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THE INSTITUTE OF PETROLEUM AND THE 
ROYAL AERONAUTICAL SOCIETY.

A j o i n t  meeting of the Institu te  of Petroleum and the Royal Aeronautical 
Society was held a t Manson House, 26 Portland Place, London, W .l, on 
W ednesday, February 12, 1947.

S ir  A n d r e w  A g n e w  (President of the Institu te  of Petroleum) opened the 
proceedings and welcomed the members of the Royal Aeronautical Society. 
He said : Having regard to  the subject of the paper to be presented we are 
fortunate in having with us Air-Commodore Banks who has had .a life
long experience in the petrol engine field for both aircraft and motor cars. 
The paper is on fuels and lubricants for aero gas turbines and Air Commo
dore Banks is well qualified to  handle a discussion on th a t subject. I t  is a 
development of a major character and it is only right th a t there should be 
a paper giving full technical consideration to  it. I, therefore, ask Air 
Commodore Banks to take the Chair and introduce the author of the paper.

Am C o m m o d o r e  F. R. B a n k s  : I  have known Dr C. G. Williams, the 
author of the paper, for some fifteen years. He was a graduate in engineer
ing a t the Manchester University and became a Doctor of Science in th a t 
University in 1941. He was, up to  1940, Director of Research in the In s titu 
tion of Automobile Engineers Research D epartm ent, where he was respon
sible for a lot of good work on cylinder bore wear and valve wear on ordinary 
petrol engines. Then he became Director of Research a t the Shell Aero
nautical Laboratory, which in 1942 was turned over for Government work 
lock, stock, and barrel. I  was a t the tim e Director of Development a t the 
Ministry of Aircraft Production and when this laboratory was offered we 
took it  with both hands. The work done there by D r Williams and his 
staff was absolutely first class and all sorts of awkward questions were 
referred to him. The following paper was then read :

FUELS AND LUBRICANTS FOR AERO 
GAS TURBINES.

By C. G. W il l ia m s ,*  D.Sc., M.I.Mech.E., F.R.Ae.S. (Fellow).

I n t r o d u c t io n .

T h e  subject of fuels and lubricants for aero gas turbines is a com para
tively new one, and the author has been faced w ith certain difficulties in his 
choice of m aterial for the present paper. Extensive experimental work is 
being carried out on various aspects of combustion and lubrication a t a 
num ber of laboratories, very little  of which has been published in the 
general technical press. The author did not feel justified, therefore, in 
drawing on this information except in a very generalized manner. The

* T horn ton  R esearch C entre, Aero E ngine L abora to ry , “ Shell ” Refining and  
M arketing Co. L td .
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laboratory  w ith which he is associated, the “ Shell ” Aero Engine L abora
to ry  a t Thornton, Cheshire, has been engaged on lubrication studies for the  
aero gas turbine since 1943, and began fuel and com bustion studies in 1944. 
This work has been undertaken w ith some knowledge of the  practical 
problems which have been experienced in engine developm ent and opera
tion, and it was therefore decided to  base the following paper on th is general 
knowledge w ith illustrations and experim ental d a ta  drawn, whenever 
possible, from the work of the  T hornton laboratory.

I t  is clear, therefore, th a t the  following trea tm en t does no t do full justice 
to  the  activities of other laboratories, m any of which have made extrem ely 
valuable contributions. I t  m ay, however, provide a general introduction 
to  the  subject and stim ulate others to  pass com m ent on th e  d a ta  and 
opinions subm itted by the  author.

P a r t  I .— F u e l s .

In  the early days of its developm ent there was a com paratively wide
spread impression th a t th e  aero gas turbine was congenitally omnivorous. 
I t  was recognized th a t th is early  developm ent had been carried out largely 
on kerosine, bu t it was conjectured th a t in a  very  short tim e aero gas 
turbines would be operating on alm ost any  liquid fuel.

This early optimism has since given way to  a  realization of  the  influence 
of quite a num ber of fuel factors. The perform ance of the gas turbine, as 
of any other prime mover, is determ ined by a combination of fuel character
istics and engine design and during its  evolution the  relative emphasis on 
fuel characteristics and on engine design m ay change. Since, in the present 
stage of the  art, combustion in gas turbines is, to  a large ex ten t, influenced 
by mechanical or aerodynamic factors, i t  would be an tic ipa ted  th a t, as 
developm ent proceeds, increasing knowledge of m echanical design will 
result in reduced im portance being a ttached  to  fuel properties. In  other 
words, the trend  is possibly in the direction of th a t hoped for by  the early 
pioneers, bu t we are a good way from complete realization of th a t ideal.

On the other hand, there is always the possibility th a t efforts to  achieve 
higher efficiency and better performance m ay emphasize certain fuel 
properties and make the aero gas turbine more discrim inating in its taste 
for fuels.

The author has a ttem pted  in the following to  discuss the inter-relation 
between fuel characteristics and engine performance only as the subject 
appears a t  the present tim e.

A gas turbine fuel should have th e  following m ain qualities :—

(a) “ Pum pability  ” , i.e., flow of fuel to  the  engine m ust occur under 
all operating conditions ;

(b) S tarting m ust be quick, down to  the  lowest possible starting  
tem peratures ;

(c) Combustion m ust be efficient and stable under all conditions ;
(d) The calorific value should be as high as possible ;
(e) The combustion zone should be as small as possible ;
(/) The combustion products should have no harm ful effects on any 

engine components, particularly  flame tubes and turb ine blades ;
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(g) I f  possible, it should have “.safety  ” characteristics;
(h) I t  should be available in adequate quantities.

The influence of fuel properties on some of the above requirem ents will 
now be.discussed.

Fuel Flow to Engine.
In  the aero gas turbine it is necessary to  ensure a flow of fuel to  the  

engine which m ay range from 50 to  500 gallons per hour, the corresponding 
range of pressure being of the order of 20 to  780 p.s.i. I t  is essential th a t 
the fuel should not have any deletereous effects on the pumping system 
and th a t the required flow of fuel should be m aintained down to the lowest 
tem perature which m ay occur under starting conditions or in flight. In  
th is connexion, the gas turbine emphasizes low tem perature requirements 
because of (a) its  inherent capacity for quick starting which will encourage 
users to  dispense with the “ nursing ” given to  piston engines in the form 
of protection from low tem peratures, (b) the extremely high altitudes which 
will be characteristic of turbined aircraft, (c) the requirem ent on certain 
multi-engined aircraft of a shut-down of some engines under cruising 
conditions.

In  so far as the maintenance of fuel .flow is concerned, difficulties may 
arise through (a) w ater in the fuel which m ay either cause corrosion or 
icing, (b) freezing of the fuel a t low tem peratures, (c) viscosity effects on 
pum pability, etc.

Water Content. The water content of fuels may give rise to  corrosion 
troubles in fuel pumps, or to filter clogging due to  ice formation. Reference 
will be made in the first place to  corrosion difficulties.

In  the early days of the aero gas turbine the kerosine then used was 
obtained from m any sources, and was intended mainly for illuminating 
purposes or for other industrial applications which did not require the high 
degree of cleanliness required for aviation use and considerable troubles 
were experienced due to  impurities.

Precautions are now taken in the storage and distribution of aviation 
turbine fuels which have alleviated serious troubles due to  water and dirt. 
These include a filtration before distribution using a 180-mesh m etal gauze 
filter, while there is customarily a final filtration through a felt filter when 
re-fuelling aircraft.

As will be shown later, all fuels normally contain water in solution which 
cannot easily be removed and this w ater may give rise to  difficulties when 
the tem perature of the  fuel is reduced.

U ntil recently, the fuel system used on British engines was somewhat 
sensitive to  the presence of moisture which tended to  cause rusting and 
sticking of sliding parts, more especially those whose movement was only 
small and occasional. This corrosion was avoided by adding 1 per cent of 
lubricating oil to the fuel, the oil functioning mainly as a corrosion inhibitor.

Recent improvements in the fuel system, whereby sliding parts liable to 
cause trouble have been eliminated, have enabled this addition of oil to  
the fuel to be discontinued in the case of kerosine and the only sliding parts  
left are the pum p plungers, which are no more likely to  stick than  the  
plungers of a diesel pump.
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The problem is more difficult for fuels of appreciably lower viscosity 
th an  th a t of kerosine, e.g. gasoline. W here the fuel delivery pressure is 
relatively low it is possible to  design a gear type pum p for gasoline which 
will function satisfactorily. This apparently  is the case in the  U.S. where 
certain turbine engines operate on gasoline w ithout the  addition of oil to 
the  fuel.

W here the delivery pressure is high and piston pum ps are used, as on 
B ritish engines, it is necessary to  lubricate such parts  as cams and the 
ends of plungers when gasoline is being pum ped. This can be done by
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F i g . 1 .

SOLUBILITY OP WATER IN PETROLEUM FRACTIONS.

adding lubricant to  the fuel, or by providing a feed of lubrican t to  certain 
parts  of the pum p. The la tte r m ethod, which is clearly preferable, has, in 
fact, been recently applied to  pum ps for gasoline. W here th e  fuel contains 
heavy fractions w ith lubricating properties i t  m ay be possible to  dispense 
w ith th is separate lubrication.

I t  can therefore be sta ted  w ith some certa in ty  th a t, in the  near fu ture, 
fuels for gas turbines—w hether gasolines or kerosine— will no t require the 
addition of a lubricant.

The other difficulty which m ay arise from the presence of w ater in the 
fuel is th a t of filter-clogging due to  freezing of the w ater. In  th is connexion, 
hydrocarbon fuels are norm ally sa tu ra ted  w ith w ater and Figs 1 and  2



show the w ater solubility of a num ber of fuels and hydrocarbons p lo ttted  
against tem perature.

The m ost im portant feature to  note in these graphs is the very large 
effect of tem perature on solubility. A kerosine saturated  with moisture a t 
norm al atmospheric tem perature contains about 0 005 per cent by weight 
of water. Chilling of the  fuel to  —10° C or below results in the precip ita
tion of m ost of this moisture which m ay remain in suspension or be deposited 
depending on conditions. The quantity  of w ater involved is of the order 
of 0-04 gallon per hour w ith a fuel consumption of 1000 gallons per hour. 
I f  conditions are such th a t the fuel is subjected to  low tem peratures for a
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F i g . 2 .

SOLUBILITY o r  WATER IN GASOLINE.

prolonged period, the moisture m ay tend to  be deposited a t the bottom  of 
the fuel container where it  m ay do little  or no harm . U nder conditions 
of more rapid chilling, the  moisture will remain in suspension and be carried 
along to  the engine.

The solubility of water in a fuel depends on the composition of the fuel. 
In  the first place, it would be anticipated on physico-chemical grounds th a t 
the water solubility of fuels of a given molecular type would increase with 
decreasing molecular weight of the fiiel. This is illustrated in Fig 1 where 
it is clear th a t the w ater solubility of the gasolines is, in general, higher 
than  th a t of kerosines. In  the same way, the w ater solubility of ‘ ‘ heavier 
fuels, such as gas oil, will be lower than  th a t of kerosine. Fig 2 suggests 
th a t the water solubility m ay increase appreciably w ith arom atic content ; 
thus the addition of 30 per cent of toluene to  a gasoline doubled its water 
solubility while benzene has a solubility ten  times th a t of gasoline.



In  Table I  the w ater solubility a t  18° C is given for a  num ber of fuels, for 
which the arom atic contents are also given. I t  is evident th a t for these 
fuels there is no clear connexion between w ater solubility and arom atic 
content. Two kerosines of high arom atic content (20-5 and 22 per cent)

T a b l e  I.
Filter Clogging Tendency  v. Water Solubility.
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Fuels sa tu ra te d  w ith  w a ter a t  sto rage tem p era tu re  (10-15° C).

Fuel.
Sp. gr. 
(60/60).

Boiling 
range 
(° C).

Cloud 
p o in t 
(° C).

A ro
m atics 
(%  w).

Solubility  
o f  w a te r  
in  fuel 

Saturation  
v a lue

T em pera tu rę  
(° C) a t  which 
flow dropped 

b y -

00

20% . 50% .

100/130 G rade B ase 0-735 44-171 <  - 6 0 22-2 0-007(0) - 2 2 —26
N a p h th a  T L  604 0-784 156-220 <  - 6 0 15-2 0-005(7) -— —
N a p h th a  206 (JP  2 

ty p e  fuel) . 0-707 88-231 <  - 6 0 10-6 0-004(9) —40 —43
K erosine  SR  312 0-806 158-276 —43 8-6 0-006(0) —25 —29
K erosine 201 . 0-804 143-262 < —60 21-9 0-008(5) —22 —25
K erosine 203 . 0-834 186-279 —49 20-5 0-004(3) * *
K erosine 205 . 0-878 188-309 —37 23-0 0-005(4) -— —
K ero-gas oil TL  255B 0-827 190-284 —45 16-3 0-004(6) —31 —38
H ydro g en ated  gas 

oil 0-825 184-297 < —60 4-4 0-003(6) —39 —42
G as oil 363B . 0-848 204-378 —*7 22-6 0-004(2) — —

* Clogging occurred  a t  —50° C ; th is  w as p a r tly  due to  solid hydrocarbon  separation  
(cloud p o in t —49° C), th ere  being no appreciab le  difference be tw een  w et an d  d ry  fuel 
(see T able I I ) .

have w ater solubilities of 0-0043 and 0-0085, respectively, whereas a fuel 
of low arom atic content (8-6 per cent) has an interm ediate w ater solubility 
of 0-006 per cent. I t  m ay be conjectured th a t  th e  type of arom atic and its 
moleculaj- weight m ay have a considerable influence on w ater solubility.

A part from the corrosion difficulties m entioned above th is w ater may 
give rise to  filter clogging due to  ice accum ulation on cloth-type filters. 
This question has been studied a t Thornton on th e  appara tus shown in 
Fig 3, in which fuel is pum ped round a closed circuit, passing in tu rn  through 
a cooling coil and a filter element across which the-pressure drop is measured. 
The flow ra te  through the f-sq. in. filter was 5 to  8 gallons per hour, corres
ponding to  a flow ra te  of 1000 gallons per hour through a full-size filter. 
Flow measurements, together w ith pressure and tem perature  readings, 
were made for every 5 to  10° C drop in tem perature. The tem peratures 
a t which the  flow dropped by 20 and 50 per cent com pared w ith the dry 
fuel a t  the  same tem perature are shown in Table I.

I t  will be noted th a t filter-clogging occurs a t  tem peratures which in 
m any cases are well above the cloud points of these fuels. Fig 4, p lo tted  
from the data  in Table I , shows th a t there is a rough relationship between 
the clogging tendency and the w ater solubility. The lower th e  w ater 
solubility the  lower the tem perature a t which filter-clogging, due to  ice 
form ation, takes place.
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The experim ental conditions of this tes t apparatus are obviously severe 
since they  allow practically  no opportunity  for the deposition of w ater, 
i.e., all the  w ater is retained in suspension.

A few experim ents were carried out a t  Thornton to  ascertain whether 
filter-clogging due to  ice could be alleviated by (a) prelim inary filtration in 
the engine w ith a gauze filter, and (b) the  addition of an “ anti-freeze ” to 
the  fuel.

I t  was found th a t  filter clogging of a  cloth filter could be delayed by a 
preceding fiitration w ith a 100-mesh gauze filter—a coarser mesh allowed 
ice to  pass through, while a finer mesh clogged.

F ilter clogging due to  ice was entirely elim inated by the  addition of 0-5 
to  1 per cent of tsopropyl alcohol to  the  fuel. This acted as an anti-freeze, 
sufficient of it  being precipitated w ith  the w ater to  depress the  freezing 
point to  —50° C or below.

I f  filter clogging due to  ice form ation can be avoided, it  will occur a t  a 
still lower tem perature due to  wax form ation. The apparatus shown in 
Fig 3 was used for studying the  relation between filter clogging and the 
conventionally determ ined cloud point for fuels which had  been dried 
w ith phosphorus pentoxide. The results are sum m arized in Table II , 
from which it is obvious th a t there is an approxim ate connexion between 
the cloud point of the fuels and the tem perature a t  which flow through the 
filter drops by 20 per cent. .
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T a b l e  I I .

Filter Clogging Tendency  v . Cloud Point  fo r  D ry  Fuels.

Fuel.
Cloud po in t, 

° C 
( ± 1 °  C )..

P o u r p o in t, 
° C 

( ± 1 °  C).

Tem p, a t  w hich 
flow dropped  by  

20% of value 
calcu la ted  from  

ex trap o la ted  
-viscosity  (° C).

Tem p, a t  which 
flow dropped  by 

50%  of value 
calcu la ted  from  

ex trap o la ted  
v iscosity  (° C).

G as oil 363B . — 7 —12 — 6 - 1 0
K ero-gas oil 

T L . 255B . —43 —46 —43 —44
K erosine SR. 312 . - 4 3 —54 —46 —47
K erosine 203 . —49 —54 —52 —53
K erosine 201 . < —60 < —60 <  —60 < —60
K erosine 206 . < —60 < - 6 0 < - 6 0 < - 6 0
H ydrogenated  gas 

oil

OCO1V < —60 < —60 <  - 6 0

These results, therefore, indicate th a t the conventional cloud point may 
be used to  indicate the tem perature a t which serious interference w ith fuel 
flow is likely to  occur owing to  deposition from  the  fuel itself.

There is a considerable difference between the cloud points required by 
American and British specifications, viz. —60° C and —40° C respectively. 
The American figure is apparently  an inheritance from  the  gasoline speci
fication ; if a figure of —50° C was w arranted  for gasoline it m ight be assumed 
th a t a t least a similar lim it on the cloud point should be specified for a  gas 
tu rb ine fuel. E arly  British fuels for gas turbines were supplied to  a —60° C 
cloud point, bu t the availability  of such kerosines was lim ited and the 
specification lim it was raised to  —40° C.



Experience under service conditions will presum ably indicate whether 
the cloud point should be —40° C or —60° C or some other figure. A good 
deal will depend on whether fuel lines are exposed. In  addition, it should 
be recalled th a t there is,a tem perature rise due to  the forward velocity of 
the aircraft which a t 600 m.p.h., am ounts to a possible 36° C, so th a t, w ith an 
am bient tem perature of —60° C, the leading surfaces of the aircraft will be 
a t approxim ately —30° C.

I t  would be appropriate to  mention here the influence of aromatic content 
on freezing point. A particular batch of vaporizing oil was segregated a 
few years ago for gas turbine work because it  had a cloud point of —65° C.
I t  also had an arom atic content of 22 per cent, bu t because considerable 
troubles were experienced on certain engines due to  carbon deposition its 
use was discontinued and the aromatic content of subsequent fuels was 
lim ited to  12 per cent. This immediately raised difficulties w ith regard 
to  the cloud point since a reduction in the aromatic content tends to  raise 
the cloud point. Thus, an illuminating kerosine which has been used for a 
period as a standard  reference kerosine has an aromatic content of 8-6 
per cent and a cloud point of —43° C.

I t  will therefore be noted th a t an advantage of an arom atic-type kerosine ■ 
is its lower initial freezing or cloud point. N aphthenes have even lower 
freezing points, so th a t a naphthenic-type kerosine would have the lowest 
cloud point.

Some mention should be made here of heavier fuels such as gas oil. Such 
fuels have pour points ranging from —40° C or below, to  0° C, so th a t m any 
of them  could not be used for aero gas turbines w ithout some provision for 
heating. Here again, there is a general tendency for the arom atic rich 
gas oils to  have the lowest cloud points. The use of pour point depressants 
in gas oils has not been particularly  successful since such materials are only 
effective w ith large molecules.

I t  is also possible from gas oil to  produce fuels which, by the process of 
cracking followed by distillation, are roughly w ithin the kerosine range of 
volatility and have a cloud point of —60° C or below. Such fuels m ight be 
used to  supplement the supply of kerosine.

Combustion Efficiency.^
In  considering alternative fuels for gas turbines, it would be expected 

th a t some fuels would be more difficult to  burn than  others and th a t this 
might result in incomplete combustion and in a general lowering in the 
overall engine efficiency. Conversely, it  m ay be necessary, in order to  get 
the' best out of a given fuel, to modify combustion chamber design in order 
th a t the heat content of the fuel may be fully released.

Combustion efficiency can be defined as the actual heat released from a 
given quantity  of fuel expressed as a percentage of the theoretical heat 
release which would be obtained if the fuel were completely burned. In  
this connexion it is necessary to  limit combustion to  the combustion chamber 
itself, since any burning which takes place beyond the turbine is detri
m ental to  the life of the turbine blades and, to a large extent, wasted.

There are four principal methods of measuring combustion efficiency:
(a) from tem perature measurem ents; (b) by gas analysis; (c) by calori- 
metric m ethods; (d) by th rust measurements.
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For the accurate application of the first m ethod it  is necessary to  know 
the approxim ate composition and specific heats of the products of com
bustion, the heat of combustion of the  fuel and the  air and fuel flow. In  
addition, there are considerable difficulties in measuring high “ stagna
tion ” tem peratures (i.e. including adiabatic tem perature rise due to  gas 
velocity). This can be done by using shielded couples intended to  eliminate 
radiation losses; alternatively, it is possible to  apply correction factors to 
unshielded couples to  allow for radiation effects. The possibility th a t 
errors m ay arise due to  surface com bustion on th e  thermocouple and 
conduction along th e  leads m ust also be borne in mind.

I t  is usually considered necessary to  measure com bustion efficiency 
in the plane of the  turbine nozzles, where tem peratures and velocities are 
not uniform, so th a t a  laborious tem perature and velocity traverse has to  be 
made, w ith subsequent averaging. In  one laboratory a  num ber of couples 
suitably located are arranged in parallel and connected to  a  potentiom eter, 
so th a t  an average tem perature reading is obtained. A w ay of evading 
the  difficulty associated w ith a tem perature traverse is to  mix the com
bustion products by  means of baffles, so as to  equalize the  tem peratures, 
bu t this m ethod does no t satisfy the  above requirem ent th a t combustion 
efficiency should be m easured in the  plane of the turbine nozzles.

The estim ation of combustion efficiency from  tem perature measurements 
is simplified, w ith the introduction of slight, inaccuracy, by  defining it  as 
the actual tem perature rise obtained between the combustion chamber 
en try  and the  turbine blades, expressed as a percentage of the actual rise 
which would occur if the fuel were completely burned.

The m ethod of gas analysis has been less widely used th an  th a t employ
ing tem perature measurements, bu t it  has certain m arked advantages. I t  
does no t require a knowledge of the heat of combustion of the  fuel, or of the 
air and fuel flows, and it  avoids difficulties associated w ith tem perature 
measurements. I t  does necessitate, however, a  gas sampler to  give a 
representative sample and an accurate m ethod of gas analysis. To obtain 
an ac.curate value of the  percentage therm al loss from  gas analysis, it is 
necessary to  carry out a complete analysis for all combustible gases, i.e., 
unburn t fuel and hydrocarbons, m ethane, carbon monoxide, and hydrogen.

A useful expression is the “ C 02 per cent loss,” defined as :—

“ C 02 per cent loss ” =
C 0 2 which would result from burning any 

^ incompletely b u rn t substances in exhaust gases 
C 02 resulting from complete com bustion of fuel'

This expression is not necessarily identical w ith the  therm al loss, bu t it 
gives a fairly close approxim ation in m ost cases, particularly  for com para
tive purposes. I t  follows th a t if a means of estim ating the C 02 from un
burn t gas is available, a fairly close estim ate of the  com bustion efficiency 
can be arrived a t.

The calorimetric m ethod does not appear to  have been used to  any 
appreciable extent. In  one laboratory, however, a measured q u an tity  of 
w ater is introduced into the products of combustion and th e  final tem pera
tu re  of the products determ ined, from which an estim ate is obtained of the
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combustion efficiency. The th ru st method has been used in Germany and 
elsewhere on single combustion chambers.

Gas Analysis.
A 16-point gas sampler has been developed a t Thornton. The flow from 

each sampling point can be measured and although separate samples can 
be taken from each point, the gases are normally fed into a mixing manifold 
from which a representative sample can be taken.

In  regard to  gas analysis, special problems arise because of the very 
high air-fuel ratios which imply th a t the products for analysis are only 
present in small proportions, and also because of the possible presence of 
unburn t vaporized hydrocarbons. I t  is the considered view of the  Thorn
ton  laboratory th a t these problems cannot be solved by the use of the 
conventional absorption type of apparatus.

Baldwin and Bamford described the vacuum method in the Journal of 
the Chemical Society, 1941, and since then Baldwin has worked on the 
development of this method a t the Thornton laboratory. In  this method, 
each constituent is estim ated directly by fractional condensation and frac
tional combustion instead of by the indirect method of absorption and the 
measurement of the difference between two large quantities. To illustrate 
the principle of the method, carbon dioxide is measured by circulating the 
sample through a trap  cooled in liquid air. The carbon dioxide condenses 
and after the uncondensed gas has been pumped away, the quantity  can be 
estim ated directly by measurement of the pressure developed in a given 
volume. The present apparatus used a t Thornton gives an accuracy of 
0-005 per cent for each gas containing carbon, and enables combustion 
losses of 0-2 per cent to  be detected.

While th q  vacuum m ethod is a reliable basic method, particularly 
for research, there was an obvious need to develop something approaching 
a continuous recording apparatus. A method developed a t Thornton 
employs the principle th a t if a gas containing C 02 is bubbled through a 
dilute solution of sodium bicarbonate, the solution acquires a definite pH  
which is determined by the partial pressure of the C 02 in the gas. Thus, 
by reading a pH  m eter it is possible to measure the C 02 content, and other 
gases which can be converted to C 02 by oxidation. An accuracy of 2 per 
cent of the C 02 concentration is possible over the whole range. For deter
minations of combustion efficiency the C 02 is first removed with an absor
bent and all unburnt gases are then oxidized on copper oxide a t 1QOO° C 
and the C 02 produced from oxidation is estim ated by the pH  meter. Using 
this method a “ C 02 combustion efficiency ” evaluation can be obtained in 
10 to  20 minutes, compared with about 3 hours by the vacuum method 
described above. I f  a closer approxim ation to the therm al efficiency is 
required, carbon monoxide can be estim ated separately after low-tempera- 
ture oxidation using a  second bicarbonate solution, w ithout lengthening the 
time of 10 to  20 minutes for the estimation.

Combustion Efficiency with Different Fuels.
Little work has as yet been carried out in comparing different fuels in 

regard to  combustion efficiency. Fig 5 is given for the purpose of illustra
tion and shows combustion efficiency plotted against engine speed for (a)
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ideal conditions where the  atom ization is adjusted to  give optim um  results ;
(b) a more typical engine curve obtained w ith kerosine; (c) the  sort of 
combustion efficiency curve which m ay be obtained w ith a fuel giving 
inferior combustion. In  such instances, experim ental studies are obviously 
required in order to  ascertain in w hat ways the combustion efficiency can 
be improved by design modifications.

Fig 5 illustrates the  effect of engine speed on combustion efficiency ; the

EN GI NE R.P.M. PER CE NT OF' M A X

F i g . 5 .

T Y P IC A L  C O M B U S T IO N  E F F IC IE N C Y  C U R V E S .

im provem ent w ith increased speed is a ttribu tab le  to  increased turbulence 
and improved atom ization. An increase in turbulence usually results in a 
higher pressure drop through the chamber which, in itself, produces a 
detrim ental effect on overall engine efficiency.

L ittle  is known regarding the mechanism of com bustion loss. W ork 
carried out a t Thornton using small-scale com bustion cham bers intended to 
sim ulate combustion in the prim ary zone of a  full-scale cham ber, b u t using 
vaporized fuel, suggests th a t loss a t  weak m ixtures is no t experienced 
until the  air-fuel ra tio  exceeds 30 : 1 and increases alm ost linearly w ith 
increasing air-fuel ratio  un til • the weak lim it blow-out occurs This loss
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occurs m ainly as carbon monoxide, an interesting observation which, when 
interpreted, m ay help to  explain the mechanism of combustion loss.

In  considering the influence of fuel properties on combustion in the gas 
turbine i t  is logical to  begin with the process of atomization. While a good 
deal has been learned regarding atomizer design, notably through the wax 
droplet m ethod of Joyce of the Shell Petroleum  Co. L td ., and through the 
efforts of Messrs. Joseph Lucas L td ., very little  work has been done to  in 
vestigate the influence of fuel properties. The fuel properties which are rele
van t are the  viscosity, surface tension and density, and, in the absence of 
experim ental data , dimensional analysis suggests th a t the particle size is 
proportional to  the  0-45 power of the viscosity, and th a t surface tension has 
a negligible influence. The influence of particle size on combustion has been 
studied in various laboratories in relation to  combustion efficiency, blow
out, etc. I ts  influence on cold-starting will shortly be discussed.

Atomization is followed by heating and evaporation of the fuel particles. 
The rap id ity  of the evaporation will depend on the volatility and laten t 
heat of the  fuel, which will clearly constitute im portant factors.

The above factors are all physical as distinct from chemical. The 
factors controlling ignition and rapidity  of combustion would also appear 
to  be very largely physical in nature, as they are mainly controlled by 
mixing conditions, in particular, the physical recirculation of hot gases and 
of “ chain carriers.” I t  can therefore be deduced th a t under most condi
tions combustion in the gas turbine is controlled by physical ra ther than  
chemical factors though there m ay be exceptions which, in the further 
development of the gas turbine, m ay assume some importance.

The study of the effect of fuel properties on combustion can be carried 
out on full-scale combustion chambers and work of this kind is now being 
done. Useful fundam ental d a ta  can also be obtained by special methods, 
e.g. the work of Lloyd a t the N ational Gas Turbine Establishm ent where the 
ignition lag of a fuel is measured in an igniting stream  of hot air. Con
siderable work has been carried out a t Thornton on reduced scale combus
tion chambers, which have the advantage of economy in the am ount of air 
and fuel required. On such apparatus phenomena such as combustion 
loss, carbon deposition, flame length, flame colour, etc., can be studied on 
pure hydrocarbons, the physical and chemical properties of which are 
well known or determinable. In  addition, such experiments can be carried 
out on vaporized fuels to  eliminate the complications and uncertainties 
involved in the atom ization process, while a comparison of such results 
with combustion under atomized conditions will help to  elucidate the 
importance of the atom ization and vaporization processes. Other types of 
apparatus can be used for the measurement of ignition limits, flame speeds, 
ignition tem peratures and the effects of tem perature and pressure on these 
properties. For example, flame propagation a t low pressures has been 
studied a t Thornton in a glass reaction vessel, using homogeneous mixtures. 
This work has shown th a t there exists a critical pressure below which flame 
propagation is impossible and which is almost the same for all the hydro
carbon fuels investigated.

Certain im portant practical considerations will now be discussed, viz., 
flame blow-out, combustion efficiency, combustion intensity and flame 
length, detonation, and carbon deposition.
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Flame Blow-Out.
Considerable troubles have been experienced due to  flame extinction, 

more especially a t  a ltitude under varying load conditions. W hen the 
pressure and tem perature of the air and fuel pressure are all low, atom iza
tion and mixing are poor and, under such conditions, a  rapid  change of 
load m ay produce abnorm ally weak or rich zones, which m ay cause flame 
extinction.

Air is usually fed, in p art, to  the prim ary zone through swirler vanes 
which cause reversal of air flow upstream  along the  centre of the  flame 
tube (see Fig 6). I t  is generally accepted th a t th is reversal zone, which
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conveys hot gases back to  the  incoming fuel, is responsible for m aintaining 
a stable flame. I t  m ay be conjectured th a t under certain  conditions the 
re-circulated gas m ay no t be hot enough to  cause ignition, which m ay he 
due to  weak m ixture strength  or to  incomplete com bustion resulting from 
insufficient tim e for completion. The fact th a t insufficient tim e is avail
able m ay arise from too low an evaporation or com bustion ra te . I f  the 
incoming fuel/air m ixture is outside ignition lim its, or if the  ignition 
tem perature is too high, extinction will occur.

A good deal of effort is being devoted to  a study  of th e  factors affecting 
flame extinction, and studies are being made a t various laboratories of the 
separate effects of air pressure and tem perature and of atom ization. In  the 
m eantim e some simple experim ents have been carried ou t a t  Thornton 
to  study  the differences between fuels in regard to  their weak m ixture blow
out. In  th is connexion, it is understood th a t while flame extinction a t  weak
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m ixtures m ay occur on engines with separate combustion chambers, certain 
engines w ith annular combustion chambers are inclined to  suffer from rich 
blow-out.

A m ethod of expressing stability  limits over a range of air flows is shown 
in Fig 7 in which air flow is p lo tted  against air-fuel ratio for a given set of 
conditions. Such a curve is obtained by varying the air-fuel ratio  a t a given 
air flow and determ ining the rich and weak m ixtures a t  which flame 
extinction occurs. Combustion is thus stable w ithin th is curve.

In  general, i t  was not found possible to  investigate rich m ixture blow-out 
on the full-scale combustion chamber because of the  danger of over heating, 
and atten tion  was therefore concentrated on weak m ixture blow-out, i.e. 
on the right-hand portion ABC  of the curve. Such a curve, showing a 
continued extension of the weak limit as the air flow is reduced, is obtained 
w ith a gaseous fuel, such as butane or vaporized kerosine. W ith an atomized 
fuel, however, the curve bends back as illustrated in Fig 7 approxim ately

F i g . 7 .
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n along a line of constant fuel flow B'C'. I t  would appear th a t over the
portion A B  the air velocities, fuel flow and fuel pressures are all sufficiently 
high to produce reasonably good atomization. As point B  is approached, 

Jtai® however, fuel flow a t blow-out becomes progressively less un til a flow is
dom- reached below which the atom ization is too poor to  allow combustion to
.mat* continue. W hen this sta te  of affairs is reached, the blow-out curve
iujf® follows approxim ately a line of constant fuel flow, B'C'.

These phenomena are illustrated in Fig 8 which presents blow-out 
. If® results for a num ber of fuels obtained on a full-scale combustion chamber
gili* under ground atmospheric conditions with an air inlet tem perature of about

30° C a t the  lower air flows, 
ifettii The results can be taken as illustrating the general effect of fuel charac-
esoftk teristics on blow-out.
Intk At the higher air flows there are differences between the various fuels for

¡¡on# which, a t the present time, no explanation is offered. The results certainly
■efcloff- are not in the order of volatility or viscosity of the fuel. I t  is of interest
ipreal th a t aviation kerosine under these relatively high air flow conditions has a
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better weak m ixture blow-out lim it th an  the isoparaffinic fuels, isooctane 
and “ safety fuels.” F u rther studies are obviously necessary to  ascertain 
whether any chemical factors affect weak m ixture blow-out under these 
conditions.

The order of m erit of the fuels a t low air flows, where poor atom ization 
takes control, is, however, easier to  explain. U nder these conditions an 
im provem ent in volatility  would be expected to  extend the  weak m ixture 
blow-out lim it since, as shown by Fig 8, a very considerable extension was

O V E R A L L  A I R  -F U E L  RAT IO  
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obtained w ith a completely vaporized fuel. The m inimum critical fuel 
flow for each of the fuels trea ted  is p lo tted  against the  10 per cent distilla
tion  tem perature of the fuels in Fig 9 and it  is seen th a t there is reasonable 
correlation.

I t  can, therefore, be deduced th a t under conditions where poor atom iza
tion takes control, an im provem ent in volatility  is beneficial. For example, 
gasoline would give a weaker blow-out lim it th an  kerosine, and kerosine 
would be better than  gas oil.

I t  should be emphasized, however, th a t design factors can exercise a



predom inant effect in extending a weak m ixture blow-out a t low air flows, 
e.g., by improved atomization.
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Carbon Deposition.
Carbon formation in combustion chambers is an indication th a t com

bustion conditions are imperfect though it does not necessarily imply low 
combustion efficiency. There are three possible consequences of carbon 
deposition, all of which may be serious, viz. (a) local over-heating and 
buckling of flame tu b e s ; (b) erosion of the turbine blades, caused by lumps 
of carbon which break loose from the flame tube and pass through the 
engine; (c) blockage of turbine nozzles by lumps of carbon.

I t  is widely recognized th a t there is a tendency for carbon deposition 
to  increase with increasing aromatic content of the fuel. The same dis
covery was made many years ago in relation to illuminating kerosines 
which, in general, have to be of low aromatic content.

Reference has already been made to  carbon deposition troubles which 
were experienced on a particular batch of aviation kerosine containing 
22 per cent of aromatics. These troubles were serious on one design of 
engine, while on other designs no particular difficulties were experienced 
with this fuel, thus emphasizing a t the outset th a t carbon deposition 
troubles with highly aromatic fuels are by no means inevitable and are 
associated with engine design. In  fact, there is reason to believe th a t most, 
if not all, current designs of British turbine engines are relatively insensitive 
to carbon deposition troubles with highly aromatic fuels; such troubles 
may, however, still arise under conditions of m aladjustm ent or misuse.
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In  addition, there is reason to  believe th a t carbon form ation increases 
w ith combustion pressure so th a t with a  fu ture trend  tow ards increased 
pressures, troubles due to  carbon m ay be accentuated. I t  is, therefore, 
still necessary to  assess the  carbon-depositing propensities of a fuel and this 
can be conveniently carried out on a full-scale single combustion chamber.

Experim ents have been carried out a t Thornton on a full-scale chamber 
under conditions intended to  aggravate carbon deposition, viz., an air flow 
of 0-5 lb/second, an air-fuel ratio  of 50 : 1, the  duration of the te s t being 1 
hour. In  Fig 10 the carbon deposited is p lo tted  against arom atic content
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for four aviation turbine fuels (see Table I for fu rther details) and the 
expected trend  is evident, the  carbon deposition for the  two kerosines 
containing over 20 per cent arom atics being nearly twice th a t w ith the 
kerosine containing ju st under 10 per cent of aromatics.

The fuels 201, 203, and SR312 had siiflilar distillation characteristics, 
while 206 had a low initial boiling point of 87° C compared w ith the  initial 
boiling points of the other fuels, which ranged-from  145 to  185° C. The 
low carbon deposition with 206 suggests th a t carbon deposition m ay be 
decreased by lowering the initial boiling point of the fuel—a conclusion 
supported by results obtained a t th e  “ Shell ” Emeryville laboratories.

The Emeryville experiments were carried out on a reduced-scale gas 
turbine combustion chamber and covered a wide range of fuels. I t  was 
found th a t for one hydrocarbon type carbon deposition increased w ith a
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reduction in volatility and th a t paraffins were better than  naphthenes 
which, in tu rn , were better than  aromatics. Similarly, aromatics with 
paraffinic side-chains were better than  aromatics w ithout side-chains. 
The following formula was developed expressing the relation between 
carbon deposition, C : H  ratio , and the 10 per cent tem perature T

Carbon deposit =  log10 (°  1 +  £

where Cj, C2, C3, and C4 are constants.
This formula shows how carbon deposition tends to  increase with the 

C : H  ratio (i.e. with aromatic fuels) and th a t a reduction in the 10 per cent 
tem perature reduces carbon deposition.

In  so far as the sulphur content is concerned, the general evidence 
suggests th a t, w ithin norm al limits, its effect on carbon deposition is very 
much less th an  th a t of the aromatic content.

I t  should be emphasized th a t, since a limit on the aromatic content of 
kerosines entails a lim itation of supply, it would be of advantage to  develop 
combustion chambers which are not sensitive to  the arom atic content.

Flame Tube Temperatures.
Considerable efforts have been devoted towards increasing the life of 

flame tubes. I t  seems to  be generally agreed th a t buckling and cracking 
of flame tubes is a ttributable, in the main, to the combined effects of over
heating, resulting from localized over-rich m ixtures and of unsymmetrical 
air flow around the outside of the flame tube, resulting in under-cooling of 
the same areas. I t  is im portant to  consider whether the fuel is likely to  
have any effect in this connexion, and the most obvious factor to  investigate 
is the aromatic content since it  is known from piston engine experience 
th a t highly aromatic fuels burn w ith a  slightly higher flame tem perature 
and result in a slightly increased cyclinder head tem perature. A few 
experiments have been carried out a t Thornton in order to compare two 
fuels of different aromatic content with regard to  flame tube tem perature.

Sixteen thermocouples were fitted in the wall of a flame tube and a com- 
parsion of the tem peratures attained under identical conditions of operation 
on two fuels, viz. SR.312 (aromatic content 8-6 per cent) and on aviation 
kerosine 201 (aromatic content 22 per cent).

In  Fig 11 are shown the cross-sections A , B, C, D, E, and F  a t which 
tem peratures were measured. Three or four tem peratures were taken a t 
each cross-section and they differed appreciably, bu t in the graph of Fig 11 
the average reading a t each section is p lo tted  for the  two fuels. This 
graph illustrates the rise in tem perature along the flame tube until the 
tertiary  air holes are reached where the tem perature drops due to  cooling 
of the products of combustion by dilution with air.

I t  will be noted from Fig 11 th a t there was little  difference between the 
two fuels, of 8-6 and 22 per cent aromatic content, under these particular 
conditions.

Some experiments were carried out on the same two fuels in which the 
overall air-fuel ratio was varied by altering the fuel flow, and the results 
are shown in Fig 12. This graph emphasizes the great influence of m ixture 
strength, or heat input, on flame tube tem perature and shows th a t, a t  the



richer m ixtures, there was little difference between th e  fuels, as already 
noted. A t the weaker m ixtures, the  22 per cent of arom atic fuel gave 
higher tem peratures, e.g., 100° C higher a t an air-fuel ratio  of 80 : 1. Since,
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however, this difference occurs a t air-fuel ratios where th e  tem peratures 
are relatively low, it is possible th a t it  is not of practical im portance.

The above experim ents were carried out w ith a clean com bustion cham 
ber. The effect of a coating of carbon was investigated by  operating the 
combustion chamber for a prelim inary period under conditions producing
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a coating of carbon while carrying out a tem perature survey. I t  was 
found th a t there was a progressive decrease in tem perature in the region 
of the flame tube where the carbon was being formed, e.g., one thermocouple 
showed a drop in tem perature from 640° C to  340° C. This decrease in wall 
tem perature, brought about by the poor therm al conductivity of carbon, 
m ay tend to  produce local stresses due to  excessive heat gradient between 
areas which are coated with carbon and those which are not. In  fact, 
during the progress of these tests buckling of the flame tube occurred 
around the area where carbon had been deposited.

F ig . 12.
E F F E C T  O F  A IR /F U E L  R A T IO  O N  F L A M E  T U B E  T E M P E R A T U R E .

Air m ass flow, 1 lb/sec.
B urner F .N ., 1-35/84.

" Combustion Intensity and Flame Length.
The rate of heat release influences directly the size of the combustion 

chamber, which should be a minimum in order to  reduce engine size and 
weight. The problem is, therefore, th a t of achieving high combustion 
intensity with a minimum turbulence and combustion loss. A t the present 
time there is very little information available on the effect of different fuels 
and fuel properties on flame dimensions, though such work is in hand.

Flam e length and colour are largely influenced by m ixture strength, 
but here again, there are reasons to believe th a t in so far as flame length is 
concerned, the influence of mixture strength is physical ra ther than  chemical.

I t  may be recorded here th a t work in America has suggested th a t lum in
osity is not necessarily an indication th a t combustion is taking place



and, therefore, th a t visual observations of flame length can be misleading. 
A technique for ascertaining where combustion really term inates has been 
developed by the use of a  “ water probe,” water being 'sprayed across the 
combustion cham ber from the end of a probe which can be ad justed  
longitudinally. W hen the w ater is sprayed into “ inert ” products of com
bustion, there is a fixed drop in tem perature, irrespective of the position 
of the probe, due to  the cooling effect of the w ater. W hen the  probe enters 
the zone where combustion is occurring, there is an ab rup t chilling effect, 
due to  the quenching of combustion.

Noise and Detonation.
I t  has been generally observed th a t under certain conditions very 

considerable noise, w ith fluctuations in pressure, can arise in gas turbine 
combustion chambers. The evidence suggests th a t th is influence may 
arise from operation under critical m ixture strength  conditions which are 
not stable, w ith the result th a t there is a rapid fluctuation between two 
widely differing flame lengths producing considerable noise. I t  is not 
known to w hat ex ten t th is problem is affected by the  use of different 
fu e ls ; it m ight be anticipated  th a t to  a large ex ten t it  is determ ined by 
physical ra ther th an  chemical factors.

I t  is conceivable th a t another form of explosive combustion might 
be produced by  the self-ignition of pockets of recirculated combustible 
m ixture under certain pressure and tem perature conditions. Such an 
occurrence would be analogous to  detonation in a reciprocating engine 
where a pocket of “ end-gas ” is heated  by compression and auto-ignition 
results. Such a phenomenon would be influenced by chemical factors, 
e.g., by  knock inhibitors. T h a t detonation can, in fact, occur in gas 
turbine combustion has still to  be established.

Calorific Value.
The gas turbine, during the early years of its development, has suffered 

the disability of a high fuel consumption which has emphasized the im port
ance of the calorific value of the fuel. In  this connexion, i t  is necessary to 
distinguish between calorific value on a volumetric basis, and calorific 
value on a weight basis. W here the limiting factor is the fuel tankage 
capacity, as on fighter aircraft, it  is the calorific value by  volume which is 
im portant, and, in th is case, an increase in the  volum etric calorific value 
will bring a corresponding increase in range, up  to  some all-up weight 
lim itation due to  the accompanying increase in weight. On th e  other hand, 
if the more norm al requirem ent of fuel weight in relation to  payload is the 
decisive factor then calorific value per pound of fuel is the  criterion. In  this 
case some improvement in payload can be achieved. F o r example, in a 
hypothetical long range axial flow propeller tu rb ine aircraft, cruising at 
425 m .p.h. over a  stage of about 2000 miles, an  im provem ent in calorific 
value of 10 per cent by weight can give an increase in payload of up to  25 
per cent under favourable conditions, provided th a t th e  necessary tankage 
capacity is available.

The calorific value of hydrocarbon fuels is related to  their specific gravity  
and, in general, as the specific gravity  increases there  is a reduction in
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calorific value per pound and an increase in calorific value per gallon. The 
following equation, due to  Cragoe, enables the gross calorific value to  be 
calculated with sufficient acuracy for most purposes.

Gross calorific value =  22,320 — 3780d2 B.Th.U/lb 
where d =  sp.gr 60°/60° F

This can also be expressed as

Gross calorific value =  223,200d — 37,800d3 B.Th.U/gal.

These equations which are applicable to both pure and mixed hydrocarbon 
fuels dem onstrate the relationships expressed above, the  second equation 
being a cubic with a maximum a t approxim ately d =  1-4. I t  should be 
noted, however, th a t aromatics generally have calorific values some 5 per 
cent lower than  those given by the above equations, both by volume and 
by weight.

Table I I I  illustrates the same trends for practical fuels. The calorific 
values are not only expressed in term s of B.Th.U. per pound and per gallon, 
b u t also as a ratio of the corresponding values for fuel meeting R D E /F /K er 
specification. The heaviest fuel, viz., the cracked fuel oil, w ith specific 
gravity  of 1-08, has a calorific value 15-8 per cent greater than  R D E /F /K er 
fuel on a volumetric basis and 13-0 per cent less on a weight basis. A t the 
other extreme 100/130-grade gasoline has a calorific value 9-2 per cent less 
on a volumetric basis and 2-1 per cent greater on a weight basis.

I t  will be evident th a t some of the heavier fuels given in the table may 
be excluded from aero gas turbine use because of their high pour point.
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T a b l e  I I I .

Fuel. Sp. gr.

Cal. value (net).
R a tio  to  

R D E /F /K E R  
Specification fuel.

B .Th.U  / 
lb.

B .Th.U  / 
gal. P er lb. P er I.G .

100/130 grade av ia tion  gaso
line . . . . 0-720 18,940 136,580 1-021 0-9081

M otor gasoline (average) 0-740 18,890 139,900 1-019 0-9290
Lsododeeane 0-771 18,740 144,460 1-009 0-9605
R D E /F /K E R  specification 

fuel . . 0-810 18,560 150,390 1 1
Diesel oil, G t. B rita in  (m ainly 

paraffinic) 0-848 18,710 158,800 1-008 1-054
Gas oil . . . 0-850 18,260 155,230 0-9836 1-032
L ight diesel oil 0-870 18,050 157,040 0-9722 1-044
H eavy diesel oil . 0-910 17,980 163,630 0-9684 1-088
Fuel oil, R um ania 0-924 17,740 164,000 0-9560 1-090
T etralin  (tetrahydronaph thal- 

ene) . . . . 0-970 17,400 168,800 0-9380 1-121
Diesel oil, R um ania 0-949 17,760 168,600 0-9570 1-120
Boiler fuel . . . . 0-973 17,800 173,160 0-9585 1-1514
Cracked fuel oil, V en tu ra , 

California 1-013 16,910 171,300 0-9120 1-140
Cracked fuel oil, W est Texas. 1-080 16,110 174,000 0-870 1-1580
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Cold Starting.
The ease of ignition of a spray of atomized fuel will depend on a num ber 

of factors, notably  : (a) the degree of atom ization ; (b) the  fuel v o la tility ;
(c) the location of the igniting source in relation to  the sp ra y ; (d) the nature 
of the igniting source; (e) the tem perature conditions; (/) the  prim ary air- 
fuel r a t io ; (g) the air velocity.

Fuel characteristics obviously influence (a) and (b) directly, while the other 
factors m ay also affect the relative cold starting  performance of different
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fuels. For example, the  influence of volatility  and atom ization m ight be 
very much less w ith “ torch ” ignition th an  with spark ignition. The few 
experiments which have been carried out a t  Thornton on the starting 
characteristics of fuels relate to  a  conventional combustion cham ber with 
spark ignition, which m ay tend  to  accentuate the  differences between fuel 
qualities in th is respect.

In  these experiments the  ease of starting  was assessed by the fuel pressure 
necessary to  initiate ignition over a range of air flows The results obtained 
are summarized in Fig 13 in which the minimum fuel pressure necessary 
for ignition a t a given air mass flow and starting  tem perature is p lo tted  
against the 10 per cent recovery tem perature for the fuel.
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I t  will be noted th a t there is an approxim ately linear relation, the lower 
the 10 per cent tem perature the less the fuel pressure required to s ta rt, viz. 
the easier the starting.

There is a general relationship between viscosity and volatility of hydro
carbons, i.e., the greater the  volatility the lower the viscosity, so th a t it  is 
sometimes difficult to differentiate between the respective influences of these 
two factors in regard to  their effect on ignitability and combustion. In  the

F i g . 1 4 .

present instance there is reason to  believe th a t the influence of viscosity 
was relatively small and th a t the effect illustrated in Fig 13 is largely 
attributable to  volatility.

Reference to Fig 14, in which the viscosity of a num ber of fuels is 
plotted against tem perature, will show th a t a t 30° C the viscosity of avia
tion kerosines is of the order of 1-5 cs. W ith swirl-type atomizers there is 
a loss of pressure in the swirl chamber which will obviously increase w ith 
fuel viscosity, so th a t there will be a tendency for atom ization to  deteriorate 
with increasing viscosity. This deterioration seems to  begin in the region
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of 10 cs so th a t it m ight be necessary to  place an upper lim it of 15 cs on the 
fuel viscosity, bu t such a  lim it would obviously depend upon atom izer 
design and m ight become less stringent with developments in th is direction.

Fig 14 shows th a t if a viscosity of 15 cs be assumed to  be the maximum 
permissible, the  gas oil would no t give satisfactory atom ization below about 
—7° C, while the aviation kerosine SR. 312 would be satisfactory down to ' 
—40° C. The aviation kerosine 201 will be satisfactory down to  an  even 
lower tem perature of about —60° C.

I t  will be obvious th a t, in general, the  gasolines have such a low viscosity 
th a t  satisfactory atom ization should be possible a t any tem perature.

Fire Hazard.
One of the main attractions of the gas turbine in its  present form is th a t 

it  is capable of using a low vapour pressure fuel which m ight be described

SURFACE  T E M P E R A T U R E ,  ° C .

F ig . 15.
IG N IT IO N  L A G  V.  S U R F A C E  T E M P E R A T U R E .

as a “ safety fuel.” This advantage has, w ith one or two exceptions, been 
confirmed in service.

In  considering the relative safety of different fuels it  is necessary, a t  the 
outset, to  distinguish between fires originating from three different causes, 
as follows :—
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(а) the ignition, by  an adjacent spark, flame, Or incandescent fila
m ent, of fuel vapour from spilled fu e l;

(б) ignition arising from fuel impinging 011 a  surface sufficiently hot 
to  cause spontaneous ign ition ;

(c) ignition in a fuel tank  arising from the existence of an inflammable 
fuel-air vapouf, ignited either by incendiary bullet or by “ static ” 
discharge.

In  considering the first form of ignition, which may occur most commonly 
in the event of a crash when large quantities of fuel are spilled on the ground

Fig. 16.
C O R R E L A T IO N  B E T W E E N  V O L A T IL IT Y  (V A P O U R  P R E S S U R E ) A N D  

IN F L A M M A B IL IT Y  (F L A S H  P O IN T ) . ■

or on the wing surfaces, it  would appear th a t fuel volatility is the deciding 
factor. W ork has been carried out a t Thornton using a simple apparatus 
in which a definite quantity  of fuel is spilled on to  a flat surface m aintained 
a t a given tem perature. Ignition can occur from an adjacent electrically- 
heated filament, and the tim e lag between the spilling of the fuel and igni
tion is measured. Results obtained on a num ber of fuels are shown plotted 
in Fig 15, in which the tim e for ignition to  occur is plotted against the 
“ surface ” tem perature.

I t  is clear from Fig 15 th a t the “ surface ” tem perature has a very 
im portant effect on the tim e lag before ignition occurs. In  fact, below a



certain tem perature ignition fails to  occur with the less volatile fuels, e.g., 
kerosine and “  safety fuel.” Such a difference m ight mean a good deal 
to  passengers and crew in the event of a crash.

The order of m erit of the fuels in Fig. 15 is approxim ately th a t of their 
volatility, as shown in Fig 17. This would be anticipated  since ignition 
would occur when the  fuel vapour pressure in the neighbourhood of the 
igniting source has reached the lower lim it of inflam m ability. The same 
is true  of the conventional flash-point test, which is virtually  a measure of 
the tem perature a t  which a fuel reaches a vapour pressure which gives an 
inflammable m ix tu re ; this vapour pressure is of the order of 7 to  10 mm Hg.
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VAPOUR PRESSURE AT 2 0 ° C ,  M M . H g .
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Correlation between the vapour pressure and flash point of fuels would, 
therefore, be expected and is indicated in Fig 16.

I t  is also of interest to  record th a t there  is some correlation between the 
10 per cent tem perature of the fuel and the flash point, as shown in Fig 18.

The above da ta  therefore suggest th a t the  flash point, the  vapour pressure, 
or the  10 per cent tem perature, can be used as a measure of the  relative 
inflammability of fuels under conditions described in (a) above.

I t  m ust be emphasized, however, th a t it  is impossible to  describe one 
fuel as “ safe ” and another as “ unsafe ” since any fuel can be m ade to 
ignite if it falls on a surface sufficiently hot to  increase its vapour pressure 
and thereby provide an inflammable m ixture of vapour and  air. There 
exist simply D IFFEREN CES  in inflammability.



A subject related to  the  above is the speed a t which flame propagation 
occurs once ignition has taken  place and, in this respect, th e  higher the 
vapour pressure the more rapidly will flame propagation occur.

The form of ignition referred to  in (b) above m ight occur in a piston 
engine when fuel or oil is splashed on to  an  exhaust manifold, and it is 
conceivable th a t it  m ight take place if fuel or oil were brought into contact 
w ith the turbine blades of a gas turbine aircraft. This form of ignition was
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studied a t Thornton hv allowing drops of fuel to  impinge on an  electrically 
heated hot plate, the tem perature of which could be adjusted. The follow
ing table gives the self-ignition tem perature of a num ber of fuels and oils of 
in te re s t:—

F u e l or oil. M inimum  ignition  
tem p era tu re , ° C.

D E D  2472B oil 355
D TD  4 ID  oil . 430
H ydrogenated  gas oil 595
100/130-grade safe ty  ”  fuel 630
A viation  kerosine (SR 312) 650
Gasoline (BAM 100/4) 725
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The above table shows the general tendency for the ignition tem perature 
to  be lower the higher the molecular weight and the lower the vapour 
pressure. In  other words, the  order of m erit of fuels discussed above is, in 
general, reversed when considering the present form of ignition. Kerosine 
has a somewhat lower ignition tem perature than  gasoline, while lubricants 
have considerably lower ignition tem peratures. In  the la tte r connexion, 
it is well known th a t m any piston engine fires have originated with the 
lubricating oil.

I t  would appear from the above figures th a t the self-ignition tem pera
ture of aviation kerosine m ight be w ithin the range of current turbine blade 
tem peratures, whereas th a t of gasoline would probably be above.

In  connexion with the hazard of an explosion in the  fuel tank , the  risk 
of an  explosive m ixture being in the  fuel ta n k  is much greater in hot 
w eather w ith kerosine th an  w ith gasoline. In  mild w eather the risks are 
about equal, while in very cold weather (ground tem perature 0° C or lower) 
there is no risk with kerosine, whereas w ith gasoline the  risk is considerable. 
This risk can be eliminated by the m ethod of blanketing with inert gas.

I t  m ay be concluded th a t the  “ safety ” characteristics of a fuel have 
to  be considered in relation to  the nature  of the  fire hazard. Kerosine 
is “ safer ” th an  gasoline for hazard  (a) above, bu t less safe for hazards (6) 
and (c). In  general, hazard (a) is considered to  be the  m ost serious- and 
therefore emphasizes the advantage of fuels of low volatility.

Availability of Turbine Fuels.
Kerosine was used in the early W hittle experim ents and has subsequently 

been accepted very widely as a fuel for aviation gas turbines because of its 
suitability  in regard to  low tem pertaure properties, low cost, high heat 
content per gallon, and relative safety in relation to  gasoline. There has 
been a tendency to  assume th a t unlim ited quantities of kerosine would be 
available, bu t th is is far from being the case.

Kerosine is, of course, a distillate from crude oil, in term ediate between 
gasoline and the .nex t distillate fraction, known as gas oil. From  the to ta l 
ou tpu t of crude oil, only 5 to  6 per cent of kerosine is produced as compared 
with 40 to  50 per cent of gasoline. Gas oil, the  nex t distillate, is also 
produced in relatively small quantities, something of the  order of 10 per 
cent (excluding, for the  m om ent, cracked gas oils, of which only a small pro
portion is suitable for aviation gas turbines) so it  will be seen th a t th e  to ta l 
distillate, other than  gasoline, is a  relatively small percentage of crude.

Already there are well-established dem ands for bo th  kerosine and gas 
oil. F or example, kerosine is used in m any parts  of the  world for lighting, 
heating, and cooking where there is no alternative, and gas oil is in demand 
for use in high-speed diesel engines, central heating plants, and, in the 
modern refinery, as a source of raw  m aterial for cataly tic  cracking to  pro
duce high octane m otor fuels. I t  seems advisable, therefore, th a t the 
designer of the  gas turbine should look to  a fuel which does n o t m ake too 
serious inroads in these dem ands and one which can be m ade available in 
the required quantities.

Such requirem ents would be m et by  a distillate fuel of fairly wide boiling 
range (e.g., 65° C to  300° C), in fact, a sort of naphtha. This fuel could be 
prepared with low pour point, and cold starting  and flame stability  charac



teristics would be good. Calorific value on a weight basis (which is of 
importance for long range aircraft) will be high. W hilst in some circum
stances the  fire hazard of this fuel might be considered to  be greater than  
th a t of kerosine, it does present an improvement over gasoline.

In  the section on “ fire hazard ” it was pointed out th a t the vapour pressure 
of a fuel was a measure of its inflammability under certain conditions of 
ignition. In  this connexion, the  vapour pressures (in mm Hg a t 20° C) 
of a typical kerosine, a 65-300° C distillate, and a gasoline are of the order 
of 2, 25, and 180, respectively, so th a t the 65-300° C distillate does 
represent an improvement over gasoline in this respect.

A further increase in supply would be possible either by extending the 
distillation range, for example, by raising the end point to  350° C, or by the 
use of cracked fuels in the same distillation range as and when they are found 
to  be satisfactory for gas turbines. There is little doubt th a t modern 
refinery technique could achieve this with little additional cost.

»
P a r t  I I .— L u b r ic a n t s .

Lubrication System.
The components requiring lubrication in the gas turbine used for je t 

propulsion are the compressor and turbine bearings and the various bearings 
and gears of the gear box and auxiliary drives. In  the propeller turbine 
engine, the lubrication of the reduction gears has also to  be provided for.

Fig 19 shows diagram m atically the lubrication system of a representa
tive engine. The compressor bearing, which is normally a t the front of the 
engine and, therefore, adjacent to  the gear box which drives the auxiliaries, 
is supplied with oil from a pump in the gearbox, to  which the oil drains 
back. The turbine bearing, normally situated a t the rear, may also be 
lubricated by circulatory system with an oil flow of, say, 15 gallons per hour. 
Alternatively, the turbine bearing m ay be lubricated by an air-atomized oil 
spray on the to ta l loss system, in which case the  oil feed m ay be as low as 
0-25 pint per hour. The gears in the gearbox are normally lubricated by a 
jet of oil supplied from the pump.

On early engines the atomized oil feed was generally used for lubricating 
the turbine bearings, but the tendency now is to  employ the dry  sump 
circulatory system for lubricating the turbine bearing. This system has 
the advantage of providing some cooling for the turbine bearing by enabling 
a comparatively high rate of oil circulation to be used in conjunction with a 
cooler.

Bearings.
Early engines were fitted with ball bearings, bu t there was subsequently 

a tendency to  use plain bearings, followed by a reversion to  ball bearings. 
One advantage of ball bearings is the  very much lower starting  torque 
required. A piston engine can be made to  s ta rt a t, say, 20 r.p.m ., whereas 
a turbine engine has to  be motored a t 1500 r.p.m . or more during starting 
so th a t anything which can be done to  reduce frictional torque will perm it an 
appreciable reduction in the size and weight of starter equipment. U nder 
operating conditions, the am ount of frictional heat generated w ith plain
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bearings necessitates an oil cooler. In  addition, while plain bearings can be 
designed to  carry heavier loads than  ball bearings, there are problems-which 
arise a t high speeds, e.g., “ oil whip,” which is a shaft vibration having a 
frequency approxim ately half engine speed and which m ay result in bearing
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failure. Also, traces of d irt in the  lubricant m ay more readily cause 
bearing failure with a high-speed plain bearing th an  w ith a ball bearing. 
One argum ent is, however, adduced in favour of the plain bearing, viz. th a t 
in the  event of a bearing failure the tu rb ine shaft is still located when a 
plain bearing is used, so th a t a complete engine break-up is less likely to 
result.
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Of th e  components requiring lubrication, the  turbine hearing operates 
a t the highest tem perature, and normally th e  outer race tem perature lies 
between 125° and 150° C. W hen the engine is stopped, heat may flow in 
wards from th e  turbine disc and result in a higher tem perature of up to  
200° C for a short period until the  engine cools. I t  appears to  be generally 
agreed th a t if the running tem perature rises above 150° C, provision should 
be made for an oil cooler. On the  other hand, an oil cooler is looked upon 
as a component which has obvious disadvantages, particularly  in producing 
increased drag, and it will certainly be om itted if satisfactory bearing life 
can be achieved without it. This implies the need for the mechanical and 
m etallurgical development of bearings to  give adequate durability  a t high 
tem peratures and the provision of lubricants which will give satisfactory 
service a t these elevated tem peratures. There is a further reason which is 
now advanced for deliberately increasing the operating tem perature of 
turbine bearings, viz. th a t the higher the bearing tem perature the lower the 
tem perature gradient across the turbine disc and therefore the lower the 
stress. In  th is connexion, possible bearing tem peratures of 300° C are being 
discussed. There is every reason to  believe th a t very considerable develop
m ent in ball bearing manufacture will have to  take place before operating 
tem peratures of this m agnitude will be possible. In  any case, th is method 
of reducing stresses m ay well imply th a t other methods of reducing turbine 
disc stresses have not been fully investigated.

Low Temperature Requirements.
The low tem perature requirem ents of a lubricant for gas turbines depend 

both on the design of the engine and on the conditions of operation. On early 
engines the turbine bearing a t the rear was lubricated through a “ capillary ” 
tube exposed to  the  air stream , and a pour point of —60° C was therefore 
proposed. . By avoiding such unnecessary exposure it has been possible 
to alleviate this requirem ent so th a t a t the present tim e a pour point of 
—40° C is considered adequate in British engines.

Low tem peratures may be experienced either in starting  up or in flight, 
and in the case of m ilitary aircraft it m ay be necessary to  make provision 
for cold starting a t a tem perature of —40° C, or even lower, w ithout the  aid 
of ground heaters, etc. In  addition, the ability of the gas turbine to  perm it 
rapid attainm ent of full power should not be restricted by inadequate low 
tem perature properties of the lubricant.

There appears to  be little da ta  available as yet regarding oil tem per - 
tures which may be experienced in flight, more especially during prolonged 
shutdown of an engine. As far as the author knows, oil tem peratures lower 
than —30° C have not, as yet, been measured. A good deal would appear 
to depend on whether the engine is allowed to  “ windmill ” during a shut
down; if it is, then oil circulation will continue and a certain am ount of 
frictional heat will be generated which will re tard  congealing of the oil.

I t  has already been pointed out th a t an  im portant consideration is the 
frictional torque required to  m otor an engine during starting. Fig 20 
gives some engine starting torque curves p lo ttted  against cranking speed, for 
various tem peratures ranging from +13° C to  —35° C. These curves 
emphasize the im portant influence of tem perature on cranking torque, and 
the dotted  curve shows the effect of reducing the  oil viscosity a t the
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tem perature of —20° C. I t  m ay thus be necessary to specify a  maximum 
viscosity a t low tem peratures in order to perm it easy starting w ithout the 
provision of heavy starting equipment.

The gears used to  drive .the auxiliaries are lubricated by a je t of oil and 
possible failure of this je t, due to  too high a viscosity a t low tem peratures, 
may impose a limit. Thus Fig 21 gives the viscosity-tem perature relation 
for a num ber of lubricants. I f  flow through the oil je t should be restricted 
when the viscosity exceeds, say, 2500 cs, it  is clear th a t the lowest safe 
operating tem perature for the various lubricants will be : 7° C for 2472B, 
-3 5 °  C for 44D, and -4 5 °  C for the oil “ SR.1358.”

D.T.D. 44D specification hydraulic oils have been m ost widely used 
for turbine lubrication and have been considered so far to  have adequate low 
tem perature properties. The specification requires th a t these oils shall 
flow in the Air Ministry cold test a t —45° C ; the corresponding pour point 
would be about —40° C. There is a tendency a t the present tim e to  con
sider th a t these low tem perature requirements might be alleviated if this 
would result in an oil of higher viscosity a t normal operating tem peratures.

The requirement of a low pour point for turbine lubricants would, of 
course, be removed if some provision for preheating the oil were used, 
bu t this solution is not likely to  be popular with the designer. Another 
alternative is the use of a system analogous to the W orth dilution system 
which would provide for the dilution of the lubricant with, say, gasoline, 
before shut-down, thus enabling an oil of higher viscosity and higher pour 
point to be used. I t  would, however, be necessary to  ensure th a t the load- 
carrying capacity of the diluted oil is adequate for satisfactory reduction 
gear lubrication.

High Temperature Requirements.
I t  has already been pointed out th a t the normal turbine bearing tem pera

ture is 125° to 150° C and th a t there is a possibility th a t such operating 
tem peratures will rise in the future. Engines a t the present tim e seem to be 
divided into two categories, viz. those with bearings which do not appear 
to be viscosity-sensitive, and those which are. There appear to  be two 
reasons why a certain degree of viscosity m ay be necessary for the lubrica
tion of high-speed ball bearings.

First, the Hertz stresses between ball and track  may be reduced by a 
film of oil which tends to  distribute the contact pressure between ball 
and race over a larger area; the m agnitude of th is “ ‘cushioning ” would 
tend to increase with oil viscosity. This effect is somewhat conjectural and 
further experiments are required in order to establish its significance. 
I t  would be expected th a t its importance would increase with the loading on 
the bearing.

Secondly, a certain level of viscosity m ay be required for fluid film 
lubrication between the balls and the cage, where rubbing occurs. The 
severity of the conditions existing between balls and cage depends on 
cage material and on the method of location. On early engines aluminium 
alloy cages were used, which gave rise to  considerable troubles, which, to  a 
large extent, were removed by the general adoption of bronze cages. So 
far as method of location is concerned, there is some reason to  believe th a t 
race-located cages make less demand on the lubrication of the bearings than



ball-located cages. The actual viscosity required under working conditions 
is, therefore, very much dependent on current engine design and is liable 
to  be modified with further developments. In  any case, it is possible th a t 
the viscosity requirem ents will be determ ined by the  load-carrying capacity 
of transm ission gears discussed la ter in th is paper.

The resistance to  oxidation of the lubricant and its m ethod of assessment 
will depend on whether or not th e  oil contains an  additive. For undoped 
oils the  general principles governing oil oxidation stability  are well under
stood and the developm ent of a suitable laboratory te s t should be relatively 
simple compared w ith the complications of predicting the performance of 
lubricants for piston engines. Perhaps the  m ost undesirable oxidation 
products are those which increase the oil viscosity and give rise to  oil in 
soluble gums and lacquers, particularly  on the hot tu rb ine disc. Oils 
containing heavy components are known to  cause trouble in th is respect 
and, if possible, a gas turbine oil should be a relatively narrow  petroleum 
cut. Probably a simple form of evaporation-oxidation te st to  assess the 
residue left by  evaporation in air a t tem peratures of 200° C and above might 
be adequate for undoped oils.

Lubrication of Reduction Gears.
W here a gas turbine is used to  drive a  propeller it is necessary to  provide 

for the  lubrication of heavily loaded reduction gears and a t  the  present 
tim e too th  loadings approaching 40,000 lb per inch are being considered. 
Quite ap art from  propeller reduction gears it is quite possible th a t the 
gears used to  drive the auxiliaries m ay require attention.

Failure of transm ission gears can occur in three general ways :—
(a) Breakage of the too th  a t  the  root. This is a form of fatigue 

failure which is probably quite unconnected w ith th e  lu b rican t;
(b) P itting  of the surface of the gears in the  neighbourhood of the 

pitch line. This is usually a ttrib u ted  to  a form of fatigue cracking 
originating ju st below the surface where the H ertz stresses are highest. 
Such fatigue cracks m ay spread to  the  surface and pieces of m aterial 
be thereby removed. This form of failure would appear to  be primarily 
mechanical, though the  possibility th a t  a lubricant m ay reduce the 
H ertz stresses by providing a cushioning film which distributes the 
load over a bigger area should no t be lost sight of. F u rth er work is 
required to  establish w hat influence, if any, th e  lubricant has in 
relation to  p it t in g ;

(c) Scuffing of the too th  profile. This is definitely a lubrication 
failure, and scuffing is a ttrib u ted  to  the  consequent m om entary welding 
together of the rubbing surfaces. The effect of various oil factors on 
th is  form of failure will now be discussed.

A machine which is extensively used in the  U .K . for th e  study  of lubrica
tion in relation to  gear scuffing is the I.A .E . machine, which is a  “ four
square ” machine, i.e., it employs the power circulation principle w ith two 
pairs of gears connected w ith two parallel shafts. One of these machines, 
modified in certain im portant respects, has been-used a t  T hornton for the 
evaluation of turbine lubricants. A t the outset, however, it should be 
emphasized th a t this machine has certain lim itations, as follows :— (a) the
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gears are small in relation to  conventional reduction gears, viz. 3J inch 
pitch diam eter; (b) the  operating speed is relatively low, viz. 2000 r.p.m .,
(c) there is a definite lim it on the maximum loading which the machine will 
s ta n d ; (d) the  tests are normally of short duration.

The above lim itations call a tten tion  to  the  need for developing a test 
ma'chine which will take bigger gears, operate a t speeds up to  say, 20,000 
r.p.m ., and be sufficiently robust to  transm it high torques for long periods.

In  the meantime, results on th e  I.A .E. machine should be taken with 
a certain degree of reserve from the  standpoint of direct application to  
engine design, although there is reason to  believe th a t they are not 
misleading.
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The test method used a t Thornton was to  run-in the gears for 5 minutes 
and then to  increase the load on the lever arm  (which is a measure of the 
transm itted torque) by 5 lb after every 5 m inutes running. Scuffing was 
indicated by a sudden increase in the tem perature of the lubricant leaving 
the gears and was verified by subsequent visual observation.

Fig 22 shows the observed effect of viscosity on the scuffing load for a 
number of lubricants.

I t  has been generally assumed th a t, a t least as a starting point, the  film 
strength of turbine lubricants used for reduction gears should be comparable 
with th a t of DED.2472B/0 oils and in Fig 22 the range of lever loads for 
typical 2472B/0 oils is indicated.
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m ents already discussed in this paper will be deficient in film strength  a t 
norm al operating tem peratures and consideration has, therefore, been' given 
to  increasing the film strength of such th in  oils by  the use of mild E .P . 
additives. In  Fig 22 the effect of some typical additives on the  scuffing 
load is shown. I t  will be noted th a t load-carrying capacities were attained 
exceeding th a t of the  undoped 2472B oil.

In  Fig 23 the effect of oil inlet tem perature on scuffing load for a num ber 
of doped and undoped oils is shown. I t  will be noted th a t, while there is
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little loss in scuffing load with reduced tem peratures using undoped oils, 
there m ay be an appreciable loss w ith doped oils. I t  will be obvious th a t 
since an additive is effective by v irtue of its chemical effect on the  surface 
of the gears, th is chemical effect will tend  to  diminish w ith decreasing 
tem perature. I t  is clearly necessary for the doped oil to  have sufficient 
film strength to  enable the  reduction gears to  transm it full engine torque 
a t low starting  tem peratures.

The chemical activ ity  of the more active additives, by virtue of which 
they operate, m ay give rise to  harm ful corrosion of certain metallic com
ponents if it is excessive. In  general, the  corrositivity of an E .P . additive 
will increase w ith its effectiveness in relation to  film strength  and corro-



sivity will, for the same reason, tend to  increase with increasing tem pera
ture. The component which is most likely to  suffer under corrosive a ttack  
is the bronze cage of the turbine bearing, the copper of which is liable to  be 
attacked by the usual E .P . additives. Corrosion of bronze cages may 
result in a roughening of the cage surface and in deposits, resulting in an 
increase in friction and wear which may cause a complete failure of the 
bearing. Further evidence is required to  establish the maximum permissible
E .P . activity, as limited by the effects of corrosion in service.

Since it is necessary to  lim it the chemical activ ity  of E .P . additives, 
where such are used, a corrosion test should be included in a specification. 
Such a test m ay be combined with an oxidation test and carried out a t a 
tem perature between 120° and 180° C, using a copper or bronze specimen, 
the gain or loss in weight of specimen, the change in oil viscosity, the am ount 
of lacquer, and the petroleum ether insolubles being determined.

I f  E .P . additives are used it is obviously im portant th a t they should 
retain their E .P . properties over prolonged periods of use. This may be 
checked under laboratory conditions by subjecting the doped oil to  a 
degree of oxidation greater, than  is likely to occur in service, followed by 
a determ ination of its film strength.

There is some evidence to show th a t E .P. additives may exercise a slightly 
beneficial effect on the durability of balls and cages through a polishing 
action, bu t further experimental evidence is required.

Fire Hazard.
The possibility has to  be borne in mind th a t the lubricant m ight be 

ignited through contact with the hot turbine disc, and, as discussed in the 
section on fuel fire hazard, there are two possible forms of ignition, viz. 
first, spontaneous ignition on ,a sufficiently hot surface and, secondly, 
ignition of vapour from some extraneous igniting source. The la tte r is 
usually assessed by the flash point.

In  the following table are given the minimum specification flash points, 
and the spontaneous ignition tem perature measured on Thornton apparatus, 
for DED. 2472B and 44D oils :—
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M inimum  flash Spontaneous ignition
po in t. tem pera tu re .

D E D  2472 B . 243° C 355° C
DTD 44D 154° C 430° C

I t  will be observed th a t the more volatile oil, i.e., 44D, has the higher 
spontaneous ignition tem perature but, owing to  its greater volatility, has a 
lower flash point.

Engine experience may indicate which of the above criteria should be 
used to  denote inflammability.

C o n c l u s io n .

Sufficient has been said to  indicate th a t the fuel and oil requirements 
of aero gas turbines are to  a large extent determined a t the present tim e
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by considerations of engine design and operating conditions. Any changes 
in these conditions m ay exert an im portant influence on fuel and oil require
m ents so th a t there is everything to  be said in favour of close collaboration 
between th e  engine désigner and the  petroleum  technologist.

In  regard to  fuels, the general trend  of the  argum ent in th is paper has 
been to  call atten tion  to  the  advantages of a  distillate fuel having a boding 
range of 65—300° C. The relatively low viscosity and high volatility  of 
such a fuel confers considerable advantages in relation to  atom ization, cold 
starting, blow-out, and carbon deposition. A fuel of th is type could be 
made available in large quantities.

The m ain requirem ent of a lubricant a t the  present tim e is a very low 
viscosity combined with the  highest possible V .I. The developm ent and 
application of additive-type lubricants for propeder-turbine engines is in 
hand, and their fu ture will depend very largely on certain details of engine 
design.
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D is c u s s io n .

T h e  C h a ir m a n  : D r Williams has given us a very well co-ordinated paper 
which gives a very good picture of the problems attending the  gas turbine. 
In  my view it is ju st about tim e th a t such a paper was given and I  hope 
there will be more papers as further knowledge on the  subject becomes 
available, for they will help both the oil m an and the tu rb ine engineer. 
To me, the  only unfortunate thing is th a t no reference has been made to 
tetra-ethyl-lead and I  am not sure th a t I  am not going to  be p u t out of a job !

M r.E . L. B a ss  : A great deal has been said and w ritten  about gas 
turbines in varying degrees of prophecy, optimism, and accuracy. This 
inevitably happens w ith any new development and it  is therefore refreshing 
to  have a paper such as th is by a recognized au thority , giving a clear picture 
of one of the m ost im portant subjects connected with th e  gas turbine. 
The im portance of the subject is emphasized when it  is reflected th a t a 
typical je t engine burns its own weight of fuel in some tw enty-one minutes 
a t  full th ro ttle  a t sea level, and in  one and a ha lf hours under cruising 
conditions. I  believe th is is the first paper to  be presented to  any scientific 
society on the subject of fuels and oils for gas turbines, and  it  is so com
prehensive th a t it will long be of value as a reference work.

One of the m ost im portant points to  be underlined is th e  profound 
influence of availability on the type of fuel to  be used. A t first sight it 
appears unfortunate th a t, whilst a t last we have in view an aircraft power 
p lan t capable of burning a less volatile fuel, and therefore one of reduced 
fire hazard, such a fuel is already in short supply. We m ust be quite
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realistic on this point, and unless the petroleum technologists can give a 
reasonable assurance th a t fuels of the kerosine type can be made available in 
the quantities required, it will be well immediately to  direct engine develop
m ent towards the use of those fuels which are most readily available. 
Otherwise the proper application of the gas turbine to  aviation will be 
delayed and restricted.

The JP 2 , or so-called wide range distillate, referred to by Dr Williams, 
offers substantial advantages over kerosine in combustion performance and 
freezing point. I ts  disadvantage is some increased fire risk, the extent of 
which is - still a m atter of conjecture. The practical significance of the SIT 
and inflammability tests quoted by D r Williams has still to  be established. 
On the basis of the data  given in the paper, it  appears th a t the JP 2  fuel is 
approxim ately half way between kerosine and gasoline in respect of fire 
risk. W hilst this is an appreciable advance in safety, it is clear th a t no 
effort should be spared to  enable the still safer type of fuel to  be produced 
in adequate quantities for the  aviation gas turbine. I  would like Dr 
Williams to enlarge upon the point th a t, whilst he has gone to some length 
to  show the point a t which ignition occurs, surely the rate  of spread of the 
flame is of very vital importance in the event of a crash. In  view of the 
fact th a t the  JP 2  fuel is unlikely to  lead to  any vapour-locking troubles 
(with a Reid vapour pressure of 1 lb, its critical altitude a t a fuel tem pera
ture  of 30° C, is of the order of 60,000 ft), it  only remains whether any 
difficulties are likely to arise from the release of dissolved air. Perhaps the 
author could give some further information on th a t point.

The turbine engine promises to be quite catholic in its taste  for fuel, and no 
doubt further development will make it  more so. I f  and when we can 
think of the less volatile fuels {e.g., kerosine and gas oil) the lim itation on 
availability of fuel imposed by the demand for a low freezing point, is one 
th a t cannot be blamed on to  the turbine engine, per se. I t  is, nevertheless, 
likely to  prove a formidable stumbling-block in the  way of obtaining 
adequate supplies of cheap fuel. From this point of view, therefore, it will 
be well to study more closely the aircraft engine and fuel system installation 
problems associated with using fuels of higher freezing point than  those a t 
present specified. In  the same way, lim itation of aromatic content of the  
fuel is likely to  prove restrictive, and combustion chambers should therefore 
be developed to  use fuels of the maximum aromatic content likely to  be 
encountered. By such means, the much claimed omnivorous nature of 
the gas turbine can be preservèd.

There has been a great deal of very elegant research work carried out 
under Dr W illiams’ direction on small flame tubes. The practical advan
tages of using these tubes in comparison with the full-scale burners are 
obvious and it is interesting to  recall th a t, before embarking on the design 
and installation of these small units, there was a general consensus of 
opinion against their use. D r Williams has shown how extrem ely valuable 
these laboratory test units can be, bu t I am sure he will agree th a t they 
m ust be used in conjunction with the full-scale burners for the purpose of 
correlation and interpretation of results.

In  connexion with the use of E .P . additives for the prevention of gear 
scuffing, since additives worked by their chemical reaction with the surface 
of the gears, it seems possible th a t thé effectiveness of the additive will vary



308 W ILLIAMS : FU ELS AND LUBRICANTS FOR AERO GAS TU RBIN ES.

according to  the  gear m aterial. I f  this is so, it clearly points to  the  need 
for the closest collaboration between the engine designer and oil technologist.

The rem arks already passed in connexion with the restrictive natu re  of 
fuel specifications can, in a general way, be applied to  lubricants. The low 
freezing point dem anded, for example, m ight prove extrem ely restrictive 
and is a requirem ent which m ight conceivably be avoided by changes in 
engine design and installation.

I  know from personal experience how much effort D r W illiams has pu t 
into this paper, and I  am  quite sure th a t none of it will be in vain.

Mr A. R. Ogston : I  would like to  compliment D r Williams on his most 
interesting and comprehensive survey of the  field of fuels and lubricants for 
gas turbines. The au thor has included a w ealth of technical da ta  and 
useful inform ation in his paper, and it  should thus serve for some tim e to 
come as a valuable source of reference for those engaged in the  design 
m anufacture, and operation of aero gas turbines. I  entirely agree with 
D r Williams when he draws atten tion  to  the  fact th a t, contrary  to  w hat was 
a t  first ra ther too readily assumed, the aero gas tu rb ine is no t going to  be 
capable of digesting alm ost any liquid fuel, and we m ay find th a t in the years 
to  come history m ay repeat itself and, in order to  obtain  maxim um  efficiency 
from the gas turbine, a fuel will be required which m ay be alm ost as 
specialized as th a t now required for the high-octane piston engine.

I t  is interesting to  note th a t there have been one or two indications th a t 
even the ugly head of detonation m ay rear itself sooner or la ter in gas- 
turbine combustion and a t this stage it seems to  be a m atte r for conjecture 
as to  w hether the  desirable property  in the fuel will correspond to  high 
octane num ber as in the case of aviation petrol, or high cetane num ber as 
required for diesel engines. I  am  inclined to  th ink  th a t it will more likely 
be a case of high cetane num ber, the effect of which m ay be to  reduce flame 
length, although, on the other hand, recent tests w ith a turbine fuel which 
happened fortuitously to  have a high octane num ber did, nevertheless, give 
a  particularly  clean and short flame, so th is illustrates the uncertainties of 
the turbine fuel problem a t the  present tim e.

There is only one point on which I  would beg to  disagree w ith D r Williams 
and th a t is his apparent advocacy of wide-cut distillate fuels which, I  would 
point out, will have a flash point in the region of 0° F  or — 18° C. I  feel very 
strongly th a t it will be extrem ely unfortunate if we do no t take  the oppor
tu n ity , now th a t it is laid before us, to  standardize th e  use of w hat would 
undoubtedly be a much safer fuel, namely, one corresponding to  kerosine 
w ith a flash point of, I  suggest, not below 100° F . Anyone who has studied 
the recent crop of accidents to  air liners m ust have been impressed by the 
fact th a t in several instances most, if no t all, the  passengers would have 
survived if they  had not been b u rn t to  death  by th e  inevitable petrol fire 
which follows the rup ture  of the fuel tanks and the  dam aged aircraft being 
immersed in a cloud of highly inflammable vapour. Typical examples 
of th is were the recent Spencer Airways’ crash a t  Croydon, th e  American 
Constellation crash near Shannon, the  Belgian DC-4 crash near Gander 
and the French D akota crash a t Le Bourget last Septem ber. On th e  other 
hand, it is significant to  note th a t a m ajority  of the  passengers survived in 
the recent D akota crash in K en t where there was no fire because the aircraft
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had run  out of petrol, and the British D akota crash near Oslo some months 
ago, where by some freak of chance fire did not follow the crash. I  also 
recall a  crash a t  Hatfield about two years ago when a Vampire flown by 
one of the De Havilland tes t pilots skidded along the ground for two or 
three hundred yards and came to  rest with the wrecked cockpit and the 
pilot completely doused in the kerosine fuel, but the  fire which would have 
followed with petrol did not occur and the pilot was uninjured except for a 
few cuts and bruises.

I therefore pu t forward a plea th a t , we should here and now decide to 
follow the straight and narrow path  of insisting on the safest fuel possible 
for all turbine-powered passenger-carrying aircraft and resist the tem ptation  
to  follow the easy downward pa th  of adopting the volatile and more 
inflammable fuels just because they might be more easily available and 
happen to  simplify one or two problems, such as cold starting and high 
altitude blow-out; in fact, I  would go so far as to  suggest to  the Air R egistra
tion Board th a t they should refuse to  grant a .certificate of air-worthiness 
to  any turbine-powered passenger-carrying aircraft unless its fuel has a 
minimum flash point of, say, 100° F.

I  do not agree th a t the problem of supplying the necessary quantities of 
fuel in the kerosine range will by  any means prove insuperable, or even 
difficult. Exactly  parallel forecasts were made a t a Meeting of this Society 
in February 1937, when the gravest misgivings by certain authorities were 
then expressed a t the proposal to design engines to require w hat they called 
“ a theoretical type of fuel,” namely, 100 octane petrol, which they con
tended would never be available in adequate quantities in tim e of war. 
I f  these authorities had been listened to  then, and R.A.F. Fighter Command 
had had to  fight the B attle  of B ritain on low octane fuel, the result of th a t 
critical battle  would probably have been very different.

The growth in the demand for. kerosine type turbine fuel is likely to  be 
gradual, and it  m ay quite possibly coincide with some reduction in the 
demand for this class of fuel for other purposes, such as illumination or 
tractors. I  am therefore of the opinion th a t the oil industry will find 
ways and means of coping with any peace-time demand th a t is likely to  
arise for civil aviation, and I  see no justification for any fears of a shortage 
and a consequent need to resort to fuel in the petrol range.

De  J . W. Dkinkwateb : I  agree in general with a number of the au tho r’s 
remarks regarding the problem of fuel and oil for the gas turbine. He is 
right in saying th a t, generally speaking, th e  gas turbine will operate on 
almost any fuel. I  consider th a t the difficulties arise when the turbine is pu t 
into the aircraft, in so far th a t it is the la tte r which imposes certain restric
tions on the fuel, and this should be borne in mind. Again, I agree w ith the 
author in saying th a t the supply potential of any particular type of fuel 
must be remembered, but, on the other hand, we m ust not allow ourselves to 
be deceived th a t this is the fuel we are going to  get ra ther than  the type of 
fuel we would really like. This, of course, brings up the  question of safety, 
but it is very difficult to  say how safe these low volatile fuels are. So far, 
all our experience has been with fuels of the high volatile type and, of course, 
we rely on experience gained from the war. Can anybody say, from the 
mishaps which Mr Ogston has mentioned, ju st w hat would have been the



difference in the nature  of these crashes if a lower volatile fuel had been used ? 
I  agree th a t, from the physical characteristics of the fuel, a low volatile fuel 
should be safer in so far th a t there is a lower ra te  of diffusion of the  inflam
mable vapour round about the aircraft, bu t I  still feel th a t th e  answer to  the 
problem will no t be obtained until e ither there are some full-scale crash 
experim ents carried out (laughter) to  te s t these low volatile fuels, or—and 
he hated  to  make th a t suggestion—there was another war to  get the same 
evidence w ith regard to  low volatile fuels as we have on high volatile 
fuels.

In  Fig 15 the ignition tim e lag in seconds is compared w ith the surface 
tem perature, b u t I  feel th a t the surface tem perature is ra ther low, or 
ra ther, if  th is diagram  was extended to  tem peratures corresponding to 
something of the order of the tem perature of exhaust pipes or turbine discs, 
I  am  not sure whether the  kerosine would show very  m uch advantage 
over the  gasoline. I  agree th a t a t  a tem perature of 70° or 80° C, or up to 
those tem peratures, kerosine shows some advantage, b u t i t  is necessary to 
ascertain how the fire started . A fire is usually started  by some inflam
mable m aterial becoming ignited and then  igniting a general envelope of 
fuel m ixture round about the  aircraft, in  which case the low volatile fuels 
would probably give a quicker source of ignition th an  high volatile fuels. 
On the other hand, the volatile fuels will give a large envelope of ignitible 
vapour, and it is therefore very difficult to  say how safe one fuel is compared 
w ith the other. I  would like to  hear more views on th a t particu lar point.

I  cannot help feeling th a t the problem of filter clogging has been given 
undue prominence. Fig 1 gives the  w ater solubility of various fuels against 
tem perature, and shows th a t gasoline is really a little  worse th an  kerosine, 
and yet, referring to  experience during the last war, there are very few 
instances of filter clogging due to  freezing. The only ones I  can remember 
are those in which fuel coolers had been placed in th e  fuel system  to lower 
the fuel tem perature w ith a view to  overcoming vapour lock. T hat pre
caution will no t be necessary w ith a kerosine type of fuel on account of the 
lower vapour pressure, and therefore the  problem of filter clogging is not 
quite so im portant as the  au thor has indicated.

W ith regard to  the  au tho r’s suggestion th a t th e  possibility of ice form a
tion could be overcome by the addition of |  to  1 per cent, of isopropyl 
alcohol to  the  fuel, here again I  would draw  on the  last w ar experience. 
In  order to  overcome the  problem of freezing in th e  carburetter, 5 or 6 per 
cent of ethyl alcohol was added to  the  fuel but, if only, say, 3 per cent was 
added, there was trouble due to  the  leeching out of the  alcohol and th a t 
was a bigger source of trouble th an  carburetter icing.

Finally, on the question of detonation I  would like to  hear more.

D r  K . E. W. R id l e r  : The paper surveys in a very comprehensive 
m anner the work which the  au th o r’s laboratory has been carrying out on 
the  development problems associated w ith th e 'fu e l and lubricating oil 
requirem ents of turbine engines for aircraft. I  would like to  do no more 
th an  focus a tten tion  on the  background against which th is work had to  be 
viewed and to  underline the rem arks made by D r W illiams on safety and 
availability.

One rapidly acquired the point of view th a t, because a  specification
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existed, there m ust necessarily have been logical reasons and data  to  support 
the  writing of allots clauses, bu t i t  is forgotten th a t even in the best cases 
the experim ental work is concentrated on the limiting factors and the  re st 
is filled in a t convenience. Even with the specifications for fuels for reci
procating engines a t th is stage of their existence, one would, I  th ink, be 
hard p u t to  it to  sustain by experimental evidence the necessity for some of 
the actual figures. The present specification for turbine fuels m ust he 
looked a t in the  light of the situation which existed when it  was w ritten. 
At th a t tim e very little development work had been carried out on any of 
the  turbine engines now in service or under development, and the specifica
tion was an a ttem pt to  do no more than  write down on paper the fact th a t 
people concerned had been using-the then current supplies of burning oil 
available in  the  U nited Kingdoin during war time. Whereas in norm al 
times specifications are w ritten with one eye on the supply situation, the 
aviation kerosine specification was, in fact, w ritten w ith both eyes on the 
then  existing available stocks, and we have therefore reached the position 
in which the engine development has taken place on a fuel arbitrarily  chosen 
a t a  tim e when all the emphasis was being placed on short-term  supply 
considerations, and without any thought about the  possible implications 
of wide use of these engines in m ilitary or civil operation. The only 
lim itation from the point of view of engine operation, viz. aromatic content, 
was included, if my memory serves me, because of test results with an engine 
now obsolete.

I t  is unfortunately true  th a t one cannot see the possibility of kerosine 
becoming available for a  good m any years for use on the scale of, say, 
100-octane fuel in the last war, and it  is as well th a t we should, in realizing 
this fact, remember th a t the specification was not “ heaven sent.” The 
use of kerosine for these engines has been considered desirable by  m any 
because it has been regarded as a safer fuel th an  petrol. W hen one con
siders the enormous effort and the long tim e required to make kerosine 
available in the necessary quantities, the probable need for building large 
“ shadow ” refineries to  enable the “ tap  ” to  be turned on quickly if an 
emergency arose, and the difficulty of finding outlets for the  enormous 
quantities of other products which m ight accompany the large production 
of additional kerosine, it  would appear th a t the protagonists of the “ kero
sine for safety ” view should be asked to  evaluate the significant fuel 
characteristics from the point of view of fire risk in full-scale experimental 
work and to  determine how far away from petrol one m ust move in these 
particular characteristics to  achieve a degree of safety in keeping with the 
effort involved in obtaining a fuel in sufficient quantities. D r Williams has 
mentioned the possible significance of volatility, flashpoint, and self- 
ignition tem perature, and although he - quotes laboratory experim ental 
results which are extremely interesting and provide certain pointers, we 
must all realize th a t full-scale results will have to  be obtained before any 
opinion could be finalized.

For myself, I  believe th a t so far the proponents of “ kerosine for safety ” 
have singularly failed to  prove th a t one m ust have th a t fuel for the 
requisite degree of safety, and th a t, pending some substantiation of their 
case, it will be as well to  arrange for turbine engines to  use a fuel which 
can be obtained in sufficient.quaritities to cope with any eventuality.



M r  W. A. P a r t r id g e  : W ith reference to  D r W illiams’ rem arks on the 
influence of hydrocarbon composition on cloud point, it is instructive to 
examine the published da ta  for the  melting points of the  hydrocarbons. 
I t  is evident*tiiat the m ajority  of hydrocarbons boiling up to  about 180° C, 
had melting points below —60° C, the few exceptions comprising benzene, 
cycZohexane and the  norm al paraffins from C8 upwards. Above 180° C, 
hydrocarbons w ith low m elting points are to  be found in the following 
classes : ¿soparaffins, naphthenes with isoparaffin side-chains, and mono- 
alkylbenzenes. The norm al paraffins soon become solid as the boiling 
points increase, e.g., tetradecane boiling point, circa 250° C, has a melting 
point of 5-5° C. Even the isoparaffins above Cl8 appear to  have melting 
points generally above —60° C.

The C5 naphthenes generally have melting points below —60° C, up to 
norm al octylcycZopentane, boiling point 235° C, and m elting point —45° C. 
Higher norm al alkylcycZopentanes are all relatively high in melting point. 
No d a ta  is available on the  higher isoalkylcydopentanes, bu t it  may be 
conjectured th a t m any of these will have low freezing points.

The C6 naphthenes are generally low in m elting point up to  normal 
heptylcydohexane, boiling point 240° C, m elting point —41° C. Such 
da ta  as are available suggest ra ther high m elting points for the  m ajority 
of the higher alkylcydohexanes.

D ata  are very scanty for other naphthenes, bu t cydoheptane and cyclo- 
octane have melting points round about 0° C, w hilst the  higher cyclo- 
paraffins w ithout side-chains are solid a t  room tem perature.

W ith regard to  the arom atics, the  monoalkylbenzenes generally have 
low melting points up to  norm al octylbenzene, boiling point 260° C, melting 
point —45° C, bu t the polyalkylbenzenes tend  to  have higher melting points, 
e.g., hemimellitene has a boiling point of 176° C, and a freezing point of 
—25° C, and the 1 : 4-diethylbenzene a boiling point of 183° C, and a 
melting point of —35° C.

The dicyclic hydrocarbons generally show high m elting points, whilst 
the  olefins follow fairly closely the  characteristics of the  corresponding 
sa turated  compounds.

I t  would therefore appear th a t in the  event of i t  being necessary to 
produce a kerosine type aero tu rb ine fuel of low freezing point, the  petroleum 
industry  will be forced into the position of segregating or m anufacturing 
fuels predom inating in isoparaffins, naphthenes w ith isoparaffinic side- 
chains, and monoalkylbenzenes. In  other words, we shall be m anufacturing 
fuels of a higher boiling range, bu t close in hydrocarbon composition to the 
present aviation fuels for piston engines. H aving regard to  the  past record 
of the petroleum  industry there is some reason to  suppose th a t, given time, 
the industry  can produce such fuels in adequate quan tity , b u t a t a price 
probably around th a t of the present 100/130 aviation fuel. The whole 
question of acceptable cloud point of aero turbine fuels m ust therefore be 
closely studied in an effort to  avoid following the lines of developm ent of the 
piston engine which had resulted in the use of “ tailor m ade ” fuels. I t  will 
indeed be a p ity  if the gas turbine is not developed to  use cheap and widely 
available fuels.

In  connexion with this question of acceptable cloud point, such d a ta  as I 
have been able to  obtain shows th a t the lowest possible tem peratures of
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the  atmosphere vary  from about —80° C over the equator to something of 
the order of —50° C tow ards the poles. These tem peratures occur above 
approxim ately 40,000 ft, i.e., in the region of the stratosphere. Therefore, 
there appears to  be no particular virtue in either of the cloud points so far 
specified, viz. —60° C and —40° C.

• I  would like to  sound a note of warning regarding the use of aromatics to 
depress cloud points. A t Sunbury we have found th a t the aromatics 
appear to have “ blending ” cloud points around —70° C. For example, 
it is found th a t 30 per cent of toluene, melting point —95° C, is required to 
depress the cloud point of a kerosine from —56° C to  —60° C, i.e., the 
apparent blending cloud point of toluene is —75° C. Similar results have 
been obtained w ith other arom atic materials.

Finally, D r Williams has mentioned the possible use of pour point 
depressants in aero turbine fuels. At Sunbury we have examined three 
such materials and have found, as might be expected, th a t these do not 
affect the cloud point in any appreciable manner.

M r E. A. E v a n s  : There is very little I  can say about the oil because it 
seems to  be controlled by the one factor which has been imposed, namely, 
the low tem perature conditions. I f  it is intended to  lim it the pour point 
to  —40° C or perhaps —60° C, then it  appears th a t there is only one oil 
available for the job. I f  th a t be true  there is nothing more to  be said. 
I  am rather curious to  know whether the safe limit of the film strength is 
equal to th a t of the 2472B oil. I f  th a t is a fact, it is not very high. Con
sequently, it should not be very difficult to  raise the film strength of 44D 
to th a t value with the aid of an additive. I  am not sure th a t th a t is 
precisely the actual sta te  of affairs, so perhaps Dr Williams can tell us a 
little  more about it.

The author passed over very quickly and, if I  might say so, very modestly, 
his reference to  the Institu tion  of Automobile Engineers gear-testing 
machine. T hat machine was developed a t the Research'Laboratory of the 
Institution of Automobile Engineers when it was under the jurisdiction of 
Dr Williams, and no doubt he had an affection for th a t machine; or it 
might be th a t Dr Williams used th a t machine because it was given to  him 
without charge, or he felt th a t he m ust use it  in deference to  the suscepti
bilities of the M inistry of Aircraft Production. Be th a t as it m ight be, 
the fact remains th a t th a t machine is hardly suitable for the particular 
problem which is facing Dr Williams and his colleagues a t the present time. 
I might mention, in passing, th a t this machine has been developed into a 
more robust brother in the Motor Industry  Research Association Laboratory.

Reference has been made in the paper to the chemical activity  of the more 
active additives. I  am wondering whether we are not getting just a little 
out of phase with reality  and whether we are not becoming too fussy about 
the staining of copper. I  th ink  we have garnered a  good deal of th a t 
inclination from our American cousins who had to  comply with various 
specifications for extreme pressure lubricants in hypoid gears. From the 
curves it appears to me th a t as the tem perature is lowered the activity  is 
very much reduced, so we are dealing with a m aterial which does not have 
any, or a t m ost very little, activ ity  a t very low tem peratures as the gears 
spend m ost of their life a t high tem peratures, when copper staining can



occur, th e  objection to  slight staining seems to  be reduced. Those who 
have anything to  do w ith E .P . additives know th a t  the  additive should 
s ta in  a t  a  tem perature in the  neighbourhood of 240° F. Therefore they 
depend on some staining or chemical activity . I have seen active E .P . 
additives used in conjunction w ith bearings having copper or cuprous 
cages which, of course, did stain, b u t no harm  resulted. They have gone 
on perfectly merrily so perhaps we are getting a little  too fussy.

I  would like to  ask D r W illiams how his colleagues managed to  measure 
th e  viscosity index of 44D ?

M r  E .  T h o r n t o n  : I  should like to  comment on the suggestion made by 
Mr Ogston th a t we should lim it ourselves to  safe fuels. We m ust surely 
guard against losing our sense of proportion when confronted with the 
question of fires in crashed aircraft. We have to  remember th a t the whole 
developm ent of motoring and of aircraft as we know them  to-day would 
have been impossible if we had started  from the  viewpoint th a t only safe 
fuels m ust be used. There is no inherently safe fuel, except one which will 
not burn  a t all and th a t will be of very little  use in  the engine !

I t  is tru e  th a t kerosines, by  v irtue of lower flash point, will have less 
tendency to  vaporize a t once but, as D r Williams has shown, other features 
of fire hazard are more m arked with kerosine th an  w ith petrol. W e should 
develop our fuels and our je t engines together, w ithout undue regard to 
aircraft crash fires, and simultaneously develop m ethods of fire prevention 
and fire fighting, which are the  province of th e  fire engineers.

The incidence and spread of fire depends on other factors th an  the flash 
point of the fuel (indeed, fires have occurred w ith kerosine-type fuels) and 
m ethods of preventing and com batting fires, such as th e  use of methyl 
bromide, w ater fog, carbon dioxide, etc., will be necessary w hatever fuel is 
used and can be made to  deal w ith petrol if they  can be made to  work 
a t  all.

We m ust keep closely in mind th a t we are developing je t engines and jet 
fuels and concentrate on these points unham pered by considerations which, 
as stated , belong to  the  province of fire engineering.

M r H. G. S p e n c e  : The lubrication side seems to  have been comparatively 
neglected in th e  discussion so far. The m ost im portan t po in t in  th is con
nexion is the tem perature of the  oil, and the problem, as usual, has been 
throw n back on the  petroleum  technologist to  develop an oil which will do 
absolutely everything th a t is asked of it. The oil technologist will be 
considerably helped in the present case by a simple mechanical a lte ra tio n ; 
if the oil cooler is placed between the filter and th e  feed to  th e  gears it  should . 
be possible to  control the  tem perature of the  oil in  the  gearbox either by a 
by-pass valve or some sort of baffle controlling the air stream  flowing past 
the cooler. The tem perature of the  feed to  th e  turbine bearings could 
probably also be controlled by the same system. I t  is a  m atte r of making 
adjustm ents to  obtain the correct sta te  of therm al equilibrium  under flight 
conditions, and I  th ink  th a t th is m ight be done more conveniently on the 
aircraft in service, th an  on the test-bed or in th e  wind tunnel. By a little 
experimenting the tem peratures to  bearings and to  th e  gearbox m ight be 
adjusted to  the  optim a, giving the best viscosities for each component.
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M r  R. B. G o d f r e e  : W ith regard to  lubrication the importance of 
complete rig testing of a lubricant can not be over-estimated. Many 
engines are being developed and bench-tested on lubricants which are 
unsuitable for high altitudes unless protected by lagging and heaters, and 
it is a big step for th e  engine builder to  change from these lubricants to  
lighter oils of adequate low tem perature properties w ithout definite 
indication of the general performance of these oils in the engine.

I  fully endorse D r W illiams’ rem arks with regard to  bearings. The 
testing of ball bearings is a very elusive subject. In  practice, a sudden 
increase in loading in flight manoeuvres, as, for example, gyroscopic loading, 
might, in conjunction with the high tem peratures to  which the turbine 
bearing is subjected, make the bearings rather critical of the load carrying 
quality of the oil, although in normal operation anti-friction bearings do 
not appear to  be particularly dependent on the kind of lubricating oil used.

The lubrication of reduction gears of the propeller turbine is undoubtedly 
of major importance. The development of lubricants to  w ithstand the 
high surface pressures encountered in these reduction gears in itself presents 
no m ajor problem. Additives of the sulphur chlorine type and others are 
already in existence which should promote the load carrying capacity of 
lubricants to  an extremely high range—in m any oases well outside the range 
of loads which the I.A .E. gear machine can apply. However, it is not only 
the E .P . properties of the lubricant which counts, as Dr Williams has pointed 
out. I t  is this property in conjunction with low pour point, high viscosity 
index, anti-oxidation, anti-corrosion, and stability over long periods of use, 
which are of importance and which collectively can be more fully developed.

My own laboratory tests have also shown th a t the scuffing load of straight 
mineral oils increases with the viscosity of the oil as the tem perature is 
reduced and th a t of doped oils shows a m arked tendency to  fall off. The 
viscosity effect in the case of doped oils appears thus to  be relatively minor, 
and the disparity between the physical viscosity effect of the base oil 
and the chemical effect of the additive will increase w ith a greater con
centration of additive and w ith additives of greater chemical activity.

I t  seems, therefore, th a t in these circumstances the numerical load- 
carrying capacity of an oil in the gear machine a t low tem peratures is of 
more value to  the engine designer than  the relative rating of oils a t an 
arbitrary  tem perature.

Finally, whilst the I.A .E. gear machine has its limitations, nevertheless 
until the importance of higher sliding velocities and higher surface pressures 
in changing the relative order of m erit of lubricating oils have been estab
lished, I  would say th a t it  is a basically sound test apparatus th a t has 
played a definite part in the development of gear lubricants in the past and 
will continue to  do so for some tim e in the future.

M r  T. T h is t l e t o n  : I  would like to make a few remarks about the I.A .E. 
gear-test machine, as I  have been concerned with the operation of both 
units a t Esso European Laboratories on behalf of In tava  Ltd.

Since testing was begun with the first of these, well over two years ago, 
several hundred tests, have been completed, in the course of which con
siderable experience of this kind of test has been gained. Throughout, our 
greatest difficulty has been test gears. Our requirements for precision are



of a high order and, for the benefit of those not directly concerned w ith the 
I.A .E . machine, I  would like to  m ention th a t, a t  a meeting held th is 
afternoon, we spoke of tooth  profile modification in term s of ten ths of a' 
thousand th  of an inch.

We find th a t, using gears carefully selected on the basis of profile measure
m ents, we can obtain reproducible results, bu t th is profile selection is a 
relatively laborious and costly process.

I t  is therefore encouraging to  find th a t, in general, our results agree with 
those given by D r Williams. I t  is more th an  a year since we established a 
relation between scuffing load and lubricant viscosity. We found th a t, for a 
series of undoped oils ranging in viscosity from about 2 to  26 cs a t  the test 
tem perature of 90° C, there was a linear relation between the square root 
of the  scuffing load and the viscosity. The H ertz stress between the gear 
tee th  is also proportional to  the square root of th e  too th  load per un it face 
w idth. So it  appears th a t there is a relation between surface stress a t 
failure and lubricant viscosity. I  suggest th a t if D r Williams plots his 
figures for undoped oils in a similar way, he m ay find a linear relation.

We have also done some tests on the effect of oil inlet tem perature on 
load-carrying capacity. We have noted a  similar effect to  D r W illiams’ ; 
finding th a t the load-carrying capacity of undoped oils is appreciably 
increased by reduced tem peratures, whilst there m ay be a serious decrease 
for doped oils. Covering a wider range of tem peratures th an  D r Williams 
has reported, we have noticed a tendency for the failure load to  increase 
over a certain range of tem perature reduction before falling off towards still 
lower tem peratures. This suggests th a t there is an optim um  tem perature 
a t which the load-carrying capacity will be greatest, presum ably this will 
occur a t a point where the effect of increased viscosity is not overshadowed 
by reduction of the  chemical activ ity  of th e  additive.

I  cannot bu t agree w ith D r W illiams’ rem arks regarding the I.A .E . gear- 
tes t machine, both in criticising it  and in suggesting th a t the results are not 
misleading. We are interested in developing a  te s t for turbine lubricants 
which is nearer practice. One obvious requirem ent is higher speed and it is 
doubtful whether the gear machine can be m ade to  operate safely at 
sufficiently high speeds to  correspond w ith conditions in tu rb ine reduction 
gears. However, any increase of operating speed m ust be regarded as a 
step in the right direction. I t  will be difficult to  bring any single gear test 
very close to  practice as the reduction gears used are of a t  least two types, 
namely, simple spur and spur epicyclic, and the individual gears cover a 
relatively wide range of pitch, size, and speed.

Mr Evans has suggested th a t the I.A .E . 5-inch centres gear machine 
would be more suitable for testing turbine lubricants. I  disagree with 
this, as I  do not th ink  th a t th is machine has nearly such great possibilities 
for operation a t high speeds as the  smaller 3- and {-inch centres machine, 
since it  has large shafts w ith heavy universal joints.

M r E. H. W a r n e  (speaking also for M r L a w r e n c e ) : W hilst D r Williams 
and other people have indicated th a t the gas turbine would burn  almost 
anything—and although th is is very nearly true—great difficulties are 
encountered when an a ttem p t is made to  burn these general types of fuel.

I  am surprised th a t D r W illiams favours volatility as th e  cause of loss of
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combustion efficiency. My experience had been th a t the major factor 
appears to  be viscosity. Since viscosity and volatility seemed to  go hand 
in hand, it is difficult to  distinguish their effects, bu t it is possible to  reduce 
the effect of viscosity to  negligible proportions by different designs of 
burner. There is no doubt a certain effect due to  volatility, but, in general, 
this appears to  be completely drowned by the viscosity effect. The major 
difficulty in overcoming viscosity with regard to  atom ization is the fact 
th a t w ith the  gas turbine a very large range of flow is required and w ith a 
simple type of burner this necessitates the use of exceedingly high pressures. 
U nfortunately, spill burners have their shortcomings which make them  
difficult to  use on aircraft engines, bu t duplex burners are in use.

There is a small point with regard to  the effect of w ater on the fuel 
system. I t  is stated  in the paper th a t the pump design originally included 
sliding parts whose movement was small and occasional and th a t the 
moisture content caused them  to  stick. These sliding parts were, of course, 
incorporated in separate components in the fuel system and are not part 
of the pump a t all. They are the B arostat (or Altitude Control Unit), 
Lubbock Burners, and the Throttle Valve. All three have now been 
replaced by components which have no such sliding parts. The elimina
tion of sliding parts is also beneficial from the standpoint of d irt causing 
sticking. I t  has been found th a t particles far too fine to  be removed by 
any type of filter tended to  collect and build up round the fine clearances 
and cause sticking. I f  there are sufficient forces available, it should not 
m atter, bu t in these cases the forces are very small.

W ith regard to  lubricants, there isr the question of aeration or frothing. 
Has Dr Williams found any trouble due to  this cause, and if so, w hat did 
he do to overcome it ? I believe there has been quite a lot of trouble on 
ordinary aircraft engines due to  frothing of lubricating oils.

p
D r  C. G. W i l l i a m s , replying to the discussion : Mr Bass has asked w hat 

is the effect of volatility on the rate  of spread of flame in the event of a 
crash. The effect is a very close one. In  general, the higher the volatility 
the more rapidly will the flame spread, once ignition has occurred. W ith 
regard to  the possibility of air release from kerosine, as far a s lc a n  remember, 
the air solubility of kerosine is lower than  th a t of gasoline. I t  is necessary 
to bear in mind th a t gasoline m ight boil a t high altitude and this will result 
in the very rapid release of air and  accentuate vapour lock. In  the  case 
of kerosine, boiling will not occur and the fuel m ay become super-saturated 
with air, which may be released a t the booster pump, if one is fitted.

Some influence of gear m aterial on the effectiveness of oil additive has 
been noted, bu t closer investigation is required to confirm the m agnitude of 

lie such effects.
Klif The remarks of Mr Ogston indicate th a t he is very much in favour of a

safer fuel and, of course, if it is possible to have a “ safe ” fuel along with the 
other properties, all the better. Unfortunately, with some “ safe ” fuels 

| ¡0 there are technical difficulties. I t  is not easy to  get a low freezing point
juij; and, in general, they have a high viscosity a t low tem peratures. However,
a n> with further engine development it may be possible to  use fuels of the gas
fuel oil variety.
)SS()1 As regards full-scale crash experiments, hinted a t by Dr Drinkwater, I



understand th a t such tests are under consideration in the U nited S tates, so 
th a t the  suggestion is not so farcical as it m ight a t first appear. As to  filter 
clogging, I  do not wish to  over-emphasize its im portance. I  have referred 
to  it in the paper as a possibility— a possibility which has to  be considered 
in view of the emphasis on the low-tem perature requirem ents of th e  gas 
turbine, particularly  when engines are shut down a t altitude. In  addition, 
the gas turbine requires a high degree of filtration of the  fuel which will 
accentuate filter clogging. I  agree with D r D rinkw ater th a t isopropyl alcohol 
will leach out of the fuel in the presence of water. D r D rinkw ater has 
also asked if there is any evidence of detonation having occurred. All I 
can say is th a t there are well-authenticated cases of very violent explosions 
which have been sufficient to  disintegrate the  very heavy valve a t the 
outlet of a single-cylinder com bustion chamber installation.

I  do no t th ink  I  have any comments to  make on D r R idler’s observations, 
b u t would add th a t from w hat I  have heard there have been kerosine fires’ 
bo th  in America and in B ritain  following the  crash of gas turbine aircraft. 
In  o ther words, the  use of kerosine does no t elim inate the  fire possibility.

I  thank  Mr Partridge for the data  he has given, which calls for no 
comment.

Reference has been made by Mr Evans to  the effect of additives. I t  is 
possible to  get film strengths with doped 44D oil which are considerably 
greater th an  those obtained w ith an  undoped 2472B oil, th e  la tte r being 
assumed to  be the “ ta rg e t.” The types of additives used are, of course, 
relatively mild. Mr Evans has also referred to  the I.A .E . gear-testing 
machine and queried its suitability. The answer is th a t th is was the only 
machine available and it  has been used by a t least one prom inent engine 
m anufacturer for quite a long time. As far as I  know, th a t particular firm 
thought the  machine gave results of significance.

I t  has also been implied by Mr Evans th a t there is too m uch nervousness 
about the  corrosivity of these additives. I  do no t th ink  we are worried 
about the  staining of copper, bu t we do worry when additives gave rise 
to  bearing failure. T hat has happened w ith an oil containing an additive 
which attacks the cage and gives rise to  pick-up between the  balls and the 
cage. This resulted in the destruction of the  bearing, an extrem ely serious 
occurrence in a turbine engine.

Reference has also been made by Mr Evans to  th e  effect of low tem pera
tures on E .P . additives. Tests have been carried out on the I.A .E . machine 
in a cold room down to —40° C. U nder certain  conditions there is a 
serious loss of E .P . strength.

I  th an k  Mr Thornton for his comments, w ith which I  agree.
I  do not th ink  th a t the system  m entioned by Mr Spence, in  which load- 

carrying capacity of a light oil is m aintained by cooling it  instead of by 
doping it, will necessarily work since, as shown by Fig 23, a reduction in 
tem perature does not always result in an increase in  film strength.

I  th an k  Mr Godfree for his rem arks, w ith which I  agree.
Mr Thistleton’s comments on the effect of tem perature on load-carrying 

capacity are very interesting.
Finally, Mr W arne suggests th a t I have implied in the  paper th a t the  gas 

turbine will burn  alm ost any fuel. As a m atter of fact, I  have no t implied 
t h a t ; far from it.

318 W ILLIAMS : FU ELS AND LUBRICANTS FOR AERO GAS TU R BIN ES.



DISCUSSION. 3 1 9

The relative influences of fuel viscosity and volatility are difficult to  
separate, bu t the particular results given in the  paper seem to suggest 
th a t volatility is the  more im portant, but I  quite agree th a t under other 
conditions, particularly  a t  low tem peratures, and with heavy fuels, such as 
gas oil, the  viscosity effect takes control. I  have not heard of any trouble 
due to  aeration of lubricants on turbine engines, bu t presume it can be got 
over in exactly the same way as it  has been overcome in other types of 
aviation engines, viz. by the use of one of the silicone dopes.

The Chairman, referring to  kerosine fires in connexion with je t machines, 
said : W hen I  was a t  the Ministry there was a definite fire. There was no 
doubt about it, bu t the cause was not apparent from an exam ination of 
the wreckage. Afterwards, however, i t  was found not to  be so serious as a 
petrol fire.

W ith regard to  gears, when I  last had anything to  do with them , in con
nexion with turbines, everybody went about the design of them  light- 
heartedly and chances were taken. I f  the frequency of meshing is lowered 
on a single reduction gear oh a piston engine there are chances of tooth 
deflection, bu t a t the  high ra te  of meshing on the high-speed end on a 
turbine gear, th a t does not occur. Indeed, a sort of construction is arrived 
a t th a t follows almost infinitely Young’s modulus, which does not mean a 
thing, so far as I  can see. I t  is possible to  make safer gears for turbines 
and I  th ink there will be either a single helical or a double helical gear w ith a 
high-speed tra in  running on the final drive.

In  conclusion, I  propose a cordial vote of thanks to  D r Williams for his 
excellent paper, which is a classic and which will be a most valuable work 
of reference for others to  s ta rt upon.

The vote of thanks was cordially given.

W r it t e n  D is c u s s io n .

E d w a r d  P. H a w t h o r n e  : B oth in the lecture and the  discussion, strong 
emphasis was laid on th e  desirability of using some fuel other th an  kerosine, 
chiefly owing to  its poor supply position. I  noted, however, th a t there is 
some difference of opinion as to  whether the  alternative fuel should be a 
fighter or heavier fraction th an  kerosine; the fighter fuels being easiest to 
produce, bu t the heavier fuels having greater fire safety.

From  the standpoint of engine operation, a fighter fuel requires th a t the 
fuel system m ust be specially lubricated, increases the  fire hazard and the 
possibilities of vapour locking, bu t should improve starting  characteristics. 
A heavier fuel would have increased coking characteristics, bu t no 

oft; mechanical disadvantages.
However, I  would point out especially the advantages, particularly on a 

propeller gas turbine, which would accrue from the use of a heavier fuel 
which could first be passed through the gearbox and bearings as a lubricant, 
and finally burn t in the combustion system as a fuel. Such a product
would enormously simplify the engine designers’ and operators’ problems 
by eliminating quite a few of the  accessories which festoon modern aircraft 
engines. Thus it  would be unnecessary to  have oil pressure and scavenge 
pumps .with their drives, therm om eters and tem perature and pressure



gauges; oil coolers w ith their tem perature controls, air ducts, flaps, and 
flap con tro ls; oil filters and all the oil p ip ing ; or th e  oil tan k  w ith its  
negative “ G ” devices and quick-rclease fillers, etc., representing in all 
some 10 per cent of the  weight of the complete engine. Against th is saving 
would have to  be set the effects of a 40° C tem perature variation of the fuel 
passing through the metering unit, and the increased production cost, which, 
of course, would be reduced as the dem and increased.

Fig 22 of the paper shows th a t w ith the  inclusion of a suitable additive, 
oils of quite low viscosities can be persuaded to  carry as high loads as the 
more conventional lubricants, so th a t the  production of a single product, 
w ith the  characteristics of good combustion as a  fuel and of high load- 
carrying capacity as a lubricant, does not seem to  be incapable of solution.

K e n n e t h  C. H u n t  : This paper gives welcome emphasis to  the  fact th a t 
w hat m ay be term ed the  “ fuel problem ” associated w ith the gas turbine 
engine is, for the present, alm ost entirely physical in nature, and th a t the 
basic physical requirem ents in term s of viscosity, freezing point, volatility, 
etc., m ust be settled before the  secondary work of tackling the hydrocarbon 
variants in th e  desired physical range can be started .

D r W illiams makes a  case for the  use of a wide range distillate, bu t it is 
possible th a t his championship of such a fuel is coloured by the fact th a t it is 
readily available a t  the present tim e.

I t  is unarguable th a t a t any given stage of the developm ent of an  engine 
the technical fuel requirem ent m ust be considered in term s of immediate 
fuel availabilities, in the  light of anticipated  civil and m ilitary requirements. 
On th is basis, grade 100/130 gasoline or a  wide range distillate of the JP2 
type would seem to be the only fuels available im m ediately in adequate 
quantities for large-scale operations. I  do no t believe, however, th a t this 
is any reason for believing th a t fuel of the  JP 2  type is fundam entally the 
m ost desirable. I t  is open to  severe criticism in th a t it  makes the worst 
of all worlds in providing an explosive m ixture in the  free space in the fuel 
tanks under alm ost all a ttainable conditions of a ltitude and tem perature, 
and although inert gas dousing of the  tanks will reduce explosion risks, it is 
only a t the expense of a severe weight penalty .

The fact th a t a wide range distillate m ay be used as the  immediate 
aviation turbine fuel on the  score of availability and other virtues, does not 
m ean th a t the  development of w hat are fundam entally more suitable fuels 
should not be pursued. In  the  advent of th is new aircraft prim e mover we 
have a golden opportunity  to  do something to  make flying safer, and I 
believe th a t everything possible* m ust be done to  develop : (a) A fuel of 
150° F  minimum flash point and a t  least a  —40° F  freezing point, and
(6) Burner systems capable of handling such a fuel.

A minimum flash point of 150° F  has been suggested, as providing an 
adequate margin of safety in tropical conditions under which the con
ventional 100° F  flash point kerosine m ay represent a border-line case as 
far as crash fire risk is concerned.

I t  is all very well for the  opponents of high flash fuels to  insist th a t those 
who support them  m ust prove their case and establish th a t such fuels are 
in fact safer : it  is m ost comforting if sufficient da ta  can be accum ulated 
on any project, so th a t the necessity of making a decision is removed by the
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weight of evidence and the course to  he followed becomes self-evident. 
However, very few worth-while advances are made in this way, and in the 
end it usually rests with a person, or group of people, to  back common 
sense and instinct. On this basis, it is subm itted th a t a heavy landing in 
which aircraft tanks are split and the"im m ediate crash area saturated  
with fuel is very much less likely to  result in a severe fire if 150° F  flash fuel 
is used than  if it is a wide-range distillate, and it is much more in the 
public interest and in the long-term interest of civil aviation generally th a t 
the protagonists of low flash turbine fuels should be made to prove th a t they 
are in fact as safe as the high flash, ra ther than  place the onus of proof of 
greater safety on the high flash school. The question of relative safety 
should in any case not come into the argum ent. I f  it  is reasonable to  
suppose th a t one fuel is only fractionally safer than  the other, then it  should 
be used. I t  cannot be argued th a t property and money are of more value 
than  lives.

A. W. P o t t ie r  : Dr Williams states th a t, for additive lubricating oils to  
work satisfactorily and prevent scuffing of the reduction gearing, there 
m ust be chemical layers upon rubbing m etal surfaces, and also th a t the 
operating tem peratures are between 125° and 150° C. The oil tem peratures 
may even rise to 250° C in the back turbine bearing when the engine is shut 
down, and heat soaks through to  this region.

Temperatures of 300° C are prophesied. I  th ink it would be very difficult 
to find an additive with a chemical structure where the extreme pressure 
elements, such as sulphur and phosphorus, are loosely combined and will 
decompose to form the desirable anti-weld layers on m etal surfaces and yet 
will be stable a t the tem peratures already mentioned and will not be 
corrosive to metals and form deposits in the gas turbine engine. Experience 
of additive lubricants designed for the gas turbine engine and studied in the 
laboratory a t a maximum tem perature of 120° C would indicate th a t these 
additives, which give the best results, both on the I.A .E. machine and in the 
gas turbine reduction gears, are not chemically stable a t this tem perature. 
Those which are therm ally stable have poor load-carrying properties.

I  would like to  know w hat experience Dr Williams has had in this respect 
and w hat he envisages for the future of an additive oil which must, to  satisfy 
other needs, be a low viscosity oil with a low pour test and yet m ust carry 
both a high-tooth loading in the reduction gearing and be chemically stable 
through a tem perature range of 125-300° C.

Although I  agree th a t, to  evaluate gas turbine additive oils more 
accurately, it is advisable for the I.A .E. machine to  operate a t higher 
speeds, my experience is th a t the  3J inch I.A .E. machine gives fairly 
reliable data, and I would not share Mr Evans’ criticism, bu t th ink th a t 
Dr W illiams’ statem ent “ the results are not misleading ” is a fair one.

C. D. S o l t z  : I t  would be an understatem ent to say th a t the gas turbine 
is still in a very embryonic stage of development, it therefore seems a 
little strange to note this stress on fuel availability. After all, no major 
power is in a position to  wage war within the next ten  years and if they did 
“ The Lamps of China ” would probably go out anyway. There would 
seem, therefore, very little point in sacrificing any technical advantage or 
delaying mechanical development a t the present time on this score.
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I t  m ay be th a t the  turbine engine will be omnivorous in its fuel require
ments, if so, it will be the great exception to  all things th a t “ go up in the 
a ir .” I t  seems, however, far more likely th a t when the engineers have time 
to  settle down to  “ gild the lily ,” and this will take about ten  years, the  type 
of fuel they will require and the availability thereof will be very different 
from the  present and will sort itself out accordingly.

There is nothing sure in th is world, bu t having been associated for three 
years w ith the  Accident Investigation Branch of the Air M inistry and seen 
numerous b u rn t aircraft and occasionally had the opportunity  to  ta lk  to 
survivors, it is m y view th a t aqyone who can believe th a t the high flash 
point characteristics of the present kerosine would not provide greater 
safety from ground fires in the sort of crash landing, which would not 
kill the occupants anyway, and should no t be regarded as the  minimum 
goal, is deluding himself and basing his delusions on back room, ra ther than 
on field experience.

W ith regard to  the type of oil th a t will be necessary, it  seems opportune 
here to  suggest th a t the  engine m anufacturers should a t  least indicate how 
they intend to  stop their engines in the  air, as a t the m om ent no tu rbo
je t installation could be stopped and  although , th e  feathering propeller 
m ay be satisfactory for some turbine propeller designs, the  free turbine 
type will probably require a brake and a mechanism for preventing rotation 
of the turbine compressor end.

Dr C. G. W illiams, in reply to  the  w ritten  discussion, said : Mr Haw
thorn  calls a tten tion  to  the advantages of using one hydrocarbon, such as 
gas oil, for both fuel and lubricant. This sounds attrac tive  for a je t engine 
bu t Mr H aw thorn recommends it for a propeller gas turbine, in which case 
the gas oil will have to  contain a suitable E .P . additive. W hile it  m ay be 
economic to  add an additive to  two or three gallons of lubricant, it is 
ex travagant and probably uneconomic to  add such a dope to  fuel consumed 
a t the ra te  of, say, 400 gallons an hour.

I  agree w ith Mr H un t th a t in general a high-flash fuel will be safer than  a 
low-flash fuel, and provided high-flash fuels of the  requisite physical pro
perties can be produced in adequate quantities and will run  satisfactorily in 
engines, I  am certainly in favour of them .

Replying to  Mr P o ttie r’s comments, I  do no t prophesy bearing tem pera
tures of 300° C, in fact it is to  be hoped th a t bearing tem peratures will, in 
general, be kept below 150° C. E .P . oils for operation a t  such tem peratures 
will be useful, a t least as an interim  measure, while th e  design of reduction 
gears undergoes further development.

The paper on “ Fuels and Lubricants for Aero Gas Turbines ” was also 
read by D r C. G. W illiams a t a jo in t meeting of the  South W ales branches 
of the In stitu te  of Petroleum  and the  In stitu te  of Fuel. This meeting 
was held in Swansea on March 12, 1947, when the Chair was taken  by 
Mr E. Thornton and the following discussion ensued.

Mr  J effries : Is there any explanation of the very surprising facts
given about the relative ease of ignition of petrol and heavy lubricants on 
hot surfaces ?
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Dn W illiams : This is due to  cracking, which occurs with the heavier 
hydrocarbons, producing reactive molecules.

Mr J .  G. P robert : Would the lecturer give his views on the question 
of axial flow v. radial compressors, as Commander W hittle had stressed 
the value of axial flow ?

Dr  W illiams : B ritain has, on the whole, adopted radial, and Germany 
axial, flow compressors. The attraction  of axial flow compressors is their 
smaller diam eter and greater efficiency, the objections being th a t the fine 
clearances are ap t to  be interfered with by dirt. My view is th a t the future 
lies with the axial flow compressor.

Mr  Stradling : W hat is the fuel cost per H .P. of je t engines ?

D r  W illiams : The therm al efficiency is about 18 per cent, bu t it runs 
on a cheaper fuel. A more definite answer cannot be given since it depends 
upon too m any variables, including the price of fuel.

Mr  E. S. Squire : In  the diagram of flame blow-out conditions there is 
an extraordinarily high air/fuel ratio beyond anything reasonable in 
combustion. W hy is this ?

Dr W illiams : Because it includes the tertiary  air which is a diluent 
after combustion. B ut the extinction occurs in a region where these 
ratios are much more normal. However, since the ratio of to ta l air to 
combustion air is roughly constant, it is convenient to graph the to tal 
air/fuel ratio.

Mr Squire : Inflam m ability measurements surely depend very largely 
on the apparatus ?

Dr W illiams : Yes, of course; kerosine tanks present a greater risk 
than gasoline tanks.

Mr  Squire : Pressure loss in the jets is said to depend upon the viscosity. 
Surely since all the flow will be turbulent, this is unexpected as it should 
be independent of the viscosity.

Dr W illiams : The swirl in the atomizer m ay be affected by viscosity, 
particularly a t low flows, although the bulk of the  pressure loss will be 
turbulent.

M r D. W. Thomas : I t  was stated th a t the physical characteristics of 
the fuel determine its efficiency. W hat influence will refining have, e.g., 
what about sulphur ?

Dr W illiams : I  had expected th a t question to  crop up in London, but 
it did not. Corrosion could occur with high sulphur and also the presence 
of sulphur seems to  affect adversely the adherence of carbon deposits. 
Sulphur on the whole is bad.

M r J . G. P robert : W hat is the future of the “ athodyd ” type of engine 
as used in flying bombs ?

Dr W illiams : I t  has great simplicity, bu t is not very efficient. I t  will 
probably rem ain chiefly for m ilitary use.



Mr  J ohnston : W hat is the fu ture of the  gas tu rb ine ?

D r  W i l h a m s  : Very considerable, because: (1) I t  requires no water
cooling ; (2) it has great sim plicity ; (3) servicing will be very e a sy ; (4) the  
weight/power ratio  is very good, about one-third th a t of other types.

M r I. Cameron : How is the  air/fuel ratio  m aintained a t high altitudes ?
D r W liliams : By a barom etric capsule giving compensation for lower 

air pressure.

M r H. W  Murphy  : How is a je t engine started  ?

Dr  W illiams : By an electrical s ta rte r and electrical ignition, the
cranking speed being 1300 r.p.m ., as against 30 to  40 for a piston engine.

M r Murphy  : Can icing troubles a t very high altitudes be avoided by
keeping the fuel warm, using the  heat of th e  engine ?

D r W illiams : Yes, bu t complications of th is kind are frowned on by 
designers.

M r E. Thornton : W ith regard to  hot-spot troubles, is no insulating
coat possible, however thin, which by preventing direct flame impingement 
will lessen the likelihood of hot spots ?

D r W illiams : No such light coat is known, bu t refractories may
supply an answer for stationary  or ground engines where weight is not * 
im portant.
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NAPHTHENIC ACIDS: BOILING POINTS AND 
DISTRIBUTION IN GAS OIL DISTILLATES.

By K. F .  C o l e s .*

S u m m a r y .

The frac tiona tion  of a  T rin idad  gas oil a t  reduced pressure has enabled 
the  d istribu tion  o f naphthen ic  acids to  be studied. I t  has been found th a t  
naphthenic  acids w ith  acid values 350 to  250 boil 60° to  40° C above the  
boiling po in ts of th e  gas oil fractions in which th ey  are found. The vapour - 
pressure /tem pera tu re  relationship  for some naphthen ic  acid fractions is also 
presented.

I n t r o d u c t io n .

I t  would be expected th a t the naphthenic acids present in petroleum 
distillates would come over below their boiling-points during distillation 
of oil, bu t no quantitative information on this has been published. The 
fractional distillation of a Trinidad gas oil has provided information on 
this point.

There is also little published information on the boiling-points of 
naphthenic acids and no convenient nomograph for relating vapour 
pressure with tem perature for this material. Boiling-points were therefore 
determined on a num ber of fractions of naphthenic acids a t varying 
pressures for acids between 350 and 250 acid value (mg KOH equivalent to 
1 g acids).

E x p e r im e n t a l .
Gas Oil Distillation.

The gas oil was distilled through 10 ft of 6-in diam eter Stedm an packing 
with a reflux ratio of 20 : 1 a t a pressure of 50 mm Hg. The charge was 
50 gallons of a  Trinidad gas oil (sp. gr. a t 60° F  ; 0-8682; aniline p t, 
58-0° C ; neutralization value, 0-59) and ¡-gallon fractions were collected 
a t 2 hourly intervals. 'N eutralization values (I.P. method 1/46, A) were 
determined on every th ird  fraction.

Recovery of Naphthenic Acids.
The naphthenic acids were recovered by washing selected fractions with 

5 per cent sodium hydroxide solution and purifying the recovered acids 
by the analytical technique described by Klotz and L ittm an .1 This 
treatm ent gave the  acid num ber of the recovered acids freed from 
unsaponifiable material.

Boiling Points.
Fractions of naphthenic acids from gas oil of similar origin to th a t 

. reported above were available, freed from unsaponifiable material. Boiling

* T rin idad  Leaseholds L td ., C entral L aboratory , K ing’s Langley.
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points of these fractions, and of th e  gas oil fractions, were determ ined a t 
varying pressures w ith a boiling-point apparatus constructed according 
to  the  design described by W illard and Crabtree.2

Vapour-pressure ¡Temperature Relationship.
A useful nomograph has recently been published by L ippincott and 

H ym an 3 relating vapour-pressure to  tem perature for various substances. 
For this purpose the  compounds reported have been divided into 8 groups, 
in which scheme, for example, hydrocarbons are found in group 2 and most 
alcohols and organic acids in groups 5 to  8. Exam ination of the  boiling

VOL PER CENT DISTILLED 

F i g .  1 .

T H E  N E U T R A L IZ A T IO N  V A L U E S  O F  F R A C T IO N S  F R O M  T H E  D IS T IL L A T IO N  O F  A 
T R IN ID A D  G A S O IL .

point results for naphthenic acids shown in Table I I  indicates th a t this 
nomograph can be reliably used for converting naphthenic acids boiling- 
point data, if acids of 350 to  300 acid value are placed in group 6 and 
acids of 300 to  250 acid value in group 5.

For convenience the boiling-points of the  naphthenic acids a t  10, 50, 
and 760 mm Hg pressure have been read from the nom ograph and are 
shown in Fig. 2. In  applying th is d a ta  it should be rem em bered th a t it 
is derived from Trinidad acids free of unsaponifiable m atter, and is 
therefore only strictly  applicable to  these m aterials.

Distribution of Naphthenic Acids in Gas Oil Distillations.
The neutralization values of the gas oil fractions (Table I  and  Fig. 1) 

show th a t the  fractionation of the gas oil was sufficiently precise to  achieve 
some separation of th e  naphthenic acids into groups. These appear to
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Neutralization Values of Oas Oil Fractions.

F r.
no.

B .p. ° C. 
(760 m m).

%  Vol. 
distilled.

N eut.
value.

F r.
no.

B .p. 0 C. 
(760 mm).

%  Vol. 
distilled.

N eut.
value.

2 193 1-9 0-15 45 265-5 4 M 0-74
5 ' 205 4-8 0-34 47 267 42-5 1-09
8 217 7-8 0-46 49 268 44-3 0-97
9 218 8-7 0-48 50 269 45-2 0-94

11 222-5 10-9 0-41 53 271 48-1 0-90
14 225-5 13-2 0-39 55 273 50-1 0-86
17 230 16-3 0-44 56 274 51-1 0-83
20 232-5 19-0 0-65 59 277 53-6 0-84
23 235 21-3 0-77 62 279 56-1 0-87
26 239 24-0 0-80 65 281 59-0 0-91
29 244 26-8 0-80 68 287 61-4 0-99
32 249 29-5 0-77 71 292 <54-6 0-98
35 254 32-1 0-67 74 296 67-8 0-72
38 259 34-9 0-61 77 301 70-9 0-57
40 261 37-0 0-57 78 302-5 72-0 0-51
41 262 38-0 0-60 80 306 73-6 0-46
42 263 39-0 0-64 83 310 75-9 0-43
44 265 40-4 0-70 86 315 78-3 0-39

T a b l e  I I .

Boiling Points of Naphthenic Acid Fractions.

Acid no. Mol. w t .*
Press, 

m m. Hg.
B.p.
° C.

Group on 
nom ograph.

355 158 23 146 6
355 158 55 169 6
355 158 100 186 7
355 158 751 251 —

327 171 12 149 6
327 171 35 173 6
327 171 100 203 7
327 171 751 271 —

306 183 18 171 6
306 183 55 197 6.
306 183 100 214 6
306 183 751 284 —

290 193 18 175 5
290 193 51 202 5
290 193 104 . 223 5
290 193 751 295 —

271 193 15 184 6
271 193 34 204 5
271 193 128 242 5
271 193 752 309 —

257 218 3 154 5
257 218 32 212 5
257 218 105 244 5
257 218 751 321 —

* C a lc u la te d  fro m  ac id  n u m b e r , assu m in g  m o n obasic  acids, 
f  Industr. Engng Chem., 1946, 38, 322.
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F i g . 2 .

T H E  B O IL IN G -P O IN T S  O F  N A P H T H E N IC  A C ID  F R A C T IO N S  (F R E E  O F  U N S A P O N IF IA B L E S ) 
A T V A R Y IN G  P R E S S U R E S . T H E  V A L U E S  A T  A T M O S P H E R IC  P R E S S U R E  W E R E  D E T E R 
M IN E D  E X P E R IM E N T A L L Y  A N D  T H E  V A L U E S  A T  O T H E R  P R E S S U R E S  A R E  T A K E N  
F R O M  T H E  N O M O G R A P H .

T a b l e  I I I .

Gas oil. R ecovered  acids.

F rac tio n
no.

%  Vol.
d is

tilled.

B .p. • c , Mol.
wt.*

A cid
no.

„20 n D •
%  w.w. in 

gas oil 
fraction .f(760 m m). (50 m m ).

6 5-7 210 119 176-5 317 1-4604 0-14
7 6-8 214 123 180 311 1-4590 0-15
8 7-8 217 126 186 306 1-4620 0-15

24 22-2 235-5 141 194 289 1-4664 0-27
25 231 236-5 142 196-5 285 1-4678 0-28
26 24-0 239 144 197 284 1-4676 0-28
40 - 37-0 261 163 199-5 281 1-4688 0-20
46 41-6 267 167 202 277 1-4702 0-40
48- 43-4 268 168 205 274 1-4714 0-36
50 45-2 269 169 209 268 1-4726 0-35
55 501 273 173 214 262 1-4742 0-33
67 60-8 285 183 224 250 1-4774 0-39
71 64-6 292 189 234 239 1-4810 0-41
72 65-7 293 191 237 236 1-4810 0-36
85 77-5 313 203 252 222 1-4878 0-18

* C alculated from  acid num ber, assum ing m onobasic acids.
f  C alculated from  neu tra liza tio n  value o f oil an d  acid n u m b er o f recovered  acids.
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have no special significance, bu t it is clear from consideration of the boiling- 
point data  (Table I I I  and Fig. 3) th a t the acids were distilling 40 to  60° C 
below their boiling-points. This comparison is made a t the pressure a t 
which the gas oil was distilled (50 mm Hg). Comparison of the corres
ponding boiling-points of the acids and gas oil fractions a t atmospheric

180 2 0 0  220 2.40 MOL.WT
311 2 80  255 234 ACID No

F i g . 3.
T H E  B O IL IN G -P O IN T S  O F N A P H T H E N IG  A C ID S  A T 50  MM H G  P R E S S U R E  S H O W N  IN  

R E L A T IO N  TO  T H E  F R A C T IO N S  O F  T H E  T R IN ID A D  GAS O IL  F R O M  W H IC H  T H E  
E Q U IV A L E N T  A C ID S  W E R E  R E C O V E R E D .

pressure shows a tem perature gap differing by less than  5° C from th a t 
a t 50 mm Hg, so th a t it seems highly probable th a t an effect of the same 
order occurs in distillation a t atmospheric pressure.
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THE INSTITUTE OF PETROLEUM.
A D JO U RN ED  T H IR T Y -T H IR D  ANNUAL G EN ERA L M EETING.

T h e  proceedings of the  T hirty-T hird  A nnual General Meeting of the 
In stitu te  of Petroleum  were resinned a t  Manson House, 26, Portland  Place, 
London, W .l, on W ednesday, Jan u ary  8, 1947, Mr G. H . Coxon (Chairman 
of the  Council and of the Finance Committee) presiding.

T h e  C h a i r m a n , opening the resum ed meeting, said : The purpose of this 
adjourned A nnual General Meeting is to  complete the  meeting held in 
October 1946. The delay has been due to  the  inability  of our auditors to 
get th e  accounts passed a t an earlier date.

T h e  S e c r e t a r y  (Mr F. H. Coe) read the  notice convening the resumed 
Annual General Meeting, and the A uditors’ report on the  Accounts and 
Balance Sheet for 1945.

A c c o u n t s .

T h e  C h a i r m a n ,  presenting the Accounts and Balance Sheet for the year 
1945, said : The accounts, which are before you, show th a t  the Institu te  
did quite well financially in 1945. In  th a t year and in previous years a 
revenue item  of £4175 has been built up. I t  has been the  policy of your 
Finance Committee during the last two or three years to  bring th a t item as 
quickly as possible to  a figure of £6000 or £7000, knowing th a t in th is post
war period we should have to  face quite a  b it of rehabilitation and with the 
knowledge th a t in 1948 we shall w ant to  draw  on our funds fairly heavily.

There being no questions, the C h a i r m a n  m oved “ th a t the  Accounts and 
Balance Sheet, as audited by  th e  In s titu te ’s Auditors, and  showing the 
position of the In s titu te ’s affairs as a t December 31, 1945, be approved and 
accepted.”

M r T. D e w h u r s t  : I t  is w ith very great pleasure th a t  I  second the 
motion. In  doing so I  would emphasize w hat you know already, how much 
we are indebted to  Mr Coxon, as Chairman of the F inance Committee, for 
having p u t the  position so well in presenting these Accounts.

The resolution was carried.

THIRTY-SECOND ANNUAL R EPO R T .

T h e  S e c r e t a r y  read the Council’s R eport for th e  year 1945.
On the m otion of Mr Dewhurst, seconded by  Mr E . A. Evans, the Report 

- was adopted, w ithout discussion.

A u d i t o r s .

On the  m otion of Lt.-Col. S. J .  M. Auld, seconded by Mr J .  S. Jackson, 
Messrs Price, W aterhouse & Co. (Chartered A ccountants) were re-elected 
Auditors to  the  In stitu te  for the  ensuing year.
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The  Thirty-Second Annual R eport of the Council, covering the activities 
of the  In stitu te  during 1945, is presented for the information of members.

M e m b e r s h i p .

In  this report the former practice of presenting the membership in a 
summarized form has been resumed and the details are set out below :

Changes during 1945.
Total 

Dec. 31, 
1945.Total 

Deo. «1, 
1944.

New. Trans
ferred. Resigned. Deceased.

Trans
ferred
from.

+
or

Hon. Fellows _ _ 1 __ _ __ +  1 1
H on. Members . 13 — — 1 1 — — 2 11
Fellows 435 17 14 4 2 1 +  24 459
M embers . 579 . 72 16 4 3 12 +  69 648
Assoc. M em bers. 592 60 6 5 2 17 +  42 634
S tudents . 155 17 — 4 — 7 +  6 161

Totals 1774 166 37 18 8 37 +  140 1914

The above figures include a number of members with whom contact has 
been lost tem porarily, bu t whose names are retained on the roll of the 
Institu te.

The Council has to  record with deep regret the deaths during 1945 of the 
following members of the In stitu te  :

» D ate Class of
elected. m em bership.

W. Calder . 1913 Member
A lexander D uckham 1914 Fellow
J .  J .  Fox 1936 H on. M em ber
H . A. H arris 1936 Member
A. L. M ond 1940 Fellow
A. H . P o tt  . 1923 Member
D. Redding 1932 Assoc. M ember
D. B. R ichardson 1917 Assoc. M ember

M e e t i n g s .

Eight meetings were held in London during 1945, of which one was a 
joint meeting with the British Rheologists’ Club.

A list of papers presented is given below :

1945. Subject. A uthors.
Ja n . 10 “ Spectrographic M ethods Applied to  th e  G. B. B. M. Sutherland, and  H .

Petro leum  In d u s try .” W . Thom pson.
Mar. 14 “  Some A spects o f S tandard iza tion  in  H . H yam s.

Oil M easurem ent.”
A  A



1945. Sub ject. ■ A u thors.
M ar. 14 “  S u lphur E stim a tio n  bv  L am p M ethod A. R . Javes.

U sing I .P . T est 107/45(T).”
“ S tab ility  o f F uel O il.”  W . E . J .  B room .
“ T he P rob lem  o f D evising T ests for Soil L . G. Gabriel.

S tab iliza tion .”
“  T he U se o f L iquid-in-G lass Therm o- J .  G. D urham , 

m ete rs .”
A pr. 18 “  T he Precision  and  A ccuracy o f Visco- V iscosity  Panel,

m e try  U sing B .S .I. T ubes.”
“  T he T esting  o f Greases for B all- S. R . P e th riek .

B earings.”
“  A R a tio n a l B asis fo r th e  V iscosity  E . W . H ard im an  and  A lfred H .

In d e x  System .”  N issan.
“  T he P rob lem  of E ngine D eposits.”  A . L ah iri, Z. K arsp insk i, and

E . W . J .  M ardles.
“  L u b rica tin g  G reases.”  A. S. C. Law rence.

M ay 9 “  Code o f E lectrica l P rac tice  fo r th e  A lan  D . M aclean.
P e tro leu m  In d u s try .”

J u n e  13 “  H .D . L u b ricatin g  O ils.” Special Sub-C om m ittee of
S tand ard iza tio n 'C o m m ittee . 

Oct. 10 “  Some N otab le  W artim e Oil F ires .”  V. J .  W ilm oth.
N ov. 14 “  In v estig a tio n  o f P isto n -R in g  S ticking in  A . 'L a h i r i  an d  F /L t.  Mickola-

H igh  D u ty  A ero-Engines.” jew ski.
Dec. 12 - “ Some P roblem s E n co u n tered  D uring  J .  F . W aters .

W ell Shooting O perations in  th e  N o t
tingham sh ire  Oilfields.”

P u b l i c a t i o n s .

The publication of the  Journal continued m onthly th roughout 1945, 
despite th e  handicaps of paper restriction and  other difficulties.

S t a n d a r d i z a t i o n .

Xo less th an  forty-five active Committees and Panels of the S tandardiza
tion  Committee, w ith a to ta l membership of over one hundred and sixty, 
m et frequently during the year. The Council desire to  place on record their 
appreciation and thanks to  the  members of these Committees and Panels.

A w a r d s .

A S tuden t’s Scholarship of £50 was awarded to  M. Gaston of the  Royal 
School of Mines, and a Scholarship of £33 6s. Sd. was awarded to  R. B. 
Sheam  of the  Birmingham University.

F i n a n c e .

The audited accounts for the  year, w ith the Balancé Sheet, th e  Receipts 
and Paym ents Account, of the Benevolent Fund, and the list of contributors 
to  this Fund, are before you and members will note th a t the  financial 
position of the In stitu te  continues to  be satisfactory.

C o u n c i l  a n d  O f f i c e r s .

Professor F . H . Garner, O.B.E., was unanim ously re-elected by  Council 
as President for th e  year.

Messrs Ashley Carter, G. H . Coxon, A. C. H artley, V. C. Tiling J .  S. 
Jackson, and J .  A. Oriel were re-elected Vice-Presidents, and Messrs

3 3 2  THiKTY - SECOND ANNUAL R E PO ST.
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M. A. L. Banks, R. Crichton, E. J . Dunstan, J .  E. Haslam, R. I. Lewis, 
J .  S. Parker, E. R. Redgrove, F . B. Thole, G. H. Thornley, E. Thornton, 
and W. J . Wilson were elected members of Council.

1
A c k n o w l e d g m e n t s .

%
The thanks of the Council are tendered to  the British Chemical P lan t 

M anufacturers’ Association for the  use of their Committee Room for 
meetings.

The Council records its appreciation of the services to  the In stitu te  of 
Messrs Price, W aterhouse & Co., Auditors, Messrs. Ashurst, Morris, Crisp & 
Co., Solicitors, and the  W estm inster Bank Limited.

The Council also wishes to  record its appreciation to  the In stitu te  Staff 
for the way in which they have carried out their duties.

By Order of the  Council.
F. H. Coe, Secretary.
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BALANCE SH EET as

C a p ita l  o f th e  I n s t i tu t e  u n d e r  B y -L a w s , S e c tio n  6 , P a r a 
g r a p h s  14 a n d  15 :—

L ife  M em bership -Fund—
As a t  31st D ecem ber, 1944 

Entrance and Transfer Fees—
As a t  31st D ecem ber, 1944 
Received during year—

E n tra n ce  Pees .
T ransfer Fees

1944
d. £ s. d. £

£ s. d.
4014 16 9

256 4 0
16 16 0

4  0  899

3891

107
15

4287 16 9
Profit on Sale o f Investm ents—

As a t  31st D ecem ber, 1944 . . 351 10 11 351
Donations—

As a t  31st D ecem ber, 1944 . . . . . . 326 5 0 326
5864 16 8

T . C . J .  B u r g e s s  P r iz e  F u n d  :—
As a t  31st D ecem ber, 1944 . . . . . . 5 0 0

C a d m a n  M e m o r ia l  F u n d  :—•
B alance as p e r separa te  accoun t . . . . . 2808 10 7 2730

W a r  C o n tin g e n c ie s  R e s e rv e  :—
As a t  31st D ecem ber, 1944 . . . . . . 1985 17 8 1985

M e m b e r s  ’ S u b s c r ip t io n s  R e ce iv e d  in  A d v a n c e 242 17 2 106
J o u r n a l  S u b s c r ip t io n s  R e c e iv e d  in  A d v a n c e 763 3 1 551
S u n d r y  C r e d i to r s ,  G e n e ra l  A c c o u n t . . . . 809 16 8 1030
W o rld  P e t r o le u m  C o n g re s s  . . . . . . 253 18 1 2Í7
R e v e n u e  A c c o u n t :—

B alance as a t  31st D ecem ber, 1944 . . . . . 5010 10 0 4117
A d d  B alance on R esearch  F u n d  p e r a tta ch e d  accoun t t ra n s 

ferred  . . . . . 148 4 10 138
A d d  Surplus for y ear as p er separa te  s ta te m en t . 1569 16 0 893

6728 10 10

..
(Signed) G. H . C o x o n ,  C hairm an o f Council.

R .  R .  T w e e d , M em ber o f  Finance Com m ittee.

£ 1 9 , 4 6 2  1 0  9  £17,397

AUDITOR’S
W e rep o rt to  th e  M em bers of T h e  I n s t i t u t e  o f  P e t r o l e u m  th a t  we have exam ined  the  ab o v e  

w e  have  required . W e are  o f th e  opinion th a t  such B alance Sheet is p roperly  d raw n u p  s o  a s  to 
according to  th e  b est of our in form ation  and  th e  exp lanations given to  us, an d  as show n b y  the

3 ,  F r e d e r i c k ’s  P l a c e ,
O l d  J e w r y ,  L o n d o n ,  E.C.

9.9myZ A ain't tat. T Q4.fi



OF PETROLEUM .
and not having a Share Capital.) 
a t  3 1 s t  D e c e m b e r , 1 9 4 5 .

3 3 5

£ s. d. 1944
In v e s tm e n ts £ s. d. £

On Account o f Capital, at cost—
£461 12 0 3%  Conversion Stock, 1948/53 . . . . 491 12 6 491

525 0 0 3%  Savings B onds, 1955/65 . . . . 525 0 0 525
500 0 0 3%  Defence B onds . . . . . 500 0 0 500
867 8 6 2 f%  B ristol C orporation Redeem able Stock,

1955/65 .................................................................... 845 17 7 845
150 0 0 3%  Sm ethw ick C orporation Redeem able Stock,

1956/58 .................................................................... 151 4 9 151
150 0 0 3%  L u to n  C orporation Redeem able Stock, 1958 . 151 6 7 151
806 8 3 3%  M anchester C orporation Redeem able Con

solidated Stock, 1958 . . . . 845 17 7 845
600 0 0 3%  B ristol C orporation Redeem able Stock,

1958/63 .................................................................... 597 7 3 * 597
664 6 6 3%  London C ounty Consolidated Stock, 1920 . 481 10 6 481
400 0 0 3%  M etropolitan W ater B oard  “ A ” Stock, 1963 346 10 7 346
150 0 0 5%  W andsw orth  and  D istric t Gas Co., D ebenture

Stock . . . . . . . 154 8 6 154
125 0 0 5%  G reat W estern R ailw ay Co. Consolidated

Preference Stock . . . . . 105 4 9 105

(M arket Value a t  31st Decem ber, 1945, £5439.) 5196 0 7 5196
Cash aw aiting In v estm en t on D eposit w ith  P o s t Office Savings

B ank . . . . . . . . . . 668 16 1 Go 0
5864 16 8 5591

On Account of Revenue, at cost—
£790 8 3 3%  Conversion Stock, 1948/53 . . . . 842 8 0 842

500 0 0 3%  Defence Bonds . . . . . 500 0 0 500
475 0 0 3%  Savings Bonds, 1955/65 . . . . 475 0 0 475

$000 0 0 3%  Savings Bonds, 1960/70 . . . . 2000 0 0 2000
336 5 10 3%  Conversion Stock, 1948/53 . . . . 357 14 8 357

4175 2 8
(M arket Value a t  31st Decem ber, 1945, £4171.)

On Account of Cadman M emorial F und , at cost—
£2730 0 0 3%  Savings B onds, 1965/75 . . . . 2730 0 0

(M arket Value a t  31st Decem ber, 1945, £2777.)
Cash a t  B ank aw aiting investm ent . . . . . 40 17 10
Income Tax recoverable on in te rest received net 37 12 9

2808 10 7 2730
Office a n d  L ib ra ry  F u r n i tu r e  (e x c lu d in g  P re s e n ta t io n s )  :—

As a t 31st December, 1944 . . . . . . . 170 19 0 31
Additions during year . . . . . . . 10 4 9 158

181 3 9
Less Depreciation . . . . . . . . 18 2 4 18

163 1 5
L ib ra ry  B o o k s (e x c lu d in g  P r e s e n ta t io n s )  :—

As a t 31st Decem ber, 1944 . . . . . . .
S u b sc r ip tio n s  in  A r r e a r  :—

Not Valued . . . . . . . . .
S u n d ry  D e b to rs  . . . . . . . . . 979 15 10 571
C ash  a t  B a n k  on  C u r r e n t  A c c o u n t a n d  in  H a n d 2663 18 7 1162
C ash  on D e p o s it  w ith  P o s t  O ffice S a v in g s  B a n k  :—

General A ccount . . . . . . . . 2553 6 11 2747
W orld Petro leum  Congress A ccount . . . . . . 253 18 1 247

* 2807 5 0

I M £19,462 10 9 £17,397

^REPORT.
I, balance Sheet w ith the  books of th e  In s titu te  and  have ob tained all th e  inform ation an d  exp lanations 

exhibit a  tru e  and  correct view of the  s ta te  of the  In s t i tu te ’s affairs as a t  31st Decem ber, 1945, 
1, >ooks of th e  In s titu te .

P r i c e , W a t e r h o u s e  & Co., 
Chartered Accountants. 

a r ~ - Auditors.
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T H E  IN STITU TE 

R E V E N U E  ACCOUNT f o r  t h e

1944

To A d m in is t r a t io n  E x p e n s e s  :—
S taff Salaries . . . . .

# P r in tin g  an d  S ta tio n ery  .
G eneral P ostages . . .
Telephone, Cables, Telegram s, smd Travel 

ling E xpenses . . . .

„  E s ta b l i s h m e n t  C h a rg e s  :—
R e n t, less am o u n ts  recovered  .
Cleaning, L ighting , an d  L ift E xpenses 
D epreciation  of Office and  L ib ra ry  F u rn itu re

„  P u b l ic a t io n s  :—
Jo u rn a l P ub lica tio n  E xpenses . 
A b s trac to rs’ Fees . . . .  
Postage  on  Journ a ls
S tan d ard  M ethods P u b lica tion  E xpenses 
Cost of o th e r Pub lica tions 
T ables for M easurem ent of Oil .

„  M e e tin g s  :—•
H ire  of H all, P re -p rin ts , R ep o rtin g  .

„  P ro fe s s io n a l  F e e s  :—-
Legal E xpenses . . . .  
A u d ito r’s Fee . . . . .

„  S t u d e n t s ’ S c h o la r s h ip s  a n d  P r iz e s  .
„  L ib r a r y  E x p e n d i tu r e  . .
„  B r a n c h e s  a n d  S e c tio n s  :—

S tu d en ts  Section (B irm ingham )
Stanlow  B ran ch  . . . .  
N o rth e rn  B ranch  . . . .
S ou th  W ales B ranch

„  S u n d r y  E x p e n s e s  . . . .
„  B a la n c e ,  b e in g  S u r p lu s  f o r  Y e a r ,  c a r r i e d  

to  B a la n c e  S h e e t  . . . .

£ s. d. £ s. d. £

1791 18 9 2009.
206 0 8 196
198 12 8 213

45 18 11 47
2242 11 0

374 19 4 433
208 3 6 200

18 2 4 18
601 5 2

2356 2 7 2103
186 8 11 263
185 1 5 170
63S 9 4 623

24 1 0 —

890 7 6 —

42 SO 10 9

168 7 10 232

5 5 0 9
42 0 0 42

47 5 0
S3 6 8 100
74 4 1 6

10 0 0 10
68 19 6
45 0 0 10
38 10 0

162 9 6
177 12 0 126

1569 16 0 893

£ 9 4 0 7  8  0  £7893
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OF PETROLEUM .

Year ended 31st D ecember, 1945.

B y S u b s c r ip t io n s  fo r  1945 re c e iv e d  . . . .
„  S p e c ia l  S u b s c r ip t io n  . . . . . .
„  S u b s c r ip t io n s  in  A r r e a r ,  re c e iv e d  d u r in g  y e a r  
„  S a le  o f P u b l ic a t io n s  . . . . . .
„  I n t e r e s t  a n d  D iv id e n d s  (G ro s s )  . . . '  -

1944 
£ s. d. £

. 3889 4 0 3498
20 0 0 20

238 11 6 506
. 4902 15 5 3547

356 17 1 20

£ 9 4 0 7  8  0  £7893
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L IST  O F D O N O R S AN D SU B SC R IB E R S TO T H E  B E N E V O L E N T  FU N D
D U R IN G  1945.

Adams, A. C. 
Anonymous. 
Auld, S. J .  M. 
Bavlis, A. N. 
Bell, O. A. 
Blackmore, H . A. 
B lakiston, J .  H . 
Bolton, R . P . 
Brailey, B. S. 
B raun, C. F. 
Brodie, N. M. 
Brown, C. B. 
Brown, R . G. 
Cameron, L  
Catchpole, W. 
Charlton, H . E. 
Chrism an , A. E. 
Clement, L  
Clifford, Guy 
Connor, W. W. 
Cooke, A. E . O. 
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OBITUARY.
PROFESSOR FR E D E R IC K  BYRON PLUMMER,

F r e d e r ic k  B y r o n  P l u m m e r , research geologist and professor of 
petroleum engineering a t the  University of Texas, died of a heart a ttack  
on February 17, 1947, in his sixty-second year.

Born on August 31, 1885, a t Hanover, New Hampshire, and educated 
a t D artm outh College and a t Chicago. University, he was instructor in 
chemistry and geology in Vassar College, Poughkeepsie, 1911-13, and in 
1914 was chief of geological field parties for the Wisconsin Geological 
Survey.

In  1915 he joined the Roxana Petroleum Corporation as geologist in the 
Mid-Continent and Texas oilfields, and in 1920 was transferred to  the 
Bataafsche Petroleum Maatschappij headquarters a t The Hague. During 
the years 1923 to  1928 he was geologist successively to  the  Rycade P etro
leum Co., the Amerada Petroleum Corpn., and the Vacuum Oil Co.

In  1928 Prof. Plummer joined the University of Texas as geologist for 
the Bureau of Economic Geology. In  1933 he founded the D epartm ent of 
Petroleum Engineering and remained its chairman until the  work became 
too onerous to enable him to meet the requirements of the Bureau. How
ever, he continued his association with the D epartm ent on a part-tim e 
basis.

Author of m any papers dealing with geological research, he was 
particularly interested in the recovery of salt water in .oil wells. At one 
time he was director of the A .P.I. Research Project No. 25 on the investi
gation of underground waters and tem peratures of oil sands. During 
1946 he was president of the Texas Academy of Science.

Shortly before his death he had spent some months in Brazil on behalf 
of the Government, and had worked out the  stratigraphy and structure of 
some Permian basins in the  northeast p a rt of th a t country.

Elected a member of the  Institu te  in 1922, he was also a member of the 
American Association of Petroleum Geologists, of the  Society of Economic 
Geologists, and of the American In stitu te  of Mining Engineers.

His widow survives him  and to  her we express our sincere condolences.

FRANCIS ARTH U R FLINN.
F r a n c is  A r t h u r  F l i n n  who died on February 6 after an illness lasting 

several months, had been an Associate Member of the In stitu te  since 1927.
Born on December 30, 1901, he was educated in Manchester and in 1922 

obtained his degree of Bachelor of Technical Science in the University of 
Manchester in general chemical technology.

From  1922 to  1925 he was employed as a  petroleum  research chemist a t 
Aberdeen by the Anglo-Persian Oil Co. In  1926 he joined the Phcenix Oil 
& Transport Co. as chemist in Ploesti, Roumania, and in 1930 became 
associated with the Shell group and remained w ith th a t organization until 
a t the  tim e of his death he was chief field chemist and gas engineer in 
Mararaibo with the Caribbean Petroleum  Co.




