVIATION TURBINE FUELS
Qualities

5 Aviation turbine fuels should have the
following qualities:

(a) Be '"pumpable’ and flow easily under all
operating conditions.

(b) Be non-corrosive to the fuel system
(sulphur content of 0.2% - 0.5%).

{c) Permit quick starting of the engine
(flash point over 37.8°C (100°F)).

(d) Give good and complete combustion
under all conditions.

(e) Good freezing point properties.
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() Have as high a volumetric calorific
value as possible or a high specific gravity.

(g) Lubricate efficiently certain moving
parts in the fuel systems of some engines.

(n) Fuel combustion should not create any
harmful by-products.

(3 Fire hazards should be reduced to a
minimum,
6 Aviation turbine fuels, it appears, will

only be limited, to type, by their availability.
However the quality of the fuel, as in the case
of aviation gasoline, must meet certain speci-
fications.

VISCOSITY
Fuels Versus Water

7 Water, in small quantities is dissolved
by fuel, and very often the accumulation of
water may be sufficient to form a saturated
solution, When the aircraft encounters freezing
temperatures, liquid droplets or ice crystals
form making adequate filtration necessary in
the fuel system. The affinity of jet fuels for
water makes it impossible to prevent fuel con-
tamination by water. Therefore it is necessary
to exercise extreme care in the handling, dis-
pensing, and storage of this fuel.

8 Wax and other substances solidify when
the fuel reaches its cloud point. Critical low
temperature is that at which deposition of solids
takes place, To specify this temperature en-
sures that the fuel will not become '"non-pump-
able' due to increase in viscosity.

9 It has been found that with heavier fuels
the pour point temperature is generally too
high for operation of aircraft at low temper-
atures, Therefore if distillates heavier than
the kerosines are used as a turbine fuel, when-
ever very low temperatures are encounter-
ed, it would be necessary to heat the fuel in
the aircraft tank in order toreduce its viscos-
ity to a practical level, and to avoid deposition
of solids., Such heating would be an unreason-
able complication of the fuel system.

ADDITIVES
10 In the piston engines of the spark igni-
tion type, additives such as lead and aromatic
amines have, as seen above, marked effects
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TABLE 1

AN PERFORMANCE NUMBERS ABOVE 100

Performance | *Knock Performance | *Knock *Knock Performance “Knock Performance
Number Yalue Number Value Value Number Value Number

100 0.00 131 1.36 0.0 100.00
101 0.02 132 143 0.1 103.96 3.1 147.24
102 0.05 133 1.51 0.2 107.43 3.2 147.80
103 0.07 134 1.59 0.3 110.52 33 148.53
104 0.10 135 1.68 04 113.30 34 149.15
105 0.13 136 1.77 0.5 115.81 3.5 149.76
106 0.16 137 1.86 0.6 118.12 3.6 150.34
107 0.19 138 1.96 0.7 120.24 3.7 150.91
108 0.22 139 2.06 0.8 122.20 3.8 151.47
109 0.25 140 2.17 0.9 124.03 3.9 152.01
110 0.28 141 2.28 1.0 125.73 4.0 152.54
111 0.32 142 2.40 1.1 127.33 4.1 153.06

112 0.35 143 2.52 1.2 128.83 4.2 153.56
113 0.39 144 2.65 1.3 13025 43 154.05
114 0.43 145 2.78 1.4 131.59 4.4 154.53
115 0.47 146 2.92 1.5 132.86 4.5 155.00
116 0.51 147 3.06 1.6 134.07 4.6 155.46
117 0.55 148 3.22 1.7 135.22 4.7 155.91
118 0.59 149 3.37 1.8 136.32 4.8 156.35
119 0.64 150 3.54 1.9 137.37 4.9 156.78
120 0.69 151 8.72 2.0 138.37 5.0 157.21
121 0.74 152 3.90 2.1 139.33 5.1 157.62
122 0.79 153 4.09 2.2 140.26 5.2 158.03
123 0.84 154 4.29 2.3 141.15 5.3 158.42
124 0.90 155 4.50 2.4 142.01 5.4 158.81
125 0.96 156 4.72 2.5 142.83 5.5 159.20
126 1.02 157 4.95 2.6 143.63 5.6 159.58
127 1.08 158 5.19 2.7 144.40 5.7 159.95
128 1.14 159 5.45 2.8 145.14 5.8 160.31
129 1.21 160 5.71 2.9 145.87 5.9 160.66
130 1.28 161 5.99 3.0 146.56 6.0 161.01

AN PERFORMANCE NUMBERS BELOW 100
ON(") PN(*) ON PN PN ON PN ON

100 100.00 9 57.14 89 96.54 68 86.82
99 96.55 78 56.00 88 96.18 67 86.21
98 93.33 77 54.90 87 95.82 66 85.58
97 90.32 76 53.85 86 95.44 65 84.92
96 87.50 15 52.83 85 95.06 64 84.25
95 84.85 14 51.85 84 94.67 63 83.56
94 82.35 73 50.91 83 94.27 62 82.84
93 80.00 72 50.00 . 82 93.85 61 82.10
92 17.78 n 49.12 81 93.43 60 81.33
91 75.68 70 48.28 80 93.00 59 80.54
90 73.68 PN ON 79 92.56 58 79.72
89 71.80 99 99.72 78 92.10 57 78.88
88 70.00 98 99.43 71 91.64 56 78.00
87 68.29 97 99.13 76 91.16 55 717.09
86 66.67 96 98.83 5 90.67 54 76.15
85 65.12 95 98.53 4 90.16 53 75.17
84 63.64 94 98.21 73 89.64 52 74.15
83 62.22 93 97.89 72 89.11 51 73.10
82 60.87 92 97.57 71 88.56 50 72.00
81 59.57 91 97.23 70 88.00 49 70.86
80 58.33 90 96.89 69 87.42 48 69.67

1 2
‘O = Octane Number. “PN = Performance Number - 2800 ON = 128~ 2800
1286 —oN PN

Knock Yalue = ml}.TEL/US Gal. in Iso-octane
1 Imp.Gal= 1.2 US. Gal
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TABLE 2
VISCOSITY OF FUELS AND WATER
VISCOSITYD) AT TEMPERATURE
LIQUID 100° F MINUS 30° F
MAX. MIN. [TYPICAL| MAX. MIN. |[TYPICAL
BuQP SR TA..... 0. s 00000 5055550050 00 50 35 55 SRR BT ERRORS .25 0.9 1.0 8.5 3.5 4.0
3-GP~22A (31B. REID VAPOUR PRESS)......uueunnn... 1.0 3.5
GRADE 100/130......cccooiiiiee — 0.52 —_— - 1.25
MOTOR GASOLINE 400° F
END POINT AND 8 LB.
REID VAPOUR PRESS .......cciriiiiiiiiiineees —_— e 0.55 I —_— 1.50
WATER. ... e 69 1.54 AT PLUS 40° F
(1) IN CENTISTOKES
in controlling combustion, In Diesel engines, 13 The importance of gum in turbine fuelsis

additives such as amyl nitrate have marked
effects on combustion control but are presently
used only to a limited extent in practice.

11 Combustion control additives for gas
turbines are not used for the simple reason
that todate no effective material has been found
which can be blended into liquid fuels., Many
liquids have beentested which make combustion
worse but none that make it better. Acetylene
added in the combustor would improve com-
bustion of petroleum fuels but carrying this
gas in an aircraft is obviously impracticable
for reasons of weight and safety, apart from
cost and limited availability,

GUM INHIBITORS

12 At present, inhibitors used in US mili-
tary turbine fuels are identical intype and per-
missible quantity with those used for military
aviation gasolines. That these inhibitors are
the best for preventing development of gum in
turbine fuels is notyet known and changes may
be made in the future. The presently used in-
hibitors appear to provide reasonably good con-
trol of stability,
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not completely known. Gum inaviation gasoline
is almost completely soluble in the gasoline
and only becomes apparent when thé gasoline
is evaporated. In very unstable motor gasoline
or '"cracked kerosene' and blends of the two,
gum may exist in soluble form and may also
occur in an insoluble form which is precipi-
tated out asa tar somewhat resembling rubber
cement, Either type of gum and particularly the
insoluble form can be expected to have serious
effects on the fuel system of turbine engines.
Insoluble gum is likely to have serious effects
on the fuel metering pumps and on the fuel
valves and is likely to choke fuel filters, The
soluble type can be expected to cause diffi-
culty in the fuel system at points where micro-
scopic leakage occurs and exposes thin films
of fuel to air and thus to evaporation., Fuel
valves represent points usually having micro-
scopic fuel leakage,

14 The importance of gum on combustion
properties is not known but since both soluble
and insoluble gums are materials of very high
beiling points they are likely to have an un-
favourable effect. However, the effects oncom-
bustion are likely to be minor since it takes
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only a small amount of gum to produce fuel
system difficulties and. these difficulties will
become apparent before combustion effects
have shown up.

15 To some extent the unfavourable effects
of gum on turbine fuel systems can be estimated
from experience with gummy domestic fuel oil
in household heating appliances.

COMPOUNDS PRODUCING SOLIDS
16 Fuels which contain compounds which
burn to solids (except carbon which has been
discussed above) are - undesirable since the
solids may deposit in the combustors, on the
nozzle guide vanes and on the turbine buckets.
The deposits, even if inert, may break loose
and cause damage or may reduce engine output
by change of profile of the guide vanes or the
turbine buckets., The solids may be corrosive
and, if so, all parts exposed to combustion
products, i.e. combustors, nozzle guide vanes,
turbine buckets, jet pipe, etc., may be attacked.

17 The materials which are soluble in fuel
and which form solids on combustion are nearly
all compounds based on a metal, Amongst the
metals which may be involved are lead, vana-
dium, calcium and sodium. Lead (tetraethyl)
is the most important of these metals and re-
sults from the use of aviation gasoline. Many
Canadian aircraft turbines are designed for
use of combat aviation gasoline but this fuel
significantly reduces engine life. Vanadium
compounds are extremely corrosive but sofar
have not proved a problem with aircraft turbine
fuels, Vanadium compounds are a problem with
land marine turbines using heavy residual fuels
(residual meaning thatthe fuels are not distilled
and cannot bedistilled without decomposition).
Calcium can and has been present in aircraft
turbine fuels but is not important. Calcium
compounds burn to inert solids and can result
from careless refining or contamination with
calcium (lime) base greases. The solids pro-
duced by sodium compounds can be and are
likely to be very corrosive, sodium is most
likely to occur in aircraft turbine fuels as a
result of careless refining or by contamina-
tion with sodium (soda) base greases.

18 While atmospheric dustis nota fuel prob-
lem it may be mentioned as a solid which can
cause turbinedifficulties. It maydeposit in the
hot parts of the engine {combustors, etc.) and
particularly soif thedust has a low fusiontem-
perature, It canalsocause difficulties by form-
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ing deposits on the blades of axial compressors
and this trouble may be serious if oil is pre-
sent on the blades.

CORROSION

19 Sulphur is a component of all petroleum
products to a greater or lesser degree .and
since itcan form sulphuric acid on combustion,
it is immediately under suspicion as being a
source of corrosion. Aviation gasolines are
not permitted to contain more than 0.05% sul-
phur by weight, Present aircraift turbine fuels
are permitted to contain 0.4% sulphur, and
heavy bunker (boiler) oils may contain as much
as 4%, Heavy bunker oils contzining 4% sul-
phur are successfully burned in some marine
Diesel engines without causing more corrosion
than fuels with less than 1% sulphur.

20 Pure nickel and alloys containing high
percentages of nickel have, in the past, been
found to be rapidly attacked by hot gases re-
sulting from the combustion of high sulphur
fuels. As a result of this experience, high sul-
phur fuels have been under particular suspicion
for aircraft turbine use since the hottest parts
(combustor liners, turbine guide vanes and
turbine buckets) in some engines are made of
alloys containing as much as 75% nickel,

21 Sulphur in a fuel can, when the fuel is
burnt, form a variety of compounds, When
the over-all fuel-air ratio is lean (lower than
"chemically correct'", the combustion gases
thus contain free oxygen and are said to be
oxidizing), it will burn to oxides of sulphur.
Sulphur dioxide and trioxide can combine with
the water present in the combustion gases to
form sulphurous and sulphuric acids respec-
tively but this requires that the gases be cooled
nearly to atmospheric temperature, If the fuel-
air ratio is rich (if there is insufficient oxygen
available to completely burn all the fuel this
results in combustion gases which are said
to be reducing)then the combustion gases may
contain hydrogen sulphide or sulphur vapour.

22 In recent years it has been shown that the
effects of sulphur upon nickel alloys depend,
to a marked degree, upon the existence of ox-
idizing or reducing conditions, If the gases
are strongly reducing and the temperature is
high enough, a fluid slag of nickel sulphide is
formed and drips off the surface of the exposed
parts. Reducing gases may also very signi-
ficantly reduce the strength of highly stressed
parts by aprocess known as ""stress corrosion'
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and this can occur without visible surface cor-
rosion., When the hot combustion gases are
strongly oxidizing, the effects of sulphur upon
the corrosion or ''stress corrosion' of nickel
and its alloys may be so slight as to be unim-
portant.

23 The over-all fuel-air ratio of an aircraft
gas turbine rarelyexceeds 0.018 and the com-
bustion gases thus contain in combined form
about three-quarters of the oxygen in the air
drawn into the compressor, Corrosion due to
sulphur in the fuel has not proved to be an im-
portant problem in aircraft gas turbines and
this is probably due to the fact that the com-
bustion gases are so strongly oxidizing. While
the over-all fuel-air ratiorarely exceeds 0.018,
the fuel-air ratio in the primary combustion
zone (that is, in the immediate zone of the fuel
spray - see figure 2-1) may be richer than
0.066 and hydrogen sulphide may be present
in this zone. Under some conditions of com-
bustion, such as those in some types of domestic
heating apparatus, sulphur is known to cause
increased deposition of coke. Up tothe present,
any difficulties due to high sulphur in aircraft
turbine fuels would seem to be the result of
increased coke deposition.

VOLATILITY
Effect Of Chemical Type

24 The effect of chemical type and of struc-
ture of a givenchemical type upon boiling point
(volatility) is roughly as follows:

Paraffins

25 For a given number of carbon atoms in
the fuel molecule, the paraffins have the lowest
boiling points, For a given number of carbon
atoms, the straight-chaintypes have the highest
boiling points and the highly branched types the
lowest. For example, two heptanes may be
considered with normal heptane being the least
branched and triptane the most highly branched
types possible with 7 atoms. Normal heptane
has a boiling point of 98°C (209°F) and triptane
of 81°C (178°F).

Olefins

26 Olefins usually butnot always have slight-
ly higher boiling points than a paraffin of the
same number of carbon atoms and the same
branching of the structure, see Table 6, Com-
pounds 8, 25 and 26,
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c yclic Paraffins (Naphthenes)

27 Naphthenes usually have higher boiling
points than a paraffin with the same number of

carbon atoms.
Aromatics

28 Aromatics have higher boiling points than
paraffins and olefins of the same number of
carbon atoms. There is no regular relationship
between the boiling points of cyclic paraffins
and aromatics having the same number of car-
bon atoms and identical structure, e.g. Com-
pounds 14 and 15, 53 and 55, 52 and 57 of
Table 6.

BOILING POINT VERSUS CARBON ATOMS
29 It is possible to generalize on the number
of carbon atoms in the lightest and heaviest
compounds which can be included in turbine
fuels as a result of boiling point, Reid vapour
pressure or flash point restrictions in the spe-
cifications. Thus, a 316°C (600°F) end point
will permit the inclusion of compounds of all
chemical types having a maximum of about 17
carbon atoms. A 204°C (400°F) end point per-
mits the inclusion of compounds having a max-
imum of about 12 carbon atoms (normal par-
affins and aromatics being about equal in this
respect). 3-GP-23A having a flash point of
43°C (110°F) minimum will be restricted to
compounds with a minimum of about 10carbon
atoms and with a maximum of about 16, 3-GP-22
having a permissible maximum Reid vapour
pressure of 7 psi, can contain compounds with
as few as four carbon atoms.

30 if the Reid vapour pressure of 3-GP-22
isreduced to 1-2 psi, compounds with six car-
bon atoms as a practical minimumcan be pre-
sent. A fuel with a 204°C (400°F) end point and
1-2 1b maximum Reid vapour pressure would
contain compounds with six minimum and 12
maximum carbon atoms,

31 The Reid vapour pressure test and the
flash point test are different methods of mea-
suring what is essentially the same property
— that is vapour pressure, To measure the
flash point of a fuel with aReid vapour pressure
of 7 psi would require an inconveniently low
fuel temperature (roughly of the order of ininus
100°F). The Reid vapour pressure test con-
ducted at the standard temperature of 38°C
(100°F) is not an accurate test determination
for fuels such as kerosene., Toobtain accurate
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and reproducible values of the vapour pressure
of kerosene by the Reid method would require
that the test temperature be increased to a
level that would make the test very inconven-
ient to operate,

32 The quickness and ease of starting a jet
turbine depends on the volatility of the fuel at
starting temperatures and on the viscosity of
the fuel. It is essential that the turbine should
start readily under all temmperature conditions,
Therefore the atomized spray of fuel must be
readily ignitable down to low temperatures.
It is obvious that ease of starting will depend
on fuel volatility, but in practice it is found
that the fuel viscosity is the more critical re-
quirement. The critical viscosity in this re-
spect is usually at a temperature approxim-
ately equal to the cloud point of the fuel. It is
sufficient to specify a maximum cloud point
temperature of the fuel, and it should be poss-
ible, by suitably high fuel pressure, to ensure
ready starting.

COMBUSTION PROPERTIES
Composition Versus Combustion

33 In discussing the relation of composition
to combustion it should be borne in mind that
evenwith a given chemical type of hydrocarbon
(for example, the paraffins), variation of com-
position nearly always involves changes in
physical properties such as boiling point and
viscosity. Changes in physical properties can
have considerable effects upon combustion pro-
perties.

34 Therefore, in considering the relation of
the combustion properties of various chemical
types of hydrocarbons they should be com-
paredon a basis of approximately similar boil-
ing points. In general, where turbine fuels of
liquid type are involved, the combustion prob-
lem becomes less difficult as:

(a) The amount of hydrogen in the fuel
molecule is increased. For the rest of this
discussion the per cent by weight of hydrogen
in the molecule divided by the weight per cent
carbon and known as hydrogen-carbon ratio
or H/C ratio will be used.

(b) The boiling point of the hydrocarbon
compound is reduced,

EO 45-5A-2

Part

(c) The range of combustibility increase:
The range of combustibility is the ratio of th
richest mixture which will burn divided by th
leanest mixture which will just burn. Thus
in a piston engine, paraffins will usually giv
steady ignition from 0. 13 fuel-air ratio on th
rich side to 0,045 fuel-air ratio on the ‘lea
side (the latter only in a particularly good en
gine), thus the range of combustibility is 2,
to 1.

(d) The flame speed increases. The flam
speed can be defined as the speed at which flam
spreads in a non-turbulent mixture of fuel va
pour and air. Flame speed can obviously onl
be determined for a liquid fuel which can b
vapourized without decomposition. Very heav
fuels (for example, Grade 1120 lubricating oil
cannot be vapourized in air without decomposi
tion of the heavy hydrocarbon molecules,

NOTE

On the above basis, when considerin;
chemical compounds of equal boiling
point, paraffins will be the best, cyclic
paraffins (naphthenes) and olefins nex
best and aromatics poorest, For the pre-
sent, diolefins and acetylenes will be
neglected since they can only be presen
in very minor proportions and further-
more, their combustion properties are
known only in the case of a few com-
pounds. Of the compounds which can be
present, high boiling aromatics will have
the least favourable combustion charac-
teristics. There is some evidence thal
aromatics boiling higher than 204°C
(400°F) are particularly unfavourable,

35  While it is generally true that H/C ratio
is an excellent measure of the combustibility
of liquid fuels, it has marked exceptions when
gases are concerned, Acetylene with the low
H/C ratio of 0.084 has outstandingly good com-
bustion properties. Gases are not used as fuels
for aircraft gas turbines and will not be further
discussed.

H/C RATIO VERSUS CARBON ATOMS
36 In considering the H/C ratios of various
groups of chemical compounds, the behaviour
with increasing number of carbon atoms in the
fuel molecule is significant.
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Figure 2-2 Hydrogen Versus Air-fuel for Complete Combustion
Paraffins is the value for naphthalene (moth balls - Com-
, pound 55, Table 6) but itis generally higher than
37 The ratio drops with increasing number 0.084 (benzene) for the hydrocarbons of interest

of carbon atoms. It is 0.336 for one atom
(methane) and 0. 178 for sixteen atoms but does
notchange very significantly after eight atoms,

Olefins

38  The H/C ratio is independent of number
of carbon atoms and is 0, 168 for all chain com-
pounds, e.g. Compounds 23-26 inclusive and
59 to 66, Table 6. There are cyclic olefins
which have different H/C ratios but these are
not included here,

Aromatics

39 The ratio can be as low as 0. 067, which
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in turbine fuels.
Dilefins And Acetylenes

40 The ratio is the same for a diolefin and
an acetylene if both have the same number of
carbon atoms. Acetylene has a ratio of 0.084
and this is the same as that of benzene. Buta-
diene (a diolefin) and butyne (an acetylene) have
a ratio of 0,126,

EFFECT OF HYDROCARBONS AND
FUEL-AIR RATIO ON COMBUSTION
41 The hydrogen content of hydrocarbons
has a marked effect on the fuel-air ratio for
complete ("chemically correct') combustion,



Part 2

For instance, naphthalene (moth balls) re-
quires about 33 wt % more fuel per lb of air
than does methane (due to the fact that methane
has a higher H/C ratio). One pound of hydrogen
requires 34, 2 1b of air (the air containing 23.2
wt % of oxygen) for complete combustion to
steam and releases 52, 000 Btu in the process,
One 1b of carbon requires 11.5 1b of air for
complete combustion to carbondioxide and re-
leases 14, 100 Btu, see Table 6, in the process,

42 It should not be assumed that a fuel con-
taining 20% hydrogen-80% carbon will release
heat in proportion to its overall composition.
Thus, a fuel containing 20% hydrogen (almost
exactly that of ethane) will not release (52, 000
x 0.2)+ (14,100 x 0.8) or 21,680 Btu but
slightly less, see Table 6. The heat release
for some types of hydrocarbons may, however,
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be more than would be computed from the h
drogen and carbon content. This discrepam
is explained by what is known as the '"heat

formation'. Thus, if hydrogen and carbon

combining to form a given compound, relea:
part of their heats of combustion, the con
pound, as in the case of ethane, will have
heat of combustion ‘less than calculated fro
its hydrogen and carbon contents. If heat e
ergy has to be added to make the carbon a:
hydrogen combine, as in the case of acetylen
then the heat of combustion of the compow
will be higher than calculated from the hydr
gen and carbon contents.

43 One pound of air burning with hydroge
releases 1520 Btu and burning with carbon re
leases 1225 Btu. The air-fuel ratio (the ir
verse of fuel-air ratio) of hydrogen is 34,

EFFECT OF HYDROGEN
0.080 CONTENT OF HYDROCARBON
ON THE FUEL-AIR RATIO
FOR COMPLETE COMBUSTION
0.075 ‘
o
e
< 0.070
]
s
2 0.065
-
M
0.060
0.055
5 10 I5 20 25 30
WEIGHT PERCENT HYDROGEN

Figure 2-3 Hydrogen Versus Fuel-air for Complete Combustion
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and is 11.5 for carbon. It can be shown that
the relation of air-fuel ratio to hydrogen con-
tent is a straight line between zero per cent
hydrogen (pure carbon) and 100% hydrogen,
and the air-fuel ratio for complete combustion
of any pure hydrocarbon is readily computed
if the hydrogen content is known. Figure 2-2
shows this relationship between 5% and 25%
hydrogen whichcovers almost the entire range
of possible hydrocarbons.

44 Thus, if a hydrocarbon contains 20% hy-
drogen, one lb of fuel will require:

34.2x 0.2 = 6.84 1b air for combustion of hy-
drogen content

11.5x 0.8 = 9,20 1b air for combustion of car-
bon content

or a total of 16,04 1b air per 1b of fuel,
Fuel-air ratio =

1 therefore 1 = 0,0623

air-fuel ratio 16,04

which is the fuel-air ratio for complete com-
bustion of a hydrocarbon containing 20% hy-
drogen 80% carbon. Figure 2-3 shows the fuel-
air ratio for complete combustion versus wt %
hydrogen. Since H/C ratio has been freely used
in the discussion of turbine fuel properties,
Figure 2-4 has been included to show the re-
lation of fuel-air ratio to H/C ratio.

45 In the case of commercial fuels of which
the hydrogen content is known, Figure 2-3 will
give fuel-air ratio values which are slightly in
error if the fuel contains significant quantities
of impurities such as sulphur or nitrogen.

FREEZING POINT PROPERTIES
Effect Of Chemical Type

46 In discussion of the effects of chemical
type upon freezing point it must be considered
that a compound that has a high freezing point
may be blended with a compound or compounds
of much lower freezing pointand that the blend
will have a freezing point much lower thanthat
of the high freezing point compound. Thus,
about 5% of benezene with a freezing point o1
5°C ( 42°F) may be blended with 95% of a
normal aviation gasoline and the blend will
have a freezing point of about -60°C (-76°F).
Likewise, two paraffins, each having a freez-
ing point 0f-60°C (-76°F) will, when blended
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50-50, have a freezing point which may be
significantly lower than-60°C (-76°F). These
blending effects should be considered in con-
nection with the following discussion.

Paraffins

47 The straight chain paraffins up to 7car-
bon atoms (heptane) have a freezing point be-
low-60°C {(-76°F) but beyond 7 carbon atoms
(normal heptane) it rises above this value.
Branching the chain in general reduces the
freezing point but if carried to the maximum
possible degree of branching causes a very
considerable increase, for example, normal
heptane and triptane, see Table 6. Straight
chain paraffins of 9 carbon atoms and more
may cause difficulty with freezing point and
may have to be removed but are preferably
retained since they have excellent combustion
properties. They are, however, very desir-
able constituents of high grade Diesel fuel and
thus may not be available for turbine fuel. The
straight chain paraffins of more than 7 carbon
atoms occur abundantly in crude oil and con-
sequently kerosenes consisting very largely
of paraffins usually have freezing points con-
siderably above-40°C (-40°F), Such kerosenes
constitute the highest grade required for house-
hold lamps using wicks and required to burn
without smoke or charring the wick.

Cyclic Paraffins (Naphthenes)

48 Naphthenes in general have lower freez-
ing points than straight chain paraffins of 8
carbon atoms and more. Naphthenes with a
boiling point lower than 315°C (600°F) occur
naturally in crude oil and sometimes in high
percentages, Naphthenic kerosenes of low
freezing point are very rare, however. Naph-
thenes of more than150°C (300°F) boiling point
will cause less interference with freezing point
of turbine fuel than will naturally occurring
paraffins of similar boiling point,

Olefins

49 Olefins of more than 150°C (300°F) boil-
ing point willusually have lower freezing points
thanthe naturally occurring paraffins of similar
boiling point. Thus, a crude oil fraction con-
taining a large amount of paraffins boiling above
150°C (300°F) may not be usable in turbine fuel
because it produces too high a freezing point,
This portion may be given a mild cracking
treatment, which converts the paraffinsto ole-
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fins of lower boiling point, and will then meet
freezing point requirements,

Aromatics

50 Some of the simpler aromatics with up
to 8 carbon atoms have very high freezing
points, for example, benzene, ortho-xylene
and paraxylene, see Table'6, and thus are un-
desirable components of turbine fuel. These
materials, however, have great value for other
uses and are excluded if they can be economi-

cally removed or recovered. The aromatics of
9 carbon atoms and more are usually much
lower infreezing point than paraffins and naph-
thenes of corresponding boiling point. Many
straight-run kerosenes of very low freezing
point owe their freezing points to the presence
of a considerable amount of aromatics. Most
"cracked kerosenes' of lowfreezing point have
a very considerable aromatic content. It may
be said that the higher the end point of turbine
fuel, the more useful aromatics become in re-
gardtomeeting a freezing pointrequirement of
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-60°C (-76°F).
CALORIFIC VALUE

Heat Of Combustion

51 The heat of combustion is a deciding fac-
tor in the use of petroleum products for jet
fuel. The amount of heat (energy) produced
from a given quantity of fuel should be as high
as possible; as this gives greater energy (hence
aircraft range) from a given volume of fuel.
However, the "heavier" grades of petroleum
have higher calorific values than the "lighter"
grades, but the '"heavier' grades cannot be
used as aircraft turbine fuel due to their high
pour points. In view of the above it is imper-
ative that only one grade of jet fuel should be
tolerated, for in wartime storage and distri-
bution of various grades is difficult and does
not constitute sound logistics,

52 Certain additives have been mixed with
jet fuel to combat the formation of carbon in
the burners. Tests have shown thata fractional
percentage of special additives keep the burners
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and atomizer nozzles free from any heavy de-
posits of carbon, Further investi‘gation isbeing
conducted to obtain a stable fuel with all the
necessary desirable qualities and elimination
of corrosive and deleterious contents.

FIRE HAZARD
Causes

53 There are three main fire hazards caused
from the use of jet fuel.

(a) The spilling of the fuel onto a surface,
with subsequent ignition from a spark crother
hot point in the vicinity.

(b) The spilling of the fuel onto a surface
sufficiently hot to cause self ignition of the fuel,

{(c) ' The existence of inflammable or ex-
plosive mixtures in the aircraft fuel tank,

54 These hazards depend on the volatility,
spontaneous ignition temperature of the fuel
and on the temperature and pressure in the
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Figure 2-5
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aircraft fuel tank. The fire risk is slightly
higher with jet turbine fuels than with gaso-
line, but should a fire occurthe rate of spread
with jet fuels will be much lower, owing to its
lower volatility.

EXPLOSIVE LIMITS

55 Gasoline is considered to be a high va-
pour pressure fuel which means that it vapour-
izes readily. This fact adds somewhat to its
safety in storage and handling, since in a tank
it forms so much vapour that the air is driven
out and the resulting mixture ir the vapour
space in a tank is usually too ''rich'" to burn.
The term ''usually' is used because the va-
pour pressure changes with fuel temperature.
In the case of 3-GP-25B aviationgasoline tem-
perature of the fuel in a tank drops to -7°C
( 20°F), the vapour mixture in the tank is ex-
plosive, see Figure 2-6. Below -40°C (-40°F),
the vapour pressure is so low that the vapours
formed in the tank are too ''lean' to burn,
Therefore, for aviation gasoline, 3-GP-25B

-40°C(-40°F)and -7°C( 20°F)are considered
the lower and upper explosive temperature
limits respectively for fuel vapours in a tank,

56 One can see then that for the most part
aviationgasoline is stored and handled at tem-
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peratures at which the vapours in closed tanks
are above the upper or '"rich'" explosive limit
Kerosene, 3-GP-23A, on the other hand, has
a very low vapour pressure and a lower o1
"lean' explosive limit of about 37°C (100°F)
Here again storage and handling is normally
conducted at temperatures outside the explosive
range.

57 The new 3-GP-22A turbine fuel has ar
intermediate or medium vapour pressure (2-:
psi). Although this vapour pressure is dic-
tated by fuel availability and engine and air-
craft performance, it doescreate an additiona:
storage problem. In this case, thetemperature
range in which explosive vapours are formec
are from -23°C(-10°F)to 27°C{( 80°F). This
will include most of the temperatures at whict
this fuel will be stored or handled, hence the
need for additional cdution in all storage, han-
dling, transfer and refuelling operations witl
3-GP-22A fuel.

58 This fuel is no different from any othe:
petroleum fuel in one respect. It and its va-
pours still require a source of ignition to in-
flame or explode. Therefore, if all safety re-
gulations are followed and ignition sources are
excluded from the vicinity, this fuel will be nc
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more dangerous than fuels previously handled.
The purpose of this article is to caution against
ANY LAXITYin handling 3-GP-22A fuel, since
accidental ignition of its vapours is morelikely
to cause an explosion than with other aviation
fuels, therefore, special attention is called to
bonding.

59 When operations permit, it is desirable
that aircraft fuel tanks be filled prior to being
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placed inside the hangar. This procedure will

be carried out at the discretion of the Chief

Technical Officer or upondirection by AMCHQ,
FUEL WEIGHT VARIATION

Weight Versus Temperature

60 The aircraft designer has, of recent
years, been disturbed over the possible vari-
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ation of the weight of fuel carried by an air-
craft with full tanks. The aircraft designer as
a rule blames this variation on the changes of
composition that are possible within the limits
of past and present fuel specifications. To
some extent the aircraft designer is correct
in his assignment of the blame for the vari-
ation. It is possible in peacetime to supply
aviation gasolines of relatively constant vola-
tility and composition so that density (pounds
per gallon)at constant temperature varies only
slightly. Similarly, kerosene for turbine use
can be held to very slight variations indensity
at constant temperature, High grade kerosene
suitable for long time burninginlamps equipped
with wicks is a relatively very constant pro-
duct and subject to only slight variations in
density (at constant temperature) the world
over. Such restrictions on density increase
cost in peace time but in periods of emergency
they interfere very seriously with availability.
More recently, as a result of the introduction
of turbo-jet aircraft, the aircraftdesigner has
raised increasing objections to variation of
fuel density. In turbo-jet aircraft in general,
the fuel load is a very high proportion of the
all-up weight, and variation of fuel load there-
fore may have a pronounced effect on perform-
ance (particularly at take-off). Also their fuel
carrying capacity is, as a rule, volume-limited,
thus fuel tank space to take care of variation
of volume of a given fuel weight is not avail-
able.

61 The aircraft designer has been inclined
to neglect the fact that the density of all fuels
varies quite considerably with temperature.
Figure 2-7 shows the average variation in per-
centage fuel density over a temperature range
from-51°C (-60°F)t048°C( 120°F) with 15.6°C
( 60°F) being used as the 100% point. In this
section fueldensityhasbeendiscussedinterms
of 15.6°C (60°F) as the standard temperature.
(This is atvariance with the treatment in Table
6 where 20.0°C (68°F) is the standard tem-
perature. In chemical practice, dealing with
pure compounds, 20.0°C (68°F)is the standard
temperature whereas 15.6°C (60° F) is the
standard temperature for measuring and re-
 porting petroleum fuels). Figure 2-7 is based
on the average variation for all grades of avia-
tion gasoline and for all types of turbine fuel.
This figure is only for general information and
cannot be considered as applying toany partic-
ular batch of any particular grade. Sucharange

of fuel temperature may seem ridiculous but
unfortunately both combat and civil aircraft
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have been and still are refuelled with fuel hav
ing a temperature as high as 48°C ( 120°F,
Refuelling with fuel at a temperature of -51°:
(-60°F) is unlikely but possible in the Arctic
refuelling with fuel at a temperature belo
zero Fahrenheit is by no means unlikelydurin
winter in the high Northern and Southern‘lati
tudes. An aircraft having tanks full of a give
fuel at a temperature of -51°C (-60°F) wi
carry 11% greater fuel weight than when th
tanks are full of the same fuel at48°C( 120°F.

62 Table 3 shows that the most dense gas
olineis 6. 1% heavier than the lightest gasoline
The most dense turbine fuel (3-GP-23A) i
5.9% heavier than the lightest (3-GP-22).

63 The maximum possible divergence du
tc fuel type may also be considered by com
paring the heaviest turbine fuel (3-GP-23A
with the lightest gasoline, and in this cas
maximum density 3-GP-23A is 15.4% heavie
than the lightest gasoline. This last case is on
that can happen in combat military service
When the total variations in fuel load due t
fuel type and fuel temperature are considere
they add up to a total but unlikely variation ¢
28% in fuel weight for a turbine engine aircrat
with full tanks.

64 The increase of fuel density with reduc
tion of temperaturehas, onoccasion, been use:
as a means of increasing fuel load in a volum:
limited aircraft by means of fuelling the air.
craft with previously refrigerated fuel., Fue
refrigeration has also been applied asa mean:
of reducing or eliminating vapour lock witl
aviation gasoline.

CURRENT AVIATION TURBINE FUELS
Kerosene Type

65 Up to the present the greater part of the
operation of aircraft gas turbines {which hav«
been almost entirely turbo-jets) has been witl
what has been loosely described as kerosene
In Canada, kerosene by definition, is a pro-
duct suitable for burning in lamps equippec
with wicks, It is legally required to have :
minimum flash point of 49°C (120°F) and tc
have an end point in the AST M distillation test
see Figure 1-11, of not more than 300°C {572°F)
In Canada, the oil industry uses this term tc
designate a straight-run (that is, it exists as

such in the crude oil and is extracted from it
by simple distillation) product with an initial

51
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TABLE 3

DENSITY AND SPECIFIC GRAVITY OF AVIATION FUELS AT 60° F

GASOLINES
MAXIMUM PERMISSIBLE AROMATIC CONTENT| AROMATIC CONTENT ESSENTIALLY ZERO
— MINIMUM MAXIMUM MINIMUM MAXIMUM
GRADE DENSITY SP. DENSITY sP. DENSITY |  sP. DENSITY sP.
¥* GR. GR. GR. GR.
91/96..0cieinenns 5.97 0.717 6.05 0.727 5.79 0.696 5.87 0.705
100/130......... 5.98 0.718 6.10 0.733 5.74 0.690 5.89 0.708
'15/145 ......... 6.00 0.721 6.09 0.732 5.77 0.693 5.85 0.703
TURBINE FUELS
MINIMUM MAXIMUM
CRADE DENSITY SP. DENSITY |  SP.
GR. GR.
3-GP-23A....... 6.58 0.791 6.63 0.796
3-GP-22.........| 6.26 0.752 6.53 0.785

3 DENSITY IN LB. U.S. GALLON. MULTIPLY BY 1.2 TO GIVE DENSITY N 1B. IMPERIAL GALLON

boiling point of about 163°C (325°F) min., a
final boiling point of about 274°C (525°F), a
flash point of about 60°C (140°F) min., a low
aromatic content, a relatively pleasant odor
and suitable for burning for long periods with-
out attention in lamps having wicks. In Europe
and other parts of the world, such a product
‘is generally known as "lamp oil".

66 The flash point of a fuel is the fuel tem-
perature which resulis in sufficient vapour be-
ing formed at the liquid surface so that the
vapour will ignite in air when a flame is ap-
plied, see Figure 2-8. The flash point of a
hydrocarbon or mixture of hydrocarbons, has
a very approximate relationship to the initial
‘boiling point in the ASTM distillation test. The
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flash point is about93°C (200°F) lower than the
initial boiling point.

67 Kerosene, as produced in Canada, does
not contain cracked material and aromatics
have to be removed when it is produced from
some crude oils. For purposes of this discus-
sion, material having a minimum flash point
0f41°C (105°F) and an end point of 316°C (600°F)
will be described as kerosene. (In Canada, a
petroleum product with a flash point of less
than41°C (105°F) is legally considered to have
the fire hazards of gasoline). Material of this
boiling range containing cracked products will
bedescribed as ''cracked kerosene'. As pointed
out above, both these descriptions are in con-
flict withaccepted designations of the American
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oil industry. They are, however, adopted for
simplicity of discussion.

GASOLINE
68 Next to kerosene, aviation gasoline has
been the most widely used fuel for military
(turbo-jet) purposes. This fuel has been used
as a matter of availability under circumstances
where it was not possible to have different fucls
for piston and turbine engines.

GASOLINE - KEROSENE BLENDS
69 3-GP-22, which is the currently speci-
fied standard military turbine fuel, can, for
practical purposes, be described as a blend
of motor gasoline (containing no lead) with
kerosene and "cracked kerosene'.

AVAILABILITY OF TURBINE FUELS
70 There are decided differences of opinion
regarding the most suitable fuel type for air-
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craft gas turbines. The first service type ai1
craft turbines operated on kerosene, this to
considerable extent being the result of a long
standing opinion that fuels of high flash poi
had a considerable advantage for aircraft us:
While other fuels, gasoline, for example, hav
some operating advantages over kerosene
kerosene would probably continue to be tk
standard aircraft turbine fuel except for tk
question of availability. The term availabilil
is here used in the sense of the total amouw
of fuel which can be manufactured fromagive
supply of crude petroleum and not in the sens
of what fuel may be available at some partic
ular area of operations. Thus, an aircra
carrier operating a large number of piste
engined aircraft may have supplies of Grad
115/145 aviation gasoline and no 3-GP-22 bt
this is not a questionof the general availabilit
of Grade 115/145 and 3-GP-22.

TEMPERATURE OF
WATER BATH

IGNITION

TEMPERATURE
OF FUEL

—

FLASH POINT

FUEL

HOT WATER BATH

Figure 2-8 ASTM Tag Closed Tester
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KEROSENE

71 Kerosene for aircraft turbine use has,
in the RCAF, been procured to 3-GP-23A spec-
ifications, Table 5. This specificationexcludes
cracked material,* requires a freezing pointof
-60°C (-76°F). 2 maximum aromatic content
of 20 volume % with a flash point of 43°C (110°F);
the end point is permitted to be 300°C (572°F)
maximum, If only the flash point and end point
limits are considered, about 25% of straight-
run kerosene canbe refined from averagecrude
oil. Of this 25%, however, a very large amount
will fail to nueet the freezing point require-
ment., A portion of this 25% will also fail to
meet specifications on account of the aromatic
content being above 20 volume %. The material
failing to meet the maximum aromatic require-
ment, while important to an individual refinery,
would be unimportant in over-allCanadian pro-
duction since it could be blended with material
of much lower than 20 volume % aromatics.
The total amount of kerosene whichcan be pro-
duced and which will meet all requirements of
the 3-GP-23A specification is less than 3%.of
the crude refined when average crude oil is
considered.

72 If "cracked keroscne''is permitted to be
used (that is, if bromine number is increased
to30 as in the 3-GP-22 specification) and if the
permissible aromatic content is increased to
25%, about 20% of the crude oil can be pro-
cessed intomaterial having -60°C (-/6°F) freez-
ing point. The major difficulty in producing
kerosene meeting 3-GP-23A specification is
that of freezing point. Even in the case of
"cracked kerosene' the freezing pointrequire-
ment has an important effect in restrictingthe
amount which can be produced.

73 It has been suggested that the shortage
of kerosene of low freezing point be obviated
by use of the more widely available material
of high freezing point in conjunction with pro-
vision for heating the fuel in the aircraft and
in storage. Even if such heating was techni-
cally practical, kerosene supplies would be in-
adequate since it is required for some domestic
and agricultural uses (lamps, for example)and
even in times of national emergency such sup-
plies cannot be completely cut off, Kerosene
is an important component of high grade Die-
sel fuel used by the railroads and the Navy,

*
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and these uses are also important in times ¢
national emergency.

GASOLINE
74 A considerable amount of gasoline ha
been used in military turbo-jet aircraft. Thi
fuel, of course, all contained lead since it wa
standard combat fuel and the lead is decidedl
undesirable for turbine use.

75 InCanada, average crude petroleumcon
tains about 20% of straight-run motor gasolin
having a 204°C (400°F) end point, This 20% in
cludes the gasoline recovered from the ga
that is associated with the production of crud
petroleum from the ground. A considerabl
proportion of this straight-run material is ¢
low octane number and makes an inferior moto
gasoline unless it iscracked or otherwise pro
cessed. The low octane number is no disad
vantage for turbine fuel and is, in fact, some
what of an advantage since it is the result of
preponderance of paraffin compounds.

76 After removal of straight-run gasolin
from the crude oil, the remaining materialca
be cracked and otherwise processed so that th
total gasoline (motor and aviation gasolines
produced represents about 50 volume % of th
crude oil refined. 50% gasoline cannot, how
ever, be produced while simultaneously refin
ing 25 volume % of the crude oil into kerosene
In cracking to produce motor gasoline for tur
bine use, a greater yield can be obtained tha
if the gasoline produced is to be used in auto
mobile engines. The greater yield is due to th
fact that for turbine use, cracking is only re
quired to produce the necessary volatility with
out reference to octane number.

GASOLINE - KEROSENE BLENDS

77 Subsequent to World War II, the RCAF
with the assistance of the oil industry, ha:
studied the question of aircraft turbine fue
supplies. The problem was studied from thi
viewpoint of setting up specifications whicl
would permit the greatest possible amount o
the crude oil available to Canada to be pro-
cessed into a turbine fuel which would give sat-
isfactory engine and aircraft performance, The
result of the study indicated the best answe:
would be obtained by blending all the availabl¢
motor gasoline with all the available 'cracke«
kerosene',

" Cracked material is not found as such in the crude oil but is produced from highetr boiling

material by combinations of heat and pressure or heat and catalysts. Cracked materia!
is essentially excluded in the 3-GP-23A specification by the low bromine number of 3.
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78 A fuel specificationcovering turbine fuel,
which is essentially produced by blending as
described above, was prepared and such fuel
is known as 3-GP-22, see Table 5 In emer-
gency 60% of the available crude oilcan be pro-
cessed into 3-GP-22. It was not(and is not now)
thought that in an emergency any such large
percentage of the available crude oil supply
would be necessary as turbine fuel or could be
diverted to this use even if it was required.
However, by specifying a material which is
potentially available on such a large scale, the
supply of smaller quantities creates the mini-
mum of interference with production of other
essential petroleum products such as aviation
gasoline, Diesel fuel and motor gasoline, all
of which would of necessity be required in a
national emergency.

79 In view of vapour locking difficulties with
high performance turbo-jet aircraft, it was
found necessary to reduce Reid vapour pres-
sure of 3-GP-22 which is required to be 5 psi
minimum and 7 psi maximum. 3-GP-22, on
the average, would consist of 65-70% gasoline
and 35-30% ""cracked kerosene'', If the gasoline
portion is so distilled as to remove hydrocar-
bons containing 4, 5 and 6 carbon atoms per
molecule, see Table 6, or, in other words, to
remove butanes, pentanes and hexanes, the
volume would be decreased by about 15% and
the Reid vapour pressure would be lowered
from 7 psi to about 1 psi. In removing the 15%,
the freezing point would probably be increased
to above -60°C (-76°F). To lower the freezing
point, removal of about 5% of material with
the highest boiling point might be necessary.
Assuming that the original blend contained 70%
gasoline and 30% kerosene, the revised blend
will now contain 69% gasoline and 31% kero-
sene, will have a Reid vapour pressure ofabout
1 psi and a freezing pointof -60°C (-76°F). The
components of the revised blend will be avail-
able tothe extent of about 80% of the availability
of 3-GP-22, Thus, if 60% of the crude can be
refined to 3-GP-22, then, low vapour pressure
3-GP-22A can theoretically be produced to the
extent of 48% of the crude. Practically the
availability is less than 48% of crude since
plant capacity to strip butanes, pentanes and
hexanes from the gasoline fraction is not suf-
ficiently available. In consequence of the in-
sufficiency of distillation plantcapacity, it was
necessary to permit the keid vapour pressure
to be as high as 2-3 psi.

80 After lowering the vapour pressure of
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3-GP-22 the final fuel blend obtained is sub-

stantially the same as regards vapour pres-
sure and volatility as JP-2, see Table 5, which
was specified in 1944 by the USAF as a means
of relieving the potential shortage of 3-GP-23A,
JP-2 (no equivalent RCAF specification) had a
Reid vapour pressure of 2 lb maximum and
greatly reduced the difficulty of meeting the
-60° C (-76°F) freezing point specified for
3-GP-23A. JP-2 was used only for experi-
mental testing and experimental service use,

81 The above survey was completed in De-
cember 1950. As this EO goes to the printer,
a specification for 3-GP-22A which is sub-
stantially low vapour pressure 3-GP-22, has
been issued. 3-GP-22A was approved and is-
sued as a result of the recent survey of avail-
ability., For a summary of specification re-
quirements of 3-GP-22A, see Table 5.

LOW VAPOUR PRESSURE ME GASOLINE
82 As a result of combustion difficulties
thought to be the result of aromatics in the
'eracked kerosene' fraction of 3-GP-22, con-
sideration has been given to the use of low
vapour pressure motor gasoline as a turbine
fuel, Motor gasoline stripped of butanes, pen-
tanes and hexanes and having a Reid vapour
pressure of 1-2 psi, will be available to the
extent of about 40% of the crude oil refined.

83 Since the demand islikely to beless than
40% of the crude or the demand for other petro-
leum products will prevent the production af
40% crude as turbine fuel, the components that
have more value for other uses can be removed
and those which are just as good or better for
turbine fuel can be retained in the final blend,
Butanes, pentanes and hexanes are all usable
directly in motor gasoline and either directly
in aviation gasoline or for manufactureof avia-
tion gasoline components. Most of the straight-
run components heavier than hexane are poor
products for motor gasoline and unusable in
aviation gasoline so they are left in the blend,
Some of the cracked gasoline components which
are heavier than hexanes would be the first to
be removed fromthe blend leaving the straight-
run products which are somewhat better as
turbine fuel components.

ADVANTAGES OF VARIOUS TURBINE FUELS
84 Engine and particularly aircraft oper-
ationare quite significantly affected by the voi-

atility of turbine fuels, There has been and
still is a very vigorous controversy on this
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subject. The relative advantages and disad-
vantages of each type are discussed below.

KEROSENE - ADVANTAGES
85 It practically eliminates loss of range
due to evaporation and related causes discussed
under disadvantages of gasoline, and largely
eliminates vapour lock.

86 It is a better lubricant due to higher vis-
cosity, see Table 2, and this is important in
regard to fuel metering pumps.

87 Kerosene has about 10% higher heat en-
ergy per unit volume than gasoline, the heat
energy is about 6% higher per unit volumethan
3-GP-22.

88 While the potential supply of kerosene is
limited in comparison with gasoline type fuels,
the supply is entirely sufficient for use incivil
turbine-type aircraft where kerosene appears
tobe the mostdesirable fuel. Kerosene appears
tobe mostdesirable for civil use onthe grounds
of safety and particularly so in regard to re-
fuelling the aircrafton the ground with passen-
gers aboard. Kerosene would also appear to
reduce fire hazards when an aircraft crashes,
The safety features of kerosene for civil use
are almost entirely the result of its higher
flash point.

KEROSENE - DISADVANTAGES
89 It has slightly lower (about 3%) heat per
unit weight than gasoline.

90 Has some combustion disadvantages in
comparison with gasoline. Combustion effi-
ciency is slightly lower, starting on the ground
at very lowtemperatures is decidedly inferior.
Relighting in flight atvery high altitude is also
decidedly worse than with gasoline. Blowout. at
altitude is more likely than with gasoline, Car-
ries more solid matter (dirt) in suspension.
The ability of a fuel to carry solid matter in
suspension is directly related to its viscosity,
see Table 2, and the higher viscosity of kero-
sene results in filtering it out. The higher vis-
cosity of kerosene results in a significant and
undesirable increase of the time required to
refuel anaircraft. Fuel tank explosions incom-
bat are more likely than with gasoline as dis-
cussed below.

_ GASOLINE - ADVANTAGES
91 The advantages of gasoline are largely
summarized by the disadvantages of kerosene
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which are discussed above. The combustio
advantages of gasoline appear to be importan
but in general these advantages will only b
obtained in an engine designed for gasoline
To some extent these advantages are obtaine
in engines which were designed for kerosene
Many turbo - jet engines are specifically de
signed for operation on combat grade aviatio:
gasoline.

92 Gasoline has an important military ad
vantage in respect to explosions in fuel tank
when penetrated by bullets. Gasoline, seeFig
ure 2-5, maintains a non-combustible fuel-ai
mixture in the vapour space of the fuel tank
over a much wider range of fuel temperatur
and altitude than does kerosene.

GASOLINE - DISADVANTAGES
93 The advantages of kerosene discusses
above in general summarize the disadvantage:
of gasoline.

94 The outstanding disadvantages of gaso
line are vapour lock and loss of fuel in fligh
due to evaporation of light ends. L.oss of fue
due to the evaporation is manifested both b:
straight loss of vapour and also by evolutio:
of vapour which carries (or entrains) consider-
able quantities of liquid with it while escapin;
to atmosphere., This loss of liquid carried b:
the escaping vapour is known as slugging. Gas:
oline makes the problem of the fuel meterin;
pumps more difficult since it is a much poore:
lubricant than kerosene. Gasoline is a partic-
ularly bad lubricant when it is accompanied b:
slugs of water. The fuel pump problem is ob-
viously capable of solution since the pump:
used for cylinder injection of gasolinein pisto:
engines have successfully solved an even mor:
difficult problem.

3-GP-22 MERITS

95 3-GP-22 has all theoperating disadvant-
ages of gasoline plus some that do not exis
with gasoline. Due tothe fact that it has a mucl
higher end point than either aviation or moto:
gasoline it can and does contain high boiling
materials with undesirable combustion char-
acteristics. Its only major operating advantage
over gasoline is a higher energy content pe:
unit volume.

96 In comparison with 3-GP-23A kerosene
3-GP-22 has combustion advantiages in regarc
to cold starting, relighting at altitude and al-
titude and altitude blowout. The last two o:
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these advantages will be increased when com-
pared with "cracked kerosene''.

3-GP-22A MERITS
97 The advantages of low vapour pressure
3-GP-22A over gasoline or 3-GP-22 are al-
most entirely those related to operation of the
aircraft in respect to reduction or elimination
of vapour lock, slugging, etc.

98 The light ends (butanes, pentanes and
hexanes) that exist in 3-GP-25B, gasoline or
3-GP-22 are of importance in respect to: cold
starting on the ground, relighting in flight and
altitude blowout. Thus, the combustion per-
formance of 3-GP-22A can be expected to be
inferior to either gasoline or 3-GP-22. Com-
bustion properties are likely to be superior
to 3-GP-23A and definitely superior to ""cracked
kerosene'',

LOW VAPOUR PRESSURE ME GASOLINE
99 Low vapour pressure motor gasoline will
retain most of the combustion advantages of
gasoline but will be poorer in respect to start-
ing at low temperatures on the ground. It will
have significant combustion advantages over
kerosene, 'cracked kerosene' and 3-GP-22
fuel,

100 As regards aircraftoperation as distinct
from engine operation, low vapour pressure
motor gasoline will greatly reduce problems
of vapour locking, slugging, etc. A Reid vapour
pressure of 1-2 psi does not completely elim-
inate such problems, however, but does very
greatly reduce them.

FUEL TANK EXPLOSIONS

101 The problem of fuel tank explosions when
penetrated by bullets is discussed at some
length, see paras. 55 - 59, of this Part, and
the advantages of gasoline in helpingto prevent
such explosions is pointed out. It may be men-
tioned that lightning may provide a hazard of
the same type as bullets when the fuel tanks
contain a combustible mixture which can be
ignited at the tank vent.

102 Depending upon the vapour given off by
a fuel with high vapour pressure asa means of
preventing tank explosions may be an illusion.
If, due to high fuel temperature at take-off and
a long flight at high altitude, considerable fuel
evaporation occurs, the fuel lost will be very
largely the fractions having high vapour pres-
sure, and the remaining fuel will not then have
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the necessary vapour pressure toprevent tank
explosions. Thus, when high vapour pressure
is relied upon, itis important totake available
precautions to prevent loss of vapour pressure,
Thus, fuel should be as cold as possible when
pumped into the aircraft tanks and theaircraft
should not stand for long periods in the hot sun
after fueling. Likewise, fuel in reserve tanks
(even with piston engined aircraft using gaso-
line) should be used up {or drained), and the
practice of topping-off reserve tanks after each
flight should be avoided.

103 The fuel tank explosion hazard with fuels
less volatile than gasoline (that is, less than
5 psi Reid vapour pressure) can be eliminated
if the vapour space in the tank is filled (to the
extent that the space is not occupied with fuel
vapour) with an inert gas which will not support
combustion when mixed with fuel vapour. This
method is commonly known as blanketing or
"inerting'. Suitable inert gases are: carbon
dioxide, nitrogen, helium, argon, and cooled
exhaust gases which must be almost entirely
free of both uncombined oxygen and water, Of
these gases, the first four must be carried in
the aircraft under high pressure in suitable
containers. Carbondioxide is the most readily
carried since it can be liquefied at moderate
pressure but tends to produce vapour lock due
to the fact that it is extremely soluble ir the
fuel. Nitrogen can be ruled out because of the
weight of the containers required to carry a
sufficient supply, helium and argon can be re-
jected for the same reason but more impor-
tantly because of their rarity (admittedly the
atmospherecontains almost 1% argon by volume
but separating it requires an elaborate and
bulky plant)., Cooled and dried exhaust gas ap-
pears to be the best practical answer to the
blanketing problem but the exhaust gas of a
turbo-jet or turbo-prop is not suitable since
it will contain about 15-18% oxygen by volume
and this must be largely removed in order to
make it suitably inert. The exhaust gas can be
burnt with more fuel (in effect, the use of a
small after-burner), thencooled and the water
extracted. Alternatively, blanketing gas can

be produced by the use ot a small combustion
heater similar to that used for space heating
of aircraft cabins. Combustion gas which is

substantially free of oxygen and water will con-
tain about 15% (by volume) of carbon dioxide
and in view of the high solubility of this gas in
gasoline or turbine fuel it might appear that-it
should be removed {which would leave sub-
stantially pure nitrogen as the final gas). How-
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ever, while the presence of carbon dioxide in
the cooled and dehydrated combustion gas is
not desirable, it is present in sufficiently di-
luted form so that its solubility in the fuel is
not high enough to a serious cause of vapour
lock. Removalof carbondioxide from the com-
bustion gas would necessitate heavy and bulky
apparatus requiring frequent servicing, If car-
bon dioxide must be removed from combustion
gas used for blanketing, it would seem that
combustion gas cannot be considered and must
be replaced with compressed nitrogen carried
in cylinders.

104 In the long run it appeafs that fuel as
volatile as gasoline (that is, having as high a
Reid vapour pressure) will prove less desir-
able for military purposes than a fuel inter-
mediate between gasoline and kerosene. It
seems that in the ultimate, engine development
and development of tank blanketing systems
will eliminate most of the relative advantages
of gasoline. With the advantages of gasoline
eliminated, its disadvantages of fuel loss in
flight due to evaporation and slugging become
of outstanding importance.

SUMMARY OF FUEL
OPERATING PROBLEMS

105 Constructorsof aircraft prefer kerosene
since it virtually eliminates vapour lock and
- loss of range resulting from evaporation and
slugging. Vapour lock and related problems
with 3-GP-22 and gasoline become of startling
magnitude in some turbo-jet aircraft designed
for both exceedingly high rates of climb and
exceedingly high operational altitudes. Some
turbo - jet aircraft presently in service are,
however, designed and developed for use with
either gasoline or 3-GP-22. The aircraft con-
structors are generally in favour of kerosene
since its volumetric heat energy is higher than
gasoline or 3-GP-22.

106 Mostengine builders arein favour of un-
leaded gasoline but only after their metering
pumps have been made to work with gasoline
since it generally improves engine perform-
ance (at least in terms of the fuel which actu-
ally reaches the engine).

SUMMARY OF PRINCIPAL CENTRAL FUEL
REQUIREMENTS ’
107 In general, it may be concluded that fuel
can have important effects upon the operation
of aircraft gas turbines as discussed below.
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LOW TEMPERATURE OPERATION
108 The fuel should be suitable for operati.
at very low temperatures including: lack
freezing, starting on the ground and restarti
engines in flight at very high altitude.

HANDLING CHARACTERISTICS

109 The ability to be satisfactorily handl
in the fuel system of the aircraft and the engi:
means that the fuel must be non-corrosiv
should not clog fuel filters even at very Ic
temperatures and should not produce vapoi
lock in the fuel tanks or in the various fu
pumps nor slugging out of the fuel tank vent
As far as is possible, while being compatib
with other requirements, the fuel should hax
enough of the properties of a lubricant to avo
significant wear of the fuel metering pump
These requirements do not mean that fuel pr¢
perties can be expected to do more than t
helpful to the designer of the fuel system. Fu
properties cannot eliminate the very difficu
problems that the fuel system designer wi
encounter with any liquid, no matter how rar:
which can be used as a fuel.

LOSS OF FUEL BY EVAPORATION

110 Lossofaircraft range due to evaporatios
and especially at high altitude, puts a vex
heavy burden on the aircraft designer. Gasc
line is worst from the standpoint of such losse
and kerosene practically eliminates loss. Whil
keroseneis not sufficiently available for mili
tary use, a fuel between kerosene and gasolin
can be expected toovercome most of the evar
orative loss.

COMBUSTION EFFICIENCY
111 The fuel should produce maximum com
bustion efficiency and particularly so under th
most difficult conditions produced by the lo
atmospheric density and the low ten.peratur
at extremely high altitude, While the require
ments of low temperature operation and han
dling set partial limits on fuel combustion pro
perties, they still permit the inclusion of fuel
with characteristics whichare decidedly unde
sirable in the present state of combustion sys
tem design and development. It appears, in th
light of present knowledge, that aromatics ten
to produce combustion difficulties and that th
higher the boiling point of the aromatics, th
more undesirable they are. Whileitis imprac

tical to produce any substantial quantity of lo-
freezing point turbine fuel whichis almost fre

of aromatics, reduction of end point is practica
and will eliminate the worst of the possibl
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aromatic components of present turbine fuels.
While the undesirable components are discus-
sed as aromatics, itis the low H/C ratio of the
components which is the undesirable feature.
In practice it is the aromatic components which
have the lowest H/C ratio. The H/C ratio of
aromatics of similar boiling point can vary
widely, however, e.g. 2 - phenyl - octane and
alpha-methyl-naphthalene with H/C ratios of
0.1312and 0.076 respectively with boiling points
of the same general order, Compounds 56 and
57, Table 6. While combustion system develop-
ment is likely to improve combustion of aro-
matic components in the future, it is likely
that for military purposes at least, these im-
provements will be largely offset by flight at
increased altitude and at increased aircraft
speed. At sea level static conditions, combus-
tion properties of any hydrocarbonliquid meet-
ing requirements for low temperature oper-
ation and handling have initially only a very
small effect upon the output and fuelconsump-
tion of an aircraftgas turbine. Continued oper-
ation at sea level static conditions with liquids
meeting the requirements for low temperature
operation and handling but having poor com-
bustion characteristics may very seriously
shorten the life of present turbo-jet engines.
While the life of present engines may be seri-
ously shortened at sea level conditions, it ap-
pears that relatively minor changes in com-
bustion systems will obviate such reduction of
life. Although fuel combustion characteristics
have minor effects on sea level output, it ap-
pears that possible variations in combustion
properties of current fuels can have marked
effects upon the limiting operational altitude
of military aircraft. Thus, the difference be-
tween a good and a bad fuel may reduce maxi-
mum operational altitude by 10, 000 ft,

AIRCRAFT RANGE
112 Therequirements listed above define the
qualities that are desirable or necessary in a
fuel as regards oprration of the turbine itself.
Operation of the turbine itself is only part of
the whole problem of operating the complete
aircraft and this brings in the requirement that
the fuel shall have maximum heat energy both
on a weight andon a volume basis. On a weight
basis a gasoline completely composed of par-
affins will have the highest energy. Onavolume
basis the high boiling aromatics are best since
they may contain 20% more heat energy per
unit volume than a paraffinic gasoline but con-
tain about 10% less energy per unit weight.
While the high boiling aromatics may have an
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advantage of 20% in energy upon a volume basis,
part of this advantage may not be obtained due
to reduced combustion efficiency.

THE TURBINE ENGINE AND ITS FUELS
113 The gas turbine has a major similarity
to the piston engine in that both of them pro-
duce useful power by means of the expansion of
heated air. The turbo-jet and the turbo-prop
differ only inthe means by whichthey apply the
power they produce to obtain propulsion of the
aircraft, In the turbo-jet the thrust is produced
entirely by the jet and in the turbo-prop thrust
is obtained mostly from the propellor but also
from the jet effect of the exhaust. The turbo-
compressor used for supercharging piston en-
gines is excluded from this discussion since,
while it produces work by expanding heated
air, it does not directly propel the aircraft;
and its fuel, which it does not burn directly,
is necessarily that used by the piston engine
to which it is attached.

114 All gas turbines consist basically of an
air compressor (or compressors), a combus-
tion section and a turbine (or turbines). The
gas turbine functions by taking in atmospheric
air and compressing it, fuel is then burnt in
the compressed air, which then expands through
a turbine which drives the compressor. In the
turbo-jet the heated air is expanded in the tur-
bine so that only sufficient energy is extracted
from the gases to drive the compressor, the
remaining pressure energy being retained to
eject the gases in jet form and thus produce
thrust. In the turbo-prop the gases are almost
completely expanded in the turbine (that is,
they are expanded almost down to the pressure
of the surrounding atmosphere), leaving only a
relatively small amount of pressure energy to
produce thrust when ejected from the exhaust
tail pipe (jet).

COMPRESSION THEORY
115 All aircraft gas turbines have at least
two stages of compression and in this theydii-
fer from land and marine gas turbines which
may be built (but very rarely are) with only a
single stage of compression. The first stage
of compression in the aircraft gas turbine is
the ramming air intake which cannot be em-
bodied in land or marine gas turbines. Thus,
the first stage of compression in the form of
the ramming air intake precedes the second
and maybe subsequent stages of compression
(hereafter mechanical stages). Where only a
single mechanical stage is involved, this is
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invariably a centrifugal compressor. In both
turbo-jets and turbo-props the first stage
(ramming intake) may be followed by ten or
more stages of mechanical compression if an
axial compressor is used. Some turbo-prop
engines have two stages of centrifugal com-
pression and others have several axial stages;
the axial stages may be followed by onecentri-
fugal stage. The compressor (including all
stages except the first or ramming intake stage)
increases the pressure from that existing at
the entrance to the first mechanical stage by a
ratio of four or more and this is known as the
pressure ratio., Thus, if the absolute pressure
at the entrance to the first mechanical stage is
15 psi and the pressure at the compressordis-
charge is 60 psi absolute or about 45 1b gauge,
the pressure ratio is then 4 to 1,

116 The term compression ratio is applied
to the compressors of gas turbines is some-
times used erroneously where pressure ratio
is the measured function referred to., If the
pressure ratio is 4 to 1 the compression ratio
is a good deal less than 4 to 1. The compres-
sion ratio of a centrifugal compressor or an
axial compressor is somewhat difficult to de-
termine whereas the pressureratio can be de-
termined easily with a pressure gauge and a
barometer. The pressure ratio of a gas tur-
bine is normally determined at sea level and
without any ram at the ramming air intake,
The compression ratio of the compressor of a
gas turbine may be defined as the ratio:

Density of air at compressor discharge
Density of air at compressor intake

Density may be expressed in any convenient
units such as lb per cubic foot. The pressure
of a gas (of known composition) is not a mea-
sure of its density but rather a measure of its
combined density and temperature, The com-
pression ratio of a piston engine, see Figure
2-10, is essentially the same as that given
above but is not exact due to the delayed clos-
ing of the intake valve. A piston engine with
7 to 1 cylinder compression ratio has a pres-
sure ratio of a great deal more than 7 to 1.
The pressure ratio of a piston engine can be
determined with elaborate instrumentation but
varies with every condition of engine operation.)

117 The air discharged by the compressor is
delivered to the combustion chambers where
fuel is mixed with part of the air and ignited.
The burning mixture of fuel and air is thendi-
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luted with additional air and this diluted (a
cooled) gas steam is delivered to the turbi
nozzle box where guide vanes deflect it by
suitable angle for impingement on the turbi
wheel. The nozzle guide vanes have other ir
portant functions besides deflecting the gas:
but discussion of these duties is not suitab
for this EO.

118 In many turbo-jets only a single sta
turbine is used but more than one stage m:
be used and if so, guide vanes are interpos:
between each pair of turbine wheels. The ga
after leaving the turbine wheel (or the la
wheel if more than one stage is used), ente;
the jet pipe which discharges to atmospher

MECHANICAL DETAILS OF GAS TURBINE
119 This elementary discussion of the aii
craft gas turbine will not attempt to show ar
actual mechanical details of turbines but wi
rather confine itself to suchdiagrammatic lay
outs as may be necessary to illustrate tt
problem of turbine fuels and their combustio;
Figure 2-10 shows a diagrammatic layout
a turbo-jet engine having a single stage centr:
fugal compressor and a single stage turbind
The upper half of the illustration shows a nor
mal jet pipe and the lower half shows a j¢
pipe equipped for afterburning,

120 Figure 2-11 shows a diagrammatic lay
outof a turbo-prop engine having an axialcom
pressor and a two-stage turbine. In this cas
both stages of the turbine are connected to th
compressor. A wide variety of arrangement
have been proposed or built. In one arrange
ment the first stage of the turbine drives th
compressor and the second stage is not con
nected to the compressor and drives the pro
pelior through a reduction gear. Except fo
the fact that an afterburner is not used{at pre
sent) with a turbo-prop, its fuel and combus
tion problems are essentially identical wit
those of the turbo-jet and will be thus treate
in the following discussion.

121 Before passing to details of tuels am
turbine engine performance it may be well t
emphasize the relatively enormous air con:
sumptions of turbo-jet and turbo-prop engine:
when compared with piston engines. For thi:
purpose air used per unit weight of fuel and ai:
used per propellor horsepower (in the case o
the turbo-prop) may be considered. In com-
parison with the piston engine, both turbo-je
and turbo-prop engines use about four times:
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as much air per pound of fuel burnt (except
when afterburning is used) and the turbo-prop
uses a minimum of seven times as much air
per propellor shaft horsepower. Turbine per-
formance in terms of the combustion air used
is givenin moredetail inthe text which frllows.

THE JET PROPULSION PROCESS

122 The thrust of a jet engine is directly
proportional to the weight of gas discharged
from the jet pipe nozzle multiplied by the ve-
locity of discharge. The effective velocity of
discharge as regards producing thrust, is the
velocity relative tothe surrounding atmosphere
and not that relative to the jet pipe nozzle. At
sea level static conditions, the effective ve-
locity is, however, that relative to the jet pipe
nozzle, The effect of pressure in the jet pipe
is one of producing velocity at the jet nozzle
and not of pushing against the surrounding
atmosphere. As the pressure in the jet pipe
(pressure here being used in the sense of the
difference in pressure between that in the jet
pipe and that of the surrounding atmosphere)
increases, the velocity of the jet of gases is-
suing from the jet pipe nozzle increases until
the velocity of sound is reached. When the ve-
locity of sound is attained by the gases, further
increase of pressure in the jet pipe does not
produce increase of velocity. When a gas is
moving at the velocity of sound (or an object,
such as an aircraft, is moving relative to the
gas at the velocity of sound), it is said to have
a Mach number of 1. If the gas is moving at
velocities of a quarter or a half of the speed of
sound, it is said to have Mach numbers of 0,25
and 0.5 respectively. The velocity of sound in
air (for the present purpose it is sufficiently
close to consider the gas in the jet pipe as air)
is about 1100 ft/sec at 15.5°C (60°F), about
1800 ft/sec at 537.7°C (1000°F) and about 2600
ft/sec at 1371°C (2500°F) and does not vary
with pressure. Since, if the jet is to propel an
aircraft, its velocity must be greater than that
of the aircraft, it is of interest to note that the
velocities in miles per hr for a Mach number
of 1 are, in round figures, 750, 1250 and 1750
for temperatures 15.5°C (60°F), 537.7°C
(1000° F) and 1371°C (2500 ° F) respectively.
When the pressure in the jet pipe exceeds that
required to produce the velocity of sound at
the Jet pipe exit or a Mach number of 1, the
.engme or the jet pipe is said to be "choked"
The ratio of the absolute pressures in the _]et

pipe and the surrounding atmosphere which
produces a Mach number of 1 at the jet pipe
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nozzle is called the ''critical pressure ratio"
of the jet.

123 Both the pressure and the temperature
of the gas in the jet pipe have effects in pro-
ducing thrust. Thus, a typical jet engine with
a fixed area jet pipe nozzle may beconsidered
at static sea levelconditions. As the ''throttle"
is opened the weight of air delivered by the
compressor increases, and this in turn in-
creases the pressure. The fuel-air ratio also
increases which raises the temperature of the
gases in the jet pipe. The temperature of the
gasesin the jet pipe has twoimportant relation-
ships to the propulsive effect. Firstly, it af-
fects the velocity which can be obtained with a

" given pressure, the velocity which can be ob-

tained with a given pressure is related to the
density of the gases. If the density is reduced
by 50%, then the velocity for a given pressure
is increased by roughly 40% (the increase of
temperature from 540°C (1000°F) to 1371°C
(2500°F) will approximately reduce gas density
by about 50% at constant pressure). This in-
creased velocity which can be produced by a
given pressure can, however, only be obtained
provided the increased velocity is below the
speed of sound in the gases at the temperature
prevailing at the nozzle. Secondly, it increases
the velocity of sound so that increased jet ve-
locities may be used, For example, increasing
the temperature of gases at the jet pipe nozzle
from 537, 7°C (1000°F) to1371°C (2500°F) in-
creases the '"choking' velocity from about 1800
ft/sec to 2600 ft/sec. Thus, by this increase
of temperature the ''choking' velocity and the
possible thrust have both been increased by
about 40%. This is sufficient to show that the
heat energy of the gases leaving the jet pipe
nozzle produces work in the propulsion pro-
cess and is not merely waste heat energy as
it may seem to be on first consideration.

COMPUTATION OF PERFORMANCE
124 Computing the performance of aircraft
turbine engines requires a few simple comput-
ations involving velocity energy, heat energy,
thrust, etc and the following quantities are
used:

w = weight of gas per second in 1b (as regards
the compressor w equals the weight of air,
whlle in the case of the turbine w equals

the weight of air plus fuel or fuel plus
water-alcohol).
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Mass = m = %where g = acceleration due to

gravity = 32,2 it/sec/sec

v = velocity in ft/sec

2
(1) Velocity (or kinetic) energy = rznv

(2) Thrust - momentum = mv

Thrust in a jet engine is equal to mo-
mentum or rather the change of mo-
mentum since v becomes the differ-
ence in the velocity of the gases at
the jet pipe nozzle and the speed of
the aircraft (fps).

At sea level static conditions v is, of
course, the velocity of the gases at

the nozzle.

Btu = British thermal units

1 hp = 33,000 foot pounds per minute =
550 foot pounds per second
1 hp = 2545 Btu per hour = 42.42 Btu

per minute = 0.707 Btu per sec

125 The above is sufficient to show why per-
formance of turbines is discussed usually in
terms of pounds of air per second in contrast
to piston engines where pounds per hour is the
usual measure,

THE COMBUSTION PROBLEM

126 The combustion problem in the gas tur-
bine appears to be very simple but this appar-
ent simplicity is verydeceptive. It would seem
that the problem of merely mixing fuel in air
and burning it is vastly simpler than the com-
bustion problem of the piston engine which in-
volves knock, distribution, ignition timing and
other difficulties.

LOW FUEL-AIR RATIO
127 The essential difficulty with combustion
in the gas turbine is due to the fact that the
fuel-air ratio is so low that if the fuel and air
were uniformly mixed, the mixture would not
ignite, The low fuel-air ratio is required in
order to keep the temperature of the gases de-
livered to the turbine down to a value which
the turbine wheel can tolerate, The highly
stressed blades or buckets of the turbine wheel

cannot (with present materials of construction),
stand a temperature of more than about 815,5°C
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(1500°F), and this means that the gases at t
entrance to the turbine guide vanes cannot e:
ceed about 898.8°C (1650°F) for more th:
exceedingly brief periods. In a piston engir
fitted with a carburettor, complete combustic
of both fuel and air is obtained with a so-calle
"chemically correct' fuel-air ratio of 0. 0¢
(for iso-octane) and it is very unusual to t
able to obtain steady firing witha fuel-air rat
of less than 0. 045.

128 While it is stated that complete combus
tion of both fuel and air is obtained with isc
octane at a fuel-air ratio of 0.066, this val:
is the theoretical one which would produce comr
plete combustion given sufficient time toreac
equilibrium. In practice, complete combustic
of either fuel or air requires an excess of or
or the other. Thus, if all the air is to be burn
fuel must be in excess and a fuel-air ratio «
about 0,080 is required. When maximum out
put is required with a piston engine, the fuel
air ratio without water - alcohol injection i
about 0.10. This enables the engine to bur
more air as a result of the increase of per
missible manifold pressure, but the rich mix
ture reduces the power obtained per pound ¢
air. With water-alcohol injection, the water
alcohol-fuel-air ratio is about 0.11, the fuel
air ratiobeing about 0.08. While water-alcohc
injection permits much greater power than i
available with fuel alone and a 0.08 fuel-ai
ratio, itdoes so because of increased manifol
pressure, and this much more than offsets th
reduction in power per pound of air, If all fue
is to be burnt (when maximum fuel econom
at cruise is required), then air must be avail
able in excess and maximum economy fuelcon
sumption is usually obtained ata fuel-air rati
leaner than 0.066.

129 While it is stated that a pisto.s engin
equipped with a carburettor will rarely ru
without misfiring at a fuel-air ratio leane:
than 0.045, this is not true of one type of spari
ignition piston engine which injects the fuel int:
the combustion chamber when the compressio:
stroke is almost complete. It differs from
Diesel engine, since a spark ignites the mix.
ture rather than the heat of compression whic!
produces ignition in the Diesel engine. It als¢
differs from the current piston aircraft en-
gines equipped with fuel injection and whicl
have completed the injection period prior tc
the beginning of the compression stroke. This
engine will run without misfiring at a fuel-ai
ratio of about 0.010 and this is the result o
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air swirl in the cylinder and suitable disposi-
tion of injection nozzle and spark plug. The
combination results in a local fuel-air ratio
of about 0.06 t00.10, which isignited and then
diluted with the available excess air. This en-
gine, when running at a fuel-air ratio of about
0.015, has essentially the same combustion
problem as a gas turbine, In this engine and
in the Diesel engine, power output is controlled
by variation of fuel-air ratio. This is in con-
trast with the present types of piston engines
used in aircraft and automobiles where output
is controlled by variation of air supply.

130 In the gas turbine, control of power out-
put is very largely by means of fuel-air ratio.
In the turbo-jet, at any given altitude, power
output (thrust) is entirely controlled by fuel-
air ratio. While power output is entirely con-
trolled by fuel-air ratio, change of fuel-air
ratio varies the air quantity by changing the
rpm of the engine. Thus, increasing fuel-air
ratioincreases the quantity of air and the tem-
perature at which it is discharged at the jet
pipe exit, In the turbo-prop, power output is
usually controlled by both fuel-air ratio and
air quantity but fuel-air ratio is the dominant
factor.

131 Thisdiscussion of control of engine out-
put is an attempt to indicate the primary vari-
able and has norelation to mechanical methods
of accomplishing control. Thus, in an auto-
mobile, air supply is the primary variable and
fuel supply is the secondary variable. Ah auto-
mobile running at a steady speed of 15 mph in
high gear on a level road may be chosen as an
example, When the throttle is opened wide, the
engine at once starts to consume more air per
revolution, the fuel supply per revolution also
. increases roughly in proportion tothe increase
in air supply. Since full power causes the car
toaccelerate, the engine not only takes in more
air per revolution but also increases its rpm
as the car accelerates. The power developed
is roughly proportional to the weight of air
consumed and this in turn is equal to weight
per revolution multiplied by rpm.

132  In a truck with a Diesel engine operated
under similar conditions, fuel supply is the
primary variable since the engine takes in
roughly a constant quantity of air per revolu-
tion. When running at a steady speedof 15 mph
on a level road, the fuel-air ratio may be 0,015,
When full power is required, the fuel-air ratio
is increased to about 0. 045 and the engine ac-
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celerates thereby consuming more air. Thus,
air supply does vary with power but only as a
distinctly secondary variable, since power is
not proportional to air consumed but roughly
to fuel consumed.

LIMITATIONS ON TEMPERATURE
133 Dueto the limitations of permissible gas
temperature at entrance to the turbine wheel,
the fuel-air ratio usually cannot exceed 0. 018
at maximum output and is progressively re-
duced as output is reduced. At cruise thrust
(sea level static), a modern turbo-jet will
operate at a fuel-air ratio of about 0,01, It is,
as mentioned above, the lean over-all fuel-air
ratio which makes the combustion problem so
difficult. Since. in some engines the gas veloc-
ity through combustor at full engine speed is
about 100 fps and since the combustion chamber
is about 2 ft. long, the process has to be com-
pleted in about 1/50 second. In this 1/50 second
fuel has to be sprayed into air at a local fuel-
air ratio.of about 0.06-0. 10, combustion com-
pleted, combustion products diluted with air,
and the combustion products and dilution air
thoroughly mixed sothat the stream of gas dis-
charged from the combustor has a uniform
temperature. It is quite easy to have a hot core
of gases surrounded by an annulus of cold air
at the combustor discharge, and this produces
local hot spots on the turbine guide vanes and
the turbine buckets. The combustion must be
almost completed prior to the beginning of the
addition of the dilution air. If combustion is
not largely complete, the addition of dilution
air quenches the flame leaving partly burnt
fuel products. Under these conditions the fuel
is not completely oxidized to carbon dioxide
and steam and cannot give up all its available
heat energy prior to discharge of the gases
from the jet pipe to atmosphere. The com-
bustion problem would be greatly simplified
if weight and space were not so important in
an aircraft gas turbine. For instance, in the
absence of such limitations, the air supply
from the compressor could be divided and a
portion of it, appropriate to the desired power
output, burnt at approximately ""chemically
correct" fuel-air ratio in a long low-velocity
combustionchamber. Subsequent to completion
of combustion the products could be diluted with
the other portion of the air delivered by the
compressor. The proportion of the air de-
livered by compressor which would be burnt
at ''chemically correct" fuel-air ratio would,
of course, haveto be varied with load reaching
the upper limit of about 25% at maximum out-
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put. It is not unlikely, however, that the fric-
tion losses of such an arrangement would offset
the gain in combustion efficiency. Thus, the
over-all fuel efficiency ( pounds of fuel per
pound of thrust in the case of a turbo-jet or
pounds of fuel per propellor shaft horsepower
in the case of a turbo-prop) might well be no
higher than with the best of present combustor

types.

COKE FORMATION

134 Figure 2-10 shows an approximate dia-
grammatic view of the '"can' type combustor
which is at present the most widely used type.
It seems tobe clearly established that the flame
circulates in the combustor as shown in Figure
2-10. For simplicity and ease of illustration
this discussion is written around the ""can'' type
combustor and neglects the annular type. Fig-
ure 2-10 shows the fuel to be directly sprayed
into the primary air where it is ignited. When
fuel is injected asin Figure 2-10, the injection
pressure at full load is usually high and may
be as.high as 2000 psi.

135 Another methodof fuelinjection is known
as the vapourizing burner. In this method, a
small tube passing a limited amount of air into
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the primary combustion zone is heated by th
flame in that zone. The fuel isinjected intoth
tube at relatively low pressure, travels wit
the air stream and is vapourized by the tim
it reaches the primary combustion zone. Th
vapourizing burner is used with both annuila
and ''can'" type combustors. Concentration ¢
discussion on one type of combustor in no wa
indicates the merit of any particular type. De
scriptions of turbine engines are only <arrie
as far as seermns necessary for discussion o
combustion and fuel problems of such engines

136 The circulation of the flame into th
spray in the ''can'' type combustor serves t
secure early evaporation of the fuel (fuel doe
not burn until itis either vapourized or cracke:
so that it becomes a vapour), to produce mor:
complete mixing of fuel and air and very im
portantly, to lengthen the time available fo:
completing combustion. Fuel which is onl
partly oxidized of course diminishes combus.
tion efficiency (i.e, reduces the amount o
energy delivered per unit weight of fuel)but i1
addition it may produce free carbon which cai
firstly and most importantly result incoke de-
posits on the combustor liner (flame tube) o1
produce a smoky exhaust. The carbon producec

SPIN OF PRIMARY AIR

HELICAL VANES PROVIDING

TO TURBINE _
GUIDE VANES

| AIR FROM
COMPRESSOR

FLAME CIRCULATION

LOUVERS FOR SECONDARY
OR DILUTION AIR

Figure 2-10 Diagraminatic View of "Can" Type Combustor
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may really be almost pure carbon or may re-
semble the so-called carbon (hereafter coke)
often obtained in piston engines when running
on fuel not containing lead. This coke, while
it contains a very high percentage of carbon,
chemically resembles an asphalt and contains
some hydrogen and some oxygen. The smoky
exhaust is particularly undesirable in the case
of military aircraft since it facilitates detec-
tion. A smoky exhaust may be obtained with-
out measurable loss of combustion efficiency
at sea level with completely aromatic fuels but
these are not presently used for either mili-
tary or civil service.

137 Coke formation on the combustor liner
is very undesirable since it tends to produce
warping and burning of the liner, and pieces of
coke may break loose and damage the turbine
buckets. Coke formation can readily result if
liquid fuel strikes the surface of the combustor
liner and this means that the fuel spray dis-
charged by the fuel nozzle should maintain a
fairly constant relation to the axis of the com-
bustor and that the nozzle should not dribble.
Coke formation on the tip of the spray nozzle
is a major cause of impingement of liquid fuel
on the combustor liner. Maintaining a constant
spray position and avoiding dribbling is ob-
viously difficult (at least with present nozzle
and fuel systemdesigns)if for no other reason
than the wide variation in rate of fuel supply.
Rate of fuel supply has a large influence since
the pressure required for discharge varies as
the square of the quantity delivered (that is,
twice the weight of fuel discharged requires
four times the fuel pressure). Fuel quantity
delivered to the engine will, of course, vary
widely with engine output (''throttle'" setting)
at any given altitude. It will also vary widely
at "full throttle' with altitude, thus at sea level
"~ a jet engine may be consuming 5500 1b of fuel
per hr and only 2000 lb/hr at 35,000 ft altitude.
The fuel pressure at 5500 lb/hr will be about
7 1/2 times (with single rather than duplex
nozzles) as great as it will be at 2000 1b/hr,
and this variation obviously makes the problem
of maintenance of suitable spray shape a diffi-
cult one. Fuel viscosity also has a marked ef-
fect. on the character of the spray and viscosity
varies both with fuel type and with fuel temper-
ature, A spray nozzle may have to handle both
kerosene and gasoline and over a fuel tempera-
ture range of -40°C {-40°F)to 37.7°C( 100°F).
It can be seen from Table 6, that the viscosity
of kerosene at -40°F may be 16 times that of
gasoline at 37.7°C ( 100°F). While the range
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of viscosity can be 16 tol, it is more likely to
be 8 tol. With any one fuel, the change in vis-
cosity due to temperature may be 7 to 1 but is
more likely to be a maximum of 4 to 1. The
above variations in viscosity are sufficient to
show the difficulties of fuel spray nozzle de-
sign.

138 The combustion problem is also related
to the pressure in the combustor. The higher
the pressure the easier the problem, thus a
combustor which gives good combustion at a
pressure of 60 psi absolute may give poor com-
bustion when the pressure in the combustor
falls to 8 psi absolute at very high altitude.
Combustion efficiency in a good combustor de-
sign with the most favourable conditionsin re-
gard to fuel type may be as high as 98% at sea
level but may fall to aslow as 40% at extremely
high altitude with a badly designed combustor
and unsuitable fuel. As combustion efficiency
is reduced, a point is reached when the turbine
does not develop enough power to drive the
compressor and thus the engine speed is re-
duced.

139 Combustion efficiency also tends todrop
off in pistonengines as pressureinthecylinder
is reduced below a given level but thisis rare-
ly important in aircraft engines., It is, how-
ever, very important in automobile engines.
In automobile engines, as the intake manifold
pressure is reduced below 15" Hg absolute,
combustion efficiency becomes steadily lower
until a pressure is reachedat which the engine
will not fire. This behaviour is in part due to
the reduction of cylinder pressure (reduction
indensity) but is also dueto an increasingcon-
tamination with exhaust gas left from the pre-
ceding explosion. In a piston engine there is,
of course, a direct relation between pressure
in the cylinder and intake manifold pressure.

RICH AND LEAN BLOW-OUT
140 Under the conditions of poor combustion
described for the turbine engine, increasing the
fuel supply in order to maintain or increase
engine spéed may fail to do so and fuel supply
may beincreased until the flame is extinguish-
ed - this is known as "Rich Blow Out". In con-
trast to "Rich Blow Out' is the opposite condi-
tion known as ""Lean Blow Out' which occurs
when the mixture becomes too lean to burn,
The mixture may not be toolean to burn under
conditions of efficient combustion, but when
combustion efficiency is very low the mixture
may be ignited from an external source (such
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as a spark plug) and will then either be ex-
tinguished when the spark ceases or may burn
so slowly that the flame is carried out of the
combustor and through the turbine. '"Lean Blow
Out' can occur when the fuel supply is reduced
in order to reduce engine speed. When fuel
supply is reduced in order to lower engine
speed, the mixture is suddenly leaned off (since
the fuel is immediately reduced), whereas the
air supplied is reduced relatively slowly due
to the fact that the flywheel energy of the com-
pressor and turbine is available to drive the
compressor and is used up relatively slowly.
The flywheel energy in the main rotating parts
of the engine is exceedingly important in re-
spect to the problem of accelerating the engine
whether the combustion efficiency is good or
poor. In a turbo-jet engine, at any given rpm,
the power developed by the turbine is substan-
tially equal to the power absorbed by the com-
pressor. If rpm is to be increased this can
only be done by making the turbine develop
more power. This increased power (excess
power) is used: firstly, to increase the fly-
wheel energy of the rotating parts and secondly,
to provide the extra power required by the com-
pressor as rpm increases. The rate of change
of rpm increases very slowly as the point is
approached where the turbine is just putting
out enough power to drive the compressor.
Even withvery good combustion efficiency, en-
gine acceleration becomes increasingly diffi-
cult as altitude increases. The change in fly-
wheel energy resulting from a given increase
of rpm is independent of altitude whereas the
power developed by the turbine and that ab-
sorbed by the compressor decreases roughly
in proportion to atmospheric density. Thus,
when the atmospheric density decreases to 25%
of the sea level value, the turbine power is
roughly only 25% of the sea level value. The
power absorbed by the compressor is likewise
.only roughly 25% of that at sea level. But the
excess turbine power available to increase the
flywheel energy of the rotating parts is like-
wise only about 25% of that available at sea
level. The problem of engine acceleration thus
becomes increasingly severe with increase of
altitude. The problem of reduction of combus-
tion efficiency is likewise one of increasing
severity with increase of altitude. A turbo-jet
may be operating at high altitude and at below
maximum rpm with such low combustion effi-
ciency that increase of rate of fuel supply (in-
crease of fuel-air ratio) merely causes a fur-
ther reduction of combustion efficiency rather
than an increase of temperature of the gas at
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the combustor exit. Under such conditions,
celeration of the engine by normal meth
may become impossible and attempts to p
duce acceleration are likely to result in "F
Blow Out'.

141 In general the power of a turbo-jet ¢
not be increased without increase of rate
revolution. It is possible, in a turbo-prop.
increase the power available at the prope:
without increase of propellor or compres
rpm.

142 This is particularly likely to be so w

a two-stage turbine is used with the first st

coupled to the compressor, with the sec

stage driving the propellor and having no me.
anical connection with the compressor. I
also true in some cases where compress
turbines and propellor are rigidly coupled :
cannot rotate independently. In this latter c:
increase of power is the result of increa:
available energy in the gas supplied to the t
bine as a resultof increased temperature p:
duced by burning more fuel inthe same amo
of air. Such an increase of power without
crease of propellor rpm necessitates an .
crease of propellor pitch. In general, wit
turbo-prop, the best fuel consumption per p1
pellor shaft horsepower at any given propel:
horsepower will be obtained with the condit:
that gives the maximum jet pipe temperatu:
Thus, a given propellor shaft horsepower m
be obtained with the propellor in flat pitch gi
ing high compressor rpm which will supply
large amount of combustion air (and use a .
of horsepower to compress it) and using a ve
lean fuel-air ratio with a low jet pipe tempe
ature. The converse condition involves t
propellor in high pitch, the compressor d
livering less air (and using less power to cor
press it)and using a higher fuel-air ratio wi
a higher jet pipe temperature. While the hi
pitch propellor setting may improve fuel co
sumption per propellor shaft horsepower
may not improve fuel mileage of the aircr:
if the high propellor pitch causes a serio
drop in propellor efficiency.

COMPRESSOR EFFICIENCY
143 In any gas turbine, efficiency of con
pression of the combustion air is exceeding
important, in fact it may be said that the gi
turbine would not be possible without the eff
ciencyof the modern compressor (it would als
not be possible without modern materials whic
will stand up at the gas temperatures which az
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necessary to obtain any useful power). In fact,
the power available for propulsion in an air-
craft gasturbine engine is always less than the
power absorbed by the compressor. This is
possibly best illustrated by a turbo-prop de-
livering 3000 bhp at the propellor shaft. In this
case, at sea level the turbine will develop
about 7500 bhp and the compressor will absorb
about 4500 hp. In the case of a typical turbo-
jet engine developing 5000 1b static sea level
thrust, the energy absorbed by the compressor
is over 10, 000 hp while the mechanical (veloc-
ity) energy in the jet is only about 8000 hp. In
view of the relative magnitude of the power ab-
sorbed by the compressor it is obviously ne-
cessary toavoid either increasing it or wasting
it by loss of pressure between the compressor
discharge and the entrance of the gas into the
turbine nozzle guide vanes. This means that
the pressure of the gas leaving the combustor
should be as close as possible to that of the
air as it enters the combustor. This require-
ment of low pressure drop through the com-
bustor adds to the difficulty of the combustion
problem since turbulence facilitates combus-
tion.

TURBULENCE

144 Turbulence may here be defined as a
disordered motion of the gases relative to the
axis of the combustor. The most orderly flow
through the combustor would involve each par-
ticle of gas flowing parallel(or very nearly so)
to the axis of the combustor. Turbulence in a
combustor is found in several forms. InFigure
2-10 the recirculation of the gases around the
fuel spray is one form, the swirl of the pri-
mary air produced by the helical vanes shown
in Figure 2-10 is another and yet another is
produced by the secondary air flowing through
the louvers in the combustor liner to join an

dilute the burning gases. ’

145 The importance of turbulence in piston
engine combustion was shown some forty years
ago in a large slow speed gas engine burning
city gas. In this engine, the speed was slow
enough so that a record of the pressure could
be obtained during the compression and ex-
plosion strokes. In this engine, as in modern
engines, the pressure in thecylinderincreased
suddenly almost immediately after the spark
occurred. Pressure diagrams were obtained
with normal operation and also under condi-
tions where the valves and ignition were made

inoperative after a fresh charge of mixture had
been sucked into the cylinder. As a result of
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suppression of valve and ignition operation,

the charge was compressed and expanded about
five times. Valve and ignition operation was
then revived and the charge fired. The repeated
compression and expansion had allowed the tur-
bulence which occurs as a result of thecharge
rushing into the cylinder through the open in-
take walve, to almost die out. As a result of
lack of turbulence, the pressure diagram show-
ed that the charge gave a very weak explosion
producing far less energy than the normal ex-
plosion.

146 The production of turbulence unfortun-
ately requires energy and in the case of the
turbine engine the energy can only be produced
by a partial loss of pressure available at the
entrance to the combustor. In a good modern
engine, having a pressure ratio of 4 to 1, the
pressure drop through the combustor at sea
level is about 3 psi. Thus, the pressure at the
compressor discharge is about 45 1b gauge (at
sea level) and about 42 lb gauge at the com-
bustor discharge.

147 Combustor design involves a practical
compromise between loss of pressure due to
turbulence and loss of combustion efficiency
due to insufficient turbulence. A combustor
with a very low pressure drop and insufficient
turbulence may increase thrust in a turbo-jet
at sea level butat the expense of increased fuel
consumption resulting from discharge of un-
burnt fuel at the jet pipe nozzle. Ataltitude this
combustor may give such low combustion effi-
ciency that engine speed and thrust are lower
than would be obtained with a more turbulent
combustor having higher pressure drop and
higher combustion efficiency. Turbulence is
only one phase of combustor design but it has
to date proved to be important. It is, at pre-
sent, difficult to see how the necessaryoxygern
for complete combustion can be supptied to
each fuel particle in the primary zone without
turbulence. It is likewise difficult to see how
fairly complete and uniform mixing of the pri-
mary combustion gases with the secondary
(dilution) air can be accomplished without some
turbulence.

INCREASED THRUST BY AFTERBURNING
AND BY SUPPLEMENTAL INJECTION

The Problem Of Increasing Thrust

148 To return to the typical jet engine it
may be assumed that the 'throttle' is full
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open at static sea level conditions and that full
"throttle'" produces the maximum combustion
gas temperature that the turbine wheel will
permit. It may also be assumed that it is re-
quired that thrust be increased. To produce
a thrust increase, several avenues are open
as follows:

149 A bigger engine burning more air at the
same fuel-air (and the same turbine wheel
temperature) may be used.

150 More fuel may be burnt inthe gases after
they have passed through the turbine wheel.
As shown later, this adds tothe available thrust
producing energy in the gases. Since the gases
have already passed the turbine wheel, in-
creased temperature does not affect the wheel.
This process is known as '"afterburning' and
is discussed further below.

151 The weight of the products discharged
by the jet pipe may be increased without in-
creasing engine size and without increasing
the temperature of the gases either at the tur-
bine or the jet pipe nozzle. This process is
currently practiced by the supplementary in-
jection of water or water-alcohol into the com-
bustion gases prior to their passage through
the turbine. The process, in effect, is one of
carrying in the aircraft a liquid which can be
gasified as a substitute for atmospheric air.
It is known as ''water-alcohol injection" and is
discussed below.

152 Burning more air in the enginé by in-
creasing its rpm is not presently practical
since it can only be done by increasing the
temperature of the combustion gases by rais-
ing the fuel-air ratio. In present turbines, at
the "Dry Rating' the combustion gases are
closeto the maximum permitted by the turbine
wheel, etc. Apart from temperature effects,
increase of rpm will increase turbine wheel
stresses which are close to the permissible
maximum at "Dry Rating" rpm. Increase of
temperature of the gases passing through the
turbine wheel may become practical in the
future as a result of improved turbine blade
materials or internal cooling of the blades.

AFTERBURNING
153 In a turbo-jet engine, the jet pipe may
be extended and a burner added close to the
turbine wheel Figure 2-10. Fuel is injected
into this burner and on combustion in the ex-
haust gases (which have previously burnedonly
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about one-quarter of the available oxygen dur
ing combustion in the combustors), raises th
temperature of the gases by as much as 871.1
(1600°F) depending on the amount of fuel burnt
thus adding to their energy available to produc
thrust. This process is known as afterburnin
or reheat and is relatively inefficient as re
gards use of fuel. Afterburning is usually onl
used duringclimb or whenemergency militar
power is required. Afterburning may increas
static sea level thrust by 30%. At high aircraf
speed and high altitude, the increase of thrus
due to afterburning may be greatly inexcess o
30%. In the case of a typical turbo-jet usin
about 1.1 1b fuel per hour per 1b thrustat nor.
mal "Dry Rating" when the afterburner come:
into use and increases thrust by 30%, the con
sumption increases to about 2.2 1lb fuel pe:
hour per 1b thrust. The total hourly consump-
tion has increased by about 160% and the engin«
now uses about 2 1/2 times as much fuel pe:
hour. Afterburning usually requires the use o
a variable area nozzle at the exit of the jet pipe

154 The variable area nozzle is necessary
because the engine may ''choke'' due to high je:
pipe nozzle velocity and this '"choking" will re-
sult in the compressordelivering less air. The
variable area nozzle is also of value for ac-
celerating the engine at high altitude. If the
variable area nozzle is opened the pressure ir
the jet pipe is decreased. As a result of re-
duced jet pipe pressure the compressor takes
less power todrive it and the turbine dewvelops
more power. Thus, the turbine is developing
more power than necessary to drive the com-
pressor and as a result the engine rpm is in-
creased,

WATER-ALCOHOL INJECTION
155 Afterburning has only recently come in-
to use as a means of augmenting the thrust of
turbo-jets for brief periods. Prior to the de-
velopment of afterburning, which requires:
redesign of jet pipe, a considerable increase
of jet pipe bulk and produces a small drop in
efficiency during normal operation, there was
need for temporary augmentation of thrust and
this was met by water-alcohol injection,

156 The reasons for the increased thrust
obtained with water-alcohol injection may be
briefly and incompletely discussed. It may be
shown that water-alcohol injection increases
thrust by increasing the weight and the velocity

of the gases discharged from the jet pipe. If
the thrust istoincrease by 15% and the jet pipe
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temperature is to be held constant, then the
weight of gases discharged must increase by
about 7%. In an engine with a centrifugal com-
pressor where the water-alcohol mixture is
added at the compressor inlet, the effect is
approximately as follows. The engine is as-
sumed to be consuming 88 1b of air/sec (with-
out water-alcohol injection), 1.56 1b of fuel/sec
(fuel-air ratio 0.0177), the fuel rate being in-
dependent of whether water-alcohol is or is not
in use, and having a water-alcohol injection
rate of 5 lb/sec. When the water-alcohol is
injected , it immediately starts to evaporate
and its latent heat of evaporation, roughly 800
Btu/1b for the usually used mixture of water-
methanol, see Table 6, reduces the air tem-
perature slightly before compression’ starts
and considerably during compression. As a
result of the refrigerating effect before and
during compression, the weight of air delivered
by the compressor increases by about 2% (it
may be more than this in some cases), the
pressure of the air delivered is increased, the
compressor efficiency isincreased (less power
absorbed/lb of air compressed) and the tem-
perature of the air delivered isdecreased. The
engine is now using 89,8 1b air, 1,56 1b fuel,
1,75 1b methanol and 3,25 Ib water/sec. The
total weight of products discharged from the
jet pipe nozzle has increased by 7.8%. These
figures apply to a typical turbo-jet engine at
sea level static conditions. At maximum out-
put without water-alcohol injection (known as
the "Dry Rating') the engine uses 1.1 1b fuel/
hr/lb thrust., When the thrust is increased by
15% by water-alcohol injection (known as the
""Wet Rating'), the total liquid consumption
increases to about 4.1 1b/hr/lb of thrust, the
total liquid consumption having increased by
about 325%. In other words, at the "Wet Rat-
ing" output the engine uses about 4 1/4 times
as much liquid as it does at the '"Dry Rating''.

157 Water alone can be used as a means of
increasing thrust but its use requires that the
fuel flow to the engine be increased with the
start of water injection. Such revision of the
fuel supply system leads to undesirable com-
plication which is avoided with water-alcohol
injection where combustion of the alcohol sup-
plies approximately enough heat to offset the
cooling effect of the water.

158 Water-alcoholwas first usedas a means -

of temporary thrust augmentation under condi-
tions of high atmospheric temperature. A gas

T8

EO 45-5A-2

Rart'v 2

turbine engine loses power several times as
fast as does a piston engine for each degree
increase of atmospheric air temperature. This
loss of power was particularly serious in re-
spect to take-off with zarly turbo-jet aircraft,
and water-alcohol was an answer that required
little revision of the engine or of its operating
procedure. While water-alcohol was and is of
value in respect to take-off, the increase of
thrust is also of value in respect to Emergency
Military Power. Water-alcohol injection has
an obvious application to turbo-props which
suffer from high atmospheric temperatures in
a similar manner to turbo-jets.

159 The question may be raised as to why
use water-alcohol injection rather than making
a bigger engine and to this there are two an-
swers. Firstly, no engine is ever big enough
since no sooner is a military aircraft built
around it than either the aircraft designer or
the operator of theaircraft wants more power.
Secondly, since turbine engines usually have
poor part load fuel economy (at least in com-
parison with a piston engine), use of a bigger
engine means that the cruising fuel consump-
tionof the aircraft is adversely affected by the
larger engine, since cruising will be accom-
plished at a lower percentage of maximum out-
put. By use of water-alcohol injection with the
smaller engine, the part load economy is not
affected, and the maximum thrust can be in-
creased by about 15% over that available with
the same engine without injection. The addi-
tional thrust is, as shown above, obtained at
the expense of an enormous increase in liquid
(fuel + water-alcohol) consumption. In spite
of this fuel consumption the range of the air-
craft is betiter than it would be with the bigger
engine since the additional liquid consumption
is only used for very brief periods. :

160 As mentioned above, water-alcohol is
used so that weight of combustion products is
increased while keeping temperature of the
gases at the turbine substantially constant.
The best present compromise in the way of a
water-alcohol mixture for this purpose is 60%
water +40% methanol by volume (approximate-
ly 35% methanol by weight). Injection and com-
bustion of this mixture usually resulis in a
slight increase of jet pipe temperature which
can be tolerated since the periods of use are
exceedingly brief,

161 Water-methanol isinjected intothe com-
pressor inlet in the case of centrifugal com-
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Figure 2-11 Diagrammatic Layout of Turbo-jet Engine

pressors. Todate, injection of water-methanol
into the inlet of axial compressors has not
proved to be feasible and if used, it is usually
injected into the combustor or combustors.
Where supplementary liquid is injected into
the compressor inlet, water-methanol is su-
perior to water since its greater volatility en-
sures more complete evaporation and more
uniform distribution of vapour or residual liq-
uid to the combustors.

162 In a water-alcohol injection fluid, the
alcohol has the second function of acting as an
anti-freeze as well as providing heat for evap-
oration of the water and some heat for the com-
bustion air, With turbine engine aircraft oper-
ating at altitudes of 50, 000 ft, water not pro-
tected against freezing is an obvious hazard.

WATER-ALCOHOL VERSUS AFTERBURNING
163 Some of the relative advantages and dis-
advantages of afterburning and water-alcohol
injection may be considered. Afterburning has
the advantage that the over-all specific liquid
consumption is only about 50% of that obtained
with water-alcohol., Afterburning also has the
advantage that it operates with only a single
liquid as against two if water-alcohol is ship-
ped as a blend or three if the alcohol has to be

blended with water in the field. The disadva:
tages of afterburning are rather considerabl
Gas temperatures of 1370°C (2500°F) in
jet pipe produce significant problems with mi
terials, cooling and mechanical operation

the variable area jet pipe nozzle. When us¢
on the ground, the high temperature of gase
issuing from the jet pipe presents a problen

164 Water-alcohol injection may be used :
conjunction with afterburning but presen
some difficulties with afterburner operatio

TURBO-JET THRUST DATA
General Technical Data

165 Theaverageturbo-jetengine witha pres
sure ratio of 4 to 1 produces 55 to 60 1b «
static sea level thrust per pound of air pe
second. (These figures correspond to 65.5 t
60 1b of air per hour per pound of static se
level thrust, Therefore, the take-off stati
sea level thrust is roughly equal to the air con
sumption in pounds per minute. )

166 The performance of a typical turbo-je
engine equipped with a centrifugal compresso
having a pressure ratio of about 4 to 1 is dis
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cussed here as an example of turbo-jet per-
formance at static sea level conditions. Per-
formance in flight either at sea level or alti-
tude is considered to be too complex for this
Engineering Order which is essentially only
concerned with the relation of fuel to engine
performance.

167 - This typical turbo-jet has a"Dry Rating"
of 5000 1b static sea level thrust and at this
condition uses 88 lb of air per second. The
air consumption corresponds to 56. 7 1b thrust

EO 45-5A-2
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per lb of air per second (and to 63.4 lb air
per hour per 1b of thrust). The total air con-
sumption per hour is 317,000 lb or 160 tons
per hour in round figures. At 5000 lb thrust,
the fuel consumption is 5600 1b hr correspond-
ing to a fuel-air ratio of 0.0177. The "Wet
Rating" of this engine is 5750 1b using 5600 1b
of fuel per hour and 18,000 1b of water-methanol
per hour, At the '"Wet Rating' the total liquid
consumption is 4.1 lb per hour per pound of
thrust. For every additional pound of thrust
produced by water-methanol, the water-meth-
anol consumption is 24 1b per hour.
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Figure 2-12 Static Sea-level Thrust Versus RPM., In a Centrifugal Turbo-jet Engine
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168 In this engine, the thrust, from rated
take-off to 40% (low cruise) thrust varies al-
most directly as the fourth power of the rpm
(i. e. 90% rpm will produce two-thirds of the
thrust). Figure 2-11 shows per cent thrust
plotted against the fourth power of the rpm and
it will be noted that it is almost a straight line
relationship. In this figure, the per cent rpm
divisions are non-linear, being labelled as the

first power of per cent rpm but plotted in pr«
portion to the fourth power, thus the line f«
90% is plotted in proportion to (0. 90)%or 0.65
Figure 2-12 shows per cent thrust from take
off toidle plotted against the first power of t}
rpm. Figure 2-13 shows specific fuel consumy
tion and approximate specific air consumptic
plotted against per cent static sea level thrus
Figure 2-14 shows approximate fuel-air rat:
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plotted against per cent static sea~level thrust
for the same engine, this figure being derived

from Figure 2-13., This engine idles at about

25% rpm which gives 4% thrust. At the idle
condition the engine uses about 800 lb of fuel
per hour (14.3% of that at '"Dry Rated" power)
and the fuel-air ratio is about 0.010.

169 In the case of the turbo-jet engine the
specific consumption of combustion air is re-
latively enormous compared to a pistonengine.
Throughout the discussion of turbine engines
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and their fuels, the term combustion air h:
been applied to the air that passes through tl
compressor and the turbine. This term m:
possibly be considered misleading since
maximum of only about one quarter of the a
is actually burnt and the remainder is real
dilution air. As a maximum, only the air:ne:
essary to give the "chemically correct" fue
air ratio can be said to actually take part
combustion and the remainder is dilution ai
If the combustion efficiency is low, less a
than that required for the 'chemically correc
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Figure 2-15 Fuel-air Ratio Versus Per Cent Static Thrust in a Centrifugal Turbo-jet Engin
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fuel-air ratio actually takes part in combustion.
The air, of course, is not only used for com-
bustion but also directly produces propulsion.
It should be borne in mind that in the case of
a piston engine the combined weight of air used
for combustion plus that accelerated by the
propellor to produce thrust, will be even higher
than in the jet engine for a given thrust at a
given aircraft speed.

170 In considering jet engines it may be well
to remember that effective propulsive power is
a direct multiple of thrust and aircraft speed.
Thus, 1 lb of effective thrust at an aircraft
speed of 375 mph corresponds to 1 hp and at
600 mph corresponds to 1.6 hp. In considering
effective thrust at 375 and 600 mph it must not
be assumed that specific fueland air consump -
tions at these speeds bear any close relation-
ship to the consumptions obtained at static sea
level conditions.

171 In the typical turbo-jet engine discussed
above, the compressor absorbs about 10, 500
hp at 5000 1b ("Dry Rating'") static sea level
thrust and at this condition delivers 88 1b of
air per sec. The compressor is thus absorbing
about 120 hp per 1b of air per sec. The turbine
develops slightly more power than the main
compressor absorbs, the extra power being
used up by the cooling compressor, fuel pumps,
etc. Neglecting the power used for pumps, etc.
the turbine requires about 30 b of air per hr
per hp. Since the engine is using 5600 1b of
fuel per hr, the specific fuel consumption of
the turbine is about 0.54 1b per hp hr. While
the compressor absorbs about 10,500 hp at
static sea level conditions, this power will in-
crease in flight at sea level, the increase
roughly depending upon the ram., If ram in-
creases the weight of air handled by the com-
pressor by 20%, the power required to drive
the compressor will increase by roughly 20%.
In the case of this typical turbo-jet engine, in
sea level flight at 600 mph with a ramming air
intake of average efficiency, the air delivered
by the compressor increases by about 30% and
the fuel flow by about 22% in comparison with
static sea level air delivery and fuel consump-
tion.,

172 In the case of a turbo-jet engine, an en-
ergy balance may be computed since all the
energy of the ingoing fuel will be shown in the
jet pipe exit as velocity energy, heat energy of
the gases and as unburned fuel. In the case of
the above typical turbo-jet an approximate en-
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ergy balance may be computed for sea level
static conditions from the following data:

Air 88 1b sec

Temperature of air entering compressor

= 60°F
Fuel 5600 1b hr = 1.556 1b sec
Fuel energy at 18, 500 Btu per ib = 28,800

Btu per sec = 40, 700 hp. If a combustion effi-
ciency of 98% is assumed, then the total energy
release in the combustors is 39,900 hp or
40, 000 hp in round figures.

Weight of gas leaving jet nozzle = 88 +
1.556 = 89,56 1b sec

Velocity of gas leaving jet nozzle = 1800
ft sec

Temperature of gas leaving jet nozzle =
548.8°C (1020°F)

173  Assuming 0. 25 as the mean specific heat
of the gases leaving nozzle is:

(Weight of gases 1b per sec) x (temperature
rise from compressor inlet to jet pipe exit) x
(mean specific heat of gases) and this equals
89.56 x 960 x 0,25 = 21, 500 Btu per sec. The
added heat energy in the gases (neglecting un-
burnt fuel) is 21,300 _ 30, 400 hp.
0.707 ’
The velocity energy in the gases (see (1), para
89. 56 2 &
i = 1800)“ =4, 500, 000
124 of this Part) Ty x ( )

ft 1b per sec = 4,500,000 . 4,4, hp. Thus, of
550
the 40, 000 hp released in the combustors we

can account for 30,400 + 8190 or 38,590 hp
which corresponds to 94.7% of that in the in-
going fuel.

89.56
Thrust (see (2), para 124 of this Part) = %{-
x 1800 = 5010 1b, No horsepower can be as-
signed to the 5010 1b thrust since the engine is
at rest and developing no useful power.

TURBO-PROP ENGINES
174 Fewer data presently available on turbo-
props than for turbo-jets and the following is
based upontwo turbo-prop engines having pres-
sure ratios of between6 and 7 and both having
very efficient axial compressors which are
directly connected to the propellor shafts, Both
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engines are discussed only in terms of their
performance on the test stand at sea level.

175 In the first engine at "full throttle"”, the
compressor absorbs 60% of the power develop-
ed by the turbine. The air consumption is 45 1b
per hr per propellor shaft hp and the fuel con-
sumption is 0. 78 Ib per propellor shaft hp hr.
This corresponds to a fuel-air ratio of 0.0173.
The air consumption is 18 1b per turbine hp hr
and the fuel consumption is 0. 31 1b per turbine
hp hr. In the engine for each hp delivered at
the propellor shaft the turbine is developing
2 1/2hp, andthe compressor is absorbing 1 1/2
hp and by simple computation the compressor
is absorbing 120 hp per lb of air delivered per
sec. The specific fuel and air consumptions
for this turbine may be compared with those
given above for a typical turbo-jet. The specific
consumptions for the turbo-jet are much higher
than those of the turbo-prop for the reason that
the turbine of the turbo-prop is absorbing a
much greater proportion of the energy in the
combustion gases. The turbine of the turbo-jet
only absorbs sufficient energyto drive the com-
pressor and accessories, leaving the remain-
der to produce thrust at the jet.

176 The second engine hasa somewhat higher
pressure ratioand the compressor absorbs 62%
of the power developed by the turbine at "full
throttle" or take-off power. This engine has
considerably better specific fuel consumption
than the first engine but actual figures cannot
be given. Relative fuel consumption figures
(that is, as a percentage of the specific con-
sumption at take-off)are given, however, Fig-
ure 2-16 shows the variation of shaft power
with rpm, this is not a smooth curve since
power is varied by means of both rpmand fuel-
air ratio As examples, both rated and take-
off power are obtained at the same rpm by in-
crease of fuel-air atio, whereas below rated
power both rpm and fuel-air ratio are reduced
as the power is reduced. Figure 2-17 shows
fuel flow (lb per hr or gal per hr, as a per-
centage of the flow at take~-off power) versus
shaft power. It will be noted in Figure 2-17
that the fuel flow, when the engine is near the
idle point, is roughly one third of that used at
take-off. Figure 2-18 shows relative specific
fuel consumption and actual specific air con-
sumption versus power as a percentage of that
at take-off. Figure 2-19 shows fuel-air ratio

versus shaft power, with power varying against
rpm as shown in Figure 2-16.
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177 Figures 2-16 to 2-19 inclusive in cor
junction with the fact that the compressor al
sorbs 62% of the turbine power at take-of
enable a number of interesting compariso
to be made. Figure 2~18 shows that the spt
cificair consumption is about 39 lb per hr p«
shaft hp at take-off power. From this it c:
be computed that the turbine is using about .
b of air per hr per turbine hp and that tl
compressor is absorbing about 150 hp per
of air per sec. It may be said that the specif
fuel consumption of the turbine alone is belo
0.3 1b per hr per turbine hp. Figure 2-17 ir
dicates that "throttling" the engine below abo:
50% of take-off power is not an economic:
proceeding as regards either total or specif:
fuel consumption. Figure 2-18 shows the ve:
considerable increase in specific air consumg
tion as the load is reduced. The relatively hig
specific air consumption at part load is to
considerable extent responsible for increas
of specific fuel consumption as load is reduce
This effect is the result of the fact that fuel
air ratio is reduced as power is reduced (a
shown in Figure 2-19). Thus, a large ambdwm
of work is going into compressing the air whil
the work recovered by expanding this air i
reduced since much less than the maximui
permissible energy has been added to it’b
burning fuel. If the engine is considered whe
running at take-off rpm and variable fuel-aij
ratio, it will be seen that at take-off powe
62% of the fuel is being used todrive the com
pressor and 38% to produce power at the pro
pellor shaft, On this basis, if the fuel flow i
reduced by 38% while maintaining constar
rpm, then the turbine will only be developin
roughly enough power to drive the compresso
and there will be no available power at the pro
pellor shaft, By 'throttling'' the engine by re
ducing both rpm and fuel-air ratiothe situatio
is greatly improved and zero power at the pro
pellor shaft is now obtained at about one-thir
fuel flow (as shown in Figure 2-17) instead ¢
at about 62% fuel flow,

178 The above indicates that "throttling"

turbo-prop by a process similar to that use
with a piston engine is not economical in re
spect to fuel consumption. Fortunately, how
ever, there are two {or possibly more) ef
fective ways out of this situation. The first i
to really throttle the engine (that is, make i
use lessair )by increase of altitude while main
taining substantially constant fuel-air ratioan

rpm. The power absorbed by the compresso
will fall off practically in proportion to the at
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Figure 2-16 Sea-level Test Stand Performance of a Turbo-prop Engine
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Figure 2-17 Sea-level Test Stand Conditions in a Turbo-prop Engine

mospheric density, Thus, at an altitude where
the atmospheric density is only 50% of that at
sea -level, the power absorbed will be only
about 50% of that at sea-level, while the shaft
power will be about 50% (or more) of the sea-
level power, Actually, due to the reduction of
temperature at altitude, the power absorbed
by the compressor will be still lower since it
takes less power to compress a pound of cold
air to a given pressure ratio than it does to
compress. a2 pound of hot air, Furthermore,
since the air was colder when it entered the
compressor, it will be colder after it is com-
pressed, and the fuel-air ratio can be safely
increased to bring the combustion gases back
to the limiting temperature allowable at the

chosen condition, (the limiting temperatu
for take-off is higher than that permitted
rated power) and in this manner more pow
per 1lb of air can be recovered in the turbir
The second way out of the "throttling’ proble
consists of a twin turbine engine driving
single propellor. By cutting out one of the t
engines, the specific fuel consumption at a
given altitude is as good at 50% power as it
at full power.

179 While it is not connected with the pro
lem of "throttling' a turbo-prop engine (in fa
rather the reverse), there is an important ir
provement of specific fuel consumption in flig
which results from the ramming air intak
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The ramming air intake increases the over

all pressure ratio of the engine. The over-
all pressure ratio is the ratio at atmospheric
pressure to the pressure at the compressor
discharge, If the ramming air intake produces
a pressure ratio of 1.2 and the pressure ratio
of the compressor is 4, then theover-all ratio
is 4.8 to 1, The higher the speed of the air-
craft the greater will be the over-all pressure
ratio. The higher the over-all pressure ratio

EO 45-5A-2
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‘the greater is the work available fromthe gases

by expansion through the turbine, While the in-
crease of over-all pressure ratio involves in-
creasedtotal workof compression, adecreased
proportion of this work is done by the com-
pressor. Since a decreased proportion of the
work of compression is done by the compres-
sor, the compressor absorbs a reduced per-
centage of the total turbine power and the fuel
consumption per shaft horsepower is improved,
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180 The jet effect of the exhaust of the turbo-
prop at high aircraft speed and high altitude has
a significant effect upon the fuel consumption of
the aircraft. The jet effect does not reduce
specific fuel consumption per shaft hp but does
reduce the consumption per effective thrust hp
(effective thrust hp includes net thrust of the
propellor and net thrust of the jet),

181 The total "full throttle' air consumptio
of 40-45 1b per hr per propellor shaft hp of the
turbo-prop may be compared with that of :
piston engine., The turbo-prop requires only :
small amount of air for cooling accessories
jet pipe, etc. It does, however, have a rathez
significant requirement of air for oil cooling
and this becomes increasingly important witt
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very high speeds at very high altitudes, but no
estimate of the weight of air required can be
given, The turbo-prop, of course, uses a large
amount of internal cooling air (roughly three-
quarters of the 40-45 1b per shaft hp hr) in
order to keep the temperature of the cycle
down to a level which the turbine can tolerate.
A modern piston engine will use about 6 1b of

EO 45-5A-2
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combustion air per hr per shaft hp and a total
of about 40 1b of cooling air per shaft hp hr,
This 40 1b per hr includes air for cylinder and
oil cooling and air for cooling accessories,
etc. Thus, the total air requirement of a piston
engine is roughly equal to that of a turbo-prop
engine at "full throttle', As the turbo-prop is
"throttled" (i.e. as fuel-air ratio is reduced)
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the comparison with piston engine becomes as hp and fuel-air ratioare simultaneously
less favourable. The piston engine, of course, duced for cruise, but this increase is sn
has an increasing specific cooling air demand compared to increase with a turbo-prop.
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DIESEL FUELS

GENERAL

1 Present high speed Diesel fuels are pe-
troleum fractions required to ignite sponta-
neously when sprayed as atomized liquid into
air which has been heated to 500 - 600°C (932-
1112° F), by rapid compression. High com-
pression ratios up to 14:1 are required to ob-
tain the high temperatures necessary for the
combustion of the fuel in the cylinder, which
then provides power to drive the engine.

POUR POINT AND VISCOSITY

2 The pour point and viscosity of Diesel
fuels have an important bearing on the oper-
ation of Diesel engines. The fuel must remain
pumpable at all conditions in which it is to be
used. Therefore the pour point must be low
enough to meet the frigid temperatures exper-
ienced at many stations.

3 The viscosity of Diesel fuel governs the
ease of atomizationof injected fuel. Excessive
viscosity leadstoincrease indroplet size which
lowers the speed of combustion. A minimum
viscosity may also be specified because back-
leakage in pumps and injectors may occur,
when the parts are worn, if the viscosity is
too low. This would reduce the power output
of the engine.

CETANE NUMBER

4 Cetane number for Diesel fuels corre-
sponds to the Octane number for gasoline. It
designates the ignition quality of the fuel and
is equivalent to the percentage of cetane, a
hydrocarbon liquid, in a reference sample.
Cetane has an arbitrary rating of 100, Fuel
which has a Cetane number above 500 is con-
sidered to be desirable for use in high speed
Diesels,

CARBON DEPOSITS IN THE ENGINE
5 The tendency for Diesel engines to form
carbondeposits in the combustion chamber, and
particularly round the fuel injector nozzles
is dependent on both the engine operating con
ditions and the properties of the fuel. Deposits

on injector nozzles increase fuel consumpt:
and decrease power output, because choking
the injector nozzles will upset the even d
tribution of the fuel spray. Such deposits o
build up into "cones'" around the injector nc¢
zles, finally breaking away when they beco:
unstable., The 'cones", having broken aw:
are obviously undesirable in the engine, anc
trapped between an exhaust valve and its s
may cause pitting or even more severe damay

6 It is normally found that the more vol
tile the fuel, the better it is againstcarbond
position, A carbon residue test, similarto tl
for lubricating oils, is carried out to pred:
the tendency for Diesel fuels to form carb
deposits, and thus a maximum carbon resid
is usually specified.

CLEANLINESS OF THE FUEL

7 It is important that fuels for Diesel e
gines are free from solid contaminants, T
clearances in injector nozzles are usually ve
small, solid contaminants may cause bloc
age of these nozzles, or blockage of the filter
if these have to cope with large quantities

solids. Solid contaminants in the fuel also i
crease wear in cylinder bores.

8 Dirty injector nozzles may often be r
cognized by continuous black exhaust smok
This may be due to carbon deposition arowm
nozzle, blockages inthe nozzle, or solid matt
between nozzle valves and their seatings allov
ing leakage of fuel, The remedial action is -
strip and clean the nozzles in accordance wi
existing instructions as soon as black exhau
smoke is noticed.

9 The corrosive tendencies of the fuel az:
usually specified. The sulphur content is mo:
harmful, in certain engines the sulphur cor
tent of the fuel has a direct bearing on the ra
of cylinder wear,
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SPECIFICATIONS
GASOLINE AUTOMOTIVE (TYPE 1 RED)
3-GP-1A (RCAF REF 34A/2)
) PROPERTIES INTENDED USE
1 The gasoline covered by this specifica- 4 The gasoline covered by this specifi

tion is clear, free from undissolved water, and
coloured red, The maximum permissible lead
content is 3.6 ml of TEL per Imperial gallon,
the maximum freezing pointis -51.1°C (-60°F),
and the maximum sulphur content is 0. 15 per
cent.

2 The Octane number of Type 1 gasoline
is 78in most areas of Canada. In the Provinces
of Saskatchewan, Alberta, that part of British
Columbia east of the one hundred and seven-
teenth meridian, Yukon Territory, and that
part of the District of Mackenzie west of the
one hundred ana twentieth meridian, a mini-
mum number of 76 is permitted for Type 1.

3 The Reid vapour pressure and oxida-
tion stability of commercial grades may make
them unsuitable for military uses, andtheyare
therefore emergency substitutes.

tion is intended for use in automotive and s
tionary engines of the intermnal combustic
spark ignition type requiring a carburant fu
It does not apply to materials known as aviat
fuel, nor heavier duty fuels in classes kno
as kerosene, engine distillate, etc.

FUEL OIL - DIESEL
3-GP-6 (RCAF REF 34A/71)

Properties

5 These fuels are hydrocarbon oils su
plied substantially free from water, grit,

other foreign matter likely to clog or dama
engines, The grade of fuel to be supplied
any locality at any one season of the year sh
conform tothe following tabulation, and unle
otherwise specifieddeliveries are made in a
cordance with this tabulation.

April October

Through Through

September March
Martime Grade 3 Grade 1
Quebec, Northern Grade 2 Grade 1
Quebec, Southern Grade 3 Grade 1
Ontario, Northern Grade 3 Grade 1
Ontario, Southern Grade 3 Grade 2
Western Provinces Grade 3 Grade 1
British Columbia, Northern Grade 3 Grade 1
British Columbia, Southern Grade 3 Grade 3
North West Territories Grade 1 Grade 1
Yukon ‘ Grade 1 Grade 1
New Foundland Grade 2 Grade 2
Labrador Grade 1 Grade 1
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INTENDED USE
6 This specificationappliesto fuels derived
from petroleum and suitable for use in internal
combustion engines of the compression-ignition
Diesel type.

AVIATION TURBINE FUEL
TYPE 2 - WIDE RANGE
3-GP-22A (RCAF REF 34A/159)

Properties

7 This specification applies to a fuel that
is suitable for use in aviation turbine engines.
This fuel consists of hydrocarbon compounds
(actually a blend of gasoline and kerosene frac-
tions} is clear and free from sediment, undis-
solved water, dangerous toxic substances, and
has a mild odour. The formationof gum is pre-
vented by the addition of approved inhibitors,

INTENDED USE

8 The turbine fuel covered by this speci-
fication is intended for use in aviation turbine
engines as specified in EO 45-1-2, Since air-
craft range is Somewhat less with this fuel than
with 3-GP -23A fuel, it is quite likely that the
specific gravity requirement will be increased
and the permissible gravity range reduced.

AVIATION TURBINE FUEL - TYPE 1
3-GP-23A (RCAF REF 34A/158)

Properties

9 This specification applies to a kerosene
fuel that is suitable for use in aviation turbine
engines. The fuel consists of hydrocarbon com-
pounds, is clear, neutral, free from undis-
solved water or any suspended matter.

INTENDED USE
10 The turbine fuel covered by this speci-
fication is intended for use in aviation turbine
engines as specified in EO 45-1-2, Eventually
the operation of jet engines on 3-GP-23A fuel
will be discontinued and all operations will be
performed on 3-GP-22A fuel.

AVIATION GASOLINES
3-GP-25B
GRADE 80 (RCAF REF 34A/186) LEADED, RED
GRADE 80 (RCAF REF 34A/1) LEADED, BLUE
GRADE 91/96 (RCAF REF 34A/79)
GRADE 100/130 (RCAF REF 34A/52)
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Properties

11 This specification applies to liquid fuel,
of various grades, suitable for use in aircraft
engines of the internal combustion, spark igni-
tion type. The fuel consists of hydrocarbon
compounds and may have limited amounts of
aromatics and ethyl fluid added., Anti-oxidants
may be added when required to prevent the
formation of gum. The 91/96 grade is dyed
blue, the 100/130 grade is dyed green, while
the 80 grade may be red or blue.

NOTE

This specificationwill soon include grade
115/145 now procured to MIL -F -5572
Specification.

INTENDED USE

12 The aviation gasolines covered by this
specification are intended for use in Aircraft
Reciprocating Engines as specified in EO 45-1-2,
In special instances, such as low temperature
starts, as specified in relevant EOs, Avgas
may be used in aviationturbine engines. RCAF
turbine engines may operate on gasoline as
specified in EO 45-1-2,

SUMMARY OF RCAF AIRCRAFT
GASOLINE AND TURBINE FUEL
SPECIFICATIONS
13 Specified requirements for aviation gas-
olines, see Table 4, and for aviation turbine
fuels, see Table 5, are subject to change as
knowledge grows and requirements increase,
and the values given in the tables are for guid-
ance only and should not be used in place of the
latest issue of the specification for each grade.
In some cases, the specifications may not agree
with statements made inthis Engineering Order
due to subsequent changes in specification re-

quirements,

PROPERTIES OF FUEL COMPONENTS
14 The data given in Table 5 are for refer-
ence only and are not intended for study by the
reader of this Engineering Order,

15  The use of complex chemical names of
compounds and illustration of their molecular
structure cannot be avoided if clear identifica-
tion is to be obtained. The reader will, how-
ever, have the data at hand if they aredesired.
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16 Except for Performance Number data,
the values given for the various properties are
the best available in the literature; if proper-
ties are not exactly known they are so marked.
The Performance Number data are only approx-
imate and are not suitable for specification pur-
poses. The values given in many cases are not
obtained by officially standardized knock test
methods; some of the compounds listed cannot
be rated by the current official test methods.
The values given are a guide to the usefulness
of the compounds inrespect totheir value from
the Performance Number standpoint when added
to various grades. Thus, the addition of ben-
zene + 4.0 ml, lead which has a lean Perform-
ance Number of 68 and a rich Performance
Number of more than 160, to Grade 100/130

can be expected todecreasethe lean rating and .

increasethe rich rating, and these expectations
are confirmed in practice.

17 However, behaviour of fuels in blends
cannot always be predicted from knowledge of
the knock properties of the pure components.
Thus, a blend of two pure compounds may be
better then either component. Addition of a
compound with a high lean rating in the ab-
sence of lead, may depress the lean rating of
Grade 100/130 and this is most likely to be
true if lead has only a slight effect upon the
added component, When considering the Per-
formance Number data it is well to bear in
mind that the Performance Numbers of the
grades below 100 are as follows:

Military [Performance Numben
d
Grade Lean Rich
80 58 not specified
91/96 76 88

Grade 80 has no rich Performance Number
requirement, There is, however, a corre-
sponding commercial Grade 80/87 having a
rich Performance Number requirement of 68,

18 The Performance Number data for nor-
mal heptane (Compound 5 of about 22 Perform-

EO 45-5A-2.

Paxrt

ance Number) and triptane (Compound 7) a:
worthy of comparison since both these con
pounds are heptanes (namely seven carbon ato
paraffins). '

19 The letters used in the structures of ti
chemical compounds signify chemical elemen:
as follows:

C equals carbon
H equals hydrogen
O equals oxygen
N equals nitrogen
Br equals braqmine
Pb equals lead

S equals sulphur

20 When two carbon atoms are linked with

single bar this indicates that those atoms car
not take on more hydrogen; when a double ba
links the two carbon atoms it indicates th:
hydrogen can be added by a process known a
hydrogenation, Thus, benzene {(Compound 1!
will take on six hydrogens and become cyclc
hexane (Compound 14) and the two di-iso-buty
lenes (Compounds 25 and 26) will add two ny
drogens and both become iso-octane (Compoun
8). Triptene (Compound 24) can be hydrogenate
and becomes triptane (Compound 7).

21 In view of the interest in aromatic:
nearly all of the aromatic compounds whic
can be used in current specification aviatio
gasoline are listed in Table 6,

22 The properties of carbon, hydrogen an
water are included in Table 6. The relativ
heats of combustion of carbon and hydroge
show why a high percentage of the latter is de
sirable in aviation fuels to secure a high he:
of combustion. The latent heat of evaporatio
of water when compared tothat of hydrocarbon
and alcohols explains the usefulness of wate
in reducing fuel-air mixture temperature i
piston engines and air temperature in turbin
ehgine compressors,

23 Compounds which are either of interes
as turbine fuels or which are used in illustrat
ing the turbine combustion problem are segre
gated in the last portion of Table 6, rather tha
being grouped in order as: paraffins, olefins
aromatics, etc.

89
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TABLE 4

SUMMARY OF RCAF GASOLINE SPECIFICATIONS *

3-GP-1T 3-GP-1A 3-GP-1A
Type 1| Type 2 |Type 1 |Type 2
80 |91/96 [100/130]115/145] 80 15 May | 15 Sept | 16 Sept |14 May
At least 10% evaporated at °F 167 167 167 167 155 155 130 140
At most 40% evaporated at °F 167 167 167 - -
At least 50% evaporated at °F 221 221 221 221 255 255 255 255
At most 90% evaporated at °F - - - - - - - -
At least 90% evaporated at °F 275 275 275 284 370 370 370 370
Sum of 10% +50% temp. min, °F 307 307 307 307 - - - -
End point max. °F 338 338 338 356 - - - =
Lead ml. /Imp. gal. max. 3.0 5.5 5.5 - 3.6 3.6 3.6 3.6
Colour {1) |Blue | Blue | Green White Red Other Red Other
than than
Red Red
Freezing point max, °F -76 ~76 -6 =76 -60 -60 -60 -60
[ Octane number lean min, 80 91 100 80 )
Performance number lean min. 58.3)| (76) 100 See Part 4jof
Octane number rich min, - 96 - - this EO
Performance number rich min. - (87.5)] 130 -
Heat value Btu per lb, min, 18700 | 18700] 18700 18700 - - - =
Sulphur per cent by weight max, 0,05 { 0,05] 0.05 0, 05 0,15 0.15 0,15 0. 15
Inhibitors permitted (3) Yes Yes | Yes Yes - - - -
Existent gum mg/100 ml. max, 3,0 3.0 3.0 4.0 7.0 7.0 7.0 | 7.0
Copper dish res. mg/100 ml, max. - - - - - - - -
Accelerated gum (5 hrs) mg/100 )
‘ml, max - - - 6.0
Accelerated gum (-il6_.hrs) mg/100 ‘ ) Oxidation §tability
ml. max, 6.0 6.0 6.0 =) 240jminutes minimur
Precipitate (5 hrs) mg/100 ml. max. - - - - - - - -
Precipitate (16 hrs) mg/100 ml. max. 2,0 2.0 2.0 - - - - -
Corrosion copper strip None None | None - Pass Pass Pass Pass
Water tolerance permitted ml, 2.0 2.0 2.0 2.0 - - - -
Reid vapour press. lb. sq. in. max. (4) 7.0 7.0 7.0 7.0 10, 0 10,0 13,0 13.0
Reid vapour press, lb. sq. in. min. 5.5 5.5 5.5 - - - = &
Aromatic amines permitted No No No No )
Aromatic permitted (5) Yes Yes Yes Yes ) Not Stipulated
Distillation loss per cent max, 1.5 1.5 1,5 1.5 & = # =

(1) If unleaded shall be white, +20 Saybolt (min.), If it contains 0,6 mis TEL it is coloured red.

(2) Dye concentrations are not specifieddirectly for military fuel but finished fuel must be within minimum and maxi-
mum military colour standards. Types of dyes permitted are specified,

(3) Inhibitors may be added to the extent required to prevent formation of excessive precipitate or excessive gum dur-
ing the oxygen bomb test. Not more than 0.25 pound of approved inhibitor may be used for each 5000 Imperial gallons of
finished fuel blend for the 16 hr test or not more than one-half this quantity for the 5 hr test., Several inhibitors are
approved for RCAF use,

4) Except that a vapour pressure of one psi greater for 1-GP-1A will be permitted at the refinery, or at delivery
from railway tank cars, ‘

(5) Aromatic content limited by heating value requirement,

* This summary is for general information only. Latest detailed specifications should be obtained from AMCHQ when
quality control is involved.




Part 4 EO 45-5A-2 Part ¢
TABLE 5
SUMMARY OF RCAF AVIATION TURBINE FUEL SPECIFICATIONS *
Specification 3-GP-23A 3-GP-22 3-GP-22A
Nominal Grade Type 1 (Cancelled) Type 2

Flash point, min., °F 103, 0 - -
Reid vapour press. psi min. - 5.0 2,0
Reid vapour press. psi max, - 7.0 3,0
Initial boiling point min. °F - - -
10% evaporated point, max, °F - - 250, 0
90% evaporated point, min. °F - 400. 0 -
End point, max, °F 572. 0 600. 0 550, 0
Colour White White -
Saybolt colour, max. +12.0 - -
Freezing point, max, °F -55, 0 -76.0 -76.0
Sulphur per cent by wt. max, 0.20 0.50 0.40
Mercaptans, per cent by wt. max. - 0. 005 0. 005
Inhibitors permitted (1) No Yes Yes
Residue mg/100 ml, max. (Air Jet Evap'n) 6.0 10.0 10.0
Accelerated gum (7.0 hrs) mg/100 ml. max. - - -
Accelerated gum (16.0 hrs) mg/100 ml, max, 8.0 20.0 20.0
Corrosion, copper strip None None None
Water tolerance permitted mls None 1 1
Specific gravity (60/60) max, (3) °API 63 58
Specific gravity (60/60) min. (2) *API - 45 40
Viscosity at -40°F, centistokes max. 15.0 - -
Viscosity at 100°F, centistokes min, - T - -
Aromatics % by vol. max, 22.0 25.0 25,0
Bromine No. max, 3.0 30.0 30.0
Heating value (lower or net) Btu/lb. min. 18, 300 18,400 18, 400

(1) Inhibitors may be added to the extent required (max. 1,25 lb. approved inhibitor for
each 5000 Imperial gallons of finished fuel) to prevent formation of excessive gum during the
oxygen bomb test. Several inhibitors are approved ior use.,

(2) Density of fuel at 60°F
Density of water at 60°F

* This summary is for general information only.

Latest detailed specifications should be
obtained from AMCHQ when quality control is involved,

k2
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TABLE 6

PROPERTIES
OF FUEL COMPONENTS
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i NO COMPLETE NAME STRUCTURE Vs | 2&
COMPOUND :2 :6
PARAFFIN 1| NORMAL PENTANE n-gogegeoton 16.8 | 83.2
ISOPENTANE OR WE
PARAFFIN 2 2-METHYLBUTANE ke s Len 16.8 | 83.2
" L} " L]
u-é-u
NEOHEXANE OR 2T
PARAFFIN 3 | 2.2 DIMETHYLBUTANE "E'"'_Z;f'f'" 16.4 | 83.6
]
"“.é—“ﬂ L]
PARAFFIN 4 | 2,3-DIMETHYLBUTANE Mg g bn o 16.4 | 83.6
PARAFFIN 5 | NORMAL HEPTANE "oge€gegago-gon 16.1 | 83.9
' "
RN,
PARAFFIN 6 |2,4-DIMETHYLPENTANE IR SR Y 16.1 | 83.9
LI I S |
TRIPTANE OR 2,2,3- y ugou wedew n <
PARAFFIN 7 | TRIMETHYLBUTANE ded e 16.1 | 83.9
oW
ISOOCTANE (OCTANE) S -ya-c-u,
PARAFFIN 8 | OR 2,2,4-TRIMETHYL- WeE-c-coc-Cou 15.9 | 84.1
PENTANE "hoguf W
H
2,2,3-TRIMETHYL e "o
PARAFFIN 9 'PENTANE n-E-z - E-E-E-n 15.9 {84.1
2,3,3-TRIMETHYL I R n
PARAFFIN 10 ! ,PENTANE ~-§ - : - &= : ® §-~ 15.9 184.1
Hel=-%

1. Llower heating value which does not aliow

2. Approximate values.

3. Current rich mixture knock test methods do not assign Performance Numbers to afcohols due

tested at very high specific fuel consumptions, hove very high Performonce Numbers. When
very high Performance Numbers and very high resistance to preignition.

for heat due to condensation of steam formed during combustion. 2545 Bty equals

one horsepower hour.

o their low heats of combustion. However, olcohols, if

blended with water the three alcohols listed oll have
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s | Bez | 285 | o R vie | ose | 35 KNOCK VALUE
2:2. Egg $3g é%;.. §E 5363 gg& £3% PERFORMANCE NUMBERS (2)
] oE¥g | 252 | &° =3 E5% 58% §.§: NO LEAD LEAD 4 ML,
= = <z” 3] 3 LEAN RICH LEAN RICH
97 | 16 154 | —201 | 19,300 | 101,000| 0.627 | 5.23 41 41 63 63
82 | 22 146 | —256 | 19,300 { 100,000| 0.621 5.17 76 - 120 130
122 | 10 131 | —148 | 19,200 | 104,000| 0.650 | 5.42 78 - 130 130
136 8 136 | —199 | 19,200 |{ 106,000] 0.663 | 5.52 » 85 —_ 140 |> 160
ZERO ZERO | 50 50
209 1.7 136 |—131 |19,200 | 110,000| 0.685 | 5.71 O.N ON. | O.N. | ON.
T (5) (5) (5)
177 3.5 127 | —183 | 19,100 | 107,000 0.674 | 5.61 62 62 95 95
178 3.5 124 { — 13 | 19,100 110,000| 0.691 | 576 | 140 200 200 300
2n 1.8 117 |—161 |19,100 | 110,000} 0.693 | 5.77 | 100 100 153 153
230 1.2 121 | —170 |19,100 | 114,000] 0.717 | 598 | 100 120 150 |>160
(6)
239 0.9 123 | —149 |19,100 | 116,000| 0.727 | 6.06 | 100 120 150 >160

Average mozimum values. Stroight-run gasoline used in Grade 73 may have o Performance Number of only 40 before the addition of lead (one mi.).

All volues in Performance Numbers except normal heptane. Zero octone number corresponds to a Performance Number of about 22.
> 160 means cbove 140.

At atmospheric pressure.

< 75 means below 75,

Pari
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TARLFE 6 (contrinuep
z
£3 | 23
C;L’:O:;D NO. COMPLETE NAME STRUCTURE ‘ég Eg
. u-z—u “ u-z-u .
2,3,4-TRIMETHYL- SRR B
PARAFFIN | 11 i wg o -d-g-don 15.9 | 84.1
PENTANE BRI R
.\". ;--
CYCLIC PARAFFIN| 12|  CYCLOPENTANE e 14.4 | 85.6
" ;‘c’u Z-
CYCLIC PARAFFIN | 13 | METHYLCYCLOPENTANE s 14.4 | 85.6
' B 2
wel_ B-u
CYCLIC PARAFFIN| 14|  CYCLOHEXANE :::Oc:: 14.4 | 85.6
n-? ?-h
" o
AROMATIC | 15| BENZENE OR BENZOL c@ 7.7 | 92.3
AROMATIC |16 | TOLUENE OR ToLUOL CQ 8.8 |91.2
R
ORTHO-XYLENE OR .
AROMATIC 117 | 1 2.DIMETHYLBENZENE CQ 25 1903
META-XYLENE OR .=
AROMATIC |18 | | e Y IBENZENE o Q 9.5 | 90.5

1. lower heating value which does not ollow for heat due to condensation of steam formed during combustion. 2545 Bty equals one horsepower hour.

2. Approximate valyes..

3. Current rich mixture knock test methods do not ossign Performance Numbers to alcohols due to their low heats of

ey

#,

tcohols, if

tested ot very high specific fuel consumptions, have very high Performance Numbers. When blended with woter the three alcohols lizl'cd all ha'vo

very high Performance Numbers and very high resistanze to preigniiion.
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Su %g;’ ;éa o if e oru | B2u KNOCK VALUE
g‘:z_ < g g 5 é § é 'g:_- g ; 5 :‘3 :-5 %‘s £ i3 PERFORMANCE NUMBERS (2)
50 | g2 | 252 | =% =e 55% 585 | 2wk NO LEAD LEAD 4 ML,
2 & = =53 2 b

<w x@ LEAN RICH LEAN RICH
236 1.0 123 (1—-165 {19,100} 115,000] 0.720 | 6.00 | 100 120 150 >160
121 10.5 167 |—137 18,800} 117,000} 0.746 | 6.22 65 100 100 |> 160
161 4.8 148 | —224 {18,800 118,000| 0.750 | 6.25 58 —_ 88 140
\77 3.3 154 |+ 44 |18,700| 122,000] 0.780 | 6.50 55 - 84 130
176 3.2 169 |+ 42 |17,300| 127,000| 0.881 | 7.34 68 g 160 68 |>160
231 1.2 156 |—139 117,400 |126,000| 0.869 | 7.23 93 > 160 95 |>160
292 0.3 149 |— 13 [17,500 ]| 129,000 0.882 | 7.35 a5 85 100 100
282 0.35 147 |— 54 (17,500 | 126,000] 0.866 { 7.21 | 100 [>160 |>100 ;>160

Averoge maximum values. Straight-run gasoline used in Grode 73 may have o Performance Number of only. 40 before the oddition of lead lone ml.),
All volues in Performance Numbers except normal heptane. Zero octane number corresponds 10 o Performance Number of about 22, |
< 75 meons below 75,

> 140 meaons above 160.
. At atmospheric pressure.

Pay
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TA Kl E 6 (CONTINUED)
z
: £& | 5z
TYPE OF . NO. COMPLETE NAME STRUCTURE gg §§
COMPOUND tg :6
PARA-XYLENE OR
AROMATIC | 19 | 1 4 DIMETHYLBENZENE ¥ CQ : 9.51 90.5
AROMATIC 20 ETHYLBENZENE CCCQ 9.5] 90.5
n-é-n
CUMENE OR »
AROMATIC | 21 | 1s0pROPYLBENZENE 3°©‘ 10.11 #%2
NORMAL PROPYL bbb ”
AROMATIC 22 BENZENE -¢-¢ c@ 10.1] 89.9
1SO-BUTYLENE OR ey
OLEFIN 23 | o METHYLPROPENE B - € 14.4]| 85.6
2,3,3-TRIMETHYL.- B ke A T <
OLEFIN 24 | | BUTENE (TRIPTENE) REEEEE. 14.4] 85.6
DISOBUTYLENE OR I S S
OLEFIN 25 2,4,4-TRIMETHYL R S I G 14.4| 85.6
-1-PENTENE LJ L] u-?-n "
“
DIISOBUTYLENE OR N SR T
OLEFIN 26 2,4,4-TRIMETHYL U RSP D 14.4| 85.6
-2-PENTENE L L N-f-u "
"
AROMATIC g
AMINE AND | 27 ANILINE K-c - 7.6| 77.4
ANTIKNOCK | .
1. Lower heating value which does not allow for heat due 1o condensation of steam formed during b ' ion, 2545 Bty 1s one horsepower hour.

2. Approximate values.

3. Current rich mixture knock test methods do not assign Performonce Numbers 1o alcohols due to their low heats of
tested ot very high specific fuel consumptians, have very high Performance Numbers. When blended with water the three
very high Performance Numbers and very high resistance fo preignition.

K.

tcohols, if

alcohols lia"ed all have
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Sc | Buz | 285 | o R wde | oww | E5. KNOCK VALUE

g; 3% g % §§ § %:- § E § §°= g E‘is ":;:,‘“S PERFORMANCE NUMBERS (2)

25 ofg £S5 | £° g: a5% 585 Ea% NO tEAD LEAD 4 ML

= <" £5 > LEAN RICH LEAN RICH

281 0.35 146 | 4 56 | 17,500 | 126,000| 0.863 | 7.19] 100 {>160 {>100 {>160

277 0.4 146 | —139 | 17,600 | 127,000| 0.869 | 7.24 93 |> 160 100 |>160

306 0.2 134 | —141 | 17,700 | 127,000| 0.864 | 7.19 78 |>160 93 |>160

319 0.15 137 —1147 17,700 | 127,000{ 0.864 { 7.19 78 |>160 93 |>160
20 65 169 | —221 |19,400 | 96,000} 0.595 | 496 -~ - - —_

172 3.6 124 | —169 | 19,100 | 112,000| 0.706 5.88 75 — 84 —

215 1.6 — —136 | 19,000 | 113,000| 0.716 | 5.97 64 — 85 |>160

221 1.4 — —~160 | 19,000 | 114,000| 0.722 6.02 64 —_ 85 [>160

364 | 0.04 187 |+ 21 |15,000 | 128,000 1.024 | 8.53 - - —_ —_—

4. Avﬁgc maximum values. Straight-run gasoline used in Grade 73 may have a Performance Number of only 40 before the addition of lead (one mt.).
5. Al valves in Perk
6. > 160 means above 160,

7. At otmospheric pressure.

Numb.

% A
normal hep

< 75 means below 75,

Zaro octane number corresponds to a Performance Number of obout 22.

: Part
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TABLE 6 (continuep)

- Part 4

F-E -2z
TYee OF NO COMPLETE‘ NAME STRUCTURE §§ ég
COMPOUND : ge 53
X
AROMATIC MONOMETHYL I {
AMINE AND | 28 ANILINE OR Nec - 8.5| 785
ANTIKNOCK N-METHYLANILINE "
AROMATIC e
AMINE AND | 29 2,4-XYLIDINE i 9.2(79.3
ANTIKNOCK S W
ﬂ:c:l "
AROMATIC ¥
AMINE AND | 30 2,6-XYLIDINE - . 9.2 793
ANTIKNOCK 4
<. L
H~Z-"
[_gesisen g
ANTIKNOCK | 31 | TETRAETHYLLEAD T A i A 6.2 29.7
¥
H-C-n
ORGANIC ETHYLENE DIBROMIDE o
HALIDE 32 |(1,2-DIBROMOETHANE) brgee 21 ) 128
'l\ ,I
NORMAL-BUTYL- Epres
INHIBITOR | 33 | b ARA-AMINO-PHENOL ‘Q" h e
w \‘I
DI-SECONDARY-BUTYL- o G AR S
INHIBITOR |34 | PARA-PHENYLENE Call e o e - | =
DIAMINE by ot L
poor
. H-Com "
DI-METHYL-TERTIARY- R _
INHIBITOR | 35 | PRI TERTIA c:@ , N
YA
METHANOL ow '
ALCOHOL |36 [ \\woop ALCONOL) - 12.6 |37.5

1. Lower heating value which does not allow for heat due to condensation of steam formed during combusfion. 2545 Btv equals one Rorsepowar hour

2. Approximate valves.
3. Current rich mi

knock test

tested at very high specific fuel consumptions, have very high Performan

very high Performonce Numbers and very high resistance to preignition.

thods do not assign Parformance Numbers to alcohols due to. their low heots of combustion. However, alcohols, if
ce Numbers. When blended with woter the three alcohols listed ofl have
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- s | 3z EE e OCK V

';:L 2;; -(-g: g._ ;:‘. zz'u: U:“c :—u KN C ALUE

97 - <3, = Sz 2 ok =3% | -3% PERFORMANCE NUMBERS (2)

£2 >22 ok & Oe g 34° g9 | Zo%

= =5 z o se o ~

32 ifs <2 | = B E5% 585 | g4% NO LEAD LEAD 3 ML.
< £ ® LEAN RICH LEAN RICH

384 0.02 172 | — 71 | 15,600 | 128,000 0.988 | 8.23 - = - -

420 0.005| 150 - 15,600 | 127,000 { 0.976 | 8.13 - - - -
422 0.005| 150 - 15,600 | 127,000 | 0.981 8.17 - - - -_
388

DE- 0.02 60 | —202 7,800 108,000 1.656 |13.8 - - — -
come (2)

269 | 0.5 83|+ 50| -— — 2185182 | -~ - - -
500

2) - — | +157 | — - - - - - - -
soo | o 4as | _ _ _ _ _ _ _
(2) (2)

480 _ _ 47| - o _ _ _ _ _ _

(2)

148 4.5 473 | — 144 8,600 57,000 0.794 | 6.62 75 (3) 1 <75 (3)

4. Average maximum values. Straight-run gasoiine used in Grade 73 may have a Perk Number of only 40 before the addition of lead {one ml.).
5. Al values in Performance Numbers except normal heptane. Zero octane number corresponds to a Performance Number of about 22.

&. > 160 means above 160. < 75 means below 75.

7. At atmospheric pressure.

10:
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TA B[[ 6 (CONTINUED')

- E -z
TYpe of NO COMPLETE NAME STRUCTURE gé gg
COMPOUND :2 :6
ETHANOL vy 1
13.1] 52.
ALCOHOL | 37| (GRAIN ALCOHOL) Mogmgoon
ISOPROPANOL e 13.4] 60.0
ALCOHOL 1 38 | 1soPROPYL ALCOHOL) Hoccecow 4 60
WATER 39 WATER | H-0-H na| —
H
AMMONIA | 40| AMMONIA (GAS) - 178 —
";zzgga,ﬁ”" STRAIGHT RUN
: + GASOLINE 15.5| 84.5
CYCLIC PARAFFIN| 41 (AVIATIONS
PLUS AROMATIC
“Iﬁﬁiﬁ:;:‘”" CATALYTICALLY ,
+ | 42| CRACKED GASOLINE i5 | 85
CYCLIC PARAFEIN FRVTATION,
PLUS AROMATIC
HYDROCARBON
PARAFFIN | 43 o?tKYéérTinzs 15.8 | 84.2
ALMOST ENTIRELY (MOSTLY )
CARBON 44| CARBON (sOLID) - c — | 100
HYDROGEN |45 | HYDROGEN (GAS) H-H 100 | —

1:dower heating value which does not allow for heat due to condensation of steam formed during combustion. 2545 Bty equals one horsepower hour

2. Approximate values.

3. Currert rich mixture knock test methods do not assign Performance Numbers to aicohols due 1o their low heats of combustion. However, aicohols, if
tested at vary high specific fuel consumptions. have very high Performance Numbers. Wher blended with water the three alcohols listed cii hove
very hiah Performar.ce Numbert cnd very kigh rasistance to preignition. )

102
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s | 8.2 | %34 | o 3c wiv | uwe | 25, KNOCK VALUE
g:i 3 é é § § g § %': § g E 3"3 § %": = g“s PERFORMANCE NUMBERS (2)
30 | 225 | 252 | &° £s E3% £8% | v NO LEAD LEAD 4 ML
32 | E%= | =58 12 33
3 e T LEAN RICH LEAN RICH
173 2.3 370 | —174 | 11,500 76,000] 0.790 | 6.58 75 3] <75 (3)
180 1.8 290 | —129 | 13,100 | 86,000} 0.786 | 6.55 75 3) <75 (3)
212 0.95 970 |+ 32 0 0 1.000 | 8.33 - - - -
-28 | — — |-108| — - GAS |GAS | — - - -
110 2 -
:} 140 - 0.68- 54 61 78 93
— 10 ¢ ). <-76 | 19,000 | 115,000 0.74 '6 (4) (4) (4) (4)
30 | 7
110 2 . .
0.70- 61 85 . 93 130
— T0 140 |<-76 | 19,000 {115,000 6
300 7 (2) 0.74 O] (4) @ | ()
200 | aBouT| 125 |._ .6 19000 l115000 — | — | 76| 92| 120 | 140
Py 1.5 | (2 ! 4 4| @ @ (4)
— - - — J1400]| - - - - - - -
. — | = ] — |s2000| — |oGas |eas | — | — | — | -

5. All volues in Performance Numbers except normal heptane. Zero octane number corresponds to a Performance Number of about 22.
6. > 160 means above 160.

7. At atmospheric pressure.

< 75 means below 75.

4. Average maximum values. Straight-ruri gasoline used in Grade 73 may have a Performance Number of only 40 before the addition of lead (one mL).

¢ Part

103



Part 4

EO 45-5A-2 ‘Part 4
TABRLE 6 (contnuep
YPE OF ' ?, § £8
c;n::oguo NO. COMPLETE NAME STRUCTURE g g g g
-8 z -0
PARAFFIN |46 METHANE s 25.1 | 74.9
PARAFFIN 47 ETHANE w-g-ge 20.0 | 80.0
PARAFFIN |48 PROPANE nefod-don 18.3 | 81.7
PARAFFIN [49| NORMAL BUTANE widdde 17.3 | 82.7
PARAFFIN |50 ISOBUTANE AT 17.3 | 82.7
PARAFFIN |51 | NORMAL DECANE edddLELLLEL 15.6 | 84.4
PARAFFIN |52 CETANE N N ATRIETY
cyclic - SE 4N
PARAFFIN OR |53 DECALIN® 13.1| 86.9
NAPHTHENE n-e\ A
" N- - é ¢ ~H M
SHIHIE
cYcL'c " N N "R Nw
PARAFFIN OR |54 |  2-CYCLOHEXYL ARG 14.4| 85.6
NAPHTHENE - . -
1. Lowar heating value which does not allow for heat Jqo 1o condensation of steam f d during 2545 B8t equals one horsepower hour.

2. Approximate values.
7. At ormospheric pressure.
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Part 4 EO 45-5A-2
o 3 w G -
e | sr | gz |5le|e, i3 | gar | eps| E3:
& %g §gg §§E g%: g ;‘:3 §§3 533 REMARKS
¥ | 82 | BEd | ExE|fT | za | Ss% | RE% gux
L« e
_ D Most important con-
336 259 - 219 296 | 21,500 - GAS GAS stituent of natural gas.
Second most important
.252 | —128 - 210 |—298 | 20,400 — GAS GAS | constituent of natural
gas.
Extracted mainly from
: : natural gas. Used for
224 | —44 — 183 |—306 | 19,800 - GAS GAS domestic purposes as
bottled gas.
Found in natural gas.
.210 31 — 165 |[—217 | 19,500 { 94,000 | 0.580® | 4.83(® | Used for domestic pur-
poses.
Found in natural gas.
.210 11 — 158 |—255 {19,500 | 91,000 | 0.5588) | 4,650} Used  to make alkyl-
afe. :
Straight chain. Found
.185 345 006 | 119 |—21 {19,000 | 116,000 0.731 | 6.09 it herosene.
Straight chain. May be
found in kerosene. Used
178 | 547 |<0.001| 98 [+65 [18,900 |122,000] 0.774 | 6.45 | (> Ot er scale
for rating Diesel fuels.
Example of high boil-
.151 374 0(;))4 135 | —40 }20,000 | 140,000] 0.88 7.4 ing naphthene.
Example of high boil-
.168 5((214); <0.001 I(g)s <-70 - — 0.825 | 6.88 ing naphthene.

8. Under sufficient pressure to maintain the fiquid state ot 68°F.
9. Properties shown are a mixiure of the two forms cis and frans, which are present ot moderate temperatures.

~Parti«
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EO 45-5A-2 ‘Part 4
.TA ﬂ[E 6 (CONTINUED)
.
- -2
28| z3
cc::«:!og:w NO. COMPLETE NAME STRUCTURE E g §§
a > [ SN )
x
"
NAPHTHALEME s ¥ 7
AROMATIC | 55 OTis Al “_c-" 6.3 | 93.
P
H
"i I‘-é'“
ALPHA-METHYL ke PN
AROMATIC | 56| A PHA-METHYL v OO ; 7.1 | 92.9
" "
I
AROMATIC | 57| 2-PHENYL-OCTANE e g 11.6| 88.4
n-C "
'y
-C=C-H
AROMATIC o
il 58 STYRENE “@:. 7.7 | 92.3
OLEFIN 59 ETHYLENE AN 14.4| 85.6
BUTYLENE-1 yays
OLEFIN 60 1-BUTENE gecgoen 14.4} 85.6

1. lower heating value which does
2 Approaimate values.
7. At atmospheric pressure.

not allow for hegt due 1o condensation of steam formed during combustion. 2545 Bty equais one horsepower ho



Part 4 EO 45-5A:2
- Sz 5c o
e | 5| fx2|z2%|e, | E5 | ggp | oges | 3
S| ogs | Sge| e |gEe| gz | 3% | B33 :de
¢ | 82 | s¥a | Esz | #% | 25 | 5i% | $8% | fux
@ o San gz :
Not found‘in petroleum
067 424 | SOLID| — [+176 | 16,700 — SOLID | SOLID | fuels. Most important
' : use is in manufacture
of plastics.
Can occur in fuels. Used
) in cetane number scale
076 | 473 | 0.003 [ 140 |—23 |16,700 | 140,000 | 1.022 | 8.51 | ¥sed for rating Piesel
, (2) (2) vels. Example of hig
boiling aromatic with
low H/C ratio.
‘ Example of high boil-
131 464 0.001 { 139 | —38 | 18,200 | 130,000 | 0.859 | 7.15 | ing aromatic with high
H/C ratio.
Can occur in fuel in
small quantities. Used
084 293 0.3 152 |—23 (17,400 | 132,000 | 0.908 7.56 for synthefic rubber
and in plastics.
Gas—used in manufac-
.168 | —155 _ 208 |—272 | 20,300 —_ GAS GAS | ture of ethyl alcohol and
other chemical uses.
‘ , Gas—used in manufac-
.168 | 421 62 168 |—302 19,500 | 97,000] 0.596 | 4.97 |ture of alkylate. Used
in motor gosoline.
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Part 4 EQ 45-5A-2 Part 4

TA ﬂl E 6 (CONTINUED)

COMPOUND NO. COMPLETE NAME STRUCTURE gg g 3
OLEFIN 61 cf;_’;f;&;‘:;é(m cc 14.4) 85.6
OLEFIN 62 1-PENTENE cc 14.4| 85.6
OLEFIN 63 -'I-HEPTENE : s ““u 14.4) 85.6
OLEFIN 64 1-DECENE ctcccc 14.4 85.6
OLEFIN 65 1-DODECENE cccccccccccc 144 85.6
DIOLEFIN 67 1,3-BUTADIENE AR 11.2 ] 88.8
ACETYLENE | 68 ACETYLENE ~ . |77 {923
ACETYLENE | 69 1-BUTYNE c:cc: 11.2] 88.8

1. Lower i\aaling valve which does not allow for heat due to condensation of steam formed during combustion. 2545 Bty equals one horsepower hour.
2. Approximate values.
7. At gtmospheric pressure.
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EO 45-5A-2

Part 4
£ 5z 5= @ ]
S Ss | fzz| | e, | %8 | pEs | grr| &
S | 83 | S3g| xR EEs| es 5%% | 53% | £5% REMARKS
¢ | 88 | g¥=| zs2| ¥% | =5 | 55z | 8% | Bux
X @ o -t : a @ g ; S =
Gas—used in manufac-
168 | 439 46 179 |—~218] 19,400 101,000 | 0.622 | 5.19 | ture of alkylate. Used
in motor gasoline.
168 | +86 | 19 | 154 |—265|19,300 | 104,000 | 0.642 | 5.35 | feund in moter gaso-
168 | 201 | 20 | 148 [—18219,200 | 112,000 | 0.698 | 5.82 | Found in motor gaso-
Straight chain. Can oc-
168 | 339 | 009 | 131 | —98 [19,100 | 118,000 | 0.742 | 6.18 | €Ur in cracked motor
gasoline or cracked
kerosene.
Straight chain. Can oc-
.168 416 0.015{ 123 | —32 |19,100 | 121,000} 0.759 | 6.33 | cur in cracked kero-
sene.
Straight chain. Can oc-
.168 545 |<0.001] 112 +39 19,000 | 124,000 | 0.783 | 6.52 | cur in cracked kero-
sene.
Used with styrene in
126 24 59 178 |—164 {19,000 | 98,000 | 0.622 | 5.18 | a widely used type of
synthetic rubber.
Produced from calcium
.084 |—1190n — — —114 |20,700 —_ GAS | GAS | carbide. Used for weld-
ing and cutfing.
126 | +48 38 186 |—194 | 19,600 | 106,000 | 0.65 5.4 —
10. The properties of trans-2 butene are simitar except that the freezing point is 60° higher.
11. The temperature at for ab

for example dry ice (solid carbon dioxide) vaporizes direcily at {or above)l —109°F. ot ctmospheric pressure.

} which the solid vapciizes directly at atmospheric pressure withou! becoming o liquid.
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Part 4 EO 45-5A-2 Part 4

TA ”l E 6 {CONTINUED)

- E [
TYPE OF z 8 z §
COMPOUND NO COMPLETE NAME STRUCTURE g ° g a
‘ &2 3
ORGANIC ebrrrye
NITRATE 70 AMYL NITRATE GEe et 95 | 51.3
ORGANIC .
SULFUR 71 BUTYL MERCAPTAN NsprgucmCagsu 11.2] 53.3
COMPOUND 'R
72 SULFUR . S -— -
73| HYDROGEN SULFIDE H-S-H 5.9 -

1. Lower heating value which does not ollow for heot due to condensation of steam formed during combustion. 2545 81y equals one horsepower hour,
2. Approrimate valyes. ’
7. At atmospheric pressure,
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Part 4 EO 45-5A-2
-] Su g’wz' 255 ° E‘E PP su | 5.
< o -3 S<x | 23 >3 Ego ﬁ';'o :-(-'o
= 23 s29 Zey | B8 ox 203 0e% £5% REMARKS
¢ | g8 | s¥5 | g%z |E% | 25 | Bix | 5B | Eex
2 = - ian gg 25
Used to improve com-
.185 305 0.18 | 121 |-139 - — 0.999 | 8.32 | bustion in Diesel en-
gines.
Oil of skunk. Similar
.210 | 208 0.9 | 151 |—177 |15,000 (105,000 | 0.836 | 6.97 | compounds found in
(2) (2) petroleum.
— 832 - — |4235 | 3,980 - SOLID | SOLID
_ —77 _ — |=122| 6,500 _ GAS GAS Found in petroleum

and natural gos.

Part .

11]






