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PREFACE

In 1923 Messrs. Blackie published a book of mine on “ The High-
speed Internal-combustion Engine . That book has undergone several
revisions, the last of which was undertaken by one of my assistants,
the late Mr. H. S. Glyde, whose untimely death in 1947 was a sad blow
to me.

I feel that to attempt yet another revision of a book, now twenty-
seven years old, would hardly be satisfactory, and that it is both easier
for me, and I hope more satisfying for my readers, to make an entirely
fresh start. -~

Of the criticisms of the book, in both its original and revised forms,
the chief were levelled, not so much at the subject-matter itself, but
rather at the many omissions, and I am afraid that such criticism will
be even more justified in the case of the present book.

To-day the subject has grown so vast that not a dozen volumes
could cover it in all its aspects, nor, I think, does any single individual
exist who is competent to undertake so large a task. I frankly am not
going even to attempt it, nor am I making any attempt to discuss that
intriguing new development, the gas-turbine, for so much has already
been published on this subject.

Since my first book was published I have given many lectures at
various Institutions and to students. In these I have found almost
invariably that my audiences prefer me to talk of my own experiences,
and to air my own views, rather than to go into factual detail.

In this present volume I am, therefore, adopting this course, and
am making no attempt either to cover a very wide range of the subject,
or to describe the products or the work of others. I am concentrating
rather on the research, design and development work which has been
carried out in my firm’s laboratory during the last thirty-five years,
and the experience and lessons I draw from it. In so doing I am, of
course, choosing the easiest course for myself; I have the advantage
also that I can deal with mistakes or failures without the risk of hurting
any feelings or doing anyone an injury. I have the further advantage
that almost all the test results I quote have been carried out in my firm’s
laboratory and under my own observation, so that I am aware of all
the circumstances and conditions under which they were obtained,
and can be reasonably sure, when making comparisons, that I really
am comparing like with like. Rather than attempt to cover a wide
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field I have tried, on the other hand, to concentrate on those aspects
of the subject which, so far as I am aware, have not been given much
prominence in the current literature, and to attempt to bridge the
gap between the scientist on the one hand and the practical engineer
on the other.

The scientist is well versed in the natural laws and can tell us how
to keep within them, but he is apt to be a little hazy and uncertain
as to the capacity of the ironmongery at his disposal. The practical
engineer knows full well both the possibilities and the limitations of
his ironmongery, but is not so sure of the natural laws, and is some-
times inclined to be overawed by them.

I have spent most of my life acting as a middleman between these
two extremes, and the main objective of this book is to indicate the
possible compromises.

In my first book I devoted a good deal of space to discussion of
the subject of detonation and its relation both to the fuel and to the
design of the combustion chamber. At that time comparatively little
had been published on this subject, and I felt that there was a great
deal to be done both by the engine designer and by the chemist. Since
that date a vast amount of research has been devoted to this problem,
and the literature on the subject has become almost bewilderingly
extensive, but, while from the point of view of the chemist it grows
the more complicated and perplexing the deeper he delves into it, from
that of the engineer the issue is now fairly straightforward and well
understood. Since this book has been prepared for the engineer rather
than for the petroleum technologist, I have devoted only a little space
to this subject. Again, in my first book I devoted a good deal of space
to the discussion of poppet valves and their mechanism, but touched
only lightly on the sleeve valve; in this, in view of its extensive use in
aero-engines, I have concentrated rather on the sleeve valve.

I have also laid particular stress on the subject of mechanical
efficiency, which, I feel, has been sadly neglected. It is indeed a sober-
ing thought that, despite thirty years of intensive research and de-
velopment, despite the use of much better fuels, much higher ratios
of compression, much improved carburation and so on, the fuel con-
sumption of the pleasure car of to-day, expressed in ton-miles per
gallon, is little, if any, better than it was thirty years ago, due largely
to the increasing part played by the mechanical losses within the engine
itself.

Again, in the chapter on piston aero-engines, I have confined myself
to a discussion on trends and tendencies rather than on descriptions
or details of actual engines, for these have already been so fully and so
ably dealt with in many excellent works on the subject.

The present book may be divided roughly into three sections. The
first few chapters deal with general principles; in these I have sought,
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to indicate trends and tendencies rather than go into much detail,
for this may be found in the many excellent books and papers by those
who have made a special study of each particular aspect. The next
few chapters deal with the ironmongery, and in these I have gone into
rather more detail, for it is upon detail that the success or failure of the
hardware depends. The final chapters deal with certain lines of re-
search and development which have been carried out in my firm’s
laboratory, and if I have devoted perhaps rather too much space to
these and at times gone back over rather ancient history, my excuse is
that I have done so in the hope that the story may suggest some
hints or lines of thought to others who are undertaking, or about to
undertake, similar lines of work.

I feel that some apology is needed for the lack of reference to the
work of others; this is not entirely due to egotism, for of course I,
like everyone clse, have been influenced profoundly and inspired by
the work of others; but their number is legion. To refer to only a few
would be invidious; to refer to all, impossible.

Finally, my thanks are due to the members of the staff of my firm’s
laboratory who have helped me by collecting data and by the offer
of many useful suggestions. In particular I would like to mention
Mr. C. N. Goldsmith, who has prepared many of the drawings, Mr.
D. Downs for his help and suggestions, Mr. L. R. C. Lilly, Mr. V. H.
Robinson, Mr. P. Mead, and Mr. Martin Howarth, all of whom have
helped me in various ways, and last, but not least, Mr. E. J. F. Sumner,
for his indefatigable work in typing from my very indecipherable hand-
writing.

H.R.R.

SHOREHAM-ON-SEA
1952
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THE HIGH-SPEED
INTERNAL-COMBUSTION
ENGINE

Introduction

When we review the progress of mechanical engineering in the
past we find that each new linc of development starts with a period of
experiment and groping, during which a wide range of types is evolved.
By a process of elimination this range is very soon whittled down to
one or two survivors; in the final choice of these survivors, chance
plays often quite as important a part as merit. We are too fond of
crediting a few particular individuals with a monopoly of inventive
genius. Ripe seeds of invention everywhere abound, and it awaits
only a certain combination of need, of circumstance and, above all,
perhaps, of chance, to decide which shall germinate.

On the one or more survivors, not necessarily the best, the attention
of the whole engineering world is then concentrated, with the result that
step by step they are improved out of all recognition and reign supreme,
until they reach almost the very limit of their capacity, when new and
fundamentally better types eventually replace them. Such has been the
history of the steam engine which, a century ago, had crystallized into
an almost standard design of open-type, double-acting, slow-running
engine: for many years this held undisputed sway, until it was dis-
placed by the enclosed high-speed vertical type; this again was per-
fected until it seemed almost final, only to be superseded in turn by the
turbine. That this process is so prolonged and that the obsolete so
long outlives its day, is due to the fact that, in every age, the newcomer
in its raw and undeveloped state is invariably pitted against the cham-
pion of the older school, and challenged to defeat it in the first round.
Allowance is seldom made for the fact that the reigning type has
enjoyed the benefit of generations of experience under every conceivable
condition, supplemented by the combined skill of the best talent in
the country, while the newcomer, of course, lacks these advantages.
Particularly does this apply to the question of reliability, for reliability

1



2 THE INTERNAL-COMBUSTION ENGINE

is attained only by prolonged experience both in manufacture and in
service.

To-day it would seem that the time is nearly ripe for the appearance
of a new and fundamentally better form of internal-combustion engine.
In the short space of ten years, the gas-turbine has not only sprouted
but has grown with such rapidity that it has almost completely crowded
out all forms of piston engine for high-powered aircraft while, looming
on the distant horizon, is the vision of atomic energy, utilized probably
through the medium of the gas-turbine.

Though the gas-turbine has already conquered the air, it seems
probable that its progress in other fields will be less spectacular, for the
air is clearly its spiritual home, where every advantage resides in its
favour, and where its rival, the piston engine, less happy in a rarefied
atmosphere, is already nearly at the end of its tether.

Though some very promising exploratory tests have already been
made, none the less it will probably be many years yet before the
gas-turbine can hope to compete in the wide field of road transport,
for in this field, with its prevailing low load factor and insistence on
fuel economy, most of the advantage would appear still to lie with the
piston engine.

It is always dangerous to prophesy, but it would appear probable
that, for the next ten years at least, the light high-speed internal-
combustion engine will reign supreme in all forms of road transport,
in the smaller classes of shipping and, in short, in those applications
where a small, light, compact, and highly efficient mobile power plant is
required.

Apart from the gas-turbine the most important development in the
internal-combustion engine field, during the last thirty years, is pro-
bably the initiation and successful commercial development of the
light high-speed Diesel engine. In the same period, the petrol engine
has, to all outward appearances, undergone but little change, but in
this comparatively short space of time the average power output
obtainable from a given size of engine has been considerably more than
doubled, and in the case of aero-engines more than quadrupled. This
large increase in performance has been obtained without any radical
changes in design. At least 70 per cent is due to our greatly increased,
though still very imperfect, knowledge of the process of combustion.
This is reflected in improvements in the form and cooling of the com-
bustion chamber, to give better control, and still more in the composi-
tion of the fuel, for it is only during the last thirty-five years that the
importance of the blending and treatment of the fuel has begun to be
recognized.

Until the first world war, any petroleum distillate boiling below a
certain temperature, and having a specific gravity below a certain
purely arbitrary figure, was sold as petrol, and that quite regardless of
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the molecular structure of its component parts. To-day, all this has
changed completely; now it is known that hydrocarbon molecules of a
certain structure will break down easily, and give rise to detonation,
which sets a hard and fast limit to the performance obtainable; it is
known, too, that by certain processes in the production of petrol, the
structure of these molecules can be changed in order to increase their
stability, and their tendency to detonate can be further reduced by
adding dopes, such as tetraethyl lead.

Nearly fifty years ago, the late Professor Bertram Hopkinson called
attention to the phenomenon of detonation in the petrol engine, which
he attributed to the setting-up of a pressure wave, and suggested that
it was probably a characteristic of the fuel; but his was then a voice
crying in the wilderness, and his warnings had passed unheeded by all
but a few of his disciples; it was not until the first world war that
its importance began seriously to obtrude itself. Then followed grad-
ually the realization that it was detonation, and detonation alone,
which set a limit, and a relatively early limit, to the power output and
economy of the petrol engine; the incidence of detonation, in fact,
determines both the weight of air which can be consumed, and the
efficiency with which the heat thus liberated can be converted into

. power.

In the field of high-speed piston engines the rapid development of -
the Diesel or compression-ignition engine during the years between the
two world wars has been the most outstanding feature. Within a few
years it has succeeded in ousting the petrol engine from almost all
forms of heavy road transport and indeed from all industrial usage
excepting only for very small powers, where the lower initial cost of
the petrol engine still permits its survival. With the almost complete
surrender of the air to the gas-turbine, it would seem that the role
of the petrol or spark-ignition engine has become restricted to that of
the pleasure car, the lighter forms of commercial vehicle and low-
powered aircraft, a limited but none the less a vast field. Except for
certain military purposes, where petrol is preferred because of its
greater availability, it is doubtful whether any petrol engines of powers
greater than that required for large pleasure cars are being developed
in this country to-day. Similarly, at sea, the compression-ignition
engine has virtually ousted both the petrol and the paraffin engine
from all but very small craft.

No wholly satisfactory definition has been found to distinguish
what we term, somewhat loosely, a Diesel engine from that which we
term, equally loosely, a petrol engine. According to the textbook,!
the former works on the constant pressure and the latter on the constant |
volume heat cycle; in point of fact both operate on a heat cycle Whichx
is a compromise between the two, and the most we can say is that, of
the two, the petrol engine adheres a little more closely to the constant
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volume cycle. The really essential difference between the two is that
the petrol engine inhales an externally prepared combustible mixture
which is ignited at the appropriate moment by the passage of a timed
spark, while in the so-called Diesel engine no fuel is present in the
cylinder until the time is ripe for ignition, when it is injected and
ignited by the heat of compression. The former requires that the degree
of compression shall be low enough to prevent auto-ignition or detona-
tion; the latter that it shall be high enough to ensure auto-ignition and
that with the least possible delay.

We cannot define the two types of engine by the fuels they use
for, while the spark-ignition engine is restricted to the use of gases or
volatile liquid fuels such as petrol, alcohol, or even kerosene, the other
can perform equally happily on volatile or non-volatile fuels. In the
author’s belief the best definition appears to be that based on the type
of ignition they employ, e.g. spark ignition or compression ignition,
and this is the distinction which he has adopted throughout, though
even this is not wholly satisfactory. For example, the earlier types of
gas, petrol, and kerosene engines, before the days of electric ignition,
depended for ignition on compression into a hot tube or bulb and, as
such, could rightly claim to be called compression-ignition engines.
Since, however, the use of electric ignition has now become universal
for all such engines, this anomaly no longer applies. None the less
some anomalies are still to be met with, for example, the spark-ignition
Hesselmann engine. This is frequently described as a Diesel engine,
because it is capable of using the more volatile Diesel fuels, though it
is, in fact, a normal low-compression spark-ignition engine, except in
so far that the fuel is injected not during the suction stroke along with
the air, but during compression and only a little in advance of the timed
spark.

Again there has lately sprung into prominence the miniature so-
called Diesel engine for model aircraft. This is indeed a hybrid, for it
inhales a pre-mixed and externally carburetted charge of vaporized
fuel and air and, at the same time, relies upon compression ignition.
Such a combination is rendered possible by the peculiar characteristics
of ether, which forms at least the bulk of the fuel it uses. Despite
these somewhat freak examples and possibly a few others, the definition
‘ gpark ignition >’ or ‘ compression ignition ”’ would seem to provide
the best and most generally applicable dividing line between the two
generic types of engine.

This book is devoted to some of the problems of the high-speed
engine. Some definition is perhaps needed as to the term * high speed .
High speed and low speed are, of course, relative terms and there is
no obvious dividing line that can be expressed in any absolute figures.

Clearly a high-speed engine can be run slowly, and why should not
a low-speed engine be made to run fast?
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The dividing line is to be found, not in any terms of revolution or
piston speed but in a totally different conception of design, and in a
totally different technique of manufacture. In the low-speed engine
the dynamic forces set up by the inertia of the pistons and other moving
parts are relatively small, hence these parts can be made very robust
without imposing any undue stresses on the structure or the bearings,
but dynamic forces increase as the square of the revolution speed and
in a high-speed engine become the dominating factor. The essence
then of high-speed engine design is the use of as rigid and compact a
structure as possible containing the lightest possible moving parts,
while stiffness, rather than strength, becomes the dominating factor;
though like all general statements, this requires some qualification for,
in any engine, there are certain elements where local concentrations
of stress or excessive loading demand the introduction of some flexi-
bility.

The necessity to employ light moving parts with very small heat
capacity or heat paths calls for special provision for dealing with the
flow and transfer of heat which, in the low-speed type of engine, can
largely be met by the simple process of employing greater thicknesses
of metal.

Again, on the question of manufacturing technique the essential
feature of the high-speed engine is that all the working or wearing
parts shall be of such small dimensions that they can be handled readily
on automatic or special-purpose machines, can easily be heat-treated,
or can be made of materials not available in large bulk.



CHAPTER 1

Combustion

SPARK-IGNITION ENGINES

The process of combustion in the cylinder of a spark-ignition
engine appears to be substantially as follows. A single intensely high
temperature spark passes across the electrodes, leaving behind it a
thin thread of flame. From this thin thread, combustion spreads to
the envelope of mixture immediately surrounding it at a rate which
depends primarily upon the temperature of the flame front itself and,
to a secondary degree, upon both the temperature and the density of
the surrounding envelope.

In this manner there grows up, gradually at first, a small hollow
nucleus of flame, much in the manner of a soap bubble. If the contents
of the cylinder were at rest, as in the case of an explosion vessel, this
flame bubble would expand with steadily increasing speed until it
extended throughout the whole mass. We can picture, then, a thin
filament or envelope of flame enclosing the highly heated products of
combustion, while ahead of it lies the still unburnt combustible mix-
ture. If the contents of the cylinder were at rest, this filament would
expand as a smooth unbroken front.

In the actual engine cylinder, however, the mixture is not at rest.
It is, in fact, in a highly turbulent condition, that is to say, it consists
of a mass of whirls and eddies with no general direction of movement,
with the result that the filament of flame is broken up into a ragged
front, thus presenting a far greater area of surface from which heat is
being radiated; hence its advance is speeded up enormously. Stro-
boscopic observations through transparent windows in the cylinder
head and others with ionization indicators in the combustion space all
indicate that while the rate at which the flame front travels is de-
pendent primarily on the degree of turbulence, its general direction of
movement, that of radiating outward from the ignition point, is but
little affected, unless there is superimposed upon the general turbulence
some form of directional flow or air-swirl.

As a mental picture the author prefers to regard the process as
though it developed in two quite distinct stages, one the growth and
development of a self-propagating nucleus of flame, and the other the

spread of that flame throughout the combustion chamber. The former
(G 640) [}
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is a chemical process depending upon the nature of the fuel, upon both
temperature and pressure, and also upon the temperature coefficient
of the fuel, that is, the relationship between temperature and rate of
acceleration of oxidation or burning. The second stage is a mechanical
one pure and simple. It is not suggested that these two stages are
entirely distinct, for there is no hard and fast dividing line and they
must, of course, interact upon one another to some extent; for example,
the higher the flame temperature and the more rapid the rate of burning
during the first stage, the more rapidly will combustion spread with a
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Fig 1.1 —Indicator diagram showing two stages of combustion in a
spark 1jgmtion engine

given intensity of turbulence. We can, however, define the starting
point of the second stage as that at which the first measurable rise of
pressure can be scen on the indicator diagram, fig. 1.1, where A shows
the point of passage of the spark, B the point at which the first rise
of pressure can be detected, and C the attainment of peak pressure.
Thus A-B represents the first stage and B-C the second. Although the
point C marks the completion of the flame travel, it does not follow
that at this point the whole of the heat of the fuel has been liberated,
for even after the passage of the flame, some further chemical adjust-
ments due to reassociation, etc., and referred to generally as after-
burning, will continue to a greater or less degree throughout the

expansion stroke.
2 (6 840)
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Range of Burning

The curve (fig. 1.2) shows the kind of relationship between flame
temperature and rate of burning for a homogeneous mixture of any
hydrocarbon vapour in air. The figures on the vertical scale are in-
tended to represent the time from the passage of the spark to the
formation of a sclf-propagating nucleus of flame, that is to say, they
represent the time occupied by the first stage of the combustion process.
Needless to say, they must not be regarded as hard and fast values,
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Fig. 1.2.—Approximate relationship between flame temperature and rate of burning

but only as indications of the general relationship. The curve (fig. 1.3)
shows the approximate flame temperature at different mixture strengths,
assuming a compression ratio of five to one, and after taking into
account such considerations as dilution with the residual exhaust
products, heat given up to the incoming charge, dissociation, etc. The
curve (fig. 1.4) shows the two previous curves expressed in terms of
rate of burning against mixture strength during the first stage of the
combustion process. In fig. 1.5 the curve of fig. 1.4 has been expressed
in terms of degrees of crank angle of an engine running at 2000 r.p.m.,
and a constant time, namely 12° of crank angle, has been added through-
out to represent the second stage of the process, that is the distribution
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9

of flame by turbulence, for all observations appear to agree in showing
that the intensity of turbulence, and therefore the rate of spread of the
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flame front, increases directly with engine specd This curve, therefore,
expresses the time, and probably about the mimmimum time, in terms
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Fig 14 —Approximate relationship between nuxture strength and rate of burning

of crank angle, from the passage of the spark to the attainment of
maximum pressure. This period is, in practice, limited to about 50°,
for if the ignition be further advanced it will occur when the gases are
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at a much lower pressure and temperature; flame propagation will
therefore be correspondingly slower, so that nothing will be gained.
As we approach either end of the mixture range the conditions become
unstable and there is a tendency for a feeble and unstable flame to
linger in some hot, secluded spot (such as the inside of the sparking-
plug body) throughout the whole of the expansion and subscquent
exhaust stroke, and so set alight the next incoming charge, causing
back-firing through the carburettor. This is particularly noticeable at
the weaker end of the range where, as seen in the last figure, the trend
of the curve is much steeper.
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Fig. 1.6.—Approximate relationship between mixture strength and rate of burning,
but expressed in terms of crank angle of an engine runmng at 2000 r.p.m.

It will be seen that the assumed time taken, with a rich mixture,
to establish a self-propagating flame is equivalent to somewhere about
8° of the crankshaft for such a fuel as petrol. Suppose now that the
engine speed be increased from 2000 to 4000 r.p.m.; the intensity of
turbulence will be doubled, hence the rate of distribution of flame will
also be doubled, and the 12° of crank angle allowed for this will still
hold good. The time taken, however, to develop the flame nucleus
will remain substantially the same, hence the 8° will become 16° and the
total ignition period will be increased from 20° to 28° of crank angle.

So far as all volatile hydrocarbon fuels are concerned, the tem-
perature coefficient and the range of burning do not vary appreciably,
and we are compelled to work with a flame temperature exceeding
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about 2200° C. At the other end of the scale, if we exceed about 2500°
C., the rate of burning becomes so great, in the case of many fuels, as
to induce dctonation; hence, in practice, we can work within only a
very restricted range of flame temperature, and therefore of mixture
strength, at all events on the weak side. In the case of hydrogen, the
rate of burning is something like twelve times as great as that of petrol.
If now we alter the above curve by increasing the speed of the first
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Fig. 1.6.—Approximate relationship between mixture strength and rate of
burning, but comparing petrol and hydrogen

stage twelve times we arrive at the result shown in fig. 1.6, from which
it will be seen that with the same limiting ignition advance we can
reduce the mixture strength to well below 20 per cent of that required
for complete combustion, in fact right down to no load without throt-
tling the mixture supply.

Experiments have shown that if we increase the flame temperature
by the addition of oxygen:

(¢) We can then, of course, burn more fuel and obtain more
power.

(b) We increase the range of burning and, at the weak end, we
can still consume the same minimum amount of fuel per cycle, i.e.
we can go down to the same minimum flame temperature and that
with the same ignition advance.

(¢) With a rich mixture and therefore high flame temperatures,
we require substantially less ignition advance.
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7/ (d) The tendency to detonate is greatly increased and, in fact,
we cannot work at a flame temperature appreciably above the
normal without lowering the compression ratio very considerably
to compensate.

At the other end of the scale, if we reduce the flame temperature
by dilution with inert gases, such as steam, nitrogen, or carbon dioxide:

(1) We reduce the range of mixture strength but can still go
down to the same minimum amount of fuel per cycle with the
same ignition advance.

(2) We require more ignition advance with rich mixtures.

(3) We reduce the tendency to detonate.

If we raise the compression ratio, we tend to speed up the whole
process, less ignition advance is needed, the available range of mixture
is widened very slightly, and the tendency to detonate is increased.
In this case, two factors enter in, viz. pressure and temperature—the
former is raised considerably, the latter but slightly—and it seems
probable that it is the increase in pressure rather than in temperature
which is having the greater influence.
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Fig. 1.7.—Actual indicator diagrams taken at three different compression ratios
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The increased speed of combustion with increase of compression is
very clearly shown by the three indicator diagrams, fig. 1.7, which
were taken from the author’s variable-compression engine at com-
pression ratios of four, five, and six to one, with the same mixture
strength and the same ignition timing in all cases.

For optimum efficiency we should aim at such an intensity of
turbulence as will give us a rate of pressure rise of 30-35 1b. per sq. in.
per degree of crank angle during the second phase of the combustion
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process. If we exceed this rate, then we tend to lose by direct heat loss
to the cylinder walls due to intense convection more than we gain by
the more rapid burning, see fig. 1.8. To reach this optimum at low
compression ratios will require very intense turbulence, but owing to
the general speeding-up of both phases of the process at high ratios of
compression, only a moderate intensity of turbulence such as is set up
by the normal entry through the inlet valve is sufficient to give us the
rate of pressure rise we are seeking.

The above considerations would suggest that, with a limited range
of ignition timing, the greater the turbulence the wider would be the
possible range of mixture, though clearly within narrow limits only.

r 7

T ~—_

ICIENCY.

90

RELATIVE

10 20 30 40 50 6C
RATE _OF PRESSURE RISE
LB. PER SQ.INCH PER DEGREE OF CRANK ANGLE .

Fig. 1.8.—Effect of rate of pressure rise on efficiency

Actual experience tends to confirm this up to a point, but some experi-
ments which the author carried out on a special research engine showed
that under conditions of extreme turbulence (far and away beyond the
range existing in any normal type of engine) the mixture range was
actually narrowed, and that to such an extent that the engine would
run only with a mixture containing from 5 per cent to 30 per cent
excess fuel; any attempt to reach beyond this narrow range resulted in
misfiring. In this instance the rate of pressure rise was well over 100
Ib. per sq. in. per degree of crankshaft, and the general running of the
engine was intolerably rough and noisy. In this case, the turbulence
was augmented by artificial means to quite an excessive degree, prob-
ably so great as to scour away and prevent the formation of a nucleus
of flame at the sparking-plug, except when the mixture was that giving
the maximum flame temperature; in other words, the draught within
the cylinder was such as to blow out the candle.

Cyclical Variations

In all spark-ignition engines, and more especially when using
volatile liquid fuels, it will be found that the indicator diagrams vary
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very considerably from cycle to cycle and that this variation increases
greatly as the mixture strength approaches either the weak or the rich
end of the range. The variations observed take place for the most
part in the initial delay period and are due, no doubt, to variations in
the composition of that minute part of the mixture forming the initial
nucleus of flame. This may be due, in the case of carburetted mixtures,
to slight differences in the mixture strength supplied as between one
cycle and the next, but it is due also, and probably to a much greater
extent, to differences in the proportion of inert residual exhaust gas,
which, acting as a diluent, will tend to influence the initial flame tem-
perature, and therefore its rate of build-up, for it will be apparent
that a very small variation in the proportion of residual exhaust at
the birthplace of the original nucleus will suffice to raise or lower the
initial flame temperature and so affect profoundly the duration of the
delay period.

Colour is lent to this theory by the observation that the cyclic
variations are generally greater at low than at high compression ratios
or at reduced loads, that is to say, when the total proportion of residual
exhaust is greater. They are greater also when the sparking-plug is
either pocketed, or so placed that it is not well scavenged by the
carburetted air entering through the inlet valve. Again, the proportion
of residual exhaust may vary from cycle to cycle, due to pressure surges
in the exhaust manifold. As a general rule, these cyclical variations in
the indicator diagram during the combustion period, though they
appear to be quite large, have very little adverse effect on the behaviour
or efficiency of the engine, for though the peak pressure can be seen to
vary both in magnitude and in phase, the mean effective pressure
varies very little as between one cycle and the next except when operat-
ing near either end of the mixture range, when the variations become
such as to cause rough and irregular running and so set a limit to the
range of mixture which can be tolerated. When to these cyclical
variations in the delay period are added the variations in mean mixture
strength as between the several cylinders of a multi-cylinder engine,
we find that, in practice, we cannot operate satisfactorily a multi-
cylinder engine, with a single carburettor feeding a group of cylinders,
at a mixture strength appreciably weaker than 90 per cent of that
giving complete combustion, depending to some extent, of course, on
such factors as uniformity of distribution of the carburetted mixture,
compression ratio, spark-plug position, ete. With gaseous fuels such as
methane or propane, thanks in part to the more uniform mixture and
in part to the higher ratio of compression we can employ, we can
extend the range appreciably and, if hydrogen is present, as in the case
of coal gas, we can, of course, extend it very widely indeed.
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Stratification

In all the above considerations as to the available range of mixture
strength, we have been assuming that the cylinder is supplied with an
externally prepared and therefore with a homogencous mixture. It
is clear, however, that if, by the use of fuel injection or by other means,
we could contrive to provide a richer mixture in the immediate neigh-
bourhood of the ignition plug, we could then afford to reduce very con-
siderably the mixture strength in the main body of the combustion
chamber and so extend the mixture range on the weak side, for it is
only the mixture strength of that minute portion of the charge which
constitutes the initial nucleus and its immediate surroundings that is
really critical. Once a self-propagating flame has been established, it
will spread throughout the rcst of the chamber even though the mean
mixture strength be far weaker than that required for the initial nucleus.
In other words, if, by stratification, we can contrive to segregate a small
proportion of relatively rich mixture in the region of the sparking-
plug, we can weaken the rest much below that which would otherwise
be possible. By such means it has been found feasible to operate
satisfactorily a two-cycle petrol injection spark-ignition engine with a
mean mixture strength of only 60 per cent of that giving complete
combustion, and so to obtain a very high thermal efticiency.

Ignition Timing

1t is fairly obvious that combustion must be completed as soon as
possible, for any heat liberated during expansion can be utilized only
at an efficiency corresponding to that of the remainder of the expansion,
while, in the limit, heat liberated at the very end of the expansion
stroke can do no useful work at all and will serve merely to heat the
exhaust valve and exhaust pipe.

On the other hand, we do not want to maintain the maximum
combustion temperature any longer than we can help, because of the
heat loss to the cylinder walls. It is not desirable therefore to obtain
complete combustion, or rather the attainment of maximum pressure,
until some 10° to 15° after the top centre. By delaying the attainment
of the peak temperature some 10° to 15°, we lose nothing measurable
in expansion, but we save an appreciable period of time during which
the loss of heat will be very rapid indeed.

Figs. 1.9 and 1.10 show, and Table I records, a series of indicator
diagrams taken from a low-compression sleeve-valve engine running at
constant speed, with a constant mixture strength, and varying ignition
timing. It will be seen that the maximum power and efficiency are
obtained when the peak pressure is developed well after the top centre.
The optimum ignition timing under these conditions is 17° before top
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centre. Fig. 1.10 shows four of the curves of fig. 1.9 plotted in terms of

piston displacement.
The results obtained from these tests are given in Table I, in which
column (1) gives the time of ignition in degrees before the top dead
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centre, column (2) the indicated mean pressure, column (3) the time
which elapsed between the actual passage of the spark and the attain-
ment of maximum pressure, column (4) the outlet temperature of the
cooling water, the supply and rate of circulation of which were kept
constant throughout; it indicates therefore the relative heat loss.
Column (5) indicates the maximum peak pressure.

TasBLE I
t)] 2 b (3)f X (4) (&)
OgTeeS O CIBIL | o perature of
Ignition timing | Indicated mean angle grom ﬁa'; cug:ulating Maximum
in degrees before pressure bz‘éf&?ngzi of water (°C.) at |cyhnder pressurc
top centre (Ib. per sq. in.) | oo um pres- constuf;lt rate of | (lb. per sq. in.)
sure ow
_ ———_ . L= o I
6-0 119-0 35-0 53-7 350
10-5 123-5 330 540 385
14-5 1250 32-0 545 410
19-0 125-0 ‘ 31-5 555 445
230 1240 ' 315 560 470
27-0 122-5 315 568 490
315 120-5 ’ 320 375 | 510
355 1187 330 | 580 | 510
39-5 1168 | 340 585 500
44-0 1140 360 59-0 490
480 i 110-5 39-5 597 475

The increased heat loss due to the earlier ignition is very clearly
shown, while the indicated mean pressure gives a direct measure of
the efficiency, since the consumption of both fuel and air was constant
throughout the whole series. The above tests were all run at a rather
low compression ratio and at a slightly reduced load in order to ensure
against the incidence of detonation or pre-ignition even with excessive
spark advance, hence the rather long time, viz. 31-5°, occupied by
stages 1 and 2.

Surface Combustion

In any internal-combustion engine, there are surfaces such as the
exhaust valve head, the sparking-plug electrodes and areas of carbon
deposit, whose temperature is considerably above the self-ignition
temperature of the fuel-air mixture, and which, if the mixture were
stagnant, and sufficient time allowed, would bring about ignition of
the whole charge. That, in normal practice, they do not do so is due
to the fact that the mixture is not stagnant, nor is there sufficient time
allowed for the growth of a self-propagating flame. None the less, a
certain amount of surface combustion or pre-oxidation does take place
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in the film of mixture in contact with these hot surfaces, and products
of partial combustion such as aldehydes are formed during the suction
and compression strokes. If, however, the surface temperature exceeds
a certain, fortunately a fairly high, limit, then ignition of the whole
charge, in advance of the timed spark, will occur. The surface tem-
perature necessary to bring this about depends upon the chemical
nature of the fuel and upon its temperature coefficient. It depends
also upon a number of other factors such as the intensity of turbulence
in the region of the hot surface. Although the head of the exhaust
valve or a heavy deposit of carbon probably cause most of the surface
combustion by virtue of their relatively large surface area, it is only
the electrodes of the sparking-plug, or some projecting stalactite of
carbon, which are likely to attain a temperature high enough to produce
pre-ignition under normal running conditions.

It is frequently observed that when an engine is switched off after
running at a high load, and the throttle almost closed, it will continue
to fire, though somewhat spasmodically, and at a very low speed; this
is due probably to spontaneous pre-ignition developing from surface
combustion over the hot exhaust-valve head or, in the case of a heavily
carbonized engine, from some large area of highly heated carbon
surface. That, under such conditions, surface combustion can develop
into general inflammation is due to the fact, on the one hand, that at
very low turning speeds time is available, and, on the other, that with
a very small throttle opening there is very little turbulence to remove
the stagnant layer in contact with the hot surface. It is generally
found that, under these conditions, opening wide the throttle will
immediately stop the engine, presumably by introducing sufficient
turbulence.

COMPRESSION-IGNITION ENGINES

The process of combustion in the compression-ignition engine differs
widely of course from that in a spark-ignition engine. In this case the
fuel is injected, in the liquid state, into highly compressed and highly

heated air in the combustion chamber. Each minute droplet as it
enters the highly heated air is quickly surrounded by an envelope of
its own vapour and this, in turn, and after an appreciable interval, is
inflamed at the surface of the envelope.

A cross-section of any one droplet would then reveal a central core
of liquid, a thin surrounding envelope of vapour, with an outer garment
of flame, and this configuration will continue until the whole of the
liquid core has been evaporated.

Left to itself, this process would take a long time, but, as in the
case of the spark-ignition engine, it can be hustled to an almost un-
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limited extent by mechanical movement; in this case by speeding-up
the passage of the droplet through the air, or that of the air past the
droplet.

The burning of a hydrocarbon fuel in air is an oxidation process
pure and simple; it may be intensely rapid or it may be excessively
slow. In'the latter case we are accustomed to describe it as oxidation
rather than burning. If we expose oil fuel to air at ordinary tempera-
tures it will oxidize, but only very slowly; as the temperature of the
air is raised the process speeds up. Some of the constituents will oxidize
more rapidly than others. Owing to the extreme complexity of these
heavy hydrocarbon molecules the process of oxidation is excessively
complicated. At ordinary temperatures it may take years to oxidize
only a portion of the fuel; at, say, 200° C. it will be a matter of days;
at 250° C. of minutes perhaps, and so on, but in all such cases the rate
of rise of temperature due to oxidation is less than the rate at which
heat is being dissipated by convection and conduction. Ultimately,
as we continue to raise the temperature, a critical stage is reached
where heat is being generated by oxidation at a greater rate than it is
being dissipated. The temperature then proceeds to rise automatically;
this—in turn—speeds up the oxidation process and therefore the evolu-
tion of heat; events then proceed to move rapidly, and what we de-
scribe as dgnition takes place and a flame is established. The tem-
perature at which this critical change takes place is usually termed
the self-ignition temperature of the fuel, but it will be apparent that,
for any given fuel, this can be no hard and fast figure, for so many
factors share in determining it; for example, it will depend very
largely upon pressure, for this will govern the intimacy of contact
between the fuel and the oxygen needed for its combustion. Tt will
depend too upon the time element. 1t will be dependent also upon the
facility with which the heat released by pre-combustion oxidation can
be dissipated; yet again it will depend, of course, upon the chemical
stability and upon the temperature coefficicnt of the fuel. When
referring, therefore, to the ignition temperature of a fuel the above
factors should be borne in mind.

If, now, instead of heating the air and fucl together we drop cold
oil into air already heated well above its ignition point, what will
happen? On entering the hot air the extreme outer surface of the
droplet will immediately start to evaporate, thus surrounding the core
with a thin film of vapour. To accomplish this, however, heat must be
withdrawn from the air in immediate contact with the droplet in
order to overcome the latent heat of evaporation of the liquid. Thus
the immediate effect is to reduce the temperature of a thin layer of air
surrounding the droplet and some time must elapse before this tem-
perature can be raised again by abstracting heat from the main bulk
of air in its vicinity. So soon as this vapour and the air in actual con-
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tact with it have reached a certain temperature, ignition will take
place, though the core is still liquid and relatively cold. Once ignition
has been started and a flame established, the heat required for further
evaporation will be supplied from that released by combustion. We
have, then, a core of liquid surrounded by a layer of vapour which is
burning as fast as it can find fresh oxygen to keep the process going,
and this condition probably continues unchanged until the whole is
burnt. Under these conditions, which are substantially those obtaining
in a C.I. engine cylinder, we shall have at first a delay period before igni-
tion takes place. The duration of this period will depend clearly upon
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Fig. 1.11.—Variation in air and ignition temperature up to the point of ignition

the excess of air temperature over and above both the boiling-point
and the self-ignition temperature of the fuel. The higher the air tem-
perature, or the lower the boiling-point, or the ignition temperature,
the shorter will be the delay, but a delay of some sort there must always
be. Apart from temperature, pressure also has a very important bear-
ing on the duration of the delay, for the higher the pressure, both the
greater the rate of heat transfer and the more intimate the contact
between the hot air and the cold fuel. In fig. 1.11 is shown very ap-
proximately the variation in air temperature and in the corresponding
self-ignition temperature of the fuel during the compression stroke of
the engine. The absolute figures are, of course, approximate only, and
are given merely as a rough guide. Once the delay period is over and
ignition is established, the rate of burning will depend primarily upon
the rate at which each flaming droplet can find fresh oxygen to re-
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plenish it; that is to say, it will depend upon the rate at which it is
moving through the air, or the air is moving past it.

In the compression-ignition engine the fuel is not all fed in at once,
but is spread out over a definite period. The first arrivals meet air
whose temperature is only a little above their self-ignition temperature
and the delay is more or less prolonged. The later arrivals find air
already heated to a far higher temperature by the burning of their
predecessors and therefore light up much more quickly, almost as they
issue from the injector nozzle, and get into their stride practically at
once, but their subsequent progress is handicapped, for there is less
oxygen to find—the milk has been skimmed by the first arrivals!
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Fig 1.12.—Diagram showing three phases of combustion process in
compression-1gnition engine

(If the air within the cylinder were motionless it is quite clear that
only a small proportion of the fuel would find sufficient oxygen, for it
is obviously out of the question to distribute the droplets uniformly
throughout the combustion space. We depend, therefore, on some
considerable motion of the air as well as the fuel, just as we do in the
case of the spark-ignition engine but with this important difference
that whereas, in the spark-ignition engine, we require a condition of
general and indiscriminate turbulence to break up the surface of the
flame front and to distribute the shreds of flame throughout an ex-
ternally prepared combustible mixture, in the compression-ignition
engine we require an orderly and controlled air movement such as will
both bring a continuous supply of fresh air to each burning droplet
and sweep away the products of combustion which otherwise would
tend to suffocate it. -

We must be careful, therefore, to distinguish between the two
conditions which are quite distinct.
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When we speak of turbulence, we have in mind a confusion of
whirls and eddies with no general direction of flow. When we speak of
air-flow, or air-swirl, we have in mind an orderly movement of the whole
body of the air with or without some eddying or turbulence.

In the compression-ignition engine combustion may be considered
as taking place in three distinct stages—first a delay period, during
which some fucl has been admitted but has not yet been ignited. This
is succeeded by a period of rapid pressure rise following ignition. The
rise is rapid because during the delay period the droplets of fuel have
had time to spread themselves out over a wide area and they have
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Fig. 1.13.—Actual indicator diagram from high-speed C.I. engino

fresh air all around them. At the end of this second stage the tem-
perature and pressure are so high that the later arrivals burn almost
as they enter and any further pressure rise can be controlled by purely
mechanical means. Fig. 1.12 is a diagrammatic indicator diagram
showing the three stages as quite distinct, while fig. 1.13 shows an
actual indicator diagram taken from a high-speed engine in which the
three, stages, though merged together, are quite distinguishable.

Delay Period

1 It will be obvious that, for any given injection setting, the pressure
réached during the second stage will depend upon the duration of the
delay period; the longer the delay the more rapid and the higher the
pressure rise, since more fuel will be present in the cylinder before the
rate of burning comes under direct control. Some control can, how-
ever, be exerted by admitting the fuel slowly at first, or by means of an
initial pilot injection, thus ensuring that only a little has entered before
ignition starts. In any case we must aim to keep the delay period as



COMBUSTION 23

short as possible, both for the sake of smooth running and in order to
maintain control over the pressure changes.

Although we want to keep the delay period short, there is, however,
a lower limit beyond which we must not go.

Let us consider what would happen if there were no delay period
at all and if the droplets ignited immediately they left the injector
nozzle. We should then have a concentration of burning droplets so
closely packed that it would be impossible to distribute among them
the air needed for their complete combustion. We need therefore a
certain delay period in order to allow the droplets time to disperse, to
some extent at least, before ignition takes place.

When, as in the earlier types of Diesel engine, air blast is used to
inject the fuel, we can afford to dispense almost entirely with the delay
period, for the high-pressure air blast serves to disperse and distribute
the droplets throughout the combustion chamber, but without air
blast, in some form or other, this cannot be done and we require at
least a short delay period.

Generally speaking, however, the delay period imposed upon us is
greater than we need or desire and our efforts, except in some special
circumstances, are devoted towards shortening it as much as we can.

From the above considerations it would appear that the delay
period should be constant in time and this no doubt would be the case
if the surrounding conditions remained unchanged. As the engine
speed increases, so the loss of heat during compression diminishes,
with the result that both the temperature and pressure of the com-
pressed air tend to rise, thus reducing the duration of the delay period,
and this effect can be intensified to any desired extent by the presence
in the combustion chamber of a heat-insulated member whose tem-
perature will rise automatically with increase of speed or load. By
such means it is possible to maintain the delay period constant in
terms not of time but of crank angle.

It is commonly assumed that in order to complete combustion in
the very short time available in a high-speed engine, the liquid fuel
should be split up into the smallest possible particles in order to pre-
sent the largest possible surface/volume ratio; at first sight this would
seem & logical conclusion, for clearly the smaller the droplet the sooner
it will be consumed.

Other factors, however, enter into the picture and to a large extent
contradict this assumption.

(1) The rate of burning depends primarily upon the rate at
which the products of combustion can be removed from the surface
and replaced by fresh oxygen; in other words, it depends upon the
rate at which the burning droplet is moving relative to the sur-

rounding air. Each individual droplet issues from the injector
3 (G 640)
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nozzle at a very high initial velocity and, in most cases, the air
also has already been set in motion, so that, at first, the relative
motion between the two is very rapid, but the smaller the droplet
the less its momentum, and once its initial velocity has been lost,
it will merely travel as a passenger along with the air and relative
motion will cease; it will then become partially suffocated by its
own combustion products, and the conditions will be analogous to
those of a stove when the dampers are closed. Itis essential therefore
that the droplets shall be large enough to maintain their momentum
until combustion is at least nearly complete.

(2) Let us consider next the effect of droplet size upon the
delay period and upon the rate of pressure rise following this period.
Under any given set of conditions as to temperature and pressure,
the time taken to form and ignite an envelope of vapour will be
independent of the size of the droplet, but the rate and extent of
general pressure rise following on such ignition will be dependent
upon the area of inflammation. Clearly the smaller the size and the
greater the number of droplets the larger will be the aggregate area
of inflammation and therefore the greater the rate and extent of
pressure rise during this uncontrolled phase.

It would seem then that from the point of view alone of reducing
the rate of pressure rise during the second phase, and therefore from
that of both smoothness of running and control of maximum pressure,
we should prefer to introduce the fuel in the form of one single large
dollop, but the subsequent rate of burning would of course be far too
slow.

As in all else we must compromise, and aim so to pulverize the fuel
as to produce droplets large enough to maintain their momentum
nearly to the last, yet small enough to be consumed in the time avail-
able. We cannot, of course, produce droplets of a uniform size through-
out but we should aim to produce the bulk of them of the optimum
size, whatever that may be, but certainly not of the smallest possible
size.

To a certain extent we can control the size of the droplets by vary-
ing the load on the injector needle; the lighter the load the larger the
droplets. Hence we should expect, and in practice we do find, that the
lower the injection pressure the lower the rate of pressure rise during
the uncontrolled phase and the smoother the running.

Apart from the size of the individual droplets the delay period will
depend also upon

(1) the volatility and latent heat of the fuel;
(2) the self-ignition temperature (CETANE-number) of the fuel.

The former will affect the time taken to form an envelope of vapour,
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and the latter the margin existing between the temperature of the

highly compressed air and the ignition temperature of the fuel.
Clearly the wider this margin the better from both points of view.
We can raise the air temperature:

(1) By pre-heating the air before or during its entry to the
cylinder.

(2) By employing a very high ratio of compression.

(3) By providing, within the combustion chamber, a heat-
insulated member whose temperature will be considerably above
that of the compressed air.

At first sight pre-heating of the air would appear to be a simple
solution but, in fact, it is most undesirable because:

(a) It reduces the density of the air charge, and density is at
least as important a factor as temperature—thus we lose on the
swings what we gain on the roundabouts. Experiments in the
author’s laboratory have shown that pre-heating the air by 100° C.
reduces the delay angle by barely 2°.

(b) It reduces the volumetric efficiency and therefore the power
output.

Pre-heating of the air then has little or no effect on the delay period
and results in reducing the power and increasing greatly the heat
losses; it is therefore thoroughly undesirable. Our aim, on the con-
trary, should be to get the air into the cylinder as cold as possible.

We can, of course, raise both the temperature and the density of
the air by using a higher ratio of compression, but there are practical
objections to this. In the first place, in a C.I. engine the volume of the
compression space is already very small. The necessity to provide
adequate working clearances between the piston and the cylinder head
and around the valves compels us to leave thin layers or pockets of air
to which the fuel cannot reach; nor can this air join in the general
flow pattern. Clearly the higher the ratio of compression, the smaller
the clearance volume, and the larger the proportion contained in such
outlying pockets. The capacity of such outlying clearance volumes is,
of course, determined primarily by manufacturing tolerances and since
these are, for the most part, finite, it follows also that the smaller the
cylinder the greater the proportion they assume.

It will be found, therefore, that the higher the ratio of compression
the smaller the proportion of air we can utilize and therefore the lower
the power output. In practice, in the case of a cylinder of about 4 in.
diameter with a compression ratio of 16 : 1, the proportion of inac-
cessible air will be found to be of the order of 20-25 per cent. This
air is not, of course, wholly neutralized, for some at least will come
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into play later on during the expansion stroke, but it is not accessible
at or near top centre when it is most needed.

Again, the higher the compression, the higher the mean pressure,
both positive and negative, of the compression work in relation to the
effective mean pressure, hence the lower the mechanical efficiency.

In practice the maximum peak pressure is but little affected by the
compression ratio, for the higher the ratio and, as a result, the shorter
the delay period, the lower will be the rise of pressure on ignition.

It would seem, then, that we can raise the compression ratio only
at the cost both of the effective volumetric efficiency and of the mech-
anical efficiency. In practice we shall use the lowest ratio of compres-
sion consistent with the needs both of starting from cold and of light-
load running at high speed.

The third alternative, namely, that of employing a heat~1nsulated
member somewhere in the combustion space, obviates most of the
objections cited above, provided always that it is so positioned as not
to impart its heat to the incoming air. This is easy to provide for in a
compression swirl engine, and possible in an induction swirl engine, of
either the sleeve-valve four-stroke or the two-stroke type, but it is by
no means easy in an open-chamber poppet-valve four-stroke engine.
Provided it can be so placed that it is well out of the path of the
entering air, such a heat-insulated member will behave as follows:

(1) It will serve the function of raising the compression tem-
perature without reducing the density.

(2) Its temperature will increase with increase of engine speed,
and, if suitably positioned and proportioned, it will serve to keep
the delay period constant in terms of crank angle, thus allowing of
a fixed time of injection being used throughout the entire speed
range.

(3) Under all working conditions its surface temperature will
be high enough to prevent the deposition of carbon or ash, and if
80 placed that the jet of fuel impinges against it, it will eliminate
completely the building-up of deposits in this zone—a feature of
considerable importance, more especially so when fuels containing
a high ash content are used.

It does nothing, however, to aid cold-starting unless means could be
found for heating it initially, which seems hardly practicable.



CHAPTER 11
Detonation and Pre-ignition

It is not within the scope of this book to discuss in much detail the
extremely complex subject of detonation, for this has now become too
vast a subject; nor to enter into the controversy as to whether the
“knock ” in the spark-ignition engine is a true detonation in the
strict sense of the word, for this is a matter for argument between
the physicist and the chemist.

It has for long been realized that it is the incidence of detonation,
and of detonation alone, which, in the past, has set a limit to the power
output and efficiency of the spark-ignition engine when running on
volatile petroleum fuels.

To-day (1952), owing to the great improvements in the processing
of petroleum fuels and, to a lesser extent, to the use of dopes such as
tetraethyl lead, detonation, though still the limiting factor, no longer
maintains quite the over-riding control that it did twenty or thirty

yearsy ago.
jle mechanism of detonation is the setting-up within the cylinder

a pressure wave travelling at so high a velocity as, by its impact
against the cylinder walls, to set them in vibration and thus give rise
to a high-pitched “ ping .

The broad mechanism, as opposed to the chemistry, of detonation
was postulated long ago and can be explained quite simply.

When a combustible mixture of fuel and air is ignited by the passage
of the spark, there builds up slowly at first, but with a rapid accelera-
tion, a small nucleus of flame; this spreads outwards with increasing
rapidity, and if the mixture were at rest, the film of flame would travel
thus in an unbroken front across the combustion chamber. In fact, of
course, the film of flame is broken up by turbulence, but this means
merely that it proceeds more rapidly and as a ragged rather than a
smooth front.

As the flame front advances it compresses ahead of it the remaining
unburnt mixture whose temperature is raised both by compression and
by radiation from the advancing flame until a point is reached when
the remaining unburnt charge will ignite spontaneously, thus setting
up a pressure wave which will pass through the burning mixture at an
enormously high velocity, such that its impact against the cylinder
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walls will give rise to a ringing knock as though they had been struck
by a light hammer.

Consideration will show that the incidence of detonation depends
firstly upon the degree of heating and compression which the still
unburnt mixture can endure, that is, upon the ‘chemical nature of the
fuel itself (and upon its temperature coefficient). Secondly, it depends
upon the opportunities the unburnt mixture has for Zetting rid of the
heat which is being thrust on it by th?{apidly advancing flame front.
Thirdly, it depends upon the absolute ‘distance the flame has to travel
from the point of ignition. Fourthly, it depends on the time factor,
for the reactions in the end gas take some time to develop. It depends
yet again upon the degree of ‘furbulence, but this cuts both ways;
on the onec hand, turbulence serves to assist the unburnt charge in
getting rid of its heat and, at the same time, to speed up greatly the
advance of the flame front, but, on the other hand, it increases the
area of the surface from which heat is being radiated. On balance,
the former function outweighs the latter, and increasing turbulence
tends to reduce the liability to detonate, but much depends on the
actual shape and contour of the combustion chamber. In no case,
within the author’s experience, has increased turbulence increased the
tendency to detonate; in most cases it has much reduced it.

It is, of course, difficult to ascertain what proportion of the total
charge is * detonated ”, but stroboscopic observation through quartz
windows in the combustion chamber and many other less direct pieces
of evidence all indicate that the *“ detonation ” of something less than 5
per cent of the total charge is sufficient to produce a very violent knock.
Apart from the alarming noise, detonation is dangerous in that, if
allowed to persist, it may, and probably will, lead to premature ignition
of the whole charge; also it will cause erosion of the piston crown in
a manner similar to that of marine propeller blades by cavitation.

In engines working at low duty, or of small size, such as light
motor-car engines, detonation is seldom dangerous, for its penetrating
and alarming noise always gives ample warning, but in large high-duty
and, more especially, highly supercharged engines such as aero-engines,
when the general noise level is already very high, it can be exceedingly
dangerous and may lead to wreckage of an engine by pre-ignition,
followed by piston failure, even before it can be detected audibly.

It is always observed that the incidence of detonation, even if only
a slight trace, is accompanied by a considerable increase in the heat
flow to the pistons and cylinder walls. This is due, not, of course, to
any increase in the total amount of heat released, but rather to the
scouring away, by the pressure wave, of the protective boundary
layer of more or less stagnant gas adhering to the cylinder walls. It
is no doubt this increase in the transmission of heat to the containing
walls that gives rise to pre-ignition.
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First and foremost detonation depends on the chemical composition
and molecular structure of the fuel. Though research workers the world
over have been struggling for more than a generation to unravel the
physical and chemical changes which control the tendency of a fuel to
detonate, yet the problem still seems far from solution.

We know from sampling tests and other observations that the
process of combustion involves some extremely complex chemical
reactions and that all sorts of products of partial combustion are formed
in and just ahead of the advancing flame front. Most of these are
transient only, that is to say, they exist and have their being only in
certain temperature ranges and, as such, are extremely difficult to
track down and identify. It seems probable that one or more of these
transient products may act as the fulminate which sets off the charge,
but no one has yet been able positively to identify the offender.

We know that certain compounds such, for example, as ethyl
nitrite will increase greatly the tendency to detonate, and this seems
explainable to the extent that their presence lowers the general level
of self-ignition temperature. We know, too, that carbon_disulphide
when added to petrol will reduce the tendency to detonate despite
the fact that it also has a very low self-ignition temperature, so low
that it cannot be used neat without pre-igniting even at the lowest
compression ratios, but, in this case, we explain the phenomenon by
pointing out that carbon disulphide has a very low temperature co-
efficient. Much more difficult to explain is the action of nitrous oxide,
a highly endothermic oxygen carrier, which, by all the rules, should
intensify greatly the tendency to detonate but which, in fact, has
precisely the opposite effect. No wholly satisfactory theory has yet
been put forward to account for the behaviour of lead and thallium,
both of which elements, when introduced either in a finely divided
metallic form along with the air, or as organic salts soluble in petrol,
are remarkably effective in suppressing detonation, though much more
50 in some hydrocarbon fuels than in others. Presumably they prevent
the formation of, or at once react with, some one or more of the pro-
ducts of partial combustion, which otherwise would be serving as a
fulminate—probably one or more of the unstable peroxides—but this
is not yet proven.

At least we know, from sampling tests from an engine cylinder
just before, during, and after the passage of the flame front, that the
presence of lead tends to reduce the concentration of both peroxides
and aldehydes. Fig. 2.1 is a typical example and is one of many hun-
dreds of such tests carried out in the author’s laboratory on an “ E6
variable-compression research engine. In this case, samples were
collected by means of a timed sampling valve, which, at an engine
speed of 1500 r.p.m., was open for 3 crankshaft degrees only. Samples
were taken over the range from 5° before to 10° after top centre. At
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the same time the passage of the flame front was recorded by means of
ionization gaps and, in this instance, was found to reach the sampling
valve at approximately 10° after top centre.

In this particular instance a high-octane petrol was used which
detonated normally at a compression ratio of about 9:5:1, and a
series of samples taken at compression ratios of 7-0 :1 and 80 :1
when no detonation was observed, at 9:9 :1 when detonation was
very heavy, and again at 99 :1 when all trace of detonation was
suppressed by the addition to the fuel of sufficient tetraethyl lead.
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Fig. 2.1.—Pre-flame peroxide concentration

From the results of this test it will be noted that the concentration
of peroxides, in parts per million, found in the samples of end gas
reaches a maximum in all cases at about 7° after top dead centre, or
very slightly ahead of the flame front. The concentration increases as
the compression ratio is raised from 7:1 to 8 : 1 and still more so at 9-9:1
when heavy detonation is occurring. The addition of lead, still at a
ratio of 99 : 1 but with no detonation, reduces the concentration
from a maximum of 30 parts per million to only about 17 parts per
million.

Fig. 2.2 shows the aldehyde, mainly formaldehyde, concentration
found during the same tests. It will be noted that the concentration of
aldehydes reaches its peak somewhat later in the cycle and after,
rather than before, the passage of the flame front; also that the addition
of lead has substantially the same effect on the aldehyde as on the
peroxide concentration.

When collected and admitted to the cylinder along with the air
and the same amount of petrol, the more stable peroxides, which alone
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could be preserved, are found to be pro-knock, and the formaldehyde
anti-knock.

Evidence such as this would certainly support the theory that lead
is an anti-detonant by virtue of its ability to suppress the formation
of peroxides, but so simple an explanation will not alone suffice.

The problem is complicated further by the fact that there appear
to be at least two chemical mechanisms by which knock can occur.
One class, which includes most fuels of the higher paraffinic, naphthenic
and olefinic types, knocks by a two-stage ““low ’’ temperature oxi-
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Fig. 2.2.—Pre-flame aldehyde concentration

dation process in which a cool flame is first formed and then followed
by the normal hot flame of ignition. Certain fuels, such as methane
and benzene, which do not have a ““ low ” temperature peninsula are
thought to knock by a “ high ” temperature process which does not
involve cool flame formation.

In agreement with this it is found that formaldehyde (fig. 2.3)
which has a pro-oxidant effect in the *“ high ”” temperature region, is a
pro-knock with methane and benzene in the engine. Conversely in
the ‘“low ** temperature region, it has an anti-oxidant effect and is
an anti-knock in the engine with higher paraffinic-type fuels.

Still more striking perhaps is the effect of n-methyl aniline when
added to a standard petrol and benzene, see fig. 2.4. Here again the
n-methyl aniline proves to be an anti-knock in a typical petrol con-
sisting largely of paraffins and an extremely violent pro-knock in a
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fuel of the aromatic series (benzene), but in this case the explanation
may be a purely thermal one.

Fig. 2.5 shows the effect of tetraethyl lead in concentrations up to
20 c.c. per gallon on a range of fuels, viz. cyclohexane (a typical naph-
thene component of petrol), iso-octane (a straight paraffin component),
and four aromatics ranging from benzene to “benzex bottoms” (mainly
xylene). It will be noted that lead is most effective on the paraffin
serics (iso-octane), a little less so on the naphthene (cyclohexane),
while its effect on the four aromatics ranges from almost nil on benzene
to “ very marked >’ on the other three.
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Fig 2.3.—The effect of formaldehyde on the H.U.C.R s (highest
useful compression ratios) of various fuels

The above are a few selected examples from many hundreds of
similar tests carried out in the author’s laboratory, and are included in
this chapter to illustrate how complex a problem faces the chemist
and petroleum technologist.

Of the straight petroleum distillates, we know, of course, from long
experience that those of the aromatic series are far less prone to deto-
nate than the paraffins, while the napthene series occupies a place
about midway between the two. Even to-day we still have to rely
entirely upon engine tests, preferably in variable-compression engines,
to determine the tendency of a fuel to detonate, by observing the
highest compression ratio at which the test engine can be run without
detonation; this we now express in terms of octane number, that is to
say, in terms of the equivalent proportion of iso-octane in n-heptane
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found to give rise to detonation at the same compression ratio as the
sample under test; but the simple engine test no longer suffices, for
though most fuels will detonate when the mixture is weak, but not
when over-rich, their response to mixture strength varies widely and
some at least will tend to detonate again when the mixture is excessively
rich; others are acutely sensitive to temperature and so on, with the
result that to evaluate a sample fuel calls for engine testing under a
wide variety of conditions and renders the octane number a dubious
measure. More especially does this apply to synthetic petrols of high
anti-knock value.
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Fig. 2.4.—The effect of n-methyl aniline on the H.U.C.R. when added to the fuel
Fuels: Benzene and Standard No. 4

Test Conditions: Engine speed, 1500 r.p.m. Inlet air temperature, 120° C.
Engine coolant temperature, 90° C. Solex carburettor

Fig. 2.6 shows the effect of mixture strength on the H.U.C.R.
(highest useful compression ratio) of a few typical but representative
samples of fuel, from which it will be seen that the tendency to detonate
is at a maximum on both methane (paraffin) and benzene (aromatic)
at the chemically correct mixture, on both of which fuels the maximum
is very sharply defined. On cyclohexane (naphthene) it is at a maxi-
mum at about 12 per cent weak, and on iso-octane, with or without
lead, at from 10 to 20 per cent rich, but these maxima are much less
sharply defined.

We do know, and for many years have known, enough of the
mechanism of detonation to enable us to reduce it by appropriate
mechanical design, e.g. (@) by reducing to the minimum the length of
flame travel by using the smallest possible combustion chamber and
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placing the sparking-plug as nearly as possible in the centre or, when
this cannot be done, by the use of two sparking-plugs at opposite sides
of the chamber; (b) by taking care that the end gases, most remote
from the sparking-plugs, have every possible facility for getting rid
of their heat; (c) by doing our best to keep the exhaust valve cool
and, above all, to ensure that it is as far away as possible from the end
gases; (d) by the use of sleeve valves which eliminate the need for any
uncooled surfaces in the cylinder head and which, by their very geo-
graphy, provide automatically an almost ideal form with the sparking-
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Fig. 2.5.—Effect of tetraethyl lead on the H.U.C.R.s of various fuels

Fuels:
0O — O — O cyclohexane. X — X — X cumene.
+ — + — + iso-octane, O — O — O toluene.
# — « — « ‘““benzex bottoms”. A — A — A benzene.
T'est conditions:
Engine speed, 1500 r.p.m. Inlet air temperature, 120° C.

plug in the centre; (e) by employing as high an intensity of turbulence
as is consistent with other considerations, such as smooth running and
low general heat loss; (f) by ensuring that the position of the sparking-
plug is such that it will, at every cycle, be scoured of residual inert
products of combustion, thus ensuring, as far as possible, uniformity of
delay during the first phase of the combustion process, and, for the
same reason, (g) by ensuring that the ignition spark shall occur at the
same phase in every cycle.

All these factors were fully realized and well understood more than
thirty years ago and we have probably almost reached the limit of
what can be achieved by mechanical design.

Since detonation is initiated only in the end gas, one obvious line
of attack is to ensure that the end gas shall consist either of air only,
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or at least of a fuel-air mixture too weak to detonate. This implies a
very considerable measure of stratification such as can probably be
achieved only by fuel injection directly into the cylinder. The best
known and probably the most successful example of this line of thought
is the Hesselmann engine. In this case, as in a compression-ignition
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Fig. 2.6—Effect of mixture strength on the H.U.C.R.s of various fuels
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Test conditions:
Engine speed, 1500 r.p.m. Inlet air temperature, 120° C.

engine, air only is drawn into the cylinder and set into a rotational
swirl either by a suitable mask on the inlet valve, or merely by direc-
tion at the inlet port. Into this rotating body of air, fuel is injected as
a finely atomized spray towards the end of the compression stroke,
and ignited by a sparking-plug placed at some distance downstream
from the injector, so timed that the passage of the spark shall coincide
with the arrival at the plug of the fuel first injected. Thus down-
stream of the sparking-plug is only pure air, while upstream of it there
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is being formed a combustible mixture as the finely pulverized liquid
fuel is fed into the passing air stream. At any given moment in the
combustion process the only inflammable and unburnt mixture is that
contained in the area between the fuel injector and the ignition plug.
Downstream of this zone, the products of combustion are chasing the
air round the combustion chamber while upstream fresh air is coming
into the zone to complete combustion, thus nowhere is there any
combustible end gas. By such means Hesselmann succeeded in operat-
ing a spark-ignition engine at a high ratio of compression on very low
octane fuels such as kerosene and even light gas-oil, provided the latter
was sufficiently volatile. Because, like the compression-ignition engine,
it can digest a relatively hecavy fuel, the Hesselmann engine is fre-
quently, though quite erroneously, described as a Diesel engine.
Although by these means it is possible to eliminate detonation, or at
least to defer it to a much higher ratio, and so make good use of low
octane fuels, yet this result is achieved only at a very high cost in both
complexity and sensitivity. Such an engine requires a fuel injection
pump and injector, plus electric ignition, plus some automatic means
of controlling the supply of air, for, unlike the C.I. engine, it cannot be
controlled throughout the entire load range on the fuel admission alone,
since there is a limit to the range of air-fuel ratio which can be ignited
by spark ignition even with a stratified charge. It embodies therefore
all the complexities of both a C.I. and a spark-ignition engine, but as
compared with the C.I. engine, it has the advantage that it can operate
at lower pressures throughout the cycle.

Again, as to sensitivity, its proper functioning depends upon the
timing of both the fuel injection and of the spark, and of the interval
between the start of injection and the passage of the spark. At any
uniform speed or load, these timings can be found and fixed, but on
widely varying loads and speeds they must be varied, and that not
always in the same phase relation to one another. So long as the engine
is used at constant speed as in a stationary engine, or at a fixed rela-
tion between torque and speed, as in a marine engine, it is possible to
devise a control mechanism which will afford a good compromise, but
as applied to say a motor vehicle, the problem becomes very difficult.
In practice this type of engine has been used with success, but chiefly
in marine or stationary service.

Influence of Various Factors on Detonation

Apart from the use of dopes in the fuel such as tetraethyl lead or
thallium oleate, etc., detonation may to some extent be inhibited by:

(1) The Use of C'ooled Exhaust Products. In this case the effect of
cooling and re-introducing exhaust products is to dilute the oxygen
content of the air and thus to lower the flame temperature, but this,
of course, has the effect also of narrowing the range of mixture strength,
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more especially on the weak side, with the result that what we gain in
efficiency by the use of a higher compression ratio, we lose by the
necessity of having to use a richer mixture. None the less, if the cooled
products are admitted and the mixture enriched only at or near full
load, we shall gain the full advantage of the higher compression ratio
at reduced loads. If instead of re-admitting cooled exhaust products
we merely trap a greater proportion of hot products in the clearance
space, then the additional heat they provide will offset, and more than
offset, their diluent effect, the flame temperature will be higher and the
tendency to detonate increased, and that to premature ignition very
much increased.

(2) The Use of Water. In the early years of the present century, it
was common practice to admit a trickle of water into the vapourizer of
kerosene engines; the steam thus formed served as a very effective
diluent to inhibit detonation or, as it was then believed, pre-ignition.
The method of admission was, however, very crude and relied solely
upon manual control, with the result that on light loads the proportion
of water became excessive and frequently led to severe corrosion
troubles.

In the first years immediately following the 1914-18 war, the sup-
plies of petrol available in Great Britain had an octane number of
between 45 and 50 or even lower and were very prone to detonation.
At the same time the majority of commercial motor vehicles were
fitted with side-valve engines with a flat combustion chamber extending
over the whole cylinder and valve box. The combination of a very low-
octane fuel with a form of combustion chamber extremely prone to
detonate condemned such engines to a compression ratio of something
less than 4 : 1 with, in consequence, a very high fuel consumption.

Tests carried out on the author’s variable-compression engine had,
by this time, shown the value both of water alone and of mixtures of
water and both methyl and ethyl alcohol as anti-detonants.

In brief these tests revealed:

(1) That dry steam alone was in itself an effective anti-detonant,
but that, as in the case of cooled exhaust gases, both the maximum
power, at any given compression ratio, and the mixture range
were reduced, due to displacement of oxygen and dilution.

(2) That water was more effective than steam in that its latent
heat served both to reduce the compression temperature and to
increase the volumetric efficiency to an extent which more than
compensated for the displacement of oxygen by steam, but much
depended upon when, where, and to what extent the water was
evaporated. If complete evaporation took place in the induction
pipe or in the cylinder before the closing of the inlet valve, then the
full value of its latent heat could be realized, both to increase the
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volumetric efficiency and therefore the power output, and to sup-
press detonation. If evaporation took place during the compression
stroke, then it still served as an effective anti-detonant, but no
longer as a power augmenter, while any liquid which remained
after ignition had taken place served merely to absorb the heat of
combustion and so reduce the power output and efficiency without
any compensating advantage. In practice, of course, some evapora-
tion occurred at all these stages, and the aim was to complete it as
early as possible by thorough pulverization combined, if necessary,
with some additional preheating in the form of a local hot spot in
the induction pipe against which the water jet impinged.

(3) At that time it was found that the addition of ethyl or

methyl alcohol (methanol) was effective in that:

(a) It lowered the boiling-point and so ensured that evaporation
took place earlier in the cycle.

(b) Since methanol is combustible, its addition to the water
gave, automatically, that increase in total mixture strength
which was needed both for acceleration and to counter the
narrowing of the mixture range due to dilution with steam.

(¢) Methanol vapour has a very high H.U.C.R. and is therefore,
in effect, itself an anti-detonant, but unfortunately it is very
prone to pre-ignition if used in too strong a concentration.

(d) Ethyl alcohol was preferable to methyl in that it was less
prone to pre-ignition but, owing to its higher boiling-point, it
was inferior from the point of view of power augmentation.

(e) Both methyl and ethyl alcohols gave protection against
freezing.

On the strength of these observations a form of carburettor was
developed with two float-chambers, one fed with petrol and the second
with either water alone, or a mixture of water with ethyl or methyl
alcohol. The petrol side of the carburettor was normal in every respect,
while the water side had a single jet feeding into the choke tube, but
controlled by a diaphragm subject to the induction pipe pressure. So
long as the pressure in the induction pipe was below a certain pre-
determined limit, the water jet remained closed and the engine func-
tioned on petrol alone, but on full throttle, or when the induction pipe
depression fell below some pre-determined minimum, the water jet
was opened by the movement of the diaphragm. Thus control of the
water was completely automatic and came into play only when the
engine was heavily loaded.

After some preliminary road tests carried out during 1920-21, in
which it was found that the compression ratio could safely be increased
by approximately one ratio, i.e. from 4-0 : 1 to 50 : 1, & number of
motor-buses operating in the Midlands and South of England were
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equipped and put into regular service with these dual carburettors.
Using water alone the gain in overall fuel economy was found, in
regular service, to be of the order of 10 per cent. Using an alcohol
mixture the saving in petrol was increased to about 15 per cent or only
a little more than sufficient to balance the cost of the alcohol. Thus its
commercial advantage over water alone was reduced to a slight in-
crease in maximum power and protection against freezing. After a
number of buses had been in service for about 18 months the use of
the dual carburettor was abandoned because:

(1) The introduction of the so-called turbulent head for side-
valve engines, coupled with a slight improvement in the octane
number of the fuel available, allowed of a compression ratio of
5-0 : 1 being used without the addition of water, and the smaller
gain to be expected from its use at a higher ratio would not have
been sufficient to offset the nuisance, even in an organized bus
fleet, of having to use two fuels.

(2) A number of troubles cropped up in the course of operation;
chief of these were:

(2) The quantity of water or water/alcohol used during any
given journey varied widely. Although the control was
entirely automatic, yet much depended on the manner of
driving, and it was found that one driver would use twice
as much as another over the same route; hence tankage
capacity had to be provided sufficient to meet the worst
condition.

(b) Considerable trouble with corrosion was experienced, more
especially when alcohol was added.

The conclusion reached from this relatively large-scale experiment,
extending over many months, was that the use of water, or of a
secondary fuel, as a means of suppressing detonation in an unsuper-
charged engine was not worth while unless the octane number of the
petrol available was much below about 50, for the overall saving in
fuel was not sufficient to compensate for the added maintenance
troubles, and the nuisance of having to supply and carry two fuels,
even on 80 highly organized a service as a motor-bus fleet.

As applied, however, to a supercharged engine, the case is very
different, and the use of water or water/methanol mixtures has be-
come almost standard practice for aero-engines and racing-cars; but,
in the latter case, where neither fuel costs, nor weight of fuel, come
into the picture, even better results can be obtained by employing a
fuel in which the water can be carried in solution, i.é. a mainly .alcohol
fuel, or by the use of a mutual solvent such as acetone, for if carried
in solution in the fuel, far better use can be made of the latent heat of

the water.
4 (G 640)
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Pre-ignition

In the early days of the petrol engine what we now describe as
detonation was invariably attributed to pre-ignition, that is to say, to
ignition from some hot spot in advance of the timed spark, and this
belief held sway almost until the eve of the first world war, despite a
rapidly mounting accumulation of evidence to the contrary. To the
best of the author’s belief the late Professor Bertram Hopkinson was
the first to point out in 1906 that, in his view, the two phenomena
were not only quite distinet, but had no direct relation to one another,
but his belief went unheeded for several years. In the first place, pre-
ignition in itself, as Hopkinson pointed out, does not produce any
high-pitched knock; if audible at all, it is merely as a dull thud. Be-
cause pre-ignition is frequently brought about as a result of persistent
detonation, the high-pitched ringing knock of the latter came quite
erroneously to be associated with it.

The process of combustion when initiated by a hot spot or surface
appears, so far at all events as the second stage is concerned, to be
exactly the same as when initiated by a high-tension spark, and when
both occur at the same phase in the cycle, they are indistinguishable
either on the indicator diagram or by ionization indicators, that is to
say, for any given degree of turbulence, the rate of pressure rise and
the movement of the flame front appear to be exactly the same.
Whether the time taken to develop the initial nucleus of flame is also
the same is, of course, uncertain, for without a timed spark, no means
exist of determining the exact time when inflammation is first ini-
tiated. It is by no means uncommon for pre-ignition—or in this case
it would be more correct to describe it as auto-ignition—to occur at
the same phase as the timed spark, in which case the ignition can be
switched off, and the engine will continue to run perfectly steadily
without the slightest observable change in performance, sound, or
any other characteristic. Under such circumstances it is, of course,
quite harmless. The danger lies in the fact that all control of timing is
lost and ignition may creep earlier and earlier in the cycle.

The danger of pre-ignition lies not_so_much in the development of
high pressures but rather in the very great increase in_heat flow to the
‘piston and cylinder walls when ignition occurs too early in the cycle;
the ihcrease in heat flow in turn raises still further the temperature of
the hot spot or surface which is initiating pre-ignition and so causes
still earlier ignition until such a temperature is reached as actually to
ignite the incoming charge and so fire back into the carburettor. The
belief, still widely held, that pre-ignition can give rise to dangerously
high cylinder pressures is quite unfounded. Under no circumstdances
is the peak pressure resulting from pre-ignition appreciably higher
than from a spark-initiated ignition and, in both cases, the peak is
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reached when the maximum pressure is attained at or just after top
dead centre, that is to say, about 10° earlier than the normal optimum.
As the time of ignition is further advanced either by advancing the
time of the spark or by earlier pre-ignition, the maximum cylinder
pressure falls again due to the excessive heat loss, for the piston is
then compressing gas at or about its maximum temperature, and the
intensity of heat flow is increased many times. The danger lies not in
the production of excessive pressures but of excessive heat flow. In a
single-cylinder engine pre-ignition is usually harmless; if allowed to
proceed unchecked the power output will gradually die away and,
provided there is no detonation, the engine will slowly and silently
come to rest. The serious danger occurs when pre-ignition develops
only in one or more cylinders of a multi-cylinder engine, then the
remaining cylinders will carry on at full speed and power, dragging the
pre-igniting cylinder after them. The intense heat flow in the affected
cylinder will then probably result in piston seizure followed by the
breaking-up of the piston with catastrophic results to the whole engine.

JWhen using ordinary petrol as fuel, pre-ignition is generally, though
not always, caused by persistent detonation. As mentioned earlier
detonation tends to increase the heat flow generally and so to raise
the temperature of any alrecady hot spot such as the sparking-plug
electrodes, but with benzole, for instance, or methyl alcohol, pre-
ignition will usually occur without any trace of detonation and there-
fore without any audible warning. v

In nine cases out of ten, pre-ignition is initiated by overheating of
the sparking-plug electrodes. In the early days of the fuel research in
the author’s laboratory, the best sparking-plugs available were liable
to cause pre-ignition at high ratios of compression, and because of the
early incidence of pre-ignition, it was not then possible to explore the
detonation tendencies of many fuels such as those of the naphthene or
aromatic series, or of the alcohol group. Since those days there have
been great improvements in the design and manufacture of sparking-
plugs, but, none the less, the danger of pre-ignition still remains.

With the rapid increase in the performance of military aero-engines,
just before and during the second world war, combined with the intro-
duction of high-octane petrols, the danger of pre-ignition became once
again very acute, and there was little room for doubt that the wreckage
of many aero-engines by piston failure was due to pre-ignition. So
serious did the trouble become that in 1942 a fresh research was started
in the author’s laboratory into the effect of various fuels on the ten-
dency to pre-ignite, while a parallel investigation was being carried
on into the working temperatures and cooling of sparking-plug elec-
trodes.

For this research a special version of the “E6” variable-com-
Pression engine was designed and constructed in which every effort
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was made to ensure the most effective cooling of the piston, cylinder
head, exhaust valve, and sparking-plug body, and a special “ pre-
igniter ” whose temperature could be controlled was fitted in the
cylinder head on the side opposite to the sparking-plug. In actual
fact two different forms of ‘ pre-igniter ” were developed, one of
which (see fig. 2.7) consisted of a coil of ** Nimonic ” wire whose tem-
perature could be raised electrically to any desired degree. The second
form used for supercharging tests consisted of a thermally insulated
thimble of heat-resisting material projecting into the combustion
chamber and cooled by a flow of air through the hollow body (see
fig. 2.8). Both forms served
their purpose well and both
showed agreement in their
assessments of the various fuels,
etc., the essential difference
between them being that one
represented a localized hot spot,
not unlike the electrodes of a
sparking-plug, and the other a
more extensive hot surface and,
as such, was more comparable
to an exhaust-valve head.

The first difficulty to be
overcome was how to determine
when pre-ignition was occur-
ring, for, as explained earlier,
the behaviour of the engine was,
in every comparable respect,
precisely the same whether
ignition was initiated by the
passage of the spark or by the pre-igniter so long as it occurred at the
same phase in the cycle; none the less it was essential to know exactly
when and under what conditions auto-ignition was initiated. Of
course, after a while, the auto-ignition advanced itself and so became
evident, but by this time the temperature of the pre-igniter had risen
far beyond the critical. After many attempts the following method,
initiated and developed by the N.A.C.A., was adopted. The pre-igniter
was situated at the opposite side of the combustion chamber and there-
fore as far remote as possible from the sparking-plug, thus the flame
front initiated by the sparking-plug did not reach the pre-igniter until
almost the end of its travel. An ionization gap was fitted close along-
side the pre-igniter to record by a signal on a cathode-ray screen the
arrival and passage of the flame front. When running under normal
full-load conditions, with optimum spark timing, the flame front did
not reach the ionization gap till about 10° after top centre, but when

INSULATORS

Fig. 2.7.—Pre-ignition plug (hot-wire type)
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ignition was initiated by the pre-igniter the flame passed the ionization
gap and was signalled on the screen some 10° or 15° earlier.

The test procedure was to run up to full load on spark ignition
and note the signal from the ionization gap, then gradually to raise
the temperature of the pre-igniter until the ionization gap signalled
a much earlier passage of the flame, at first intermittently, but very
soon consistently, although the performance of the engine remained

l\ AIR_SUPPLY

s
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Fig. 2.8.—Pre-igmtion plug (thimble type)

unchanged. As an occasional check, once the ionization signal had
shifted to the earlier station, the ignition was switched off, when the
engine carried on quite normally, thus confirming that the pre-igniter
had taken charge. This technique, when fully developed, proved very
satisfactory and consistent and was adopted throughout all the sub-
sequent tests. In later tests the pre-igniter coil was made in two
parts, one of Alumel and the other of Chromel, forming a thermo-
couple junction in the middle coil. The hot-thimble pre-igniter was
also similarly converted into a pyrometer. The resultant thermal
e.m.f. gave a measure of the actual temperature. Fig. 2.9 shows the
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layout of the cylinder head with the pre-igniter, ionization gap, and

sparking-plug in position. .
A very large number of tests were made on various fuels, at various

ratios of compression, different mixture strengths, ete.

/

Fig. 2.9.—Diagram showing position of pre-igniter, ionization gap and
sparking-plug in cylinder head

It was found, as would be expected, that on all fuels tested the
tendency to pre-ignite was at its maximum at the mixture strength
giving maximum flame temperature, i.e. round about 10 to 15 per cent
rich.

No tangible relationship was found between the tendency to deto-
nate and to pre-ignite; thus Table I gives the observed results of tests
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on a wide range of fuels. In column 1 is given the relative resistance to
pre-ignition in terms of iso-octane = 100 and cumene = 0. In the
second column is given the corresponding H.U.C.R. in the same engine
with the pre-igniter removed. It will be noted that there is very little
relationship between the two. The first seven fuels and the last in the
table are all samples of relatively high-octane petrols composed for

TaBLE 1

PrE-1IGNITION AND KNOCK RATINGS OF A SELECTION oF FUELS

Pre-ignition | Knock ratin,
Fael B6 | E6 HUCK
Iso-octane (2-2—4 trlmethyl pentane) .. 100 10- 96
Hot-acid octanes .. .. 72 10-85
Neohexane .. .. .. . .. 80 9-85
Isododecane .. .. . .. 66 9-30
Alkylates .. .. .. .. .. 77 10-05
Hydropetrol .. .. 56 7-95
Hydropetrol 4 6 ml. T.E. L /unp gal .. 75 11-80
Cyclohexane . .. < 0 820
Benzene .. .. .. .. .. 30 14-60
Toluene .. .. .. .. .. 91 15-00
Xylenes (mixed) .. .. .. .. > 100 11-25
Cumene (isopropyl benzene) .. .. 0 12-55
Victane (iso & n-butyl benzene) . 10 10-30
Pseudo-cumene (1-2—4 trimethyl benzene) 98 9-65
Mesitylene (1-3-5 trlmethyl benzene) .. 100 —
Di-isobutylene .. .. 50 10-00
Methy! alcohol . < 0 c. 1500
Isopropyl alcohol .. c. 60 c. 1400
Acetone .. c. 75 c. 18-:00
Methyl ethyl ketone .. < 0 15-00
B.A.M. 100 octane reference fuel (15 2%
aromatics, 547 ml. T.E.L./imp. gal.) . 77 124

the most part of paraffins; among this group it will be noted that there
is some relationship between the tendency to detonate and to pre-
ignite. The next sample, cyclohexane, a typical member of the naph-
thene group, has a moderately high H.U.C.R. of 8:20 : 1, but its pre-
ignition number is less than 0 on the octane-cumene scale. The next
group in the table are all aromatics. It will be noted that there is no
consistency among them. Benzene at 14-6 : 1 and toluene at 15:0 : 1
have the highest H.U.C.R. Cumene at 12-55 : 1 comes next and xylenes
at 11:25 : 1 next, in order in their relation to detonation, but as regards
their tendency to pre-ignite, the xylenes are the least prone of all, and
even better than iso-octanes. Toluene comes next at 91, benzene at
only 30, and cumene at 0.
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In the next group are the alcohols and ketones, all of which have
very high H.U.C.R.s, ranging from acetone 18-0 : 1 to isopropyl alcohol
14-0 : 1. All these are very prone to pre-ignition more especially methyl
alcohol and methyl ethyl ketone, both of which appear as well below
zero on the arbitrary scale. That pre-ignition, has not proved more
troublesome in practice on the alcohol fuels is probably due to the fact
that in their commercial form they all contain at least a small pro-
portion of water, and water is a very effective inhibitor of pre-ignition.

Of the anti-knock dopes it was found that lead had a small effect
in inhibiting pre-ignition, more especially in petrols of the paraffin
series; in this respect its behaviour is akin to that in relation to deto-
nation.

Aniline and monomethylaniline which are effective anti-knocks in
some fuels had apparently no effect at all as inhibitors of pre-ignition.

The author has perhaps rather laboured this question of pre-ignition,
because it is one to which scant attention has been paid. We are accus-
tomed nowadays to focus all our attention on the subject of detonation,
for it is the limiting factor controlling the performance of a spark-
ignition engine. We are apt to forget that the real danger is that it
leads on to pre-ignition. In itself detonation is not dangerous; it is
the pre-ignition it gives rise to that can so easily wreck an engine.



CHAPTER III
Efficiency

While there are many possible cycles of operation, two only are in
general use, both of which are practical and efficient:

(1) In which the air is first saturated with the quantity of fuel
needed for combustion, then compressed and, after compression,
the mixture is ignited and burnt at constant volume; the highly
heated air is then allowed to expand, doing work on the piston until it
has reached its original volume, when it is released.

(2) In which air alone is compressed and, after compression, the
fuel is forced into the cylinder and burnt as it enters; the rate of
fuel admission being such that the pressure remains substantially
constant throughout the combustion process, despite the outward
movement of the piston and therefore the increase in volume. The
supply of fuel is then cut off and the highly heated air allowed to
expand as before, until its original volume is reached.

These two cycles are generally termed constant volume and constant
pressure cycles. Between them there are many compromises; in fact,
all practical working cycles are to some extent intermediate between
these two limits. There are, however, many possibilities; for example,
the air may be expanded to a volume considerably greater than it
occupied before compression, in which case the efficiency will be higher,
for, whether the cycle be a constant volume or a constant pressure
one, the efficiency depends primarily upon the ratio of expansion.

Before considering the possible efficiency of these cycles it is well
to point out one factor which has a most important influence in practice,
namely, that high maximum pressures necessitate heavy moving parts,
heavy piston-ring loading, and, therefore, high frictional losses, so that
for equal mean pressures the cycle which will yield its efficiency at the
lowest maximum pressure will always show to advantage in practice.

Of the two cycles quoted above, and for the same compression ratio,
the constant volume cycle is necessarily the more efficient, because
expansion starts at once, whereas in the true constant pressure cycle,
expansion starts only after the period of fuel admission is over, as is
illustrated by fig. 3.1 and 3.2. Fig. 3.3 shows the two cycles superim-

47.
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posed from which the extra work obtained in the former case from the
same expenditure of fuel is apparent.

(1) In the above figures the two heat cycles are compared at
the same low ratio of compression, viz. 7 : 1, in order to emphasize
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Fig. 3.1.—Constant volume cycle

their difference, and for comparative purposes only. This is not a just
comparison because in the case of the constant pressure cycle, since
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Fig. 3.2.—Constant pressure cycle

air only is present in the cylinder during the compression stroke, a
very much higher ratio of compression may be, and in fact must be,
used. Hence, although expansion starts later in the stroke, none
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tho less the overall ratio of expansion is generally greater in the
constant pressure than in the constant volume cycle, even when
the maximum amount of fuel is supplied, while at reduced fuel
deliveries the ratio of expansion is greater still.

CYLINDER PRESSURE

Atm.

v

Fig. 3.3.—Superimposed constant volume and constant
pressure cycles

(2) It would appear also from the comparative diagrams that
the ratio of mean effective to maximum pressure is more favourable
in the case of the constant pressure cycle—this, however, is not the
case when the two heat cycles are compared each at the compression
ratio best suited to the fuels they use, and still less so when the
departures from the ideal cycles imposed by the combustion con-
ditions are taken into account.

Air-cycle Efficiency

Let us consider first the constant volume cycle which approximates
to that on which most normal spark-ignition engines operate. If the
working medium consisted solely of pure dry air, and if there were
no interchange of heat to or from the cylinder walls, the efficiency £
would be given by the formula

Ee1— (l)r-l
r

where r is the expansion or, as it is more commonly termed, the
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compression ratio, and vy is the ratio of the specific heats of air at con-
stant pressure and at constant volume. Then

= LM—(E = 1-402, or, say, 1:4.
0-1715
The latter is the value generally accepted by engineers.

According to this formula which is generally known as the air
cycle, the efficiency depends solely upon the ratio of expansion, and
therefore of compression, and is independent of the temperature.
Though it does not pretend to give a true value for the possible effi-
ciency of the cycle, it none the less serves as a most convenient basis
for comparison. According to the above formula the air-cycle effi-
ciency, for a range of expansion varying from 40 :1 to 20-0:1, is
shown in Table I and in the graph, fig. 3.4.

TasLE 1
Expansion ratio Air-cycle efficiency
40:1 426
50:1 47-5
60:1 51-2
70:1 54-0
80:1 56-5
90:1 585
100 :1 60-2
110 :1 61-7
12:0 :1 63-0
13-:0:1 64-2
140 :1 65-2
150 : 1 66-1
160 : 1 67-0
170 :1 67-8
180 :1 68:5
190 :1 69-2
20:0:1 69-8

The air cycle, though useful as a basis for comparison, is not strictly
applicable for a number of reasons, the more important of which are:

(1) The working medium does not consist solely of pure dry
air, but of a mixture of nitrogen and the products of combustion.

(2) The specific heat of the products of combustion increases
with increase of temperature, so that heat added at the higher tem-
peratures does not produce the same increase in temperature and
pressure as at the lower.
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(3) At very high temperatures the products of combustion tend
to dissociate, the CO, breaking down into CO and O, and the water
vapour into H, and O,. This dissociation involves the absorption
of a considerable amount of heat, which is not all returned.

(4) There is some loss of heat to the walls of the combustion
space.

(5) The final products of combustion do not, at the same tem-
perature and pressure, occupy the same volume as the original
fuel and air mixture. The volume occupied may be greater or less
according to the chemical composition of the fuel.
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Fig. 3.4.—Air-cycle efficiency

The discrepancies, as compared with the air-cycle standard, due to
change of specific heat, to dissociation, and to direct heat loss to the
cylinder walls, are all dependent upon the flame temperature, and all
increase rapidly as the temperature is increased. It has been shown,
however, in Chapter I that in the case of the spark-ignition engine,
the range of flame temperature over which the engine can operate is
very limited except in the case of certain gaseous fuels such as hydrogen;
for unless the air is fully or very nearly fully saturated with fuel, the
latter will not burn with sufficient rapidity, while, if there is any excess
of fuel present, it affects the temperature but little, for once the whole
of the oxygen in the cylinder is combined, no more fuel can be burnt
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and any excess merely passes to waste without anything more than a
purely secondary effect upon the temperature or pressure of the cycle—
a secondary effect which may, however, be very important in its in-
fluence on the tendency to detonate.

So long as no additional inert or partially inert gases are present
other than the small proportion of exhaust products left behind from
the preceding cycle, the temperature of combustion will be, in round
figures, about 2500° C. after allowing for the factors mentioned pre-
viously, and assuming that the direct loss of heat to the cylinder walls
is reduced to the minimum possible. This figure is based on a com-
pression ratio of about 5-0 : 1; at higher compression ratios the tem-
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Fig. 8.5.—Curve showing theoretical increase in thermal efficiency with weak mixtures

perature of combustion will be increased, due both to the smaller
preportion of residual exhaust gas and to the higher temperature of
the compressed mixture prior to ignition; the former will tend to reduce
the amount of dilution by inert gas and the latter to raise the tem-
perature at the starting point of combustion and so increase the
flame temperature by a like amount. Both effects are, however, quite
small in so far as they influence either the thermal efficiency relative
to the air cycle or the range of mixture strength, but they have a
very important and indeed decisive influence on the tendency to
detonate.

Were it possible by any means to burn a smaller proportion of fuel,
as is possible in the case of the constant pressure cycle, then the mean
temperature of combustion would be lower, the losses would be reduced,
and the efficiency at any compression ratio would rise as the fuel or
heat supply is reduced until, at the point of no heat supply, it would
coincide with that of the true air cycle, as shown in fig. 3.5, which gives
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the theoretical efficiency for a petrol-air mixture at a compression
ratio of 5 : 1.

The term * efficiency ” is here taken to mean the proportion of
the total heat liberated by the combination of the fuel with the oxygen
in the air, which appears as useful work on the piston. It is customary
to reckon the efficiency of any heat engine from the heat value of the
fuel supplied, and since it is the fuel alone and not the air which costs
money, this is, of course, the practical aspect. In the case of the con-
stant-volume or spark-ignition engine and more especially when it is
using a liquid fuel, a more accurate determination of the true efficiency
can generally be obtained from the consumption of air, since every
pound of air will, by the combination of its oxygen with the fuel,
liberate a definite amount of heat, whether it be saturated or super-
saturated with fuel. This distinction becomes the more marked when a
number of cylinders draw their supply of fuel from a single mixing-
chamber or carburettor which may be, and probably is, supplying an
excess of fuel to one or more cylinders; or again an appreciable amount
of lubricating oil may be being burnt as fuel.

If the efficiency be deduced from the weight of fuel consumed by
such an engine, we may arrive at either too high or too low a figure for,
on the one hand, some of the fuel is probably being wasted and, on the
other, some of the lubricating oil is being burnt as fuel, but if it be
measured from the weight of air consumed, we shall, so long as the air
is saturated or supersaturated, arrive at a true value.

With all the more usually available liquid fuels or lubricants, the
heat liberated by their combination with 1 1b. of air is, in round figures,
about 1300 B.Th.U. irrespective of the calorific value of the fuel.
Actually it varies a little, but over the whole range of the normally
available liquid fuels it lies between the limits of 1275 and 1335 B.Th.U.
per lb., an extreme variation of less than 5 per cent, while for all pet-
roleum fuels it may be taken as 1290 B.Th.U. per lb. to within 1 per
cent; for commercial benzol 1320 B.Th.U. and for commercial alcohol
1330 B.Th.U.. Table II (p. 54) gives in more detail the heat liberated by
the combination of 1 Ib. of air with six representative samples of petrol
and with benzol, ether, and alcohol.

At first glance it would appear that alcohol should yield a somewhat
higher temperature, and therefore a higher power output, but this is
not necessarily the case, for although 1 lb. of air when combined with
ethyl alcohol will liberate more B.Th.U.s than when combined with,
say, petrol, yet against this must be offset the fact that the volume of
alcohol vapour required for complete combustion is about three times
that of the equivalent petrol vapour, and therefore correspondingly
more air must be displaced to make room for it.

In the last column is given the heat liberated per standard cubic
inch of mixture (i.e. fuel vapour and air), from which it will be seen
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54
TasLe IT
Effective lower . | * Heat liberated per
cuel calonific value | Air-fuel Igeaic ll{)ber;u ted standard cubic inch
Fue (B.Th.U. ratio yB Th % 8T | of mixture giving
per lb.) (B.Th.U.) complete combustion
Petrol samples
(1) 19,020 147 1295 485
(2) 19,120 14-8 1293 48-53
(3) 18,900 14-6 1295 4835
(4) 19,090 14-9 1282 4859
(5) 19,250 15-0 1285 48-54
(6) 18,920 147 1288 48-31
Benzol 17,500 13-2 1320 47-7
Ether .. . 16,830 13-0 1295 49-3
Ethyl alcohol (95Y;) 11,125 8-4 1330 46-9

that the position is reversed, and that in fact less heat is liberated by
the combustion of an alcohol/air mixture.

It is true that more power is obtained from ethyl alcohol than from,
say, petrol or benzol, but this is due rather to the fact that, owing to
its higher latent heat of evaporation, the final temperature of the
mixture at the end of the suction stroke is lower, and the density of
the charge correspondingly greater.

Specific Heat

We have shown that the air-cycle efficiency is not an attainable
ideal, because the medium with which we are working is not pure dry
air, and also because some loss of heat to the walls of the cylinder is
inevitable. We may examine these factors a little more closely and
try to assess their influence.

The working fluid in, say, a petrol engine consists at first of nitrogen,
oxygen, petrol vapour, and a small proportion of exhaust products
left behind from the previous cycle in the clearance volume of the
cylinder. After combustion, and neglecting the presence in minute
quantities of products of partial combustion, the working fluid con-
sists of nitrogen, carbon dioxide, and water vapour. Apart from the
chemical change which the working fluid has undergone, its physical
properties also have changed quite appreciably.

The specific heat of most gases increases with increase of tem-
perature but the rate of increase varies very considerably as between
nitrogen, carbon dioxide, and steam. The change in specific heat with
temperature, for the three principal constituents of the working fluid,
is approximately as shown in Table III.

* Allowing also for increase of specific volume.
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TasLe IIT

MEaN INCREASE IN Speciric Hear From 100° C. To 3000° C.

100°C. u ]
to500° ¢ | 1000°C. | 1500°C. | 2000°C. | 2500°C. | 3000° c.}
|
1

Nitrogen .. 1-.00 1-02 1-065 111 1-16 1-22
Water vapour 1-00 1-11 1-22 1-35 1-55 1-79
Carbon dioxide 1-00 1-155 122 1-27 1-32 1-33

The increase in the specific heat of the working fluid means of course
that the heat given out by combustion is not accompanied at the
higher temperatures by a corresponding increase in pressure. It will be
seen that nitrogen, which forms by far the bulk of the working fluid,
is the least susceptible to change at the higher temperatures, while
the specific heat of water vapour increases very rapidly.

Since the temperature range in which we are most interested is
that from 2000° C. to 3000° C., it follows that of the two constituents
other than nitrogen, carbon dioxide is preferable to water vapour, and
therefore that in this one respect a fuel containing a high percentage of
carbon and burning down to carbon dioxide is preferable to one con-
taining a large proportion of hydrogen. There are, however, other
considerations which favour the hydrogen content.

It is the increase of specific heat at high temperatures, above all
other factors, which controls our possible efficiency, and a glance at
the above table is sufficient to indicate how far short of the air-cycle
efficiency we must inevitably fall, and how desirable it becomes to
work at the lowest possible maximum temperature.

Dissociation

At very high temperatures both water vapour and carbon dioxide
break down to a certain extent and a considerable amount of heat is
absorbed thereby. The degree of dissociation, in both cases, is depen-
dent upon pressure as well as upon temperature, so that it is influenced
to a small extent by the compression ratio of the engine. This absorp-
tion of heat is by no means a total loss, for much of it is returned as the
temperature and pressure fall during the course of the expansion
stroke; some of the heat is returned quite early in the stroke and can
be utilized throughout the remainder of the expansion, but some is not
returned until near the end when it is of but little value, while recom-
bination is seldom quite complete, even when the exhaust valve opens.
The longer the expansion the lower will be the final temperature;
hence again the loss by dissociation is dependent, to some extent, upon

the ratio of expansion or compression, for not only will dissociation
5 (G 640)
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be less under the higher pressure, but the longer expansion will permit
of more recombination. On the whole, the effect of dissociation, in so
far as it influences the power and efficiency of an engine, is compara-
tively small, but, since its extent depends largely upon the composition
of the products of combustion and upon the compression ratio, its
influence can certainly not be ignored.

Tables IV and V indicate the degree of dissociation in terms of
percentages at different pressures and temperatures.

TaBLE IV
Dr1ssociaTION oF WATER AT DIFFERENT PRESSURES AND TEMPERATURES
Pressure (atmospheres)
Temﬂpomture
(“abs.)
01 10 10-0 100 0
1500 | 0-403 0-02 0-009 0-004
2000 1-25 0-58 027 0-125
2500 8-84 4-21 1-98 0-927
3000 284 144 7:04 3-33
TaBLE V

DissociaTION OF CARBON Dioxipk AT DiFreRENT PRESSURES AND TEMPERATURES

Pressure (atmospheres)
Temperature
(°abs.)
0-1 1-0 10-0 1000
1500 0104 0-048 0-0224 0-01
2000 4-35 2-05 0-96 0-445
2500 33-5 176 863 409
3000 771 54-8 32-2 16-9

Here again we are chiefly interested in the temperature range
from 2000° to 3000° abs. and the pressure range in the neighbourhood
of 10 to 100 atmospheres. Over this range it will be seen that the
degree of dissociation is greater in the case of CO, than of H,0, so that
although the total dissociation is comparatively small, the CO, is, in
this respect, far more susceptible than the water vapour, and its in-
fluence goes far to minimize the advantage it held in regard to increase
of specific heat. We find, then, that a fuel containing a large proportion
of hydrogen is at a disadvantage on the score of the greater increase in
specific heat at high temperatures, while one containing a large pro-
portion of carbon is at a disadvantage on the score of a very much
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greater degree of dissociation. These two factors tend to balance one
another, so that we cannot argue that either carbon or hydrogen is
preferable as the main constituent on the combined grounds of dis-
sociation and change of specific heat. We may conclude therefore, as
is indeed the case, that the nature and chemical composition of the
fuel, so long as it consists only of carbon and hydrogen, has no per-
ceptible influence on the efficiency of an engine, or on the power out-
put either, so long as it is delivered in a vaporized form. This is
entirely borne out in practice, where it is found that all pure hydro-
carbon fuels, no matter what their composition or heat value may be,
give, at the same compression ratio, the same power output and the
same thermal efficiency to within less than 1 per cent so long as they
are vaporized and delivered to the cylinder at the same temperature.

Direct Heat Loss

Since it is clearly out of the question to maintain the temperature
of the cylinder walls at, or anywhere near, that of the gases within
them, it follows that there must necessarily be some interchange of
heat between the gases and the containing walls, more particularly at
the higher temperature period of the cycle, though the heat given up
by the cylinder walls during the cold period of the cycle plays a secon-
dary, but none the less a very important, part. The actual extent of
the loss by interchange of heat between the gases and the cylinder walls
cannot be assessed once and for all, because it depends upon the size
and speed of the engine, upon the form and area of the combustion
chamber, and upon many other factors, such as turbulence or air-swirl;
it is, therefore, unlike the preceding items, an individual and a variable
factor. We will deal with it in more detail later but, at the moment,
it is sufficient to state that it is not of the magnitude commonly sup-
posed. In a well-designed engine under normal full-load running
conditions the net loss from this source is of the order of only 3 to 4
per cent of the total heat of the fuel, and, even in the most extreme
cases, it seldom exceeds about 6 per cent, for it must be realized that
of the total heat carried away by the cooling water, only a small pro-
portion could, in any event, have been utilized. A large proportion of
the heat so carried away has been given up to the cylinder walls and
exhaust passages during the exhaust stroke, while, of the remainder,
much has been given up so late in the expansion stroke that only a
trifling proportion of it could have been converted into useful work.

This source of loss is clearly dependent upon temperature and would
diminish if the flame temperature could be reduced.

Lastly, the products of combustion when cooled down to their
original temperature do not occupy the same volume as the fuel vapour
and air from which they are formed. In the case of all liquid hydro-
carbon fuels and still more in the case of the alcohol group, the volume,
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after combustion, is slightly greater, and this confers a small advantage
which increases as the mixture strength is enriched.

In addition to the above we have to take into account the fact that
no spark-ignition engine operates strictly on the constant volume
cycle, for neither is combustion instantaneous, nor is expansion carried
to the very end of the stroke, for, in order to empty the cylinder in the
time available, the exhaust valve must be opened well before the end
of the stroke. The effect of these divergencies from the theoretical is
to lop off the sharp corners of the indicator diagram and so reduce its
area by a matter of three or four per cent.

When a minimum value is taken for direct loss to the cylinder walls
and for the effect of the “ diagram factor ” it will be found that the
attainable efficiency of a spark-ignition engine having a cylinder size
of not less than one litre is approximately 74 per cent of the air-cycle
efficiency when operating on petrol with an economical mixture,
namely, with a fuel/air ratio 85 per cent of the chemically correct,
In the case of the best modern aero-engines an indicated thermal
efficiency of over 70 per cent of the air cycle is in fact realized, a remark-
able achievement, showing that there is very little scope left for im-
provement in indicated thermal efficiency, except in the direction of
using higher compression ratios, or of working with a still weaker
mixture. In the case of smaller engines the direct heat losses bulk
larger because of the greater surface/volume ratio, but smaller cylinders
can employ a higher ratio of compression and so recover by more
prolonged expansion much that they have lost. Thus over a very
wide range the indicated thermal efficiency is independent of cylinder
size, but not necessarily so the brake efficiency, for, given generally
similar design, the smaller the engine, the higher the relative internal

friction.

The Compression-ignition Cycle

Let us consider next the case of the compression-ignition engine.
This operates on a heat cycle which varies with the load, ranging from
something approaching the constant pressure cycle at full load to some-
thing much more nearly approaching the constant volume cycle at
very light loads.

In the case of the true constant pressure cycle, heat is added by
the combustion of the fuel at a rate just sufficient to maintain a constant
pressure during the early portion of the outward stroke, and thereafter
the expansion takes place adiabatically until the end of the stroke when
the remaining heat is rejected at constant volume. In the case of this
heat cycle, the air-cycle efficiency varies, depending upon the duration
of the period during which constant pressure is maintained, that is to
say, upon the amount of fuel admitted.
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To cut a long story short, the air-cycle efficiency of the constant
pressure cycle is substantially the same as that of the constant volume
if we take as our starting point for expansion not the inner dead centre
but rather the point at which the supply of heat is cut off and adiabatic
expansion commences.

Since, in practice, the compression-ignition engine operates, at will
or at whim, over nearly the whole field between the two heat cycles, it
is not profitable to devote much time or space to considering just
exactly what would be its indicated thermal efficiency if it were operated
at any one intermediate point between the two, nor, in any given case,
can one determine exactly at what point in the stroke expansion
commences, for though there may be a sharply defined point at which
the supply of fuel is cut off, no such sharp definition applies to the
point where combustion ends and expansion commences, for they
overlap widely.

Comparison of Spark-ignition and Compression-ignition Cycles

«~ The really important differences between the spark-ignition and
the compression-ignition cycles are:

(1) In the spark-ignition cycle fuel is present in the cylinder
throughout the whole, or in any case the latter part, of the com-
pression stroke. This limits the ratio of compression and therefore
of expansion to that which the particular fuel can sustain without
detonation or pre-ignition. In the compression-ignition cycle since
air only is present in the cylinder during compression no such limit
applies and a far higher ratio can be employed and is indeed imposed
upon it by the conditions governing combustion.

(2) In the spark-ignition engine we can reduce the fuel/air
ratio to only about 85 per cent of the chemically correct value and so
cannot reap the advantages of a lower cycle temperature. On the
other hand, we can, if we want, operate with a very over-rich mixture
and there are occasions, as in aircraft engines, when this is a very
valuable asset.

(3) In the compression-ignition engine we can reduce the mean
mixture strength right down to zero fuel and so gain the full ad-
vantage of a lower cycle temperature, but we cannot enrich it
beyond about 85 per cent of the chemically correct value. Thus in
terms of mixture range, the spark-ignition engine begins where the
compression-ignition engine leaves off.

(4) In the spark-ignition engine we control the power output by
varying the quantity of both fuel and air admitted to the cylinder
while keeping the air/fuel ratio constant, i.e. by throttling. In the
compression-ignition engine control of power output is effected by
varying the quantity of fuel only, leaving the air supply constant.
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Mechanical Efficiency

Thus far we have considered efficiency in terms of the proportion
of the total heat converted into useful work on the piston crown, but
this is by no means the whole story; what we are really interested in is
the proportion available as useful work at the business end of the
crankshaft, and it will avail us nothing if we consume by internal
friction or by air pumping what we gain by some improvement in the
indicated thermal efficiency.

Taken by and large the internal mechanical friction of an engine is a
function of the maximum pressure, for this, to a large extent, deter-
mines both the area of the rubbing surfaces and the weight of the
moving parts; it determines also the friction of the piston rings, or at
least of the top piston ring, against the cylinder walls, for to function
at all it is essential that this ring shall have the full gas pressure
behind it.

Thus, other things being equal, the lower the ratio of maximum to
mean effective pressure, the higher will be the mechanical efficiency of
the engine. Since, however, a large proportion of the losses incurred is
due to the viscosity of the oil film and another substantial part to the
air pumping work in emptying and filling the cylinder, both of which
are independent of the working pressure, it follows also that the higher
the mean effective pressure the higher the mechanical efficiency.

From the point of view of mechanical efficiency we need, then, the
highest possible mean effective pressure combined with the lowest
possible ratio of maximum to mean. It is unfortunate that those ex-
pedients, to which we could resort to improve the indicated thermal
efficiency, such as either the use of a very high ratio of compression, or
a prolongation of the expansion stroke, both tend to increase greatly
the ratio of maximum to mean pressure and a substantial proportion
of our gains would be lost in friction between the piston head and the
crankshaft.

Again, as we increase the revolution speed, so we gain in indicated
efficiency from the reduction of heat losses, but as we increase the speed,
so we increase the friction resulting from the dynamic forces set up by
the inertia of the piston, ete. Dynamic forces increase as the square of
the revolution speed as also does the viscous drag of the lubricant, and
we reach a point at which the losses they entail exceed any gain in
indicated efficiency due to higher revolution speeds, and thereafter
the debit account rises steeply.

We frequently hear claims that with spark-ignition engines re-
markable efficiencies have been obtained by the employment of very
high ratios of compression rendered possible by the use of specially
prepared fuels, and this of course is possible if we are prepared to
sacrifice some of the margin of safety which experience has shown to be
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desirable. But had the scantlings of the working parts and the areas of
the bearings been increased to meet the higher gas pressures involved
and so restore the same margin of safety and the same durability, the
results would have been very different. In racing-car engines and, to a
lesser extent, in aero-engines one is justified in pruning down the margin
of safety and so realizing a higher mechanical efficiency, but, in general
commercial use, where a long working life is expected, it seldom pays,
in spark-ignition engines, even when the fuel will permit, to employ a
ratio of compression higher than about 8:0 : 1, for the simple reason
that the increased mechanical losses swallow up nearly the whole of
the potential gain.

In the case of high-speed compression-ignition engines it is safe to
say that the ratio of compression, which we are compelled by the needs
of combustion to employ, is always above rather than below the opti-
mum.

The foregoing are, of course, generalizations and, like all generaliza-
tions, are subject to numerous qualifications, some of which will be
dealt with in later chapters,



CHAPTER IV
Latent Heat

The latent heat of evaporation of the fuel is an important factor in
relation to both spark-ignition and C.I. engines. In the case of the
spark-ignition engine, this factor, coupled with the mean volatility,
determines the density of the charge taken into the cylinder. It is, of
course, clear that the weight of charge retained in the cylinder will be
inversely proportional to its absolute temperature at the moment when
the inlet valve closes. There is evidence from experimental results
that, under steady running conditions, hydrocarbon fuels boiling below
about 180° C. are completely evaporated before the commencement
of the compression stroke, if not externally to the cylinder, at any rate
by contact with the hot walls and by admixture with the highly heated
residual exhaust products, excepting only under certain transient
conditions when some of the fuel may enter the cylinder in coarse drops
or gulps of liquid and so not only escape evaporation but even, to a
large extent, combustion also.

The absolute temperature at the commencement of the compression
stroke is dependent upon (a) the amount of external heating applied
and (b) the latent heat of evaporation of the liquid fuel. It is dependent
also, of course, upon the quantity and temperature of the residual
exhaust products and upon the amount of heat picked up from the inlet
valve, etc., during entry to the cylinder.

As between the available volatile liquid fuels, and apart from the
alcohol group, the variation in latent heat is not very large. It is
interesting to note, however, that in cases where the total internal
energy is lower, the latent heat is generally slightly higher; conse-
quently a slightly greater weight of charge is taken into the cylinder,
sufficient in most cases to compensate for the lower internal energy, and
thus bring the actual power output to substantially the same in all cases.

The energy liberated by the combustion of a cubic inch (at standard
temperature and pressure) of, for example, a benzene-air mixture is
appreciably lower than that of the hydrocarbons forming the greater
proportion of petrols. On the other hand, the latent heat of benzene is
greater, and, as a result, the power output obtainable from benzene
under similar conditions is the same as that from petrol to within less
than one-half of one per cent.

Table I gives the latent heat of evaporation of a number of hydro-
62
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carbons and other substances. The air-to-fuel ratio by weight, and
also the drop in temperature of the mixture due to evaporation of the
liquid, are shown for each fuel. The calculations for all cases are made
for mixtures giving complete combustion.

TaBLE 1
Latent heat of Ati)r-to-fuel ratio lzl?iigfﬁ;’&ﬁi:'
. evaporation | (by weight) for
Fuel (B.Th.U. per | just complete i dute 1f;o lya.tent
Ib.) combustion watigne(\o}p;)ra-

Paraffin series

Hexane | 156 15-2 37-8

Heptane .. ‘ 133 15-1 32-4

Octane ; 128 15:05 200

Nonane — 150 —

Decane s 108 15-0 20-1

| |

Aromatic series l |

Benzene .. | 172 | 13-2 46-8

Toluene .. ST L1341 405

Xylene f 145 | 13-6 | 387
Naphthene series i i

Cyclohexane .. 156 i 147 J 387

Hexahydrotoluene 138 | 147 l 342

Hexahydroxylene , 133 14-7 324
Olefine series ;

Heptylene [ 166 (app.) 14-7 41-4

Decylene | — 14-7 —
Alcohol 1

cohol group |

Ethyl alcohol ! 397 8-95 148-8

Methyl alcohol .. | 512 6-44 252-0
Miscellaneous

Ether .. .. 158 11-14 49-5

Carbon disulphide 153 9-36 558

Acetylene .. Gas 132 —

Carbon monoxide Gas 2-45 —

Hydrogen .. Gas 343 —

The last column is calculated on the assumption that the specific heat of
the fuel is constant for all at 0-5

In the case of alcohol, owing to the very much higher latent heat
and to the fact that the proportion of fuel to air is also much greater,
the latent heat of evaporation plays a supremely important part, and
results in a really marked increase in power as compared with other
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fuels, although the total internal energy of unit mass of mixture is
lower than that of either petrol or benzol. Moreover, there is intro-
duced a feature which is not observed to so marked an extent with
other fuels—namely, that the power output with atmospheric induction
increases very considerably when a very over-rich mixture is used,
because more fuel is then evaporated, the temperature of the charge is
lowered and the gain in weight of charge considerably more than out-
weighs the loss due to the greater specific heat of the products of com-
bustion and to the greater displacement of oxygen by fuel vapour.
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Fig 41 —Observed volumetric efficiency with petrol and alcohol at
different mixture strengths

The above remarks apply to normally aspirated engines. In the
case of supercharged engines, the use of an over-rich mixture allows of a
large increase in power output, but, in this case, the excess fuel serves
to inhibit detonation and so permits of a greater weight of charge being
delivered to the cylinder by the supercharger—quite a different story.

In fig. 4.1 is shown the actual measured volumetric efficiency at
N.T.P. when using petrol and ethyl alcohol under precisely similar con-
ditions as to temperature, heat input, etc., and at a compression ratio
of 5:1. In both cases a careful series of measurements were made
at mixture strengths ranging from 20 per cent weak to 25 per cent rich.

Similarly figs. 4.2 and 4.3 show both the indicated mean effective
pressure and thermal efficiency obtained when running on petrol and
alcohol.



LATENT HEAT

140

130

30

1eo

as

20

100

80

20 10 CorrecT 10 20 30
Excess AR PER CENT Excess FueL per CENT

MIXTURE STRENGTH

65

“THERMAL EFFICIENCY PER CENT.

Fig. 4.2.—Indicated mean pressure and thermal efficiency at different mixture strengths

180
I
7}
z
Q
0| 140
2
w
o
2| 130
-
w
[
2
0w 1ec
"]
W
o
o
1
g =]
b
&
w| 100
z
<
w
)=
20

with ignition timing adjusted for each change in mixture strength

35

30

20

Fuel: Petrol
PO
,/ A
— ‘7<
V. \
\%%
Ly,
L e L)
20 16 CoRREET 10 [X) 30 40
Excess AIR PER CENT. Excess Fue. pPer cenT

MixTURE STRENGTH,

THERMAL EFFICIENCY PER CENT.

Fig. 4.3.—Indicated mean pressure and thermal efficiency at different mixture strengths

with ignition timing adjusted for each change in mixture strength
Fuel: Alcohol



66 THE INTERNAL-COMBUSTION ENGINE

We can, of course, increase the effective latent heat of a fuel by
the addition of water either in solution with the fuel or injected separ-
ately. In the case of alcohol a certain proportion of water, ranging
from 3 per cent to as much as 10 per cent, is generally present in solution
in the fuel, but in the case of petrol or benzol some mutual solvent
such as acetone must be employed.

In the case of fuels whose volatility is very low, such as kerosene,
butyl alcohol, etc., the same advantage cannot be taken of the latent
heat of evaporation, because it then becomes necessary to add an
excessive amount of heat before entry to the cylinder in order to prevent
condensation in the induction system and on the cylinder walls. For
this reason alone the power output obtainable from kerosene is actually
some 15 per cent lower than from petrol or other volatile hydrocarbons
at the same compression ratio.

Volatility

The volatility of a fuel is of importance for spark-ignition engines,
both from the point of view of ease of starting and because it determines
the amount of pre-heating required to give reasonably uniform dis-
tribution. The amount of pre-heating governs, in its turn, the use
which may be made of the latent heat of the liquid fuel.

All the above considerations apply to spark-ignition engines only.
In the case of compression-ignition engines when air only is inhaled
into the cylinder, the latent heat of evaporation of the fuel has, of course,
no influence whatever on the volumetric efficiency.

Volatility does, however, play an important, but entirely different,
role, for the greater the volatility the more quickly will each individual
droplet of fuel be surrounded by its envelope of vapour, and the shorter
will be the delay period.

Calorific Value

The heat liberdted by the combination of the fuel and air is usually
determined by burning the fuel in a bomb calorimeter. The heat
value so found includes the latent heat of the water formed, because in
this form of calorimeter the temperature falls below the boiling-point
of water. Since, however, it is quite out of the question, in any internal-
combustion engine, to make use of the latent heat of the water formed
as a product of combustion, it is customary to deduct from the total
heat liberated that due to the condensation of the water. The heat
value found, after this deduction has been made, is termed the lower
calorific value of the fuel and is generally accepted as the basis upon
which to calculate the thermal efficiency of an engine. As applied to
spark-ignition engines using volatile liquid fuels, such a value for the
available heat is not quite correct because, when a fuel is burnt in a
bomb or other calorimeter, some of the heat of combustion is devoted
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to evaporating the liquid fuel and is therefore not recorded. Now when
used in a spark-ignition engine, the whole of the liquid is evaporated
before combustion takes place, and the heat required for its evaporation
is supplied by the waste heat from previous cycles, or by the available
heat already present in the air. In either event, it is supplied by heat
other than the useful heat of combustion of the fuel. If, therefore, it be
accepted as correct that the latent heat of evaporation of the water
formed should be deducted from the total heat of combustion as deter-
mined by calorimetric measurement, because this heat cannot be
utilized, then it is equally right and proper that the latent heat of
evaporation of the liquid fuel itself should be added to the observed
calorimetric determination, because its equivalent value in heat of
combustion can be and is used in any internal-combustion engine in
which the fuel is evaporated completely before combustion starts (see
Table II, p. 68).

In the case of the compression-ignition engine this does not apply,
for by far the bulk of the heat required for the evaporation of the fuel
is supplied by the heat of combustion. When, therefore, comparing
the thermal efficiencies of the two types of engine, it must be borne in
mind that the effective calorific value of the fuel, in the case of the
compression-ignition, is less than in the spark-ignition engine by an
amount nearly equal to the latent heat of evaporation of the liquid.
So far as hydrocarbon fuels are concerned, the difference is not large,
being of the order of 0-6 to 1-0 per cent only, but in the case of the
alcohol group, it may be as high as 5 per cent, or even higher when, as
is usually the case, some water is present in solution in the fuel.

To sum up then, in the case of the spark-ignition engine, a high
latent heat of evaporation of the liquid fuel is very advantageous in
that, by lowering the suction temperature, it increases the volumetric
efficiency and therefore the power output of the engine without absorb-
ing any of the available heat of combustion. In the case, however, of
the compression-ignition engine a high latent heat is in every way
detrimental, for it can have no influence on the volumetric efficiency,
and since nearly the whole of this heat must be supplied by and there-
fore deducted from the heat of combustion, both the power and effi-
ciency of the engine are reduced. For this, and other reasons also, it
would be absurd to attempt to use such a fuel as alcohol in a com-
pression-ignition engine.

It cannot be too strongly emphasized that the calorific value of a
liquid fuel bears little or no relation to the power output obtainable
from that fuel. It is merely a measure of the quantity of fuel required;
the lower the heat value of the fuel, the greater the quantity needed to
do the same work.

The power output of an engine is determined by the amount of
oxygen it can combine, and is influenced by the calorific value of the
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Calorific (lower) value | Calorific (lower) value ‘I)‘F‘ gi:t g::'_t
(exclusive of (including latent heat | o Ofp fuel
latent heat) at constant volume) (at constant
Fuel
prossure, at-
B.Th.U. | BTh.U. | BTh.U. | B.Th.U. | MO:pheric)
Ib 1t b allon | B-To-U.
per Ib. | per gallon | perlb. | per g per Ib.
Typical petrols “ A [ 19,080 137,000 19,200 136,200 133-0
“B” .. 1 18,450 | 144,300 18,580 145,200 142-0
“e” .. 18,890 136,600 19,020 137,500 140-0
“D>” .. 19,000 138,100 19,120 137,000 1350
“E” .. 18,770 142,600 18,890 143,500 1320
“RF” .. 18,970 136,400 19,090 137,100 132:0
“G” .. 19,130 134,700 19,250 135,500 1340
“H” .. 18,790 144,100 18,920 145,000 1450
I
Heavy Fuels |
Heavy aromatics .. 17,900 158,500 18,030 159,600 136:0
(app.) (app.)
Kerosene .. .. 19,000 154,400 19,100 155,200 108:0
(app.) (app.)
Paraffin series
Pentane (normal) .. 19,600 122,300 19,740 123,100 1540
Hexane (809, pure) . 19,250 131,900 19,390 132,900 156-0
Heptane (97% pure) 19,300 132,800 19,420 134,100 133-0
Aromatic series |
. Benzene (pure) .. .. 17,302 | 152,950 17,460 | 154,200 172-0
Toluene (999, pure) .. 17,522 152,500 17,660 153,600 151-0
Xylene (919, pure) .. 17,800 153,500 17,930 154,500 1450

| Naphthene series
Cyclohexane (93% pure) 18,800 147,800 18,940 149,000 156-0
Hexahydrotoluene (809%,) | 18,760 | 146,200 18,890 147,200 138:0
Hexahydroxylene (600/,')) 18,770 139,700 18,890 140,600 133-0
(app.) (app.)

Olefines
Cracked spirit (53% un- | 18,400 | 139,400 | 18,540 | 140,200 150-0
saturated) (app.) (app.) (app.)

Alcohol group, etc.
Ethyl alcohol (98%,) .. 11,480 91,600 | 11,840 94,500 406-0
Ethyl alcohol (95 vol. %) 10,790 88,000 | 11,130 92,000 442-0
Methyl alcohol (wood 9,630 79,900 | 10,030 83,300 5000

naphtha) (app.)
Methylated spirits .. 10,200 83,700 | 10,580 86,900 450-0
(app.)

Butyl alcohol (commercial)] — — —_ — —
Ether (50%, in petrol) .. | 16,700 | 121,300 | 16,830 | 122,500 146-0
(app.) (app.) (app.)

Carbon disulphide (50%,) 10,600 | 105,400 | 10,730 | 106,600 146-0

8



LATENT HEAT 69

fuel only to the extent that fuels of low calorific value, by their greater
bulk, displace a slightly larger proportion of air, and therefore of
oxygen. Among the volatile liquid fuels of the hydrocarbon series, the
bulk of the fuel vapour is so small, in any case, as to have very little
influence.

It is only in the case of gaseous fuels and, more especially, of those
containing inert diluents such as nitrogen or carbon dioxide, that the
power output of an engine is affected appreciably by the calorific
value of the fuel due to the displacement of a substantial proportion of
the oxygen when the volume of gas is large or swollen by the addition
of diluents.

In the case of compression-ignition engines in which the fuel does
not enter the cylinder until after the whole of the air is entrapped,
neither can the latent heat of the fuel have any influence on the volu-
metric efficiency, nor can any air be displaced by the larger bulk of a
fuel or gas of lower calorific value. In short, the calorific value of the
fuel has but a secondary effect on the performance of a spark-ignition
engine, and none at all on that of a C.I. engine.

Heat Value of Mixture

It is upon the heat value of the mixture of fuel and air, in the pro-
portion required to give complete combustion, that the power output
of an engine depends, and, in this connection, we find that all hydro-
carbon fuels give, within very close limits, the same heat value per
standard cubic inch of chemically correct mixture. When allowance is
made for the increase or decrease in specific volume after combustion,
the variation becomes even less. Table III (p. 70) gives:

Col. (1) The calorific value of various petrols and other fuels, including the latent
heat of evaporation.

Col. (2) The ratio of air/fuel by weight for complete combustion.

Col. (3) The increase or decrease in specific volume after combustion.

Col. (4) The encrgy in ft.-1b, liberated by the combustion of one standard cubic inch
of mixture giving complete combustion, i.e. the total available internal
energy.

The heat value of the “ correct ” mixture is usually termed the
total * internal energy " of the working fluid, and this term will in
future be used in order to distinguish it from the calorific value of the
fuel. It will be noted how little the value differs throughout the whole
range of fuels listed.
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(1) (2 (3 e t_‘&1(4)
Q&]Oriﬁg (lower) value | Efne: .52331: ligera::(ftg)):
(including latent heat |Air-to-fuel] " -~ "1 tion
at constant volume) | ratio by | ..~ " "0, por cu. in.
Fuel weightfor| " fore | at N.T.P. of
z‘;ﬁ%‘:ﬁ cpmbus- _mixture giv-
BThU. | BThU. | tion | Mo of |ing complotc
per Ib. | per gal. ratio”’ (ft.-1b.)
Typical Petrols “A” 19,200 | 136,200 | 1505 | 1.053 485 |
“B” 18,580 145,200 14-3 1-038 4815
“c” 19,020 137,500 14-7 1-049 48-45
“D” 19,120 137,000 14-8 1-052 4853 '
“E” 18,890 143,500 14-6 1-047 48-35
“F” 19,090 137,100 14-9 1-051 48-51 '
“G” 19,250 135,500 150 1-053 48-54 !
“H” 18,920 145,000 14-7 1-048 4831 '
Heavy fuels !
Heavy aromatics 18,030 | 159,600 13-8 1-04 4852
Kerosene 19,100 | 155200 | 150 106 48:91 i
Paraffin series |
Pentane (normal) 19,740 | 123,100 15-25 1-051 487 ]
Hexane (809, pure) 19,390 132,900 152 1-051 48-35 |
Heptane (97%, pure) 19,420 | 134,100 | 151 1-056 4864
Aromatic series :
Benzene (pure) . . 17,460 | 154,200 | 132 1-013 4751 |
Toluene (999, pure) 17,660 153,600 13-4 1-023 47-98
Xylene (919, pure) 17,930 | 154,500 13-6 103 481
Naphthene series
Cyclohexane (939, pure) | 18,940 | 149,000 14-7 1-044 49-11
Hexahydrotoluene (809%,)( 18,890 | 147,200 147 1-047 482
Hexahydroxylene (60%) | 18,800 | 146,600 | 148 1-054 48-59
Olefines
Cracked spirit (53% un- | 18,540 | 140,200 14-8 1-054 49-54
saturated) (app.)
Alcohol group, etc.
Ethyl alcohol (98:5%,) 11,840 94,500 89 1-065 47-39
Ethyl alcohol (95 vol. 9%,) | 11,130 92,000 84 1-065 46-86
Methyl alcohol (wood | 10,030 83,300 6-5 1-06 48-2
naphtha) (app.) (app.)
Methylated spirits 10,580 86,900 80 1-064 48-82
(app.)
Butyl alcohol (commer-
cial) —_— — —_— — —_
Ether (509, in petrol) .. | 16,830 | 122,500 130 1-06 49-2
Carbon disulphide (50%)| 10,730 | 106,600 10-8 0-98 39-4
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Thermal Efficiency obtainable from Different Fuels

Provided that the fuel is reasonably volatile the thermal efficiency
obtainable at any given compression ratio is substantially the same
for all hydrocarbon fuels irrespective of their chemical composition or
of any other factor. In the case of the alcohol group, however, a some-
what higher thermal cfficiency is obtained because, owing in part to
their higher latent heat, and in part to their lower internal energy and
flame temperature, both the mean and the maximum temperatures of
the cycle are lower, and the losses are therefore somewhat less. The
range of burning on the weak side which, by controlling the flame
temperature, would control also the efficiency, happens to be almost
exactly the same in the case of all the practicable liquid fuels yet
examined with the exception of ether, and, in all cases, the maximum
thermal efficiency is obtained when the mixture is about 15 per cent
weak.

{c 840)



CHAPTER V
Distribution of Heat

It is usual to express the distribution of heat in an internal-com-
bustion engine in terms of the proportion converted into indicated
horse-power, the proportion yielded up to the cylinder walls, and,
lastly, that rejected to the exhaust, the latter item being the residue
after deducting from the total heat of the fuel the two former categories;
it generally includes also the losses by radiation. This form of sub-
division is perfectly legitimate so long as it is clearly understood that
it is no more than a convenient form in which both to measure and to
express the heat distribution.

The proportion of the total heat of the fuel converted into effective
indicated horse-power can be determined readily enough and quite
reasonably accurately from the known heat supplied, the known
brake horse-power developed, and the, at least approximately known,
internal frictional and other losses.

The heat yielded up to the cylinder walls and carried away by the
cooling water can also be determined fairly accurately; it must be
understood, however, that it includes:

(1) The heat given up by radiation, conduction, convection, ete.,
during the period of combustion.

(2) The heat given up during the expansion period.

(3) The heat given up during the exhaust stroke.

(4) The heat generated by the friction of the piston and piston-
rings.

On the other hand, it does not usually include either the heat
carried away by the lubricating oil or that lost by radiation and con-
vection from the external walls of the cylinder, pipe-work, etc., nor, of
course, does it include a small amount of heat picked up by the air
during its entry to the cylinder.

It is almost impossible to distinguish that proportion of the heat
carried away by the lubricating oil (which would otherwise have passed
into the cylinder jackets) from that which has been generated by friction
in the bearings, etc.

It is possible, however, to evaluate fairly accurately the heat lost

by radiation and convection from the external walls, and this may
72
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reach quite a formidable proportion if the tests are carried out in a
strong draught, or at very high temperatures of the cooling medium.

It is necessary to examine each of these sources separately and
further to examine them separately again in their relation to spark-
ignition and compression-ignition engines respectively.

Heat Losses in the Spark-ignition Engine

Let us consider first the case of the spark-ignition engine.

(1) Heat lost during Combustion. The period of combustion as
distinet from expansion is relatively a short one, but it is one during
which the ruling temperature and density in the combustion chamber
are very high indeed, i.e. between 2300° C. and 2500° C. in the case of
most volatile liquid fuels, such as petrol, benzol, ete. Also it is a period
during which the gases within the combustion chamber are in a state
of violent commotion so that heat is transferred very readily by con-
vection, etc.

Now if, by any means, the loss of heat to the cylinder walls during
this period could be suppressed, such heat would be converted into
indicated horse-power at an efficiency corresponding to the efficiency of
expansion alone (i.e. exclusive of the negative work done during com-
pression) which in an engine with a compression ratio of 5 : 1 is roughly
about 40 per cent. The remaining 60 per cent of the heat so recovered
would, in any event, be rejected to the exhaust after expansion.

(2) Heat lost during Expansion. Loss of heat during the expansion
stroke may or may not be serious, depending upon the stage in the
expansion stroke at which it is lost. Loss of heat at the very com-
mencement of the expansion stroke is almost equally as serious as
that lost during the combustion period because, had its loss been
suppressed, it could have been utilized at an efficiency corresponding to
nearly the full ratio of expansion, whereas heat lost during the latter
part of the expansion stroke is of very little moment, for even had its
loss been suppressed it could have done but little useful work during
the remainder of the stroke, and nearly the whole of it would have been
rejected to the exhaust in any case.

At first sight it would appear that owing to the higher temperatures
and pressures ruling at the beginning of the expansion stroke, the loss
of heat will be much greater during the earlier period, but against this
it must be remembered that, as the expansion proceeds and the piston
descends, an increasing area of relatively cold cylinder barrel is ex-
posed Also, owing to dissociation and subsequent recombination, the
fall in temperature during the expansion stroke is nothing like so great
as it might appear; the final temperature with a compression ratio of
5 : 1 being still over 1700° C,

From the above considérations it will be seen that, though it is
customary to yoke together the heat lost during combustion and



74 THE INTERNAL-COMBUSTION ENGINE

expansion as though its influence during each period were the same, it
is most certainly inaccurate and misleading so to do. Of the average
heat loss during expansion, probably only about 20 per cent could have
been converted into useful work and the remaining 80 per cent would
have been rejected to the exhaust.

(3) Heat lost during the Exhaust Stroke. Although during the exhaust
stroke the temperature of the gases is much lower, yet heat is given
up to the cooling water with greater rapidity during this period, for in
addition to the normal heat flow to the cylinder walls, the hot gases
are issuing at an exceedingly high velocity past the exhaust valve and
through a short length of exhaust pipe, including generally a right-
angled bend, which is always embodied in the cylinder jacket and
cooled by the circulating water; consequently, of the total heat carried
away by the cooling water, at least one-half and often more than half
is given up during the exhaust period.

Now the whole of the heat taken up during the exhaust stroke, by
far the bulk of that taken up during expansion, and about 60 per cent
of that taken up during combustion could not possibly have been
converted into useful work and should have been debited to the exhaust
loss account.

(4) Heat generated by Piston Friction. This item, though a substantial
one, is hard to evaluate because of the difficulty of separating the heat
generated by friction from that which has entered the piston from the
combustion gases and so been transferred to the cylinder walls. It
will vary, too, and that to a large extent, depending on the design of
the piston, the number of piston-rings, the viscosity of the lubricant
and other factors. Nor does all the heat which enters the piston from
either source necessarily find its way into the cylinder walls, for a
substantial proportion will be carried away by the circulation both of
oil and of air within the crankcase of the engine.

Separate tests carried out by motoring engines, under conditions
approximating as nearly as possible to the running conditions, show
that the heat generated by piston friction usually ranges between
1 per cent and 1-5 per cent of the total heat of the fuel; most of this
frictional heat will find its way through to the cylinder walls,

It is interesting to take a specific example and to trace out as
accurately as possible the true gain in efficiency which would be effected
if all heat losses to the cylinder walls were completely suppressed.
Let us take, as a fair average example, the case of a well-designed and
efficient spark-ignition engine with a compression ratio of 5:1 in
which it has been found that:

32 per cent of the total heat of the fuel is converted into useful work on the piston,

28 per cent of the total heat of the fuel is carried away by the cooling water,

40 per cent of the total heat of the fuel remains and is accounted as lost to exhaust,
radiation, etc,
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Of the 28 per cent carried away by the cooling water, approximately
6 per cent will be lost to the walls of the cylinder during the combustion
period, about 7 per cent will be yielded up during expansion, and the
remaining 15 per cent during the exhaust stroke. Of the 6 per cent
lost during the combustion period, roughly about 40 per cent, or 2-4
per cent of the total heat of the fuel, could have been converted into
useful work. Of the 7 per cent lost during expansion, somewhere about
20 per cent, or 1-4 per cent of the total heat of the fuel, could have been
utilized. Of the 15 per cent lost during the exhaust stroke, no part
could have been utilized. We conclude then that although 28 per cent
of the total heat of the fuel has been carried away by the cooling water,
only 3-8 per cent could have been converted directly into useful work
on the piston, and the efficiency of the engine would be increased
from 32 per cent to 35-8 per cent only, a gain of barely 12 per cent.
Nor is this all, for had all the heat to the cylinder walls been suppressed,
the temperature of the working fluid would necessarily have been
correspondingly higher, with the result that the losses due to the in-
crease both of specific heat and of dissociation at the higher tempera-
tures would be increased substantially and the net gain would be
very small, probably only from 32 per cent to about 34-5 per cent, or a
net gain of only about 7-5 per cent.

These figures show clearly how relatively small a part the loss of
heat to the cylinder walls plays in the functioning of an internal-
combustion engine and how misleading it may be to assess that loss of
heat by computation of the total amount of heat carried away by the
cooling water. As a first approximation it is fairly correct to assume
that of all the heat carried away by the cooling water of a cylinder,
only about 10 per cent could actually have been converted directly
into useful work.

Heat Losses in the Compression-ignition Engine

In the case of the compression-ignition engine the distribution of
heat differs very considerably. Although the total amount of heat
carried away by the cooling medium is considerably less than in the
spark-ignition engine, the proportion of this heat which could otherwise
have been converted into useful work is much greater. This difference
is due to a number of factors. In the first place, owing both to the
longer expansion ratio and to the lower mean flame temperature, the
temperature of the exhaust is much lower, hence the transfer of heat
during the exhaust stroke to the walls of the cylinder and to that part
of the exhaust passage which is contained in the cylinder head is very
much lower.

In the case of the spark-ignition engine this purely waste heat
represents at least 50 per cent of the total heat carried away by the
cooling medium. In that of the compression-ignition engine it probably
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represents little more than 25 per cent depending, in this case, largely
upon the air/fuel ratio.
¢ On the other hand, the heat lost during the actual combustion

7
process is relatively much greater because:

(1) The density of the gases is nearly three times as great,
hence the rate of heat transmission is much greater.

(2) The actual localized flame temperature as distinct from the
mean gas temperature is higher due to the higher ratio of com-
pression.

(3) In order to ensure complete combustion of the fuel, the air
must be in a state of even more rapid movement, hence the trans-
ference of heat by convection is greater.

Owing both to the lower mean temperature and the more prolonged
expansion, the loss of heat during the expansion stroke is somewhat
less, but a greater proportion of it occurs during the early portion of the
stroke, that is to say, at a stage where more of it could still have been
converted into useful work.

Thus we conclude that, although in a compression-ignition engine,
the total amount of heat carried away by the cooling medium is less
than in a corresponding spark-ignition engine, yet the proportion of
that heat which could otherwise have been converted into useful work
is considerably greater.

By comparison let us take the case of a well-designed high-speed
compression-ignition engine having a compression ratio of 15 :1 in
which:

45 per cent of the heat of the fuel is converted into useful work on the piston,
25 per cent is carried away by the cooling water, and
30 per cent by exhaust, radiation, etc.

Of the 25 per cent carried away by the cooling water about 2 per
cent will be due to piston friction, for piston friction bulks larger in the
C.I. engine. This then leaves 23 per cent to be accounted for. Of this
about 8 per cent will be lost during the combustion period, about 6 per
cent during expansion and about 9 per cent during the exhaust. Of
the 8 per cent lost during the combustion period at full load, about
55 per cent, or say 4-4 per cent of the total heat of the fuel, could
otherwise have been converted into useful work on the piston. Of the
6 per cent lost during expansion somewhere about 33 per cent could
have been utilized, or 2-0 per cent of the total heat of the fuel. Of the
9 per cent lost during exhaust, none, of course, could have been utilized.
We find, therefore, in this case that, of the 25 per cent of the total heat
carried away by the cooling water, about 6-4 per cent could have been
converted into useful work on the piston, and the efficiency of the
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engine would be increased from 45 to 514 per cent, or rather less when
such factors as change of specific heat, etc., are taken into account.

The above figures, in the case of the compression-ignition engine,
are based on the assumption that the engine is operating with about
30 per cent excess air which is a normal full-load condition for a C.I.
engine. At reduced loads when the excess air is much greater, the flow
of heat to the cooling medium will be less, but the distribution of that
heat throughout the cycle will change but little excepting that piston
friction will bulk larger, since in a C.I. engine this is a nearly constant
quantity independent of load.

The above comparison will obtain when both engines are operating
at full load, the compression-ignition engine with a 30 per cent excess
of air and the spark-ignition with the chemically correct mixture. It
will be obvious, of course, that the effect of any excess of fuel over and
above the chemically correct mixture, though it will alter the apparent
heat balance sheet, as a paper transaction, will have no more than a
very secondary effect on either the total heat flow to the cooling medium
or to the distribution of that heat; in fact, it will tend to reduce the
total heat flow because of the general, though slight, lowering of tem-
perature due to the latent heat of the excess fuel.

From the above considerations it will be apparent that although
the total heat flow to the cooling medium is greater in the spark-
ignition engine, yet the loss of otherwise useful heat is considerably
less than in the compression-ignition engine.

Reduced Load Condifions

So far, however, we have considered only the conditions which
obtain at full load. At reduced loads the picture changes considerably.
In the case of the spark-ignition engine the air/fuel ratio and therefore
the temperature cycle remains nearly constant throughout the load
range, whereas in the C.I. engine the weight of air remains constant and
the fuel/air ratio varies, and with it the whole cycle temperature. In
the former case it is the pressure scale which varies while the tem-
perature scale remains substantially unchanged; in the latter it is the
temperature scale which varies while the pressure scale is but little
affected.

Let us assume that, in both cases, the load be reduced to, say,
one-third; in the case of the spark-ignition engine by reducing the
weight of charge (air and fuel) to one-third, and in that of the C.I.
engine by reducing the fuel alone. For the moment, let us neglect
all secondary considerations. We have, then, in the one case one-third
the weight of charge but at the same temperatures as on full load;
in the other case the same weight of charge but at only one-third the
temperature. Obviously, therefore, the flow of heat to the cooling
medium will be very much greater in the former case. This, of course,
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is gross over-simplification, for it neglects the effect of density on heat
transfer, and that of change of specific heat and dissociation on tem-
perature as well as other secondary factors, such as increased dilution
with residual exhaust products and so on, but even when all these are
taken into account, their combined effect is to modify but not to change
the picture, and we find that at one-third load the relative heat flow to
the cooling medium is approximately 60 per ccnt greater than that at
full load in the case of the spark-ignition engine, and approximately the
same in that of the compression-ignition engine.

In all the above considerations, the distribution of heat has been
expressed in terms of percentage of the total heat of the fuel. This is
the customary practice, and, for the purpose of the preceding arguments.
the most convenient one, but it must be borne in mind that it is applic-
able only when the proportion of fuel is equal to or less than that re-
quired for chemically complete combustion.

For practical purposes it is generally more convenient, and in some
respects more realistic, to express it in terms of the brake horse-power
of the engine, for this gives us the quantity we want to arrive at when
designing a radiator or cooling system.

Scale Effect

All the preceding figures are based on observations from engines
whose individual cylinder capacity ranged from 1 to 3 litres, that is to
say, from the field covered by aero-engines, engines of heavy com-
mercial vehicles and for most military purposes. Between these limits
of size the relative distribution of heat varies very little, but as we go
down the scale of size it becomes more marked on account of the
increasing surface/volume ratio and of the shallower depth of the
combustion space. Thus not only will the total relative quantity of
heat carried away by the cooling medium be increased, but the pro-
portion of the heat given up during the combustion period will be
relatively somewhat greater. This, of course, applies alike to both
spark- and compression-ignition engines, but since the latter are more
vulnerable to heat loss they will tend to suffer more from scale effect.
On the other side of the picture, the smaller the cylinder the faster will
it normally run, and therefore the less time will there be for loss of
heat per cycle, but most of the heat is probably transferred by convec-
tion and since the degree of turbulence or air-swirl is nearly propor-
tional to the rotational speed, the relative heat distribution changes
comparatively little with change of speed. Much depends, of course,
upon the general design of the engine and the form of the combustion
chamber in particular, but tests on a considerable number of small
petrol engines show that, on the average, the relative heat flow to the
cooling medium varies by less than 10 per cent over the speed range
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1500-3000 r.p.m. On balance, therefore, the smaller the cylinder,
the greater the loss to the cylinder walls of potentially useful heat.

The following data are arrived at from several hundred heat-
balance sheets on a large number of four-cycle spark-ignition engines
of many different types and of cylinder sizes ranging between 1 and 3
litres. To reduce the results to a useful common denominator it is best
to take a given cylinder and to consider how the total heat flow to the
walls of that cylinder will be affected by such changes as varying the
mixture strength, the throttle opening, supercharging, ignition timing,
etc., and, where possible, to express such variations in terms of per-
centage, taking as unity the heat flow from that cylinder when operating
with wide-open throttle at atmospheric intake pressure, at the chemi-
cally correct mixture strength, and with optimum ignition advance.
The chemically correct mixture strength is taken as unity because, in
all cases, and on all fuels tested, the gross heat flow to the jacketsis at a
maximum at this mixture ratio.

Again, since the mechanical efficiency of the various engines tested
varied widely, the power output is expressed in terms of indicated
performance and, here again, the indicated mean pressure, obtained
when the engine was operating under the conditions described above,
has been taken as unity.

It must be emphasized at the outset that in the determination of
heat flow much, a great deal in fact, depends upon the conditions of
test. All the figures quoted hereafter were arrived at under the same
conventional conditions, i.e. the tests were carried out in still air and
with no allowance either for conduction of heat from the cylinder to
the crankcase, though care was always taken to keep the mean tem-
perature of the cooling medium as nearly as possible the same as that
of the crankcase. Again, no allowance was made for the heat carried
away by the lubricating oil, some proportion of which is acting as an
effective cylinder coolant. On the other side of the picture, no allow-
ance was made for the heat added by piston friction. All these are
variables depending upon the design, the size, and other characteristics
of each individual engine.

Variation of Heat Flow and Mixture Strength

Analysis of a large number of heat-balance tests taken over a wide
range of mixture strengths on various spark-ignition single-cylinder
research engines shows a very fair measure of agreement as between
engines of widely different types and speeds and over a wide range of
fuels, i.e. paraffins, aromatics, and alcohols.

In all cases the heat flow to the cylinder walls reaches its maximum
intensity when the mixture is chemically correct, and, in all cases,
when using a hydrocarbon fuel, the chemically correct mixture corres-
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ponds to a drop in I.M.E.P. of 4 per cent below the maximum obtain-
able. On either side of the chemically correct mixture the intensity of
heat flow diminishes. On the weak side it diminishes nearly as a direct
function of the fuel consumption. On the rich side the rate of diminu-
tion is governed largely by the physical properties of the fuel and, more
especially, by its latent heat of evaporation (see Table I).

TasLe I
Gross heat flow
Mixture strength (I'x'g'&) to cylinder
3 jacket (per cent)
50 per cent excess fuel 103 82:5
40 ., , . ., 103-5 86
30 ., o . . 104 89-8
20 . . e . 104 937
100 .. . . . 102-5 97-5
Correct 100 100
5 per cent excess air 975 99
0 . o o . 94-5 97-5
5 ., - . . 91-5 94-0
20 ., . .. 875 89-5

Conditions
(1) Constant induction air temperature.
(2) Constant r.p.m.
(3) Ignition timing adjusted to give maximum torque at each mixture strength.
(4) All measurements taken under conditions which were free from detonation.

Some doubt exists as to the last figures, with 20 per cent excess air,
because with a normally carburetted charge, a mixture containing
20 per cent excess air requires excessive spark advance and is rather too
weak for steady running. It is difficult, therefore, to maintain suffi-
ciently stable conditions for reliable heat balance tests under these
conditions.

Variation of Gross and Relative Heat Flows when Throttling or Boosting

Table II opposite represents mean figures from a large number of
tests on both poppet- and sleeve-valve cylinders, but the very high
boost figures, i.e. the last four, are restricted to sleeve-valve engines
only.

It should be borne in mind that all figures for heat flow to the cylin-
der jackets include piston friction, an item which bulks large at small
throttle openings.
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TasLe II
Gross heat flow .
LM.E.P. (per cent) | to cyhinder jackets Hea,tt ﬂ(;vir-lrgatxve
(per cent) o LALE.
Throttling
40 61 152-0
50 66 132:0
60 715 118-5
80 84:5 1055
100 100 100
Boosting
100 100 100
150 140 93-5
200 176 88-0
250 212 850
300 250 83-5
350 285 81-56
400 322 80-2

Effect of Varying the Induction Temperature

With constant induction pressure, variation in the temperature has
only a negligible effect on the flow of heat to the cooling medium.
The increase in the mean cycle temperature is compensated for by the
reduction in density of the charge, with the net result that, as the
induction temperature is raised, so the I.M.E.P. falls, while the gross
heat flow remains substantially constant.

The same does not apply, however, to the case of the compression-
ignition engine, where pre-heating of the air results in a large increase in
the heat flow to the cylinder walls, and a marked deterioration in the
thermal efficiency.

Eftect of Varying Compression Ratio

Reliable comparative tests can be made only on a variable-com-
pression engine in which the ratie of compression can be varied while
running under otherwise constant conditions. The unit from which
the following data were obtained is a four-valve overhead-valve engine,
similar in general characteristics to, and of virtually the same cylinder
capacity as, the Rolls-Royce ‘“ Merlin”’. A large number of heat-
balance tests have been carried out on this unit at various speeds and
on many different fuels.

Since the following figures (Table III) were all obtained from one
and the same unit the actual observed figures are quoted:
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TaBLE III
. Gross heat flow Heat flow
Comprossion (]II;I‘/LE-.P') (B.Th.U. relative to
ratio /34 1n. per hour) LM.E.P.
50:1 150-0 65,600 100
6-0:1 162:0 62,000 87'5
70:1 170-5 56,700 76-5
75:1 174-0 53,000 70-0

It will be seen that the gross heat flow, as measured when the engine
was running with a chemically correct mixture strength, i.c. at the
mixture strength giving maximum intensity of heat flow, falls rapidly
as the compression is raised. It must be remembered, however, that this
is a poppet-valve engine with two exhaust valves and, as such, embodies
two right-angled exhaust passages in the cylinder head; it will, there-
fore, be more sensitive than a sleeve-valve engine to changes in exhaust
temperature. Such evidence as there is of the variation of heat flow
with compression ratio in sleeve-valve cylinders with short straight
exhaust passages shows the same trend, but less marked, as indeed
would be expected.

Lastly a set of tests were run on hydrogen (Table IV). On this fuel
alone is it possible, in a spark-ignition engine, to reduce the power out-
put over a wide range by controlling the supply of fuel alone, i.e. by
qualitative control as in a C.I. engine.

TasLE IV

Fuel, hydrogen gas.

Compression ratio, 545 : 1.

R.P.M., 1500.

Mixture strength at maximum load, 10 per cent weak.

Percentage of maximum M.E.P. 100 80 60 40
Heat to I.H.P. (per cent) .. .. 333 35-6 382 400
Heat to cooling water (per cent) .. 23-6 24-9 25-3 286
Heat to exhaust, radiation, etc. (per cent) | 43-1 395 36-5 314

In these tests it will be observed that:

(1) The thermal efficiency increases progressively as the load is
reduced due to the lower mean flame temperature.

(2) The proportion of heat transmitted to the cooling water
increases slightly as the load is reduced but at nothing like the rate
shown in the previous tables.
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The conclusions to be drawn from the preceding observations and
tests are:

(1) That the direct loss of heat to the cylinder walls plays only
a comparatively small part in the performance of a spark-ignition
engine, and that even were the whole of this loss completely sup-
pressed, the gain in power output and efficiency would be equi-
valent only to the conversion into useful work of an extra 25 to
3 per cent of the heat of the fuel.

(2) That, of the total heat carried away by the cooling water,
only a small proportion could be converted into useful work, and
by far the bulk would appear in the exhaust.

(3) That in the case of the compression-ignition engine direct
heat loss, though less in apparent total, plays a more prominent
and a more damaging part.



CHAPTER VI

Combustion-chamber Design: | Spark Ignition

In the early days of the petrol engine and more especially during
the period 1910-30, the side-by-side valve engine was the most
favoured type and indeed it had many advantages both from a manu-
facturing and maintenance point of view. It was easy to enclose and
lubricate the valve mechanism, while the detachable head could be
removed for decarbonizing without disturbing either the valve gear
or the main pipe-work. Also the general layout was neat, clean, and
compact.

In its original form, however, it gave a poor performance, for it was
both excessively prone to detonation and extremely sensitive to igni-
tion timing and, as such, could not compete in power or fuel economy
with contemporary overhead-valve engines, for these could employ
safely a higher ratio of compression within the limits set by detonation,
and were markedly less sensitive to ignition timing.

As a result of intensive investigations into both the mechanism of
detonation and the influence of turbulence carried out just before and
during the 1914-18 war, a revised form of combustion chamber was
evolved for side-valve engines which came to be known as the turbu-
lent head; this gave them a performance at least equal to that of
contemporary overhead-valve engines and so revived their waning
popularity.

Prior to the introduction of the turbulent head, the form of com-
bustion chamber in general use for side-valve engines was as shown in
fig. 6.1, a typical example of the practice that existed in 1914. In this,
the combustion chamber is in the form of a more or less flat slab ex-
tending over the piston and the valves and with the sparking-plug
usually situated immediately over the inlet valve.

Such a form of chamber suffered from two major defects:

(1) Lack of turbulence due to the fact that the air entering
through the inlet valves had to turn two right angles before it
entered the cylinder and, in so doing, lost much of its initial velocity.

(2) Owing to the great length of flame travel from an ignition
point over the inlet valve to the far side of the piston the tendency
to detonate was very much accentuated.

The turbulent head was designed to overcome these defects. In

84
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the first place the main body of the combustion chamber was con-
centrated over the valves, leaving a slightly restricted passage-way
communicating with the cylinder; thus additional turbulence was
created during the compression stroke as the gases were forced back
again through the passage. By varying the throat area of the passage
it was possible to achieve any desired degree of general turbulence
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Fig. 6.1.—Typical side-valve combustion chamber (1914)

within the main body of the combustion chamber. This, by speeding-
up the second stage of combustion, improved very considerably the
performance and, at the same time, and for the same reason, rendered
the engine relatively insensitive to the timing of the spark. In fact,
the turbulence increased with increase of engine speed at such a rate
that a fixed time of ignition could be used on full load, throughout
the whole range of engine speed, at the cost of only an insignificant
loss of performance at the high-speed end of the range. On reduced
loads, of course, some further ignition advance was required and this
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could be, and in some cases was, provided by a spring-loaded dia-
phragm, operated by the depression in the induction pipe, though it
was not until many years later that this became accepted practice.

In order to reduce to the minimum the tendency to detonate, the
length of effective flame travel was shortened by bringing that portion
of the head which lay over the farther side of the piston into as close
contact as possible with the piston crown. Thus there was left at top

Fig. 6.2.—Typical turbulent-head design (1919)

dead centre only a very thin layer of gas entrapped between the rela-
tively cool piston and the still cooler head. This thin lamina was thus,
able to get rid of the heat thrust at it by the advancing flame at a rate}
amply great enough to ensure against its being detonated.

Experiments carried out during the 1914-18 war had revealed
that there was a critical depth for this lamina of about 0-1 in. for
compression ratios of the order of 5:0 : 1 below which the end gases
would be so chilled as to render them immune from detonation.

Lastly, and again with a view to shortening as far as possible the
length of flame travel, the sparking-plug was placed nearly in the
centre of the effective combustion space, but with a slight bias towards
the hot exhaust valve. Fig. 6.2 illustrates a cross-section of the com-
bustion chamber of an experimental engine designed in 1918-19 which
developed, for its date, a very outstanding performance in the way of
power output and fuel economy.
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Equipped with this type of head, the side-valve engine was able to
show a performance equal in all respects to the overhead-valve engine
of the same date and was eventually adopted almost universally.

At the time that the turbulent head was developed the average
octane number of the petrol then available was in the region of 45-50
and the incidence of detonation limited the compression ratio of even
quite small engines to about 4-0 : 1; even so they would detonate
heavily unless the ignition timing were constantly adjusted. The
turbulent head allowed of this ratio being raised to about 4-8 : 1 (de-
pending of course on the size of the engine), thus permitting of a very
substantial increase in power output and efficiency. As the average
octane number of petrol improved, the compression ratio could be,
and was, increased until, by about 1935, it had reached nearly 6-0 : 1.
At this ratio the normal spread of burning has so much increased that
relatively little turbulence is required to give the oplimum rate of
pressure rise, viz. about 30-35 lb. per sq. in. per degree of crank angle.
The turbulent head then tended to become over-turbulent, and the
rate of rise of pressure too rapid, thus leading to harsh running and
high heat losses. To combat this the area of the passage-way was in-
creased progressively, but, with the very small total clearance volume
available at a compression ratio of 6-0 : 1, this could be done only at
the expense of closing down on the area round the valve heads, or by
restricting the size or lift of the valves, any one of which expedients
involved reducing the breathing capacity of the engine.

Thus a limit was reached from which there would appear to be no
escape, unless one was prepared to cut down the speed and therefore the
maximum power below that of which the engine was otherwise capable.

With the relatively high-octane petrol available to-day it would
seem that the side-valve engine can no longer compete with the over-
head or with other forms which permit of the use of a compact com-
bustion space without limiting the size of, or the free passage-way
round, the heads of the valves.

From the point of view of turbulence, of detonation and of heat loss,
the ideal form of combustion chamber would seem to be a hemisphere
with the sparking-plug in the centre of the flat roof similar to that
used in some direct-injection compression-ignition engines. This would
give an equal and minimum length of flame travel in all directions from
the sparking-plug combined with the minimum surface/volume ratio,
but unfortunately it is not a very practical arrangement for a spark
ignition, and therefore a relatively low compression engine because:

(1) The hemispherical cavity in the piston would have to be
so large even for a ratio of 7 : 1 that it would be well nigh impos-
sible to keep the piston cool or to protect the piston-rings from the
direct heat flow.

(2) It would add greatly to the weight of the piston.
7 (G 640)
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(3) With the sparking-plug in the centre and the valve heads
contained within the contour of the cylinder bore, it would not be
possible to provide either adequate valve area or adequate cooling
round the sparking-plug.

At the high ratios of compression in use to-day, viz. 6-0 : 1 and
over, the normal turbulence created by the entry of the gases through
the inlet valves is usually sufficient, or nearly sufficient, to give the
rate of burning and therefore of pressure rise we are seeking, while a
small addition to the general turbulence can always be obtained by
providing what is now generally termed * squish ”’, namely, the rapid
ejection of gas trapped between the piston and some flat or corres-
ponding surface in the cylinder head.

In the design of a combustion chamber of high compression to suit
the fuﬂs available to-day or in the future, our aims should be:

(1) On the score of volumetric efficiency, to accommodate the
largest possible inlet valve or valves, with ample clearance round
the valve heads.

(2) On the score of detonation, to keep the length of flame
travel from the sparking-plug to the farthest point in the combustion
space as short as possible.

(3) Because of the hot surface it presents, to keep the exhaust
valve small, but to compensate for this by employing a relatively
high lift.

(4) To ensure that both the exhaust-valve seat and the sparking-
plug boss are well cooled by a stream of water directed round them
at high velocity.

(5) In order to be able to extend the mixture range as far as
possible on the weak side and more especially on reduced loads, it
is essential that the sparking-plug or plugs shall be so positioned
that they will be well scoured of any residual exhaust products by
the incoming charge.

(6) If any additional turbulence is required, this may be sup-
plied by the provision of an appropriate area of ‘ squish .

It is not easy, of course, to cater for all these requirements, some of
which are conflicting, and, at the same time, to maintain a mechanically
convenient valve-actuating mechanism. Moreover, on manufacturing
grounds, it is desirable, wherever possible, to employ a plain flat-
topped piston.

The simplest and perhaps the most mechanically convenient com-
promise is what may be termed the bath-tub form of combustion
chamber. This consists of an oval-shaped chamber with both valves
mounted vertically overhead and with the sparking-plug at the side,
as shown in fig. 6.3. The flanks of the oval overhang the cylinder bore
and afford areas which may be used for “ squish ”.
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Fig. 6 3.—Typical bath tub head
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For those applications which call for a good all-round but not an
outstanding performance, this form provides at least a very fair com-
promise, and goes far to meet most of the conditions set forth above,
while retaining the advantage of mechanical simplicity.

In common with all forms of combustion chamber which involve
placing the valves in a single row along the cylinder block, it is open to
the objection that either the breathing capacity must be somewhat
limited or that the overall length of the engine must be determined by
the size and spacing of the valves, rather than by the cooling of the
cylinder barrels or the crankshaft bearings. When, however, the
crankshaft is mounted in bearings between every alternate crank-
throw, as in a three-bearing four-cylinder or four-bearing six-cylinder
engine, advantage can be taken of the wider spacing between alternate
cylinders to allow the combustion chamber to overflow the cylinder
bore to some extent. Thus it is possible, without lengthening the engine
on behalf of the valves alone, to provide adequate breathing capacity
for the attainment of maximum power, without supercharge, at a
piston speed of approximately 3000 ft. per minute and this, for most
applications, is generally sufficient. This is a much higher piston
speed than could be realized by a compression-ignition engine with
two valves only. Three main reasons account for the difference. In
the C.I. engine:

(1) It is desirable to work with at least 20 per cent excess air
at normal full power; hence a correspondingly greater valve area is
needed.

(2) It is very undesirable to let the valve heads overlap the
cylinder bore; hence the permissible diameter of the valves is
less.

(3) In order to ensure ignition under all operating conditions,
the C.I. engine cannot afford to work with an under-filled cylinder.

For these reasons, and others of a secondary nature, the corres-
ponding limit for a two-valve C.I. engine is about 2000 ft. per minute.

As to the other conditions, the flame travel is comparatively short;
hence it is reasonably good from the point of view of detonation.

The exhaust-valve seating is in a position where it can be efficiently
cooled, but the sparking-plug boss is not so favourably situated.

The sparking-plug is in a position where it will be well scoured of
any residual exhaust products by the incoming charge.

When it is desired to attain maximum power at piston speeds
appreciably in excess of 3000 ft. per minute, it becomes necessary to
depart from the single row of valves, though this, of necessity, involves
some added complication of the valve gear. If the valves are placed
athwartships then either one or more overhead camshafts must be
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used, or we must be content to put up with a rather complicated
arrangement of push-rods and rockers, or, alternatively, we may place
one valve in the cylinder block operated directly from a camshaft
below and the other overhead and operated by means of push-rod and
rocker. The design shown in fig. 6.4—that of the modern Rover engine
—embodies a form of combustion chamber which would appear to
approach as near to the ideal as any yet developed, though at the cost
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Fig. 6.4.—Rover cylinder head

of considerable complexity in the valve mechanism, and of a shaped
piston crown. In this design the main body of the combustion chamber
is extremely compact and approaches very nearly the form mentioned
previously, namely, a hemisphere with the sparking-plug in the centre
of the flat roof.

It will be seen that this shape of chamber appears to conform to all
the rules. The effective flame travel is about the shortest possible.
The end gas is reduced to a thin layer bounded by the relatively cool
piston and inlet valve, and so should be immune from detonation.
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Both the exhaust valve and sparking-plug are so situated that they
can be well cooled and the latter scoured of any residual exhaust pro-
ducts by the mixture entering through the inlet valve.

In the sleeve-valve engine, with no valves in the cylinder head, we
have complete freedom of manceuvre. The sparking-plug can, of course,
be placed in the exact centre
of the combustion chamber,
we have no hot surfaces to
worry about, and by bring-
ing the flat-topped piston
= > nearly into contact with the
cylinder head, we can, if we
wish, reduce the effective
: length of flame travel to

something even less than
\ N the radius of the cylinder.
Hence the tendency to de-
tonate is reduced to the
absolute minimum, and we
can, in fact, operate on the
M \¢ same fuel at about one whole
- u ratio higher compression
than on an overhead poppet-
7J valve engine of equal cylin-
<V % . der dimensions. On the
ay e . other side of the picture we
have to face certain difficul-
ties:

7z (1) Owing to the very
free and unrestricted
) entry of the air through
G T the sleeve ports the nor-
mal turbulence is ex-
cessive, resulting in a
very rapid rate of pres-
sure rise, with its ac-
N ] companiment of rough
running and high heat

Fig. 6 5.—Sleeve-valve combustion chamber as losses.
developed for very smooth running (2) Owing to the
motion of the single
sleeve-valve, the incoming air enters the cylinder tangential]y and
thus sets up a rotary swirl of the whole body of the air, which
persists throughout the whole cycle. Such a x(&i:ary swirl can be
turned to great advantage in a compression-ignition engine, but in
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a spark-ignition it is wholly objectionable, for it serves merely to
increase the heat losses.

(3) The position of the sparking-plug, though ideal from most
points of view, is not such that it can be very effectively scavenged
by the entering air.

In endeavours to overcome these objections a great number of
different shapes of cylinder head were tested during the course of the
research and development work described in Chapter XVII. Briefly it
was found:

(1) That though the degree of turbulence could not be reduced,
the rate of pressure rise resulting therefrom could be reduced and
controlled by restricting the area of the advancing flame front;
that is to say, by employing a combustion chamber of conical
form with the sparking-plug at the apex, and so provide a very
smooth-running engine, see fig. 6.5. This, however, had the ill
effect that the length of flame travel was increased and therefore
the tendency to detonate, and that the plug points were further
removed from the entering air and hence were less well scavenged.
The combined effect of these two factors was to reduce the power
output by about 3 or 4 per cent and to increase the consumption
by a rather larger amount because the poorer scavenging of the
sparking-plug forbade the use of very weak mixtures.

(2). It was found that the air-swirl could be eliminated entirely
by the provision of very small anti-swirl baffles at the entry to one
or more of the inlet ports. This, however, if carried too far, tended
to convert air-swirl into turbulence which was already excessive.
A satisfactory compromise between air-swirl and turbulence was,
however, arrived at eventually.éw

In the case of the aircraft engine, where the utmost power and
efficiency were the primary considerations, the best all-round results
were obtained with a plain flat combustion chamber; with this the
performance was in almost all respects equal to or better than that
obtainable with any arrangement of poppet valves, but the running
of the engine was somewhat rough and noisy. With the steeply conical
form of chamber on the other hand, the running was quite remarkably
smooth and quiet and, though at some sacrifice in performance, this
form would no doubt be preferred for, say, a pleasure-car engine.



CHAPTER VII

Combustion-chamber Design:
Compression Ignition

For the rapid and complete combustion of the fuel in a compression-
ignition engine we need a high relative velocity between the fuel drop-
lets and the air.

Let us suppose that we are using a single-orifice injector (and there
are very cogent practical arguments in favour of this), then, ideally,
we should like so to adjust our air movement at the maximum delivery
of the fuel pump that the whole of the air in the combustion space is
swept once past the fuel jet during the process of combustion, that is
to say, it must make one complete revolution during this short period.
This, however, will involve a very high rate of air-swirl. If, now, we
use two jets of fuel 180° apart, then clearly the air need make only
half a revolution during the combustion process; if four jets, only one-
quarter of a revolution, and so on.

{ 'We can set up the necessary air-swirl either:

(1) by directing the flow of the air during its entry to the cylinder,

(2) by forcing the air through a tangential passage into a sepa-
rate swirl chamber during the compression stroke,

(3) by making use of the initial pressure rise due to partial
combustion to create swirl or turbulence. 1)

Induction Swirl

In the case of either the four-cycle sleeve-valve or of the two-cycle
engine, in which the air enters the cylinder through ports round the
circumference, it is possible, by suitable formation of the inlet ports,
to create all the induction swirl we require, even for use with a single-
orifice injector, and that without impairing appreciably the volu-
metric efficiency. We can then combine a single-orifice injector
with an open combustion chamber as in fig. 7.1, which illustrates
the combustion chamber of a sleeve-valve engine, or fig. 7.2, that
of a two-cycle engine with inlet ports and a poppet exhaust valve.
In the case of the two-cycle engine, however, we cannot afford to
create too much induction air-swirl or we shall interfere seriously with

the scavenging process, for with a very high air-swirl the entering air
n
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Fig. 7.1.—Combustion chamber of sleeve-valve C.I. engine
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will tend to travel in a spiral clinging closely to the walls of the cylinder
barrel and leaving, undisturbed, a central core of exhaust products.

In this connection some experiments carried out in the author’s
laboratory during an early stage in the research on high-speed C.I.
engines are of interest as illustrating the influence of air-swirl.

For these experiments a single-cylinder sleeve-valve engine having
a bore of 5-5 inches and a stroke of 7 inches was used. The intensity of
induction swirl was controlled by hinged baffles placed just outside
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Fig. 7.2.—Combustion chamber of two-cycle C.I. engine

the air inlet ports and was recorded by means of an anemometer with
a rotating vane placed inside, and conforming closely with the contour
of, the combustion chamber.

By motoring the engine and recording the speed of the anemometer,
it was possible to obtain a relation between the crankshaft and anemo-
meter speeds, which relation was expressed as the swirl ratio. Thus if
the crankshaft were turning at, say, 1000 r.p.m. and the anemometer at
10,000 r.p.m. the swirl ratio would be 10.

A large number of such readings were taken with the baffles set at
various carefully marked angles, and the swirl ratio at each baffle
position was recorded over the range from 3-5 to 12-5 : 1. It was found



COMBUSTION-CHAMBER DESIGN 97

also that for any given setting of the baffles the swirl ratio remained
substantially constant throughout a wide range of speed.

It is not suggested that the anemometer gave a true reading of the
absolute rate of air-swirl at the time of fuel injection, for it could record
only a mean rate throughout the cycle, though naturally it would be
influenced mostly by the movement of the air when the density was
highest, i.e. at the end of compression; also, of course, there is some
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Fig. 7.3.—Efiect of air-swirl on performance with a constant
fuel delivery of 8 pints per hour

loss both by friction and slip, though this appeared to be small. The
anemometer did, however, give a very fair relative measure of the
swirl ratio and was quite reliable and consistent. From various indirect
evidence it appeared probable that the anemometer readings under-
estimated the true value of the swirl ratio at the time of fuel injection
by from 30 to 50 per cent.

Having thus calibrated the swirl ratio at different settings of the
baffles the anemometer was removed, the injector replaced and the
performance of the engine investigated when running under its own

power.
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In this particular engine the combustion space was in the form of a
cylindrical chamber whose diameter was 0-475 and height 0-4 of the
piston diameter. A single-orifice plain-hole injector was used squirting
down one side of the combustion chamber and aimed directly at the
piston crown, as shown in fig. 7.1 (p. 95).

The most favourable proportions and dimensions of the combustion
chamber and injector position had been arrived at during previous
investigations.

A long series of tests were then undertaken in order to find the
most favourable relation between air-swirl and rate of fuel injection.

m/x'qm
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Fig. 7.4.—Indicator diagrams with varying rates of air-swirl, viz:

Air-swirl ratio (1) = 3-9
(2) = 765
(3) = 1065
4) =125

Constant fuel delivery 8 pints per hour

Fig. 7.3 summarizes the effect of varying the swirl ratio upon
B.M.E.P., specific fuel consumption, exhaust temperature, maximum
peak pressure and rate of pressure rise with a constant fuel delivery of
8 pints per hour over a range of air-swirl ratio, as recorded by the ane-
mometer, of from 3-9 to 12-5; fig. 7.4 gives four typical indicator
diagrams taken during this test.

It will be noted that, under these particular conditions as to rate
of fuel injection, timing, etc., the optimum swirl ratio, both from the
point of view of maximum power output and minimum specific con-
sumption, appears to be about 10-5.

These results appeared very illuminating in that they emphasized
very definitely the great importance of matching the rate of air-swirl
with the rate of injection or rather with the rate of burning, which
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latter is limited to a fairly narrow range. They showed that at the
optimum a very excellent performance could be obtained for a specific
fuel consumption of 0-35 lb. per B.H.P. hour at a brake mean pressure
of 90 Ib. per sq. in., and at a piston speed of 1570 ft. per minute was
a remarkably good performance in those days. They showed also
how rapidly and how disastrously the performance fell away with any
large departure from the optimum condition.

With this combination, however, the running was decidedly rough
and both the maximum pressure and rate of pressure rise rather high.
As a next step the rate of fuel injection was reduced and the tests
repeated, when it was found that optimum conditions were reached
with a swirl ratio of 9. The maximum pressure was then reduced by
70 lb. per sq. in. and the rate of pressure rise from 45 to 25 lb. per sq.
in. per degree of crank angle with, of course, a very marked improve-
ment in the smoothness and quietness of running, but at a cost of
about 3 per cent in both power and fuel economy.

Tests at varying speeds showed that the optimum relation of air-
swirl to fuel injection rate remained substantially constant over a wide
speed range.

Tests at constant speed but varying load showed, as would of
course be expected, that the relation became very critical at the maxi-
mum load, 121 lb. per sq. in. BM.E.P., and progressively less so as
the load was reduced.

Tests of heat flow to the cylinder jacket showed that this increased
slightly with increase of swirl ratio but since the range of optimum
swirl, viz. 9 to 10-5, was small, no appreciable difference would be ex-
pected.

Though now somewhat ancient history, the author has recalled
these tests because they illustrate so clearly the importance of the
relationship between air-swirl and fuel injection.

In the case of a poppet-valve engine with the valves mounted
vertically in the cylinder head, we can promote a certain amount of
induction air-swirl by careful formation of the air-intake passages
and/or by masking a portion of the circumference of the inlet valve
(see figs. 7.5 and 7.6); but, do what we will, we cannot possibly promote
a sufficient intensity of air-swirl to work with a single-orifice injector
without cutting down the volumetric efficiency to an intolerable extent.
If, then, we decide to employ induction air-swirl in a poppet-valve
four-cycle engine, we shall have to reconcile ourselves to the use of a
multiple-orifice injector, and in the interests of symmetry, that injector
will have to be placed in, or very near, the centre of the cylinder and
therefore between the valves, thus restricting somewhat the diameter
of the valves and therefore the breathing capacity.
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Fig. 7.5.—Inclined inlet port to produce air-swirl
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Fig. 7.6.—Partially masked inlet valve to produce air-swirl
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Compression Swirl

An alternative course is to rely on compression swirl but, to achieve
this, we must pass all or at least a substantial proportion of the air at
high velocity through one or more restricted passages into a swirl
chamber, see fig. 7.7. To this, in itself, there is little objection, but
unfortunately it means that the combustion products must also pase
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Fig. 7.7.—Compression swirl chamber

out through the same passages at a still higher velocity, and at a time
when their temperature and pressure are at a maximum, hence there
will be considerable loss of heat to the walls of the passage, and the
greater the intensity of swirl the greater the loss. We can mitigate this
loss of heat by employing a heat-insulated member to serve as a re-
generator, and so, to some extent at least, can make it serve a useful
purpose by transferring heat to another part of the cycle, but it would
seem that so long as we depend upon compression swirl, we must



COMBUSTION-CHAMBER DESIGN 103

accept the fact that the loss of heat to the surface of the combustion
chamber will be greater than with induction swirl and direct injection
into an open chamber.

On the other hand, with compression-induced swirl and a single-
orifice injector, we can consume a greater proportion of the air retained
in the cylinder and so attain a higher mean effective pressure at the
clean exhaust limit; also, since the injector is banished to one side of
the cylinder, we have freedom to use larger valves with a freer entry
and so maintain our volumetric efficiency and therefore our mean
pressure up to considerably higher speeds. Again, with compression
swirl we can make use of a pintle-type injector with its valuable self-
cleaning properties.

The Pre-combustion Chamber

The third alternative, that in which air movement is cither set up
or accelerated by the pressure rise due to partial combustion, has some
attractive possibilities. One example of this which used to be much in
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Fig. 7.8.—Pre-combustion chamber

favour in Germany is the so-called pre-combustion chamber, really a
modern development of the early Brons engine. In this a small separate
chamber communicates with the main combustion space through a
number of relatively small holes somewhat like a pepper-castor (fig.

7.8). The fuel is injected into this pre-chamber where combustion is
8 i (G 640)
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initiated and the resulting pressure rise forces the flaming droplets,
together with some air and their combustion products, at high velocity
through the small holes, thus both creating violent turbulence in, and
distributing them throughout, the air in the main combustion chamber.
In this case the pre-combustion chamber performs much the same
function as the compressed air in an air-blast injection engine, except-
ing only that to be effective the velocity of the burning mixture during
its passage from the pre-chamber must be very great and the loss of
heat, in consequence, very high. This form of chamber has also the
advantage that it can be combined with a single-hole pintle-type in-
jector but the disadvantage that, to be fully effective, the relatively
large pre-chamber should be fitted centrally in the cylinder head, an
arrangement which in a poppet-valve engine is geographically possible
only when four valves are used.

The Air-cell Combustion Chamber

Yet another form of combustion chamber which has found favour,
more especially in America, is the air-cell type. This, like the pre-
combustion chamber, does not depend upon organized air-swirl and is a
distinct species of its own. In this form, of which the Acro and Lanova
are the best-known examples, a separate chamber, known as the air-
cell, is used communicating with the main chamber through a narrow
restricted neck. Instead, however, of injecting fuel into the separate
chamber, the injector is placed in the main combustion space and
squirts across this space to the open neck of the air-cell (fig. 7.9). In
such a system the process of combustion is a little obscure. It would
seem that the first droplets to be injected probably penetrate a short
distance into the air-cell, that inflammation takes place initially just
inside the neck thus causing a small pressure rise in the cell and an
outflow of air into the main chamber; thereafter, and throughout the
remainder of the process, combustion probably oscillates rapidly about
the open neck of the air-cell. That it does not take place to any con-
siderable extent within the air-cell itself is proved by the relatively low
rate of heat transmission to the walls of the cell.

It is obvious that in such a system the bulk of the air entrapped in
the air-cell can come into play and combustion be completed only
rather late in the stroke; hence the effective expansion ratio is curtailed
and both the efficiency and power output are somewhat limited in
consequence. On the other hand, it has the compensating advantages
that it gives easy starting and reasonably smooth running, with fairly
low maximum pressures. It is probably best suited therefore to com-
paratively small engines of medium duty where a relatively high fuel
consumption can be tolerated.

In this country, which is dependent upon imported fuel and there-.
fore in which fuel economy becomes a vital factor, the choice of com-
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bustion system has been narrowed down to that of induction-induced
or compression-induced air-swir. Each has its own particular ad-
vantages and disadvantages, and the final choice must depend largely
upon the service for which the engine is intended.
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Fig. 7.9.—Air-cell combustion chamber

The direct-injection engine employing induction-induced air-swirl
and a multiple-orifice injector has the advantage that it can work with
a lower intensity of swirl and therefore that the loss of heat by con-
vection is less. It has the further advantage that the burning mixture
need not pass through any restricted passage during combustion or
expansion, and on this score again the direct loss of heat is less; thus it
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starts with the advantage of a higher thermal efficiency due to the lower
direct heat losses. It has the advantage also that by reason of the lower
intensity of air-swirl the loss of heat during the compression stroke is

J

Fig. 7.10.—Comet Mark IIT combustion chamber

less, hence a lower ratio of compression will suffice to provide the
temperature margin needed to ensure ignition under adverse conditions
as when starting from cold, or running at high speed on a very light
load.
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These are very important attributes which ensure for the induction -
swirl direct-injection engine an advantage in fuel economy of the order
of 10 per cent as compared with the pure compression-swirl type using
a separated combustion chamber.

Between these two extremes lies the ““ Comet Mark III ” type of
combustion chamber (fig. 7.10), in which about 50 per cent of the air
is subjected to compression-induced swirl, and the remaining 50 per
cent is left more or less stagnant in depressions in the piston and set
into motion only after combustion has started. This, as would be
expected, has a thermal efficiency about midway between the direct-
injection engine with induction swirl and the pure compression-swirl
engine but, because of its unimpaired breathing capacity on the one
hand, and its greater utilization of the retained air on the other, the
power output obtainable is considerably greater than either. Since,
however, combustion is initiated within the swirl chamber and there-
fore in air which has lost some heat due to compression swirl, it is not
normally so good a cold-starter as the direct-injection engine, for, at
starting, the heat-insulated member is, of course, quite cold.

In the direct-injection engine of the four-cycle poppet-valve type
the combustion chamber is, and must be, formed in the piston. In
practice, many different shapes are employed and advantages claimed
for all of them. Fig. 7.11 shows typical forms in successful use. All
depend, to a greater or lesser extent, on the combination of organized
air-swirl produced during induction with a greater or lesser amount of
‘ squish ”’, which serves both to accentuate the swirl and probably
to introduce also a vortex effect, giving to the air a spiral movement.
Considerable doubt exists as to the precise effect of ““ squish ” and, as
usual, where doubt exists, theories abound. Certain it is that “ squish ”’
plays an important part, for all direct-injection engines are very sen-
sitive to the clearance between the flat portion of the piston and the
cylinder head upon which the degree of ‘ squish * depends. .

The fact that so many widely different shapes of chamber appear,
when fully developed, to give almost equally good results clearly indi-
cates that it is the matching of the fuel and air movement that is im-
portant rather than the particular path of either. Our objective clearly
is to bring the largest possible proportion of the air into contact with
the fuel jets during the combustion process, and this will depend upon
both the number and aiming of the fuel jets and the path and velocity
of the air. Since the latter is always somewhat indeterminate, we are
forced to a large extent to depend upon trial and error. We can decide
to use a certain injector with jets radiating at some pre-determined
angle, and then proceed, by trial and error, to find the form of combus-
tion space which will give the most effective pattern of air flow, or,
conversely, we may decide to use a certain form of combustion space
and then find, by trial and error, the most effective disposition of the
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fuel jets. The most successful practical solution will be that which
contrives to utilize the greatest proportion of the air with the minimum
number of fuel jets and the minimum intensity of air-swirl.

In the direct-injection engine of the poppet-valve type it is not
practicable to employ a heat-insulated member as a means of raising
the compression temperature and pressure and so reducing the delay
period, for no satisfactory means have yet been found for attaching
such a member to a high-speed reciprocating piston nor could the
weight of such a part added to that of a reciprocating member be
tolerated; moreover, if attached to the piston it would be in the path
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Fig. 7.12.—Typical indicator diagrams: (A) from swirl-chamber engine
and (B) from direct-injection engine

of, and so impart some of its heat to, the entering air, which is most
undesirable; hence this means of raising the compression temperature
without reducing the volumetric efficiency is impracticable.

As a consequence the delay period is somewhat prolonged and the
pressure rise following the delay period is both greater and more rapid
than in a compression-swirl engine, with the result that, although a
lower ratio of compression can be employed, the maximum pressure is
at least as high or generally considerably higher. Thus fig. 7.12 shows
typical indicator diagrams taken from the same engine at the same
speed and mean pressure, (A) when working with compression swirl
and (B) with direct injection and induction air-swirl.

In either a sleeve-valve four-stroke or a two-stroke engine in which
the combustion chamber is situated in the stationary cylinder head
and well out of the path of the incoming air, it is possible to combine a
heat-insulated member with direct injection into an open chamber and
so combine the virtues of the compression-swirl engine in the way of a
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short delay period, small pressure rise and smooth running, with the
low heat loss and higher thermal efficiency of the direct-injection engine
(see figs. 7.2 and 7.13), but no practical way has yet been found of
achieving this in a four-cycle poppet-valve engine.

In the direct-injection engine using multiple-orifice jets it is essential
that the injector shall be placed centrally, or very nearly centrally, in
the cylinder head. If the injector be offset in relation to the bowl in
the piston, then an asymmetrical pattern of jets is needed, and further,
the jets must be of varying sizes and lengths to give the appropriate
quantities and degrees of penetration to match the differing radii of
the combustion space, while the angular position of the injector nozzle
must be located very accurately.
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Fig. 7.13.—Heat-insulated lining in sleeve-valve combustion chamber

If the bowl in the piston be offset to any considerable extent, then
both the pattern of the air-swirl will be disturbed by the asymmetrical
“ squish ”” and there will be a greater tendency for organized air move-
ment to give way to general turbulence. In either event the problem
of matching the fuel and air movements will be greatly intensified and
will become well-nigh impossible if the offset of either the injector to
the bowl or of the bowl to the cylinder axis be considerable.

With two valves per cylinder it is possible without letting the valve
heads overlap the cylinder bore, even in a very small cylinder, to
provide breathing capacity sufficient for a piston speed of 2000 ft. per
minute and still leave an adequate passage-way for cooling between
the valves. If, however, the injector must be placed centrally and
therefore between the two valves, then either the area of the latter
must be feduced considerably, or they must be allowed to overlap the
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cylinder bore. In the former case, the breathing capacity will be
much reduced and even in a relatively large cylinder will probably be
no more than adequate for a piston speed of 1600-1700 ft. per minute;
also it will diminish rapidly with decrease of cylinder size, since there is
clearly a lower limit both to the dimensions of the injector and to the
thickness of the metal in the inlet and exhaust elbows. A little can be
done by offsetting both the valves and the injector in opposite direc-
tions, but the scope in this direction is small.

If the valve heads overlap the cylinder bores then, on the one hand,
this leaves pockets of air to which the fuel cannot reach and from a
mechanical point of view it is objectionable, more especially when
detachable liners are employed, since it involves gashing out the liner.

It would seem that in the case of the small high-duty direct-injec-
tion engine, as in that of the pre-combustion chamber type, there is a
very good case for the use of four valves per cylinder, even though this
must add to the cost and mechanical complexity of the engine.

In the direct-injection engine of the poppet-valve type, we are
forced, on account of our limited air-swirl, to employ multiple-orifice
injectors. In a small engine the size of the individual orifices becomes
very minute, e.g. less than 0-010 in. in the case of cylinders of about
5 in. bore. Such small orifices are liable to be choked either by particles
of metal or grit carried along with the fuel, or by carbon formation.

By dint of meticulous filtration it is generally found possible effec-
tively to guard against the former, though the risk of foreign matter,
scale, ete, being left in the system between the last filter and the in-
jector orifices always remains.

As to carbon formation this appears to be due to:

(1) Dribbling, due to sluggish closing of the injector valve.
(2) The frying up of the fuel left in the orifice passage.

Both can, to a large extent, be prevented by the use of a very
heavy loading on the injector spring to ensure:

(a) a really sharp cut-off at the end of injection, and

(b) the maintenance of a very high velocity through the actual
orifice passages in order to scour away any partially formed
carbon.

To this end it is usual to load the injection valves in direct-injec-
tion engines to a pressure of not less than 2500 Ib. per sq. in. Such
heavy initial loadings, added to the high resistance imposed by the
orifices themselves, inflict a heavy strain on the fuel injection system
and renders it very sensitive to both the elasticity of the fuel itself
(which even when entirely free from any aeration has a modulus of
elasticity of only about 500,000) and to that of the pipe-work, etc.
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Moreover, the smaller the individual orifice, both the higher the pres-
sure required to provide the necessary penetration and the finer the
pulverization of the fuel particles. As explained previously, the smaller
and more numerous the droplets, the greater the rate of pressure rise
following ignition; hence, ceteris paribus, the higher the fuel line pressure
the rougher the running of the engine, but, at the same time, the
eagier the starting from cold.

In the direct-injection engine although an air-swirl is used to bring
the fuel and air into contact, yet this cannot be effective unless the
fuel jets have sufficient momentum to penetrate across the combustion
chamber, and that in the short time available. Since the paths of the
air and of the fuel are more or less at right-angles to one another, the
air movement will not assist the fuel to penetrate, and for this we must
rely on fuel pressure alone. With very small orifices, however, increase
of fuel pressure beyond a certain point will result in increased pul-
verization rather than penetration, and there comes eventually a limit
to the penetration attainable. It is true that the length of path through
which the fuel jet is called to penetrate bears at least some relation
to the size of the orifice, but, generally speaking, the smaller the cylinder
size the greater the difficulty in ensuring sufficient penetration.

All the above considerations point to the desirability of using the
largest and therefore minimum possible number of individual orifices.

In a compression-swirl engine there is clearly no limit to the in-
tensity of swirl we can supply, for this is determined merely by the
shape and cross-sectional area of the communicating passage; hence
we can employ a single-orifice injector, preferably of the pintle or self-
cleaning type, but, in any case, with a relatively large orifice, and since
we need only a fairly coarse spray, no very high fuel pressures or in-
jector loadings are required, thus the burden on the fuel injection
system is reduced and the precision of timing and of duration of in-
jection is less disturbed by the length or capacity of the fuel piping or
by the elasticity of fuel, ete.

Again, since the injector is banished to the side of the cylinder
head, it does not restrict the size of valves we can use, hence our breath-
ing capacity can be much increased.

These are all weighty advantages which increase in relative im-
portance as the size of the cylinder is diminished.

On the other side of the picture is the considerable loss of heat to
the walls of the combustion chamber and, more especially, to those of
the connecting passage during transfer of the combustion products
from the swirl chamber to the cylinder proper. This drawback is
unfortunately inherent in all forms of compression-swirl engines. To
acquire the swirl we need, we must force the air through a somewhat
narrow passage during compression, and symmetry compels that it
shall pass out again, through the same restriction, during combustion
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and expansion, unless some means can be devised for suddenly removing
the restriction once combustion is well under way and restoring it
again before the next compression stroke—hardly a practicable pro-
position.

By way of compensation the scrimmage in the passage probably
serves to foster the intimacy of the fuel and air and to complete any
introductions which the air-swirl may have neglected. To some extent
the loss of heat in the transfer passage can be mitigated by forming
this passage in a separate member, heat-insulated from the cylinder
head by a small air gap. Thus in the “ Comet ”’ type of swirl chamber,
the lower half of the sphere comprising the transfer passage is made as
a separate member of heat-resisting steel in contact with the cylinder
only at the retaining flange.

It is commonly supposed that the air pumping work involved in
forcing the air through the transfer passage accounts for an appreciable
expenditure of power and some colour is given to this assumption by
the higher apparent total friction losses when the engine is motored.
These are due, however, not to pumping work but rather to the negative
value of the compression/expansion loop due to heat loss during this
period, for, when motoring, the walls of the passage are relatively cold.
In fact, the actual air pumping work, as apart from heat loss, appears
to be almost negligible.

When running, this lower member attains a temperature ranging
from 450° C. to 700° C. depending on the speed and load; that is to
say, it is, at all times, except when starting from cold or after prolonged
idling, above the normal compression temperature, but, of course,
much below the combustion temperature. Thus, it serves as a thermal
regenerator receiving heat during combustion and expansion and re-
turning heat to the air during the compression stroke. Fig. 7.14 shows
typical thermocouple readings of the actual temperature of the hot
member, when running at a constant M.E.P. but varying speed, and
at constant speed but varying M.E.P. In this case the observations
were made on a ‘“ Whirlpool ” type swirl chamber to be described
on p. 122. In this form of chamber the temperature level of the heat-
insulated member is higher throughout the whole range of speed and
load but the trend is exactly the same as in the “ Comet ”’ type. Since
the normal compression temperature corresponding to a compression
ratio of 17 : 1 is approximately 500° C., it will be seen that, under
almost all working conditions, the temperature of the hot member is
above the maximum temperature due to compression, and of course
well above the compression temperature at the time when the mass
flow of air through the passage is at its maximum, i.e. between 30 and
10 degrees before top centre. Moreover, since the temperature of the
heat-insulated member rises with increase of speed, this feature assists
in keeping the combustion process in step with the r.p.m. Thus fig.
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7.15 shows, in terms both of time and of crank angle, the observed
variation in the delay period with increase of speed, over the range
500-2000 r.p.m. In this case the observations were made on an engine
with a  Whirlpool >’ chamber but they apply almost equally to the
““ Comet " type.
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Fig. 7.14.—Curves of hot-plug temperature

Single-cylinder engine: bore 43 in. x stroke 5 in., *“ Whirlpool ”” cylinder head,
compression ratio 17 : 1

The effects, then, of the heat-insulated member are:

(1) By its high surface temperature, to eliminate the loss of
heat during transfer from the cylinder to the swirl chamber, under
all except cold-starting conditions.

(2) To raise the compression temperature at any given com-
pression ratio and that without impairing the volumetric efficiency.
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Fig. 7.15.—Curves showing ignition delay in relation to speed, with insulated member
forming lower half of chamber

“ Whirlpool” type, compression ratio 16 : 1. Fuel, 40 cetane

(3) Its surface temperature is at all times high enough to prevent
the adhesion and building-up of carbon deposits. This attribute
becomes the more important the higher the ash content of the fuel.

(4) When the burning droplets impinge against a relatively
cold surface, combustion is arrested and products of partial com-
bustion, such as aldehydes, become stabilized, thus giving to the
exhaust a very pungent and acrid smell. So long as the temperature
of the surface against which the jet may impinge is well above the
ignition temperature of the fuel, this will not occur and the exhaust
is almost odourless.

To be fully effective, however, the heat-insulated member must be
80 positioned that it is out of the path of, and therefore will not give
up heat to, the entering air.

Despite many attempts, no entirely satisfactory technique has yet
been arrived at for measuring the swirl ratio in a compression-swirl
engine, as has been done in the case of the sleeve-valve engine, but
with the experience gained from the former it has been easy by trial
and error to arrive at both the optimum swirl ratio and the optimum
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relationship between swirl ratio and rate of fuel injection, since the
former can be varied at will, and that over a wide range, merely by
varying the area of the transfer passage.

To find the optimum direction for the fuel spray proved more
troublesome, but a number of cylinder heads were made with different
positions for the injector, while the injector itself was mounted in a
spherical housing and so could be aimed in any direction. Such experi-
ments revealed that the best results were obtained when injecting
downstream with the centre of the jet passing about midway through
the radius of the sphere and aiming at a point just upstream of the
passage entry.
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Fig. 7.16.—* Pintaux " injector, and graph showing its behaviour

As to the process of combustion, there is evidence to show that
ignition starts among the droplets near the far end of the injection
path, as indeed would be expected, for the droplets in this position
were the first arrivals and have therefore been the longest exposed to
the high-temperature air. As the temperature rises ignition spreads
back along the injection path until the later arrivals ignite at only a
short distance from the injector. Since the direction of injection is
downstream of the air-swirl, the products of combustion are, through-
out, being swept away from and ahead of the injection path. If the
injection be directed upstream then, on account of the much higher
relative velocity and therefore greater rate of heat transfer between
the fuel droplets and the air, ignition starts much earlier, the delay
period is reduced and starting from cold is very much improved; but
with the air and fuel in contra-flow, the products of combustion are
wafted back on to the path of the fuel stream, thus suffocating the
later arrivals. Thus upstream injection gives excellent starting from
cold and very smooth running at light loads, but the exhaust becomes
smoky and the efficiency falls rapidly due to incomplete combustion at
the higher loads. With injection aimed through the centre of the
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sphere somewhat the same applies, i.e. the cold-starting is 1mproved but
the maximum power and efficiency are lowered.

These observations led to the development of what has come to be
known as the “ Pintaux ” injector designed to give a small pilot in-
jection upstream and slightly in advance of the main downstream
injection. This is a modified form of pintle injector but with a side hole
drilled at an angle and pointing either upstream or across the centre of
the sphere as shown in fig. 7.16. When the needle valve first starts to

Fig. 7.17—Starting conditions Fig. 7.18—Full-load conditions

Spray from “ Pintaux ” injector

lift, the side hole is opened but the main jet still partially closed by
the pintle, with the result that the bulk of the fuel is delivered through
the former, thus giving, in effect, a pilot injection. At starting speeds,
viz. below 120 r.p.m., the main needle does not lift fully, and by far
the bulk of the fuel is delivered through the side hole in an upstream
direction, but at all normal running speeds the needle lifts fully and
only a very small proportion is delivered through the side, see figs.
7.17 and 7.18, which are photos of the fuel spray under starting and
full-load conditions. The effect of this is to improve enormously the
cold-starting, for the engine can be started from cold at the same
turning speed at an ambient temperature of from 20° to 25° C. lower
than with the normal pintle injector. The “ Pintaux ”’ injector, in
common with all multiple-orifice injectors, is open to the objection
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that the small side orifice can be choked; it therefore requires the same
high standard of filtration as in a direct-injection engine, but with the
difference that, if the side hole becomes choked, it is the cold-starting
only that is affected to any measurable extent, and, in a multi-cylinder
engine, it requires the choking of the majority of the injectors before
even the cold-starting is noticeably affected.

In the development of a compression-swirl engine of the “ Comet ™
type, the original aim had been to force into the swirl chamber as nearly
as possible the whole of the air in the cylinder, for it was reasonable
to suppose that only the air within the chamber could be utilized

Fig. 7.19.—Air movement in piston cavities, Comet Mark 1II combustion
chamber

efficiently. The necessity for a liberal mechanical clearance between
the piston and the cylinder head and below the valve heads make it
impossible to contain more than between 75 and 80 per cent of the air
within the chamber, and the higher the ratio of compression or the
smaller the engine, the greater the proportion of outlying and appar-
ently inaccessible air. Research on the ““ Comet * type revealed, how-
ever, that well over 80 per cent of the air was being consumed, and that
with a perfectly clean exhaust, thus indicating that some, at least, of the
thin lamina of air above the piston must be playing an effective part.
Such observations led to the development of the  Comet Mark III ”
type of combustion chamber in which about 50 per cent of the accessible
air is contained in cups in the piston crown and the remainder forced
into the swirl chamber. Thus rather less than 50 per cent of the total
air content is constrained to pass in and out of the swirl chamber and
the heat losses due to transfer are approximately halved.
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In order to make the best use of the air in the piston bowls these
are arranged as two cup-shaped depressions. From the overlapping
edges a short passage is formed leading to the swirl chamber (fig. 7.19).
Fuel is injected through a single-orifice pintle-type injector into the
swirl chamber in the usual manner and ignition takes place therein.
The resulting pressure rise causes the still burning droplets together
with some air and their products of combustion to be driven out from
the swirl chamber down the passage until they meet the promontory
dividing the two depressions; here the stream is split into two, thus
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Fig. 7.20.—Comparative consumption loops
Six-cylinder four-cycle poppet-valve engine, bore 4% in. x stroke 5} in.
Speed in all cases 1400 r.p.m.

(A) Direct-injection cylinder head and piston with induction air-swirl and
a multiple-orifice injector.

(B) Normal ‘ Comet ” head and flat-topped piston with separate swirl
chamber and compression-induced swirl.

(C) “ Comet Mark III > head and piston.

setting up a swirl in each of the depressions but in opposite directions,
so that the air ahead of the burning stream is swept around and so
into and across the stream issuing from the passage. By such means it
has been found possible to consume up to as much as 90 per cent of
the total air with a smokeless exhaust, and so in an unsupercharged
engine to realize an indicated mean pressure of over 160 lb. per sq. in.

In the “ Comet Mark III ” system the air-swirl in the primary
combustion chamber is produced by mechanical means, while that in
the piston bowls is produced solely by the outrush of burning products
from the primary chamber, as in a pre-combustion chamber engine,
but with the difference that the passage is very much larger, and both
within and without the primary chamber a definitely organized air-
swirl is employed as against the general turbulence of the pre-combustion
chamber.

In effect the “ Comet Mark.-III ’ is a half-way house between the
9 (G 640)
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pure compression-swirl chamber and the direct-injection engine and, as
would be expected, its thermal efficiency lies midway between the two,
but owing to the greater air utilization, its power output is greater than
either. Fig. 7.20 shows comparative fuel consumption loops from the
same engine when fitted with (A) a direct-injection cylinder head and
piston, with induction air-swirl, and a multiple-orifice injector, (B) a
normal “ Comet ” head and flat-topped piston with separate swirl
chamber and compression-induced swirl, and (C) a * Comet Mark ITI ”
head and piston.

In all cases the compression ratio was the same, viz. 16 : 1, as also
the valve timing.
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Fig. 7.21.—Comparative fuel consumption tests

Six-cylinder four-cycle poppet-valve engine, bore 4% in. x stroke 5% in.
Speed range 600-2400 r.p.m. at 80 1b. per sq. in. B.M.E.P. in all cases

(A) “ Comet ” combustion chamber.
(B) “ Comet Mark III ” 50/50 combustion chamber.
(C) Direct-injection open-type combustion chamber.

Fig. 7.21 shows the comparative fuel consumptions over the speed
range at a BM.E.P., in all cases, of 80 lb. per sq. in.

Fig. 7.22 shows a cross-sectional arrangement of an eight-cylinder
“ Comet Mark I1I ” engine of 5-4 in. bore by 6 in. stroke developed in
the author’s laboratory during the late war.

Fig. 7.23 is a summary in contour form of the performance of this
engine.

It is a characteristic of the “ Comet ” type, and indeed of most
compression-swirl engines with single-orifice injectors, that the exhaust
continues to be quite free from smoke, and the specific fuel consump-
tion to remain low up to almost the limit of M.E.P., after which point
any further increase in fuel injection results in a sudden onset of exhaust
smoke and little or no further increase in power. Thus fig. 7.24 shows
a typical consumption loop taken from a relatively larger experimental
“ Comet Mark III” engine when running at constant speed but with
variable load.

Up to a B.M.E.P. of 125 Ib. per sq. in. the exhaust is completely
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invisible against a standard background, but above this any further kv
increase in fuel injection resulted merely in a smoky exhaust and very
little further increase in M.E.P.
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Fig 7 23 —Performance contour curves of 8 cylinder engine, bore 5 4 1n., stroke 6 1n.

The ‘“ Comet Mark IIT”’ type of combustion chamber was deve-
loped with a view to obtaining the maximum possible power output
with a clean exhaust, combined with a reasonably low fuel consump-
tion and smooth running but with the accent on power output.
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Fig. 7.24.—Load range consumption curve at 1000 r.p.m., engmne EX239,
 Comet Mark III , bore 7 in., stroke 7} in. J.V. exhaust = just visible exhaust
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In order to meet the demand for an engine which would start
very easily from cold, and be very smooth and quiet running, an alter-
native form of compression-swirl engine, which has come to be known
as the “ Whirlpool ”” type (fig. 7.25), was developed in the author’s
laboratory. In this case the swirl chamber is a flattened sphere and
the swirl is imparted by two passages formed in the heat-insulated

Y

Fig. 7.25.—* Whirlpool ” combustion chamber

member. The fuel jet from a single-orifice pintle-type injector passes
directly across the centre of the chamber and is aimed towards the
entrance to the leading passage. The arguments underlying the develop-
ment of this form of chamber were:

During researches into the ‘“ Comet ” type it had been found, as
stated previously, that excellent cold-starting and very smooth running
could be obtained when the fuel jet was directed through the centre of
the sphere and aimed at the mouth of the passage so that the tip of the
spray should meet, in contra-flow, the hottest air, i.e. the last to enter
by the passage. It was found, however, that under these circumstances
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the exhaust became smoky even at a very low power output, due to
the fact that the products of combustion were driven back on to the
fuel spray and so tended to suffocate it. In the “ Whirlpool >’ chamber
two passages are provided and the jet directed towards the mouth of
the leading passage, but suffocation is prevented by the flow of fresh
air from the second passage which sweeps past the jet, and so scours
away the products of combustion. Thus the advantage of excellent
cold-starting and of smooth running due to the very short delay period
could be combined with a reasonably high power output, though not so
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Fig. 7.26.—Performance curves of small “ Whirlpool ” engine, bore 3% 1n., stroke 4} in.

high as in the “ Comet > type. The use of two passages, of course,
increases the direct heat loss, thus the efficiency is necessarily some-
what inferior to that of the “ Comet ” type, and considerably inferior
to that of the direct-injection or *“ Comet Mark IIT . In the case of
small engines, however, ease of starting, smooth and quiet running,
and the ability to run on a wide range of fuels is often of more im-
portance than the last word in either fuel economy or power output.

In the ““ Whirlpool > chamber it has not yet been found possible to
utilize, with a clean exhaust, so large a proportion of the air as in the
““ Comet ”’ chambers, nor is the transition from a clear to a smoky
exhaust so abrupt—in this respect its behaviour resembles more nearly
that of the direct-injection engine.

Fig. 7.26 shows graphs of the performance of a small four-cylinder
engine; these may be regarded as typical of this form of chamber.
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Fig. 7.27 shows indicator diagrams taken over the range both of speed
and of torque, all with a fixed injection timing, from which it will be
seen that the delay period appears to be almost negligible and the rate
of pressure rise following the delay is as low or lower than that of the
average petrol engine, hence the smoothness of running and absence of

Diesel knock.
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Fig. 7.27.—Indicator diagrams for small * Whirlpool ” engine

The author has concentrated on the two forms of compression-swirl
engine with the development of which he has had first-hand experience.
There are, of course, many other examples of the same general type
which differ, but only in detail, while the same general arguments
and much the same characteristics apply to all.

Of the various forms discussed, it would seem that the open-chamber
direct-injection type as applied to the sleeve-valve engine is the most
favourable of all, for:
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(1) It combines an open chamber with a single-orifice injector
which may be of the self-cleaning pintle type.

(2) The open combustion chamber can be in the cylinder head,
where it can readily be water-cooled, rather than in the piston;
hence the latter has much less surface exposed to combustion and
therefore keeps much cooler.

(3) Since the combustion chamber is situated in a stationary
member it is possible to apply a heat-insulated lining and so reap
the benefit that this provides.

(4) The position of the injector is such that it can be well cooled
and does not interfere in any way with the breathing capacity of
the engine.

These are all very important advantages and the results obtained
from fully developed engines of this type, under both test conditions
and those of very prolonged and arduous service, have shown them to
be very real.

The sleeve-valve C.I. engine is seen at its best in fairly large sizes,
i.e. with cylinder diameters of 5 in. or over; it is less suitable for the
smaller sizes of cylinder which are in most demand to-day because:

(1) Compared with the poppet-valve engine the leakage losses
in the sleeve valve are greater. Since the leakage path is linear, it
follows that if the dimensions of the cylinder are halved, the leakage
path also is halved, but the volume is reduced to one-eighth. In
the case of cylinder diameters of the order of 6 in. or over, the loss
by leakage is insignificant, but when these dimensions are halved
it assumes serious proportions, more especially in relation to cold-
starting.

(2) When running idle the temperature of the exhaust is not
sufficient to vaporize or burn off any lubricating oil that may
have passed up the outside of the sleeves. It therefore accumulates
in the exhaust ports or exhaust belt until the engine is put on to
load when it appears as a burst of blue smoke. The actual amount
of oil that may have so accumulated is insignificant, but only a
very minute quantity will provide a puff of blue smoke. This objec-
tion is serious only in the case of road-vehicle engines which, of
necessity, do a good deal of idle running and in which a smoky and
smelly exhaust is particularly objectionable

On the other hand, the records of a number of sleeve-valve
C.I. engines, which have been in regular service for from fifteen to
twenty years in electric generating stations and pumping plants,
have shown a sustained high efficiency and quite remarkably low
maintenance costs.



CHAPTER VIII
Cold-starting of Compression-ignition Engines

The problem of starting compression-ignition engines from cold is
at times a very serious one, more especially when no electrical or
mechanical aids are available and reliance has to be placed on manual
effort; it is to ensure reasonably easy starting that we are frequently
compelled to employ a ratio of compression higher than would other-
wise be desirable. Even so, conditions arise either of extreme cold, or
of a heavily worn cylinder liner or leaky valves, when hand-starting,
without some aid either to ignition or to gas sealing, becomes im-
possible.

Let us consider first the conditions which obtain when an engine is
started from cold. In a compression-ignition engine we depend for
ignition upon both the temperature and pressure of the compressed air
in the combustion chamber, first to provide and then to ignite an
envelope of vapour surrounding each droplet of fuel. In the first place
the temperature must be high enough to exceed the self-ignition tem-
perature of the fuel by a sufficient margin. In the second, the pressure
must be high enough to ensure intimacy of contact and therefore rapid
transfer of heat from the air to the surface of the liquid fuel. The time
taken to develop ignition will depend upon the margin we can provide.
If the margin be too narrow, then even though the temperature of the
air be above the self-ignition temperature of the fuel, yet the time taken
to develop ignition may be so long that the piston will have started to
descend and the temperature to fall again before the desired result has
been achieved.

At very low turning speeds the loss of heat to the cold walls of the
cylinder during compression will of course be very great, added to
which leakage past the piston rings or valves will play a highly im-
portant part, hence there will always be a minimum speed below
which there will be no temperature margin at all, and a somewhat
higher minimum at which the margin is insufficient to bring about
ignition in the time available. Again, if a cold engine be turned at too
high a speed, although the temperature and pressure margin will be
widened, the time element may be too short and no ignition take place.
Thus, for any C.I. engine there will be an optimum starting speed at
which the compromise between the temperature and pressure margin

on the one hand, and the time element on the other will be most favour-
126
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able for cold-starting. Just what this optimum speed will be will depend
upon:

(1) The surface/volume ratio and therefore the size of the cylin-
der, for upon this will depend the rate of loss of heat during com-
pression.

(2) The intensity of air-swirl which will determine the rate of
loss of heat by convection during the compression stroke.

(3) The physical condition as regards leakage.

In the case of relatively small engines of the order of 1 to 2 litres
capacity per cylinder the optimum starting speed, when in good physical
condition, will generally be found to be in the region of 200-300 r.p.m.,
provided that the moment of inertia of the flywheel is sufficient to
maintain a fairly uniform angular velocity throughout the cycle.

From the point of view of starting from cold, it should be em-
phasized that it is not the mean rotational speed that matters, but
rather the angular velocity during the last 60 or so degrees of com-
pression, for it is during this period that most of the compression work
is done and most of the temperature and pressure rise occurs. If the fly-
wheel is relatively small it may well be that, at hand-starting speeds, the
angular velocity during this critical period, when the negative work is
at a maximum, is less than half that of the mean rotational speed, in
which case the optimum starting r.p.m. will be correspondingly higher,
and therefore far beyond the range of any hand-turning speed; hence
for ease of starting by hand, the first essential is a really ample flywheel.

In any C.I. engine depending upon air-swirl and, more especially,
in those depending upon compression-induced swirl, there will be
zones in which the temperature of compression is higher or lower than
the mean, hence from the point of view of cold-starting, it is desirable
to direct the jet, or at least some portion of the jet, of fuel into the
hottest zone. Fig. 8.1 shows a typical example of one of many readings
obtained by means of a traversing thermocouple with the engine
motored at hand-starting speed. Although the heat capacity of the
thermocouple is as small as possible, none the less it cannot, of course,
record the maximum temperature of compression, hence the tem-
perature measurements shown on the graph must be regarded as of
relative value only. From this traverse, as from many others, it will be
seen that, as one would expect in any swirl chamber, the nearer the
wall the lower the temperature. On the other hand, traverses taken
through the centre of the chamber record a slightly lower temperature
at the centre, the peak temperature being found at about one-quarter
of the radius out from the geometric centre. Again, in order to obtain
the most rapid transfer of heat from the air to the fuel, it is desirable
to direct the fuel jet in opposition to the air movement, though for
normal running it should be directed either at right-angles to or in the
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same direction as the air movement. Lastly, in order to increase the
chances of one or more droplets becoming inflamed when the margin
of temperature is very narrow, it is desirable that the fuel should be
pulverized as finely, and dispersed as widely, as possible. This again
is inconsistent with the best running condition and, as usual, a com-
promise must be sought.

From the above considerations it will be evident that, ceteris paribus,
the open-chamber direct-injection engine will give the easiest cold-
starting, since it will have both the smallest surface/volume ratio and
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Fig. 8.1.—Temperature gradient as measured by traversing thermocouple in * Comet *
combustion chamber

the lowest intensity of air-swirl, but, even so, conditions arise when,
due either to extreme cold, low cetane fuel, or defective physical con-
dition, it will be found impossible to start except with the help of some
aid to ignition.

In all cases and with all types of combustion chamber the injection
of an excess of fuel over and above that needed for full load will be
found to help cold-starting and this is almost invariably provided for,
as a matter of course. Of other aids to starting:

(1) The injection through the air inlet valve of a small quantity
of lubricating oil or fuel oil is often of great assistance; the function of
this is two-fold:

(a) By its bulk it raises temporarily the ratio of compression.
(b) It serves temporarily to seal both the piston-rings and valves.
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Apart from its aid to starting, the injection of a little lubricating
oil is sound practice in that it serves to wet the cylinder liner and so
protect it from corrosion during the sensitive period when the wall
temperature is well below the dew point of the corrosive combustion
products and before the normal oil circulation has come fully into
play. Thus it tends to reduce liner wear.

(2) The use, when electricity is available, of a glow plug in the
combustion chamber so placed that the fringes, at least, of the fuel
spray will impinge upon it.

(3) The use, when electricity is not available, of a smouldering
cartridge, consisting usually of a small roll of blotting-paper, saturated
with sodium nitrate, in place of the electric glow-plug. This may be
lit externally and then inserted, in a suitable holder, into the combus-
tion chamber, or alternatively it may be tipped with some material
having a very low ignition temperature, which will ignite spontaneously
at quite a low compression.

(4) By pre-heating the intake air either with a torch or by means of
an electric heater in the induction pipe. To be effective, however, a
very considerable amount of heating is required.

(5) By a pilot injection of fuel in advance of the normal injection,
thus extending the time factor.

(6) By injection of fuel in a direction such as both to seek out the
hottest zone and to be in opposition to the airstream; that is to say,
by the use of the ‘“ Pintaux ”’ injector, described in Chapter VII dealing
with ““ Combustion-chamber Design ", or some similar device.

(7) By the use of a slow-burning cordite cartridge which will pro-
vide both the motive power required to turn the engine and the heat
necessary to initiate combustion.

(8) By the admission of ether vapour which has both a very low
ignition temperature and a very wide range of mixture strength.

(9) By the use of petrol and electric ignition at a reduced com-
pression ratio.

The function of the first seven methods enumerated above is obvious,
but that of (8) and (9) calls for some explanation. During a research on
volatile liquid fuels carried out in the early 1920s in the author’s
laboratory, it was noted that ether not only had a very low self-ignition
temperature but also a very wide range of mixture strength, more
especially on the rich side. When tested in the author’s variable-
compression engine it was noted that it would self-ignite, before the
passage of the spark, even at the lowest ratio of compression, viz.
3-8 : 1, while both the time of ignition and the rate of burning could be
varied over a wide range by varying the strength of the ether-air
mixture. When, a few years later, the problem of starting some rela-
tively large experimental C.I. engines for tanks arose, an opportunity
presented itself for turning this characteristic of ether to useful account,
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for with the high ratio of compression, it could be relied upon to self-
ignite even at the lowest ambient temperatures or speeds of rotation.

Clearly the easiest and, probably, the only practicable way of
introducing such a volatile fuel as ether was by way of an externally
carburetted mixture; equally clearly if a full charge of air and ether
were admitted and burned at constant volume, the resultant peak
pressure would be dangerously high, and probably premature. It
appeared essential, therefore, to limit strictly the amount of oxygen
which the engine could inhale at starting speeds. This was achieved by
providing a very small and somewhat rudimentary ether carburettor
through which only a minimum weight of air could pass. This car-
burettor was provided with a small but deep bowl, in place of the usual
float chamber and a submerged diffuser jet. At starting the main air
intake to the cylinders is closed completely and the engine can then
inhale its charge only through the much restricted ether carburettor.
Thus, owing to excessive throttling, it can inhale only a very reduced
charge of, at first, very rich mixture, just sufficient, by its combustion,
to run the engine at a low speed. As the level of the small quantity of
ether in the bowl falls, so the mixture becomes progressively weakened
until it approaches the chemically correct, with the result that the time
of self-ignition advances. The combined effect of the warming-up of
the piston, etc., and the progressive advance of ignition timing is gradu-
ally to speed up the engine; meanwhile the normal fuel is being in-
jected, but at the low density and with little or no oxygen in the com-
bustion chamber, it cannot burn. When after a few seconds the opera-
tor judges that the speed is sufficient for normal C.I. operation, he
opens wide the main throttle valve, thus breaking the depression in the
manifold, and so putting the ether carburettor out of action, when the
engine should carry on normally. If he has done this prematurely
and the engine does not run up at once to its governed speed, he has
only to close the main air throttle when the ether carburettor will
again come into operation and the engine will continue to run on ether
till his next attempt.

This method of starting may appear cumbersome and elaborate,
but there is much to be said for it. It was developed as a means for
starting relatively large C.I. engines in the early days of their develop-
ment and before electric starters of sufficient power to run them up to
starting speed became available, was abandoned for many years, but was
re-introduced during the war and became, and remains, a favourite
method for C.I. engines in military service.

An interesting development that has evolved from this technique
is that of the miniature so-called Diesel engines now so widely used
for model aircraft, etc. These minute engines run on an externally
carburetted ether/air mixture or a mixture of ether, lubricating oil,
and some petroleum distillates, the oil to ensure gas sealing of the



COLD-STARTING 131

very small and ringless pistons; the latter as thermal make-weights.

" Their whole functioning depends upon the self-ignition of the ether
vapour, thus dispensing with electric ignition. Though described as
Diesek engines, they operate with a pre-mixed charge and on the con-
stant volume cycle, and are therefore much more akin to petrol engines.
It is to the peculiar properties of ether, both as to its readiness to self-
ignite and the controllability of its ignition point by varying the mix-
ture strength, that their existence and success is due.

That it should be possible at all to start from cold, by compression
ignition, an engine of only a few cubic-centimetres capacity is indeed
remarkable. That it can be done, and that with considerable ease, is
due solely to the peculiar characteristics of this fuel.

The method of starting by the use of petrol and a low compression
has found favour in certain applications, more especially in the case of
fishing-boat engines. In this case also a small carburettor is used to
supply a mixture of petrol vapour and air to the cylinders which is
ignited electrically by means of a spark-plug and magneto. The com-
pression ratio is lowered by holding the main inlet valve open and
using the inlet elbow, which is sealed off, as additional clearance volume,
while the sparking-plug and a supplementary automatic inlet valve
are both fitted in the inlet elbow passage. Thus under starting conditions
quite a large engine can be turned easily by hand against a very low
ratio of compression and, with a suitable carburettor and magneto, will
start at a very low speed. The engine may then be run on petrol until
the piston, exhaust valve, etc., are thoroughly warmed up, and subse-
quently turned over to C.I. operation by merely unsealing the inlet
passage and bringing the main inlet valve into normal operation.

All the above aids for cold-starting are essential only under extreme
conditions, but extreme conditions have sometimes to be faced, and, at
all times, any aid to manual cranking is always welcome, while even
with electric starting anything which will help to reduce the discharge
from the battery is to the good.

The usual method of investigating cold-starting problems is to
place the engine in a refrigerated chamber, freeze it down to a very
low temperature and then record the time taken to achieve a start
at some given turning speed. This practice is, however, very tedious;
it takes many hours to bring the engine temperature down to the
desired low level while either a single start or a failure to start after
prolonged turning under conditions of very high internal friction will
so raise the temperature of the engine as to require several hours of
further refrigeration.

An alternative method, which the author has adopted, is to employ
a relatively low ratio of compression and a fuel of normal distillation
range and volatility but with a high ignition temperature (low cetane
number) such that, at normal room temperatures, no ignition will take
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place. The engine, which must be provided with a very large flywheel
in order both to ensure reasonably uniform cyclical regularity even down
to the lowest turning speeds and to prevent rapid acceleration when
ignition occurs, is kept motoring continuously at any desired low speed
with the injection pump plunger held out of engagement with its cam.
The temperature both of the intake air and of the jacket water is raised
progressively and, at intervals, the pump plunger is engaged for three
or four successive cycles only; this procedure is repeated as the air
and water temperature rises until ignition occurs. Provided the neces-
sary precautions are taken, this method has been found to give excellent
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Fig. 8.2.—Effect of cranking speed on starting when using 18 cetane fuel

consistency and repeatability, so much so that under any given set of
conditions a variation of only 2° C. in the air and water temperature is
sufficient to define whether ignition will take place with certainty or
not at all. It is thus possible to reach very quickly the borderline
state between ignition and no ignition and to study, at leisure, and by
oft-repeated tests, the conditions which obtain at that critical point,
and thus to take in one hour, and under comfortable conditions, as
many readings and observations as could be obtained in a cold chamber
in a month. By such means it is possible to explore quickly and accu-
rately such factors as, for example, the effect of turning speed, of fuels
of differing cetane number, of different injectors, of different rates or
times of injection, different ratios of compression, the effect of super-
charging, and indeed of almost all the factors that influence cold-starting.

Figs. 8.2-8.8 show typical observations taken from this starting
rig when fitted with a “ Comet Mark III ”’ combustion chamber. In all
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cases the variable quantity is the temperature of the air and cooling
water, and in all cases the “ startability > is expressed in terms of this
temperature.

Fig. 8.2 shows the effect on starting of varying the cranking speed
over the range 70 to 350 r.p.m., from which it will be noted that the
optimum cold-starting speed for this engine is in the region of 200-250
r.p.m.

Fig. 8.3 shows the effect on starting of an overdose of fuel. The
normal full-load injection rate for this engine is 85 mm.3 per cycle, at
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Fig. 8.3.—Comparative starting temperatures with various quantities of fuel injected

(A) 85 mm.? per injection (normal fuel load).
(B) 128 mm.? per injection.
(C) 170 mm.? per injection.

which rate a B.M.E.P. of 100 1b. per sq. in. is developed at 1500 r.p.m.,
thus the overdoses shown at B and C correspond to 50 and 100 per
cent respectively.

Fig. 8-4 shows the effect upon starting of two different rates of fuel
injection each at the appropriate timing.:

Fig. 8.5 shows the effect on starting of the “ Pintaux ” injector
whose function is to deliver, at starting speeds, a jet of fuel directed
through the hottest zone of the combustion chamber and in a direction
in opposition to the air-swirl.

Fig. 8:6 shows the effect upon cold-starting of two different com-
pression ratios, viz. 14 : 1 and 16-6 : 1. It is interesting to note that
the effect of the higher compression ratio is almost exactly the same
as that of the ““ Pintaux ” injector at the lower ratio.
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Fig. 87 shows the influence on cold-starting of fuels of similar
volatility but of widely different cetane number.
Fig. 8:8 shows the influence of supercharging. In this case it should
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Fig. 8.4.—Comparative starting temperatures with various rates of fuel injection
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be noted that the effect is one of pressure alone, for in all cases the
temperature of the supercharge air was controlled in exactly the same
manner as when running normally aspirated. It is interesting to note
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that the effect of the supercharge is most prominent at the very low
speeds due to the lower relative heat losses at the higher density.

From consideration of the factors controlling starting from cold it
might reasonably be expected that under the borderline condition
only a small proportion of the droplets, viz. those that had reached
and stayed for longest in the hottest zone, would ignite, and that
ignition would spread so slowly from one to another as to be far from
complete even at the end of the expansion stroke. In such an event
the indicator diagram would show no clearly defined rise of pressure
but only a general swelling of, or a hump in, the expansion line.
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Fig. 8.8.—Effect of supercharging on starting when using
18 cetane fuel (compression ratio 14 : 1)

It was, to the author, somewhat surprising to find that this never
occurred. After observing some hundreds of starts under conditions
when it was just touch and go whether ignition would occur or not,
the indicator diagram revealed invariably either no ignition at all, or
complete ignition, as exemplified by an extremely rapid rise of pressure.
In fact the starting diagram, if ignition occurred at all, resembled the
normal full-load diagram, except that the delay period was somewhat
more prolonged and the rate of rise of pressure following the delay
was steeper.

Under such border-line and unstable conditions it would frequently
be found that ignition would take place on the first or second cycle
but not on the third, due, presumably, to slight dilution of the air
by residual exhaust gases equivalent, in effect, to a slight reduction
in density, while the residual heat generated by combustion during
one cycle only was not sufficient to compensate for this effect.

As illustrating the extremely narrow range of this borderline con-
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dition it was observed that under any given set of conditions a variation
of only 2° C. in the ambient temperature was sufficient to decide whether
the engine would start with certainty or fail to show any sign of igni-
tion at all.
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Fig. 8.9.—Starting test, 100 r.p m.
Water temperature, 45° C.  Induction temperature, 45° C.

Fig. 8.9 shows a photographic record of a typical starting diagram
taken under conditions when it is just touch and go. It will be noted
that no ignition took place on the first or third cycle but that on the

Fig. 8.10.—Comparative diagrams at starting speed and at 1500 r.p.m. with full load

—— 100 r.p.m. starting at 100 per cent excess fuel.
— — —— 1500 r.p.m. full load.

second cycle ignition occurred just before the end of the injection
period. From the very steep and rapid rise of pressure it is evident
that the bulk of the injected fuel must have been inflamed almost
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simultaneously, while there is little evidence of any delayed or after-
burning.

Fig. 8.10 shows—superimposed—a typical starting diagram at
100 r.p.m. and a normal full-load running diagram taken at 1500 r.p.m.
on the same fuel and at the same low compression ratio. In the latter
case the compression pressure is much higher due, in part, to the high
temperature of the heat-insulated member, piston, etc., and, in part,
to the lower relative heat losses at the higher speed.



CHAPTER IX

Mechanical Efficiency

In the design of any form of heat engine our first objective must
be to convert the highest possible proportion of the potential heat
energy of the fuel into useful work, not only on the obvious grounds of
fuel economy and power output, but also because the greater the pro-
portion of heat converted into useful work, the less will remain to give
trouble in the way of over-heated exhaust valves, stuck piston-rings,
and all the usual troubles which we associate with excessive heat flow.

It will avail us nothing, however, if in striving to achieve the highest
possible thermal efficiency we lose, by increased internal friction or
air-pumping work, all that we have gained by improved thermo-
dynamic conditions. It is of the utmost importance therefore that we
should reduce to the absolute minimum the various sources of loss
between the crown of the piston and the flywheel. We must bear in
mind, too, that by far the majority of high-speed internal-combustion
engines find their scope in road transport, and that road transport
service demands a very wide range of speed while the prevailing con-
ditions are those of a low torque (usually averaging from 25 to 35 per
cent of the maximum) at a fairly high engine speed, conditions under
which the mechanical losses bulk very large indeed.

In this field more especially, the designer is faced with conflicting
and largely irreconcilable demands. Durability calls for large bearing
surfaces; silence, for long pistons and close clearances; safety, for
large-diameter crankshafts and so on, all of which tend to pile up
alarmingly the frictional losses. The designer is therefore plunged into
a sea of compromise, from which no rules or arithmetic can save him.
He must rely for the most part upon cumulative experience and his
own judgment. Again, in the author’s experience, mechanical friction
losses are extraordinarily difficult to track down and have a way of
varying as between one engine and another in a manner which is
extremely difficult to account for.

Measurement of Mechanical Efficiency

To be in a position to assess the mechanical efficiency we must, as a
first stage, arrive at the indicated mean pressure; but this is not always

easy. We can measure the brake mean effective pressure quite accu-
139
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rately from direct dynamometer tests, but no indicator has yet been
developed that will give even a reasonably accurate measure of the
indicated mean pressure of an engine running at high speed. The best
of modern indicators can be relied upon to give a fairly accurate record
of the pressure changes throughout the cycle, and, from the point of
view of studying combustion, this is all we need, but none can be
relied upon to maintain a phase relationship of sufficient accuracy or
consistency to permit of an accurate measurement of the mean effective
pressure. Moreover, the problem is becoming progressively more diffi-
cult as the peak pressures increase for, when plotted on a piston dis-
placement basis, the main pressure changes, which occur round about
the dead centre, result in the high-pressure portion of the diagram
being so crowded into the region of the inner dead centre that a phase
error of only one degree may vary the area of the diagram by as much
as 5 per cent or even more. We have to fall back therefore on either
motoring tests, or what is generally known as the Morse test, as a means
of determining the total mechanical losses, and from there, by addi-
tion, the indicated mean pressure. In the case of compression-ignition
engines we can arrive at an approximate measure of the mechanical
losses by projecting the curve of gross fuel consumption against brake
mean pressure back to the point of zero fuel.

Of these methods, the motoring test, if carried out as nearly as
possible under running conditions, gives a nearly true measure of the
total mechanical and fluid pumping losses, but is liable to err on the
high side, and to err badly on the high side in the case of very high-
compression engines.

The Morse test, which is applicable only to multi-cylinder engines,
consists in running the engine on the dynamometer until all conditions
are stabilized, then cutting out one cylinder at a time and measuring
the fall in torque while maintaining the same r.p.m. The observed
difference in torque is then proportional to the indicated mean pressure
of the cylinder which is out of operation. This method gives a fairly re-
liable measure of the indicated mean pressure so long as the cutting out
of one cylinder does not affect the performance of the remainder. Most
multi-cylinder engines, however, have common exhaust manifolds, and
the cutting out of any one cylinder must disturb the sequence of the ex-
haust impulses, and so may affect, for good or ill, the charging efficiency
of the other cylinders. Since the reading depends upon the absolute
measurement of a comparatively small difference, a very slight change
in the volumetric efficiency of the majority of the cylinders will have a
large influence on the differential reading. On the whole, however, the
Morse test appears to be a fairly reliable one so long as the engine is
not too sensitive to exhaust pulsations, that is to say, so long as it has
not any excessive valve overlap, and the exhaust is unrestricted.

The third method, namely, projecting the Willans line of gross fuel
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consumption down to zero fuel is, of course, applicable only to com-
pression-ignition engines. Its weakness lies in the fact that the Willans
line is not quite straight but turns up slightly at the weak end and
considerably at the rich end, due to imperfect combustion; there is
usually, however, a sufficient length of straight line over the middle
range to allow of a reasonably accurate projection. Fig. 9.1 shows the
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Fig. 9.1.—Mechanical efficiency as measured by Willans line method
Six-cylinder compression-ignition engine at 1600 r.p.m.

results of a typical test taken from a six-cylinder C.I. engine at 1600
r.p.m. The engine in question was of the swirl-chamber type which
gives a more nearly straight line relation between gross fuel consump-
tion and power than does the direct-injection engine.

Since the motoring test is the one most frequently used and, when
an electric dynamometer is employed, is much the quickest and simplest,
it is worth while to discuss this in more detail.

It is customary, and certainly convenient, to express the frictional
and other losses as revealed by motoring or other tests, in terms of
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their equivalent mean effective pressure. It cannot be contended,
of course, that either the purely frictional losses or the air-pumping
work are the same when the engine is motored as when running under
power, but in the case of a low compression, say 6-0 : 1 or less, the
increase in air work when motoring just about balances the reduction
in friction loss, with the result that the estimate of total losses, both
frictional and air-pumping combined, is usually correct to within plus
or minus 5 per cent. Thus fig. 9.2 shows two superimposed light-
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Fig. 9.2.—Light-spring diagrams at 1600 r.p.m.

Test conditions: C.R. 6 : 1. Jacket temperature, 100° C
Inlet and exhaust pipes in position

spring diagrams, the full line when motoring and the dotted line when
firing. In the latter case the exhaust back pressure is considerably
reduced due to the kinetic energy set up by the discharge of exhaust
at high pressure. In this typical example the air work in emptying and
filling the cylinder amounts to the equivalent of 5:0 Ib. per sq. in.
B.M.E.P. when motoring, and 4-2 lb. per sq. in. when running under
power. With &n average mechanical efficiency of 80 per cent, the
estimate of indicated mean pressure should therefore be accurate to
within plus or minus one per cent, which is near enough for all practical
purposes, but this applies only to engines with a relatively low ratio
of compression.

In the case of very high-compression engines the motoring method

/
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will over-estimate the total losses by, in some cases, as much as 15
to 20 per cent, due to excessive negative work caused by loss of heat
to the cylinder walls during the compression/expansion strokes, a
loss which is largely fictitious in that most of it has already been
taken account of and discounted in the brake power reading. More-
over, the internal temperature conditions as between motoring and
running under power are so widely different, more especially when
a heat-insulated member is fitted in the combustion chamber, that
the conditions may even be reversed and, when running under power,
heat be picked up rather than lost during most, if not the whole,
of the compression stroke. We cannot unfortunately measure the
area of the negative compression/expansion loop from indicator dia-
grams, for this depends on very exact phasing. We can arrive at it
only very approximately by various indirect observations, or by a
process of elimination. The area of the compression/expansion loop
will vary also both with cylinder size and revolution speed, but since
smaller engines usually run at higher average speeds, these two factors
tend to cancel out. In the case of petrol engines it usually amounts to
about 1 lb. per sq. in. mean pressure at a compression ratio of 4 : 1,
rising to about 2-0 1b. per sq. in. at 7-0 : 1. In the former case it prob-
ably barely offsets the additional friction loss when running under
power; in the latter it probably rather more than offsets it.

For compression-ignition engines, however, with compression
ratios of the order of 15 to 18 : 1, the compression/expansion heat loss
may range from 5 or 6 up to as much as 8 lb. per sq. in. or even over,
when a very high air-swirl is employed, but since this is largely a
fictitious figure and one which far more than offsets the increased
friction when running under power, much of it should be deducted
from the observed motoring figure. Just how much is necessarily a
matter of guess-work, but general experience indicates that in the
case of open-chamber low-swirl engines about 2 lb. per sq. in. should
be deducted from the observed motoring losses and in that of com-
pression-swirl engines, usually with a slightly higher ratio of com-
pression and a much more intense air-swirl, about 5 lb. per sq. in.
should be deducted.

Taken by and large, it would seem that, in so far as spark-ignition
engines are concerned, the motoring losses may be taken as a nearly
true measure of the combined mechanical and fluid-pumping losses under
running conditions, but that in the case of compression-ignition en-
gines, from 2 to & lb. per sq. in., depending upon the size and type of
-engine, should be deducted from the observed reading when motoring.

Components of Mechanical Losses

Once we have arrived at what we believe to be a reasonably true
estimate of the total mechanical and fluid-pumping losses, the next
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step is to endeavour to separate them out with a view to pinning down
and tackling the chief offenders.

In the first place the air work involved in emptying and filling the
cylinder, when running under power, can be arrived at by light-spring
indicator diagrams, for here, since the pressure changes are relatively
small and well spread out over the time scale, quite large errors in
phasing will have only an insignificant effect on the area on the dia-
gram.

After having evaluated the air-pumping work, and estimated the
negative work due to heat loss during the compression/expansion
stroke when motoring, all that remains is represented by purely mech-
anical or viscous friction, and the power absorbed by such auxiliaries
as are essential to the functioning of the engine. The latter, of course,
can be assessed independently and quite accurately by direct dyna-
mometer measurement. There remains then the friction of the pistons,
crankshaft, valve mechanism, etc. Almost invariably it will be found
that the pistons constitute both the largest item and the most difficult
to assess because both temperature and pressure play so large a part
in determining their friction. Temperature controls the viscosity of
the oil film between the piston and the cylinder walls, and pressure
both the side-thrust against the cylinder walls and the radial loading
of the piston-rings, for unless the gas pressure is allowed to build up
behind a piston-ring, it will not seal but will collapse radially. The
matter is complicated yet further by the fact that the lubrication of
the piston and its rings alternates between something approaching
boundary conditions when it is hovering at either end of its stroke, to
probably full fluid lubrication when in mid-career, so that its coeffi-
cient of friction is subject to wide cyclical variation.

It is improbable that the relatively small difference in side-thrust as
between running under power and motoring has any appreciable
influence upon the friction, because in a high-speed engine the inertia
of the pistons results in considerable side-thrust at every stroke, while
the additional gas pressure when running under power and exerted
only during one stroke in every four, adds but little to the mean side-
thrust throughout the whole cycle.

| It is undoubted, however, that the gas loading behind the rings
has a very important influence. From indicator diagrams taken from
the back of piston-rings (in this case from the junk-head rings of a sleeve-
valve engine) it was found that the gas pressure behind the first gas
ring followed that in the combustion chamber very closely, and that if
prevented from doing so, the ring would invariably collapse and blow
by. The pressure recorded behind the second and third gas rings was,
of course, very much lower, and with less cyclical variation, but none
the less considerable by comparison with the normal radial spring
pressure of the rings. Some attempts made to measure the friction of
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piston-rings in a high-speed compression-ignition engine of 43 in. bore
and running at 1500 r.p.m. indicate that under full-load conditions,
with a compression pressure of 550 lb. per sq. in. and a maximum
peak pressure of 800 lb. per sq. in., the friction of the first gas ring was
equivalent to between 2-5 and 3-0 lb. per sq. in. mean pressure; that
of the second ring to between 1 and 1-5 1b. per sq. in. and that of the
third to between 0-5 and 1 lb. per sq. in., while the oil scraper ring
accounted for about 0-5 Ib. per sq. in. Thus the complete ring assembly
accounted under full-load running conditions for between 4-5 and 6
Ib. per sq. in. mean pressure. The same ring assembly, when motored
with the cylinder heads removed and therefore unloaded by gas pres-
sure, accounted for approximately 1-5 1b. per sq. in. M.E.P. The above
figures must be regarded as very approximate only, but their order of
magnitude has been confirmed by other tests on a special piston-testing
rig. They apply to a compression-ignition engine in which, owing to
the very high compression ratio, the period of high gas pressure is
relatively long sustained. In the case of a spark-ignition engine, the
mean gas loading behind the rings will be much less, and the friction
due to gas loading probably little more than half that in the com-
pression-ignition engine.

We shall not be far wrong if we assume that the increase in piston-
ring friction as between motoring, when the rings are subject to the
compression pressure only, and when running under full power, is of
the order of 2:0 to 2-5 1b. per sq. in. mean pressure in the case of com-
pression-ignition engines, and of about 1-5 lb. per sq. in. in that of
spark-ignition engines.

We must next consider the friction of the piston itself independently
of the rings. This will depend both upon the weight of the piston
(including, of course, that of the small end of the connecting-rod and
gudgeon-pin) and upon the area of bearing surface against the cylinder
walls. The weight of the piston will decide the magnitude of the side-
thrust against the cylinder, since the thrust due to the inertia forces is
the dominating factor; hence the lighter the piston, the lower the
friction due to side-thrust, and that in very nearly direct proportion
for, as mentioned already, at high speeds the gas pressure adds but
little to the mean side-thrust throughout the cycle. The area of bearing
surface determines the area of oil film in shear, and it is the resistance
of the oil film in shear that accounts for a large, probably the major,
proportion of the piston friction. Unfortunately, under the prevailing
conditions, the resistance to shear or viscous friction tends to increase
with increase of speed and, at high engine speeds, may reach a high
figure, depending of course upon the temperature and corresponding
viscosity of the oil. It depends to some small extent also upon the
working clearance. We cannot really, of course, dissociate the friction
due to side-thrust from that of viscous friction, for the two interact
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upon one another but the latter appears to be the dominating factor.
We can reduce piston friction very considerably by using short and cut-
away skirts of the slipper type with fairly liberal clearances, but only
at the expense of silence and good oil control. The higher the compres-
sion and working pressures, both the more violent the piston slap and
the more oil we must circulate through the bearings and from thence
to the cylinder walls, so that the further we progress in these directions,
the more doeg the piston design become a question of compromise.

Of the various factors, therefore, that make up the sum total of
piston friction, viscous friction appears to be very important; it in-
creases rapidly with speed, but is nearly independent of the gas loading;
of equal importance is piston-ring friction which is nearly independent
of speed but nearly proportional to gas pressure.

The next largest item is the friction of the crankshaft in its bearings.
Here the conditions are those of full fluid lubrication with a very low
coefficient of friction, but here again viscous friction plays a highly
important part, with the result that the magnitude of the crankshaft
friction is a function of rubbing velocity rather than pressure loading.
The other items such as valve mechanism and auxiliary drives usually
count for very little, while, of the auxiliaries essential to the func-
tioning of the engine, i.e. apart from such items as a dynamo, fan,
or vacuum pump, only the water-circulating pump absorbs any appre-
ciable amount of power, but this seldom amounts to as much as 1-0 lb.
per sq. in.

There is reason to believe that of the various items that make up
the total air-pumping and friction losses, the difference between the
motoring assessment and the actual value when running under full
power will be substantially as follows:

1. Air Pumping. The motoring measurement will tend to over-
state this, because there will be no kinetic energy available in the
exhaust to help in emptying the cylinder. Such over-statement will
generally be of the order of 1 to 1-5 lb. per sq. in.

2. Piston Friction. The motoring measurement will be an under-
statement because the piston-rings will be loaded only by the com-
pression pressure; against this, however, the viscous friction under
running conditions will be somewhat lower owing to the higher piston
temperature but this, in turn, will be offset by the greater mean side-
thrust. On balance, the motoring measurement will be an under-
statement to the extent of from 1-5 to 3-0 lb. per sq. in. depending
upon the number of piston-rings and on the working pressure.

3. Crankshaft, including Connecting-rod and Big-end Bearings. The
motoring measurement will be a slight under-statement to the extent
of probably about 1 lb. per sq. in.

4. Other Mechanical Items. The motoring measurement should be a
true statement.
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5. Compression Expansion. This, as explained earlier, is really a
fictitious item which may amount to anything from about 1-0 lb. per
sq. in. in the case of a low-compression spark-ignition engine, to as
much as 8 lb. per sq. in. in the case of a small, very high-compression,
high air-swirl, compression-ignition engine.

It would appear then that in the case of a low-compression engine,
the various under- and over-estimates of the motoring test just about
cancel each other out. There is in fact abundant evidence of an in-
direct, but none the less reliable, nature to confirm that at compression
ratios in the region of 5 or 6 : 1, the motoring test, if carried out care-
fully and as nearly as possible under running conditions as to tem-
perature, does give a fairly true measure of the combined fluid pumping
and frictional losses, but that at the higher compression ratios, it over-
states them considerably.

Comparison of Mechanical Losses of Petrol and Compression-ignition Engines

Let us-consider the case of two typical modern eight-litre six-
cylinder engines, each of generally similar design, both having seven-
bearing crankshafts, and both of the same cylinder dimensions:

(@) A petrol engine with a compression ratio of 6-0 : 1.
(6) A high air-swirl compression-ignition engine with a com-
pression ratio of 16-0 : 1.

In so far as mechanical efficiency is concerned, the only significant
differences between these two engines are:

(@) ®

(1) Crankshaft diameter (ratio) 1 12
(2) Total bearing length (ratio) 1 111
(3) Weight of reciprocating parts 1 14
(4) Piston-ring assembly 2 pressure 3 pressure
2 oil control 2 oil control
(5) Auxiliaries Oil and water Oil, water, and
pumps (coil fuel injection
ignition) pumps

When brake-tested with a swinging-field dynamometer, engine (a)
developed at 1600 r.p.m. a brake mean pressure of 130 lb. per sq. in.
and engine (b) a brake mean pressure of 118 Ib. per sq. in. at the same
r.p.m. and at the point when the exhaust became just visible. When
motored at the same speed and at the same oil and water temperatures,
engine (a) registered a motoring loss of 18 lb. per sq. in. and engine
(b) a loss of 29 Ib. per sq. in.
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By Morse test engine (a) showed a difference between brake and
indicated mean pressure of 19 Ib. per sq. in., and engine (b) a difference
of 28 Ib. per sq. in. By projecting the Willans line, engine (b) showed
the total mechanical and other losses to be 25 lb. per sq. in.

Since both engines had common exhaust manifolding, the Morse
test, though it agreed fairly well with the motoring test, was con-
sidered to be the less reliable of the two.

In the case of engine (b), it was estimated, from past experience,
that the fictitious compression/expansion loop and other factors just
considered would result in the motoring test over-estimating to the
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Fig. 9.3.—Comparative full-load indicator diagrams

(A) Petrol engine, C.R. 6-0 : 1.
(B) Compression-ignition engine, C.R. 16:0 : 1.

extent of between 4 and 5 Ib. per sq. in., and since the former figure
agreed with the Willans line test of 25 lb. per sq. in. this was accepted
as probably correct.

Accepting these figures the indicated mean pressure of engine (a)
becomes 130 + 18 = 148 Ib. per sq. in. and that of engine (b) 118 4- 25
= 143 Ib. per sq. in. and their respective mechanical efficiency 87-8
and 82-5 per cent at 1600 r.p.m. The comparative full-load indicator
diagrams are shown in fig. 9.3, from which it will be seen that while
there is no very great difference between the maximum peak pressures,
that of the petrol engine is very short lived. If, however, we compare,
in each case, the time during which the working parts are subjected to
high pressure, the difference is indeed very marked.

Light-spring indicator diagrams showed that the indicated air
work in emptying and filling the cylinders when running on full load
amounted to 3-5 lb. per sq. in. in both cases, leaving 14-5 1b. and 215
Ib. per sq. in. as the purely mechanical losses. Both engines were then
progressively undressed and their component parts motored inde-
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pendently as nearly as possible at their normal running temperatures.
After making allowance for the difference between motoring and run-
ning friction, it was concluded that the frictional losses of each could
be subdivided as follows:

Engine (a) Engine (b)

Indicated air-pumping work .. .. 35 35
Oil, water, and fuel injection pumps .. 10 15
Valve mechanism and auxiliary drive 1-5 1-5
Crankshaft and connecting-rod bearings 40 6-0
Pistons and rings .. .. .. 80 125

Let us next consider the conditions which prevail when both en-
gines are running still at the same r.p.m. but at 30 per cent of full
torque. The brake mean pressures will then be 39 and 35-4 lb. per sq.
in. respectively.

In the case of the petrol engine the air supply will be throttled and,
owing to the much lower gas pressures, there will have been a con-
siderable re-orientation of the individual losses which will now probably
be somewhat as follows:

Full load 30 per cent load

Indicated air-pumping work 36 6-0
Valve mechanism and auxiliaries 2-5 2:5
Crankshaft .. .. .. 4-0 35
Pistons and rings .. .. 80 70

wo W0

The motoring figure with the throttle set in the position to give a
B.M.E.P. of 39 Ib. per sq. in. is increased by about 1 lb. per sq. in.,
because partial throttling increases the air-pumping work to an extent
which more than offsets the reduction in friction due to the lower gas
pressures. Thus in this case the indicated mean pressure becomes
39 + 19 = 58 1b. per sq. in. and the mechanical efficiency 67-2 per cent.

In the case of the C.I. engine, since the only difference between full
and partial load lies in the setting of the fuel-injection pump, the
indicated air-pumping work remains exactly the same and, since the
compression pressure is the same, and the peak pressure very nearly as
high at light as at full load, there is little to change either the total or
the respective allocations of the mechanical losses, which may again
be taken as 25 lb. per sq. in. The indicated mean pressure then be-
comes 35-4 4 25 = 60-4 lb. per sq. in. and the mechanical efficiency
§8-6 per cent.
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Fig. 9.4.—Total mechanical and other losses in terms of mean effective pressure under
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Thus far we have considered the conditions which obtain at one
speed only, viz. 1600 r.p.m. As we go up the speed range, some of the
items of loss will be found to increase rapidly, even in terms of torque or
M.E.P. For example, viscous friction which represents quite a con-
siderable item tends under practical working conditions to increase with
speed. The dynamic forces, due to the inertia, of the moving parts, will
increase also as the square of the speed, and the proportion of the total
friction due to them will be on an ascending scale. Again the indicated
air work per cycle in emptying and filling the cylinders will increase due
to wire-drawing through the valves and so on; much the same applies
also to the power absorbed by the water-circulating pump. Thus the
curve of total mechanical loss expressed in terms of equivalent mean
pressure against speed is a rising one. Fig. 9.4 shows the curves for the
two engines in question over the speed range 600-2400 r.p.m., and
fig. 9.5 the corresponding mechanical efficiency at both full and 30 per
cent of full torque. ’

When it is borne in mind that by far the bulk of all high-speed
internal-combustion engines are employed for the propulsion of road
transport, and that the prevailing operating condition is that of high
speed and low torque, the supreme importance of cutting internal
friction losses down to the very minimum will be appreciated. In other
fields, such for example as marine work, it is of less importance, for a
marine engine cannot be called upon to operate at high speed and low
torque, and the same applies to aircraft engines, though even more so,
since it is usual to maintain a high torque at all speeds by the appro-
priate use of the variable-pitch propeller.

Effect of Gas Pressure on Mechanical Efficiency in Spark-ignition Engines

In the case of spark-ignition engines, as the compression ratio is
raised, so both the compression and the peak pressures are increased
in like proportion, or very nearly so, and the whole pressure scale
during the working strokes is raised. This has a twofold effect. Firstly
the higher pressures in themselves involve heavier loadings and
greater friction, more especially piston-ring friction. Secondly, and
much more important, the higher pressures call for heavier moving
parts, larger-diameter crankshafts, and larger bearing surfaces, if the
same margin of safety and the same degree of durability are to be
maintained, thus adding greatly to the sum of the total friction losses.

Only mass experience over a long period can determine just what
additional scantlings or bearing surfaces are required in order to main-
tain the same margin of safety or durability, but that the increase in
internal friction with increase of compression is a very formidable one
there can be no doubt. As a broad generalization, the maximum

pressure in a normally aspirated petrol engine increases by 120 1b. per sq.
1 (6 640)
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in. for each additional ratio of compression. Experience indicates that
to maintain the same margin of safety and durability, the weights and
areas of the moving parts, bearings, etc., need to be increased to an
extent which adds to the purely mechanical losses approximately 2 1b.
per sq. in. for each additional 120 lb. per sq. in. of maximum pressure.
As a rough, and of course purely empirical, guide therefore, we may
reckon on an increase of 2 lb. per sq. in. in the mechanical losses for
each additional ratio of compression.

In the early 1920’s, the poor quality of fuel then available, combined
with the poor designs of combustion chamber, limited the compression
ratio of petrol engines of the size we are considering to between 4-0
and 4-5 : 1. On looking over analyses of mechanical losses carried out
in the author’s laboratory on engines of that date, we find that the
average figures for a 6-cylinder engine of about 8 litres capacity, as
determined by motoring, was 14 lb. per sq. in. when running at 1600
r.p.m., as compared with an average of 18 lb. per sq. in. to-day. This
may not be quite a fair comparison, for it may be argued that a greater
measure of durability is expected of engines to-day, but, against this,
we now have better bearing materials, better lubrication, better work-
manship, and greater experience.

The higher ratios of compression, combined with the better know-
ledge of combustion conditions and combustion-chamber design, have
enabled us to increase the indicated mean pressure by from 25 to 30
per cent, and thus maintain, but no more than maintain, substantially
the same overall mechanical efficiency despite the increased friction
losses.

Thus typical comparative figures at full load and at the same
r.p.m. for a petrol engine of 1924 and 1948, both of similar design and

duty, are:

1924 1948
Compression ratio .. .. o 4201 60:1
Brake mean pressure, lb. per sq. in. .. 105 130
Motoring friction, lb. per sq. in. .. 14 18
Indicated mean pressure, lb. per sq. in. 119 148
Mechanical efficiency, per cent .. 88-2 87-8

At 30 per cent of full torque the figures become:

1924 1948
Compression ratio . .. . 42:1 60:1
Brake mean pressure, 1b. per sq. in. .. 31-5 39
Motoring friction, Ib. per sq. in. .. 15 19
Indicated mean pressure, Ib. per sq. in. 46-5 58

Mechanical efficiency, per cent .. 677 67-2
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It will be seen from the above that so far as mechanical efficiency is
concerned, no real improvement has been made during a quarter of a
century.

Experiments carried out on variable-compression engines are liable
to give a false impression in that the same working parts are, and of
course must be, used throughout the full range of compression. It is
usual to design these parts with bearing surfaces and areas to suit
nearly the highest compression ratio which will be used; thus at low
compression ratios, the overall mechanical losses are disproportionately
great, while at the very highest ratios (which are seldom employed for
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Fig. 9.6.—General trend of total mechanical and other losses with compression
ratio under running conditions at full throttle

Petrol engine, 6-cylinder 8-litre type at 1600 r.p.m.

long) they are unduly low. This is a point which is not generally appre-
ciated and which should be emphasized, more especially in view of
the large number of variable-compression engines installed in uni-
versities and technical colleges.

The curve, fig. 9.6, which is based on purely empirical data, indi-
cates the general trend of mechanical losses plotted against com-
pression ratio—it is compiled from analyses of a large number of tests
on various engines whose factors of safety and durability have been
proved by mass experience over long periods.

The curves, fig. 9.7, show the variation in (a) compression pressure,
(b) peak pressure, (c) air-cycle efficiency, (d) indicated mean pressure,
(e) thermal efficiency, the two latter being based on the assumption
that the overall indicated thermal efficiency for engines of the size and
type we are considering may be taken as 66-6 per cent of the air-cycle.
The curves, fig. 9.8, show the resultant mechanical efficiency, brake
mean pressure, and brake thermal efficiency at full load after allowing
for the variation in mechanical losses shown earlier in fig. 9.6.
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The curves, fig. 9.9, show the same quantities when the operating

load is 30 per cent of the full-load torque.
From these latter curves it will be seen that for a road-vehicle

engine there is little to be gained in power and almost nothing to be
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Fig. 9.7.—Curves showing variation in (a) compression pressure, (b) peak
pressure, (c) air-cycle efficiency, (d) indicated mean pressure, and (e) indicated
thermal efficiency with compression ratio

Petrol engine, 6-cylinder 8-litre type at 1600 r.p.m.

gained in fuel economy from the use of a compression ratio higher than
8:0 : 1, unless we are prepared to infringe on the accepted margins
of safety or endurance.

It is a moot point whether mechanical losses should be compared
at the same piston speed or at the same r.p.m.; clearly neither forms a
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just basis for comparison; some of the individual items, such, for
example, as the indicated air work, are a function directly of piston
speed; others, such as the dynamic loadings, are dependent rather
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Fig. 9.8.—Curves derived from figs. 9.4 and 9.6 showing resultant (a) mech-
anical efficiency, (b) brake mean effective pressure, and (c) brake thermal efficiency
at full torque and 1600 r.p.m. at various compression ratios

upon the r.p.m., and the fair basis of comparison must lie somewhere
between these two extremes. In the preceding comparison both engines
had the same stroke, so that the question does not arise.
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11b. per sq. in. M.E.P. added to losses for reduced throttle opening

Work done in Emptying and Filling the Cylinder

When dealing with four-cycle engines, it is usual to assess, as the
air-pumping work, the actual indicated mean pressure during the
exhaust and induction strokes and this is a true measure of the work
done, but in terms of air work only. It neglects the friction of the
mechanism involved in handling the air. When, however, we attempt
to compare the virtues and vices of the four-cycle versus the two-
cycle engine, this assessment becomes very misleading. In the four-
cycle engine exactly half the total running time is devoted solely to
the task of emptying and filling the cylinder; hence nearly half the
total mechanical friction should be debited to this function; not quite
half because during the idle strokes there is no appreciable gas pressure;
hence the rings are not inflated and the piston friction will be sub-
stantially less. It would seem, however, that about 40 per cent of the
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total frictional loss of the whole engine should be debited against the
emptying and filling account.

In the case of the compression-ignition engine which we have
analysed, the indicated air work was only 3-5 Ib. per sq. in. but the
total friction loss amounted to 21-5 lb. per sq. in. at 1600 r.p.m. If we
take 40 per cent of this as the proportion of friction which should
be debited to the emptying and filling account, this, then, becomes
(215 X 0-4) 4 3-5 = 12-1 lb. per sq. in. When considering four-cycle
engines only, this may be an academic point, or merely a question of
accountancy, but when comparing two- and four-cycle engines, it imme-
diately becomes one of practical importance.

Effect of Supercharge on Mechanical Efficiency

Let us consider next the effect of supercharge upon the mechanical
efficiency, and for this purpose we will assume that the two engines we
have taken previously as typical modern examples are both super-
charged by independently driven blowers to a pressure which will
ensure that the weight of air inhaled per cycle will be increased by,
say, 60 per cent. We will assume also that the octane number of the
fuel used in the petrol engine is high enough to permit of this without
detonation so that the same compression ratio, viz. 6-0 : 1, can be
maintained, and that in the compression-ignition engine also we main-
tain the same ratio of compression.

In the case of the petrol engine, the effect of supercharging will be
to increase the whole pressure scale by 60 per cent, but in that of the
C.I. engine, although the compression pressure will be increased in
like proportion, the maximum peak pressure, if it be of the high air-
swirl type, will be increased very little for, at the higher density, the
heat cycle will approach much more nearly that of constant pressure,
and optimum efficiency will be attained when the peak pressure is
only about 10 per cent above the compression pressure, as compared
with about 50 per cent when normally aspirated.

If we are going to maintain the same standard of durability, etc.,
as before, we shall, in the case of the petrol engine, have to increase
considerably the weight of the pistons, the diameter of the crankshaft,
and the area of bearing surfaces generally, to meet the higher pressures;
but in that of the C.I. engine, a very much smaller increase will suffice,
since a 60 per cent supercharge will result in only about a 20 per cent
increase in maximum pressure, though of course the period of sus-
tained high pressure will be prolonged. Against this, however, the
much more gradual rate of pressure rise will reduce the shock loading
on the bearings, etc., so that, taken by and large, we need increase only
very slightly, if at all, the scantlings of the C.I. engine. Fig. 9.10 shows
comparative indicator diagrams taken from two such engines, each
when working with a 60 per cent supercharge.



158 THE INTERNAL-COMBUSTION ENGINE

. A
,,o ZIN

z
K
: \
g 40 / A'"/ \\
4 / \\
‘ 200 7 \\t
[
] /
[ ) a6 26 ToC 20 ) 60 80 100

CRANK ANGLE .
Fig. 9.10.—Comparative full-load indicator diagrams
%

(A) Petrol engine, C.R. 6:0 : 1 with 60 per cent supercharge.
(B) Compression-ignition engine, C.R. 160 : 1 with 60 per cent supercharge.

So far, then, as the purely frictional losses are concerned, those due
to the valve gear and auxiliaries will, of course, remain unchanged.
Piston and piston-ring friction will be increased due to the higher gas
pressures and the same will apply to the crankshaft bearings.

If no provision is made for strengthening either engine to meet
the higher gas pressures, then the changes in purely mechanical friction
would be substantially as in Table I.

TasLE I

Engine A Engine B

Source of friction
Unsuper- Super- Unsuper- Super-
charged charged charged charged

Aucxiliaries and valve mechanism 2:5 2:5 30 30
Crankshaft .. .. .. 40 45 60 65
Pistons .. .. .. .. 80 9-0 126 185
Total, exclusive of air work .. 146 160 21-5 230

If, however, we are going to maintain the same standard of dura-
bility, we shall have to increase very considerably the scantlings of the
moving parts of the petrol engine. Such strengthening will increase
the purely mechanical friction by about 6 1b. per sq. in. for, at a com-
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pression ratio of 6 : 1, the maximum pressure will be increased by
about 400 lb. per sq. in. In the case of the C.I. engine about 3 lb.
per sq. in. extra loss will result from the small increases required.
These figures, of course, are somewhat guess-work, but cannot be very
wide of the mark. Thus the total friction loss will become 22 lb. per
8q. in. in the case of the petrol, and 26 lb. per sq. in. in that of the
C.1. engine.

The air-pumping work will, of course, be changed from a negative
to a positive value. To increase the air content of the petrol engine by
60 per cent we shall need an air pressure of approximately 9 lb. per
sq. in. gauge, allowing for temperature on the one hand, and on the
other for the fact that the clearance volume is supercharged as well as
the swept volume. To give the same increase in the case of the C.I.
engine, with its much smaller clearance volume, we shall need a pres-
sure of about 10 lb. per sq. in.

The indicated air work expended on emptying and filling the
cylinders when operating with atmospheric induction was found to
amount to 3-5 lb. per sq. in. With a 60 per cent increase in density,
this will be increased to about 5 lb. per sq. in. Against this we have
positive pressures of 9 and 10 lb. per sq. in. respectively, so that the
net result will be a positive mean pressure of 4 lb. per sq. in. in the
case of the petrol and 5 Ib. per sq. in. in that of the C.I. engine. Hence
the overall mechanical and fluid-pumping losses will become 18 and
21 1b. per sq. in. respectively. The latter figure, in particular, will be
found to be very much less than the motoring measurement would
show, for at these high densities, the fictitious compression/expansion
loop will assume still larger proportions and, from observations on other
engines, it is probable that the motoring figure under these conditions
will be as high as 27 or 28 1b. per sq. in. We find then that with a
blower driven independently of the engine and delivering a 60 per cent
supercharge, the total fluid and friction losses will be 18 and 21 lb.
per sq. in. respectively, the indicated mean pressures 237 and 229 lb.
per sq. in., the brake mean pressures 219 and 208 lb. per sq. in. and
the mechanical efficiencies 92-9 per cent and 91-3 per cent.

The above figures do not, of course, take into account the power
absorbed in driving the blower. This varies so much, depending upon
the efficiency of the blower, etc., that it is difficult to generalize; they
apply directly therefore to the case when the blower for supercharging
is driven by some independent source of power, either by a separate
engine or by a turbine from the exhaust, though, in the latter case,
there would be additional exhaust back pressure to take into account.
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Conclusions

We can sum up the arguments in this chapter as follows:

(1) Mechanical losses within the structure of the engine are
largely a function of the maximum pressure at which it operates,
for this governs both the weight and therefore the inertia of the
moving parts, the diameter and area of the principal bearing sur-
faces and the loading of the piston-rings.

(2) Other things being equal, mechanical efficiency is a function
of the ratio of mean effective to maximum pressure; the higher this
ratio the higher the mechanical efficiency.

(3) In the case of engines used for road transport we should
concentrate our attention upon the conditions that obtain when
the engine is operating at about 30 per cent of full torque.

(4) In all applications we must aim at the best compromise
between efficiency on the one hand, and safety, durability, and
silence on the other.

(5) In all internal-combustion engines of the single-acting
trunk-piston type, the piston itself accounts for the largest pro-
portion, usually about 50 to 60 per cent of the total frictional
losses.



CHAPTER X
Supercharging

The application of supercharging to spark-ignition engines is
usually restricted to aircraft and racing-car engines, and has not found
favour in any other fields, but for reasons which will be discussed
there is a much better case for its application to compression-ignition
engines.

Taken by and large, the density of the atmosphere that Nature
has provided for us at sea-level is admirably suited to the tastes of the
spark-ignition engine.

Of this atmosphere we may take as much as we please, and that as
a free issue, so long as we are content to accept the density she offers us.
If we want a higher density, we must be prepared to pay for it at the
cost of a considerable expenditure of energy and of additional iron-
mongery and, as a rule, we do not find it worth while.

The case of the aircraft engine is, of course, quite different in that
it lives in another element and has to adapt itself to changes in atmos-
pheric density and temperature of a magnitude quite unknown to its
terrestrial brothers.

We may employ supercharging either to obtain more power from a
given size of engine, or to compensate for the reduction of density with
altitude, or both. In the case of the racing-car the former is our one
and only objective; in that of the aero-engine we have both objectives
in view.

The power output at the piston head of any internal-combustion
engine is directly proportional to the product of the weight of air it
can consume in unit time, multiplied by the thermal efficiency at
which it is employed. The useful power output at the crankshaft is the
same, less the internal frictional losses of the engine and a large pro-
portion of the power required to drive the supercharger, for in any
four-stroke engine a proportion, usually less, and often much less, than
50 per cent, of the power absorbed by the supercharger is returned, by
pneumatic transmission, as useful work on the piston.

For any given capacity of engine, and for any given thermal effi-
ciency, we can double the indicated power either by doubling the
speed of rotation or by doubling the density of the air. The former is
not usually practicable, for it is to be presumed at least that we are

already running the engine as fast as prudence permits, and even if we
161
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cast prudence to the winds, we should still be baulked, on the one hand
by inadequate breathing capacity and, on the other, by the mounting
internal friction losses, due to excessive dynamic forces.

We can increase the thermal efficiency by raising the ratio of com-
pression or expansion, but in this direction we are limited, in a spark-
ignition engine, both by the tendency of the fuel to detonate and by
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Fig. 10.1.—Relationship between maximum and mean indicated pressure as recorded
on the small variable-compression E6 engine when using & non-detonating fuel

the very rapidly increasing maximum pressures. In round figures the
maximum peak pressure of a spark-ignition engine increases by 120
Ib. per sq. in. for each ratio of compression. The curve of thermal
efficiency, however, tends to flatten out to such an extent that, taking
into account the higher mechanical losses resulting from high peak
pressures, there is little to be gained from the use of a compression ratio
higher than about 7-5 : 1 or 8-0 : 1 if the mean load factor is very low,
as in ordinary road-vehicle engines. In the case of racing-engines,
where the load factor is higher and we can afford to go to extreme
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lengths and take some risks in the way of cutting down mechanical
losses, it may pay to use a compression ratio of 9 : 1 or 10 : 1.

Fig. 10.1 shows the observed relation between maximum peak
and indicated mean pressure with optimum ignition timing and maxi-
mum-power mixture strength, over the range of compression from 5-0
to 13-0:1 as measured in the small variable-compression “ E6
engine, described in a later chapter, but the readings in fact differ very
little from the theoretical values. From this it will be seen that the
ratio of maximum to mean pressure ranges from 3:6 : 1 at a com-
pression ratio of 50 : 1, to 7-9 : 1 at a ratio of 13-0 : 1.

By contrast, when supercharging, the ratio of maximum to mean
cylinder pressure remains virtually constant irrespective of the super-
charge pressure.

General Considerations

When an engine is inhaling from, and exhausting into, the same
atmosphere, the volumetric efficiency is a function only of the volume
swept by the piston, and is independent, or almost independent, of the
capacity of the clearance space; hence, except for a quite small secon-
dary effect, due to direct loss of heat to the cylinder walls during the
brief period between the effective end of the exhaust and the effective
beginning of the suction, the volumetric efficiency is independent of
the compression ratio.

When, however, the engine is inhaling from a source at a pressure
higher than that against which it is exhausting, this no longer holds
good, for the clearance volume, as well as the swept volume, then
becomes supercharged to an extent depending upon the difference in
absolute pressure between the entering air and the residual exhaust
products.

Let us suppose, for example, that the volume of the clearance
space is 20 per cent of the swept volume, and that the absolute pressure
of the supercharge is just twice that of the surrounding atmosphere,
then, neglecting secondary factors, half the clearance volume will be
supercharged with fresh air. Under these conditions the effective
cylinder volume will be increased by 10 per cent and, ceferis paribus,
the power increase will be not 100 per cent but 120 per cent. Thus,
were the thermal efficiencies the same, then the lower the compression
ratio and the larger the clearance volume the greater would be the
power response to supercharging.

When a mechanically driven supercharger is employed the exhaust
is, of course, discharged against atmospheric pressure only, and full
advantage can be taken of the supercharging of the clearance volume,
but when an exhaust turbine is used to drive the supercharger, this
imposes a certain amount of back pressure which may well be equal to,
or even greater than, the supercharge. By dividing up the exhaust
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system, so that in any one pipe the exhaust flows just do not overlap,
i.e. by using, in the case of a four-cycle engine, a separate short exhaust
pipe for each group of three cylinders, it is possible to reduce con-
siderably the terminal exhaust pressure, for some use can then be made
of the kinetic energy in the exhaust both to help the turbine at the
beginning, and to make use of it as an exhauster at the end of each
exhaust stroke, but the extent to which this can be done in practice is
generally restricted by geographical and plumbing limitations.
Whether the supercharge be provided by an exhaust or a mech-
anically driven blower, it is of vital importance to keep its temperature
as low as possible not only from the obvious motive of getting the
greatest possible weight of air into the cylinder, but also because:

(1) In the case of a spark-ignition engine the higher the initial
air temperature the greater the tendency to detonation or pre-
ignition.

(2) In any form of internal-combustion engine, the temperature
range throughout the whole cycle is a function of the initial tem-
perature. The higher the initial temperature, the greater the losses,
due both to direct heat loss to the walls and to dissociation, ctc.
Thus the thermal, as well as the volumetric, efficiency is reduced
with every increment of air temperature.

As a rough and rather extreme example, let us consider the effect
of a difference of, say, 100° C. in the temperature of the supercharge.

In a spark-ignition engine of average compression ratio, the absolute
temperature at the end of compression, i.e. before the liberation of
heat, will be nearly twice the initial temperature; the difference at
this, the effective starting point of the cycle, therefore becomes 200° C.,
and the flame temperature will be increased by nearly a like amount,
thus both the direct heat losses and those due to increase of specific
heat and dissociation will all be increased very considerably, with a
corresponding reduction in thermal efficiency.

In the case of a compression-ignition engine with its much higher
ratio of compression, a difference of 100° C. in the initial temperature
means a difference of nearly 300° C. at the end of compression and
therefore throughout the rest of the cycle; moreover, as has been
shown in Chapter V, the C.I. engine is more susceptible to direct heat
loss. On the other hand, while any increase in the compression or
flame temperature tends to promote detonation or pre-ignition in the
spark-ignition engine, this does not apply to the compression-ignition.

(3) All the mechanical troubles arising from high temperature,
such as piston failure, ring sticking, and exhaust-valve troubles,
are, of course, accentuated greatly by any increase in the cycle
temperature.
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It is thus essential on the grounds of temperature that the adia-
batic efficiency of the supercharger shall be as high as possible and,
wherever possible, effective intercooling between the supercharger and
the engine cylinder should be provided; the higher the degree of super-
charge, the more important does this become.

Supercharged Spark-ignition Engines

Apart from the direct increase in power due to the greater weight
of air inhaled per cycle, the effects of supercharging upon the spark-
ignition engine are:

(1) The increased density and somewhat increased tempera-
ture (depending upon the degree of intercooling, etc.) both tend to
speed up the combustion process not only by reducing the delay
period, but also by accelerating the rate of spread of inflammation.
In this latter respect, the effect is similar to an increase in the
degree of turbulence. Since, in most modern high-duty petrol
engines, the degree of turbulence is already adequate, the effect
of supercharging is often to overdo it, thus rendering the engine
more sensitive to mixture ratio and tending to narrow down the
range of burning at both the rich and weak ends. For best results
under supercharged conditions, the normal degree of turbulence
should be somewhat below rather than above the optimum.

(2) The increased density and temperature increase, of course,
the tendency both to detonation and to pre-ignition and thus set
a limit to the degree of supercharge that can be employed in the
petrol engine. Here it is difficult to generalize, for some fuels are
more temperature- and others more pressure-sensitive; thus two
fuels rated at the same octane number by the usual technique may
respond somewhat differently to supercharging. In the case of all
volatile petroleum fuels, however, the tendency both to detonation
and to pre-ignition can be reduced enormously by employing a
very rich mixture of the order of 50 per cent to 60 per cent above
the chemically correct value. The effect of this is two-fold:

(@) All such fuels, and more especially those of high octane
number, show, under the same temperature conditions, a
greatly reduced tendency to detonate when a large excess
of fuel is present. This is illustrated in fig. 10.2, which shows
the variation in H.U.C.R. with mixture strength of iso-
octane, cyclo-hexane, and benzene.

(b) The latent heat of evaporation of the excess fuel serves to
lower the intake temperature. In the case of fuels of the
alcohol group, as used in racing-cars, this latter plays a
very important part, but in that of hydrocarbon fuels,
whose latent heat of evaporation is relatively low, it cannot
be a very important factor.
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(3) The heat losses to the cylinder walls during combustion and
expansion do not increase in direct proportion with the degree of
supercharge, e.g. with a supercharge of 2 atmospheres absolute at
the same intake air temperature, the total flow of heat to the cooling
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Fig. 10.2.—H.U.C.R./mixture strength curves on representative fuels

Test conditions:
Engine speed, 1500 r.p.m. Engine coolant temperature, 90° C.
Inlet air temperature, 120° C. Solex carburettor.

Ignition advance to give maximum cylinder pressure 13° after T.D.C. in all cases

medium is increased by only about 70 per cent. This should mean
that the thermal efficiency would be slightly improved, but in most
cases any gain in thermal efficiency resulting from reduced heat loss is
largely offset by inability to run on so weak a mixture strength as
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when naturally aspirated. By the same token, of course, the tem-
perature of the exhaust is increased, hence the exhaust valve in
particular has a more trying time.

Fig. 10.3 is a composite graph, compiled from a very large number
of tests carried out in the author’s laboratory on behalf of the Air
Ministry during 1930-36, on variable-compression and other research
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Fig. 10.3.—Graph of LM.E.P. at different compression ratios over the range of
octane numbers 60 to 100 with and without supercharging

units, showing the relation between the octane number of the fuel and
the indicated mean effective pressure as limited by the incidence of
detonation, when:

(a) the compression ratio is raised until the incidence of detona-
tion, and
(b) at any given ratio, the IM.E.P. is increased by super-

charging to the same limit.
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It assumes:

(1) That the engine has an individual cylinder capacity of
between 1-5 and 2-5 litres; if larger, the M.E.P.s would be reduced;
if smaller, they would be increased all along the line.

(2) That the cylinder is liquid-cooled; if air-cooled the cylinder
wall temperatures would be higher and the performance reduced
by the earlier incidence of detonation or pre-ignition, or both.

(3) That poppet, not sleeve, valves are used. In the case of
sleeve-valve engines nearly one ratio higher compression, or about
25 per cent more I.M.E.P., when supercharged, could be used
throughout.

(4) That the temperature of the supercharge is such as would
be supplied by a blower having an adiabatic efficiency of 70 per
cent. If intercooling be applied, then again the whole scale would
be raised.

(5) That the revolution speed lies between the limits 2000 and
3000 r.p.m. If lower, the limiting I.M.E.P. would be reduced.

(6) That the fuels used throughout the range of octane num-
bers have normal average characteristics. This latter is perhaps
the most dangerous assumption but, throughout all the experi-
ments, care was taken to avoid the use of fuels whose response to
temperature, pressure, or mixture strength differed widely from
average values.

(7) That all tests were carried out with a fuel/air ratio of between
50 and 60 per cent in excess of the chemically correct. Attempts to
carry out similar tests with a mixture strength giving minimum
fuel consumption yielded such widely varying results, depending
upon the chemical nature of the fuels, that no general conclusions
could safely be drawn from them.

Such a graph may serve as a guide but, of course, must not be
taken too literally, since so many variables enter the picture.

Fig. 10.4 shows the results of an individual test, one of many taken
during the series, in this instance on a sleeve-valve engine, using 87
octane fuel and running throughout at a speed of 2500 r.p.m.

In this case, and with a compression ratio of 7-0 : 1, the engine
was run on an economical mixture, i.e. about 10 per cent weak, and
supercharge applied until the first incidence of detonation, which
occurred when the B.M.E.P. had reached 168 lb. per sq. in. The mix-
ture strength was then increased, step by step, and more supercharge
applied until the same intensity of detonation was recorded; this
process was continued until a point was reached at which no further
enrichment was effective. In fact, after about 60 per cent excess fuel,
not only did further enrichment have no effect but there was even
some indication that it increased the tendency to detonate. A finely
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pulverized water spray was then delivered into the induction pipe,
which served to suppress detonation, in part by the intercooling it
provided, and in part by the influence of steam as an anti-detonant,
and so allowed of further supercharging. This was continued pro-
gressively, admitting just sufficient water at each stage to ward off
detonation, until a B.M.E.P. of 290 lb. per sq. in. was reached, which
was found to be the limit of the dynamometer. At the same time it
was noted that, with the addition of water, the influence of steam as
an anti-knock allowed of the fuel/air ratio being much reduced. From
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Fig. 10.4.—Typical sample test showing variation in maximum B.M.E.P. with
mixture strength and with water injection. Fuel, octane 87 petrol

this curve, fig. 10.4, it will be seen that under these operating conditions
the limiting B.M.E.P. that could be reached with 87 octane petrol
alone at an economical mixture strength was 168 1b. per sq. in. (= 200 1b
IM.E.P.). By enriching the mixture to the limit of usefulness the
B.M.E.P. could be stepped up to 237 lb. per sq. in. (= 267 lb. LM.E.P.).
By the introduction of water, it could be further stepped up to 290 1b.
per sq. in. or 319 lb. IM.E.P., and probably more; at the same time
the fuel/air ratio could be reduced once again; in fact, with water
injection, no appreciable advantage was found from the use of an over-
rich fuel/air mixture. It will be noted that the total specific consump-
tion of liquid, i.e. fuel 4 water, is not so very much greater than
when running on a very rich mixture of fuel alone.

The slope of the curve of maximum cylinder pressure is interesting
in that after the injection of water it no longer rose but even tended
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very slightly to fall, and the same applied to the gross heat flow to the
cooling water which reached a maximum at a B.M.E.P. of about
230 1b. per sq. in., and thereafter fell off until, at a B.M.E.P. of 290 1b.
per sq. in. it had fallen to the same level as that at 170 lb. without
water injection.

In this as in other tests, the supercharge air was supplied from an
independent source but its temperature was adjusted by pre-heating
to that which would be delivered by a supercharger having an adiabatic
efficiency of 70 per cent and with no intercooling.

Fig. 10.5 is a cross-section of the engine used for this test; it is a
single-cylinder sleeve-valve research unit of 5 in. bore by 5-5 in. stroke,
of very robust design, but the cylinder and cylinder head, which are
of light alloy, are extremely light and of aircraft scantlings.

With water alone, however, evaporation of the water was by no
means complete even at the highest degree of supercharge, and it was
found more effective to add a substantial proportion of some volatile
alcohol, such as methanol, in order to increase the volatility. Since for
aircraft it was, in any case, desirable to add some sort of anti-freeze,
it was considered that methanol would serve the dual purpose of pro-
tection against freezing and of increasing the volatility. Methanol,
however, is very prone to pre-ignition and, on this score, it is unwise
to use too great a concentration; the safe limit appears to be a 50/50
methanol /water mixture.

Comparative tests, as between water injected separately and the
same proportion of water dissolved in the fuel by the aid of a mutual
solvent such as acetone, showed that the latter was far more effective,
due presumably to the fact that, when admitted in solution in the fuel,
evaporation was completed much earlier in the cycle and the full
effect of its latent heat could be realized. Again, experiments with the
admission of dry steam served to show, independently, the effect of
steam as a diluent and anti-knock, as distinet from that of water as a
cooling agent, and thus to assess separately its two functions.

Where very high supercharge pressures are involved as, for ex-
ample, in the case of military aero-engines, the choice lay between
intercooling by means of a heat exchanger or by the injection of water
or water and methanol. The former, of course, could be maintained
indefinitely but involved a good deal of extra drag and some additional
large scale and rather vulnerable plumbing; the latter, because of the
heavy consumption of liquid, could be but a temporary expedient
only, but served admirably as a means of additional boosting for take-
off and for emergency use. In practice both methods were adopted
during the war, the choice depending largely on the type and purpose
of the aircraft to which the engine was fitted.

So far as spark-ignition engines are concerned, it would seem that,
as applied to aircraft, supercharging is essential, not only as a means
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of restoring ground-level density at high altitude, but also as a means
of increasing greatly the specific power output of the engine in terms
both of weight and of frontal area.

The limit of supercharge that can safely be applied is determined by :

(1) The octane number of the fuel.
(2) The ability of the engine to withstand the intensity of
pressure and heat flow involved.

Both the tendency to detonate and the intensity of heat flow can
be reduced by intercooling either by means of a heat exchanger or by
water injection, or both; by the latter means it was found possible to
increase the power output by an additional 20 per cent without in-
creasing either the tendency to detonate or the intensity of heat flow
to the piston, cylinder walls, or exhaust valves.

In the case of engines of fairly large power which are called upon
to exert full torque only at high speed, such as in aircraft or marine
service, the centrifugal or axial-flow types of supercharger are probably
the most suitable, since either can deal efficiently with far larger
volumes of air than can be handled by any form of positive blower of
comparable dimensions or weight, but in services involving the exertion
of high torque at low speeds, such as apply to all forms of road or rail
transport, this type of supercharger is unsuitable, and resort must be
had to some form of positive blower. There would seem, however, to
be but little argument in favour of supercharging as applied to or-
dinary spark-ignition road-transport engines because:

(1) The primary requirement of such engines is high torque at
low revolutions, i.e. under the conditions where detonation would
be most troublesome and insistent, thus necessitating the use either
of a very high-octane and therefore expensive fuel, or some addi-
tional complication such as the addition of water or water-methanol
mixture.

(2) The weight and space limitation is not nearly so severe as
in aircraft, hence a larger unblown engine would seem to be pre-
ferable.

(3) At the present day, no form of rotary blower exists which
will deliver a high supercharge pressure at low revolution speeds.

Supercharged Compression-ignition Engines
All the above considerations apply to spark-ignition engines. In
the case of compression-ignition the picture is very different because:

(1) The bogies of detonation and pre-ignition are absent.
(2) The greater the density, the shorter the delay period, hence
the smoother, more controllable and more complete the combustion.
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(3) While it is essential to keep the temperature of the super-
charge as low as possible, yet an increase in temperature, though
reducing both the volumetric and thermal efficiency, does not, as
An the case of the petrol engine, give rise to detonafion or pre-
ignition: on the contrary, it tends, though only very slightly, to
assist the combustion process.

(4) The higher the supercharge pressure the less sensitive does
the engine become to either the cetane number or the volatility of
the fuel; hence a wider range of fuels can be used, but this applies,
in full force, only so long as the supercharge pressure can be main-
tained at all speeds and at all loads.

(5) As explained in the chapter on * Distribution of Heat
the direct loss of otherwise recoverable heat is more serious in the
C.I. than in the petrol engine, and since this loss increases only as
about the 0-6th power of the density, the gain in thermal efficiency,
due to a reduction in relative heat loss, is greater in the C.I. than
in the spark-ignition engine.

(6) There is evidence that in some, if not in most, forms of C.I.
combustion chamber, the proportion of oxygen that can be con-
sumed increases slightly with increase of density. Thus the return
in power output is somewhat greater than would be expected from
the direct increase in density and thermal efficiency. Experiments
on a ‘“ Comet Mark III ” engine, designed for very high pressures,
showed that at the point of just visible smoke in the exhaust, and
at the same induction air temperature, the proportion of air con-
sumed ranged from 82 per cent with atmospheric induction up to
86 per cent with an induction pressure of 3 atmospheres absolute.

(7) As compared with a spark-ignition engine, the mechanical
efficiency of the C.I. engine is considerably lower; hence it benefits
more by any increase in the effective mean pressure, more especially
so when such increase is not accompanied by a corresponding in-
crease in maximum pressure. In the case of the “ Comet Mark
IT1 7, for example, the optimum ratio of maximum to brake mean
pressure at atmospheric induction was found to be 7-7 : 1, but with
a supercharge of 1-66 atmos. abs., the ratio fell to 6-2 : 1, a very
substantial gain. In the case of a direct-injection open-chamber
engine, very much the same relationship as between atmospheric
and supercharged conditions was found, but the ratio in both cases
was somewhat higher.

(8) Given sufficient intercooling, the gain in both mechanical
and thermal efficiency will more than compensate for the power
absorbed by the blower at the higher load ranges, when the latter is
driven mechanically, and at almost all load ranges when the exhaust
energy is used to drive the blower, but so much of course depends
both upon the efficiency of the blower and the degree of super-
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charge and intercooling that it is impossible to generalize as to the
point in the load range beyond which the overall efficiency is im-
proved by supercharging.

The following data and conclusions have been drawn by the author
from a long series of experiments carried out in his laboratory on a
large number of high-speed C.I. engines of both the direct- and indirect-
injection types and with cylinder diameters ranging from 3 in. to 7 in.
In the course of these experiments, supercharge pressures up to a
maximum of 7 atmospheres absolute were explored.

The research may be divided into two categories:

1. The use of a moderate degree of supercharge in engines of
normal design, and at a compression ratio suitable for running
under normally aspirated conditions.

2. The use of a very high supercharge in engines of highly
specialized design mostly, but not all, of the two-stroke cycle type
intended to serve as the high-pressure elements of a compound
system. In this case, and in order to keep the maximum cylinder
pressures within practicable limits, a relatively low ratio of com-
pression and a specialized design must be employed.

The latter category is probably justified only when full use is to
be made of the large amount of potential energy left in the exhaust,
and is of immediate practical interest only in connection with a com-
pound system, but the results obtained proved useful also as affording
extreme points on the performance curves and thus serve to confirm
that there is no change or break in the general trend of response to
supercharge.

The conclusions, and the data from which they are drawn, relate
primarily to the first category, though they are modified only in degree
when applied to the second.

In the first category, it is postulated that the engine shall be of
normal four-stroke type, having a compression ratio high enough to
permit of normal cold-starting and of running under naturally aspirated
conditions on light gas-oil, but modified only in such minor details as
were found necessary or desirable.

All the data in this category have been obtained from high-speed
engines, mostly from single-cylinder research units. It should be

_ pointed out that all tests were run with air supplied from a main com-
pressing plant, thus all the data given relate to the gross power, no
allowance being made for the work done in driving the compressor.
On the other hand, the research units employed have, as compared
with multi-cylinder engines, a low mechanical efficiency, hence all fuel
consumption figures on a basis of brake horse-power are somewhat
higher than normal.
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The practical upper limit of supercharge is reached when the maxi-
mum cylinder pressures are such as to cause:

1. “ Scuffing ”’ of the piston-rings and heavy liner wear.

2. Overloading of the bearings.

3. Leakage of the cylinder-head joints, due to springing of the
cylinder-head bolts, etec.

With an engine of conventional design, with copper-lead bearings
and a surface-hardened crankshaft, maximum cylinder pressures
ranging up to 1200 lb. per sq. in. are usually permissible. As will be
shown later, this entails limiting the supercharge pressure to something
not exceeding 2 atmospheres absolute when using a compression ratio
of the order of 15-0 : 1.

Conclusions (General)

Supercharging tends very greatly to reduce the ignition delay period
and as a result:

(a) The engine runs extremely quietly and smoothly.
(b) The optimum ratio of maximum to compression pressure is
considerably lower and under better control.

Fig. 10.6 shows the effect on the performance of a “ Comet Mark
III ” unit of varying the static time of start of injection, the true start
being, of course, some few degrees later. In this series the quantity of
fuel injected per cycle was kept constant throughout, as also all other
conditions, the only variable being the time of start of injection. It
will be noted:

(@) That with a static timing of 6-5° before top centre the
indicator diagram is virtually that of a true constant pressure
cycle, i.e. both compression and peak pressures are almost identical
at 1000 lb. per sq. in.

(b) At this timing the brake mean pressure is only 5 per cent,
and the specific fuel consumption 4 per cent, below the absolute
optimum.

(¢) That for all practical purposes the optimum performance is
obtained with an injection timing 9° before top centre, at which
setting the maximum peak pressure is 1160 lb. per sq. in.

(d) With settings earlier than 9° the gain in performance is
negligible and certainly not sufficient to justify the higher peak
pressure.

Fig. 10.7 shows a similar series of tests carried out under identical
conditions on a similar research unit but with a direct-injection open-
type combustion chamber. By comparison it will be noted:
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(@) That the specific consumption at the optimum point is
about 3 per cent lower than the ““ Comet III ” as compared with
about 6 per cent lower when running unsupercharged.

(b) That the constant pressure diagram is obtained with an
injection advance of about 7° at which point the B.M.E.P. is 10
per cent, and the specific consumption about 8 per cent below the
optimum.

(c) That, so far as specific fuel consumption is concerned, the
practical optimum is reached with an injection advance of about
13° with a peak pressure of about 1220 lb. per sq. in., but that at
this timing the B.M.E.P. is still about 4 per cent below the optimum.
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Fig. 10.8.—Fuel tests (load-range curves) on E18/1 Comet Mark III eagine,
bore 5 in. x stroke 5% in.

Fuels:
Cetane{ Sp.Gr.
No. at 15° C,
——————— Heavy Diesel 38 0-9145
————— Marine Diesel 43 0-8730
e Heavy Diesel 34 0-91556
—_t — 4+ — + Industrial Diesel 40 0-8930
—0—o0—o0— Pool gas oil 49 0-8495
............ Heavy boiler fuel oil — 0-9450
Test conditions:
Engine speed, 1250 r.p.m. Oil inlet temperature, 60° C.
20 in. Hg. boost, 30° C. I.A.T. Jacket inlet temperature, 70° C.

Maximum pressure limited to 1100 Ib. per sq. in. at 150 Ib. per sq. in. B.M.P.

Fig. 10.8 shows load-range curves under supercharged conditions
on various heavy fuels, and fig. 10.9 the general shape of the cylinder-

pressure diagrams for these same fuels.

From these figures it will be noted:

. (a) That the performance under supercharged conditions is
~virtually the same for all the fuels tested, despite very wide varia-
tions in specific gravity, volatility, and cetane number. The point
of just visible exhaust varies only 6 per cent over the extreme

range.
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(6) Although on a basis of 1b. per B.H.P. hour the specific
consumption varies; when plotted on that of the lower calorific
value of the fuel in each case, the consumptions are identical within
the limits of observation, excepting only that of the Admiralty
fuel oil (30 per cent gas-oil and 70 per cent residual) which is a
little greater, more especially at the top end of the load range.
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Fig. 10.9.—Fuel tests (cylinder-pressure diagrams) on E18/1 Comet
Mark II1 engine, bore 5 in. x stroke 5% in.
Fuels:
4-— Cetane| Sp. Gr. at B.M.P.
No. 15° C. Ib./in.?
——————— Heavy Diesel 38 0-9145 151-0
————— Marine Diesel 43 0-8730 150-0
—e e — Heavy Diesel 34 0-91556 166-5
— + — + — Industrial Diesel 40 0-8930 152:0
—0-—0—o0 Pool gas oil 49 0-8495 150-4
............ Heavy boiler fuel oil — 0-9450 151-0
Test Conditions:
Engine speed, 1250 r.p.m. 0Oil inlet temperature, 60° C.
20 in. Hg. boost, 30° C. L.A.T. Jacket inlet temperaturs, 70° C.

Maximum pressure limited to 1100 Ib. per sq. in. at 150 Ib. per sq. in. B.M.P.

Fig. 10.10 and fig. 10.11 are similar curves to the above but at a
lower speed and can be compared with fig. 10.12 and fig. 10.13 which
are taken at the same speed but in the unsupercharged condition.
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From the figures it will be seen that when running unsupercharged
the performance on the same group of fuels differed widely. In most
cases the running was very rough and noisy, and in that of the Ad-
miralty fuel oil the exhaust was smoky throughout the entire range,
misfiring occurred at light loads and the engine would not run idle.

All the evidence confirms that the reduced delay period and im-
proved combustion are a function of pressure rather than of tempera-
ture, though both play a part.
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Fig. 10.10.—Fuel tests (load-range curves) on E18/1 Comet Mark 111
engine, bore 5 in. x stroke 5} in.

Fuels:
Cetane| Sp Gr at
o 15° C.
—— Laght boiler oil 41 0-9120
——————— — Heavy Diesel 38 0-9145
—ee e — Heavy Diesel 34 0-9155
————— Marine Diesel 43 0-8730
—t -+ — + Industrial Diesel 40 0-8930
—0—0—0— Pool gas oil 49 0-8495
............ Heavy boiler fuel oil —_ 0-9450
Test conditions:
Engine speed, 500 r.p.m. Oil inlet temperature, 60° C.
20 in. Hg. boost, 30° C. I.A.T. Jacket inlet temperature, 70° C.

Fig. 10.14 shows the improvement in economy and reduction in
exhaust temperature to be obtained by intercooling from 90° C. to
60° C. and 30° C.

Fig. 10.15 shows the reduction in the heat loss to the jacket with
intercooling.

From this it will be noted that the effect of reducing the super-
charge air temperature by 60° C. by intercooling is to reduce the heat
flow to the pistons, cylinder walls, etc., from 365 to only 240 B.Th.U.
per minute or to less than two-thirds and, as a result, to reduce the
specific fuel consumption from 0-43 to 0-39 lb. per B.H.P. hour when
operating at a brake mean pressure of 150 lb. per sq. in. at 500 r.p.m.
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This, of course, is a somewhat extreme case for, at the very low revolu-
tion speed of 500 r.p.m., the effects of heat loss are magnified.

Fig. 10.14 shows that a similar reduction in the supercharge air
temperature serves to reduce the exhaust temperature from 515° C.
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Fig. 10.11.—Fuel tests (cylinder-pressure diagrams) on E18/1 Comet Mark I1I
engine, bore 5 in. x stroke 5% in.

Fuels:
Cetane| Sp Gr.at BMP
No. 15° C. Ib./1n 2
_— Light boiler oil 41 0-9120 162
——————— Heavy Diesel 38 09145 160
——e— e — Heavy Diesel 34 0-9155 160
~~~~~ Marine Diesel 43 0-8730 180
—_—t -+ — + Industrial Diesel 40 0-8930 161
............ Heavy boiler fuel oil —_ 0-9450 161
Test conditions:
Engine speed, 500 r.p.m. 0Oil inlet temperature, 60° C.
20 in. Hg. boost, 30° C. L.A.T. Jacket inlet temperature, 70° C.

to 410° C. when operating at a brake mean pressure of 150 Ib. per sq.
in. at 1260 r.p.m. In this case, owing to the higher revolution speed,
the effect of the reduced heat losses on thermal efficiency is, of course,
less pronounced, but even so the specific fuel consumption is reduced
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from 0-385 to 0-366 lb. per B.H.P. hour; the maximum cylinder pres-
sure is, however, increased by about 5 per cent.

At all speeds, and more especially at low revolution speeds, viz.
down to 20 per cent of the normal maximum, the running under super-
charge is quite remarkably smooth.
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Fig. 10.12.—Fuel tests (load-range curves) on E18/1 Comet Mark III
engine, bore 5 in. x stroke 5% in.

Fuels:
Cetane | Sp. Gr. at
No. 15° C.
———————— | Light boiler oil 41 0:9120
——————— Heavy Diesel 38 0-9145
—e e — Heavy Diesel 34 0-9155
————— Marine Diesel 40 0-8930
—o0—o0—o— | Pool gas oil 49 0-8495
............ Heavy boiler oil — 0-9450
Test conditions:
Engine speed, 500 r.p.m. Oil inlet temperature, 60° C.
Zero boost, 30° C. L.A.T. Jacket inlet temperature, 70° C.

Exhaust blue-grey over load range except for the three fuels where
just visible exhaust limits are shown

Throughout the whole speed range the increase in I.M.E.P. is
slightly, and in B.M.E.P. at the clean exhaust limit is considerably,
greater than the increase in density of the supercharge air. The former
is to be accounted for, in part, by the ability, under supercharged
conditions, to consume a slightly greater proportion of the air retained
in the cylinder, but mainly by the higher thermal efficiency at which
it is consumed, and the latter by the higher mechanical efficiency.
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The B.M.E.P., at the clean exhaust limit when running unblown at a
speed of 1250 r.p.m. and with 30° C. air intake temperature, is 115 1b.
per sq. in. From fig. 10.14 it will be seen that the B.M.E.P. at the same
speed and air intake temperature, but when supercharged to a pressure
of 20 in. Hg., is 220 1b. per sq. in. (ratio of intake pressure and density,
1-66 : 1; ratio of BM.E.P., 1-92 : 1),
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Fig. 10.13.—Fuel tests (cylinder-pressure diagrams) on E18/1 Comet
Mark III engine, bore 5 in. x stroke 5} in.

Fuels:
Cetane| Sp. Gr. at B.M.P. —[
No. 15° C, 1b./in.?
B — Light boiler oil 41 0-9120 72-0
——————— Heavy Diesel 38 0-9145 730
—e— e — Heavy Diesel 34 09155 68-0
————— Marine Diesel 43 0-8730 727
—_t - =+ Industrial Diesel 40 0-8930 70-5
............ Heavy boiler fuel oil — 0:9450 71-0
Test conditions:
Engine speed, 500 r.p.m. Oil inlet temperature, 60° C.
Zero boost, 30° C. I.A.T. Jacket inlet temperature, 70° C.

At the same intake air temperature the relative heat losses to the
cooling water diminish with increased density at about the same rate
as with increased speed, under naturally aspirated conditions, i.e. if
the power output be doubled either by doubling the density of the air
or by doubling the engine speed at atmospheric density, the flow of
heat to the cylinder walls, pistons, etc., is substantially the same,
provided the air temperature is maintained constant.
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In a high-speed, high-compression engine of normal design, little,
if anything, is to be gained by cylinder scavenging, since the inlet and
exhaust valves are in such close proximity that overlap results merely
in short-circuiting. When account is taken of the loss of air (on which
work has been done in the blower) and the necessary distortion of the
combustion space in order to accommodate the valve overlap, the net
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Fig. 10.14.—Effect of intercooling on consumption, exhaust temperature
and maximum cylinder pressure, using E18/1 single-cylinder 4-stroke Comet
Mark ITI engine, bore 5 . x stroke 54 1n.

Test conditrions:
Engine speed, 1250 r.p.m. Oil inlet temperature, 60° C.
Air intake temperatures 30°, 60°, 90° C.  Jacket inlet temperature, 70° C.
at 1-66 atmospheres absolute.

Fuel:
Heavy Diesel o1l, sp. gr. 0-9145 at 15° C.

result is generally negative. No measureable reduction in piston tem-
perature could be observed even with very wide overlaps, involving a
considerable loss of air. It would seem that it is only when an exhaust
turbo-driven supercharger is employed that scavenging by valve over-
lap can be justified, and then primarily as an expedient to reduce the
exhaust temperature to a figure acceptable to the turbine. Even so,
the practice of short-circuiting some air to exhaust, outside the cylinder,
and under either governor or thermostatic control, so that it occurs
only when the exhaust temperature exceeds a safe limit, is probably
much to be preferred. Clearly the higher the degree of supercharge,

the more costly the loss of air by scavenging or short-circuiting.
13 (c840)
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Roference again to fig. 10.14 will emphasize the important effect of
air intercooling upon the exhaust temperature. With air at 90° C.,
i.e. no intercooling, an exhaust temperature of 600° C. is reached at a
B.M.E.P. of 169 lb. per sq. in.; with intercooling down to 30° C. a
B.M.E.P. of just over 200 lb. per sq. in. can be reached at the same
exhaust temperature, or, conversely, at say 170 lb. per sq. in. BM.E.P.,
intercooling from 90° C. to 30° C. lowers the exhaust temperature by
140° C.
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Fig. 10.15.—Effect of air intake temperature on fuel consumption and
heat loss to cooling water, using E18/1 single-cylinder 4-stroke Comet Mark 11L
engne, bore 5 1n. x stroke 54 in.

Test conditions:
Engine speed, 500 r.p m. O1l mlet temperature, 60° C.
20 . Hg. boost, 30°, 60°, 90° C. Jacket inlet temperature, 70° C.
LAT.
Fuel.

Heavy Diesel oil, sp. gr. 09145 at 15° C.

After taking all the relevant factors into consideration, it would
seem that, for an engine of normal design and proportions, and having
a compression ratio high enough to run satisfactorily without super-
charge, the optimum degree of supercharge lies between 1-5 and 2-0
atmospheres absolute. Below 1-5 atmospheres it is doubtful whether in
the case of a small engine, i.e. below about 100 h.p., the gain will fully
justify the extra cost and complication, while above 2:0 atmospheres
the high maximum cylinder pressures will call for a more robust design
of engine. If the supercharge can be available at all times, and under
all conditions of load and speed, then a lower ratio of compression can
safely be used and a higher supercharge permitted within the same
limits of maximum pressure. This appears, in any case, to be an
essential condition if difficult fuels are to be used.
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Comparison of Direct versus Indirect Injection under Supercharged Con-
ditions
Under normally aspirated conditions, the indirect-injection units
with compression swirl of the “ Comet Mark III ” type have a higher
fuel consumption of the order of 5 per cent to 10 per cent due to higher
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Fig. 10.16.— Comparison of load-range and maximum cylinder-pressure curves of
Comet Mark 111 and diwrect-injection combustion systems

Test conditions:
Engine speed, 1250 r.p.m. 0il inlet temperature, 60° C.
20 1n. Hg. boost, 30° C. 1LAT. Jacket inlet temperature, 70° C.

Key:
— —  Direct-injection engine.
— —  Comet Mark 111 engine.

relative heat losses, but develop from 10 per cent to 15 per cent more
power at the clean exhaust limit than the direct-injection type with
induction air-swirl due to better air utilization.

Under supercharged conditions the relative heat losses of both types
are less and the difference in thermal efficiency is much reduced until
at 2 atmospheres abs. the gap in thermal efficiency is almost closed.

Thus fig. 10.16 shows comparative performance curves of the
‘ Comet Mark IIT” and the D.I. systems under supercharged condi-
tions at 1250 r.p.m.



CHAPTER XI

The Two-cycle Engine

In the case of the compression-ignition engine in which the cylinder
is charged with air only and therefore in which some wastage of the
charge can be tolerated, the use of the two-stroke cycle is extremely
attractive; more especially in those applications where the revolution
speed is limited either by circumstance or convention and where the
load factor is fairly high, e.g. for marine propulsion, stationary-engines,
ete.

In favour of the two-stroke engine it can be argued:

(1) A greater power output can be obtained from the same total
weight and bulk of ironmongery than from an unsupercharged four-
cycle engine.

(2) For the same turning moment, only half the number of cylinders,
fuel pumps, and injectors is required. This argument, however, is
sometimes more apparent than real, for in applications where good
dynamic balance is essential, the need for dynamic balance largely
determines the minimum number of cylinders that can be used,
unless resort be had to additional dynamic balancers—an added com-
plication.

(3) The absence of reversals of loading on the bearings leads to a
smoother and quieter-running engine, but it can lead also to trouble
with the gudgeon-pin bearings.

(4) In its simplest expression, namely the crankcase compression
version, the two-cycle engine has the very minimum number of work-
ing parts but also the minimum number of virtues.

In the four-cycle engine the same moving parts perform alternately
the functions of generating power and of emptying and filling the
cylinder. The former requires that they shall be massive enough to
withstand the very high pressures and intense heat flow to which they
are subjected; it requires also that they shall be armed with adequate
piston-rings to ensure gas-tightness, all of which conditions impose a
heavy burden, both of friction losses and of dynamic loading, on the
bearings. The latter function, that of emptying and filling the cylinder,
could be served adequately by extremely light moving parts, which
need not necessarily be reciprocating, and by reason of the low pres-

sures involved, they need no sealing rings.
186
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Thus in the four-cycle engine we are incurring in emptying and
filling the cylinder an altogether disproportionate amount of friction.
This consideration is apt to be forgotten when comparing two- and four-
cycle engines. In the latter case, it is usual to express the losses between
the piston crown and the engine flywheel in terms of friction losses and
fluid-pumping losses—the latter being assessed from light-spring
indicator diagrams and representing therefore the air work only, but
to this should be added nearly half of the total internal friction incurred
during the process of emptying and filling the cylinder; not quite half
because, during the idle strokes, the piston-rings are not loaded with
gas pressure nor are the bearings subjected to quite so high a loading.
It seems probable that about 40 per cent of the total mechanical
friction of a four-cycle engine should be debited against the emptying
and filling process.

In the case of two-cycle engines, and more especially when an
independent blower is used, it is usual to debit the process of emptying
and filling the cylinder with the whole of the blower work, both air-
handling and internal friction combined.

In the two-cycle engine the heavy moving parts are devoted solely
to generating power, the purpose for which they are designed, while
the function of emptying and filling the cylinder is performed by an
independent set of moving parts, adapted solely for that purpose and
therefore with much lower friction losses.

On the other side of the picture the two-cycle engine generally
requires about 40 per cent to 50 per cent more air for the same power
output and therefore the air-pumping work, as distinet from the fric-
tion entailed by the pumping mechanism, will be correspondingly
greater.

Again, in the two-cycle engine some part of the total piston stroke
must be sacrificed to the function of emptying and filling the cylinder;
just how much is a matter of compromise, depending on the general
type and design of the engine and the intended speed of operation, but
at best it must be at least 10 per cent and is generally nearer 20 per
cent. Yet again in the two-cycle, the time available for emptying and
filling the cylinder is considerably less than in the four-cycle, viz.
about 33 per cent as against 50 per cent of the complete cycle. We
have then to force into or through the cylinder a greater weight of air
in a shorter time, and this, of course, entails more air-handling work.
It must be borne in mind also that the pressure required to force, at
every cycle, a given weight of air through a port or valve of given size,
increases as the square of the speed, and the power expended as the
cube of the speed.

If now we compare the two, we find that in the case of the four-
cycle, the indicated work done in emptying and filling the cylinder is
very small, even at high speeds, but, on account of the dispropor-
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tionately high mechanical friction involved, the total effective work is
quite large, but friction losses do not increase with speed at anything
approaching the same rate as fluid-pumping losses.

We may conclude therefore that the overall work done in emptying
and filling the cylinder should be less in a two-cycle engine at low
speeds, but greater at high speeds, and that it assumes a prohibitively
large proportion of the engine’s power when both engines are run at
the highest speed consistent with mechanical safety or durability.
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Fig. 11.1.—Comparison curves of work done in emptying and filling the cylinders
of typical two- and four-cycle engines of the same power

(A) 4-cycle engine; air-pumping work only. Volumetric efficiency 80 per cent at N.T.P.

(B) 4-cycle engine; air-pumping work -+ 40 per cent of mechanical friction.

(C) 2-cycle engine; scavenge air pressure (Ib. per sq. in.).

(D) 2-cycle engine; total blower work allowing for 50 per cent excess air, i.e. 1-2 swept
volumes at N.T.P. and assuming an overall blower efficiency of 60 per cent.

The curves, fig. 11.1, show very approximately the order of mag-
nitude of the work done in emptying and filling the cylinders of typical
two- and four-cycle engines of the same power, viz. about 30 B.H.P.
per cylinder over the speed range 600-2400 r.p.m.

It will be noted that the curves of power consumption cross over
in the region of about 1300 r.p.m. and that thereafter that of the two-
cycle walks away very rapidly.

If all other conditions were the same, then it would follow that the
full-load fuel consumption of the two-cycle should be lower than that
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of the four-cycle at speeds below the intersection point of the two
curves and higher above the intersection, rising to about 15 per cent
higher at the highest speed. This latter would be a heavy handicap
even if both engines were operated always at full load, but at reduced
loads the comparison becomes even more unfavourable, for the energy
expended in emptying and filling remains unchanged while its propor-
tion increases alarmingly.

The curves shown in fig. 11.1 may be regarded as typical of the
general trend, but both the absolute values and the intersection point
will of course vary considerably depending upon the type and design
of the two-cycle engine. For example the pumping losses can be re-
duced considerably if a greater proportion of the effective stroke is
sacrificed, but this has its limitations, for it is the expansion stroke that
must suffer the greater curtailment, hence, by so doing, we shall lose
both thermal efficiency and effective cylinder capacity.

Much depends also on the arrangement of porting or valving of the
cylinder, on the type of blower or scavenge pump employed and on
the efficiency of scavenging, but although all these factors may tend
to move the intersection point one way or the other, they cannot shift
it very far and the general tendency must remain. From this we may
conclude that, given equally good combustion conditions and an equal
ratio of expansion, the full-load overall efficiency of the two-cycle
should be better than that of the four-cycle at low or moderate revolu-
tion speeds but that at high speeds, and more especially at high speeds
and light loads, the two-cycle must always be at a disadvantage and
would appear to be unsuitable for such services as road transport,
where these conditions prevail.

The ultimate power output of any internal-combustion engine,
whether two- or four-cycle, is a function of the weight of air it can
inhale and retain in its cylinder. In the four-cycle compression-
ignition engine of the orthodox poppet-valve type, because of the
very small clearance space and the necessity for avoiding any pockets
in the combustion space, the valves must be situated in the cylinder
head and within, or overlapping only very slightly, the cylinder bore;
thus the breathing capacity of the engine is limited by these geo-
graphical considerations.

When two valves only are employed the maximum breathing
capacity is, in practice, such as to limit the useful piston speed to
about 2000 ft. per min., that is to say above this speed, the volumetric
efficiency begins to fall steeply due to wire-drawing, and the per-
formance of the engine deteriorates rapidly, but the limit is strictly
one of piston, not of revolution, speed.

When multiple valves are employed this limit can be raised to
well over 2500 ft. per min. if full advantage is taken of the multiplicity
of valves, but in practice other mechanical limitations usually inter-
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vene to set a limit to the piston speed which can safely be allowed.
It is therefore only when the mechanical design of the engine as a whole
is such as to permit of very high piston speeds, or when the high piston
speed is required for short periods only, that the use of multiple valves
becomes essential. Thus the limiting power output of the unsuper-
charged four-cycle engine is determined by its breathing capacity in
terms of piston, but not of revolution, speed. In the two-cycle engine
with piston-controlled ports the reverse is the case and the limit of
power, as determined by breathing capacity, is controlled by the
revolution speed and not by piston speed.

Consider the case of two otherwise similar two-cycle engines, one
with a stroke equal to the cylinder diameter and the other with a
stroke of double this diameter. In both cases the depth of the ports is
equal to, say, 15 per cent of the stroke; then in the case of the long-
stroke engine the depth and therefore also the area of the ports will be
double that of the short-stroke and the breathing capacity will be
double. So far, therefore, as breathing capacity is concerned, and in
the case of the two-cycle it is the deciding factor, both engines could
run at the same revolution speed even though the piston speed of the
long-stroke engine be double that of the short-stroke. If now we accept
for the moment that breathing capacity sets the limit to the power
output of both the two- and the four-eycle C.I. engines, then it follows
that if we double the stroke of the two-cycle we shall still be able to
run at the same revolution speed and shall develop double the power,
but if we double that of the four-cycle, the valve area will remain
unchanged, and we shall, if we are running to the limit of our breathing
capacity in both cases, have to reduce the revolution speed to one-half
and so shall obtain no more power; there is therefore every incentive
to employ the longest possible stroke-bore ratio in the case of the two-
cycle but little or none in that of the four-cycle. Thus, on the score of
breathing capacity, it is the cylinder diameter and the cylinder dia-
meter alone which determines the ultimate power output of the four-
cycle engine, but that of the two-cycle is determined by the cylinder
volume. In the case of the two-cycle, whatever the type or form,
breathing capacity is in practice the actual limiting factor, but in that
of the four-cycle other mechanical limitations usually intervene before
the limit of breathing capacity is reached.

In practice the stroke-bore ratio of both two- and four-cycle engines
is controlled largely by design considerations, which will be discussed
in more detail later on, but it is unfortunate that these considerations
tend to discourage the use of a long stroke in the case of most forms of
two-cycle engine. For example, it is essential that the cylinder ports
in a two-cycle engine shall not be uncovered by the lower end of the
piston. This means that in most cases the length of the piston skirt
must be somewhat greater than the stroke of the piston. Again with a
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long stroke and a long piston the connecting-rod will foul the mouth
of the cylinder unless it also be made very long and so on.

The Loop-scavenged and Uniflow Engines

The possible forms of two-cycle engine may be divided generally
into two groups:

1. Those in which a single working piston controls both the inlet
and exhaust ports, usually termed loop-scavenged engines.

2. Those in which the inlet
and exhaust are at opposite ends
of the cylinder, usually termed
uniflow engines.

The latter may be subdivided % - T
into further groups:

(@) Thosegi.n which two pistons / // N\ \\\\ «
are used, one controlling the inlet / \
and the other the exhaust.

(b) Those in which a single
piston is used to control the inlet,
and one or more poppet valves in
the cylinder head to control the
exhaust—in some cases this may
be reversed and the piston used
to control the exhaust.

N
N
N
N
(¢) Those in which a single §

T
L

sleeve-valve is used to control both
the inlet and exhaust at opposite
ends of the cylinder. These are

shown diagrammatically in figs. 11.2
to 11.5. Fig. 11.2.—Single-piston loop scavenge

Let us consider first the loop-
scavenged engine, fig. 11.2; here, since one piston controls both sets
of ports, it follows that both must be at or about the same level and
that the aggregate width of all the ports must be something less than
the circumference of the cylinder. For the sake of the piston-rings it
is, of course, necessary to provide guide bars between the ports and to
limit the width of each individual port to that which the rings can
pass over without risk of bulging or breaking. In practice the mini-
mum aggregate width of such bars is about 25 per cent of the circum-
ference of the cylinder leaving only 75 per cent available for the inlet
and exhaust combined. The depth of the ports in all cases is deter-
mined by the proportion of the stroke we are prepared to sacrifice in
favour of breathing capacity. In all cases, too, we must provide that
the exhaust ports shall open first, and that with a sufficient lead to
allow of the pressure in the cylinder falling to, or very nearly to, that
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of the scavenge air pressure before the inlet ports are opened. In the
case of the loop-scavenged engine where a single piston controls both
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Fig. 11.3.—Double opposed-piston uniflow scavonge

sets of ports, all the functions must be symmetrical about the bottom
dead centre which means that if the exhaust ports are deeper and open
first they must also close last,
unless we are prepared to in-
troduce some form of control
valve behind ecither the inlet
or exhaust ports.

In the case of uniflow
engines, we have two rows of
ports, for each of which 75 per
cent of the cylinder circum-
\ ANNNN \\ ference is ayvaila,ble, thus

N doubling the available port
\ arca. We have also the ad-
vantage that we are not con-
fined to symmetry and can
N arrange for the exhaust ports
to open ahead of the inlet and
still close at the same time,

or earlier if we so desire.
When two pistons are used,
/ one controlling the inlet and
! one the exhaust ports, fig. 11.3,
/ / we can obtain the necessary
W Q\TT exhaust lead by arranging the
cranks out of phase, thus

Fig. 11.4.—Single-piston uniflow scavenge giving the exhaust piston a

lead over the inlet.

When a single piston is used with cam-operated poppet valves,
fig. 11.4, we are of course free to adopt any relative timing we choose.
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When a sleeve valve is used to control both sets of ports, fig. 11.5,
we are almost equally free, since we can adopt any phase relation
between the motion of the sleeve and that of the piston. In all cases
the period of opening of the inlet ports is and must be less than that
of the exhaust, which is one argument, when poppet valves are used,
for using them as exhaust valves, for even with multiple poppet valves,
it is not possible to provide a port area equal to that afforded by 75
per cent of the cylinder circum-
ference.

In the case of the sleeve-valve
two-cycle engine we can exhaust
over the top of the sleeve and so
employ the full 100 per cent of the
circumference; thus we can provide
both a greater exhaust area, and
at the same time and for the same
reason, reduce the lead of exhaust
over inlet and so increase either the
inlet period or the expansion ratio. N

Of the three types of uniflow N

engine, the sleeve-valve version has N;ﬂﬂg/ﬂﬂ m m [MH |

the greatest breathing capacity, 7 o
LSS

can therefore run the fastest, and ~< %g

has the highest specific output. The
double-piston engine comes next,
and the single-piston poppet-valve Fig. 11.5.—Single-piston sleove-yalve
version third. engine uniflow scavenge
Of all the possible types of two-

cycle engine the loop-scavenge has the advantage of mechanical
simplicity, but on account of its limited port area. is restricted to a
comparatively low speed and specific power output. The double-piston
uniflow engine has the advantage of a much greater port area, in
fact just double the breathing capacity, and can therefore run at a
much higher speed and specific power output. It has the advantage
also that the mechanical design allows of the use of a long stroke but
it is open to the objection that either the second piston must be con-
nected to the crank by long return connecting-rods, which involves a
three-throw crank for each cylinder and extends greatly the cylinder
centres, or two crankshafts must be used coupled together by a long
train of gearing or by some other means. In the latter case it is
difficult to give the exhaust piston adequate lead without introducing
serious torsional problems. Yet another alternative is the N-shaped
cylinder, fig. 11.6, which is really the cylinder of the opposed-piston
engine bent round at the centre through 180° thus providing two
parallel cylinders with a common combustion chamber. The two
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pistons can then be connected either to a single crankshaft with two
crankpins phased about 15° apart or they can each be connected to
separate crankshafts geared together.

This form is hardly practicable for a C.I. engine because of the
difficulty of reconciling adequate passage-way for the scavenging air
with a small enough clearance volume.

The single-piston poppet-valve
engine provides a satisfactory solu-
tion from a mechanical point of view,
but owing to the limited area of
opening of the poppet valves, its speed
/ - and specific power output is less than
that of the double-piston engine.

O ﬁ O - The sleeve-valve uniflow two-cycle

7
Z

engine, with the sleeve driven direct
from an eccentric on the crankshaft,
has the advantage of mechanical
simplicity about midway between
Fig. 11.6.—N-type doublo-piston uniflow that of the loop-scavenge and the
feavenge poppet-valve uniflow and has shown

itself capable of developing the highest

specific power output of any form of two-cycle C.I. engine, but it is as
yet in an early experimental stage, and much further development work
is necessary before it can begin to be regarded as a competitive