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PREFACE

Four lectures called: History, Present Theories, Present Forms and Future of
01l burning, were delivered at Delft in April 1934 before members of the ,, Koninklijk
Instituut van Ingenieurs” (Royal Institute of Engineers — The Hague, Holland)
on four afternoons consecutively. Although the subjects discussed are substantially
the same, a certain amount of rearrangement was considered desirable for publication
while moreover several problems, especially those raised in questions asked after
the lectures, have been entered into more fully in this book, which therefore covers
a good deal more ground than the actual lectures.

There is such rapid progress in the development of cil burning that it became
an exceedingly difficult task for the author to keep pace with the inventions and
numerous changes in design made in the interval between the reading and the
publication of the lectures. He was obliged to cry ,halt”” towards the end of 1935,
but he will be very grateful to his readers for any information they may be able
and willing to furnish on later inventions, new features and errors of commission
or omission. Such commurications will be duly acknowledged and the information
utilized at the earliest opportunity.

The author long hesitated as to whether tc quote names of manufacturers of
the burners described in this book or not. On the one hand the omission of names,
which has been accepted as a principle in most handbooks on c¢il burning, may
look more impartial, but, on the other, knowledge of the trade-names of the burners
is such a welcome help to those concerned with the practice or study of cil burning
that the author finally decided in favour of quotation. As he is fully aware that in
certain cases this might perhaps give rise to difficulties, he wishes to point out that
any comments from burner manufacturers on possible mistakes in figures or des-
criptions concerning their past and present products will be gratefully received in
order that such discrepancies may be corrected in the event of a reprint.

Finally the author wishes to express his thanks to those who assisted him by
constructive criticism and for other help in translating and preparing drawings.

Amsterdam, January 1937. HenDpRrRIK A. Rowmp
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SECTION 1

THE HISTORICAL DEVELOPMENT OF OIL BURNING

Romp, Oil burning



CHAPTER I
EARLY COMBUSTION METHODS FOR FUEL OIL

Although the use of mineral oil and its residues for burning and other purposes
has been recorded since ancient times, we shall only deal here with the application of
fuel oil for technical purposes, which dates back to about 1860.

It is not possible to give any one person the credit of having “invented” oil
burning, for as a matter of fact about 1860 there were several simultaneous attempts,
so that it is clear that already at that time the problem was a “burning question”.
Neither can we look for priority to the dates of descriptive publications or patents, as
in those times much of the research work was not published. Nor is it possible to give
any one country the honour of the invention, although it must be said that Russia is
the only country in which oil burning has been a marked success from the very be-
ginning, leading to a rapid and successful development of its application for several
industrial purposes.

In the early development of oil burning from about 1860 to 1880 there were
roughly three spheres of activity, the Russian, American and West-European spheres,
the last-mentioned being divided into the English and French spheres. Up to about
1880, owing to the difficulty of communication, there could be no intensive exchange
of experience between these parts of the world, but from that time onward there came
to be more and more coordination.

The history of the later development may be divided into two periods, one from
1880 to about 1900 and the other from 1900 up to the present day. Until about 1900
it is fairly easy to follow the development of oil burning, but after that year such rapid
advances were made and so many devices invented that it is almost impossible and at
any rate confusing for the reader to try to give a chronological account of the develop-
ment. Moreover, a great many of the devices of that time (beginning of 20th century),
are based on what might be called technical superstition rather than on sound prin-
ciples, which at that time were known incompletely and only to a few.

Consequently for an account of the history after 1900 only a rough sketch can be
given of some milestones in the development of the industrial and domestic oil
burners, while a detailed description of the various forms of oil burning devices must
be left for later discussion in Section III.
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CHAPTERII
EARLY DEVELOPMENT IN RUSSIA

This stage, which is probably the oldest, was characterized by an abundance of
heavy unsaleable residue (waste oil, astatki, pacura, mazouth) for which some practi-
cable use had to be sought (the main product of mineral crude oil being lamp oil)
and the means to this end were found in pulverization with saturated steam by means
of devices mainly of the so-called siof fype (outside mixing). This method was from the
very first successful and ultimately led in Russia to a rapid and wide-spread appli-
cation of oil for steam-ships and locomotives.

It is curious to note that in Russia, although very heavy fuels had to be dealt with,
there were but very few failures, contrary to the experience in the early attempts in
other countries, where initial difficulties even with light fuels were so serious that
development was retarded for several decades. The success attained in Russia was
due to the general adoption of steam as medium for pulverization, since steam has not
only a physicai action (pre-heating and pulverization) but also a chemical action as a
soot-preventer, rendering it possible to burn very heavy fuels without smoke, even
when rather primitively designed burners are used. This soot-preventing action of

Fig. 1. AsTrRAKAN oil stove Fig. 2. SPAKOWSKI's 0il burner

steam (due to the so-called “water gas reaction”, which will be discussed later on)
seems to have been common knowledge in Russia long before 1860, it being recorded,
for instance, that for house-heating a so-called ASTRAKAN burner (see fig. 1) was used,
consisting of one or more flat dishes placed in the bottom of the Russian stove, into
which oil flowed from a reservoir by gravitation. This oil was heated and evaporated
by radiation from refractory bricks placed in the oil flame above. Apparently because
combustion was very smoky when oil alone was used, water was allowed to flow from
a second reservoir to the dishes, where it evaporated spontaneously and threw up the
oil in drops, thus giving a much better combustion with a less smoky flame.

It seems that it was this primitive forerunner of steam pulverization that led to
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practically all subsequent experiments for industrial purposes being made with
steam, thus contributing largely towards the successful development in Russia. One
of the pioneers to be mentioned is SPAKOWSKI, who patented a steam oil durner in 1866,
which was followed in 1870 by an improved design (see fig. 2). This burner, in which
the oil was admitted to the centre and surrounded by steam as a concentric ring, was
a remarkable success. The steam, being the velocity agent, was in intimate contact
both with air from the outside and with oil on the inside. The Spakowski burner,
probably by mere chance, gave a flame which was very favourable for marine boilers
and avoided damage by impingement of the flame on the boiler surface. This was the
first representative of the nozzle type of oil burner.
Another inventor, named LENz, designed his first burner in 1870 (fig. 3), which
he called the “Forsunka” — this name
afterwards became a class name for Russian
steam-pulverizing oil burners — comprising
two slots, an upper one for the oil and a
lower one for the steam, arranged in such
a manner that four flat streams of oil
dropped on to a flat stream of steam. This
might be called the first representative of
the slot type of oil burner, more particularly
kown as “drooling burner”. The capacity of
the oil burner could be regulated by changing Fig. 3. Lenz’s first “Forsunka”
the free area of the slots, which was done
by means of adjustable slides moved up and down by turning spindles with
eccentric spigots. This method of regulating by changing the outflow area of the steam is
theoretically better than the pinching of the steam with a valve in the steam line
before the burner, because in the former case the
steam pressure at the mouth of the burner and,
therefore, the speed of the steam will be practically
the same at all loads, which is of the utmost
importance, since the steam is the velocity agent
of both oil and air; in the second method of regu-
lating, the steam pressure and its velocity at the
burner mouth decrease with decreasing loads,
which may result in poor combustion at low loads.
Although theoretically better, the L.enz burner
gave much trouble in practice, because the mov-
Fig. 4. ARTEMEV’s oil burner able slides were exposed to the radiant heat of the
flame and were thus apt to seize. This led to a
similar construction being designed by ARTEMEV (see fig. 4) based upon the same
principle but without adjustable slots, and this met with more success because of its
simplicity, cheapness and easy cleaning.
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Another special feature of the Lenz burner, subsequently copied in almost
all other “Forsunka’s”, was the bye-pass valve for cleaning the oil slots by blowing steam
through them.

The first Lenz burners were not at all satisfactory, the shape of the flame being
unsuitable, but Lenz improved on this later
by using larger semi-circular slots. Thus
it is seen that from the very beginning of
oil burning the difficulty has been to obtain
the #ight shape of flame, a problem which
even nowadays may give us much trouble.
There was a time when oil flames were con-
sidered dangerous, being apt to give short
blow-flames that damage the boiler walls,
and consequently a long, fluttering, “soft”
flame was considered to be the ideal form.

A burner giving this type of flame was,
for instance, the BRANDT burner (fig. 5),
consisting of a flat round box with circular slots around for steam and oil placed in the
centre of the fire-box of a locomotive boiler. This burner demonstrates clearly a
mistake that was very often made in the early stages of oil burning: the burner is
placed smside the fire chamber and, therefore, is too much exposed to radiant heat,
resulting in the formation of oil coke, whilst it is very difficult to clean. Later on he
improved on his design by adopting the nozzle type of fig. 6.

The same mistake was at first made by URQUHART, a Russian railway director, who

Fig. 5. BRaNDT’s o0il burner

Fig. 6. BrRANDT’s nozzle Fig. 7. UrRQUHART’s first oil burner

oil burner for locomotives
must be regarded as one of the most successful pioneers of the application of oil
burning for locomotives. His first construction (1874) (see fig. 7), which was not at all
successful, consisted of a number of nozzles placed at the bottom of the fire-box. This
he subsequently improved on in 1882 (see fig. 8) by placing the burner outside the fire-
box and adopting the nozzle type, but with steam in the centre and oil around it, as
contrasted with Spakowski, who applied oil in the centre. This type of burner was so
successful that in 1885 143 locomotives of the Russian railways were equipped with
Urquhart burners
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We have now already mentioned two fundamental types of construction, viz.:
1) The nozzle type (Spakowski and Urquhart), and

2) The slot type (Lenz, Brandt, Artemev).

A third type was developed by KORTING (see fig. 9), who started in 1876 with
3) the tube type of oil burner, which was a forerunner of the VENTURI burners,

Fig. 8. UrQuuAaRT’slater nozzle type Fig. 9. KORTING's tube oil burner

frequently combined with steam injectors for the air necessary for the combustion.
This combined system of oil pulverization and air suction promoted a previous
thorough mixing of air and steam and, therefore, also facilitated better contact
between air and oil. In some instances air suction by steam jets was successfully
combined with the slot type too,as forinstance

in the KARAPETOW burner (see fig. 10).

It isnot the author’s intention to describe
every Russian oil burner of that period; a
lengthy description may be found in “Die
Feuerungen mit fliissigen Brennstoffen”’, LEw
(Kroner — Leipzig 1925). Only typical speci-
mens will be discussed as far as such may be
of interest to show the progress of the funda- Fig- 10. KARIAPETOW.’S oil burner for

AR K . ocomotives
mental principles of oil burning.

Before leaving the Russian sphere of development it is of importance to note
that as early as 1874 almost every ship of the commercial and naval Caspian Sea and
Wolga fleets was running on oil. The oil burners used were exclusively of the steam
pulverizing type. The consumption of fresh water for this purpose apparently caused
no serious difficulties, for the low pressure boilers (5 atm.) were fed with salt water,
the salt content simply being limited by temporarily blowing off.

Further, by about 1890 nearly all Russian locomotives, except those in coal
districts and Siberia, were running on oil fuel. Comparing data from other countries
— fuel oil was first used on warships in Italy about 1893, in England about 1895 and
in America about 1910 — there is no doubt that Russia was far ahead in this matter.
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CHAPTER III

EARLY DEVELOPMENT OF OIL BURNING IN AMERICA

The outstanding feature of this stage in America, curiously enough, is that there
seems to have been too much theoretical knowledge, this being the cause of several
failures. In fact it was generally considered as absolutely necessary to evaporate the
oil first and then to burn the oil gas. Although this may be quite right from a theo-
retical point of view (our modern spray burners produce liquid drops which evaporate
by radiation of heat, and the gas thus produced is burnt), the idea of heating and
evaporating the fuel oil in a separate retort and burning the oil gas under the boilers
led to nothing but complete failures. This unsatisfactory start gave oil burning a bad

Fig. 11. Bipre’s oil fire for
marine use.

reputation in America and this is perhaps the
reason why America was rather late in the
industrial application of oil burning on a large
scale, so that it was not until 1890-1900 that
the first merchantmen of the Pacific Coast
tried oil burning.

In 1860 a burner designed by BIDLE (see
fig. 11) was reported, into which the oil was
fed through a pipe passing through a cast-iron
bucket or basket of glowing anthracite to
evaporate the oil; needless to say, this burner
was not a success.

In 1862 a gas retort burner was constructed by SHAW & LINTON (see fig. 12), in
which the oil was evaporated by the heat of the flame itself and partially cracked by
precombustion. The safety valve on the combustion space speaks for itself!

Fig. 12. Suaw and LINTON’s
oil gas fire.

Fic. 13. FooTE’s 0il gas furnace
for marine use.

In 1863 a gas furnace was invented by Colonel FOOTE; the oil was heated in a
separate retort by anthracite fire and the oil gas burnt under the boiler (fig. 13). A
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curious illustration of a failure due to too much theoretical knowledge is the fact that
Foote, seeing that the combustion was very smoky, argued that this was due to lack of
hydrogen in the fuel and he therefore passed steam over iron filings, thus producing
hydrogen with which to “dilute the oil gas”. This, of course, involved two “com-
bustive” materials, fuel oil and also iron filings. But this practical objection never
became felt as Foote’s retort was very soon choked with carbon and burnt through.
Later designs by Stmms and BARFF, EAMES and DURR, other representatives of the
gas retort burner type, all proved to be failures.

In 1863 BRIDGE-ADAMS invented a spray burner for locomotives and although it
was not itself any great success it was the first
step in the right direction. About that time an
American patent was filed in the name of
Cook, who seems to have had the idea of
pulverizing the oil by means of centrifugal
force, but nothing can be found of any appli-
cation in this direction.

In 1864 another type, differing from the
foregoing, was constructed by RICHARDSON,
who was inspired thereto by the ordinary
wick-lamp. The bottom of the fire-box of the
boiler was covered with a layer of a porous
kind of burned clay with ducts for the passage Fig. 14. RICHARDSON’S “oozing furnace”.
of the oil, which layer acted as a large wick
(fig. 14). This so-called “oozing furnace’ drew the attention of the British Admiralty
and some experiments were made with it, but of course the pores were very soon
choked with carbon and the mixing of oil vapour and air was very bad, resulting in
a very smoky fire.

In 1875 Comm. ISHERWOOD of the American Navy was instructed to study the
possibilities of the new fuel for naval purposes. His conclusion was: “Atomization is
the only way” . Itisnot because his report was of much consequence that it is mentioned

here, but he was probably the man who introduced the
word “Atomization’”, which, as a matter of fact, is a
very exaggerated term for spraying or pulverization,
but nevertheless it is now used in all English-speaking
countries.
Between 1870 and 1880 some other constructions
appeared fora time (SALISBURY, ROGER, SADLER, ORVIS)
Fig. 15. WALKER’s scent-  and in addition there was WALKER’s construction
spray burner. (fig. 15) of the scent-spray type, which had some tempo-
rary success and the principle of which reappears even in some modern applications
(Caloroil).
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In 1887 the Pennsylvanian Railway Co. equipped some locomotives with oil
burning devices on the Russian principles, but on the whole oil burning was not a
great succes in America at that time.

CHAPTER IV
EARLY DEVELOPMENT IN WESTERN EUROPE
A. In France

In this country there was a remarkably clear insight into the problems concerned
with oil burning, resulting in reasonably good performance. The idea was to find a use
for the tar oil from the gas works and very good work in this direction was done
especially by the gas technologists AuDOUIN, Dupuy DE LOME and SAINTE-CLAIRE
DEvILLE, who devised the gas-lighting of Paris.

In 1867 AuDpoUIN constructed his furnace consisting of a number of vertical five
bars (see fig. 16) covered with a film of oil evaporated by the radiant heat of the flame

itself.
In 1868 AupoulN and SAINTE-CLAIRE DEVILLE constructed a similar furnace (see

Fig. 16. Aupouin’s oil grates. Fig. 17. AupouiN and SAINTE-CLAIRE

DEevVILLE’s oil grate.
tig. 17) of inclined fire bars with adjustable air registers to give the highest possible
velocity to the air at the point of evaporation of the oil film, resulting in thorough
mixing and clean and efficient combustion. It is interesting to read the description of
these burners (Annales de Chimie et de Physique, 1867, Téme XV page 30), where
Audouin discusses the problem “Why can’t we burn oil in a more simple way without
the complications and cost of the American burners?”.



EARLY DEVELOPMENT IN WESTERN EUROPE

11

He was the first to introduce natural draught as a motive force for oil burning in
combination with evaporation of the oil spread out into a film, and he was fully aware
of the necessity of reducing all resistance to the air to the utmost and of focussing the
air velocity on the evaporating oil film. As a tech-
nologist Audouin pointed out the importance of mini-
mum excess air and its influence on the flame temper-
ature, perfection of combustion and efficiency, which
shows that he had a very clear theoretical knowledge

combined with good practice.

The yacht “Le Puebla” of Napoleon III and
several locomotives were equipped with so-called

“DEVILLE grates” and everything looked very promis-

Fig. 18. JENSEN’s oil burner.

ing, but the war of 1870 put a stop to this progress
and the subject of oil burning was not taken up again till 1883. At that time all the
activity of the French was concentrated upon revenge. A friendly advance towards

Fig. 19. p’ArLEsT oil burners for steam or
compressed air.

Russia led to the exchange of experience
in oil burning, especially for marine work.
Thus the JENSEN burner (see fig. 18),
which was adopted as a standard burner
for the Russian Black Sea fleet, was also
introduced in the French Navy.

However, the extra consumption of
fresh water for oil burning on board was
prohibitive, so that other means had to be
sought and were in fact found by D’ALLEST
(engineer of FRAISSINET Comp., Marseilles),
who made a series of exhaustive studies of

different steam oil burners and also designed several compressed air pulverizing
burners for torpedo boats (fig. 19). He showed that even with the necessary addition
of steam-driven air compressors the radius of
action of the torpedo boat destroyers could
be considerably increased by conversion from
coal to oil, without increasing the total dead-
weight. Moreover oil produced less smoke,
which was of course soon recognized as an
important factor for warships. The GuyoT
burner (see fig. 20), which was afterwards

adopted as a standard by the French Navy,
is in the main a further development of the

principles of the D’ALLEST burners.

Tig. 20. Guvot’s oil burner (French
Navy).

An illustration of how French technologists’ clear grasp of combustion problems
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in about 1865 completely deserted them after the war in 1870 is furnished by the gas
retort burner designed by D Bay and
DE RoserTE (fig. 21). By this system
compressed air and oil are heated together
in a retort heated by the oil flame itself
and the gas thus produced is burnt. But
now in their patent the following remark-
able feature is claimed: To prevent incom-
plete combustion, which was apparently
due to the poor oxygen content of the air, a
number of tubes filled with potassium
permanganate or barium peroxide were also heated in the flame, which gave off oxygen
“to enrich the air”. It is for this “invention” that the
patent D.R.P. 31,962 was granted (1885).

Another characteristic of this period is the com-
bined fives, i.e. oil sprayed on coal fires, generally
resulting in poorer combustion of both fuels. To avoid
the cost of coal in some cases a layer of “coal” made
of refractory material was laid on the grates and oil
was sprayed on this, evaporated and burnt (fig. 22).
The fundamental idea of this can be traced in the modern centrifugal domestic
oil burners of the wall flame type.

Fig. 21. De Bay and De RoOSETTE’s burner.

Fig. 22. MortTH’s oil fire.

B. Early development in Great Britain

In Great Britain a very good start was made, with clear insight into combustion
problems, whilst the advantages of the application of superheated steam were soon
recognized. As an exception must be mentioned the erroneous idea with regard to the
function of the steam: it was thought that steam dissociated by the heat of the oil
flame was able to produce extra heat by the burning of the dissociation products.

The British Admiralty showed a keen interest in the new fuel and stimulated
experiments considerably. However, notwithstanding the good results obtained with
various types of oil burners, no general application of them was made until about
1880, owing to the high cost of fuel oil and the opposition raised by coal-mining
concerns.

To quote some details of the period it may be mentioned that in 1865 AYDON,
WisEe and FIELD carried out their first experiments at South Lambeth with a burner
(fig. 23) in which the oil dripped at right angles onto a steam jet.

The dates of AypoN’s and SPAKOwsKI’s British patents on oil burning differ only
by a few months, but to AypoN must be given the honour of the first application of
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superheated steam, which largely contributed to the success of his and subsequent
experiments of the English school. The advantages of the use of superheated steam

lie not only in the greater heat of the steam causing
a better preheating of the oil, but also in the
reduction of steam consumption with equal velocity
effect because of the larger specific volume of
superheated steam, and, last but not least, in a
more constant flow and steady flame due to the
avoidance of the water drops of the jet of saturated
steam, which at times may even extinguish the
flame.

The British Admiralty was very interested in
these experiments, and Admiral SELwyN, who had
already experimented with a less successful con-
struction of his own (concentric oil and steam flow,

Fig. 23. AvyponN, WisE and

Fierp’s first burner.

fig. 24) got into touch with Avypon, with the result that a combined construction was
designed, the AYDON-SELWYN burner, in which the oil

and steam met under an acute angle (see fig. 25). With

this burner a 101/,-fold evaporation was obtained with

tar residue, against a 71/,-fold evaporation with coal, on

an installation on board H.M.S. “Oberon”. Very good

results were also obtained in heating heavy armour plates.

In 1868 an oil-gas retort furnace of DORSETT &

BryraE (fig. 26) was installed on board the “Retriever”,

Fig. 24. SELwyYN’s first oil
burner.

consisting of a retort filled with tar oil first heated by a

coal fire until a pressure of 20 1bs/sq.i nch was obtained,
when the oil gas was used to heat the retort further until the pressure reached

50 Ibs/sq. inch. After this the gas was admitted to the
furnaces under the boilers, the burners consisting of a
number of nozzles placed in a pipe as shown in fig. 26.
This system had the special attention of the Admiralty
because it needed no fresh water, it soon being realized
that oil burners using steam could not be very promising
for ocean-going ships. Although as regards combustion
the results of the experiments with this oil-gas furnace
seem to have been very good, difficulties were encountered
with the retort, which soon got choked with carbon and
burnt badly, obviously owing to the very high preheating
of the fuel (500° C.). Another point was the difficulty in

Fig. 25. AvyponN and
SELWYN’s oil burner.

keeping the pipe connections tight at 50 1bs and 500° C., which even nowadays with
our modern heat-resisting packing materials would not be a pleasant job.
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Also the oozing furnaces of RICHARDSON already mentioned, and of PATERSON were
tried out under the direction of the Admiralty, but were found to be less efficient, and
it was clear that only the spray and jet
method, either by pulverizing liquid drops
or by means of a jet of gasified oil, consti-

tuted an efficient way of burning oil.

As already stated, the British Admi-
ralty did very good work in developing oil
burning, but the price of tar and oil and
the difficulties in obtaining mineral fuel oil
stood in the way of any practical appli-
cations for naval purposes.

It was about 1883 that in oil burning

Fig. 26. DorsETT and BLYTHE’S matters a new pioneer came to the fore,

oil gas burner. in the person of Mr. HOLDEN, locomotive
superintendent of the Great Eastern Railway. His object was to construct an
oil burning device which would make it possible to use oil on locomotives without
any brickwork or internal alterations of the]fire box, so that oil burning could be
almost instantaneously changed over to 'coal firing and vice versa or even used in
combination one with the other. After numerous experiments he arrived at the design

Fig. 27. HOLDEN’s steam-jet Fig. 28. HoLDEN’s oil burner
oil burner. (Austrian Railways).

shown in fig. 27, a special feature of which is the hollow ring jet, which blows extra
steam around the nozzle and induces a strong current of atmospheric air, ensuring
a complete combustion with a short flame and making it possible to dispense with
any refractory lining inside the fire box. The success of the Holden burner was so
complete that later on numerous railway companies all over the world took out
licences for its use, and even nowadays several modified HOLDEN burners are in use
(e.g. on the Austrian Railways) (fig. 28).

The main objection to the use of oil at that time was the uncertainty of its always
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being available, which drawback, however, did not count so seriously for the railway
companies, which very often had their own coal mines connected up with gas works
producing tar oil as a by-product, so that it can :

readily be understood that the first application
of oil burning on a large scale was onlocomotives
and not on ships.

There were still two factors standing in the = ‘
way of the general application of oil burning on Fig. 29. KERMODE's steam-jet
steamships: firstly the scarcity of fuel 0il and lack oil burner.
of a world-wide distribution of fuel o1l bunker Stations, and secondly the lack of an

efficient way of burning oil without steam or com-
pressed aiv, which problem was not solved until 1902,
by KORTING’s so-called pressure atomizing burner.
Among others who have done much to develop
oil burning may be mentioned : KERMODE, who intro-
duced a rotation element (fig. 29) to give the steam
a whirling motion and obtain a hollow conical flame
and good mixing, and further : THORNYCROFT, WHITE,

Fig. 30. RuspeEN-EELES’ RuspeN-EELES (fig. 30), ORDE (fig. 31), ARMSTRONG

oil burner. and WHITWORTH.

Especially the ORDE burner is a good example of the application of the Ventur:
principle, which gradually came to be applied by oil
burner designers. This principle affords efficient
means of converting pressure into velocity by using a
suitable combination of conical tubes and it is quite
natural that it found a successful use by designers
of a velocity apparatus, which, as a matter of fact,
an oil burner is. This Venturi principle also affords
the best means of creating underpressure from velocity,
and very often Venturi cones are used at the same
time to suck in air, to produce a thorough mixture and  Fig. 31. Orpe’s oil burner.
complete combustion (see figs. 17, 28 and fig. 31).
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CHAPTER V
PERIOD OF COORDINATION IN DEVELOPMENT

A. Development of steam pulverizing oil burners

It has now been seen that the work done in Russia, America, France and Great
Britain, each with its own individual characteristics or “school” so to speak, was
more or less independent. Between 1890 and 1900, however, owing to a better ex-
change of thought and experimental results, research work gradually came to be
coordinated. The first part of this period, up to 1905, witnessed an enormous develop-
ment of the steam pulverizing principle, and an idea of the number of possibilities is
given by the table in fig. 32, called Classification of steam pulverizing oil burners about
1904 (taken from the U.S. Naval Liquid Fuel Board Report of 1904).

Oil burners using steam or compressed air may be divided into outside mixing and
wnside mixing, according to whether the contact of oil and steam takes place outside or
1nside the burner. The outside mixing burners, which are of the older class, generally
have a somewhat higher steam consumption, but are less sensitive to variation of
the steam pressure and to moisture of the steam than the inside mixing burner,
since in the latter the steam exerts a certain back pressure on the oil flow.

The class of outside mixing burners may be divided into:

1) Drooling burners, in which the oil dribbles onto the steam jet, and

2) Shearing burners, in which the oil is forced onto the steam at right angles,
assisted more or less by a syphon-action, this form constituting an improvement on
the first, the oil being torn up or sheared as it were, whereas in the first type of this
class the oil drops are more or less projected as such into the furnace without intensive
pulverization.

The tnside mixing type may be divided into:

3) Chamber burners, comprising a chamber in which a preliminary mixing of oil and
steam takes place, resulting in a better pre-heating, lower viscosity of the oil and
therefore better pulverization (with less steam consumption) than would be possible
with an outside mixing type.

4) Ventur: burners, which as a matter of fact are also chamber burners but in
which the chambers are formed according to the Venturi principle, i.e. built up from
cones and tapering nozzles. This fourth class may be considered as a development of
the third, because of its better conversion of pressure into velocity, so that it gives
often better results at lower steam pressure. Generally speaking, modern efficient
steam pulverizing oil burners belong to the fourth class, although this does not mean
that equal efficiencies may not be obtained with burners of the other classes.

The thorough study made by the U.S. Naval Liquid Fuel Board, under the di-
rection of Adm. MELVILLE, of the numeroussteam pulverizing oil burners used about
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Fig. 32.
Classification of steam-atomizing oil burners about 1904.

Romp, Oil burning
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1900-1905 showed that each of these classes may be worked out according to four
main forms, viz.:

a) Round separate holes (straight shot burners),

b) Flat straight slots (long shot burners),

¢) Flat civcular slots (fan-tailed burners),

d) Concentric civcular slots (rose burners),
thus giving 16 sub-classes, of each of which numerous representatives may be
found.

It is impossible to say which form is the best, since more or less good con-
structions could be made cf nearly all of them, depending largely upon the form of
flame obtainable and the use for which the burner is destined; in this respect very
small alterations to the burners may be of great consequence.

B. Compressed aiv oil burners

The same classification may be applied to the compressed air oil burners of about
1900. Although this kind of burners, in which a part of the combustion air itself is
utilized for pulverization without the aid of other media, must be, theoretically, the
most efficient and was thought for a time to be the best solution of the oil burning
problem on board of ships — the steam used for driving the air compressors could be
condensed and the loss of fresh water thus avoided — it did not prove to be a great
success, mainly for the following reasons:

1) For compressed air a compressor installation was needed, which involves not
only yet another undesired complication but also a considerable consumption of
power, extra weight and space.

2) Only a relatively small part of the combustion air served as pulverizing agent,
the remaining part having to be fed to the furnace by other means, e.g. by means of
a fan, blower or natural draught, because the air-oil jet is less capable of sucking in
sufficient air than a steam-oil jet would be.

3) At that time compressed air oil flames usually were very short and hot, thus
involving danger of damage to the walls by impingement ; moreover these flames were
very noisy, due to a very violent roaring combustion, which even proved to be a
serious objection to the application of this burner type on passenger ships.

4) Contrary to the case with steam, the expanding air cools the oil instead of
preheating it ; therefore it is necessary to provide means of preheating the compressed
air, which involves yet another complication.

As will be seen later on in the discussion of modern domestic oil heating, oil
burning based upon pulverization by air alone could be made a success by using very
low air pressures and larger portions of the total air for pulverization.
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C. Pulverization by ol pressure

As a mile-stone in the development of oil burning for marine purposes should be
mentioned the invention of KORTING, who constructed the first so-called pressure
atomizing oil burner in 1902 (fig. 33). By means of
a rotation element (now generally known as “plug”),
he gave the oil a rapid rotary motion, in such a
way that when leaving the orifice (“#p”") the oil
was broken up by the centrifugal force into fine
drops. Thus the pulverization could be obtained
merely by applying pressure to the oil (501bs/sq.in.).

As Kérting soon found out that the magnitude of 833
the oil drops was strongly governed not only by the
pressure but also by the viscosity and capillary constant of the oil, he preheated it
to about 100° C., which proved to be very successful.

Almost at the same time SWENSSON developed another principle of pulverizing the
oil with pressure alone, which method, however, was never applied on a large scale.
The oil passed through a fine jet onto the point of a sharp V-shaped metal cutter,
which had the effect of pulverizing it into a very fine spray (fig. 34).

Kérting’s invention led to a large number of similar constructions being made,
all based upon the same principle, the oil
being given a rotary motion before leaving the
orifice, and only differing in the means of pro-
ducing this rotation. Some well-known names
may be mentioned: KERMODE, who used tan-
gential slots at right angles to the axis of the
oil burner: SAMUEL WHITE, who used spiral

Fig. 34, Swrnssox's pressure grooves on a conical surface; ’I.‘HORITIYCROFT,

" atomizing burner. SmitH, MEYER (Dutch East Indian Lines) and
several others, who will be discussed later on,

This invention of the pressure atomizing oil burner in 1902 having removed one
of the main objections to the use of fuel oil on ships, its application soon became
widely spread, so that the need arose for a chain of fuel 0il bunkering stations all over
the world, such as already existed for coal, and in meeting this need Great Britain
played the most important role.

. KoRTING's first pressure
atomizing burner.

D. Development of Oil burning in America

It has often been said that the application of oil burning originated in the U.S.A.,
but as has been shown this is by no means borne.out by the facts. On the contrary,
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America played a decidedly secondary rdle in the early development of industrial oil
burning, viz. that of producer rather than of a consumer of fuel oil. On the other hand
it is certain that the later development of domestic oil burning, about 1920, began
mainly in the U.S.A.

As a matter of fact, it was not until about 1900, when almost all the European
Navies had already partially adopted fuel oil and several European merchantmen too
were already running on oil, that oil burning was started on an experimental scale on
some U.S.A. merchant-vessels of the Pacific Coast, first for coastal, and later on also
for overseas trade.

It will be easily understood why oil burning in the American mercantile marine
started on the Pacific Coast and not on the Atlantic Coast. The Pacific Coast was
notorious for its high coal prices, there being no coal mines there, whereas on the
Atlantic Coast there was plenty of coal. Thus it is recorded, that at that time three
ships, the “Sierra”, “Ventura” and “Socoma”, of the Sydney—San Francisco Line,
to mention only a few vessels, in fact never bunkered coal in America but always at
Sydney, where they had to fill the forehold entirely with coal for the outward
voyage, using the bunker coal and carrying cargo in the forehold during the return
voyage. Considering the difficulties of transporting the coal from the forehold to the
stokehold and the fact that coal trimmers are the most troublesome of a ship’s
crew, it is not to be wondered at that fuel oil was tried out on this kind of ships as
soon as it was found that California could produce it in plenty. The World’s Fair at
Chicago in 1892 and the tremendous production of some oil wells at that time — e.g.
the Spindle Top gusher in Texas (1901) produced about 100,000 barrels per day —
roused public interest in oil burning and allayed the fear that supplies of oil would
soon be exhausted, but again it was more the mercantile marine than the navy which
took the initiative in America.

About 1902 a U.S. Naval Liquid Fuel Research Board was formed under the
direction of Adm. MELVILLE to study the possibilities of the new fuel. Although the
Board must be given the credit for having carried out very useful experimental work,
their knowledge of the historical development of oil burning in Europe was rather
limited. For instance, in his report of 1902 Adm. Melville stated: “It has only been
within the last three years that the exceeding importance of atomizing the oil has
been recognized”, which is not at all in accordance with the facts, as the reader of this
historical survey of the development of oil burning will certainly agree. Further he
stated: “There is no record that previous to two years ago, any boiler ever evaporated
the amount of water with oil as a combustible that was secured under forced draught
conditions with coal as a fuel”, whereas the experiments carried out by the British
Admiralty on the “Retriever” as early as 1867 already showed a 12%:-fold evaporation
for oil against a 7'2-fold evaporation with coal!

Although Adm. Melville’s subsequent report of 1904 was on the whole in favour
of the application of fuel oil for nawal purposes, he devoted almost all his attention
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to the steam and air atomizing burners and only very cursorily mentioned mechanical
atomization or, as he calls it, “artificial spraying”’, the importance of which, especially
for marine use, he does not seem to have realized; this is proved by the lengthy de-
scription he gave ofa centrifugal burner designed by WiLriams (fig. 35), consisting of a
revolving horizontal plate, directly driven by a steam turbine,
from the surface of which the oil was projected.
This view is supported by Mr PEABODY, the inventor of
the well-known oil burner of that name, who wrote in 1923
(“Fuel Oil”, Jan. 1923, The Mechanical Atomazer. Its History
in Use.) as follows: “We owe to our English cousins and the
enterprise of our own Navy Department the inception of
the important development which has led to the use of the
mechanical atomizer in this country (America). The British
Navy being in closer touch with the progress being made in
oil burning in Europe, anticipated us in appreciation of the
importance of atomizing oil by means of centrifugal force
instead of by means of an atomizing medium, such as steam  Fig. 35. WiLL1ams’
or compressed air.”’ and further: centrifugal burner.
“In the year 1907, however, Captain NorTON of the U.S. Navy made a trip
abroad where he found the mechanical atomizer in successful use in the British Navy
and elsewhere, and quick to perceive its merit, he was instrumental in having the
specifications for the U.S. Battleships of the Wyoming class include a paragraph
requiring the installation of mechanical atomizing oil burners, to be used in con-
junction with coal fires. The attention of American engineers was thus directed to a
type of oil burner which was but little known in this country at that time”.....
“There was at that time, so far as the writer knows, not a single mechanical atomizer
in use on this side of the Atlantic”.
Indeed it was in 1907 that Capt. NORTON, on a visit to England, realized at once
- the advantage of the Kérting system, but it was
g "= o= not until 1909 that the first U.S. battleship, the

| l ‘_{ﬂn.ﬁ“‘/'_ 2

: -._.,H_};_ AL ~ " awee “North Dakota”, was equipped with a SCHUTTE-
f]— N = KORTING oil-burning installation (fig. 36), and even
then oil was only admitted as an auxiliary fuel,

Flggjfﬂers_c(%?T;EﬁgggfleG which was also the case with the battleship “New

York” launched in 1914.

In the meantime, however, the mercantile marine had eagerly accepted oil as
the main fuel. In 1905 the Bethlehem Shipbuilding Corp. brought on the market the
DaHL burner, which was also of the pressure atomizing type and was readily applied
on many merchant-vessels. In 1912 a fuel 0il testing plant was built at the Philadelphia
Naval Yard, principally due to the initiative of Adm. CONE, according to whose
publications the following pressure atomizing burners were in use with the Navy at
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that time: ENGINEERING DAHL, SCHUTTE-KORTING, PEABODY, NORMAND (French)
and THORNYCROFT (Eng.). The merchant fleet was using: DaHL, FORE-RIVER,
WHITE, BEST and LaAssov LOVEKING.

In 1917 an impetus was given to naval oil burning by America’s entering the
Great War, when there was a great need of it for the transport convoys across the
Atlantic, with quicker bunkering and, last but not least, smokeless combustion, which
often meant life or death to the crews. )

Whereas the capacity limit for pressure atomizing burners in 1912 was about 500
Ibs/hour/burner, ten years later, in 1922, it was between 1200 and 1500 Ibs/hour/burner
and a temporary developmert of boiler capacities of three times the rated H.P. of the
boilers could be obtained, which was a very remarkable feature for warships and could
never have been obtained with coal. This shows how rapid the progress was in this
respect during the war.

However, it was still felt as a serious drawback of pressure atomizing oil burners
that they offered too narrow a range of regu-
lation, the only way to decrease the capacity
being to reduce the oil pressure, which, of
course, gave a slower rotary speed of the
oil at the tip of the burner with a less satis-
factory pulverization, so that this pressure
reduction could only be applied to a certain
limit. Theoretically it would, of course,
have been possible to regulate the capacity
of a pressure atomizing oil burner by
changing the outflow area of the orifice
(“tip”), but as the dimensions of the tip are
rather small and, for instance, the insertion
of a tapered spindle into the orifice would
involve so many friction losses in the
rotating oil as to spoil seriously the pulveri-
zation, no practical solution was found in
that direction.

Generally the capacity was regulated by
the number of burners put into operation,
which was not by any means an ideal way,

Fig. 37. PEABODY-FISHER “wide-range because the burners that were cut out were
oil burner”. i
generally exposed to the radiant heat of the
flames of the other burners and often got choked with carbon, so that before they
could be put into service again they had to be cleaned.
It may be regarded as a second mile-stone in the history of the development of
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pressure atomizing oil burning that PEABODY-FI1SHER (PEABODY was the founder of
the well-known American oil burner firm Peabody Eng. Corp. N.Y., and FISHER was
an officer in the U.S. Navy) invented in 1921 their wide-range burner (fig. 37).

According to this system the oil from the pump enters tangentially into a swirling
chamber in the burner just as it does with several other types, but the difference is
that only a part of the o1l leaves the orifice in front of the burner and is burnt, the rest
of the o0il being returned to the oil tank through a central bore. The quantity of oil
returned is regulated by a valve, which at the same time regulates the quantity of oil
burnt. By means of this device it is possible not only to increase considerably the
rotary speed of the oil at the tip at full load by circulating quantities of il several
times larger than the quantities of oil burnt, but also to maintain that speed at very
low capacities and thus guarantee an extremely good pulverization at any load. The
return lines of several burners may be connected tcgether to one line and governed by
one single valve, by which means all burners may be regulated simultaneously.

It must be understood that this description has by no means the pretension of
being a complete story of the development of the marine oil burner and is only meant
as an indication of some mile-stones. It is almost impossible, and anyhow would be
beyond the scope of this book, to give a complete historical survey of every burner
application, such as for locomotives, the ceramic and metallurgical industries and so
on. However, we will make one exception, with regard to the application of oil
burning for domestic heating, and conclude this historical section with a survey of the
development of the domestic oil burner.

CHAPTER VI
HISTORICAL DEVELOPMENT OF DOMESTIC OIL BURNING

For a long time the use of liquid fuel for domestic purposes received comparative-
ly little attention, because suitable oils were either very high in price or not obtainable
in small quantities, whilst moreover the general idea existed that fuel oil could only
be burnt by pulverization with steam or compressed air in specially designed furnaces
and, therefore, was restricted to industrial uses.

It has already been mentioned that even earlier than 1860 the so-called ASTRAKAN
oil stove (fig. 1) was used in Russia to a certain extent for house heating, and it is
curious to note that this stove already comprised a means of burning heavy residues
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(astatki, pacura, mazouth) without mechanical means, a problem which, as a matter
of fact, is not at all solved even now. It is true that the present
demands with regard to safety, cleanliness and efficiency are not
the same as those in Russia at that time.

Another simple device for burning oil for domestic heating
is shown in fig. 38, representing an oil stove which is used to
some extent in Roumania, and which burns heavy residue
(‘pacura’) trickling on a number of perforated plates.

A study of the patents on oil burning shows that there has
always been a tendency to reduce the dimensions and capacities
of devices for industrial oil burning in such a way that they could
be used for domestic purposes, but as may clearly be seen from
the former history of industrial oil burning, the simple methods
designed to work without pulverization of the oil failed to

Fig. 38. Roumanian OPe€rate properly on a large scale, and for smaller units the

domestic oil burner difficulties became worse (e.g. NOBEL’s grafes and troughs of

for residue. fig. 39 and 40).
The method of preliminary evaporation of the oil could not be applied to residue,
because these oils could not be entirely evaporated without

being cracked, and consequently the burners based on the

principle of previous evaporation could not be made a

success until distillates were to be had comparatively

cheaply, as these oils, being produced by distillation,

could of course also be evaporated completely for a

second time in a burner.

The general method of burning oils without pulver-

ization has always been fo spread the oil out on a surface

exposed to the vadiant heat of the oil flame itself, a method

used by Aupouin (fig. 16 and 17) in 1867, whose sloping

grates, grids or bars covered with an evaporating oil film

may be found as new inventions — with slight modifi- F1g. 39. NoBFL's industrial

cations — in patents of all countries at regular intervals oil grate.

of say 10 years from that date. However, none of these inventions came to be

applied, mainly for the following reasons:

‘]C*\‘( 55 1) Too heavy oils were used, leaving a carbon
= ..__..,} Y deposit on the evaporation surface.

2) The oils were not readily available to the
Fig. 40. NoBEL’s domestic public in suitable quantities at moderate prices.
oil burner. 3) The units had still too large heating capac-

ities and could certainly not be regarded as being safe for direct room heating.
These drawbacks were gradually overcome in America after about 1920, es-
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pecially when it was found possible to centralize the heating of various rooms, so that
a larger heating unit could be used.

Whilst domestic oil burning became very popular in America from about 1920
onwards, the development in Europe took place some 5 years later, starting especially
in Switzerland, that being a relatively wealthy country with severely cold winters,
whereas Switzerland itself produces no coal, which made competition easier for oil.
Moreover the cost of transport up to the mountains is less per B.T.U. for oil than for
coal, which factor also largely contributed towards the popularity of oil in such
mountainocus countries.

The oil industry, which in the beginning was based entirely upon the market for
kerosene (lamp oil), found a serious competitor for this product in
gas-lighting, which, except in the Far East, rapidly gained ground.
This urged the oil companies to look for another outlet for their
kerosene, and thus the petroleum lamp was developed for house
heating and cooking. The use of kerosene vapours in ¢ncandescent
mantle lamps (K1TsoN, fig. 41) could not be applied on any large
scale, principally because the oil gas was too rich and apt to form
a carbon deposit on the mantles, so that it had to be diluted
with air, which, however, gave all sorts of other troubles.
Carburetted air-gas installations (aerogene installations) using a
light gasoline are still in use to some extent, e.g. in the East
Indies.

During the Great War gas-lighting in turn was replaced by
electricity, and the gas works had therefore to look for another
outlet for their product, so that it soon replaced kerosene for cooking purposes
and to a large extent also for emergency heating of rooms, mainly because of
the smell of kerosene and the fire hazard when handling it. Thus the competition
with gas caused new demands with respect to the domestic use of oil for heating:
comfort and foolproofness, which are very important factors indeed, whereas with
industrial oil burning only efficiency and reliability are asked for.

Even the invention to change the yellow flame of a kerosene wick lamp into a
blue one (so-called “blue burners”’) could not prevent the kerosene from being super-
seded by gas for cooking and coal for room heating: the delivery of exhaust gases
of more or less completely burnt oils into living rooms was intolerable and if means
were provided to conduct them away to the chimney the heating efficiency of the
system proved to be lowered to such an extent and the heating cost raised so high
that it was impossible to compete with coal stoves.

Whilst oil burning for house heating with cheap, brownish, unrefined domestic
fuel oil is really considered as a higher stage of comfort compared with coal, yet it is
curious to note that for a long time lamp oil, which is a higher-priced, water-white

Fig. 41. KirsoN’s
vapour lamp.
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refined product, has been the heating fuel used by the poorer classes, with the charac-
teristic smell of oil stoves in badly ventilated rooms.

Another attempt to stimulate the use of kerosene comprised the class of vapour
jet burners. But then again there was an objection to the ordin-
ary form of vapour jet burners of the blow lamp type opera-
ting with air pressure (PRIMUS fig. 42, SIEVERT, WELLS fig. 43,
BUTLER, etc.), owing to the frequent choking of the nipple,
which has but an extremely small aperture and calls for much
attention. The vaporizer, too, is apt to get choked with solid
deposits from the oil. Consequently this type of burner,
although very useful with petrol for such purposes as soldering,

Fig. 42. Original  melting and blistering paint, has only found application for
PriMUS vapour-jet . . .
burner. emergency heating and never formed a serious competitor for
gas or coal heating.

Nor could systems in which gas oil is converted into permanent oil gas under
pressure and distributed in steel containers (Y OUNG,
PintscH, DavTon-FABER, Brau-gas, Lowg) find
any further application than for the lighting of
railway carriages.

As already stated, numerous attempts were
made to develop asimple method of burning oil with-
out mechanical means, which were all based upon
the principle of AUDOUIN, Viz. to expose the surface
of an oil film to the vadiant heat of the oil flame and burn the oil vapours thus produced.

As a matter of fact the ordinary kerosene wick lamp is based on the same
principle, but it has the advantage that the oil is fed by capillary action of the wick
in proportion to its evaporation, thus automatically effecting an equilibrium.

In general the experience has been that an oil burning apparatus based upon
the principle of AUDOUIN answered best when the smallest possible quantity of oil was
exposed at a time to the evaporation temperature, as then the time during which the oil
is apt to carbonize was reduced to the minimum; the oil after being admitted into
the vaporizer had not to wait to be evaporated. Thus the burners of AUDOUIN and
SAINTE-CLAIRE DEVILLE with an oil film gave less carbon troubles with the same fuel
than were experienced with oil grooves, for instance, and a burner with an oil reservory
fully exposed to the evaporation temperature was still worse in this respect.

A few of the numerous patents may be quoted here:

Crass 1. Larger quantity of oil simultaneously exposed to the evaporation temperature.

1) The IriNvI burner (Deutsche Oelfeuerungs Gesellschaft m.b.H. Hamburg),
being an example of an oil container in which a larger quantity of oil is exposed to the
evaporation temperature; described in patents: DRP 254,518; 255,355; 255,356;
267,558 ; 275,056 and 263,782 (all dating from about 1911) (fig. 44).

Fig. 43. WELLS’ vapour-jet burner.
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2) The BECKER 04l burner (Becker Feuerungs- u. Maschinen Patent Verwertungs
Ges. m.b.H., Berlin-Schéneberg), also having an open horizontal gutter in which a
large quantity of oil is exposed to the evaporation temperature ; described in patents:
DRP 351,967; 359,736; 369,784; 353,574; 355,050, 369,785; 380,934; 385,764;
357,155 and 359,615 (about 1920-1922) (fig. 45).

Fig. 44. Irinv1’s metallurgical oil burner. Fig. 45. BECKER’s domestic oil burner.

Other inventions of this class are:

3) MarioN (Am. Pat. 1,774,937 and 1,755,771 of 1929).

4) BucuHOLTZ (Br. Pat. 1891 of 1909; Dutch Pat. 1612 of 1913).
5) CAUVET-LAMBERT (Fr. Pat. 666,123 of 1928).

6) PowErs (Am. Pat. 1,782,050 of 1930).

7) ScHIEDECK & OsTER (DRP 518,425 and 518,426 of 1929).

8) Courtas (Am. Pat. 1,832,280 of 1931).

9) RuppMANN (DRP 405,192 of 1922).

Crass I1. Swmaller quantity of oil stmultaneously exposed to the evaporation temperature.
1) LooseR (Sarganz — Switzerland, DRP 533,502 of 1930) (fig. 46).
2) MAYER (Br. Pat. 354,359 of 1930 and Dutch Pat. 28,118 of 1930) (fig. 47).
3) JunNkEers (Dessau, DRP 436,623 of 1924).
4) KREUTZBERGER-GERMAIN (Br. Pat. 214,342 of 1923).
5) FALKENTORP & ERicHSEN (Dutch Pat. 18,293 of 1928).
6) KNUPFFER (Am. Pat. 1,674,282) (fig. 48).
7) GENGELBACH (Am. Pat. 1,698,129 of 1929).
8) HENNEBOHLE (Am. Pat. 1,555,855 of 1925).
9) Soc. AN. ITALIANA PER LA COMBUSTIONE DEGLI IDRO CARBURI (Fr. Pat
434,420 of 1911).
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Crass III. Negligible quantity of oil simultaneously exposed to the evaporation
temperature.

1) KrAUSE (Br. Pat. 180,176 — 1922) (oil film on sloping plate with grooves).

Fig. 46. LooseRr’s oil Fig. 47. MAYER’s domestic oil burner. Fig. 48. KNUPFFER’S
burner for ranges. oil burner.
Fig. 49. KErRMODE's mushroom Fig. 50. Prizzr's domestic
oil burner. oil burner.
Fig. 51. StrACK’s o1l burner. Fig. 52. GiBBs’ oil burner with double vortex.

2) KERMODE (Br. Pat. 299,486 — 1927) (oil film on cones like mushroom type)
(fig. 49).
3) PIERBURG (DRP 353,300 — 1922) (oil film on vertical plates).
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(o]

)
)
6) SCHAUMANN(Am. Pat. 1,531,819 — 1924) (oil film on cone, as mushroom type).
) WHEELER (Am. Pat. 1,691,690 — 1928) (oil film on cone).

) Pizzi (Am. Pat. 1,901,610 — 1929) (oil film on cone) (fig. 50).

9) STRACK (Fr. Pat. 690,455 — 1930) (oil drops in air suspension) (fig. 51).

10) DupoNT (Am. Pat. 1,427,419 — 1922) (oil film on sloping grate).

11) GiBBS (Am. Pat. 1,624,943 — 1925) (oil film on porous material) (fig. 52).

12) Jounson (Br. Pat. 241,317 — 1923) (oil film on porous material).

None of these attempts to develop a simple method for burning oil without

mechanical means came to application on any large scale.

CHAPTER VII

RECENT DEVELOPMENT OF DOMESTIC OIL BURNING

A. The Development of Domestic Oil burning in America

About 1919 a more favourable turn took place in America with the development

of the so-called mushroom type of oil burner.

In this burner, belonging to class III, the oil is also spread out as a film on the

outside of a flat cone with or without oil grooves, but a
rnew feature that made it a temporary success was a device
for providing strongly preheated combustion air, consisting
of a number of canals leading through the flame (fig. 53).
With suitable light gas oil available at moderate prices
and the demand for a convenient, cheap, and simple
burner for central hot water heating systems, which gradu-
ally came to be wide-spread throughout America, this
mushroom type seemed to offer wonderful prospects.

In a short time some hundreds of manufacturers of
these “natural-draft gravity-feed”” burners — so-called be-
cause they were operated by “natural draft” only and the
oil was fed to the burner “by gravity” — sprang to life; as

a witty contemporary expressed it: “Every screw-driver Fig. 53. MusHRoOM-type

owner buiids an oil burner”.

of oil burner.

Somenames of largermanufacturers of this type of burnerare : OLIVER, WORTHING-
TON, HEATIATOR, OILHEAT, INTERSTATE, VULCAN, EXCELSIOR, WALTHAM, CLIMAX,
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FostErR and LIBERTY, the main difference in their products lying in the number of
canals for preheated air, whilst the WiLL1am’s HEATING Corp., whichafterwards built
up an excellent reputation with their O1L-O-MATIC products, at that time came out
with the D1sT-O-STOVE burner of the mushroom type.

How high expectations rose with regard to the prospects of such burners is
illustrated by the following typically American announcement that appeared in the
papers as an introduction to one of these burners:

WANTED : A simple, practical and inexpensive fuel oil burner
suitable for use in the average home. A reward equal to the foriume of
JorN D. ROCKEFELLER 0¥ HENRY FORD will be paid to the inventor of this
device. ROCKEFELLER developed light, FORD developed power, and now
AMERICA awaits the rise of the third great genius to complete the develop-

ment of the last remaining but greatest proporty of the liquid treasure, the
element of heat. Who shall it be? What fabled wealth shall be his reward ?

The call of the natiron 121s answeved!

The..... Oil Burner! The oil burner anyone can operate. Operated
by one valve. Burner for every type of home. No noisy motors. No
electricity costs. No moving parts. No friction wear.

After two years the burner in question had disappeared from the market, and the
same happened to almost all of the

mbers
—— burners of this “mushroom type”,
oo some of which consisted only of
I:::: some pieces of cast iron worth per-
0000 | haps not more than § 20 and were
70000 1 sold for § 150 to § 200. The reason
60000 1 of this “slump in natural-draught
50000 1 gravity-feed” burners (fig. 54), which
40000 took place in 1924/1925, was that
200001 the makers, as it was put at the
:::’:1 time, ,,sold a lot but had to take
them back too, very often before

920 oo w0 b the instalments had been paid and

Fig 54. Yearly sales of domestic oil burners in the . . . sfe s s
U.S.A. (From data of Fuel oil Journal 1934). sometimes with lndemn]flcatlon ’
mainly for the following reasons:

1) Natural draught proved to be unveliable as a motive force for oil burners.

Weather with bad draught conditions and cold chimneys caused smoky com-
bustion and rapid carbonization of the vaporizing cones.

2) The burners needed too large an excess of air to obtain a clean combustion,
resulting in foo high a consumption, which will be explained later on in the theoretical
part of this book.

3) The range of regulation was too small. In cold weather it could not be made to
give sufficient warmth and in mild weather and at night it could not be turned low
enough. As a result there wasalsoa slow pick-upin the morning when the house was cold.
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4) The burners of this type could not be equipped with automatic controls, which was
essential not only from a point of view of comfort and economy but also of safety.

5) The burner could not be made sufficiently foolproof, requiring too much skilful
attendance, and consequently was oftennot approved by the Board of FireUnderwriters.

At Last! An Oil Burner
Every Family Can Afford —

oilulel Jefy WANTED:
. 217

&er - State and County
tnterke Distributors and
Local Dealers
*THE ......... 0il Burner The ........ opens up an
T. . . an entirely new field for oil
is a one piece casting, and burner sales. Every family

its operation is simplicity itself.
There are no wicks, no needle
valves, no generating tubes, no
electric motor or other me-
chanical parts to wear out or
require adjustment. Burns any
fuel that is suitable for do-
mestic oil burners. No noise, no

is a prospect for this low
priced, efficient, fully guaran-
teed oil burner. Sales are
easy—and profitable.

The ........ franchise is
valuable. Our exclusive state
and county distributor propo-
sition offers tremendous pro-
fit possibilities. Sales in terri-
tories already allotted are

smoke, no dirt, no odor. Fully
guaranteed in every respect.

$100:%0

Retail price, installed
ready for tank

Fig. 55. Revival of AuDpouUIN’s oil-grate in 1925 (U.S.A.)

exceeding quotas by far.
Write or wire today for full
particulars of this remark-
able oil burner and of our
liberal, profit-producing pro-
position.

The first designers of the so-called mechanical domestic burners (CHALMERS (fig.
56) and WiLL1AM'Ss O:l-O-Matic building pressure atomizing burners, and RAayY and
AETNA (fig. 56) manufacturing centrifugal atomizing burners), who had always argued
in this sense, were thus found to be in the right. Some of the natural-draught gravity-
feed burner manufacturers saved themselves just in time by changing to the manu-
facture of the so-called “mechanically assisted” evaporation burners of the vaporizing
pot type, consisting of a fire pot in which the oil was admitted, mostly without previous
pulverization and evaporated, cracked and burnt by blowing into it a strong current
of turbulent air delivered by a fan.

Some names of this type of burner are: Laco (fig. 57), SUPREME, HOFFMANN,
Bock (fig. 58), NORTHERN (fig. 59), BERRYMAN, GRANT, HAAG (fig. 60) and PrIoR (fig.
61) (with the exception of the last two, which are of Swiss origin, all were American
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products). They form a class by themselves lying between the natural-draught
burners and the mechanically atomizing burners, and have been fairly well able to
maintain themselves up to the present time for lighter fuels by avoiding the
disadvantages of the natural
draught mentioned above.

The years 1927 to 1930 saw
great activity in the develop-
ment of the mechanical do-
mestic burners in America, and
especially in the fully automatic
form, because it was then gener-
ally felt necessary to eliminate
entively the influence of human
attendance on the efficiency and
safety of operation of the equip-
ment.

Many manufacturers who
were making carburettors, gaso-
line pumps, shock absorbers, electrical equipment etc., for the automobile industries
very soon discovered the new possibilities and started to make fans, oil pumps, filters,
pressure regulators, non-return valves, floats, trip buckets (a safety device against
leakage, see fig. 62), mercury switches, protectostats, thermostats, stackstats,
viscostats, aquastats, pressurestats, vaporstats, pyrostats, duostats and all sorts of
other “stats” (rightly or wrongly so named), small motorless bellow or membrane
pumps to convey the oil from underground tanks to the burners, special noiseless
motors without radio inter-
ference, high-tension sys-
tems, etc.

Within a short time it
was possible to make a
fully automatic domestic
burner at home merely by
buying various parts and
assembling them.

A list of 179 American
makes of domestic oil
burners marketed in 1932

is given in table I, which Fig. 57. Laco burner. Fig. 58. Bock burner.
(mechanically assisted evaporation).

Fig. 56. Pioneers of Mechanical Atomization
(AETNA and CHALMERS).

has been composed from
data given in The Fuel Oil Journal and which may give an idea of the enormous
variety of applications of comparatively few basic principles.
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The work of big associations like the 4.0.B.4. (American Oil Burner Ass.) the
A.S.T.M. (American Society for Testing Materials), the 4.P.I. (Am. Petr. Inst.) and
A.S.H.V.E. (American Society
of Heating and Ventilating
Engineers) and of the Fuel Oil
Department of the board of
Fire Underwriters contributed
largely to the stabilisation of
the domesticoil burnerbusiness,
and especially of late years a  Fig59. NorTuErN vapor-  Fig. 60. Haac vapor-
mutual understanding between izing pot type (natural draught). zing pot type.
oil burner manufacturers and oil producers has been cultivated to the benefit of both.

A few names of fully automatic mechanically atomizing American

[ —— oil burners well-known also in Europe are: ABC, CHALMERS, GILBERT
t | & BARKER (fig. 63), HEIL-COMBUSTION (fig. 64), JOHNSON, QUIET-MAY

' (fig. 65), PETRO-NOKOL (a phonetic advice to use petroleum and no
coall), PROGRESSIVE (fig. 66) (in Holland known as N1TEK), RAY (fig. 67),
SILENT-GLOW, WAYNE, WirLiams’ O1L-O-MaTIic, NU-wAY and YORK.

About 1930, after the American people
had got to appreciate the comfort of oil
burning and discarded coal, there was a
second phase in which they were gradually
“educated” to the comforts of automatic room
temperature control. This evolution took place

2t much more easily in America than it is doing
Fig. 61. PrIOR Fig. 62. ImperIAL  at presentin Europe, because domestic labour
vaporizing pot tripbucketforsafety ;o 1nore expensive in America and where

type. against leakage .
many European families keep a servant who

Fig. 63. GILBERT and BARKER press. atom. burner.

attends now and then to the central heating plant such could not be afforded under
Romp, Oil burning 3
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similar American conditions, so that in the latter country the benefits of oil are

felt more directly than in Europe.
The above-mentioned “education” in connection with automatically controlled

The Baby-type HEiL CompusTioN.  Thelarge capacity HerL ComBUSTION.
Fig. 64. HeEr ComBusTION domestic oil burners.

oil heating is more or less similar to that in the automobile industry: about 1925
motorists had come to appreciate the easier performance of a 6-cylinder motor-car,
and in 1932, notwithstanding the higher costs, more complications and higher gasoline

Fig. 65. QUIET MAY press. atom. burner. Fig. 66. PROGRESSIVE press. atom. burner.

consumption of the 6-cylinder engine, a 4-cylinder car could scarcely be sold at all in
America; the second stage was entered upon about 1931, when the 8-cylinder motor-
car came into favour, although this is still more expensive. If once the public has
become familiar with some form of comfort it will not easily part with it again.
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It may seem somewhat beside the point to make these remarks here, but it
should be borne in mind that the development of domestic oil burners is governed by
rules quite different from those governing the industrial oil burner. Whereas the

Fig. 67. RAY hor. rotary domestic burner.

Fig. 68. CHALMERS gun type
oil burner.

prospective purchaser of an industrial oil burner only asks for an efficient and reliable
instrument with which to cut down his costs of manufacture or to improve his
products, the buyer of a domestic o1l burner asks for a certain form of luxury and comfort

in his home, demands which are similar to
those considered when buying a car.

It is not surprising, therefore, that also
the outer appearance of the domestic oil
burner is getting more and more important
and this, for instance, accounts for the
“stream line”” having been applied even to
the domestic oil burner, an example of
which is shown on fig. 68, “CHALMERS’ gun
type” oil burner (also: “clean-lined”’).

Another feature is the recent develop-
ment of the burner boiler units (GENERAL
EvrEcTRIC, YORK, HEIL COMBUSTION, JOHN-
soN’s Oil heat Servant, see fig. 69) of which
the basic idea was that oil burner and boiler

Fig. 69. Some burner boiler units.

should form one harmonious whole (fig. 70), whilst only too often a good oil burner
gives bad results owing to its being put into the wrong boiler, or into the right boiler
but in a wrong way. Although the principle of this is quite correct, it has its drawbacks
because, in the case of conversion jobs when the old boiler becomes useless, the cost

is higher,
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Another new type of burner, although its principle has been known from 1916
onwards (c.g. Br. Patents 159,467; 188,871; 247,833), that appeared on the Ameri-
can oil burner market some years ago

(about 1927, LyNN, SILENT GLOW) and

that is now being applied more and more

(in 1932 about 65 makes), is the so-called

range-burner (see fig. 71) consisting of a

cast-iron base with grooves from which the

oil evaporates by radiation of heat from

a number of red-hot perforated shells

placed on the base as concentric rings.

The air is sucked into the holes by natural

“Putting a modern oil burner in an old- draught and some kind of surface com-

fashioned boiler is like putting a modern . .. .
motor in an old buggy....” bustion takes place inside the shells, with a

Fig. 70. Striking advertisement of a burner- biue flame. These range. burners have
boiler unit (American Radiator Comp. Fuel become very popular, mainly because of
Oil Journal, June 1934}. their being easy to install, absolutely noise-

less and needing very little draught. Although this burner is sometimes claimed to
be suitable for gas oil, an absolutely reliable performance can only be obtained by

Fig. 71. Range burners.

using kerosene as fuel. In America a special brand of oil is now being distributed for
this purpose, known as range oil, which is a heavy kerosene.
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B. The Development of Domestic Oil burning in Europe

Whereas domestic oil heating was started in America in about 1920 and came
to a rapid development there in a few years’ time, in Europe the application of oil
burning for domestic use prior to 1925 was hardly worth mentioning.

In general it may be said that, whilst America took and maintained the lead,
Europe is still some 3 to 15 years behind, more in some countries than others; Swit-
zerland, Austria and Holland may be regarded as forerunners in Europe with respect
to domestic oil burning, with Germany coming in at the end. Curiously enough the
conditions for favourable development of this branch of oil burning have been quite
different in all the three first-mentioned countries.

Thus Swilzerland has been very successful in domestic oil burning because of its
being a wealthy country and very popularfor winter-sports. Tourists demand luxurious
comfort and are willing to pay well for it. Moreover the country itself produces neither
coal nor oil and consequently there are no reasons of mercantile policy for putting
higher import duties on either of them. Then again it is of the utmost importance for
such a mountainous country that the transportation cost of one heat-unit (Cal. or
B.T.U.) 1000 metres above sea-level is considerably less for oil than it is for coal (not
only because of the different heat value per kilogram but even more so because of the
higher thermal boiler efficiencies obtainable with oil).

Austria, which is a relatively poor country, has nevertheless a population which
was originally accustomed to luxury and is used to taking life easy. Various loans
have been negotiated in exchange for low import duties on foreign products and thus
oil prices are comparatively low, which is the same with oil burner equipment. This
must be one of the main reasons why oil burning has found such a rapid application
in that country.

Holland is a rather wealthy country. It has world-wide trade connections and its
people readily adopt new foreign inventions. The population preferably live in houses
of their own and consequently there was a demand for small convenient oil burning
equipments. Low fuel oil prices and mild winters, resulting in comparatively low
heating cost per season, have been factors largely contributing to the growth of
domestic oil heating.

In England and France, although both rather wealthy countries too, domestic
oil burning is seriously handicapped by very high fuel oil prices, due to high import
duties, which makes it extremely difficult for oil to compete with coal.

In Germany, which is not a wealthy country, the price of oil is so high and the
average living conditions of the inhabitants so poor that domestic oil burning has
found hardly any application there.

The Scandinavian countries are comparatively wealthy but their high fuel oil
prices and long severe winters make it difficult for oil to compete with coal and the
national fuels, wood and charcoal.
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Italy and Spain are relatively poor countries having high fuel oil prices, but they
enjoy extremely mild and short winters and consequently domestic oil burning has
found some application only in the northern regions of these countries.

In general it may be remarked that in most European countries at least three-
fourths of the burners used are of American origin, with the exception of England,
in which country a national domestic oil burner industry has sprung to life under the
influence of the “Buy British”’ propaganda; some British makers are: PARWINAC,
(abbreviation of: Parker, Winder & Achurch), Horg, CLYDE, AUTOMESTIC, COM-
BUSTIONS LTD, HOMATRA, ELECTROMATIC, LAIDLAW DREW, FiLmMA, URQUHART,
Britisu O1r BURNER, KALOROIL, VICTORY. — France, too, has its own domestic oil
burners, such as: C.A.T., SI.A.M., Loy et AuBE, Mazar, LINKE, CAUVET-LAMBERT,
AUTOPROGRESSIF (Boutillon) and FLAMME BLEUE. — Switzerland has its CUENOD,
Haac, Prior, BECKER, LIEBER and ELkA, and Austria the CoMmBINA, SIMPLEX, O.F. A,
DaNuBIA, GARVENS and Propomo, whilst Duich makes are the N. F. burner and the
REINHART-LANG burner; moreover the Swiss burners Prior and HaAG are manu-
factured in Holland under licence.

This Section may be concluded with one more general remark concerning the
differences between Europe and America, viz. that the domestic fuels distributed in
Europe are as a rule much heavier and more expensive than those in America, a fact
which has sometimes led to disappointments encountered with imported oil burner
equipments needing a lighter grade of fuel oil than the average products distributed
as domestic fuel oils in the country in question.

In this connection it is interesting to note that during the last few years in the
West European countries, especially in Great Britain, a very pronounced and fruitful
research has taken place aiming at the development of domestic oil burners capable
of burning the heavier grades of fuel oil. For this purpose a new element was added
to the equipment, viz. a preheating device, which automatically keeps the oil consist-
ently at the necessary temperature for a suitable viscosity and efficient pulverization.
Further details will be discussed in the Fourth Section dealing with the Future of Oil
burning.

This historical survey, then, may be concluded with the remark that, if we
consider the various stages of development up to the present day, it is scarcely subject
to doulbt that not only is oil burning in internal combustion engines one of the pre-
dominant factors governing the world, but also its importance for industrial and
domestic heating is growing rapidly and in fact may in the near future prove to be “a
burning question” indeed.
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CHAPTER1
INTRODUCTION

Liquid fuel is a collective noun for several products obtained from crude oil,
which latter as it occurs in the natural state may be considered to belong, roughly
speaking, to one of three classes according to the base of the oil, viz.:

1) Paraffin Base,

2) Asphaltic Base, or

3) Naphthenic Base,
although in fact the constituents of every crude oil belong more or less to all of these
three classes.

The American Pennsylvanian oils and the Sumatra oils from the Dutch East
Indies (D.E.I.) are examples of paraffin-base crudes; Venezuelan and Mexican oils
and Java (D.E.L) oils of the asphaltic-base crudes; Californian, Russian, Borneo
(D.E.I.) crudes are examples of naphthenic-base crude oils. — How little, however,
the origin of the oil tells about its properties may be illustrated by the fact that
Louise, one of the Borneo fields, produces crude oils of all three classes, sometimes
from wells practically on the same spot.

In regard to their use as combustibles, there is a considerable difference between
the fuels obtained from these classes of crude oil, especially with respect to the
tendency to soot or to form otl-coke. In general it may be said that the paraffin-base
fuels can be burnt easiest without smoke, whereas asphaltic-base fuels give most
trouble in trying to get clean combustion; the naphthenic-base fuels lie in between.

Crude o1l as it comes from the earth is not suitable for use as fuel oil, because it is
a highly inflammable mixture of several kinds of oil, from the very light and volatile
naphthas or gasolines to the very heavy non-volatile waxy or asphaltic residues. As
only oil vapour and not the liquid itself is inflammable when mixed with air, it
follows that the more volatile the oil, the more inflammable it is and the more danger-
ous to handle,

According to their volatilities, oil products may be classified as follows:

a) Gasoline or naphta.

On the Continent of Europe these oils are known as: “Benzin(e)”’ (not to be
confounded with “benzene’” or “benzol”, which is CgHy), “spirit”’, “essence’” or “petrol”
(the latter not to be confounded with “petroleum”, which is “lamp 0il”). These oils

— 4] —
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contain the most volatile liquid constituents of crude oil and since their vaporization
needs no special arrangements they are eminently suitable for use in automobile
engines. On the other hand they are dangerous to handle and for their storage
stringent precautions have to be taken against fire.

b) Kerosene or lamp oil.

The name “kerosene” was originally used by an American firm as a trade mark
for its heavier oils, but it has been gradually applied to illuminating oils in general.
In Europe the name “petroleum’ is often heard for this product, which is a component
of crude oil next heavier to gasoline. Being less volatile it is not so dangerous to
handle and precautions against fire are less severe. On the other hand its clean
combustion is less easily obtained than that of gasoline.

¢) Gas o1l.

The name “gas 0il”’ was originally given to the oils next heavier than kerosene
because they were used to produce oil gas by cracking according to processes such
as evolved by Youne, PinTscH and others. It is usually a yellowish-brown oil, which
contains so small a percentage of volatile fractions that it is a very safe liquid indeed.
A burning match will be extinguished when thrown into it. Its clean combustion,
however, requires special arrangements.

d) Residue.

This oil is a collective noun for all that is left from crude oil after the more valuable
constituents have been distilled off from it. In general, residues may be waxy or
asphaltic, depending on the origin of the crude. Other European names are “astatk:”,
“pacura’ and “mazouth”’ . Residues are the safest fuel oils imaginable, but on the other
hand their efficient and clean combustion requires special arrangements, and the
heavier the residue, the more complicated such arrangements are.

Of course, there are many oils on the market which do not exactly belong to one
of the above classes; the classification is only intended as a rough guide.

In order to avoid confusion it is well to remember that engines and oil burners
are often advertised as being able to work on “crude 0il”’ (“Rohol-Motoven’) whereas in
fact it is gas o1l that is meant, viz. “crude” taken as the opposite of “refined”’. From
the above it will be clear that the use of actual “crude o1ls” for engines and burners
would by no means be recommendable from the point of view of safety. Again, one
may often read advertisements in French papers for “brileurs au mazout’” (oil burners
on mazouth), when it is not the heavy residue, but a gas 02/ which is meant.

Fuel 07l in the sense in which it will be used here is to be understood as being a
“safe”’ 0il having a flash point of at least 65° C. (150° F.), which is the legal limitation in
most countries for an oil which is stored and handled without extraordinary pre-
cautions against fire. The flash point is the lowest temperature to which the oil must be
heated to make it possible to ignite the oil vapours above its surface just for a moment,
for instance with a small gas flame, burning match, electric spark or the like. After
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this initial ignition the flame of oil vapour will soon die out, and this is the reason why
that temperature is called the “flash” point. To obtain a longer-lasting flame it is
necessary to heat the oil to a still higher temperature (for mineral fuel oils generally
some 30° C. above the flash point), and when the flame continues to burn for 5 seconds
this is called the “fire”’ point. The temperature at which the oil, when mixed with air,
ignites spontaneously — “spontaneous ignition temperature” or S.I.T. — lies still
higher, generally between 300° and 500° C.

Because of its international importance with regard to the fuel oil market, this
flash point test (generally determined by the PENSKY-MARTENS method) and several
other tests, which will be discussed later on, were explicitly prescribed years ago by
Boards such as the American Society for Testing Materials (A.S.T.M.) and the Burean
of Mines, which regulations have now been generally adopted all over the world.

From the above it will be clear that safety against fire in storage and handling is
one of the main considerations for the use of fuel oil, but then if the oil answers the
above requirements it is necessary to prepare the oil and air in a suitable way for
combustion, as otherwise it is impossible to burn it efficiently.

The process of oil burning in general may be roughly divided into 7 stages:

1) Preparing the oil for combustion.

2) Preparing the air for combustion.

3) Vaporizing or gasifying the oil (if not already done in the first stage).

4) Mixing the oil, oil-gas and air (so far as not already done in the first or third
stage).

5) Igniting the mixture and burning it to water and carbon dioxide.

6) Transferring the heat from combustion products to the materials to be heated.

7) Carrying away the flue gases.

Strictly speaking, the denomination “o0il burning” is wrong, because actually it
is not the oil as a liquid but its gas that burns. Likewise the name “o0il burner” is not
quite correct, because the apparatus designated by that name is only a contrivance
to prepare the oil in such a way that ¢fs gas can be burnt, which process takes place in
another device comprising a combustion chamber.

Before entering further into the details of these 7 stages of oil burning, it is
advisable first to deal with the question: What is oil really, physically and chemically
speaking, and how does its combustion take place?
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CHAPTER I1
THE PHYSICAL PROPERTIES OF FUEL OIL
A. Drstillates versus Residues

Crude oil as collected from the wells is generally split up by distillation into
several “fractions” or “cuts” before it is used. The diagram of fig. 72 may serve as a
simple scheme for the distillation of crude oil. The products framed by thick lines are
known as fuel oils; kerosene, being a refined product, which is also sometimes used as
a fuel for heating purposes, represents a class ot its own.

Fuel oil for burning purposes may be divided into two classes:

1) pure distillates, and
2) residue-containing fuel oils,
which show a marked difference in behaviour when burnt.

Usually distillates are produced by distillation under atmospheric pressure, a
physical process, which may be repeated in an oil burner, as contrasted with residues
which are the bottom products left behind in a distillation under atmospheric pressure.
The reason why such residues cannot be distilled is that the boiling points of their
constituents lie above the temperature at which the reaction of thermal decompo-
sition starts, a process known as “cracking”’. Distillation of these fractions can only be
rendered possible to a certain extent by artificially lowering the boiling points by
reducing the pressure, such as is done when producing lubricating oils by means of a
high vacuum distillation plant.

Itisclearthatresidue-containing fuels cannot be completely evaporated at atmospheric
pressure, so that it is impossible to burn them in burners based upon the principle
of previous evaporation of the oil, without leaving behind unburnt heavy ends.
Nevertheless it happens from time to time that new oil burners are invented based
upon that same principle of previously evaporating the oil, e.g. it being even claimed
to burn the crank case drainings (the residual lubricating oils) of automobile engines to
heat the gasoline service stations along the roads! The rough sketch in fig. 73 shows
how the curve of boiling points of most hydrocarbons intersects that of thermal
decomposition at about 350° C, and therefore lubricating oils having atmospheric
boiling points generally above their decomposition temperatures would be decompos-
ed first before being evaporated. Now this would not be so serious if the cracking
process were not generally accompanied by the formation of oil coke, which very soon
interferes with the regular operation of the burners.
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Fig. 73. Boiling points and Cracking limits of hydrocarbons.

B. Boiling range

The above shows the importance of the so-called “boiling range’” of a fuel oil,
which may be determined by a distillation test as prescribed, for instance, by the
American Society of Testing Materials and which is often known as the “4.5.7. M .-
analysis”. This test consists in the determination of the temperature at which distil-
lation under atmospheric pressure starts (“initial boiling point”’ = 1.B.P.) and at which
it stops (“final boiling point” = F.B.P.) and, moreover, of the temperatures at which
10, 20, 30 etc. per cent by volume of the oil is distilled over under standard conditions.

If the fuel is a pure distillate it will be possible to determine the A.S.T.M. curve
completely, because what is left behind is only a negligible quantity, in contrast to a
residue-containing fuel, of which the distillation is generally stopped at 350° C., whatever
the rest may be, as cracking will make further distillation useless. Therefore it is clear
that the distillation test does not say so much for residue-containing fuels as it does
for distillates.
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C. Dew Point

A very important physical property of a distillate oil is its “dew point”’, which is
the lowest temperature at which the oil as a liquid is n equilibrium with its own com-
plete vapour, or in other words the temperature at which the oil may be completely
evaporated under atmospheric pressure, or at which the first trace of condensation
(fog) appears in the complete oil vapour when slowly cooled down. It is necessary to
speak of “complete” vapour because at lower temperatures the oil may also give off a
lighter vapour consisting of relatively more volatile constituents, which could be
denoted as “encomplete” vapour. This shows that it is far more difficult to determine
the dew point of fuel oil, as a mixture of numerous hydrocarbons, than of a single
substance.

From its definition it is clear that only the dew point of distillates can be determin-
ed and not that of residues. Furthermore it is obvious that an oil burner based upon
the principle of previous evaporation of the oil must have an evaporation device
which has a temperature equal to. or higher than the dew point of the oil used.

The apparatus for determining the dew point is rather complicated and is not
standardized. Generally the dew point of a distillate lies in the neighbourhood of the
temperature at which about 65 to 709, is distilled over in the distillation test.

D. Viscosity and Surface Tension

Another important physical property of fuel oil is its “viscosity”, this being a
measure for the internal friction of the liquid and therefore of primary importance if
thefuelis tobe pulverized before being burnt. The viscosity, together with the capillary
constant of surfacetension, of the oil determines the magnitude of the oil drops when
pulverized by pressure or centrifugal force. It is therefore obvious that the viscosity
is of minor importance if the oil is not pulverized, as for instance is the case with
distillate burners based upon the principle of previous vaporization of the oil. In that
case, however, viscosity may still have some importance if wicks are used.

To determine the viscosity several methods are adopted in various countries,
such as the VoGEL-OssAG (fig. 74) and ENGLER tests on the Continent of Europe, the
ReEDpWOOD test in England, and the SAYBOLT test in America, and as none of these has
yet been adopted as universal standard there is sometimes much trouble and con-
fusion, the more so because viscosity is very dependent on temperature, and temper-
atures of various tests are different.

The physical measure of viscosity or the so-called absolute viscosity is the force in
dynes necessary to give two oil surfaces of 1 cm? at a distance of 1 cm. a relative
velocity of 1 cm. /sec. One dyne-sec./cm?is called one poise. Water at 20° C. possesses
exactly 0.01 poise or one centi-poise (c.p.), which is the unit of absolute viscosity
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generally adopted by physicists. The ratio of absolute viscosity to density is known as
the kinematic viscosity, the density, of course, being expressed in units compatible
with the system of units employed. The dimensions of kinematic viscosity are L2/T
and its units are called stokes expressed in cm?/sec., or centi-stokes (= 0,01 stoke).
The different values of viscosity may be converted by means of the table of fig.

Fig. 74. The VoGEL-OssaG viscosimeter.

75 in which Vi denotes the kinematic viscosity. The SAYBOLT test for lighter fuels is
known as “Saybolt-Universal at 100° F.”, whilst for heavier fuels there is another test
at 122° F. (boiling point of Furol) known as the “Sayboli-Furol test”.

The surtace tension is measured by means of the so-called stalagmometer (ITRAU-
BE), based upon the determination of the magnitude of drops falling from a polished
horizontal plane. Viscosity and surface tension are independent of each other, but
both decrease with increasing temperature, till about zero is reached at the critical
temperature of the hydrocarbon.
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VISCOSITY CONVERSION TABLE

49

Vx = Abs. Kinematic Visc. (centi-stokes) S.U. = Seconds SAYBOLT-UNIVERSAL
E = Degrees ENGLER R.I. = Seconds REpwoob I
Vi ] E \ RI | su. | v [ E ‘ RI. | s.U.
1,0 | 1,00 | 283 | 32 20,0 | 2,9 87 97
5 | 1,06 | 30 33 205 | 2,95 88 99
20 | 112 ] 31 34 210 | 3.0 90 | 101 |TFor higher figures use:
25 | 117 | 32 35 215 | 3,05 91 104
30 | 122 33 363 | 220 | 31 94 | 106
35 | 126 | 34 38 22,5 | 3,15 9 | 108 |V =758E
40 | 130 | 35% | 393 | 23.0 | 3.2 98 | 110
45 | 135 | 37 41 235 | 3.3 100 | 112 |Vy = 0,244 R.I.
5.0 | 1,40 | 38 423 | 240 | 335 | 101 114
55 | 1,44 | 393 | 44 245 | 3.4 103 | 117 |Vy = 0,218 S.U.
60 | 148 | 41 451 | 25 3,45 | 105 | 119
6.5 | 1.52 | 423 | 47 26 36 109 | 123
70 | 156 | 44 481 | 27 37 113 | 128 or
75 | 1,60 | 45 501 | 28 385 | 117 | 132
8.0 | Les | 463 22 29 3.95 | 121\ 13
8 1,70 8 4 30 4.1 12 141 _
9.0 175 | 493 | 553 | 31 42 129 | 145 |[BE=0132Vk
9 179 | 51 57 32 435 | 133 | 150
10,0 | 1,83 552% 59 33 445 | 137 | 154 |F =00322R.L
10,2 | 1.85 3 60 34 46 141 158
104 | 1.87 | 533 | 603 | 35 47 144 | 163 |E =00287S.U.
106 | 1,89 | 54 61 36 485 | 148 | 167
10,8 | 191 | 55 62 37 495 | 152 | 172
1,0 | 193 | 554 | 63 38 5.1 156 | 176 or
114 | 1,97 | 561 | 64 39 52 160 | 181
122 | 2004 | 59 67 40 5.35 | 164 | 185
12,6 | 208 | 603 | 68 41 545 | 169 | 190 |R.I. — 4,10 Vy
13,0 | 212 | 62 70 42 56 173 | 194
135 | 217 | 633 | 72 43 575 | 177 | 199 |R.I. =311 E
140 | 222 | 65 74 44 585 | 181 | 203
145 | 227 | 663 | 76 45 6.0 185 | 207 |R.I. = 0,894S. U.
15,0 | 232 | 681 | 77 46 6.1 189 | 212
5.5 | 238 | 70 79 47 625 | 193 | 216
160 | 243 | 72 81 48 6,45 | 197 | 221 or
165 | 250 | 74 83 49 6.5 201 | 225
17,0 | 255 | 75 85 50 6.65 | 205 | 230
175 | 26 77 87 52 6.9 213 | 239 |S.U. = 4,58V,
180 | 265 | 79 89 54 7.1 221 | 248
185 | 27 81 91 56 7.4 229 | 257 |S.U. = 3481E
19.0 | 275 | 83 93 58 765 | 237 | 266
195 | 2.8 85 95 60 7.9 245 | 275 |S.U. = 1,12R.L
20,0 | 2,9 87 97

Romp, Oil burning

Fig. 75. Viscosity Conversion Table.
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E. Pour point

A physical property of fuel oil intimately related to viscosity is the pour point,
which is the lowest temperature at which the oil will pour or flow when chilled without
disturbance under certain specified conditions. This pour point is very important for
fuel oils carried in the bunkers of ocean-going vessels, because it would cause difficul-
ties to draw the oil up by pumps if its pour point should happen to be higher than
the sea-water temperature.

Fuel oils of paraffin base are generally characterized by high pour points and
viscosities, as against the naphthenic oils which have low pour points and viscosities
and therefore are often considered as superior fuels in this respect.

F. Specific Gravity

Another rather important physical property of fuel oil is its specific gravity,
generally determined with a hydrometer at 15°C. or 60° F. As fuel oils are bought by
volume and their heat content per kilogram is about equal to 10,000 cals., the specific
gravity roughly fixes the price of one heat-unit, and for this reason the determination
of the specific gravity is of some importance, although it says very little about the
burning qualities as a fuel.

The specific gravity is usually expressed as the ratio between the weight of a
given volume of oil to an equal volume of water at the same temperature (usually
15°C. or 60°F.) or in kilogrammes per litre. As the specific volume of oil is very
dependent on the temperature it is necessary to state the temperature at which the
measurement was carried out, and if not stated it is taken to be 15° C. or 60° F.

In English speaking countries specific gravity is often expressed in BEAUME
units according to the formula:

140 .
BEAUME gravity = ~————————— — 130, which is the original scale, whereas in
y Spec. Gravity

America another BEAUME scale is used, known as:

API it 141.5 131.5
P.I ity = ————— — 131.5.
gravity Spec. Gravity

For water at 60° F. both BEAUME scales correspond to the value 10. The
Table below gives a comparison between the original BEAUME scale and the Specific
Gravity scale.

It may be of interest to point out here that the denomination “heavy fuels”
generally relates to high viscosity and high boiling points rather than to a high specific
gravity. In fact there are certain fuels (especially those containing paraffin hydrocar-
bons) having a very high viscosity or low fluidity and a lower specific gravity than
other fuels containing more naphthenes and aromatics, which are decidedly more
fluid at the same temperatures.
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CONVERSION TABLE FOR SPECIFIC GRAVITIES

BeauME Spec. Gravity | Lbs/Imp. Gallon | Imp. Gallons/ton
10 & 1.0000 10.000 224.00
s 0.9929 9.929 225.55
12 g 0.9859 9.859 227.13

13 3 0.9790 9.790 228.80
14 5 0.9722 9.722 230.49

15 €% 0.9655 9.655 2198 &
16 E9 0.9589 9.589 233.42
17 5 8 9.9523 9523 & 235.11 %
18 23 0.9459 9.459 % 236.66 >
19 % & 0.9395 9.395 & 238.30 &
20 A 0.9333 9.333 239.82 Z
21 £ § 0.9271 9.271 R, 241.34 ¢
22 B 0.9210 9.210 242.95 &
23 S8 0.9150 9.150 & 24440 &
4 S5 0.9090 9.09 | 246.01 3
25 2~ 0.9032 9.032 & 247.64 ©
26 =& 0.8974 8.974 = 249.15 E
7 84 0.8917 8917 & 250.84 3
28 ¥g 0.8860 8.860 é’” 25253 ¢
29 & & 0.8805 8.805 = 254.00 7
SRS 0.8750 8.750 é’ 255.85 ¢
31 =g 0.8695 8.695 = 257.47 §
32 Ly 0.8641 8.641 258.94 &
3 55 0.8588 8.588 260.61 =
34 5% 0.8536 8.536 262.14
35 & 0.8484 8.484 263.83
35 = 0.8433 8.433 265.40
37 & 0.8383 8.383 266.82
38 ~ 0.8333 8.333 268.42

G. Specific heat

There are some other physical properties of fuel oil that are of minor importance,
e.g. the specific heat of the liquid, a property only necessary to know if the heat
required to preheat the oil has to be calculated, and its latent heat of vaporization,
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which is of more importance for designers of distilling plants than it is for oil burning
and therefore will be passed over here.

The determination of the physical properties referred to above does not give so
very much trouble and the only complication is the fact that fuel oil is a mixture of
several constituents of different physical properties, so that it is only possible to speak
of average values of specific gravity, boiling point, dew point, etc. We will now see
what the chemical analysis can tell us.

CHAPTER III
CHEMICAL PROPERTIES OF FUEL OIL
A. Classification of hydrocarbons

The so-called chemical elementary analysis shows that generally fuel oils consist
of about 85 to 909, of carbon, 13 to 8%, of hydrogen and a small percentage of sulphur,
oxygen and nitrogen, but two fuel oils of the same elementary analysis may behave
in quite a different manner in burning practice, so that this chemical analysis is really
of very little value. This may be made clear with the aid of Table I of the appendix:
“CLASSIFICATION OF HYDROCARBONS.

Hydrocarbon molecules are supposed to consist of a skeleton of carbon (C) atoms
linked together by one or more of their valencies, and of hydrogen (H) atoms com-
pensating their other valencies. Every individual hydrocarbon may be denoted by a
formula C _H,,_ ., with suitable values for n and m as whole numbers. The number of
n may be odd or even, whereas for m only the values +2, zero, —2, —4, —6etc., are
allowable, because odd numbers for n would make it necessary to suppose three
valencies for one of the carbon atoms, which is contradicted by many other statements
proving that a carbon atom always has four valencies. For a mixture of several hy-
drocarbons n and m represent average values and may be fractions too.

In Table I the hydrocarbons are arranged horizontally according to their value
of n (number of carbon atoms), and vertically according to their value of m, each
horizontal line thus representing a homologous series, so called because there is a
constant difference (CH,) between any one compound and the next higher or lower
member, so that all the compounds of the series appear to be proportional.

With the exception of the first series (C,H,,,,) there are two or more series for
every value of m, namely one or more series with open chains (without rings) or so-
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called acyclic series, and one or more series with closed chains (with rings) or so-called
iso-cyclic or cyclic series.

Thus there are:

A. G H,, ,: Paraffin series or saturated hydrocarbons, so-called becauseit is
impossible to combine more hydrogen to the molecules. The name “paraffin’’, which
means “against affinity”’, originates from the fact that these hydrocarbons are very
stable and resistant to nearly all chemical action except burning. In the paraffin
series the carbon atoms are supposed to form open chains.

B. C H,, as acyclic compounds: Olefine series or unsaturated hydrocarbons, so
called because the arrangements of the atoms make it necessary to suppose fwo
affinity units between two carbon atoms (double link), thus leaving the possibility
open to apply more hydrogen or other elements (chlorine, bromine, sulphur, etc.) to
the molecules, which in fact may often readily combine. These hydrocarbons do not
occur in crude oil in its natural state, but they do frequently if the oil has been
exposed to high temperatures, as may happen for instance during a distilling or a
cracking process.

C. G H,, as isocyclic compounds: The Naphthene series or cyclanes, which,
although being of the same chemical composition as the olefine series, has entirely
different physical and chemical properties, owing to the arrangement of the atoms
being different. We suppose the carbon atoms in the hydrocarbons of the naphthene
series to form closed chains (rings), a structure different from that of the paraffin
—and olefine — series. The cyclic formations make it possible to avoid a double link
between carbon atoms and therefore the naphthene series must be considered as
being to a certain extent saturated hydrocarbons too. Consequently they are rather
resistant to chemical actions. They occur, for instance, in Caucasian and Borneo oils
in the natural state, and even cyclopropane, cyclobutane, etc., are present in consider-
able quantities in the natural gases of these fields.

D,. CH,, ,asacyclic compounds: Thisis the Acetylene series, which comprises
highly unsaturated hydrocarbons, the acyclic arrangement of the molecules making
it necessary to suppose three affinity units between two carbon atoms (threefold link),
which must be regarded as a very unsfable forced situation that may be readily
changed if the opportunity presents itself to combine with other elements. These
hydrocarbons of the acetylene series are characterized by their strong affinity for
oxygen, resulting in a very high burning velocity, which in turn may result in high flame
temperatures. Moreover there is an extra amount of latent heat stored in the threefold
link between the carbon atoms. They do not occur in crude oil in its natural state, but
may be formed during distilling or cracking processes.
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D,. C H,,_, as another series of acyclic compounds: The Diolefine series, in
which the presence of two affinity units between two carbon atoms (typical for the
olefine series) occurs fwice in the same hydrocarbon molecule which is expressed in
the name: di-olefine. In general the hydrocarbons of this series bear a close re-
semblance to the olefines, except in the important case of the conjugated double bonds:

l |
ve.. —C=C—C=C—...., the hydrocarbons of this typical structure being

very liable to gumming, polymerising and oxidation reactions.

E. CGH,, , as isocyclic compounds: The Cyclene series or unsaturated naph-
thenes are of the same chemical composition as the acetylene series but have entirely
different properties. The cyclic formation makes it possible to reduce the threefold
link between two carbon atoms to a double one. It is obvious that the hydrocarbons
of this series have less affinity to oxygen than the former (acetylene series) and
therefore the flame temperature of an iso-cyclic representative usually will be lower
than that of the corresponding member of the acyclic series. They do not occur in
natural crude oil in appreciable quantities, but may occur after a distillation and
certainly do occur in large quantities after cracking.

F. C H,, , as acyclic and cyclic compounds: The Terpene series, so called
because the principal constituent of turpentine C;yH;4 belongs to this series. Though
rather varying in structure and nature of the links between their carbon atoms, the
terpenes are surprisingly analogous in their properties. They occur mostly in essential
oils, not in crude mineral oil, but may occur in its products.

G. C,H,, ,as cyclic compounds: The Cyclopentadiene series. The ring form-
ations make it possible to arrange the atoms only with double links between carbon
atoms. They do not occur in crude oil, but may occur in its products.

H. C H,, . as acyclic compounds: The Diacetylene series comprises highly
unsaturated hydrocarbons easily decomposed when heated. They do not occur in
crude oil, but may occur in its products.

1. C H,, ¢ as cyclic compounds: The Benzene series. Its first member, benzene
(CeHg = “benzol”) consists of a closed six-carbon ring, typical for the so-called aromatic
compounds, which by its double symmetrical arrangement is, chemically speaking, so
stable that it may be regarded as a self-contained unit from which several other
compounds may be derived. Thus benzene is the starting point for numerous aromatic
hydrocarbons, as is methane for paraffin hydrocarbons. It is curious that benzene,
though being the lowest member of its family, shows one of the highest specific gravities
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of its series, the higher boiling members mostly having lower specific gravities con-
trasted with the paraffin series. Further it is of interest to note that there are even
four substances of the formula CgHgother than benzene, with entirely different proper-
ties: one, fulvene, is also a cyclic compound with a five-carbon ring which makes it
far less stable than benzene. Aromatic hydrocarbons do occur frequently in crude oil
and its products.

J. CH,, g as acyclic compounds are so unstable, because of several threefold
link.s between carbon atoms, that their occurrence may be ignored in practice.

K. C,H,, ¢ as cyclic compounds offer better possibilities because of a benzenering
being used as a building stone, which makes it possible to avoid three-fold links
between carbon atoms. The third member is well known as fefralin. They are com-
paratively stable, and occur in crude oil and its products.

L. C,H,, ,,, which is only possible as cyclic compounds, is in generalless stable
than C_H,, ., especially when threefolds are present in the side chains. Contrasted
with the above there is indene, CyHg, which has a bicyclic structure related to naphtha-
lene (see below), a rather stable hydrocarbon, though evidently unsaturated.

M. G H,, ;, as cyclic compounds offer new possibilities, namely provide a new
keystone consisting of a bicyclic structure built up by two benzene rings having two
carbon atoms in common, thus forming naphthalene, which in turn is a very stable
compound acting as a self-contained unit, with the aid of which a large number of
other compounds may be built up.

N. CH,, as cyclic compounds offer a similar possibility, namely by connecting
two complete benzene rings by one of their valencies, thus forming diphenyl, which in
turn is a very stable compound too, acting as a self-contained unit.

How far this principle of building up new units from benzene rings can be carried
is shown by the schemes of the first members of the series C. H,, ., and C.H, ..
CyoHyg, tetra-a-naphthyl-ethylene, in particular is a remarkable substance, as it shows
reversible oxidation (see Annales de Chimie, 10iéme série 1931, MONDAIN-MONVAL).

As far as mineral 01l is concerned, it may be stated that:

I. Crude o0il in its natural state may contain a) paraffin, ) naphthene and c) aro-
matic hydrocarbons.

II. Products obtained from crude oil by means of pure physical distillation (viz. at
sufficiently low temperatures) contain the same hydrocarbons as I.

IT1. Products obtained from crude oil by means of so-called destructive distillation
(viz. constituents partially “cracked’ at high temperatures) may contain all kinds of
hydrocarbons, generally from C .H,_ ,, up to C.H,,__,, or sometimes even higher.
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This survey may give the reader some idea of the number of hydrocarbons
present in fuel oil and, if he is fully aware of the fact that all of these hydrocarbons
have their own peculiar properties, he may understand too that when comparing two
fuel oils it may be found that, although having the same chemical composition,
they may show an enormous difference in combustion performance.

B. Isomerism

Having obtained an idea of the great number of series of hydrocarbons which may
occur in the products of crude oil, we shall now see how many members there may be
of one series, for instance that of the Paraffins.

It is assumed that the reader will know that hydrocarbons having the same
chemical formula and belonging to the same series may have quite different properties
because of a different arrangement of atoms in the molecule. We have already encounter-
ed such a case with olefines and naphthenes, both of the formula C H, , but the former
having an acyclic against the latter a cyclic arrangement, which makes such a great
difference in properties that these substances are considered as belonging to two
different series.

If this phenomenon occurs with members of one series it is called isomerism, and
the first member of the paraffin series showing this property is butane. Butane may be
arranged as a straight chain (normal butane, boiling at —1° C.) or as a “T”’ (isobu-
tane, which boils at —11° C.), both being of the formula C,H,,.

With pentane there are three possible arrangements, one as a straight chain, one
as a T and one as a cross, each having its own boiling point. The number of isomeric
possibilities increases with increasing molecular weight; with hexane there are 5
isomers, heptane 9, octane 18, and so on. Of 18 possible octanes CgH,4 several boiling
points are known; we give the following examples:

3-4- 117° C.

”» »

223tr1methylpentane e e 111°C.

NAME OF ISOMER APPROX. BOILING POINT
1) normal octane . . . . . . . . . . . .. 125° C.
2) 2-methyl heptane . . . . . . . . . .. 117° C.
3) 3, , 118°C.
4) 4 , 118°C.
5) 2-2-dimethyl hexane C e e 106° C.
6) 2-3- e e e 114° C.
7) 24, e e 110°C.
8) 2-5- b e e 109° C.
9)33- , e 111°C.
10)

11)
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NAME OF ISOMER APPROX. BOILING POINT
12) 2-2-4-trimethyl pentane (= ,iso-octane”) 99° C.
13) 2-3-3- » » e e 114°C.
14) 2-3-4- ” ” e e 113°C.
15) 3-ethylhexane . . . . . . . . . . .. 118° C.
16) 2-methyl ethyl pentane3d . . . . . . . . 114°C.
17} 3-methyl ethyl pentane3 . . . . . . . . 119° C.
18) 2-2-3-3-tetra methyl butane . . . . . . 106° C.

Now these differences may not seem so important at first sight, but it must be
realized that other properties, especially those of combustion performance, may show
enormous differences, for instance normal octane is a substance which “krocks’ very
heavily in gasoline engines, whereas so-called iso-octane (2-2-4-trimethyl pentane) is
used as the “non-knocking reference fuel” in knock-testing.

CAYLEY calculated the numbers of possible isomers for the paraffin series up to
C,3H,s and found 802. From his data the rule may be deduced that the increase of the
number of isomers follows approximately a parabola on a logarithmic scale according to
the formula (log,4i)® %7 = 0.139 n, where i = number of possible isomers and n
= number of carbon atoms.

If the reader now imagines a gas oil exclusively consisting of pure paraffin
hydrocarbons with a boiling range of 214°C (C,,H,¢) up to 381°C. (C,,H,g), from the
above equation it follows that the number of possible isomers for this gas o1l is approx.
20,000,000!! Even if only 1°/,, of the theoretically possible isomers was really present,
there would still be 20,0C0 isomers left, and if one takes into consideration that every
isomer has its own properties, it is clear that the properties of such an extremely
simple hypothetical gas oil, even though consisting of only paraffin hydrocarbons,
may show an almost infinite number of variations in combustion performance.

And what about the isomers of the other series which may occur in actual gas oil,
and what about residues!

From the above it may be clear that it is practically impossible at present to
predict the burning qualities of a fuel oil merely from data on the chemical compo-
sition and consequently a number of empirical tests have been developed in course
of time to meet the requirements of the trade. This way has proved to be reasonably
successful notwithstanding the great number of variations possible. One might
compare the constituents of the oil with the inhabitants of a country for, although
its inhabitants show an enormous number of variations in individual behaviour, one
can certainly speak of a pronounced general character of such a country and more or
less predict their behaviour in reactions as a whole.
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C. Flash point

A physico-chemical test on fuel oil of great practical importance has already been
mentioned, viz. the determination of the flash point for which the method evolved by
PenskY-MARTENS (A.S.T.M.-D 93-22) has been adopted all over the world (see

fig. 76). Of course it will make a great difference whether the
oil vapours are collected in a closed cup or are allowed to
diffuse freely into the atmosphere. What is known as the
“closed-cup test’’ is generally taken and gives the lowest value
for the flash point.

Whereas a minimum flash point is required for safety,
a maximum value may be demanded for the easy starting of
fully automatic oil burner equipment.

Other chemical tests are:

D. Water and Sediment

Fig.76. PENSKY-MARTENS A combined determination by means of a centrifuge is
flash point tester. oo ribed in the A.S.T.M. test No. D 96-23 or by distillation

and extraction in the Bureau of Mines Techn. Paper No. 323 B. The sediment

percentage is the quantity of the oil (not being water) insoluble in hot benzene.

E. Sulphur

Sulphur is determined by means of a sulphur lamp (RICHARDSON, HESLINGA and
others) for distillates up to gas oil, or by means of the oxygen bomb for heavier fuel
oils. These methods are based on the combustion of a suitable known weight of the oil
and absorption of the sulphur dioxide formed in a diluted solution of hydrogen
peroxide, by which it is converted into sulphur tri-oxide and sulphuric acid, which
can be easily determined with sodium carbonate.

In former times the importance of a low sulphur content for fuel oil was very
much exaggerated, but nowadays it is generally agreed that sulphur is not dangerous
as a corrosive agent as long as the flue gas is not cooled below its dew point (generally not
higher than 55°C.), because sulphur dioxide gas in the dry state has no corrosive
properties. Whereas in some cases, e.g. when nickel or nickel alloys or certain sensitive
glasses and enamels have to be in contact with the flame gas and flue gas, it may be
necessary to limit the percentage of sulphur in the oil to 0.5%,, it is interesting to note
that brass, copper, cast iron and most of the bronzes can be melted without any
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difficulty in the atmosphere of the open oil flame with fuel containing up to 29%,
sulphur.

F. Ash

A suitable quantity of oil is burnt in a crucible and the residue glowed, until the
weight is constant, precautions being taken not to volatilize any chlorides present.
The ash of fuel oil very often consists of mud from the wells, but its quantity is almost
negligible.

G. Heat Value

The heat value may be determined by means of a bomb calorimeter (MAHLER,
PARR), in which a caretully weighed quantity of oil is burnt with enough oxygen to
ensure complete combustion. The result is calculated from the increase in temperature
imparted to a weighed quantity of water in which the bomb is immersed during the
experiments.

The calorific value, which is a predominant factor for solid combustibles -— for
example, it may vary from 4500 cal/kg for very low grade coal to 8000 cal/kg for high
grade coal — loses much of its importance for liquid fuel, the heat content for all kinds
of fuel 0il being about 10,000 cal.|kg. (heavy oils perhaps 300 cal. less and light oils 500
cal. more). As a rule, therefore, it is not considered worth while taking the trouble to
determine this property and sometimes a fuel oil with lower calorific value may even
be considered superior by the buyer if it has qualities more conducive to clean and
efficient combustion. The question is not only: How much heat is there in the fuel,
but also how much can be got out of it in practice?

There is, however, one important thing to be observed in this connection. There
are two different heat values of hydrocarbons, one high and the other low, according to
whether the water of the flue gases is condensed or not. The difference between these
two values (approx. 600 cal. /kg. fuel) is equal to the heat of vaporization of the water
formed by combustion of the fuel (about ! kg./kg. fuel). It is obvicus that the efficien-
cies of an oil-burning equipment may also be expressed in two ways, viz. whether the
net heat production is compared with the highest heat value (giving a lower efficiency)
or with the lowest value (resulting in a higher efficiency).

In Ewnglish-speaking countries the wpper heat value (or gross calorific value) is
generally adopted, whereas on the Continent of Europe the lower value (or net calorific
value) is accepted, because it is considered more logical there to subtract from the
heat value the latent heat of the water vapour, which is always lost in practice too;
in fact this latent heat could only be turned to advantage by cooling the flue gas to
below its dew point, which introduces a serious danger of damage by corrosion and is
therefore never applied in practice.
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Although, of course, it makes no fundamental difference, it is well to remember
that in English or American literature on oil burning the boiler efficiencies are ex-
pressed in values generally 7 to 99, lower than those in European Continental liter-
ature, merely because they are based on different heat values.

H. Avomatics, Naphthenes, etc.

There are several tests for fuel oil to determine its composition in 1) Paraffins,
2) Aromatics, 3) Naphthenes and 4) Olefines, but they are all very rough and unre-
liable.

“Aromatics’ are generally extracted with sulphuric acid of 989, or 1009,, but
also olefines are removed in this way. The bromine value (MCILHINEY method) should
be a measure for unsaturated hydrocarbons, but if the test is not carried out quickly
enough, other hydrocarbons are attacked too.

“Naphthenes” are still more difficult to determine, even for gasolines (e.g.
Aniline Point Method).

In general it can be stated that the difficulties with these determinations increase
with the molecular weight and that these tests are unreliable for gas o1l and worthless for
vesidues or residue-containing fuels.

I. “Asphaltene” content

A test of more practical importance is the determination of the “asphaltene”
content, sometimes called the “hard asphalt” content. This test determines the per-
centage of the oil which is insoluble in a special spirit (such as di-ethylether) but which,
at the same time, is soluble in pure benzene (C4Hj).

The asphaltene test forms a practical demarcation between distillate and residual
fuels, because the former generally show negligible asphaltene figures. A rough
indication of the percentage of “asphaltenes” (which is a collective noun for highly
complex black or dark brown hydrocarbon compounds of low H to C ratio, usually
containing some combined oxygen, having a tarry, asphaltic character) may be
obtained by drying a few drops of the oil on a piece of blotting paper and then
washing out the oil with petroleum ether.

J. Carbon residue test

There is still another practical test to be mentioned, namely the Carbon residue
test, also called: CONRADSON coking test, which is described as A.S.T.M. method No.
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D 189-28. This method is a means of determining the amount of carbon residue left on
evaporating an oil under specified conditions, and it is intended to throw some light
on the relative carbon-forming propensity of the oil.

A sample of the oil is heated for about half an hour in a crucible under restricted
air supply (fig. 77) and the amount of carbon left is weighed.
The CONRADSON figure or “coking value’” denotes this weight
of carbon expressed as a percentage of the weight of the
original sample. To avoid very small figures for distillates
(gas oils) it is sometimes recommended to carry out the test
not on the original oil but on the 109, bottom that is left
by a partial A.S.T.M. distillation test. The CONRADSON figures
are thus magnified about 10 times and are indicated as:
“CONRADSON on 10Y%, bottoms’’.

Special attention is drawn to the fact that the carbon as
found by the Conradson test is not present in the oil as such but
is formed by the cracking of the oil during heating. Thus it may
very well be possible to burn a gas oil of 0.059%, carbon residue
in a burner based on the principle of previous vaporization ¥ig. 77. CoNrADSON

. K K X o carbon residue test.

of the oil without any carbon being left, if only the conditions
in the burner are less favourable for cracking and carbonizing than they are during
the Conradson tests.

CHAPTER IV
COMMERCIAL GRADES

Fuel oils are marketed under many commercial designations which vary con-
siderably in different countries. Broadly, however, they are classified according to the
tollowing groups:

A. Distillates.
I. Gasoil.
2. Light Diesel Oil.
3. Light domestic fuel oil.
B. Residue-containing fuels.
1. Diesel oil or heavy domestic fuel oil.
2. Light industrial fuel oil.
3. Heavy industrial fuel oil.
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cations for Fuel Oils.

Fig. 78. The A.O.B.A. Specif
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The nomenclature is anything but uniform and this has caused very much
confusion, which was the reason why the American Oil Burner Association fixed
some years ago what are known as the “A4.0.B.A. specifications’”’, which are now
generally adopted in the United States. According to these specifications, which have
been recently revised, there are six grades of fuel oil, as shown in the table of fig. 78.

As already mentioned, the original meaning of “mazouth” is a thick paraffin

residue, whereas “les briileurs a mazout” in
France really burn a domestic fuel oil equal
to gas oil. Now, for instance, the distillate
known as “gas 0il” in England may be
termed “stove 04l in the United States of
America, while the expression “solar 0il”’ is
used for a similar product inmany countries
in the Far East and in Scandinavia because
of its having been used in former times as a
lighting fuel in what were termed solar
lamps.

Gas oil received its name from its
application in oil-gas production (YOUNG,
Lowe, PintscH), and the bluish colour of
the Roumanian gas oil known as “Blau-
Oel” gave rise to the name of “Blau-gas” or
“blue-gas” for the oil gas obtained from it.
In the U.S.A. the term “furnace oil” is
usually applied to a very light distillate more
in the range of a heavy kerosene than a gas
oil, but in most other countries the name
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Fig. 79. Some typical distillation
curves of fuel oils.

“Furnace oil” is used for the heaviest grade of residual fuel. “Domestic fuel oil” may
be a gas oil distillate or a light fuel oil, according to the exigencies of any particular

market.

Some typical A.S.T.M. curves of fuel oils are given in the graph of fig. 79.
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CHAPTER V
THEORIES OF COMBUSTION OF FUEL OIL

As previously pointed out, fuel oil is composed of hydrocarbons except for a
small percentage of oxygen, nitrogen and sulphur compounds. When fuel oil is
burnt, its hydrocarbon molecules are not oxidized instantaneously to carbon dioxide
and water, but several decomposition products and (or) incompletely oxidized
products will be formed as intermediates. Besides these intermediate combustion
reactions the combustion of fuel oil or liquid hydrocarbons is substantially the
combustion of:

A) Carbon,

B) Gaseous hydrocarbons,
C) Hydrogen,

D) Formaldehyde,

E) Carbon monoxide.

The combustion of carbon will be discussed first.

A. Combustion of Carbon

The historical development of the theory of the combustion of carbon may be
divided into stages, as described in a very instructive way in HasLAM and RUSSELL’s
book “Fuels and their Combustion” (1926).

1) Carbon dioxide theory.

Up to about 1870 this theory was generally accepted. Carbon dioxide was thought
to be the primary product of combustion, whilst any carbon monoxide formed was
supposed to result as a secondary product from the reaction of CO, with carbon
(reduction). This theory was mainly based on the fact that a diamond (pure carbon)
burns to CO, without any visible flame, for if CO had been formed first and thereafter
burnt to CO, a flame having the blue colour of a CO flame would have been observed.
Moreover SMITH (1863) made an experiment in which oxygen was absorbed by carbon
(charcoal) at —12° C. and on the carbon then being heated to 100° C., CO, was evolved
and no CO.

2) Carbon monoxide theory.

About 1870 BELL, however, proved that gas samples drawn {rom the middle of
the gas flames of blast furnaces might contain much more CO than CO,, which
gradually led to the idea that CO was the primary combustion product and not CO,.

In 1887 BAKER (C.].) attacked the main pillar of the CO, theory, SmiTH's ex-
periment, as he found that although CO, is in fact evolved at 100° C. if mozst oxygen
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is absorbed by carbon at —12° C., no gas at all is released at 100° C. if carefully dried
oxygen is absorbed by dry carbon at —12° C. In this latter case it proved to be
necessary to heat even as high as 450°C. to evolve gases (mainly consisting of CO)
form the charcoal.

It was clear that moisture acted as a catalytic agent with regard to the oxidation
of carbon to CO,, a fact which was further supported by the empirical observation
that coal heapsare especially apt toget hot by slow combustionif they are moist. There-
fore a new theory was developed on the idea that CO, was the primary product of the
catalytic combustion, whereas CO was the initial product of the »eal combustion of
carbon. Moreover, it was found in 1888 by BAkEr (H.B.) that dry carbon dioxide
brought into contact with dry carbon at red-hot temperatures was not reduced, and
therefore CO, was considered to be a final product.

3) Carbon Complex Theory.

About 1912 REEAD and WHEELER published several objections against both the
CO, and the CO theory, and on the basis of their experiments they developed the
so-called “carbon complex theory”.

Briefly, this theory states that the first step in the combustion of carbon is the
formation of a loosely bound physico-chemical compound of carbon and oxygen of the
general formula C4Oy. This unstable compound is supposed to break up later on into
CO and CO, in various proportions, depending on temperature and other conditions.

It is called a “physico-chemical”’ compound because it is not a purely chemical
bond but something between this and a physical adsorption. On the one hand, the
ratio x to y of CxOy is not a fixed one; on the other, the oxygen cannot be released by
purely physical actions, such as the application of vacuum. When the compound is
heated in vacuo the oxygen comes off together with a mixture of CO and CO,.

According to our modern views we would express it as follows: The oxygen is
fixed by the residual affinity or remaining valencies of the carbon atoms, resulting
from their molecular arrangement in the solid.

Besides the formation of the carbon-oxygen complex divect reactions are possible,
forming CO, and CO, but it is supposed that the major part of these constituents is
formed by decomposition of the complex. In a next stage CO may be oxidized further
to CO, if an excess of oxygen is present, or CO, may be reduced to CO if an excess of
carbon is present.

This theory has received strong support from the research work of LANGMUIR,
who studied the oxidation of a carbon filament of an electric lampin which he admit-
ted oxygen of extremely low pressures. To prevent any secondary action between the
carbon filament and any initially formed CO,, which might produce CO asasecondary
product and thus spoil the study of initial combustion, LANGMUIR immersed the bulb
in liquid air, by means of which any CO, initially formed was immediately frozen out
on the cold walls of the lamp bulb.

These experiments have been further developed by MEYER, who published in

Romp, Oil burning 5
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1932 his results in “Zeitschr. f. phys. Chemie”’, Abt. B, Bnd. 17, Heft 6, April 1932,
page 385. He proved that LANGMUIR, when making static experiments, would never
be able to avoid the secondary actions completely and therefore he improved LaNG-
MUIR’s method by blowing a strong current of oxygen along the filament in such a
manner that any initial product formed on the carbon surface was immediately
carried away and had no opportunity of reacting for a second time with carbon. He
had to overcome several difficulties before his method proved successful, and although
these are very interesting to read they will be passed over here and only some con-
clusions mentioned. He used for his experiments a carbon filament of graphite obtained
by the thermal decomposition of methane.

Briefly, these experiments made it probable that there are fwo entively different
mechanisms in the combustion of carbon. The first, so-called “absorptive oxidation”,
takes place from room temperature up to about 1200° C. For this type of combustion
MEeYER gives the following explanation: The oxygen penetrates into the hexagonal
arrangement of the atoms of solid carbon and is fixed by the remaining valencies.
This is the same as was meant before by the CxOy complex. As soon as every free place
behind the outer layer of carbon atoms is occupied by oxygen molecules, that layer is
broken off from the piece of solid carbon and its carbon atoms combine with oxygen
according to the equation: 4 C +4 3 O, = 2 CO, + 2 CO (Ratio CO,/CO = 1).

It is curious to note that MEYER was able to deduce that, of the 3 oxygen
molecules necessary for this reaction, two were originally absorbed and one came
direct from the gas space, but it is still more interesting to read how he was able to
explain that, in a CO,-molecule formed, two oxygen atoms originated from different
oxygen molecules, namely from an initially absorbed one and from a free one of the
gas space. Fig. 80 A shows diagrammatically how this reaction is supposed to take
place.

The second combustion process of carbon may be called the “true combustion”,
which starts from about 1500° C. This reaction consists in the carbon atoms’ being
attacked only by oxygen molecules from the gas space without any previous ab-
sorption, such according to the equation 3 C + 2 O, = CO, + 2 CO (ratio: CO,/CO
= 1) (see fig. 80 B).

The carbon atoms at the edges are more readily oxidized because they are more
exposed to the bombardment of oxygen molecules than are the other atoms. The
difference between these two forms of combustion is clearly visible on the surface of
the carbon filament, because the absorptive oxidation attacks layers and leaves
edges, whereas the true oxidation burns away the edges first. Moreover the difference
may be observed distinctly by the sudden change of the ratio of CO,/CO from 1 to?/,,
which is in accordance with the above equations. This discovery is very important
with regard to the luminosity and tendency to soot of oil flames, and therefore one
more detail will be given.

The reaction velocity of the “absorptive combustion” first increases with the
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temperature as an ordinary chemical reaction would do, but attains a maximum at
about 1100° C. and decreases from that point to practically zero at about 1300° C.
This curious behaviour is due to the decreasing solubility of oxygen in carbon with
increasing temperature.

As, however, the second form of combustion — “frue oxidation”’ — only starts at
about 1500° C., it follows that there is no active form of combustion for carbon between

Fig. 80. Two combustion processes of carbon (MEYER, Z. f. ph. Chemie.)

1300° and 1500° C., and therefore carbon (graphite) burns very badly between these
temperatures. This may be the reason why oil flames are often luminous in consequence
of glowing carbon particles, which are not burnt notwithstanding the high temperature of
1300-1400° C. to which they ave exposed.

MEYER states, for instance, that the reaction velocity of the combustion of carbon
(viz. graphite obtained by thermal decomposition of methane) between 1200 and
1500° C. and 0.05 mm. O, pressure amounts to only 4, of that at bright red heat.
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B. Combustion of Gaseous Hydrocarbons

We will now pass on to the historical development of the combustion of gaseous
hydrocarbons. It is advisable first to discuss the phenomenon for hydrocarbons in
gas form because this problem is less complicated than that for hydrocarbons in the
liquid state, such as with pulverized fuel oil.

A certain analogy may be observed between the stages of the development of the
combustion of carbon and that of the combustion of gaseous hydrocarbons, for this
also shows 3 stages of development, as clearly demonstrated in HasLaM and RUSSELL’s
above-mentioned book.

1) Theory of preferential combustion of hydrogen.

Until about 1892 the basic principles of FARADAY were generally accepted, ac-
cording to which the hydrogen of a hydrocarbon molecule was supposed to be ignited
first, this being a very vividly burning gas and liberating the carbon, which might or
might not burn, according to whether conditions were favourable or not. The hydrogen
was regarded as being, so to speak, “singed off”’ the molecule.

2) Theory of prefervential combustion of carbon.

In 1892 DixoN, however, made a very remarkable discovery, which cast some
doubt on the accuracy of the idea of the preferential combustion of hydrogen. He
found that a mixture of equal volumes of ethylene and oxygen yields on detonation
almost twice its volume of hydrogen and CO, according to the equation C,H, + O,=
= 2 H, + 2 CO, and therefore the oxygen, although present in the right proportion
to hydrogen to burn to water, is as it were “snatched away by the carbon from the very
nose of the hydrogen’ . Thus carbon proved to be “not so lazy”’ as FARADAY supposed it
to be!

A similar experiment was made by mixing equal parts of methane and
“detonating gas” consisting of H, and O, in the right proportion to form water. The
combustion takesplace according to the equation:

CH, +2H, + 0, =CO 4+ H, -+ H,O + 2 H,
which shows that even the well-known violent detonation of (2 H, 4+ O,) does not
take place, but instead the carbon of methane is burnt completely against only half of
its hydrogen.

In this connection we may recall the fact that the well-known “water gas™ (mix-
ture of CO and hydrogen, a substitute for coal gas in town gas) is made by the action
of steam on glowing coke. Here too the carbon is burnt and hydrogen liberated.

This led to the new supposition that carbon is burnt preferentially, a theory that
had already been suggested by KERSTEN as early as 1861. Flame experiments by
SmiTHELS and INGLE showed hydrogen present in the centre of hydrocarbon flames,
which was also regarded as a proof of this theory.

In this connection it should be pointed out, however, that some of the above
experiments and arguments apply to cases where either an extremely high temper-
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ature, or a comparatively long time is available for combustion, as in such cases the
equilibrium C 4+ H,0 = CO + H, may be reached which, at the high temperatures
concerned, lies much on the CO-side.

In flames the speed of combustion plays a very important rdle, as this determines
to a large extent the degree of equilibrium which may be reached. From this point of
view DIXON’s experiment is not a conclusive proof in favour of the theory of the
preferential combustion of carbon.

3) Theory of “Hydroxylation”.

About 1903 the famous English chemist and physicist, BONE, began to publish a
series of exhaustive studies on the problems of the combustion of hydrocarbons. From
his experiments, consisting in 1) static bomb tests, 2) dynamic flow tests and 3)
explosion tests, carried out on numerous hydrocarbons such as paraffin hydro-
carbons, olefines, aromatics, acetylene, kerosene, etc., he had become convinced that
there was no question of any preferential combustion either of hydrogen or of carbon,
but that several intermediate products are formed, such as alcohols and aldehydes and
especially formaldehyde, which are burnt to CO, CO, and H,0O according to the con-
ditions prevailing.

Thus BoNE established the so-called “hydroxylation theory”, which was subse-
quently completed by the work of CALLENDAR and his collaborators and by BLAIr and
WHEELER. Briefly, this theory assumes that oxygen is attached to the hydrocarbon
molecule by replacement of one of the H atoms by a hydroxyl group (—OH), resulting
in the formation of alcohols or, in a second step, to aldehydes (= O). The name
“hydroxylation” is given to it because this hydroxyl-group attachment is an essential
part of the theory.

4) Theory of Peroxides.

In February 1927 CALLENDAR started publishing a series of articles in “ENGIN-
EERING” in which he further developed the hydroxylation theory of BoNE to
explain the phenomenon of knocking in gasoline engines.

Among the “oxygenated” products which are formed during the combustion
processes of such engines, and which are found when, for example, hexane and oxygen
react at comparatively low temperatures, aldehydes were found to be very abundant,
alcohols on the contrary being practically absent. CALLENDAR concluded that the
aldehydes are not formed via alcohols — as was assumed in BONE’s original theory
— but via a type of compounds of hydrocarbons with oxygen, which are called
peroxides. These peroxides are supposed to be formed during the compression stroke of
the engine, especially on the surface of small liquid drops of gasoline and, being rather
unstable, are thought to cause detonation of the mixture in the cylinder after being
ignited by the spark.

It is interesting to note a certain similarity between this supposition of peroxides
being an intermediate stage for the oxidation of hydrocarbons and that of the physico-
chemical compound C4Oy as an intermediate of the combustion of carbon.
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Now this “peroxide theory” of knocking has given rise to many objections from
several quarters, mainly because the occurrence of these peroxides could not be
proved incontestably by experiments. Anyhow, whatever the value of CALLENDAR’s
peroxide theory of engine knocking may be, it is certain that his work contributed
largely to the knowledge of the combustion of hydrocarbons. As a very important
feature must be mentioned his discovery of a considerable difference between what is
usually called “spontaneous ignition temperatures” (S.I.T.) of mixtures of air with
hydrocarbons and the temperatures at which the first signs of oxidation become
apparent. (CALLENDAR: “femperatures of initial combustion” or T.1.C.).

In his experiments mixtures of the inflammable vapours and air were passed at
very low rates of flow (e.g., I litre of air per hour through a tube of 12 mm. diameter)
through heated glass tubes. Tests on various reaction products were carried out and
it was found that in several cases a loss of oxygen occurred at temperatures about 100
to 200° C. below the so-called “spontancous ignition temperatures”. The “temperature
of imtial combustion”” depends on the mixture strength and passes through a minimum.
The minimum values which CALLENDAR observed are given in the following table and
compared with “spontaneous ignition temperatures” measured by other investigators.

Sustance | JempIntdal | Spontanconsloni
Norm. pentane . . . 295° C. 476° C.
Iso pentane. . . . . 297° C. ?
Hexane . . . . . . 266° C. 487° C. (Tapp)
Paraffin . . . . . . 210° C. 374° C.; 432° C.
Ether . . . . . . . 145° C. 400° C.; 347° C.
Benzene . . . . . . 670° C. 740° C. (Spiers)
Toluene . . . . . . 550° C. 810°C.( ,, )

Particular attention is drawn to the extremely high T.I.C. value shown by ben-
zene, which is only about 70° C. below its S.I.T. In this connection it may be re-
membered that aromatic hydrocarbons have a high anti-knock value in gasoline
engines, a point which will be discussed further in a separate chapter on discontinuous
oil flames.

These very important experiments have been completed by several famous
French chemists and physicists such as MOUREU, DUFRAISSE, MONDAIN-MONVAL,
PRETTRE and DUMANOIS. An intelligent summary of this French development may be
found in “Annales de Chimie, Tome XV, April 1931 by MONDAIN-MONVAL.

5) Theory of Destructive Combustion.

Now these versions of the hydroxylative combustion of hydrocarbons — with or
without peroxides as intermediates —, which may be regarded as being typically
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English and French, were not so readily accepted by German scientists, whose main
objection was that flames of hydrocarbons apparently contained carbon particles,
since they radiated a confinuous spectrum, which in fact is a characteristic of glowing
solid materials. Consequently it could not be doubted that carbon was an in-
termediate product of
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known method for con-
verting heavy residues
into lighter and more valuable oils. In its oldest form it consists in a destructive
distillation at 350 to 500° C. and pressures up to 12 atm., which method, however,
is characterized by comparatively long times of reaction necessitating the building of
“reaction chambers” in which the oil and its vapours are given time to decompose.

In the flame process only a very short time is available for destruction but it
must not be forgotten that in general cracking is strongly influenced by temperature,
time and the density of the material and, roughly speaking, it is found that high

Fig. 81. Hydrogen content of various hydrocarbons.
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temperatures favour the formation of light products, gaseous hydrocarbons and finally
carbon and hydrogen, when comparing processes of the same yield.

At about 900° C. and under atmospheric pressure residues are almost completely
converted into gas and carbon; for instance, the oil gas processes of YOUNG, DAYTON,
PiNTscH and others involve temperatures as high as that. At oil flame temperatures
(1200 to 1500°C.) the cracking conditions may be so favourable that, notwithstanding
the short time for reaction, even methane will for the greater part be cracked into
carbon and hydrogen.

In the graph of fig. 81 the percentages of hydrogen contained in the various
series of hydrocarbons are plotted against the number of carbon atoms, from which
it is clearly seen that a complete conversion of a paraffin hydrocarbon of say 16
carbon atoms into methane and ethane would be absolutely impossible because of a
shortage of hydrogen. Consequently hydrocarbons of lower hydrogen content, such as
belong to the acetylene and aromatic series, must inevitably be formed, or even, in an
extreme case, carbon itself.

AUFHAUSER represents his view of the burning process of hydrocarbons in the
way shown by fig. 82. The area of the largest isosceles triangle represents a certain

weight of the original

T T oil, e.g. one gram. The

P Pato of begbt o bose - ratio of height to base
Lbydrogen to carben, has been chosen equal

T\ to the ratio of hy-

7\ drogen to carbon in

/ Y\ 7N the oil. Whereas the
HH \ - largest triangle repre-
TAVAR AN EAYAY sents the quantity of
/ C VvV NEN oil as it starts burning,

/ /{ >~\ \|NEENEN AAA K \\ the smaller ones show
| the different periods of

Gas o, Terorl combustion in such a
katio H/C aloms = 46 Ratio H/C arloms = 10, way that the carbon
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until finally only carbon will be left, because gaseous hydrocarbons such as methane
and ethane, formed by cracking, will carry away more hydrogen than corresponds
to the hydrogen content of the original oil.

In fig. 82 AUFHAUSER compares a gas oil of natural origin (steep triangle) with a
tar oil from coal distillation (flat triangle) and if in both cases equal quantities of
methane, ethane and hydrogen are supposed to be formed by initial cracking, it is
possible that the “carbon limit” due to lack of hydrogen may be reached sooner with
tar oil than with gas oil.

{Fig. 82. Stages of combustion of hydrocarbons. (AUFHAUSER).



TWO EXTREMES: ALDEHYDEOUS AND CARBONIC COMBUSTION 73

CHAPTER V1

COMBUSTION OF HYDROCARBONS TAKEN AS A PROCESS COMPOSED OF TWO EXTREMES:
VIZ. ALDEHYDEOUS AND CARBONIC COMBUSTION

A. Blue and Yellow Flame Combustion

Experiments seem to justify the view that both versions, the hydroxylative
theory and the destructive one, may be taken as two extremes occurring simultan-
eously in every hydrocarbon flame.

This idea has been indicated by HasLaM and RUSSELL in their book “Fuels
and their Combustion” (1926) but
it will be worked out here more
concretely.

In Chapter IX (page 185) one may
read as follows:

“The heavier hydrocarbons usually
undergo reactions other than simple
hydroxylation, and the same is true of
the lighter hydrocarbons if conditions
are unfavourable for the formation of
hydroxylated compounds. The heavy
hydrocarbons may be “cracked” to
give saturated and unsaturated lighter
hydrocarbons, or they may be decom-
posed completely into carbon and
hydrogen.” and further:

“Thus in the ordinary combustion
of hydrocarbons, there is a race between
thermal decomposition and hydro-
xylation. If the conditions favour
hydroxylation (such as preheating the
hydrocarbons and air, and allowing
time for the entrance of oxygen into
the hydrocarbon molecule), there will be no soot. If, however, conditions favour
cracking, as, for example, if the hydrocarbons and oxygen from the air are not
thoroughly mixed together, the heat from the combustion of part of the hydrocarbon
decomposes or cracks the remainder.”

Fig. 83. The reserve flame principle.
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The two types of combustion, which stand at antipodes, are:

1) The blue flame combustion (hydroxylative, or better, aldehydeous combustion).

2) The yellow flame combustion (destructive, or better, carbonic combustion).

They may be realized in a simple way for the combustion of methane as follows:
If methane burns in an atmosphere of air (see fig. 83 A) its flame will be yellow, but if
one uses the lamp-glass device of fig. 83 B to burn air in an atmosphere of methane
(“reverse flame”), the flame will be blue. A represents the carbonic combustion and
B the aldehydeous combustion of methane.

The reason for this different behaviour is the following: The centre of the flame
in both cases is exposed to a strong radiation of heat, which causes in the first case A
a cracking of methane before oxidation takes place. Carbon particles are liberated and
set glowing, causing the emission of a continuous spectrum which is characteristic

for solid materials. In the second case,
I however, the strongly heated centre of the
flame consists of non-decomposable air and
the methane being on the outside of the
flame is only moderately heated as the
radiation dissipates to all sides. On the
other side the air which is fed to the flame
is strongly preheated before it comes into
contact with methane, a condition which
is very favourable to the so-called “pre-
oxygenation” of thehydrocarbon, resulting
in aldehydeous combustion.

This so-called “reverse flame principle”
has found widespread application in the
“range-burners” of the perforated shell
type (see fig. 84). With this type of burners
the air is sucked by natural draught into
the holes of the perforated shells, which
form a space filled with oil vapour evolved
by vaporization of the oil which is admitted in the base by some constant level device.
Thus every little hole will form a small perfectly blue flame of air burning in hydro-
carbon gas in accordance with the aldehydeous combustion process, these flames
making the shells red hot.

A curious property of this kind of burners is that incomplete combustion, as caused
for instance by poor draught when the shells are too cold, is not characterized by the
formation of soot (product of destruction), but by the occurrence of invisible acrid
vapours containing aldehydes, which in fact are the typical intermediate products of
the blue flame combustion.

Air

Fig. 84. The range burner principle.
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B. Simple Schemes of Combustion

The scheme for the carbonic combustion of methane looks as follows:

First stage: Second stage:
“thermal destruction” “oxidation”
H

| [ C —— Soot, CO or CO,

| i 2H, —» 2H,0

This reaction practically only takes place above 650° C., the decomposition of
methane being too slow below that temperature. As a matter of fact, methane is much
more stable than its homologues from the point of view of equilibrium and of
the rate of decomposition, and this is the reason why it occurs so often as an inter-
mediate product of combustion from hydrocarbons.

If a flame of hydrocarbons is rapidly cooled down to below about 650°C., e.g., by
contact with comparatively cold walls of boilers etc., methane even may be found as a
flue-gas constituent, which very often may escape the determination, it being very
difficult tc burn the last traces of methane of a flue-gas sample even by leading it over
red hot copper oxide.

The scheme for the aldehydeous combustion of methane looks like this:

First stage: Second stage:
“hydroxylation oy peroxidation’ “combustion of formaldehyde”
(often called “pre-oxygenation’’) (incl. its thermal decomposition)

H H H

| | | 1) HCOOH (formic acid)
H—-C—H H—C-—-0OH H—-C=0 into 2) CO +H, or
| | 3) CO + H,0 or
H H + H,0 4) CO, + H,0.
(methane) (methyl alcohol  (formaldehyde
or “peroxides”)  and water)

The formation of formaldehyde is certain and may be easily determined with im-
perfect burning blue flame devices, such as the above-mentioned “range burners”,
which then give off acrid, invisible, tear-drawing vapours, without, however, the
slightest trace of soot. The occurrence of alcohols is doubtful and it remains an open
question whether the stage between hydrocarbon and formaldehyde is formed by
some kind of peroxides instead of alcohols.

For this reason it is better to speak of “aldehydeous” combustion than of “Aydro-
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xylative” combustion, as this latter name lays too much stress upon the formation
of alcohols, which is anything but certain. (“Hydroxylation” means: “substitution of
H-atoms by hydroxyl-groups”). Formaldehyde may be called the key-product of blue
flame combustion, it being an inevitable link in the process, and in the same way
carbon may be regarded as the key-product of the yellow flame combustion.

One scheme out of several for the first stage of the carbonic combustion of a long
chain hydrocarbon of the paraffin series may look like this:

R I A IR R N I N N
a9 —C—C—C—C—C—C—C—C—C—C— (norm. decane)

I A e e

(For the sake of simplicity the hydrogen symbols are not indicated)

I | I [
) —-C—C—C— C=C—C— C=C—C—C—-
| |

I L I
(propane) (propene) (butene)

| | | l I

¢¢ —C— C=C C=C —C— C=C C=C

| | ! l b
(methane) (ethylene) (acetylene) (methane) (ethylene) (ethylene)

\’ ¥ \’ \ X’ \
d CH, 2C+2H, 2C+H, CH, 2C+2H, 2CL2H,

First stage
(Thermal destruction)

After this first stage of thermal destruction, which of course may take place in
several other ways, the decomposition products, mainly consisting of carbon,
hydrogen and methane, are oxidized:

a) Carbon to CO or CO, or left unburnt as soot.

b) Hydrogen to H,O0.

¢) Methane burnt more or less completely, or left unburnt or further decomposed.

One scheme possible for the aldehydeous combustion of the same long chain hydro-
carbon of the paraffin series may look like this:

H H

S Y S (R Y A N N
9 —C—C—C—C—C—C—C—C—C—C—H (norm. decane)
I

.
H H
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H H

R (R A A
) —C—C—C—C—C—C—C—C—C—C—OH (alcohol)

I e e e
H H

H
[ A A R I SR A R B
) —C—C—C—C—C—C—C—C—C—C=0 (aldehyde)
[ N e R B
H

[ A
j —C—C—-C—C—C—-C—C—C—C—C=0
[ R S R R

(formaldehyde split off,
after which it is burnt or
decomposed and burnt)

H
|

C—C=0 4+ H—C=0
l

H

O
H H H
[ R S N O B |
g —C—C—C—C—C—C—C—C=0 + H—-C=0
[ A S B T (formaldehyde split off,
H etc.)

The long chain hydrocarbon thus burns gradually like a fuse, forming first higher
alcohols, fatty or other organic acids and aldehydes (the possibility of the formation
of peroxides instead of alcohols must be reckoned with), which are gradually trans-
formed into lower alcohols, organic acids and aldehydes, at the same time splitting
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off formaldehyde molecules, which are eventually burnt separately either to CO,
and H,0 or to CO and H,0 or broken down thermally to CO and H,,.

Of course this scheme represents a theoretical case just to show the principle of
the thing. Thus the same process may of course start from the other side too, or even
somewhere in the middle of the chain. This latter case, especially, may occur if the
hydrocarbon has branches or side-chains, CH;z groups being more favourable to
“hydroxylation” or “oxygenation’ than CH, groups. Thus the presence of CH g groups
may be regarded as an indication of preference for aldehydeous combustion, a point
which will be discussed in greater detail further on, when dealing with the oil properties.

C. Thermal Destruction

Yet another variant of the aldehydeous combustion includes some form of a
moderate thermal decomposition either of the hydrocarbon itself or of “pre-oxygenated”
hydroxylated or oxidized products which are formed as intermediates, provided no
carbon 1is formed, after which the resulting products are oxidized further in accordance
with the aldehydeous scheme.

This form of combustion may be taken as a rule for those higher hydrocarbons
which have comparatively low thermal stability. Thus a mixture may be formed which
has enough thermal stability to continue the combustion process according to the
aldehydeous scheme, the lower hydrocarbons usually being more stable than their
higher homologues.

Special attention must be drawn to acetylene which may be easily decomposed
into carbon and hydrogen, and for this reason a thermal destruction of hydrocarbons,
which yields acetylene, will be followed certainly by carbonic combustion. Acetylene
can probable be burnt only by the carbonic or destructive scheme of combustion. It is
famous for its extremely 