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SUMMARY

Much useful data has appeared over recent years concerning the
problems incurred by contimued increases in operational altitudes and
adrcraft speeds. This report is an attempt to correlate a representative
amount of these data, and to present them in a farm suitable both for
general information and for project design reference, Frequent references
are made to the literature as guides to additional information., Some of
the work has formed the basis of research activities at Cranfield.

Note: Imperial Gallons are used throughout,

1 Imperial Gallon

I

1,20094 United States Gallons
1 United States Gallon

0,83268 Imperial Gallons,
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AVIATION FUEL PROBIEMS

AT HIGI ATRTTUDES AND HIGH ATRCRAFT SPEEDS

1 Introduction

Aircraft operation at high altitudes and forward speceds sets severe
problems regarding fuel quality, with resulting complications in aircraft
design, and limitations in perfarmance, The corrclation of up~to-date
information on fuel behaviour under these conditions should prove helpful
ot this stage, both tawards the appreciation of these problems, and as a
reference work for project design purposes

The final specification of aviation fuel properties is essentially
a compromise, in view of the many conflicting requirements., Details of
current Ministry of Supply specifications, given in table 1, indicate the
two basic types of aviation fuel, namely gasolines far piston engines, and
kerosines for gas turbines and other continuocus-flow combustors, The
rapid growth of the gas twbine engine in an era geared to the quantity
production of gasoline would, in the event of an emergency, have resulted
in an acute shortage of kerosine fuel., This led to the adoption of wide-cut
gosoline, produced from gnsoline and kerosine components, which is used
largely in service aircraft., A kcrosine of high flash point is specified
for navel aircraft carricrs, in order to meet shipboard safety requirements,
An additional specialised fuel is the low freezing kerosine, American
civil and service spccifications are designated by the symbols ASTM and
JP respectivcly, and their equivalence (with a few minor differences) to
British fuels is indicated in table 1,

The proportion of each fuel directly obtainable from the parent
crude oil can be gauged roughly from the extent of the distillation
tenperature range, It will be shown that certain of the properties
nccessary for high-speed high-altitude flight impose limits upon the
distillation renge of the particular fuel, and hence upon its availability.
In order to compare fuel properties, it is convenient to select some
representative property to fam a basis of comparison, Specific gravity
provides such 2 basis, and thc variations with specific gravity in a number
of relevant properties are shovnm in Pig, 1. It is intcresting to note
that, in modern turbinec~powcrcd aireraft, fuel quality requirements are
get to a very large degree by the aircraft fuel system rather than the
engine,

2. Fuel System Capacity

The fuel load, expressed as a fraction of take-off weight, ranges
fran about 5% in the light piston-cngined aircraft, to about 45% in the
long-range jet transport, In all airborne vchicles, mass is a vital
factor, so that the maximum encrgy content is required per pound of fuel
carried. In the case of piston-cngincd aireraft, the engine exerts
an over-riding requirement upon fucl type, and gasoline fuels of high



antiknock quality are essential, However, reference to Fig, 1 shows that
these fuels also exhibit the highest heating value/lb, for all the petroleum~
based liquid fuels available, Hence, gasolines satisfy both engine and
airoraft-loading requirements,

With the advent of the high-speed turbojet aircraft, the heating
value/gallon has become equally significant, since aerodynamic design
stipulates thin wing sections, and these restrict fuel stowage space,
Fig. 1 shows that heating value/gellon increases with specific gravity,
so that the volume-limited turbojet aircraft is more suited to a heavy
fuel in the petroleum range, The use of gas oil has been examined by
Sharp (Ref, 2) who finds that, when compared with kerosine, the capacity
payload range is reduced by 2 to 7% due to anti-freeze precautions, but
the exta;-geme range (full tanks and reduced payload) may be increased by
about 5

Refrigeration prior to fuelling has been proposed as one means of
increasing the fuel load in a given volumetric capacity, This system
would be expensive and inflexible, but has been used for distance recard
purposes (Ref. 3), where an aggitional L% yess wes supplied to an airoraft
by pre-chilling from 80 to 20 F, (27 to =7 C.) with sclid C0,. For gasoline,

1(:his esents a rise in specific gravity from 0,70 to 0,73 approximately
Pig, 2;.

Generally, both forms of expressing energy content are important for
high-speed aircraft equipped with air-breathing propulsive units, and this
has led to the derivation of a 'performance index' expressed as the ratio
between the products of these two heating values for the fuel in question
and for aviation kerosine, i,e,

CHU/1b, x CHU/gallon
K 3

Performance index =

where K for aviation kerosine is 84,0 x 106 approximately, in consistent
units., PFig., 3 shows performance index values of typical petroleum=
based fuels, together with some 'chemical'! fuels of current interest,

e Low Temperature Problems

Statisticel data are now available regarding the frequency of
occurrence of low atmospheric temperatures, and Fig. 4 indicates the
minimum ambient temperatures recorded during winter months within the
greater part of the northern hemisphere, The ICAN temperature curve is
included for compayxison., Information has also recently been made available
on the rate at which fuel cools after toke-off. For a given rate of climb,
this depends upon the thermal insulation of the fuel tanks, i,e, whether
the tanks are independent units fitted inside or outside the aircraft,
or formed from compartments in the airframe structure, with or without
flexible lining., The effectiveness of various thermmal insulating materials
is given by Sharp (Ref, 2).



Fuel temperature curves, based on results obtained during Comet flight
tests, are shown in Fig, 5. These indicate that the cooling rate of fuel
is less than the rate of reduction in ambient temperature, and that the
fuel terperature stabilises at a level approximately 25 C~ above ambient
when the flight spced is about 465 m.p.h. This is slightly greater than
that expected fram kinetic heating,™ and is due to incidental effects such
as the proximity of engines and warm air ducts.

In general, the minimum fuel temperaturg likely to be mect :|_n c:Lv:LZL
aviation is considered to be =55 C e.g. =80 C ambient plus 25 c®
kinetic heating at 500 m,p.h,, although the worst case is reprcsented
by the moderate-speced high~altitude ajreraft such as the Britarmia, in
which fuel temperatures as low as =58 C have been recorded (Ref, 55
Reduction in fuel temperature leads progressively to the formation of ice
and wex, and lower operating altitudes must be accepted on the rare occasions
vhen the minimum temperatures cbtain,

3.1. Ice Formation

Water is invariably prescnt in fuels due to contact with the atmosphere
during storage and during inward venting on descent, Some water dissolves
in the fuel, and Fig, 6 shows the variation with temperature of water
solubility, Any additional free water exists as a suspension, ultimately
settling in the tank bottom, and promoting corrosion. Cooling causgs a
precipitation of excess d:l_saolvcd water; a reduction from 15 to ~1070C,
for example, releases about + pint of water from 1000 gallons of fuel
Slow cool:mg normally permits the preecipitated water droplets to reach
the surface and escape to atmosphere, In rapid chilling, on the other
hand, the precipitated water apgglaomerates and adds to the free water
content,

Cooling below 0% causes the free water to freeze into ice crystals,
Supercooling may occur dovm to —6000, but impact or contamination then
causes instant freezing of water and same hydrocarbon hydrates, Slow
cooling results in larger crystals with a greater tendency to settlement.
Rapidly cooled water droplets and crystals of less then 5u size, however,
have a very slow settling rate, and are carried forward to the flowmeter
and low-pressure filters, A loose network of ice particles builds up on
the filter surfaces, resulting in an increasecd pressure diffcrential
and, eventually, complete blockage, Bypassing the blocked filter is not
recommended, since the small guard filtcr fitted to the engine fuel pump
can became ice~blocked despite the presence of engine heat,

; . 2
® Kinetic temperature rise = (A:r spe%om 2D h‘) c° approximately



3,2, Prevention of Filter Tcing

The standnrd test for water tolerance (maximum volume of water which
can be dissolved by a dried sample of fuel) scrves as a measure of the
concentration of watcr-soluble constituents, such as alcchel, and ensures
the suitebility of fuel supplies. Puelling techniques are controlled
rigidly as a prcecaution against the delivery of free water., These controls
include the use of efficient water separators in the distribution system,
and the periodic checking of water settlement in the ground storage tanks,
together with draining as necessary aftcr adequate settling time,

Free water concentrations down to about 0,02% w, are detectable
visually (scec Ref, 8), but recently a simple water detecting method
has been introduced for field use, capable of indicating the presence
of free water at concentrations as low as 0,003% w. (Ref, 9)., This figure
was selected on the basis that current airborne fuel heaters can accept
no more than a total water concentration of about 0,02% w., and that about
0,014% w. can be expected to exist in solution under inktial fuelling
conditions., This leaves a maximum permissible free-watcr concentration
of 0,006% w, , Which is now detectable by the new Shell method of taking a
sample through chemically treated poaper fitted on the end of a plastic
syringe,

Since the possibility exists of unsafe water concentrations, preventative
measures must be taken to avoid filter blockage by ice. In arctic
operation, the fuel can be allowed to cool below O'C in the storage tarks,
and the ice crystals removed by means of large efficient filtcrs during
aireroft refuelling, Refrigeration prior to fuelling is not recommended,
as outlined in paragraph 2,

5:2.1. Anti-Frceze Agents

One method of ice protection is the use of anti~freeze materials
to retain the liquid phase at low tempecratures, Solid anti-freeze
agents could be contained in a reploceable canister within the fuel
system, whereas liquid agents could be either injected into the fuel
stream at a given filter pressure differential, or added inikially to
the bulk fuel., Shell (Refs, 10 and 11) found such solids as chromium
trioxide, zinc chloride, calcium chloride, and caleium nitrate to have
successful anti-freeze action but to attack metals and/or rubbers,
The light alcchols (methanol, cthanol, and isopropanol) act as anti-frecze
liquids, and filters cen be de~iced within a few seconds aftcr injection,
The bulk addition of 0,4% v. of mcthanol to kerosine with a given free—
water congentration has been found to prevent ice formation at temperatures
above =50 C., Ethanol and iso-propanol are less effective,

A methanol concentration of 0,1% v. is sufficient in the complcte
absence of frece water and, in any case, a concentration greatcr than
about 0,15% v, would reduce the flash point of typical kerosine below
the specificd minimum of 100F. (See Fig, 7). Also, methsnol is relatively



insoluble in kerosine, so that efficient mixing is required initially.
Purthermore, the separation of aqueous methanol from the bulk fuel leads
to corrosion and detcrioration of adhesive materials, and to shart=-
circuiting of certain types of electronic fuel contents gauges. In felt
filters, aqueous methanol tends to accumilate, and any subsequent use of
non=odditive fuel dissolves away the methanol and could lead to sudden

ice blockage. British Petroleum has now produced an anti-~frceze fluid
which avoidg the above-mentioned difficulties, and has proved satisfactory
down to =35 C in a 0,5% v, addition to a kerosine containing 0,027% v.
totel water (Sce ref, 8).

3.2.2, Puel Heating

An alternative approach is to heat the fuel immediately upstream
of the filter when the pressure differential becomes excessive, This
mcthod has proved to be reliable, the heat being provided by hot air
tapped from the last stage of the compressor of a main gas turbine engine,
Automatic heat seloctign can be arranged and, in practice, the fuel can
be heated through 40 C~ in about 30 seconds, Extraneous heating effects
due to the proximity of wing de~icing systems have been found helpful,
but such systoms are not yet capable of giving complete or continuous
protection to the fuel filter,

3.2.3, Filter Design

An additional measurc of protection lies in the design of the
filter. Shel results (Ref, 12) show benefits from preliminary filtration
with a 100 mesh gauze situated upstream of the low=-pressure filter, and
the suggestion is made also that the filter area necessary to cope with
the wanter passed during the longest anticipated flight maynot be greatly
in excess of standard areas currently used, Research is also in progress
with sintered metal filters, and with hydrophobic surface treatments,

3e2.4. Air Dehydration

Shell resecarch (Ref, 12) sugrests that dissolved air collects
around water droplets and assists their passage to the surface where
they vaporise, This effect is noted when the fuel is stirred vigorously,
and the introduction of dry air to the agitated contents of a fuel tank
appears to be a possible solution of filter ice-bloekage,

3.,3. Fuel Freezing

On cooling, fuels continue to behave as Newtonian fluids (i,e,
viscosity independent of shear stress), and their viscosity increases
in the normal woy until an additional rise occurs due to the precipitation
of wax crystals (Fig. 8). This condition is represented by the freezing
point (the temperature at which crystals diappear on warming, the sample
having been chilled with stirring), which is approximately equal to the
cloud point (the temperature at which crystals appear, the sample being



chilled without stirring). Since fuels are mixtures of many different
hydrocarbons, there is no single freezing point, end the quantity of solid
material incrcases on further cooling, This produces a slurry of fuel
and wax, which remains mobile until apparent solidifdcation eventually
scts in at lower tamperatures, This condition is represented by the

pour point (the tamperature 5 F° above thot at which no movement of the
surface occurs when held verticolly, the sample being chilled without
stirring), although pumping is still possible below the pour point if
sufficient force is applied,

In the semi=solid condition, fuels exhibit the property of thixotropy;
that is, mechanical agitation causes a reversion to the normal Newtonian
fluid state (see photographs in Ref, 13)., Continued stirring prevents
the crystols from interlocking to form a wax matrix, and the normal
viescosity inerease only is found on further cooling,

3.4e Prevention of Wax Pormtion

With hydrocarbon fuels, wax formation at low temperatures is inevitable,
Nevertheless, certain steps can be taken by fuel suppliers and aircraft
designers to combat this difficulty. It has become clear that no current
laboratory test can predict the minimum temperature of pumpability.

The lowest temperature at which the contgnts of a fuel tank can be evacuated
is fourd to lie between about 3 and 15 C° below the conventional freezing
point, depending upon fuel type., A more representative test technique is,
therefore, necessary, and Strawson (Ref, 5) gives details of the new
Thornton Cold Flow Test in which the quantity of fluel ramaining in a

chamber is measured after flow hns been permitted to take place into a

lower chamber over a controlled pericd (e.g. 10 seconds) and at & controlled
low tamperature, The intercommecting orifice is large, so that the quantity
of fuel escaping depends primarily upon the yield value of the wax matrix
rother than the apparent viscosity, A hold-up in excess of, say, 30%

can be taken as a flow failure, The different low temperature events for

a. typical kerosine are represented in Fig, 9.

3.4.1, Puel Quality Control

The minimum operating fuel temperature expected has been seen to
be =55°C, Gasolines and wide-cut gasolines meet this condition satisfactorily
with a specified freezing point of =60°C, but kerosine (D.Eng.R.D.2482,
Avtur) is specificd dowmn to -l..OOC only, This situation led in 1955 to the
supply, and in 1957 to the specification, of a low freezing keposine
(D.Eng,R.D, 2494, Avtur/50) with a freezing point not above =50 C,
(See Table 1), This requircment is met by limiting the proportions of
heavy fractions, and Fig, 10 shows the effeet of final boiling point on
freezing point, Hence, as indicated in paragraph 1, anti=freezc require-
ments set a limit upon fuel availability,



3. 4.2, Fuel Additives

The pour-point depressont type of additive can be very effective
in the case of heavy hydrocarbons, such as lubricating oils, but little
effect has been noticeable when applied to kerosine, Strawson (Ref, 5)
suggests that this is due largely to the insensitivity of the pour point
tests, and reports a reduction of 15 C° in the pumpability limit of a
kerosine, as measured by the Thornton Cold Flow mcthod, when 1% of an
additive was incorporated, The action of promising additives was scen to
vary widely between fuel types.

3,4,3, Fuel Heating

Fuel in the pipelines can be heated to prevent blockage, as discussed
in paragraph 3,2,1,, and Sharp (Ref. 2) has made an assessment of the
effect of fuel tank heating requirements upon aireraft economics,

3., Tank Insulation

Fuel freezing within the tonks can be alleviated by means of thermal
insulation (See Ref., 2)., Penaltics of weight and bulk make this system
unattractive, but it is interesting to note that the thermal conductivity
of frozen kerosine is similar to that of rubber, and that the solidified
layer growing on the tank wolls provides a significant insulating effect
(Ref. 13). The rate of growth of the solidified layer is showm in Fig. 11,
The fuel in the layer is recovcred easily when the ambient temperature
riscs, but the condition is scrious in the case of wax build up in static
fuel lines,

3.4,5, Puel Agitation

It may become possible to exploit the thixotropic nature of hydrocarbon
fuels as a means of depressing the minimum operating temperature to well
below the pour point. Shell (Ref, 13) found that a combination of tank
rocking and booster pump recycling lowered the pumpability limit of fuels
by 8 to 11 C°, However, devclopment work would probably be necessary for
each individual design of fuel tank,

L, High Temperature Problems

In the case of stationary fuel tanks subjected to high ambient
temperatures for prolonged periods, vaporisation may account for a
significant loss of the more volatile fractions., Although the quantitative
loss might not be scrious, fuel quality may be affected to the extent of
difficult starting under subsequent low temperature conditions,

The much higher levels of temperature incurred by kinetic heating
at high airceraft speeds give rise to very severe problems of boiling
(see paragraph 5,2) and stability, The curves in Fig. 12 indicate the



variation of air stagnation taaperatures with flight speed, The vepour
pressure curves given in Fig, 13 show the marked rise at the higher
temperatures, The vapour pressure of kerosine, for example, which is
almost negligible gapproxm%tely 0.15 p.s.1i.) at the standard test
temperature of 1OOOF. (37.8 O), rises to no less than 25 p,s,i, at a
temperature of 200 C, corresponding to a Mach number of 2,0 at 10,000 f't
altitude, The problem is intcnsified when fuel is used as a convenient
heat sink for purposes of cooling engine 0il and aircraft equipment at
supcrsonic aireraft speeds, the surrounding air being too hot to act as
a ccolant,

In recent years, the clevated temperatures at supcrsonic speeds
have proved to be sufficient to cause oxidation and degradation of
the fuel resulting in thc formation of an insoluble sediment which
tends to restriction and blockage of the fuel flow (see photographs
in Ref, 17).

At higher lovels of tempernture (» 250%), sufficicnt thermal
cnergy may be present for the fuel oxidation reactions to lead to spontaneous
ignition, The standard ASTM laboratory test consists of assessing the
minimum temperature at which fuel droplets will ignite spontoaneously when
introduced into a heated flask of air at atmospheric pressure, The more
complex molecules are more easily ruptured when exposcd to thermael activity,
and Fig. 14 shows the general reduction in ignition level with increase
in specific gravity., Ignition temperatures vary inversely with pressure.
In the event of spontanecus ignition temperature becaming a limiting
specification requirement, fuels of low specific gravity will be required,
ond the use of inhibiting additives may be necessary together with a
limit imposed upon tark pressurisation,

Purging the oxygen from the tank free space would prevent spontaneous
ignition, but fuel molecules are liable to crack into light molccules
and carbon :ug the tamperature rises much above the normal distillation
limit of 370 °C,

L.1. Fuel Quality Control

Fuel degradation is a rccent problem, and no existing test technique
has been found suitable for the prediction of thermal stability in aireraft
fuel systems., 1In parsllel with tests conducted on a full-scale mock=up
fuel system, Esso (Ref, 17) are developing a flow test apparatus incorporating
o fuel heater and a heated filter, This is known as the ERDCO rig, and
thermnl stability is assessed on the time required to reach a certain
pressue differential across the filter, A similar test technique, known
as the CFR Fuel Coker test, is quoted in some American fuel specifications,

The development of assessment techniques of this kind has mnde
possible the detemmination of the most suitable types of fuel, and
the most satisfactory processes of refining, Segregotion of thermally
stable fuel stocks thus becomes a possibility, although this causes



additional complications and expense, American specifications now include
a thermally-steble wide~cut fuel (JP 6) for gas~turbine opcration at

Mach 2,0, and a thermally=-stable heavy kerosine of 0,9 specific gravity
(RT 1) suited to a high-speed ramjet aircraft.

The influence of additives upon thermal stability is being investigated,
but experience with conventional oxidation inhibitors has shovm an increased
tendency to deposit formation., In the case of one experimental additive
(Ref. 17), no chanical difference was found between deposits, but the
physical nature was changed from small gummy particles to larger crystalline
structures which had less tendency to filter blockage,

L,2, Aircraft Design Factors

The remarks applicd to the insulation of aireraft fuel tanks for the
prevention of heat loss and fuel freezing apply equally here, the object
in this case being the prevention of heat gain (see Ref. 16). Fuel cooling
in flight is difficult, in view of the statements made earlier, The
provision of refrigerating equipment within the aircraft is not impracticable,
but the cooling services could not be expected to extend much beyond the
needs of the crew and certain items of vital electronic equipment., Esso
results (Ref, 17) suggest that degradation is inhibited by controlling the
contact between fuel and oxygen. This entails the removal of dissolved
air, and the provision of inert gas blanketing in the fuel tanks,

L Low Pressure Problems

Ambient pressure falls at altitude, as indicated by the ICAN curve
in Fig. 15, In a freely vented tank, these pressures are exerted on the
surface of the liquid fuel, and reduction in pressure leads progressively
to the release of dissolved air and to fuel boiling,

5.1, Air Release

Hydrocarbon fuels contain a small quantity of dissolved atmospheric

ases, which are released slowly on climbing to low-pressure altitudes

%G.g. 1 f£t.”/minute released from 100 gallons of gasoline at a climb

rate of 10,000 ft./minute), Since the solubility of oxygen is greater
than that of nitrogen, the released 'air'! is en~rich (see paragraph 6,1).
The volume of air involved is not great (Fig. O?It:g%, and can normally be
hondled without difficulty. However, supersaturation can occur, with
consequent foaming when agitated, The released air is saturated with fuel
vopour, but the loss of vapour caused by air release is not serious,

5.2, PFuel Boiling

Fuel commences to boil when the vapour pressure exerted by the
fuel reaches the level of the imposed pressure Since fuels are mixtures
of many different hydrocarbons, there is no single boiling point, and the
vapour pressure is the mean of those exerted by the individual components.
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As the imposed pressurc falls, progressive boiling occurs until the vapour
pressure of the least volatile component is reached. Fuel boiling is
responsible for serious loss of fuel through tank vents, and far vapour
lock in the pipelines,

If the imposed pressure is held canstant, boiling ceases when
the mean vapour pressure of the remaining camponents falls below this
level. The fuel is then said to have 'weathered!., Since vaporisation
involves the absorption of latcent heot, the boiling procecss results in a
cooling effect upon the remaining camponents, which reduces their mean
vapour pressure and so eascs the situation., Values of latent heat and
thormal capacity do not c'%ffc.r greatly between hydrocarbon fuels, and a
'I(:c:rzpc:»ratsire drop of 1.7 C /% weight loss is found to be reasonably ccmmon
Ref, 19).

5.2.1. Boiling Altitudes

The vepour pressures of the components, and hence of the fuel,
are a function of temperature, so that the boiling altitude is detcrmined
by the temperature of the fuel, as shown in Pig., 17. The altitude variation
of vapour pressurc for aviation gasoline is ineluded in Fig. 15. The
rapid climb case is represcnted by the constant fuel tamperature line of
15°C, and compared with the slow climb casc where the fuel temperature
follows the ICAN values, In practice, conditions would prcbably lie
somewhere between these two curves, biassed towards the constant tempcrature
line due to the low rate of cooling, Boiling commences ot the intersection
point, and would ceasec if the curves crossed again at a higher sltitude,

5.2.2. Boiling Losses

Smith (Ref, 20) gives curves for 100/130 Avgas showing the values of
fuel boiling losses obtained by calculation (Fig, 18)., The recduction in
the extent of loss due to self=-cooling is clearly evident., As showvm in
the figure, the authors compare thecir results with those obtained from
a flight test with an aircraft using similar fuel, Losses of 7% w.
are seen to be poasiblg at an altitude of 50,000 ft. with an initial
fuel Ecmperatwe of 15°C, and as great as 20% w, with an initial tenpecrature
of 50°C, Derry et al (Ref. 19) hove checked the following expression :-

V=X (H~H),
where W = % w, fuel toss at altitude H,
Hy = boiling altitude, in thousands of feet,
and found that X = 1,970/(8 + 1.937), where S is the slope of the ASTM
distillation curve between the 5% and Wh recovery points, in FP%,
The weiue of X was found to vary from 0,53 for 100/130 Avgas to 0,2 for Avtag,

Curves of boiling losses for turbine fuels are given by Shcllard (Ref,21)
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for initial fuel temperatures up to ?OOC. In view of the elevated temperatures
resulting fram kinetic heating, Shell has recently produced experimental
results for the boiling losses of aviation turbine fuels subjected to
temperature levels above 200 C, Fig, 19 shows these losses for Avtag,

Avtur, and Avcat,

5.2.3%. Preventive Measures

Fuel vapour pressure is the fundamental property controlling boiling
at altitude, so that selection of a low vapour pressure fuel is essential
for high altitude flight. Avtur (vapour pressure approximately 0,15 p.s.i.
at 100°'F) is, thercfore, more attractive than Avtag (3.0 p.s.i,) or Avges
(7.0 p.s.i.). Since a low vapour pressure requirement sets a limit on the
proportion of volatile fractions permissible, altitude boiling is seen
to be another of those problems which restrict distillation range, and
hence fuel availability

The next logical approach is to increase the tank pressure as high
as practicable above ambient in order to delay the onset of fuel boiling
until greater altitudes are reached, Strength and weight considerations
normally limit the degree of pressurisation to about 3 or 4 p.s.i. The
effect of pressurisation on boiling altitude is included in Fig, 17. It
is interesting to note that a significant degree of self presswrisation is
incurred if the size of the tank venting system is inadequate, Arklay
(Ref. 23) found that a 2 in, dismeter vent hole, with no external pipe,
is sufficiently small to create a pressure differential of 1 p.s.i, in a
300 gallon Avgas tank climbing at 3,000 ft./minute, Derry et al (Ref. 19)
found that the theoretical linear speed of the vapour escaping through a
2 in, diameter vent at 60,000 ft. altitude was no less than 1300 m,p.h,
for 100 gallons of 7 p.s,i, vepour pressure fuel at 10,000 ft./minute
rate of climb, The authors also give details of the extent of refrigeration
necessary to prevent boiling at 60,000 ft, altitude, A 2 p.s.i, vapour
pressure fuel, for example, requires the extraction of approximately
25,000 C.H,U, per 1000 gallons.

Vent design is also important from considerations of foaming and
slugging, Sudden releases of dissolved air or of vapour can project
foam, or even slugs of liquid fuel, into the vent pipe, considerably
increasing the overall loss of fuel., Exploratory tests carried out by
Derry show these phenomena to be more prone with full tanks, but to be
reduced by the presence of a film of adsorbed gas on the inner surface of
the tank, Details of tank pressurisation equipment are given in Ref, 24,
Research is also in progress on the condensation of fuel tank vapours,
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6, Inflammability Prcblems

Within certain ranges of temperature and pressure, the aire-vapour
mixture produced sbove the liquid fuel in aircraft fuel tanks will support
combustion, and will burn explosively on the addition of the necessary
energy for local ignition, This energy may be provided if the tank is
plerced by incendiary missiles,cr by metallic particles which are hot,
or which spark when striking intermal baffles., The variations in fuel
temperature and pressure, discussed in earlier paragrsphs, give rise to
chenges in the inflammability range for each aviation fuel,

The condition leading to tank explosion are similar to those obtaining
during a laboratory determination of flash point (the temperature level
to which the sample of liquid fuel must be raised at atmospheric pressure
in order to provide sufficient vapour to flash momentarily when exposed
to a naked flame), Since the flash point may be taken as the weak
inflammbility temperature limit, it is an indication of wvolatility,
so that flash points are expected to show a close relationship with temperature
levels of distillation, This is apparent in Fig, 1, the lighter fuels
having a flash point well below ambient, and hence not measurable under
standard conditions of test, The close relationship between flash
point and the 10% distillation temperature is shown clearly in Fig. 20.

The weak inflammable mixture cbtaining at the flash point is a fuel
vapeur concentration of about 1,3% v. , and this holds reasonably constant
over the whole range of hydrocarbon aviation fuels, A complementary
1limiting condition is visualised when just sufficient oxygen is available
for a momentary flash, and this occurs at a rich fuel vapour concentration
of about 7.0% v, for the hydrccarbon aviation fuels, These two limits,
therefore, encompass a mixture range of inflammability which, on the
temperature scale, is about 30 ¢°, The 'upper! flash points, which are
not normally measured in the laboratory test, are included in Pig, 1.

It is seen that fuels of about 3.0 p.s.i, vapour pressure are inflammable
under ambient conditions, whereas those of higher vapour pressure are too
rich to ignite, and those of lower vapour pressure are too weok,

Mixture 1limifs of inflaummability show little variation with reduced
pressure, but the temperature limits reduce progressively since vaparisation
takes place more easily, Eventually a pressure level is reached
(approximately 200 mm Hg, = 32,600 ft, altitude) at which the inflammable
mixture range begins to shrink, the movement of the rich limit being
perticularly marked, At a pressure of about 50 mm Hg, (= 61,500 f£t. altitude),
depending upon the energy of the igniting agent, the mixture range reduces
to zero, Similar trends are found in the inflamable temperature limits
for hydrocarbon fuels; those shown in Fig. 21 are derived from numerous
full-scale static tests in aircraft fuel tarnks, These curves show that
the wilnerability of aircraft fuel tanks to explosion depends upon the
initial fuel temperature, together with the rate of climb and subsequent
behaviour in the air, Kerosine, for example, would be the safer fuel to
use when operating with a low ground temperature and rate of climb, such



as a heavy troanspart airecraft in the arctic, and gasoline preferable for a
high~speed aircreft in the tropics, This conclusicon is in direct opposition
to that based upon heating values, Opcrationel fool tanperature curves

have been compared with inflamable tamperature zones by Ogston (Ref, 27),
as indicated in Fig., 22,

Inspection of t%e lower limit wvalues ot sea level in Fig, 21 shows
them to be about 7 C~ below the respective flash points determined in the
laboratory. This disagreement is duc to differences in geanetry and scale,
and to heterogencity of air-vapow mixtures within the free space
(Sece Fig, 5 of Ref. 28), The conventional flash point is, therefore, no
preeise criterion of explosion safety in an aircraft fuel tank,

Lightning would present a considerable hazard in the event of
inadequate bonding. Operational cxperience shows that lightning strikes
occur mainly at sharply curved surfaces, as 2t the tips of wings and
tailplanes (See Fig, 7 of Ref, 28). By testing model fuel tanks with
artificial~lightning-generator facilities, Robb et al (Ref. 29) show that
ignition of fuel ias likely only when the tank wnll is punctured, and that
aluminium~alloy walls in excess of 0,081 in. thickness are not normnlly
punctured when exposed to representative discharges, Lightning strikes
of greater magnitude, or domnge of greater confinement, would still be
dangerous, A major proportion of strikes in servgce is showm to have
occurred within the temperature range =10 to 4+ 10°C, and the low altitude
range of 6,000 to 14,000 ft, Fig, 21 shows Avtag to be the most hazardous
fuel under these conditions,

Static electricity prescnts another possible source of ipnition,
The charges build up either by the passage of water or dust particles
over the surface of the aireraft, or by the proximity of electrically
charged clouds, Again, bonding provides an adequate sefeguard, except
in the ranote possibility of static charges being generated due to motion
of the fuel within the tank,

6.1, Inflammability Beyond Equilibrium Limits

The terperature limit boundaries of Fig, 21 encleose the equilibrium
danger areas, but explosion is also possible beyond both limits under the
following circumstances, When liquid fuels are sprayed intec the air, the
greatly increased surface arec results in a correspondingly increased rate
of wvaporisation, and a greater effective volatility, ZExplosion thus also
becomes possible beyond the low tempersture side of the normal boundary
curve, and may occur when a missile enters a tank and causes the liquid
fuel to splash, Explosion on the high temperature side of these boundaries
is possible when the oxygen content of the air in the mixture is increased,
On climbing, oxygen-rich 'air' is relecsed (sce paragroph 5.1), the oxygen
content being about 33% v, instead of the narmal atmospheric value of
21% v, This displaces the boundary curve bodily through about 10 C° in
the high temperature direction (Sec Ref, 30), On diving, the ingress of
atmoshperic air through the tank vents provides explosive mixtures at



tamperaturcs hicgher thon the normel boundsry values, This follows as the
fuel vepour, nomunlly too rich to burn, diffuses relatively slowly into the
incoming air, and creatcs nenr the vent a regin of mixture whose strength
gradntes thu the wenk explosive range, When atmospherie air is used as
the pressurising fiunid to prevent fl...\.l boiling at altitude, the lower
effective nltitude within the tark trings the operating condition dovm
townrds the explosive range durding operation on the high tenperature side
of the boundary. These four ofioct arc illustrated for aviation kerosine
in FPig., 23, It is evidemt, therefore, that the many factors involved make
it difficult to find completcly safe operating conditions for any aviation
fuel,

6,2, Preventive Moosures

It is npparent that some kind of effective and continucus protecticn
agninat tark explosion is very desireble, perticularly when flying within

the cxplosion bm.mf‘!" riecs, The fuel qwxllty required depends upon flight
speed; a high flash point is neceded for low-speed high~altitude flight, and a
low flash point when flight speed is sufficient to incur appreciable

kinctic heating, Armoaw-plated fuel tanks are impractiecnble, but two main
pproaches exist, i,e, suppressing incipient explosions, and purging

oxygen from the fL ee spoce,

€,2,1, DIxplosicn Suppression

In all ignition processes, a finite poriod of time elapses between
he a;pli ation of energy and the initistion cf flame, If the delay period
s adeguate, the incipient explosion ecan be sensed and then uurprcsseu.
he upper curve in Fig, 24 shows the nomal growth in pressure immediately
prior to an explosion of a fuel=oir mixture in a confined space, he
lower curve indicates the pressure levels reached at the instants when the
dctector operntes and when the suppressant fluid is discharged into the
tonk contoats, In existing systems, the tobal pressure risc is limited to
about 3 p,s,i, cnly (Ref, 31). The irncipient explosion may be detected
by mecans of cithar o presswre=-scnsitive en psult, or a photocell, Tuel
itsclf moy be used as the suppressant fluid since the resulting cnrichment
precludes combustion, In this case, the tark contents are not contaminated,

ct

H

6.2,2, Incrt Gos Purging

A prerequisite to ignition is an adecunte concentration of oxygen,
and tests show that ignition is nct possible when the oxygen concentration
of the 'air' in an air-fuel mixturc falls fran the noarmel atmospheric
value of 2'?';‘1'-' v. to about 1?_;75 V., i.e, 8till considerably above zero
(sc,u Ref', 50). It is procticable, therefore, to carry gasecus nitrogen
in arder to purge the contents of the tank voapour space, and to reduce
their oxygen concentration below the danger limit, Additional nitrogen
is necded on the release of oxygen=rich air on climbing, ond to deal with
the incoming air on descent. Hence, nitrogen purging offers a meons of
conbinuous explosicn safety at any altitude or condition of flight, but



AP

it entails considercble weight penalties to cover a flicht of any appreciable
duration, A recent development of British Oxygen Lro Equipment Libd,, is

a purging system comprising a high=vecuum insulated containcr storing

liquid nitrogen, which is injocted into the campressor bleed air used to
pressurise the fucl tanks (Ref. 32).

An alternative source of purging fluid, which off'ers great attractions
of low weight and availability, is the combustion efflux from the main
propulsive engines, In the gas turbine engine, the mixture strength in
the primary zone of the combustion chambers should be very nearly stoichio-
metric, and the oxygen concantration negligible., Tcsts have shown that
fuel=cooled probes located in fixed positions in the primery zone will
sample gascs with on oxygen concentrati-n not exceeding 64 v. over o wide
range of engine opernting conditions (Ref. 33) The sampled gnses, cooled
and dried, are found to be suiteble as a purging fluid over all corditions
of flight, with the possible exception of diving with the main cngine
idling, In view of this limitation, it may be more satisfactory to
provide a separate combustor within the aircraft for purposes of producing
inert purging gases, A very close control must be maintained over the
oxygen concentration of the ocutput gnses, but the duties of such a system

W 13

could be conbined with those of on aircraft heater,
Ta Conclusions

It is evident from the foregoing discussions that fuel requirements
conflict, and that a compromise must be drawvn when setting limits for fuel
specifications, The fuel requirements, together with additional measures
of protection, ean be correlated by comn dering secparately the conditions
obtaining at high altitude, end at high aireraft spced, as in Tables 24
and 2B, and by means of a composite dingrem as in Fig, 25. The effects of
cireraft operntion under thesc two conditions may be sumorised as follows :-

(i) High Altitule Flicht. This incurs problems of filter blockage by
ice and wax, fuel foaming and boiling losses, and possibilities
of tank explosion with high flash point (kerosine) fuels at low
aireraft speeds, The low ambient temperatures asist in preventing
thermnl degradation and boiling loss in high-speed sireroft,

(ii) High Speed Flight, This incurs problems of fuel stownge space, fuel
boiling loss, filter blocknge by thermal degradation products, and
possibilities of tank explosion with low flash pJ_nt (c-wsollnc)
fuels, and at higher tamperatures, with high specific gravity fuels,
The kinetic heating assists in preventing filtcr blockage by ice
and wax,

In the hydrocarbon range, an application is seen to be appropriate
to each simificont fuel property. Using specific gravity agoin as the
main distinguishing property, the picture appears as follows ;e



(i) Low Specific Gravity Hysrocarbon Puels

High heating values per pound A1]1 aireraft applicotions
Low freezing points Low speed, high altitude
High vopour pressures Low speed, low altitude
Low flash points High speed, high altitude

(ii) High Specific Gravity Hydrocarbon Fuels

High heating values per gallon High speed

High freezing points High speed, low altitude

Low vopour pressures High speed, high altitude
High flash points Low speed, high altitude

With regard to the additional measures for combating these problems,
the following surmorising notes show certain techniques to be effective
in dealing with more than one problem ;=

(a) Puel Additives. These offcr possibilities of suppressing filter
blocknge due to ice, wnx and thermal degradation products, and also
the possibilities of tank freezing, and tark explosion due to
spontanecus ignition at very high flight speeds with pressurised tanks,

(b) Fuel Heoting, Although inmposing penalties of weight and camplication,
this is a practicable system of preventing filter blockage by ice
end wax, It is achieved by means of o heat exchonger fed with hot
air from the compressar of o main ges turbine engine,

(c) Fuel Cooling, This is o difficult and expensive process, but it
would permit the carriage of a greatcr mass of fuel in a given
volumetric capacity, ond the filtration of ice orystals during
fuelling, It would also assist in the prevention of beiling losses,
and of filter blockage by thermel degradation products,

(d) Puel Agitation, This assists in preventing filter blockage by
ice and wax, and loss of fucl by feoaming and slugging initiated
by sudden air releanse, It also assists thermal stobility at high
aircraft spceds, Tt could be achieved by continued recycling
with the booster pumps, in conjunction with suitable baffles in the
tanks,

o

(e) PFucl Pressurisation, This prevents boiling losses at high altitude
and at high ajireraft speeds, and can be achieved by tapping the
compresscer of a main gns-turbine engine, If an inert gas is used
a8 the pressurising fluid, this renders the tanks continuously safe
from explosion under all conditions, and assists thermel stability,
The stondard practice of fitting booster pumps at the tank ocutlets
minimisecs problems of vapour lock in the pipelines,




(f) Tank Insulsticn. This prevents filter blockage by ice and wax,
and the excessive build up of wax on the tank walls, in low-speed
aircreft at high altitude, It also improves thermal stebility in
high-speed aireraft,

(2) Explosion Suppression. This reduces the possibility of tank explosion
under all conditions, but is limited to a single operation during
a given flight,

The demands for higher and faster flight can be expected to become
more pressing, and the magnitude of the problems outlined above to be
correspondingly increased, One exception may be the problem of filter
blogkage by ice and wax, since ambient temperatures are not likely to
fall further, whereas aircraft speeds will continue to rise, and the
effect of kinetic heating to increase. An overall result will be an
increased trend from hydrocarbon to specially tailored 'chemical! fuels.
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ST IMVED LABOIUTORY TESTS QUOTED

Prra, Property 1.5, £.8.7.0MF
No. No,

14 Distillation 123/55 D86-53
To Specific Gravity 59/55 D1 298=51
2, Calorific Value 12/53 D24.0-50

3,2, Water Tolerance 98/, D1094=53
Baa Kinemntic Viscosity 71/55 DLLE-53
3,3, Freezing Point 16/l DY 0-53
Be3. Cloud Point 15/55 D97-L7
3.3, Pour Point 15/55 DO7-47
. Vapour Pressure 69/55 D323-52
L, Lutogencus Ignition Temperature - D286~30
6. Flash Point 33/55 D56-52

# These test procedures arc nominclly equivalent, but certein minor
differences exist,

British test techniques are detailed in the current editicn of "Stondard
Mcthods for Testing Petroleum and its Products", The Institute of Pctroleum,
26, Portland Plnce, London, W.1,, and Americon techniques in the current
cdition of "ASTM Standards on Petroleum Products and Iubricants", American
Society for Testing Matcrials, 1916, Race Strect, Philadelphin 3, Pa,,
United States of America,

Fuel specifications nomally indicete the methods to be adopted,



TABLE 1 TYPICAT. FURL, SPECIFICATION DETAILS PL.192 Rev,
TYPE GASOLINES (1) WIDE-CUT GASOLINZ KEROSINE  (2) HIGH FIASH KEROSINE
PROPERTY (AVGAS) (4vTAG) (&vTUR) (AVCAT)
D.Eng.R.D. No, & date 2485 1/12/5k 2L86 1/12/54 2482 1/3/57 2488 1/12/55
U.S. Equivalent - A.S.7.M, Type B (JP4) | A.S.T.M, Type A JP 5
Speoific Gravity Not Limited 0.751 to 0.802 0.775 to 0,825 0.788 to 0,845
Distillation {107 ePp LOZ at 75 % |4 207 at “*300 4 205 at 200% 105 at # 204,%
50% at 105 C 505 at 188 C
2( 90 at)13ic 90% at 24,3%
10 4 _50)5 155 G

£.b.7p. p 3 170°5 . - * 300.0% P 288%

Residue, ¢ ¥ 1.5 P»1.5 F2,0 F1.5

Loss, % 1’1.5 P1.5 Sl }1.5
Lower Heating Value €18,7 £ 18,400 418,300 418,300
B,Th.U, per 1b, (& 18 900 for 115/145)
Water Tolerance ml, 2 1 1 1
Freezing Point C Not above =60 Not above ~60 Not above =40 Not above =40
Va; Pressure at
100°F, in p.s.i. € 5.5 ana$ 7.0 42,0 and$ 3,0 - -
Flash Point  °F - - 4 100 4 140
Kinematic Viscosity - - ¥ 6 s, at O%F P 16.5 cs. at -30%
Aromatic Content - P 255 vol, ¥ 20: vol, F 25¢ Vol.
Bramine Number - >5 *5 x5
Total Sulphur, wt.% $0.05 % o.u0 ¥ 0.20 ¥0.40
Total Acidity
mgm, KOH/gm, fuel i +$0.10 - Po.10
Existent Gum/100 ml, + 3.0 mgn. + 7.0 mgm. % 3.0 mgm, 3 7.0 mgm.
Accel, Gum/100 ml, ¥ 6.0 mgm 14,0 mgnm, #6.0 mgm. 314.0 mgm

Notes 1
2

Includes 5 grades; 73/80 (both colourless), 91/96 (blue),
Avtur/50, D.Eng.R D
not above =600,

24,9 is identical to 2482 but freez:mg point not avove ~509C
J.P.6 is thermally stable.

100/130 (green), & 115/145 (purple).

J.P.1 freezing point




TABLE 24 FUEL CONSIDERATION IN HIGH=-AITTTUDE FLIGHT
OONDITICONS EFFECT FUEL REQUIREMENT ADDITIONAT, MEASURES
Dissolved water Water content minimised, Pre-refrigeratien and
precipitates, (Negligible difference filtration,
Free water freeszes, between fuels), Anti-freeze agents.
Filter blockage. Fuel heating.
I-Ilgh-speed ﬂl%h‘t
e Upstream mesh filter,
Increased filter area.
b Fuel agitation with dry air.
; Fuel freezes Low freezing point Fuel tank heating,
e progressively, (Low S.G. ). High speed flight,
Tank contents fail Low pour point (Low S.G.)| Tank insulation.
to flow, Fuel agitation (thixotropy).
Filter blockage.
Dissolved air (Vegligible difference Fuel agitation,
released, between fuels).
Low Foaming,
ambient Fuel boils, Low vapour pressure Tarnk pressurisation,
Vapour loss, (High S.G.). Booster pump,
pressure Vapour lock,
Low ambiert Level of explosion High flash peoint Explosion suppressien,
temperature terperature range (High S.G.). Inert gas purging.

and pressure

reduwces,




TABIE 2B TUEL CONSTIFRATIONS IN HIGH-SPEED FLIGHT
CONDITICHNS EFFECT FUEL REQUIREMENT ADDITIONAL MEASURES
Thin wing Fuel stamage capaocity High heating value per External tanks,
sections reduced, gallen, (High S.G., and Pre-chilling,
chemical fuels),
Vapour pressures rises Low vapour pressure Tank pressurisation.
appreciably. (High S.G.).
Vapour loss.
Sediment fomms, Thermal stability. Segregation of
Kinetic Filter blockage. (High peraffinic, and satisfactary fucl stocks,
low aromatig content), Selection of suitable
refining processes,
Additives,
heating Tank insulation.

Fuel cooling,

Removal of dissolved air
(agitation),

Inert gas blanketing.

Fuel temperature
reaches explosion range,

Explosion suppression,
Inert gas purging

Fuel temperature
approaches spontaneous-
ignition level,

High spontaneous-
ignition temperature
(Low 8.3.).

Ignition suppression
additives,
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