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Piston Aero-Engines 
By Harry R. Ricardo, B. A. , LL.D., M.I.Mech.E., F.R.S. (Past-President)* 

It has fallen to my lot to speak of the development of the piston 
aero-engine during recent years and its possible development in 
the future. So far as military aviation is concerned, mine is likely 
to be the swan song of the piston engine-for the turbine, 
whether its energy be used to drive an airscrew or as a simple 
jet, will probably supersede it for most military duties within 
the next few years. 

It must be borne in mind that all research and development 
work on aero-engines during recent years has been carried out 
either during war itself or under the shadow of gathering war 
clouds, with the result that military requirements have always 
dominated. 

Military requirements call for the utmost possible power out- 
put from the minimum weight or bulk of engine while such con- 
siderations as fuel economy or even safety, both so vital in civil 
aviation, must take but a second place. To the Service pilot, 
safety depends first and foremost on his ability to out-manoeuvre 
his enemy, and to this everything else is subordinate. Fuel 
economy, of course, becomes important where very long range 
is required, but for the most part it is but a secondary considera- 
tion. 

I have said that the goal to be aimed at is minimum weight 
or bulk of engine, and it is here that we in this country adopted 
a policy differing from that of all the other belligerent nations : 
for we, having always in view the need for very high speeds, con- 
centrated primarily on small bulk, or more particularly on small 
frontal area. To this end we devoted our energies to the develop- 
ment of small but very high-pressure high-speed engines, while 
all the other countries concentrated on the relatively large, low- 
pressure, low-speed type. We gained but little thereby in specific 
weight, for the smaller engines must be proportionately stiffer to 
withstand the higher gas pressures and dynamic loadings, but 
we gained greatly in reduced frontal area. In so doing, we chose 
the more difiicult path, but our policy was, I think, vindicated 
amply during the Battle of Britain. Broadly speaking, the cubic 
capacity of our engines was only about 70 per cent of that of 
others of the same type and power, and the frontal area even less. 
This we achieved by the employment of much higher mean 
effective pressures of the order of 350 to 400 lb. per sq. in. in the 
case of operational types of liquid-cooled engines, and 250 to 
280 lb. per sq. in. in that of air-cooled engines, and by employing 
piston speeds of the order of 3,000 ft. per min. and over. 

The famous Rolls-Royce Merlin engine (Figs. 1 and 3, 
Plate 1, and Fig. 2) which powered most of our fighters and 
many of the American and Russian aircraft also, was perhaps 
the most outstanding product of this school of thought. In 
its latest form, this engine of only 27 litres cylinder capacity 
has passed a special type test with a combat power of no less 
than 2,340 b.h.p., corresponding to an indicated mean pressure 
of 475 Ib. per sq. in. and an “all out” maximum power of 
2,620 b.h.p., or very nearly 100 h.p. per litre of cylinder 
capacity. 

It would be hard indeed to point to any one feature or dis- 
covery which, by itself, has revolutionized the performance of 
the aero-engine. Progressive improvements in fuel, with a view 
to reducing the tendency to detonate, have done more than any- 
thing else to render possible the high performance of the modem 
engine. Since the realization, more than thirty years ago, that the 
incidence of detonation set a limit, and in those days an early 
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limit, to the power output obtainable, research on fuels has been 
carried on intensively, and the engineer has at every step taken 
full advantage of it, at first to raise his compression ratio and 
thereby gain in thermal efficiency and, when that had reached 
the practicable limit, to increase further his mean effective 
pressure by supercharging. An increase from 66 to 100 in octane 
number permits of almost a threefold increase in mean effective 
pressure but at the cost of more than doubling both the maximum 
gas pressures and the intensity of heat flow. Throughout the 
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Fig. 2. Installation of Merlin Engine in Mosquito (a) and 
Hornet (b) Aircraft 

Showing how drag was further reduced in later developments. 

last twenty years it has been a neck and neck race between the 
chemist and the engineer; at times the chemist has been ahead 
aqd the engineer at frantic pains to stiffen the structure and 
working parts and improve the cooling of his engine in order to 
take full advantage of the improved fuel, at others he has taken 
the lead. It proved a wise recommendation of some fifteen years 
ago, following research work on the compression-ignition engine, 
that development tests on aero-engines should be carried out on 
specially prepared fuels many octane numbers ahead of what 
was available in contemporary service. From a mechanical point 
of view, progress has taken the form of strengthening step by 
step each weak link as it gave under the ever-increasing strain. 
At one time exhaust valves were the limiting factor, but the 
introduction of sodium cooling and the use of stellite or other 
similar materials for facing the valves banished this limit ; then 
came bearings, when the intensity of loading exceeded the 
capacity of ordinary anti-friction linings and special materials 
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such as copper-lead or cadmium-nickel involving new technique 
had to be substituted. Throughout, the piston itself has always 
been a weak point ; here detail design in the way of better disposal 
of material-with a view both to stress distribution and heat dis- 
sipation-and the use of oil cooling have done much to improve 
conditions, but, so far as the piston is concerned, the greatest gain 
of all has, I think, been the discovery by Napiers some fifteen 
years ago of the value of the wedge-shaped piston ring, which 
has raised the limiting temperature set by ring sticking, followed 
by blow-by and eventual seizure, by some 50 deg. C. (90 deg. F.). 
The above are but a few of the thousand and one steps that have 
been taken to improve the performance of any given engine. I t  is 
probably safe to say that within the past ten years almost every 
single stressed part of every aero-engine in service has been re- 
designed not once but several times, and this, more especially in 
war time, has had to be done by a process of infiltration in order 
to interfere as little as possible with maintenance or the flow of 
production. 

From the day when the first 
aeroplane left the ground, controversy has raged as to the relative 
merits of air and liquid cooling. The exponents of the former 
have asked, logically enough, What is the sense of introducing 
an intermediary, with its increased vulnerability and all its as- 
sociated plumbing troubles, since the waste heat must be re- 
moved by air in any case? On the other side, it can be argued 
that since the intensity of heat flow in an internal combustion 
engine cylinder is highly localized, only the latent heat of 
evaporation of a liquid can cope with it satisfactorily; that if 
sufficient energy is devoted to cooling the local hot spots by air 
blast alone then either the cooling drag will become excessive 
or the performance of the engine must be derated considerably, 
as compared with that of a liquid-cooled engine. To-day it has 
generally been accepted that, where very high speeds are called 
for, the liquid-cooled engine with its much higher performance 
rating and lower cooling-drag is preferable despite the objections 
of vulnerability, plumbing, and freezing, but that for moderate 
speed machines, where a relatively large frontal area and cooling- 
drag can be tolerated, air-cooling is to be preferred. As to overall 
specific weight there is but little to choose; on the whole the 
specific weight of the liquid-cooled engine, together with its 
radiator and cooling liquid is, if anything, the lower. 

Unlike any of the &her belligerents we, in 
this country, have adopted the sleeve valve for both air- and 
liquid-cooled engines, the former as exemplified by the range 
of Bristol engines Hercules, Centaurus, and others, and the latter 
by the Napier Sabre, the Rolls-Royce X and the new Rolls- 
Royce Eagle engines ; in fact, the Rolls-Royce Merlin and Griffon 
represent about the only surviving poppet valve engines in military 
service in this country to-day. Some twenty-five years ago, when 
active research on fuels and combustion chamber forms was in 
progress, it was realized that the sleeve valve-with its freedom 
from hot exhaust valves, its relative immunity from the effects of 
lead poisoning, and its compact form of combustion chamber- 
would permit of a considerably higher output within the limits 
set by the incidence of detonation. It would also have the im- 
portant advantage that, with less top-hamper above the piston, 
frontal area could be reduced substantially. A thorough analysis 
of the various possible forms of sleeve valve was made and the 
single sleeve with a combined reciprocating and rotary motion, 
as patented some forty years ago by Burt and McCollum, was 
considered the most promising. Preliminary tests showed thqt, 
on the same octane fuel, a sleeve valve engine could operate with 
one ratio higher compression than an otherwise similar poppet 
valve engine, or alternatively could cope with a correspondingly 
higher supercharge, and it could digest a higher proportion of 
lead. In those days the octane number of fuels was very low, 
and lead almost the only means of raising it appreciably, so that 
the advantage gained was very material. Further, the sleeve valve 
was shown to have a number of secondary advantages-but 
time will not permit me to discuss these. 

The first complete sleeve valve aero-engine to be put into 
service was the Bristol Perseus-a single-row nine-cylinder air- 
cooled radial. After the usual initial teething troubles, this 
gave a very good performance, and it was succeeded by a 
range of double-row radial engines: the Taurus, Hercules, 
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and Centaurus (Fig. 4, Plate 1). Personally I had felt always that 
the sleeve valve would show to better advantage in a liquid- 
cooled engine owing to the difficulty, with air cooling, of scooping 
out the heat from the deeply re-entrant cylinder heads. The 
Bristol Company, however, went a long way towards solving 
this difficult problem by the development of a two-part head 
using copper conducting fins (Fig. 5, Plate 1). 

Next in the field were the Napier Company, with the Sabre, 
a 24-cylinder liquid-cooled engine designed by Major Halford 
to take full advantage of the sleeve valve in the direction 
of extreme compactness (Fig. 6). This engine powered the 
Typhoon, Tempest, and Fury aircraft, the latter having a speed 
of well over 480 m.p.h. at 20,000 feet. It gives a take-off and 
combat power of no less than 3,050 b.h.p. when running at 
3,850 r.p.m. and has shown itself capable of a sustained output 
of 3,600 h.p.; thus its output per litre of cylinder capacity is 
about equal to that of the much more highly developed Rolls- 
Royce Merlin. Lastly, I should mention the new 3,500 h.p. 
Rolls-Royce Eagle, an engine of generally similar design but 
of somewhat larger dimensions than the Sabre. 

Geometrical Arrangement of Cylinders. For aero-engines of 
large power two geometrical arrangements had become almost 
standardized throughout the world for the last twenty years, 
namely the radial cylinder lay-out for air-cooled engines, and the 
liquid-cooled 12-cylinder for V-engines. At first glance it would 
appear that the former with its very short crankshaft and com- 
pact crankchamber should afford the lightest possible construc- 
tion ; in practice it has always proved disappointing-it remains 
the lightest in terms of Ib. per unit of cylinder volume but not 
per h.p., since the limitations imposed, on the one hand by air- 
cooling and on the other by the concentrated loading on the 
crankpins, have compelled such engines to operate at lower 
pressures. 

The British policy of concentrating on high pressures and 
high speeds favoured the use of large numbers of small cylinders 
and resulted in the development of the so-called H type engine- 
in effect two superimposed 12-cylinder horizontal engines shar- 
ing a common crankcase. This arrangement, when combined 
with the use of sleeve valves, provides a remarkably compact 
and rigid form with a very small frontal area, e.g. the Napier 
Sabre and Rolls-Royce Eagle engines (Figs. 7 and 8, Plate 2). 

Compression-Zgnition Engines. Very shortly after the 1914-18 
war, the Air Ministry instigated a research into the possibilities 
for aircraft propulsion of the compression-ignition engine using 
heavy oil, and by 1921 the Royal Aircraft Establishment had 
converted their largest single-cylinder aero-engine unit and 
succeeded in reaching a power output at a piston speed of 2,400 
ft. per min. closely comparable with that of contemporary aero- 
engines, and that with a fuel consumption as low as or lower than 
that of large stationary or marine Diesel engines. This really 
remarkable achievement never received the appreciation or 
publicity it deserved, for it demonstrated, for the first time, that 
a Diesel engine could both be built with light scantlings, and 
operate very efficiently at a piston speed far in advance of any- 
thing that had been achieved hitherto. 

I t  served, however, to inspire and encourage others to pursue 
the same aim and by about 1928 research and development work 
had reached the stage when several full-sized experimental aero- 
engines, both air-cooled radial and liquid-cooled V-design, were 
designed and built (Fig. 9, Plate 2). At that time the performance 
of contemporary petrol engines was limited severely by the low 
octane number of the available fuel, and the heavy-oil, com- 
pression-ignition engines looked like being closely competitive 
even on the basis of specific weight, and were, of course, im- 
measurably superior on the score of fuel economy, but by the 
time these engines were completed and had been nursed through 
their initial teething troubles, the octane number of petrol had 
so much improved, and with it the performance of the petrol 
engine, that much of the advantage had disappeared. There 
followed, for the next five years, a neck and neck race, with im- 
provements in the performance of the compression-ignition 
engine just about keeping pace with those of the petrol engine 
and its fuel. 

During the later 1930’s, however, the rate of increase, actual 
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Fig. 1. Front View of Rolls-Royce Merlin Engine Fig. 4. Front View of Bristol Hercules 14-cylinder Engine 

Fig. 3. Three-quarter View of Rolls-Royce Merlin Engine Fig. 5 .  Composite Cylinder Head of 
Bristol Hercules Engine 
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Fig. 6. Cross-section of Napier Sabre Engine 
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or potential, of the octane number of petrol steepened, with the 
result that the performance of the petrol engine gained a lead 
such as the compression-ignition engine could not reasonably 
hope to catch up with, for it must be remembered that, unlike 
the petrol engine, the compression-ignition engine, with its im- 
munity from detonation, had little to gain.from any improve- 
ment in its fuel. With this situation in view, and with the war 
clouds gathering ever closer, further development of the com- 
pression-ignition engine for aircraft was either abandoned or 
relegated to a low priority. The same sequence occurred in other 
countries, notably in America, where the Packard Company had 
developed, and gone into small-scale production of, a very neat 
air-cooled radial; and in Germany, where the Junkers Company 
had devoted a great deal of energy to the development and 
relatively large-scale production of an opposed-piston, two-cycle 
version. 

Fuel Injection. The early work carried out on the com- 
pression-ignition engine, though abortive so far as aircraft was 
concerned, proved extremely valuable in other fields. The higher 
gas pressures involved served to show up and focus attention 
upon weak links in the mechanical design of petrol engines, and 
these weaknesses were corrected by the time improved fuels 
subjected them to as high and even higher pressures. Again the 
technique of fuel injection, upon which the success of the com- 
pression-ignition engine depends, was evolved and developed 
during the early phases of the development of the high-speed 
compression-ignition engine and was applied by the Germans 
to their petrol-engined aircraft. Here again, controversy has 
raged as to the relative merits of fuel injection, metered indi- 
vidually to each cylinder, and the alternative of carburation. 

Fuel injection confers certain advantages, e.g. a more accurate 
distribution of the fuel as between the several cylinders and, 
almost equally important, an accurate apportionment of lead, 
thus ensuring a lower overall fuel consumption and less liability 
to excessive lead deposits in one or more cylinders. It has the 
further advantage that since air only is supplied by the super- 
charger, it becomes possible by wide valve overlap to scavenge 
the cylinders and thus obtain an increase in power output of the 
order of 10 per cent. Against these advantages must be offset the 
fact that the admission to, and evaporation of, fuel in the super- 
charger improves greatly its performance-a very important 
consideration when as in British practice very high ratios of 
supercharge are employed. Again, with an externally carburetted 
mixture, it becomes possible to resort, when desired, to the use 
of very rich fuel/& ratios and thereby gain a substantial increase 
in power for take-off or combat use, due in part to the additional 
internal cooling, and in part to the fact that all modern high 
octane fuels show to best advantage as regards detonation when 
used very rich. It would seem, therefore, that on balance, the 
externally carburetted system is preferable for military usage 
where the highest possible power output is required, even though 
it is at the cost of an increase in fuel consumption, but that for 
civil aviation the balance of advantage lies with fuel injection. 

Exhaust versus Mechanically Driven Superchargers. The 
British practice has throughout been to employ mechanically- 
driven superchargers in preference to exhaust-driven. In view 
of the very large amount of potential energy in the exhaust gases 
it would, at first sight, appear logical to make use of this to drive 
the supercharger, but to this, as applied to four-cycle petrol 
engines, there are a number of serious objections. 

In the first place the temperature of the exhaust from a highly 
boosted petrol engine is too high for the turbine’s digestion, and 
some means must be found for dissipating heat between the 
exhaust valve and the turbine entry. It should be emphasized 
that this, probably the overriding consideration, applies only 
to four-cycle petrol engines ; in the case of either two-cycle petrol 
engines or compression-ignition engines of any type, there is 
sufficient dilution air available at all times to bring the exhaust 
temperature down to a level acceptable to the turbine. 

In the second place, the use of an exhaust-driven turbo-blower 
introduces some tiresome control problems, as does also the 
time-lag in accelerating the turbine. Thirdly, the four-cycle 
unlike the two-cycle engine objects to exhaust back pressure. 

If it be asked, Why throw away exhaust energy which might 

be put to useful purpose ? It  may be replied that it is not thrown 
away, but is usefully employed to produce jet thrust. In a high- 
speed machine the additional thrust obtained from rearward- 
facing exhaust outlets provides nearly, if not quite, as useful an 
employment for the exhaust energy as does the turbo-blower. 

Temporary Augmentation of Power. In military usage more 
especially, it is very desirable to be able, for short periods, to 
augment the power of the engine either for take-off or for combat. 
At take-off and at relatively low altitudes the supercharger can 
always provide the engine with more oxygen than it can safely 
consume within the limits set either by detonation or by thermal 
considerations, or both. Under such conditions a temporary 
increase of power can be obtained by the injection of water or 
of a water-methanol mixture. In this case the high latent heat 
of the injected liquid serves to provide internal cooling both to 
the supercharger and to the engine cylinders, while the steam 
produced serves as a very effective anti-detonant. By such simple 
means it is possible to augment the power by about 20 per cent 
without increasing either the heat stresses or the maximum peak 
pressures. Although this method has been well known and used 
in other fields for some twenty-five years, there has always been 
a curious opposition to its use for aircraft, and it was only the 
exigencies of actual warfare that induced the service authorities 
to accept it. 

At high altitudes where, even with the supercharger all out, 
the engine is still starved for lack of oxygen, temporary power 
augmentation can be achieved only by supplying additional 
oxygen in some form or other. In the first attempts liquid oxygen 
was injected into the eye of the supercharger : this achieved the 
desired result and was used in operational service but was open 
to the objections that the use of liquid oxygen involved difficult 
supply problems ; that owing to the increased flame temperature 
and greatly increased tendency to detonate, It could safely be 
used only at altitudes well above the rated altitude; and, lastly, 
that freezing difficulties tended to introduce a serious time-lag 
in its introduction. Later Sir Ralph Merton proposed, as an 
alternative, the use of nitrous oxide which could be stored and 
carried as a liquid, in light cylinders, at normal temperature, and 
under quite a moderate pressure. This had very great advantages, 
not the least of which was that to the surprise of everyone it 
proved to be a very effective anti-knock or to be more exact, it 
permitted of a large increase in power without any increase in 
detonation. By the use of nitrous oxide at high altitudes, it was 
found possible to augment the power by as much as 40 to 50 per 
cent at a consumption of approximately 4 lb. of nitrous oxide per 
additional hundred h.p. per min. Since the time during which 
such power augmentation was required was generally only a 
matter of seconds, i.e. in order to close with or break-away from 
the enemy, this was not a serious objection. 

Civil Aviation Engines. Thus far I have been considering 
only engines for military aircraft, to the development of which 
the bulk of all our research has been directed. The needs of 
civilian aircraft are somewhat different in that safety, economy, 
and reliability become much more important than ultimate speed 
or rate of climb, I am not, however, of those who consider that 
to meet the needs of civil aviation we require an engine differing 
radically from the military type. I think we should modify the 
already highly-developed military designs to fit the needs of 
civil aviation, and there is no need for the modifications to be 
very extensive. Safety and reliability are, I think, best achieved 
by reducing slightly the rating of well-proved engines, while 
improved fuel economy can be obtained by lowering the super- 
charger and increasing the cylinder compression-ratios, com- 
bined with the use of fuel injection to individual cylinders. I 
can see no case for developing a new and exclusively civilian 
engine for large aircraft, where military engines of appropriate 
power are available. All military engines, however, are to-day 
of high power, whereas for a large proportion of civil aircraft a 
very much smaller engine will suffice, and it is in this field, I 
think, that new developments may find a place. I have said 
earlier that the compression-ignition engine could not hope 
to compete for military usage with modern high octane petrol 
engines, but I am not so sure that this applies in the case of 
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the smaller classes of civil aircraft. Though it may be some- 
what heavier, it has the advantage of a lower consumption of 
a cheaper fuel, very greatly reduced fire risk, and freedom 
from electric ignition with all its maintenance troubles. More 
especially, I think, does this apply to the quite small privately- 
owned plane: to the owner of such a plane pay-load, as such, 
means relatively little ; safety, and in particular safety from risk 
of fire, means a great deal; while the constantly recurring fuel 
bill, though it may be a relatively small item, is none the less a 
very insistent one. Unlike the military user, he is not interested 
in performance at very high altitudes, nor in very high speed. 
For such a user the compression-ignition engine, either in the 
two- or four-cycle form, may well prove very attractive. The 
chief practical objection to such an engine will be the severe 
torque-recoil due to the high compression, and it may well be 
that the solution will be found in the use of a reverse-rotation 
engine in which the torque reaction is cancelled out within the 

structure of the engine, an arrangement lending itself also for 
driving contra-rotating air screws. 

Another possible line of development for long range civil or 
military aircraft is that of the compound engine, using a very 
small, high-pressure, valveless, two-stroke piston engine of the 
simplest form as the high-pressure element supplying a low- 
pressure turbine. In such a system the piston engine becomes 
in effect the combustion chamber of the turbine, but with this 
difference : that the maximum temperatures of the cycle can be 
used to advantage by converting the high-temperature heat into 
useful work rather than by quenching it down by the addition 
of a very large proportion of dilution air (all of which must be 
handled by a compressor whose efficiency is less than 100 per 
cent) as must be done in the case of the straight turbine. By such 
means it should be possible to attain an overall efficiency sub- 
stantially higher than any in sight by either the turbine or the 
piston engine alone. 


