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Preface

The pace of development in the technology of aviation fuels is characterised by
continual striving towards distant targets, set initially for improved power , latterly
for greater economy, and constantly for reliability and safety . Following the
passage of a full decade since shock waves were generated by the first oil crisis, it
is now timely to review the role of fuel in the aviation sphere , and to make some
assessment of the future.

As in all branches of technology, the pressures of economics and policies are
dominant, and many a product of undoubted ingenuity has foundered through
lack of financial support or market matching. Nevertheless, from a scientific
standpoint, these factors are ephemeral , and can change drastically almost over­
night. These present studies , therefore , comment only marginally on prices, and
are concerned largely with such durable features as the properties of fuels,
together with the constantly growing quantity of data on fuel combustion
performance and handling characteristics. The implications of the degradation in
crude oil quality, which is already reflected in product quality, and the inevitable
demise of petroleum resources some few decades ahead , are noted in various
places throughout the book, together with a limited range of potential alternatives.
In summary, with continuation of research, development and good fuel house­
keeping and management practices, a cautious optimism appears to be justified
for sustained international aviation based on liquid fuels.

The aviation fuel picture presented here is largely from a British viewpoint,
with some reference to differences in the United States and elsewhere, and is
supported by brief indications of the historical roots, and of subsequent routes
to present and possible future practices.

The background knowledge for this enterprise has been gained by one of us
(R.A .V.) from a full career within the oil industry as a chemist engaged in
aviation fuels technology in the refinery, the distribution system and the research
laboratory, with service on governmental committees involving many investiga­
tions into user problems , and field experience with airline operators and engine
and component manufacturers. The other one of us (E.M.G.) embarked on aero­
nautical engineering before embracing fuel technology, and has been involved
for a similar period of time on the more academic side of research and teaching
in fuel property-performance relationships, with emphasis latterly on the
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1 Introduction

Aviation has become firmly established internationally both as a prime mover of
passengers and a significant handler of freight. Journey times benefit from the
chara cteristically high flight speeds , and also from direct routeing unimpeded by
coastlines or mountain ranges. The high operating altitudes, while imposing their
own problems of atmospheric conditions, minimise the costly and uncomfortable
effects of weather. Since the vehicle has to be supported as well as propelled, the
energies involved in aviation are high in comparison with slower forms of trans­
port , with values of payload-range per fuel litre reaching only 0.06 and less than
0 .01 respectively of the corresponding values for buses and supertanker ships .
The impact of recent turbulences within the oil world has underlined the key
role of the fuel element in airline technical accounting, and in effective military
operations. In civil aircraft, for example, the (fuel/direct operating) cost ratios
have increased from 0.25 in the early 1970s to about 0 .60 today . The cost
effectiveness of aviation fuels is therefore a key factor in the future viability of
aviation in general, and the airline industry in particular.

By the nature of the operational role of aircraft , and of fuel transfer to and
within their tankage systems, energetic fuels in the liquid phase are virtually
essential and, as outlined in this text, the types and qualities of the conventional
aviation fuels have been developed to a generally satisfactory stage . Usage of
aviation fuels is expected to reflect the continuing growth in air transport , with
a 50 per cent increase in annual consumption by the end of this century ; never­
theless this quantity will still not exceed about 6 per cent of the total petroleum
market. However , since an aircraft in difficulties cannot pull into a lay-by or drop
anchor, in-flight reliability is paramount, hence aviation fuel quality is vital , yet
this must be achieved and maintained with economic viability . This has always
been so since aviation became of age, with aeronautical engineering considered as
a particularly demanding discipline, and the aero engine as the athlete of the
species . Consequently, the requirements for quality will continue to be the more
precisely and thoroughly specified , on the lines shown broadly in table 1.1, in
view of the essential standards of reliability and the wide ranges of operating
conditions.

Studies of aviation fuels are therefore concerned primarily with both quantity
and quality as they affect availability, handling, performance and overall



Table 1.1 Quantities and Qualities of Petroleum Fuels in the U.K., 1982

Annual consumption Typical number of
Fuel type properties specified

Mtonne per cent

Avgas 0.027 14
Avtag/ Avtur /Avcat 4.477 21

--
4.504 6.0

Mogas 19.247 9
Derv 5.731 11

----
24.978 33 .0

Marine gas oil/ 2.761 3.7 13
diesel fuel/fuel oil

LPG 1.449 1.9 10

Other middle distillates 16.355 21.6 11

Industrial fuel oils 16.191 21.4 13

Other products + 9.362 12.4
refinery fuel

Totals 75.600 100 .0

Total (world) 2818 .8

economy in terms of both energy and costs. In consequence, this book explores
the technology involved with aviation fuels in their progress through refining,
distribution, storage, metering to the engine, combustion and subsequent emis­
sion to the environment. It complements this with discussion of the specification
data, and of the operational experience which helps to determine them. The
quantities of fuel involved with some individual aircraft covering representative
ranges of size and performance are shown in table 1.2.

Conventional aviation fuels are invariably derived from petroleum, and this
dwindling fossil resource is expected to continue in use for as long as is practic­
able . Fuel quality may tend to deteriorate to some extent, however, owing to
the inevitable restrictions in crude oil selection at the refinery, demanding greater
tolerance from fuel systems and engines. Concern over this demise of petroleum
thus raises questions regarding the continuation of supply of fuels of suitable
types and qualities. Longer-term trends in aviation fuels are therefore explored
in later chapters, based on supplementation with conventional-type fuels from
alternative sources, and eventual substitution with alternative fuels of widely
different properties. Several alternatives are seen to be feasible, but the possibility
also arises of the preferential reservation of petroleum fractions for aviation on
the basis that other types of fuel could be used by some other consumers.
Whether aviation can expect such favour remains to be seen but, in any case,
there is reason to believe that most types of aircraft can foresee fuelling well

2



T
ab

le
1.

2
F

ue
l

ca
pa

ci
ty

o
fr

ep
re

se
nt

at
iv

e
ai

rc
ra

ft
(D

er
iv

ed
fr

om
Ja

ne
's

"A
ll

th
e

W
or

ld
's

A
ir

cr
af

t,
19

80
-8

1
",

Ja
n

e'
s

Pu
b

lis
hi

ng
C

o.
L

td
,L

on
do

n
,

19
80

)

A
ir

cr
af

t
M

ax
.T

.O
.

Fu
el

m
as

s
(F

/T
.O

.)
m

as
s

P
ro

pu
ls

iv
e

th
ru

st
E

ng
in

e
M

ax
.c

ru
is

e
R

an
ge

C
ei

lin
g

m
as

s
(k

g
)

(k
g)

(p
er

ce
nt

)
(k

N
)

o
r

ty
pe

sp
ee

d
(k

m
)

(k
m

)
po

w
er

(k
W

)
(k

m
/h

)

B
ee

ch
cr

af
t

B
on

an
za

V
35

B
1

5
4

2
20

0
13

21
3

kW
P

33
8

13
26

5.
45

Je
ts

tr
ea

m
3

1
6

4
0

0
1

4
0

0
22

1
3

4
2

k
W

TI
P

48
8

77
8

9
.6

3
B

A
e

H
aw

k
7

7
5

0
1

36
5

18
25

.4
kN

T
/F

10
38

24
33

15
.2

4
\H

C
es

sn
a

C
it

at
io

n
II

I
8

8
4

5
2

82
6

32
32

.5
kN

T
/F

86
9

44
00

15
.5

5
H

S
12

5
II

56
6

3
70

0
32

33
kN

T
/F

59
2

44
82

12
.5

0
B

A
e

O
ne

E
le

ve
n

4
7

4
0

0
1

1
2

2
0

24
11

2
kN

T
/F

87
1

34
84

10
.6

7
A

ir
bu

s
A

3
0

0
14

2
0

0
0

4
7

5
0

0
3

3
44

5
kN

T
/F

91
1

33
34

10
.6

8
C

o
nc

o
rd

e
18

50
65

9
5

8
3

0
52

67
7

kN
T

/J
2

17
9

65
80

18
.2

9
L

oc
kh

ee
d

T
ri

st
ar

1
9

5
0

4
5

72
1

12
3

7
56

0
kN

T
/F

96
4

80
80

12
.8

0
B

oe
in

g
74

7
3

7
1

94
5

14
67

00
40

89
0

kN
T

/F
96

9
87

10
13

.7
2

N
o

te
:

V
al

ue
s

ar
e

ap
pr

ox
im

at
e

on
ly

si
nc

e
m

an
y

ai
rc

ra
ft

ar
e

av
ai

la
bl

e
in

di
ff

er
en

t
co

nf
ig

ur
at

io
ns

,w
it

h
ch

oi
c

e
of

po
w

er
pl

an
t,

dr
op

ta
nk

s,
lo

ad
in

g
et

c.
P

=
Pi

st
on

en
gi

n
e.

TI
P

=
T

ur
bo

pr
op

.
T

/F
=

T
ur

bo
fa

n
.

T
/J

=
T

ur
bo

je
t.



into the future, and that any technical and many economic problems that arise
are likely to be resolved by continuing development, as in the past. Nevertheless,
prudence entails close and continuing attention to the question of fuel supply
and usage.

In conclusion, the special fuels required for ultra-high performance aircraft
are examined, together with an indication of reactants used for rocket propulsion .
Simplified treatments of some basic fuel chemistry and fluid dynamics are
covered in the appendixes .

This book therefore attempts to review and prospect all the above features in
order to aid both understanding of the present situation , and decision making
for the future.
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2 Current Aero Engine Types

Propulsion within a fluid environment is generally achieved by the thrust created
as a reaction to the rearward acceleration of a fluid jet. Fluid acceleration can
arise either by driving a system of rotating vanes, or by releasing heat directly
into the fluid flow within a duct coupled with change in cross -sectional area
along the axis of the duct. The former method is employed with the combination
of aero piston engine and propeller, and the latter with the various types of ram­
jet and rocket engine. Turbopropeller, turbofan and turbojet engines, in that
order, represent gradation from the former to the latter method. Although a
claim for being 'first' with any development in aeronautics can lead to controversy,
since it depends largely on the definitions of 'flight' (height reached, distance
covered, time airborne, speed attained etc .), the following years mark notable
early uses of the different aero propulsion engine types :

1232 Rockets , Kai Feng, China
1903 Piston engine in Wright Flyer, U.S.A.
1939 Turbojet (von Ohain) in Heinkel He 178, Germany
1942 Pulsejet (Schmidt-Argus) in VI weapon, Germany
1945 Turboprop (Derwent 2) in converted Gloster Meteor,

U.K.
1947 Ramjet (Leduc 0-10) , France

2.1 Engine Concept Development

The aero piston engine derives its power from combustion within closed cylinders,
the resulting increase in pressure acting on pistons which rotate a crankshaft, and
drive through a reduction gear to the propeller. Combustion is spark-ignited, and
the pressure-volume events approximate to those of the theoretical Otto 'constant
volume' cycle. Engines based on the potentially more efficient Diesel 'constant
pressure' cycle have rarely been used in aviation since the need for compression
ignition entails very high compression ratios, and consequently heavy engines
of lower power/weight ratios.

Because of the fall in atmospheric air density with increase in altitude, the
power output of the normally aspirated aero piston engine operating at a fixed
throttle position shows a similar fall . Augmentation of power at altitude thus

5



requires a boost to the inlet pressure, and this was formerly achieved by means
of a rotary engine-driven supercharger which, coupled with an automatic boost
selector, maintained constant the inlet manifold pressure by progressively open­
ing the throttle butterfly plate. Since the back pressure at the exhaust ports also
falls with atmospheric pressure, this technique results in a slight rise in power as
the aircraft climbs, although some power must be provided to the supercharger
itself. Eventually, a 'full-thrott le height ' is reached at which the butterfly plate is
fully opened, the engine power then falling with further increase in altitude just
as in a normally aspirated engine. This is illustrated in figure 2.1, where it is
noted that plotting against altitude density, rather than altitude itself, gives
straight lines.

The next step was to change gear and drive the supercharger at a higher
rotational speed, which drew more power from the engine but extended the full
throttle height, gear change being effected at the 'trough height' . Clearly, the
optimal arrangement would be an infinitely variable speed drive so that full

Full throttle
height 1M)

Full throttle
height (F)

Locus of full throttle heights---
Trough
height

\
-, \-,

-

Altitude, m _

2500 5000 7500 10000 12500

1.225
Sea
level

1.00 0.75

_ Air density, kglm3

0.50 0.25

Figure 2.1 Altitude power variation for aero piston engine with two-speed supercharger
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throttle is just reached at every altitude above the initial power peak, giving
operation along the locus of the former full-throttle power peaks. This optimum
can be approached closely by means of a supercharger powered by an exhaust­
driven turbine, coupled with a waste gate to give precise control over supercharger
speed. The energy remaining in the exhaust gases can make a contribution to
thrust by being ejected rearwards . (In fact, it is reported that the Hurricane air­
craft, using a mechanically driven supercharger, achieved half its propulsive
thrust at altitude by exhaust ejection .) As well as multi-speed , the supercharger
developed into a multi-stage unit in order to permit intercooling for-control of
temperature, and thus density, of the compressed air. Eventually, the turbo­
compressor unit became so significant that the piston engine itself, with its
inherent complexities, became secondary, and was replaced by the much more
simple design of a fixed combustion chamber operating at the constant outlet
pressure of the compressor (figure 2.2).

The concept of the turbocharged piston engine thus evolved into the gas
turbine engine in which, as before, energy is extracted from the combustion
products to drive the turbocompressor unit , with some proportion of energy
remaining in the products to provide propulsion by rearwards ejection . In the
turboprop version of the gas turbine engine , most of the remaining energy is
extracted from the gas stream by means of the turbine, commonly using an
additional disc, and transmitted through shafting to a conventional propeller,
with a relatively minor contribution to thrust from the final jet. The overall
result is thrust achieved by a high mass flow rate of gas at relatively low velocity,
which promotes a high propulsive efficiency at low flight speeds, but less so
above Mach numbers of about 0.5 because of the loss in propeller efficiency.
Furthermore, additional weight and mechanical complexity is involved with the
extra turbine , reduction gear and the variable pitch mechanism for the propeller.
In the case of the turboshaft engine for helicopters, the energy from the
additional turbine is taken to the rotor.

The decay in propeller efficiency at high flight speed led to the development
of the turbofan engine in which some of the engine air is bypassed through a
ducted fan mounted either upstream of the compressor, or on the periphery of
one of the turbine discs. The pitch of the fan blades can be made variable, and
can serve in reverse for braking. Current development centres on a high-efficiency
propeller comprising thin highly swept blades , termed a propfan , together with
the hybrid turbofan-prop engine comprising a turbofan engine with one of these
advanced propellers. The turbojet engine is used for higher flight speeds where
the energy remaining in the gas downstream of the compressor turbine is applied
direct to the propelling nozzle for conversion to thrust. Since the conversion
efficiency is greater when fluid momentum is achieved with a high level of mass
flow, rather than velocity, in some designs a portion of the air bypasses the
combustor and turbine units to mix with the main efflux immediately upstream
of the propelling jet, resulting in a bypass turbojet engine.

With further increase in flight speed, the ram effect of the entry air is such
that the resulting pressure approaches the levels required for efficient combustion

7
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Figure 2.2 Schematic of aero engine type development
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without the need for rotary turbine-driven compressors. In a relatively low­
per formance version of such a propulsive duct , an individual combustion takes
place which momentarily closes the entry air valves and generates a pressure
pulse leading to a compression wave along the duct. A fresh charge of air then
opens the spring valves automatically, and 're-aspirated ' air enters the rear of the
duct as a result of the reflected rarefaction wave. The next combustion takes
place, and the resulting compression wave ejects further combustion products
rearwards, together with the re-aspirated air which helps to increase the momen­
tum, and thus the thrust. This type of pulsejet is exemplified by the Schmidt­
Argus engine fitted to the German VI flying bomb which operated at 45 pulses
per second, and achieved flight speeds of about 650 km/h.

At higher flight speeds, the effect of the increasing cross-sectional area of the
entry diffuser is such that the increase of pressure resulting from the reduction
in velocity is now sufficient for combustion purposes. When the flight speed is
supersonic , the shock waves created at the duct entry further increase the air
pressure by reducing the velocity . This is the principle of the ramjet engine, and
the thrust necessary for high-speed propulsion is achieved by acceleration of the
combustion products through an exit nozzle .

In all the above duct-types of continuous-flow engine, flame stability within
the combustion chamber is established by some form of flow reversal so that the
velocity of the fuel-air mixture can be reduced to match the relatively low level
of its flame speed . Typically , an air velocity at entry to the combustion chamber
of 0 .2 Mach number is adopted . With very high flight speeds , of course , particu­
larly in the hypersonic range (> 5 Mach number) , the degree of diffusion
necessary would not be feasible . consequently diffusion down to , say, 2 Mach
number only could be effected, and combustion would be sustained at super­
sonic level to give the supersonic combustion ramjet (scramjet) engine .

In order to be completely independent of entry air speed, and of atmospheric
air for combustion, the rocket engine draws both its fuel and oxidant reactants
from within the storage volume of the vehicle itself. Although limited by reactant
storage space , the combustion process is freed of the inert nitrogen content of
atmospheric air, and can carry diluent-free oxidants, which eases the storage
problem and promotes particularly reactive combustion .

The regions of aero engine applications as they appear at present are shown
in figure 2.3, and a review of representative data is given below .

2.2 Aero Piston Engine Data

Of the power units used for the propulsion of manned aircraft , the spark-ignition
piston engine was the forerunner, and still represents a relatively high proportion.
Having progressed from the original 4 cylinder , 850 rev/min , 9 kW unit in the
Wright 'Flyer' of 1903 , aero piston engines reached a peak of development with
the 12,24 and even 48 cylinder high-performance variants at the closing stages of
World War 2, and have now returned to the more modest 4 and 6 cylinder in-line
or opposed units of up to 300 kW output for such purposes as training, sporting

9
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Figure 2.3 Operational regimes for main aero propulsion engines (derived from Allen and
other sources)
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events and light transport. Current design practice includes either air or water
cooling, carburation or direct fuel injection , and normal aspiration or super­
charging , usually turbine rather than gear driven . Compression ratios range from
about 7 to 9 , and engine speeds from 2750 to 5500 rev/min, with up to 6500
rev/min for some small two-stroke units.

A summary of some of the major features of aero piston engines is included
in table 2.1.

Table 2.1 Representative performance data for aero engines

Piston engine Turboprop Turboshaft Turbojet Turbofan

T.O. Power (kW) 300 4550 3580
T.O . Thrust (kN) 170 250
Cruise sfc (lJ.gfJ) 70 100 100
Cruise sfc (mg/N s) 25 16

2.3 Aero Turbine Engine Data

The higher-performance engines used for main transport and service aircraft are
largely of the gas turbine type in view of their high levels of power per unit mass
and per unit volume . In order to accept a high input of air for a given frontal
area , the larger gas turbine engines incorporate axial-flow compressors with up
to 17 stages, reaching pressure ratios of up to about 30. The smaller engines have
returned to the less expensive and more robust centrifugal-flow compressors
which suit the geometry of the combustor and turbine, and can now reach
pressure ratios of up to about 10. In some of these cases , a low-pressure axial
compressor is also fitted upstream .

The air flow from the compressor enters the combustor at about 150 sa]« ,
and is diffused rapidly down to about 25 m/s. Initially, combustion chambers
were of the individual tubular type only , bu t modern trends are towards the
single annular chamber and, sometimes, the combined tubo-annular design , each
with its own advantages and disadvantages. The fuel is usually introduced from
some type of pressure-jet or airblast atomiser, or as vapour via a vaporiser tube,
and the flame stabilised by means of air jets, coupled with an entry air swirler to
promote recirculation and flow reversal. About 28 per cent of the chamber air,
classed as primary, is used for combustion, the remainder entering progressively
downstream, first as secondary air to reduce the temperature of the combustion
products to about 1800 K to offset the effects of dissociation , and then as
dilution air to bring the turbine entry temperature (TET) down further to the
maximum level of about 1250 K permitted by the metallurgy of the turbine
blades . Higher turbine entry temperatures of 1600 K and above are achieved by
internal cooling of the nozzle guide vanes and turbine blades with air bled from

11
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Figure 2.4 Progress in aero turbine engine development (derived from Bennett and other
sources)

the compressor. Despite fuel residence times of a few milliseconds only, combus­
tion efficiencies under design conditions are high, typically 99 .5 per cent.

Turbine units are almost invariably of axial-flow design , and may extend to as
many as six stages. In the turbojet engine , the turbine unit is designed to absorb
just sufficient energy to drive the compressor unit (plus accessories), and is
linked to it by single, double or triple co-axial shafting. The expanded gases then
provide jet thrust by developing kinetic energy through a convergent propelling
nozzle or, in the case of supersonic engines with high exit pressure, a
convergent-divergent nozzle . Reheat downstream of the turbine is employed to

12



give additional thrust for take-off, climb or transonic operation . Levels of take­
off thrust, or equivalent shaft power, and minimum cruise specific fuel
consumptions are shown in table 2.1. Thrust/weight ratios in excess of 6 are
achieved with aero gas-turbine engines. Curves showing developmental progress
in some of the major features of aero turbine engines are shown in figure 2.4.

Current turbine engine developments also include variable geometry so that
more than one design point can be achieved by means of adjustable intakes,
exhaust ducts, and bypass valves. The mechanical and thermal strengths of
turbine blades are being improved by casting in a temperature gradient on a
directionally solidified basis in order to reduce the number of weak grain bound­
aries between individual crystals. The casting of blades as single crystals is even
more effective, and further improvement is expected when ceramic blades
become practicable. Other developments likely to improve fuel performance in
aero turbine engines are the increase of pressure ratios to the level of 40, geared­
down turbofans, smaller faster-running compressors with fewer stages giving
shorter and stiffer engines, samarium-cobalt generators to feed gearbox
accessories mounted in non-drag-inducing locations, and matched expansion of
blades and casing to minimise tip-clearance losses. When thrust level rather than
fuel economy is the criterion, possibilities arise of a whole family of hybrid
engines comprising turbines, ramjets and rockets in various configurations of
turboramjet, turborocket, and air-augmented rocket combined with a turboramjet.
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3 Current Aviation Fuel
Types

The nature of the fuel best suited to each type of propulsive engine is determined
principally by the characteristics of combustion in that engine, but all aviation
fuels must also meet the requirements of the aircraft fuel system, the distribution
system, and the financial climate generally . The two major groups of aviation
fuels that have developed in the above context are discussed below.

3.1 Aero Piston Engine Fuels

The abnormal form of combustion that primarily limits the performance of fuel
in a spark-ignition piston engine is the spontaneous ignition of the end gases in
the combustion chamber which gives rise to spark knock (see chapter 5).
Resistance to spark knock therefore constitutes the major requirement of the
fuel, and this can be met most effectively by the inherently low spontaneous
ignitability of gasolines. As outlined in chapter 5, spark-knock resistance is
expressed in terms of 'octane number' up to a level of 100, and of 'performance
number' thereafter. Prior to the development of standardised methods of knock
rating in the 1930s, fuel quality was assessed largely by the level of final boiling
point , a lower value of which suggested higher resistance to spontaneous ignition,
together with improved mixture distribution throughout the inlet manifold
which, in itself, limits the onset of weak mixtures, hot running cylinders and
consequent spark knock.

The development of aviation gasolines from the straight-run product of about
38 octane number used for the 1903 Wright 'Flyer' to the 115/145 performance
number fuel of today is covered in chapter 9. In the U.K., aviation gasoline is
given the Joint Services Designation of 'avgas' , and the range of several grades
available in earlier years was restricted to three types based on anti-knock grade
ratings of 100/130 and 115/145. In each case, the first figure relates to the per­
formance number under lean-mixture cruise conditions, and the second under
rich-mixture boosted takeoff conditions. The lead content is limited to 0.85 gil
in the standard 100/130 grade avgas, to 0.56 gil in a low-lead (LL) variant, and
to 1.2 gil in the 115/145 grade. Recently, 80/87 grade avgas has been re-intro­
duced into the U.K. since aero piston engines are now restricted more to the
lower ead of the power range.
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Complete specification details of the main grades of aviation gasoline are
given in table 3 .1, where anti-knock quality is seen to be the primary indicator
of fuel quality. Nevertheless , volatility is still an important property for a fuel
that is to be carburetted, and that must therefore find sufficient ambient heat to
vaporise without the benefit of prior spraying. The limits specified for the distil ­
lation curves are discussed in chapter 5, but it can be appreciated that this
property is less significant for engine operation when the fuel is finely divided by
spraying as in injection systems of fuel metering. Its importance in relation to
vapour generation in aircraft fuel systems, however, increases directly with the
operating altitude, ambient temperature and aircraft speed .

Aviation gasolines are colourless blends of volatile hydrocarbon components
ranging from about C5 to C12' but with average properties roughly equivalent to
a fictitious molecule C7. 3 H15 .3 of molar mass 103 g/mol, and hydrogen mass
14.98 per cent. Aviation gasolines comprise by volume some 65 per cent paraf­
fins plus naphthenes, 25 per cent aromatics and 10 per cent olefins (see
appendix I) , with a minimum level of 5 per cent aromatics set for the 115/145
grade in order to ensure sufficient swell for joint sealing and diaphragm opera­
tion. Avgas boils over the range 46-145°C, and has a density of about 0.72 kg/I.

3.2 Aviation Turbine Fuels

From the early days of aero turbine propulsion, no major combustion phenomena
have been identified of significance comparable to that of spark kno ck in piston
engines. This made the highly refined blending of gasolines , with its essential
additives, unnecessary and enabled the heavier fractions to be accepted. In fact,
the initial reaction was that the gas turbine, even in its aero configuration , was
relatively insensitive to fuel quality. However , aircraft fuel system requirements
would not accept the high viscosit ies and freezing points of fuel as heavy as gas
oils, and subsequent development of the gas turbine engine to the limits of its
performance capability has reflected similar combustion-related stresses on the
fuel. The optimal aviation turbine fuel is now considered to be one that burns
cleanly so that problems of metal temperature , combustion deposits, corrosion
and particulate erosion are minimised . The kerosine fraction of petroleum
emerged as the most suitable compromise fuel , and kerosine-fuelled turbojet
aircraft entered service during the closing stages of the second World War.

Aviation kerosine, which is given the Joint Services Designation of 'avtur',
is a colourless blend of relatively involatile hydrocarbon components with
average properties roughly equivalent to C12 •5 H24 .4 of molar mass 175 g/rnol,
and hydrogen mass 14.06 per cent. Aviation kerosine is similar in many respects
to conventional 'lamp kerosine' used for wick-fed illumination , and more
recently for domestic heating systems, but particular care is taken over general
cleanliness and those properties controlling atomisation, combustion efficiency,
smoke and freezing . Avtur comprises by volume some 79 per cent paraffins plus
naphthenes, 20 per cent aromatics and 1 per cent olefins. Typically, avtur boils
over the range 144-252°C, and has a density of about 0 .8 kg/I. In the U.S.A .,
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43 .5

0 .14

7500

Table 3.1 Aviation gasoline specification DERD 2485 (Issue 9, June 1983)

Property

Grn~ W
Aromatics, % vol., min .
Colour, visual Red
Corrosion , cogper classification
Density at 15 C, kg/I
Distillation

Initial boiling point. °c
Fuel evaporation
10% minimum at °c
40% maximum at °c
50% minimum at °c
90% minimum at "C
End point. "c, max .
Sum of 10% and 50% evaporated temps, -c min .
Residue , % vol., max .
Loss, % vol., max .

Existent gum , mg/lOO ml, max .
Freezing point , °c , max .
Knock rating

Lean mixture , motor method
Octane number, min. 80
Performance number, min.

Rich mixture
Octane number, min. 87
Performance number , min.

Oxidation stability , 16 hour
Potential gum , mgj l 00 ml, max .
Precipitate, mg/IOO ml, max .

Reid vapour pressure at 37 .8°C, kPa, min.
max.

Specific energy , net , MJ/kg , min .
or

Aniline-gravity product, min .
Sulphur, total, % mass , max .
Tetraethyllead content, as g Pb/I, max .
Water reaction

Interface rating, max .
Separation rating, max .
Volume change, ml, max .

Electrical conductivity, pS/m, min."
max ."

·When static dissipator added .
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the specification for Jet A-I fuel is broadly equivalent to that for avtur, with its
low freezing point of - 47°C suited to international routes , whereas Jet A fuel
is specified down to - 40°C only and is used primarily for internal flights.

Once the viability of jet-propelled aircraft became apparent, the aviation fuel
market began to swing from avgas to avtur, and problems of supply were envisag­
ed. The strategic availability requirements of the military were therefore safe­
guarded by blending avtur with naphtha to promote a wide -cut gasoline,
designated 'avtag', with average properties roughly equivalent to CloHzo.3 of
molar mass 141 g/mol , and hydrogen mass 14.56 per cent. Typically, avtag boils
between 73 and 235°C, and has a density of about 0.77 kg/I.

Subsequent recognit ion of potentially dangerous concentrations of vapour
vented from fuel tanks within the confines of aircraft carriers led to the adoption
of a lower volatility kerosine of high flash point designated 'avcat', specifical1y
for Naval use . Avcat has average properties roughly equivalent to C13Hz4.8 of
molar mass 181 g/rnol, and hydrogen mass 13.81 per cent.

The major specification details of the various aviation turbine fuels are given
in table 3 .2 and, together with those in table 3.1, are discussed in more depth in
subsequent chapters. The specification numbering systems for U.K., NATO and
U.S. aviation fuels are given in table 3.3 , and the main applications shown
broadly in table 3.4 .

The fuels used by international airlines mostly conform to the standards
devised by the major Western governments , but some differences do occur in the
larger areas of the Eastern country groupings depending on the types of crude
available, methods of refining, and supply policies . In comparison with Jet A-l ,
for example, the jet fuels of the U.S.S.R . tend to be slightly lighter and more
volatile, with lower levels of viscosity and freezing point ( 60°C), and much
lower flash point (28°C). Such differences also exist among the Comecon
states, but appear to be lessening with the introduction of Western manufactured
aircraft into their fleets . Furthermore, ful1 tests on the Chinese export-quality

Table 3.3 Specification numbering systems for aviation fuels

DERD Spec . No. (NATO Code No.)
U.S. Mil.{ASTM Civil}

Fuel

Aviation gasolines
Aviation wide-cut gasoline
Aviation kerosine

Aviation high-flash kerosine

Avgas
Avtag
Avtur

Avcat

Without FSII

2485 (inc . F-I8)
2486
2494 (F·35)
{Jet A-I} *
2498 (F-43)

With FSII

2454 (F-4D) JP-4
2453 (F-34) JP-8

2452 (F-44) JP-5

FSII =Fuel System Icing Inhibitor (DERD 2451) .
*ASTM Jet A is similar to Jet A-I except freezing point is - 40°C instead of
-47°C, and it is used primarily within the U.S.A.
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Table 3.4 A viation fuel types and application

AERO PISTON ENGINE AERO TURBINE ENGINE

AVGAS
(Gasolines)

AVTAG
Wide-cut
Gasoline

AVTUR
(Kerosine)

AVCAT
High-flash
Kerosine

80 100LL 100

\, ~ ,/
\ 50% /
, !

General aviation

115

I
Few old
freighters

Military Civil and Military
(Europe, U.S.A.) (U.K .)

I
Naval

jet fuel show international Jet A-I standards to be met , with some properties
well on the acceptable side of the specification limit.

The needs for thermal stability and high energy density of the aviation fuels
used for high-speed flight have led to additional specifications of special fuels for
gas turbine, ramjet, supersonic-combustion ramjet (scramjet), and rocket engines
which are also covered in later chapters .
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4 Production

Aviation fuels can be produced from most crude oils, but the yields will vary
according to the source. Crude oils consist of mixtures of many thousands of
hydrocarbons, each of which has its own discrete chemical and physical proper­
ties. The physical property that is used initially in the refining of crude oil is
boiling point. It is clearly not practicable to separate hydrocarbons individually,
but they are divided by a process of distillation into product groups or 'fractions'
boiling within pre-determined temperature ranges. These fractions are described
as 'straight-run', and various processes are then used to refine the properties to
meet their required quality . As seen in the previous chapter, the two major
groups of product concerned in this study are the various grades of aviation gaso­
line, blended for use in aero piston engines, and of aviation kerosines for use in
aero gas turbine engines. The initial distillation process, and the subsequent
process routes for these two fuel groups, are discussed below.

4.1 Distillation

The crude oil is heated, under pressure to keep it in the liquid phase, firstly by
heat exchange with the hot products, which are cooled in the process, and then
by means of a pipestill furnace to a temperature of about 370°C . At any higher
temperature the crude oil would become unstable and commence to crack, that
is, the molecules would split apart forming smaller, and hence lower-boiling,
molecules, with the formation of carbon on the inside of the furnace tube walls.
Both these effects are undesirable as the resulting products would be difficult to
predict, and the furnace would quickly foul up . The crude oil emerges from the
furnace and is released into the fractionating tower at atmospheric pressure. At
370°C, most of the hydrocarbons in the crude oil are above their boiling points,
and so immediately vaporise or 'flash '. The position in the tower at which this
takes place is known as the flash zone. The fractionating tower consists of a series
of trays which are perforated to allow the vapours to pass upwards. As the
vapours rise they lose heat until they reach a position in the tower where the
temperature matches their boiling point, at which level they condense onto a
tray. The liquid on the tray then starts to run back down the tower where it
meets rising vapours, the interaction of the liquid refluxing with the vapours
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making separation of the different boiling fractions more precise. At equilibrium
conditions, each tray will collect liquid of a specific boiling fraction, which is
then drawn off from the tower as a sidestream .

The heavy residues do not vaporise in the flash zone but fall to the bottom of
the tower, taking some of the lighter boiling fractions with them. A coil fitted in
the base of the tower introduces superheated steam which strips off the light
hydrocarbons so that they can travel upwards and become sorted into their
correct boiling fraction .

A typical single-stage distillation unit is illustrated in figure 4.1. This shows

Fuel gas

Light naphtha

1------ Heavv naphtha

Aviation
turbine fuel

Gasoill
diesel fuel

Pipestill furnace

Cat. cracker
feed

Residual fuel

Distillate fuel

-,
I

Superheated I
steam I

I
L _ ......--"--"-----><-~

Fractionating to_

I ------

I
I
I
I
I
I
ISteam

Crude
oil

feed

Figure 4.1 Typical single-stagecrude oil distillation unit
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the crude oil being separated into gas, two naphtha fractions, kerosine, diesel
fuel, distillate fuel or heating oil, feed for the catalytic cracking unit and residual
fuel oil.

4.2 Aviation Gasolines

From the beginning of powered flight, gasoline has been used for the propulsive
spark-ignition piston engine , and the continuous incentives for more power from
less weight, together with operational flexibility , have been spurred on consider­
ably by two World Wars, in the second of which military aircraft played a very
significant part. These incentives, in turn, promoted continuous research and
development into the composition of aviation gasolines, and hence on the ways
of producing them . This progress was achieved by the close relationship between
the aircraft industry and engine manufacturers, as well as the airframe and systems
manufacturers, civil and military operators, and the fuel suppliers.

In this field, the research effort on fuel quality and production processes
virtually ceased at the end of the second World War in 1945 as, by then, the gas
turbine engine had appeared on the scene, and all future effort, by similar close
collaboration, was concentrated on jet aircraft.

The various grades of aviation gasoline discussed in chapter 3 all have similar
chemical and physical properties, differing only in their combustion performance
characteristics as defined by the knock rating tests at lean and rich mixtures, and
by the maximum amount of tetraethyllead (TEL) permitted in the specification
to achieve this performance . Owing to very low usage of aviation gasoline today ,
the number of grades was reduced to three , but has recently increased to four.

Aviation gasoline , to be versatile and non-restrictive in its use, requires very
closely controlled volatility limits indicated by the Reid vapour pressure and the
distillation tests . This immediately restricts the components that can he used in
its production. The fact that the performance requirements are high still further
reduces the available components. Because of the low quantity requirements and
the limitation on the type of components that may be used, very few refineries
now produce aviation gasoline at all, probably only four or five in Europe and
the Middle East.

Aviation gasoline is produced by blending alkylate, isopentane, catalytically
cracked naphthas and an aromatic-rich extract in various proportions depending
on the type of blendstock available at the refinery, and on the other products
required from that refinery . If, for example, alkylation units were being used as
a major means of producing high octane blendstock for motor gasoline, then
some of this would be cut to make aviation alkylate. If, on the other hand, the
refinery was making an aromatic chemical feedstock, then some of that would be
used to achieve the high octane rating requirements necessary to meet the
specification . There is a limit to the amount of aromatic components that may
be added to an aviation gasoline since they reduce the specific energy of the
blend . In practice, some 25-27 per cent by volume in the blend will meet the
minimum specific energy requirement of the specification. As there is no aro-
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matic requirement for the 100 grade in the U.K. specification, a light blend of
approximately 95 per cent alkylate and 5 per cent isopentane may be used.
However, the U.S. 100 grade gasoline does have a minimum requirement of 5
per cent aromatics, as does the U.K. 115 grade . This was included to ensure good
sealing of the bag-type tanks and fuel line seals by swelling the rubber. To
achieve this in the light blend, 5 per cent alkylate would have to be backed out
and replaced by some aromatic compounds. More probably , the aviation gasoline
would consist of a blend of alkylate, isopentane, aromatic extracts and some
naphtha, normally catalytically cracked. !sopentane is used because of its low
volatility and good octane response to TEL. The blend is so made up that, with
the specified amount of TEL added, it will meet the lean and rich mixture
octane requirements of the specification.

4.2./ Alkylation

In the petroleum industry, alkylation denotes a process to produce a high octane
gasoline blending component by the combination of olefins with paraffins. Most
commercial units react isobutane with olefins using sulphuric acid or hydrogen
fluoride as catalyst. The sulphuric acid process was discovered independently in
1936 by Bataafsche Petroleum Maatschappij in the Netherlands, and the British
Petroleum Research Laboratories in the U.K. This became a major production
process for high octane isoparaffins.

The alkylation reaction is complex, producing a series of side reactions, but
the main products are isomeric paraffins containing the sum of the carbons in
the isobutane and the olefin . The primary reaction will be.

Isobutane + isobutylene isooctane

+

(2,2 ,4 ·trimethylpentane)

Initially, these alkylation units were used almost exclusively for aviation
gasoline manufacture . Aviation gasoline demand required all that could be
produced to supply the high anti-knock component which had a very good lead
response. (This means that there is a significant increase in anti-knock quality for
the amount of TEL allowed to be used in the blend.) With the fall-off in aviation
gasoline demand, and the very large increase in demand for paraffinic or olefinic
components for motor gasoline to supplement the production of aromatic com­
ponents from catalytic reforming, alkylate is increasingly used in the U.S.A. in
motor gasoline .

25



Alkylate is an excellent blending component for aviation gasoline , not only
for its good lead response but also because it is essentially free from gum­
forming materials, and its performance in supercharged engines is superior to
that of catalytically polymerised gasoline . The quality of the alkylate produced
depends on the volume per cent of isobutane in the reaction zone, and on the
reaction temperature . Increasing temperature increases total alkyl ate yield but
reduces aviation yield and quality. When making alkylate for motor gasoline,
one can cut to an end point of 204°C , but this must be reduced to 170°C when
cutting for aviation gasoline to meet the distillation specification .

A typical sulphuric acid alkylation unit is shown in figure 4 .2.

4.2.2 Aromatics-Rich Blendstock

Where a refinery is run for chemical feedstock as well as for high octane motor
gasoline, it is more than likely to have a catalytic reforming unit. In this unit,
straight-run naphthas, essentially paraffins, are reacted over a catalyst so that
they initially form cyclic compounds of the naphthene type which are then
dehydrogenated to form aromatics. An example is

n-heptane
/

-- methylcyclohexane + H2 _ toluene +

H H H H H H H
I I I I I I I

H-C-C-C~-C-C-C-H

H
I I I I I I I

H H H H H H

In the total reforming reaction, only a portion of the feedstock completes
the cyclisation and dehydrogenation reactions, and a typical feedstock with a
boiling range of approximately 75-140°C would yield a reformate of similar
boiling range but containing 6 per cent benzene, 20 per cent toluene and 16 per
cent xylenes by mass, plus ethylbenzene. This product has high anti-knock
quality and is a very valuable motor gasoline component. If, however, an aro ­
matic chemical feedstock is required , the aromatic components may be
extracted from this product by a preferential extraction using various solvents.
The techniques are similar in both cases, but the solvents are different. The basis
of the process is that the feed , which has been pre-heated, is mixed with the lean
solvent in an extraction unit. The aromatics dissolve in the solvent , and the
raffinate leaves the top of the extractor. The aromatics-rich solvent leaves the
base of the extractor and goes to a column at a higher temperature and lower
pressure. This boils off the non-aromatic hydrocarbons which pass overhead,
and the bottom product passes to a stripper operating at about 190°C and
reduced pressure. The aromatics then pass overhead, and the solvent remains in
the stripper tower, passing out at the bottom and being recycled to the extrac­
tion column. This mixture of aromatics is suitable for aviation gasoline blending

26



~-------------__ Propane

lsobutane recycle

lsobutane -----1---1

Reactor

Olefin -------.l

Sulphuric acid ----J

Spent acid

~---_ n-Butane

Aviat ion
alkylate

Heavy
alkylate

A Deisobutaniser
B_Debutaniser

Figure 4.2 Schematic of sulphuric acid alkylation unit (derived from Penniston-Bird)

as all the products have high anti-knock values and are within the correct boiling
range . If they are required as aromatic solvents or intermediates in a petro­
chemical process then they will proceed to a conventional fractional distillation
column and be separated out into pure compounds.

The aromatics extracted in this process, and their boiling points, are as shown

Aromatic
Benzene
Toluene
Ethylbenzene
para-Xylene
meta-Xylene
ortho-Xylene

4.3 Aviation Kerosines

Boilingpoint tCJ
80.1

110.6
136.1
138.3
139.1
144.1

The kerosine fraction of the crude oil is the aviation turbine fuel known as avtur
or Jet AIA-I . To obtain this fraction, the temperature conditions in the tower
would have to be adjusted to give the boiling range required on the tray at the
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required sidestream draw-off point. Although the specifications are generous with
respect to distillation , no minimum initial boiling point being stated and the final
boiling point being 300°C, there are several restrictions on the boiling range of
the product. The front end , or initial boiling point (IBP), is set by the minimum
flash point of 38°C. This eliminates all the low boiling fractions , and gives a
typical IBP of 150°C . Similarly, the maximum freezing points of _ 40°C (Jet A)
and -47°C (avtur/Jet A-I) effectively set the final boiling point at around
250°C. These figures are only approximate , and will vary according to the crude
oil used. The demand for aviation turbine fuel and other products from the
refinery will also determine the percentage yield of aviation turbine fuel. If, for
example , the refinery wished to maximise its gasoline production , it may take a
wide heavy naphtha cut and so reduce the aviation turbine fuel yield by cutting
to an IBP of, say, 160°C. Similarly, it may wish to maximise diesel fuel by cut­
ting it as light as possible, again controlled by a minimum flash point, and so
reduce the FBP of the aviation turbine fuel. In these examples, the flash point of
the aviation turbine fuel would rise in the former, and its freezing point would be
lower in the latter, but as both would be well within the specification for this
fuel, it would have no detrimental effect on fuel quality .

From this it can be seen that there is a maximum yield of aviation turbine
fuel that can be obtained from a specific crude oil to keep within specification,
but the actual yield at anyone time will depend on the demands of both the
aviation turbine fuel and all the other products derived from the crude oil.

4.3./ Hydrocracking

High-pressure hydrogenation has been used for over 50 years as a method of
refining petroleum, mainly for gasoline . The original plants were by I.G.
Farbenindustrie in Germany in 1927, and both Standard Oil of New Jersey
(Exxon) in the U.S.A., and ICI in the U.K. operated similar units, all at about
21 MPa.

In the early 1940s , the introduction of catalytic cracking at atmospheric
pressure, together with the vastly increased production required, made the
hydrogenation process uneconomic, and it was hardly used thereafter.

The mid 1950s brought about another change in the U.S.A . in order to
satisfy a very high demand for high-quality gasoline and very little fuel oil. In
Europe the product balance from a barrel of crude oil was much more uniform
as there was a high demand for cheap fuel oil for power generation , so this im­
balance did not exist. Also, in the U.S.A., to meet the demand for high-quality
gasoline, there had been extensive install ation of catalytic reforming units. These
release significant volumes of hydrogen as a by-product. In this situation, the
U.S.A. recommenced hydrogenation, and the hydrocracking unit made its
appearance . This has many advantages over the old hydrogenation units. Firstly
it can destroy heavy products by using the unwanted fuel oil as a feed, and
secondly it is extremely versatile in its operation as it can be adjusted to obtain
different product yields. Using a gas oil feed it can be set to produce gasoline,
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initially of prime importance to the U.S.A ., but equalI y, with the heavier feed
incorporating high-boiling aromatic cracked stock derived from catalytic crack­
ing and coking operations , it produces gasoline and/or aviation turbine fuel and /
or diesel fuel. An example of these operations is shown in table 4 .1.

Table 4.1 Typical hydrocracking operation

Feed Density, kg/I
Sulphur, wt %
Nitrogen , ppm
Boiling range , °c

0 .920
2.9
820
360-530

By shifting the operating conditions, the major products may be altered to fit
demand .
The following examples show the product distribution in volume per cent for
three operating condit ions .

Prime operation products

Butanes
Gasoline
Aviation turbine fuel
Diesel fuel

Gasoline

II
89

Aviation turbine fuel

7
38
55

Diesel fuel

4
27

69

The mechanism of hydrocracking is similar to that of catalytic cracking but
with hydrogenation superimposed . In catalytic cracking, the major reaction is
the breaking of a carbon-carbon bond of paraffins into a lighter paraffin and an
olefin . This bond rupture occurs at definite locations and is not random .
Paraffins tend to crack in or near the middle of the carbon chain, with large
molecules cracking at several places at the same time . Olefins are the most
reactive hydrocarbons in cat alytic cracking and , once formed, they tend to
crack rapidly . In hydrocracking, once the carbon cha in has cracked, the cracked
portions are rapidly hydrogenated by the hydrogen , owing to the fact that the
system is operated under high hydrogen partial pressures . The rapid hydrogena­
tion prevents the ole fins being adsorbed onto the catalyst and then being de­
hydrogenated to lay down coke, as occurs in catalytic cracking.

Hydrocracking reactions require a dual function catalyst to crack and to
hydrogenate . The cracking function is supplied by the base, typically hydrogen
fluoride treated clay, alumina or silica alumina on which is supported the hydro­
genation function supplied by metals such as nickel, tungsten, platinum and
palladium . These catalysts are very sensitive to nitrogen compounds, which
readily break down to ammonia in the reaction and ncu tralise the acid sites . If a
heavy feed , of the type illustrated, is used with high nitrogen (and some can go
up to as high as 2500 ppm in nitrogen), then a hydrofining step for denitrogena­
tion and desulphuration is necessary.

A number of hydrocracking processes are now available. Since the 1973 oil
crisis, coupled with the severe tightening of environmental controls, particularly
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with respect to air pollution, interest has increased in Europe for this type of
equipment. Fuel oil demand has shown a rapid decline , but although total
demand for crude oil products has reduced, gasoline is holding to a small volume
increase, and aviation turbine fuel is increasing. This means that more conversion
units are needed to meet a changing product demand from less crude oil. One
such unit of great interest in aviation turbine fuel production, therefore, is the
hydrocracker . Its overall interest centres on its versatility . As shown in table 4.1 ,
it can be a major producer of gasoline, aviation turbine fuel or diesel fuel, and so
can go a long way to help with a refinery balance where only small quantities of
fuel oil are required. Modern catalytic cracking units with improved catalysts
can also achieve high conversion of heavy products to gasoline and heating oil
components, but there would need to be further processing to obtain the thermal
stability required for an aviation turbine fuel. By cracking and hydrogenating,
that is by hydrocracking, this objective is achieved, and at the same time the
aromatic content of the product is reduced to below that typically obtained by
straight distillation of a Middle East or North Sea crude oil. The product also has
a good smoke point , for good combustion, and a good freezing point to eliminate
low-temperature operational problems. A typical hydrocracking unit is shown in
figure 4.3 .

Single-stage reactors

Furnace

Untreated
feed --.of-

Separators

t----- Make-up hydrogen

Fract ionator

C•. C•. C.

C, • naphtha

Aviation
.---- turbine fuel

Liqu id
recycle

Figure 4.3 Hydrocracker - single stage UOP unicracking unit (derived from Ward)

A product with the correct boiling range is produced, as above, with the flash
point and freezing point also within specification , but most crude oils used in
Europe and the U.S.A. are described as 'sour' since they contain sulphur com­
pounds of various forms which are corrosive to the components used in an
aircraft fuel system and engine. Before the product is ready for use it has to go
through a finishing process to ensure that it is 'sweet', or non-corrosive with no
objectionable odour.
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4.4 Finishing Processes

Since middle distillates are light products, the 'sour' components are not too
difficult to remove or convert into acceptable components, and so one of several
finishing processes is used . These are known as sweetening processes as they
convert 'sour' components into 'sweet' ones by oxidation. The generic types of
sour components are mercaptans , which have objectionable odours and are
corrosive . They occur to some extent in sour crudes, with hydrogen sulphide
which also has an objectionable odour and is corrosive, but are formed mainly
by thermal and catalytic decomposition of sulphur compounds during distilla­
tion , cracking and reforming processes. For the kerosine type aviation turbine
fuels, the primary process is distillation.

4.4.1 Copper Sweetening

A sweetening process widely used for kerosine type fuels is known as copper
sweetening, in which the sour products are sweetened by direct oxidation. This
can be achieved by means of a liquid , slurry or fixed bed process . For kerosine
type fuels, the following fixed bed process is generally used . The sour charge is
sweetened by caustic washing to remove traces of hydrogen sulphide which, if
left in the feed, would deactivate the copper. The charge then passes through a
sand filter to remove any residual caustic soda and/or water haze, and subse­
quently through rock salt driers to remove all traces of free water. This is critical
as an imbalance of water in the reactor will adversely affect the process, which is
a net water producer. The charge is then warmed in a pre-heater to ensure that
all water formed during the reaction is kept in solution . Air is injected into the
line, and the air and fuel feeds flow upwards through the reactor bed of fullers'
earth which has been impregnated with cupric chloride . The product, which is
now sweet, is water-washed to remove all traces of acidity, and passed through a
sand filter to coagulate the fine water droplets, allowing them to settle, and
finally pumped to storage .

The main reactions may be represented as follows

I. 2 CuCl2 + 2RSH~ RSSR + CU2Cl2 + 2 HCI
Cupric Organic Organic Cuprous Hydrochloric
chloride mercaptide disulphide chloride acid

2. CU2Cl2
1 + 2HCl 12 CuCl2 + H2O+"2 O2

Cuprous Oxygen Hydrochloric Cupric Water
chloride acid chloride

The first equation shows the sweetening operation, and the second equation the
regeneration stage. In fact, there is a series of complex reactions occurring almost
simultaneously, but the overall reactions may be represented simply by the
above two equations.

A simplified flow diagram of a copper sweetening unit is shown in figure 4.4.
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Figure 4.4 Schematic of a copper sweetening unit (derived from Berridge)

4.4.2 Merox Sweetening

Another method of sweetening often used is the Merox process, developed by
Universal Oil Products. The reaction takes place in an aqueous caustic soda solu­
tion in the presence of a metal chelate catalyst. The sour feed is mixed with air
and passed through the solution . The caustic soda extracts the organic mercap­
tan in the form of an aqueous mercaptide , which is then oxidised to organic
disulphide, so regenerating the caustic soda. As the organic disulphide is not
soluble in the aqueous solution, but is soluble in the oil , and as the oil has a
significantly different density , the two phases separate in the settling tank , with
the oil passing out from the top , and the caustic soda solution plus catal yst
being drawn off from the bottom and recycled for further use .

The reactions may be represented as follows

RSH + NaOH -+ NaRS + H2°
2 NaRS +1- O2 + H2 0 --- RSSR + 2 NaOH

A simplified flow diagram is shown in figure 4 .5.
Probably the most used sweetening process for many years was the 'Sulphuric

acid treating process' . Oflate, its use has almost ceased, mainly because of the
environmental problem of disposing of the acid sludge formed during the re­
actions . Two other processes which were used to sweeten aviation turbine fuels
in the 1950s were the old Doctor treatment process using a solution of sodium
plum bite and adding a controlled amount of flowers of sulphur , and the 'Hypo­
chlorite process' in which the fuel was mixed with an aqueous solution of
sodium hypochlorite for oxidation. Unfortunately , it was very difficult to stop
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Figure 4.5 Schematic of a Merox sweetening unit (derived from Berridge)

chlorides being carried over, and as specifications became more critical , the
process ceased to be used . Although no longer used as a treatment process, the
'Doctor test' is still employed as a control for sweetening, and a Doctor sweet
product is still accepted in specifications; for example, 'Doctor sweet or has a
mercaptan content of less than 0 .001 weight per cent .' Doctor sweetness is very
critical , and a fuel will fail the Doctor test if it has a mercaptan content of
0.0004 weight per cent , and hence is well within the specification limits. It is
used for quality control because it is a simple and quick test to perform.

4.4.3 Caustic Treatment

Some crude oils, although not sweet , contain small quantities only of hydrogen
sulphide and light mercaptans, mainly methyl mercaptan with a little ethyl
mercaptan. In such cases , the kerosine distillate fraction , which has been cut to
meet the aviation turbine fuel flash point and freezing point requirements, will
require only a mild finishing treatment. This is achieved by the use of caustic
soda . An aqueous solution of caustic soda is added to the distillate and
intimately mixed to ensure good contact. This removes the hydrogen sulphide
and the mercaptans as the mercaptide, which is water soluble. The mixture goes
to a settling drum where the oil and the aqueous phase separate out , and the oil
is taken off at the top of the drum . The oil is given a water wash to remove
traces of caustic soda which may have been carried over, settled again to remove
water, and then passed through a sand filter to remove traces of water by
coagulation before being passed to tankage .
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4.4.4 Hydrotreating

Another process, now extensively used in Europe to produce aviation turbine
fuel, is known as hydrotreating. There are various names given to specific pro­
cesses such as hydrodesulphurisation and hydrofining. The process may be used
to treat a wide range of refinery products from straight-run naphtha through
kerosine to light and heavy gas oil, and light catalytically cracked gas oil. It is a
net user of hydrogen and so is normally found in a refinery complex that includes
some form of gasoline reforming process that is a net producer of hydrogen. To
produce hydrogen, by steam reforming for example, is an expensive process and,
although hydrotreating is a very satisfactory way to produce middle distillate
products, it is not economic to use this method for aviation turbine fuel produc­
tion if plentiful supplies of good-quality hydrogen are not available.

The basis of the process is that the raw feed is mixed with hydrogen, pre­
heated in a heat exchanger with reactor products, and finally heated in a furnace
to achieve reaction temperature. The mixture is then passed in the gas phase
through a series of fixed bed reactors of catalyst. The reactor product is cooled,
through heat exchange with the reactor feed and with water and/or air cooler, so
that the product condenses back to the liquid phase. The cooled reactor product
is separated from the gaseous phase in a separator, the liquid phase going to the
stripper where, by adjusting the heat at the base of the tower with steam and
controlling the pressure overhead, all the hydrogen sulphide produced in the
reaction is removed overhead together with traces of light product , known as
wild naphtha, that may have been formed. This stripper tower may also be used
to remove any light ends to ensure that the flash point is above the minimum
required by the specification. A simplified flow diagram of a unit is shown in
figure 4.6 .

~------__ Hydrogen purge

A. Reactor
B. Separator
C. Stripper

Hydrogen ----I

Feed ----t~

Furnace Exchanger

H,S and
~---- light hydrocarbons

c

Aviation
--. ,M r~- turbine fuel

Exchanger

Figure 4.6 Schematic of a hydrofining unit (derived from Berridge)
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The catalyst used in this process consists of cobalt/molybdenum salts on an
alumina base, typically 1 to 5 per cent cobalt oxide and 5 to 20 per cent molyb­
denum trioxide, but these soon become partially sulphided in use. They are
usually used in a fine pelle ted form which is phys ically hard, not brittle, and has
a large surface area . The fixed bed should remain active for several years on an
aviation turbine fuel operation owing to its excellent physical properties which
prevent the catalyst from disintegrating. It very slowly deactivates as traces of
carbon are laid down on the catalyst covering the active sites . This can easily be
regenerated, in situ, by passing a steam/air mixture over it to achieve a controlled
burn-off of the carbon.

The action of a hydrotreater is primarily to desulphurise. It removes sulphur
in the form of hydrogen sulphide (H2S), and replaces the sulphur atom in the
molecule with hydrogen. In the aviation turbine fuel case, the main sulphur
required to be removed is mercaptan sulphur , but in practice some at least of the
sulphides, disulphides and thiophens are also removed. The typical reactions are
as follows

RSH + H2

RSR' + 2 H2

RSSR' + 3 H2

RW + 4H2

S

~ RH +H2S

~ RH + R'H + H2S

~ RH + R'H + 2H2S

~ RCH .CH3CH2CH3 + H2S

Mercaptan sulphur is one of the easier sulphur co mpounds to remove and so
the treatment may be light , that is, low in hydrogen consumption ; in fact, the
hydrogen is recirculated with a small amount of fresh make-up hydrogen , the
H2 S being removed . If the refinery has a sulphur recovery unit, the H2S is
likely to be absorbed in a solution of diethanolamine in a Girbotol process,
passed to the sulphur recovery unit where it is boiled off from the diethanola­
mine, which is recirculated, and used in the feed gas to this unit. If, however,
the refinery does not have such a sulphur recovery unit , once the H2S has been
completely separated from the purified liquid product it may be diverted into
the refinery fuel gas stream for disposal by combustion .

In the newer refineries, to save energy, especially heat, it is usual to install
sidestream hydrofiners ; in this case the reactor is located beside the fractionating
tower on the distillation unit, and the product from the sidestream goes straight
into the hydrotreater, the finished aviation turbine fuel product going into
tankage after an oxidation inhibitor has been added .

4.5 Storage

Once a product has been completed on a refinery process unit it is transferred to
a storage tank, which is effectively the last section of the process unit. In this
context it is known as the 'run-down' tank, as the product is run down the line
from the process unit to this tank. When the tank is full, the product is trans-
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ferred to the next receiving or run-down tank, and the first one now becomes a
storage tank . As such, it is isolated from the system and the product sampled
and tested . When all the inspection tests are satisfactorily completed, the product
in the storage tank is ready to be shipped off on the first stage in the distribution
system.

4.5.1 Aviation Gaso/ines

Aviation gasolines are produced , as stated earlier , by blending the various com ­
ponents by means of proportionating blending pumps from the intermediate
product tanks into the aviation gasoline product tanks. For safety, these tanks
will be of the ' floating roof' type, in which the roof actually floats on the
surface of the liquid product , so eliminating any vapour space. This not only
reduces vapour loss, but also the fire and explosion hazard in storage.

4.5.2 Aviation Turbine Fuels

Once an aviation turbine fuel has been produced by fractionation to the correct
cut, or distillation range, on the pipestill to ensure that the flash point and
freezing point are within specification, it is treated in a finishing process ,
probably by copper sweetening, Merox treatment or hydrofining. It is then
pumped off the production unit and out to product tankage. For a wide-cut
(avtag/Jet B/JP-4) type of fuel, this tankage may be either floating roof or cone
roof, whereas for kerosine type fuels a cone roof tank is normally used . If the
product, or a component of it, is hydrofined for future blending then an anti­
oxidant should be added to it , at the rate laid down in the specification, as it
leaves the product area in the run-down line on its way to tankage. This is done
to prevent the formation of peroxides or hydroperoxides in the fuel. The presence
of these in the fuel can have an adverse effect on certain synthetic rubbers used
for diaphragms in the fuel control system. If the product has been made by
hydrocracking, there is a fractionator at the end of the unit and the finished
product goes from the appropriate sidestream to tankage .

4.5.3 Tankage

When a tank receiving production is full , it is sealed off from the plant and the
distribution system by placing 'spades' into all the lines both into and out of the
tank. These spades are metal inserts over and above the normal valves to ensure
that contamination of the tank cannot occur. The spades may be solid metal
discs manually fitted into the line between flanges in the pipe, normally between
two gate valves, or certain proprietary 'blinds' which may be mechanically
operated but give a positive seal. In the U.K., the type of seal used must be approved
by the Director, Quality Assurance/Technical Services of the Ministry of Defence,
who exercise an overall quality surveillance on all aviation turbine fuel production,
storage and distribution systems. The product is manufactured to a specification
of the DERD (Director , Engines Research and Development), which is issued
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and controlled by the Procurement Executive of the Ministry of Defence . When
a tank is spaded off, all the valves into and out of it are sealed by an inspector.
This sealing includes the sample hatches or sample valves, so that samples may be
taken only by approved personnel who then reseal the tank, using their own
personal seal which is readily identifiable .

When in tankage, the product is allowed to settle, and the fine water droplets
slowly coagulate and sink to the bottom , from where they are removed daily by
means of a water draw-off point. This is a small valve on the side of the tank ,
preferably only 18 mm (t inch) diameter, connected to a pipe of similar diameter
leading to the bottom of a sump below the floor of the tank. The water droplets
drain into the sump, so allowing for easy draw-off. After settling for some 24
hours, the tank is sampled for a full test against the inspections required in the
appropriate specification . For this , top, middle and bottom samples are taken ,
and also a composite of the whole tank . It is a first essential that the product is
clear and bright and free from suspended matter , and so the top , middle and
bottom samples are tested for these criteria. It is noteworthy that a clear and
bright or 'water-white' sample can, in fact, contain traces of free water , since
this is not always visible to the naked eye. There has to be some 80 ppm of free
water present before it becomes visible . As will be seen later, there are special
tests used at airports to ensure that free water over the tolerance limit is not
loaded onto an aircraft.

Having established 'clear and bright', the next essential is for the
product to be homogeneous . Where the product has been manufactured from
one cut from a fractionator , it is most unlikely to be anything but homogenous.
However, where the product has been blended in the tank from two or more
components, or where the tank contains a large heel (the product left from the
previous batch) , then this product may not be mixed homogeneously. Th is test
is done by checking the density of the top, middle and bottom samples. They
must all agree within the tolerance of the test method . If they do, then the
samples may be bulked and tested as one . If they do not, and mixing in the tank
is possible, then the product must be stirred until homogeneity is achieved . On
systems where components are mixed in tankage, it is usual to have some form
of mixing device fitted to the tank . One form is a paddle mixer in the side of the
tank driven by an electric motor fitted outside the tank wall. The paddle resembles
a ship 's propeller of coarse pitch . Another technique is the use of a jet mixer ;
here product is taken from the tank and pumped back through a jet nozzle set
tangentially to impart a swirling motion and so mix the contents of the tank. If
this procedure is not possible and the product is not homogeneous, then the top,
middle and bottom samples must be fully tested separately to ensure that each
portion fully meets the specification . When this has been done , the average of
these results may be used on the test certificate for the batch in that tank . In the
U.K ., this certificate has a unique test report number and a unique batch number
for the product of that tank . When the product moves on through the distribu­
tion system, it is accompanied by a batch certificate with its number, and
containing details of the composition of the batch and the test report certificate.
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Copies of these certificates are also sent to the Director , Quality Assurance/
Technical Services of the Ministry of Defence. All subsequent movements are
covered by certificates, including rebatching and retesting along the distribution
system, so that in the unlikely event of a problem the origin of the fuel may be
traced.
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5 Specification Test Methods

The comb ined expertise derived from fuel production, handling and use permits
a pattern of property limitations to be specified which together help balance the
opp osing demands for satisfactory performance, production availability and cost
control. In the event of a problem in service, the tightening of existing limits
and/or the need for limits on additional properties are investigated. Conversely ,
fuel availability and costs are generally improved if easement of existing limits
is found to be practicable.

Details of the appa ratus and procedures for the measurement of fuel proper­
ties by laboratory bench testing are standardised, and published annually , by
such authorities as the Institute of Petroleum in the U.K., and the American
Society for Testing and Materials in the U.S.A. In a growing number of cases,
test methods are adopted jointly by the two organ isations. Standardisation helps
to achieve results with acceptable repeatability (differences with same operator
and same apparatus) and reproducibility (differences with differe nt oper ator and
similar apparatus) . The relevant test methods to be used for the measur ement of
fuel properties are also indicated in the fuel specifications.

The United Kingdom specifications are adopted here as representat ive of
current pract ice and , in their most recent versions for th e aviation turbine fuels,
related properties have been grouped under the following headings : composition,
volatility, fluidit y , combustion, corrosion, stabil ity , contaminants, water separa­
tion and electrical conductivity . Limits for the aero piston-engine fuels are not so
grouped, and differ according to their different requ irements. For convenience
here, however, limits for these fuels have been dealt with under the same sub­
head ings as for the aviat ion turbine fuels.

Brief descriptions are given below of the test methods, together with a broad
indication of the significance of the results . In what follows, the ASTM number
is given first, and the IP number second, the symbols used here being
(D.. . .lIP ) when the ASTM and IP test methods have been adopted jointly ,
and (D ) (IP . . .) when the methods differ in some respect. In practice, each
designation is followed by a two-figure number indicating the year either of
original adoption or of latest revision , but these numbers have been omitted here
for brevity. Note that use of the general term 'aviation gasoline ' here implies all
four grades of avgas, and the term 'aviation turbine fuel' implies avtag, avtur and
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avcat (in the U.S.A., JP-4, JP-8fJet A, and JP-S respectively) unless stated other­
wise . If neither term is used, the test method applies to both groups of fuel. This
point is illustrated further by the tests shown relevant in the specification tables
in chapter 3 .

5.1 Composition

Aviation fuel specifications start with a general requirement that the fuel concern­
ed shall consist wholly of hydrocarbon compounds, unless stated otherwise, and
that only the specified additives be permitted. In appearance, the product should
be clear, bright and free from solid matter and undissolved water at normal
ambient temperature .

5.1.1 Total Acidity (D3242/IP354)

The sample of aviation turbine fuel is dissolved in a mixture of toluene and
isopropyl alcohol, and the solution titrated with alcoholic potassium hydroxide
to the orange-to-green end point of an added indicator comprising p-naphthol­
benzein dissolved in a toluene-isopropyl alcohol-water solution . The total
acidity is reported to the nearest 0 .001 mg KOHjg sample , and is indicative of
the corrosive potential of the fuel in storage , together with the presence of trace
organic acids which can adversely affect water separation properties.

5.1.2 Aromatics and Olefins (D1319/IPl56)

A small quantity of sample is adsorbed in a column packed with activated silica
gel, a small layer of which contains a mixture of fluorescent dyes . The sample is
desorbed by the addition of alcohol, and forced down the column under gas
pressure. The differing adsorptivities of the aromatics, olefins and saturates cause
separation into zones, together with red , blue and yellow dyes which become
visible at the zone boundaries under ultraviolet light. The volume percentages of
aromatics and of olefins are reported to the nearest 0.1 per cent from measure­
ments of the relevant distances between the zone boundaries. The concentration
of aromatics is a direct indicator of the swelling tendency for both rubber and
plastic seals in fuel systems, and of flame temperature and radiation in gas­
turbine combustion chambers , together with tendencies towards the production
of smoke and the deposition of carbon . The concentration of olefins indicates a
degree of instability with aviation turbine fuels in storage.

5.1.3 Total Sulphur (D1266/IPl07)

The sample is burnt in air, and hydrogen peroxide solution is used to convert the
sulphur oxides to sulphuric acid which is precipitated as barium sulphate and
weighed . Alternatively, the sample may be burnt in an atmosphere of 70 per cent
carbon dioxide and 30 per cent oxygen to obviate formation of nitrogen oxides,
the absorbed sulphur oxides being determined by precipitation, as before, or by
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titration with sodium hydroxide. The result is reported to the nearest 0.0 I per
cent sulphur.

In avgas, the total sulphur content severely inhibits the anti-knock effective­
ness of alkyl lead additives. In aviation turbine fuels, sulphur tends to increase
the formation of carbon in combustion chambers, together with the corrosivity
of the cooled combustion products .

5.104 Mercaptan Sulphur (D3227/IP342)

Any hydrogen sulphide is first extracted from the sample of aviation turbine
fuel. The sample is then dissolved in an alcoholic sodium acetate solvent and
titrated potentiometricall y with silver nitrate solution . The mercaptan sulphur
content is expressed on a basis of percentage mass.

Mercaptan sulphur attacks certain elastomers and metals used in fuel system
construction, and has a strongly offensive odour .

5.1.5 Doctor Test (D484) (IPJO)

As an alternative to the above test for mercaptan sulphur content, a sample of
aviation turbine fuel is shaken with sodium plumbite solution , and then shaken
again after the addition of a small quantity of powdered sulphur. Discoloration
of either of the liquid phases or of the sulphur floating at the interface indicates
the presence of mercaptans and/or hydrogen sulphide.

5.2 Volatility

The volatility of a fuel is indicated by its ability to vaporise, and is determined
by its distillation characteristics and vapour pressure. With petroleum-based fuels,
volatility also bears indirect relationships with density and flash point.

5.2. J Distillation (D86/1P123)

The fuel sample is evaporated at a prescribed rate by heating in a flask fitted
with a thermometer , condensed in an ice-cooled tube, and collected in a graduat­
ed cylinder. Condensate volume percentages are reported to the nearest 0.5 per
cent , and temperatures to the nearest O.SoC, the corresponding readings being
plotted as a distillation curve showing the boiling levels of the various compon­
ents . The initial boiling point (IBP) is taken as the temperature observed at the
fall of the first droplet of condensate, and the final boiling point (FBP) as the
highest temperature reached during the test. With petroleum fuels, the maximum
distillation temperature is limited to 370°C in order to avoid cracking of the
heavier hydrocarbon molecules. In automatic versions of the distillation appara­
tus, the mercury-in-glass thermometer is replaced by a thermocouple or
platinum-resistance thermometer, and the rising meniscus of the condensate is
followed by a photocell, the data being either printed out or traced on an
X-Y plotter.
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Since the heavier fuels are less volatile , distillation temperature levels rise
with fuel density. Distillation data give a broad indication of the type of fuel
blend, and of its components. They also relate to engine starting, warm·up,
carburettor icing , vapour locking, acceleration, mixture distribution , engine
wear and crankcase oil dilution with piston-engine fuels, and to such properties
as flash point and freezing point with aviation turbine fuels , as discussed in
chapter 9.

5.2.2 Flash Point (D3828/IP303) and (IPI70)

The sample of aviation kerosine is heated in a cup at a prescribed rate with
continuous stirring, and a small test flame introduced at regular intervals into
the vapour space above the free surface of the sample. The temperature at which
the vapour-air mixture is just able to sustain momentary combustion on the
application of the test flame is reported as the flash point to the nearest O.5°e.
The first group of tests (Setaflash and Abel) is used for avtur, and the second test
(Pensky-Martens) for avcat (high-flash kerosine). In an automatic version of the
Pensky-Martens tester, a control unit determines both the heating rate and the
insertion of an electrically heated incandescent test bead. The temperature of the
sample is recorded continuously, and locked when the pressure wave resulting
from the flash operates a balanced-vane device .

Each fuel burns over a range of fuel-air mixture strength and , for all the
petroleum-der ived fuels, the limits of these ranges are common at about I per
cent (weak) and 6 per cent (rich) volume of fuel vapour in the mixture with air.
The weak temperature limits, that is the flash points, at which this common
weak mixture limit of I per cent is reached are not themselves common , of
course, because of the differences in volatility , hence the flash point level rises
with fuel density . The volatilities of avgas and avtag are such, in fact, that their
flash points lie well below ambient, and so are not specified. Flash point repre­
sents a measure of fire safety in handling, and is used to classify flammable and
combustible materials . It is also very sensitive to the presence of volatile
contaminants.

5.2.3 Vapour Pressure (D323 or 2551) (IP69 or 171)

In the Reid test (0323 and IP69) , the fuel sample is located in a cylindrical
container connected to an air chamber fitted with a pressure gauge. The appara·
tus is heated in a bath at a constant temperature of 37 .8°e (1OO°F), the resulting
absolute pressure indicated by the gauge being reported to the nearest I kPa
(0 .01 bar) as the Reid vapour pressure . In the micro method, a small evacuated
glass bulb is used for the sample, and the resulting vapour pressure measured on
a mercury manometer is converted to a predicted Reid vapour pressure to the
nearest millibar.

The level of vapour pressure falls sharply with increasing density and , since it
lies below I kPa for aviation kerosine , and even lower for the heavier fuels, it is
specified for avgas and avtag only. Vapour pressure gives an indication of venting
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loss and vapour lock with fuel systems at altitude , and has some direct relation­
ship with cold starting of aero piston engines, and of gas turbines using avtag/
JP-4 in such cold locations as Northern Canada and Norway.

5.2.4 Density (DI298/IPI60j

A glass hydrometer is floated in the sample at a constant test temperature , and
the relative density is read from the level at which the sample surface cuts the
scale with in the hydrometer stem. The result is converted to a standard tempera­
ture of 15°C (or 60°F), and reported to the nearest 0 .000 I .

Relative density is defined as

I d /
mass of given volume of sample at t I

re at tIt 2 = -------'=------------'-----=---
mass of equal volume of pure water at t 2

North American practice for petroleum products is to use the gravity system of
the American Petroleum Institute defined by the Tagliabue formula , as follows

141.5
degrees API = ° - 131.5

rei d 60/60 F

This relationship is illustrated in figure 5.1. For aviation fuels in the U.K., the
result is converted to 15°C and expressed directly in terms of

density (p) at 15°C =mass of unit volume of sample at 15°C

in units of kg/I.
The energy involved in any aircraft mission dictates the fuel quantity requ ired ,

which is commonly expressed on a mass basis. A knowledge of density is there­
fore necessary since aviation fuel is loaded by volume . Fuel density gives a broad
indication of the type of a petroleum fuel, and has a direct effect on droplet size
in spray formation. A specified density range is necessary to calibrate the fuel
metering system for correct engine control. The variations of volatility character­
istics with fuel density are illustrated in figure 5 .2.
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5.3 Fluidity

The requirement for aviation fuels to remain as liquids under all conditions of
operation implies satisfactory flow properties at low temperature (see figure 5.3).
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Figure 5.3 Representative low-temperature characteristics and specification limits of
aviation and other petroleum fuels

5.3.1 Freezing Point (D2386/IP16j

The fuel sample contained in a double-walled glass tube is cooled by means of an
external refrigerant , with continuous stirring. On the appearance of hydrocarbon
crystals , the tube is removed from the refrigerant and allowed to warm slowly in
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the ambient air, with continued stirring. The temperature at which the hydro­
carbon crystals disappear completely is reported to the nearest O.SoC as the
freezing point. This test result lies close to the cloud point, being the tempera­
ture at which the hydrocarbon crystals first appear on cooling without stirring ,
but differs significantly from the pour point where the crystals are so numerous
that they interlock and give apparent solidity. Both cloud and pour points apply
to fuels used outside the aviation sphere .

Freezing point increases with density since the bonding forces between the
larger molecules are stronger and require more energy input to permit their free
movement as liquid . Freezing point gives an indication of possible blockage of
fuel filters, pipelines and nozzles by wax separating out at the low temperatures
encountered in Arctic regions and subsonic cruise at high altitude.

5.3.2 Viscosity (D445/IP71)

The coefficient of dynamic viscosity (1/) of a fluid is defmed as the ratio of the
applied shear stress and the rate of shear , and indicates the resistance of the fluid
to flow. It therefore represents the tangential force required on either of two
parallel plates within the fluid for the planes to move at unit relative velocity
when separated by unit distance , and is given in units of poise, P, where
I P = 1 gJcm s. The kinematic viscosity (v) is defined as the ratio of the co­
efficient of dynamic viscosity and the density , and thus equals 1//P, in units of
stokes, where I stokes = I ern? Is. The kinematic viscosity of an aviation kerosine
is determined by timing the displacement of a given volume of sample through a
capillary comprising one leg of a Il-tube viscometer maintained at a controlled
temperature. The pressure head promoting the flow is proportional to the fuel
density , and the resistance to the viscosity. The kinematic viscosity is then deter­
mined as the product of the flow time in seconds and the calibration constant of
the viscometer, and reported in centis tokes (cSt) or mm2/s to the nearest one
part per thousand.

Since the intermolecular attraction between the hydrocarbon molecules
changes with distance on an inverse square basis, the contraction accompanying
a fall in temperature results in an increase in the dynamic viscosity coefficient.
It also raises the density , but to a lesser extent, consequently kinematic viscosity
also rises with temperature fall until it approaches infinity a few degrees below
the freezing point.

Kinematic viscosity also increases with fuel density since the heavier fuels
contain more of the larger molecules with stronger bonding forces. The maximum
viscosity limit set at a low test temperature ensures adequate flow through the
fuel system, and maintenance of pressure at the spray nozzles. In a general way,
viscosity is related to the lubricating ability of a fuel within the delivery pump,
but this is also influenced by the chemical nature of the fuel components and
contaminants (see section 7.6 (Lubricity) in chapter 7) .
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5.4 Combustion

The ultimate objective of a fuel is that it should burn in a satisfactory manner
over the full range of engine conditions. Suitability for this major requirement is
assessed, in the case of gasolines , by measurement of the anti-knock quality and
of the TEL content. Determination of the heat released by combustion applies to
all fuels , whereas assessment tests of combustion cleanliness apply to the aviation
turbine fuels alone.

5.4. J Knock Rating (D2700/1P236) and (D909/IPJ 19)

The anti-knock quality of an aviation gasoline is determined in both lean mixture,
equivalent to cruising conditions, and rich-mixture supercharge, as at take-off.
The test unit is a standard single-cylinder ASTM-CFR engine in which the com­
pression ratio can be varied over a wide range during engine operation by moving
the complete cylinder-and-head body axially to change the clearance volume.

For the lean-mixture test (D2700/IP236), the engine is operated first with the
sample , and the compression ratio raised until the onset of a standardised
intensity of spark knock (see chapter 8), detected by means of a pressure­
sensitive magnetostriction pick-up and hot-wire ammeter type instrument. Cor­
responding knock-limited compression ratios are then determined in a similar
manner for two reference blends selected to bracket the sample closely , and the
rating of the sample then expressed by interpolation between the reference
blends. The main reference fuel is the paraffin isooctane, i-Cs H18,

(2,2,4-trimethylpentane) and , for samples inferior to it, the paraffin normal
heptane, n-C.,H16, is used as a lower reference fuel. The rating of the sample is
then expressed as an octane number equal to the interpolated volumetric per­
centage of isooctane in the matching reference blend with normal heptane.

For samples superior to isooctane , reference blends of leaded isooctane are
used, and the rating of the sample derived from the interpolated concentration
of TEL in the matching reference blend , the con centration being converted
empirically to an equivalent octane number extrapolated up to 120 . The con­
ditions of the test, shown in table 5.1 , are now selected as those relating to the
determination of Motor Octane Number (MON) of a motor gasoline, the results
being converted empirically to the former scale for lean-mixture rating of
aviation fuels . At and below the level of 100, these ratings are described as
octane numbers, and above 100 as performance numbers, both being reported
to the nearest 0.1 .

For the rich-mixture test, a variable supercharge is employed with a constant
compression ratio of 7 over a range of fuel/air ratio. The degree of supercharge
is increased until the onset of a standardised intensity of light knock, detected
aurally. The variation of the knock-limited indicated mean effective pressure
(imep) with fuel/air ratio is plotted for the sample and for two bracketing refer­
ence blends (each comprising i-Cs H18 +n-C.,H I 6 , or i-CsH 1S +TEL, as above) .
At the fuel/air ratio for the imep peak of the lower reference fuel, the rating of
the ample is determined by interpolation between the two reference imep values .
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Table 5.1 Test conditions for CFR anti-knock rating
(Derived from Annual book of ASTM Standards , Part 47, Test methods for
rating motor, diesel, aviation fuels (1980»

600 900 1800
(Mild) (Severe)

15.6-51.7 related to
barometric pressure 149 107

100 100 191
13 14-26 45

related to rv

{
isooctane, ic, H ,. (2,2,4-trimethylpentane) }

n-heptane, n-C 7 HI,
i-c.u., +TEL

Method

Rev/min

Inlet,OC

Coolant.fC
Ignition.f'btdc

Primary
reference
fuels

Rat ing procedure"
Rating scale

Significance

Research

A
Research octane no.
(0-120)

Low speed (urban)
driving

Motor

A
Motor octane no.
(0-120)
Aviation octane
no. (0-100)
Aviation performance
no . 000-130)
High speed
(motorway)
driving.
Aviation cruising at
lean mixture

Supercharge

B
Supercharge
octane no .
(0-100)
Supercharge
performance
no . 000-160)
Aviation full
power at rich
mixture

*A. (i) At rv giving standard knock intensity of sample, bracket reading of knockmeter for
sample with readings for two reference blends. OR

(ii) Convert rv giving standard knock intensity for sample directly to octane or
performance number from data checked frequently with reference fuels .

B. At constant rv of 7/1, bracket power curve limited by light knock intensity for sample
with curves for two reference blends. Ratings above 100 converted directly from lead
content of isooctane.

rv = compression ratio.

As before, this rating is described as octane number at and below 100, and as
performance number above, although conversion from octane to performance
number is possible below l Ofl,

It is customary to express both anti-knock ratings to indicate the grade of an
aviation gasoline, hence 100/130 grade indicates 100 octane (or performance)
number at lean mixture, and 130 performance number at rich . The level of anti­
knock quality is an indication of the fuel economy possible from high compres­
sion ratio at cruising conditions, and of engine power output from high super­
charge at take-off.
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5.4.2 Tetraethyl Lead (D2599/IP228) or (D2547/IP248) or IP270

In the former method, the sample of avgas is placed in an X-ray beam, and the
intensity of the lead L-QI radiation compared with the intensity of the L-QI

radiation of either the added bismuth or the incoherently scattered tungsten . In
each case , the ratio of the radiations is converted by means of calibration factors
to total lead content, reported to the nearest 0.003 g Pbll at 15.5°C.

In the alternative methods, the lead alkyl additive is converted to lead
chloride and extracted with hydrochloric acid . After evaporation to dryness,
organic material is removed from the extract by nitric acid, and the lead
precipitated as lead chromate . After dissolving in lead chromate solution, potas­
sium iodide is added , and the liberated iodine titrated with sodium thiosulphate
solution using a starch indicator. The result is reported to the nearest 0 .01 g Pb/l
at 15°e.

In the U.K. reference method, the tetra-alkyl lead compounds are extracted
from the sample by reaction with iodine monochloride. After evaporation to
low bulk, organic material is removed by nitric acid, as before , which also
renders the lead compounds inorganic . The residue is dissolved in distilled water,
buffered and titrated with EDT A (disodium salt of diaminoethanetetra-acetic
acid) using xylenol orange as indicator.

Lead is a very potent anti-knock additive , which helps to reduce the energy
required for the production of high knock-resistant gasolines. Excessive accumula­
tions of lead in the combustion chamber are avoided by the concurrent use of
dibromoethane as a scavenger to convert the lead to volatile compounds able to
accompany the exhaust gases from the chamber. Permitted lead concentrations
in gasolines are now being progressively reduced in view of the possible harmful
biological effects of their emissions in the environment.

5.4.3 Heat of Combustion (D240) (IP12)

The fuel sample is weighed and burnt in oxygen at a pressure of 30 bar in a
constant volume bomb calorimeter. Measurement of the resulting rise in tem­
perature of the surrounding water, together with knowledge of the effective heat
capacity of the calorimeter system, indicates the quantity of heat absorbed by
the system. This quantity of heat is divided by the mass of the sample to give the
heat of combustion to the nearest 20 Jig (0.02 MJ/kg). Since the final tempera­
ture of the test is a mere 3°e approximately above the initial, near ambient,
temperature, the water generated by combustion will be largely in the condensed
phase, having released its latent heat of vaporisation to the calorimeter system.
The experimental result is thus described as a gross value , Qg, and is corrected to
25°C. Since product gases are invariably hot at exit from the combustion cham­
ber, a net value of heat of combustion is more meaningful, and is derived as

Qn =Qg -- 212 .19 H Jig
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in cases where H, the hydrogen content of the sample in mass percent , is known,
and

Qn = 10023 + 0 .7195 Qg J/g

where the hydrogen content of the sample is not known.
The thermodynamic conditions of the test, being a non-flow process at

constant volume, ensure that all the chemical energy is released in the form of
heat, which can be measured simply by a rise in temperature, and none as work,
which would be more difficult to measure .

In aviation practice , the heat of combustion is described as the 'specific
energy', being the energy released per unit mass of fuel, with units MJ/kg, as
recommended by the Institute of Petroleum . In some applications, it is important
to convert this information onto a fuel volume basis , which is then termed
'energy density ' , in recommended units of MJ/1. Selection of these units permits
the direct conversion

energy density (MJJl) = specific energy (MJ/kg) x density (kg/I)

Since low-density hydrogen has some four times the specific energy of high­
density carbon, values of specific energy vary directly with hydrogen content,
and therefore reduce with increasing fuel density, as shown in figure 5.4 . Th is
reduction, however , is small in relation to the corresponding increase in density ,
consequently the energy density rises with fuel density, as also shown in the
figure . Intrinsically , heavier -than-air craft tend to be mass-limited, consequently ,
on a specific energy basis, subsonic aircraft favour low-density fuels . With
supersonic aircraft , on the other hand, the thin aerofoil wing sections restrict
the space for fuel storage, and this volume limitation calls for heavier fuels of
high energy density . However, these storage requirements may well be over-ruled
by engine and other operational requirements, as discussed later.

5.4.4 Aniline-Gravity Product (D611/IP2) and (DJ298/IPJ60) plus
(DJ405/1P193j

In cases where an estimate of heat of combustion is considered satisfactory, the
precise calorimetry of the conventional method may be avoided by the joint
measurement of the aniline point and the API gravity, the mathematical product
of these results giving a value that correlates with heat of combustion, as follows

Qn <k, +kz (A x G) MJ/kg

where k , = constant for fuel type (41.9557 for avgas, and from 41.6680 to
41 .8145 for aviation turbine fuels)

kz = constant for fuel type (0.20543 x 10- 3 for avgas, and from
0.24563 x 10- 3 to 0 .25407 x 10-3 for aviation turbine fuels)

A = aniline point , OF
G = gravity, degrees API.
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Figure 5.4 Representative energy characteristics and specification limits of aviation and
other petroleum fuels

When sulphur is present in the fuel, a multiplication factor of

(I 0.01 S)

is used, together with the addition of 0.1016 S, where S =mass per cent of
sulphur in the sample.

The aniline point of a fuel is determined by mixing the sample with an equal
volume of aniline, heating until the two fluids become miscible, and then finding
the temperature, during controlled cooling, at which the fluids separate. This
temperature is reported as the aniline point, to the nearest O.OS°e. Beingan
aromat ic structure, aniline is more easily miscible with other aromatics ,
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consequently the aniline point varies inversely with the concentration of aro­
matic components, and directly with the concentration of paraffinic and other
non-aromatic components. The API gravity was covered in section 5.2.4 .

5.4.5 Hydrogen Content (D3701/IP338)

The fuel sample is subjected to a magnetic field together with a matched frequency
of radiation in a continuous-wave low-resolution nuclear magnetic resonance
spectrometer. Measurement is made of the net energy absorbed by the hydrogen
nuclei in transferring from lower to higher levels of spin energy, and this is com­
pared with a corresponding measurement for pure n-dodecane as a reference
standard of known hydrogen content. The mass concentration of hydrogen is
reported to the nearest 0 .01 per cent. In the U.K., this measurement is not yet a
mandatory requirement in aviation fuel specifications, but is likely to be adopted
following the gathering and analysis of relevant data . Currently, if such a deter­
mination gives a result of 13.8 per cent mass or above, the requirements for
measuring olefin content , specific energy, aniline-gravity product, smoke point
and naphthalene content are waived . In the U.S. specifications for military
fuels , minimum mass hydrogen contents of 13.6 (JP-4) and 13.5 (JP-5 and
JP-8) are set as alternatives to minimum smoke points of 20 mm and 19 mm
respectively . Also permitted is measurement by weighing of the water produced
by combustion of the sample from a cotton wick in purified air (0 1018), and
assessment by calculation using the average distillat ion temperature (03343).
Hydrogen content limits are not specified for the civil fuels (Jet A, A-I and B).

Hydrogen content reduces as fuel density increases in the direction from
elemental hydrogen to elemental carbon (see figure 5.4). It relates directly to
specific energy, but indirectly to combustion temperature . Increased hydrogen
content tends to signify a higher combustion quality of aviation turbine fuel,
and the above test may prove superior to previous controls exerted jointly by
smoke point , smoke volatility index, aromatic content and luminometer number.

5.4.6 Smoke Point (IP57)

The fuel sample is burnt in a circular-wick illuminating lamp, and the wick is
adjusted vertically to find the maximum flame height to give a smoke-free flame .
A graduated millimetre scale built into the lamp is then used to measure this
flame height, which is reported to the nearest millimetre as the smoke point. The
lamp is designed to permit a certain rate of air flow into the combustion zone
and , when the fuel concentration becomes excessive , fuel molecular cracking
occurs with a resultant carbon release in the form of smoke .

With aviat ion turb ine fuels, smoke point gives an indication of the tendencies
to carbon deposition and smoke generation in the combustion chamber. In earlier
specifications for avtag, a fuel volatility factor was included with smoke point to
give the smoke volatility index, SVL where

SVI =smoke point + 0.42 (per cent distilled below 204°C)
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This practice was adopted since carbon formation tends to increase with boiling
point, and a minimum SVI of 54 was set, but the smoke point alone has been
re-adopted for this fuel. Since smoke formation generally increases t1ame radia­
tion, which can reduce t1ame tube life, a luminometer test has been devised to
determine the relationship between radiation and temperature rise. The basic
smoke lamp is modified by the addition of thermocouples below and above the
flame, and also a radiation-measuring photocell circuit. At a standardised extent
of radiation, the t1ame temperature rise (AT) is determined for the fuel sample,
and calibrated against the upper and lower reference fuels isooctane
(2,2,4-trimethylpentane) and tetralin (tetrahydronaphthalene , C10 H12 , a
dicyclic aromatic with a relatively high carbon mass content of 91 per cent) ,
which are assigned values of 100 and 0 respectively. The resulting luminorneter
number, LN, of the fuel sample is then expressed as

LN = ioo (AT fuel sample ATtetralin)
AT isooctane - AT tetralin

The significance of high values on the LN scale has been questioned on the
grounds that radiation is being assessed only in the visible region where energy
levels are low, and that fuels are rated on a basis of constant luminosity rather
than constant heat release. In the U.S. specifications for civil fuels (Jet A, A-I
and B), a minimum luminometer number of 45 is set as an alternative to a mini­
mum smoke point of 25 nun, or of 20 mm together with a maximum
naphthalene content of 3 per cent volume.

5.4.7 Naphthalenes (DI840)

The sample of aviation kerosine is diluted to a specified level with either iso­
octane or cyclohexane, and the absorbance of a specified radiation measured in
an ultraviolet spectrophotometer. The resulting concentration of naphthalenes is
derived in terms of mass, and converted to volume.

The concentrations of such polycyclic aromatics as naphthalenes provide an
indication of combustion cleanliness, and also relate directly to freezing point.

5.5 Corrosion

Aircraft and engine fuel systems experience long-term contact with their fuel
contents, sometimes at high temperature, hence it is necessary to check for any
corrosive tendencies of the fuel, resulting from the various types of sulphur
compound that may remain as contaminants after refining.

5.5. J Copper Corrosion Classification (DJ30jIPJ54)

The fuel sample containing a polished copper strip is heated at 100°C for 2 hours
in a test bomb, after which the copper strip is washed and compared with
coloured reproductions of corrosion standard strips. Copper corrosion is classi­
fied from I (slight tarnish) to 4 (corrosion) against the standard strip most
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closely matching in colour. Copper corrosion is a problem that may arise with
the valves, bearings and other copper components incorporated in aircraft and
engine fuel systems.

5.5.2 Silver Corrosion Classification (IP227)

The sample of aviation kerosine containing a polished silver strip is maintained at
50°C for 4 hours , after which the silver strip is washed, and the appearance
classified from 0 (no tarnish) to 4 (blackening). Silver corrosion is a problem that
may arise with the silver-faced slipper pads and port face inserts used in some of
the older plunger type engine fuel pumps.

5.6 Stability

With rise in temperature above ambient, the most unstable and/or energetic
molecules in bulk fuel may react partially with atmospheric or fuel-dissolved
oxygen to generate gum and other solids which can cause blockage of fuel
systems.

5.6.1 Oxidation Stability (D873/IP138)

The sample of aviation gasoline is heated at 100°C for 16 hours in oxygen under
pressure in a bomb container . The sample is then filtered to remove any precipi­
tate . The sample container is washed with gum solvent, and any increase in weight
of the container during oxidation is reported as insoluble gum. The container
washings are also filtered , and the total filtrate evaporated under controlled con­
dit ions by means of a flow of air or steam (by IP131 in section 5.7.2). The
increase in weight of the filtrate container is reported as soluble gum. The
potential gum is reported as the sum of the insoluble and soluble gums, the
precipitate being reported separately. The total potential residue comprises the
precipitate , insoluble gum and soluble gum. All these results are reported in
mg/lOO ml sample.

Oxidation stability provides a safeguard of freedom from gum formation
during long-term storage.

5.6.2 Thermal Oxidation Stability (D3241/IP323)

Using a Jet Fuel Thermal Oxidation Tester (JFTOT), the sample of aviation tur­
bine fuel is pumped at a specified rate along the outer surface of a resistance­
heated aluminium tube, and then through a heated stainless-steel cloth precision
filter fitted with a manometer. The thermal stability of the fuel is reported
indirectly in terms of the extent and colour of the deposits on the heater tube,
rated against colour standards , and of the pressure drop across the filter at the
end of the test. Alternatively , the stability is reported directly in terms of the
time required to reach a specified pressure difference across the filter.
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Thermal stability indicates the tendency to deposition of degradation products
in fuel systems and burners when fuels are subjected to high temperatures for
prolonged periods, particularly in high-speed flight.

5.7 Contaminants

Any non-combustible component of a fuel, whether derived from the parent
crude or picked up during subsequent preparation and handling, may be classed
as a contaminant , and may have negative , rather than zero, effects on perform­
ance.

5.7.1 Copper Content (IP225)

Sodium hypochlorite solution is added to the sample of aviation turbine fuel,
and the copper extracted by washing with hydrochloric acid . Prescribed
chemicals are then added in order to eliminate interference, and the copper is
complexed with sodium diethyldithiocarbamate. After extraction with chloro­
form, the colour intensity is measured in a spectrophotometer, and the copper
content in J..Lg/kg estimated from a calibration curve. This test applies only at the
production stage of fuels containing copper sweetened components (see section
4.4.1 ).

5.7.2 Existent Gum (D381/IP131)

The sample is evaporated under controlled conditions by means of a flow of air
or steam , and the weight of the resulting residue reported as existent gum to the
nearest mg/IOO ml sample.

The level of existent gum predicts fuel stability since unstable fuel will
oxidise to form polymeric gums in induction manifolds and carburettors, and on
valves, in piston engines. It is also used to check for aviation fuel contamination
with in product distribution systems.

5.7.3 WaterReaction (DI094/IP289)

The fuel sample is shaken at room temperature with a phosphate buffer solution
in a graduated glass cylinder for 2 minutes. The interface between the solution
and the sample is rated from 1 (clear and clean) to 4 (tight lace or heavy scum).
The separation of the two liquids is then rated from I (complete) to 3 (incom­
plete) in the form of emulsions, precipitates or bubbles in either fluid . With
aviation gasoline, the change in volume of the aqueous layer is also reported to
the nearest 0.5 mI.

The test serves as a check against the inclusion in the fuel of alcohol , or any
other water-soluble components, as combustion improvers . In aviation turbine
fuels, it also checks for trace contamination by surfactants which will disperse
any free water, and resist its coagulation to large droplets which are easier to
remove in storage tanks and filter/separators .
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5.8 Water Separation Characteristics (02550) or (03948)

A sample of aviation turbine fuel is emulsified with water, and passed through a
glass-fibre coalescer. Any turbidity of the outflow generated by water remaining
in suspension is measured by the reduction in light transmission to a photocell .
The second test comprises a miniaturised , portable, version .

The test serves as a check on the emulsion-forming tendency of a fuel which
would clog filters or orifices by surfactant pick-up. It applies mainly to the
production state, and gives an indication of contamination by surfactants . It is
noteworthy that both the static dissipator and corrosion inhibitor additives used
in turbine fuels are surfactants .

5.9 Electrical Conductivity (02624/IP274)

Two electrodes are immersed in the sample of aviation turbine fuel, and a volt·
age applied , resulting in a small current (microamps) which gives a direct reading
of conductivity in picosiemens/metre (pS/m), which are now termed conductivity
units (CU) .

The presence of free ions within a fuel, generated by molecular contact
between fuel and some other material (wall or contaminant), represents a stream­
ing current during fuel transfer operations, and the build-up of high static charges
within the filter/separator or receiver tank . At a sufficiently high potential
gradient between fuel surface and container wall, the mixture of air and vapour
would break down electrically, resulting in a discharge of incendiary strength .
However, these same ions promote electrical conductivity which enables the
generated charge to dissipate to the walls through the liquid. The conductivity
of aviation turbine fuels is very low owing to the high levels of cleanliness and
purity maintained, consequently high-speed transfer will cause the build-up of
potentially dangerous static charges. Most fuels now require the addition of a
static dissipator to bring the conductivity within prescribed limits. Increasing the
conductivity by increasing the ions produces a higher charge rate but also a
higher relaxation rate, so that the poss ibility of incendiary discharge is eliminated.

5.10 Quality Control Testing

When a refinery product tank is filled with aviation fuel , the valves are closed and
the tank is spaded off from the rest of the product system. After allowing time
for settlement , and draining off the free water, samples are taken from the top ,
middle and bottom of the tank , together with a composite of all three , and tested
for density . If homogeneity is shown by equal values of density, the composite
sample is subjected to a full test covering all the properties given in the product
spec ification .

In the U.K., all these tests are recorded on a test report certificate , which is
given a unique number so that the history of the product can be traced in the
event of a problem. A copy of all aviation fuel test report certificates is sent to the
Director, Quality Assurance/Technical Services (DQA/TS), and sealed samples of
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every batch are held for 3 months. The DQA/TS calls up at random a certain
number of these retained samples, as an extra check of one or more specification
parameters. In this way, a very strict control is maintained on the quality of all
aviation fuel produced . Also, when batched at the refinery, the tank contents
are given a batch number. A batch certificate is also issued to give details of the
make-up of the batch , the volume just made and the process used, plus the
volume and method of manufacture of the heel, that is, the quantity left in the
tank from the previous batch . The test report number is also given. These docu­
ments go forward with the fuel and, if rebatching is required , the new certificate
refers to the original so that the full history of the fuel is known .

When aviation fuel stocks are transferred by tanker, barge, pipeline, road or
rail, every precaution is taken to obviate any contamination from dirt, water or
other petroleum products . Where possible, aviation fuel products are handled in
segregated or dedicated systems, particularly when close to the airfield. Ocean
tankers and long-distance pipelines, however, are not normally so dedicated ,
hence, after such movements, tests must be conducted to confirm that specifica­
tion properties have not been affected by contamination with other products .
These tests are routine , and are carried out at ocean terminals and multi-product
pipeline terminals after the receipt of every aviation fuel cargo.

Stocks received in tankage are sealed, allowed to settle, sampled. tested and
issued with a new batch certificate and test report. Any future movement in a
non-dedicated system will require this procedure to be repeated. Batch records
arc kept , relating each batch to the previous one, right back to the original
batch at the refinery.

At terminals and depots , and sometimes also at airfields, tanks arc cleaned on
a routine basis, and usually when the tank contents are changed to a higher
grade. After the first refilling of these tanks, inspection tests will be required to
ensure that all traces of cleaning materials, or the previous fuel grade, have been
removed, and that the properties of the aviation fuel now in the tank have not
been affected .

If aviation fuel is stored for long periods, deterioration can take place. Avgas
can suffer evaporation loss in hot climates which may lower the Reid vapour
pressure, and possibly increase the TEL content. Long-time storage can also
cause loss of TEL by precipitation . In time, all aviation fuel can increase in gum
content or become corrosive, particularly if trace water is present , as a conse­
quence of sulphate-reducing bacteria. For these reasons, all static stocks are
retested at set intervals, typically every 6 months (periodic tests) to check that
they still meet the specification .

In all these cases, it is not necessary to carry out a full inspection test, as this
may be traced back through the batch numbers. Instead 'short tests' are con­
ducted to check those properties most likely to show any change under these
conditions. This not only reduces the cost , but enables the work to be carried
out by smaller, local, laboratories which would not normally have the facilities
for full-scale specification testing. Sometimes these tests are known as
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Table 5.2 Short tests

Test Avgas Avtag Avtur

Appearance V- V V-
Distillation v"" V V
Flash point V
Vapour pressure v"" V -

Density v"" V V
Freezing point V V
Knock rating (lean mixture) v""
TEL content v"'" v* v*
Copper corrosion v"'" ,/ I/""
Existent gum V- I/"" I/""
Water reaction I/"" I/""
Water separation characteristics I/"" I/""

*To check for contamination after pumping through multi-product pipelines.

'Recertification Tests'. as they are the tests required to recertify the product
to ensure that it meets the original 'full test' specification.

A list of short tests for aviation fuels is given in table 5.2.
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6 Operational Handling

In the previous two chapters , production methods were dealt with and the result­
ing product was isolated, tested and certified as meeting the required specification .
The product , however, is still within the refinery, and the next stage is to move
the product towards the aircraft where it will be used . In doing so, it is most
important that it does not become contaminated with dirt , water or any other
product. To ensure that this does not happen or, should it do so, that the con­
tamination is detected and the product not used in aircraft , a strict handling
procedure is observed .

6.1 Distribution

Starting at the refinery, the aviation fuel has been 'boxed up ', that is, physically
isolated from the rest of the system by means of spades in a tank, tested and
certified as on specification . It has now to be moved to the terminal. Nowadays
this is done either by transporting it in an ocean-going or coastal tanker or , as on
the large rivers in Europe , by barge or by pipeline (figure 6.1) . For large volume
movement, the use of pipelines over both short and long distances is becoming
preferable.

6.1.1 Ship

In considering first the movement by water , a large tanker is unlikely to have a
dedicated cargo , that is, one cargo for all its tanks . Tankers up to, say, 25 000
tons, however, not infrequently carry a dedicated cargo of aviation turbine fuel.
Before any product can be loaded , whether as a sole or mixed cargo, the receiv­
ing tanks must be washed and cleaned out to free them of the previous cargo and
of any dirt and free water. When the cleaning is completed, qualified inspectors
enter each tank designated to receive the cargo and inspect it for fitness to
receive a cargo of aviat ion fuel. Normally the lines from the product tank to the
jetty are dedicated to the specific aviation fuel product. If they are not so
dedicated, then the lines to be used must be flushed out with the product and
samples taken out at the jetty end for short testing to see that they match up
with the quality of the product in the shore tank . When the lines are clear and
the inspectors have certified that the ship's tanks are ready to receive the cargo,
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loading can commence and the product goes into all the ship 's tanks due to
receive this cargo. After each tank has been filled to a depth of about 60 ern,
loading is stopped, a sample is taken from each tank and tests are done for
density, distillation, freezing point, existent gum and, in the case of an avtur
type fuel, flash point. For an avtur type fuel , the density and freezing point
should be carried out on each tank, and if these match the shore tank . composite
samples for the rest of the testing are used in order to save time. If there is an y
doubt , however , each tank's sample would be tested individually . If a mini-sonic
separometer or micro-separorneter is available , it is also advisable to che ck for
WSIM at this stage , the object being to ensure that all the water had been drained
off the ship's lines , and that these lines and the jetty loading arms did not con­
tain any traces of previous cargo loaded onto the ship .

The tests chosen will rapidly identify contamination . If, for instance. there
was some contamination with diesel fuel. the density, flash point and freezing
point would all increase, as would the existent gum , because it is actually a
'residue on evaporation' test and the heavy end would not evaporate under the
conditions of the test. The tests are carried out at this stage of the loading
because the contaminants are most likely to enter at the commencement of load­
ing, further addition of aviation fuel only serving to dilute the contamination .

If the cargo fails these initial loading tests, then it is usual to pump the cargo
ashore, recheck the ship's tanks for cleanliness and start again. If the initial load­
ing tests are passed , as is normal, loading is recommenced and continued until the
full cargo is aboard. Once again. all the ship 's tanks are sampled, this time from
top , middle and bottom. All samples are tested for density to ensure that the y
match that of the shore tank , and that each tank is homogeneous. A composite
is then made up of the whole ship's cargo, and short tested.

Before the ship sails , the Master will be given a batch certificate to identify the
cargo, together with a test report certificate referring to the full test on the shore
tank , and a final loading certificate , being the results of the short tests carried
out on the 'ship's final' samples . Also , in the U.K., he will be given a release note,
signed by the authorised inspector to the effect that the cargo was as stated on
the various certificates. He will also be given sealed samples taken from the ship's
tanks at the completion of the loading. These sealed samples will be handed over
at the port of discharge .

On arrival at the terminal or discharge port, representatives of the receivers
will take samples of the cargo from each tank and short test them to ensure that
the specification is met. If they are satisfied that it is, they will authorise the dis­

charge into their shore tankage . In the event of a dispute regarding quality, then
the sealed samples taken at the time of loading may be broached and tested . If
these differ from the ship's samples then any contamination now revealed must
have happened during the sea voyage. For example. if the ship was carrying a
mixed cargo and there was a valve fault, the cargos could intermix. As before ,

this sort of contamination would show up in the short tests. If the contamination
of avtur, say, was with gasoline , then the flash point would drop, whereas with
diesel fuel the freezing point would rise.

61



If the ship has been carrying a mixed cargo, the aviation fuel would be
pumped into the terminal (shore) tank , and allowed to settle before being
sampled from top, middle and bottom for full testing. If it had been a dedicated
cargo, a short test would be acceptable . From this a new batch number would be
issued, with a new test report certificate. The batch certificate would give the
volume put into the tank together with its previous batch number plus the
volume of the heel , that is, the quantity left in the tank before the arrival of the
new product, and the new batch number. In this way the history of all the
product can be checked in the event of any problem arising.

Shipment by barge would be treated in the same way as with ocean tankers ,
as already described . Rail car shipments are regarded as dedicated, but each rail
car has to be tested on arrival , not just a representative sample of the whole train .

6.1.2 Pipeline

Many transfers are now made by pipeline, and from refinery to terminal most of
these are in multi-product pipelines . In the case of aviation fuels, the major
product is aviation turbine fuel. By controlling the pumping rate there is very
little mixing of one product with another in spite of differences in density and
viscosity . Hence the time in the pipe can be measured, and the interface location
is known exactly. As well as the calculated time of arrival, most receiving stations
have detectors that use density monitors. These will not only record the density
of the product passing them but will react instantly to a change in density. So
by both time calculation and density monitor, the arrival of the interface
between two products is known at the terminal, and the tankage valves can be
changed over with no loss of product. This can be done because the percentage
contamination permissible in any product before it will fail specification has
been determined, and from this the time to make the cut between the two
products is known. The fuel is run into dedicated tankage and, when it has all
arrived, the tank is sealed, as was the refinery tank, allowed to settle, drained of
free water and the product then sampled for testing. Normally a full test would
be required, resulting in a new batch certificate and test report. In specific cases
where the operation has been proved over a period of 2 or 3 years, it may be
possible for the product to be accepted from a short test and thermal stability
measurement.

Movement from terminal to depot could again be by ship/barge, pipeline or
rail/road car. The procedure is exactly the same as has been described above ,
with the issue of a new batch certificate and test report. Any other similar move­
ments are treated in the same way .

6.1.3 Dedicated System

Consider next a movement from the depot to an airfield by dedicated pipeline
into dedicated tankage. It is now worth while starting the final clean-up process
by filtration, since filtration in depth has been shown to be not only the safest
but also the most economic way of bringing the product to the correct standard .
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The testing in depot tankage has shown the product to be 'on specification' , and
from now on the effort is concentrated on cleanliness. The product is first
pumped through a micro -filter, using I or 5 micro metre porosity , to take out
fine particulate matter, and then through a filter/separator.

After this filtration the product goes through the dedicated pipeline to the
airfield where it will pass through another filter/separator and into tankage. It is
allowed to settle in tankage. and the water drainage checks are carried out daily .
Although very little free water should have been brought into the tanks , they are
air-breathing and the dissolved water in the fuel will soon establish an equilib­
rium with the moisture from the humidity of the air. As the air humidity and the
fuel temperature change , so the fuel may absorb water or release it from solution.
In the latter case, it wiIl coalesce into particulate droplets and settle to the
bottom, sometimes by condensing on the tank walls . The floors of most aviation
fuel tanks on airfield installations now slope some 3

0
down from the horizontal

in order to 'cone down' to a central sump. Water impinging on this floor is then
able to run into the sump, from the base of which an 18 mrn draw-off line leads
outside the tank wall to a valve and drain.

Since the fuel has arrived in this tank via a dedicated pipeline, further quality
control tests are not necessary, but it is normal practice to check the conductivity.
Static dissipator additives have a tendency to plate out onto the metal surfaces
of pipelines and tanks. Once the system has been conditioned to these additives,
and assuming that the pipeline length from the depot to the airfield is less than
25 krn, the loss in the system wiIl be small , and will have been allowed for at the
time of injection . Nevertheless , it is worth while checking as the specification
demands a conductivity level 'at the point and time and temperature of delivery
to the purchaser', and the main reason for using the additive is to prevent any
static discharge during loading.

The next movement of the fuel is to the aircraft, and this can be achieved via

(a) hydrant pipeline system, or
(b) refueller vehicle .

If method (a) is used , the fuel will be pumped from the airfield storage tank
through a filter/separator and into the hydrant. Assuming that there is no flow
in the hydrant, the pump wiIl shut down as soon as design pressure is reached .
On the airfield apron the aircraft will have been parked, conveniently close to
hydrant valves set in small covered pits at suitable locations. A hydrant cart
arrives on the scene, the valve pit cover is removed and the hydrant cart is
electrically bonded to both the pit and the aircraft. The cart is then connected
to the hydrant valve via a heavy-duty hose . Some airlines also insist on earthing
the aircraft and refuelling equipment. Refuelling hoses are then connected from
the hydrant cart to the aircraft fuelling manifold. On large jet aircraft the mani ­
fold is usually on the aircraft wing , and the nozzles are situated under the wing.
When the aircraft's engineer is satisfied that the aircraft fuel system is ready .
loading can commence . The fuel comes from the hydrant to the hydrant cart .
where it passes through its final filter/separator , fuel meter and fuel pump onto
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the aircraft. As soon as the pressure drops in the hydrant system , the pumps at
the airfield storage depot will restart to ensure that the hydrant is always full of
fuel.

On a large airport installation such as London, Heathrow , or Paris , Charles de
Gaulle, several aircraft will be refuelling from the hydrant simultaneously. In
this case automatic controls ensure that there is always sufficient volume in the
hydrant. bringing in extra pumps at the tank farm , as required, and shutting
them down when they are no longer needed.

At the commencement of loading aviation turbine fuel to an aircraft, a free
water check by a chemical detector should be carried out on the fuel actually
being loaded. The fuel specification states that the maximum tolerable free
water shall not exceed 30 ppm . This level is not visible to the naked eye , hence
chemical detection methods are used . On the airport apron, use is made of go/no
go testers of the type that are simple to operate and give a colour change if the
permitted water level is exceeded . Typical of this type of detector are the
Exxon Hydrokit and the Shell Detector. If water is found, a repeat test will be
carried out immediately and, if this confirms the first reading of excess water,
the loading will be stopped and not recommenced until the reasons for the
presence of the water have been determined, and remedial action taken. At the
end of loading, all valves must be closed and hoses disconnected before the
bonding wires are removed.

If loading is by refueller , as in case (b), then this vehicle is filled from airport
storage via a filter/separator. The refueller goes to the aircraft and the same
procedures are used for the refueller as with the hydrant cart , except that the
fuel is already being carried in the vehicle and so no connections are made to a
hydrant.

6.2 Equipment Checks

On an airfield , the following routine checks are carried out on refuelling equip.
ment. Daily, at the start of the morning shift , a visual water and sediment check
is carried out by drawing off a I litre sample from all micro-filter and filter/
separator drain valves. During pumping, a check must be made of the differential
pressure across filtration equipment to ensure that the maximum limit is not
exceeded. Monthly, a hose end check of the quality of the fuel on each refueller
and hydrant cart is carried out using a millipore test kit. This may be either
colorimetric or gravimetric , but quarterly the check must be gravimetric . This
test passes a known volume of fuel, from a hose end, through a 0 .8 rnicrornetre
membrane. Any rust or dirt particles will stain the membrane , and the intensity
of this stain can be matched against numbered colour standards for the colori­
metric test. For the gravimetric test, pre-weighed and tared membranes are used.
The fuel is not acceptable if the 'dirt' level exceeds I mg/litre of fuel. On the
major airfields in Europe , typical readings are less than 0.1 mg/litre .

If an accurate check on the free water in a fuelling system is required, particu­
larly at the outlet from a filter/separator. then one such device that may be used
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is the Exxon Aqua-Glo. A filter pad , sensitised with a fluorescent type of chem ical
is put into a holder and a known volume of fuel from the line passed through it.
The pad is then transferred to a reflectance type instrument which shines ultra­
violet light onto the test pad and onto a standard. By adjusting the amount of
light onto the sample, a nil point on a galvanometer is obtained, giving a direct
reading of free water in ppm . The range of the instrument is from 0 to 60 ppm,
but its most sensitive scale reads from 0 to 12 ppm free water. This is a portable
hand-held device for use on an airfield or similar installation .

6.3 Filter/Separator

A filter/separator consists of filtration and stripping stages which carry out three
functions when subjected to a flowing stream of fuel containing a water emulsion
and/or dispersed particles. These are as follows,

(a) Filtration or solids removal.
(b) Coalescence of finely emulsified water droplets into larger droplets.
(c) Separation of the water droplets from the flowing stream of fuel by means

of a hydrophobic barrier.

The first two functions are normally combined in a fibregiass element made by
wrapping different layers of resin-treated fibreglass around a cylindrical cone on
a metal screen or pleated paper , and covering the wrappings with a cotton sock.
The third function is usually performed in a separate element consisting of a
metal screen, cylindrically shaped and of specific pore size , which has been
treated to make it hydrophobic .

The heart of the filter/separator operation is coalescence of dispersed water.
The filtration of solids alone is a straightforward process, being a process of pro­
viding an in-depth barrier of fine passages to stop dirt particles if the same

fibrous bed was not used also to coalesce water. Separation of the coalesced
droplets alone is equally straightforward , being a process of providing a hydro­
phobic barrier of controlled pore size. The success of the system depends on
good coalescence to produce water droplets larger than the pore diameter of the
separator.

With a filter/separator, the differential pressure may be continuously measured
but its ability to coalesce is not readily known . Upstream and downstream water
tests with an Aqua-Glo provide a check, but a very efficient method of actually
checking the activity of individual coalescer elements in a system is represented
by a 'Single Element Tester' rig, popularly known as a 'Visi-Rig'. One such type
is shown in figure 6 .2A. The element is removed from the filter/separator and
placed in an acrylic cylinder, the whole system then being filled with fuel. Fuel
may be pumped through the clement at the design flow rate and, with pressure
gauges fitted at the inlet and outlet , the differential pressure recorded. Water at
a controlled rate may be injected into the fuel flow and properly mixed before
entering the element. Coalescence and bubble size may be observed as shown in
figure 6.2B and , from downstream samples, the free water content determined .
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Figure 6.2 Single-element tester : (A) rig assembly ; (B) coalescence and bubble size (both
courtesy Alan Cobham Engineering Ltd)
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In this way , it is possible to see not only if the element coalesces, but also how
well it does so. Similarly, standard dirt samples may also be injected with or
without water.

This is a good method for checking element efficiency, but ideally it should
be carried out immediately after removing the element from the system, and at
design flow rate. The former is often not possible and , if away from the main
fuel supply fuel volumes, both flow rate and used fuel disposal can be problems.
Also opinions are held by some that once an element is removed from a system
it should not be replaced in it. The equipment shows whether or not the element
is time-expired , and gives indications of the state of that particular system.

A small-scale test technique , based on an instrument known as a sidestream
sensor, has been developed by Exxon Research and Engineering Company to
assess the coalescence performance of a filter/separator. It is fitted in parallel
with a filter/separator using standard sampling probes inserted into the centre
portion of the line immediately upstream of the filter/separator , and returns the
sample to the stream in the same manner below. Flow enters the sensor through
the inlet probe, and the flow rate is controlled by means of a Rotameter. By
setting this to maximum when the filter/separator is at a maximum, proportional
flow will be maintained to the monitor for variations in the main stream flow.
The monitor receives a portion of the fuel whenever flow is taking place , and so
will reflect the history of the main filter/separator performance. Periodically the
sensor holder, which contains a cross-section of the filter coalescer, is removed
from the box and tested for remaining filter activity. A micro-separometer or
rnini-separometer is used for this testing (figure 6.3) . A reference fuel containing
a set amount of free water , emulsified in the standard way in either a micro- or
mini-separometer, is passed through the sensor at 200 per cent of the rated flow
capacity, and the effluent stream is then measured for relative turbidity . The
more cloudy the effluent, the lower the remaining activity of the sensor. Because
of the parameter symmetry between the sensor and the main elements, the
activity of the main elements in the filter/separator can be extrapolated from the
activity of the sensor. The sensor is then replaced in the system.

The sensor is designed to act as a guide to the quality of the effluent and so
indicate the onset of deact ivation of the element. This signals the need to change
the elements in the main system to maintain downstream fuel quality . Once fully
developed this equipment , together with the differential pressure gauge currently
in use, should indicate the performance efficiency of the filter/separator . The
elements would need to be changed only when either the sensor indicated
deactivation , or the pressure drop had reached its maximum permitted level
instead of the time or pressure drop as at present. At certain locations this could
lead to extended element life , so reducing the cost of the operat ion. The side­
stream sensor is currently under industry evaluation organised by the CRC in the
U.S.A., and by the IP in Europe.
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Figure 6.3 Micro-separorneter (courtesy Emcee Electronics Inc.)

6.4 Microbial Activity

In the early 1960s, before the present very strict handling and cleanliness regula­
tionswere applied, there was a series of attacks of sulphide corrosion in aircraft
fuel systems caused by the fuel. This was traced to slow moving storage tanks
where the water bottoms had not been removed . This water lost its oxygen, and
the system became infested with anaerobic bacteria known as sulphate reducing
bacteria , or SRB. They lived in the water phase but took sulphur from the fuel.
Unfortunately, the process emits hydrogen sulphide, H2 S, which goes into the
fuel, so causing the sulphide corrosion. This problem was overcome by improving
quality control and ensuring that water was kept out of tankage by daily water
draining, and that any slime or scum at the interface was removed from the
system .

It then became the turn of aerobic fungi to cause a problem , the most com­
mon of these being Cladosporium Resinae Lindau de Vries. These originated in
the Middle and Far Eastern countries where typical storage tank temperatures
are 35-40°(, which are ideal for fungal breeding. In fact , only 15-20 years ago
it was stated that they did not exist in locations above 30° latitude North . With
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aircraft travelling larger distances around the world , these fungi not only travel­
led north, but quickly acclimatised themselves to the colder regions. Their rate of
growth was slowed down , but they most certainly exist. In aircraft systems, they
will cause very severe corrosion of the aluminium, and have been known to
corrode holes through the wings, causing fuel to leak through . Attempts have
been made to produce suitable fungicides that could be used in the fuel, but so
far this has not been successful. Although effective as fungicides in the fuel, they
always manage to fail some of the critical specification parameters .

Again, constant attention is essential to draining all the water off the tank
bottom. Nowadays, many systems are sterilised with an alcohol after a tank
clean. This does not cure the problem but partially inhibits the system and keeps
the infestation under control. If it grows out of control , apart from the severe
aluminium corrosion in aircraft wings, the fungus can block filters and filter!
separators.

Many airlines lise a periodic shock treatment in the aircraft fuel tanks in the
form of a very active biocide, Biobor IF . This is added to the fuel when the air­
craft is out of service for maintenance, at a concentration of 270 ppm, and ideally
left for 3 days. This will kill alI the bacteria and fungi, and sterilise the system. If
this treatment is repeated on a 3-4 month cycle, the problem is kept under
control.

Mil itary aircraft use an anti-icing additive or fuel system icing inhibitor FSII,
at a concentration of 0 .10-0 .15 volume per cent , in the fuel to prevent water
freezing in the system and blocking fuel filters which, on these aircraft , are not
heated. The additive used is ethylene glycol mono-methyl ether, EGME , or di­
ethylene glycol mono-methyl ether , (di-EGME), in avcat and lP-5 because these
are high flash fuels (60°C minimum), and the EGME will depress the flash point
at this level and so make the product even more difficult to produce . The EGME
or di-EGME acts by having a partition coefficient of some 300/1 water to oil and
hence it gets into the water at a concentration of some 20 per cent by volume, so
depressing the freezing point. At this concentration, it also acts as a biostat and
inhibits the growth of bacteria and fungi. So although the FSII is added to
prevent icing problems, as a bonus it keeps the system corrosion-free by
inhibiting growth of bacteria and fungi.

6.5 Static Electricity

Owing to the high state of cleanliness and the chemical purity of aviation turbine
fuels, a typical fuel has a conductivity of some 1-3 picosiemens/rnetre, pS/rn,
(now known as a conductivity unit, CU). For comparison , dernineralised water
has a conduct ivity of lax 106 CU, hence aviation turbine fuel has a very low
conductivity . This property of a fuel affects the rate at which charged ions are
removed from the fuel, a process known as charge relaxation . The time taken for
the charge to fall from a given value to half that value (the half-value time, (1/2)

is an important factor and indicates whether static charges generated in the fuel
are hazardous or not. In practical units

69



seconds
12

t.! =
2 conductivity, CU

Typical values of t I /2 are 12 seconds for aviation turbine fuel of I CU, and 48
microseconds for demineralised water of 10 x 106 CU. Charges can only accumu­
late to an appreciable extent if the relaxation time is high, that is, if t 1/2 is large.

The question arises as to the mechanism of charge formation. Consider a pipe­
line system where , with no flow, a charge transfer takes place across the fuel/
pipeline interface, with the establishment of a double layer of charge. This is
illustrated in figure 6.4A for the case where positive ions accumulate within the
fuel, and negative ions (electrons) on the pipe wall . Under flow conditions, as
shown in figure 6.4B , the positive charge in the flow is carried downstream, and
the negative charge on the pipe wall is now free to flow harmlessly to earth. In a
pipeline system, therefore, a continuous process of contact and separation of
fuel occurs with the pipe wall, and there is a gradual build-up of charge in the
fuel. Figure 6.4C shows how charge separation occurs on a filter. The micronic
filters have very large surface areas exposed to the fuel and, since static genera ­
tion is a surface phenomenon, high charge separation rates result . Flow through
filters and filter/separators causes charge densities much higher than those
obtained from flow through a pipe . At a sufficiently high level of potential
gradient in the vapour-air mixture occupying the ullage space above the liquid
surface, a spark discharge of incendiary strength will occur, initiating an explo­
sion if the vapour-air mixture lies within the flammable range .

Because of the low conductivity of the fuel, charged particles take a con­
siderable time to dissipate or relax . Increasing velocity will increase the charge
in the fuel , and flow through a filter will by itself generate a considerable charge .
Equivalent charges will be generated in the pipelines and filter elements but, as
the equipment is usually made of metal that is electrically conducting, it will be
earthed and so the charges tend to leak away to earth rather than accumulate on
the equipment. In a fuel transfer system, it is most important that all parts of the
system are adequately bonded electrically , that is, that all the parts are at the
same potential, preferably with the system earthed.

The generation of static electrical charges in the handling of aviation turbine
fuels has long been recognised as a potential hazard . A number of rules covering
pumping rates , line velocities , bottom loading (no splash filling), and settling
times have been generally adopted by the major oil companies as standard
practice for the safe handling of these products. The success of these practices
may be measured by the fact that there have been no reported incidents of fire
or explosion that have been positively attributed to the generation of static
electricity during the underwing refuelling of commercial jet aircraft.

As an additional safety precaution, an anti-static additive, or more correctly a
static dissipator additive, may be incorporated in aviation turbine fuels . The
additive permitted for use in the DERD 2494 specification is known as ASA·3,
and its concentration in the fuel is limited to 1 mg/l maximum. The conductivity
limits at the point, time and temperature of delivery to the purchaser are
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Figure 6.4 Charge separation in flowing fuel

50-450 CU. The amount of additive required depends on the crude oil source
from which the fuel was produced, since varying the detailed composition of the
fuel affects the additive response . Another static dissipator additive. Stadis 450 ,
has recently been approved for use in DERD 2494 . but in this case its concentra­
tion in the fuel is limited to 3 mg/l maximum. With a static dissipator addit ive in
the fuel, a typical conductivity value will be 100-150 CU. If the value is 100 CU.
then t 1/2 will be 0.12 seconds. Although the greater conductivity will produce
higher charge generation, the relaxation time will be very short , which greatly
reduces the chance of a static discharge .

The conductivity of a fuel in a tank may be measured directly by portable
meters manufactured by Maihak, or by Emcee Electronics Inc. The Maihak
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instrument has a conductivity cell on the end of a cable wound onto a drum .
The cell is lowered on the end of the cable into the tank through the sampling
hatch , and the direct reading meter is attached to the drum . With the Emcee
instrument , which may be carried in the pocket, the conductivity cell may be
attached directly to it , and the instrument put into the fuel in a sample con ­
tainer, or the cell attached to the end of a probe and inserted into the tank . In
both cases, a direct reading may be taken from the instrument.

The latest Emcee conductivity meter is a digital read-ou t model, as shown in
figure 6.5A. The figure shows the meter attached to a cable with the cell on the
other end . By inserting the probe into the liquid in the tank, via a sample hatch ,
the conductivity may be read off directly on the digital meter at any desired
level in the tank , or at a series of levels such as top, middle and bottom, to check
for homogeneity with respect to conductivity. Note the earth/bonding wire
which must always be attached to the tank before inserting the cell . Again, with
this model the cable may be detached , and the cell fitted directly to the meter

to give a laboratory model for determining the conductivity of a small sample in
a beaker, as shown in figure 6.5B.
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7 Fuel Characteristics within
Aircraft Fuel Systems

The development of aircraft and aero engines has not been without its problems.
Some of these have been overcome by design and engineering modifications, but
others needed modification of the fuel , normal1y by tightening the specification
and making it more restrictive.

The fundamental problem with aviation gasoline concerns its ability to resist
spark knock. In the early days th is not only had to be recognised , but also to be
understood before means of measurement could be devised . This took many
years to achieve. The ability to produce fuel to the quality required was, at that
time, also difficult. Yet another problem was volatility to ensure that the fuel,
as supplied, provided sufficient vapour to the engine at al1 times . With the aero
piston engine , the development of the fuel specification so closely fol1owed the
engine development programme that it will be dealt with in chapter 9 .

By the time the aero gas turbine engine appeared there was already a consider­
able knowledge of fuel specification requirements learnt from handling aviation
gasoline . Also, the gas turbine seemed initial1y to be non fuel-critical , but this was
not sustained. By 1951, however , only four years after the first main U.K. speci­
fications had been published , there were meaningful specifications for both
wide-cut and kerosine type fuels . As the engine developed , and this took place
very rapidly, problems arose which were often overcome by adding another
specification parameter.

7.1 Freezing Point

Kerosine type fuels used by most civil operators original1y had a freezing point
specification of · 40°C max imum. With the introduction in the 1950s of the
long-range transports flying at over 30000 feet for several hours, concern was
expressed that the then current specification might not be adequate . Fuel tern­
perature surveys carried out by an lATA study group in 1956 showed that , with
jet propel1ed aircraft flying in excess of 500 mi/h , minimum fuel temperatures
were only .- 29°C but that, at lower speeds, this could fall to . 40°C. However,
it was claimed that for the slower turbopropeller-driven aircraft like the Britannia,
the fuel temperatures would fal1 to ···50°C on long haul operations. As a result of
this . the U.S.A. and U.K . decided that, for civil operations, there should be a
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--50°C freezing point kerosine type fuel. In the U.S .A., the ASTM Committee
Tech. J on Aviation Fuels commenced writing commercial specifications in
1956, and published them in 1958 as ASTM 01655. Two kerosine grades were
specified, Jet A ( -40°C freezing point) for domestic use, and Jet A-I (-50°C
freezing point) for long-haul flights, plus a wide-cut fuel, Jet B, corresponding to
the military JP-4 fuel. In the U.K. , OERO 2494 was first published in 1957 . This
was equivalent to OERO 2482 but required a - 5 0°C freezing point, which
became the international standard low-temperature criterion for civil aircraft ,
and remained so until a change occurred in 1979, which will be discussed in
chapter 10.

In countries large enough to have significant regional differences in climate,
two types of fuel may need to be specified for the same type of aircraft and
mission . In Canada , for example, the lower temperatures experienced in the
north-west and in the western Arctic require the use of wide-cut fuel, whereas
Jet A-I is suitable for use in eastern Canada. In the northern regions where the
ability to restart after landing in a remote location is essential for survival, wide­
cut fuel is also preferred by most helicopter operators, whereas Jet A is likely to
be found suitable in southern Canada during the summer.

7.2 Thermal Stability

It had always been recognised that aviation turbine fuel could be unstable in
storage and, to control this, the specifications had included gum tests and un ­
saturates limitations, originally bromine number and then olefin content. It soon
became obvious that these tests were not protecting hot fuel systems against
nozzle deposits . Clogged nozzles distorted fuel spray patterns, leading to over­
heating, burnt out combustors and distorted turbines .

Major research by many companies looked into techniques to measure high­
temperature oxidation reactions in aviation turbine fuel. The only candidate
that protected engines in the field was a laboratory-scale heat-exchanger and
filter called the Fuel Coker. This simulator was proposed by Pratt and Whitney ,
and co-operatively evaluated by the Co-ordinating Research Council (CRC).

Although it was hoped that the only control parameter would be the pressure
drop across the filter , so that a finite quantitative limit could be set easily, this
was not to be . Early investigators observed that the pre -heater tube deposits
related to heat-exchanger fouling in the aircraft fuel system. A scale of pre -
heater tube deposit ratings was therefore set up and , when the resulting Thermal
Stability test was incorporated into military specifications in 1957 (Mil-F-56240) ,
the procedure called for both pre-heater deposit ratings and filter pressure drop .
The Fuel Coker test for thermal stability was soon incorporated into all major
specifications.

Thermal stability of fuels remains the foremost fuel quality problem for the
immediate future . Great advances have been made since the I950s in under­

standing this phenomenon . An investigation into new and improved techniques
to measure fuel stability was carried out in the early 1970s, and the Jet Fuel
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Thermal Oxidation Tester (JFTOT) was produced as a result (see figure 7 .1).
This in many ways is a miniature fuel coker having fuel flowing over a heated
tube and out via a filter. Once again , tube deposit ratings and pressure drop are

the measurements called for. However, with better control, a much greater tem­
perature range of operation is available, and accurate threshold temperature
limits may be obtained . The threshold temperature , or breakpoint, is the tem­
perature at which the fuel fails the test. Modifications have been made to the
JFTOT to increase the severity of the heat treatment of the fuel , and various
techniques are used to more accurately assess the deposit . These make the
JFTOT a very useful research tool to assist in defin ing fuels for the future .

The JFTOT is mandatory in both U.K. and U.S . military specifications,
whereas ASTM D 1655 specifies JFTOT bu t still allows the old Fuel Coker as an
alternative method .

.-

o
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/

Figure 7.1 Standard JFTOT apparatus (court esy Esso Petroleum Co. Ltd .)

76



7.3 Additives

From the early days of aviation turbine fuels, additives have been considered for
inclusion to improve performance .

7.3.1 Anti-oxidants

The first additives to be used were anti-oxidants, and the first selection was taken
from those successfully used in aviation gasoline. With the advent of hydro­
treated fuels it was very soon discovered that this treatment tended to remove the
natural oxidation inhibitors that were normally present in fuels. This in turn
allowed the formation of peroxides and hydrop eroxides in the fuel, and these
could seriously affect diaphragms in fuel control systems. As a result of this, the
addition of an anti-oxidant into all hydro treated fuels became mandatory . Even
after this, control diaphragm problems arose in the Far East where the fuel had
been in storage at about 35°C for some 2 years and still contained some unused
anti-oxidant. But, at that low level, it was discovered that it was not enough to
inhibit peroxide/hydroperoxide formation . A U.K. industry group was set up to
overcome the problem. Since no accurate control test could be applied in the
field, it was decided to increase the anti-oxidant addition to the fuel. This has
cured the problem.

Originally the anti-oxidants were of two basic types, the butyl phenol deriva­
tives and the phenylenediamine type , both of which are effective. Complaints
arose that the phenylenediamine type was reducing the life of synthetic rubber
seals in the fuel systems, and adversely affecting the operation of filter separators,
as well as presenting a potential health hazard during handling the additive. For
these reasons, the phenylenediamine type of additives were withdrawn from
aviation turbine fuel specifications .

7.3.2 Metal Deactivators

Metal deactivators (MDA) were used in those fuels that were sweetened by the
copper sweetening process. From this process, trace quantities of copper may be
carried over in the fuel from the reactor to tankage. The presence of copper in
the fuel catalyses oxidation reactions, and the fuel will readily fail the thermal
stability test. As little as 60 fJg/kg of copper will be sufficient to fail the specifica­
tion. Hence if a metal deactivator is added to the fuel, it will form a chelate with
the copper and effectively passivate it. In the chelate form, copper will not
promote oxidation . Clearly, the total amount of copper carried over must always
be very small, and so the maximum amount of MDA allowed to be added to the
fuel is limited to 5.7 rng/l. This figure originated from the old refinery measuring
scale of 2 pounds per thousand barrels (PTB), and is an exact conversion.

Originally, the two compounds permitted for use as metal deactivators were

N,N'-disalicylidene,-I ,2,-ethylenediamine
N,N'-disalicylidene,-I ,2,-propanediamine
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Unfortunately, the former came out of solution at the low temperatures
encountered in high altitude flight , and deposited on the fuel system filters as a
pink deposit. This became known as 'pink plague' and its cause was discovered
only after an extensive investigation. The problem was overcome when this
compound was withdrawn from service. The latter compound is still used when
required, and is problem-free.

7.3.3 Compatibility

In recent years, as more additive types have been proposed for approval in
aviation turbine fuels, each type comprising several compounds, an extensive
system of additive evaluation has been set up, not only to prove the additive
itself, but also to check on its compatibility with all other additives that could
be present, and all fuel system components. This is a long and tedious task but ,
since it has been in operation, this sort of problem has not recurred.

7.4 Stiction

A problem occurred in 1962 and 1963 involving a piston type fuel pump on
turboprop aircraft. When the engine was runn ing all was normal, bu t on pre­
flight propeller checks when turning by hand to inspect each blade, it was
occasionally reported as 'tight to turn'. This could sometimes be freed by a
sharp pull on the propeller, when there would be a cracking sound in the engine
and the system would again be free . At other times this action would shear the
quill shaft to the fuel pump, and put the engine out of action . An industry com­
mittee was set up to investigate the problem . The fuel was suspected of being a
cause and , from the areas in which it occurred, the culprits seemed to be those
fuels that were either hypochlorite or copper sweetened. The only common
factor in fuel from these processes is that they contain chlorine, and this was
cons idered to be the most likely cause . An Oil Industry committee of analysts
developed a special set of test methods to measure the amounts of active chlorine
in the fuel. These methods, described as 'SEB' (Shell, Esso, BP), determined the
cold and hot hydrolysable chlo rides and the hydrolysable acidity of the fuel. By
setting control limits on these methods it was hoped to eliminate the problem,
which had been called stiction. Despite all the fuel being within the defined
control limits set, stictions were still occurring. A programme was started to
determine the cause of stiction and hence formulate a cure .

A rig was constructed with the object of identifying fuel components or con­
taminants that would cause stiction in the pump. It consisted of a fuel pump
cam-plate set horizontally with two silver-plated slipper pads rotating on it, and
set vertically above it. Fuel cooled to _ 1°C to simulate flight conditions was
circulated over the cam-plate and rotating slipper pads , and contaminants were
added separately to the fuel as an aqueous solution and kept in suspension by
stirring. At the end of a run the vessel, still full of fuel, was rapidly heated to
82°C to simulate heat soak on shut-down . Static torque measurements were
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taken at the beginning and end of each run, and after the heat soak and shut­
down period .

Contaminants in the fuel were sodium chloride, hydrochloric acid, ferric
chloride, ferrous chloride, ferrous sulphate and benzyl sulphonyl chloride . Only
the ferrous chloride caused a stiction, and the conditions of the system were
similar to those of pumps that had failed in service . If a metal deactivator is added
to the fuel containing ferrous chloride at 3 ppm , no stiction occurs . As ferrous
chloride can occur only in acid solution with a chloride present, tighter control
on the sweetening processes was introduced by either caustic washing or extra
water washing at the end, and the problem was overcome . An .addit ion of
3 ppm MDA was made in some areas as an added precaution.

A further simultaneous invest igation found that most fuel filters on the air­
craft involved were of the felt type , and water retention was suspected. On
another rig, tests were carried out using both paper and felt filters to see which
had the greater water retention, and which could desorb it under operating con ­
ditions . As can be seen from table 7.1, the felt filter gives off a significant
amount of water from a hot fuel , simulating the switching on of aircraft fuel
heaters prior to landing, whereas the paper one does not. As a further pre­
caution, as well as for improved fuel control , the use of felt filters was dis­
continued. As the SEB tests were not correlating with any field results , and as
the action on fuel quality and fuel filters had been taken, the SEB tests were
discontinued .

Table 7.1 Water desorbed from felt and paper type
fuel filters. mean ppm

Fuel condition ex
fuel heaters

Cold
Hot

Felt

2
18

Paper

I
3

7.5 Sulphide Corrosion

Initially the piston type fuel pump had silver flashing on the slipper pads, and
there were three series of incidents of sulphide corrosion on these pads . In the
first two series there was severe sulphide attack on the pads , but in the third
there were in-flight shut-downs caused by the failure of the fuel pump. The first
of these was in 1958, and was due principally to the presence of sulphate reduc­
ing bacteria in the water bottom of storage tanks , and to an inadequate control
procedure . These incidents were prevented from recurring by removing the
water from the bottom of aviation turbine fuel storage tanks, by making daily
checks to see that no water had accumulated, and also by increasing the
severity of the copper strip corrosion test.
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In 1963 a second series of unexplained incidents occurred in Australia . As a
result of this , Shell developed a silver strip corrosion test known as the 'CL-I '
test to act as a monitor and hopefully indicate a control.

In 1965 Indian Airlines suffered very severe silver corrosion problems includ­
ing three in-flight shut-downs. The fuel used had been produced in the Middle
East , and fully met the then DERD 2494 specification. Testing by the CL-I test
gave it the worst rating of 4. A survey of Indian fuel storage showed that of 75
samples tested by the CL-I test, 37 had zero ratings (satisfactory), and 38 had
either 3 or 4 ratings (severe sulphiding). The Indian Government immediately
imposed a CL-I rating control of zero on all imports, and the U.K. Government
was asked to include this test in the DERD 2494 specification . After some
further research and correlation with the CL-I test and the effect of the fuel on
the sulphiding of the silver slippers, DERD 2494 imposed the CL-I test, now
known as the Silver Strip Corrosion Test , with a maximum rating of I . This has
certainly contained the problem. Since that time, however, because of this
problem and another , pump modifications have been introduced to replace the
silver slipper pads with carbon, and in many pumps the silver flashing on the port
insert face has been replaced . Also, as new engines are equipped with gear pumps
with no silver in them, the need to continue to have this control in the specifica ­
tion is questionable.

7.6 Lubricity

The major developments in fuel quality during the 1960s concentrated on fuel
stability and cleanliness, which was an excellent move . New processes were
brought in , especially hydrotreating, and these did indeed produce fuels of high
thermal stability and, after filtration, a high degree of cleanliness. In so doing,
however, these processes had removed traces of impurities which later transpired
to be natural oxidation inhibitors and natural lubricants . The natural oxidation
inhibitors could be, and were, replaced by anti-oxidant additives, but the fuel
derives its lubrication from natural lubricants within itself, and at that time it
was not realised that they were being removed .

In 1968 problems arose in engine fuel systems, particularly in fuel pumps,
which were thought to have been associated with deficiencies in the lubricity
properties of the fuel. (The aviation industry appears to produce new words for
new problems, for example 'stiction', and now 'lubricity") Lubricity is defined
as follows : if two liquids have the same absolute viscosity but one gives lower
wear , lower friction, or a lower tendency to scuff, then this will be considered
to have better lubricity.

In fact the problem , not then recognised as such, first showed itself as sticking
and hang -up of fuel control systems using JP-4 fuel produced to the MiI-T-5624G
specification , but from 1968 it appeared in Europe as a problem of wear and
seizure of fuel pumps with both kerosine (avtur/Jet A-I) and wide-cut
(avtag/Jet B) type fuels.
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A fundamental research programme to investigate the lubricity properties of
high-temperature aviation turbine fuels was carried out in the U.S.A. by the then
Esso Research and Engineering Company which showed that lubricity in fuel was
dependent on the presence of trace polar compounds, most probably high
molecular weight aromatics. Differences in the lubricity of fuels were generally
related to the degree and type of refining to which they had been subjected . Any
process , therefore, such as solvent extraction, absorptive percolation, clay treat­
ment or catalytic hydrogenation, that will remove polar compounds will affect
lubricity . It was also shown that the most likely wear mechanism is corrosive
wear owing primarily to dissolved oxygen in the fuel , and accelerated by the
presence of water. It would seem , therefore, that a polar compound that can
form a film on rubbing surfaces would be a logical lubricity agent.

A complementary research programme was carried out in the U.K. at the
Esso Research Centre specifically to investigate European fuels with regard to
lubricity, and to find a means of overcoming a potential lubricity problem in
fuels that were shown to be poor in this respect. Because of the high proportion
of hydrotreated fuel used in Europe, the study restricted itself to a comparison
of the performance of hydrotreated fuels with that of a typically chemically
treated fuel. Although the early field problems in Europe had all arisen from
using hydrotreated fuel , in 1970 several incidents of pump failure occurred
where the fuels concerned were not hydrotreated, so this problem could not be
solely related to this treatment.

A test rig was built using the metallurgy of a piston type pump which could
rate fuels in an order of merit with respect to lubricity . Although designed to
measure several parameters , it soon became evident that the most significant
variable was wear. Using the rig, samples of European aviation turbine fuel were
rated and put into an order , and this showed that hydrotreated fuels exhibited
higher wear rates than the non-hydrotreated fuels. To establish whether wear
rate was in fact a function of hydrotreating, an aviation turbine fuel distillate
was taken and severely hydrotreated in a pilot scale reactor. This produced an
experimental fuel with a much higher wear rate than any production fuel tested ,
indicating that hydrotreating could affect the lubricity of a fuel. A detailed
analysis of the experimental fuel and a production copper sweetened fuel showed,
by thin layer chromatography, that the production copper sweetened fuel con­
tained a component that was entirely absent from the experimental fuel. This
component was called 'Spot A', and analysis by mass spectrometer and infrared
techniques identified it as essentially thiahydrindane and thiadecalin :

Samples of Spot A were added to the experimental fuel, and this significantly
improved its lubricity. Spot A was also synthesised and added to the experi­
mental fuel, with the same result. So it appears that , as well as the known poly-
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cyclic aromatic compounds, other highly polar compounds consisting of fully
saturated heterocyclic compounds also act as active lubricity agents .

These heterocyclic compounds are not readily available and would be very
expensive to produce commercially either by selective extraction from hydro­
carbon streams or by synthesis . The questions arose as to whether an additive
could be used , and whether there was one available that had been screened and
cleared for use in aviation turbine fuel. Anti-oxidants were already used , but even
massive doses had no effect on lubricity as measured by the rig. Similarly , no
effect was seen with the metal-deactivator, anti-static or anti-icing additives. The
corrosion inhibitor did , however, give a significant reduction in wear rate. It was
also found that tra ce peroxide/hydroperoxide formation in a fuel improves
lubricity . Th is, of course, cannot be allowed as it will adversely affect diaphragms
in the control systems, and has to be prevented by using anti-oxidants. From the
fuel viewpoint, therefore, lubricity may be improved if it contains polycyclic
aromatics, specific heterocyclic compounds and/or corrosion inhibitor.

On the mechanical side, the problem may be overcome in the piston type
pump by modifying it to the all-carbon standard . In this modification , the slipper
pads are made of carbon, the piston bores have carbon sleeves and the port face
also contains carbon. This gives the best protection because, as an aircraft flies
around the world, the fuel quality with respect to lubricity cannot be accurately
known .

A few years later , the lubricity effect of high wear rate was seen on gear
pumps . These pumps would show excessive gear tooth wear plus bearing and
spline wear. This could lead to severe vibration , misalignment and , at times, pump
failure . Fuels with natural or added lubricity agent did not show this problem,
and mod ification of the gear pump by changing its metallurgy would also cure it.

Any change or mod ification costs money . New engines are equipped with
pumps to the improved standard , and so the problem affects a decreasing number
o f aircraft each year. Military fleets have tended to go for the additive solution
as a precau tion that avoids retrofitting aircraft, and also because they have direct
cont rol of their own fuel supplies. Since several airlines have now modified their
pumps to the improved standard , this is under control and no longer represents a
major problem.

7.7 Salt Water Corrosion

The ingestion of salt water into a gas turbine engine has always been considered
a serious problem, because the sodium will cause very severe corrosion of the hot
turbine blades . Many specifications for ground-based gas turbines used for pipe ­
line pumping or power generation , often in isolated locations , stipulated that the
sodium content of the fuel must not exceed 0.1 ppm . This is to ensure that trace
water in the fuel is not contaminated from the salt often used as a drying agent in
refineries. This has not generally been a problem for aviation turbine fuels with
their strict quality control and ground handling procedures. A few years ago,
however. a Boeing 747 coming in to land at London , Heathrow, had to shut
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down two engines because of salt water ingestion , although it had flown success­
fully from the Middle East without problem. An industry inquiry was held, and
work carried out to assess how this could have occurred . Many fuel samples were
tested at random from major uplift points , and this confirmed that the maximum
solubility of salt in a kerosine type fuel is of the order of 0.06 ppm. Any massive
salt ingestion, if from the fuel , must be from water contamination. As the water
on board this particular aircraft was excessive, and contained significant quantities
of salt , it was concluded that it was loaded on the aircraft by human error and
not noticed. This incident has, however, tightened refuelling procedures, and
extra attention is now paid to the routine water drain check at the completion
of every refuelling .

7.8 Vapour and Air Release

The solubility of air in petroleum products is very low on a mass basis but, at
normal temperatures and pressures , air can dissolve in light hydrocarbons, such
as gasoline, up to some 25 per cent by volume; for kerosines of the aviation
turbine fuel type the figure is about 12 per cent, and even some 7 per cent for
heavy lubricating oils . These figures do not vary significantly for a wide variation
in the composition and properties of the aviation fuels . The solubility is, how­
ever , closely related to the surface tension of the product, and normally both air
solubility and surface tension decrease with a rise in temperature .

Air solubility obeys Henry's Law which states that the amount dissolved is
proportional to its partial pressure in the vapour phase, that is, the difference
between atmospheric pressure and fuel vapour pressure . In the case of aviation
kerosine which has a very low vapour pressure, air solubility is approximately
proportional to atmospheric pressure. This means that dissolved air will be
evolved from the fuel as the aircraft climbs, but the amount released will be
dependent on the degree of agitation of the fuel. Under quiescent conditions ,
for example, the fuel can be supersaturated, but under severe agitation there will
be a violent release of air, causing foaming and frothing . In an extreme case, this
could block the venting system and introduce vapour into the fuel line if these
systems are inadequately designed .

Another point to be considered is that, because the solubility coefficient for
oxygen is much greater than that for nitrogen , the gaseous mixture evolved from
the fuel becomes richer in oxygen as the atmospheric pressure falls. Assuming
that the vapour space above the fuel in the tank consists entirely of a mixture of
fuel vapour and the gases released from the fuel , the altitude temperature con­
ditions which give explosive mixtures will be altered from those of vapour-air
mixtures at normal temperatures and pressures .

Air released from the fuel is saturated with fuel vapour , and this involves loss
of fuel. When the total pressure in the tank falls to the vapour pressure of the
fuel at the prevailing temperature, the fuel boils and is lost as vapour.

In the case of gasolines, because of their high levels of vapour pressure, the
main problems are fuel losses, since air release problems are insignificant. The
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reverse is the case for subsonic operations with aviation turbine fuels. As an
example, an aviation turbine fuel at sea level (l01 kPa) would contain some 11.5
to 12 per cent by volume of dissolved air. At 10000 m altitude the equilibrium
concentration of air in the fuel would be down to 3 .0 per cent, and the atmos­
pheric pressure 26.7 kPa. In considering a fuel load of 90 000 I in equilibrium at
sea level with 11.5 per cent by volume of air, then in equilibrium at 10000 m,
8.5 per cent by volume of air would be expelled from the fuel , taking fuel
vapour with it. This is some 7700 I of air , with saturated fuel vapour entrained.
This sort of problem has to be taken into account in the design of the aircraft's
fuel tanks and venting systems.

With supersonic aircraft such as Concorde, the fuel in the wing tanks absorbs
a significant amount of heat from the skin friction of the air over the wing
surface , and at the end of the flight the fuel temperature could reach 80-8SoC.

(A subsonic aircraft cruising at Mach 0.6 will experience a temperature rise of
about 25°C from skin friction but, as the air temperature at cruise altitude is
around - 65°C, this is an aid and not a potential problem.) At the cruising
altitude of 19500111, the atmospheric pressure is only 7 kPa, and it was feared
that under those conditions the fuel would boil. For this reason, the original
design had wing tanks pressurised to 15 kPa . Fuel surveys carried out in 1967
showed that the vapour pressure of most fuels then available would not exceed
6 kPa at 80°C. As extreme agitation was unlikely , the decision was taken to use
tanks vented to the atmosphere with a well-designed vent system. This has
proved most effective, and no problems have been encountered.

7.9 Fire Safety

In order to improve the fire hazard and safet y aspects of aviation turbine fuels,
efforts have been made to produce a safety fuel , that is one that will not easily
or readily ignite except in the engine combustor.

7.9.1 Gelled Fuels

One such type of safety fuel was the gelled fuel made by mixing lP-4 with emul­
sifying agents. The most successful example of this type contained 98 per cent
lP-4 and produced a stable gel or jelly-like substance that would not ignite in a
gunfire test. The test was to fire an incendiary round through the barrel of the
sample without causing ignition . The other criterion was that the shear force
energy in the aircraft engine fuel pump should be sufficient to break down the
emulsion and so produce the original lP-4 fuel into the combustor. The big
problem, however. was how to transfer the fuel from the tank to the pump prior
to the fuel being degraded back to its normal state . Pumping was not possible ,
and a gravity feed not practicable. although a hopper type design for a helicopter
was considered .

This type of fuel based on lP-4 was, of course , designed for military purposes,
especially for helicopters. Since these aircraft fly low and relatively slowly , they
are vulnerable to destruction by incendiary gunfire. On large helicopters, the
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landing wheels are repla ced by pontoons which are used as the fuel tanks, and
are thus even more vulnerable to ground fire . The gelled fuel was designed
specifically for this situation .

Although the fuel proved to be gunfire proof, and could be broken down to
the original fuel in the pump, it was not possible to transfer it to the engine
system in flight , and so it was never used in service.

7.9.2 Anti-Misting Fuel

More recently there has been a lot of interest shown in the use of an anti-misting
additive which can be added to a kerosine type fuel. The possibility that this
would reduce the risk of, and perhaps prevent , a post-crash fire is of great interest
to civil airline operators. This additive is a polymer of very high molar mass
which, when mixed with kerosine , has the effect of preventing mist formation
at high rates of shear.

In a crash or heavy landing, the main fuel tanks within the wing are likely to
rupture, with the fuel being thrown forward owing to its momentum . A normal
kerosine fuel would experience a high rate of shear and be carried forward as a
series of very tiny droplets in the form of a mist. Fuel is much more easily
ignited as a mist than as bulk liquid, and the mist will ignite if it passes any
source of ignition such as the hot engine . Also, the flame propagation rate in the
mist is much greater than in the bulk , and so the mist will rapidly form a large
fire ball which will flash back to the main fuel and ignite it , forming a large
conflagration .

With a kerosine fuel containing an anti-misting additive at 0.4 per cent con­
centration, however, the fuel is thrown forward in large droplets, as the shear
forces are insufficient to generate a mist. These droplets may catch fire at their
edges but do not have sufficient energy to burn completely, and hence there is
no flame propagation back to the bulk fuel located in the wing tanks.

Safety demonstrations on ground test tracks , comparing normal kerosine fuel
with a fuel containing an anti-misting additive, show the effectiveness of this
additive . As with other safety fuels , however, there are problems. In this case,
one problem is that the additive must be introduced at the time of refuelling ,
and it then requires 20 minutes before it becomes effective. This creates a very
serious problem with ground handling and monitoring equipment, as well as the
delay time involved. If the aircraft with a full load of fuel takes off too soon and
crashes, it is essential that the fuel has full anti-misting properties . Furthermore ,
the major problem is the need to 'degrade' the fuel back to its normal state for
combustion . The rate of shear of the aircraft engine fuel pump is not suffi cient
to break down the high molar mass polymer , and the fuel entering the combus­
tion chamber will not atomise and burn effectively. Various high-energy systems,
including ultrasonics, have been tried to break down the polymer sufficiently
for normal combustion . A multi-stage high-shear pump type degrader is now
being produced in the U.S.A ., and it is proposed to fly and crash an aircraft, by
remote control, fuelled with AMK fuel. There is still much testing to be done on
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the effectiveness of the degrader in sustained flight , and indeed on the effect of
the AMK additive on a long duration flight at very low temperatures and high
altitude.

Once again, a fuel can be produced that has excellent safety properties, this
time to prevent a serious fire developing quickly from the fuel in a crash situation
and so giving the passengers more time to escape from the wreckage. Once again,
however, having given it these 'safety' properties it loses its prime property of
combustion in the engine. The fuel can be pumped to the engine, but efficient
combustion is not possible without an effective degrader. In the gelled JP-4 case,
it was not possible to transfer the fuel from the tanks to the engine. If it had
been possible , then the energy of the fuel pumps would have produced sufficient
shear force to restore the fuel to its normal condition for combustion.

The anti-misting concept for a fuel in a civil airliner is a very valuable contribu­
tion to aircraft safety and , if the problems now being encountered could be over­
come, this would be a significant step forward in safety. At present, however, a
safe solution is not known, and whether it can be achieved or not lies in the
future. Even if it can be solved technically, it is questionable whether the high
cost of aircraft modification in fitting degraders, and the very high cost of refuel­
ling dispensers together with the extra cost of the fuel, are justifiable on a
secondary safety measure. The money may be more effectively spent on primary
safety measures such as improving ground proximity warning systems!

7.9.3 Reticulated Foam

Another approach to reducing the fire hazard , in this case for military combat
aircraft, is the use of a reticulated foam. The aircraft fuel tanks , usually within
the wings, are filled with a plastic honeycomb-like material similar to a rigid
plastic sponge. On first sight , these foams appear nearly solid but, in fact , occupy
only some 3-4 per cent of the available fuel space, the remainder being very fine
pores . The fuel enters these pores and drains down to the bottom of the tank
where it can be collected and pumped into the aircraft fuel system . Gunfire
strike on the wing, especially of an incendiary nature , will penetrate the wing
surface but not meet a mass of fuel nor cause a flow of fuel through the hole , as
in a normal tank configuration. The chances of a fire are thus very much reduced.
This approach is of particular value when a wide-cut JP-4 type fuel is used.

The system was successful in its fire prevention , but was not without prob­
lems. During high-speed refuelling, the fuel entering the tank could compress
some foams, forcing a gap between the inlet and the foam which was not
restored at the end of loading. When air entered this gap, as occurred in some
systems, the conditions for an electrostatic explosion were created. Fuel travel­
ling at high velocity from a filter or filter/separator will be highly charged , and if
this sparks across the air gap an explosion will occur . The foam is now strength­
ened so that the gap does not occur , and is also made semi-conducting in order
to prevent a build -up of charge.
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8 Fuel Combustion
Performance

The overall process of combustion of fuel for the generation of power by an
open-circuit heat engine comprises the metering of the fuel to the combustion
chambers, the preparation of th e fuel -oxidant mixture , initiation of ignition ,
propagation and/or stabilisation of the flame, and subsequent emission of the
products. The devices or complete systems used for engine fuel metering repre­
sent a separate study , and are covered elsewhere. The remaining topics are
determined largely by the type of engine and combustion adopted, and are out­
lined individually in the follow ing sections.

8.1 Mixture Preparation

In general , fuels burn only in the gaseous or vapour phase, in conjunction with a
gaseous oxidant, usually atmospheric oxygen, and thus liquid fuels require prior
vaporisation . If the volatility of the fuel is comparable to that of a petroleum­
derived gasoline, vaporisation in atmospheric air is so rapid that rudimentary
droplet formation only, as in a carburettor , is generally adequate to provide a
combustible mixture . The key fuel parameter therefore comprises volatility and,
of the three standard laboratory methods of test (distillation , vapour pressure
and flash point), the shape and level of the distillation curve provide the most
comprehensive indication of vaporisation tendencies over a range of temperature .
The distillation curve of a typical aviation gasoline is shown in the upper part of
figure 8.1, and particular distillation temperatures can be cross-related to service
experience, as discussed in section 9.1. Broadly, the low-temperature recovery
limits control starting, warm-up , ice formation and vapour lock, whereas the
high-temperature recovery limits control the proportion of heavy fractions which
can give rise to maldistribution of mixture within the induction manifold . This
problem arises because of the inertia of the unvaporised droplets travelling either
in the main stream or along the walls of the manifold , and leads to weak mix­
tures in some cylinders, which consequently run hot and so knock, and also to
rich mixtures in others , which contain excessive concentrations of anti-knock
additive. Setting a maximum on the end point also prevents the lubricating oil
from being washed from the cylinder walls , and diluted in the crankcase.
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Figure 8.1 Repre sentative ASTM and equilibrium air distillation curves for an aviation
gasoline

Although distillation data can be correlated generally with engine perform­
ance, as outlined above, the test takes place in the absence of air, which becomes
displaced from the flask soon after vaporisation commences, giving an air/fuel
ratio of zero. A more fundamental test simulates the behaviour of fuel in an
engine inlet manifold by permitting the fuel to vaporise to a condition of equilib­
rium in a stream of air at constant temperature . This is described as equilibrium
air distillation (EAD), and the apparatus is shown schemat ically in figure 8.2.
Measurement of the air and fuel flow rates, and of the unvaporised liquid at the
outlet of the apparatus at the end of the test time period, permits the construc­
tion of an EAD curve on the basis of temperature versus per cent volume
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Figure 8.2 Sligh type equilibrium air distillation apparatus

vaporised for the given air/fuel mass ratio supplied. This is related to the ASTM
distillation curve, and lies underneath it. A whole family of such curves can be
constructed, with values of air/fuel mass ratio varying from zero for the ASTM
curve to 50 or more at lower temperatures, as indicated in the lower part of
figure 8.1. The temperatures where these curves reach the 100 per cent vaporised
ordinate are the dew points for the corresponding mixtures.

Curves can be superimposed on the EAD curves for different air/fuel mass
ratio to interconnect points of equal air/vapour mass ratio, as follows

Per cent vaporised = 100 (V~:~~~::ss) = 100(f) = 100(J ;)

= 100(A/F)'
A/V

For example. at A/F = 1, it follows that A/V= 8 when

Per cent vaporised = 100(-~) = 12.5

Curves for air/vapour mass ratios of 8 and 18 have been superimposed on the
EAD curves in figure 8.1 since these represent approximately the rich and weak
limits of flammability, respectively, for a gasoline. The shaded area in the figure
therefore represents the naturally flammable region for the fuel in an air mani­
fold at atmospheric pressure .
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In contrast to the above, the low volatility of the kerosine type fuels used for
aero gas-turbine engines is such that carburation, even in moderately heated air,
would be too slow for a satisfactory rate of vapour generation. Vaporisation at
flame temperature is suitable, however, and the 'walking stick' type of vaporiser
tube receives narrow streams of liquid fuel under relatively low pressure , and
converts them to vapour within the flame zone of the combustion chamber
(figure 8.3). The key property requirement of the fuel is that it should vaporise
cleanly without deposition of contaminants or of its own carbon through
chemical cracking at the high temperature.

In all other applications to gas-turbine engines, the volatility of the fuel is
increased substantially to an effective level roughly equivalent to that of a gaso­
line by spraying into a large number of very small droplets . This process, loosely
termed 'atomisation', gives a massive increase in surface area per unit mass of
fuel , and so augments the vaporisation rate by several orders of magnitude. The
fuel is also distributed in space such that mixing with air is effected rapidly.

This subdivision of a film of fuel into filaments and droplets is achieved by
the shearing action arising from the velocity difference between the fuel film and
air. In pressure-jet spraying, the fuel is forced tangentially into a swirl chamber
so that it tapers to the orifice and leaves in the form of a rapidly expanding thin

Fuel

(al T-type vaporiser

leI Air-blast atomiser-pre-filming

Fuel

(b) Pressure-jet atomiser

Fuel

~,",,------....,
"- ",',

Air ........ -----
....... _---

(d) Air-blast atomiser-plain jet

,­
/'

/

\
<,-

Figure 8.3 Representative types of fuel vaporiser and atomiser
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conical sheet. In pre-filming air-blast spraying, on the other hand, the fuel film is
established on a solid surface in the vicinity of a rapidly moving air stream.
Research is also under way into a simplified system of multiple fuel jets feeding
perpendicularly into the air stream.

To a major extent, the size distribution, mean diameter and penetration of
the droplets are determined by the design of the injector, fuel pressure and
related air geometry, but fuel properties are also significant. Although fuel
density alone has little effect on spray formation, viscosity has a direct effect on
droplet diameter since it damps out the turbulence induced by the shearing action
of the air . Similarly, fuel surface tension has a direct effect on droplet diameter
since it resists disintegration although, for the gas turbine fuels , this property
varies only slightly between 23 and 26 mN/m.

8.2 Fuel Combustion in Piston Engines

Under normal operating conditions in the spark-ignition engine, a nucleus of
burning gases forms rapidly after the igniting spark, and the flame moves radially
outwards through the combustion chamber owing to the transfer of both heat
and free radicals to each successive layer of unburnt gas until all the mixture is
consumed. In consequence , the pressure throughout the combustion chamber
rises, owing mainly to the heat release and partly to the increase in the number
of gaseous molecules . This pressure rise in turn promotes a rise in temperature
of the unburnt gases, but they are consumed by the advancing flame before the y
can react independently to any significant degree .

However, when conditions are severe , or the gasoline quality is unsuitable,
the unconsumed end gases may become sufficiently stressed for a length of time
equivalent to their delay period, so that spontaneous ignition of all the unburnt
charge occurs before the main flame arrives. This explosive form of combustion
is termed spark knock, and is most likely to be a high-pressure spontaneous
ignition occurring near the end of the combustion period . This phenomenon has
also been attributed to such other mechanisms as detonation, involving the
propagation of mutually supporting flame-and-shock waves, and also reactions at
surfaces of finely divided particles of carbon derived from pyrolysis of the fuel
or lubricating oil. However, most evidence appears to support the spontaneous­
ignition theory, as represented by the curves in figure 8.4. The upper curves show
the variation in minimum spontaneous-ignition temperature (SIT) for a number
of individual members of the main hydrocarbon series , as measured by the
standard technique of introducing small fuel samples into a heated flask at
progressively reducing temperatures , and recording the related ignition delays? .
The lower curves show corresponding results for the knock-limited compression
ratio in a single-cylinder test engine . It is true that the conditions in the flask
test relate to atmospheric pressure and therefore have extended delays of several
seconds, in contrast to the high pressures and millisecond delays in the engine .
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Nevertheless, the similarity of the three majo r conclusions is str iking, since bo th
SIT and knock-limited compression ratio

(a) reduce generally wit h increase in molecular carbon number
(b) increase wit h molecular compac tness owi ng to cyclisatio n or isomerisation ,

and
(c) are relativel y high for the arom at ics and isoparaffins.

Spark knock is promo ted by severity in any operati ng variable that tend s to
raise th e combustion pressure and tem perature, or increase the time available for
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end -gas reactions. It is therefore induced by such engine factors as high inlet
manifold (boost) pressure , high compression rat io , excess spark advance, and
low engine speed , together with the use of a fuel of inadequate anti-knock quality.
It can also result from weak mixture operation which lowers the velocity of
flame propagation and with it the conversion of heat to mechanical work. Part
of the additional unused heat is reta ined in the cylinder walls, causing the engine
to run hotter and so be more prone to spark knock. With extensive fuel weaken­
ing, the flame speed becomes so low that flame is still presen t when the inlet
valve opens for the next admission , leading to blow-back int o the inlet manifold.

Spark knock is characterised by violent vibrat ions of the combustion gases
(figure 8 .5) , with sympathetic vibration of the engine stru cture causing a sharp
metallic noise , and also hot running due to the sudden release of energy. In
general, light knock at low speed during acceleration has no adverse effects on
an engine of rugged construction. However, sustained heavy kno ck at high speed
can lead to piston-crown erosion, piston seizure and , eventually , piercing of the
piston-crown owing to the initial gas vibration , which may reach a pressure level
about twice that of the normal peak .

The anti-knock quality of a gasoline is controlled by the blending of such
components as isoparaffins and aromatics with inherently high resistance to
spontaneous ignition, together with the addition of an anti-knock agent such as
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lead . The likely anti-knock mechanism of lead lies in its ability to oxidise to
Pb02 during early stages of combustion, and to absorb the excess energy of
potentially reactive fuel molecules within the end gas, pending the arrival of the
main flame . Although the Pb02 molecule may be dissociated to PbO in the pro­
cess, its rapid re-oxidation to Pb02 implies a capability for the lead atom to
inhibit spontaneous ignition repeatedly by recycling with oxygen. In order to
ensure adequate lead scavenging during the exhaust stroke, compounds of
bromine are included in the lead fluid additive.

One other ignition problem, which can arise under adverse operating con­
ditions , lack of cleanliness in the combustion chamber or inadequate fuel quality,
is the uncontrolled ignition of the main charge by the presence of a glowing
surface within the chamber. Engine cooling and material selection are such that
metallic surfaces are unlikely to reach glow levels of temperature , but combustion
deposits build up with time, and the presence of anti-knock additives can depress
the glow temperature of the deposited carbon (table 8.1). Since a portion of the
charge is caused to burn before it would otherwise have been consumed by the
advancing spark-ignited flame, this phenomenon is commonly termed pre­
ignition . The overall effect is that of an over-advanced spark timing, producing
more pressure rise prior to outer dead centre . This in turn tends to stop the
engine but, since the piston is forced to continue operating by the action of the
other pistons linked to it , a serious self-inducing runaway condition can arise
with the generation of a great deal of heat, causing roughness, noise and an
occasional spark knock and leading eventually to battered valve springs and melt­
ing of the valve heads and piston-crown. Furthermore, an erratic running-on or
after-firing can occur when the electrical ignition is switched off and , since this is
liable to reverse the engine rotation suddenly, it is particularly undesirable with
engines having a high-speed gear-driven supercharger. For this reason , aero piston
engines are shut down by means of a slow-running cut-out to cancel all fuel to

Table 8. I Approximate glow temperatures of combustion chamber deposits
(average values from several sources)

Additives

Nil

Lead and
scavenger

Lead and
scavenger
+ phosphorus

Lead and
scavenger
+ boron

Deposits Glow
temp . (C)

Carbon, C 550

Carbon + lead monoxide, PbO 300
Carbon + lead dibromide , PbBr2 200
Carbon + lead oxybromide, 2PbO .PbBr2 230

Carbon + trilead diorthophosphate, Pb3 (P04 h 460
Carbon + lead bromophosphate, 3Pb 3 (P04 h .PbBr2 350

Carbon + lead borate, PbO.B20 3 340

9S



the cylinders, rather than relying entirely on the switching off of electrical
ignition.

Whereas spark knock appears as a gas-phase spontaneous ignition near the end
of the combustion process, and thus at a high pressure level, pre-ignition is a
forced ignition at low pressure, and is also dependent on the combustion tem­
perature of the previous charges that caused the deposits to glow. Consequently,
fuels do not necessarily exhibit comparable resistance to these two phenomena.
Thus, although isoparaffins resist pre-ignition as well as spark knock, the hot­
burning aromatics do not" . The problem can be solved largely by restricting the
extent of deposition , and also by raising the glow temperature of those deposits
that do eventually accumulate . This is achieved by the use of a phosphorus
additive , as shown in table 8.1 . As a useful side effect , the phosphorus com­
pounds increase the electrical resistivity of the deposits , which restricts misfire
due to electrical leakage from the sparking plug electrodes , and consequent
fouling of the cold plug.

Clearly such inorganic materials as lead, bromine, chlorine and phosphorus
cannot be dissolved directly in a hydrocarbon fluid such as gasoline, however
they can be accepted by surrounding each atom of material with hydrocarbon
radicals to present an organic molecular exterior to the bulk fuel. In consequence,
lead is introduced as tetraethyllead, Pb(C2HS)4 , bromine as dibrornoethane,
C2H4 Br2 ' and phosphorus as tricresyl phosphate , (C6 H4 CH3 h P04 •

8.2.1 Piston Engine Combustion Emissions

In the piston engine, the working fluid is confined by a solid boundary, and
therefore must operate within the mixture range of flammability (compare with
continuous combustors), although some overall fuel weakness is possible if the
charge is stratified. Figure 8.6 shows the variation with air/fuel ratio over the
flammable range of the mass concentrations of those spark-ignition combustion
products of greatest environmental concern. Fuel-rich mixtures promote the
maximum concentrations of carbon monoxide , particularly at idle conditions,
and of unburnt hydrocarbons following deceleration and/or advanced spark.
Leaning the mixture as at cruise, acceleration and/or advanced spark gives rise
to higher temperatures and thus to peak concentrations of nitrogen oxides, as
discussed in section 8.2.

Although the characteristics of spark-ignition engines used in the aviation and
automotive worlds are very similar, the light aero engine is usually air-cooled,
and so depends more on fuel enrichment for temperature control. The working
ranges of air/fuel ratio therefore lie between about 10 to 12 when out of the lean
cruise mode, compared with an overall 13 to 16 for automotive engines. Further­
more, the operator controls not only the throttle, as in automotive practice, but
also the inlet air temperature and air/fuel ratio , although the ignition timing is
usually constant instead of variable with speed and load . Also, maximum power
is used for some part of each operation with aero engines, but rarely so with
automotive engines. The problem of emissions from aero piston engines there-
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fore centres on the levels of carbon monoxide, and to a lesser extent of unburnt
hydrocarbons and nitrogen oxides, in the vicinity of airports and below altitudes
of about 0.9 krn , generated by aircraft landing and takeoff movements .

In the test procedures and levels standardised by the United States Environ­
mental Protection Agency in 1973, the emission rates of carbon monoxide , un­
burnt hydrocarbons and nitrogen oxides are measured over a five-mode landing
and takeoff (LTO) cycle consisting of specified periods of time at idle/taxi,
takeoff, climbout and approach, but excluding altitude cruise (table 8.2(A». The
maximum permissible emission levels for the cycle are then expressed in terms of
the rated power of the engine (table 8.2(8».

Table 8.2 Aero piston engine combustion emissions
(Derived from references 5 and 6)

(A) EPA five-mode landing/takeoff cycle

Mode name Mode period Power Rev/min
(minutes) (%) (%)

Taxi/idle (out) 12.0 • •
Takeoff 0.3 100 100
Climbout 5.0 75-100 •
Approach 6 .0 40 •
Taxi/idle (in) 4 .0 • •
Total period 27.3

• Manufacturer permitted to specify .

(B) EPA aero piston engine emissions standards

Emittant

CO
UHC
NOx

1bm/bhp cycle

0 .042
0 .0019
0 .0015

kg/kW cycle (approx .)

0 .0255
0 .0012
0 .0009

Concepts for the reduction of exhaust emissions include improved fuel
injection, heated inlet air, stratified charge, valve overlap control, multiple spark
discharge, improved cylinder-head cooling, exhaust air injection and add-on
catalytic converters or thermal reactors. Tests show that reduced levels of
carbon monoxide during climbout and approach, and of unburnt hydrocarbons
during taxi/idle modes , are likely to be achieved more from fuel enleanment by
improved mixture management than from subsequent exhaust oxidation.

8.3 Fuel Combustion in Gas Turbine Engines

In contrast to the intermittent flame propagation required across the combustion
chamber of a piston engine, combustion in a gas-turbine engine is continuous,
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and depends on flame stabilisation within a defined region of the combustion
chamber. The location of a flame at a fixed point requires a velocity balance
between the flame and the approaching mixture. Since the flame velocities of
hydrocarbon fuels with air are inherently low (typically 0.5 m/s at atmospheric
pressure), a substantial reduction of mixture velocity is essential. This is achieved
in two stages:

(a) reducing the inlet air mean velocity from about 150 m/s to about 25 m/s by
means of diffusion, that is, by increasing the cross-sectional area of the
combustor duct, and

(b) reducing, and also reversing, the air flow velocity in the locality of the flame
region by means of swirl flow to reduce the pressure in the core of the
chamber, together with use of side-entering air jets to strengthen the
recirculation (figure 8.7) .

Fuel

Air

(AI Atomising type gaHurbine tubular combustor

Air ---11

Fuel

Fuel

Air

(Bl Vaporising type gaHurbine annular combustor

(CI Gutter-stabilised upstream injection system
for ramjet or gas-turbine reheat combustor

u
rn
-------0--- --
--.>«:rr

Oxidant~ L Fuel

(D) Impinging jet injection system for
rocket combustor

Figure 8.7 Flame stabilisation in representative types of continuous-flow combustor

Reduction of the inlet air velocity also serves the purpose of restricting to an
acceptable level (about 1 per cent) the fundamental loss of pressure that occurs
with the release of heat in a flowing stream .

Again, in contrast to the intermittent nature of combustion in a piston
engine, the continuously maintained flame temperature calls for substantial
cooling in order to meet the metallurgical requirements of the materials in the
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hot section. The walls of combustor flame tubes are protected by cooling air
which flows externally and is introduced progressively as internal films , whereas
the nozzle guide vanes, and particularly the turbine blades which also experience
the mechanical stresses of high-speed rotation, are located directly within the
main gas stream. For this reason, only about 28 per cent of the air input can be
used for combustion, which commences in the primary zone of the chamber at a
fuel/air mass ratio close to the stoichiometric value of 0 .067. Secondary air is
introduced to help stabilise the toroidal vortex derived by the air swirler, and to
reduce the combustion temperature to about 1800 K in order to offset the
effects of dissociation . Dilution air then enters the flame tube progressively to
bring the temperature of the combustion products down to the maximum accept­
able level of about 1250 K where the turbine blades are uncooled, and to about
1600 K when the nozzle guide vanes and turbine blades are cooled internally with
air bled from the compressor.

Turbine entry temperatures provide a direct indication of the thermal
efficiency of the engine, and of the thrust produced . Equally important is the
distribution of temperature over the cross-sectional area of the flame tube outlet
which should be as uniform as possible in order to maximise the mean outlet
temperature, and to avoid hot regions at the turbine blade disc. The temperature
traverse factor, TTF, defined as

TTF = 100 (maXimUm outlet temperature - mean outlet temperature)

mean outlet temperature - inlet air temperature

is, in fact, an indirect measure of temperature uniformity, since a lower value
indicates greateruniformity . Despite fuel residence times of a few milliseconds
only, TTF values of 30 per cent are typical , with combustion efficiencies in
excess of 99 per cent, under most conditions except at idling.

A gas-turbine combustion chamber is required to operate satisfactorily over
specified ranges of overall fuel/air mass ratio (0 .0077 to 0.0222) and air mass
flow rates in order to meet the requirements of idling , cruise, takeoff and dash.
Although a fuel spray of uniformly small-sized droplets would appear to give the
desired rapid and complete combustion, the optimum fuel-air matching would
apply over a relatively narrow range of chamber conditions, leading to poor
performance at extreme ends of the operating spectrum, with the possibilities of
flame-out, following rapid movements of the throttle . Some degree of spray
heterogeneity is therefore useful in widening the mixture range of the combustor
stability loop, as shown in figure 8.8.

The oxygen in the chamber cooling and dilution air is, of course, unconsumed,
and therefore available for subsequent combustion downstream of the turbine in
a reheat chamber. This provides additional thrust for such purposes as aircraft
takeoff, combat or transonic operation . However, the thermal efficiency of the
engine is reduced since the reheat combustion occurs at a pressure lower than
that in the main chamber. Typically , a reheat chamber comprises a relatively
simple V-type gutter baffle system for air recirculation, and is therefore generally
similar to a ramjet combustion chamber.
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In the tubular design of main combustor , the geometry of fuel flow is well
matched with both primary and secondary air flows, and development work can
proceed on a single chamber in the absence of the complete engine air flow, but
the engine diameter and mass tend to be high. Annular chambers, on the other
hand, permit lower aerodynamic pressure losses , but give poorer matching of fuel
and air flows with consequent adverse effects on the outlet temperature profile .
High buckling loads are also exerted on the outer flame-tube walls. The hybrid
tube-annular design combines the tubular advantages of good flow matching
and ease of development with the lower engine diameter of the annular design ,
while losing some of its aerodynamic advantage .

Combustors designed for a stoichiometric primary zone achieve a high flame
temperature which assists the rate of heat release and combustion efficiency,
with little carbon deposition, smoke, flame luminosity or partially burnt
products . They do, however , give a high rate of heat transfer to the flame tube .
Reduction in air flow rate to give a rich primary zone eases ignition and prom­
otes good flame stability , bu t the formation of excess carbon leads to deposits,
smoke and flame luminosity , with a poor outlet temperature traverse. A weak
primary zone resulting from additional air , on the other hand, gives no carbon,
with a low-temperature non-luminous flam e, and therefore low heat transfer to
the flame tube , with a good outlet temperature traverse. However, ignition per­
formance and flame stability are affected adversely.

8.3.1 Influence ofFuel Composition on Combustor Performance

With the impending decline in crude oil availability, a general reduction in fuel
quality is expected as refiners face a diminishing choice between types of crude
feedstock . A record of major fuel properties compiled in the U.S.A. during the
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period from 1969 to 1979 is illustrated in figure 8 .9, and summarised in table
8.3 . This period incorporates the OPEC fuel embargo of 1973 , following which
continued supplies of aviation turbine fuels were maintained in the U.S.A. by
the adoption of Emergency Specification ES-2-74, which permitted temporary
waivers to maximum aromatic content (20 to 25 per cent volume , or 22 per cent
in the cases of Jet A-I and Jet B), and in maximum final boiling point (288 to
300°C), with corresponding reductions in minimum smoke point (20 to 18 mm,
or 19 mm in the cases of Jet A-I and Jet B) in conjunction with a maximum of
3 per cent volume naphthalenes, and reduction in minimum flash point (40 .6 to
37.8°C). The original limits were re-imposed on return to a more stable pattern
of crude oil supplies, but these relaxed limits tend to be written in to the latest
specifications.

In table 8.3, a sample is defined as 'near-specification' when the relevant
property lies within the range of test reproducibility precision from the specifica­
tion limit , the figures shown applying to those samples that exhibited 'near­
specification' values for the stated property only. In many cases, samples
exhibited such values for more than one property. Furthermore , a 'near­
specification' property is defined as 'controlling' when it is either the only such
property for the given sample, or when it is the closest to its specification limit
for several such properties ; the determination of 'closest' between properties of
different units , for example , °C, mm and per cent volume, is not clear , but
freezing point , smoke point and aromatics content are listed in arbitrary order of
preference. Overall increases were also noted with these three dominant proper­
ties as con trolling.

Table 8.3 Overall changes in U.S. aviation turb ine fuel properties, 1969-79
(reference 7)

% of samples
Property Change Reproducibility

Near-
specification Controlling

Aromatics, % vol. + 1.9 3 .2 9.9 25 .2
Smoke point, mm - 1.0 3.0 11.2 31.1
Freezing point, "C + 2.1 2.6 5.6 14.5
10% point, -c +4 .5 4.4 1.0
fbp,oC 10.5 1.5 1.5
Flash point, °c + 3.5 2.2 0.5
Mercaptans , % mass + 0 .00041 0.0006 2.8

The general conclusions, therefore, point to a steady rise in aromatics content,
together with rises in freezing point and flash point, and a reduction in smoke
point. However, these data are from the U.S.A., whereas in Europe and parts of
the Far East during the late 1970s , the freezing point of - 50°C for avtur/Jet A-I
became critical and limiting, leading to fuel 'allocation' (rationing) at major air­
ports. Avtur, then Jet A-I and lATA Guidance Materials specifications were
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revised by raising the freezing point from - 50°C to - 47°C , so enabling the
European Joint Fuelling Check List Jet A-I specification to follow suit. This
greater flexibility for refiners (potentially allowing approximately 10 per cent
more production from a given volume of crude) eased the situation , and currently
there is no supply problem for avtur/Jet A-I to meet the -47°C freezing limit.

8.3.2 Fuel Aromatics Content and Related Properties

In view of the growing concentrations of aromatics in aviation turbine fuels , and
the likely continuation of this trend with supplementation from non-petroleum
sources, a comparison of some relevant properties of individual paraffinic and
aromatic hydrocarbons is made in figure 8.1 0, including those for conventional
avtur. These curves show that, with avtur derived by distillation over the current
specification temperature range of 150-300°C, any increase in aromatics content
tends to :

(a) depress the hydrogen/carbon atomic ratio (and thus the hydrogen content)
(b) increase the density (and thus the energy density) , and
(c) raise the freezing point if the aromatics concerned are of the polycyclic

(naphthalene) type .

With regard to the first conclusion , no precise relationship can be derived
between the contents of aromatics and hydrogen owing to the differing natures
both of the aromatic and non -aromatic components within different fuels. Never­
theless, a number of relationships have been reported in the literature, as shown
in appendix 2 , and these average out to give the following as broadly representa­
tive of petroleum-based aviation turbine fuels

Hydrogen per cent mass = 14.9 - 0 .0638 (aromatics per cent volume)

over the ranges of 11-15 per cent hydrogen and 0-65 per cent aromatics.
A more comprehensive relationship is given in ASTM 03343 8

, incorporating
terms for fuel density and the average of the 10, 50 and 90 per cent distillation
temperatures. The fact that this relationship holds closely for a 96 per cent
concentration of tetralin, which is largely aromatic but enriched with hydrogen ,
indicates that its application is wide.

8.3.3 Fuel Hydrogen Content and Related Properties

For aviation turbine fuels, the reproducibility (different operator with similar
apparatus) of measuring aromatics content is in the region of 3.5 per cent
volume. With the development of the nuclear magnetic resonance technique,
however , hydrogen content can now be measured with a reproducibility down to
0.11 per cent mass. This raises the question of the extent to which aromatics
content can be replaced by hydrogen content as a useful and reliable indicator
of handling characteristics and combustion performance. Since the hydrogen/
carbon atomic ratio is often quoted in the literature as an alternative to hydrogen
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per cent mass content , the relationship between the two is also shown in
appendix 2.

The first step in answering this question is an appraisal of the influence of
hydrogen content on the laboratory-measured physical and chemical properties
of a hydrocarbon fuel. A collation of such data is presented in figures 8.11 to
8.15 which show that an increase in hydrogen content tends to:

(a) Reduce the density of the petroleum fuels with a fairly clearly defined linear
relationship, whereas the reduction from aromatic to paraffinic hydro­
carbons is less steep (figure 8.11).

o

\
o
o
o
o

o
o

'"
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o Paraffins

A Nal'hthe"cs
V Aromatic s
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~
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U
'1n
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~.;;;
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Hydrogen, per cent mass

Figure 8.11 Relationship of fuel hydrogen content with density

(b) Reduce both final boiling point and viscosity of the petroleum fuels in a
non-linear manner, whereas no clear relationship exists for the individual
hydrocarbons (figures 8.12 and 8.13).

(c) Increase the net specific energy with a clearly defined linear relationship for
the petroleum fuels, with a similar but less marked effect for the individual
hydrocarbons (figure 8.14).

(d) Increase the smoke point of the petroleum fuels with a clearly defined non­
linear relationship (figure 8.15).
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The effects of the expected fall in hydrogen content with future degradation
in aviation turbine fuel quality may therefore be summarised broadly as increases
in density, boiling level and kinematic viscosity, and reductions in net specific
energy and smoke point, although these effects may be less marked if the quality
degradation is due largely to a change from paraffinic to aromatic type com­
ponents.

8.3.4 Fuel Hydrogen Content and Related Combustor Performance

In recognition of the falling level of hydrogen content, a Broad-Specification
Fuels Combustion Technology Program was devised by NASA to assist in tackl­
ing the related performance, durability and emissions problems. The first
experimental referee broad-specification (ERBS) fuel was devised in 1977, with
a hydrogen mass content reduced from the typical 14 per cent to 12.8 per cent
by raising the aromatics content from 20-25 per cent to about 35 per cent
volume, as shown in table 8.4. Since then , ERBS fuels of 12.3 and 11.8 per cent
hydrogen mass have also been devised so that the extended trends in combustion
performance with varying hydrogen content can be assessed 13 .

The aim is to prescribe a fuel with properties representing a reasonable range
based on expected fuel trends to the year 2000, in order to give the manufacturers
of aircraft, engines and components an opportunity to test their products against
the expected deterioration in fuel quality. In Europe, a comparable programme
has been initiated by AGARD with a research fuel (ARF) of relatively low hydro­
gen content and correspondingly high freezing point and viscosity.

Tests have been conducted with a variety of fuel blends ranging from lP-4
(wide-cut gasoline) to No .2 diesel (gas oil) with and without different types of
paraffinic and aromatic blending agents, and also with some individual hydro­
carbons. The 19 fuels used by Butze and Smith!" ranged from 0 to 63.5 per cent
volume aromatics and 11.0 to 15.3 per cent mass hydrogen, however, the detailed
properties are not reported here since the plotted points were not identified with
the fuel numbers . The main component concentrations of the test fuels used by
Schirmer et 01. II , Gleason et of. 10 , Schirmer and Quigg'" and Naegeli and
Mosesl 6 are in the ranges shown in table 8.5 . The full-scale combustors tested
included tubular, tubo-annular, annular with lean primary, and tubo-annular
with rich primary, using either pressure-jet or air-blast systems of fuel injection.
Included are results from the Phillips 5.08 cm diameter tube rig.

In the full-scale chambers, an increase in fuel hydrogen content increased
combustion efficiency very slightly over the average 90 or 94 per cent levels at
idle condition, but had no effect on the 99 .9 per cent level common to cruise
and takeoff conditions. However, other combustion parameters were influenced
significantly, as discussed in the following sections.

8.3.4 .1 Flame Radiation
The extent of radiation from a flame is determined by the emissivity, which is a
function of both the temperature of the flame and the concentration of solid
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Table 8.5 Composition ranges of representative experimental fuels

0-Q7.2 24 .7-100 0 7.74-16 .38

? 62 .5-75.4 1.2-1.7 12.8 common

? ?-IOO 0-3 .2 9.9-15.9

13.6-39 .1 25 .7-62.40.5-2 .7 12.0-14.5

Per cent volume Per cent
mass

Naphthenes Paraffins Olefins hydrogen
Reference

Aromatics

Total Polycyclic

~fl 0-94 0-94

:E 10 10.9-53.4 0.3-24.6

g ot5* 0-17.3 ?
co.J:J

q E 16 22.9-35 .9 ?
II")

"Plus representative hydrocarbon members of the normal paraffinic,
isoparaffinic, naphthenic , olefinic and aromatic series.

particulates within it. A comparison has also been made, therefore, of the com­
bustion temperature, calculated on an isobaric (related to non-work steady flow)
adiabatic basis for the individual hydrocarbons in stoichiometric mixtures with
air , allowing for dissociation to CO, H2 and O2 only (that is, ignoring atomic and
radical species) . The curves in figure 8.16 for standard conditions of I atmos­
phere, 298 K initial temperature and stoichiometric air-fuel mixture (except
where stated) show that an increase in hydrogen content also tends to :

(e) Reduce the level of combustion temperature of the individual hydrocarbons,
irrespective of the direction of molecular size and mass, despite the
relatively high value for elemental hydrogen in comparison with elemental
carbon (as graphite) .

(f) Limit such temperature differences because the increase in heat release is
counteracted by a corresponding (and slightly greater) increase in heat
capacity of the larger proportion of combustion-generated water.

Normally, carbon particles are released during the initial stages of combustion,
but are then consumed within the flame, provided that the mixing patterns with
the air are suitable. However, during their existence, the hot carbon particles
radiate to a much greater extent in comparison with the hot gases, and so
intensify the heating of the inner surface of the combustor liner . Radiation in the
luminous range appears to represent about I per cent only of the total and, at
atmospheric pressure, the carbon particles appear to be too small to radiate
appreciably within the significant infrared region. At high pressure, on the other
hand, the carbon particles can grow to radiate severely as black bodies. Hence,
flame radiation increases directly with combustion pressure, as well as with inlet
temperature.

The fraction of liner heating at high pressure attributed to flame radiation has
been found to vary from 40 per cent with a paraffinic fuel to 80 per cent with an
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aromatic fuel, the remainder resulting from convection of the highly turbulent
gas stream l l

. Values of flame radiation in the J57 combustor are plotted against
aromatics content in figure 8 .17A, and against ASTM-calculated hydrogen
content in figure 8.178. These curves for the full-scale chamber show that the
level of flame radiation rises with increased concentrations in the fuel of total
aromatics and of polycyclic aromatics (naphthalenes). They also show a reduction
in flame radiation with increased fuel hydrogen content , the overall correlation
appearing closer than that for total aromatics content , but with a less marked
influence of naphthalene content. This inverse effect of hydrogen content on
flame radiation was also noted in the Phillips tube rig l S

, but at a rate dependent
on operating conditions and with no clear influence of aromatic type. When fuel
hydrogen was maintained constant!" , on the other hand, flame radiation was
found to be markedly higher with substantial concentrations of polycyclic
aromatics, although radiation correlated more closely with smoke point than
with total aromatic content or aromatic ring carbon .

8.3.4.2 Combustor Liner Temperature
The direct relationship expected between flame radiation and consequent liner
temperature is exemplified in figure 8 .18 for the averaged values from the J57
combustor operating at a simulated altitude pressure of 4 .75 atm . The peak liner
temperatures correlated equally well at a level some 100-200°C higher. Liner
temperatures were also found to vary directly with inlet air temperature and with
combustor pressure , at reported rates of 1.13 K/K and 4.7 K/atm . respectively.

Peak liner temperature rises are shown for the J57, JT8D, 179, FIOI and
some advanced combustors under cruise conditions in figure 8.19, for the 179
under idle and takeoff conditions in figure 8.20(A), and for the 179 and FlO I
under condit ions averaged for cruise/takeoff/dash in figure 8.20(8). These results
show that the extent of peak liner temperature rise increases with higher concen­
trations in the fuel of aromatics and of naphthalenes . They also show a
reduction in extent of peak liner temperature rise with increased fuel hydogen
content, the overall correlation appearing closer than that for aromatics content,
but with a naphthalene content influence no less marked .

As shown in ref. 20 , the rise in emissivity with pressure not only approaches
unity but is counteracted by a corresponding rise in convective heat removal,
consequently changes in fuel properties have little influence on liner temperature
at high chamber pressure. This fact is borne out by the disposition of the peak
liner temperature rise curves in figure 8.21 , plotted relative to a standard fuel of
13.975 per cent mass hydrogen , which show the sensitivity of peak liner tem­
perature to fuel hydrogen content to increase directly with combustor pressure
up to a level of about 8 atrn, and then to disappear at about 10 atm. This
sensitivity is substantially reduced (and sometimes reversed) for the staged type
of advanced combustor , even at pressure levels below 10 atm .
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Figure 8.18 Relationship between flame radiation and liner temperature (ref. 11)

8.3.4.3 Gas Turbine Engine Combustion Emissions
Traces of carbon monoxide and unburnt hydrocarbons persist as combustor
emissions owing to incomplete combustion, and reach maximum values at the
lower -power conditions of idle and cruise, where the inlet temperature and corn­
bustor pressure are minimal. Nitrogen oxides and smoke, on the other hand, are
generated by combustion at high temperature, and so reach maxima at high
power. Nitrogen oxide emissions are increased when appreciable quantities of
fuel-bound nitrogen are involved, as with shale-derived kerosine . The curves for
carbon monoxide , unburnt hydrocarbons and nitrogen oxides therefore tend to
follow those of the piston engine in figure 8.6, with air/fuel ratio in the abscissa
replaced by engine thrust. The smoke number (determined from the intensity of
staining of a filter paper sampling a pre-determined volume of exhaust products)
also follows the general trends of nitrogen oxides.

The high-power pollutants are particularly obnoxious since nitric oxides are
toxic and increase when the combustion temperature is raised in an effort to
eliminate the unburnts , whereas particulates appear as smoke and serve as con­
densation nuclei for smog. Although pollution by jet aircraft represents a small
proportion only of the total emissions within a metropolis, that within the
immediate vicinity of an airport is comparable to an industrial environment and
amounts, for example , to about 4000 tonnes of particulates emitted annually
per airport. Nevertheless, the sum of the emission indices (g pollutant per kg fuel)
for aero jet engines is less than I per cent of the equivalent sum for aero piston
engines/" .

As discussed above, carbon particulates are formed early in the combustion
process , and then consumed progressively during subsequent traverse of the
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flame. Those persisting beyond the flame are emitted as smoke . The curves in
figure 8 .22 show that smoke number, which varies directly with fuel input rate ,
increases with higher concentrations in the fuel of total and of polycyclic aro­
matics . They also show a reduction in smoke number with increased fuel
hydrogen content , the overall correlation appearing closer than that for aromatic
content. With fuel hydrogen content held constant , the Phillips rig results show
that smoke number increases with concentration of polycyclic aromatics above
about 20 per cent , including those that are partially hydrogenated , such as
tetralin. This is to be expected if smoke generation follows the postulated rapid
route through the condensation of aromatic rings to polycyclic aromatics , rather
than the slow route through the fragmentation reactions of monocycl ic aromatics
to open-chain components. At this stage , this leads to an overall conclusion that
fuel hydrogen content represents a satisfactory combustion predictor for petrol­
eum , and possibly shale and tar -derived , aviation fuels with moderate concentra­
tions of polycyclic aromatics , but may not do so for any future fuels derived
from coal if they contain appreciable quantities of polycyclic aromatics.

Smoke point, despite its determination via a wick-fed laminar diffusion flame
which is unrepresentative of the turbulent spray-stabilised combustion in practice ,
is generally considered to give a reasonable prediction of tendency to smoke
emission in gas-turbine engines. Attempts have been made to refine the test by
measurement of radiation and flame temperature rise, as discussed in chapter 5,
but the resulting 'luminorneter' test methods have not been adopted widely.
Both peak liner temperature rise and smoke number are therefore plotted against
smoke point in figures 8 .23 and 8.24 for the 179 combustor, the curves showing
that an increase in smoke point (that is, a cleaner burning fuel) reduces the peak
liner temperature rise, particularly at idle (figure 8 .23), where the correlation is
superior to that with hydrogen content. At all other test conditions , correlation
with hydrogen is superior. Increase in smoke point also reduces smoke number ,
particularly at idle , but its correlation is generally superior to that with hydrogen
at all conditions. The correlation with carbon monoxide concentration is generally
superior with fuel hydrogen content , but concentrations of hydrocarbons and
nitrogen oxides sometimes correlate better with smoke poin t.

Research continues into alternative methods of correlating combustion per­
formance . One approach is to use some form of Gibbs function, since free
energy relates directly to the chemical potential for reactions to occur, however
any improvement over hydrogen content appears to be marginal'" .

Comparable to the legislation regarding piston engine emissions discussed in
section 8.2.1, the Environmental Protection Agency , United States Air Force
and other bodies have standardised the test procedures and maximum permitted
levels of pollutants for different engine types, examples of which are shown in
table 8.6 .

Concepts for the reduction of exhaust emissions from aero gas turbine
engines include modifications to the fuel and air flow patterns, improved fuel
injection by air-blast carburation , staged fuel injection coupled with sector burn-
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Table 8.6 Aero turbine engine combustion emissions
(Derived from references 26 and 27)

(A) EPA five mode landing/takeoff cycle for P & W JT9D engine

Mode name Mode period Power (%)
(minutes)

Taxi/idle (out) 19.0 *
Takeoff 0 .7 100
Climbout 2.2 85
Approach 4 .0 30
Taxi/idle (in) 7 .0 *
Total period 32 .9

*Manufacturer permitted to specify .

(B) Representative EPA aero turb ine engine emissions standards (thrust> 35 kN)

Emittant Ibm/ 1000 Ibf thrust kg/k N thrust
hour cycle hour cycle

CO 3.0 306
UHC 0.4 41
NOx 3.0 306

Smoke No. 20 20

ing control , pre-vaporised and pre-mixed systems, increasing idle fuel/air ratios by
compressor air bleed, limiting combustion temperature by water injection,
increa sed combustion temperature at idle by reduction of compressor efficiency,
variable geometry combustors, and catalyst hybrid techniques .
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9 Development of
Specifications

The history of aviation fuel specifications, both gasoline for piston engines and
turbine fuel for gas turbine engines, is based on operational need and on petrol­
eum technology to supply the quality and quantity required.

9.1 Aviation Gasolines

The original engines for aircraft of the 1903 to 1910 period operated on the
lightest and most volatile material available, as it was noticeable that 'heavy' fuels
resulted in hot running , and what was called 'pinking', a first observation of
spark knock. To obtain this fuel, a 'high test' gasoline was demanded, which
implied a low gravity. The first U.S. government specification appeared in 1907
as Navy Specification 24 G.5, and was for 'high grade refined gasoline free from
all impurities, having a gravity of 70° Be, and requiring that no residue be left in
a platinum dish after one hour in boiling water.'

The first World War saw dramatic advances in aircraft and engines, but fuel
lagged behind . The British and French were using gasoline derived from crude
oils from the Dutch East Indies and Borneo. These were aromatic crudes with up
to 30 per cent of aromatics in the gasoline fraction . This fortunately had a high
anti-knock value and so did not limit engine development. When the main avia­
tion gasoline source moved to the U.S.A., after they had entered the war in 1917,
aircraft engines were supplied with Grade X fuel, specified simply as having an
end point of between 160 and 190°C, and consequently ran into problems with
serious overheating and piston failures . The reason, not then understood , was
that the British and French aviation fuels had an octane rating of 65 to 70,
whereas the American fuel , mainly from Pennsylvania and Oklahoma crudes , was
only 45 to 55 octane. To keep flying, the immediate remedy was to blend in up
to 20 per cent by volume of benzole.

In 1918, the U.S. government issued another specification covering three
grades of fuel. As before, distillation only was defined but , by 1922 , the speci­
fication covered distillation, acidity of residue, copper dish corrosion , colour,
Doctor test, water and sediment, and unsaturates.

In the U.K., knocking in motor vehicle engines had been noted in 1906, and
was being actively investigated by Professor Bertram Hopkinson and his young
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assistant Harry Ricardo at Cambridge University . The understanding of the
knock mechanism and of the role played by the fuel had a significant effe ct on
aviation fuel and specifications. Ricardo went on to investigate spark knock in a
single-cylinder supercharged engine of his own design , and Professor A. H.
Gibson at th e Royal Aircraft Factory (now Establishment) in 1915 investigated
the effect by determining the minimum specific fuel consumption to cause spark
knock. The discovery of the effect of air/fuel ratio on spark knock was made
much later (I 940) and led to the plotting of what became known as the 'Rich
mixture response curve ' . Work by Ricardo on variable compression-ratio engines ,
together with that of Midgley on his 'bouncing pin ' instrument to detect differ­
ences in the intensity of knock pressures , and also his work on additives to
suppress knock, culminated in the discovery of tetraethyllead (TEL) which has
remarkable anti-knock properties .

By 1930, the U.S. issued an aviation gasoline specification , including octane
rating and requiring the use of TEL, and the first British specification for avgas
was issued as DTD 134. This limited cracked spirits to a trace only, and stipulated
that the anti-knock value be equal to a 50/50 mixture of benzene and hexane in
a standard single-cylinder engine at 900 rev/min (equivalent to an octane number
of 74). Benzole was limited to 20 per cent by volume because higher percentages
caused freezing in carburettor jets. In 1933 this specification was replaced by
DTD 224 , which raised the octane level to 77. In the same year DTD 230 was
issued , requiring 87 octane and permitting the use of TEL up to 4 ml/lmperial
gallon for the first time. The octane number was determined in the Ethyl knock
test engine.

In 1937 , the U.K. Air Ministry issued its first provisional specifi cation for 100
octane fuel. In 1938 a new test method , the rich -mixture rating, was introduced
and this , as well as a lean-mixture rating , was incorporated in U.K. specifications
for 100 octane fuel. It had been noted that fuels of the same lean-mixture rating
behaved differently when tested under supercharged or rich-mixture conditions ,
and the sensitive fuels giving higher maximum power under rich conditions were
preferred . The 100 octane fuel had to meet the performance of isooctane plus
I ml TEL/U.S. gal when tested in a supercharged CFR engine under rich-mixture
conditions. This isooctane plus TEL comparison became the basis of the Per­
formance Number scale , the rating scale used above 100 octane. In 1942, the
rich -mixture rating was also specified by the U.S. Army, and the grade became
known as 100/125 . The rich -mixture rating was then upgraded to isooctane plus
1.25 ml TEL/U.S. gal, and the grade became 100/130. The figure of 130 was
based on the Performance Number (PN) scale, where a PN of 100 matches pure
isooctane in a supercharged engine, and a PN of 130 would permit 130 per cent
of the power available from isooctane alone at the mixture strength for maxi­
mum power with isooctane .

In July 1944 , a new specification, AN·F -33, was issued for a grade 115/145,
however this was not produced in quantity until 1945 when demand for 100/130
eased. By 1945 , therefore , aviation gasoline had become fully developed. It could
have gone higher in the PN scale, but engine development programmes now
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concentrated on the new gas-turbine engines , heralding a new fuel development
programme. The specification starting from 'high test' grade had become
soph isticated to suit the engines . Volatility was carefully controlled by Reid
Vapour Pressure (RVP) , together with the 10,50 and 90 per cent evaporated
temperatures and a final boiling point to cover start , warm-up , carburettor icing
and vapour lock conditions , as shown in figure 9 .1. RVP is the best single control
for vapour lock , which occurs when sufficient fuel vapo rises in the fuel system
to interfere with normal fluid flow. Dissolved air in the system also contributes
to vapour lock when changes in conditions reduce the solubility of the air. The
10 per cent point needs to be low for cold starts but not too low to cause vapour
lock . The 90 per cent point should not be too high or power output and fuel
economy will be reduced , and mixture distribution to individual cylinders will
be adversely affected. The 50 per cent point needs to be low enough to ensure
good fuel distribution but not so low that it aggravates ice formation in float

150

100

T
FBP

(110+ Iso) <t 135°C
vapour lock

and icing

IBP

Residue+ 10SSI'\

40
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Figure 9.1 Distillation curve for aviation gasoline showing related engine performance factors
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type carburettors. The sum of the 10 and 50 per cent points is kept fairly high
as a carburettor icing control.

Corrosion is controlled by a low copper strip value and a low total sulphur
content, and a low freezing point is necessary to prevent filter clogging and
carburettor icing at the very low temperatures encountered at high altitude.
Water tolerance, or the solubility of water in the fuel, must be low because water
will tend to come out of solution on cooling and settle in the bottom of the
tank . If this became excessive it could either be supplied to the engine in place
of fuel , or freeze and prevent fuel flow. Also, since water has no energy output,
its presence in the fuel lowers the specific energy of the mixture.

Gum contents are controlled because gums may deposit in intake ports or on
intake valves and cause sticking. Existent gum, that is the gum already present in
the fuel, is also a sensitive control check on product contamination. Potential
gum is that which may be formed during extended storage , mainly by the oxida­
tion of unstable hydrocarbons. This should ensure reasonable storage stability
against oxidation and lead precipitation. Oxidation inhibitors are used in aviation
gasoline to achieve storage stability by preventing gum formation .

The net specific energy of the fuel is very important for it defines the energy
available for use. Heavy spark knock in aero engines causes overheating, leading
to burnt valves and sticking piston rings. As described above, much time and
effort from the early days have gone into means of determining this criterion ,
and the knock rating system with lean and rich mixtures is used to control this .

Modern specifications for aviation gasoline have not changed significantly
since 1945 . The number of grades available has been reduced as demand itself
reduced, and the 1970s saw the phasing out of the 80/87 grade with 0.5 ml TEL/
U.S. gal and the introduction of a new grade 100 called grade 100 LL. This low­
lead grade meets the 100/130 specification but limits the total amount of TEL
to 2 ml/U.S . gal (0.56 g Pb/litre) as opposed to the 4.6 ml TEL/U.S. gal (0.85 g
Pb/litre) of the original grade 100/130. Owing to problems of sticking and burn­
ing valves, and of cracked cylinder heads in engines of light aircraft designed for
grade 80 but using grade 100 LL, the grade 80 has been re-introduced into the
DERD 2485 specification. Details of the current specifications for aviation
gasoline are given in chapter 3.

9.2 Aviation Turbine Fuels

As the original aero piston engine operated on the gasoline that was then avail­
able, so the early gas-turbine engines were developed on a burning oil or kerosine
that was then available . It was stated by one of Whittle's team in the U.K. that
the gas-turbine engine was non-critical to fuel, and could run on anything from
coal dust to candle ends. Although industrial gas turbines have been designed to
run on heavy fuels, and attempts made to run on pulverised coal , the weight ­
critical aero gas turbine is also fuel-critical but in a very different way from the
piston engine. It does not need a high octane fuel as its combustion is continuous
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with no opportunities for premature spontaneous ignition but , as the engine has
developed in efficiency by increasing the pressure level in the combustor and so
raising the inlet air temperatures, it has become sensitive to fuel quality.

The first effect was that these higher temperatures restricted the use of high
boiling fuels which would be liable to thermal cracking with the deposition of
coke in the system . Later , the fuel heat exchangers were liable to have deposits
formed in them, reducing heat transfer , and this led to a need to control thermal
stability. As yet, however, no firm decision had been taken on exactly what
type of fuel would be used with gas turbines , and the choice was between gaso­
line, kerosine or gas oil. Gasoline was too volatile, causing vapour lock and boil­
off at altitude, while gas oil had too high a freezing point to be used safely
without the use of fuel heating. From a technical viewpoint, kerosine was a good
compromise for aviation gas turbines since it had a low vapour pressure, reason­
ably high flash point (38-40°C), and acceptable freezing point characteristics.
This type of fuel was, therefore, adopted as the main fuel for civil aircraft. The
military also developed a wide-cut fuel , combining low-boiling fractions from
gasoline with kerosine to increase the quantity available from a barrel of crude
oil.

The history of the development of the major aviation turbine fuel specifica­
tions is shown in table 9.1. Since 1960, these have been amended several times to
fit into the requirements of a changing situation , but today they are still basically
those which had been developed by the late 1950s . The U.S. military adopted the
use of the lP grades to denote their gas-turbine fuels. A list of these with their
specification names and year of introduction is given in table 9.2. In the U.K.
the government, via the appropriate ministry (originally the Ministry of
Aviation and now the Ministry of Defence) has always issued specifications, and
since 1947 has used a coding (originally D.Eng.R .D., but now DERD) to denote
its specifications. A list of these, with year of introduction and type, is shown
in table 9.3.

The original DERD 2482 in 1947, and its amendment in 1948, is shown in
table 9.4 , while table 9.5 shows the original DERD 2486 specification of 1951.
It is interesting to compare these with the current DERD 2494 specification,
which replaced DERD 2482, and the current DERD 2486 specification . The
RDE/F/KER 210 fuel is also worth noting. It was a wide-cut fuel meeting
DERD 2486 but restricting certain parameters thought to be critical for engine
test and development type fuels. For example, the amount of aromatics was
restricted to the upper end of the specification, as were the vapour pressure and
total sulphur content. It is also interesting to note that the vapour pressure para­
meter for RDE/F/KER 210 later became , and still is, the required specification
limit in DERD 2486.

As the systems developed with time , the specification, which combines engine
and airframe requirements , became more critical. The specific gravity, now
density , became limited . The main reason for this is that the controls in the fuel
system for fuel flow are designed so that the required air/fuel ratio is achieved in
the combustor. Air/fuel ratio is based on mass, but the flow controls are volu-
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Table 9.1 Aviation turbine fuel development

1943 U.K. issued first specification, RDE/F/KER, with freezing point -40°C
1944 U.S. issued first specification, AN-F-32a, with typical kerosine flash

point 43 .8°C, but freezing point --60°C as avgas
(in 1950, became rr-: in Mil-F-56 16)

1945 U.S. AN-F-34 issued, wide-cut fuel lP-2 . Viscosity was restrictive, and
RVP of 14 kPa gave potential explosion hazard, vapours being
flammable from · 7 to 27°C.

1946 U.S. evaluated two prototype fuels :
Fuel A, a combination of avgas and kerosine
(maximum availability on crude = 48%)
Fuel B, with 38°C flash point similar to lP-l
(maximum availability on crude =13%)

1947 U.S. Fuel A became AN-F-58A and superseded lP-2
(in 1950 became lP-3 in Mil-F-5624A)
U.K. issued first avtur specification DERD 2482

1950 U.S. wide-cut fuel lP-4 in Mil-F-5624
lP-5 high-flash kerosine for Navy

1951 U.K. wide-cut fuel DERD 2486
1952 U.K. DERD 2488 high-flash kerosine for Navy (avcat)
1957 U.K. DERD 2494, as -- 50°C freezing point version of DERD 2482
1958 ASTM Tech J. published commercial specification

ASTM D-1655 Grades : let A kerosine with ---40°C freezing point
let A-I kerosine with --50°C freezing point
let B wide-cut gasoline

1980 U.K. DERD 2494 freezing point raised to -47°C

Table 9.2 Grades of U.s. military fuels

Name Specification Year Type Status
introduced

lP -l AN-F-32a 1944 Low freez ing kerosine, Discontinued
(Mil-F-56 16 1950) 76°F (- -60°C)

lP-2 AN-F-34 1945 Wide-cut gasoline Discontinued
lP-3 AN-F-58a 1947 Wide-cut gasoline Discontinued

(Mil-F-5624 1950) (avgas-kerosine blend)
lP-4 Mil-F-5624 1950 Wide-cut gasoline USAF/NATO
lP-5 Mil-F-5624 1950 High-flash kerosine Navy
lP-6 Mil-F-25656 1956 Light kerosine Obsolete
lP-7 Mil·T-382 19 1965 High-flash, low- Special fuel

aromatic kerosine
lP-8 Mil-F-83 133 1968 Kerosine similar to Partially

let A-I, - 50°C replaced lP-4
freezing point
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Table 9.3 U.K. aviation turbine fuel specifications

Specification Year Type Status
introduced

RDE/F/KER 1944 Kerosine, 40°C freeze Discontinued
DERD 2482 1947 First avtur specification, Replaced by DERD 2494,

40°C freeze - 50°C freeze
DERD 2486 1951 Wide-cut avtag Now issue 9
RDE/F/KER 1951 Type test development Discontinued
210 wide-cut fuel
DERD 2488 1952 High-flash kerosine, Replaced by DERD 2498

avcat, 40°C freeze
DERD 24<)4 1957 Avtur, .50°C freeze Now issue 9, -47°C, freeze
DERD 2498 1960 High-flash kerosine, Amended in 1966

avcat, - 4 8° C freeze
DERD 2498 1966 High -flash kerosine, Now issue 7

avcat, issue 3,
freeze to 46°C

DERD 2453 1967 Avtur/FSII Now issue 4
DERD 2454 1967 Avtag/FSII Now issue 4
DERD 2452 1979 Avcat/FSII Now issue 2

Table 9.4 First avtur fuel specification. DERD 2482 (issued 1.4.4 7.
amended 1.11.48)

Property Min. Max .

Water tolerance , ml
Specific gravity at 60/60° F

Total sulphur, % wt
Corrosion (copper strip)

Flash point, of
Viscosity, cSt at OOF
Freezing point, °c
Aromatic content, % vol.
Heat of combustion, net Btu/lb
Existent gum, mg/100 ml
Distillation, fbp, °c

% evap. at 200°C
Total acidity, mg KOH/g

2 .0
Not limited,

but must be determined
0 .1
Slight
discoloration

100
6
-4 0

20
18300

6
300

20
0.10

The following inhibitors may be used :
2,6-ditertiary-butyl-4-methyl phenol
N,N'-di-secondary-butyl-para-phenylenediamine
2,4-dimethyl-6-tertiary-butyl phenol.
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Table 9.5 First avtag specification, DERD 2486 (RDEfF/KER 210 additions
shown in parentheses)

Property

Acidity, mg KOH/g
Aromatics, % vol.
Bromine No.
Copper strip corrosion

Distillation , 10% recovered at °F
90% recovered at ° F
FBIP, OF

Vapour pressure, psi
Freezing point , "C
Gum , existent, mg/100 ml

accelerated , mgt 100 ml
Heat of combustion, net Btu/lb
Specific gravity at 60/60°F
Total sulphur, % wt
Mercaptan sulphur, % wt

Water tolerance , ml

Min.

(15)

(2.0)

18400
0 .739
(0.2)

Max.

0.1
25
3
No evidence of
corrosion, and not
more than a slight
discoloration of
the strip
250
400
550
3.0

-60
10
20

0 .825
0.4
0 .005
Doctor sweet
accepted
2

metric . To keep the settings accurate therefore, it is necessary to limit the
density .

The mercaptan content, coupled with the copper strip corrosion test, was
required to protect the hot turbine section from corrosion , and also the elasto­
meric coatings in the fuel system. Later on, as a result of a field problem
discussed in chapter 7, a silver strip corrosion test was added to some specifica­
tions to protect silver-plated parts of the fuel system from trace amounts of HzS
and elemental sulphur, which are so small that they do not affect the copper
strip. A viscosity limit is set to ensure pumpability at low temperatures plus the
ability to vaporise the fuel at low temperatures for a cold start or relight.

For some years a potential gum requirement was included in specifications.
This was supposed to predict the gum level that would be achieved in storage
with time. A series of tests was carried out in the Middle East to guarantee high
average ambient temperatures in a storage tank . The fuel was held static for 5
years , being tested regularly for gum and potential gum contents. The results
showed that the original potential gum determinations had no correlation with
the gum content found with time . As a result the potential , or accelerated, gum
content requirement has been deleted from most aviation turbine fuel
specifications.

Smoke point has for many years given a correlation, not too precise but
adequate, with radiant heat emissions from the fuel in the combustor. A more
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sophisticated method based on smoke point has also been used in the U.S. speci­
fications . This is the luminometer number , by which the emissivity of the flame
is measured and then converted into a scale which correlates with radiant heat in
the combustor.

The aromatics content of fuel has had a varied career. In kerosines, it has been
set at 20 per cent maximum by volume , whereas in wide-cut fuels up to 25 per
cent by volume is allowed. The main reason put forward for an aromatic content
control is as part of the emissivity measurement or luminosity of the flame in
the combustor. Th is in turn is a measure of the radiant heat imping ing on the
walls of the combustor . The real combustion controller is the hydrogen/carbon
ratio of the fuel , but until recently it had not been possible to determine this
factor accurately and qui ckly. Now, with a simple -to-operate NMR method , the
hydrogen content of the fuel may be determined in less than 10 minutes. If this
method, which has been standardised jointly by ASTM and IP, were put into all
specifications, an accurate knowledge of hydrogen/carbon ratio would be avail­
able which would obviate the need for aromatic content and indeed smoke point.
At present the implementation of this test in specifications is being held up by
objections from a U.S. aero engine manufacturer.

As discussed in chapter 7 , the freezing point is a fuel characterist ic affecting
fuel flow from the wing tank through heat exchangers and the fuel control
system on into the engine . In civil aircraft , the possibility of ice crystals, formed
from water that comes out of solution as the fuel cools , entering and clogging
the engine fuel filters is remote since fuel heaters are fitted which heat the fuel
before it enters the filter. To keep the weight down in milita ry aircraft , however,
fuel filters are not fitted with heaters , and so an anti-i cing additive is included in
the specifi cation. Anti-icing additives are fully compatible with all parts of the
airframe and fuel system as weli as with any other additive permitted for use in
aviation turbine fuels. They function by dissolving any free water present , and
depressing its freez ing point. In the avtag/1P-4 and avtur/1P-8 fuels , the additive
used is ethylene glycol mono-methyl ether , EGME. A few years ago this was
also introduced into avcat/1P-5 fuels but has since been changed to di-ethylene
glycol mono-methyl ether , di-EGME. The reason for this is that these are high
flash point fuels , with a minimum value of 60°C, whereas the addition of EGME
additive at the specified concentration of 0.1 0-0.15 per cent volume in the fuel
would reduce the flash point by some 2-3°C. This meant that the refiner had to
cut an even higher flash point material to meet the specification. The yield on
crude oil of this product is low , and this extra restriction made its production
almost impossible. The di-EGME additive has a flash point above 60°C, and so
the problem is overcome. Apart from the difference in flash point, these two
additives are very similar and have the same anti-icing properties.
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10 Relaxation of
Specifications

Specifications, as stated in chapter 5, are formed by balancing the demands of
satisfactory performance, production availability and cost control that arise
from the combined experience of fuel production , intermediate handling and
use. As long as crude oil was readily available at reasonably low cost, the fuel
quality tended to be a performance specification .

10. I Aviation Gasoline

With aviation gasoline, the engine and fuel quality were developed together,
particularly from the mid-I920s to the mid-1940s when development effectively
ceased owing to the advent of the gas-turbine engine, and the specification still
reflects this quality. Aviation gasoline is a special product which can only be
produced from a limited number of blending components, and its specification
has remained almost unchanged since 1945. Because of its special requirements,
only a limited number of refineries can produce it, and as the demand reduced so
the number of refineries producing it also reduced , as did the number of grades.
The only significant change in specification comprised this reduction in grades,
with the introduction of the 100 LL grade to replace grades 80 (80/87) and
100 (100/130). This is not a true specification relaxation since it has not
changed any performance criteria. Owing to the very low volume usage, it was
uneconomic to tie up tankage at refineries , depots and airfields with two grades
of fuel when one would suffice . To overcome this , it was decided to remove the
grade 80 (80/87), which allowed 0.5 ml TEL/U.S . gal, and replace it with grade
100 LL (100/130) with a maximum lead content of 2.0 ml TEL/U.S. gal, half
the maximum permitted in grade 100.

Releasing tankage for other use, generally for aviation turbine fuel at airfields ,
and eliminating a grade for production and testing at refineries, has helped to
keep the cost of aviation gasoline down . Its actual cost , compared with motor
gasoline for example, is still high, and hence the demand from clubs and small
operators to be permitted to use motor gasoline in light aircraft. Its high cost
relates to the special components required to produce it, and its very low
volume requirement compared to other refinery products together with its
special handling needs .
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10.2 Aviation Turbine Fuels

The decline in consumption of aviation gasoline has been completely over­
shadowed by the tremendous volume growth of aviation turbine fuel. In the
U.K. alone , aviation turbine fuel consumption was some 0.4 million tonnes/year
in 1955. By 1967 this had risen to 2 million tonnes/year and, in that same year ,
it was estimated to reach 8 million tonnes/year by the early 1980s. However, the
1973 oil crisis halted th is rapid increase in volume consumption rate. Since then ,
even with the new more efficient engines and with fewer civil flights using larger
aircraft , aviation turbine fuel consumption in the U.K. was 4.5 million tonnes in
1982 . To put this in perspective, it must be realised that by 1973 the U.K. was
processing just over 100 million tonnes/year of crude oil, and that by 1982 total
processing was less than 80 million tonnes. That is, in spite of a reduction of
over 20 per cent in crude oil refining, aviation turbine fuel is still growing in
total consumption though nowhere near as high as was predicted in the late
1960s.

How does this affect specifications? Firstly, the total off-take of aviation
turbine fuel per barrel of crude oil processed is rising and, with current specifica­
tions, it has a limit . Secondly, both gasoline, which is above kerosine in the
distillation range , and diesel fuel, which overlaps it and is lower, are also increas­
ing in volume . This means that transportation fuels are competing for the same
section of the barrel.

If one considered aviation turbine fuel in isolation, how could the volume
produced from a fixed volume of crude oil be increased? The answer is to
decrease the flash point and/or increase the freezing point. In this way the boil ­
ing range , now typically 150-250°C, could be increased to, say, 130-270°C, or
even 120-290°C depending on the changes made to the two parameters. This
would greatly increase the volume of aviation turbine fuel available, but at what
cost?

10.2.1 Flash Point

In the above approach , the first step is to decrease the flash point, that is, to
lower the temperature at which the fuel can be ignited by a flame . This para ­
meter has been introduced for safety reasons, since a lower flash point implies
that fuel handling becomes more hazardous . Safety regulations in fuel storage
facilities are written around flash point minima; go below these limits and tank
location and construction methods change . This increases storage and handling
costs as well as making the product more hazardous. The increase in hazard can
become particularly significant on the many large civil airports throughout the
world where aircraft are refuelled on the apron with the aircraft docked at the
boarding bay , relatively close to the passengers . At the same time that refuelling
is taking place many other functions , all involving people , are carried out , for
example, passenger baggage being loaded and off-loaded, passenger food and
drink supplies being restocked, passenger cabins being cleaned , etc . With the
current specification minimum of 38°C, and with all the precautions of bonding
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the aircraft and refuelling system, not allowing smoking and restricting the area
to essential personnel only, the operation is safe . In the U.K ., even in the summer ,
the fuel at the time of loading is most unlikely to rise above 3SoC, but this is not
so at some other airports in the world . In the Mediterranean area in mid-summer,
the air temperature can exceed that figure, and the fuel temperature be some
30-3SoC depending on where and how the fuel has been stored. So , on safety
grounds alone, should the flash point be reduced to increase the volume of fuel
available? This is still the subject of much debate . There is a small section of
opinion that believes that the flash point does not affect airport safety, but the
majority opinion believes that it does . To what extent could a 'safe' reduction in
flash point be carried out? A reduction to 3SoC or even to 32°C minimum could
probably be made without increasing the hazard, but it is very difficult to prove
conclusively . What is known is that the present 3SoC is a safe level , and that any
reduction is unlikely at present, since it is not restricting production .

On the other hand, relaxations in flash point and freezing point are the most
effective ways of increasing fuel availability . Studies of the fuel available, and the
specification needed to meet the demand for the year 2000 and beyond , show
that a decrease in flash point to 32°C would permit the current specification to
be maintained in all other respects . A reduction to 3SoC would increase avail­
ability by some 10 per cent , and go a long way to meeting future volume
demands. It is suggested that a research programme be carried out to ascertain
the effects on safety of a reduction of 3°C in flash point.

This is by far the simplest way to increase the volume availability of aviation
turbine fuel. Other ways are an increase in the freezing point and the use of
additives as discussed in section 10.2.2, or the incorporation of processed stocks
at the refinery . At present, only virgin stocks are used in aviation turbine fuels .
Both of these measures could produce the volume of fuel required in the future
but, before they could be adopted, larger research programmes would be needed
to ascertain their effect on combustion, combustor life and fuel systems handling
equipment. Could existing equipment be modified to cope, and what effect will
this have on future engine design ?

10.2.2 Freezing Point

In the avtur/Jet A·I specification, the freezing point level has been at - SO°C for
many years without a problem. After the 1973 oil crisis and the resulting change
in product demand pattern, however, it was predicted that the avtur/Jet A·I
grade of aviation turbine fuel was likely to be in short supply if no relaxations to
the specifications were allowed . It was also shown that a small variation in the
freezing point specification could significantly affect the volume of product
available from a barrel of crude oil. For every 1°C relaxation in the freezing
point, the volume available increases by some 3 per cent. At first, major airlines
opposed any relaxation in freezing point, stating that this would restrict their
operation on a world-wide basis, although the main concern was the North
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Atlantic, especially for carriers who flew from Europe to Vancouver, San
Francisco, Los Angeles and other points deep into the U.S.A. and Canada . It
was later realised that there were very few data on minimum fuel temperatures,
and that these went back mainly to a survey in 1958 on Comet aircraft ! From a
personal visit to the flight deck over the Atlantic, it was discovered that the air­
crew had no fears of the fuel freezing during flight. lATA did start to collect
data, and in the U.S.A. serious studies were instituted by NASA to determine
what flight temperatures were, and what effect they had on fuel flow.

In this way, the low-temperature properties of aviation turbine fuels were
being correlated, together with their consequent behaviour in aircraft undertak­
ing long-range flights of several hours duration . Under these conditions of long
cruise time at high altitude , the fuel would chill to a point where phase separation
could occur. This is the critical condition, and the freezing point test defines the
freezing point as 'that temperature at which crystals of hydrocarbons formed on
cooling disappear when the temperature of the fuel is allowed to rise', that is,
the end of the phase separation as the last wax crystal disappears. The test name
is unfortunate since many people think that it is the point at which the fuel goes
solid; in fact th is would be closer to the pour point , a parameter not specified
for aviation turbine fuels. The reason that the freezing point is so defined is
because once phase separation occurs in an aircraft fuel system the wax crystals
are likely to cause filter blockage which will, in turn, cause fuel starvation and
engine flame out.

Following the lATA survey on flight temperatures, and a deeper survey by
ASTM Technical Division J on Aviation Fuels covering the aviation and petrol­
eum industries on the actual raising of the freezing point of Jet A-I , ASTM held
a Symposium on Jet Fuel Low Temperature Requirements in December 1976
which highlighted the problem.

In the summer of 1978, civil airline fuel to - 50°C freezing point did become
in short supply and had to be 'allocated ' to airlines, a form of rationing. This
caused ill-will between certain customers and suppliers as the supply situation
was not consistent and varied between locations and suppliers . This shortage
undoubtedly helped the acceptance of a freezing point relaxation.

In 1978/79, both the U.K. MOD and the ASTM relaxed the freezing point of
avtur and Jet A-I respectively from - 50 to 47°C . This has given the refiner the
flexibility needed and, at present, this parameter does not limit supply nor have
there been any operational restrictions.

In 1977, NASA held a workshop at its Lewis Research Center on jet aircraft
hydrocarbon fuels technology to look beyond the then availability limitations.
One of the recommendations to come out of this workshop was to investigate
experimentally the freezing behaviour in a fuel tank to determine whether two­
phase flow could be tolerated. Subsequently NASA let contracts to Lockheed
and Boeing to study the cold flow behaviour of fuels in a simulated wing tank.
The first tests were carried out by Lockheed, and the follow-up contract with
Boeing was to see if the results obtained could be confirmed in a different tank
simulator. Fuels for these tests were supplied by the CRC and selected from
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paraffinic and naphthenic crude oil sources. The CRC also carried out a variety
of laboratory tests on the fuels that could be used to describe low-temperature
handling characteristics. Both simulators were based on the outer wing fuel tank
of a modern commercial jet aircraft, the Boeing version being constructed of
material and dimensions representative of a 747 outboard main tank , whereas
the Lockheed version was representative of the outer wing fuel tank of a L-I 0 II
Tristar.

Each test tank had viewing ports, cooling panels on the upper and lower
surfaces, and insulation on the other surfaces to ensure that heat transfer was
confined to the upper and lower surfaces only . Provision was also made for
sloshing and vibration . Thermocouples were mounted on vertical racks inside the
tanks, and spaced to provide a temperature profile of the fuel. They were also
attached to the upper and lower outer skins . There were certain differences in
the internal arrangements of these two tanks which might affect heat transfer
rates.

Ranges of different tests were carried out on both rigs. Both gave comparable
results, the main points of interest being as follows :

1. A very steep thermal gradient exists between the skin and the first few centi ­
metres of fuel, hence bulk fuel temperature lags behind skin temperature
owing to the low thermal conductivity of the fuel.

2 . Wax separation occurs at the fuel boundary layer as it goes below the freezing
point of the fuel.

3. Slosh and vibration decrease the difference between skin and bulk fuel
temperatures .

4. The approximate average of the freezing and pour points of the fuel best
predicts fuel hold-up.

Future work is planned to extend the knowledge to accepted commercial flight
model atmospheres, and to obtain detailed in-flight temperatures to correlate
with simulator data . Another important step was to see if flow-improver additives
can reduce the level of hold-up in the low-temperature boundary layer of fuels,
and to investigate the optimum technique for adding heat to the fuel to avoid
unacceptable hold-up during cruise conditions.

Yet another critical step, which could influence future specifications, is the
desire to develop a small-scale laboratory test device with temperature gradients
in the fuel sample similar to those observed in the wing tank simulators , and
from this to establish the relationship to or effect of the fuel properties on hold-up.

At present , the specification test used to control low-temperature flow is the
freezing point but, with the changes envisaged, is this the best form of control?
Are there other methods that are less restrictive or better suited and that can
assure safe aircraft operation at very low temperatures? The current standard
tests available are the freezing point (02386/IP 16), pour point (097/IPI5) and
cloud point (02500/IP219). Then there is the Shell cloud/pour analyser, an
automatic instrument that predicts cloud and pour points, and also the Shell
cold flow test that runs a fuel from one compartment to another in a finite time .
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By repeating the test at lower temperatures, the minimum temperature is found
at which all the fuel will drain to the lower compartment.

The cold filter plugging point test , CFPP (IP309), cools the fuel at a rate of
40°C per hour to the test temperature, and then at 1°C intervals draws it through
a 45 micrometre wire mesh filter, using a 200 mm water gauge vacuum . The
CFPP is the highest temperature at which the fuel either will not flow through
the filter, or requires more than 60 seconds for the passage of 20 ml.

The Enjay fluidity test (EFT) consists of two graduated plastic cylinders con­
nected together to form two compartments separated by a brass capillary . A fuel
sample is put in the lower compartment, and cooled at 4°F per hour to the test
temperature. The tester is then inverted, and the volume of fuel in the lower com­
partment measured after 3 minutes. This test is repeated at lower temperatures
until 80 volume per cent of the fuel is recovered in the lower compartment.

The Setapoint Detector (D4305) uses a small volume of fuel (6 ml) contained in a
sample chamber set in an aluminium block. The fuel is circulated at I ml per
second at 10 mm Hg pressure through a 400 mesh (33 micrometre) stainless steel
filter. The aluminium block temperature is controlled by compressor refrigeration
and thermoelectric cooling. The temperature at which the filter plugs or, if used
manually, when the first crystal is observed, can be used to define the low
temperature operating limit.

When the true relationship between fuel hold-up in wing tanks and fuel prop­
erties has been established , then will be the time to define the means of controll­
ing this most important property. In no way must the safety of the aircraft be
put at risk, but it may be that our simple and well-tried freezing point is not the
most suitable test for the future to maintain safety and yet have the maximum
volume of fuel available . On the other hand, it may prove to be so!

In the long term, therefore, it is necessary to establish which is the best test
to define and control safely low-temperature fuel properties before predicting
what the future limit should be . If the present test remains, it is likely that in
some 10 years time there will be great pressure to raise the current avtur/Jet A-I
freezing point from its present - 47°C to - 45°C or even as high as - 4 0°C. At
- 40°C, some long-distance civil aircraft would require some form of fuel heating,
assuming the fuel to have the same composition that it has today . On the other
hand, if flow improvers/wax crystal modifying additives prove to be successful
in aviation turbine fuels , and not cause filter blockage or other problems, then
the additive approach to overcome the low -temperature fuel problem could be
the answer. If this were the chosen route, then the test method for predicting the
low-temperature operating regime must be changed from the current freezing
point test.

10.2.3 Thermal Stability

Internationally, there are still two methods of determining the thermal stability
of aviation turbine fuels, the CRC fuel coker (D 1660) and the Jet fuel
thermal oxidation test (JFTOT), (D324I/IP323) . The preferred method
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is the JFTOT, but ASTM still allows the fuel coker to be used in its Jet A-I
specification. In time, it is assumed that the JFTOT will be the only permitted
method, together with a test temperature of 260°C.

A serious problem is created when considering relaxation of this parameter.
Firstly, from a long-term manufacturing viewpoint, it would be advisable to
reduce the severity of the test by reducing the test temperature. For example,
the AGARD Propulsion and Energetics Panel Working Group 13 on Alternative
Jet Engine Fuels has suggested a test fuel ARF (AGARD Research Fuel) which
has a JFTOT thermal stability with a maximum tube temperature of 230°C. It
must be explained that this is a research fuel specification and not a recommen­
dation for a marketed fuel. This research fuel is recommended by the Working
Group to be adopted as a baseline fuel to ensure a consistent data base among
participating researchers .

Secondly, from an engine designer's viewpoint, a more advanced energy­
efficient engine means higher pressure ratios and this , in turn, means higher
engine temperatures. To maintain or improve on the present long life of the
engine, a fuel thermal stability of current quality or even better will be required.

It is in an attempt to resolve these two differing viewpoints that the AGARD
Working Group on Alternative Jet Engine Fuels has suggested using the ARF in
order to see what actually happens when these new improved engines are design­
ed and run on a fuel of controlled quality but lower in standard, with respect to
thermal stability, than the current fuels.

It is not considered that the JFTOT itself will be replaced in the near future,
but it could be modified . Research on new engines with specified test fuels
could indicate a different trend in thermal stability. The more efficient engines
could, for example, be more critical on burner nozzle fouling than overall ther­
mal stability. This might be controlled by introducing the already available mini
heated reservoir (MHR) on the JFTOT into the test standard . This involves a
means of heat-soaking the fuel for I hour at a temperature of up to 200°C
before carrying out the standard test. This pre-heat thermal stress on the fuel
could help to eliminate those fuel species liable to crack easily under thermal
stress and form coke on the burner nozzles . If this were so, it is directionally the
way to i'j'lceed to alter, rather than relax, the specification to make it accept­
able to both fuel producer and fuel user, as well as engine manufacturer.

10.2.4 CombustionParameters

At present, the combustion parameters are controlled by specific energy, smoke
point, aromatics content and naphthalene content of the fuel. As fuel becomes
more scarce, the tendency is to relax the freezing point w~ 'ch, in effect, makes
the fuel heavier by allowing more of the higher molecula mass molecules to be
included. This tends to lower the specific energy and smoxe point, and raise the
aromatics and naphthalene contents of the fuel. None of these changes is apprec­
iated by the airline operators and engine manufacturers who claim that this will
either reduce engine life or the time between overhauls, or both. In each case
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this means increasing the running costs . The only airline that has carried out an
in-depth study of the erfect on its engines of increasing total aromatics from
20 to 22 volume per cent is United Airlines , and they have found no significant
difference in operating costs and engine life since the change-over. This revives
the old argument 'is the measurement of total aromatics relevant and meaning­
ful? ' The majority of aromatics in aviation turbine fuels, as presently produced,
comprise some 75-80 per cent of single ringed branched-chain components
which are very stable.

It is widely believed that a far better combustion parameter is the hydrogen
content of the fuel. Until a few years ago , a speedy , reliable and accurate method
for the determination of this parameter was not known , and so no serious
attempts were made to introduce it into specifications. Th is situation has been
altered completely by the advent of the simple-to-use nuclear magnetic reson­
ance (NMR) apparatus , developed and produced by Newport Instruments , to
determine the hydrog-: .xitent of liquid fuels .

In future, the major parameter for controlling combustion may well be the
hydrogen content as determined by this NMR method. This will make total
aromatic content and smoke point determinations obsolete. The specific energy
will still be required since the energy available must be known. It may also be
wise to include one other test to control the amount of polycyclic aromatics
present in the fuel. As the number of aromatic rings in the molecule increases, so
the stability decreases. The total amount of these polycyclic aromatics should ,
therefore, be controlled . At present there is a control on the naphthalene content ,
up to 3 per cent maximum. This is a very adequate test , and simple to carry out,
and in all probability is all that is needed , along with the hydrogen content , to
control the combustion parameter. The 3 per cent maximum could become
limiting hut test fuels with some 3 and 5 per cent naphthalenes have shown no
deleterious effect on engine performance. Not until the 12-15 per cent level of
naphthalenes was reached did adverse effects appear. It would seem, therefore ,
that a relaxation to 5 or 7 per cent is possible .

All of this , of course , would also depend on the lower level of hydrogen
content being permitted in the specification . Current U.S. military specifications
allow 13.6 and 13.4 weight per cent hydrogen, but figures for the future down as
low as 13.0 weight per cent have been suggested . At present , typical hydrogen
content figures for aviation turbine fuels in Europe are 13.9 weight per cent, and
so the pressure to reduce below 13.6 weight per cent has not yet arrived.

/0.2.5 Volatility

Indiscussing the ~}ossible ways of relaxing requirements for the current aviation tur­
bine fuels , the over-riding theme was to broaden the specification. This is effectivelv
done by reducing the flash point and increasing the freezing point , as currently de
fined . This, of course , will affect the volatility. At present , apart from the flash point ,
the only control on the avtur/Jet A-I type of fuel is the 10 per cent maximum
recovered at 205°C. This is unlikely to change, as a significant reduction in the
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current flash point is unlikely on safety grounds. The only other control point is
the final boiling point , set at 300°C maximum. At present , with a - 4 7°C maxi­
mum freezing point , it is difficult to achieve a final boiling point in excess of
260/265°C and so it will be a long time, if ever, before there is a need to revise
this specification point. If it were to be raised, it would only be by a small
amount , and a maximum of 325°C has been suggested.

With current thinking, it is most unlikely that there will be a change in the
volatility specification, certainly not for the remainder of this century .
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11 Aviation Fuels from
Alternative Sources

Since the earliest days of powered flight, aviation fuels have invariably been
derived from petroleum, hence both the continuity of petroleum supply, and
the subsequent availability of suitable alternative sources, are of concern for the
long-range future of aviation itself. The events of 1973 and 1979 brought sharply
into focus the finite extent of fossil fuels, together with the vulnerability of
extraneous sources of supply. The fuel embargo of 1973 did, in fact , give rise to
shortfalls in suitable crudes, and supplies of commercial aviation turbine fuels
were maintained only by the adoption of temporary waivers, as discussed in
chapter 8 which , in the event, showed no significant differences in combustion
chamber liner temperatures or smoke formation I . These waivers were then seen
to be incorporated in the subsequent specifications.

It is difficult to forecast accurately the remaining lifetimes of a non ­
replenishable commodity such as a fossil-based fuel in view of the many un­
knowns and uncertainties in the technological , economic and political futures .
For resources in quantity exploitation, however, a useful comparative bench­
mark is given by the life index representing the years that current known
resources could support current annual consumption, given by the ratio (proved
reserves)f(annual consumption rate). Inaccuracies in excluding the likely increases
in both reserves and consumption tend to self-cancel to some extent. It is salu­
tary to note from figure 11.1 that currently this index for petroleum is no more
than about 33 years and , apart from recent upturns, may already be in an over­
all decline. In the event, the actual resource lifetime of crude oil will also be
influenced by the extent to which the various schemes of enhanced oil recovery
(EOR) from presently producing fields are adopted, and by the suitability of
existing deposits of very heavy crudes.

The diminution in resource quantity will inevitably affect product quality,
as outlined in chapter 8, since the refiner will face greater restrictions on crude
oil selection. This suggests an increasing need for energy-intensive cracking and
reforming, both thermal and catalytic, of the heavy fractions to meet the grow­
ing demands for the lighter distillates. The depressed levels of octane quality of
gasoline due to the higher proportions of unstable olefin components will lead
to more severe methods of processing, particularly with the phasing down of
lead additive , whereas the higher levels of aromatic content of aviation turbine

145



36

e....
>-
>i..

32..,
.E
:!
:J

28

Life index = Proved reserves
Consumption

---
-- ?Other -_

?

Other transport

--

?----
Aviation

Consumption rate

--
---

a>....
a>

M....
a>

2

3

~.

(!
c
o0E.
E
iil
c

<3

1970 1980 1990 2000

Year

Figure ll.l World oil annual consumption rate and life index (derived from ref. 2 and
other sources). Gt =Gigatonnes =tonnes X 10'

146



fuel will accentuate the handling and combustion problems discussed in chapter
8. Clearly, a demand for petroleum replacements can be expected in the not too
distant future.

Crudes derived from non-petroleum feedstocks are already accepted by some
refineries for blending with petroleum feedstocks, but future refineries could no
doubt be designed solely for these alternative crudes. Ideally, the non-petroleum
products will match the conventional fuels to such a degree that they will be
completely miscible, and can be blended with them . For this reason, the non­
petroleum sources and their products may be described as 'supplemental' since
they supplement the pool of the conventionals. This title might be stretched to
include products whose properties, although close, differ from those of the con­
ventionals to the extent that they are not miscible with , but can be used in lieu
of, with minimal changes in fuel system materials and design, or engine perform­
ance and control.

In selecting resources for such supplementals, the clear objectives are exten­
sive resource life, together with ease of winning and economy of product
production plus, of course, satisfactory combustion performance . The first
objective is quantified broadly by means of the life index discussed above. The
alternative resource of closest similarity to petroleum is shale oil, followed by
tar, but neither of these is being exploited fully at this time . Coal , on the other
hand, has long been in quantity production, and its life index of about 300 years
is not only attractive but compares favourably with that of petroleum itself. The
estimated reserves for all four resources are shown in table 11.1.

Table 11.1 Estimated world energy reserves, consumption and life index values
(Derived from references 2-6)

Reserves (EJ) Annual consumption (EJ) Life index
Source (years)

Proved Ultimate 1983 (%) 2000 (%)

Natural gas 3500 11000 56 (17) 80 (13) 63
Petroleum 3900 15000 118:=(36)} 33
Oil shale 2000 23000 190 (31)
Tar sands 3000 10000
Coal 24000 300000 89 (28) ISO (25) 270
Uranium 11000 3 x 108 12 (4) 100 (16) 920

• > 1012 > 1017

Renewables 50 (15) 90 (15)

World total 325 (100) 610(100)

• Breeder reactors.
EJ =Exajoule =J X 1018 •

Life index =(Proved reservesj/fAnnual consumption).
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11.1 Shale Oil

Deposits of oil-bearing shale are widespread throughout the world , and may
represent the most abundant resource of hydrocarbons 7

• Large deposits with
commercial potential, for example, exist in the Green River Basin of Colorado,
in Alaska and in Brazil. Apart from some bitumen, which is soluble in organic
solvent , the main organic content of oil shale is kerogen , a solid mixture of
hydrocarbon compounds, which is found either mixed or combined with the
mineral marlstone rock of the shale . Kerogens are considered to have been
formed in pre-Cambrian times (600 million years ago) by anaerobic bacterial
action on marine algae" , and to have converted slowly to petroleum-like liquids
under the action of very high pressures at temperatures up to about 125°C.

The industrial extraction of shale oil began in the mid-nineteenth century,
and is based mainly on the acceleration of the kerogen-oil conversion by retort­
ing at raised temperatures, coupled with the separation of the liquid oil from the
solid shale. The three main techniques used are as follows :

(1) Direct above-ground retorting . The shale is mined , broken and ignited in a
retort, the liquid products being condensed by cooling with fresh shale
(for example, Union, and USBM).

(2) Indirect above-ground retorting. The shale is mined, broken and heated by
means of an externally heated gas stream (Paraho), or by mixing in a rotat­
ing drum with hot solid balls of ceramic acting as a heat transfer medium ,
the liquid being condensed out , and the solid balls retrieved by sieving
(for example, Tosco) .

(3) In situ retorting . Access to the underground shale is achieved by fracturing
from the surface (true in situ) or by mining and accurate blasting (modified
in situ), followed by retorting conducted by top-initiated combustion, or by
the supply of steam or hot gases. Some of the vaporised oil transfers at about
500°C to the surface , leaving a residue of carbon which serves as fuel for
further combustion, the remaining oil condensing and being pumped from
the base of the retort (for example, Garrett, USBM, Occidental & Tenneco ,
and Rio Blanco").

The properties listed in table 11.2 show that, in comparison with pet roleum
crudes, shale oils tend to have higher densities , viscosities , pour points and nitro­
gen contents.

In general the shale oils retorted rapidly at the surface are heavier, and have
higher boiling levels, less carbon , hydrogen and oxygen compared with the oils
retorted slowly in situ which contain less residuum and thus have lowe r viscosities
and pour points, with less sulphur, nitrogen , arsenic and iron l 2

.

The oil yields of shales are commonly determined by means of the Fischer
Assay, in which 100 g of shale sample is heated to 500°C in 40 minutes, and held
at this temperature for a further 40 minutes , the resulting vapours being conden­
sed to oil. The method is used primarily for evaluating the resource rather than

148



Table 11.2 Representative properties of petroleum, shale oil and tar-derived
crudes

(Derived from references 7, 10, 11, 18 and 19)

Property Petroleum Kerogen Shale Tar Tar-derived Coal Coal-derived
crude oil crude crude

Density 0 .84 0.92 0.94 0.88 1.35 0.99
kg/l at 15°C
C mass % 84 .2 78 .2 83 .7 85 .2 85.0
H mass % 12.7 lOA 10.9 10.7 12.6 SA 9.3
o mass % 1.2 7 .6 2.6 6.7 4.7
N mass % 0 .1 2.6 1.9 0 .2 0 .03 1.8 0.6
S mass % 1.8 1.2 0 .9 2.8 0.08 0 .9 0.4
Viscosity , 5.1 21 3000 3.0 6.5
cSt at 40°C
Pour point, -c - 7.5 14 . 45 17

the most appropriate extraction process. For the latter purpose , such alternative
techniques as laser pyrolysis chromatography, thermal chromatography , pulsed
nuclear magnetic resonance , and correlation with organic carbon or shale densit y ,
are under investigation . The oil yield averages at about 90 I/tonne , but can reach
230 I/tonne , and approach WOOl/tonne in the highest grades of shale in New
South Wales. One of the major problems involved with shale retorting is that the
dense parent rock reduces to fine powder, occupying about double the initial
bulk volume and complicating subsequent disposal of spent shale . This represents
an advantage for the in situ process, but control is more difficult, and the oil
yield lower. However, this may constitute the only process feasible for thick
strata at very deep locations. A further problem is posed by high viscosity and
pour point which makes pumping difficult at moderate temperatures.

A number of alternative methods are available for subsequent processing of
the shale-derived oil. Immediate refining at the retort site permits independent
control of each process, with ease of transfer of hot oil between plant units.
However, the size of such plant is inevitably below optimal , and the availability
of skilled manpower , as well as process water , may be difficult. The handling of
small amounts of several products would be costly , and the products might not
be compatible with conventional fuels . Hydroprocessing would improve the
quality of the shale oil , but the hydrogen requirements would be costly . Pipe­
line transport to a petroleum refinery is attractive since the additional feedstock
provides greater utilisation of plant. An insulated pipeline would restrict the

temperature loss to about 3°e per km, and a small quantity of the oil itself
could be utilised for reheating. This problem could also be eased by an initial
lowering of the pour point , effected by distillation to remove the heavy asphal­
tenes which may then be cracked to lighter liquids, together with mild thermal
cracking of the shale oil itself to break the large n-paraffin molecules , similar to
the visbreak ing process .
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A wide-cut gasoline derived from shale by hydrogenation in a fluid catalytic
bed has been found to possess properties broadly similar to those relating to the
conventional oil-derived JP-4, the major differences in the former being higher
concentrations of nitrogen but much lower concentrations of aromatics, olefins
and sulphurI 3 • Results from the copper corrosion and JFTOT tests were also
promising, the more extensive hydrotreatment raising the breakpoint from about
200°C to the required level of 260°C, with reduction in the nitrogen content by
an order of magnitude, and a low concentration of naphthalenes '" . The perfor­
mance characteristics of the shale-derived fuel in a test engine were comparable,
with identical combustor liner temperatures.

In the U.S.A., a shale-derived aviation turbine fuel is also under test in a Pratt
and Whitney FlOO engine, and an accelerated test, equivalent to 1000 hours of
flight, is announced in a P-W TF30 engine , together with flight tests and intro­
duction to service use!" . However, the most likely short-term development
appears to be reduction of the pour point at the retort site to enable pipeline
transfer to a petroleum refinery , followed by hydrotreatment to remove nitro­
gen, oxygen and sulphur, and blending of the distilled products with comparable
products from the petroleum feedstock.

11.2 Tar

Tars (asphalts, pitches or bitumens) are usually found in the form of a semi-solid
phase enveloping particles of water-coated sand . Extensive deposits of early
Cretaceous age have been found in north-eastern Alberta, Canada, at Wabasca,
Cold Lake, Peace River and Athabasca I 6 •1 7 . The last named were first reported
in 1788 , and explored systematically in 1897, the small plants proliferating from
1936 and leading to the start of large-scale production in 1967 . The Athabasca
deposits extend over an area of about 4 million hectares, and range in thickness
up to about 50 m. The oil sand is primarily quartz with varying quantities of silt
and finely divided clay. The mass percentage oil saturation ranges from lean
(2 to 5), through intermediate (5 to 10) to rich (10 to 18) , and represents some
120 x 109 tonnes of oil in place . The estimates in table 11.1 show the world­
wide reserves of tar to be comparable with those of conventional petroleum.

Some deposits are exposed at the surface, but others are covered by layers up
to 600 m thick, comprising scrub spruce, muskeg (organic soil), and an over­
burden of shale and lean sand, the tar being too viscous to migrate upwards, in
contrast to petroleum. For moderately deep deposits, winning proceeds by clear ­
ing the vegetation, and ditch-draining the muskeg ready for stripping when frozen
sufficiently solid to support the equipment , but not too solid to dig. The extrac­
tion process is based on separation of tar and sand by hot water!" . The raw sand
is conditioned by mixing into a slurry with hot water and steam plus sodium
hydroxide for pH adjustment, in a rotating horizontal drum at about 85°C . The
tar then separates by froth flotation with air, the sand and water being removed
as a tailings stream. The froth is then steam-heated and diluted with naphtha in
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order to reduce the density and viscosity before centrifugal separation of solids,
the water and the diluent naphtha being removed by distillation. The tar is then
cracked thermally by a delayed coking process at about 500°C, causing deposition
of coke containing the metals and part of the sulphur, the coke being used as a
cracker fuel. The liquid product streams are hydrogenated to remove most of the
nitrogen and remaining sulphur, and then recombined to form a derived crude
stock ready for pipeline transfer to petroleum refineries for conventional
processing.

Associated problems include the unavailability for recycling of much of the
process water owing to the slow settling rate of the small clay particles , increas­
ing volume of tailings sludge owing to swelling of clay in water, the presence of a
film of tar on the water in the tailings pond, and the disposal of the excess coke
and recovered sulphur. Typically, 65 per cent of the tar is convertible to a crude
feedstock, and 5 per cent to coke , each barrel of crude representing some 2.5
tonnes of parent sand and overburden.

Since no more than about 10 per cent of tar sand deposits are sufficiently
close to the surface to permit open-cast mining, long-term recovery is likely to
be on an in situ basis. Methods of in situ recovery reduce the viscosity of the tar
to permit its flow to the surface I 9

•
2 0

• In the thermal recovery method, air is
injected into the formation, and the tar is ignited by means of a subsurface
heater. The combustion heat lowers the viscosity of the remaining tar, and also
gives rise to some coking which upgrades the fluid collected by the production
wells. Alternatively, high-pressure steam may be used on a cyclic basis, first to
fracture the formation and stimulate the tar by heating , followed by injection of
steam down one well to displace the hot tar-water emulsion up through a second
well. Displacement may also be effected by means of an air-water drive. Other
methods proposed for reducing the viscosity include the use of solvents , and of
the waste heat from nuclear reactions .

The molecules of tar are of large scale, which promotes very high levels of
viscosity, as shown in table 11.2, and with high proportions of both polycyclic
aromatic and naphthenic rings incorporating atoms of sulphur and nitrogen.
Following the initial cracking and hydrogenation treatment described above ,
the tar-derived crudes , which are generally free of residuals, show viscosities
similar to those of petroleum, the high aromatics content, low wax content and
severe hydrogenation treatment giving respectively higher densities, lower pour
points and low concentrations of sulphur and nitrogen . A substantial proportion
(47 per cent) of the components boils in the middle-distillate range, but only a
small proportion in the ranges of gasoline and wide-cut gasoline jet fuel. Further­
more, these light fractions result from molecular cracking, and contain only
limited quantities of aromatics (6 per cent) which , together with the normal
structured paraffins, provide a relatively low octane number. The kerosines
resulting from tar-derived crude , on the other hand, differ from the conventional
petroleum-based kerosines through lower hydrogen content, specific energy and
smoke point, and higher density and aromatics content (32 per cent). Neverthe­
less, the aromatics are almost entirely monocyclic in nature, owing to the
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cracking reactions, and the wax content is low, consequently the freezing point
is not higher; in fact , it is typically some lQoC 10werll •

22
.

In these early stages of exploiting tar sands , the derived crude reaching the
refinery could be mixed up to about 30 per cent with petroleum crudes to be
processed for kerosines meeting the aviation specification, but some reports
suggest that this proportion may be raised to 65 per cent , and that future
refineries could be designed solely for these derived crudes. Such developments
entail more complexity and flexibility with increased capabilities for cracking
and hydrotreating. More upgrading of the tar-derived crudes may also take place
on site prior to transfer to the refinery .

11.3 Coal

Coal is an organic sedimentary rock, with some inorganic materials (minerals) in
admixture, formed by bacterial, chemical and geological actions on the remains
of land-based vegetation. The microscopical examination of transparent slices of
coal reveals the cell structure of the parent vegetation , together with fossilised
fragments (macerals) of primitive tree ferns and club mosses in the case of the
300 million year old Carboniferous coals, and of more developed trees in the
later 100 million year old Cretaceous coals . The former coal types are distributed
widely over the Earth's surface , and therefore more closely match the regions of
high consumption, whereas the latter are more limited.

The process of coalification of the original wet carbohydrate materials results
in a reduction in the concentrations of hydrogen , oxygen and water , with pro­
gression through humic acid , peat, sub-bituminous and bituminous coals of
increasing maturity , to anthracite of a relatively high density and carbon content.
With such a variety in original source material and geological history, individual
coals show variations in composition and properties , but systems of classification
have been devised to identify broad types, as shown with their representative
analyses in table 11.3. In view of the variable concentrations possible in ash and
water , composition analyses are generally conducted on a dry ash-free (DAF) or
dry mineral-matter free (DMMF) basis. Alternatively, the sample may be stored
at specified temperature and humidity , and then analysed on an air-dried basis.

More precise methods of classifying coals include Seyler's chart of per cent
mass carbon plotted against per cent mass hydrogen , the point for each sample
relating to many other properties superimposed on the chart, and also the Rank
Number System of the United Kingdom National Coal Board/", and the related
International System based on volatile matter and specific energy , with more
detailed subdivisions. Coals are further classified according to their ability to
coke (that is, to soften, swell and resolidify with shrinkage and caking), and to
cake (that is, to adhere on heating). The bituminous coals with good coking
properties are required for metallurgical purposes but many of the remaining
hard coals , excluding anthracite, together with the less mature brown coals , are
suitable for liquefaction. The liquefaction constraints appear to be minimal
concentrations of 40 per cent volatile matter and 5 per cent hydrogen, with
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Table 11.3 Representative composition of solid fuels by rank
(Derived from references 22.23,24 and 25)

Per cent mass DMFF Air dried
Lump 60% RH

Fuel density C H 0 N S Volatile
kg/I matter H2O Ash

Wood 0 .5-1.1 48 .1 6 .0 45 .0 0 .6 0.3 80 12.5
Peat 1.2 58.3 5.7 34 .0 1.4 0 .6 62 .7 21.7 5.5
Lignite/ 1.28 68.0 5.5 24.2 1.6 0 .7 53.3 18.3 10.0'
brown coal
General-purpose 1.3 76 .9 5.3 15.4 1.6 0.8 39.3 13.3 7 .5
sub-bit . coal
High volatility 1.35 82.6 5.0 10.0 1.5 0.9 31.7 5.3 5
bituminous coal
Low volatility 1.45 89.4 4 .8 3 .6 1.5 0.7 19.2 1.0 4
bituminous coal
Anthracite 1.55 92 .7 3 .0 2.4 1.2 0 .7 7.0 2.2 3
Coke 1.88 94 .1 1.4 2.3 1.4 0.8 6.5 2 7

maximum levels of 82 per cent carbon and . preferably , 10 per cent ash27 .

In structure , coal comprises platelets of carbon atoms arranged in predomin­
antly C6 rings, which are cross-linked by straight chains of carbon atoms. For a
representative molecular platelet comprising some 27 fused rings, of which 25
are C6 and 2 are C5 , about 9 of the C6 rings would be partly hydrogenated with
the H atoms augmented to H2 . About 2 of the rings would each incorporate an
atom of nitrogen. The atomic groups bonded externally to the rings would in­
clude 4 methyl radicals , 4 hydroxyl radicals, and 4 double-bonded oxygen atoms.
One or more atoms of sulphur may be bonded internally or externally .

The size and complexity of the platelets are such that the chemical bonding
forces that extend beyond the molecular boundaries are relatively strong, and
hold the molecules together as a solid structure with a comparatively high
density . The highly aromatic nature of the carbon rings, which ranges from about
50 per cent for a sub-bituminous coal to over 90 per cent for anthracite , implies
an inherently low content of hydrogen . Breaking the molecules down into
smaller configurations of atoms reduces the intermolecular forces, so permitting
internal movement as a liquid and, at the same time , a less dense packing and
thus a reduction in density . The provision of extra hydrogen also permits the
saturation of the carbon rings from aromatic to naphthenic.

The variation of hydrogen content with density for both liquid and solid fuels
in figure 11.2 indicates the two fundamental steps necessary to convert a solid
coal into a liquid fuel of the gasoline or kerosine type . These steps are :

(a) Rupture the very large polycyclic components of the carbon platelets of the
coal structure into small molecules with weaker intermolecular bonds, per­
mitting a liquid physical state and a reduction in density from about
1.4 kg/l to the required 0.72 or 0.8 kg/I.
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(b) Increase the hydrogen mass content from about 5 per cent to the required
14-15 per cent by the addition of hydrogen and , possibly, the rejection of
some carbon as char .

In the current commercial method of coal liquefaction by gasification and
synthesis, and in the many alternative processes under development, these two
distinct steps can generally be recognised. The relationship between these steps
is understandable from the breaking of the methylene - CH2 - cross-link by
saturation to a methyl radical - -CH3 •

The early German method of coal liquefaction comprised a drastic reduction
in molecular size by gasification to hydrogen and carbon monoxide by heating
in the presence of steam and oxygen, followed by synthesis to the molecular size
and complexity appropriate to the product required . This 'indirect' system has
been adopted and developed further by SASOL (South African Coal, Oil and Gas
Corporation), the additional hydrogen derived from the added water permitting
a product of high paraffinic content. The later methods employ a less drastic
degradation of the coal platelets by heating or solution, aimed at a more direct
and therefore more efficient conversion to the molecular size required . The extra
hydrogen needed may be supplied during the coal decomposition (hydrocarboni­
sation) or during the subsequent refining of the liquid product (hydrogenation).
Since many of the cyclic components of the original coal platelets endure, the
resulting products tend to retain their aromatic character, depending on the
extent of hydrogen added. Although the higher hydrogen content of the gaso­
lines implies a correspondingly lower concentration of aromatics, these com­
pounds are beneficial in relation to anti-knock quality . With kerosines, however,
aromatics can give rise to problems of combustion and fuel system freezing, as
outlined in chapter 8.

Molecular rupturing can be achieved either by heat or by solvent action using
one of the coal-generated liquids for the purpose . The resulting products appear
as mixtures of tars and pitches in the form of viscous liquids or low-melting
solids. Being somewhat akin to crude oils, they are described as synthetic crudes ,
or syncrudes, and are then distilled and refined in the usual manner , with incor­
poration of the additional hydrogen. The various methods of liquefaction are
outlined in table 11.4, and recent developments are discussed in reference 28.

11.3.1 Gasification plus Synthesis

The gasification-synthesis process of coal liquefaction is indirect in the sense
that the large coal molecules are first reduced to their elemental components
which are subsequently to be rebuilt into the required compound structures,
smaller than the original. In the Lurgi process of coal gasification, coal particles
down to about 3 mm diameter containing up to 30 per cent ash are heated in a
slow moving, mechanically stirred chamber with steam and oxygen . Conditions
are optimised, with a shift reaction, to maximise the yield of liquid products
rather than char. The raw synthesis gas is then cleansed of tar, sulphur,
ammonia , phenols and carbon dioxide, and its composition adjusted to give a
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2/1 volumetric ratio of hydrogen to carbon monoxide. Initially, synthesis took
place by the German Arge fixed bed process in the presence of pellets of iron­
oxide-cobalt catalyst to provide normal paraffinic components for gasoline, gas
oil, fuel oil, waxes and alcohols. However , increasing use is now being made of
an entrained iron catalyst in the American Synthol fluid bed process (figure 11.3)
which produces gaseous methane and ethene, together with a liquid similar to a
light crude oil consisting largely of isoparaffins and light olefins, but free of the
contaminants that normally accompany crude oil. In the SASOL plant , the
Synthol process has been optimised for gasoline production, but could be
adapted for a kerosine yield of about 30 per cent containing no more than 5
per cent aromatics.

Methane represents a viable by-product in the event of a local market for
natural gas, otherwise it is reformed and returned to the synthesis input which
improves the yield but reduces the overall efficiency of the process. Coals of low
grade are acceptable as feedstock . A more efficient and less complex method for
the conversion of coal to gasoline comprises an intermediate stage of production
of methanol from synthesis gas employing well-established technology, followed
by the highly selective conversion by dehydration to gasoline using a zeolite
catalyst developed by Mobil"! .

11.3.2 Carbonisation plus Hydrogenation

The well-established techniques for carbonising coal to coke provide coal tar
fractions as by-products. Hydrogenation then results in saturated mono- and bi­
cyclic hydrocarbons which show promise as components for aviation fuels and,
in comparison with standard aviation kerosine specifications, the Cerchar
fractions, with zero aromatic content, showed higher flash point (53°C com­
pared with 38°C), higher density (0 .89 kg/l compared with 0 .80 kg/I), lower
freezing point (- 60°C compared with - 4 7°C) and much lower sulphur content
(50 ppm compared with 2000 ppm)32 .

11.3.3 Hydrocarbonisation

In the Coalcon process, carbonisation takes place in an atmosphere of hydrogen
gas at high pressure so that the two' stages of coal liquefaction can occur together.
The products leave the reactor in the gaseous phase, and are then cooled to
condense as heavy oil which is distilled to yield light and heavy fractions. The
hydrogen required for the process is obtained by cryogenic distillation of the
gases, and by gasification of the char. Part of the gaseous and char products
provide the process energy.

In the H-Coal process, the pulverised coal is slurried with recycle oil and then
agitated violently with hydrogen gas by 'ebulliation' in a fluid bed of catalyst.
In the Synthoil process, reaction occurs with a fixed catalyst bed . The production
of lighter fractions is favoured by higher pressures and longer reaction times .
Decompression assists in the removal of solids , and distillation provides the
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required fractions. The remaining coal solids are mixed with fresh coal and
gasified to provide the process hydrogen.

11.3.4 Liquid Solvent Extraction plus Hydrogenation

In the liquid solvent extraction process of the United Kingdom's National Coal
Board, the coal is dissolved in oil, and the ash separated by filtration. The ash­
free liquid is then cracked over catalysts in the presence of hydrogen to produce
an oil similar to crude oil, so that standard refinery techniques can then be
utilised for fractionation into transport fuels. The process is self-sustaining with
regard to solvent oil, and a pilot plant to handle 2-} tonnes of coal per day is
planned for operation in 1987 . In a development of this process, the solvent
reaction takes place at supercritical conditions which eliminates the need for
filtration since condensation and release of solids occur when the pressure is
reduced in a separator vessel.

11.3.5 Combined Liquid Solvent Extraction and Hydrogenation

In the Solvent Refined Coal process, the pulverised coal is slurried with a recycle
oil in the presence of hydrogen gas. The coal dissolves in the oil and, at the same
time, combines with the hydrogen . The solids are then filtered out, and the
liquid fraction distilled to give the required products and the recovered solvent
for recycling. If required, further hydrogenation can be used over a fixed
catalyst bed.

11.3.6 Hydrogen-Donor Liquid Solvent Extraction

In these processes, the solvent oil is enriched with the required hydrogen before
reaction with the coal charge. This technique is adopted in the Consol Synthetic
Fuel process, which also incorporates secondary hydrogenation of the liquefied
coal in order to produce distillate type oils. In the Exxon process3 3 , the separat­
ed solid residue from the main reactor is transferred to a delayed coker to
improve the liquid yields. Materials suitable as donor solvents include the hydro­
aromatics tetralin (tetrahydronaphthalene) and hydrogenated anthracene, which
dehydrogenate in the reaction to the normal polycyclic aromatic form, as shown.

H H2 H H

H~H2 -t~_HCOH + 4H
H~H2 H H

H H2 H H

Naphthalene, ClOHs

11.3.7 Coal-DerivedAviation Fuel Properties and Performance

The intrinsically high aromatic content of the gasoline fraction of the liquid fuels
derived from coal is attractive since this imparts a high resistance to spark knock .
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The early recognition of this feature is evident from the reference in a 1933
edition of Hansard to the full-scale experiment in which one home defence
squadron of the Royal Air Force was flying solely on gasoline extracted from
British coal 34

• Currently, its potential lies in supplementing aviation turbine
fuels, and it is of interest to compare the aromatics contents with the specifica­
tion limit. In fact , the aviation turbine fuels produced by the various liquefaction
processes under study generally show levels of aromatics content lower than
those in conventional fuels, as indicated in table 11.5 . This is due to the adoption
of two stages of hydrogenation in order to meet the requirements for smoke
point and thermal stability. In general, the thermal stability breakpoint tempera­
tures are found to meet the usually accepted value of 260°C at a hydrogen mass
content of 13 per cent , and to increase with hydrogen content.

Table 11.5 Property differences between supplemental and conventional
aviation turbine fuel fractions (comparable distillation ranges)

Fuel source
Property

Shale oil Tar Coal

Density High High
Aromatics Low High Low
Naphthalenes Low Low
Olefins Low Low
Sulphur Low Low Low
Hydrogen Low Low
Flash point High
Freezing point Low Low
Smoke Low Low

An aviation kerosine derived from hydrogenated coal tar has been evaluated
on a test bed and in a Mirage fighter aircraft'", whereas a high-flash kerosine
produced by the Sun Oil Company from a COED syncrude has been tested
successfully by the U.S. Navy Air Propulsion Test Center using a T63 -A-5A
engine at sea-level conditions'" .

11.4 Resource-to-Propulsion Energy Economy

The estimated reserves of the non-petroleum fossil sources are of such magnitude
as to generate considerable interest as potential sources of supplemental aviation
fuels . Starting with a quantity of such an alternative source , the overall efficiency
of energy conversion to aircraft propulsion appears as a product of the individual
efficiencies of each proce ss along the particular route of conversion, and these
processes can be grouped as

Stage I : resource to aircraft tanks
Stage 2 : aircraft tanks to propulsion .
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In stage I, the conversion efficiency is defined as the ratio

( specific energy of aviation fuel )

.energy of parent resource plus refining input

Table 11.6 shows these values to be roughly similar for the resources shale oil
and coal. For the AiResearch-Lockheed-NASA studies discussed in chapter 12,
the utilisation of the fuel energy is given in terms of kJ /seat km , and is therefore
common for all three cases since aviation kerosine applied throughout. The over­
all efficiency from source to propulsion can then be represented inversely by the
mass of parent resource required for the mission . From these values , both shale
oil and coal appear as feasible replacements for crude oil, the former being more
attractive on an energy economy basis .

Table 11.6 Resource-to-propulsion energy economy for aviation turbine
fuel (subsonic aircraft, 400 seats, 10190 km range)

(Derived from references 10,36 and 37)

Fuel source

Crude oil Shale oil Coal

Resource-to-ATF conversion 90 56 54
efficiency , %

ATF -to-propulsion energy 759 759 759
utilisation, k.I/seat km

Resource mass required for 80 140 206
mission , tonne
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12 Aviation Fuel Substitutes

Previous chapters have indicated that petroleum, the main source material for
aviation fuels, must be expected to approach exhaustion within the next few
decades, and that comparable fuels may well be derivable from such alternative
sources as shale, tar and coal. Much development work awaits completion before
these 'alternative-source' fuels become available in sufficient economic quantities
to supplement effectively the conventional aviation gasolines and kerosines.
Furthermore, the price differential will clearly remain unfavourable until quantity
production is established and, probably, conventional fuels continue to become
more expensive .

The development of new processes to supplement conventional fuels raises
the additional question of processes for new fuels, and this chapter reviews those
materials which may be described as 'substitute fuels' in that they appear as
potential replacements of conventional fuels but are virtually independent of
them in terms of properties as well as source . Included in this category are any
existing materials, such as methane, which are already established as conventional
fuels but for some other applications. The requirements to be met by a substitute
fuel concern its availability, handling qualities, combustion performance and
price. Large-scale, or preferably renewable, availability is clearly desired , other­
wise the evil day of eventual fuel shortage can be neither postponed significantly
nor eliminated. Ideally, handling should be no more difficult or hazardous than
at present, but special arrangements may be worthy of consideration. Again,
comparable combustion performance is sought, but some reduction may be
traded against availability and price.

The main feature of conventional aviation fuels is that, being naturally
formed compounds of highly energetic hydrogen and much less energetic carbon,
they exist as carbon hydrides in the form of liquids with generally good handling
convenience and combustion quality. A move to methane, for example, secures
a higher hydrogen content, but the normal gaseous state demands liquefaction
to limit the requirement of on-board storage volume, and the high flammability
both outside the combustor as well as within it draws attention to fire safety.
The chemical fuel of ultimate gravimetric energy is, of course, hydrogen itself,
but the handling considerations outlined above for methane apply with much
greater severity, and are discussed later in this chapter. Of immediate interest are
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other hydrides that also contain oxygen. nitrogen or both and that, although
releasing less combustion energy as a result , may offer reasonable performance
with acceptable handling and good availability.

The following materials therefore offer potential as substitute fuels :

Liquefied hydrocarbon gases
Hydrogen
Hydrocarbon oxygenates; alcohols, ethers, biofuels
Nitrogen compounds of hydrogen or hydrocarbons; ammonia, hydrazine,

nitromethane

12.1 Substitute Fuel Production

The primary requirement for a substitute fuel is that it should be available in
adequate quantity on a long-term basis (table 12.1). This is particularly important
in cases where the substitutes are derived currently from fossil sources which are
themselves, of course , subject to exhaustion .

Table 12.1 Substitute fuel sources

Resource
Substitute

fuel Formula Short term Medium term Long term

Hydrogen H2 NG Coal + H2O H2O

Crude oil + H2°
Methanol CH30H NG + H20 or O2 Coal + H2O Biomatter

(inc . SMW)
Ethanol C2HsOH Crude oil Coal Biomatter

(inc . SMW)
MTBE CH30C4H9 } Alcohols +
ETBE C2Hs OC4H 9 isobutane
Vegetable oils Biomatter

Ammonia NH3 N2 + H2
Nitromethane CH3N02 NG + HN03

NG = natural gases.
SMW = solid municipal wastes .

12.1.1 Liquefied Hydrocarbon Gases

The lightest hydrocarbon gas, methane (CH4 ) , comprises the major component
of the various natural gases deposited worldwide either as free gas or in associa­
tion with petroleum . Useful quantities can also be derived from the degassing of
coal. Having evolved from organic deposits, natural gases also contain some
higher hydrocarbons together with traces of inert nitrogen , carbon dioxide and/
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or hydrogen sulphide , depending on the geological location and history. Natural
gases from fields within the North Sea, for example, contain relatively small
proportions of higher hydrocarbons (4 .6 per cent) with no hydrogen sulphide,
and are consequently categorised as 'dry' and 'sweet'. In comparison with
methane itself , the small quantities of higher hydrocarbons, nitrogen (1 .8 per
cent) and carbon dioxide (0.3 per cent) together give an increase in density of 8
per cent, and in energy density of 4 per cent, with a reduction in specific energy
of 4 per cent.

Other natural gases range in composition from almost pure methane (99.5 per
cent, Ravenna, Italy), through the wet gases (27.8 per cent C,xHy , Kuwait), the
high nitrogen-content gases with correspondingly low energy density (14.3 per
cent N2 and 29 MJjm3 net , Groningen, the Netherlands) and the high carbon
dioxide-content gases (44 per cent CO2 , Kapuri , New Zealand), to the sour gases
(I5 per cent H2S, Lacq, France). The treatment of natural gas comprises the
separation of the higher hydrocarbon condensates and water, first at the well
head and subsequently by refrigeration treatment or desiccants to give appropriate
dew points. Carbon dioxide and hydrogen sulphide may be removed by alkaline
scrubbing or adsorption, or the latter sweetened to innocuous organic disulphides ,
the nitrogen usually being left untreated. Alternatively, carbon dioxide may be con­
verted to methane and water by a process of methanation using hydrogen. Supplies
of natural gas can, in fact , be supplemented by the processing of other hydro ­
carbon feedstocks , as with the steam reforming of light hydrocarbons, hydro­
gasification of middle distillates and partial oxidation of residual oils and coal to
give supplemental natural gas (SNG)l . Methane may also be derived from solid
municipal waste, and from biomatter generally. Extensive quantities of methane,
mostly of non-fossil origin, are postulated in the form of ice-like solid hydrates
within the molecular cavities of water , representing a volume storage potential
six times that of methane gas, and a supply resource for some 30000 years. A
theory is also being explored for the existence of vast deposits of methane gas
from below the biogenic depths of the Earth's mantle which promote an outgas­
sing leading to earthquakes, mud volcanoes and giant tidal waves, and could be
of sufficient magnitude to sustain the present rate of hydrocarbon consumption
for about a million years? .

In order to condense methane to the liquid phase required for storage and
transport applications, cooling is necessary to the boiling point of -161°C at
I atmosphere. In general, liquefaction of gases is effected by several cycles of
compression, cooling and expansion but, in the case of methane, the required
levels of pressure and of volume for the vaporisation of the refrigerant would
be excessive. The more satisfactory approach is to cool the methane in stages by
means of a cascade of refrigerants, typically propane, ethene and methane gas,
which are themselves chilled by compression, water-cooling and vaporisation ,
following expansion through throttling valveswithin closed circuits . With natural
gas, the heavier hydrocarbons accompanying the methane may themselves be
condensed from the feedstock in a modified cascade, and used as refrigerants for
cooling the methane! .
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The two heavier hydrocarbons, propane (C3 Hs) and butane (C4 H10 ) ' are
generally described as petroleum gases since they exist as components of crude
petroleum. The principal treatment of petroleum gases comprises the removal or
sweetening of mercaptans in order to eliminate both obnoxious odour and cor ­
rosive potential. Since the critical temperatures are well above ambient, both
fuels exist as vapours at atmospheric temperature , and can be liquefied by corn­
pression, the vapour pressures at ISoC being 780 and 290 kPa (7 .7 and 2.9 atm.)
for propane and butane respectively. Commercially they are marketed as Lique­
fied Petroleum Gases (LPG) either as propane, butane or mixtures of the two, the
last named being popular as bottled gas for cooking since, in cold weather, butane
alone will not vaporise readily enough to supply the volume rate needed .

12.1.2 Liquid Hydrogen

In the laboratory, small quantities of hydrogen gas may be generated by simple
reactions of certain metals with acids or bases of suitable reactivity, or with
steam. In industry , however, hydrogen gas can be released from methane by de­
composition,jointly from hydrocarbon fuels and water by steam reforming or
partial oxidation, or from water alone by reaction with iron oxide, or by decom­
position using electricity, heat or solar radiation (table 12.2). Where catalysts are
involved, prior desulphurisation of the fuel is necessary to prevent catalyst
poisoning, and is achieved by adsorption on activated carbon, or by conversion
to HzS and absorption in hot zinc oxide .

The decomposition of methane is effected in the presence of a heated catalyst.
The resulting carbon deposits on the surface of the catalyst , which is transferred
to a regenerator where the carbon is burnt off, in a similar way to the practice of
catalytic cracking . The regenerated catalyst, which is raised to the temperature
level for reaction by means of the combustion heat, is then returned to the reo
action vessel for further duty . In the steam reforming of methane or naphtha ,
using a nickel catalyst, the endothermic heat required for decomposition is pro ­
vided by burning part of the feedstock externally, and the resulting carbon
monoxide co-product is then converted with further steam to additional hydro­
gen and carbon dioxide, the latter being removed by liquid countercurrent
scrubbing and , finally , methanation. A substantial proportion of the resulting
hydrogen is derived from the steam , as follows

Methane , CH4 C~ + 2 Hz°-+ 4 Hz + COz
Naphtha (CHz empirically) (CHz) + 2 Hz°-+ 3 Hz +COz

In the partial oxidation of light fuels catalytically at low temperature , or of a
wide range of gaseous to less reactive solid fuels at high temperature without
catalysts, the required heat is evolved within the reactor by partial combustion
of the feedstock with oxygen in the presence of steam to produce a mixture of
hydrogen and carbon monoxide (syngas) as in the reforming process . The water
gas reaction and carbon dioxide scrubbing then follow, as before. Autothermal
equilibrium is achieved by balancing the exothermic oxidation with the endo-
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thermic steam reforming reaction , and the overall reaction appears as in the
following examples

Residual fuel oil (CH 1.8 empirically)
(CHI.8) + 0.51 O2 + 0.98 H20 ~ 1.88 H2 + CO2

Coal (CHO•8 empirically)
(CHO•8 ) + 0.7 O2 + 0.6 H2°~ H2 + CO2

In the steam-iron process , hydrogen is released from the steam by oxidation
of iron to FeO and to Fe304 , both of which are then reduced with carbon
monoxide to the original states plus carbon dioxide . The carbon monoxide itself
is derived with additional hydrogen from the gasification of coal in steam and air.
Since the oxidation and redu ction take place in separate zones within the reactor,
the product hydrogen contains only traces of carbon monoxide, carbon dioxide
and nitrogen, and no shift reaction is necessary . Furthermore, the thermal
energy remaining in the reducing gases can be utilised to generate electricity, but
the process depends on the handling of two solids , coal and iron oxide.

Water alone may be decomposed by providing the quantity of energy that will
be released by subsequent combustion in service . This energy input may be
derived by electrolytic, thermal, photolytic or photobiological means . In electro­
lysis, a direct current is passed between two electrodes separated by a water­
based electrolyte which must have a high ionic conductivity. This can be achieved
by adding an acid (sulphuric), base (potassium hydroxide) or possibly a salt
(sodium chloride) as an ionisable solute to augment the relatively few ions (H+
and OH-) arising from water itself. In practice , a concentration of about 30 per
cent potassium hydroxide is preferred in order to avoid corrosion, with electrodes
of nickel-plated mild steel or platinum-plated nickel , the surface areas of which
are increased by sintering, firming, perforating or chemical roughening. Advanced
designs incorporate water-saturated solid polymeric electrolytes comprising
acidic resins, with electrodes of tantalum or gold. Hydrogen gas collects at the
cathode , and oxygen at the anode , mixing of the two gases being prevented in
the aqueous cells by a woven asbestos separator which is porous to the electrolyte
and the passage of ions.

As indicated above , the energy required for electrolysis is equal to the enthalpy
of reaction of H2 (g) + i O2 (g) to H2°(g) , which is also equal to the enthalpy of
formation of water vapour, that is

t::J-t; .H2 (g) = M-JY .H20 (g) = - 241.83 kl/rnol

However, only the portion of this quantity represented by the Gibbs free energy
of formation , given by

LiG~ .H2 0 (g) = - 228 .59 kllmol

is required to be supplied as electrical energy , the remainder deriving as heat
either from the environment or from the electrical losses within the cell itself.
Theoretically , at 25°C this condition would hold at an applied potential of
1.23 V, whereas all the input energy would be supplied as electricity at 1.48 V.
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In order to achieve realistic production rates in industry, however, high currents
per unit area of electrode are used by means of over-voltage, despite the reduc­
tion in conversion efficiency. Furthermore, the overall efficiency of the produc­
tion of hydrogen gas is affected adversely by the relatively low efficiency of
thermal-electrical energy conversion in the generating station providing the
energy for electrolysis. Large-scale production of hydrogen by electrolysis is
established only in the vicinity of low-cost hydroelectric power, as in Norway,
Egypt , Canada and Iceland.

Rather than follow the above thermal-mechanical-electrical energy conver­
sion route, higher overall efficiency should be obtainable by the direct use of
thermal energy, particularly if it would otherwise go to waste . However, a tem­
perature in excess of 2500°C would be necessary for any significant extent of
decomposition of water within a single step. Very many multi-step processes
have been proposed within the temperature levels available from nuclear reactor
coolants. Figure 12.1 shows the basic process reactions for one approach, together

-r::l- XH2 -r::l
[H2o]- - - - - ~----- y----IH2J

I" I
I "

Y2° 1 ",XY Ix

ciJ---v -~~'-t±J
I
------------ - ----(~021

la) Schematic of Funk and Marchen i system with generalised components X and Y

Water Hydrogen
splining switch

(H20)T-2~~-~3O"C ~5O"C
50 - - - - 25 - - - - (H2 )1_ atm. atm.

I I 1:\
I I I ~ Br) // I

H20: CaloHbl GJ lCaBr2 //~gBr2 IHg

I I I / t::\ II I I / \n~)

I L~ -----.~ ----I 'O!
------~ HgO ~ 2 2

Oxygen Oxygen
shift switch

lb) Schematic of de Beni MKIsystem

Figure 12.1 Thermochemical water splitting (derived from ref. 9)
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with an early concept involving closed circuits of calcium , bromine and mercury.
Other proposed systems are based on iron , chlorine and oxygen, and on com­
binations of caesium, magnesium, chromium or copper. A hybrid thermo­
chemical-electrochemical cycle has also been proposed using sulphur and iodine .
Very few of these processes now appear to have realistic potential for industry.

The photolytic production of hydrogen is based on the decomposition of
water using the energy of light. Since water is transparent , the incident light is
absorbed through the electronic excitement of salts, semiconductors or dyes
acting as photocatalysts. In vegetation of the blue-green algae types, the genera­
tion of biological cell material from carbon dioxide and water under the action
of sunlight is accompanied by the release of hydrogen. Approaches on the above
lines, including the combination of two systems, currently form the bases of
several research projects.

Prior to liquefaction of gaseous hydrogen, the contaminating gases are removed
by condensation, by absorption in liquid methane, or by adsorption on some
solid reagent . Owing to the facts that hydrogen molecules exist in either an
ortho or para form, depending on the relative direction of their nuclear spins,
and that the spontaneous arrha-para conversion releases more than sufficient
energy to vaporise' an equal mass of liquid hydrogen, the para form is essential
for long-term storage, and is effected up to about 95 per cent by the use of a
catalyst such as ferric oxide. In most gases, liquefaction is achieved by isothermal
compression, followed by equal-enthalpy expansion across a throttling valve, the
cooled gas then being used to lower the temperature level of subsequent compres­
sion and expansion stages, until expansion occurs below the critical point. The
expansion of hydrogen, however , incurs a rise in temperature unless the initial
temperature is below the inversion value of 205 K, subsequent expansions then
lowering the temperature to the boiling point of 20.2 K. Initial cooling to the
inversion level is achieved by means of liquid nitrogen boiling at 77.2 K.
Industrially, liquefa ction of hydrogen is customarily effected by expanding the
cooled gas to produce work in a centrifugal expander or, in some instances, a
non-lubricated reciprocating expander.

12.1.3 Hydrocarbon Oxygenates

Of the hydrocarbon oxygenates, methanol, CH3 OH, was formerly extracted from
such natural plant materials as wood by destructive distillation (hence, 'wood
alcohol'), but the introduction of synthetic processes has led to large-scale
production by thermal reforming of natural gas with steam to syngas, compris­
ing hydrogen, carbon monoxide and carbon dioxide which is then synthesised
to methanol over a catalyst. Alternatively , the methane may be oxidised directly
to methanol.

In the medium to long term, synthesis gas may be generated by the gasifica­
tion with steam of solid fuels such as coal, lignite or peat. Direct oxidation of
methane may be possible by reaction with sulphur trioxide in liquid sulphuric
acid . Future process routes to syngas may also include the partial oxidation of
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renewable sources such as wood , straw and biowaste, and also the separation of
inorganic carbon dioxide from atmosphere or oceans, followed by reduction and
combination with water. Synthesis of carbonate solutions by radiation or
electroreduction has also been proposed.

The next member of the monohydric alcohol group, ethanol, C2 H, OH, is
produced by synthesis from oil- or coal-derived ethene, C2H4 , with water , or of
syngas , but interest is increasing in production by hydrolysis and fermentation
of the carbohydrates from a variety of vegetable sources. These include the
starches of artichokes, potatoes, cassava and cereal grains (hence 'grain alcohol'),
the sugars from sugar cane, beet, sweet sorghum, fruit juices and molasses , the
cellulosic materials from wood, tropical grasses, and straw, and the waste sulphite
liquor from the production of wood pulp from paper mills .

More recently, both methanol and ethanol have been considered as feedstocks
with isobutane for the production of methyl tert-butyl ether (MTBE), CH3OC4 H9 ,

and also ethyl tert-butyl ether (ETBE), C2 n, OC4 H9 .

Biomatter comprises all natural materials associated with living organisms, and
consists largely of carbohydrates, for example, cellulose [C6 (H 2 O), In. It there­
fore forms a logical source of methane, hydrogen and such hydrocarbon oxy­
genates as alcohols, as discussed above. On a global basis, an estimated ISO
gigatonnes of vegetable biomatter is generated annually, much of it in the wild
state. The total mass of vegetation existing per unit area at any instant is properly
termed 'biomass', usually expressed in units of tonne per hectare (t/ha), and the
total mass harvested per annum is 'biomass yield ', in t/ha a. This ranges from the
relatively small-scale collection of agricultural wastes, through the direct harvest­
ing of naturally seeded vegetation , to energy farming by the purposeful cultiva­
tion of crops optimised for both food and energy rather than either alone .
Energy crops of interest include the alcohol biosources listed above , together
with giant kelp and blue-green algae. Current biomass yields extend from about
13 t/ha a for water hyacinth (Mississippi) to 120 t/ha a for napier grass (Puerto
Rico) , with an average dry value of about 23 t/ha a10. Biomatter is also generated
continually in the form of municipal wastes and manure .

The"oil extracted from vegetation may also serve as fuels via a more direct
route. These vegetable oils comprise natural esters of the trihydric alcohol
glycerol (HOCH 2CHOHCH20H), with the long straight-chain fatty acids
(RCOOH), where hydrocarbon radical R varies from about CIS H31 to CI7H3S,
the approximate concentrations being 12 per cent paraffinic and 87 per cent
olefinic (including 68 per cent diolefinic). They are extracted by pressing from
the parent seed, flower or fruit, followed by degumming and, if confirmed by
satisfactory combustion performance, may not need the complex and energy­
consuming process of conventional refining.

Some species of vegetation, particularly the Euphorbiaceae, have been found
that extend the carbon dioxide-to-cellulose process to produce hydrocarbons in
the form of latex sap of relatively low molar mass, and further development may
permit a useful oil yield by tapping the main stems, as in the harvesting of
rubber I I . Certain green algae may also be converted to hydrocarbons, to the
extent of 75 per cent of the dry mass.

172



12.1.4 Hydrogen-Nitrogen Compounds

Ammonia , NH3 , is mostly manufactured by reaction of coal-derived ammonium
carbonate with calcium hydroxide , but could be produced by the direct synthesis
of hydrogen and nitrogen as in the Haber-Bosch catalytic method. Hydrazine ,
N2 H4 , is produced by oxidation of ammonia or urea with sodium hypochlorite ,
as in the Raschig catalytic process , but the developments by Bayer involve
ammonia , chlorine and a ketone .

Currently , nitroparaffins , RN0 2 , are produced by nitra tion of hydrocarbon
feedstocks with nitric acid .

12.2 Properties of Substitute Fuels

The second major concern with substitute fuels is a comparison of their proper­
ties with those of the conventionals , since similarities will permit minor changes
only in handling and performance, and also in the design and constructional
materials of fuel systems and engines .

On the basis of density (table 12.3A), liquid hydrogen is seen to be outstand­
ingly low , with liquid methane about half that of the conventionals , and hydrazine
and nitromethane about 40 per cent heavier. The boiling points for liquid
hydrogen, and to a lesser extent for liquid methane , are also very low , whereas
th ose for the substitutes, with the exception of ammonia, lie within the conven­
tional distillation ranges. The melting and/or freezing points of hydrazine and
nitromethane lie above those of the conventional fuels , all the remaining values
lying below. The kinematic viscosities appear either similar or , in the case of
hydrazine and ammonia, significantly lower . Relatively high enthalpies of
vaporisation are seen for the nitrogen hydrides and alcohols , and high specific
heat capacities for hydrogen and ammonia .

The specific energies of all the fuels given in table 12.3B show a broadly direct
dependence on hydrogen content , following the very high level (120 MJ/kg net )
for hydrogen itself. The energy density of liquid hydrogen , on th e other hand , is
very low (8 .5 MJ/I) owing to the low level of density (0.071 kg/I) , but the energy
densities of the substitutes do not reflect any clear relationship with hydrogen
content. All fuels containing oxygenand/or nitrogen , of course , show lower
levels of both specific energy and energy density . These points are brought out
by extending the density abscissa in figure 5.4 in both the low and high directions,
as in figure 12.2 .

While accepting that some performance penalty may be traded against security
of supply , the question arises as to the extent of power loss that may arise from
the lower energy fuels , some of which may seem unworthy of further considera­
tion at this stage . However, the fact that combustors consume mixtures of fuel
and air rather than fuel alone leads to an energy analysis based on the fuel-air
mixture . For convenience, a stoichiometric mixture has been assumed in each
case, but comparable conclusions would be expected at any other consistent
equivalence ratio.
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Expressing the combustion heat with symbol Q, and the related air and fuel
masses as A and F gives the following expression for heat released per unit mass
of fuel-air mixture

Q

{A +F)s

Q/F

{A/F+ i),

where subscript s represents stoichiometric. In terms of masses , the numerator on
the right-hand side, Q/F, is the specific energy of the fuel, discussed above . Any
variation between fuels in the specific energy of their stoichiometric mixtures
therefore depends on the relationship between specific energy of the fuel and its
stoichiometric air/fuel ratio. Figure 12.3 shows this to be almost linear for a
very wide range of fuels, including solid , liquid and gaseous , both conventional
and substitute . It follows , therefore , that the specific energy of stoichiometric
mixtures of all these fuels will vary very little from an average value , shown in
figure 12.4 to be about 2.98 MJ/kg stoichiometric mixture. A similar situation

120

80
"""!
i
:>
~
c..
~
.~

f);

0;
Z

40

(A/Fls + 1

21

/
/

/
/

/
/

/
/

/
/

•• } Petroleum fuels

MTSE
C (gr .)

C2H.OH

20

Stoichiometric air/fuel massratio (A /F) ,

41

40

Figure 12.3 Relationship of net specific energy with stoichiometric air/fuel mass ratio

177



4
o

N
it

ro
m

et
ha

ne

C
oa

ls •

--l 00

'".. i f! a )
( 'E ~ '1 0
; .z .g ;; E o ~

2
'0 t: '0 i?;; t ~ £ '~ 51- ;; z

'r;
J

A
m

m
o

n
ia

•
B

la
st

fu
rn

ac
e

ga
s

P
ro

pa
ne

H
yd

ra
zi

ne
•

'r;
J

•

•
•

• A
nt

hr
ac

it
e

C
ok

e •
C

(g
r.

1 •

0
0

O.
B

kg
/m

3

1.
6

2.
4

A

O.
B

1.
2

kg
/I

1.
6

2.
0

Fu
el

de
ns

ity
at

15
°C

Fi
gu

re
12

.4
Il

lu
st

ra
ti

on
of

m
in

im
al

va
ri

at
io

n
in

sp
ec

if
ic

en
er

gy
of

st
oi

ch
io

m
et

ri
c

fu
el

-a
ir

m
ix

tu
re

s



holds with energy density, the average value being about 3.1 MJjm 3 stoichio­
metric mixture for fuels in the gaseous phase .

These results are particularly encouraging since it follows that, from an
energy release viewpoint, combustors are virtually insensitive to fuel type, any
low values of specific energy or energy density representing problems of fuel
storage in aircraft systems. Of the few fuels that do not lie closely to the average
value of specific energy, it is of interest to note that hydrogen has a higher value ,
and that nitromethane, despite its poor calorific values owing to its inert content
of both nitrogen and oxygen , is particularly attractive. This feature of nitro­
methane, together with its high anti-knock rating, suits it to high-performance
piston engines, and indicates its use for motor racing .

As shown in section 5.2.2, the flammability of a fuel may be related to
volatility and expressed in terms of the fuel temperature required to promote
the weak mixture limit of flammability above the liquid surface, that is, the
weak temperature limit of flammability, or the flash point. Furthermore,
although the weak mixture limit is common at I per cent volume of fuel vapour
for all the petroleum liquid fuels, the level of flash point was seen to rise with
fuel density owing to the fall in volatility. The flash point curve in figures 5.2
and 12.5 confirms this relat ionship and, in the case of wide-cut gasoline, shows
clearly the marked effect of the inclusion of the volatile naphtha components.
In comparison with conventional aviation turbine fuels , the flash points of the
alcohols and the nitrogen hydrides are significantly lower. Fire safety in bulk
handling and crash fire situations favours flash points well above ambient.

As shown in section 8 .2, the ignitability of a fuel may be expressed in terms
of the minimum ambient temperature required to promote spontaneous ignition
of a small fuel charge. Furthermore, the level of spontaneous ignition tempera­
ture (SIT) was seen to fall with rise in fuel density because of the inability of the
larger molecules to withstand thermal agitation . The SIT curve included in
figure 12.5 confirms this relationship. In comparison with conventional aviation
turbine fuels , the SIT levels of ammonia, hydrogen, nitromethane and the
alcohols are higher, whereas hydrazine is about the same.

12.3 Liquefied Hydrocarbon Gases as Substitute Fuels

As a hydrocarbon fuel of comparatively low density , liquefied methane offers a
correspondingly high specific energy and low energy density but , as indicated in
the previous section , little change in either when expressed in terms of stoichio­
metric mixture with air. With a relatively low concentration of carbon , and
existing as a gas under normal conditions, clean combustion of liquefied methane
can be expected with little effect of contaminants, other than those that also
exist in the gaseous phase and that were not previously removed .

For use in piston engines, methane offers the additional advantages of a wide
mixture range of flammability and a high resistance to spark knock (RON = 105
approximately). Furthermore , being carburett ed as a gas or a highly volatile
liquid , it would be expected to promote uniform distribution throughout a
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multi-cylinder inlet manifold . Nevertheless, a power loss of some 8 per cent is
expected owing to the greater volume occupied by the gas, in comparison with
unvaporised gasoline , within the manifold, and to the absence of the evaporative
charge cooling effect 12

• Dynamometer and road vehicle tests confirm the reduc­
tion in combustion emissions, particularly of the smog-forming hydrocarbon
type , and the possibilities of lean operation. Aircraft tests include those under
way by Beech Aircraft!" with a fixed-wing Sundowner aircraft and a TH-55A
training helicopter, both using a 135 kW four-cylinder Avco Lycoming 0-360
engine . The aircraft are fitted with two vacuum-insulated cryogenic tanks of 68
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or 87 I capacities, constructed of stainless steel or aluminium, together with a
pressure regulator, a vaporiser unit and a modified carburettor. The operating
pressure is approximately 275 kPa , and the fluid loss rate is less than I per cent
per day . The engine ignition timing was advanced by about 10° of crank angle
in view of the high anti-knock quality of methane . Tests to date confirm the
anticipated power loss of about 10 per cent, which may be retrievable by super­
charging, but show no change in aircraft flight characteristics . The specific fuel
consumption is expected to be reduced by about 15 per cent.

For gas-turbine engines , the gaseous nature of the fuel minimises problems of
mixing, combustion , temperature distribution and emissions. The increased
homogeneity of the gaseous-air mixture in the primary zone is found to reduce
NOx emissions effectively, while maintaining the CO and hydrocarbons at very
low levels. However, the flame stability of a continuous-flow combustor is
narrowed with a gaseous fuel because this same homogeneity eliminates possible
flammable regions under otherwise adverse conditions, and the equivalence ratio
at the fuel-rich limit is likely to be half that with kerosine . The most satisfactory
design of combustor is likely to incorporate a vaporiser type injector situated in
a fuel-weak primary zone .

Results of tests on an experimental combustor fitted with multiple natural ­
gas burners located in an annular chamber showed combustion efficiency to
be satisfactory at most normal operating conditions, but poor at low air tem­
peratures and pressures!4 . An investigation with a cylinder type of combustion
liner showed that the use of a gaseous fuel such as methane gave better control
of local equivalence ratio in the primary zone , the leaner mixtures reducing the
concentrations of both carbon monoxide and nitric oxide! s . A simplified cycle
analysis of a turboprop engine flying at Mach 0.8 and 10688 m altitude showed
that the use of the methane fuel to cool the bleed air for turbine blade cooling
could lead to lighter, more compact engines, with increased turbine entry tem­
perature . Combustion tests confirmed the cleaner burning, but showed that the
chamber should be designed specifically for the fuel, and that altitude relight
may be more difficult owing to the narrow flammability range of a gaseous
fuel!" .

The major problems in handling liquid methane appear to centre on storage
volume, because of the relatively low energy density (21 .2 MJ/1 compared with
34 .7 for avtur), and the very high levels of vapour pressure at temperatures
above about ISO K. With satisfactory solution of these storage problems, the
relatively high specific energy (50 MJ/kg compared with 43.4 for avtur) implies
a 15 per cent increase in aircraft range. Furthermore, methane is thermally
stable and, as a cryogenic liquid, offers an effective heat sink capacity for cool­
ing lubricant systems, electronics and other strategic parts of the aircraft. Both
the high level of SIT, and the displacement of air from the tank by the gaseous
fuel, assist fire safety in handling. Methane vapour does not present hazards to
health or the environment.

The propane and butane components of LPG reflect the clean combustion
characteristics of methane with significantly lower em issions . In spark -ignition
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piston engines, the high octane quality (RON = 94 for propane, and III for
butane) permits knock-free compression ratios up to about 11, and the clean
combustion prolongs spark-plug life with less carbon contamination of the
lubricating oil I 7 . Nevertheless , experience with automobile piston engines shows
that the higher combustion temperatures cause nitration reactions with the
lubricant, the products of which attack lead in the copper-lead bearings. Also,
valves can burn, and their seats recess, owing to the absence of the lubricating
action of lead additives!" .

The LPG is pre-vaporised using oil or water heating, and metered through a
gas carburettor. The results derived from engine test beds, and from flight tests
with a Ralleye aircraft , show improvements in power of up to about 5 per cent,
and changes in fuel consumption varying ±I5 per cent relative to avgas.

In comparison with kerosine, the use of liquefied butane in the combustion
chamber of a Kawasaki MIA industrial gas turbine gave better ignition perform­
ance, higher combustion efficiency at weak mixtures , lower liner temperatures,
and much lower concentrations of unburnt hydrocarbons and carbon monoxide .
Little change was found in the outlet temperature distribution or the concentra­
tion of nitrogen oxides I

9
•

Since the fuel tanks need to withstand the vapour pressures of about 9 atm .
(propane) and 3 atm . (butane), the tank masses are greater than with conventional
fuels, but the fuel masses themselves are lighter for a given energy content.

12.4 Liquid Hydrogen as a Substitute Fuel

In addition to the elemental abundance of hydrogen , the property values shown
in table 12.3 indicate a very high level of specific energy with a high flame speed ,
wide range of flammability, and clean burning ability . These suggest a high com­
bustion performance in terms of good stability and temperature distribution
with minimal tendencies for pollution, as shown broadly in table 12.4 . Actual
engine experience with hydrogen fuel has been gained by Pratt and Whitney, and
by NACA. Excellent combustion performance within a 157 engine was found in
1956, with pre-vaporised fuel injected via an axial tube system. In a high-altitude
Pratt and Whitney 304 engine also tested successfully , the hydrogen was vaporis­
ed by exhaust heat, the resulting expansion driving the compressor-turbine. The
hydrogen was then burnt to provide thrust. The 1957 NACA flight tests further
demonstrated the potential of hydrogen as an aviation fuel by using it in one of
the two 165 engines in a 8-57 aircraft. The liquid hydrogen was transferred from
a wing-tip tank using helium under pressure, and pre-vaporised in a ram-air heat
exchanger immediately prior to injection/ ".

A recent study by AiResearch under contract to Lockheed California and
sponsored by NASA22 concerns liquid-hydrogen fuelling of turbofan engines for
a 400 passenger subsonic airliner of 168 830 kg gross mass, and 10 190 km range.
Various features of two-spool, separately exhausted engine designs were examined
to exploit the particular properties of hydrogen fuel, including combustion-air
cooling either prior to compression or between stages, bleed-air for high-pressure
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Table 12.4 Comparison of liquid hydrogen with kerosine
(Derived from reference 20)

Feature

Combustion

Pollutants

Engine performance

Aircraft dimensions

Storage

Safety"

Overall energy
utilisation efficiency
of coal source

Costs

Advantages

Higher specific energy (x 2.8)
Higher flame speed (x 7)
Wider range of flammability
Higher combustion temp . (+ 125 K)
Lower flame emissivity
Higher diffusion rate
Improved temp . distribution

Zero CO, CO2 , UHC, sulphur,
particles and odour

Reduced NOx
Reduced engine noise
Lower sonic boom over-pressure

Higher specific impulse

Reduced gross mass
Smaller wing

Higher thermal stability
High heat sink capacity
Zero corrosive and erosive

contaminants

Zero oxygen in fuel system
Non-radiant flame
Buoyant vapour

Higher than for coal-derived
kerosine

Lower aircraft costs
Longer engine life and less

maintenance

Disadvantages

Lower energy
density (x 0.25)

Double H20

Longer fuselage

Low boiling pt
cryogenic

Low density

Very low minimum
ignition energy

Wide flammable
range

High fuel production
capital costs

·Currently under investigation by NASA.

turbine cooling, and engine exhaust gas heating of fuel either alone or coupled
with an expansion turbine to provide accessory power. Whereas the last two
designs promoted greater engine mass, they gave greater reductions in direct
operating costs (2.9 per cent). Bleed-air cooling and fuel heating designs , without
expansion turbines, were selected as optimal, with turbine entry temperatures of
1755 K (takeoff) and 1652 K (cruise), cycle pressure ratio of 40 , and bypass ratio
of 10. No additional engine noise is anticipated over that with conventional
kerosine . The concentration of nitrogen oxide emissions , which is an exponential
function of combustion temperature and residence time , is expected to be lower
owing to the very rapid diffusion and combustion of hydrogen, with elimination
of peaks in the outlet temperature profile .
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In the above study , a Tristar aircraft is envisaged , with the fuselage stretched
to accommodate two large-diameter fuel tanks. Since fuel specific energy is high,
a reduction of over 25 per cent in aircraft gross mass is predictedP. The initial
proposal is for four such aircraft to be prepared as hydrogen-fuelled freighters,
and to be operated jointly by the U.S.A., the U.K ., the Federal Republic of
Germany and Saudi Arabia over a four-point network linking Pittsburgh,
Frankfurt, Riyadh and Birmingham, where facilities would exist to generate
about 18 tonnes of liquid hydrogen per day from either coal or natural gas.

The three major disadvantages of liquid hydrogen concern the tankage volume
required , the cryogenic nature of the liquid, and the fire hazard due partly to the
wide range of flammability and high flame speed, but mainly to the very low
minimum ignition energy . One contribution to fire safety is the fact that flam­

mable mixtures cannot form within the ullage spaces of liquid hydrogen tanks
since the system must be purged with hydrogen gas to eliminate blockages by
slugs of frozen air. Thus hydrogen presents a fire hazard only when spilt,
although diffusion from spills is rapid . Furthermore, hydrogen flames radiate
little heat. The effects of fuel spills, on-board system malfunction and post-crash
fires are currently under investigation by NASA . The interim conclusion is that
loss of life, injury or damage resulting from an aircraft crash may well be less with
liquid hydrogen than with kerosinei", and even in the Hindenburg disaster over
half the passengers escaped as the fire ball moved rapidly upwards. Nevertheless,
ground safety and handling of liquid hydrogen present severe problems that still
await solution . On the route proposed by Lockheed, each country would need
facilities to produce and store the fuel, and some of this storage would have to
be at or close by the airport. With current thinking no civil airport, certainly in
Europe, would consider such a fuel for storage, handling and aircraft refuelling.
In the case of hydrogen fuel, the safe handling on a civil airport probably presents
a more difficult problem than handling and operating in the air.

12.5 Hydrocarbon Oxygenates as Substitute Fuels

As fuels for spark-ignition piston engines, the light alcohols appear attractive in
view of their high resistance to spark knock , and much experience has now been
gained in the automotive world with methanol and with ethanol, both in blend
with gasoline and as unit fuels. The presence of oxygen in these fuels leads to
high levels of fuel/air ratios for stoichiometric mixtures, and consequently car­
burettor jet sizes must be greater than those used for gasoline . The energy
content of the fuel-air mixture is then comparable with that of gasoline-air, as
discussed earlier. In fact, owing to the high levels of vaporisation enthalpy with
alcohols, the mixture temperature tends to be lower, resulting in higher volu­
metric efficiency, and power increases of about 5-10 per cent. The specific fuel
consumption, on the other hand, is likely to be doubled, although this can be
offset partly by exploiting the higher knock-limited compression ratio (14 as
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compared with 10), together with the extended lean-mixture misfire limit.
Again, in comparison with gasoline, combustion temperature is lower, and emis ­
sions generalIy improved, except for the concentration of aldehydes.

Over 250 Hying hours have been logged with a 120 kW piston engined Piper
PA-18 Super Cub aircraft using rnethancli" . Also , a Bellanca Decathlon aircraft
completed a flight of nearly 2000 km powered by ethanol i". In both cases , the
fuel flow capacity of the fuel injection system was increased , and the ignition
timing advanced .

In comparison with gas turbine fuels , the low viscosity of methanol would be
expected to promote smalIer droplet sizes on injection and, although the vapori­
sation enthalpy is higher, the vapour pressure is also higher and the flammability
range wider , consequently methanol should vaporise and burn well in the high­
temperature region of the flame . The lower combustion temperature should
reduce the levels of radiation and resulting liner temperature , together with the
concentration of nitrogen oxide emissions.

Tests with methanol in the Kawasaki industrial gas turbine engine discussed
earlier"? showed spray patterns similar to those with kerosine. The tests also
confirmed the weaker mixtures possible at ignition, together with the lower levels
of radiation and liner temperature . However, the combustion efficiency felI at
the high air/fuel ratios because of deterioration of the spray pattern , the much
reduced combustion temperature , and the greater proportion of products
quenched within the film-cooling air , which also led to high unburnt emissions.
The nitrogen oxides, on the other hand , were considerably reduced. Broadly
similar results were reported from comparative tests at the Florida Power
Bayboro generating station on the full-scale FT4C-I industrial engine, in com­
parison with the standard gas oil fuel 2

7 . The greater stability and control
experienced were related to the lower specific energy of methanol , which
effectively reduced the control gain by a factor of two.

In tests on a GT-225 experimental passenger-car gas-turbine engine , up to 8
per cent additional power was found with methanol in comparison with kerosine
at equal turbine entry temperatures/" . no doubt owing to the larger mass flow
required with a fuel of lower energy and stoichiometric air/fuel ratio. Also noted
were similar effects on combustion emiss ions, and the absence of smoke, carbon,
sulphur and metallic products. Little testing appears to have been conducted
with ethanol in gas-turbine engines, but comparable results could be expected.

One of the fundamental problems in the handling of alcohols in aircraft is the
unavoidable presence of oxygen in the fuel tanks which would otherwise be freely
available in the atmosphere . In the case of methanol, for example, no less than
half the mass of the fuel consists of oxygen which represents a loading restriction .

Handling difficulties with alcohols include incompatibility with fuel system con­
structional materials, and lack of lubricity in fuel pumps. In the piston-engine
aircraft tests described above , neoprene was substituted for the natural rubber
and plastic used for hoses and gaskets . Adequate lubricity can be ensured by the
addition of small quantities of lubricating oil but , in practice, problems could be
expected in the control of its addition , its settlement during storage, and its un-
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known effects on micronic filters and filter/separators in the airfield and aircraft
fuel systems.

The two problems involved with alcohol-hydrocarbon blends arise from
vapour pressure and water separation. Owing to the hydrogen bonding of their
polar molecules , alcohols exert a vapour pressure lower than that of gasoline, but
nevertheless, the separation of the alcohol molecules when blended with gaso­
line, particularly with the aromatic components, leads to the formation of low­
boiling azeotropes with vapour pressures higher than either component alone.
Furthermore, the hydrogen bonding of alcohols with water leads to phase
separation in the event of water contamination of alcohol-hydrocarbon blends,
particularly if the latter components are largely non -aromatic (aliphatic). For
this reason, blending of alcohols and hydrocarbon fuels in the automobile world
tends to be delayed up to the point of entry to the vehicle fuel tanks, and even
to the engine . In aviation , the most dangerous feature is water pick-up which will
freeze at altitude and block filters, pumps and distribution systems. In present
specifications for both aviation gasolines and aviation turbine fuels, alcohols are
specifically excluded, and only specified additives allowed in controlled dosages .
With present regulations, blending of a fuel outside the refinery is neither com­
mercially feasible nor Icgal1y acceptable , since any subsequent addition
constitutes contamination, negating the quality certificate.

As discussed above, a wide range of biomatter can serve as a source of methane ,
hydrogen and alcohol fuels, together with a more direct use in the case of
vegetable-derived oils, as from wood , sunflowers, rapeseed, ground nuts, corn,
olives, etc. Turpentine has been used in spark-ignition engined automobiles in
Finland, coupled with a lower compression ratio and pre-heated fuel system, and
the use of motor gasoline for starting under adverse conditions. Since these oils
tend to exhibit reasonable levels of cetane number (for example , 36 for sunflower
oil compared with 50 for gas oil), their application to the generation of power is
currently centred on diesel engine fuel1ing, both as blending agents and as unit
fuels. Provided that the degumming is adequate, it is likely that vegetable oils
could find some limited applications to gas turbines . One instance of this is the
reference to the turbine-powered Plymouth automobile which ran on peanut
oil2 9

.

12.6 Nitrogen Compounds of Hydrogen and Hydrocarbons as Substitute Fuels

Some research has been conducted with anhydrous ammonia in spark-ignition
engines 3 0

,3 1 and the high enthalpy of vaporisation of the stored liquid made
necessary both pre-vaporisation and controlled partial decomposition, together
with a high jacket temperature. The low flame speed and high anti-knock quality
tolerated a relatively advanced ignition spark, but the power output was only
about 70 per cent of that with conventional motor gasoline. Although, on a
stoichiometric basis, the moles of nitrogen are fewer (0 .726) for ammonia than
for gasoline (0.777), the equal energy quantity of this mixture for ammonia
contains some IS times more nitrogen. Relative to hydrocarbon fuels, however,
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the lower flame temperature of ammonia reduces the nitrogen oxide concentra­
tions to about half on the fuel-rich side. Anhydrous ammonia has also been
tested in gas-turbine engines, but , in comparison with hydrocarbon fuels, the
performance of the engine and fuel system, together with the maintenance and
overall costs , were not attractive'[" . Poor combustion stability and low flame
temperature were also found in a single combustor rig even when the air
velocity was reduced to 40 per cent of the design value with hydrocarbon fuels,
and using continuous ignitiorr'" . In an industrial gas-turbine combustor, on the
other hand, up to 20 per cent more power was obtained when hydrocarbon fuel
was replaced with vaporised amrnonla'".

Hydrazine has been burnt smoothly in a CFR engine 3 S
, but the specific fuel

consumption was about three times that for gasoline. Hydrazine does not appear
to have been tested significantly in gas-turbine engines, although it has served as
a rocket reactant (see chapter 13).

As fuel for spark-ignition engines, the nitroparaffins have received minor
attention only, although nitromethane is commonly used, in blend with methan­
ol and a lubricant, for the miniature compression-ignition engines in model
aircraft. Improvements in peak power of over 40 per cent have been reported'"
when comparing nitroethane with methanol in a CFR engine , owing largely to
the high level of specific energy of the stoichiometric mixture (4.05 compared
with 2.67 MJ/kg), and of products/reactants molar ratio (1.274 compared with
1.061). The peak power with nitroethane occurred at a slightly higher equiva­
lence ratio . A blend of 80 per cent nitromethane in methanol gave a power
improvement of over 50 per cent. Tendencies to pre-ignition were controlled by
lowering the air and jacket temperatures . The nitroparaffins are not stable in
storage, and tend to detonate if contaminated and/or if subjected to heat or
shock.

12.7 Resource-to-Propulsion Energy Economy

Comparable to the treatment of energy data in table 11.6, the value of energy
conversion efficiency for the production from coal of liquid hydrogen (table
12.5) is roughly similar to that for supplemental aviation turbine fuel of the
kerosine type , whereas that for liquid methane is significantly higher. The cor­
responding figure for hydrogen produced through the electrolysis of water is
very much lower, reflecting the losses involved in the generation of electricity
for the purpose . The values of energy utilisation on board are less for methane,
and significantly less for hydrogen , in view of the higher specific energies of these
fuels, and therefore lower fuel loads which have to be carried for the given
mission energy . The overall requirements for the coal resource are then seen to
be roughly similar for methane and hydrogen , which are lower than that for
supplemental kerosine. The resource mass for electrolytic hydrogen is for the
parent water only, and does not include the mass of any fossil fuel consumed
to provide the electricity required; in a nuclear-powered generating station, this
fuel mass would be negligible. In summary, both liquid methane and liquid
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Table 12.5 Resource-to-propulsion energy economy for substitute fuels for
turbine-engined aircraft (subsonic aircraft, 400 seats, 10190 km range)

(Derived from references 23 and 24 )

hydrogen appear as feasible substitutes for conventional and supplemental
aviation turbine fuels.

The prices shown are , of course , relevant only to the date of the analysis
(1979), and would be expe cted to approach more closely to conventional-fuel
levels as the price of crude oil continues to rise, and the prices of the alternative
fuels continue to reduce (or to rise more slowly) as a result of large-scale
production economies. The other important factors involved are the changes
that would be necessary in the approach to ground handling and fuel system
design for these alternative fuels to become acceptable.
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13 Fuels for
High-Performance Flight

In aircraft propulsion , 'high performance ' generally represents a part icularl y high
engine thrust susta inable for such purposes as high rate of climb , high altitude
operation, supersonic or hypersonic aircraft speed , or any other special condition
where engine power takes precedence over fuel economy . The discussion in
chapter 2 illustrated the logical progression in aero engine design from piston
engine through turbine, ramjet and rocket engines , and this chapter therefore is
concerned with the latter members of the range . The operating regimes of these
aero engine types were shown in figure 2.1.

With increase in aircraft speed , the fuel loading limitation tends to move from
mass to volume, consequently energy densit y tends to take precedence over
specific energy . Nevertheless , the higher combustion temperatures permissible
incur complexities of chemical dissociation and subsequent recombination with­
in the propelling nozzle , hence some performance analy ses are based more
realist ically on the level of thrust produced per unit mass flow rate of propelling
efflux of combustion products .

13.1 Supersonic Gas Turbine Fuels

Since the earliest designs for transonic and supersonic aircra ft in the 1940s, the
relatively high levels of thrust have generally been based on gas turbine engines
handling comparatively larger quantit ies of air and fuel, together with reheat ,
rather than fuels of superior energy quality. Engine performance analysis shows
that both thrust and thermal efficiency increase with the ratio of maximum
(turbine inlet) to minimum (compressor inlet) temperatures, and also with
pressure ratio over a wide range, provided that the temperature ratio is in excess
of 3 . Consequently, although the fuel envisaged was broadly similar to conven­
tional aviation kerosine, particular attention was directed towards those
properties likely to be sensitive to the greater intensity of combustion, and the
more severe environment , as discussed below .

Within the engine , one of the prime concerns is that the higher gas tempera­
tures at turbine inlet imply correspondingly higher temperatures of combustor
liner , and therefore reduced engine life. This is compounded by the fact that the
transfer of heat to metallic liners, although mainly by convection , is also partly
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effected by radiation which increases with combustion pressure . However, this
factor is already controlled by constraints upon such fuel properties as the con­
tents of hydrogen, aromatics and naphthalenes, together with a minimum
limitation on smoke point. Furthermore, as discussed in chapter 8, this problem
of liner temperature rise tends to be eased above pressure levels of about 10 atm.
In the specifications for aviation turbine fuels, the sulphur concentration is now
limited to a maximum of 0.3 per cent mass, but the earlier limit of 0.2 is rarely
exceeded in practice, at which levels freedom from sulphidation of turbine
blading has been established , and is assisted by the turbine design practices of
air cooling, and the use of improved blade materials .

Within the aircraft and engine fuel systems, the main problem areas relate to
the effects of kinetic and/or engine -derived heating on the temperature-sensitive
properties of the fuel. The theoretical stagnation temperature due to air impact
and viscosity increases with the square of the relative air speed, as indicated in
figure 13.1 which shows a value of about 155°C for the Concorde design cruise
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Figure 13.1 Air stagnation temperature variation with flight speed for standard atmosphere
(derived from ref. 1)
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speed level of 2.2 Mach number at high altitude . Hitherto, aviation kerosine has
been classed as a fuel of such low volatility at the standard Reid test temperature
of 37 .8°C that the test itself is not included as a specification requirement since
any measured result would be negligible . At a temperature of 155°C, on the
other hand, even non-volatile kerosine would reach a vapour pressure of about
70 kPa , which would impose unacceptable demands on tank strength and mass
(figure 13.2).

In practice, however , measurements have shown that, owing to radiation and
other losses, the temperature reached at the stagnation point at the leading edge
of the mainplane aerofoil section does not exceed 135°C. In Concorde, for
example, the insulating effect of the epoxy resin internal coating and synthetic
rubber floor of the integral wing tanks limits the fuel temperature to about 85°C.
At this level , the vapour pressure of conventional aviation kerosine is no more
than about 7 kPa , which is equivalent to ambient pressure at the 19200 m
(63 000 ft) cruising altitude of Concorde . Initially, the fuel tanks were designed
for pressurisation to a constant 15 kPa above an altitude of 13400 m (44 000 ft),
but the tanks are now vented to atmosphere, with no resulting problems.
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Figure 13.2 Variationof vapour pressure of gas turbine fuels with temperature (derived
from ref. 2)
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Since the kinetically heated atmospheric air is too hot to serve as a coolant,
the fuel being transferred to the engine is used as a heat sink for cooling the
cabin air, hydraulic oil, alternators and engine lubricant which, together with
the energy input from the fuel pumps, increase the fuel temperature to about
160°C (figure 13.3). However, the fuel is constrained by the high pump pressure,
and in any case is injected and burnt in the engine within a few seconds . Cooling
capacity is reduced at high altitude owing to the marked fall in fuel consump­
tion rate. Nevertheless, the critical condition occurs at deceleration from high
speed , where the heat capacity of the fuel decreases sharply with its flow rate .
This situation is eased by means of an excess of flow which is bypassed back to
the main tanks.
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Figure 13.3 Representative conditions in supersonic aircraft fuel system (derived from
refs 3 and 4)

Since the spontaneous-ignition temperature of aviation kerosine is above
2S0°C, problems of this type could arise only in the event of a fuel leak in the
vicinity of the hottest parts of the engine in the absence of adequate ventilation.
However, should any of the fuel components or contaminants be thermally un­
stable, prolonged exposure to temperatures at the 8SoC level may give rise to the
formation of gum or solid products through slow oxidation. This emphasises the
need for the thermal stability test outlined in chapter 5, this requirement emerg­
ing initially with the first high-performance turbojet engines in view of fuel
deposition in filters and injectors following heat soakage. Paraffinic components,
with high heat capacities as well as high smoke points, are therefore preferred,
although naphthenes form a good compromise between high density and high
specific energy .
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Freedom from contamination is even more important than with subsonic
fuels since such materials as sulphur , nitrogen and metals (particularly copper)
degrade thermal stability very markedly . Also of importance is a high energy
density, normally associated with a high density, since the thin aerofoil sections
of supersonic mainplanes impose a volume, rather than a mass, limitation on the
quantity of fuel storable on board. However, smoke point reduces, and flame
radiation increases, with increased fuel density .

The specified quality of conventional aviation kerosine is, in fact, suitable for
current levels of supersonic flight speed. The fuel load represents over 50 per
cent of the gross takeoff weight, and the unused reserve fuel remains as a heat ­
soaked 'heel' at the end of the flight. Nevertheless, no problems arise since fresh
fuel is thoroughly intermixed with the heel at the next fuelling, and also during
the fore-and-aft transfer of fuel for purposes of trimming the pitch of the air­
craft as the centre of pressure changes with speed . Contamination with as little
as 0.5 per cent of an inferior fuel , however, would place the main fuel outside
the thermal stability specification. As flight speeds increase further , fuel selection
will also have to be based on closer control of volatility, thermal stability and
spontaneous ignitability.

13.2 Ramjet Fuels

In a turbine engine operating at constant altitude and engine speed , an increase
in flight speed reduces the pressure ratio of the compressor, together with the
overall pressure ratio from compressor entry to exit nozzle , and also the engine
thrust. In fact, when the overall pressure ratio falls to unity, the compressor­
turbine component serves merely to heat the air rather than to compress it. In
high-speed subsonic flight , therefore , the level of air pressure required for
efficient combustion is achieved by diffusion alone, in the absence of any rotat­
ing components, as the air decelerates to about 0.2 Mach number ready for
flame stabilisation in the combustion chamber. The combustion-derived forward
thrust then acts on the internal wall of the diffuser. When flight speeds become
supersonic, the air velocity-to-pressure exchange is partly effected by the promo­
tion of shock waves at entry . Shock waves may be arranged to be inclined,
feeding into the lip of the entry area, by the protrusion of a tapered centre body
located on the duct axis.

Ramjet propulsion is thus suited to flight at Mach numbers high enough (over 2)
to give adequate rise in pressure . Consequently, although fuel specific energy is
always important in air-borne vehicles, vehicle energy loading may be limited
more by volume in such cases. One of the prime fuel requirements therefore
centres on energy density , which controls vehicle range for a given tankage
volume, but certain other characteristics are also necessary, as discussed below.
In particular, with the absence of nozzle guide vanes, turbine blades and other
hardware directly within the gas stream, the temperature of combustion is no
longer so strictly limited, so that mixtures closer to stoichiometric are permis­
sible, together with liquid and solid combustion products. Nevertheless, for
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prolonged and repeated engine operation in an aircraft, radiation from the high­
temperature flames must be limited by the restriction of the content of
aromatics and olefins to give non -luminous combustion, and thermal stability is
essential. For one-off operation in a ramjet powered missile, on the other hand,
thermal stability is secondary to a control on existent and potential gum in order
to ensure long-term storage life . As shown in table 13.1, the specification require­
ments for the ramjet reference fuel RJ-l, for missiles, differ slightly from those
for avtur in terms of higher density, narrower distillation range at higher level,
higher freezing point, and much reduced contents of aromatics and olefins.
Other ramjet reference fuels include RJ-4, a tetrahydromethyl cyclopentadiene
dimer, and RJ-5, a Shelldyne blend .

Table 13.1 Key properties of turbine, ramjet and rocket reference fuels
(Derived from references 5 and 6)

Property Avtur RJ-l RP-l

Density at 20°C, kgll 0 .775-0.830 0.842-0.863 0 .800-0 .815
Distillation range, "C 144-252 221-315 188-266
Specific energy , net , MJIkg 43.4 43 .0 43 .5
Energy density , net , MJII 34.7 36 .7 35 .0
Aromatics, % vol. max. 22 5 2.3
Olefins , % vol. max . 5 1 0 .5
Freezing point, °c - 47 - 40 - 48

13.2.1 High-Density Hydrocarbons

For the conventional petroleum-derived fuel blends, an increase in density has
been seen to accompany a reduction in hydrogen content , and thus in specific
energy . Nevertheless, the rate of rise in density exceeds that of the fall in specific
energy, consequently the resulting mathematical product giving energy density
also rises (figure 5.3) . The attainment of high energy density therefore appears
to depend on high density, and this in turn depends on the packing, and thus the
shape , of the individual molecules. With hydrocarbons of common carbon and
hydrogen numbers, as shown in the upper part of table 13.2, the density rises as
the molecular structures become cyclic, and grow in size and number of rings.

The same effect follows in these multiple rings as hydrogen is removed ,
resulting in unsaturation, with double carbon-carbon bonding. The energy
density follows similar trends and, as shown in figure 13.4, a virtually unique
line is obtained for both the simple light hydrocarbons (shown plotted up to
C,o) and a number of complex single- and multiple-ring hydrocarbons, with
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energy densities above 36 MJfl, which are under consideration as high-density
candidate fuels for ramjets . These data are confirmed by the greater detail in
table 13.3, where it is noteworthy that some members appear as hydrogenated
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Figure 13.4 Energy density of hydrocarbons (see table 13.3)

(tperhy' or 'perhydro'). As indicated above , hydrogen in fact reduces both
density and energy density , but is necessary in the cases shown in order to con­
vert either solids or very viscous liquids into liquid fuels of acceptable viscosity
and freezing point, as discussed later. In the hydrocarbon range of fuels, there­
fore , high density would be preferred to meet the volumetric requirements of
ramjet propulsion .
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Table 13.3 Calorific values of high density hydrocarbons (see figure 13.5)
(Derived from references 5, 7, 8, 9 ,10 ,11 and 12)

Energy
Density density , net Specific energy

Key Hydrocarbon at 20°C (kg/I) net (MJ/kg)
MJ/I % reI.

RJ-I

RJ-l 0 .853 36.70 100 43.03
A Cyclododecane(s) 0.878 38 .13 103 .9 43.43
B cis-Decalin 0 .878 38.30 104.4 42.70
E 9-Methylperhyfluorene 0 .933 39 .64 108 .0 42.49
G Perhydrofluoranthene 0.983 41.46 113 .0 42.18
F Adamantine(s) 1.071 43 .84 119.5 40.93
C Tetrahydronorbornadiene

dimer (Shelldyne H) 1.080 44 .69 121 .8 41.38
D Hydrogenated

cyclooctatetrane dimer 1.230 50 .58 137 .8 41.42
(H-cot d)

(s) Solid at ambient temperature .

13.2.2 Elemental Reactants

The oxidation energy released by individual chemical elements is seen to undergo
a cyclic variation with progressive increase in atomic number. Curves A, Band C
in figure 13.5 show the net calorific values to be arranged in descending merit
ord er as follows

Energy density (MJ/I) : B, Be, Ti, AI, Si, C, Sc, P, Mg, (RJ-l), Ca, u,Na, H
Specific energy (MJ/kg) : H, Be, B, u, (RJ-I) , C, Si, AI, P, Mg, Sc, Ti, Ca, Na
Stoichiometric air (MJ/kg (a)5): Be, Li , Mg, AI, Ca, Si, B, Sc, Ti, H, P, (RJ -I), C, Na
Specific energy
(Note : This third parameter is adopted since it relates to the air specific impulse,
discussed later.)

Clearly, sodium can be eliminated since it appears inferior to RJ·l on all three
counts, whereas calcium and carbon are inferior on two counts each . Such
materials as beryllium, lithium and scandium are not feasible for widespread
adoption owing to low abundance. Furthermore, the products of beryllium are
toxic , and of lithium unstable. Titanium is expensive to produce, and phosphorus
very reactive in handling. Boron and possibly aluminium therefore appear
attractive as fuels for high-speed volume -limited ramjet aircraft. For lower speed
mass-limited ramjet aircraft , hydrogen and boron meet the requirements of
vehicle storage, but magnesium and aluminium are more suited to propulsive
thrust.

200



A.

150

Be

100
AI

""~
~ C

50 \
---l_

Li \

B.

100

""~
Be

~

50

OI---..----+......------__eC!<-------=--
c.

Atomic number (Z)

Figure 13.5 Calorific values of elements with oxygen (derived from refs 5, 6 and 7)

Apart from hydrogen, all these elements are solid at ambient temperatures,
and thus present severe problems of storage and transfer within the fuel system .
The two approaches to solving these problems are to pulverise and slurry the
solid with some suitable liquid carrier fuel , as discussed later, or to adopt one of
the elements as an alternative to carbon in a hydride compound, as examined in
the following section .
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13.2.3 Non-Carbon Hydrides and Metal Organics

The energy released by combustion is usually expressed in terms of enthalpy,
which is appropriate to combustion reactions occurring during steady fluid flow
at constant pressure . The combustion reaction enthalpy results as the difference
between the total enthalpy of formation of the products and that of the reactants.
These enthalpies of formation , in turn , are largely dependent on the energies of
the bonds between individual atoms. The enthalpy of reaction of the fuel com­
pound is thus not equal to the total enthalpy of reaction of a mixture of the fuel
elements blended in the same ratio as in the compound (C 12 H26 , for example,
releases 44 .2 MJjkg as a paraffinic compound, but 64.8 MJjkg as a mixture of
85 per cent (mass) elemental carbon and 15 per cent hydrogen). Nevertheless, it
is likely that a hydride of higher reaction enthalpy will result if the carbon corn­
ponent of a hydrocarbon is replaced by an element of greater reaction enthalpy .
On this basis, the hydrides of boron (boranes) would be expected to be more
energetic than those of carbon (hydrocarbons) .

Table 13.4 and figure 13.6 , in fact, indicate the energy advantage over RJ·I of
pentaborane, decaborane, and solid boron for high-speed volume-limited ramjet
aircraft. Elemental hydrogen and carbon have been included for comparison,
together with the nitrogen hydrides, ammonia and hydrazine, of which only the
last shows any advantage , and only on the basis of the stoichiometric air specific
energy, MJjkg (a)s'

13.2.4 Slurry Fuels

In table 13.4 , all the solid elements shown , with the exception of lith ium, have
both density and energy density higher than the comparable values for the hydro­
carbon distillate RJ -1. Consequently, the introduction of these elements as
particulate solids into a liquid fuel will result in slurries of higher density and
energy density. This is illustrated in the upper curves on the left-hand side of
figure 13.7 for slurries of boron and of magnesium in oct-1-ene. The next lower
curves indicate the opposing effects of boron and magnesium on the fuel specific
energy, and the lower curves show the comparable increasing effects on the air
specific energy. Thus, although magnesium as a slurrying solid is acceptable with
regard to engine performance, it does not appear attractive on the basis of
vehicle mass loading.

Some attempts have been made to combine the values of specific energy and
energy density on some graphical background such that any given fuel is repre ­
sented by a single point , and two versions of this are shown in figure 13.8. In
the first case , specific energy is plotted against energy density, resulting in
constant density lines through the origin . In the second approach, the mathe­
matical product of these two calorific values is expressed as a ratio of the
corresponding product for a reference fuel. Hence

Performance index of fuel = (MJjkg) (MJjl) for fuel
1579 (MJ? jkg 1for RJ-I
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Table 13.4 Calorific values of elements, non-carbon hydrides and organometallics
(Derived from references 5,13 ,14 and IS)

Energy density , Specific energy,
net net

Material Symbol Density at
20°C, kg/I MJ/I % RJ-l MJ/kg MJ/kg(a)s

Kerosine RJ-I 0.853 36 .70 100 43.03 2.93

Hydrogen H2 (I) 0.070 (bp) 8.42 22 .9 120.24 3.51
Lithium Li (s) 0.533 23 .00 62 .7 43 .15 8.70
Beryllium Be (s) 1.846 122 .63 334.1 66.43 8.68
Boron B (s) 2.466 145 .57 396 .6 59 .03 5.48
Carbon C (gr.) 2.266 74 .26 202 .3 32 .77 2.85
Magnesium Mg (s) 1.738 42 .98 117.1 24 .73 8.71
Aluminium Al (s) 2.698 83 .77 228 .3 31 .05 8.10
Scandium Sc (s) 2.992 66 .12 180 .2 22.10 6.47

Ammonia NH3 (I) 0 .608 11.28 30.7 18.55 3.06
Hydrazine N2H4 1.008 16.81 45 .8 16.68 3.88
Diborane B2 H(, (I) 0.43 (bp) 31.33 85.4 72 .85 4.86
Pentaborane BsH 9 0.63 42 .73 116.4 67.83 5.17
Decaborane B10H 14 (s) 0.94 62 .79 171.1 66 .80 5.38
Magnesium hydride MgH2 (s) 1.45 42 .22 115 .0 29.12 5.03
Lithium
borohydride LiBH4 (s) 0 .666 37 .52 102 .2 56.34 4.03
Triethylboron
(TEB) B(C2Hs h 0.696 32.80 89.4 47 .12 2.89
Triethylaluminium
(TEA) AI(C2Hs h 0 .840 35 .88 97 .8 42 .71 3.05

Aluminium
borohydride AI(BH4 h 0 .545 29.65 80 .8 54.41 4.87

(s) solid at ambient temperature . (I) liquefied . (gr.) graphite . (bp) at boiling
point.

The resulting values for performance index are shown plotted against fuel density
in figure 13.8B, with values of the related compounds connected by arbitrary
curves. The performance index of liquid hydrogen is seen to suffer because of its
very low density, whereas that for solid boron is particularly high . In practical
applications, of course, the relative importances of the two energy parameters
may not necessarily be equal, as is implicit in the performance index , and some
different weighting may be needed for the application in hand.

13.2.5 Specific Impulse ofCandidate Ramjet Fuels

In view of the higher permitted flame temperatures referred to in section 13.2,
the extent of dissociation of the combustion products, and of their subsequent
recombination within the propelling nozzle , may be sufficient to influence sub­
stantially the resulting thrust performance . The relationship of thrust with fuel
calorific value, therefore, is not so clear cut as in piston and turbine engines
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with more modest levels of working temperature, consequently ramjet engine
performance is rated in terrns of the stream thrust exerted at the nozzle throat
exit plane where the velocity is sonic, this parameter being termed specific
impulse since it is based on unit flow rate of the propelling products. (The
'stream thrust' at any plane across the flow is defined by the quantity
(m V +p A), as in appendix 3.) In the case of ramjet fuels, this parameter may
be based on the mass flow rate of the air alone, or on either the mass or volume
flow rates of the fuel alone. Thus

Stream thrust: F
Air specific impulse = Sa = - - N s/kg

Air mass flow rate ma

Stream thrust F
Fuel specific impulse = Sf = - - N s/kg

Fuel mass flow rate mf

On the basis of vehicle fuel load ing, this parameter may be expressed in terms
of the volume flow rate of fuel, as indicated above , comparable to the energy
density :

Stream thrust
Fuel density impulse =Sfd =-------­

Fuel volume flow rate

F
-e-t- = Sf Pf N s/I
Vf

where Pf = fuel density, kg/I.
For ramjet engines, the air specific impulse is frequently used since it estab­

lishes the engine size for a given level of thrust. The fuel specific impulse
indicates the aircraft range for a given fuel mass , expressed as the ratio of initial
to final vehicle mass, and applies at high-altitude cruise. The fuel density impulse
relates to high-speed flight at lower altitudes where aircraft drag is more signifi­
cant. Relative values of specific impulse for a particular set of chamber pressure
and temperature conditions are given in table 13.5. A merit order comparison
with related levels of calorific values in table 13.4 is given in table 13.6. This
shows clearly the broad similarity between each group of ratings under the three
headings, together with the differences in detailed order owing to the high­
temperature thermochemical effects within the chamber and nozzle . The table
also distinguishes between those fuels that are superior in performance to the
hydrocarbon reference fuels, and those that are not.

It is noteworthy that, whereas the calorific values are determined under
standardised conditions of test, the relative levels of specific impulse are depen­
dent on the operating conditions. Similar effects are shown with slurry fuels in
comparison with the specific impulse curves on the right-hand side of figure 13.7,
and the calorific value curves on the left. Magnesium, for example, is now
seen to depress the performance of the slurry on a density impulse basis ,
and similarly with boron on a fuel specific impulse basis. This underlines
both the broad indication of ramjet fuel performance given by calorific
values, and the more realistic results obtainable from the specific impulse
approach. In some instances, solid fuels can be adapted for ramjet combustion .
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Table 13.5 Relative stoichiometric specific impulse values of elements,
non -carbon hydrides and organometa/lics

(Derived from reference 5)

ReI. fuel volume ReI. fuel (mass) ReI. air (mass )
Material Symbol impulse (Sfv ) impulse (Sf ) impulse (Sa)

Avtur 100 100 100
( 1.08 kN s/l) (25 .5 kN sjkg) (1 .76 kN sjkg)

Hydrogen H2 19 254 105
Beryllium Be 119 54 116
Boron B 193 65 105
Magnesium Mg 48 25 122
Aluminium Al 96 29 122

Ammonia NH3 63 83 88
Hydrazine N2H4 67 53 93
Diborane B2H6 58 108 107
Pentaborane BsH9 73 92 106
TEA AI(C2Hs h 69 66 108
Aluminium
borohydride AI(BH4 h 60 89 107

13.2.6 Pulsejet Fuels

As indicated in chapter 2 , the pulsejet is located at the more modest end of the
performance range for ramjets . with a pressure rise initiated mainly by the com ­
bustion , and only partly by the ram effect. Since the application so far is for
missiles rather than aircraft , the fuel is not restricted by thermal stability ,
although it would require gum stability if subject to prolonged storage. The main
performance requirements for the fuel appear to be a moderate level of volatility
in order to permit rapid vaporisation in the combustion chamber, and not too
high a level of spontaneous-ignition temperature in order to give ready self­
sustaining ignition . With hydrocarbon fuels , these two requirements tend to
oppose each other but, as proven by the Schmidt-Argus engine in the German

VI weapon, a low-quality (that is, relatively low spontaneous-ignition tempera­
ture) motor gasoline provides satisfactory combustion performance .

13.2. 7 Scramjet Fuels

In the hypersonic regime of the ramjet , a very considerable degree of air decelera­
tion by shock waves and diffusion would be required to bring the combustion air
velocity down to the customary 0 .2 Mach number. This situation can be eased by
limiting the diffusion so that the air is still supersonic when it enters the com­
bustion chamber, typically at a Mach number of about 2 for a flight Mach
number of 6. In such a supersonic combustion ramjet (scramjet) flame stabilisa­
tion by the usual velocity balance between flame and mixture flow is no longer

208



T
ab

le
13

.6
M

er
it

o
rd

er
st

oi
ch

io
m

et
ri

c
p

er
fo

rm
an

ce
o

fc
an

di
da

te
ra

m
je

t
fu

el
s

(r
ef

e
re

n
ce

fu
el

s
u

n
de

rl
in

ed
)

(D
er

iv
ed

fr
o

m
re

fe
re

n
c

es
5

an
d

16
)

V
o

lu
m

e
li

m
it

ed
M

as
s

li
m

it
ed

E
n

gi
ne

th
ru

st
-
-

E
n

er
gy

d
en

si
ty

S
fd

(N
s/

i)
Sp

ec
if

ic
en

er
gy

S
f

(N
s/

k
g)

Sp
ec

if
ic

en
er

gy
S

a
(N

s/
kg

)
(M

JI
I)

(M
J/

kg
)

(M
J/

k
g

(a
)s

)
(R

ef
.

5
)

(R
ef

.
16

)
( R

e
f.

5
)

(R
e

f.
16

)
(R

e
f.

5
)

(R
ef

.
16

)

B
B

B
H

H
H

M
g

M
g

,
A

l
M

g
B

e
B

e
A

l
B

zH
6

B
zH

6
B

zH
6

B
e

B
e

A
l

A
l

A
vt

u
r

M
g

B
sH

9
A

vt
u

r
B

sH
9

A
l

T
E

A
B

M
g

A
l

B
s

H
9

B
e

s,
H

9
B

B
B

z
H

6
,

A
I(

B
H

4
h

B
s

H
9

N
B

sH
9

B
sH

9
O

ct
-I

-e
ne

B
A

I(
B

H
4
h

O
ct

-I
-e

n
e

B
sH

9
B

sH
9

B
zH

6
0 \l

)
R

J
-I

T
E

A
A

I(
B

H
4
h

N
H

3
A

I(
B

H
4

h
H

,B
H

T
E

A
N

zH
4

O
ct

-l
-e

ne
T

E
A

B
zH

6
A

v
tu

r
O

ct
-I

-e
n

e
A

v
tu

r
N

H
3

A
v

tu
r

B
N

zH
4

N
zH

4
O

ct
-l

-o
n

e
A

I(
B

H
4
h

R
J

-I
B

e
H

N
H

3
B

zH
6

B
zH

6
T

E
A

N
z

H
4

N
H

3
A

I(
B

H
4

h
M

g
A

l
A

l
T

E
A

N
zH

4
H

M
g

M
g

O
ct

-l
-e

n
e

N
H

3
N

H
3

A
v

tu
r

H
N

zH
4

R
J-

I
-

R
ef

.
C

h
am

b
er

p
(a

tm
)

In
le

t
ai

r
t

(O
C

)
F

o
r

S
f

5
1.

5
2

6
5

0
fa

=
12

7
5

N
s/

kg
16

2
3

8
S

a
<

1
3

2
5

N
s/

kg



feasible, owing to the relatively low rates of flame propagation for most fuels,
consequently the incoming fuel is required to ignite spontaneously , with mini­
mal delay, at the compression temperature and pressure of the air . Broadly, the
spontaneous-ignition delay periods of hydrocarbons and many of the candidate
ramjet fuels are too extended for such a simple ignition-stabilised process,
consequently ignition assistance of some kind is required.

Experiments show that ignition of kerosine can be initiated by means of an
inclined shock wave generated by a wedge inserted in the mixture flow!"
Alternatively, hydrogen may be used either as the base fuel , since it is very
reactive at the compression temperatures obtained, as well as having a relatively
high flame speed , or as an additive to more conventional fuels such as kerosine
or methane. The above experiments indicated that less than I per cent of hydro­
gen was sufficient to promote satisfactory ignition and combustion in air flowing
at a Mach number of 1.98 and stagnation temperature of 1800 K when both the
hydrogen and the kerosine base fuel were injected normal to the air flow . It is
concluded that the scramjet could offer an attractive fuel specific impulse up to
about Mach 15 with kerosine base fuel, and to over 22 with hydrogen as base fuel.
Figure 13.9 shows the marked improvement offered by hydrogen, in comparison
with kerosine , for both ramjets and scramjets .

13.2.8 Thermal Capacity and Stability

The kinetic heating effects on the fuel stored within the aircraft, discussed in
section 13.1 , are intensified when flight speeds rise above the current operating
level of Mach number 2 .2, particularly in the hypersonic range above Mach num­
ber 5. The key factors to the solution of this problem are the capacities of the
fuel for heat soakage, and for thermal stability at prolonged high temperatures.

Initially, a fuel absorbs heat by a physical process , the resulting temperature
rise depending on the specific heat capacity of the fuel liquid . The maximum
temperature acceptable is limited by the onset of thermal decomposition .
Broadl y , as indicated in chapter 5 , petroleum-based fuels remain thermally stable
up to a temperature level of about 370°C. Some of the cyclic dimer hydro­
carbons, of the types discussed in section 13.2.1 , decompose thermally only at
high levels of temperature , as shown in table 13.7 , and are described as 'high­
temperature' fuels . The three examples shown result from alkyl substitution
(the replacement of some hydrogen atoms with paraffinic radicals as side chains)
of either mono- or double-cyclic saturated (that is, single C-C bonds) structures
which exhibit high thermal decomposition temperature, but are only moderately
effective in absorbing sensible heat. However, improvements in this and other
properties may be achieved by the substitution of further side chains up to the
propyl (C3 ) size .

With further increase in flight speed , the next step is to double approximately
the heat sink capacity by using also the vaporisation heat of the fuel , followed
by the additional sensible heat of the vapour. Three representative 'vapour' fuels
are also shown in table 13.7 . Again , saturated mono- or double-cyclic structures
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are attractive, and the substitution with paraffinic side chains may improve other
properties.

Within the hypersonic regime, the additional heat sink requirements might be
met by the subsequent chemical absorption of energy using 'endothermic' fuels.
The representative hydrocarbon structures and their endothermic reactions
shown in table 13.7 indicate a further increase in total thermal capacity. Experi­
ments show that advanced designs of combustor are likely to operate satisfactorily
with the products of these reactions, but the formation of coke must be control­
led. The levels of heat absorption are shown on a specific basis in figure 13.10
against the variation of estimated heat sink requirement with Mach number for
one engine fuel system .

13.2.9 Other Properties

As with the conventional petroleum-based fuels, the viscosity of the high­
performance hydrocarbon fuels increases with molecular size and boiling point.
Freezing point follows a similar trend but , owing to the characteristics of crystal.
line structure, is also affected directly by molecular symmetry, as shown in the
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unsymmetric and symmetric configurations of the following alkyl substituted
aromatic hydrocarbon

l,2,3,4-tetramethylbenzene
(Prehnitene)

Freezing point = - 6 .3°C

l,2,4,5·tetramethylbenzene
(Durene)

Freezing point =79.2°C

In the polycyclic hydrocarbons shown in table 13.2, the influence of hydrogen
content is not only indirect on density and energy density, but also on freezing
point, with values of 80°C for naphthalene (C 1 0 Hs) to - -41°C for the decalins
(C 10 H18)' The freezing points of the elemental metals are invariably well above
ambient. Pentaborane freezes at -- 47°C (equal to the onset of freezing of
kerosine), but decaborane is a solid at ambient temperature . Lithium boro­
hydride and magnesium hydride also are solids, but TEB is a liquid .
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Figure 13.10

As indicated in section 13.2 .2, the problem of handling solid materials may
be eased by the suspension of small particles in a liquid to form a slurry. The
size of the particles must be very small if settling is to be avoided, and the
calorific value requirements dictate solid mass concentrations in excess of 50
per cent. Settlement is also inhibited by high density and viscosity of the carrier
liquid, but the overall fluidity of the resulting slurry must permit transfer and

213



Figure 13.11 Combustion chamber deposits with aluminium-kerosine slurry fuel (courtesy
of Cranfield Institute of Technology, ref. 21)

injection. Such gelling agents as fatty acids and other long-chain molecules
prevent settlement by imparting high viscosity under low rates of shear, but
permit fluidity under the high rates of shear in pumps and injectors. Early tests
at Cranfield with a 50 per cent mass slurry of powdered aluminium, of 6 ~m
average particle size, in aviation kerosine realised suspension stability by the
addition of 0.5 per cent mass of aluminium octoate and heating to promote a
gel? t • The further addition of a trace of polyoxyethylene sorbital mono-oleate
as a surface-active agent promoted sufficient fluidity for transfer and spraying.
Fuel-borne metallic particles can also give rise to abrasion of pumps and other
system components.
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Solidification can also be a problem with combustion products since the
freezing (melting) points of some oxide products are high (for example,
MgO 2800°C; CaO 2580°C; BeO 2530°C; AI2 0 3 2045°C). Reduction below
these temperatures within the exhaust nozzle leads to the formation of solid
molecules which, if they agglomerate , will reduce the momentum and thus the
thrust, and may promote rapid build -up on the nozzle walls. These problems do
not appear to be severe with magnesium-hydrocarbon slurries , but deposition is
likely with boron, and very prone with aluminium, unless liquid percolates through
the nozzle walls and so prevents adhesion. Figure 13.11 illustrates the extent of
nozzle build-up found in a 50 mm bore solid-wall duct with a Cranfield 30/70
aluminium-kerosine slurry burnt for a period of less than 30 seconds .

The hydrides and alkyls of the light metals are characteristically pyrophoric ,
in that they ignite spontaneously in contact with ambient air. This property is
accompanied by a high flame speed and wide range of flammability , together
permitting rapid and reliable ignition with vigorous combustion performance
even under the low pressures at high altitude. However , a handling fire hazard is
also implied and, since these materials also have problems of toxicity and of
nozzle blockage by stable combustion products, they tend to be confined to use
as ignition and/or anti-screech additives in other fuels. Compatibility with fuel
system components is an important factor in that the boranes, for example,
cannot be stored in the presence of lead or copper, and the slow release of
hydrogen causes embrittlement of any mild steel components.

13.3 Rocket Reactants

In a chemically energised rocket vehicle, all the reactants must be stored on
board, and their combustion products serve as the propelling fluid. The reactants
therefore have two distin ct duties to perform : energy release and propulsive
thrust , which may well present conflicting demands. The vehicle-based needs for
energy release, as before, centre on energy density where aerodynamic drag is an
important factor (high speed and low altitude) , and specific energy where it is
less so (lower speed , or very high altitude) . The needs for propulsive thrust, on
the other hand, are dependent on chemical behaviour of the products within the
combustion chamber and the propelling nozzle, as in the ramjet case. The signifi­
cance of this chemistry is very much greater in rocket propulsion , since the need
to carry oxidant will minimise dilution with nitrogen or any other inert material,
and so result in particularly high temperatures. The performance of rocket
reactants, therefore , is invariably based on specific impulse .

As shown in appendix 3, the expression for specific impulse of rocket reactants
contains the key terms (TC/M) '11,where Tc is the combustion temperature , and
Mthe mean molar mass of the combustion products comprising the propelling
fluid . The target for high specific impulse thus centres on a maximum Tc and a
minimum M.The stoichiometric values plotted for the elements in figure 13.12
show a descending merit order for values of Tc/Mu ' where Mu is the undissociated
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Figure 13.12 Combustion temperatures and product molar masses (undissociated) of
elements with oxygen (derived from refs 7 and 22)

value of M (for example, Be is assumed to burn completely to BeO,with no dis­
sociation), as follows

Be, H, u, Mg, Ca, C, Band Si, AI

No consistent set of valuesof specific impulse appears to be available for the
elements, although hydrogen is known to have attractive values, as discussed
below. Furthermore , attempts have been made to use solutions in ammonia of
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som e of the more promising elements , such as lith ium , magnesium, aluminium
and potassium. These solutions have the advantages of low vapour pressure, low
viscosity , and high heat conductivity, but are low in density (0 .50-0.65 kg/I),
and tend to decompose in storage with the release of hydrogen.

For a given fuel-oxidant pair, the mixture mass ratio has marked effects on
combustion temperature and molar mass of dissociated products, as indicated in
figure 13.13 for the reference hydrocarbon rocket fuel RP-I (see table 13.1) and
for hydrogen bu rning with liquid oxygen . The peak values of specific impu lse are

4000

3500

3000

------RP· l
p , = 68 atm .
P. = 1 atm .

2500 ,
-,

RP·'"0 20
..§
'"I:::'· • H 2 1\1

0
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'"'"";;;
z
'"-

3.0
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2.5
1.0

Shift ing equilibrium

1.5

Equ ivalence ratio (</» = FIF" o.,

2.0

H ::- 1\ 1

--

Figure 13.13 Calculated performance characteris tics of RP-l and liquid hydrogen with
liquid oxygen (derived from refs 6, 23 and 24)
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seen to be 2942 and 3834 N s/kg at equivalence ratios of 1.36 and 1.99 respec­
tively. Values of specific impulse may be calculated on a basis of either 'shifting'
or 'frozen' equilibrium : the former allows for the changes in product composition
taking place along the propelling duct whereas the latter, for simplicity , assumes
that no further chemical changes occur after combustion in the chamber, giving
results that are approximately 5 per cent lower.

13.3.1 Liquid Rocket Fuels

As before , fuel performance is rated on a volume basis when aerodynamic drag
of a vehicle is dominant, and on a mass basis when it is not. The rating parameters
are therefore density impulse in the former case , and specific impulse in the latter,
as follows

Density impulse =Id =Is PR N s/l

Specific impulse = Is = F/rnp N s/kg

where PR =density of reactant mixture at storage conditions
nip = mass flow rate of propellants

=mass flow rate of reactant mixture in the chemical rocket.
The peak 'shifting' values of Id and Is are plotted in figure 13.14 against the

density of the corresponding reactant mixture. In view of the broad direct
relationship between peak specific impulses and calorific values of propellant
mixtures, the familiar direct and inverse relationships respectively with density
are observed . Because of the inclusion of density in the former impulse term,
this relationship is seen to be closer. The inferiority of hydrogen on a density
basis, but its superiority on a mass basis, are both clearly eviden t.

13.3.2 Liquid Oxidants

In chemistry , the term 'oxidation' refers to an increase in positive valency , that
is, a loss of one or more electrons, and is therefore a reaction with some reagent
which may not necessarily be oxygen itself. Nevertheless, the most abundant and
conveniently available oxidant is oxygen, and its most appropriate form for
storage is in the liquid phase . However, liquid oxygen is cryogenic, with its atten­
dant storage complexity, consequently oxides of a more convenient physical form
are considered as alternatives. The representative examples shown in table 13.8
include the oxygen compounds of hydrogen and nitrogen, together with the
fluorine compounds of chlorine and oxygen. As liquids, fluorine and oxygen
difluoride also require cryogenic handling in order to restrict the rate of vapour
loss. High test peroxide (HTP) is stable in storage if protected from temperature
rise and contamination, but will react slowly with most organi c materials , and
may promote spontaneous ignition . Compatible materials suited to oxidant
system construction include stainless steels, aluminium , magnesium and brass for
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Figure 13.14 Comparative values of peak density impulse and specific impulse for liquid
rocket fuels with liquid oxygen (derived from refs 13 and 23)

the cryogens, and pure aluminium and stainless steel for HTP, fuming nitric acid
and nitrogen peroxide.

HTP decomposes to oxygen and steam at temperatures ranging from 450°C
to 996°C (80 and 100 per cent concentrations). Decomposition is catalysed by
permanganates and silver, the resulting condition being suitable for the spon ­
taneous ignition of an added fuel such as kerosine , leading to a reliable 'thermal
ignition' system for bi-reactants. Some reactant pairs are hypergolic, in that they
ignite readily on contact. These include HTP and hydrazine , red fuming nitric
acid and hydrazine , and fluorine and hydrogen. A minimal ignition delay is
essential for satisfactory ignition, otherwise the chamber will tend to fill with
reactants before the initial molecules have completed their pre-ignition reactions,
resulting in a 'hard start' (comparable to 'diesel knock') or, in extreme circum­
stan ces, a destructive explos ion.

In handling without adequate protection, the cryogenics give rise to 'cold '
burns, whereas fluorine , chlorine trifluoride and nitric acid attack animal tissue ,
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and are toxic. HTP te nds to irritate and blister th e ski n, but is ha rmless if washed
away without delay.

The charts of merit o rder in figur e 13.15 rate the co mbined per formance of
both fuels and oxidants, and show the maximum density impu lse to be produced
with hydrazine and fluorine , and the max imum specific impulse with hydrogen
and fluorine . For fuel-oxidant selection in hi-reactant systems, th erefore , the
general conclusions drawn are for heavy reactants during atmospheric operation
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where aerodynamic drag is significant , as in the early stages of an interplanetary
mission, and for light reactants in space where mass performance is paramount.
These conclusions are shown to apply broadly to the examples given in table
13.9 , notable exceptions being the space shuttle with its high payload , which uses
liquid hydrogen and liquid oxygen in the early stages, and the relatively small
Scout atmospheric probe vehicle which exploits the compactness and simplicity
of solid reactants (discussed later) .

*Hypergolic pairs.
*"Plus strap-on boosters.
MMH Monomethyl hydrazine, CH3 N2 H3 •

13.3.3 Monopropellants

The simplicity, and inherent reliability , of a liquid rocket engine system can be
improved , together with reduction in mass, by the adoption of a monopropellant
which produces energy by means of exothermic reactions of either a decom ­
position or self-oxidation type, but at the expense of performance level. Mono­
propellants are required to be stable at ambient conditions, but to react readily
when subjected to heat and pressure . Typical applications include small-scale
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thruster units for such duties as vehicle attitude and trajectory adjustment where
they are suited to repeated operation , or for rocket turbopump drives.

The term 'rnonopropellant' is customarily reserved for liquids , examples of
which are shown in table 13.10, although solid propellants really fit this
definition also , as discussed below.

Table 13.10 Monopropellant properties and performance
(Derived from references 6, 24 and 26)

Monopropellant Formula
Density at 20°C

(kgJl)
Id * Is*

(N sll) (N s/kg)
Reaction
temp.*

(K )

UDMH
Hydrazine
Nitromethane
HTP
Tetranitromethane

(CH 3 h N2Hz
N2H4
CH3N02
H202
C(N02 )4

0.78
1.008
1.12
1.44
1.638

1530
1958
3126
2330
2907

1961
1942
2491
1618
1775

1154
905

2640
1278
2170

*Expanding from 68 to I atm .

13.3.4 Solid Rocket Reactants

The volume of rocket reactants is reduced to a minimum by storage in the solid
phase . Since neither flow transfer nor mixing is then feasible, the reactants are
pre-mixed and stored within the combustion chamber itself. The charge 'grain' is
commonly shaped into a certain geometrical cross-sectional pattern , together with
selective inhibition of some surfaces, so that the surface area exposed to combus­
tion remains approximately constant in order to promote constant thrust. Solid
reactants may comb ine an organic fuel such as a hydrocarbon, polymer, plastic
or rubber with an inorganic oxidant such as a perchlorate or nitrate . Alternatively ,
they may consist of compounds that act as both fuel and oxidant (nitrocellulose,
nitroglycerine). Also present may be additives (for example , lead , potassium
sulphate, carbon black) to control the burning rate , the exhaust flame length ,
premature combustion below the surface , and many other physical and chemical
characteristics. Composite reactants contain both inorganic and organic corn­
pounds, whereas some composite double-base reactants are modified with metal
powders.

One of the earliest solid reactants is black powder, a mixture based on an in­
organic oxidant, which has a relatively low performance (table 13.11), but has an
indefinite storage life, and serves well as an igniter for large grains. Alternatively,
the combined fuel-oxidant molecules may be so small as to exist in the trans­
lucent colloidal state. However , although both nitrocellulose and nitroglycerine
are prone to detonation , they become relatively stable when plasticised together,
and can remain so for long periods with the addition of a stabiliser. These double­
base colloids can be designed for casting or extrusion . In composite reactants,
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the organic material acts as a binder whereas the composite modified double­
base reactants contain components of both nitric esters and inorganic oxidants,
together with aluminium powder for additional energy . One requirement of a
reactant grain is to prevent hot combustion gases from either damaging the
chamber casing or initiating combustion at the local grain surface . This may be
achieved by bonding the grain to the casing, or inhibiting the grain surface
adjacent to the casing. In the latter case, an obturator semi-seal assists by permit­
ting pressure equalisation but eliminating flame contact with the protected
surfaces .

The storage requirement for the grain to retain its shape and consistency over
extended storage periods and throughout changes in temperature and humidity
imposes stringent property requirements of a physical as well as a chemical nature .
In the absence of storage tanks, pumps and control valves, solid reactant systems
are intrinsically simpler than liquid reactant systems, but they do not offer such
flexibility of operation, and cannot easily be shut down and restarted . Further­
more, their thrust performance is lower than that of liquid reactants. Although
the specific impulse parameter can be employed as a measure of propulsion per­
formance, the 'one-shot' operation makes more appropriate the total impulse
parameter expressed as

. ItT -Total Impulse =h = 0 F dt =F tT

where tT =total reaction time, and
F =mean value of thrust.
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14 Conclusions and Prospects

This study has reviewed the current situation with regard to aviation fuel quality
arising as the dynamic resultant between the constraints of supply and the
requirements of demand. It also comments briefly on both the immediate
historical background to this situation, and the alternatives that offer future
potential. Aviation fuel quality and availability are seen to be influenced by such
technological factors as production techniques, component control, measurement
precision and the various aspects of service performance . Additional factors in­
clude the supply and demand of non-aviation fuels, particularly motor gasoline
and diesel fuels, and thus the relative cost values of each of these products. In
turn these costs , which have become of crucial importance in airline finances,
are dominated by taxes , regulations and matters of a political, and possibly
military, nature. An accurate prediction of the fuel quality likely to be available
from the year 2000 is needed now to give the direction for future engine, fuel
system and airframe design, research and development programmes. A new design
concept started now will not be ready for commercial production until after the
turn of the century. This prediction could also determine the potential life of
existing equipment since it will highlight those modifications that will need to
be carried out to operate on these fuels .

Looking to the future, a fairly comprehensive review of the alternative fuel
potential has been attempted here, mainly to show what could be available
rather than to predict what will be. The technological assessment of these
alternatives indicates the probable potential of these fuels but, as indicated above ,
economics may distort the picture drastically. The encouraging facts are that
several alternatives do seem possible , and that no shortage of energy appears to
exist overall. The decisions required relate to the particular forms in which the
energy is to be carried and used. These decisions command some urgency since,
despite the comforting realisation of some 30 to 50 years continued supply of
crude oil in the absence ofany further major disruptions, any new material is
likely to require about 10 to 15 years to bring into economical quantity produc­
tion. In particular, the complete fuel provisioning scene would be recast
substantially if those nations with significant consumption levels decided to opt
for an energy economy based broadly on methane, or methanol, or hydrogen.
The ready availability and reduced price of such a standard fuel would then
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impact strongly on the path of aircraft design, airport fuelling layouts, and air­
craft operations generally . Nevertheless, such changes could not be achieved
unilaterally since civil aviation is so international in character that all major air­
line operators would have to change in turn. This is most unlikely in the present
climate of thinking since the conversion costs of both aircraft and ground
facilities would be massive.

14.1 Aero Piston Engine Fuels

The spark-ignition piston engine requires fuel of low spontaneous ignitability in
order to resist spark knock , consequently light hydrocarbon blends of the gaso­
line type prove suitable. Being low in density , these fuels also exhibit high
volatility which permits fuel metering by carburation, but adoption of the more
complex timed injection would overcome the intractable problems of mixture
maldistribution, and ease the difficulties of cyclic dispersion, mixture control
with variation of altitude and of attitude, effects of manifold pressure , evapora­
tive freezing, rapid acceleration, and emissions. However, aviation gasoline is
manufactured in a very few refineries only, by batch production over a short
period of about 5 days . This entails an expensive setting of the plant to the
required quality for the avgas components, and resetting at the end of the batch.
Thus, avgas is becoming a specialty product, and the high price is maintained by
the expense of both batch production and the dedicated distribution to many
small airfields.

In view of the price differential outlined above, and following the withdrawal
of avgas 80 from the British market, pressure has been growing for approval to
use four-star mogas in certain light aircraft. Problems with engine operation , and
aircraft fuel systems , had already been encountered following changes from one
gasoline grade to another, largely because of the different levels oflead content ,
indicated below:

Fuel grade

Aviation gasoline 80/87
Motor gasoline
Aviation gasoline 100/130 low lead
Aviation gasoline 100/130
Aviation gasoline 115/145

Designation

Avgas 80
Mogas
Avgas 100 LL
Avgas 100
Avgas 115

g Pb/l , max .

0 .14
0040
0.56
0.85
1.28

Each engine model is developed on a particular level of lead content, and the
use of a fuel with either less or more lead can give rise to the following problems :

Lead content too high - - fouling of sparking plugs
seizure of pistons and burnt valves

Lead content too low spark knock
- 'walk in' of valves into head owing to lack of

hardening effect of lead
- cracked cylinder heads
--- broken piston rings
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After much discussion , the use of mogas for light aircraft has been permitted
in the U.K., New Zealand and West Germany, but is restricted to named aircraft
types , airfield installations, pre-takeoff tank temperatures of less than 20°C , and
a pressure altitude of less than 2000 m. The situation is more complex in a large
country with a wide range in climates and airfield altitudes , and a few types of
aircraft only are cleared for mogas in the U.S.A., where seventeen different
specifications exist, each changing seasonally four times a year. Nevertheless ,
despite the subsequent return of avgas 80 to the British market , user pressure to
permit mogas for aircraft is likely to persist while the price differential remains
significant.

Approximately 50 per cent of general aviation is served by avgas, mainly
100 LL grade , with a very small amount of 80 grade , when available, and some
115 grade which is being retained for the older , larger aircraft still in freight
service. Coal can be converted directly into aromatic-rich liquid fuels of high
anti-knock quality , but the cost is not likely to become competitive until it is
reduced by quantity production, and offset by continued rises in crude oil prices.

In general, aero piston engines could operate satisfactorily on methane , with
its high octane rating and specific energy , together with its clean burning ability
which reduces emissions and also maintenance costs. The lower energy density
and cryogenic nature demand larger fuel tankage of cylindrical design within the
fuselage, but the loaded mass would be comparable with that of avgas-fuelled
aircraft. Of all the alternatives considered, liquid methane is one fuel that is
already substantially less expensive than avgas (approximately one-third of the
price in the U.S.A.), nevertheless, the costs of conversion of both aircraft and
ground facilities may prove unacceptable .

The high fuel economy of the compression-ignition engine has long been
attractive to aviation , but the relatively high mass/power ratio has inhibited
previous applications. However a recent proposal is the development of a three­
cylinder two -stroke 'Merlyn' diesel engine of about 500 kW with a mass/power
ratio of 0.55 kg/kW, compression ratio of 15.3, and a specific fuel consumption
claimed to be 40 per cent less than an equivalent turbopropeller engine' . Gas oil,
kerosine and wide-cut gasoline are all equally acceptable in the engine, but gas
oil, of course, would be prone to freezing at altitude . Ideally , if piston engines
can be developed with combustion chambers independent of fuel octane or cetane
quality , the resulting multi -fuel capacity would eliminate the need for scarce and
expensive avgas. There is some promise of this from the emergence of hybrid
spark/compression-ignition piston engines which can already accept gasoline, gas
oil, methanol , wide-cut distillate and several other types of fuel.

14.2 Aero Turbine Engine Fuels

The major engine requirement for aviation turbine fuels is cleanliness of combus­
tion, which implies not only freedom from contaminants but also a control on
carbon content in order to limit flame radiation, carbon deposition and the
formation of smoke . Handling requirements impose additional limitations on
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flash point for fire safety, and freezing point for low-temperature operation.
Thermal stability is, and will continue to be, a critical requirement for both engine
and fuel systems . Maintaining future supplies of current fuel types may necessitate
a reduction in the present thermal stability limit. However, the higher tempera­
tures of the more energy-efficient engines will require thermal stability to rise,
calling for compromise and/or advanced designs. The kerosines have provided the
most successful compromises with regard to these property requirements ,
although a wide-cut blend of naphtha and kerosine was derived during the early
growth of aero turbine usage in order to ensure continuity of fuel supply, and
has been adopted since, together with its acknowledged crash fire hazard , for
military use in certain regions.

Aviation kerosine is relatively easy to manufacture, and the yield from suit­
able crudes varies from about IOta 20 per cent. Crude oil selection is expected
to become more limited, and the densities to rise marginally. Since the distillation
range of any petroleum cut represents the extent of yield from the parent barrel,
as outlined above with wide-cut gasoline , attention has turned to broadening the
actual (as distinct from the specified) distillation range in order to augment the
yield. From the supply viewpoint , extension towards the lighter fractions would
prove feasible if mogas production declines , whereas extension towards the
heavier fractions would compete with the gas oil and diesel fuel markets. How­
ever, distillation broadening is directly limited by the changes in related proper­
ties and problems. Lowering the initial boiling point, for example , will have a
corresponding effect on the flash point which, despite the absence of any
deleterious effects on engine performance, represents a step towards the greater
crash-fire hazard of wide-cut gasoline. Significant reductions in flash point are
therefore unlikely in the near future, on the grounds of safety , but research and
development may prove the feasibility of reducing flash point from 38 to 35°C
and, ultimately , to 32°C. Furthermore , extending the final boiling point would
incorporate heavier components which are more likely to freeze at high altitude
cruise , and also lead to more flame radiation, reduced engine life and difficulties
in engine relight at altitude. However , freezing point has recently been relaxed
from - -50°C to - 47°C, and experience with civil aircraft may permit further
increases to - 45°C, and ultimately to - 43°C.

Since only about 30 per cent of an oil field deposit is currently recoverable,
enhanced oil recovery appears a logical approach to augmenting petroleum
reserves, but tends to be inhibited by regulations and costs, including taxes.
However, supplies of aviation kerosine may be supplemented from any of the
alternative fossil sources including shale oil, tar and coal, together with the early
stages of coalification represented by peat. Of these, the mainly paraffinic, low
aromatic, shale oil appears to be the most suitable in terms of resource extent
and quality of product. Kerosine yields reach 75 per cent of the parent shale oil,
and this can be increased to above 100 per cent by including the additional
hydrogen required for the more extensive hydrogenation. Nevertheless , a pro­
duction rate of 2 million barrels/day of shale-derived kerosine would entail a
massive shale handling task, estimated as equivalent to digging a new Panama
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Canal every year! One imaginative proposal concerns the erection of a huge air­
supported dome of transparent Teflon foil, 100 m high in the centre , to protect
a 14 hectare mining site from intense cold in winter, and insect pests in summer? .

The hydrogenation of coal and tar resources is expensive, but might be avoid­
able by the adoption of catalytic combustors that operate close to the theoretical
flame temperature for the given air-fuel mixture, and therefore burn the cata­
lytically reactive aromatic-rich fuels of low hydrogen content with exceptional
stability and low emissions levels. The high fuel nitrogen contents also appear to
be inhibited from forming excessive concentrations of nitrogen oxides'' .

Of the potential substitute fuels, only the cryogenics appear promising .
Liquid methane could become more available and less expensive than petroleum
throughout much of the world, depending on developments within the complete
energy scene. As before, cylindrical tanks would be required within the fuselage,
but cryogenic insulation would delay boil-off losses for several days . As a clean­
burning fuel with minimal carbon content, a high flame-tube life would be
expected, together with reduced emissions of carbon dioxide.

In comparison with methane, more energy is required to liquefy hydrogen,
and the cryogenic handling problems are that much more acute, but a remark ­
ably high specific energy results . Flame radiation is minimal, together with
pollution. Furthermore, for those nations deprived of fossil energy feedstocks,
the combination of resources of water and nuclear, hydroelectric , solar or geo­
thermal power renders liquid hydrogen attractive as a universal aviation fuel. The
'Hindenburg syndrome' of the crash-fire hazard is yielding to logical open-minded
analysis, and a balanced assessment shows the safety of liquid hydrogen to be
generally comparable with that of liquid methane and kerosine , even with minor
advantages in some respects (see summary in table 14.1) . Innovative concepts
for the future include the aerospaceplane designed to use liquid hydrogen and
air on takeoff and then employ the heat-sink capability of the liquid hydrogen
to liquefy the intake air at altitude , discard the liquid nitrogen, and cruise using
liquid hydrogen and liquid oxygen .

In summary, the significance of aviation fuel quality, availability and price has
become paramount in view of the rise in the fuel proportion of the airline total
direct operating costs (from 25 to 60 per cent in 10 years), particularly since fuel
prices may now rise slightly faster than inflation because of increasing resource
value. This has become such a potent factor in airline profitability, and even
survival, that aircraft will tend to be grounded as soon as they cease to be fuel­
efficient, rather than continue in service until they suffer eventual loss of
passenger appeal or of economic maintenance. In commercial aviation , however,
competition controls fares to such an extent that finance is not easily available
for immediate fleet replacement with the more efficient aircraft. The overall
costs involved with aircraft fleets, ground storage and handling make the con­
version to substitute fuels highly unlikely without some major shift in the supply
pattern. The ultra-high performance required for ramjet and rocket propulsion,
on the other hand , will probably involve unavoidably high costs until such time
as fuel selection becomes sufficiently standardised to permit quantity production .
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14.3 Alternative Systems of Aircraft Propulsion

In addition to the high-temperature exothermic processes of combustion, either
with flame or catalytically , energy release also occurs in biochemical processes ,
electrochemical reactions, nuclear reactions and dynamics . The fol1owing sections
outline some possibilities of their application to aircraft propulsion .

14.3.1 Biofuels

The bio-derived hydrocarbon oxygenates have been seen to be generally unsuited
to any large-scale application in aviation because of the unacceptably high mass
content of oxygen . The direct use of biomatter as fuel in the form of vegetable
oils is showing some promise for diesel engines, but has generated little interest
to date in the gas turbine world where similar problems of oxygen content
would arise, together with possible difficulties of gumming and smoke formation .
One concept of popular interest, but restricted to the lightest end of the aircraft
mass range, is that of human -powered flight. Successfully-flown aircraft in this
category include Southampton University's 'Sumpac', Hatfield Club's 'Puffin ' ,
and the Japanese ' Linnet' series, with Dr Paul MacCready's 'Gossamer Condor'
winning the 1 mile Kremer prize in 1977, and the 'Gossamer Albatross' crossing
the English Channel in 1979 at about 6 mis , piloted by Bryan Allen" .

The human body can absorb up to 5 litres of oxygen per minute in develop.
ing pedal power steadily at about 200-300 watts for over an hour, raising this to
about 400 watts for 5 minutes. For very short periods of high activity, as at take­
off, the body can go into oxygen debt, and generate a total of about 1500 watts,
achieved by hydrolysis of glycogen stored within the muscles. The most suitable
' fuel' appears to be a diet rich in carbohydrates, with glucose syrup providing a
rapid recovery after the exertion. It is interesting to note that the next Kremer
target concerns an airspeed of 20 mi/h for 3 minutes , with the concession of
storing the pilot's muscular energy for 10 minutes prior to takeoff, and that
small samarium-cobalt electric motors capable of generating 750 watts at 30000
rev/min are already in existence. These motors are about 10 em in length and
4 em in diameter, with a mass of 600 g, and the pre-flight electrical energy
generated by the pilot is likely to be stored on board in nickel-cadmium cells.

14.3.2 Electric Propulsion

Developments in low-mass electric motors have given rise to the concept of
electric propulsion for small aircraft. Under test is a Sikorsky helicopter fitted
with a 270 kg pack comprising twelve 72 volt lead-acid batteries driving four
electric motors and producing a total of 180 kW for about 10 minutes . Silver­
zinc batteries are expected to increase flight time to 30 minutes, and a 70 kg
lithium hydroxide cell system to 2 hours. The advantages claimed are low engine
noise with no exhaust products, infrared signature, warm-up requirement or
altitude density problem", but electric batteries are notoriously heavy, and a
very significant break-through would be required before this application could
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be widely successful. The further development of fuel cells, of course, would
greatly reduce the weight problem , and permit the use of light distillates,
hydrogen or alcohols as fuels.

Moving closer to the lower end of the engine power range, the radiant energy
from the sun could be collected by photovoltaic cells on the aircraft upper
surfaces and be converted directly to electricity for propulsion. Successfully
flown solar-powered aircraft include Fred To's 'Solar One' (December 1978) ,
Larry Mauro's 'Solar Riser' (April 1979), and Dr Paul MacCready's 'Solar
Challenger' which first crossed the English Channel in July 1981. These aircraft
are of the ultra-light type, ranging from 57 to 104 kg empty mass, with arrays of
multiple solar cells (500 to 16000) arranged in collection areas of about 20 m2

on mainplane surfaces, and generating up to about 4 .5 kW. Flight speeds of up
to 80 km/h were achieved, at altitudes of over 6 km. Typically, silicon cells of
300 micrometres thickness are connected in series and parallel, with conversion
efficiencies up to 14.5 per cent, and potentials of about 66 volts.

Further activities along these lines are inhibited by the high cost of producing
the large crystals of pure silicon from which the cells are sliced, but current
developments centre on the manufacture of inexpensive cells by vacuum­
depositing thin films of amorphous silicon, together with its appropriate circuitry,
onto a plastic substrate using continuous industrial processing. Alternatively,
such semi-conductor materials as gallium arsenide, cadmium zinc sulphide or
copper indium selenide may be used, deposited onto a thin copper substrate7 .

Even with continuing successes in such developments, it is difficult to foresee
the application of solar power to aircraft of conventional sizes, unless the
radiation can somehow be concentrated by the use of orbital solar power stations,
and transm itted to the aircraft by laser beams.

14.3.3 Nuclear Propulsion

The upper end of the energy spectrum involves the heavy elements capable of
nuclear fission, and those proposed for aviation comprise uranium 235 and
plutonium 239 in the form of enriched oxides, with water as a moderator. In the
open-circuit nuclear gas-turbine engine, the reactor effectively replaces the con­
ventional combustion chamber, giving direct heating of the air throughput , as in
the General Electric HTRE (Heat Transfer Reactor Experiments) project. The
heavier closed nuclear-circuit system incorporates a heat exchanger using a suit­
able reactor coolant, such as helium , and this overcomes both the poor heat
transfer to low density air at altitude, and the danger of propellant air contamina­
tion. The fuel consumption of such a propulsion system would be negligible, and
the range of the aircraft semi-global, with the possibility of a variety of special
missions. A small reactor has been run to criticality, and tested in flight. All
radioactive components would be enclosed in a shielding containment vessel
capable of maintaining safe levels of radiation, and of withstanding a full-scale
crash landing. Ground tests have already shown leak-proof impacts at Mach I of
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simulated reactor containers into a concrete wall. In view of reactor and shield­
ing mass, payloads of some 250 tonnes are considered minimal.

In the event that nuclear fusion not only becomes practicable but can be
achieved with neutron-free reactions, perhaps boron-hydrogen, the need for
heavy shielding would be greatly reduced, and the concept arises of closed
nuclear-circuit systems using liquid metal, helium or steam as reactor coolants in
an ultra-large aircraft of some 500 tonnes payload . Apart from the costs and
environmental risks involved with air-borne nuclear power plant, one serious
metallurgical problem arises from the fact that the metal surfaces (of the heat
exchanger) must be hotter than the propulsion air, in contrast to a conventional
chamber. Likely routine operational problems include variable control of power
output , absorption of 'after heat' on shut-down and, in the case of the fission
reactions, expensive reprocessing of the fuel elements after given periods of use.
The alternative approach, of course, is to reserve nuclear reactions for the ground­
based production of chemical aviation fuels, such as liquid hydrogen.

14.3.4 Inertial Propulsion

It would be technically feasible to store sufficient energy in a system of rotating
flywheel rings to power a small helicopter type aircraft for about 400 km, with
electrical recharging at low rates overnight , or at high rates at a service station.
More ambitious projects envisage a large fan-driven commuter aircraft based on
the same principle , but significant advances would be required in the energy
storage capacity of the materials constituting the flywheel rlngs".

14.4Conspectus

It can be stated with confidence, and no undue stretching of the imagination,
that aviation is not only here to stay, but is likely to develop into the realms of
much greater sophistication and performance. Furthermore, the survey presented
in this book leads to the conclusion that the future supply of suitable aviation
fuels can be regarded with cautious optimism, but is nevertheless dependent on
unremitting efforts in the winning and processing of fuel resources, the mainten­
ance of the highest class of fuel quality in handling, and the pursuit of excellence
in the design and manufacture of all the associated engineering equipment, backed
by high-quality research and education. This optimism is upheld by the aware­
ness that alternative fuels are waiting offstage to play their part when required,
but offset by the implications of cost.

It is also equally clear that overall success in these endeavours can be achieved
only if they are matched by comparable efforts in the field of political decision­
making , incorporating wise taxation policies, fiscal incentives and sound
economic management. With the successful marriage of first-class brainpower
and adequate funding, as already demonstrated, the sky is no longer the limit!
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Appendix 1: Principles of
Fuel Chemistry

To date , aviation fuels have invariably been derived from crude oil, and consist
of blends of many different hydrocarbons, that is, compounds of hydrogen and
carbon . The locations of both these elements within the Periodic System are
shown below , together with the numbers of electrons (the atomic number)
orbiting in their electron shells

1o
H

~o
H,

@@@@@@@@
II B ~ 8 C N 0 F Ne

Not shown are the central nuclei which comprise progressively increasing numbers
of protons and neutrons.

An element is seen to be inert when its outermost shell becomes saturated
with electrons, that is, with 2 in the case of the first shell (He) , and 8 in the next
outer shell (Ne) . Each of the four subshells comprising the outer shell is saturated
when it contains two electrons. Elements therefore react with each other, and
their fellow members, until electron saturation occurs. Hydrogen, for example,
combines with a like atom by means of the sharing of two electrons, as shown
below, to give a single covalent bond, consequently the valency of hydrogen is
unity .

0---0 written as H-H, or H2

H H

The above configuration thus indicates that elemental molecular hydrogen gas
normally exists in the stable diatomic state as H2 • Consequently , while these two
atoms exist so bonded, their electron shells behave as saturated shells of helium
which are inert and therefore react no further. Note that the nuclei remain those
of hydrogen and not helium .
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AU Hydrocarbons

Similar covalent bonding occurs between hydrogen and carbon, with the lending
and borrowing of electrons so that each hydrogen electron shell simulates that of
helium, and each carbon outer electron shell simulates neon, giving overall
stability provided that the atoms remain bonded to each other. In the simplest
case, therefore , the molecule of methane appears as

H
I

written as H- -C-H,
I

H
(Extended)
'formula

(Condensed)
, formula

Since the approximate molar masses of hydrogen and carbon are 1 and 12
g/moJ. respectively, inspection of this structure shows its molar mass to equal
(l x 12) + (4 x l ) = 16 g/moJ. Methane is thus seen to be lighter than air which,
as a mixture of N, (28 g/mol.) and oxygen (32 g/rnol.), has a mean molar mass of
28.96 g/moJ.

As well as combining with hydrogen , carbon has the ability to comb ine with
itself by covalent bonding which may comprise one, two or three separate bonds,
appearing as follows

I I -, /-,-,- c=c -c=:c-
/ -,

Carbon bond types a Ia and 11T 1a and 21T

Carbon-carbon bond
length, pm 154 134 120

Since carbon is tetravalent, these structures leave six, four and two links
respectively available for bonding with hydrogen or any other monovalent
element. It should be noted that one of the bonds in each case is of the strong,
sigma, type whereas the others are formed by electrons located in subshells
which form a weaker, pi, type of bond. Consequently, although a double bond
appears to be stronger overall than a single bond, as supported by the reduced
inter-carbon spacing, the 1T bonds are vulnerable to disruption by any additional
energy that becomes available . Single bonding between carbon atoms is classed
as 'saturated', and multiple bonding as 'unsaturated' .
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It is clear from the above that hydrocarbon molecules may be segregated into
various groups depending on their carbon bonding and, in fact, on the overall
molecular shape of either open or closed chains. These main groups, known as
series, are as shown in table AI.1, with their different names used in fuel tech­
nology and in organic chemistry, together with their general formula where x,
the number of carbon atoms in the molecule, is known as the carbon number.
The individual members increase in molar mass, and in density, with carbon
number, and pass through the phases of gas to liquid to solid. Figure A1.1 shows
how boiling points vary with carbon number in relation to distillation ranges.

400,-----------------------------,
360

Gasoil
\l

200 Kerosine
185

p

_~2e!
a Gasolinef! ---------
~
E..
I-

33

0

• Paraffins

0 Naphthenes

• Olefins

I:> Acetylenes

\l Aromatics

-200

0 5 10 15 20

Carbon number

Figure Al.I Variation of boiling points with carbon number in relation to distillation ranges

From the above discussion , the double bonding of the ole fins represents in­
stability in storage because of the addition of molecules to each other as the
vulnerable tt bonds disrupt. Thus

4 C4Hs ----+ 2 CSH I 6 -4 CI 6H32
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Table A 1.1 Structure of lighter members of the major hydrocarbon series

Paraffins
(Alkanes)
CxH2x +2

H
I

H-C-H
I
H

CH4 , methane

H H
I I

H-C-C-H
I I
H H

C2 H6 , ethane

H H H
I I I

H-C-C-C- H ---
I I I
H H H

C3 Hs , propane

C2 H2 , acetylene

Acetylenes
(Alkynes) H-C=C-H
CxH2x- 2

-------------

-------------

8 --+

C6 H12 , cyclohexane

H H
I I

H-C-C-H
I I --~

H-C-C-H
I I
H H

C4 Hs , cyclobutane

H H H
I I I
C=C-C-H
I I
H H

C3 H6 , propene

H
I

H-C==C-C-H
I
H

C3 H4 , methylacetylene

H H
\/
/\

H-C-C-H

l \
C3 H6 cyclopropane

H H
I I
C=C
I I
H H

C2 H4 , ethene

Olefins
(Alkenes)
CxH2x

Naphthenes
(Cyclanes)
(CH2 )x

(Monocyclics)
CxH2x - 6 H

I
H-C~C'C-H

I II
H-C:~ C-H

~c""

I
H

H

H-!-H

©--------

Aromatics C7 Hs , toluene

(Polycyclics)
CxH2x-12
CxH2x-lS
etc .

CloHs, naphthalene

for example, and ole fins gradually polymerise in storage to form gums ('Olefin'
=oil forming) . For this reason , their concentration in aviation fuels must be
strictly limited. In fact , bonding by an addition process is typical of an unsat­
urated hydrocarbon compound, whereas a saturated compound tends to bond
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by the substitution of hydrogen atoms by groups of hydrogen and carbon atoms
representing incomplete molecules known as radicals. A methyl radical thus
constitutes CH3 -- , and ethyl radical C2Hs-, and so on, the hyphen indicating
the free valence available for bonding. The symbol R is commonly used to
indicate any hydrocarbon radical.

The structure of the hydrocarbon molecule determines its properties and
behaviour, consequently there are significant differences between, say , cyclo­
propane and propene, as shown in table Al.2, despite the common formula of
C3 H6 . This point is underlined very strongly in the case ofisomerism . Molecules
of the basic structures shown are described as normal, but an isomer of one such
molecule represents a rearranged structure with exactly the same number of
hydrogen and carbon atoms. The lightest of the paraffin molecules to exhibit
isomerism is butane, which appears as

H H H H

H-t-t-t-t-H
I I I I
H H H H

normal butane, n·C4H,o

H
I

HH-C1-HH

H-t- -t-H
I I I
H H H

isobutane, j,C4 H,o

Again, significant differences occur between the properties of these two
structures. Clearly, as the carbon number increases, the number of possible iso­
mers rises very rapidly, as demonstrated by the total of 17 isomer octane
rc, HIS) structures, and 366318 isomer eicosane (C2oH4 2 ) structures. The
effects of isomerism on hydrocarbon properties can be dramatic, as shown by
the increase in spontaneous-ignition temperature from 230°C to 467°C from
normal octane, n-C, HIS, to the particular isooctane , i-Cs HIS , known as
2,2,4-trimethylpentane because of its basic pentane structure with three methyl
(CH3 -) radicals located at carbon atoms 2 , 2 and 4 numbered from the left­
hand side, as shown

H H H H H H H H
I I I I I I I I

H-C-C-C-C-C-C-C-C-H
I I I I I I I I
H H H H H H H H

normal octane, n·CgH '8
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H H
I I

H·C-H H-C-H

~ I ~ I ~
H--e-C-C-C-C-H

I I I I IH H H H

H-C-H
I
H

isooctane, i,C8H'8

(2,2,4·trimethylpentane)
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This influence on properties underlines the value of isomer paraffins in gasolines
for the suppression of the spontaneous-ignition processes constituting spark
knock. The aromatics also show high levels of spontaneous-ignition temperature,
and are similarly attractive in gasolines. They are, however, low in hydrogen and
thus high in carbon (particularly the polycyclic variants), which reduces their
specific energies and raises their tendencies to produce smoke , as discussed in
the text.

Al.2 Hydrocarbon Oxygenates

A hydrocarbon oxygenate molecule such as an alcohol consists of a hydrocarbon
in which one atom of hydrogen has been substituted by the hydroxyl group , thus
represented by the formula ROH, where R is the remaining radical. If the
original hydrocarbon is a paraffin, the resultant alcohol appears with the general
formula CxH 2x - 1OH. More generally, the radical may be any open or cyclic
chain, and may contain a double carbon-carbon bond, an aromatic ring, or a
halogen atom (chlorine, bromine, iodine, fluorine) .

The simplest paraffinic-based alcohols thus appear as

H H H H H H H H H H
I I I I I I I I I I

H-C-O-H H-C-C-O-H H-C-C-C-O-H H-C-C-C-C-O-H
I I I I I I I I I I
H H H H H H H H H H

CH30H C2HsOH C3H7OH C.HgOH

methanol ethanol propanol butanol

Isomeric structures are possible above carbon number 2, with the hydroxyl group
located on the side, instead of the end , of the molecule.

The ethers also contain an oxygen atom with the hydrocarbon groups, but the
oxygen is contained within the carbon chain, thus R-O-R, or R-O-R' where
Rand R' are different , as shown below

H H

H-t-O-t-H
I I
H H

Similarly with methyl ethyl ether, CH3 OC2 H, , and di-ethyl ether, (C2 H, h O.
The ethers of interest in connection with gasoline blending are the methyl and
ethyl tertiary-butyl variants
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H
I

H-C-H

I I ~
H-C-O-C-C-H

~ I ~
H-C-H

I
H

methyl tert-butvl ether, CH30CcHg

H
I

H-C-H

~ I I ~
H-C-C-O-C-C-H

~ ~ I ~
H-C-H

I
H

ethyl tert-butvl ether, C2HsOCcHg

The term 'tertiary' indicates that the oxygen atom is located next to a carbon
atom which is itself connected to three other carbon atoms.

Many of the naturally occurring materials within vegetation consist of carbo­
hydrates, with the general formula (C6 H10 0S)n '

AI.3 Hydrogen-Nitrogen Compounds

As with the combination of 2H to Hz , atoms of elemental nitrogen also combine
with each other by covalent bonding to produce a diatomic molecule , in this case
Nz . However, three covalent bonds are required in order to saturate the outer
electron shells of both atoms, thus

written as N===N , or Nz

N N

Thus, the valency of nitrogen is 3 (sometimes 8 ... 3 = 5) , and the corresponding
hydrides obtained by combining with univalent hydrogen appear as

H
I

H-N-H

ammonia, NH3

H H
I I
N-N
I I
H H

etc.

The following compound is an example of a combination of a hydrocarbon
radical with both nitrogen and oxygen
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Appendix 2: Relationship
between Aromatics and
Hydrogen Contents

In petroleum-derived hydrocarbon fuels there is, of course , no unique relation­
ship between the contents of aromatics and hydrogen since the former represents
a variety of compounds of different molecular structures, sizes and , consequently,
hydrogen contents. This is illustrated in the following examples of two blends of
Cs H IS (octane) each with 20 per cent volume of aromatics

Fuel

A
B

Aromatics type

C6 H6 (benzene)
CloHs (naphthalene)

Hydrogen per cent mass

14.6
13.7

Nevertheless, broad relationships exist in commercial hydrocarbon blends
between these component concentrations, several of which have been published ,
together covering a large number of fuel samples. The results shown in figure
A2.l are representative , and have been used to determine an overall mean
relationship which appears as follows

Hydrogen per cent mass = 14.90 - - 0.0638 (Aromatics per cent volume)

Figure A2.2 shows this relationship of hydrogen content with aromatics content,
together with that for the HIC atomic ratio .
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Appendix 3: The Derivation
of Specific Impulse

As indicated in chapter 2, the basic design of an air-breathing jet -propulsion duct­
type engine comprises an entry diffuser to raise the pressure of the entry air at
the expense of its velocity, a heat release chamber to raise the temperature and
thus the velocity of the air at constant pressure, and a nozzle to accelerate the
air further at the expense of its pressure , as outlined in figure A3.l, where the
fluid axial velocities are defined as relative to the duct.

v,

I Diffuser I Heating chamber I Nozzle

2

Figure A3.1 Schematic of air-breathing jet -propulsion duct

The first stage in analysis is to establish the sign convention that all forces are
considered positive in the direction of flight , and all air velocities positive in the
reverse direction. Furthermore, fluid friction is ignored together with , initially,
the effects of atmospheric pressure on the external walls of the duct.

The total effect of the internal pressure on the duct wall promotes an internal
forward thrust given by

FmT = f(p dA)INT

The total force on the stream tube fluid flowing through the duct is given by

Fr = - f(p dA)mT +P2 A2 - PI Al

since the first term represents the reaction of the duct on the fluid , and the
second term is positive by acting on the fluid in the direction of flight. This total
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force on the fluid promotes an acceleration, and can therefore be expressed by
Newton's second law, which equates force with the time rate of change of linear
momentum. Thus

which is negative since it opposes the flight direction.
Hence

FIN T =f(p dA)INT =m (V2 - Vd +P2 A 2 - PI A I

«(m V2 +P2 A2) ·· (m VI +PI Ad (A3.l)

(A3.2)

=change in stream thrust between planes 1 and 2

Considering now the effect of the atmospheric pressure Pa existing outside
the air-breathing duct , an external thrust also applies, envisaged in figure A3.2 as
acting over the net area of a converging duct, giving a net external thrust for the
complete duct as

FEXT "P« (AI -A 2)

The total thrust acting on the duct is thus given by

Total thrust = "f:.F= F INT +F EXT

= (m V2 +P2 A 2) - (m VI +PI Ad +Pa (A I - A 2)

(A3.3)

When the flight speed is subsonic, P I is nominally equal to P«. and the
above expression reduces to

= momentum thrust + pressure thrust

p,

H
x 2

Force; p, (Net areal; p, (A. - A 2 )

Figure A3.2 External force exerted on duct by atmospheric pressure
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Furthermore, when the expansion in the propelling nozzle is sufficient to bring
the fluid pressure down to the atmospheric level so that P2 = Pa , the pressure
thrust term vanishes, and the thrust is derived entirely by momentum change.
However, when the flight speed of the duct becomes supersonic, as is customary
in ramjet practice, the usual subsonic effects of the entry diffuser and exit nozzle
are augmented by discontinuities at the entry and exit planes . At entry, for
example, the creation of a shock wave will also raise the pressure of the air at the
expense of its velocity , and a similar discontinuity will occur at the nozzle exit
throat , where the velocity becomes sonic . In such cases, the air pressures acting
at the entry and exit planes no longer equal atmospheric, and the complete
expression shown in equation (A3.3) applies.

In the laboratory , calorific values are determined under closely prescribed
conditions, whereas the levels of thrust developed depend on both the fuel/air
mixture ratio , and the expansion ratio from combustion chamber to exhaust
plane . Nevertheless , because of the complexities incurred by dissociation at the
high temperature of combustion, and by subsequent recombination in the nozzle ,
the performance of fuels used in a propulsive duct of the ramjet type shown in
figure A3.1 is based more realistically on the thrust produced at the nozzle
throat for optimal mixture ratio and a stated expansion ratio. The parameter
adopted , therefore, is the specific impulse , defined as the thrust produced per
unit flow rate of the material providing the thrust, thus

S ifi I thrustpeer IC rmpu se =
flow rate of propelling material

The precise form of this parameter , together with its value and units, depends
on the selection of the particular expression for thrust, of the plane at which the
thrust applies, and of the propelling material and its units. In ramjet analysis, it
is customary to employ the stream thrust corresponding to the nozzle throat (at
which the fluid velocity reaches the sonic level), which comprises the exit plane
in the subsonic ramjet, and also to express the denominator separately in terms of
air mass, fuel mass, and fuel volume . This gives rise to the following expressions :

Air specific impulse =Sa =
(m V+pA)*

N s/kg (A3 ,5)
ma

Fuel specific impulse =Sr = (m ~+pA)* N s/kg (A3 .6)
mr

Fuel density impulse = Srd= Sr dr N s/l (A3 .7)

where m =mass flow rate of propelling products =ma +mr
ma =mass flow rate of air

mr = mass flow rate of fuel

V = velocity of propelling products

p = pressure of propelling products
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A =cross-sectional area of duct

dr =density of fuel under conditions of storage

* =plane of nozzle throat where V =sonic .

In some instances, the total thrust , rather than the exit stream thrust, is used ,
with corresponding symbols la ' Ir and Ird·

If the duct is closed at the upstream plane, with the propelling fluid generated
from within the heating chamber, as in the chemical rocket (figure A3.3), the
initial velocity and entry area both become zero , hence equation (A3.4) reduces
to

Total rocket thrust = 'LFR = mVz + (Pz - Pa) A z

2

Figure A3.3 Rocket duct with supersonic nozzle

(A3.8)

In the case of the rocket , the propelling nozzle is invariably of the convergent­
divergent type, with acceleration to supersonic speed of the propellant after
reaching the sonic level at the throat, and plane 2 applies to the exit of the
divergent section. With reduction in Pa at altitude , the pressure thrust increases
to a maximum of (Pz A z) within a vacuum environment but , for the general
case where pz is finite and does not equal Pa, a theoretical value of exit velocity
may be imagined to give the same level of total thrust, 'LFR , with no pressure
component. This theoretical velocity is known as the effective exit velocity, Ve ,

hence

and

effective exit velocity = Ve = 'L:R

m

total rocket thrust

mass flow rate of propellant

However, specific impulse (Is) is also defined as the thrust per unit mass flow
rate of propellant, and hence
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= Ve mls

(In many cases, specific impulse is still expressed in mixed British units , that is,
Ibf s/lb (mass) which is numerically equal to Ibf s/lb (weight) and thus reduces to
seconds (s), but Ib (weight) is not appropriate to space applications where gravit y
forces vary widely from that at the Earth's surface . The conversion from mixed
British to SI units is as follows

I Ibf sllb =9.8066 N slkg)

The effective exit velocity , and thus the specific impulse , may be derived in
more fundamental terms from the principle of conservation of energy for an
adiabatic flow process by applying the Bernoulli expression to the inlet (c) and
exit (e) planes of the nozzle, as follows

Total energy of propellant flow = kinetic energy + enthalpy

=t m Vc
2 +m he' at inlet

=t m Ve
2 +m he' at exit

assuming no losses in the nozzle , where h is the specific enthalpy . Since Vc is
nominally zero, rearrangement of the expression gives

On the assumption of frozen equil ibrium , that is, that the chemical equilibrium
established within the reaction chamber does not have time to change during
flow through the nozzle , and tak ing a mean value of cp (the specific heat capacity
at constant pressure) over the range of operating temperature, this becomes

Ve =V{2 Cp t; ( 1 -- i) }
From the following thermodynamic relationships

Te = (Pe )(-y-I)/...,

t; Pc

cp - Cv =R, the gas constant for the propellant

cp/c v = r, the specific heat ratio for the propellant

and cp = Rr/Cr - I) = Ror/M (r - I)

where Ro = universal gas constant = 8.314-kJ/kmol K for all ideal gases
and M=mean molar mass of propelling products within the nozzle ,
the expression for specific impulse becomes

Is= Ve =j{~~;~~c) [1-(::) (...,-I)/"Y]}
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Examination of this expression shows a need for reactants giving a high com­
bustion temperature Tc (and thus pressure Pc) , and producing propelling products
of low molar mass and , preferably, low 'Y. It is difficult to meet all th ese require­
ments with a single pair of reactants, and the situation is eased appreciably when
the reactant and propellant materials are entirely independent, as in the nuclear
heat-transfer rocket. Low molar-mass hydrogen is therefore an attractive propel­
lant as well as a fuel and , in fact, recent work on chemical 'tri-propellant' rockets
is based on the addition of hydrogen to a reactant pair in order to reduce the
molar mass of the propellant products rather than supply additional reaction
energy. The use of a Be-02 -H2 mixture , for example, provides an improvement

in specific impulse of about 12 per cent over a conventional liquid hydrogen­
liquid fluorine mixture .
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Appendix 4: Units

In any system of units, a number of quantities are defined as basic to the system,
and all the remaining quantities derived from them. If the system is coherent,
the products and quotients of any two or more unit quantities themselves
become the units of the derived quantities, in the absence of any conversion
factors or proportionality constants. The rationalised system of metric units
known as SI (Systerne International d'Unites) is coherent in this way, and
applies to all branches of science and engineering.

The quantities and units of interest in this study consist of the following .

(Basic)

(Derived)

Quantity Unit Symbol

length metre m
mass kilogram kg
time second s
electric current ampere A
thermodynamic temperature kelvin K
amount of substance mole mol

force newton N (= kg m/s 2 )
pressure pascal Pa (= N/m 2 )
energy joule J (= N m)
power watt W (= J/s)

No change is made to any symbol to indicate the plural, and quantities are expres­
sed in units that result in numerical values between 0.1 and 1000, with preferred
single multiples and submultiples that differ in stages of 10 raised to a power
which is a multiple of±3, ranging normally from 101 8 , exa, to 10-18 , atto . Those
used most commonly are as follows .

Factor Prefix Symbol

1018 exa E
109 giga G
106 mega M
103 kilo k
10-3 milli m
10- 6 micro p.
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51 has been adopted by various industries (for example, Recommended S1
units, Institute of Petroleum, London, 1970), some of which also use earlier
metric units (litre, bar, centipoise, centistokes) together with a non-metric unit
(atmosphere) which are considered acceptable . Since the adoption of 51 is not
yet worldwide, the following conversion factors and other metric relationships
are given.

Length I in. = 25.4 mm
I ft =0.304 8 m
I mile = 1.609 km

Volume I ft 3 = 0.028 32 m3

I U.K. gal = 1.201 U.S. gal = 4.5461
I U.S. gal = 0.8327 U.K. gal = 3.785 I
I U.S. barrel = 34.97 U.K. gal = 42 U.S. gal= 158 .91

Mass I Ib = 0.453 6 kg
I (long) ton = 2240 Ib = 1016 kg
I short ton = 2000 Ib = 907 .6 kg
I tonne = 0.9842 (long) ton = 1000 kg = 1 Mg

Density I lb/ft" = 16.02 kg/m 3

Fo~e Illif=4A48N

Pressure I lbf/in.? = 6.895 kPa
I mm Hg = 133 .3 Pa
I atm . = 1.013 25 bar = 101.325 kPa
I bar = 100 kPa = lOS Pa

Energy I Btu = 1.055 kJ
I Chu = I .899 kJ
I kcal (International table) = 4.1868 kJ
I kcal (Thermochemical) = 4.184 kJ
I kWh = 3.6 MJ
I hp h = 2.685 MJ
I therm = lOS Btu = 105 .5 MJ

Specific energy I Btu/lb = 2.326 kJ/kg
I Chu/lb = 4.1868 kJ/kg

Specific energy capacity I Btu/lb OR = 1 Chu/lb K = 4.186 8 kJ/kg K

Energy density 1 Btu/ft" = 0.037 26 kJ/1 (or MJ/m 3 )

I Chu/ft'' = 0.06707 kJ/I (or MJ/m 3 )

I Btu/U.K. gal = 0.232 kJ/1 (or MJ/m 3
)

Power I hp = 745 .7 W

(Figures in bold type are exact.)
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Approximate fuel energy equivalents (derived from British Petroleum Company,
pic)

b.o.e. LO.e. LC.e. c.m.n.g.e.
I barrel crude oil equivalent (b .o.e.) I 0 .136 0.204 151.1

I ton ne crude oil equivalent (t .o.e.) 7.33 1.50 1111

1 tonne coal (t .c.e.) 4 .90 0 .667 740 .7

I cubic metre natural gas
equivalent (c.m.n.g.e.) 0.0066 0.0009 0.0014

Note: 100 ppm =0.01 per cent .
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Index

Abel test 42
Acetylenes 240 ,243
Acidity 40
Addition reaction 240
Additives 77

anti-icing 69 ,135
anti-knock 88
anti-misting 85
anti-oxidant 77 ,82 , 130
anti-static 70
corrosion inhibitor 56 , 82
lubricity 82,185
metal deactivator 77, 79
static dissipator 56,63,70

After-firing 95
AGARD (Advisory Group for Aero­

space Research & Development)
109 ,142

Air dried 142
Air solubility in fuels 83 , 129
AiResearch 161, 182
Air/fuel ratio 89,96
Air/vapour ratio 90
Alcohols 55,69,244

performance 184
production 165 , 171
properties 174

Aldehydes 185
Algae 172
Alkanes 240
Alkenes 240
Alkylate 24
Alkylation 25
Alkynes 240
Alternative sources 145
Altitude 5, 16, 46, 113, 181 , 186,

191, 193
Aluminium 200
Ammonia 29,165 ,173,174,176 ,

179 ,186,202,216,245

Aniline point 50
Aniline-gravity product 50
Annular cham ber 11, 101 , 181
Anthracene 159
Anthracite 176
Anti-knock quality 15,27,47,94,

179,182,184,186
Anti-knock rating 24 , 47 , 48
Anti-misting fuels 85
API (American Petroleum Institute)

43,50
ARF (AGARD Research Fuel) 109 ,

142
Aromatics 16,26,93,96,113 ,240
Aromatics content 25 ,40,103,104 ,

117 ,134,142,145,150,196,
246

Aromatics-rich blendstock 26
ASTM (American Society for Testing

and Materials) 39,135 ,139
Atomisation 11,16,43,91,99
Avcat (high-flash kerosine) 20 , 40,

132,135
Avco Lycoming engine 180
Avgas (aviation gasoline) 15,24,

36,39,57,88,127 ,136 ,174,
186 ,228

Aviation fuel types 15
Aviation kerosine see Avtur
Avtag (wide-cut gasoline) 20,36,

39 ,43 ,80,134,135
Avtur (aviation kerosine) 39 ,80 ,

103,133,135,174,196 ,230
Azeotrope 186

Bacteria 68
Bataafsche Petroleum Maatschappij

25
Batch certificate 37, 61
Beech aircraft 180
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Bellanca aircraft 185
Benzene 26 , 128
Biobor JF 69
Biocide 69
Bio-derived fuels 172, 176,233
Biomatter 166, 186
Biostat 69
Bitumen 150
Black powder 223
Blow back 94
Boeing aircraft 139
Boiling altitude 84
Boiling points 22
Bornb calorimeter 49
Bond dissociation energy 202
Bond length 238
Boranes (boron hydrides) 202 ,213
Boron 95,200
Breakpoint 76,150,160
Britannia aircraft 74
British Petroleum 25
Bromine num ber 75
Brown coal 153
Butane 167 , 182
Butanol (butyl alcohol) 244
Bypass turbojet engine 7

Caking of coal 152
Calorific value 49, 200, 203, 207,

218
Carbohydrates 172
Carbon deposition 40
Carbon dioxide 166 ,167 ,172
Carbon formation 41 , 185
Carbon monoxide 98,115 ,167 ,

181 ,182
Carbon num ber 93, 196 , 238
Carbonisation 157
Carburation 16,42,88,130,181,

184
Catalyst 29.32 ,35,167
Caustic treatment 33
Cerchar fractions 157
CFPP (cold filter plugging point) test

141
CFR (Co-operative fuel research)

engine 47 , 187
Char 155,168
Chlorine 78
Cladosporium Resinae Lindau de

Vries 68
Cloud point 46
Coal 147,152,160,161,171,187

Coal gasification 155 , 169
Coal liquefaction 153
Coal tar fuels 157
Coalcon process 157
Coed syncrude 160
Coke 29,131,142,151,157,168,

211
Coker rig 75
Coking of coal 152
'Cold ' burns 219
Combustion 47,88
Combustion chamber 11,40,99
Combustion deposits 40
Combustion efficiency 12, 16, 181 ,

182,185
Combustion emissions 96 ,115 ,124
Combustion parameters 142
Combustion temperature 111 , 115 ,

185,191
Comet aircraft 139
Compatibility 78
Composition of fuels 40
Compression ratio 11, 47
Compression-ignition engine 5,229
Concorde aircraft 84, 192
Conductivity 63 ,69
Cone roof tank 36
Consol synthetic fuel process 159
Contaminants 55, 79, 91 , 194
Contamination 55, 57 , 61, 186
Copper content 55,77,195
Copper corrosion classification 53,

79 ,130,134,150
Copper sweetening 31,36,55,81
Corrosion 41 ,53,130,169
Covalent bond 237
Cracking 22,28,41 ,52,91 ,145 ,

151, 167
Cranfield Institute of Technology

214
CRC (Co-ordinating Research

Council) 67,75,139,141
Crude oils 22,71,140,161
Cryogenic fluids 181 ,184 ,218 ,231
Cyclanes 240
Cyclisation 93

DAF (dry ash free) 152
Decaborane 203 ,213
Decadiene 198
Decalin 198 ,200 ,212
Dedicated system 57,62
Dedimerisation 212
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Degrader 85
Density 43 ,50,56,61,104,106 ,

151,153,157,173,196,217,
218

Density impulse 207, 218, 221, 251
DERD (Director, Engine Research and

Development) 36, 131
Dialin 199
Diborane 203 ,208 ,221
Dibromoethane 49 ,96
Diesel cycle 5
Diesel engine 5, 229
Diesel fuels 29
Diffuser 9,99,195
Dilution air 11, 100
Dissociation 191, 203
Distillation process 22,24,31,149
Distillation test 16, 41, 61 , 88, 196
Distribution of fuel stocks 59
Distribution of mixture 15
DMMF (dry mineral-matter free)

152
Doctor test 33 , 41
Doctor treatment 32
Donor solvent method 159
Double-base colloid 223
DQA/TS (Director, Quality Assurance/

Technical Services) 36,38,56
Dynamic viscosity 46

EAD (equilibrium air distillation) 89
Effective exhaust velocity 252
EFT (Enjay fluidity test) 141
EGME (ethylene glycol mono-methyl

ether) 69,135
Electric propulsion 233
Electrical conductivity 56
Electrolysis 169 ,187
Electron 237
Elemental reactants 200, 216
Emcee instruments 72
Emission index lIS
Emissivity 109 , 113
End gases 92
End point see FBP
Endothermic fuels 211
Energy density 21,50,104,173,

179,181 ,191,195,196,200,
206,209,215

Energy economy 160,187
Enthalpy of formation 202
Enthalpy of reaction 202
Enthalpy of vaporisation 173, 184 ,

186

EOR (enhanced oil recovery) 145,
230

EPA (Environmental Protection
Agency) 98 ,117,124

Equipment checks 64
Equivalence ratio 173
ERBS (experimental referee broad­

specification) fuel 109
Esso Research and Engineering Com­

pany 81
ETBE (ethyl tertiary-butyl ether)

165 ,172,244
Ethane 240
Ethanol (ethyl alcohol) 165 , 172 ,

174,184,244
Ethene 166 , 172
Ethyl ether 244
Ethylbenzene 26
Evaporation loss 57
Existent gum test 55 , 61 , 130
Exxon Aqua-Glo 65
Exxon Hydrokit 64
Exxon process 159
Exxon Research and Engineering Com­

pany 67

Fatty acids 172
FBP (final boiling point) 28,41 ,103 ,

106,129,144
Fermentation 172
Filter/separator 55,63,65,186
Filtration 62
Fire safety 42,84,179,181 ,184
Fischer assay 148
Fischer-Tropsch conversion 156
Flame radiation 40 ,53,109,184 ,

185 ,192,195 ,231
Flame speed 9,184 .186
Flame stability 9, 11, 99 , 181
Flame temperature 40, 109, 187,

195,203
Flame tube life 53
Flammability range 90,96, 181 ,

184 , 185
Flash point 20 ,28,42,61,69,88 ,

103,135,137,144,157 ,179 ,
230

Floating roof tank 36
Fluidity 45
Fluorine 218
Fractionation 22
Free energy 117 , 169
Free water 56
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Freezing point 16,20,28.30,45,
53 ,61,69,74 ,103,104,130,
135, 138, 142, 144 , 152, 157,
173,196,211,213,230

Frozen equilibrium 218,258
FSII (fuel system icing inhibitor) 69
Fuel coker rig 75
Fueloil 28,169
Fuel/air ratio 47 , 100
(Fuel/direct operating) costs ratio
Full test 56, 61
Full-throttle height 6
Fungicide 69

Gas oil 16 ,109,185
Gas turbine engines 7 , 11, 16, 191
Gasification 155
Gelled fuels 84
Gibbs parameters 117, 169
Gibson, Professor A. H. 128
Girbotol process 35
Glow temperature 95
Glucose 233
Glycerol 172
Grade rating of avgas 48, 128 , 136
Grade X gasoline 127
Grain alcohol 172
Graphite 176,243
Gum 54 ,57 ,130,134,194,196

Haber-Bosch process 173
Handling 59
Hansard 160
Hard start 219
H-Coal process 157
Heat capacity 194
Heat of combustion 49
HeeI37,57,62 ,195
Helium 234,237
Henry's law 83
Heptane 47
Hexane 128
High test gasoline 127
High-density hydrocarbons 196 ,212
High-flash kerosine (avcat) 20,40 ,

132,135
High-temperature fuels 210
Hindenburg 184
Hopkinson, Professor B. 127
HTP (high test peroxide) 218,221
HTRE (heat transfer reactor experi-

ments) 234
Human-powered flight 233

Hybrid engines 13,229
Hydrant pipeline system 63
Hydrazine 165 ,173 ,179 ,187 ,202 ,

219 ,245
Hydrocarbon oxygenates 165, 171 ,

184,244
Hydrocarbonisation 155, 157
Hydrocarbons 40,167 ,237 ,238 ,

242
Hydrocracking 28
Hydrodesulphurisation 34
Hyd rofining 29 ,34,36
Hydrogen 164,186 ,197 ,200,210
Hydrogen bonding 186 ,237
Hydrogen content 50 ,52,104,117,

135 ,143 ,155 ,173,213 ,246
Hydrogen donor 159
Hydrogen performance 182
Hydrogen peroxide 40
Hydrogen production 167
Hydrogen properties 174
Hydrogen sulphide 31 , 68 , 166
Hydrogen/carbon atomic ratio 104,

135 ,246
Hyd rogenation 28 , 150, 151, 155,

157 , 159 , 231
Hydrometer 43
Hydrotreating 34
Hypergolic 219
Hypersonic flight 9 , 191 , 208 , 210
Hypochlorite process 32

IATA (International Air Transport
Association) 74 ,103,139

IBP (initial boiling point) 28 .41
lee formation 88 , 129
rei 28
IG Farbenindustrie 28
Ignition see SIT
Indicated mean effective pressure 47
Inertial propulsion 235
Instability 40
Ion 70
IP (Institute of Petroleum) 39 ,50,

67 ,135 ,256
Iso butane 25, 241
Isomer compounds 241
Isomerisation 93
Isooctane 47 ,53 ,128,241
Isoparaffins 93 ,96,157
Iso pentane 24
Isopropyl alcohol 40
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Jet A 20 ,27 ,40,52,53 ,75
Jet A-I 20 ,27 ,52,53,75 ,103,138 ,

142 ,143
Jet B 52 ,53 ,75 ,103
JFTOT Get fuel thermal oxidation

tester) 54 , 76 , 141 ,150
JP Get propulsion) fuels 40, 43 , 53 ,

84,109 ,131 ,135

Kawasaki gas turbine engine 182, 185
Kerogen 148
Kerosine 16,27,182 ,185 ,210
Kinematic viscosity 46
Kinetic heating 192 ,194,210
Knock-limited compression ratio 47 ,

92,184

Latent heat 49
Lead 15,49,95
Lead alkyls 49
Lead response 26
Lean-mixture rating 128
LHG (liquefied hydrocarbon gases)

165 ,179,182
Life index 145
Lignite 153 ,171,176
Liner temperature Ill , 113 , 150 ,

182 ,191
Liquefaction 153
Liquid hydrogen 167 ,173 ,182,187 ,

203 , 2 17, 23 1
Liquid methane 173 ,179 ,187,229 ,

231
Liquid oxidants 218 , 220
Liquid oxygen 217
LNG (liquefied natural gas) 166
Lockheed Corporation 139 ,161 ,

182 ,184
LPG (liquefied petroleum gases) 167,

181
LTO (landing and takeoff) cycle 98
Lubricity 80, 185
Luminometer 53, 117
Luminometer number 53,134
Lurgi process 155

Magnesium 202 ,207
Magnetostriction 47
Maihak instrument 71
Melting point see Freezing po int
Mercaptan sulphur 41
Mercaptans 31, 33 , 134
Merlyn engine 229

Merox sweetening 32 ,36
Methanation 167
Methane 157 ,164 ,167 ,171 ,174,

181 ,186 ,210,228 ,238
Methanol (methyl alcohol) 165, 171,

174 ,184 ,244
Methyl ether 244
MHR (mini heated reser voir) 142
Micro vapour pressure test 42
Microbial activity 68
Micro-separometer 61 ,67
Midgley 128
Millipore test kit 64
Mini-separometer 61 , 67
Minimum ignition energy 175 , 183
Misfire 97 , 185
Mixture distribution 42,88 , 129 .

179
Mobil Oil Company 157
MOD (Ministry of Defence) 37 ,38,

131,139
Model aircraft engine fuel 187
Mogas (motor gasoline) 47 ,136 ,

186 ,208 ,229
Molar mass 220 ,253
Momentum thrust 250
MON (Motor Octane Number) 47
Monocyclic aromatics 240
Monopropellant 222
MMH (monomethyl hydrazine) 222
MTBE (methyl tertiary-butyl ether)

165 ,172 ,174 ,244

Naphtha 23 ,24 ,26 ,150 ,167 ,168,
179

Naphthalene 53 ,103 ,104,113,
142 ,150,213

Naphthenes 16 , 26 , 194 , 240
NASA (National Aeronautics & Space

Administration) 109 ,139,
161 ,182 ,184

NATO (North Atlantic Treaty Organi-
sation) 20

NCB (National Coal Board) 152,159
Neon 237
Newport Instruments 143
NG (natural gas) 165
Nitric acid 219
Nitrocellulose 223
Nitrogen 150,166 ,195
Nitrogen hydrides 165 , 173 ,186 ,245
Nitroglycerine 223
Nitroparaffins 165 ,173 ,174 ,179 ,

186 ,245
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NMR (nuclear magnetic resonance)
52,104,135,143

NOx (nitrogen oxides) 40 ,98, liS ,
181,183,185 ,187

Normal aspiration 5
Normal hydrocarbons 241
North Sea 30, 166
Nozzle 9 ,251
Nozzle guide vanes II, 100
Nuclear propulsion 234

Octane 241
Octane number 15 ,47 ,128
Octane rating 47
Oct -l-ene 202
Odour 3 I , 41 , 167
Oil consumption 146
Oil dilution 42 ,88
Oil reserves 146
Oil shale 148
Olefins 16,29,40,75,150,196,240
OPEC (Organisation of Petroleum

Exporting Countries) 103
Open-ehain structure 239
Ortho-para conversion of hydrogen

171
Otto cycle 5
Oxidants 220
Oxidation stability 54
Oxygen 184, 185
Oxygenates 165 , 171 , 184, 244

Paraffins 16, 29 , 240
Partial oxidation 167 , 171
Payload-range per litre 1
Peat 171 , 176
Pensky-Martens test 42
Pentaborane 203 , 208 , 213
Pentane 241
Performance index 202,206
Performance number 15,47 , 128
Periodic System 237
Phillips rig 109 , 117
Phosphorus 95
Pi bond 238
Pink plague 78
Pinking 127
Pipeline 62 ,70,149
Piper aircraft 185
Piston engine 5, 9
Plymouth automobile 186
Polycyclic aromatics 53 , 240
Polymerisation 240
Potential gum 130

Pour point 46 , 149
Power II
Power/weight ratio 5
Pratt and Whitney Aircraft 75, 150 ,

182
Pre-ignition 95 ,187
Pressure ratio II, 13, 142, 191, 195
Pressure thrust 250
Primary air II , 100
Products/reactants ratio 187
Propane 167, 182
Propanol (propyl alcohol) 244
Propeller efficiency 7
Propfan engine 7
Pulsejet engine 5, 9
Pulsejet fuels 208
Pyrophoric 215

Quality control testing 56

R (hydrocarbon radical) 31 ,35 ,241
Radiat ion 53
RAE (Royal Aircraft Establishment)

128
RAF (Royal Air Force) 160
Rallye aircraft 182
Ram effe ct 7
Ramjet engine 5,9 ,100 ,211
Ramjet fuels 47
Raschig process 173
Reaction enthalpy 202
Recertification tests 58
Reference fuels 47 ,109 ,196,203 ,

217
Reforming reactions 28 , 167
Refueller 63
Reheat 12,100,191
Reid vapour pressure test 24,42 ,57 ,

129 ,193
Relative density 43
Release note 61
Renewables 147,164
Repeatability 39
Reproducibility 39,103 ,104
Reserves 145
Reticulated foam 86
Ricardo 128
Rich-mixture rating 128
RJ (ramjet reference) fuel 196 , 217
Rocket engines 5, 9
Rocket fuels 9,218
Rocket ox idants 9, 218
Rocket reactants 9, 215
RP (rocket reference) fuel 196,217
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Run-down tank 35
Running-on 95

Safety fuels 85
Salt water corrosion 82
SASOL (South African Coal, Oil and

Gas Corporation) 155 ,157
Saturated hydrocarbons 40 ,238
Scramjet engine 9
Scramjet fuels 208
SEB (Shell, Esso, BP) 78
Secondary air 11, 100
Series 238
Setaflash test 42
Seta point detector 141
Shale oil 115 ,148,160 ,161 ,230
Shell cold flow test 140
Shell detector 64
Shelldyne 196,200
Shift reaction 155 , 169
Shifting equilibrium 218
Shock waves 9, 195 , 208
Short tests 57, 61
Sidestream sensor 67
Sigma bond 238
Silver corrosion classification 54,

80, 134
Single Element Tester 65
SIT (spontaneous ignition tempera-

ture) 92,179,181 ,194,208
Sligh apparatus 90
Slow running 95
Slurry fuels 201 ,202,207,214
Smog 115, 180
Smoke 16,40,115 ,117,185
Smoke lamp 52
Smoke number 115
Smoke point 52 ,103 ,106 ,117,134,

142, 151, 194, 195
Smoke volatility index 52
SMW (solid municipal waste) 165
SNG (supplemental natural gas) 166
Solar radiation 167 , 234
Solid reactants 223
Solvent extraction 159
Sour crude 30
Sour gas 166
Spades 36,56,59
Sparkknock 15,47,74,88,92,128,

130,159
Spark -ignition engine 5,9,92,96,

182,184,186 ,228

Specific energy 24 ,50,106,130 ,
142 ,151 ,173 ,177 ,181 ,184,
191,196,200,206,209,215

Specific fuel consumption 11, 181,
184

Specific impulse 203, 209, 215, 218,
221 ,249

Specific impulse (air) 207, 251
Specific impulse (fuel) 207, 251
Specifications 16,39 ,110,127,136
Spontaneous ignition 15,92, 131
Spot A 81
SRB (sulphate-reducing bacteria) 57 ,

68
SRC (Solvent Refined Coal) 159
Stability 54
Stability loop 101
'Stadis 450' 71
Standard Oil of New Jersey 28
Starting 42,43,88,129
Static electricity 56, 69
Steam-iron process 168
Stiction 78
Stoichiometric mixtures 101 , Ill ,

177,184,185 ,200
Storage 35
Straight-run products 22
Substitute fuels 164 , 173 ,232
Substitution 241
Sulphide corrosion 68, 79
Sulphur 30,40,51,53,130 ,150 ,

157 ,185 ,192,195
Sulphuric acid process 25 , 32
Sun Oil Company 160
Sunflower oil 176 , 186
Supercharger 6,47,95 ,181
Supersonic combustion 208
Supersonic flight 9,50 ,191
Supplemental fuels 147,187,232
Surface ignition 94
Surface tension 92
Surfactants (surface-active agents)

55,56
SVI (smoke volatility index) 52
Sweet crude 30
Sweetening 31 , 32, 166
Swirler 100
Syncrude (synthetic crude oil) 155
Syngas (synthetic gas) 155,167,171
Synthoil process 157
Synthol process 157

Tabliabue formula 43
Tankers 59

264



Tanks 35,56,63,180,184,193
Tar 147,150,160
Tar sands 150
TEA (triethylalurninium) 203,208
TEB (triethylboron) 203
TEL (tetraethyllead) 24,47,49, 57,

96,128,136,228
TET (turbine entry temperature) 11,

181. 185
Tetralin (tetrahydronaphthalene) 53,

114 ,159,199
Tetranitrornethane 223
Thermal capacity 210, 212
Thermal cracking 131
Thermal efficiency 191
Thermal ignit ion 219
Thermalstability 21,54,75,131 ,

141,194,196,210,212,230
Thrust 7, 11, 191 , 195, 203, 215,

249
Thrust/weight ratio 13
Toluene 26,40
Total acidity 40
Total impulse 225
Total sulphur 40
Total thrust 250
Tricresyl phosphate 96
Tristar aircraft 184
Trough height 6
Tubo-annular combustion chamber

11, 101
Tubular chamber 11,101
Turbine blades 11, 13, 100 , 181
Turbofan engine 5, 7, 13, 182
Turbofan-prop engine 7
Turbojet engine 5, 7
Turboprop engine 5, 7, 181
Turboshaft engine 7
Turbo-supercharger 7
Turpentine 186
TTF (temperature traverse factor)

100

UDMH (unsymmetrical dimethyl
hydrazine) 221

UHC (un burnt hydrocarbons) 115 ,
181,182

United Airlines 143
Units 255
Universal Oil Products 32

Unsaturated hydrocarbons 238
Uranium 147
USAF (United States Air Force) 117
U-tube viscometer 46

Valency 237
Vaporisation 11,88,91,99,181
Vapour fuels 210
Vapour lock 42,88, 129
Vapour pressure 42 ,88,181. 186
Vapour release 83
Variable geometry 124
Vegetable oils 165,186
Venting loss 42
Visbreaking 149
Viscosity 16,20,46 ,92,106,134,

149,151 ,173,185
Visi-Rig 65
Volatility 16,41,88 ,143
Volumetric efficiency 184

'Walking stick' vaporiser 91
Warm-up 42,88 , 129
Water 37,40,63,64,68 ,171
Water gas reaction 167
Water injection 124
Water reaction 55
Water retention 79
Water separation characteristics 56 ,

86
Water tolerance 130
Wax 46,139 ,152
Whittle 130
Wick feed 52
Wide-cut gasoline (avtag) 20, 36,39,

43,80
Wild naphtha 34
Wood alcohol 171
Wright 'Flyer' 9,15
WSIM (water separation index

modified) 61

Xylenes 26

Yield 28 ,135,149,155 ,156 ,230

Zeolite catalyst 157
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