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PREFACE

In the following pages an attempt is made to furnish the reader
with an account of the origin and development of the modern com-
pression-ignition heavy-oil engine.

The Priestman may be regarded as the first successful, safe,
and reliable engine in which ordinary paraffin oil was sprayed by
air pressure through a nozzle into a vaporizer heated by the exhaust
gases. But the compressed mixture of oil vapour and air in the
cylinder was fired by the electric spark.

The author had the privilege of being in close touch with the
late Herbert Akroyd Stuart in the early stages of his pioneer work,
when he originated the compression-ignition type of heavy-oil
engine which has produced such remarkable effects in the promotion
of this great branch of engineering industry, and has influenced
the practice of oil-engine design right up to the present time. It
will be generally agreed that, unlike some inventors, he did not
receive anything like due acknowledgment or recognition for the
ingenious oil engines he invented.

His first simple yet far-reaching discovery was that by the com-
pression of an excess charge of air in the engine cylinder, and by
the injection of heavy-oil spray into the hot compressed air at the
end of the compression stroke, the oil charge was ignited, giving
rapid combustion or explosion at practically constant volume. This
method of ignition is the characteristic of Akroyd engines and is
common to most modern oil engines.

Later developments, founded on his original work, have been
carried out by other British inventors, who deserve recognition for
the recent successes achieved.

As pointed out by the late Captain H. Riall Sankey, CB, RE,
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when President of the Institution of Mechanical Engineers, *it
might very well be agreed, that an oil engine compressing pure air
and injecting oil at the end of the compression stroke should be
called an Akroyd engine, and not a Diesel engine ”.

The Diw;:TEEéine, evolved at Augsburg, Germany, seven years

’-. later than the Akroyd, used injection of oil fuel by very high-pressure
air and gradual combustion at constant pressure, and is now rarely
found except in large-power units. Whereas the Akroyd type uses
quick airless-injection, by means of a pump and spraying nozzle,
and rapid combustion at constant volume, yet the name * Diesel ”
is now applied to both types, and credit given to Diesel.

The second important discovery of Akroyd Stuart was a “ fool-
proof ” oil engine with a two-cell combustion chamber connected
by a conduit of reduced area or a narrow neck which gives a well-
defined stratified charge and imparts forced turbulence with all
that follows from it. So much has his work been obscured that
continental engineers now use airless injection and even the Akroyd
two-cell combustion chamber, the latter as a new device, without
reference to its origin.

There are several similar instances of the credit of British inven-
tions being claimed for foreigners, so obscuring the work of British
engineers, who are apparently too modest or magnanimous to seek
publicity for their own achievements.

Under these conditions, the author, having no pecuniary interest
whatsoever in the sale or manufacture of any oil engine, could not
resist the request to give a brief record of the development of the
heavy-oil engine, including only a few typical compression-ignition
oil engines using airless injection and the constant-volume Akroyd
cycle; taking examples of their applications to land purposes in
electric generating stations, marine and airship propulsion, also for
traction on road and railway.

Many other heavy-oil engines using the Akroyd cycle might
be mentioned, but it is hoped those given will suffice to indicate
the trend of invention. Heavy-oil high-compression ignition engines
are now practically all coming to use the airless-injection constant-
volume Akroyd cycle, that is, leaving Diesel practice of air-blast
injection, with the complication of multi-stage air compressor,
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and the constant-pressure type, and returning to that of Akroyd
Stuart.

The Akroyd cycle engine is more particularly exemplified to-
day by heavy-oil engines of the quicker running type. The British
multi-cylinder, quick-running, high-compression heavy-oil engines
of light weight-to-power ratio, have proved most economical of
fuel, and efficient in service for railway traction, and in British
airships. Rapid progress has been made in these applications since
airless injection and combustion at constant volume have been
returned to, both in four-stroke and two-s‘roke cycles.

The author’s grateful acknowledgmerts are due to the engineers
and manufacturing firms who have favoured him with information,
data, and drawings used in this book; to the Councils of the Institu-
tions of Civil and Mechanical Engineers and to the other Institutions
for the loan of blocks, for which acknowledgment is made in the
footnotes; also to the publishers of The Engineer and Engineering
for illustrations that appeared in their journals, and to Sir Isaac
Pitman & Son, Ltd., for the loan of several blocks from his book
on Applied Thermodynamics.

WILLIAM ROBINSON.
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SYMBOLS AND CONSTANTS USED

Length—One foot = one-third standard yard = 0-3048 metre,
One metre = 39-3702 inches, or 1 inch = 2:54 centimetres = 25-4 mm,

Weight—Ib. = pound’s weight, and 1 kilogramme = 2:20462 1b.

Pyessure.—Ib. per sq. in. = pounds per square inch.
1 kilog. per sq. cm. = 14-223 lb. per sq. in.
b.h.p. = brake horse-power.
ind.h.p. = indicated horse-power.

r.p.m. = revolutions per minute.

Temperature.—(Centigrade) C.° = § (F°—32), and Fahr.° = 1:8 C.° 4 32,
T = absolute temperature = temp. C.° + 273 = temp. F.° + 460(approx.)

Voiume.—1 British Standard gallon (8 pints) contains 10 Ib. pure water at 62° F.
and has a volume of 277-27 c. in.
1 American gallon of pure water weighs 8:331 Ib. water at 62° F.
Thus 6 American gallons = 6 British gallons (nearly).

Energy.—1 B.Th.U. = one British thermal unit = 778 ft.-lb.
1 h.p. hour = one horse-power hour = 33,000 X 60 ft.-Ib, = 2545 B.Th.U.
1 kilowatt-hour = 1000 watt-hours = Board of Trade unit of electrical energy.

Power.—1 Watt = 1 ampere X 1 volt = 0-7372 ft.-lb. per second.
1 Kilowatt = 1-3405 h.p.
1 British H.P. = 550 ft.-lb. per second = 746 watts.
1 Metric H.P. = 75 kilog. metres per second = 736 watts
= 0-9863 British H.P.



HEAVY-OIL ENGINES

CHAPTER I
Introduction

In the development of the modern internal-combustion engine,
there are three outstanding dates or stages, curiously enough
each fourteen years apart from the other, leading to the origin
of the heavy-oil compression-ignition engine, namely, the years
1862, 1876, and 1890.

In the year 1862 a French engineer, Beau de Rochas, took
out a patent and published a pamphlet in which, with wonder-
ful insight, he laid down, on a sound scientific basis, the four chief
conditions necessary to obtain, with greatest economy, power
from the combustion of gaseous fuel in the internal-combustion
engine; and further described the now well-known four-stroke
cycle of operations in a motor cylinder to realize these results.

Fourteen years later, in 1876, this cycle was adopted and
made a practical success by a German, Dr. N. A. Otto, in the
common type of gas engine, introduced and developed in this
country by Messrs. Crossley Bros., Manchester, and subsequently
by many others.

The operations of the Beau de Rochas or Otto cycle, in one
end of a single cylinder, are: first, outstroke of the piston, charging
or induction of the explosive mixture of gaseous fuel and air;
second, during the return stroke, compression of that mixture;
third, dgnition, explosion, and expansion during the power stroke;
and fourth, exhaust of the burnt products during the next return
stroke. These four piston strokes are repeated in the same
order, giving one explosion or power stroke in two revolutions

of the crank-shaft, and allowing time for cooling the cylinder.
(ES829) 1 2
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In order to obtain greater power output and more uniform
turning effort, 2, 4, 6, 8, or 12 cylinders have been combined
to drive one crank-shaft in the multi-cylinder engine.

Beau de Rochas’ conditions for best economy of fuel or
highest thermal efficiency are: first, in order to reduce the loss
of heat, the cooling surface of the combustion chamber in contact
with the hot burning gases must be reduced to a minimum, that
is, the combustion space has to be compact in shape, without
recesses or pockets, and as nearly spherical as possible, say by
dome-shaped cylinder cover and slightly concave piston head.
Incidentally, this construction gives turbulence and good admix-
ture of the charge, and reduces the tendency to detonation even
with a flat piston head.

Second, high piston speed in order to convert the heat energy
generated by the explosion into useful work quickly, and to reduce
the time for loss of heat to the cylinder wall, by cooling.

Third, long range of expansion, namely, a large volume swept
by the piston compared with the volume of the charge at ignition.
In a sense, it is this expansion ratio, and not the compression
ratio alone, that determines the thermal efficiency, as in the
Atkinson cycle engine.

Fourth, the highest practical compression of the charge before
ignition. Compression, by raising the temperature and bringing
the particles of the gaseous mixture intimately into contact, tends
to give rapid combustion, and is only limited by pre-ignition of
the charge and the strength of the cylinder to withstand the
increased initial pressure of the explosion.

Very soon other inventors: James Robson of North Shields,
in Patent No. 2334 of 1877, and No. 4501 of 1879, performed all
the operations of charging, compression, combustion, and exhaust
in a single cylinder having a single piston, and in one revolution
of the crank-shaft or two strokes of the piston. One end of the
piston was used as a pump for drawing in and compressing the
mixture of gas and air, into a reservoir, and the other end of the
piston for explosion and exhaust, giving an impulse every re-
volution of the crank-shaft. The Robson two-stroke cycle gas
engine was modified and built by Messrs. Tangye of Birmingham.

Sir Dugald Clerk, from 1878 to 1881, also developed the two-
stroke compression cycle, giving an impulse or explosion in a
single cylinder every revolution of the crank-shaft, in order to
obtain greater uniformity in torque or turning effort, although
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the economy of fuel was not quite so good in small engines. In
the engine of 1881, Clerk used an auxiliary cylinder with pump
piston to draw in a measured charge of gas and air, and to deliver
it into the power cylinder. Exhaust took place near the end of the
explosion stroke, followed by charging and compression on the
return stroke, when the power piston overran the exhaust ports.

Prior to 1890, the combustible mixture, after compression in
the cylinder of gas and oil engines, was ignited by the electric
spark, or by various devices of flame, heated platinum coil, and
tubes kept red-hot by external burners. All these methods of
ignition were dispensed with in the Akroyd automatic compres-
sion-ignition heavy-oil engine cycle of which Herbert Akroyd
Stuart was the originator in the year 1890.

Paraffin oil or kerosene had been used in early oil engines,
but petroleum spirit (petrol) or naphtha was regarded as dangerous
owing to ignition of the petrol in cases of accidents at that time,
and the British public had little confidence in any kind of oil
engine.

Priestman Oil Engine.—To Messrs. Priestman Bros. of
Hull is due the credit of producing a safe and reliable petroleum-
oil engine—a self-contained and successful prime motor. Its fuel
was ordinary paraffin oil of specific gravity 0-79 to 0-81 and flash
point 76° F. to 150° F. The Priestman oil engine was first ex-
hibited in 1888 at the Royal Agricultural Show at Nottingham.
In 1891 it was improved to run on Russolene of specific gravity
0-82, but it worked best with Lighthouse oil and Royal Daylight.

In tests made by Professor Unwin,* the rate of consumption,
at full load, was 0-842 Ib. of Royal Daylight oil per brake h.p.
per hour; and in two full-load trials the consumption of Russolene
oil was 0-988 Ib. and 0-946 1b. per brake h.p. hour.

The characteristic features of this engine are the methods of
spraying the oil by compressed air, mixing each charge of oil
spray and air in proper proportions, heating this mixture in a
vaporizer by the exhaust gases, and automatically regulating the
varying strength of the charge by a centrifugal governor to keep
the speed constant for all loads. This adjustment was the chief
difficulty in the manufacture, and could only be an approximation
for different oils. In a single cylinder there is an explosion every
second revolution, and no complete cut-off.

The spray-maker, K (fig. 1), consists of two concentric conical

* Proc. Inst. C. E., Vol. 109, p. 1.
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mouthpieces. The compressed-air mouthpiece is re-entrant and
turns the air flow in the outer annular space, JJ, through more
than a right angle, to converge and meet the oil jet issuing from
the bottle-neck central passage and tapering hole in the oil plug H.
The compressed air flows from the top of the oil in the tank to the
spraying nozzle, and the oil, by another pipe from the bottom
of the tank, is forced by the air pressure to the V-shaped notch
and taper hole through the oil plug H: The latter may be slightly
turned by the governor acting on the lever S, to vary the opening
in H for the oil flow. The oil jet issuing from the mouthpiece
KK is broken up into fine spray or mist by the air-blast from

VAPORISER

Fig. 1.—Priestman Spray-maker (Sectional Plan)

JJ, and is held in suspension by the air in the heated vaporizer.
A throttle-valve G, on the prolongation of the oil plug SH, and
fitted in the auxiliary air passage F, is regulated at the same time
as the oil by the governor, and carefully adjusted to give the correct
proportion of air to oil. The suction stroke of the piston opens
an automatic inlet valve L, when a large auxiliary supply of fresh
air is admitted and sucked past the throttle valve G, enters the
vaporizer by small holes ab, and sweeps the vaporized charge
into the cylinder.

An eccentric rod, geared to half speed of the crank-shaft, has
three functions: First, it works the pump which compresses
air into the oil tank to force the oil and air through the spraying
nozzle; second, it opens the exhaust valve at the correct moment
and allows the hot exhaust gases to escape through the vaporizer
jacket; and third, a knob or adjustable finger on the eccentric
rod is brought between two spring contacts to close the battery
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circuit at the end of the compression stroke, to excite the induction
coil and cause the electric spark to pass between the two platinum
points of the ignition plug, which fires the charge. Unskilled
handling of the induction coil was likely to give the attendant a
shock.

The engine works on the four-stroke cycle. The explosive
mixture of oil vapour and air, drawn into the cylinder during the
suction stroke, is compressed on the return stroke, and fired at
the end of the compression stroke, giving explosion and expansion
in the power stroke. The next return stroke drives out the burnt
products through the exhaust valve and vaporizer jacket to heat
and vaporize the next incoming charge. Incidentally, even with
low compression a small portion of the heavier hydrocarbon
constituents in the oil vapour is condensed on the cylinder liner
during compression, and lubricates the piston. Although about
three times the quantity of air necessary for complete com-
bustion of the oil is taken, the compression is kept low to avoid
this condensation and the danger of pre-ignition after prolonged
running at full load. It was found that the steadiness in running
at full load was improved by a few drops of water admitted into
the combustion chamber during the suction or charging stroke.
The steam formed reduces the hard metallic knocks or blows of
sudden explosions, increases the compression slightly without
danger of pre-ignition, reduces the highest explosion pressure,
and gives a higher mean effective pressure during expansion.

In 1891-2 this self-contained oil engine was adopted to work
air compressors for fog signalling at lighthouses by the Northern
Lighthouse Board, and Trinity House Brethren, by the Irish
Lighthouse Board, and by the Norwegian Government. It was
also used for pumping and rock-drilling in various mines, driving
dynamos for private electric light installations in the country,
and for agricultural purposes. The twin-cylinder vertical high-
speed type was applied to the propulsion of barges, launches,
and fishing smacks.

The engine was built up to 100 h.p.; but the cost of manu-
facture told against it in competition with heavy-oil engines of
simpler design.

A single-cylinder Priestman oil engine of 85 brake h.p., in
charge of the Author, after seven years’ service, was tested in
1900, during a run of two hours at ordinary working load on the
brake at 160 revolutions per minute. The consumption was 1-05
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lb. of Royal Daylight of specific gravity 0-792 at 60° F. and flash
point (closed) 83° F., gross calorific value, 20,000 B.Th.U., and
net value 18,800 B.Th.U. per 1b.

Oil Supply.—Since 1918 the world’s annual output of crude
oil has been practically doubled, from 68 to about 135 million
tons, while the demand for petrol has increased still more rapidly
with the further steady increase in the number of motor cars,
buses, and lorries in use. The successful application of the com-
pression-ignition heavy-oil engine to marine propulsion has also
advanced rapidly on account of its high thermal efficiency. The
gross tonnage of motor-ships by Lloyd’s Register during the
year has increased from 75,934 to 812,437 tons since the year
1918; while the proportion of motor tonnage to the total during
each year has increased from 2 per cent to 43-3 per cent. Many
vessels are fitted for oil burning because of its convenience and
economy; the arduous manual operation of coaling being replaced
by the simple oil fuelling and use; but some steam-boiler furnaces
are fitted to burn coal when the price makes it more economical.
The cffect on the trade may be realized when the consumption of
one gigantic transatlantic liner is about 1000 tons of fuel oil
per day.

In this country, near the coal-fields and far from oil wells,
the price per ton of fuel oil in bulk (70 shillings per ton) is four
times that of coal, and curiously the fluctuations keep nearly
proportional whilst varying with the demand; but this relative
cost depends also on transport charges, and consequently, varies
greatly in different countries.

The cost of production of crude petroleum is small compared
with that of coal or shale oil. Crude oil is taken through pipes from
the wells to reservoirs or tanks, and so to the refineries. In com-
parison, the capital and cost of working at collieries and the
freights for haulage of coal by rail are heavy.

It is not yet possible to estimate the petroleum oil supply
available; though the output of some oil-fields in our chief source,
America, has been reduced, deeper drilling in those apparently
exhausted is giving a new supply. California has produced more
oil than the total estimated as available a dozen years ago, and
is still going strong. There may be vast underground pools yet
untapped elsewhere. However, the oil companies are evidently
confident as regards the oil supply and have laid down oil-storage
tanks and plant in ports throughout the world.
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Enormous deposits of oil-bearing shale have already been
explored in many countries, that would yield an oil supply far
greater than the reserve in the oil wells, and will be available when
petroleum oil becomes more limited or toc costly. In Scotland
the average yield of a ton of Broxburn shale by distillation is
only 20 gallons of crude oil, with sulphate of ammonia and other
by-products. American bituminous shales yield about a barrel
(42 American gallons) of oil per ton; and the yield of some Russian
shales is nearly double this quantity of oil. The Esthonia bituminous
oil shale, by distillation in the Kohtla -etorts at 550° C., yields
74 gallons of crude oil per ton. This crude shale oil by distillation
gives Diesel oil of specific gravity 0-93 to 0-95 at 15° C., flash
point (Pensky-Martens) over 60° C., and calorific value 17,460
to 18,000 B.Th.U. per 1b. The Davidson rotary retort is also
being used in Esthonia. Whether from petroleum or shale, it
is highly probable that sufficient oil supply is assured for many
future generations.

Fuel Oil.—Crude petroleum oil issuing from oil wells is
nearly like crude shale oil obtained by the distillation of bituminous
shale heated in retorts at 900° F., while superheated steam is
passed through the retort to carry over the paraffin-oil vapours
and ammonia without dissociation.  Each crude oil consists
of a complex mixture of various solid, liquid, and gaseous hydro-
carbons in solution. These are separated by fractional distillation
into:

First Fraction.—Gasoline, a mixture of paraffins and olefines
of specific gravity 0-725. Motor spirit or petrol has flash point
(close test) 0° to 32° F.

Second Fraction.—Kerosenes or paraffin oils of specific gravity
0-795 to 0-83, and flash point (close) 82° F. and upwards. The
heavy paraffins, when distilled under pressure at a temperature
higher than their normal boiling-points, are decomposed or
cracked into lighter paraffins of lower boiling-points, and olefines,
while gas is evolved and a little solid carbon deposited. By this
cracking process distillers obtain a larger yield of the lighter oils,
both gasoline and kerosene, than the crude oils would yield by
ordinary fractional distillation. The yields of these fractions from
different crude oils vary greatly in refinery practice. By the
large demand and higher price of gasoline, refiners are naturally
induced to crack the greatest possible amount of petrol out of
the heavier oils, leaving only the residual fuel oil.
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Third Fraction.—Solar or gas oils of specific gravity 0-84 to
0-88 are suitable fuel for internal-combustion engines. ~When
the viscosity does not exceed 40 seconds at 100° F., these oils
are readily broken up into fine spray. Excess of air, with the
residual burnt products in the clearance space of the engine cylinder,
hold in suspension the heavier hydrocarbon vapours of the sprayed
oil, like a cloud, which is ignited by the hot compressed air.
Although the heavier paraffins have higher flash points than motor
spirit, they are most easily ignited when thoroughly pulverized.

Fuel oils for heavy-oil engines are of specific gravity 0-85
and upwards at 15° C. (59° F.); the usual range is to 0-95. These
fuel oils are never purely refined distillates, but are either ““ topped ”
crude oils, of low asphalt content, from which gasoline and kerosenes
have been distilled; or mixtures of gas oil and heavy residuals—
the latter known as “ boiler fuel ”’ of specific gravity 0-95. Thick
sluggish oils of great viscosity and high ignition temperature,
like tar-oils, of specific gravity 1-019, have also been used satis-
factorily in airless-injection compression-ignition oil engines, with
a lighter fuel oil for pilot ignition (see pp. 26, 61). The fuel oils
in common use in heavy-oil engines are hydrocarbon oils of
petroleum or shale origin, and must be free from mineral acid, and
care taken to get rid of water, sand and other solid impurities
by heating in settling tanks, and by being passed through high-
speed centrifugal separators and effective filters or strainers.
This treatment does not remove ash and hard asphaltum, or
substances in solution in fuel oils, which tend to produce deposits
in the engine cylinder and by their abrasive action cause undue
wear of the cylinder liner and piston rings. It is found desirable
that the total ash content should not exceed 0-05 per cent, water not
to exceed 1 per cent, and hard asphaltum not more than 4 per
cent, though in some ‘‘ boiler fuel ”’ the limit is 12 per cent.

Hard asphaltum in petroleum oils increases the viscosity,
reduces the calorific value, and is not always completely burned
in high-speed heavy-oil engines, but forms a very hard coke
deposit.

In order to indicate the limits of the deleterious matter in
these oils, the British Engineering Standards Association decided
upon four standard specifications (Pamphlet No. 209 * of 1924)
of fuel oils suitable for heavy-oil engines. Limits are given of

* This pamphlet can be obtained from the Secretary of the Association, 28
Victoria Street, Westminster, London, S.W. 1.
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certain physical properties of petroleum or shale oils supplied
to specifications of the four grades, and the percentages allowed,
and the appropriate tests for the deleterious constituents—hard
asphalt, water, and ash; also the various determinations to be
made according to the Standard methods of testing petroleum
and its products published by the Institution of Petroleum
Technologists: The flash point, by Pensky-Martens closed tester
not to be less than 150° F. The Admiralty demands not less than
175° F. for all fuel oils. Viscosity by the Redwood No. 1 Viscometer,
and the result is expressed as the time in seconds for the flow
of 50 c. c. at 100° F. The pour point (cold test) is defined as “ the
lowest temperature at which the oil will pour or flow, when it
is heated and then chilled, without disturbance, under certain
definite specified conditions ”. Or the “ pour point” is the
temperature 5° F. (2:9° C.) above the solid point or temperature
at which all constituent hydrocarbons in the oil are frozen solid
and cease to flow. In the four grades specified, the oil is to remain
liquid at 20° F., 35° F., 40° F., and 45° F., respectively. Fuel oils
purchased to these specifications will have a gross calorific value of
not less than the following: B.S. fuel oil No. 1:—19,000 B.Th.U.
per Ib.; No. 2:—19,000 B.Th.U. per Ib.; No. 3:—18,750 B.Th.U.
per Ib.; and No. 4:—18,500 B.Th.U. per Ib.



CHAPTER II

Akroyd Compression-ignition Heavy-oil
Engines

Herbert Akroyd Stuart was born in Yorkshire, on 28th January,
1864. He was educated at Newbury Grammar School in Berks,
and at the City and Guilds of London Technical College, Fins-
bury. He received his early practical training in the engineering
works of his father, Charles Stuart, at Fenny Stratford; and upon
the death of his father he took over the management of the works.
He died on 19th February, 1927, at his residence *“ Akroydon ”,
Claremont, Western Australia.

The experimental work of Herbert Akroyd Stuart on oil engines
began in the year 1886, and was carried out in his Iron-works
at Bletchley, Bucks. His attention was directed to this branch of
engineering by an accident in 1885, when experimenting with
machinery for coating iron and steel sheets with tin at Llanelly,
Carmarthenshire, South Wales. The “ dross” or “scum” that
accumulates on the surface of the molten metal must be cleaned
off occasionally, and to do so the “ flux ”” or “ grease ” (used in
this process) about 12 to 15 in. deep had to be removed. At one
of these * cleanings ” the ““ dross ”’ had just been removed, and
while Akroyd Stuart was looking down into the ‘‘ tinning pot”
to inspect the molten tin, with a lighted malleable-iron wick-type
of paraffin lamp, some of the oil was spilled on the molten metal.
The vapour mixed with the heated air quickly rose to the lamp,
and burst into flame. Somehow, his face escaped from being
badly burned. Upon recovering from the shock, he decided to
repeat the experiment and observe what really would happen.
Care was taken to suspend the lighted lamp a little way down the
tinning pot into the hot air. Then a small quantity of paraffin
oil was poured down on the molten metal. Again the mixture

of oil vapour and heated air was ignited. This was repeated with
10



AKROYD COMPRESSION-IGNITION 11

a similar result. Thereupon, he was led to think out a scheme
to make use of the experience he had gained, i.e. to design an engine
to work on oil vapour.

Being a young man with ambition, he visualized not only an
oil engine but a self-contained and combined oil engine, air com-
pressor, or force pump to do useful work in pumping water, &c.
This combination is illustrated in his first patent specification
No. 9866 of 31st July, 1886. At that date oil-engine design was
to him an entirely new departure in engineering, although he
was familiar with the Crossley gas engine. So, in order to gain
some rudimentary experience of oil-engine behaviour, his idea
was to build an experimental engine with plenty of moving
parts.

He discarded the water pump parts, and soon decided he
had, first of all, to build an oil engine that would work. The method
of working adopted was to start the engine with benzoline, regu-
lating the sight-feed fuel drip by hand, and heat ‘‘ something
by the explosions—Ilayers of gauze or a bunch of small tubes,
fitted within the combustion chamber or clearance space of the
engine cylinder. Ignition with a lamp constantly burning, and
many kinds of rotary valves were tried with but little success.
A reciprocating slide valve was substituted, for timing the ignition,
actuated by the piston through a lever arrangement. Eventually
this was discarded for electric ignition by battery and induction
coil. But he intended to use a similar lever motion to work the
plunger of the oil pump for a two-stroke cycle engine. That
novel method would give a very simple reversible oil engine.

In every case a thorough admixture of the oil vapour and air
was considered absolutely essential before compression in order
to obtain complete combustion, as in the gas engine. In the
year 1888 a vertical type (Patent No. 14076) was built of 2h.p,,
but air draughts caused trouble with the lamp. An air chamber
was used to measure and inject the oil fuel by a simple, novel
kind of air pump: air injection at 20 to 30 Ib. per sq. in. ‘This
air-chamber pump was sluggish in action, and was discarded
because the combustion was incomplete, leaving carbon deposit.

His iron foundry had been a costly concern, and he decided
in future to have the iron castings made elsewhere. Messrs.
George Wailes, Ltd., Euston Road, London, made the castings
and built some of the 1890 type of Akroyd engines to his instruc-
tions. In the Akroyd patent No. 14868 of 1889, the exhaust valve
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is actuated by an eccentric rod and rocking lever. A similar method
has been adopted in some modern engines to actuate the injection
oil pumps, suction valves, and exhaust valves, and is a simple
serviceable arrangement for modern marine oil engines.

He also designed and made a special plunger pump to measure
more accurately and inject quickly the charge of oil fuel. This
gave great promise of success. The engines started readily and
worked well, but when running under full load pre-ignition of
the combustible mixture occurred frequently. What was the
cause of this continual trouble? He concluded that overheating
of the internal vaporizer ignited the mixture of heavy-oil vapour
and air during the compression stroke. The next step was to
take out the internal part of the vaporizer, and cover the crown
and sides of the vaporizer with an asbestos-cloth hood. Thus fitted,
the vaporizer could be kept hot by the constant-burning lamp
and the explosions, but still pre-ignition of the mixed working
charge occurred. The next endeavour was, if possible, to do
without the burning lamp, which had given trouble throughout
these experiments.

At that time there was controversy as regards stratification of
the working charge of gas and air in the Otto gas-engine cylinder,
and opinions differed on the subject. Whether stratification
occurs or does not in a gas engine, Akroyd Stuart was satisfied
from his own experiments that in a liguid fuel engine the charge
should be stratified, i.e. a lean mixture of pure air only next the
piston head which would help to keep the piston clean and the
‘piston rings free.

During these experiments, in order to avoid the risk of pre-
ignition and other troubles, Akroyd Stuart conceived the novel
and brilliant idea of changing the cycle by first filling the engine
cylinder with ordinary air alone during the suction stroke, then
heating the excess charge of air by compression in the vaporizer or
combustion chamber, and experiment proved that keavy-oil spray
could be ignited by rapid injection, by means of a pump and spraying
nozzle, into the hot compressed air in the combustion chamber when
the piston was at or near the end of the compression stroke, without
any external source of ignition; and the explosion was at practically
constant volume.

This most important discovery of automatic ignition by hot
compressed air, or compression-ignition, makes possible the use of
higher compression pressures and of much heavier oil fuel with
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advantage, and marks the beginning of a new period—the origin
of the modern compression-ignition heavy-oil engine.

The principle of ignition by hot compressed air, with combustion
at practically constant volume, is the characteristic of Akroyd engines,
and this is adopted in the common class of heavy-oil engine met with
nowadays.

The Akroyd cycle is different from that of Beau de Rochas
or Otto, because in the latter the combustible charge was first
thoroughly mixed before compression, and the methods of ignition
were different. Further, in the Akroyd engine of the year 1890,
when air is compressed to be hot enough, the ignition is under
control by timing the injection of the oil spray near the end of the
compression stroke.

Akroyd Stuart had been laboratory Assistant at the City and
Guilds of London Technical College, Finsbury, in the early
days of the Mechanical Engineering Department. He kept the
Author in touch with his experiments at Bletchley, and this dis-
covery was made known to him at once. At first it seemed too
good to be true or practical, but the Author advised him to take
out Patent protection immediately, to be completed later on, if
the automatic ignition of the oil spray injected into compressed air
without external heating proved reliable for continuous running
of the engine at different loads and steady speed.

The construction of the Akroyd compression-ignition oil engine
(fig. 2)* was remarkable for its simplicity.

In the most important and far-reaching patent specification
No. 7146 of 8th May, 1890, Akroyd Stuart described this new
type of heavy-oil engine of remarkably simple construction, with
practically no cylinder clearance space. A vaporizer or combustion
chamber at the rear end of the power cylinder (figs. 2 and 3)
has internal webs BB, parallel to the axis, giving a large heating
surface, and is open by a neck or throat to the motor cylinder, and
the air inlet valve at the other end. When starting, the vaporizer is
heated by an oil lamp until the temperature obtained is sufficient
to ignite a few charges by compression of the air and set the engine
going. Then the starting lamp is removed, and the combustion
chamber is maintained at a high enough temperature by the heat
retained from the previous explosions, together with the heat of
compression of the air to ensure regular automatic ignition. In fact,

* A model of this engine is exhibited in the Science Museum, South Ken-
sington, London.
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the spring on the air inlet valve at the end of the combustion
chamber became overheated, and its position was soon changed
to the exhaust valve box underneath the small clearance space
(fig. 4), where some of the exhaust heat warmed the incoming
excess air during the suction stroke.

The essential working parts, found more or less modified in
modern oil engines
running at ordinary
speed, are: A steep
cam K (fig. 3), on the
half-speed shaft, by a
thrust works the oil-
pump plunger D
through a bell-crank Section thro A-8
lever G, and the stiff
spring M returns the
bell crank quickly when
released by the cam, [
and thereby delivers
the charge of oil quickly
through the spraying
nozzle into the hot
compressed air, near
the end of the air-com-
pression stroke. This
cam K (fig. 3) is ad-
justable in order to
time the injection cor-
rectly. Every charge
of oil is drawn from
the tank by the pump ‘
plunger, forced along  Ffig. 4—Akroyd Heavy-oil Engine (Section through AB)
the delivery pipe, and
injected quickly through the spraying nozzle into the combustion
chamber at the correct moment for ignition. A set-screw R adjusts
the travel of the pump plunger to vary the supply of oil to the
cylinder to suit the load on the engine.

The centrifugal governor (figs. 5 and 6), driven from the crank-
shaft, controls the speed by regulating the oil supply. When
the engine runs slightly above its normal speed the governor spindle
presses down upon, and partially opens, the suction valve, and

Orl Tank
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allows the pump to force all or part of the oil charge back into the
tank or by an overflow (fig. 6).

Fig. 5 shows the 1890 type of Akroyd centrifugal governor
for regulating the speed by operating the suction valve of the oil-
fuel pump. The balls R, R, R revolve round the plunger P, which
is made square at the lower end to prevent it rotating. The
spindle P is kept up to the collar on stop P’, and clear of the suction
valve N, with the spring S, until the plunger P is moved down,
when the balls R, R, R diverge under centrifugal action and thus
partly open the valve N, to allow a portion of the oil charge to
be returned into the oil tank instead of to the vaporizer. The
light spring T returns the suction valve N to its normal position.
The speed of the engine may be varied by adjusting the set
screw X.

Fig. 6 shows the overflow type of governor.

In this way the pump is always worked, and the pipes kept
full of oil, to avoid air lock. The exhaust valve S (fig. 3) is opened
by a cam on the half-speed shaft L, through the lever T, and closed
by a stiff spring when released by the cam.

When the vaporizer is warmed up, the operation of the engine
is as follows. During the outward stroke of the piston the charge
of excess air is drawn through the inlet valve A (fig. 3), and
compressed on the return stroke into the vaporizer or combustion
chamber BB. In the meantime the pump D has drawn a charge
of oil from the tank, and forced it with great velocity through
the spraying nozzle into the highly heated compressed air in the
combustion chamber, near the end of the compression stroke.
‘"The finely-divided oil spray or mist is ignited automatically by the
hot compressed air, giving rapid explosion at constant volume,
and expansion, driving the piston on the power stroke. On the
next return stroke the exhaust valve S is opened, and the piston
drives the products of combustion out of the cylinder. The same
cycle of operations (fig. 7) is repeated, and the temperature of
the combustion chamber is kept high enough by the explosions
and compression of the excess air to ignite each charge. With
heavy hydrocarbon oils the compression is increased, depending
upon the ignition point of the oil, so that much heavier oil fuels
may be used than heretofore.

In his pioneer experiments Akroyd Stuart observed that his
engines, with the combustion chamber having a large trumpet-
shape mouth open to the motor cylinder (fig. 3), would work
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Fig. 5.—AKROYD GOVERNOR

Fig. 6.—AKROYD GOVERNOR
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without pre-ignitions occurring only when the oil spray was
injected at or near the end of the compression stroke, as described
in the patent specification No. 7146 of May, 1890. Hence he
designed another vaporizer having a contracted conduit or bottle-
neck opening to the cylinder, and of much less sectional area
than that of the vaporizer or cylinder. During experiments with
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Fig. 7.—Akroyd Heavy-oil Engine: Cycle of Operations (May, 1890)

this vaporizer having the narrow passage to the cylinder, he found
that the oil-spray injection could be timed to occur not only at
firing-time, but during any portion of the suction or compression
stroke, without risk of pre-ignition.

This type of Akroyd oil engine (fig. 8), with the narrow neck
A’ or conduit between the vaporizer and the clearance in the
motor cylinder, and its method of working, were described in the

patent No. 15994 of 8th October, 1890. The vaporizer or explosion
(E329) 3
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chamver BB is made of sufficient capacity to contain the com-
bustible charge of oil vapour and air, when the latter is com-
pressed to the ignition point of the oil fuel.

A large clearance of about a quarter of the cylinder diameter,
left between the piston and the end of the cylinder, is filled with
relatively pure compressed air to prevent contact of the unburnt
or partially burnt products during combustion with the piston
and cylinder walls, as well as to supply “ an excess of oxygen to
complete the combustion originated in the explosion chamber and
thereby burn up the carbon which might otherwise form deposit”.
This design of a precombustion chamber, connected by a
conduit of reduced area to the combustion chamber in the cylinder,
provides another method of keeping the air apart from the oil
vapour, by which a well-defined stratified charge is formed,
and pre-ignition is avoided; also thereby a simple method is
provided of imparting turbulence to the charge greater than
is obtained by normal means, and without throttling the induction
at ordinary speed of engine.

The inlet valve (fig. 4) admits air into the large clearance
during the suction stroke, and pre-ignition is prevented because
air can only enter the explosion chamber from the motor cylinder
through the contracted passage gradually during the compression
stroke, and so mix with the oil vapour until an explosive mixture
is formed, giving automatic ignition and explosion. Then the
products of combustion are projected with violent turbulence into
the excess of compressed air in the motor cylinder, and by adiabatic
compression raise the temperature and complete the combustion
of the oil. The volumes of the motor cylinder and explosion
chamber are so proportioned that the mixture in the precom-
bustion chamber or vaporizer is rendered explosive during com-
pression just in time to ensure ignition at or near the end of the
compression stroke. This two-stage combustion was considered
by Akroyd Stuart to be the pioneer of dual combustion.

The cam K can be readily adjusted to time the oil-spray
injection, and deliver it quickly into the vaporizer by the pump
D, at any desired point of the suction or compression stroke to
ensure the best conditions of working, and prevent overheating
of the vaporizer, besides allowing time for the vaporization of
the oil spray. By this simple method both the time for oil-spray
injection and automatic ignition are under control. Fig. 9 indicates
the cycle of operations in this type of Akroyd oil engine.
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After four years of hard experimental work, worry, and great
expenditure, Akroyd Stuart had automatic or compression-
ignition heavy-oil engines built and working as described in the
two master patents of the year 1890, both of which are fundamentals
of modern oil-engine practice. Only provisional protection had
been applied for, and before drafting the final specifications it

Ol Injection Waporrser CLompressed Pyrelir Autornatic lgrution
& /nduction Pure Air Cylinder  onto Oif Vapour & Combustion Exhaust
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£ig. 9.—Akroyd Oil-engine Cycle (October, 1890)

<

was suggested by his patent agents, Redfern & Co., London, that
the opinion of an expert engineer should be obtained. Mr. Fletcher
Moulton, Q.C. (the late Lord Moulton), was engaged. The whole
of the Akroyd patents and drawings from 1886 were examined.
The two provisional specifications of 1890, were taken separately
and together. These experts, Moulton and Redfern, agreed that
the Akroyd automatic compression-ignition cycle, as described
in the specification No. 7146, of 8th May, 1890, was very clear and
covered all working compression pressures, say from 5 Ib. per
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square inch up to 5000 Ib. per square inch or even higher, to what-
ever practical experience in working indicated. Further, as regards
the merits of the invention, from the standpoint of practical
engineers, these experts considered automatic compression-ignition
of the working charge in an oil engine cylinder was almost an
impossible proposition, but they held that if the results shown
to them could be obtained in Akroyd engines of greater horse-
power units, then this automatic ignition cycle would revolutionize
internal-combustion engine practice to very nearly a miracle.

It was agreed that the best thing to do, without further delay,
was to complete the final specification for Patent No. 7146 of
1890, and in the drawings illustrate a vaporizer with a contracted
passage or bottle-neck, and then disclaim that construction for
use with this patent, in order to reclaim it in the patent No. 15994
of 1890. The disclaimer is made in the complete specification No.
7146, 8th May, 1890, page 3, lines 25, 26, and 27: ‘“ As, however,
this construction of vaporizer forms part of the subject-matter
of my application for Letters patent No. 15994, dated 8th October,
1890, no claim thereto is made in this specification.” ‘‘Neverthe-
less, in the future if you desire to do so, you are at liberty to use
that or any other construction of combustion chamber or vaporizer
with Akroyd engines, working according to your Patent No. 7146,
of 1890. The engine cycle is your own invention, and we point
out this for your guidance. This method of procedure will protect
your patent rights.”

Before the end of the year 1890, when the patent was only
seven months old, Akroyd Stuart had a dozen of these automatic-
ignition heavy-oil engines ready for delivery; four were sold and
working very satisfactorily, and others sent out on approval.
There were four engines, each of 2 h.p., in his show-rooms
and offices, 11 Eldon Street, Finsbury Pavement, London, E.C.,
where Akroyd oil engines could be inspected, and a 1-h.p. kept
running light in the shop window from 9 a.m. to 5 p.m. consumed
only one gallon of oil daily. Four of the 2-h.p. Akroyd safety
automatic-ignition heavy-oil engines were exhibited in 1890 at
the Christmas Cattle Show in the Agricultural Hall, Islington,
London, N.

In order to gain experience of their behaviour under varying
conditions, half a dozen of these oil engines of sizes from 1 up
to 6 h.p. were working at Bletchley Iron Works, Bletchley, Buck-
inghamshire. Such was the progress made at that early date
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in the construction of these heavy-oil engines. The object was
to bring them prominently to the notice of the public, and form
an Akroyd Oil Engine Limited Liability Company. However,
Akroyd Stuart was informed by his patent agents, Redfern & Co.,
that their clients, Messrs. Richard Hornsby & Sons, Grantham,
were looking for an oil engine to manufacture on a royalty payment
basis, and perhaps that would be a better proposition than the
limited liability company. A meeting was arranged with Mr.
Southwell, the general manager of Hornsby & Sons, who suggested
that their chief engineer, Mr. R. Edwards, should go to Bletchley
and spend a day inspecting and testing Akroyd oil engines. On
his visit in January, 1891, there were five engines of different
sizes of the two types ready to start for inspection. Mr. Edwards
was chiefly interested in the 6-h.p. engine working according
to the patent No. 7146 of 8th May, 1890, that was driving the
shafting and about a dozen workshop machine tools. During
the day Mr. Edwards observed the regular speed of that 6-h.p.
engine under varying loads, and remarked to Akroyd Stuart that
the Akroyd oil engine was the best he had seen, although he had
been all over the Continent to find one which he could recommend
to his firm for manufacture. He did not fancy the oil engines
working according to the other patent, No. 15994, of October,
1890, except for small powers. About a week afterwards Mr.
Southwell arranged a visit to Bletchley on a similar errand, and
was shown four Akroyd engines working on full load and running
light. He was very pleased with the performance of the engines,
especially the 6-h.p. on the early Akroyd cycle: induction and
compression of air only, with #imed oil-spray injection into the
heated air near the end of the compression stroke, and automatic
ignition, which he held was something “‘ novel” and of great
promise for the future with cheap and safe heavy oils. He expressed
the same opinion as Mr. Edwards regarding the other engines
working according to the later patent, No. 15994 of October.

In February, 1891, the Author was asked to test the 6-h.p.
Akroyd Stuart compressed-air ignition heavy-oil at Bletchley
Iron Works, working as described in the patent No. 7146 of 8th
May, 1890. The report, giving the results of the trials, was quite
satisfactory to Messrs. Hornsby & Sons, although at that time
they had little confidence in any kind of oil engine.

The Author referred to this new type of compression-ignition
oil engine and test in detail in a paper on * The Uses of Petroleum
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in Prime Motors ”’, read before the Society of Arts, London,
on the 29th April, 1891, and published in the Journal of the Society
of Arts.

The engine worked on the cycle described above (pages 13 to
16). There was very small clearance in the cylinder. The com-
bustion chamber or vaporizer, always open to the motor cylinder
by a small trumpet mouth, had radial ribs on the inside parallel
to the axis, exposing a large heating surface. Before starting from
cold the vaporizer is heated up in a few minutes by an oil lamp,
and is afterwards kept sufficiently heated by the explosions and
compression of the air charge, when the engine is working, and
the lamp removed. This method of heating adopted for starting
somewhat obscured the real discovery of ignition of the oil spray
by the hot compressed air, and led some to consider it as merely
heated surface ignition.

Other methods of starting by compressed air and firing the
first charge had been patented and used, but these required an air
pump and compressed-air vessel (see p. 28). Hence Akroyd
Stuart found a fuel-oil lamp, or cast-iron pot with asbestos wick,
a simple, cheap, and safe means especially for these small engines.

A hood protects the vaporizer from air draughts and forms
an air jacket. The temperature of the vaporizer is regulated by
sliding open the damper at the top of this hood, and allowing the
air to circulate up around it and escape by natural draught, or
by lifting off the hood altogether when working at full load.
The air inlet valve to the cylinder and exhaust valve are housed
side by side underneath the small clearance space, as shown
in fig. 4, p. 15, so that some of the heat in the exhaust gases is
used to warm the incoming fresh charge of excess air during the
suction stroke, The piston had junk rings, into which were fitted
the working rings held in place with a back plate and nut. This
construction proved of service with unskilled attendants in the
early days of oil engines.

This 6-h.p. oil engine had been driving the shafting and
machine tools in the workshop all morning, using shale oil of
specific gravity 0-854 at 60° F., and flash point 225° F. A friction
brake was applied on the fly-wheel, consisting of a leather belt
with spring balance at one end and weights hung at the other
end. During a trial run of three hours, the average brake h.p.
was 7-6 at 216 revolutions per minute, while the consumption of
this fuel oil was considerably less than 7 pints per hour, or about
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0-9 pint per brake h.p. hour. The cost of the oil was 3d. per gallon
in Liverpool. The exhaust was perfectly clean and invisible,
affording evidence of complete combustion. Near the end of
the compression stroke the oil spray was injected by the pump
through the spraying nozzle into the combustion chamber filled
with hot compressed air in excess of that necessary to furnish
oxygen for combustion. The little governor effectively reguiated
the speed by varying the oil supply: simply lifting a valve and
allowing the pump to force all or part of the charge back into the
tank instead of into the combustion chamber, when the speed
was slightly above normal. By using a large fly-wheel, sensitive
governor, and high speed, the regularity of running was remarkably
steady. The oil-pump
plunger was } in. diam-
eter, and less than +% in.
lift, giving about 0-015
c. in. of oil for each full
charge.

The excess charge of
air was heated chiefly by
compression, and by

Fig. 10.—Indicator Disgrams: Alroyd Ol Engine  12diation from the sur-

(May, 1890, Type) face of the combustion

chamber, which was kept

hot by the previous explosions. The timed injection of the oil

spray near the end of the compression stroke gave perfectly
regular ignition, and explosion at constant volume.

Indicator diagrams (fig. 10) were taken frequently during the
trial, and showed regular and rapid ignition at a compression
pressure of 45 Ib. per square inch, but, unfortunately, the indicator
springs available were not stiff enough to give thoroughly reliable
expansion curves, these being shown wavy after the sharp explosion.
The Author was surprised at the good results obtained, the steadi-
ness and regularity of running throughout the test without the
slightest hitch, and especially the small fluctuation of speed when
the load was taken off and the engine running light. Obviously
much heavier fuel oil might be used at higher compression, and
the engine run at higher speed, as stated in the above paper.
Heating very heavy oil was also suggested to reduce viscosity
and keep it in a sufficiently fluid state fit for effective spraying.
... At this stage Akroyd Stuart had been granted patents in the
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United Kingdom and in many other countries (see schedule in
Appendix). In May, 1891, he supplied to Messrs. Hornsby &
Sons four small engines, two of each type, for their own experi-
mental purposes. Eventually, on the 26th June, 1891, the sole
right to manufacture and develop the Akroyd Stuart oil engines,
and use any of his subsequent improvements of them, under licence
agreement for the whole world, was acquired by Messrs. Richard
Hornsby & Sons, Grantham, without any cash payment, but
merely on a royalty basis. After signing this agreement Akroyd
Stuart found he could not sell any of the oil engines he had built
and that were left in stock at his Bletchley Iron-works.
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Fig. 11.—Akroyd Water-jacketed Vaporizer (Sectional Plan)

Vaporizer Water Jacket.—When making further experiments
with these engines left on his hands, he observed that the com-
bustion chamber sometimes became overheated after prolonged
continuous running on full load. He knew that the thermal
efficiency could be improved by using higher compression of
air and higher piston speed, and in order to attain these he took
out Patent No. 3909, of February, 1892, for a waporizer fitted
with a cooling water jacket (fig. 11) around the neck or other parts
of the combustion chamber, to control or regulate the temperature.
In the words of this most important patent specification: * It
is to be understood that instead of forming the jacket merely around
the neck of the vaporizer, it may be formed also around other parts
thereof.” 'The water for cooling the vaporizer may be taken from
that through the cylinder jacket, or kept separate, and the flow
regulated by a cock on the connecting pipe. ,
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This improvement allowed higher compression to be used,
giving more power and increased thermal efficiency, and clearly
pointed out the line of future development by reducing the un-
cooled surface of the combustion chamber. Full advantage was
taken of this method—only when the patent lapsed after 1906.

These patent specifications of 1890 and 1892 set forth the
essential principles of the operations in the heavy-oil engine
originated by Akroyd Stuart, and they are fundamentals of modern
oil-engine practice to-day, however the mechanical designs have
been developed by other inventors. The Akroyd oil engine was
the first in which the charge was air alone, into which, near the
end of the compression stroke, the fuel oil was injected quickly
by pump and spraying nozzle, and ignited by the hot compressed
air. This novel method of ignition was at first regarded by many
with misgivings, but worked well.

To-day high-compression heavy-oil engines use air only as
the charge, and the fuel oil is injected directly by a pump through
a sprayer into the hot compressed air by pressure alone, that is,
without the high-pressure air blast employed in the Diesel engine.
The cycle of operations and principle of action is simply that
invented by Akroyd Stuart, and the difference consists chiefly
in the use of higher compression and higher speed as well as
improvements in the sprayer and fuel pump. The shape of the
combustion chamber has also been modified.

Development of the Akroyd high-speed airless-injection heavy-
oil engine has led to much research on the injection of the fuel
oil, and the stages in the combustion processes affected by the
temperature and turbulence of the air charge, by the pulverization
of the oil spray, and its penetration. The accelerated rate of com-
bustion or flame propagation is also affected by the turbulence
of the air and the shape of the combustion chamber. The in-
vestigation of such relations still affords ample scope for research
work to obtain definite constants or factors of design.

Pilot Charge Ignition.—Another novel method of working
is also mentioned by Akroyd Stuart. Very heavy and viscous
hydrocarbon fuel oil for the engine may be heated by flowing
through the jacket around the vaporizer, and thereby its spraying
and vaporization are made easier. In one of his experiments of
1892-3, palm oil * (which the Author had seen on his visit to the
Bletchley Works in 1891, and suggested for trial) was used in

* See The Engineer, 4th Nov., 1921: ‘ Palm Oil as Fuel for Oil Engines .
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the jacket to cool the vaporizer, and by an additional pump on the
engine the palm-oil charge, when heated in the jacket, was sprayed
into the pilot charge of kerosene from the other pump which
originated the combustion. This appears to be the first time
(1892) in this country that two fuel oils of different density were
sprayed by two injections to give one charge in the heavy-oil
engine cylinder, the pilot charge being used to start the combus-
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Figs. 12 and 13.—Akroyd two methods of Automatic Ignition combined

tion of the heavier oil spray. Akroyd Stuart had then in view
the possibility of using palm oil and vegetable oils, where the price
would permit of their use for power purposes.

Experiments were also made by him at Bletchley on the com-
bination of the two Akroyd vaporizers coupled (figs. 12 and 13),
one forming a pre-combustion chamber for the main charge in
the other; and two oil pumps—No. 1 injects the pilot charge of
ordinary fuel o1l into the small (later type) vaporizer on the suction
stroke, while the charge of air is drawn in through the automatic
‘inlet valve and the large (early type) vaporizer; and oil pump
No. 2, with timed injection of the heavier oil spray near the end
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of compression—giving the two methods of automatic ignition
and two injections of oil fuel described above.

Compressed -air Starter.—The Akroyd self-starter patent
specification No. 22664 of 9th December, 1892, for a hydrocarbon
oil engine using hot compressed-air ignition, is self-explanatory.
A hand pump is employed to compress air, at a sufficiently high
pressure, into a reservoir fitted with a suitable pressure gauge.
A check valve in the air-pipe connexion close to the vaporizer
prevents the explosive mixture entering the air vessel. Another
main valve on the air pipe, opened by hand, allows the compressed
air to flow into the vaporizer.

To start the engine: with the piston just a little over the dead
centre on the power stroke, a charge of oil spray is injected from
the oil pump, by hand, into the vaporizer previously heated.
Oil vapour is formed and, by opening the main valve on the air
pipe, the highly compressed air mixes with the oil vapour in the
vaporizer until an explosive mixture is produced, and the explosion
drives the piston forward. On the return stroke the products
of combustion are discharged, and the engine follows its usual
cycle.

General Opinion of Engineers in 1891-2.—Out of fairness
to Messrs. R. Hornsby & Sons and their staff, H. Akroyd Stuart
desired to emphasize the fact that scores of other British engineers
at that early stage, who inspected the Akroyd oil engines at work,
said that a lampless automatic ignition oil engine could not
possibly be reliable, and even after inspecting indicator diagrams
-taken from an Akroyd oil engine running steadily under load,
in their presence, shook their heads and still remained unbelievers.
As stated above, Messrs. R. Hornsby & Sons were also doubtful,
and it was not until the Akroyd water-cooled vaporizer patent
No. 3909, of 1892, was added that their confidence in the Akroyd
compressed-air ignition oil engine was assured.

Although the early type of engine that the Author had tested
was the first favourite, strangely enough, it was agreed that the
later type of October, 1890, should be redesigned, built, de-
veloped, and sold as the ““ Hornsby-Akroyd ” oil engine. The
low working pressure giving complete combustion of ordinary
burning oils, combined with simplicity and reliability in these
self-contained almost * fool-proof ” prime motors of com-
paratively small power output, made them well adapted for
agricultural purposes in the hands of unskilled attendants. This
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type became well known as the “ Hornsby-Akroyd hot bulb”
oil engine, and gained a reputation for general usefulness.

The early type, Patent No. 7146 of 1890, was left in abeyance
by the licencees until the patent lapsed, not without many protests
by its inventor. He stated that for this, his greatest invention,
he ‘““had never received one penny piece either from royalty
payments or any other source ”’. He also held the opinion that,
if he had not discovered the principle of action in the second
type, a firm of agricultural engineers, at that early stage, never
would have persevered with the manufacture and development
of oil engines working on Akroyd cycie of Patent No. 7146.
However, this early Akroyd type has been developed by British
engineers since the expiry of the pioneer master patent in 1904;
and considerable progress was made in using efficiently heavy
residual oils in these engines before and during the Great War.
A review of this development was given in July, 1920, by Mr.
F. H. Livens, of Messrs. Ruston & Hornsby, Lincoln, in a paper
on “ Some Lincolnshire Oil Engines ”’ read before the Institution
of Mechanical Engineers.

Isle of Ely Exhibit.—Messrs. Hornsby & Sons intended
to exhibit a 6-h.p. Hornsby-Akroyd oil engine at the Isle of Ely
Agricultural Show in the year 1893. At the last moment they
wired Akroyd Stuart at Bletchley: could he help them, as they
had not a 6-h.p. engine ready. The telegram reached him on a
Friday afternoon, and he wired reply:  Yes will exhibit in your
name ”’. He lifted his own workshop 6-h.p. ““ Akroyd ” that had
been tested by the Author, and had it in Ely on Sunday. Akroyd
Stuart personally superintended the erection and running of that
engine. The show opened on the following Tuesday morning,
and he was awarded the Society’s first prize Silver Medal—the
first and only medal ever granted to him for his early “ Akroyd
oil engine. He gave this medal to Messrs. Hornsby & Sons.



CHAPTER III
Hornsby-Akroyd Oil Engine

The 1892 type of the safety airless-injection automatic-ignition
oil engine is shown in fig. 14, as redesigned by Messrs. R. Hornsby
& Sons and one of the first engines supplied to the Fenny Stratford
pumping station. The oil-inlet valve box (fig. 15) is water jacketed

Fig. 14.—Hormmsby-Akroyd Oil Engine (1892 Type)

to reduce heating by contact with the vaporizer or combustion
chamber, and to keep the fuel oil cool in the liquid state until,
forced by the pump past the horizontal back pressure check valve
and injected at high velocity through small holes in a disc, fine
oil spray is produced in the vaporizer.

The overflow passage is opened, more or less, when the vertical
valve (figs. 15 and 16) is pressed down by the bell-crank lever

%
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L, which is operated by the
rod R from the centrifugal
governor. The engine is
stopped by turning down
this bell-crank lever and
clamping it. Then all the
oil delivered by the pump
is passed by the overflow
back to the oil tank, instead
of being injected into the
vaporizer. Before starting
the engine, the oil pump is
worked by hand to clezr out
any air from the pipe and
connexions, and the oil is
allowed to pass by the over-
flow to the tank. The air
inlet and exhaust valves are housed together beside the cylinder
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Fig. 15.—Hornsby-Akroyd Oil-inlet Valve Box

Fig. 16.—0il Overflow by Governor Control
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clearance. The air-valve lever (fig. 17), worked by a cam on the
half-speed side shaft (fig. 14), also pushes down the oil pump
plunger against the action of a spring, shown above the lever.
In addition to the regulation of speed by the governor control
of the oil supply, the overflow may be reduced by adjusting the
distance between the two flanges on the pump plunger (fig. 17),

Fig. 17.—Air-inlet Valve and Oil Pump

to reduce the stroke of the pump, so that the quantity of oil charge
delivered is suitable to the load on the engine. Near the end of
the air suction stroke, the fuel oil is injected into the vaporizer
and converted into vapour, which is gradually mixed with the air
compressed into the vaporizer through the narrow neck during
the return stroke of the piston, until the ignition pressure and
temperature is reached at the end of the compression stroke.
When the piston is turning for the second outstroke, the charge
ignites automatically and explosion takes place at constant volume,
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driving the piston forward by the pressure of the expanding gases.
Near the end of this power stroke, the exhaust valve is opened,
and during the next return stroke the burnt products are dis-
charged.

In order to ensure rapid automatic ignition and complete
combustion, the compression pressure suitable for different oils
is best determined by experiment in a new engine. Russolene
requires higher compression and gives nearly 20 per cent more
power than Royal Daylight. In this engine the compression may
be varied by packing pieces between the brasses and big end of
the connecting rod. Another later method was to have the volume
of the vaporizer changed to suit the oil fuel.

Tests.—In October and November, 1893, the Author made
a series of tests on a 5-h.p. Hornsby-Akroyd oil engine at full
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Fig. 18.—Indicator Diagrams: Hornsby-Akroyd Oil Engine (1893)

load, normal working load, half-load, and running light. The
oil used was Russolene of specific gravity 0-824 and flash point
(close) 88° F., and net effective calorific value of 18,600 B.Th.U.
per pound. The oil was taken by the engine from a measuring
vessel, and the level of oil brought to a conical point gauge in
the narrow neck of the vessel at the start and finish of each run.
The overflow was collected separately, and the oil used was weighed.
The friction brake was a leather belt passing half round the fly-
wheel with weights at both ends, and a spring balance above the
wheel took the varying part off the smaller weight. The explosion
and compression pressure varied with the quantity of oil admitted
by the governor, and the engine ran steadily owing to this perfect
regulation. The indicated horse-power could not be exactly
estimated at less than full load without an integrating indicator,

because of the variation in charge by the governor. Under ordinary
(K 329) 4
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working conditions 14 per cent of the effective heat value of the
oil fuel was converted into useful work at the brake wheel; and
17 per cent into work in the cylinder shown on the indicator
diagrams (fig. 18), for several explosions at full load.

Similar results were obtained by the judges, Professor Ewing
and Professor Capper, with Mr. J. B. Denison, on a larger Hornsby-
Akroyd in the trials of oil engines at Cambridge Royal Agricultural
Show in June, 1894. The engines were run at normal load on
Russolene for three days, and then on a special trial at full power.
The Hornsby-Akroyd oil engine was awarded first prize for
simplicity and neatness of design, good mechanical construction,
regularity and steadiness of running; and it required least skilled
attention. The engine tested was of 8 brake h.p. with cylinder
diameter 10 in. by 15 in. stroke. The results of one trial of each
engine are given in the table below:

TriaLs oF HorNsBY-AKROYD OIL ENGINES

Date of trial .. .. | Oct., 1893 | June, 1894 | Jan., 1898
Cylinder diameter X stroke, in. .. |8 X 14" |10" x 15" | 14-6"x 17"
Clearance volume, cu. in. .. .. 432 638 1170
Load {Practical Full Practical

a . ) * {\Working | Power | Working
Duration of trial, hours .. .. 3:2 2 3
Revolutions per minute, mean .. 214 240 202-6
Explosions per minute, mean .. 90-7 120 101-3
Mean pressure, Ib. per sq.in. .. 37-6 28-9 45-4
Indicated h.p. . .. . 6-08 10-3 32-3
Brake h.p. .. .. 5 8-57 26-74
Mechanical efﬁmency, per cent .. 82 83 82-4
Oil used:
Oil per indicated h.p. hour, Ib. .. 0-81 0-81 0-61
Oil per brake h.p. hour, lb. osife 0-99 0-98 0-74
Percentage equivalent of net calorific

value of ofl, B.Th.U. } 18600 | 18600 | 19,100
Useful work at brake .. .. 13-8 14 18
Spent in engine friction .. . 3:0 2:9 3
Converted into work in cylinder as ] .

shown on indicator diagram } 16-8 16-9 21

Carried away in jacket water .. 290 296 50
Balance rejected in exhaust and |\ . .
other losses J 542 536 29
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In the 1896 design (fig. 19) part of the vaporizer has a cooling
water jacket, and a separate hot cap, so that the temperature can
be regulated to suit the different grades of oil fuel, and higher
compression used with increased thermal efficiency without
pre-ignition. The hot cap or bulb of the vaporizer is bolted to
the water-cooled part, and sealed by a copper wire gasket giving
only a small surface of contact for heat flow. This engine worked
satisfactorily on such oil fuels as Russian Crude oil of specific
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Fig. 19.—Homnsby-Akroyd Oil Engine (1896)

gravity 0-88, and Solar oil, specific gravity 0-885 and flash point
258° F.

On 4th January, 1898, the Author tested a 25-h.p. Hornsby-
Akroyd, at different loads on the brake, during a continuous run
of 10 hours’ duration, under ordinary working conditions. During
a short run of 15 minutes, at the end of the day, this engine running
at normal speed gave 39 brake h.p., or more than 50 per cent
overload, at the indicated mean effective pressure of 57 lb. per
square inch. At ordinary full load the compression of air was
60 1b. per square inch, and the initial explosion pressure 180 Ib.
per square inch. Fig. 20 shows typical indicator diagrams (re-
duced in size) taken at varying loads, and during an hour running
light without any load. The results of one trial are given in the
last column of the table (p. 34). The oil used was Russolene,
of specific gravity 0-825, flash point (Abel close test) 88° F., and
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lower calorific value 19,100 B.Th.U. per Ib. The engine converted
18 per cent of this heat into useful work at the brake wheel, and
ran with perfect regularity. '
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Fig. 20.—Indicator Diagrams: 25 h.p. Hornsby-Akroyd Oil Engine (1898)

The New-Century (1900) design of Hornsby-Akroyd oil engine
(fig. 21) is further developed, and simplified in construction.
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Fig. 21.—Hornsby-Akroyd Oil Engine (1900 Type), Sectional Plan

The oil pump is operated directly by a hardened cam on the half-
speed side shaft. There is also a cam, moved by a hand lever,
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to partly open the exhaust valve and reduce the compression
when starting. The compression can be varied to give the best
results from different oils by changes in the clearance volume,
with or without the block M inside and the hollow dish-shaped
cover N fitted as in fig. 21, or outside as in fig. 22.
The temperature of the vaporizer is regulated by
the water circulation controlled by a cock on the
pipe from the cylinder water jacket. The cooling
water jacket on the oil-inlet valve box (fig. 15) is
dispensed with as shown by fig. 23, and the surface e
contact reduced to a minimum tc reduce the heat Clearance Blocks
flow from the vaporizer to the oil inlet-valve casing.

To start the smull engines a coil lamp is used to heat the
vaporizer. The compression is reduced by a lever (fig. 21), which
moves the relief cam to keep the exhaust valve partly open, and
so one man may turn the fly-wheel quickly until a charge is fired.

For starting engines of 25, 50, and 100 brake h.p. after warming
up, an air pump with hand-wheel
forces air into a steel reservoir up
to 150 1b. per square inch, or the
air may be stored to the desired
pressure, while the engine is run-
ning, as required, by a small air
pump. The air valve box on the
cylinder is connected to the air
reservoir by a pipe, fitted with two
valves, a rocking lever, and link-
age worked by a hand lever. With
the piston on the power stroke
about 15° to 20° over centre, and _
the valves on their seats, the start- Fig. 23.—Oil-inlet Valve Box
ing lever is moved forward and
back again quickly, allowing the compressed air to enter the
cylinder and start the engine.

The 100 brake h.p. engine used in the Russian oil fields has
a water jacket on the exhaust pipe and an air jacket around the
hot part of the vaporizer, so as not to .ignite the inflammable
vapour of light petroleum. The vaporizer is heated internally
at starting by igniting with electric spark benzoline pumped into
it through the ordinary oil inlet valve. The benzoline is stored
in a separate tank and connected to the oil pump suction by a
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three-way cock. When the vaporizer is hot enough to ignite the
crude oil, the cock is turned to shut off the benzoline and admit
the crude oil from the main storage tank. The electric ignition
is by a sparking plug with current from a magneto driven from
the cam shaft, and a tappet breaks contact for the electric spark
to pass.

Tractor Trials.—A noteworthy achievement of the Hornsby-
Akroyd oil engine was its performance in the Military tractor trials
at Aldershot in 1903. The Hornsby tractor, fitted with a two-
cylinder Hornsby-Akroyd oil engine, was awarded the prize
of £1000 for the tractor that would travel 40 miles, hauling a
load of 25 tons over ordinary roads at an average speed of 3
miles per hour, not to exceed 5 miiles per hour at any time, carrying
its own fuel and water without being replenished during the
journey. During the trials of the Hornsby-Akroyd tractor over
a distance of 374 miles, the consumption of fuel * was at the rate
of 0-329 Ib. per gross ton-mile. The results proved the advantages
of the heavy-oil engine as regards the low consumption of fuel
and water, and the large radius of action. The distance actually
covered was 58 miles, an excess of 18 miles, for which a bonus of
£180 was added to the prize.}

After the competition the prize-winner was fitted with a chain-
track in place of its wheels, and became nick-named ‘‘ the cater-
pillar ” by the troops during its trials at Aldershot.

This tractor was the forerunner of the famous * Tanks ”’ used
in the Great War. * The first definite proposal for a fighting
machine on the lines of the existing Tank was due to the appearance
of the Hornsby-Akroyd caterpillar tractor, which was tested for
military traction purposes in England in 1906-8.” |

On the 29th September, 1908, the Author made a brake test
of a Hornsby oil engine rated at 32 brake h.p. working load. The
time taken in starting the engine, with all parts cold, was ten
minutes, reckoned from lighting the lamp to heat the vaporizer
until the engine was running at full load. The engine was started
quite easily.

During the trial the average brake load was 32 brake h.p. at

* The ordinary fuel oil used in the Service for oil engines, Russian petroleum,
having specific gravity 0-8246, and flash point 83° F. (Abel close test).

1 “ Report on Tractor Trials by the War Office Mechanical Transport Com-
mittee at Aldershot, October, 1903.” )

1 See article in the Strand Magazine, October, 1917, p. 274, by Colonel E. D.
Swinton, C.B., D.S.0., Royal Engineers.
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230-2 revolutions per minute. The oil fuel was Russolene H.V.O.
of specific gravity 0-825 at 60° F., and of lower calorific value
18,450 B. Th.U. per pound. The consumption of this oil was
at the rate of 0-61 lb. per brake h.p. hour. Of the heat supplied
to the engine in the oil, 22:6 per cent was converted into useful
work on the brake.

By the indicator diagrams the compression was 85 Ib. per
square inch, and the initial explosion pressure 260 lb. per square
inch.

The performance of the engine during the trial was entirely
satisfactory. 'The comparatively low working pressure, together
with neat and substantial design, perfect smoothness and regularity
of running observed in this engine, are all-important factors to
ensure durability and little wear of the working parts.

The Akroyd Stuart patent No. 28045, of December, 1904,
was an extension of this hot-bulb type, on the expiry of the two
early master patents of 1890, but not built by Messrs. Hornsby.
Instead of injecting the whole charge of oil fuel into the hot
vaporizer, one pump is used to supply two sprays of oil; the first
pilot charge into the hot bulb, and the other into the cylinder
clearance by means of a spraying nozzle in the contracted neck.
Excess air drawn into the cylinder, during the suction stroke
between the two parts of the oil charge, * serves the twofold
purpose of providing automatic ignition of the charge in the vaporizer,
and of acting as a cushion to further compress, heat, and fire the charge
in the cylinder .

The air-inlet valve is in the narrow neck (fig. 24), and an
extra air valve between the exhaust valve and neck. The piston
head is concave. The air required for the complete combustion
of oil vapour is about 15 lb. per pound of oil, but when oil spray
by No. 1is vaporized in the hot exhaust gases left in the vaporizer
and air compressed into it, only about two-thirds of the total air
or about 10 parts by weight of air to one of oil vapour forms an
explosive mixture of ignition-temperature about 800° F. in the
pilot charge. During the compression stroke, the air is forced
through the narrow neck and enters the combustion chamber
with considerable velocity, producing great turbulence and rapid
admixture with the particles of oil spray, thus tending to accelerate
the combustion. The explosion causes rapid expansion into the
excess air, increases the compression in the motor cylinder, and
completes the combustion.
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In some experiments with this engine in Australia, the injection
of the oil charges was delayed until late in the compression stroke,
and by using a moderate compression pressure from 90 up to 120
Ib. per square inch, and compressed hot air in the combustion
chamber for ignition, a much higher mean effective pressure, with
increase in brake h.p., was obtained than by the ordinary hot-bulb
Hornsby-Akroyd type. This engine worked on the principle of
dual combustion, and when the engine is running on light loads,

& AIR VALVE

Fig. 24.—Akroyd Dual Combustion (1904)

‘the pump No. 2 supplying the cylinder charge is put out of action,
and the engine continues to work with the vaporizer charge.

In 1905 Akroyd Stuart found that neither Hornsby & Sons
nor other British manufacturers of oil engines would take up this
Patent No. 28045, the latter because the name Akroyd was too well
known coupled with Hornsby. So, he allowed the patent to become
void in 1908, by non-payment of patent fees. However, after
1908 he observed that several patents were taken out to increase
the brake h.p. of oil engines on the same basic principle, in one
form or another.

During the years 1905-6, Akroyd Stuart made further experi-
ments in his engineering works in Australia, on a Hornsby-
Akroyd engine altered to work exactly as described in his original
pioneer patent No. 7146 of May, 1890, with timed oil spray in-
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jection into compressed air in the vaporizer only, near the end
of the compression stroke. By taking advantage of the cooling
water jacket on the vaporizer, the compression was raised to about
230 1b. per square inch, with greatly improved economy of fuel.
The indicator diagram,
shown in fig. 25 on reduced
scale, was taken from this
engine by using a strong
spring. Thus he clearly
proved that still higher
compression pressure
ought to have been used

in the development of the
Akroyd engine and he Fig. 25.—Indicator Piagram: Akrord Experimental Engine
b

adds: ““ Experience would
have indicated the safety limit of compression for practical work-
ing ”’ with temperature conditions regulated by the water jacket.
De La Vergne Oil Engines.—The Hornsby-Akroyd oil
engine was introduced into the United States of America in 1893
by Messrs. De La Vergne Refrigerating Machine Co. as licencees.
The design was changed on American lines and the engine
known as the De La
Vergne, type “ H.A.”, at
first built by this Company
in small powers from 5 to
32 brake h.p. This largest
size oil engine had cylinder
diameter 16 in. by 20 in.
stroke, and speed 200
r.p.m., at low compression
about 50 Ib. per square
inch, to work on kerosene.
Fig. 26 is a sectional plan Fig. 26.—Vaporizer “ HLA.” Type Oil Engine
of the vaporizer * gener-
ally fitted on the single-acting four-stroke oil engine. The end
cap or hot bulb only is uncooled and kept at incipient cherry-
red heat by explosions of the working charges, and the com-
pression of the air as described above. The charge of oil from

£

- * See paper on ‘ Qil Engine Vaporizer Proportions ”’, by Louis Illmer, at
the Annual Meeting, December, 1915, of the American Society of Mechanical
Engineers.
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a single pump is injected through the spray nozzle as finely
pulverized particles towards the hot spot of the vaporizer cap.
This spray is converted into vapour by (1) the heat of the
residual exhaust gas confined in the clearance space, (2) conduction
and radiation of heat from the hot cap into the mass of gas, while
the heavier particles may impinge against the surface of the cap
and become evaporated, and (3) by compression of air into the
clearance space. The dome-shaped end of the cylinder clearance
is interesting and was reproduced by other manufacturess. The
action is that of the ordinary Hornsby-Akroyd. The engine was
very reliable, popular, and easily attended, but the consumption
of fuel was 0-8 Ib. per brake h.p. hour.

Louis Illmer gives a table of design constants for this ““ H.A.”
type: ratio of expansion about 3}, compression 45 to 50 Ib. per
square inch, full load mean effective pressure 42 lb. per square
inch, mechanical efficiency 82 per cent, and at full load the oil
consumption was about 0-8 1b. per brake h.p. hour.

An average value of the temperature of the edge of the hot cap
of the vaporizer bolted to the jacketed part, and sealed by a copper
wire gasket, is taken at 450° F., under full-load conditions.

The vaporizer cap (fig. 26), like the head of a piston or flat plate
(fig. 28), may be considered as a thin circular disc, of radius 7 in.,
heated at a uniform rate over the surface, and that the heat is removed
equally all round the edge. Then the difference of temperature
between the centre of the disc or piston head and a point in the

: 2
face, at radius 7 in., can be shown to be very nearly Z?t’ provided
the distance of the point from the edge is not less than the uniform
thickness, ¢ in., of the disc or crown, where % is the rate of heat
reception in B.Th.U. per square inch per minute, %k the average
conductivity of the metal, which decreases as the temperature
rises.*

Since the surface of a hemisphere is twice that of a disc of
equal radius, and the length of heat flow #/2 as long, the tem-
perature drop from the centre to edge of a thin hemispherical

2
cap, of inner radius 7, is 0-7’%;— nearly. A simple and fairly reliable

* See Proc. Inst. C. E., Vo1.176 (July, 1909), Appendix 11, p. 246; also Applied
Thermodynamics, by the Author, pp. 339 and 363 (published by Sir Isaac Pitman
& Sons).
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method is to resolve the cap volume (fig. 26) into an equivalent
cylinder of depth /,, enclosed by a flat plate end; then the equi-

valent tube length /,, for heat flow will be /. + %

But for a thin internally heated tube of inner radius » and
length linches, when all the heat is conducted away at one end, the
temperature drop over the full length is equal to gg, and for unit
length the drop is twice that for a disc of unit radius. Hence the
equivalent tube length of cap and cylin.ler makes the heat drop
hl,> = 2kt. In larger engines the thickrness of this disc depends on
the tensile strength of the metal, owing to internal temperature
stresses and maximum explosive pressure, so that the tensile stress
should not exceed 1500 Ib. per square inch. Owing to casting,
smaller caps are made relatively thicker, and for the H.A. type
the uniform thickness of the plain cap was about 0-075 /,. It is
considered better to avoid the use of ribs, which increase the
average temperature of the cap.

When the initial temperature of the charge is 250° F., to deduce
the critical proportions of the volumes of clearance and combustion
chamber to give the automatic ignition temperature of 900° F.
at a compression of 400 lb. per square inch,

Let V= total clearance volume including vaporizer,
V, = required minimum volume of vaporizer,
V. = clearance volume external to vaporizer, thus
V=V,+V,

V,; = volume of products of vaporizer charge V,, after
primary combustion, when the pressure is equal in
V.and V,,

V., = volume of charge V, after compression to the pressure
of equalization by the expanding products of com-
bustion.

T
At constant volume, P; = Ti* . P,, for a perfect gas,
2
where P, and P, = maximum and compression pressures re-
spectively,
T, and T, = absolute temperature of explosion and com-
pression respectively.
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Assume adiabatic expansion and compression, with index

n= 125, .
= o)

Then, assume vaporizer proportions such that adiabatic expansion
raises the air and vapour in the clearance space to the equalized
pressure of 400 lb. per square inch absolute,

1
Va=Ve( P2 Yo and since V =V, - V. = Vog + Vou,

400 ;
- ()
400
(o= oo
400 400
The volume of the combustion chamber is not to be less than this
for a high-compression heavy-oil engine. The volume may be
reduced, by about one-third, when the mixture is supersaturated,
and the ignited vapour projected into the surplus air outside the
vaporizer, giving secondary combustion, as in the low-compression
Hornsby-Akroyd oil engine (H.A. type). The high-compression
oil engine works with a cooler combustion chamber to attain the
necessary ignition point, since more heat is produced by com-
pression and less has to be supplied from the walls. This reduces
the heat flow and internal thermal stresses. The increased expansion
‘ratio in the high-compression engine also lowers the exhaust
temperature.

Later on, this
Company developed,
with the help of
Mr. Franchetti, the
“F.H.” type, to meet
the demand for an
engine of larger

Fig. 27.—De La Vergne Oil Engine, “ D.H.” Type power output, 100 to

600 h.p., to use the

cheap and heavy crude oils of America and Mexico, working at
a medium compression of 280 lb. per square inch.

Louis Doelling, the general manager of the De La Vergne
Company, with better sprays and oil pump, reduced the clearance

we get, the desired relation, V'i =
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in the Hornsby-Akroyd type by successive stages of natural
development, giving improved economy at each reduction, and
produced the “ D.H.” type (fig. 27), and the vaporizer still further
reduced in fig. 28, in which the hot cap is a flat disc below the
valves.

The mechanically atomized
oil spray is injected by oil pump
into a large excess of heated

Sy

i d to 300 Ib g | v | 2
air compressed to . per 2L e |
square inch, near the end of § U1 i’g 4

. .. \ NA
the compression stroke, giving NN L

a maximum explosion pressure
of 450 to 475 lb. per square
inch, as shown on the indicator
diagram (fig. 29). The fuel con-
sumption guarantee is 0-5 Ib.
per brake h.p. hour of any
Cl‘ude oil or fuel Oil produced Fig. 28.—Section through Vaporizer
in the United States or Mexico,
having an effective calorific value of not less than 19,000 B.Th.U.
per lb.; although the performance recorded on test from three-
fourths to full load was only 0-4 Ib. per brake h.p. hour.

The De La Vergne type D.H. was built in sizes giving 40 to
60 brake h.p. in a single cylinder, and in practical working proved
very good as regards re-
liability and economy.

The engine is started
with the piston just past
the dead centre, ready to
begin the power stroke.
The vaporizer is heated,
and the oil pump worked o ==
to inject a charge of oil Fig. 29.—Typical Indicator Diagram, *“ D.H.” Type
spray, then compressed
air is admitted to the cylinder and the combustion forces the
piston outward; when the engine gathers speed the air is shut off.

Louis Doelling asserted that Akroyd Stuart was the first to
invent an oil engine of the D.H. type.

The next design affords an example of the progressive develop-
ment from the prototype Akroyd of May, 1890, to the cold-starting
airless-injection heavy-oil engine. A demand followed for an
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oil engine of this simplified design, and larger output, 100 to 150
h.p. per single cylinder, hence the *“ S.I.” type (fig. 30) was
brought out. Here the next appropriate and natural step in the
development was to further reduce the clearance by allowing
practically none at all in the motor cylinder, and thoroughly
water-cooling the combustion chamber, also dispensing with
external heating. The very long trunk piston with conical head
compresses the excess charge of air into the combustion chamber
to a pressure of 330 Ib. per square inch, which proves ample to
ensure ignition and complete combustion, because, on account
of excellent pulverization of the oil fuel at very high velocity of
the jets, the entire combustion space is filled with a uniformly
distributed oil mist, injected into the air near the end of the
compression stroke. There are two spray valves on opposite
sides of the cylinder head (fig. 31), in connexion with the com-
bustion chamber. The fuel pump is mounted on the governor
bracket and operated by a hardened cam on the side shaft; the
centrifugal governor acts on an overflow valve on the oil pump
by a simple linkage. The engine is of neat and massive design.
The initial explosion pressure is about 500 lb. per square inch.
Independent tests at full load by oil-engine experts resulted in
a fuel consumption of 0-4 1b. of oil per brake h.p. hour, having
the lower heat value of the oil fuel not less than 19,000 B. Th.U.
per pound, and the fuel consumption guaranteed at full and three-
quarter load 0-45 1b. per brake h.p. hour.

In this way the original Akroyd oil engine, working by the
‘spontaneous ignition of oil sprayed into hot compressed air,
without any cylinder clearance, became eventually developed
in America to the high-compression, cold-starting, efficient heavy-
oil engine.



Fig. 30.—DE LA VERGNE OIL ENGINE—“S.I.” TYPE

E 329
Fig. 31.—CYLINDER HEAD AND VALVE GEAR
—“S.1.” TYPE






CHAPTER IV
The Diesel Engine

In the year 1890, the Akroyd patent specifications, describing
the two distinct methods of working with ignition by excess of
hot compressed air, were taken out in the continent of Europe.
Moreover, besides the publication in London of tests of the
Akroyd engine in 1891, the other Hornsby-Akroyd type was im-
ported into Belgium, France, and Germany; and the licencees,
H. Gebr. Pfeiffer, Kaiserslautern, Germany, took up the sole
right to manufacture Hornsby-Akroyd oil engines in Germany,
under agreement dated 1st July, 1895, so that Herr Rudolph
Diesel and his colleagues had the opportunity of knowing about
compression ignition in these oil engines, as well as the spray-
ing of the fuel by compressed air in the Priestman oil engine of
1888. Accordingly, he set out high and extraordinary ideals for
an internal-combustion engine.

Diesel described in his British patent specification No. 7241
of 14th March, 1892, and in the pamphlet of 1893, his Rational
Heat Motor.*

This patent claims the use of all kinds of fuels—solid, liquid,
and gas—and the proposed engine has the following characteristics:

“'The new process of combustion differs completely from
all hitherto known processes, and does not produce any increase
of temperature and pressure, or only an unessential, insignificant
one.” The highest temperature and pressure are produced at the
outset, not by combustion in the cylinder, but entirely by mechanical
compression of ordinary air. “ The fundamental conditions for
perfect combustion » are: (1) Compression of pure air, or of pure
air mixed with inert gas, to such a pressure that the temperature
produced by the compression is far higher than the ignition

* English translation entitled Theory and Construction of a Rational Heat
Motor, by Bryan Donkin (published by Messrs. E. & F. N. Spon, Ltd., London).}
47
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temperature of the fuel. (2) Admission of the finely-divided fuel
at the dead centre and during part of the return stroke of the
piston; this admission being gradual and at a regulated rate so
that no increase of temperature or pressure takes place during
combustion. (3) After the admission of fuel has been cut off,
further expansion to be sufficient for the exhaust to be at about
atmospheric temperature, so that the exhaust gases carry away
only insignificant quantities of heat. By special arrangement
the exhaust temperature can be made lower than the atmospheric
temperature, and can be used for refrigerating purposes. (4) No
artificial cooling of the cylinder walls is necessary; but, on the
contrary, they should be lagged to protect against loss of heat
by radiation. Because, he adds, ‘“ the mean temperature of the
cylinder contents necessary for keeping the parts tight and lub-
ricated, and in general for the practical working of the engine,
is obtained solely by the process itself, whereby it differs from
all known processes.” Diesel claims that these characteristics
differentiate his engine from all others.

It has been asked, which, if any, of these characteristics are
found in the Diesel engine of to-day? Diesel’s claim of combustion
without increase of temperature is quite incorrect. Experiment
proves that in the actual internal-combustion engine cylinder the
temperature rises during the process of combustion (see p. 53);
and cooling of the cylinder walls is found necessary for con-
tinuous working.

Diesel described an engine to use powdered coal, and to work
-on the Perfect Ideal Carnot cycle. (a) Isothermal compression
of the correct weight of air, the heat produced being carried off
by water spray, and then (b) adiabatic compression of the air to
the highest pressure and temperature of the cycle, far higher
than the ignition point of the fuel, to 250 atmospheres in the coal
engine to develop 100 brake h.p., “ modified to only 90 atmo-
spheres ”’; (c) gradual and regulated introduction of the powdered
coal into the hot air to produce isothermal combustion; (d) the fuel
is cut off after a part of the piston stroke, and the subsequent
adiabatic expansion of the products of combustion and the surplus
air cools the gas to a very high degree and to the initial pressure;
it is obvious that no artificial cooling of the cylinder walls is
necessary. 'Therefore, there was no need for a water jacket to
the cylinder, nor any lubrication. The Author is not aware of
any attempt having been made to work a coal engine under such
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conditions; although efforts are still being made to burn powdered
coal in the internal-combustion engine.

Diesel was fortunate enough to come to an agreement with the
Maschinenfabrik, Augsburg, Niirnberg (now known as “ M.AN. ),
in February, 1893, who acquired the selling rights for Germany;
and in April, 1893, with Messrs. Krupp, Essen, for the patent
rights outside of Germany. In June, 1893, both of these firms
agreed to establish a laboratory in order to make experiments on
this invention. _

The first experimental engine was of the vertical type, without
a cooling water jacket, but the cylinder was fitted with a sheet-
iron jacket presumably to be filled with non-conducting material.
The compression space was formed by a cylindrical recess in the
piston head, the depth of which was three times its diameter.
“ The fuel used was paraffin oil delivered to the cylinder through
a Keerting nozzle, from a receiver, under pressure of compressed
air.”” The engine had no governor, but it did not run by its own
power, and had to be driven by belt from shafting, and proved
a failure.

During 1894, various devices were tried to use gas or vaporize
the oil by passing it through a spiral tube fitted into the cylinder,
and heated by the compression before being ignited. Eventually,
water cooling of the cylinder was tried, and Diesel was led to
regard ‘‘ the combustion at constant pressure as normal com-
bustion ”, and the fuel had to be sprayed into the cylinder quickly,
instead of slowly as previously proposed.

In October, 1894, the experiments with gaseous fuel were
stopped, and those with paraffin oil fuel resumed. The second
Diesel Patent in Germany, November, 1893, and the British
patent specification No. 4243 of 27th February, 1895, was for
““ Improvements in regulating the fuel supply for slow combustion
motors by varying the form of the combustion curve ”. Claim
1:—*‘ Regulation of combustion motors according to which
variation of the action is effected by blowing a simple or compound
stream of combustible into the compression space of the engine
under varying excess of pressure and varying duration of the
fuel supply.”

It would appear that the first patent claims for the isothermal
engine having ‘ combustion without increase of pressure or tem-
perature ” had to be discarded as theoretically and practically

unsound. Diesel and the M.A.N. engineers had learned something
(E329) 5
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by these experiments and by the practical working of other oil
engines.

In 1895 an entirely new engine was built with cooling water
jacket, the air compressor for injection of oil being driven from
the engine. Various spraying nozzles were tried to inject the oil
spray into the compressed air. Then the first brake test was made.

In October, 1896, after nearly four years of experimental work
by the Maschinenfabrik, Augsburg, Niirnberg (M.A.N.), a larger
engine was built in which the cylindrical compression space
between the piston and cyl